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Abstract

In a global context marked by increasingly urgent environmental, climatic and cultural
challenges, it is essential to develop scientific approaches capable of combining innovation,
sustainability and valorization of the past. Materials science is now a strategic discipline
to address these challenges, offering tools for resource recovery and heritage conservation.
This work explores the deep connection between the circular economy and the protection
of historical artefacts, underlining how both processes imply an action of transformation
and valorization of the material, aimed at revealing its "second nature". Case studies are
presented regarding, on the one hand, the recovery and valorization of industrial waste
(chicken feathers, wool and insects used for the treatment of organic waste) and, on the
other, the analysis of archaeological finds in bronze. The investigations were conducted
using advanced physical and chemical techniques (Raman, FT-IR, XPS, LIBS, XRF,
SAXS, AFM, SEM), with the aim of defining key parameters for the characterization
and recovery of materials, both in the technological and historical-artistic fields. The
interdisciplinary approach adopted demonstrates how materials science can act as a bridge
between innovation, sustainability and cultural memory.
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Chapter1

Introduction

1.1 Bio-based and Traditional Materials: Synergies and In-
terdisciplinarity for addressing Circular Economy and
Heritage Preservation issues.

The European Union (EU) has since long time recognized the importance to promote
policies able to integrate environmental sustainability, public health, and preservation of
cultural heritage. These fundamentals have been inserted in Maastricht treaty in 1992, in
particular in those that are defined as the three pillars of European Union. Their institution
has allowed dividing the policies adopted by the Union in three fundamental areas: the
European Community (EC), the Common Foreign and Security Policy (CFSP) and Police
and Judicial Co-operation in Criminal Matters (PJCCM)[1]. The pillars have been then
implemented and integrated in the treaty of Lisbon in 2009. The first pillar concerns the
European Common Market, the Monetary Union and a number of diverse competencies,
such as education and culture, scientific research, and environmental protection. Lisbon
treaty extends the competencies of the EU, by inserting among the objectives in its article
3 to protect and improve the quality of the environment, promoting the scientific and
technological progress[2]. EU’s environmental actions foster the circular economy, with
the aim to minimize waste through the non-production of it, then promoting reuse, and
getting to recycle only as the last and unavoidable option. The European Green Deal,
package of policy initiatives, is central in this context, which poses the objective to reconcile
the economical growth for the protection of ecosystem and the promotion of a better
quality of life for all European citizens. Passing through the transformation of the models
of production and consumption [3]. In an environment that is constantly evolving and
threatened by pollution, urbanization, and climate change [4], the protection of material
cultural heritage is of paramount importance. The protection of cultural heritage is not
only a tangible act of preservation of historical memory but also an essential component of
a sustainable development that looks ahead without forgetting or concealing the past. The
European Framework for Action on Cultural Heritage (2018) highlights common action
in this area, establishing five areas of permanent action with the aim of making heritage:
participatory and accessible to all, sustainable, resilient through solutions that safeguard
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heritage in danger, innovative for knowledge and research, promoting a stronger global
partnership to strengthen international cooperation [5].

These initial considerations imply that a wider concept of sustainability does involve
both the judicious exploitation of reuse to produce new value, and the protection of heritage
materials and structures to accrue their inherent and historical importance by extending
the knowledge upon them. In the specific context of materials science, this discipline is
increasingly perceived as a bridge to create a culture of sensible and respectful use of
materials according to their personality and potential. This includes characterization aimed
at eliciting value, enhancing knowledge, and promoting preservation.

There is a clear link between these two aspects, those of the reuse and circular economy
and that of the preservation of the cultural manufacts, and we do not mean the trivial fact
that in both cases we are interested in "fixing" something existing, but that of digging the
surface of the sample to expose a new phase, through a process of transformation i.e., the
action of disveiling a second nature, in one case the original one after the time has strongly
masked and sometimes compromised its nature, and in the other one transforming the
otherwise useless waste to something still useful. In both cases the result is to discover a
treasure, some added value for the society. Now if transpose the above concept in laboratory
term it is not difficult to understand that physical and chemical tools must be deployed
extensively and sinergetically as the process can be transformative and at the same time
conservative from the point of view of the materials under study.

In particular, this work aims to treat, manipulate, and characterize different materials
with various state-of-the-art techniques borrowed from physical and chemical practice. The
current approach to materials science involves a wider consideration of materials developed
by humans, hence anthropic, and natural, hence hierarchized, as a coherent whole.

Addressing the two above challenges requires a diversified and integrated approach,
making interdisciplinary research increasingly relevant. Materials science, because of its
interdisciplinary nature, allows following their transformation, from synthesis to application
down to their performance over time. Reuse of waste materials is not a different process
from the study of ancient manufacts, as the same attempt of giving a second life or unveiling
the hidden real value of the environment or of the heritage is highly pursued.

In this thesis work, different techniques of analysis were used, chosen on the basis of
the material and/or the information that was necessary to obtain.

In particular, physical spectroscopic fine analysis techniques were used, such as: Raman
spectroscopy, Fourier-Transform Infrared Spectroscopy (FT-IR), X-Ray Photoelectron Spec-
troscopy (XPS), Laser-Induced Breakdown Spectroscopy (LIBS) and X-Ray Fluorescence
(XRF), diffraction techniques such as Small Angle X-ray Scattering (SAXS) , microscopic
techniques: Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM),
all of them together, aim at establishing well defined key parameters to evaluate quality
factors able to describe the best practice for recovery and characterization of the materials
under study, i.e., molecular structure organization, novel physical properties ( electric ,
optical and mechanical ), or in the case of cultural heritage, the certain determination of
the origin and of the specific manufact production process.
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The case studies for the two segments of the work will be based respectively on one side
on the study of recovery of keratin material from food industry waste i.e., keratin extracted
from wool and chicken feathers ( Section 2.1), and from the waste of soldier flies employed
in the organic waste management (Section 2.2-2.3); on the other side, bronze archaeological
artifacts have been chosen as an exemplary study (Section 3.1) of on fields application to
heritage conservation.

CHAPTER 1. INTRODUCTION 3



References

[1] “Treaty on European Union”. In: GU C 191 (29-07-1992), pp. 1–112.

[2] “Treaty of Lisbon amending the Treaty on European Union and the Treaty establishing
the European Community”. In: GU C 306 (13-10-2007), pp. 1–271.

[3] The European Green Deal. Available at: https://ec.europa.eu/commission/

presscorner/detail/en/ip_19_6691 [Accessed: 21-10-2024]. 2019. url: https:
//ec.europa.eu/commission/presscorner/detail/en/ip_19_6691.

[4] Intergovernmental Panel on Climate Change. Climate Change 2021: The Physical
Science Basis. Available at: https://www.ipcc.ch/report/ar6/wg1/ [Accessed:
22-10-2024]. Intergovernmental Panel on Climate Change, 2021.

[5] European Commission, Sport Directorate-General for Education Youth, and Culture.
European framework for action on cultural heritage. Publications Office, 2019. doi:
10.2766/949707.

CHAPTER 1. INTRODUCTION 4

https://ec.europa.eu/commission/presscorner/detail/en/ip_19_6691
https://ec.europa.eu/commission/presscorner/detail/en/ip_19_6691
https://ec.europa.eu/commission/presscorner/detail/en/ip_19_6691
https://ec.europa.eu/commission/presscorner/detail/en/ip_19_6691
https://www.ipcc.ch/report/ar6/wg1/
https://doi.org/10.2766/949707


Chapter2

Biomaterial contribution to circular economy

2.1 Keratin extracted from wool and chicken feathers

Keratin is a group of structural, fibrous, and biopolymeric proteins that constitute the
epithelial tissue of animals. It is found in various structures, such as human skin, hair, nails,
wool, hooves, horns, beaks, and feathers of birds, among the most common examples [1].
Keratin contains numerous cysteine residues, characterized by the presence of a thiol groups
(-SH). These groups form covalent disulfide bonds (S-S), which join the polypeptide chains
together, allowing the formation of folded structures and the organization in increasingly
complex hierarchical macrostructures [2]. Keratins can be classified into soft and hard based
on their cysteine content. Soft keratin contains up to 3% cysteine and has less compact
filaments, soft keratin tissues, namely the stratum corneum of the skin, are flexible and act
as a barrier against external agents and also as camouflage from predators. Hard keratins
are made up of filaments rich in cysteine (about 6-16% of the total amino acid residues),
resulting in a higher degree of sulfur cross-linking than soft keratins. Tissues made of
hard keratin, such as hair and wool, pig bristles, horns, nails and hooves, beaks, claws and
feather shafts, are more resistant to heat, enzymes and both oxidizing and reducing agents
than soft keratin [3]. In addition to the density of disulfide bonds, the organization of the
secondary structure of keratin also plays an important role in the mechanical strength and
flexibility of keratinous tissues (Figure 2.1). Alpha-helical keratins, typical of mammals,
are more flexible proteins than beta-sheet keratins. In the case of feather keratins, they are
mostly composed of beta-sheet structures [4] . The interest in using keratin as a basis for
new materials arises from the need to dispose of a large amount of waste from industrial
production. Keratin waste is generated by the meat industry (slaughterhouses) in the form
of chicken feathers or by the wool textile industry. Keratin waste is degraded very slowly
in nature and considered hazardous waste according to EU directives [6]. Conventional
methods used for the disposal of keratin waste are not only expensive, but also very difficult.
Decomposition methods such as incineration are used, but these procedures are polluting
and pose a risk to the environment, especially if legal disposal procedures are not followed [7].
The best solution would therefore be to extract keratin using efficient and low environmental
impact methods that fit perfectly into a circular economy perspective. The keratin used in
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Figure 2.1: Keratin structure: (a) alpha keratin, represented as an alpha helical polypeptide chain
highlighting the hydrogen bonds (red ellipse) that stabilize the helix; (b) beta keratin model of
the polypeptide chain and as a beta pleated sheet (red ellipse highlight the hydrogen bond); (c)
schematic illustration of intermediate filament formation as a hierarchical structure (Modified by
[5]. (d) Model of disulfide bonds, where chains form covalent bonds between cysteine residues,
generating keratin fibers.

this project was extracted from wool and feather fiber waste through different reduction
processes, obtaining a protein that is more soluble in water in the case of sulfitolysis or, as
in the case of feathers, with the ability to self-assemble into self-standing gel-like structures.

2.1.1 Paper I: Physico-Chemical Characterization of Keratin from Wool
and Chicken Feathers Extracted Using Refined Chemical Methods

This work presents the study of the characteristics of the keratin structure extracted from
wool and feathers. The method used for the extraction is sulfitolysis, i.e. a reduction
that allows the preservation of the secondary structure of the protein [8]. The extracted
keratin powders were analyzed with spectroscopic techniques such as Raman and FT-IR
with the aim of verifying the preservation of the secondary structure. It was observed
through the study of the deconvolutions of the IR and Raman spectra of the Amide I band
that the keratin extracted from wool retains the alpha helix structure and that extracted
from feathers preserves the beta sheet structure. With the SEM and AFM microscopy
techniques they allowed the characterization of thin films obtained by solubilizing the
keratins in water. The atomic force microscope showed how the organization of the particles
is different for the two types of keratins, globular with an average radius of 45 nm for
the wool keratin and elongated with an average length of 500 nm for the feather keratin.
The SEM confirmed this organization, indicating how there is no preferential orientation.
Subsequently, SAXS was used to study the size of the fibers extracted in aqueous solution,
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leading to the suggestion of a model that defines their shape and size. In the liquid phase,
the dimensions of the fibers fall within the range of the intermediate filament (≤ 7nm),
therefore made up of smaller fibers that assemble laterally between them forming a cylinder
and including a part of unfolded protein. The amorphous parts (unfolded protein) of
the fiber and the medium-range structures are variously influenced by hydrogen bonds
(reversible) and disulfide bonds (irreversible covalent), their presence plays a fundamental
role in the structure of the keratin itself [5]. The complete chemical-physical analysis of the
two different keratins extracted provides useful structural information for the definition of
future applications of this type of waste. The preservation of the secondary structure of
keratin offers the possibility of applying the protein by exploiting its properties to create
novel materials providing also other characteristics, such as controlled water retention,
elongation, and strength [9].

2.1.2 Paper II: Synthesis and Properties of Biomimetic Self-Assembling
Structures from Poultry Feather Keratin

Chicken feathers are a large slaughter waste (8.5 billion tons annually, 2018 data) [10]
and are an interesting source of keratin. In particular, the possibility of preserving the
secondary protein structure seems to be a challenge. This review collects research works
that through different chemical treatments have managed to preserve secondary structures
capable of self-assembling into larger ones. A keratin extraction respectful of nature’s
intentions can be considered biomimetic. In particular, biomimetic extractions respect the
very characteristics for which the protein was designed to serve in the specific environmental
and mechanical situation in which it is inserted. The self-assembly of keratin extracted
from chicken feathers, therefore intended for use in biomedical devices, such as scaffolds
and wound dressings, has received some attention in recent studies. On the other hand,
not many works that led to the regeneration of disulfide bonds have explicitly stated the
potential for the self-assembly of obtained biomaterials, despite the fact that attention
towards the synthesis of nanoparticles seems to gradually increase. The outcome of this
review has indicated that reduction extraction processes are the most suitable for the
purpose, including those using sodium sulfite or mercaptoethanol, or even those with ionic
liquids and steam explosion extraction. A final comment would be that in the future,
given the large availability of poultry feathers, investments will be made in higher value
applications. In fact, the preservation of the secondary structure allows to obtain materials
from the self-assembly of keratin in the form of nanoparticles, gels and mixtures with
biopolymers.

2.1.3 Paper III: Keratin Gel From Chicken Feathers Waste Obtained
by Mercaptoethanol Extraction

Protein gels obtained from chicken feather keratin offer interesting applications as engineered
materials. Keratin derived from waste materials has gelling properties [11] that have not
been sufficiently studied so far and are highly dependent on the extraction method used.
This study aimed to explore the properties of gels obtained by mercaptoethanol extraction
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followed by dialysis and to evaluate their structural characteristics. Keratin hydrogels were
characterized by FT-IR and Raman spectroscopy, which allowed to identify the secondary
structure of the protein in both hydrated and dry conditions. Furthermore, morphological
analysis by SEM, together with rheological evaluations, showed that the gel consistency
is stable over a wide range of loads and frequencies. The gel produced has a superior
consistency compared to other biopolymer-based gels, such as cellulose-derived polymers
[12], without the need for additional processing such as fiber reinforcement or chemical
polymerization. The rheological moduli (G’ and G") are comparable to other hydrogels
obtained from feather keratin through different methodologies. The curcumin release
analysis highlighted the potential use of this keratin gel as a vehicle for drugs and bioactive
compounds, with the fastest release observed at pH 7.4, which corresponds to physiological
conditions. The loading of curcumin, known for its anti-inflammatory and antioxidant
properties [13], opens the way to the development of potential wound healing and scaffolding
materials.
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Abstract: In this work, the characteristic structure of keratin extracted from two different kinds of
industrial waste, namely sheep wool and chicken feathers, using the sulfitolysis method to allow
film deposition, has been investigated. The structural and microscopic properties have been studied
by means of scanning electron microscopy (SEM), Raman spectroscopy, atomic force microscopy
(AFM), and infrared (IR) spectroscopy. Following this, small-angle X-ray scattering (SAXS) analysis
for intermediate filaments has been performed. The results indicate that the assembly character of
the fiber can be obtained by using the most suitable extraction method, to respond to hydration,
thermal, and redox agents. The amorphous part of the fiber and medium range structure is variously
affected by the competition between polar bonds (reversible hydrogen bonds) and disulfide bonds
(DB), the covalent irreversible ones, and has been investigated by using fine structural methods such
as Raman and SAXS, which have depicted in detail the intermediate filaments of keratin from the
two different animal origins. The preservation of the secondary structure of the protein obtained
does offer a potential for further application of the waste-obtained keratin in polymer films and,
possibly, biocomposites.

Keywords: keratin; chicken feather waste; wool waste; metabisulfite extraction; Raman; SAXS

1. Introduction

Keratin represents the most abundant structural protein in epithelial cells, and along-
side with collagen, the most important biopolymer in animals. Its use in nature has an
influence on its crystallinity and geometrical arrangement. This is connected in turn to
its function, whether it serves, e.g., as thermal insulation and moisture control, such as
in wool, or it absolves to more structural duties, such as in chicken feathers [1]. Keratin
can be self-assembled to be employed for protective purposes, either explicitly as the
main constituent of armors, or more implicitly in damage-tolerant structures, providing a
shielding effect to the whole animal or to some critical parts of its body [2].

As a matter of fact, though, the function of protection is declined in different ways,
which directly derive from the micro-assembly process developed in nature. For example,
the cortical cells of animal hair, such as in wool keratin, constitute a microfibrillar composite,
obtained with closely packed α-helical low-sulfur subunits [3]. In contrast, feather keratins,
with their typical barbs–barbules network, also contain β-pleated sheets and are capable of
forming filaments [4].

Polymers 2023, 15, 181. https://doi.org/10.3390/polym15010181 https://www.mdpi.com/journal/polymers
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Large amounts of waste keratin are available from activities such as butchery and
animal rearing. In particular, the poultry and wool industries generate huge amounts
of keratin waste, estimated worldwide at 8.5 billion tons annually for the former (2018
data) [5] and 5 million tons produced yearly in the EU for the latter in 2019 [6]. The effective
and profitable use of this waste would both reduce the amount of harmful material in
the environment and the consumption of resources. Improving the extraction method for
keratin from wool and feather waste can be a measure inspired by circular economy to
reduce the environmental impact subsequent to the disposal of this waste, while providing
indications for the “good practice” of its use as a secondary raw material. Landfilling,
burying, and incinerating, which are still common procedures for this waste, represent
environmental threats also in view of the limited significance, if any, of keratin structures
for soil nutrition, due to the limited variety of micro-organisms able to feed on them [7].

Keratinous materials, formed by explicitly organized keratinized cells filled with
mainly fibrous proteins (keratins), are natural polymer composites that exhibit a complex
hierarchical structure ranging from nanoscale to centimeter scale (Figure 1). More specifi-
cally, the definition of “keratins” refers to a group of insoluble proteins and form the bulk
of the stratum corneum of the epidermis and the epidermal appendages, such as hair, nails,
horns, and feathers [8]. The basic macromolecules that form keratin are polypeptide chains
constituted by amino acids. Keratin has a large amount of cysteine residues, which have
a thiol group (-SH), producing a strong, covalent disulfide bond that cross-links both the
polypeptide chains and the matrix molecules together [9]. Wool and feathers are character-
ized by two kinds of filament matrix structures at the nanoscale: alpha and beta keratin.
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Figure 1. Schematic of the hierarchical structure of keratin from nanoscale to centimeter scale for
wool and feathers (original drawing by S.M.).

In particular, the alpha keratin proteins are organized as spiral coils. The filament
twists along its length in a right-handed coil; two chains formed by disulfide cross-link a
left-handed coil, named as the dimer (45 nm long). Following this, dimers aggregate end-
to-end and stagger side-by-side via disulfide bonds to form a protofilament (approximately
2 nm diameter); two protofilaments laterally associate into a protofibril; four protofibrils
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combine into a circular or helical intermediate filament with a diameter of 7 nm [10]. In
contrast, for beta keratin, the pleated sheet consists of laterally packed strands which
can be parallel or antiparallel, forming chains that are held together by intermolecular
hydrogen bonds. The pleated sheet structure is stabilized by two factors: the hydrogen
bonds between beta strands contribute to form a sheet, while the peptide bond forces a
beta-sheet to be pleated. The beta keratin filament is formed from the folded sheet that
twists into a left-handed helix. Two pleated sheets overlap and wind in opposite directions,
forming a filament with a diameter of 4 nm [11].

Keratins can be classified as soft keratin and hard keratin. The difference between
the two kinds of keratin is the quantity of sulfur and the ability that proteins have to be
bonded. Soft keratins, typically present in stratum corneum, have a lower amount of sulfur
and are weakly consolidated, whilst hard keratins, found in hair, nails, and feathers, have a
more coherent structure and a higher amount of sulfur [12].

The aim of the present work is to improve the knowledge of the process of extraction
of the raw materials from wool and feathers. The complete chemical–physical analysis of
the two different extracted keratins provides useful structural information for the definition
of the future applications of this type of waste. These would possibly range from the
introduction of keratin from different kinds of waste as filler in biodegradable films, to the
production of films using extracted keratin.

2. Materials and Methods
2.1. Waste Materials

Keratin waste materials were obtained from chicken slaughtering and sheep shearing,
without any treatment. The wool analyzed comes from flocks of merino and merinized
sheep of the Apennine ridge, across the regions of Marche, Umbria, and Abruzzo (Italy). A
sample of as-received waste is portrayed in Figure 2.

Polymers 2023, 15, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. Schematic of the hierarchical structure of keratin from nanoscale to centimeter scale for 
wool and feathers (original drawing by S.M.). 

2. Materials and Methods 
2.1. Waste Materials 

Keratin waste materials were obtained from chicken slaughtering and sheep 
shearing, without any treatment. The wool analyzed comes from flocks of merino and 
merinized sheep of the Apennine ridge, across the regions of Marche, Umbria, and 
Abruzzo (Italy). A sample of as-received waste is portrayed in Figure 2. 

 
Figure 2. Waste as received: chicken feathers (left) and sheep wool (right). 

Figure 2. Waste as received: chicken feathers (left) and sheep wool (right).

The two types of as-received waste are widely recognized as containing a very high
amount of pure keratin. In particular, as concerns chicken feathers, these are essentially
constituted (>90%) by a structural keratin structure, rich in cysteine, and hydrophobic
residues that enhance cross-linking by disulfide bonds, including a variety of other amino
acids, such as lysine, serine, and proline [13,14]. On the other hand, wool was proven
to contain up to 95% keratin by weight and all nine essential amino acids, so as to be
considered a pure source of intermediate filament proteins [15]. The aforementioned
evidence justified the selection of both sources for the extraction of keratin.
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2.2. Extraction Method

A variety of chemical methods are potentially available for the extraction of keratin
from industrial waste. For example, in the case of sheep wool, methods such as alkali
hydrolysis, sulfitolysis, reduction, oxidation, and extraction using ionic liquid, were consid-
ered [16]. It is important to clarify that with sulfitolysis, reduction, and oxidation, only the
cleavage of disulfide bonds takes place, whereas keratin hydrolysis leads to peptide bonds’
breakage, which may be undesirable in view of the possible upcycling of waste in mechani-
cally sound structures e.g., films [17]. However, it has been highlighted that, other than
the yield of extraction, antioxidant properties of the extracted keratin from chicken poultry
may vary e.g., using 2-mercaptoethanol, sodium sulfite, and sodium dodecyl sulfate [18].
The metabisulfite extraction method was selected as it provides sufficient yield, whilst
also preserving the secondary structure of the protein [19]. In addition, the procedure
is effective, being easily applicable to the raw material and requires lower amounts of
chemicals and with lower toxicity compared to other methods such as the mercaptoethanol
one [20,21]. The extraction of keratin from wool and chicken feathers involved a first wash
with cold water and soap, followed by drying to constant weight at 60 ◦C in a forced-air
oven. Dried sheep wool and chicken feathers were ground to pieces with maximal dimen-
sion not exceeding 5 mm. The dried wool and feathers were incubated with ethanol at
50 ◦C for 2 h to remove surface fats and waxes, which were then filtered out. All residues of
ethanol on defatted wool or feathers were removed after incubation for 3 h in a forced-air
oven at 60 ◦C. Subsequently, 3 4g of clean and defatted wool were added to 100 mL of a
solution containing 48 g of urea (8 M), 1.8 g of sodium dodecyl sulfate (SDS), and 6.84 g of
sodium metabisulphite. The reaction took place at 70 ◦C for 24 h under shaking, and after
incubation, filtered for solids removal (partially digested residue). The filtered solution
was dialyzed against ultrapure water for approximately 3 days at room temperature with
several water changes using 12 kDa nominal low-molecular-weight cutoff membrane. After
dialysis, the solution was centrifuged to separate the precipitated protein and the super-
natant obtained was lyophilized to obtain a pure keratin powder. The process to obtain
keratin from cleaned and defatted feathers was carried out with the following process: 4 g
of clean feathers were immersed in 150 mL of a solution containing 47.7 g of urea, 7.5 g
of SDS, 15 g of sodium metabisulfite, 195 mg of ethylenediaminetetraacetic acid (EDTA),
and 4.84 g of tris(hydroxymethyl) aminomethane (Tris). The reaction took place at 70 ◦C
for 24 h under shaking, as described above for wool. This method of extraction applied to
wool and feathers allowed us to obtain keratin in powder form.

To determine the purity and an average molecular mass of the keratin hydrolysate sam-
ples, SDS-PAGE gel electrophoresis was performed according to the method of Laemmli [22].
The samples of freeze-dried lyophilized hydrolysate were mixed (at a ratio of 4:1) with
a loading buffer 5x (containing 10% (v/v) SDS, 250 mM Tris−HCl buffer (pH 6.8), 50%
(v/v) glycerol, 0.5 M dithiothreitol (DTT), 0.02% (w/v) bromophenol blue) and the solutions
were heated in a dry bath heat block at 95 ◦C for 5 min. Denatured keratin samples from
feather (F) and wool (W) were loaded onto each lane, resolved on a precast polyacrylamide
separation gel 4–20%, and stained with 0.25% (w/v) Coomassie brilliant blue R250. Dena-
tured protein markers, having a known molecular weight, were used as a standard. The
different lyophilized keratins used in the experiments were not further purified by size
exclusion chromatography.

2.3. Characterization of the Extracted Keratin
2.3.1. Keratin Film Preparation

Films were prepared by drop casting, to be subsequently characterized by scanning
electron microscope (SEM) and atomic force microscope (AFM). For the deposition, 10 mg
of keratin was dissolved in 1 mL of de-ionized water. Given the low solubility of keratin
in water, dissolution was facilitated by using the sonicator for 10 min until a uniform
suspension was obtained without precipitation for several days. A droplet of approximately
10 µL of the solution was deposited on glass forming a thin layer of keratin with a nominal
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thickness of approximately 4.8 µm, as estimated from the density of the material and the
subsequent volume obtained from measuring the film weight. This value is, of course, only
approximated and is measured considering the density as constant throughout the keratin
layer. The film was dried under fume hood at room temperature.

2.3.2. Microscopy Techniques

SEM analyses were carried out using a Field Emission Scanning Electron Microscopy
(FE-SEM, Sigma Family, Zeiss, Jena, Germany), equipped with a backscattered detector
(BSD) to obtain high-quality microphotographs.

AFM images were acquired in tapping mode by using CSI Nano-observer, Les Ulis,
France, and P-doped n-type Si cantilever (resonance frequency = 75 kHz). The measure-
ments were performed by using resonant mode.

2.3.3. Spectroscopy Techniques

Raman spectroscopy and FT-IR were used to investigate the secondary structure of
keratin on powder samples.

Raman spectroscopy was performed with a HORIBA IHR320 micro-Raman Scattering
system (Horiba, Palaiseau, France) equipped with an optical Microscope model Olympus
BXF41 (with 5×, 20×, 50×, 100× objectives) (Münster, Germany). The Raman spectrometer
was operated at 532 nm (diode laser).

IR spectra were recorded from 4000 to 600 cm−1 with a PerkinElmer Spectrum 100
FT-IR instrument (Waltham, MA, USA) by total reflectance on a CdSe crystal.

2.3.4. Small-Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering experiments were performed using a Xeuss 2.0 Q Xoom
system (Xenocs SA, Grenoble, France) equipped with a micro-focus Genix 3D X-ray Cu
source (λ = 0.1542 nm), a two-dimensional Pilatus3 R 300 K detector placed at variable
distance from the sample (Dectris Ltd., Baden, Switzerland).

Measurements were made on liquid solutions of keratin extracted from wool and
feathers at different concentrations (0.5, 0.7, 1, 1.2 wt.%) obtained by dissolving weighted
amounts of keratin powder with 1 mL of Tris-HCl 50 mM buffer (pH 8).

The keratin samples were loaded into disposable glass capillary cells with nominal
thickness 1.5 mm and sealed with hot glue. Two capillaries, one loaded with the buffer
used as dispersant and an empty one, were used for background subtraction.

The measurements were performed at room temperature (25 ± 1 ◦C) and at re-
duced pressure (∼0.2 mbar), with two different sample-detector distances, in order to
overall access a scattering vector modulus (q) range between 0.045 and 13 nm−1, where
q = 4πsin(θ)/λ, and 2θ is the scattering angle. The two-dimensional scattering patterns were
subtracted for the “dark” counts, and then masked, azimuthally averaged, and normalized
for transmitted beam intensity, exposure 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 measured
in intensity units of macroscopic scattering cross-section (cm−1) by dividing them for the
capillary thickness estimated from the alignment scans. Pair distance distributions of the
cross-section of elongated objects were obtained by indirect Fourier inversion of the I(q)·q
profiles performed with the software BayesApp [23].

3. Results and Discussion

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of ker-
atins’ preparations is reported in Figure 3.

CHAPTER 2. BIOMATERIAL CONTRIBUTION TO CIRCULAR ECONOMY 16



Polymers 2023, 15, 181 6 of 15

Polymers 2023, 15, x FOR PEER REVIEW 6 of 16 
 

 

measured in intensity units of macroscopic scattering cross-section (cm−1) by dividing 
them for the capillary thickness estimated from the alignment scans. Pair distance 
distributions of the cross-section of elongated objects were obtained by indirect Fourier 
inversion of the I(q)·q profiles performed with the software BayesApp [23]. 

3. Results and Discussion 
The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of 

keratins’ preparations is reported in Figure 3. 

 
Figure 3. SDS-PAGE of keratin analysis. The first and last columns show the protein standard and 
keratin extracted from wool (W) and chicken feathers (F) using sodium metabisulfite as reducing 
agent. 

The molecular weights of extracted protein fractions were in the range of 12–13 kDa 
for feathers (F), in the range of what was observed in [24], and the protein extracted seems 
to be relatively pure, near homogeneity. On the other hand, for wool (W) a large 
electrophoretic band with a similar MW to that reported for feathers is reported, in 
addition with another less intense band around 18 kD. 

The yield of each extraction method (Y) was calculated in percent by the ratio 
between the weight of the freeze-dried sample (W′) and initial weight of the sample (W) 
using the following equation (1): 

Y (%) = (W′/W) × 100 (1)

The yield of the extraction method, measured over three extractions for each waste, 
was 45 (±3)% for wool, whereas the yield obtained with feathers was 73 (±3)%. The data 
obtained for wool, although they might appear quite low, were even slightly higher than 
what was reported from sulfitolysis elsewhere, i.e., 41% [17]. The remainder is a partially 
digested residue that can be dried in the oven and mechanically reduced to powder. 

Figure 3. SDS-PAGE of keratin analysis. The first and last columns show the protein standard and ker-
atin extracted from wool (W) and chicken feathers (F) using sodium metabisulfite as reducing agent.

The molecular weights of extracted protein fractions were in the range of 12–13 kDa for
feathers (F), in the range of what was observed in [24], and the protein extracted seems to be
relatively pure, near homogeneity. On the other hand, for wool (W) a large electrophoretic
band with a similar MW to that reported for feathers is reported, in addition with another
less intense band around 18 kD.

The yield of each extraction method (Y) was calculated in percent by the ratio between
the weight of the freeze-dried sample (W′) and initial weight of the sample (W) using the
following Equation (1):

Y (%) = (W′/W) × 100 (1)

The yield of the extraction method, measured over three extractions for each waste,
was 45 (±3)% for wool, whereas the yield obtained with feathers was 73 (±3)%. The data
obtained for wool, although they might appear quite low, were even slightly higher than
what was reported from sulfitolysis elsewhere, i.e., 41% [17]. The remainder is a partially
digested residue that can be dried in the oven and mechanically reduced to powder.

Images of the extracted portion and the relevant residues are reported in Figure 4.
Optical micrographs of the residues of the keratin extraction are reported in

Figure 5. Here, the needle-like structure with random orientation and very variable aspect
ratios, with length mostly in the range between 10 and 20 microns, obtained from feather
waste (Figure 5a) and the filamentous structure obtained from wool waste (Figure 5b), are
respectively shown.
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Figure 5. Optical micrographs of the residues of the keratin extraction process: (a) from chicken
feathers; (b) from sheep wool. The scale bar indicates a 50 µm length.

Moreover, the microscopic characters of the films were analyzed with atomic force
microscope and scanning electron microscope. Atomic force microscope images of keratin
extracted from wool (Figure 6a) show the topography of the film at different dimensions.
The structures are poorly defined and globular with a radius around 45 nm. In contrast, the
images of keratin extracted from feathers (Figure 6b) show the topography of the film with
elongated structures that have lengths of approximately 500 nm. This is confirmed by SEM
images (Figure 7), where the image of the keratin extracted from wool (Figure 7a) is globular
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and compact and does not show elongated structures. Otherwise, the keratin extracted
from feathers (Figure 7b) has a uniform surface with elongated structures with a section of
approximately 0.5 µm. No evidence of preferential orientation is clearly observable.
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Figure 6. AFM images at different magnifications of keratin films obtained by drop-casting deposition,
the color bar represents the variation of thickness of the materials on the substrate. (a) Images of
keratin extracted from wool. Point A indicates the globular structure with a radius around 45 nm.
(b) Images of keratin extracted from feathers. Point B indicates elongated structures that have lengths
of approximately 500 nm.

Raman spectroscopy was also used to investigate the secondary structure of keratin
on powder samples. Figure 8 shows spectra of keratin extracted from wool (in black) and
feathers (in red) and the position of the main bands are 1200–1300 cm−1 for amide III band,
1600–1700 cm−1 for amide I band, and 1448 cm−1 for CH2 group [25].

The spectra confirm that after the extraction, the keratin preserves its secondary protein
structure, and it is possible to obtain further details about the structure by studying in
more detail the different contributions that compose the amide I band. In particular, the
position of two evident peaks have been identified at 1609 cm−1 for C = C double bond
and between 1651 cm−1 and 1679 cm−1 for alpha and beta-sheet. Signals coming from
the two latter contributions are partially superposed, yet a deconvolution operation (not
shown) highlights the predominance of an alpha-helix structure (1651 cm−1) in the case
wool keratin and beta-sheet structure (1679 cm−1) in the case of feather keratin.
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The IR spectra of keratin powder extracted from wool and feathers are shown in
Figure 9. Vibrations due to the characteristic bands of proteins are visible in both spectra.
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The absorption band of stretching vibration of N-H and OH bonds at around 3300 cm−1 is
related to amide A [26]. Stretching vibrations of C=O bonds appear from 1600 to 1700 cm−1

and they are typical of the amide I band, that contains information about the secondary
structure of keratin [27]. At 1520 cm−1, the bending vibration of N-H of amide II is
visible [28]. The stretching vibrations of C-N and C–H and bending vibrations of N-H
and C=O at around 1220–1300 cm−1 are related to amide III. Additionally, in this case, it
is possible to obtain further information about the secondary structure by studying the
contribution that constitutes the amide I band. In particular, the position of the amide I
peak for wool keratin has been identified deconvoluted in one component at 1618 cm−1 for
beta-sheet, one at 1645 cm−1 for alpha-helix, and one at 1675 cm−1 for disordered structure,
while for feather keratin the peaks are in position 1625 cm−1 for beta-sheet, 1650 cm−1 for
alpha-helix, and 1676 cm−1 for disordered structure.
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Figure 9. Comparison between the IR spectrum of keratin extracted from wool (in black) and the
spectrum of keratin extracted from feathers (in red).

Since there is no water interference in the amide III region (1220–1300 cm−1), it is pos-
sible to use this region to determine protein secondary structure, especially in the presence
of pure proteins with a well-defined secondary structure, such as it is the case of feather
keratin sample (beta-sheet structure) and wool (alpha keratin). As a matter of fact, the
maximum absorbance wavenumber of pure protein containing only alpha-helix is around
1300 cm−1, for beta-sheet proteins it is around 1235 cm−1, beta-turn bands are located
around 1260–1280 cm−1, while the random coil is located around 1240–1260 cm−1 [29].
However, the presence of a non-homogeneous type of peptides (with different molecular
weight derived from the type of extraction conditions) and the presence of oxidized sulfur
derivatives such as sulfonic (RSO3H) or sulfinic acid (RSO2H) showed a more complicated
pattern [30]. This could be further investigated in presence of homogeneous solution of the
two keratins using the amide III region.

Furthermore, the area between 700 and 1100 cm−1 is strongly sensitive to the presence
of sulfur-oxidized derivatives, which suggests an increasing number of disulfide bonds
has been reduced to form cysteic acid [27]. As regards other peaks, in particular the one
detected at 625 cm−1, it is probably due to the vibration of the C-S bonds [31]. In contrast,
there appears to be no interference due to SDS, even if it has bands in common with keratin:
SDS shows intense peaks at 827 cm−1 and 1467 cm−1, not visible in the spectrum of keratin
extracted from feathers, yet due to the aliphatic CH2 vibrations of SDS [32].
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IR spectroscopy confirms what was detected with Raman spectroscopy, i.e., a greater
presence of alpha-helix in the sample of keratin extracted from wool and beta-sheet in the
keratin extracted from feathers. It also shows a contribution of disordered structure proba-
bly due to the extraction method. These unfolded protein parts are present in both samples.

The SAXS study was aimed at the characterization of the aggregation state of individ-
ual keratin filaments (namely intermediate filaments, with expected diameter of 7 nm [9])
when extracted from the raw materials by a sulfitolysis chemical digestion process and
redispersed in aqueous solvent. Rather than describe the interaction of such filaments
among themselves within a formed film, at this stage the structure of isolated filaments
with a diameter in the range between 1 nm and 100 nm was characterized by means of
SAXS, and information on the internal structure of the fiber was obtained [33].

For this reason, the choice was to study rather diluted samples (of the order of
10 mg/mL) to reduce the inter-particle interactions. The profiles collected for the two
forms of keratin (Figure 10) show an initial power law in the low-q region (q < 0.15 nm−1)
close to q−1, suggesting them to fall within the case of the rod-like particle model, for which
the overall length lies above the size limit accessible within the available q-range (>100 nm):
as the consequence, only information about their cross-section can be obtained. This was
conducted by applying the indirect Fourier transform to the scattering intensity multiplied
by q to obtain the pair distance distributions of the cross-section (PCS(r), inset of Figure 10).
The skewed shape of these functions having intense peaks for small distances (<7 nm) and
a slowly decaying profile at larger distances suggests that the average section of the fibrils
is constituted by the lateral association of fundamental units with a smaller diameter.
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Figure 10. (a) Comparison between scattering curve of keratin extracted from wool (in black) and
feathers (in red), in the inset figure, the Fourier transform of the scattering intensity; (b) sketch of the
hypothesized fibers, which represents the possible aggregation of the smaller fibers in a bigger one;
in yellow, the unfolded protein surfacing is reported.

In particular, maxima at approximately 1 nm and 3.5 nm could correspond to fun-
damental building blocks with diameters of 2 nm and 7 nm, potentially compatible with
the size of a proto-filament and a proto-fibril up to the full intermediate filament. In the
case of feather keratin, the first peak of the distribution function at approximately 1 nm
is more pronounced and well resolved, confirming that keratin filaments in feathers have
a higher degree of internal order than in the wool at this short range. From the value of
r at which the PCS(r) fall to zero, an estimate of the maximum diameter of the section of
the filaments present in solution is obtained: for the keratin extracted from wool, most
of the filaments have diameters ≤7 nm (of the same order of an intermediate filament),
and only a small fraction contribute with larger diameters; for the keratin extracted from
feathers, more filaments with larger diameters are found, with a maximum size up to
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20 nm, suggesting a higher degree of lateral association among intermediate filaments
in the dispersed aggregates. Further studies on the modeling of these fibers are ongoing,
involving core–shell cylinder form factors which also include the contribution of unfolded
peptide chains in the shell, as suggested by the final slope observed in the SAXS data,
following a power law closer to that expected for a coil (q−2) rather than that predicted for
a sharp interface according to the Porod law (q−4) [34].

In general terms, the impact on the ambient of waste from feathers and wool derived
from the important food supply chain poses the question of a possible engineered use of
such materials for novel applications. It is widely recognized that keratin-based materials
offered distinct properties, in particular coupling biodegradability, biocompatibility, and
mechanical durability [35]. In addition, keratin-based biomaterials have an intrinsic ability
to support cellular proliferation and can be used as sponges, films, and hydrogels for
various biomedical applications. These are all possibilities that, to be explored, require a
complete characterization of keratin waste, such as that performed on human hair keratin
in [36]. Those applications should combine the well-known basic properties of the raw
material into composites having the merit to offer sufficient mechanical and interface
performance, needed for its industrial process. To this aim, the detailed knowledge of
the material structure and its conversion, adaption, and transformation is necessary. The
wool and feather keratins can be derived into water-soluble proteins with high molecular
weight by means of simple chemical treatments and can be turned into films with plastic
properties, which, in the past, was obtained from feathers, albeit by thermal treatments [37].

In the future, to make keratin the mainstream material for various bio-applications, the
properties and structures of keratin must be investigated extensively at both the nanoscale
and macroscale levels, as well as under chemical conditions for their dissolution and
extraction, considering the filament–matrix structure for alpha and beta keratins of wool
and feathers, respectively [38].

In this first step, the study on novel extraction methods described above outlined
the properties of the pure fibers. In practice, the extraction of keratin from two different
animal waste sources, namely sheep wool and chicken feathers, by the sulfitolysis method
indicated some differences in extraction yield, in favor of feathers. However, in both cases,
the extraction offered considerably higher yield than reported in the literature for other
methods [39]. Metabisulfite is also preferable as a solvent due to its non-toxicity, which has
been recognized to reduce the contamination effects, e.g., in cereals [40]. It is noteworthy,
though, that both protein waste sources offered the possibility to obtain sufficiently sound
and repeatable films from stir casting.

It is suggested, from both optical spectroscopies and X-ray scattering, that keratin
from feathers would present a more oriented structure, evidenced by the beta-sheets
contribution with respect to disordered coils (alpha-helices) and from the more intense
small-angle scattering of x-rays, because of their more compact structure. It is suggested
that the application of sulfitolysis did contribute to the preservation of compactness, which
has not been accounted for when extracting keratin from poultry feathers using other
methods, such as ionic liquids (sodium sulfate) [41]. In particular, the main absorption
peaks are preserved in FTIR spectroscopy from both sources of keratin with no frequency
shifts; therefore, no visible interaction has been detected with the extraction medium, which
has been not the case in works using other methods [42]. As regards more specifically SAXS
spectra, apart from the aforementioned higher degree of lateral aggregation for feather
keratin, no significant changes in the broadness of peaks are observed between the two
sources. This is promising for the production of composite films with other polymers
(e.g., cellulose), where the structural variability these changes may imply do represent an
issue [43]. As the result, a single model has been hypothesized as sufficiently representative
for both keratins.

Though an exact model for the scattering object for the latter case is still unclear, such a
more compact structure would possibly oppose higher tearing loads, though film plasticiza-
tion. The choice of plasticizer does represent a crucial stage to improve these properties [44],
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which is also related to the detailed object description and its chemical functionalization.
The likely presence of unfolded proteins in keratin from feathers can be correlated with
the higher viscoelastic properties of hydrogels they are able to form with respect to those
synthesized using wool, as observed in [45]. As a matter of fact, in the literature, the
production of blended films with wool–plasticizer combinations are less diffuse than with
feather keratin, using typical plasticizers such as citric acid [46] or glycerol [47], where the
lower properties might be compensated by a higher film translucency. In any case, these
studies seldom posed the question of reducing the residue by optimizing keratin extraction
for film production, and, in the long run, trying to hypothesize possible applications for it,
in order to follow a circular economy-based approach [48].

4. Conclusions

In this study, metabisulfite was used for the extraction of keratin from wool and
feather waste. The method guaranteed the high solubility of the keratin with respect to
other procedures; in addition, it is highly efficient and preserves the secondary structure
of the protein, allowing it to identify the presence of alpha and beta structures by using
Raman spectroscopy and FTIR. While detailed information at a dimensional level between
1 and 100 nm has been obtained by SAXS and corroborated by microscopy analysis of the
material, confirming the optimal preservation of the intermediate structure of the refined
material was conducted with respect to other extraction methods. The dimension of fibers
in the liquid phase seems to fall within the range of the intermediate filament that can be
harnessed for further functionalization and composition with other biopolymers. Such a
study is an advantageous starting point for future implementation of devices based on
the functionalized material, to be proposed in applications for biosensors, biomedical, and
other added-value applications.
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ABSTRACT

Taking a widely contaminated yet abundant waste, such as poultry feathers, and extracting keratin from this struc-
ture appears to be a real challenge whenever the preservation of the secondary structure of the protein is desired.
This process would allow exploiting it in ways (e.g., in the biomedical field) that are inspired by a structure that is
primarily designed for flight, therefore capable specifically of withstanding flexure and lateral buckling, also with
very low thicknesses. The preservation of the structure is based on disulfide crosslinks, and it is offered with pre-
ference by some chemical treatments, mainly those based on ionic liquid and on a reduction process. However, the
degree of preservation cannot always be precisely assessed; however, beyond chemical characterization, the forma-
tion of homogeneous gels can also suggest that the process was successful in this sense. An extraction respectful of
nature’s intentions, considering that the secondary structure builds up according to the very function of the feath-
ers in the animal, can be deemed to be biomimetic. In particular, biomimetic extractions comply with the very
characteristics the protein was designed for to serve in the specific environmental and mechanical situation in
which it is inserted. This review tries to elucidate in which cases this aim is achieved and for which specific appli-
cations a chicken feather keratin that has preserved its secondary structure can be suited.

KEYWORDS

Keratin extraction; secondary structure; self-assembly; chicken feathers

Nomenclature
[Amim]Cl 1-Allyl-3-methyl-1H-imidazol-3-ium chloride
[Bmim]Br 1-Butyl-3-methylimidazolium bromide
[Bmim]Cl 1-Butyl-3-methylimidazolium chloride
[HOEMIm] 1-hydroxyethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
FTIR Fourier transform infrared spectroscopy
ILs Ionic Liquids
[NTf2] 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
PBAT Poly(butylene adipate-co-terephtalate)
PCL Polycaprolactone
PVA Poly(vinylalcohol)
SAXS Small angle X-ray scattering
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1 Introduction

A biomimetic approach to materials would regard the possibility of promoting their self-assembly in a
way that allows the growth of autonomous structures to be used for functional purposes [1,2]: this procedure
is particularly sought in the case of peptides and proteins [3]. More specifically, the typical structures of
proteins, such as collagen, elastin, and keratin, all include some degree of α-helices arrangements [4]. The
most recent novelty, however, is constituted by the possibility of obtaining these structures out of the
material extracted from animal waste, which enables the establishment of correlations between their
aspect and the route by which self-assembly has been realized [5]. As far as protein extraction is
concerned, extracted material takes the form of hydrolysates and small peptides [6]. These nanomaterials
can have a role in acquiring a biomimetic function towards appropriate training exerted on non-natural
protein backbones [7]. In other words, some extraction methods confer to the material a higher capability
to resist proteolysis than others and can be regarded as adapted to its biomimicking [8].

In practice, keratin-based waste from different origins/biological structures can be used for the purpose:
these include, among others, sheep wool in the form of hydrolyzed peptides [9], or in more structured form
for direct blending with biopolymers [10], where a biomimetic approach might reduce the final risk of
generating other hazardous material difficult to dispose of [11]. Other keratin residues in search of
sustainable routes for disposal are human hair [12], epidermal waste [13], nails [14] or claws [15], and
poultry feathers [16], on which this review specifically focuses.

Chicken feathers can be considered dense shells with a porous core, which provides lightness and is able
to be compressed or even locally torqued without being buckled [17]. Their application as fibers (chicken
feather fibers, CFF) in composites, purposely separated from the rachis [18], though proposed in many
cases, does reduce this structural complexity to the bare tensile support of a polymer resin [19]. On the
other hand, keratin extraction may result in the destruction of the composite structure, which is the scope
of the biomimetic process to avoid. The main issue is unlocking the protein by extracting it without
damaging its secondary structure and, therefore, promoting the self-assembly of the keratin structure in
another geometry from the original one [20]. The secondary structure is mainly influenced by the position
of the side chains and hence the degree of close packing in the protein, which for keratin is controlled by
the presence of a number of different motifs [21], namely α-helical, β sheets, β-turn, and random coil
structures [22].

In practice, the organization of chicken feathers includes, as the effect of the judicious combination of α
and β forms, the combined presence of crossed-lamellar structure (300–600 nm thick) in lateral walls of
rachis and barbs, arranged into alternate layers of crossed-fibers [23]. A significant grade of preservation
of this structure out of keratin extraction is particularly beneficial in terms of toughness, which also
allows its blending with other proteins isolated, e.g., from soy, for the formation of composite films [24].

The isolation of keratin from poultry feathers has been demonstrated of interest in the last few decades,
especially, but not exclusively, in the food-related and the cosmetics sector [25]. Here, the preservation of
secondary structure is not always considered essential [26], while rather preventive purification processes,
based, e.g., on ethanol, ozone, and sodium chlorite, are given larger significance [27]. Another possibility,
which is specific to poultry-originated keratin is the capability to absorb some metals, e.g., in soil
treatment, such as cadmium, nickel, chromium, and zinc [28]. In some cases, nonetheless, the use of
keratin from poultry feathers can be considered biomimetic, more explicitly whenever the architecture of
the folding structure is considered and used to achieve specific functionalities. This has been, e.g.,
recently performed in the case of carbonized feathers therefore used as biochar [29], where the
preservation of keratin structure did result in the possible application to the removal of the residues of
drugs, such as amoxicillin, from aqueous solutions [30]. Keratin biochar is also particularly adapted to be
possibly blended with other similarly abundant biomass waste, such as is the case for sugarcane bagasse,
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which suggests synergistic effects to be obtained from adapted doping strategies between the two feedstocks
[31]. However, the energy-intensive character of these processes based on carbonization has also suggested
that to use chicken feathers with a biorefinery approach, biodegradation/metabolism by the action of bacteria
would represent a more suitable route towards the extraction of free amino-acids and soluble proteins [32].

To allow the potential use of keratin extracted, hence solubilized, from chicken feathers, a possible
approach is based on the fabrication of autogenous cross-linked gels, e.g., serving as plant growth media
[33]. On the one hand, this route can provide some mechanical performance that might ease application
and compete, at least as blends, with other categories of gel structures, such as those obtained from
polysaccharides, e.g., starch [34], alginates [35], or guar gum [36]. On the other hand, restoring
secondary structure, hence protein cross-linking, starting from disulfide links, but not limiting to them,
would represent a more natural application of keratin, therefore providing also other characteristics, such
as controlled water retention, elongation, and strength [37]. These properties were exploited for some
uses, such as wound healing, using a blended film with polysaccharides [38], or in a more general sense,
in the biomedical engineering sector, including, e.g., also applications for drug delivery [39].

This review concentrates on chicken feathers since they constitute a very large waste of the food-related
production sector, and therefore, their functional use would possibly result in a circular economy approach,
offering a larger value to waste. Using poultry feathers in a biomimetic way for the production of engineered
structures does involve preserving as much as possible their features during extraction, in the understanding
that keratin-based structures do present a number of fundamental biomimetic properties in a thermal
insulation and low-density context, which include reversible adhesion, structural coloration and the
possibility to offer super-hydrophobic surfaces [40]. To achieve this potential, it is important, though, to
preserve as much as possible the secondary structure of feather keratin, which will be described in
Section 2. A number of methods exist for the extraction of keratin from feathers, which are reported in
Section 3.

Following this, the discussion does particularly concentrate on those works where keratin is extracted
with the preservation of its secondary structure, which can be suggested to represent a biomimetic
application of poultry feathers’ keratin. With this aim, bio-inspired materials based on poultry feather
keratin are discussed, after general considerations of the keratin role in these materials (Section 4.1),
being either exclusively based on keratin or as a significant component of a blend with another
biopolymer (Section 4.2). Finally, applications with particular reference to the bio-inspired potential,
therefore with evidence of self-assembly, are discussed (Section 4.3). Conclusions and potential for future
research are offered in Section 5.

2 Structure of Keratin in Feathers

The design of a chicken feather is constituted on hierarchical levels, depicted in Fig. 1 [41], namely the
basal calamus, the main structure of the rachis, from which barbs, and then barbules irradiate. Recent studies
also emphasized the variable characteristics of feather design between broiler chicken, reared for meat
production, and layer chicken, which are intended at egg production instead [42]. This occurs since the
feathers have specialized functions, in particular, contour feathers are dedicated to flight, down feathers
serve for insulation, and small ornamental ones are aimed at signaling for social activity. The different
dimensional levels represented are deemed to constitute the base for the engineering of feathers’
functionality, comprising flight ability and thermal insulation properties [43]. In other words, they are
able to transform through a controlled and tailored spiraliform arrangement, a unidimensional appendage
into a volumetric body capable of actively sustaining the flight action [44]. In particular, the section of
the rachis comprises epicortex, with crossed-fiber architecture, made of β keratin, which offers a
trabeculae-like support [45], then cortex and the medullary pith with its foam-like structure [46]. The
latter has recently been proposed as to offer some bio-inspired action of thermal insulation due to its
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cellular geometry [47]. Keratin fibers are arranged in a cross-like architecture being coated with amorphous
protein: this disposition is connected to the need to withstand specific forces during flight, mainly by flexural
and shear loads, maintaining a sufficient flexibility notwithstanding the required stiffness offered by the
protein structure [48]. In particular, an uninterrupted structural connection appears to be formed between
the cortex of the rachis and the barbs [49]. The idea is that the rooting of barbs within the rachis is
helpful in withstanding the aerodynamic forces during flight [50]. As a matter of fact, the whole structure
of the feather optimizes bending stiffness to sustain loading in flight: in that respect, the heavily deformed
structure is then recovered by immersion in water, aimed at simulating air moisture effect [51].

At a microscopical level, though, the structure of feather keratin takes the form of microfibrils, less
ordered with respect to alpha-keratin, yet still following a composite arrangement such as fiber + matrix
[52]. It has been also suggested that the natural model followed during feather development, and that has
therefore to be accounted for in the self-assembly process, is that of a simple twisted β-sheet [53], as
indicated in Fig. 2, which details the different dimensional levels. Investigations carried out by small
angle X-ray scattering (SAXS) have demonstrated the more compact short-range organization of feather
keratins with respect to wool keratin [54].

Figure 1: Different parts of keratin feathers, showing hierarchical structure (Reproduced with permission
from Reference [43], © Elsevier 2017)

4 JRM, 2024

CHAPTER 2. BIOMATERIAL CONTRIBUTION TO CIRCULAR ECONOMY 31



Going more into detail, into the molecular level, keratin is generally rich in cysteine, which creates a
strong covalent disulfide bond, which results in crosslinking, promoting therefore an increased hardness
of the structures [55]. This ultimately contributes to cornification, hence conversion into a horn structure,
of epithelial cells of feathers [56].

3 Methods for the Extraction of Keratin from Feathers and Preservation of the Secondary Structure

Different methods are available to extract keratin from feathers (a summary of the various techniques
adopted is offered in Fig. 3), among which this review gives preference to those that are able to preserve
its secondary structure, which results also in maintaining its antioxidant potency [57]. A number of
chemical methods like reduction [58], ionic liquid [59] and alkaline hydrolysis [60], are used for keratin
extraction, but not all of them preserve the secondary structure. The completeness of the secondary
structure preservation is difficult to assess, even for recent studies that concentrate on the morphological
characteristics of the keratin extracted from feathers the amount of β sheets crosslinked by disulfide
bonds was not easily measurable from microscopical observation [61]. More reliable measurements can
be offered by quantitative Raman spectroscopy, especially by comparing the intensity of the peaks
representing S-S disulfide bridges and β sheets, typically around 521 and 1662 cm−1, respectively [62].
Apart from the extraction process, it is also worth noting that the application of tensile stress on the
keratin structure might lead to a more reduced preservation of disulfide bonds, due to their stretching,
which might also be ascribed to the agitation process during chemical action [63].

Figure 2: Schematic representation of keratin structure ranging from the atomic scale to the macroscale
(Adapted from Reference [20] © Elsevier 2022)

Figure 3: Summary of extraction methods used for feathers keratin
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In particular, alkaline hydrolysis, also facilitated by cetrimonium bromide, resulted in a significant
disruption of the hydrogen links and in the virtual absence of peptides at 200°C [64]. Often alkaline
methods are assisted by microbial and enzymatic ones [65] using keratinases [66]. These can operate
autonomously in a biorefinery concept, involving diversification of products and full use of waste
resources [67]. This contributes to the complete use of the whole of feather residues, in a circular
economy approach, as reported in Fig. 4. Further assistance can be provided by ultrasound irradiation
[68], or by microwave treatment [69], where the texture and morphology of extracted material can be
controlled by the time and energy of irradiation [70]. In all these cases, the final product yielded are
functional protein + hydrolysates of interest for the food industry [71]. Another important factor, which in
particular influenced the preservation of the secondary structure, while not directly related with the
adopted method, is the retention time in the alkaline solution, since keratin is typically soluble in variable
amounts depending on the pH of the relevant environment [72].

Ionic liquids (ILs) method for the extraction preserves the structure of the keratin, at least partially, with
yields as high as 45% in turkey feathers [73]. In particular, on chicken feathers, the use of ILs [Amim]Cl,
[Bmim]Cl and [Bmim]Br have been studied by Ji et al. [74], demonstrating that the imidazole liquid
[Bmim]Cl can extract keratin from feathers, the solvent of IL is non-volatile and easy recyclable. Other
hydrophobic IL have been used, such as [HOEMIm] [NTf2], which offers molecular weights for extracted
keratin in the order of 10,000 [75]. Moreover, with extraction using ionic liquids, there is no discharge of
pollutants, which goes in agreement with circular economy and eco-friendliness, since the ionic liquid is
easily separated from keratin, and it benefits the recycling of the salt, being not detrimental to the quality
of extracted keratin [76].

The reduction method that uses mercaptoethanol has a high yield, and preserves the secondary structure
of the keratin, yet being harmful for the possible non-preservation of mercaptan in the final product, hence its
possible discharge [77]. The reduction with sulfitolysis method, using sodium sulfate or sodium

Figure 4: Different destinations of poultry feathers by a microbial enzymatic extraction (Reproduced with
permission from Reference [67], © Elsevier 2015)
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metabisulfite, is the most extensively used for the extraction of keratin due the good yield, low toxicity, and
the likely preservation of the secondary structure of the protein [78]. Treatment with thiourea leads also to
sufficient self-assembly properties, which are deemed to depend on the preservation of cysteine residues,
with possible re-oxidation of free cysteine thiols, specifically responsible for the possible recoiling of the
protein: this method has been widely applied on wool keratin [79]. A symptom of the degree of potential
self-assembly of extracted keratin is described by the formation of homogeneous gels, normally at rather
neutral pH. As a consequence, methods based on sulfitolysis treatment offer larger availability due to the
larger presence of sulfato-kerateines, for biomedical applications [80].

Thermal treatments for the extraction of keratin appear to be quicker and are therefore prevalently used
in the industrial sector. The steam flash explosion is a process based on a hydrolysis in high temperature and
pressure, the exposure of keratin to these conditions allows obtaining the disintegration of the proteins [81],
and a significant modification of the secondary structure with an increase of the disorder domains [82].
Furthermore, it can even assist alkaline hydrolysis into increasing the extraction rate of keratin from
feathers up to over 65% [83]. However, although β sheets are comparatively more diffuse than α-helical,
β-turn, and random coil structures, steam explosion does maintain on the other side a tertiary structure of
partially coiled proteins in a generally more polar environment [84]. In this context, the use of
supercritical water does also induce an extensive depolymerization of keratin into aliphatic chains [85]: in
other contexts, this process appears particularly suitable for the production of bio-hydrogen [86].

4 Bio-Inspired Materials Obtained from Poultry Feathers with Preservation of Secondary Protein
Structure

4.1 General Considerations
In this section, the structures that have been obtained using keratin extracted from chicken feathers with

preservation of protein secondary structure, further down defined as “conservative methods”, therefore with
the possibility of self-assembly, are presented and discussed. As from the above considerations, the
preservation of secondary structure is allowed by extracting keratin through chemical processes (ionic
liquids, and reduction) and all the works that will be mentioned in this section will involve the use of the
aforementioned methods. Possibly the most suitable demonstration that the secondary structure has been
preserved is linked to Fourier transform infrared spectroscopy (FTIR), finding out that cysteine-S-
sulfonated residues are still present in the sample, which are able to promote self-assembly [87]. This is
usually correlated with a 1024 cm−1 sharp peak observed in the FTIR results [88].

To recognize the function of keratin and its self-assembly, it is sometimes complicated. This was noticed
in early studies on avian feathers, in particular, due to the fact that the fit-for-purpose alternance of α and β
structures with specific monomers, defined as φ keratins, leads to a non-obvious relation between the
subunits and the tissue morphology [89]. In other words, the macroscopic geometry does not immediately
recall the function, such as it occurs instead in other cases, for example ligno-cellulosic fibers, which are
clearly designed for structures intended for tension and possibly torque [90]. Provided the preservation of
the secondary structure is adequately achieved, feather keratin arranged in the β form suggests the
prevalence of the resistance to defect propagation, described as toughness, rather than the bare
mechanical strength [91]. This exceptional toughness is achieved by incorporating matrix and filaments
into an only protein, whose structural preservation is therefore of paramount importance [92].

It has been elsewhere recognized that the characteristics of crosslinked gels formed from keratin
obtained from chicken feathers are different from those from other sources, such as hair and wool,
namely as for viscoelastic properties and in particular a higher cell proliferation [93]. In terms of
blending, poultry keratin can be associated with a large variety of biodegradable and conventional
polymers, as reported in [94,95]. The already mentioned autogenous cross-linking of poultry feather
keratin gels has also potential to offer bio-based cross-linking agents in other contexts, such as rubber,
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avoiding on one hand the use of carbon black as hardener, while on the other side the high nitrogen content of
feathers would delay the thermal degradation of rubber up to 400°C [96]. However, this is not the kind of
operation that would provide any bio-inspired sense to the keratin structure, which is used as just the
replacement of the synthetic counterpart, trying to match as much as possible its performance. The same
concept applies when using keratin as a bare filler for lignin and bio-epoxy to increase possibly to 100%
the bio-based content of a composite [97].

4.2 Development and Function of Keratin Materials and Blends Extracted with Conservative Methods
The preservation of the secondary structure in chicken keratin can serve to various purposes, which

enhance the characteristics of the material beyond its bare properties of hardness and toughness, enabling
applications that span from the biomedical field to the production of biodegradable materials to other
technical applications, such as water treatment. This potential has particularly been demonstrated in
connection with the large availability of keratin waste products to be reprocessed, which offer large
amounts of material for study [98]. Typically, to grow beyond the nanometric level, the material needs to
be added with some plasticizers/biopolymers, a large variety of which was demonstrated effective to the
purpose. The use of keratin feather fibers by bare alkali treatment, therefore at a micrometric dimensional
level, taking the example of lignocellulosic fillers, while it allows introducing large amounts of fibers (up
to 60 wt.% in [99] using PLA and PBAT), on the other hand it penalizes tensile strength in polymers,
suggesting rather their use for acoustic panels, or similar applications, generally as bio-insulation [100]. It
is also noteworthy that preservation of secondary structure is not particularly sought for when extracted
feather fibers are only exploited in terms of their compressive densification in a sponge-like geometry,
such as in [101], where enzymatic extraction was preferred [102]. In this sense, other applications are not
in need of any particular efficiency for keratin extraction, such as it is the case for oil spill absorption
[103], use as natural flocculants for the treatment of potato starch wastewater [104], or heavy metal ions
(e.g., hexavalent chromium) removal from wastewater [105], as an alternative to the use of
polysaccharide absorbers, such as chitosan [106]. However, also for this application, an extraction of
keratin with reduction by sodium sulfite and sodium hydroxide showed effectiveness over a larger
spectrum of metals [107].

The same applies when keratin fibers are supposed to be employed as fillers possibly with considerable
tensile elongation and in small tenors in biopolymer blends, such as for PLA/PHB in [108], where strain at
break was brought as high as to 140%. Here, it can be suggested that protein hydrolysates would do their job
better in terms of low-quantity fillers for tensile elongation, with no need for preservation of the secondary
structure. Conversely, the extraction of keratin capable of potential self-assembly opens the field to further
sectors, which require smaller film thicknesses and more controllable mechanical properties, especially in
shear, as desirable in applications such as biomedical and bioplastics. The quality of self-assembly
through preservation of the secondary structure offers keratin with higher shear properties, which enable
molding of structure for wound healing and tissue regeneration [109].

To avoid including chicken keratin in other polymers, which is likely to be a suitable approach for
keratin with self-assembling properties, a possible solution is its plasticization through polyols, such as
glycerol. An amount of glycerol between 2% and 10% was used in [110], processing bioplastics at 60°C,
from feathers extracted using sodium sulfide. Another work on sodium sulfide extraction from chicken
feathers used glycerol in an amount of 3.5%, adding then a smaller amount of microcrystalline cellulose
(0.2%) in a sodium hydroxide solution for 48 h again at 60°C, to offer improved mechanical properties
[111]. The idea was to offer a bioplastic film, which could be aimed at various applications, including
biomedical, pharmaceutical and generally biopolymer development. Other films with chicken keratin
extracted by sulfitolysis, yet with plasticization enhanced by citric acid, did include 25% glycerol [112].
Adding more glycerol gradually affects tensile strength and solubility, whilst increasing elongation at
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break up to 35% glycerol content, where still swelling is below 17% for a urea-sodium sulfide high yield
(73%) extraction [113]. A possible alternative polyol plasticizer for chicken keratin is sorbitol, which
offered good performance in a 2-mercaptoethanol extraction with concentrated urea solution using
sodium dodecyl sulfate (SDS) [114].

Passing to the blends of conservatively extracted keratin with chicken feathers with biopolymers, the
variety of solutions attempted appear considerable and would especially depend on the application that
was proposed for the keratin-based structure. It is also noteworthy that some polymers, such as poly
(ethylene oxide) (PEO), are able to hinder the self-assembly of cysteine residues, and therefore keratin
blending with them might not always be desirable for the production of biomaterials, though it eases
electrospinning of fibers [115].

In particular, in the biomedical field, keratin nanoparticles are particularly effective in producing drug
delivery systems, where their distinct advantages are their generous surface area, and encapsulation
efficiency, which results in a controlled drug release [116]. Successful examples have been provided
using poly(vinyl alcohol) (PVA) in crosslinked films with dialdehyde starch [117,118]. In other uses, the
objective might also be orienting the specific polymer towards more focused properties through its
blending with potentially self-assembling keratin [119]. This occurred for example with polycaprolactone
(PCL)-human hair keratin blend coated with hydroxyapatite particles, when the objective is to fabricate
scaffolds for human bone regeneration [120].

The capability of keratin to contribute to faster regeneration and to promote hydration in tissue
engineering is well recognized [121]. More recently, also the combination of an adapted reduction
process and the capability to regenerate natural tissue has received a considerable deal of attention
[122–124]. In the case of the use of keratin from chicken feathers, a limited number of studies,
summarized in Table 1, do possibly represent combinations with polymers that do not exclude in
principle a self-assembly process, because of keratin extraction performed through reduction processes.

A conclusion can be that most studies on keratin from poultry feathers do not effectively preserve the
secondary structure of the protein, though in general this would appear to be necessary to improve the
application profile of the material, especially in terms of upcycling, whenever this is obtained from
industrial waste. As a consequence, the following section does concentrate on those studies where
explicitly this characteristic leading to self-assembly is declared or evident and possibly the extraction
method for keratin is tailored to obtain this result.

Table 1: Studies on biopolymer composites with keratin from chicken feathers obtained with reduction
processes

Biopolymer Keratin extraction method Amount of keratin Application Reference

Chitosan Dialysis precipitated by
HCl

0.5% w/v
nanoparticles

Bone tissue
regeneration

[125]

Chitosan/PLA Feather fibers Up to 4% Bone tissue
regeneration

[126]

PVA/PVP/
starch

NaOH 56% w/v Biomedical hydrogel [127]

PHB Sodium sulfide-L-cysteine 20% w/v Scaffolds [128]

PVA 0.1 M Na2S and 5% NaOH 20% w/v Neural repair scaffold [129]
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4.3 Self-Assembled Structures: Nanoparticles and Nanofibers
To summarize what has been exposed previously, when maintained in a natural system and at adapted

conditions of pH, temperature, etc. Keratin has the tendency to self-assemble into functional structures (e.g.,
hair, nails, feathers…) due to their specific amino acid sequences and interactions.

A natural example of self-assembly of beta keratin fibers is the photonic system that is created inside the
feathers of some birds which generates the structural color of the feather itself [130,131].

In general, self-assembly is an intrinsic property of keratin proteins that is favored by environmental
conditions during the experimental process. In particular, the self-assembly potential does depend on the
chemical action performed, including nature of the chemical involved pH, temperature, and retention
time, yet also may be affected by the mechanical action, such as in the case of vapor pressure for steam
explosion, which hinders the preservation of cysteine residues [132]. Cysteine residues present in keratin
proteins form the S-S bonds, which are responsible for the structural stability and self-assembly. At the
same time the hydrophobic and hydrophilic regions of the proteins allow it to interact with itself and
other molecules in aqueous environments, promoting self-assembly [133]. This suggested the potential
use of keratin waste-based materials also in the field of biomedical scaffolding [134].

Self-assembling properties are found in the formation of keratin nanoparticles. Keratin nanoparticles
have a high tendency to create interparticle bonds, leading to the creation of larger structures such as
nanofibrils or nanolayers. The reconstruction of disulfide bonds during dialysis, used during the extraction
method, is crucial for the structural integrity and stability of the keratin nanoparticles. These bonds help
maintain the folded structure of the proteins and promote aggregation. Hydrogen bonds between the
backbone and side chains of keratin molecules stabilize the secondary and tertiary structures, facilitating
the formation of beta-sheets and subsequent self-assembly into nanoparticles [135]. Hydrophobic regions
of keratin molecules tend to aggregate to minimize exposure to the aqueous environment, driving the
self-assembly process. By modifying the incubation time, the temperature, together with pH and
concentration of keratin in solution, the dimensions and characteristics of the nanostructures can be
controlled, offering various building blocks that allow a tailored and effective design of the nanostructure
passing from 1-D to 3-D geometries at the nano-level, as detailed in Fig. 5. This suggests to better orient
the envisaged application in the biomedical field offering further advantages are low immunogenicity,
colloidal stability and biodegradability [136].

Dialysis process can also influence the mechanism of self-assembly creating a gel. The mechanism
called “gelation” is due to the intermolecular interactions and the reformation of disulfide bonds.
Viscoelastic properties of this kind of gels can be controlled by manipulating disulfide bond reoxidation
and cross-link density during the dialysis process. Keratin gels are primarily stabilized by disulfide bonds,
though complete dissolution is only possible by disrupting hydrophobic interactions and hydrogen bonds
as well. As suggested above, the appearance and viscoelastic properties of the gels are also influenced by
pH and temperature.

The self-assembly of keratin fibers plays a crucial role in determining their mechanical properties and
performance; this characteristic was also observed in the wet spinning process. To start from an extraction
by chemical process, using mercaptoethanol, helps manipulating disulfide bonds, essential for building
the keratin fibers. In particular, the self-assembly of keratin fibers via controlled disulfide bond formation
involves the gradual recovery of secondary structures and the creation of ordered protein configurations.
This process ultimately improves the mechanical properties of the fibers, including their toughness and
durability. For instance, the regenerated keratin fibers exhibit breaking strain and toughness that were
much higher than those of cotton and linen. Their toughness was nearly equivalent to that of viscose
fibers. These results indicate that keratin fibers, which retain their secondary structures through
continuous production, are well-suited for practical applications.
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The ability to control and utilize this natural self-assembly process opens possibilities for creating
advanced materials for biomedical applications, such as wound dressings, drug delivery systems, and
tissue engineering scaffolds. In Wang et al. [137], for the production of hydrogel, it was used as an
extraction method, a reduction and then an oxidation, that preserve the secondary structure of keratin.
The hydrogel formation was favored by the use of H2O2 which promotes the formation of disulfide
bonds, finally the hydrogel was used as an effective base for the formation of scaffolds useful for cell
proliferation in wound healing. Similar applications have been tested by Polesca et al. [76], starting from
the extraction process based on ionic liquids, they create a film of pure keratin. The formation of the film
is favored by using temperatures between 50°C and 60°C. They also demonstrated non-toxicity to cells
and the in vitro wound healing study demonstrates that this type of film improves the proliferation of
keratinocytes and fibroblasts, accelerating wound healing up to 16 h.

5 Conclusions

Self-assembly of chicken feather extracted keratin, therefore intended as use in biomedical devices, such
as for scaffolds and wound dressing, received some degree of attention in recent studies. On the other hand,
not many works that resulted in regenerating the disulfide bonds explicitly declared the potential for

Figure 5: A schematic diagram demonstrating how keratin nanoparticles can be formed and served as the
building blocks for higher nanostructures. Letters P, F and L indicate nanoparticles, nanofibrils and
nanolayers, respectively (Reproduced with permission from Reference [133], © Elsevier 2020)
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prospective self-assembly of obtained biomaterials, despite the fact that the attention towards the synthesis of
nanoparticles does appear to be gradually increasing. The outcome of this review indicated the reduction
extraction processes as the most suitable for the purpose, including those with use of sodium sulfite or
mercaptoethanol, or also those with ionic liquids, and even more surprisingly, the extraction of keratin
through steam explosion.

A final comment would concern the fact that future developments in this field, also given the very large
availability of poultry feather would also be likely to invest in larger value applications for extracted keratin,
which will necessarily involve the preservation of secondary structure to enable its self-assembly process in
the form of nanoparticles, gels, and blends with biopolymers.
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ABSTRACT
Protein gels prepared by keratin extracted from chicken feathers show potential applications as engineered materials. Feathers 
are an abundant waste material, whose principal component is keratin, which may have gelling properties not yet sufficiently 
studied so far which are strongly dependent on the extraction method adopted. The aim of the study is to explore the properties 
of gels obtained through mercaptoethanol extraction and dialysis process and to evaluate their structural characteristics. The 
keratin hydrogels were characterized with Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy through 
which it was possible to identify the secondary structure of the protein on hydrated and dry gel. Moreover, the morphological 
analysis by scanning electron microscopy (SEM) combined with the rheological analysis showed how the consistency of the gels 
is maintained on a wide range of loads and frequencies. Furthermore, the biocompatibility of the gels was investigated for the 
release of subcutaneous drugs using curcumin, an antioxidant polyphenol compound. The fastest release was obtained at pH 7.4, 
corresponding to physiological conditions.

1   |   Introduction

The extraction of keratin, the most diffuse biopolymer, from var-
ious types of waste, has recently become a diffuse practice for 
upcycling byproduct materials. The principal sources of keratin 
are human hair [1], wool [2], and chicken feathers [3]. Chicken 
feathers from slaughtering do represent a very large waste 
source, in particular due to the fact that poultry meat consump-
tion did present a fivefold increase in half a century, reaching 
the amount of 17.2 kg/capita in 2015 [4]. Applications suggested 
for chicken feather waste have been various, spanning from the 
production of organic fertilizers [5], the traditional use in tex-
tiles or related fillers [6], to geotextiles [7], or polymer compos-
ites [8]. However, in most cases, keratin extraction from feathers 
has been aimed at the production of biomaterials, for example 
for cosmetic and pharmaceutical studies [9], although in some 
cases in the form of protein hydrolysates [10]. The process to 

serve a more practicable and reliable drug release would con-
versely require the preservation of the secondary structure of 
the protein [11]. This appears less difficult to obtain in the case 
of chicken feathers, provided an adapted extraction procedure 
is applied to this aim [12] and also paves the way toward their 
blending with other biopolymers, such as Poly (hydroxybutyr-
ate) (PHB) [13].

A peculiar characteristic that offered much value to this ex-
traction process is the various geometries in which chicken 
feather keratin can be processed, including films, sponges, fi-
bers, and hydrogels [14]. The latter has shown some promising 
evidence with respect to the other forms of keratin, namely re-
garding the prospective mechanical performance of the struc-
ture [15]. This is connected with the degree of preservation of 
the protein's secondary structure which results in a possible self-
assembly process [16].
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More specifically, a variety of chemical methods based on a re-
duction for the extraction of keratin from chicken feathers have 
been experimented with, such as sodium sulfite, sodium dodecyl 
sulfate, and 2-mercaptoethanol [17]. 2-mercaptoethanol keratin 
extraction offers a high yield, such as 84%, after a time of 2 h 
[18]. A slightly inferior yield was obtained in [19], in the order, 
though confirming the experimental outcome of extensive pro-
tein aggregation, even with the diffuse presence of oligomers. 
The study was specifically oriented to the production of glycerol-
plasticized films, which indicated optimal mechanical perfor-
mance at approximately 50% cysteine carboxymethylation [20].

To the best of our knowledge, keratin gels have never been ob-
tained using 2-mercaptoethanol extraction. However, hydrogels 
obtained from extracted keratin have proven their potential for 
example, in terms of wound healing in a blend with genistein 
[21]. An essential characteristic that is also sought in biopolymer 
hydrogels, among which those based on keratin are very popu-
lar in various fields, is mechanical durability over time [14]. It 
is required therefore that the extraction method would provide 
long-lasting and resistant materials.

This study derives from previous investigations on metabisul-
fite extraction on wool and chicken feathers waste, which led 
to evaluations of the effectiveness of the process to obtain, after 
dialysis, material geometries suitable for further application in 
the biomedical field [22]. It was noticed during these studies 
that also 2-mercaptoethanol extraction, namely on chicken 
feathers, might be likely to provide some merits as for yield 
and preservation of the chemical structure of keratin obtained. 
Further analysis of the characteristics of this keratinous ex-
tract constitutes the core of this work, which is then focused 
on potential use for drug delivery. With this aim, preliminary 
tests for drug delivery from the obtained gel have been per-
formed, more specifically studying the release of curcumin in 
different pH conditions. Curcumin is a well-known naturally 
occurring anti-cancer compound [23], which has a long his-
tory of applications in drug release from biopolymers [24].

2   |   Materials and Methods

2.1   |   Waste Materials

The keratin-based waste materials, in the form of white feathers 
from chicken, were obtained during the process of slaughtering 
and have been supplied by Fileni S.p.A. (Cingoli, MC, Italy).

2.2   |   Extraction Method

According to the literature, the 2-mercaptoethanol method of 
the extraction of keratin from feathers has been used [25]. First, 
the feathers were washed with cold water and soap, followed by 
grinding and a second wash with ethanol at 50°C for 2 h to re-
move surface fats and waxes.

The extraction was performed using the following pro-
portions for a quantity of 4 g of feathers: Urea = 31.8 g, 

Mercaptoethanol = 1.2 mL (14.2 M), EDTA = 130 mg, Tris (hy-
droxymethyl) aminomethane = 3.23 g, and the total volume of 
the solution was 100 mL. The reagents' temperature was kept 
at 70°C for 24 h, and the solution was then filtered to remove 
the partially digested residue. Following this, the solution was 
dialyzed using a membrane with a diameter of 28.6 mm and a 
molecular weight cut-off (MWCO) of 12–14 kDa in water for 
about 3 days at room temperature changing the water once 
a day.

2.3   |   Characterization of the Keratin Gel

2.3.1   |   Microscopy Techniques

SEM analyses were carried out using a field emission scan-
ning electron microscope (FE-SEM, Sigma Family, Zeiss, Jena, 
Germany), equipped with a Backscattered Detector (BSD) to 
obtain high-quality microphotographs. Before being analyzed, 
a slice of keratin gel was dehydrated by evaporation of water at 
room temperature under a hood.

2.3.2   |   Spectroscopy Techniques

Raman spectroscopy was performed with a HORIBA IHR320 
micro-Raman Scattering system (Horiba; Palaiseau, France) 
equipped with an optical Microscope model Olympus BXF41 
(with 5, 20, 50, 100 objectives) (Münster, Germany). The Raman 
spectrometer was operated at 532 nm (diode laser) with a power 
of 40 mW. Raman spectra are collected on gel dehydrated by 
evaporation of water at room temperature under the chemical 
hood for 12/14 h and on wet gel.

IR spectra were recorded from 4000 to 400 cm−1 with a 
PerkinElmer Spectrum 100 FT-IR instrument (Waltham, MA, 
USA) by total reflectance on a cadmium selenide (CdSe) crystal. 
For IR spectra the gel samples were dehydrated in the same way 
as the samples for Raman.

To obtain information about the secondary structure of the 
protein, the spectra were fitted into a set of Gaussian functions 
using Fityk (version 1.3.1).

2.3.3   |   Rheological Characterization

Rheological analyses were carried out using a stress-controlled 
rotational rheometer (Kinexus lab+; Malvern, UK) equipped 
with a C40/4 cone-plate geometry. The gel was analyzed by 
stress sweep and frequency sweep tests at 25°C. Stress sweep 
analysis was performed in the range of 0.5–100 Pa and at a 
frequency of 1 Hz. For the frequency sweep tests, an increas-
ing frequency in the range of 0.01–10 Hz was applied to the 
samples at a constant stress (1 Pa). The measured rheological 
parameters were the elastic modulus (G'), the viscous modu-
lus (G"), and the complex modulus (G*). Analyses were per-
formed on thin disks with a thickness of 5 mm and a diameter 
of 28.6 mm.
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2.4   |   Preparation of Gel With Curcumin 
and Evaluation of Curcumin Release

Pure keratin gel was cut into small cylinders with a thickness of 
10 mm and the same diameter of membrane dialysis (28.6 mm) 
and was tested to evaluate the possible absorption of hydropho-
bic drugs using a solution of curcumin (Cayman Chemical, CAS 
registry n 458-37-7), dissolved in alcohol. Curcumin solutions for 
the experiment were prepared as follows: 5 mg of curcumin was 
dissolved in 40 mL of an 80/20 vol.% ethanol/water solution. For 
absorption by the gel, 16 mL of this solution was placed in con-
tact with a cut cylinder of gel in a beaker. The beaker was placed 
in a shaker (Stuart SI20H Scientific Hybridization Oven/Shaker, 
Cole Parmer) with an oscillation of 15 strokes/min for 60 min 
at ambient temperature. After absorption, excess curcumin was 
washed away using distilled water. Curcumin release tests were 
done in triplicate using a solution of 10 × PBS (phosphate buf-
fer saline) diluted five times with the addition of 2% TWEEN 80 
polysorbate. Then, three solutions at different pHs (7.4/5.8/1.2) 
with the use of hydrochloric acid (HCl) for acidification were 
prepared, and the curcumin release at different pHs was cal-
culated. During the release time (72 h at ambient temperature), 
several samplings were carried out by taking 1 mL of solution, 
and the relative absorbance was measured at 450 nm using a 
Varian Cary 1 spectrophotometer. Subsequently, the 1 mL sam-
ple was reinserted into the initial solution so as not to change the 
release medium volume.

Release profiles were compared to each other using model-
independent parameters such as dissolution efficiency (DE, %) 
and mean dissolution time (MDT). DE represents the area under 
the total release profile referred to as the percentage of the rect-
angle area, describing 100% of the release at the same time point 
according to the following equation:

where y is the drug released at the time point t and y100 is the 
maximum amount of the drug released.

MDT represents the mean value of the distribution time relative 
to the release and it can be calculated from the following 
equation:

where W∞ is the asymptote relative to the dissolved drug and 
ABC is the area between the dissolution curve and W∞.

Release data were also fitted using the following models: zero-
order (cumulative amount of drug released vs. time), first-order 
(log percentage of drug unreleased vs. time), Higuchi's (cumu-
lative percentage of drug released vs. square root of time), and 
Korsmeyer's equation (Log cumulative amount of drug release 
vs. Log time) to investigate the release mechanism.

3   |   Results and Discussion

Unexpectedly and repeatedly (a number of 12 experiments were 
performed), the extraction led to the formation of a very con-
sistent pure keratin gel after dialysis without any further ma-
nipulation, which appears as self-standing and composed of 
approximately 98% water in weight. In Figure 1, images of the 
gel at different moments are depicted. In particular, Figure 1A 
shows the gel just after production. Figure 1B shows a cut piece 
of the gel, stored in distilled water, 2 years after its extraction, 
which does not show any significant change in appearance, 
consistency, and color. Such effective preservation has been 
elsewhere related to the intactness of the integument (e.g., 
feather supporting structure), which is based on β-keratin: it 
might be suggested that the method applied for extraction does 
particularly foster that process [26]. The recovered keratin gel 
from dialysis was stored in distilled water in a refrigerator, at a 

DE =
∫ t

0 ydt
y100t

MDT = ABC
W∞

FIGURE 1    |    (A) Sample of fresh keratin gel after extraction; (B) Sample of keratin gel 2 years after its extraction.
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temperature of 4(±1)°C, to avoid desiccation, which would nor-
mally occur in around 12 h. After the introduction of curcumin, 
the gels treated with curcumin appeared with an intense orange 
color (Figure 2). The uniformity of the color obtained through-
out the sample suggested that the curcumin had solidly and uni-
formly bound to it, a sign of effective dispersion, which is often 
applied on curcumin-loaded films [27], which is deemed even 
more significant on thicker structures. This would need to be 
quantitatively assessed in further investigations.

3.1   |   IR Spectroscopy

The keratin gel was analyzed using IR spectroscopy and the 
spectrum in Figure  3 shows the absorption bands of stretching 

vibration of N  H and OH bonds at around 3300 cm−1, which are 
related to amide A [28]. Stretching vibrations of C  O bonds appear 
from 1600 to 1700 cm−1 and they are typical of the amide I band, 
which contains information about the secondary structure of ker-
atin [29]. At 1520 cm−1, the bending vibration of N  H of amide 
II is visible [30]. The stretching vibrations of C  N and C  H and 
bending vibrations of N  H and C  O at around 1220–1300 cm−1 
are related to amide III. We also performed an analysis on the gel 
after the curcumin absorption and on pure curcumin for compar-
ison, the spectra are reported in Figure 3. The curcumin spectrum 
is consistent with the one reported and extensively analyzed by 
Fugita et al. [31]. In the spectrum of the gel containing curcumin, 
the contributions of curcumin peaks at 1282 and 960 cm−1 were 
respectively attributed to the symmetric C  O  C stretch methoxy 
group [32] and to the trans-CH vibration of the benzoate [33].

Additionally, it was possible to obtain information about the 
composition of the secondary protein structure of the keratin gel 
by studying the deconvolution of the amide I band. Figure 4A 
reports the contribution of three peaks at 1625 cm−1 for the beta 
sheet, at 1650 cm−1 for the alpha helix, and at 1676 cm−1 for the 
disordered structure, respectively [34]. After 2 years of storage, 
the FTIR spectrum of the gel offered again the same peaks, as 
shown in Figure 4B, which is a sign of the secondary structure 
being preserved.

3.2   |   Raman Spectroscopy

The Raman spectra of keratin gel water-saturated and dry are 
depicted in Figure 5. The data show the characteristic bands of 
the proteins in position: 1200–1300 cm−1 for Amide III, 1600–
1700 cm−1 for Amide I band, and 1448 cm−1 for CH2. The assign-
ment of the vibration bands was done using previous literature 
as a reference (see Table 1). The obtained spectra were similar 
in terms of the position of the peaks and did not exhibit distinct 
features, with the only difference in the noise of the signal that 
increases with the presence of water.

To study the secondary structure of proteins, the Amide I band 
was deconvoluted into its components. The deconvolution of 

FIGURE 2    |    Cylindrical piece of keratin gel after curcumin 
absorption.

FIGURE 3    |    FTIR spectrum of pure keratin gel, curcumin, and keratin gel after curcumin absorption.
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the Amide I band is shown in Figure 6, where the contributions 
are given by four components for dry (Figure  6A) and water-
saturated gel (Figure 6B): 1576 cm−1 for guanine, 1601–1602 cm−1 
for C  C (carbon–carbon double bond), 1623–1626 cm−1 for 
Tryptophan or β-sheet, 1658–1660 cm−1 for β-sheet structure 
and 1688 cm−1 for unordered coil. No particular differences have 
been noticed between the spectra, only the signal contribution 
of guanine, C  C, and unordered structure increase in the pres-
ence of water (Figure 6B).

Protein aggregation is frequently associated with changes in 
the secondary and/or tertiary structures of proteins [39]. The 
analysis of secondary structures through nondestructive spec-
troscopic techniques, such as FTIR and Raman, can provide 
valuable insights into the role of chemical agents in bond ex-
traction and reformation. These techniques are essential for 
understanding the process of keratin gel formation, whose sec-
ondary structure significantly influences the properties of the 
gel itself. Keratin gel presents a structure composed mainly of 
beta sheets and a portion of disorder that appears to increase 
with the presence of water, as detected in the Raman spectra. 
The ordered and rigid β-sheet structures cannot be further 
stretched, resulting in mechanically robust hydrogels. The re-
duction of keratin with mercaptoethanol produces free cysteine 

residues. Cysteine-containing derivatives are less polar and 
more stable in acidic and alkaline solutions compared to their 
oxidized counterparts, and they contain amino acid residues 
capable of re-crosslinking [27]. In Raman spectra, the peak re-
lated to S  S bonds at 521 cm−1 suggests the presence of disul-
fide bridge formation. Moreover, cysteine groups are located at 
the ends of keratin chains, acting as anchor points in the self-
assembly of these chains (Figure 7). The strength and stability 
of keratin gels are primarily due to the formation of multiple co-
valent disulfide bonds between cysteine residues, enhancing the 
gel's mechanical properties as suggested also by [40].

3.3   |   SEM

The analyses performed using SEM showed the structural 
features of the gels. Pure keratin gel (Figure 8A,B) showed a 
wound-up structure due to dehydration, and the surface does 
not present voids which suggests a quasi-uniform rehydration 
of the structure. Bundles were also visible which suggests 
the preservation of the secondary structure of the protein 
(Figure 8B).

SEM analysis was performed also on keratin gel after curcumin 
absorption. Figure 9 shows a surface composed of bundles that 
form a lattice on which aggregates are visible, which can be 
identified by the presence of curcumin.

3.4   |   Rheological Analysis

The keratin extracted using mercaptoethanol formed a jellified 
system that was easy to handle and cut into the shape of disks. A 
rheological analysis has been performed to characterize the gel 
in terms of consistency and viscoelastic properties.

A stress sweep test at 25°C was first carried out (results are re-
ported in Figure  10) to determine the consistency and linear 
viscoelastic region. In a stress interval up to 5 Pa, the values of 
the rheological moduli G' and G" (both in the order of 103 Pa) 
and tan δ were quasi-constant as typical for structured gels, such 
as crosslinked poly(methyl methacrylate) (PMMA) [41]. Only a 

FIGURE 4    |    Peaks deconvolution from FTIR spectra of amide I band for (A) fresh dry keratin gel and (B) dry keratin gel after 2 years of storage. 
The dashed lines indicate the fitted peaks for increasing wavenumber: Beta sheet, alpha helix, and disordered structure, respectively.

FIGURE 5    |    Raman spectra of dry (in black) and water-saturated 
(in blue) keratin gel with the main characteristic bands of the proteins 
underlined with colored squares.
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slight decrease of the G ' modulus occurred at higher stresses 
applied, confirming the resistance of the gel to mechanical 
solicitations.

A frequency sweep test at 25°C was also performed to confirm 
the solid-like behavior of the gel (Figure 11). Indeed, for pure 
keratin gel, the value of the storage modulus (G', 12–14 kPa) 
was considerably higher than that of the loss modulus (G") 
in the range of frequencies analyzed. Compared with other 
biopolymer-based gels already employed for drug release, 
this novel keratin-based gel appeared to be considerably more 
structural and sound. This applies, for example, to liposome 
gels [42], cellulose derivatives [43], and pullulan [44] gels, as 
well as to silk (fibroin and sericin) or other protein-based hy-
drogels with a low content of beta sheet structures [45]. With 
regard to the comparison with other keratin-based hydrogels, 
this hydrogel, prepared using keratin extracted from feath-
ers, has rheological properties and G ' and G" moduli values 
similar to those reported in the literature for hydrogels using 
keratin from the same source. This can be explained by the 

TABLE 1    |    Raman wavenumbers (cm−1) and attribution of the vibrational modes according to the literature references.

Peak position Raman (
cm−1) Current assignment References

521 SS (disulfide bridges) Akhtar [35], Wang [36]

761 (CH2) in-phase Akthar [35]

866 CCH aromatic ring Akthar [35]

1007 CC aromatic ring Akthar [35], Wang [36]

1120 (CC) skeletal Akthar [35]

1153 (CC); (COH) Akthar [35]

1238 Amide III Talari [37]

1337 Amide III and CH2 wagging vibrations from 
glycine backbone and proline sidechain

Talari [37]

1448 CH2 Akthar [35], Wang [36]

1511 C  C Akthar [35]

1612 C  C tryptophan Akthar [35], Skieresz-Szewczyk [38]

1662 β-sheet Akthar [35], Skieresz-Szewczyk [38]

FIGURE 6    |    Peaks deconvolution from Raman spectra of Amide I band of dry (A) and water-saturated gel (B): The black lines indicate fitted peaks.

FIGURE 7    |    Illustration of the hypothesized self-assembly process 
of keratin hydrogels, highlighting key intermolecular forces: Disulfide 
bonds, hydrophobic interactions, and hydrogen bonds. These forces 
drive the formation of stable molecular networks essential for hydrogel 
structure and function.
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FIGURE 8    |    SEM images of (A) and (B) pure keratin gel at different magnifications. The arrows indicate the protein fiber bundles.

FIGURE 9    |    SEM images of keratin gel after curcumin absorption. 
The arrows indicate the curcumin aggregates.

FIGURE 10    |    Stress sweep test of pure keratin gel. Black points 
indicate the values of G ', white points indicate the values of G" and red 
triangles indicate the tan δ related to the stress.

FIGURE 11    |    Frequency sweep test of pure keratin gel. Black points 
indicate the values of G ', white points indicate the values of G" and red 
triangles indicate the tan δ related to the frequency.

FIGURE 12    |    Release of curcumin from keratin gel at various pHs.
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ordered β-sheet structures, which improve the elasticity and 
resistance of the hydrogel when stress is applied This can be 
explained by the ordered β-sheet structures, which improve 
the elasticity and resistance of the hydrogel when stress is ap-
plied [17, 46]. This relative stiffness, on the one hand, does 
not allow easy injectability of the gels, but conversely does not 
necessarily require the addition of nanoparticles for higher 
compaction and hardening. A higher storage modulus (G') is 
related to the ability of a material to store energy and return 
to its original shape after being subjected to stress. The sub-
stantial independence of tan δ from frequency identifies an 
elastic behavior during shearing [47], which indicates that the 
gel may be particularly suitable for film casting at ambient 
temperature.

3.5   |   Drug Delivery System

The release kinetics of curcumin at various pH was then inves-
tigated to evaluate any differences in the release rate related to 
pH in particular environments or conditions. For example, the 
pH of a typical mucous membrane, such as the colonic one (5.8) 
[48], physiological pH that is, referred to the blood and intersti-
tial fluids (7.4) [49] or the lower end of the stomach environment 
(1.2) [50]. For this purpose, similar sections of the curcumin-
containing gels were incubated in PBS solution, containing 2% 
polysorbate 80 as a surfactant at various pH and the results are 
shown in Figure 12.

Data on the release of curcumin from the gel with time indicate 
that it reaches a plateau around 1700 min, therefore having con-
tinuous release over a total of 24–28 h. After 72 h the maximum 
release point for the various pH is 84.22% for pH 7.4, 83.45% for 
pH 5.8, and 83.01% for pH 1.2. The total release is in the region of 
80% and it is definitely more evident in quasi-neutral conditions. 
The strength and elasticity of the gel obtained also indicate that 
there is no need for further blending of the gel with other bio-
polymers (e.g., cellulose-based ones), which has been revealed 
to considerably reduce the curcumin release [51].

The comparison between the curcumin release profile was per-
formed by calculating DE (%) and MDT parameters. The ob-
tained values were for DE (%), 67.42%, 69.07%, and 74.73%, and 
for MDT 811 min, 744 min, and 486 min for curcumin release 
at pH 1.2, 5.8, and 7.4, respectively. These results highlight that 
the release profile at pH 7.4 is different from those at pH 5.8 and 
pH 1.2, despite for all formulations the cumulative curcumin re-
lease is ~84% at the end of the experiment. Specifically, the MDT 
value for curcumin release at pH 7.4 is nearly half with respect to 

that at the other pHs, highlighting the faster release of the drug 
at shorter times promoted in a neutral environment.

Among all model equations used to fit the experimental data 
from the release study (Table 2), the Korsmeyer-Peppas equation 
is the more descriptive (higher R2) for all three profiles. The cal-
culated exponents (n < 0.45) from the Korsmeyer equation sug-
gest a Fickian diffusion mechanism of curcumin release from 
keratin hydrogels.

4   |   Conclusions

This work demonstrated that a keratin-based hydrogel can be ob-
tained from chicken feathers through mercaptoethanol extraction, 
followed by dialysis. The gel has a superior consistency compared 
to other biopolymer-based gel (e.g., cellulose-derived polymers), 
without further processing as fiber-reinforcement or chemical 
polymerization. The chemical–physical characterization of the 
hydrogel using IR and Raman spectroscopy highlighted the pres-
ervation of the beta sheet secondary protein structure and the vis-
coelastic properties found were typical of those from structured 
hydrogels. Particularly, the rheological moduli (G' and G") were 
comparable to those from other hydrogels prepared using keratin 
extracted from feathers through other methodologies. The release 
of curcumin suggested the possible use of this keratin gel as a car-
rier for drugs and bioactive compounds. Specifically, the loading 
with curcumin, having anti-inflammatory and antioxidant activi-
ties, can lead to the formulation of potential dressing materials for 
wound healing and scaffolds.
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2.2 Melanin extracted from soldier flies

Melanins are a class of compounds defined as pigments, characterized by a heterogeneous
structure and origin. They derive from the oxidation and polymerization of tyrosine in
animals or from phenolic compounds in lower organisms [1]. In general, this class includes
three main types of compounds, which can be extended to five if nitrogen-free systems
are considered [2]. According to the most traditional classification, which includes only
nitrogen-containing materials, the first compound is eumelanin, generally associated with
the term melanin. It is an insoluble black-brown pigment, which can be obtained by
oxidative polymerization of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) as shown in Figure 2.2. Another type of melanin is pheomelanin, a sulfur-
containing pigment with shades ranging from yellow to red-brown. It is derived from the
oxidation of cysteinyldopa precursors by benzothiazine and benzothiazole intermediates
and is typically responsible for red hair color [3]. Finally, neuromelanin is a dark pigment
produced in neurons through the oxidation of dopamine and other catecholamine precursors
[1]. This compound is found in the substantia nigra of the brainstem and has been shown
to have a structure with a pheomelanin core and an external eumelanin shell [4].

Figure 2.2: Schematic overview of eumelanin production starting from DHI and DHICA units (from
[5]).

In particular, eumelanin provides photoprotection and pigmentation in mammals,
insects and invertebrates [6]. Due to its unique physical and chemical properties and
biocompatibility, eumelanin is a promising biomaterial for applications in energy storage,
biomedicine and sensing [7]. However, poor water solubility [3] and the lack of sustainable
and low-cost sources of eumelanin have so far limited the full exploitation of this biomaterial.
New types of melanin are on the horizon to replace the use of synthetic melanin (very
expensive) and cuttlefish melanin (widely studied). Inseccta, an industry from Singapore,
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produces soldier flies by breeding them for the purpose of using them for the disposal of
urban organic waste. The development and life process of the fly generates the exuviae
from which chitosan and melanin are extracted. The entire process is part of a circular
economy circuit without producing waste.

2.2.1 Paper IV: Exploring the chemistry and composition of black soldier
fly eumelanin, a material for a circular economy

Insect farming as an alternative source of melanin is emerging due to its low environmental
impact for production [8]. Unlike other types of eumelanin, black soldier fly eumelanin (BSF-
mel) from Insectta Pte. Ltd, is extracted from the exoskeleton of larvae (Hermetia Illucens)
and is water dispersible [9]. The following work reports a comprehensive characterization
of this type of melanin using different techniques that shed light on its composition and the
presence of DHI and DHICA groups, in contrast to the previous belief that insect eumelanin
does not have DHICA. This inconsistency raises intriguing questions about melanogenesis in
black soldier flies. Furthermore, the presence of DHICA in BSF eumelanin has implications
for its material applications. The extensive characterization addressed and then reported in
the article was the result of the work of multiple research groups. Specifically, I worked on
the characterization of the melanin particles size in the form of films by AFM, identifying a
surface with spherical particles with an average size of 140nm(±40nm), similar to previous
reports on natural eumelanin obtained from Sepia ink [10] [11]. Furthermore, the type of
melanin was identified by FTIR and Raman spectroscopies, classifying it as eumelanin, in
support of the data obtained with XPS and the identification of the presence of DHICA
groups.

Additional details are provided in the Supplementary Information (see Appendix A.1).
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Exploring the chemistry and composition of black
soldier fly eumelanin, a material for a circular
economy†

A. B. Mostert, *a S. Mattiello, bc S. Li, d G. Perna, e M. Lasalvia, e

P. F. Ambrico, b J. V. Paulin, f J. V. M. Lima, f C. F. O. Graeff, f

J. W. Phua, g M. Matta, d A. J. Surman, d R. Gunnella *c and
M. Ambrico b

Eumelanin is a black-brown biopigment that provides photoprotection and pigmentation in mammals,

insects, and invertebrates. It can be obtained by oxidative polymerisation of 5,6-dihydroxyindole (DHI) and

its 2-carboxylic acid (DHICA). Due to its unique physical and chemical properties and its biocompatibility,

eumelanin is a promising biomaterial for applications in energy storage, biomedicine, and sensing.

However, poor solubility in water and lack of sustainable and low-cost sources of eumelanin have so far

limited the full exploitation of this biomaterial. Insect farming is rapidly emerging as an alternative source

of eumelanin. Unlike other types of eumelanin, BSF eumelanin, which is extracted from the exoskeleton of

the black soldier fly (BSF, Hermetia illucens), is water-dispersible; however, its fundamental chemical

properties are not completely understood. Here, we report the characterisation of BSF eumelanin using

various spectroscopy techniques. Contrary to what is known about other insect eumelanins, which are

believed to contain exclusively DHI, our results indicate that BSF eumelanin may contain both DHI and

DHICA moieties. We discuss the potential reasons for this discrepancy.

1. Introduction

Eumelanin is a black-brown biopigment that plays a crucial role
as a protector from UV radiation damage and as a radical
scavenger, and is also responsible for the dark pigmentation
found in mammals, insects, and invertebrates. Eumelanin can
be produced by oxidative polymerisation of two monomers, 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) and their various redox and tautomeric states

(Fig. 1).1–4 While its structure is poorly understood, the material
is considered a disordered oligomer system, with a hierarchical
supramolecular structure characterised by p-stacking and
hydrogen bonding interactions. The stacking distance can vary
from B3.2–4.0 Å depending on hydration and type of
eumelanin.5

The ratio of DHI to DHICA determines the material’s mor-
phology and solubility, as well as its redox and radical scaven-
ging activity.6 For example, DHI-heavy eumelanin is more
insoluble, likely as a consequence of a lower polarity and more
efficient p-stacking, which prevents water from penetrating the
aggregate structure.7 In contrast, the presence of carboxylic acid

Fig. 1 The monomer building blocks of eumelanin. (a) 5,6-
Dihydroxyindole (DHI) for RQH or 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) for RQCOOH. (b) Protonated semiquinone. (c) Quinone. (d)
Quinone imine tautomer. (e) Quinone methide tautomer.
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groups in DHICA prevents the tight p-stacking of aggregates,
making the material more accessible to water permeation.6

Notably, naturally sourced eumelanin tends to be more DHICA-
rich compared to its synthetically made variants.3

Eumelanin is of great interest due to its unique physical and
chemical properties,1,2,8 which are uncommon in bioderived, and
potentially biocompatible, materials. For example, eumelanin has
a broad-band optical absorbance,9,10 can chelate metal ions in
large quantities,11–18 exhibits paramagnetism,12,17,19–24 serves as
radiation protection,25,26 binds pharmacological products,27–29

presents photoconductivity,30–32 has redox activity,33–36 and has
humidity dependent conductivity,10,11,18,31,32,37–44 to name just a
few key properties. A number of applications exploiting these
properties have been reported, e.g., pH sensing,45–47 transistor
devices,11,45,48,49 capacitors,50 battery components,33,51–53 water
filtration,54 and optical coatings.55

Even though eumelanin has had the potential to be a
‘‘work horse’’ biomaterial, it has historically had four major
drawbacks:

(1) It is not readily sourced at large scale

Eumelanin extracted from cuttlefish (Sepia officinalis) ink sacs
has been characterised extensively and incorporated in proof
of-concept applications.56,57 However, this sourcing approach
is neither scalable nor sustainable. The synthesis of eumelanin
by oxidative polymerisation of its precursors1 is another com-
mon strategy; however, it is not cost-effective; synthetic eume-
lanin and its building blocks (DHI and DHICA) are prohibitively
expensive. Overall, neither approach abides by the ideals of a
circular economy.

(2) It is not readily processed

Eumelanin is notoriously insoluble in water and common
solvents.1–3 To enhance solubility, or at least obtain a fine
dispersion, it is possible to use DMSO as a solvent during
synthesis,58 or alternatively to synthesize under O2 pressure.59

Alternatively, eumelanin can be synthetically modified post-
synthesis to increase solubility.60 However, these examples run
counter to a circular economy framework due to the solvent or
reagent requirements.

(3) It is not chemically/morphologically well-defined

Eumelanin is a heterogeneous ‘polymer’ that lacks a well-
defined chemical structure (the lack of solubility, and crystal-
linity is an important contributing factor in this). Eumelanin
from different organisms or obtained via different synthesis
methods/precursors have different properties,3 which are
expected to impact its processability, functionalisation and
application.1 This lack of ‘‘standardisation’’, and means to
standardise, present a challenge.

(4) Its research community is fragmented

Themelanin research community is very diverse, but fragmented
across research ‘silos’: medicine, biology/biotechnology, paleon-
tology, materials science, chemistry.61 Furthermore, the interests
of these groups often do not intersect, with research focused

either on melanin nanoparticles and their applications or on
melanogenesis and small oligomeric precursors.61

Due to the issues above, eumelanin has not received wide-
spread attention and remains a niche material. This is perhaps
set to change: the growing industry of insect farming is emer-
ging as a source of sustainable, abundant and low-cost eume-
lanin, offering a solution to points (1) and (2).

Insect farming is on the rise as a solution to the issues of
protein scarcity and food security; by manufacturing an alter-
native animal feed while valorising food waste, it fulfils a
circular economy framework.62,63 The black soldier fly (BSF,
Hermetia illucens) is the most popular insect for this endeavour
due to its rapid reproduction cycle and low carbon
footprint.64–68 From BSF farming, high-value products, such
as chitin and eumelanin, can be extracted; the latter will be
referred to as BSF eumelanin henceforth.69–71 BSF eumelanin
offers unique properties that set it aside from other types of
eumelanin, most notably that it is water-dispersible.65,69–71

Furthermore, given that only a single species is involved, one
may expect a material with consistent properties. In this work,
we set out to explore the chemical composition of BSF eume-
lanin in more detail; we hope our study will spur further
research and future device applications for this ‘new’ kind of
eumelanin.

2. Materials and methods
2.1. Eumelanin extraction

BSF eumelanin powders were provided by the manufacturer
Insectta Pte. Ltd for research purposes. The material is pro-
duced via a patented targeted extraction process from the black
soldier fly (Hermetia illucens).69,70

In brief, pupal exuviae were homogenised into B0.5 mm
pieces and demineralised with 10% (w/w) lactic acid for 3 h at
25 1C. The solid fraction was deproteinated with 1 M sodium
hydroxide for 3 h at 50 1C. Following this, BSF eumelanin was
liberated from the solid fraction by heating with 2 M sodium
hydroxide for 3 h at 90 1C. The pH of the supernatant was
corrected to 1 with 37% (v/v) hydrochloric acid to precipitate
BSF eumelanin, which was collected by centrifugation and
further subjected to a series of proprietary steps in order to
derive a lyophilised, salt-free, water-dispersible powder (Note:
we refer to stable dispersions of these particles here as
‘solution’ for clarity). The latter property is achieved at pH
7.3, lower than a standard synthesis pH of 8.3

Generally, as part of the preparation of the material, the
manufacturer recommends filtering, to ensure that any minor
insoluble fraction is removed. This study predominantly
applies this approach, but some important experimental results
will be highlighted where the unfiltered material is also tested
for contrast.

2.2. Thin film deposition

Solutions of BSF eumelanin were prepared by stirring in
deionized water at a concentration of 20 mg mL�1. Thin films
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were prepared from approximately 10 mL of the solution via
drop casting deposition and left to dry in a fume hood at room
temperature for several hours.

For atomic force microscopy (AFM) and Raman measure-
ment, drop casting was done on an FTO glass substrate (Sigma-
Aldrich). For X-ray Photoelectron Spectroscopy (XPS), a Si(001)
substrate after 0.1% HF solution etching of the oxide was used,
and subsequently metallized by 5 nm Cr deposition. BSF
eumelanin 10 mg mL�1 solution was filtered by a 0.45 mm filter
(Millipore) to remove possible residues.

For UV-Vis, both filtered and unfiltered solutions, were drop
cast onto UV-ozone treated (Ossila Ltd, 5 min) and untreated
glass substrates.

2.3. UV-Visible techniques

Absorbance spectra (100 nm to 3500 nm) for solutions of
filtered (0.2 mm and 0.45 mm filters, Millipore) and unfiltered
material were performed with a Lambda 40 PerkinElmer UV-Vis
spectrophotometer (Waltham, MA, USA). Solutions contained
2 mg mL�1 BSF eumelanin dispersed in distilled water. The
samples were examined in quartz cuvettes with an optical path
of 1 cm.

For thin films of material, transmission and reflectance
spectra were obtained using a 150 mm diameter integrating
sphere coupled to a Lambda 950 UV-Vis-NIR spectrometer
(PerkinElmer). We employed a wavelength l range between
2000 and 350 nm with a wavelength step of 10 nm and used an
InGaAs detector. An individual slide was measured four times,
with each measurement being taken at a 90-degree rotation of
the slide to the previous measurement. Data was then averaged
to obtain a representative spectrum for the slide. Absorbance
spectra was obtained via the relation A = 100% � T � R where A
is the absorbance, T is the transmission and R is the reflec-
tance. The transmission data was then further analysed using
NKFinder from which the attenuation coefficient k was

obtained and then the absorption coefficient a ¼ 4pk
l

calculated.72 We note that for the modelling we derived a
function for R derived from the transmission in the Cauchy
regime as inputting the reflection data gave unphysical results.

2.4. Morphological analyses

Atomic force microscopy (AFM) images were acquired in tap-
ping mode by using a CSI Nano-observer and P-doped n-type Si
cantilever (resonance frequency = 75 kHz). The measurements
were performed by using resonant mode. Gwyddion software
was used for the processing of the images.73 The calculation of
the average particles size was carried out using ImageJ software
by measuring the length and determining the average size.74

2.5. DLS and zeta potential for particle size and surface
charge analysis

Dynamic light scattering (DLS) and zeta potential measure-
ments of BSF eumelanin particles in H2O solution were per-
formed using a Litesizer DLS 500, DLS particle size and zeta
potential analyzer (Anton Paar Ltd, UK) for the determination

of the particle size distributions and zeta potential of dispersed
BSF eumelanin particles in water, at room temperature
(ca. 25 1C). For measurements, the automatic angle selection
setting (Anton Paar Kalliope) was used. Fisherbrandt disposa-
ble cuvettes (Fisher Scientific, UK) were used to perform
DLS measurements. Measurement cuvettes (Omega Mat. No.
225288, Anton Paar Ltd, UK) were used to perform zeta
potential measurements. Briefly, 0.5 mg mL�1 of BSF eumela-
nin solution was prepared and filtered using Fisherbrandt
PTFE Syringe Filter 0.2 mm pore size, the sample was measured
in quadruplicate for DLS scattering and a single time for zeta
potential. Zeta potential distributions were normalised and fit
to Gaussian functions using Origin 2020.

2.6. FTIR and Raman techniques

Attenuated total reflection Fourier-transform infrared spectro-
scopy (ATR-FTIR) was recorded on BSF eumelanin powder from
4000 to 600 cm�1 with a PerkinElmer Spectrum 100 FT-IR
instrument (Waltham, MA, USA) by total reflectance on a CdSe
crystal. To obtain more information about vibration modes we
performed an analysis using Voigt functions (convolution of
Gaussian and Lorentzian functions in a ratio of 20% of Lor-
entzian and 80% of Gaussian) with Fityk (version 1.3.1).

Additional Raman analyses were performed on a BSF eume-
lanin thin film on a FTO glass substrate using a HORIBA
IHR320 micro-Raman Scattering system (Horiba, Palaiseau,
France) equipped with an optical Microscope model Olympus
BXF41 (with 5�, 20�, 50�, 100� objectives) (Münster,
Germany). The Raman spectrometer was operated at 532 nm
(diode laser). To obtain information about the melanin compo-
nents, the spectrum was fitted into a set of Gaussian functions
using Fityk (version 1.3.1).

2.7. XPS measurements

The X-ray photoelectron spectroscopy (XPS) measurements were
performed using Al-Ka un-monochromatised sources) (PSP
Vacuum Technology) and hemispherical analyser VG-Clam 4.

The modelling of the data was performed using Fityk (ver-
sion 1.3.1) using a subtraction of a linear background and a
pseudo-Voigt profile for the peaks utilising mixed Gaussian/
Lorentzian with 20% Lorentzian weighting.

The sensitivity factor library used from theoretical photo-
electron cross-section specific for Mg/Al-Ka sources used CASA-
XPS code.75

Surface scans on eumelanin like materials are generally
good enough to give indications of the bulk elemental compo-
sition. For thin film morphologies the exact chemical nature of
the surface and the bulk can be considered equivalent.76

2.8. HPLC measurements

An alkaline hydrogen peroxide oxidation (AHPO) analysis was
performed to enable observation of the distribution of oxida-
tion products from eumelanin materials, following procedures
reported by Ito et al.77,78 Briefly, the samples were ‘digested’
using AHPO and high performance liquid chromatography
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(HPLC) analysis was used to determine the concentration of
‘‘markers’’ of oxidised eumelanin products.

Any filtration was performed using Fisherbrandt PTFE
Syringe Filter 0.2 mm pore size. 2.5 mg of extracted eumelanin
was dispersed in 1 mL of H2O; the solution was slowly filtered
through the 0.2 mm syringe filter described above. After filtra-
tion the syringe filter was purged with an additional 1 mL of
H2O; the combined 2 mL solution was subjected to lyophiliza-
tion to obtain a filtered BSF eumelanin solid.

AHPO. In a 2 mL Eppendorf tube, 2.5 mg of eumelanin was
subjected to 100 mL of water and 375 mL 1M K2CO3 (Fisher
Scientific, UK) and 25 mL 30% H2O2 (Sigma Aldrich, UK) were
added. The Eppendorf tube was stirred at room temperature
using an SciQuip rotator for 20 hours. The remaining H2O2 was
quenched with 50 mL Na2SO3 (Fisher Scientific, UK) and acid-
ified to pH 1 using 150 mL 6 M H3PO4 (Thermo Scientific, UK).
The reaction mixture was centrifuged, and 30 mL of supernatant
was directly analysed by HPLC. Acid hydrolysis of BSF eumela-
nin was performed as described in Ito et al.77 with a minor
modification. Briefly, acid hydrolysis was performed on 2.5 mg
BSF eumelanin suspended in 1 mL 6 M HCl in a vial and heated
at 110 1C for 16 h. The solution was then diluted with 1 mL of
water and centrifuged. The suspension was collected and
subjected to the AHPO process. Each digestion was performed
in duplicate, with each sample measured in duplicate.

Synthesis of ‘‘markers’’. Pyrrole-2,3-dicarboxylic acid (PDCA)
and pyrrole-2,3,5-tricarboxylic acid (PTCA) were synthesised
according to reported methods by Ito and Wakamatsu with
minor modifications.79 1H NMR of PDCA: (400 MHz, MeOD)
d 7.05 (s, 1H), 6.81 (s, 1H). 1H NMR of PTCA: (400 MHz, MeOD)
d 7.34 (s, 1H). Thiazole-2,4,5-tricarboxylic acid (TTCA) was
synthesised according to reported methods by M. d’Ischia
et al. with minor modifications.3 13C NMR of TTCA:
(101 MHz, D2O) d 171.31, 167.55, 165.78, 165.14, 153.32,
136.12. See ESI† for further spectra, demonstrating purity.

HPLC. HPLC measurements were performed using the
Agilent 1100 series HPLC. A reversed phase C18 column (Poro-
shell 120 EC-C18; 4 mm; 4.6 � 250 mm) from Agilent technol-
ogies, with a Diode Array detector measuring absorbance at
288 nm. The mobile phase was 0.1 M potassium phosphate
buffer (Sigma Aldrich, UK), pH 2.8, containing 1 mM TBA+Br�

(Fluorochem, UK): methanol at 83 : 17 (v/v) and a flow rate of
0.5 mL min�1 and analyses were performed at 45 1C. The
markers were used to calibrate measurements of marker
concentration in eumelanin samples (see ESI† for calibration
curves), with peaks identified by comparing retention times. All
solvents were purchased from Sigma Aldrich, UK (HPLC grade).

2.9. NMR measurements
13C CP/MAS analyses were performed on a Bruker Avance III
400 MHz spectrometer equipped with a 4 mm CP/MAS probe,
operating at 100.5 MHz for 13C. The 13C CP/MAS spectra of
the solid eumelanins were obtained by means of the cross-
polarization technique (Cross-Polarization Magic Angle Spin-
ning – CPMAS) with contact time of 3 ms, repetition time of 2 s

and MAS rotation frequency of 5 kHz. Two pulse phase Mod-
ulation (tppm) proton decoupling was used.

Two eumelanin materials were employed for comparison.
The first was an unfiltered BSF eumelanin, and the other for
control, was a synthetic eumelanin. The latter was synthesized
from 1 g of 3,4-dihydroxy-phenyl-DL-alanine (DL-DOPA; Sigma-
Aldrich, Z98%), which was dissolved in 200 mL of MiliQ water
(18 MO cm). The mixture’s pH was adjusted to be between
8 and 10 by the addition of 1.4 mL of ammonium hydroxide
(NH4OH; synth, 28–30%). The solution was stirred at room
temperature (27 1C) and oxygenated using an air pump for
three days. For extraction and purification, a 3500 MWCO
dialysis membrane was used with MiliQ water as a dialysate
medium, which was changed for six days until no further colour
change was observed. Finally, drying the aggregated solution
was done in an oven at 90 1C for two days.

2.10. Elemental analysis

CHNS analyses were performed by the Elemental Analysis
Laboratory, Department of Chemistry, Faculty of Science,
National University of Singapore using a ThermoFisher Scientific
FlashSmart Elemental Analyser, which operates with dynamic
flash combustion of the sample. The instrument is calibrated for
CHNS with sulfanilamide standard, using the K factor as the
calibration method. Samples were weighed into tin containers
and introduced into the combustion reactor via an autosampler
with oxygen. After the combustion, the analyte gases are carried
along a helium flow to a layer containing copper, then swept
through a GC column, which provides the separation of the
combustion gases and are detected by a thermal conductivity
detector. The limit of detection for the instrument is 100 ppm or
0.01% w/w.

3. Results and discussions
3.1. UV-Visible spectroscopy

The broad-spectrum absorbance of eumelanins is its most
defining feature. Fig. 2 shows the UV-Vis spectra for a BSF
eumelanin suspension (filtered with a 0.45 mm filter, a 0.22 mm
filter). The spectra exhibit a broad-band, exponential decay,
expected of eumelanin, though with a peak at around 280 nm
(vide infra).2,9,80 Overall, the solution spectra indicates that the
BSF eumelanin optical response is typical of eumelanins.

In previous reports, several attempts were made to inter-
rogate the absorbance spectra to give quantitative insight into
eumelanin compositions (an approach also adopted for insect
eumelanins).85 In particular, the ratio of absorbance at 650 nm
and 500 nm (A650/A500) has been considered to estimate eume-
lanin/pheomelanin content,86–88 and in the absence of pheo-
melanin, as a value enabling the estimate of the DHI/DHICA
content (for example in human hair).89 Given that our elemental
analysis (see ESI†) and elemental XPS (vide infra) detect no sulfur
present, and we do not observe significant amounts of the TTCA
marker on AHPO-HPLC analysis (see ESI†) or pheomelanin-
related peaks in FTIR & Raman spectroscopy (vide infra), we

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

4 
3:

08
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

CHAPTER 2. BIOMATERIAL CONTRIBUTION TO CIRCULAR ECONOMY 65



© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

discount significant presence of pheomelanin. Thus, in princi-
ple, A650/A500 ratio analysis could be pertinent to a DHI/DHICA
analysis. However, the A650/A500 ratios reported in the literature
(see Fig. S7, ESI†) do not provide a sufficient basis for estima-
tion. Considering this, we refrain from drawing quantitative
conclusions, but report A650/A500 ratios for BSF eumelanin (0.3,
unfiltered; 0.33 filtered), noting that these values fall into the
range reported for mixed DHI/DHICA eumelanins.82–84,90,91

Turning to thin films, we observe a representative set of
transmission, reflectance, and absorbance optical data, as well
as the corresponding absorption coefficient spectrum, in Fig. 3.
The overall absorbance profile shows the same behaviour as
observed in solution: decaying exponential behaviour with
increasing wavelength, consistent with other eumelanin thin

films.10 An attempt was made at an A650/A500 ratio analysis for
this thin film data (see ESI†); however, the A650/A500 ratio fall
outside the ranges observed in solution, and we conclude
performing this analysis in the solid state is not comparable.

3.2. Morphology

The morphology of BSF eumelanin thin film presents a surface
characterized by spherical particles with an average diameter
of 140 � 40 nm (Fig. 4a and c), similar to previous reports on
natural eumelanin obtained from Sepia ink.92,93 The surface
profile suggests roughness, as estimated by the range of about
10 nm (Fig. 4b).

DLS analysis of a BSF eumelanin dispersion observed very
similar particle diameters as seen in AFM, ranging from 130–
159 nm, with an average measurement of ca. 145 nm (Fig. 5a).

Using the same instrument, the surface (zeta) potential of
BSF eumelanin particles was measured as ca. �66 mV (Fig. 5b).
This is a significantly negative charge and is consistent with the
presence of carboxylate groups at the particle surface, providing
some explanation for BSF eumelanin particles being readily
dispersed in water.

3.3. Raman and ATR-FTIR results

The Raman spectrum of BSF eumelanin is depicted in Fig. 6a.
The data show two wide bands centred around 1350 cm�1 and
1550 cm�1. These two dominant bands are similar to other
reports on eumelanin elsewhere, where the two peaks tend to
show a range of values (1335–1415 cm�1 and 1528–1600 cm�1),
with exact values depending on the laser excitation wavelength,
the broadness of the peaks and the origin of the sample.94–98

The blue curve shows the spectrum of the FTO substrate
analysed with the same laser wavelength as the BSF eumelanin
thin film. Spectra were fitted by using Gaussian functions, with
the assignment of the Raman bands done with the use of
previous literature (see Table 1).

The ATR-FTIR spectrum of BSF eumelanin is shown in
Fig. 6b. The fitting analysis of the spectra used Voight functions

Fig. 2 UV-Vis absorbance of BSF eumelanin suspensions at 0.5 mg mL�1

in deionised water. The spectrum is that of an exponential decay, com-
monly observed for eumelanins,9 but exhibiting a peak at 280 nm that is
likely due to additional proteins in the material.81–84 Filtration state
indicated in the figure.

Fig. 3 (a) The optical data for samples of a filtered solution drop cast on UV-ozone treated glass. (b) The corresponding modelled absorption coefficient.
Datasets for the other permutations of (un)filtered and (un)treated films can be seen in the ESI.†
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(grey lines, Fig. 6b), with assignments of the vibrational peaks/
modes based on previous works, and recorded in Table 1.

Both the Raman and FTIR spectra for BSF eumelanin are
consistent with a typical eumelanin polymer. Of specific inter-
est are the vibrational modes at 1714 cm�1 (Raman) and
1214 cm�1 (FTIR) as these modes are typical of DHICA group
vibrations and support our observations of the presence of
DHICA. However, since the relationship between FTIR and
Raman line strengths and DHI/DHICA concentrations are not
established, we can only conclude that DHICA is present.

Furthermore, the FTIR and Raman spectra do not show
peaks related to the presence of pheomelanin. In particular, the
FTIR signal of pheomelanin presents a peak related to the
vibration of the S–O bond at 1172 cm�1,99 which is absent in
the spectra acquired on eumelanin from black soldier flies. At
the same time, the Raman spectrum (Fig. S8, ESI†) also does

not present the peaks related to pheomelanin at 500 cm�1 and
the single band at 1490 cm�1.100 The data therefore support the
absence of pheomelanin.

3.4. XPS analysis

XPS has been established to obtain the elemental composition
of eumelanins, with literature demonstrating that elemental
analysis by surface scans of the material is equivalent to the
bulk elemental composition.76 Fig. 7a depicts an example of a
wide survey XPS spectrum of a filtered BSF eumelanin film and
indicates the presence of C, O, N and Na 1s core levels. The
presence of Na at 1080 eV is likely due to the precipitation
method used during the material extraction process. Also,
minimal traces of Cr are visible while S traces are not visible
within the sensitivity of the XPS spectrometer.

Fig. 4 (a) AFM image of a BSF eumelanin film. The black line indicates the line position of the profile capture depicted in (b). (b) A 1D AFM profile scan of
the film surface. (c) A histogram of particle dimensions with an associated distribution curve.

Fig. 5 (a) Size distribution of dispersed BSF eumelanin particles determined by measuring diameters in dynamic light scattering (DLS). The standard
deviation of 4 measurements determined the confidence region. (b) Zeta potential analysis of BSF eumelanin particle.
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To understand the chemical structure of the BSF eumelanin
in greater detail, we performed additional fitting of the high-
resolution scans to the C1s core level data (Fig. 7b). A fit was
obtained using Voigt functions of 0.80 eV and 0.15 eV, respec-
tively, for Gaussian and Lorentzian HWHM. The C1s spectrum
can be decomposed into four chemically shifted components
with characteristic binding energy values: at 284.6 eV consistent
with a CQC/C–C bond (58%); at 286.0 eV consistent with a C–N
and/or C–O bond (24%), at 287.8 eV consistent with CQO/C–O
bonds (16%); which is in line with other systematic XPS work
on synthetic eumelanin systems.76,101 Finally, a minor compo-
nent related to COOH group is found at 289.5 eV (2%). The ratio

of C–C : C–O(N) : CQO is 58 : 40 : 2, intermediate between that of
DHI (67 : 33 : 0) and DHICA (60 : 33 : 7).

An important aspect of the XPS data is the elemental
analysis. By comparing the peak areas of C, N and O 1s, core
levels, after the subtraction of the background, and adjusting
for the sensitivity factors, it is possible to estimate the ratio
between the elements composing the samples. In Table 2, the
atomic composition (%) that is obtained for the BSF eumelanin
film can be compared to theoretical values for DHI and DHICA.
As can be seen, the atomic percentages are intermediate
between expected DHI and DHICA, indicating a probable
DHICA component.

Fig. 6 (a) Raman spectra of a drop cast film of BSF eumelanin deposited on a FTO substrate. Grey lines indicate the fitted peaks and the blue curve the
FTO substrate spectrum. (b) FTIR spectrum of BSF eumelanin powder sample. The assignments of the fitted peaks are listed in Table 1.

Table 1 Peak assignment of FTIR and Raman spectra for BSF eumelanin and the literature used

Peak position
in fit, IR (cm�1)

Peak position in
fit, Raman (cm�1) Current assignment Ref.

1015 C–H plane deformation Centeno et al.94

1033 d(CH) + d(NH) + n(C–O) Bedran et al.98

1111 d(CH) + d(NH) + n(C–O) Bedran et al.98

1119 -FTO substrate Measured (Fig. 6)
1214 d(OH) + d(CH) + n(C(O)–OH in carboxyls) + n(C–OH inconjugated cycles) Bedran et al.98

1234 n(CO) + d(CH) + d ring Roldan et al.95

1334 n(CN) + d(OH) + n ring Roldan et al.95

1363 n(CN) + d(OH) + n(ring) Bedran et al.98

1404 Cycle semiquinone C.�.�.�O stretching Bedran et al.98

1421 d(OH) + n ring or C–C, C–N in-plane vibration in pyrrole Roldan et al.95 & Perna et al.97

1454 semiquinone C.�.�.�O stretching Beldran et al.98

1500 CQN in semiquinone/NH bending Centeno et al.94

1514 n(ring) + d(NH) + d(CH) or Semiquinone anion C.�.�.�O stretching Bedran et al.98

1588 Indole ring vibration Perna et al.97

1614 n(ring) + n(CQO) Bedran et al.98

1714 CQO stretching in COOH Perna et al.97 & Perna et al.96

2675 Enol H-bonded OH stretching Bedran et al.98

2866 Aliphatic C–H stretching Bedran et al.98

2929 Aliphatic C–H stretching Bedran et al.98

2968 Aliphatic C–H stretching Bedran et al.98

3070 Aromatic C–H stretching Bedran et al.98

3247 n(NH) in aromatic system Bedran et al.98

3354 n(C(O)O–H) hydrogen bonded Bedran et al.98

3444 OH H-bonded stretching in water Bedran et al.98

3588 OH stretching in water Bedran et al.98
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Overall, the high-resolution fitting and elemental analysis
indicates a material consistent with the composition of DHI
and DHICA.

3.5. HPLC

While eumelanin is not typically soluble, the oxidation of
eumelanin materials (using hydrogen peroxide) to observe
oxidation products (‘‘markers’’) by HPLC has been established
over many years.77,79 The balance between the PDCA and PTCA
markers is thought to reflect the balance between DHI and
DHICA content in eumelanin materials.102 We produced the
requisite markers and implemented this method, as reported
by Ito et al. (see Methods and ESI†).79

Performing AHPO on BSF eumelanin, we observe product
chromatograms like those previously reported for eumelanin
samples (Fig. 8). For native BSF eumelanin, a PDCA/PTCA (w/w)
ratio in of ca. 0.22 is observed (see Fig. 9, and ESI† for data).
This ratio is not altered dramatically either by filtration or HCl-
treatment. The latter is expected to remove proteins and low
molecular weight components from eumelanin samples, sug-
gesting this reflects the bulk structure of the material, rather
than surface contamination (indeed the ratio drops slightly
following this treatment, consistent with a higher % DHICA).
This PDCA/PTCA ratio is somewhat smaller than other insect
eumelanins reported by Ito et al.,102 consistent with the
presence of DHICA in BSF eumelanin (this would be estimated
around 20%, using published AHPO calibration data, though
we note that scant data in this range precludes confident
quantification.89,103

Ratios between PDCA and TTCA can be used to estimate
pheomelanin content.104 We note that comparison with TTCA
standards shows no/negligible TTCA detected in BSF eumelanin

(see ESI,† Fig. S12–S15 for the data). This further supports the
conclusions we draw from elemental analyses and FTIR/Raman
spectroscopies on the absence of detectable levels of
pheomelanin.

3.6. NMR results

Fig. 10 shows the 13C CP/MAS NMR of BSF eumelanin in
comparison to synthetic eumelanin. As expected, the spectra
have broad resonances due to the heterogeneous nature of
eumelanin. These signals can be divided into three central
resonance regions: (I) 0–90 ppm, designated to aliphatic
groups; (II) 95–155 ppm, due to aromatics carbons from pyrrole
and indole carbons; and (III) 160–200 ppm, related to carboxyl
and quinone groups.

Synthetic eumelanin gives a weaker region I signal due to
the uncyclized precursor DL-DOPA, which can imply that the
intense signals found in the aliphatic region of BSF eumelanin
are primarily due to residual protein components and environ-
mental impurities from the biological medium. Such behavior
is compatible with other examples of natural melanin.105–108

We note that S. Ghiani et al. attributed a combination of
eumelanin and protein to the highly intense signal of the
carboxyl region.106

A theoretical prediction using the incremental method of
the ChemDraw Ultra (version 12.0.2) software package for each
peak assignment is shown in the ESI† (Fig. S16).109 Based on
the predictions, the main contribution of eumelanin should be
the aromatic signal, and we can try a qualitative comparison
between BSF eumelanin and the DL-DOPA synthetic eumelanin,
the latter of which is well known to be relatively poor in DHICA
content (B5–10%).3

The CP/MAS experiment can differ between samples due to
proton concentration and relaxation rates. Assuming that the
amount of 13C nuclei is equal in both samples, we could expect
BSF eumelanin to have an extensive cross-linking between the
DHI/DHICA units and DHI/DHICA and protein. This would
reduce the proton concentration and yield the low intensity of
the aromatic region.

The aromatic-to-carboxyl signal area ratio is usually
employed to compare eumelanin content in a given sample.

Fig. 7 (a) The XPS wide survey scan. (b) High-resolution C1s core level spectrum of thin film BSF eumelanin with fitting.

Table 2 Atomic concentration in samples BSF eumelanin film as deter-
mined from XPS and the respective theoretical values of DHI and DHICA

Element % AT BSF melanin DHI DHICA

C 0.66 (2) 0.73 0.64
N 0.11(2) 0.09 0.07
O 0.23(2) 0.18 0.29

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

4 
3:

08
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

CHAPTER 2. BIOMATERIAL CONTRIBUTION TO CIRCULAR ECONOMY 69



© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

Thus, one would expect a low concentration of eumelanin in
BSF eumelanin compared to synthetic eumelanin by a factor of
approximately 2, as indicated by Table 3 (see R-II/R-III). Indeed,
the abundance in BSF eumelanin of the protein matrix is such
that the signal around 154 ppm is seen in Fig. 10106,108 and is
aligned with purity ranging from 40 to 80%.69

To compare the DHI/DHICA units between BSF eumelanin
and synthetic eumelanin, we normalise the aromatic and
carboxyl region area to the eumelanin content. The data is
reported in Table 4. The BSF eumelanin has a decrease in the
aromatic region and an increase in the carboxyl region. This
behavior has been linked to the rise in the DHICA ratio and to
the oxidation of phenolic carbons.59,105 Interestingly, the
increase in oxidation is compatible with previous reports on
BSF eumelanin.70

3.7. Discussion

The synthesis of eumelanin in higher animals is quite well
understood. Briefly, both tyrosine and L-3,4-dihydroxyphenyl-
alanine (L-DOPA) are oxidised via catalysis by the enzyme
tyrosinase into dopaquinone. After catalysis, non-enzymatic
intramolecular cyclization occurs leading to dopachrome,
which in turn is then converted to DHICA by tyrosinase-
related protein or dopachrome isomerase. In contrast, DHI is
formed non-enzymatically.77,102,110,111 However, work by Barek
et al. investigated a number of insects and found that the

Fig. 8 High-performance liquid chromatography (HPLC) chromatograms of (a) standard eumelanin markers, and AHPOmixtures from (b) original native
BSF eumelanin, (c) HCl–AHPO mixtures from BSF eumelanin and (d) AHPO mixtures from 0.2 mm filtered BSF eumelanin.

Fig. 9 Marker content observed in AHPO mixture of BSF-Mel (ng mg�1).

Fig. 10 13C CP/Mas NMR spectra of BSF eumelanin (top, BSF-EuMel) and
synthetic eumelanin (bottom, Syn-EuMel).
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eumelanin formed was based on DHI only, formed from
dopamine.102 It is noted that thus far no DHICA-producing
enzyme has been characterised in insects.112 This led Sugu-
maran and Barek, in their extensive overview, to suggest that
the question ‘‘Do insects and other arthropods make significant
amounts of pheomelanin and DHICA melanin?’’ is unresolved,
and note: ‘‘. . .in insect systems the presence or absence of DHICA
melanin should be unequivocally assessed’’.112 Given this back-
ground, the presumption coming into the present study was
that BSF eumelanin would be a solely DHI-based eumelanin.

However:
(1) We see no evidence of significant pheomelanin fractions,

based on the absence of sulfur in bulk and XPS-based elemen-
tal analyses, absence of pheomelanin-related features in FTIR &
Raman spectra, and the absence of TTCA is AHPO-HPLC
analysis of BSF eumelanin.

(2) The solution-based UV-Vis spectra appears consistent
with eumelanin, and the A650/A500 ratio analysis is consistent
with eumelanin containing DHICA.

(3) Both Raman and FTIR peak analysis include COOH
moieties, consistent with DHICA monomers being present.

(4) The AFM exhibits a morphology consistent with other
natural eumelanins known to contain DHICA. The AFM is also
consistent with the DLS measurements, and the zeta potential
obtained is consistent with carboxylic groups, which are pre-
sent in DHICA.

(5) The XPS high-resolution C1s fit indicates some COOH
content and the elemental analysis indicates a material inter-
mediate between DHI and DHICA, i.e., BSF eumelanin is
consistent in exhibiting probable DHICA content.

(6) The AHPO-HPLC analysis, designed to decompose eume-
lanin into marker molecules associated with DHI and DHICA
(PDCA and PTCA), shows results that are consistent with a
material containing both DHI and DHICA when the ratio of
these markers are compared. This ratio does not show dimin-
ished evidence of DHICA on washing with HCl (designed to
remove residual protein).

(7) The NMR data indicates a material system with a higher
signal ratio in the carboxyl region vs. aromatic region when
compared to a synthetic material, the latter of which is well
known to be DHICA poor (B5–10%). Therefore, the NMR

suggests that BSF eumelanin has DHICA present, potentially
in greater quantity than synthetic analogues.

Overall, these data are consistent with the presence of
DHICA in BSF eumelanin. We note the use of a different
extraction protocol to that of Barek et al. However, our use
of NaOH is common, and we find no published precedent
suggesting our unexpected observations may arise from our
approach. The unexpected result of DHICA presence raises
questions about its potential origin. One possibility is that
BSF eumelanin is produced initially as a poly-DHI system,
which through the various refinement processes has oxidized
to yield a material with the above properties. Ring fission is
possible,3 but would be inconsistent with the observed AHPO
results. Alternatively, BSF eumelanin may be produced by a
pathway including DHICA, differing from what is thought to be
known of other fly species.102 These results may vindicate the
caution expressed by Sugumaran & Barek.

If BSF eumelanin biosynthesis differs from that in other
species, this raises some interesting biological questions, par-
ticularly on whether the enzyme needed to produce DHICA
within the synthesis pathway is present within the black soldier
fly. Furthermore, if the black soldier fly does lack the usual
enzyme for producing DHICA, then there may be another,
unexplored mechanism producing DHICA-containing eumela-
nins. Answering these questions may have more general impli-
cations for the synthesis and biosynthesis of DHICA-containing
eumelanin materials, beyond the black soldier fly.

The presence of DHICA within BSF eumelanin has signifi-
cant material implications. As has been shown by others, the
presence of DHICA within a eumelanin polymer changes not
only its morphology, but also its redox properties, making
DHICA-rich eumelanin polymers excellent radical scavengers.6

Furthermore, the DHI-only materials are expected to be more
tightly stacked, and thus able to exclude water more efficiently
from their internal structures.6,7,113–115 We therefore infer that
this black soldier fly eumelanin would be a promising candi-
date to exploit the hydration-dependent properties for material
applications for which eumelanin is known. In fact, recent
papers investigated the hydration/dependent BSF eumelanin
electrical properties and found the material very sensitive to
hydration changes, in a fashion similar to that observed in
synthetic eumelanin.116 Also, BSF eumelanin was implemented
as the active material in fast, responsive humidity sensors117

and capacitors,118 which makes BSF eumelanin a competitive
and sustainable alternative to other similar materials.

4. Conclusion

Eumelanin research – and potential applications – have histori-
cally been limited by its high cost, low availability and poor

Table 4 Re-normalized signal areas in 13C CP/MAS NMR spectra. The
signal area normalized to the eumelanin content in each sample

Sample
Aromatic A
(95–140 ppm)

Aromatic B
(140–155 ppm)

Carboxyl
(160–190 ppm)

BSF eumelanin 0.48 0.13 0.39
Synthetic eumelanin 0.59 0.19 0.22

Table 3 Normalised signal (to total signal) areas in 13C CP/MAS NMR spectra

Sample Aliphatic (0–85 ppm) Aromatic A (95–140 ppm) Aromatic B (140–155 ppm) Carboxyl (160–190 ppm) R-II/R-III ratio

BSF eumelanin 0.49 0.23 0.06 0.19 1.53
Synthetic eumelanin 0.12 0.52 0.16 0.21 3.24
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solubility. BSF farming offers a new, sustainable, potentially
low-cost and abundant supply of water-processable eumelanin.
Here, we have presented a wide range of characterisations of
BSF eumelanin. Our data is consistent with the presence of
both DHI and DHICA in this material, in contrast to the
previous belief that insect eumelanin lacks DHICA. This incon-
sistency raises intriguing questions about melanogenesis in
black soldier flies. In addition, the presence of DHICA in BSF
eumelanin has implications for its material applications.
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J. Stahle, Acta Oto-Laryngol., 1979, 88, 61–73.

28 R. M. J. Ings, Drug Metab. Rev., 1984, 15, 1183–1212.
29 P. Jakubiak, F. Lack, J. Thun, A. Urtti and R. Alvarez-

Sánchez, Mol. Pharmaceutics, 2019, 16, 2549–2556.
30 M. M. Jastrzebska, A. Kocot and L. Tajber, J. Photochem.

Photobiol., B, 2002, 66, 201–206.
31 A. B. Mostert, B. J. Powell, I. R. Gentle and P. Meredith,

Appl. Phys. Lett., 2012, 100, 093701.
32 A. B. Mostert, S. B. Rienecker, C. Noble, G. R. Hanson and

P. Meredith, Sci. Adv., 2018, 4, eaaq1293.
33 Y. J. Kim, W. Wu, S.-E. Chun, J. F. Whitacre and

C. J. Bettinger, Adv. Mater., 2014, 26, 6572–6579.
34 Y. J. Kim, A. Khetan, W. Wu, S.-E. Chun, V. Viswanathan,

J. F. Whitacre and C. J. Bettinger, Adv. Mater., 2016, 28,
3173–3180.

35 I. S. Kwon, Y. J. Kim, L. Klosterman, M. Forssell,
G. K. Fedder and C. J. Bettinger, J. Mater. Chem. B, 2016,
4, 3031–3036.

36 H.-A. Park, Y. J. Kim, I. S. Kwon, L. Klosterman and
C. J. Bettinger, Polym. Int., 2016, 65, 1331–1338.

37 M. R. Powell and B. Rosenberg, Bioenergetics, 1970, 1,
493–509.

38 M. Jastrzebska, H. Isotalo, J. Paloheimo and H. Stubb,
J. Biomater. Sci., Polym. Ed., 1995, 7, 577–586.

39 A. B. Mostert, B. J. Powell, F. L. Pratt, G. R. Hanson,
T. Sarna, I. R. Gentle and P. Meredith, Proc. Natl. Acad.
Sci. U. S. A., 2012, 109, 8943–8947.

40 S. B. Rienecker, A. B. Mostert, G. Schenk, G. R. Hanson and
P. Meredith, J. Phys. Chem. B, 2015, 119, 14994–15000.

41 A. B. Mostert, J. Mater. Chem. B, 2022, 10, 7108–7121.
42 M. Reali, A. Gouda, J. Bellemare, D. Ménard, J.-M. Nunzi,

F. Soavi and C. Santato, ACS Appl. Bio Mater., 2020, 3,
5244–5252.

43 M. Sheliakina, A. B. Mostert and P. Meredith, Adv. Funct.
Mater., 2018, 28, 1805514.

44 J. V. Paulin, S. Bayram, C. F. O. Graeff and C. C. B. Bufon,
ACS Appl. Bio Mater., 2023, 6, 3633–3637.

45 M. P. da Silva, J. C. Fernandes, N. B. de Figueredo,
M. Mulato and C. F. O. Graeff, AIP Adv., 2014, 4,
037120.

46 Z. Tehrani, S. P. Whelan, B. Mostert, J. V. Paulin, M. M. Ali,
E. D. Ahmadi, C. F. O. Graeff, O. J. Guy and D. T. Gethin, 2D
Mater., 2020, 7, 024008.

47 J. V. Paulin, L. G. S. Albano, D. H. S. Camargo,
M. P. Pereira, B. A. Bregadiolli, C. F. O. Graeff and
C. C. B. Bufon, Appl. Mater. Today, 2022, 28, 101525.

48 N. L. Nozella, J. V. M. Lima, R. F. de Oliveira and
C. F. D. O. Graeff, Mater. Adv., 2023, 4, 4732–4743.

49 M. Sheliakina, A. B. Mostert and P. Meredith,Mater. Horiz.,
2018, 5, 256–263.

50 P. Kumar, E. Di Mauro, S. Zhang, A. Pezzella, F. Soavi,
C. Santato and F. Cicoira, J. Mater. Chem. C, 2016, 4,
9516–9525.

51 C. J. Bettinger and J. Whitacre, US Pat., 9985320, 2018.
52 Y. J. Kim, W. Wu, S. Chun, J. F. Whitacre and

C. J. Bettinger, Proc. Natl. Acad. Sci. U. S. A., 2013, 110,
20912–20917.

53 M. Muskovich and C. J. Bettinger, Adv. Healthcare Mater.,
2012, 1, 248–266.

54 A. N. Tran-Ly, K. J. De France, P. Rupper,
F. W. M. R. Schwarze, C. Reyes, G. Nyström, G. Siqueira
and J. Ribera, Biomacromolecules, 2021, 22, 4681–4690.

55 J. M. Gallas, US Pat., 4698374, 1987.
56 J. Dong, J. Sun, W. Cai, C. Guo, Q. Wang, X. Zhao and

R. Zhang, Nanomedicine, 2022, 41, 102510.
57 A. Camus, M. Reali, M. Rozel, M. Zhuldybina, F. Soavi and

C. Santato, Proc. Natl. Acad. Sci. U. S. A., 2022,
119, e2200058119.

58 E. S. Bronze-Uhle, A. Batagin-Neto, P. H. P. Xavier,
N. I. Fernandes, E. R. de Azevedo and C. F. O. Graeff,
J. Mol. Struct., 2013, 1047, 102–108.

59 E. S. Bronze-Uhle, J. V. Paulin, M. Piacenti-Silva,
C. Battocchio, M. L. M. Rocco and C. F. D. O. Graeff, Polym.
Int., 2016, 65, 1339–1346.

60 L. Gao, L. Yang, L. Guo, H. Wang, Y. Zhao, J. Xie and N. Shi,
J. Appl. Biomater. Biomech., 2022, 20, 22808000221124418.

61 The Royal Society, Theo Murphy Meetings, 2024, From
melanogenesis to melanin technologies, Eastbourne, UK.

62 A. van Huis, Annu. Rev. Entomol., 2013, 58, 563–583.
63 International Platform of Insects for Food and Feed, The

European Insect Sector Today: Challenges, Opportunities
and Regulatory Landscape, 2019, IPIFF vision paper on the
future of the insect sector towards 2030.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

4 
3:

08
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

CHAPTER 2. BIOMATERIAL CONTRIBUTION TO CIRCULAR ECONOMY 73



© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.

64 Y.-S. Wang and M. Shelomi, Foods, 2017, 6, 91.
65 K. C. Surendra, J. K. Tomberlin, A. van Huis,

J. A. Cammack, L.-H. L. Heckmann and S. K. Khanal,Waste
Manage., 2020, 117, 58–80.

66 A. Müller, D. Wolf and H. O. Gutzeit, Z. Naturforsch., C:
J. Biosci., 2017, 72, 351–363.

67 C.-H. Kim, J. Ryu, J. Lee, K. Ko, J.-Y. Lee, K. Y. Park and
H. Chung, Processes, 2021, 9, 161.

68 A. Mertenat, S. Diener and C. Zurbrügg, Waste Manage.,
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2.3 Functionalization of Melanin: From Structure to Applica-
tions

Hybrid materials inspired by nature represent the future of technology, especially in the
biomedical sector [1], where the pharmaceutical industry is increasingly engaged in the
development of "electroceutical" devices, i.e. instruments that exploit electrical signals
for therapeutic purposes [2]. As a consequence, research in the field of bioelectronics is
experiencing a rapid expansion. This interdisciplinary field, which lies between physical,
chemical and life sciences, is focused on the design of new medical sensors [3]. In parallel,
the growing need for low-cost sensors to monitor parameters such as pressure, temperature
and humidity [4] is fostering greater environmental and air quality control. However, this
diffusion brings with it an increase in electronic waste, including environmentally harmful
materials. To address this challenge, a circular economy approach is being adopted, in which
waste management and recycling play a key role [5]. In this context, eumelanin, a water-
soluble pigment extracted from the pupal exuviae of the black soldier fly (BSF-mel) and
from keratin derived from the poultry industry, presents itself as an alternative biomaterial
of great interest. Figure 2.3 schematically represents the circular economy cycles resulting
from two different waste production systems. On the one hand, butchery and textile
activities generate waste such as wool and feathers; on the other, the breeding of soldier
flies used for urban waste recycling produces exuviae resulting from the life cycle of the
insects. Both of these flows fall into the general category of waste, which can be subjected
to extraction processes to recover molecules of interest. These compounds, recovered as
secondary raw materials, can be reused in new technological and industrial applications,
thus contributing to the valorization of waste and the promotion of a sustainable circular
economy model.

The study of this combination is the focus of the work described in the following chapter,
in particular in Article V. In parallel, several projects are underway aimed at functionalizing
eumelanin to improve its performance. In particular, the compatibility between eumelanin
and graphene oxide (GOX) has been studied by mixing the two materials. GOX offers
the advantage of presenting numerous functional groups, distributed both on the basal
planes and on the edges of the flakes, including hydroxyl (-OH), epoxy (-O-) and carboxylic
(-COOH) groups. These groups enhance the hydrophilicity of GOX, hence making it
more easily dispersible in water compared to pure graphene. The interaction between the
functional groups of eumelanin and GOX occurs without compromising their structures,
due to the presence of residual oxygen in the hydroxyl, epoxy, carbonyl and carboxyl groups
of GOX, which reacts with melanin [6]. Raman spectroscopy measurements were acquired
for both eumelanin (Bsf-Mel) and micronized graphene oxide and the combination of these
two organic-inorganic hybrid materials, showing their strong mutual interactions in Figure
2.4. Bright-field TEM images show morpho-micrometric objects of the studied compounds
on which the corresponding experimental micro-Raman spectra were acquired (Figure 2.4).
Barely micronized GOX (GOXm) indicates disordered sheet arrangements creating bending,
curving and wrinkling formations with maximum electronic transparency even compared to
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Figure 2.3: Summary diagram of the entire process involved in the reuse of waste with the aim of
creating a secondary raw material for new sustainable applications.

the thin-film carbon support depicted in Figure 2.4a.

The structural interaction, technically not visible by HR-TEM, with the surface edge
of GOXm is mainly validated by the evolution of the sensitive resonant bands G and D’
(Figure 2.4c-RI). Thus, the high-resolution TEM observation of GOXm-BSF-mel provides
direct imaging evidence of a linear self-aggregation of BSF-mel nanoparticles interacting
with the defective disordered layers of GOXm at the nanoscale (Figure 2.5c).

The aim of this study is to optimize the binding of melanin to GOXm through different
graphite sources and functionalization methods, with potential applications in devices such
as hygrometers, gas sensors, thermoelectrics, and biophotonics.

2.3.1 Paper V: Eumelanin & Keratin sourced from waste: unravelling
criss-cross functionalities for green electronic applications

The high solubility of BSF-mel and chicken feather keratin allowed the creation of suspensions
in water with the two biopolymers. Keratin was obtained by two different sustainable
extraction procedures: reduction by metabisulfite [7] and steam explosion [8]. Colloidal-type
suspensions were produced in water as a single-component system or as a mixture of both
in selected ratios. The suspensions were examined using a comprehensive set of chemical,
structural and dielectric techniques to gather information on their properties. SAXS results
provided information on the size and organization of the structures in water, while TEM
images indicated that keratin is the component that drives the shape of the aggregation
structure in a colloidal environment and, in some cases, showed the internalization of
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Figure 2.4: Morpho-vibrational microscopy of GOXm, BSF-mel and its GOXm- BSF-mel interactions.
a-c Low magnification BF-TEM images of a) GOXm, b) BSF-mel and c) GOXm-BSF-mel. Inset:
EDX spectroscopy and magnified image of the corresponding compounds. a-c-RI First-order
resonance Raman spectra showing the experimental, fitting and deconvolution profiles. a-c-RII
Second-order resonance Raman spectra displaying the experimental, fitting and deconvolution
profiles.

Figure 2.5: Morpho-structural observations of eumelanin interacting with graphene oxide sheets.
a) BF-TEM image of the graphene oxide sheet. b) High-resolution image of the bright nanoscale
eumelanin aggregates (blue arrow), interacting with the vertical multilayer graphene. c) High
magnification of the nanoarea of a (blue line) showing the bright nanoscale eumelanin aggregates
aligned along the defective GOXm sheets (blue arrow).
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BSF-mel. In particular, SAXS modeling confirmed that the BSF-mel aggregation exhibits a
flat disk-like structure with a diameter of 4 nm, similar to that observed in synthetic melanin
[9] [10] confirming the π–π/pancake structure [11]. SAXS modeling of steam-exploded
keratin (KerST) and metabisulfite keratin (KerBS) reveals a different structure due to the
extraction methods. In the case of KerST the model that best fits the data is a particle
with a pronounced prolate spheroidal shape, probably due to the mechanical action of the
extraction process and to the fragmentation into elementary sections and unfolded peptide
chains. In the case of KerBS the best model is a core-shell cylinder, whose overall length
extends beyond the limit imposed by the minimum detected scattering moment (100 nm).
For the mixed sample with KerBS the scattering profile closely resembles the signal observed
for KerBS, indicating that the fibrillar structure of keratin is substantially preserved after
the interaction with eumelanin. For the mixed sample involving KerST no major structural
transition of eumelanin is detected. The TEM results were found to be in line with the SAXS
ones, with aggregation of BSF-mel nanoparticles showing a star-shaped planar structure
in KerST and a linear one in KerBS. The structural information was correlated to on the
dielectric properties using Broadband Dielectric Spectroscopy (BDS). The BDS spectra
highlight cooperative effects through a substantially different behavior with respect to one
component, which is more expressed when increasing the eumelanin content. The DC
conductivities suggest a plasticizing effect carried out by keratin. Finally, the production of
disposable or medium-long term operating devices by adopting deposition techniques from
such suspensions in aqueous liquid phase is already underway, with promising results that
will be the subject of our future research papers.

Additional details are provided in the Supplementary Information (see Appendix A.2).
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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

3
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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

7

CHAPTER 2. BIOMATERIAL CONTRIBUTION TO CIRCULAR ECONOMY 88



J. Phys. D: Appl. Phys. 58 (2025) 125302 M Ambrico et al

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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Chapter3

Material Analysis for Cultural Heritage

3.1 Bronze archaeological artifacts of iron-age necropolis

Metals have played a crucial role in the development of humanity by influencing techno-
logical, socio-economic and political development. The different ages of metals have been
characterized by numerous metal alloys each with specific properties, compositions and ap-
plications [1]. For this reason, metal objects found in archaeological excavations are studied
using scientific methods allowing to obtain valuable information on their manufacture, use
and burial context. Such studies fall within the scope of archaeometry, an interdisciplinary
discipline that applies scientific methods — mainly from natural and physical sciences
— to the study of archaeological materials, with the aim of providing quantitative and
objective data to support archaeological interpretation, conservation and valorization of
cultural heritage. [2]. For example, during the Early Bronze Age, bronze-based alloys
had a relatively high As content. Later, during the Middle Bronze Age, Sn replaced As,
with the final use of Sn-Pb alloys in the Late Bronze Age, and then Fe in the Iron Age
[3].Due to the intrinsic and precious fragility of the work of art and archaeological objects
of cultural heritage, sampling is a particularly critical and frequently discussed aspect. For
this reason, it is preferable to use non-destructive or micro-destructive analytical techniques,
such as X-ray fluorescence (XRF), X-ray diffractometry (XRD) and Raman spectroscopy.
Alternatively, Laser-induced Breakdown Spectroscopy (LIBS) represents an in situ, rapid
and sensitive methodology, capable of providing information also on light elements and
allowing a stratigraphic characterization, without requiring any sample preparation [4].

The operating principle of LIBS can be summarized as illustrated in Figure 3.1a. A
laser beam, appropriately focused and with a specific wavelength and energy, strikes the
sample surface, producing impulsive heating that leads to the ablation and ionization of
a small amount of material. Analytical information on the elemental composition of the
sample is then obtained from the spectral analysis of the radiation emitted by the generated
plasma. The atomic emission peaks, characteristic of the spectrum, allow the identification
of the species present. The measurement spot typically has dimensions ranging from a few
tens to a few hundred microns, depending on the degree of beam focusing. The ablation
depth per single laser pulse depends strongly on the irradiated material: in the context of
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Figure 3.1: Schematic representation of: a) the working principle of LIBS the technique modified
by [5] and b) LIBS depth profile analysis

cultural heritage, it generally varies from fractions of a micron up to about ten microns [6].
The technique also allows, through the application of successive pulses, the acquisition of
depth profiles, reconstructing the stratigraphic succession (Figure 3.1b). This information
is particularly useful in the study and conservation of cultural heritage, as it allows for
comparison of surface materials with those in the bulk, distinguishing deposits due to
pollutants or previous restoration interventions. Another advantage of LIBS is its ability
to reveal the full spectrum of elements in the periodic table, including the light elements
(H, Li, Be, B, C, N, O, F), which are difficult to detect with other techniques. For this
reason, LIBS is often used as a complement to XRF, which has intrinsic limitations in
the analysis of low atomic number elements (such as Si and lighter elements) due to the
drastic reduction in fluorescence yield as the atomic number decreases. It is also unable to
reliably identify elements such as Na and Mg, as the emitted X-rays are absorbed by the
air [7]. The study of degradation phenomena in cultural heritage and, specifically, corrosion
processes in metal alloys requires, given their complexity, the integrated use of different
analytical methodologies.

3.1.1 Paper VI: Application of handheld/portable spectroscopic tools to
the identification, inner stratigraphy and mapping of archaeological
metal artefacts

The analysis of the variations in the composition of metal alloys over time helps to determine
their production period and to classify their type, thanks to the quantitative measurement
of the elements that compose them. It is essential that the techniques used in the analysis
of such archaeological finds are as minimally invasive as possible, preserving the integrity
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of the objects. In this context, portable instrumentation represents a valid tool to conduct
archaeometric campaigns in the field, allowing to detect and quantify specific compositional
elements in an efficient way. The aim of this research was to evaluate the effectiveness of
the combined use of portable LIBS and ED-XRF instruments to: (a) identify and quantify
in situ the elemental composition of copper-iron alloy artefacts from ancient tombs in
the Minervino Murge area, Puglia, Italy; (b) assess the presence of a patina and several
underlying layers by in-depth profiling, thus obtaining their internal stratigraphy; (c) map
and (d) establish correlations between compositional data and technological characteristics,
possibly confirming the archaeological dating of the objects. The primary elements identified
by both techniques included Cu, Sn and Pb in copper and Fe alloys with small amounts of Cu
and Pb in iron alloys. In addition, the elements Al, Ca, Si, Mg, Na and K, mainly came from
soil contamination and the trace elements Sb, Ni and Zn were detected. The satisfactory
performance of both techniques was assessed by their ability to provide reproducible data
on the elemental composition. Finally, the depth profile and mapping obtained by LIBS
contributed to understanding the metalworking and history of the studied objects, thus
confirming that both techniques are robust analytical tools in open-air archaeology and
archaeometry campaigns.

Additional details are provided in the Supplementary Information (see Appendix A.3).
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Abstract
Field handheld/portable instrumentations, such as in-situ geochemical analyzers, have the
potential to assist efficiently targeted geochemical archaeometry campaigns in detecting and
quantifying specific elements. Non-destructive portable energy dispersive x-ray fluorescence and
micro-destructive handheld laser-induced breakdown spectroscopy (LIBS) instrumentation were
utilized to investigate the elemental composition, internal stratigraphy by depth profiling and
microscale compositional mapping of five copper and two iron alloy artefacts collected from
various ancient graves in the Minervino Murge area, Apulia, Italy. The primary elements identified
by both techniques included Cu, Sn and Pb in copper alloys, and Fe with minor amounts of Cu and
Pb in iron alloys. Furthermore, the elements Al, Ca, Si, Mg, Na and K, mostly originated from soil
contamination, and the trace elements Sb, Ni and Zn were detected. The satisfactory performance
of both techniques was assessed by their capacity to provide reproducible elemental composition
data. Finally, the depth profile and mapping achieved by LIBS contributed to understanding the
metal processing and history of the objects studied, so confirming both techniques to be robust
analytical tools in outdoor archaeology and archaeometry campaigns.

1. Introduction

Throughout the last 7000–8000 years, metals have played a key role in shaping the course of human history
by exerting a significant influence on the technological, socio-economic and political development. Various
metal alloys with distinct properties, compositions and applications have been constructed and used during
human history, which determined the beginning of the various Metal Ages and the consequent technological
evolution [1]. For this reason, metal objects collected in archaeological excavations are highly appreciated for
their intrinsic historical value.

The study of archaeological artefacts by archaeometric methods is instrumental to gain information on
their fabrication, use and burial [2]. In particular, the evolution of metal alloys types over time has
contributed to assign the production period and the classification of metal objects by measuring their
quantitative elemental composition. For example, during the early bronze age, bronze-based alloys had a
relatively high As content. Subsequently, during the middle bronze age, Sn replaced As with the final use of
Sn-Pb alloys in the late bronze age, and then Fe in the iron age [3].

© 2024 The Author(s). Published by IOP Publishing Ltd
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Obviously, the procedures and techniques to be used in the analysis of archaeological artefacts need to be
less destructive as possible to preserve their integrity, i.e., avoid any removal of material. Typically,
non-destructive analytical techniques, such as x-ray fluorescence (XRF), x-ray diffractometry and Raman
spectroscopy, are the preferred ones [2]. However, the minimally destructive laser-induced breakdown
spectroscopy (LIBS) features several relevant advantages, including rapidity, no sample preparation, capacity
of performing multielement analysis, detection of any element of the periodic table including light elements,
achievement of micro destructive compositional in-depth profile analysis, and rastering the laser beam across
the sample surface in small steps to obtain a microscale compositional mapping [4, 5]. In particular, since the
laser creates a tiny crater on the sample’s surface, the continued firing of laser is able to penetrate below the
corrosion layer, so allowing the in-depth analysis of the entire sample. This is an advantage with respect to
the completely non-destructive measurements achieved by XRF, which, however, has limitations for
measuring elements with low atomic number and can provide integrated information on the composition of
the samples only for the entire volume. This does not allow to separate the information on the inner
composition of the object from that of the surface, which in most cases is not representative of the whole
object, due to effects of formation of patinas and corrosion, among others [6, 7]. Additionally, owing to
variations in x-ray absorption by the elements, the effective volume of analysis is different for different
elements, so that the XRF spectra frequently feature an intricate combination of fluorescence lines emitted by
elements at depths extending several tens of microns beneath the surface [8].

Furthermore, recent studies have demonstrated that the mechanical cleaning typically needed before
XRF analysis may produce intragranular corrosion on the surface, thus failing to provide the correct
information on the original metal [9–11]. Additionally, the mechanical cleaning of historical artefacts is
often prohibited, which favours the choice of LIBS analysis. Although the potential of handheld LIBS
instrumentation has not yet been fully explored and its applications to archaeological metals analysis have
been still sporadic [12], the application of LIBS in the sector of archaeological cultural heritage studies has
been investigated and proven effective, for example in analysing glaze, the decorative layer composition of
ceramics [13–15] and metallic objects [16–22].

Given the intrinsic fragility of some archaeological objects, their transport to the analytical laboratory
should be avoided. Thus, movable instrumentations, such as portable energy dispersive (ED)-XRF and LIBS
instruments, have emerged as very promising means for analysing archaeological artefacts both in-situ in
field archaeological campaigns and directly in museums. A further advantage of both instruments is that
they are equipped with internal protection systems that do not allow their operation if the sample is not in
direct contact with the instrument, so limiting the operator’s exposure to ionizing radiation for ED-XRF and
avoiding the use of protective glasses for LIBS [5].

The objective of this research was to assess the feasibility of the combined use of handheld LIBS and
portable ED-XRF instrumentations in: (a) identifying and quantifying in-situ the elemental composition of
copper and iron alloy artefacts collected from various ancient graves in the Minervino Murge area, Apulia,
Italy; (b) evaluating the presence of a patina and different underlying layers by in-depth profiling so
achieving their inner stratigraphy; (c) mapping their surface; and (d) establishing correlations between the
compositional data and the technological features, possibly confirming the archaeological dating of the
objects.

2. Materials andmethods

2.1. Samples
The samples investigated in this work were seven artefacts, five made of copper alloy, i.e. a belt (A), a basin
(B), a fibula (C), a helm (D) and a pendant (E), and two made of iron alloy, i.e. a dagger/knife (F) and a
spatula (G) (figure 1). All objects, dated by archaeological criteria, such as shape, feature and use, as
belonging to the VI century B.C., were collected in an iron age necropolis located in the area of Minervino
Murge, Apulia, Italy, and immediately transferred to the Soprintendenza Archeologia, Belle Arti e Paesaggio
per le Province di Barletta—Andria—Trani e Foggia for conservation and restoration. The artefacts were in a
relatively good preservation state and showed a thin, relatively uniform patina on the surface, but also more
degraded areas. The main interest of archaeologists was to know the elemental composition of the artefacts,
in order to improve the knowledge of their technical production and confirm the archaeological period.

The belt is composed of three laminas connected by nails and had the function of fastening cloths. The
basin fragment features an edge worked by chisel and was used as container of water or food. The fibula was
a sort of brooch and had mainly the function of stopping or closing cloths, such as cloaks and tunics. The
helm fragment does not allow to identify the type of helm to which it belonged. The pendant, which had a
decorative function, consists of a thin flat bronze sheet of vaguely trapezoidal shape and features a small hole
positioned approximately halfway along the upper side. The dagger/knife is heavily oxidized and shows
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Figure 1. Location of the Minervino Murge site in the region of Apulia, Italy (a) and photos of the archaeological objects studied
(b). Copper alloys: belt (A), basin (B), fibula (C), helm (D), pendant (E); iron alloys: dagger/knife (F) and spatula (G).

evident signs of solidified glue due to previous restorations. The spatula might have been used in religious
contexts during ceremonies and rituals. All the artefacts appear to belong to a funeral kit.

No sample removal and neither mechanical nor solvent cleaning were performed on the objects prior to
analysis. The different shapes and sizes of the objects were not a limitation for analysis, as they were placed in
front of and in contact with the head of the instrument.

2.2. ED-XRF and LIBS analysis
The portable ED-XRF instrument used was a SciAps X-200 (Woburn, MA, USA) powered by an on-board
rechargeable Li-ion battery and having dimensions of 18× 27× 11 cm and weight of 1.5 kg. The spectra
were acquired in Alloy mode, which allowed the quantitative determination of elemental composition using
specific reference libraries. Two measurements were used for the detection of the elements, using x-ray tube
voltage of 40 kV for heavy elements and 10 kV for light ones, with an exposure time of 30 sec. The analysed
area is around 8-mm of diameter.

The handheld LIBS instrument used was a SciAps Z-903 (Woburn, MA, USA) powered by an on board
Li-ion battery and having dimensions of 27× 22× 7 cm and weight of 1.97 kg. The device uses a Class 3B
1064 nm Nd:YAG diode-pumped solid-state pulsed laser, which fires at a rate of 1–50 Hz and generates a
100 µm focused beam that provides a 5–6 mJ pulse to the sample in a 1-ns pulse. The instrument covers a
spectral range from 190 to 950 nm, over which each element features at least one emission line. The spectral
data were collected at a 650-nsec delay time over a 3-msec integration time. The elemental depth profiles of
samples were collected at a laser firing rate of 10 Hz employing 128 successive laser shots in a single location,
after one cleaning shot.

Ten measurements were acquired by both XRF and LIBS on the same points of each sample to obtain its
representative average composition and mapping the variability of the bulk composition of the object. The
LIBS depth profiles were measured on five points of each object. The Geochem Pro mode of the Z-903 LIBS
instrument was used to identify spectral peaks and then generate the corresponding concentration
microscale maps based on the relative elemental emission intensities recorded. The two-dimensional (2D)
maps, commonly called ‘heat maps’, were obtained on six relatively flat surface areas of object A using single
laser shots spaced 25 µm each other at 256 locations/points over a 16× 16 grid covering an area of 2 mm2.

3. Results and discussion

3.1. ED-XRF
The main elements detected with different relative intensity by ED-XRF were Cu, Sn, Pb and Fe in copper
alloys and mostly Fe in iron alloys (figures 2(a) and (b)). These elements were identified based on their
characteristic emission lines, i.e. Cu (Kα at 8.04 keV and Kβ at 8.9 keV), Sn (Kα at 25.27 keV), Pb (Lα at
10.55 keV and Lβ at 12.6 keV) and Fe (Kα 6.4 keV and Kβ at 7.05 keV) [23].

3

CHAPTER 3. MATERIAL ANALYSIS FOR CULTURAL HERITAGE 109



J. Phys. Photonics 6 (2024) 035005 S Mattiello et al

Figure 2. Representative ED-XRF spectra of iron alloy objects (a) and copper alloy objects (b), where the energy in keV is reported
in the x axis and the counts in the y axis. The dashed lines indicate the main fluorescence lines of Fe, Pb, Sn and Cu.

Table 1. Average concentration (wt %) and standard deviation (SD) of the main elements identified by the portable ED-XRF instrument
in the studied artefacts.

Samples Elements

Fe SD Cu SD Sn SD Pb SD
A (belt) 0.895 0.13 73.35 4.6 5.39 3.22 2.998 2.55
B (basin) 0.387 0.05 80.6 1.98 6.26 1.32 0.277 0.07
C (fibula) 7.288 7.07 66.74 3.43 5.82 2.92 1.478 0.51
D (helm) 0.224 0.2 82.28 4.26 6.52 2.1 0.288 0.13
E (pendant) 1.828 0.57 46.95 6.29 6.16 3.16 24.14 9.8
F (dagger) 96.94 2.03 0.225 0.12 ND — 0.05 0.02
G (spatula) 98.28 0.78 0.22 0.13 ND — 0.048 0.03

ND: not detected.

The quantitative elemental analysis of the alloys was referred to the reference standards included in the
instrument database. The average concentration and the standard deviation (SD) of the main elements in
each object, measured following the 3σ rule with 99.7% level of confidence, as reported by the instrument,
are listed in table 1, whereas the complete list of element concentrations is reported in table S1 in
supplementary information (SI). These values, however, should be taken with great caution because ED-XRF
is a volume technique and, as such, is sensitive to the possible compositional variations below the surface of
the sample, due to corrosion or depending on the technique used for their realization. In that respect, LIBS
analysis would provide unique information about the in-depth variations of sample composition, so
allowing to assess the reliability of ED-XRF quantitative analysis.

3.2. LIBS
The broadband LIBS spectra of iron alloy and copper alloy objects are shown, respectively, in figures S1(a)
and S1(b) in the SI, whereas the emission lines of interest and their attribution based on the NIST database
[24] are summarized in table 2. The main elements detected in copper alloys were Sn, Cu and Pb (figure 3)
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Table 2. LIBS atomic (I) and ionic (II) emission lines used to identify elements in the studied artefacts.

Element Wavelength (nm)

Na 588.9 (I); 589.6 (I)
Mg 279.6 (II); 280.3 (II); 285.2 (I); 448.1 (II)
Al 309.3 (I)
Si 251.6 (I); 288.2 (I)
K 766.5 (I); 769.9 (I)
Ca 393.4 (II); 396.8 (II); 422.7 (I); 430.3 (I); 445.5 (I)
Fe 259.8 (II); 259.9 (II); 274.0 (II); 275.6 (II); 364.8 (I); 372.0 (I)
Ni 338.1 (I)
Cu 224.3 (II); 224.7 (II); 324.8 (I); 327.4 (I); 465.1 (I); 510.6 (I); 515.3 (I); 521.8 (I)
Zn 202.5 (II)
Sn 190.0 (II); 283.9 (I)
Sb 217.9 (I); 247.8 (I); 252.9 (I)
Pb 261.4 (I); 283.3 (I); 364.0 (I); 368.3 (I); 405.7 (I)

and mainly Fe and minor contents of Cu and Pb in iron alloys. Other elements detected in the samples
oxidation layer were Al, Ca, Si, K, Na and Mg, which originated very probably from soil contamination
(figure 3(d)). Furthermore, the elements Sb, Ni and Zn were identified in trace amounts. Pyrometallurgically
produced Cu contains several accidental impurities such as Sb, As, Ni, Ag and many others that may replace
Cu in several minerals [1]. The amount of impurities depends on several factors, such as ore dressing,
roasting, smelting and refining technologies. Anyhow, all impurities affect significantly the microstructure
and properties of a Cu alloy, but the extent of their effects depend on their typology, content and
solubility [1].

Copper-alloy objects showed similar emission lines with Cu being the major component, and the main
difference being the variable intensity of the Sn emission. In this respect, for example, sample A showed a
large variability of the intensity of the emission lines of Sn and Pb between the various points measured on
the lamina. As expected, the iron-alloy objects F and G showed a predominance of Fe emission lines and
minor amounts of Cu and Pb (less than 1 wt%, according to XRF analysis) (figure S1(a)). The different lines
intensities of the main elements (Cu, Sn and Pb) among copper alloy samples (figure 3) may be ascribed to
the different heat treatment during their manufacturing and/or to the different environmental degradation
that the object has suffered over time. In particular, various environmental factors, such as variations in
temperature and humidity, would have generated alterations of the structure and chemical composition of
ancient metal alloys, with possible impacts on the reliability of quantitative elemental analysis [20]. The
absence of As suggested that the objects were dated correctly, as the presence of As, usually between 2 and
8 wt% in copper alloys, is typical of the early Bronze Age. In particular, the presence of As allowed the alloy to
be hammered without breakage and made it particularly suitable for casting. Its absence also suggested that
the bronzes under analysis were not made by recycling of older objects [22].

The results of artefacts analysis by the two techniques contributed to focus on sample A, the belt, as the
most interesting object studied. By visual inspection, the belt appeared composed of three different pieces of
metal connected each other by small nails (figures S2(a) and (b) in SI). Furthermore, the laminas showed an
inhomogeneous composition in the different points analysed. Thus, microscale LIBS mapping was
performed on sample A with the purpose of identifying the most appropriate surface points where to
perform a LIBS depth profile analysis.

The generation process of 2D elemental concentration maps or ‘heat maps’ is based on the spectral peak
intensities derived from individual laser shots spaced across the sample. i.e. it involves a detailed and
localized exploration of the sample elemental composition, which allows an efficient evaluation of the
distribution and concentration of each element within the microscale domain. Apparently, the elemental
components, i.e, Cu, Sn, Pb, Ca, Fe, Cr, P, Si, Na, K and Sb, of the three laminas on sample A surface featured
a different distribution (figure S2). In particular, Sn is not detected in lamina 2, whereas this element is
abundant in the back of lamina 1 (figure S2(d)). Furthermore, the presence of Cu in lamina 2 was lower than
in the other two laminas probably due the thickness of the oxidation patina and the presence of soil
contaminants. No differences were apparent between the composition maps of the front and back sides of the
object, with the exception of Sn in lamina 1 and Ca in lamina 2, which are more abundant on the back side.
Although the objects were cleaned after their collection, they show concretions on the surface due to soil
deposition and oxidation patinas. The complex layered structure of patinas can be related to the use of the
object (primary patina) and the chemical reactions occurred during its permanence in soil (secondary and
tertiary patina) [2]. The absence of Cl in all laminas suggested good preservation conditions, whereas its
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Figure 3. Detailed representative LIBS spectral ranges of copper alloy objects. (a) Spectral range from 190 to 290 nm with Zn, Cu,
Sb and Sn emission lines identified; (b) spectral range from 310 to 345 nm with Ca and Cu emission lines identified; (c) spectral
range from 378 to 390 nm with Sn and Pb emission lines identified, (d) spectral range from 385 to 465 nm with Ca, Pb, Cu and
Mg emission lines identified.

presence would suggest the existence of the so-called ‘vile’ patina characterized by chloride salts that
contribute to the pulverization of metals [25]. Thus, the core of the alloy under the ‘noble’ patina appeared to
have been protected from oxidation processes.

The analysis of depth profiles can provide the composition of the alloy core below the corrosion layer, so
achieving unique information on the processing technique used to construct the object. The depth profiles
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Figure 4. Depth profiles of sample A: front side (a), (b) and back side (c), (d) of lamina 1; front side (e), (f) and back side (g), (h)
of lamina 2.

were achieved for the front side (a), (b) and back side (c), (d) of lamina 1 and lamina 2 (respectively, (e), (f)
and (g), (h)) at depths of 10 µm for each laser shot by measuring the peak areas of the reference emission
lines selected, i.e. Cu I (465.11), Sn I (283.99), Pb I (368.34), Si I (288.2), Ca I (422.7), K I (766.5) and Na I
(588.9), as a function of the number of laser shots (figure 4). The LIBS signals of Pb and Sn were detected
only for the back side of lamina 1 (figure 4(c)). For both front and back side of lamina 1, at the depth reached
after 60–80 laser shots, a sharp change in the intensity of LIBS signals was measured (figures 4(a)–(d)). In
particular, the Cu, Pb and Sn signals decreased and then increased again (figures 4(a) and (c)), whereas those
of Si, K, Na and Ca increased and then decreased (figures 4(b) and (d)). These results would suggest that
lamina 1 features two distinct oxidation layers. Differently, for lamina 2 after about 60–80 shots, the intensity
of Cu signals decreased abruptly and then remained almost constant in the front side (figure 4(e)), whereas
the opposite occurred in the back side (figure 4(g)). Only the intensity of Ca in the front side and those of K
and Na in the back side of lamina 2 showed an abrupt increase after 60–80 laser shots and then returned to
the previous values, whereas the intensity of the other elements due to soil contamination appeared not to
change significantly as a function of increasing depth (figures 4(f) and (h)).

Based on the elemental maps and depth profiles data, it appears that the thickness of the oxidation
layer(s) (600–800 µm) is much larger than the typical penetration depth of ED-XRF, which is about
100–200 µm, depending on the elements. The quantitative data reported in table 1 must be thus
reconsidered, taking into account the changes in the elemental LIBS signal intensity (roughly proportional to
the element concentration) under the corrosion layer. For example, the depth profiles in figure 4(c) show
that the Sn and Pb signal intensities remain roughly constant down to 500 µm below the surface, while the
Cu line intensity at the surface is about 20% lower than that at 500 µm depth.

Typically, a bronze alloy containing from 8 to 12 wt% Sn has a combination of hardness and plasticity
that makes it easily workable at low temperatures [22]. Thus, the estimation of a Sn concentration lower than
10 wt% achieved by ED-XRF allowed to conclude that the copper alloy artefacts examined were
manufactured by the cold hammer technique. If the percentage of Sn exceeds 12 wt%, the increased hardness
and brittleness of the alloy make handling at low temperatures difficult and can lead to breakage of the
material [26], i.e. the alloy becomes harder and requires repeated annealing cycles to be handled. However, a
bronze with a Sn content above 12 wt% is more suitable for hot working.
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A content of Pb lower than 3 wt% measured in all copper alloys, except sample E, might be ascribed to
impurities present in the raw copper material used, e.g. smelting galena or other copper minerals containing
Pb [1]. Differently, the high Pb content in sample E was likely attributable to surface enrichment phenomena
due to the hammering process [27]. In particular, a content of Pb below 2 wt% supported the hypothesis of
cold hammering. Differently, an amount of Pb higher than 2 wt% would indicate its intentional addition to
bronze, in order to lower the melting point of the alloy and improve its casting properties [28].

Furthermore, the different concentration of the main elements in the two laminas of object A suggested
that they were produced at different times and connected to each other after the object was repaired. In
particular, the Sn signal was not detected in all analytical points, especially where its amount was lower than
6 wt% (as calculated by ED-XRF quantitative analysis).

4. Conclusions

The two instruments used in this study, i.e. handheld LIBS and portable ED-XRF, have been shown to be
versatile, efficient and complementary for the in-situ analysis of archeological metal artefacts directly in the
museum or in the field under ambient environmental conditions. In particular, the primary benefits of LIBS
include its relatively quick and easy analytical process (few sec), the need of little or no sample preparation,
the ability to analyze multiple elements at once and in specific sample regions and to achieve compositional
depth profiling and surface microscale chemical mapping on a spatial scale of about 10 µm. However, in
order to achieve quantitative results LIBS requires calibration using matrix-matched standards. On the other
hand, the primary advantages of ED-XRF include its inherent calibration from the factory, which works well
with a variety of sample types, and its ease of use for quantitative analysis in the field. The ED-XRF, however,
needs a 1-to 2 min analytical time, depending on the required precision and detection limits, and is unable to
measure elements with atomic numbers lower than Si.

Moreover, as the two techniques perform on very different volumes, the quantitative analysis provided by
the ED-XRF technique cannot be trusted in the presence of surface corrosion layers or, in general, in-depth
inhomogeneities, whereas LIBS is a tool more suitable for the analysis of patinas and corrosion layers. In
particular, the area that LIBS can analyze has a diameter of around 100 µmwith a depth of around 10 µm per
laser pulse. Differently, ED-XRF can typically analyze a surface area of around 8 mm diameter (although it
can be reduced to about 3 mm), with a depth of analysis strictly related to the x-ray attenuation that depends
on energy, material and angle, but in any case of the order of several tens of microns.

In this work, the quantitative elemental composition of five copper alloy and two iron alloy archaelogical
artefacts has been measured, i.e. Cu, Sn and Pb in copper alloys, and Fe with minor amounts of Cu and Pb
and some trace elements Sb, Ni and Zn in iron artefacts. In particular, ED-XRF provided the quantitative
estimation of the elements concentrations in the first 100–200 µm under the surface, and LIBS
complemented this evaluation by measuring the in-depth variation of the sample composition. The LIBS
depth profiling and mapping of the artefacts also allowed to distinguish among the different corrosion layer
and hypothesize the processing technique used to construct and/or repair them. The analytical results
obtained have shown that the copper alloy objects were made of bronze whose content of Sn was typical of
the Iron Age, which was confirmed by the absence of As that also allowed to exclude recycling of more ancient
objects. Finally, the depth profile results suggested that cold hammering was the copper alloy processing used.

In conclusion, the results of this work suggest that the instruments employed appear appropriate for the
quantitative elemental analysis of archaeological metal artefacts, which is also confirmed by the good
agreement with literature data regarding ancient bronze. In particular, handheld/portable instruments have
shown stability in measurements over time, satisfactory reproducibility and a good balance between
resolution and size, rendering them an excellent option for direct in-situ analysis of archaeological metal
artefacts in museums, outdoor campaigns and in hardly accessible places.
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Chapter4

Conclusions

Knowing exactly what does a society based on knowledge receive as fruitful rewards of the
study conducted above, and how they can germinate in the future generation is not trivial.
For sure, common results of the research can be easily extended to similar systems and
systematized to global strategies. In a way, those protocols of investigation of materials, only
in appearance very different one from the other, have shown common, though important,
indicators of their character and of their capacity to be transformed ( or reshaped and
ameliorated) to become novel materials with new properties and applications. At the centre
of this process is materials science, which thanks to its interdisciplinarity and integrated
approach is able to generate a significant scientific ecological and social impact.

This work addressed the mix of approaches, for pushing characterization and poten-
tial applications of biomaterials of natural origin from industrial waste, as well as the
archaeometric analysis of metal manufacts, using advanced and sustainable techniques. A
significant part of the research focused on the extraction and characterization of keratin
from waste sources, in particular wool and chicken feathers. Using sulfitolysis and other
reduction methodologies, it was possible to preserve the secondary structure of the protein,
a fundamental aspect that allows to maintain its functional properties. Spectroscopic
(FT-IR and Raman) and microscopic (SEM, AFM) analyses confirmed the preservation
of the alpha helix structures for wool and beta sheet for feathers after extraction. SAXS
data allowed to propose structural models in the liquid phase, confirming the presence
of fibers with dimensions compatible with intermediate filaments. In parallel, a critical
review of the biomimetic ability of feather-derived keratin was conducted, highlighting the
importance of preserving secondary structures capable of self-assembly. In this direction,
the analysis of the gelling properties of chicken feather-derived keratin was also carried
out, with encouraging results for the use in biomedical devices. The gels obtained showed
significant rheological stability, together with the ability to deliver bioactive compounds
— in the case of study, curcumin — with controlled release at different physiological pH.
These characteristics strengthen the potential of keratin as a component for biomedical
scaffolds, drug delivery systems and functional coatings. In a further extension of the work,
melanin obtained from Black Soldier Fly (Hermetia Illucens) was examined, a material with
interesting chemical-physical properties and water solubility. Its characterization revealed
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the presence of DHI and DHICA groups, partially unexpected for entomological melanins,
raising relevant questions on melanogenesis. The interaction between keratin and melanin,
materials studied in previous works, was explored through the preparation of colloidal
suspensions, whose structure was investigated with SAXS, TEM and BDS. The mutual
influence between the two components revealed phenomena of self-assembly and coopera-
tive interaction, with important implications for the fabrication of functional composite
materials through liquid phase deposition techniques. The possibility of controlling shape,
aggregation and dielectric properties of these materials opens scenarios for bio-compatible
and biodegradable devices, in the electronic, sensor and biomedical fields. Finally, the work
included an archaeometric study, aimed at the non and micro-destructive analysis of metal
finds using portable instrumentation (LIBS and ED-XRF). The results demonstrated the
effectiveness of the combination of the two techniques for the in situ determination of the
elemental composition, in-depth profiling, compositional mapping and correlation with
technological and chronological data, confirming their reliability in excavation contexts
and field analysis. The achieved results lay the foundations for future developments, both
on a methodological level - through the improvement of analytical techniques - and on
applicative level, in the design of advanced, sustainable and nature-inspired materials.

In summary, the case studies analysed, not only offer examples of new technical solutions,
but also become awareness-raising tools on environmental issues, helping us to understand
the origin of materials, the end of their life and to imagine a new beginning for them.
Generating less waste, recovering waste in production processes, reducing the use of
dangerous substances, replacing critical materials and using portable technologies: these
approaches represent a cultural and methodological change based on good practices. A
change that brings tangible benefits not only to research, but to our society as a whole.
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UV-Vis Spectra of Various Solid-State Films

Figure S1: The optical data obtained on two films of BSF eumelanin. BSF eumelanin was filtered, and substrate ozone 
treated.

Figure S2: The optical data obtained on two films of BSF eumelanin. BSF eumelanin was filtered, and substrate was left 
untreated.
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Figure S3: The optical data obtained on four films of BSF eumelanin but depicted across two sub figures for clarity. BSF 
eumelanin was unfiltered, and substrate was treated with ozone.

Figure S4: The optical data obtained on four films of BSF eumelanin but depicted across two sub figures for clarity. BSF 
eumelanin was unfiltered, and substrate was left untreated.
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Figure S5: The overall refractive indices n (solid lines) and k (dashed lines) for films that were (blue) unfiltered BSF 
eumelanin on ozone treated glass, (orange) unfiltered BSF eumelanin on untreated glass, (black) filtered eumelanin on 
untreated glass and (red) filtered eumelanin on ozone treated glass. The Cauchy refractive index (n (λ ∞)) is indicated 
in the legend.

Figure S6: The absorption coefficients for the various sample types (see legend). 
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UV-Vis A650/A500 ratio analysis of BSF eumelanin Solutions

Figure S7: A650/A500 ratios reported in the literature for synthetic (blue) and natural (green) melanins. Values are taken 
from: Itou et al. (A) where the values of %DHI 0%, 25.1%, 49.9%, 74.7%, 99.9% correspond to ratio values of 0.22, 0.30, 
0.31, 0.34, 0.34;1 Xin et al.2 (B) where Sepia eumelanin from sigma was referenced as yielding a ratio of 0.36 for 75%/20% 
DHICA/DHI3 and where they reported a eumelanin for C. molossus ratio of 0.39; Ito et al. (C) where Sepia eumelanin 
yielded a ratio of 0.29 and a synthetic eumelanin of 50%DHI/50%DHICA yielded a ratio of 0.318.4  

The literature contains a range of reports of how A650/A500 ratios relate to %DHI, recorded in 
varying conditions. For synthetic (DHI/DHICA) eumelanin of varying %DHI, a range of A650/A500 
ratios from ~0.22 (no DHI content) to 0.34 (100% DHI) was reported.1 This dependence is not linear 
but monotonically increases as DHI content increases, with A650/A500 for 80% DHI as essentially 
indifferentiable from 100% DHI.1 Another report observed an A650/A500 ratio for Catharsius molossus 
L. (dung beetles) of 0.39,2 and for Sepia officinalis (cuttlefish) A650/A500 ratio of 0.36 (noting that Sepia 
is known to have a DHICA/DHI ratio of up to 75%/20%).3 A previous report observed an A650/A500 
ratio of 0.291 for ‘Sepia eumelanin’, and 0.318 for synthetic (1:1 DHICA/DHI eumelanin).4

Applying this analysis to our UV-Vis spectra of solutions/suspensions of BSF eumelanin, we obtain 
an average result for the A650/A500 ratio of 0.3 on unfiltered samples and 0.33 on filtered samples. 
Considering the literature results above together, it is not appropriate to draw quantitative conclusions 
of DHI/DHICA ratio from our A650/A500 data for BSF eumelanin. However, we note that values for 
BSF eumelanin values fall into the range in which mixed DHI/DHICA have been reported, and 
therefore that our observations do not appear inconsistent with the presence of DHICA. Indeed, ca. 
20% DHICA, as estimated by AHPO, would not be readily differentiated from 0% DHICA by 
comparing A650/A500 ratios, following the literature.1 

APPENDIX A. SUPPLEMENTARY INFORMATION 124



UV-Vis A650/A500 ratio analysis of Various Solid-State Films

For various solid-state film samples, the A650/A500 ratios obtained are shown in Table S1. What is 
notable is that the ratios obtained are significantly different to the suspension results obtained from the 
data in Figure 2. Furthermore, there are two clear categories for the solid films: data with and without 
treated glass slides. Clearly substrate preparation is a key determinant of the results, with glass that 
was treated with UV-Ozone yielding results closer to the solution/suspension data. Differences 
between filtered and unfiltered eumelanin was minimal, like the solution/suspension data. Still, even 
with cleaned substrates, the difference to Figure 2 data is substantial with almost twice the ratio values. 
As such, the solid-state data currently is not determinative and may indeed indicate that the solid state 
is not a suitable approach for ratio analysis as it is too far out of scope with what has been observed in 
solution based studies.

Sample Type Average 
A(650nm)/A(500nm)

Uncertainty 
A(650nm)/A(500nm)

Filtered on treated glass 0.544 0.003
Unfiltered on treated glass 0.54 0.13
Filtered on untreated glass 0.75 0.18
Unfiltered on untreated glass 0.74 0.11

Table S1: Absorbance ratio analysis performed on thin films of BSF-eumelanin. Averages and uncertainty (range) given 
for various sample preparations.
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Raman Spectroscopy

Figure S8: Full Raman spectrum of BSF-EuMel. No visible peaks are attributed to the pheomelanin.
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HPLC 

Figure S9: Standard curve of eumelanin markers PDCA and PTCA. 30 μL of standard solutions containing 0.1 to 100 μg 
mL-1 of markers, for PTCA (1, 20, 40, 60, 80, 100 μg mL-1) and for PDCA (0.1 to 8 μg mL-1), were injected.

Markers Regression Equation Correlation
(R2)

Linearity Range (μg 
mL-1)

PDCA y=139.06x+58.163 0.9967 0.1-8
PTCA y=104.76x-51.846 0.9984 1 -100

Table S2: Regression equation of eumelanin markers: pyrrole-2,3-dicarboxylic acid (PDCA) and pyrrole-2,3,5-
tricarboxylic acid (PTCA).

Sample PDCA PTCA PDCA/PTCA Ratio
Native 197.269 ± 72.98 887.942 ± 66.51 0.22
HCl-Treated 55.728 ± 12.65 475.051 ± 11.19 0.12
Filtered 309.586 ± 23.30 791.714 ± 20.26 0.39

Table S3: Content of markers in eumelanin samples (ng mg-1). [values are means ± SD]
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Figure S10: 1H NMR spectrum of Pyrrole-2,3-dicarboxylic acid (PDCA).
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Figure S11: 1H NMR spectrum of pyrrole-2,3,5-tricarboxylic acid (PTCA).
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Figure S12: 1H NMR of TTCA precursor: triethyl thiazole-2,4,5-tricarboxylate. 1H NMR (400 MHz, CDCl3) δ 4.54 – 
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Figure S13: 13C NMR of TTCA precursor: triethyl thiazole-2,4,5-tricarboxylate.13C NMR (101 MHz, CDCl3) δ 162.02, 
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Figure S14: 13C NMR of TTCA: thiazole-2,4,5-tricarboxylic acid. 13C NMR (101 MHz, D2O) δ 171.31, 167.55, 165.78, 
165.14, 153.32, 136.12.

S15: HPLC analysis showing no/negligible TTCA in the BSF-EuMel sample. a) TTCA eumelanin marker. b) AHPO-
digested solution of BSF-EuMel. c) AHPO-digested solution of BSF-EuMel spiked with TTCA marker. d) 
Superimposition of three chromatograms: no peak is observed in the AHPO-digested solution of BSF-EuMel at the 
retention time of TTCA.
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NMR

Figure S16: NMR Peak assignment for different monomer redox states of eumelanin.
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Elemental Analysis

The elemental analysis on the BSF eumelanin is shown in Table S4. Sulphur was measured for, but 
not detected, which indicates that no significant pheomelanin is present. To demonstrate this assertion 
further, it should be noted that natural pheomelanin sulphur content has been quantified to be between 
6 – 16% w/w.5 If one assumes a lower limit of sulphur content to be 5%, and given that the elemental 
analysis has a detection limit of 0.01% w/w, then if one was able to detect sulphur at this lower limit, 
it would correspond with a material containing 0.2% w/w pheomelanin. As such, if pheomelanin is 
present in BSF eumelanin, if should be below 0.2% w/w and thus should be considered irrelevant to 
the rest of the analysis.

Sample ID C% H% N%
QR24011 50.85 5.8 9.04
QR24007 49.3 5.52 9.08

Table S4: Content of markers in BSF eumelanin samples (ng mg-1). [values are means ± SD]

References

1. T. Itou, S. Ito and K. Wakamatsu, International Journal of Molecular Sciences, 2019, 20, 3739.
2. C. Xin, J.-h. Ma, C.-j. Tan, Z. Yang, F. Ye, C. Long, S. Ye and D.-b. Hou, Journal of Bioscience 

and Bioengineering, 2015, 119, 446-454.
3. A. Pezzella, M. d'Ischia, A. Napolitano, A. Palumbo and G. Prota, Tetrahedron, 1997, 53, 

8281-8286.
4. S. Ito, A. Pilat, W. Gerwat, C. M. B. Skumatz, M. Ito, A. Kiyono, A. Zadlo, Y. Nakanishi, L. 

Kolbe, J. M. Burke, T. Sarna and K. Wakamatsu, Pigment Cell & Melanoma Research, 2013, 
26, 357-366.

5. W. Song, H. Yang, S. Liu, H. Yu, D. Li, P. Li and R. Xing, Journal of Materials Chemistry B, 
2023, 11, 7528-7543.

6. d’Ischia, M. et al. Melanins and melanogenesis: methods, standards, protocols. Pigment Cell 
& Melanoma Research 26, 616–633 (2013).

APPENDIX A. SUPPLEMENTARY INFORMATION 132



A.2



Supporting Information 

Eumelanin&Keratin sourced from waste: unravelling criss-cross functionalities for green 

electronic applications  

Marianna Ambrico*a, Sara Mattiellob , A. Bernardus Mostertc , Jun Wei Phua d, Domenico Acetoa, Paolo F. 

Ambricoa, Alessandro Guzzinib, Angelo De Stradise, Federico Liuzzi f, Carlo Santullib, Giulio Lupidig , Alessandra 

Del Giudiceh, Roberto Gunnellab 

a CNR-Institute for Plasma Science and Technology, Bari Branch, Via Amendola 122/D, I-70125 Bari (Italy) 
b School of Science and Technology University of Camerino, Via Madonna delle Carceri 9, I-62032 CAMERINO (MC) –(ITALY)) 
c Centre for Integrative Semiconductor Materials, Department of Physics, Swansea University Bay Campus, Fabian Way, Swansea, SA1 

8EN UK 
d INSECTTA Pte. Ltd., 8 Cleantech Loop, , Singapore 637145 
e CNR-Institute for Sustainable Plant Protection, Via Amendola 165/A, I-70126 Bari (Italy)  
f ENEA-Centro Ricerche Trisaia, S.S. 106 Ionica, 301 -75026 Rotondella (MT) (Italy) 
g  School of Pharmaceutical Sciences and Health Products , University of Camerino, Via Madonna delle Carceri 9, I-62032 Camerino (Mc)-

Italy 
h Department of Chemistry, Sapienza Università di Roma, Piazzale Aldo Moro 5, 00185 Rome, Italy 

 

 

APPENDIX A. SUPPLEMENTARY INFORMATION 134



 
 

Figure S1 Comparison between FTIR spectra of one and  mixed- components in powder form at the same ratio 1:4 of: (a) KerST; BSF-

EuM and BSF-EuM; KerST and (b)  KerBS; BSF-EuM and BSF-EuM; KerBS; 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. In mixed powders, 

both keratin FTIR signal exceed that one of melanin. 

 

 

 

APPENDIX A. SUPPLEMENTARY INFORMATION 135



 

Figure S2 Dielectric permittivity spectra of the suspension of BSF-EuM:Keratin mixtures in water as calculated from the 

experimental Z impedance spectra (expr.2, main text) (see legends). (a) and (c) are the ’ and ” spectra for the BSF-Mel/KerST 

mixtures respectively. (b) and (d) are the ’ and ” spectra for the BSF-EuM/KerBS mixture, respectively 
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Table S1 Best fit parameters returned by adopting the HN approach to the Dln(’) (expr. 8) and using the NOVOCONTROL 
WINFIT 2.0 software on both one-component and mixed-type suspensions. The values of the corresponding fmax,HNi and max,HNi 
have been calculated starting from HNi , a and b values using expr.9, l and l via expr. 10 (main text)

  

Items HN I 

Fcm-1 

HNi 

(s) 

fMAX,HNi 

(Hz) 

 HNi a b l l 

Mel-BSFUF  

 

EP 

4.94 105 

1.03 105 

6.43 105 

10.97 

2.19 10-3 

4.28 10-5 

0.01 

73 

3718 

 

0.09 

457 

23364 

0.38 

0.76 

1.00 

1.00 

1.00 

1.00 

 

2.60 

 

0.79 

Mel-BSFF  

 

EP 

1.21 106 

1.39 105 

2.14 105 

4.69 

4.87 10-3 

1.36 10-5 

0.03 

33 

11703 

0.21 

205 

73529 

0.55 

0.56 

1.00 

 

1.00 

1.00 

1.00 

 

0.30 

 

0.08 

KerST  

 

EP 

2.83 106 

3.34 105 

1.02 105 

100 

1.58 10-3 

1.89 10-5 

0.001 

101 

8421 

0.01 

633 

52910 

0.35 

0.71 

1.00 

1.00 

1.00 

1.00 

9.00 

 

0.88 

KerBS  

 

EP 

4.09 106 

3.34 105 

2.66 105 

90.91 

3.34 10-4 

7.68 10-5 

0.002 

476 

2274 

0.01 

2994 

14285 

0.33 

0.720 

0.94 

1.00 

1.00 

1.00 

 

8.00 

 

0.76 

Mel:KerST  

1:4 

 

 

 

EP 

2.53 105 

9.92 104 

5.22 104 

6.8 

1.5 10-3 

3.6 10-5 

0.02 

106 

4421 

0.15 

667 

27778 

0.37 

0.74 

1.00 

0.99 

1.00 

1.00 

 

1.75 0.78 

 

1:9 
 

 

EP 

1.45 105 

1.14 105. 

5.84 104 

4.4 

1.32 10-2 

1.94 10-5 

0.04 

12 

8204 

0.23 

76 

51546 

0.54 

0.54 

1.00 

1.00 

1.00 

1.00 

 

1.26 0.64 
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 
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EP 

2.48 105 

5.16 105 

8.20 104 

1.80 10-1 

3.06 10-2 

1.15 10-4 

0.89 

5.2 

1384 

5.62 

33 

8696 

0.78 

0.45 

0.96 

0.99 

1.00 

1.00 

 

0.45 1.04 
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 

 

EP 

1.01 105 

2.07 105 

6.89 104 

3.28 10-1 

3.59 10-2 

3.97 10-5 

0.48 

7.6 

4009 

3.05 

48 

25189 

1.00 

0.75 

1.00 

1.00 

0.65 

1.00 

1.58 1.03 

          

Mel:KerBS 

1:4 
 

 

EP 

2.25 105 

1.21 105 

5.54 104 

17.71 

3.05 10-3 

5.07 10-5 

0.01 
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3139 

0.06 

680 

19724 

0.41 

0.57 

1.00 

1.00 

1.00 

1.00 

2.30 0.73 
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4.16 10-3 

3.50 10-5 
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38 
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0.33 
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0.56 
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1.00 

1.00 

1.00 
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6.50 104 

8.05 
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6.22 10-5 

0.02 

13.0 

2559 

0.12 

80 

16077 

0.49 

0.57 

1.00 

1.00 

1.00 

1.00 

2.60 0.77 

          

 

9:1 

 

 

 

EP 

1.29 105 

1.18 105 

5.93 104 

2.73 

9.31 10-3 

3.46 10-5 

0.06 

17.0 

4600 

0.37 

107 

28902 

0.53 

0.55 

1.00 

1.00 

1.00 

1.00 

1.00 0.90 
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Application of handheld/portable spectroscopic tools to the identification, inner 

stratigraphy and mapping of archaeological metal artefacts 
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ED-XRF Analysis 

 

Table S1. Average concentration (wt %) and standard deviation (SD) of all elements 

identified by the portable ED-XRF instrument in the studied artefacts, as reported by the 

instrument software.  

  
 

A 

(belt)  
SD 

B 

(basin) 
SD 

C 

(fibula) 
SD 

D 

(helm) 
SD 

E 

(pendant) 
SD 

F 

(dagger) 
SD 

G 

(spatula) 
SD 

Si 15.068 3.484 9.796 2.088 16.298 4.460 6.932 4.799 15.238 3.608 2.416 1.696 1.163 0.666 

Ti ND - 0.131 0.039 0.073 0.011 0.063 0.012 0.150 0.068 ND - ND - 

V 0.198 0.129 ND - 0.153 0.031 ND - 0.261 0.180 ND - ND - 

Fe 0.895 0.129 0.387 0.051 7.288 7.071 0.224 0.196 1.828 0.572 96.941 2.027 98.280 0.784 

Ni 0.103 0.015 ND - ND - ND - 0.070 0.004 0.056 0.019 ND - 

Cu 73.346 4.596 80.596 1.976 66.739 3.433 82.279 4.256 46.950 6.293 0.225 0.123 0.220 0.131 

Mo ND - ND - ND - ND - ND - 0.010 0.006 0.015 0.007 

Sn 5.394 3.219 6.259 1.321 5.816 2.920 6.520 2.100 6.163 3.156 ND - ND - 

Pb 2.998 2.545 0.277 0.072 1.478 0.510 0.288 0.133 24.143 9.797 0.050 0.021 0.048 0.031 

Bi 0.085 0.019 ND - ND - ND - 0.215 0.064 ND - ND - 

Sb ND - ND - 0.258 0.049 ND - 0.425 0.123 ND - ND - 

P 0.525 0.222 1.006 0.193 0.618 0.200 1.216 1.166 1.372 1.189 0.143 0.151 0.055 0.041 

S ND - ND - ND - ND - ND - 0.114 0.073 0.181 0.083 

ND: not detected. 
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LIBS Analysis 

 

  
Figure S1: Representative LIBS spectra of iron alloy objects (a) and copper alloy objects (b). 

In the inset of (a) the detail of the spectra of iron alloy objects are shown with the indication 

of the Fe, Pb and Cu emission lines. 
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LIBS maps 

 

 

 
Figure S2: Front side (a) and back side (b) of laminas of sample A, the belt, on which the red 

circles indicate the areas where ED-XRF analysis was performed, orange circles where LIBS 

maps were measured and yellow squares where depth profile were determined. Elemental 
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distribution ‘heat maps’ obtained by LIBS scanning the surface of the front side (c) and back 

side (d) of lamina 1, the front side (e) and back side (f) of lamina 2, and the back side of 

lamina 3 (g). A color gradient that ranges from red indicating a high relative abundance to 

blue indicating a low relative abundance is used to show the variations in elemental emission 

intensity of the different elements. The spectral lines used to build the maps were: Cu=465.11 

nm, Sn=317.503 nm, Pb=368.346 nm, Ca=422.673 nm, Cr=205.552 nm, P=213.62 nm, 

Si=251.611 nm, Na=588.995 nm, K=766.49 nm for the three laminas, Fe=273.955 nm for 

lamina 1 and lamina 2, and Fe=406.359 nm for lamina 3. 
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ChapterB

Abbreviations

AFM Atomic Force Microscopy
BDS Broadband Dielectric Spectroscopy
BSF-Mel Black Soldier Fly melanin
DHI 5,6-dihydroxyindole
DHICA 5,6-dihydroxyindole-2-carboxylic acid
FT-IR Fourier-Transform Infrared Spectroscopy
GOX Graphene Oxide
GOXm Graphene Oxide Micronized
KerBS Keratin from metabisulphite extraction
KerST Keratin from steam explosion extraction
LIBS Laser-induced Breakdown Spectroscopy
SEM Scanning Electron Microscopy
SAXS Small Angle X-ray Scattering
TEM Transmission Electron Microscopy
XPS X-Ray Photoelectron Spectroscopy
XRF X-ray Fluorescence
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