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Abstract 

Cultural heritage is constituted by complex and heterogenous materials, such as paintings 

but also ancient remains, that contribute to reconstruct the past. However, all ancient 

materials are exposed to external environment and their interaction produces different 

changes due to chemical, physical and biological phenomena. The organic fraction, 

especially the proteinaceous one, has a crucial role in all these materials: in archaeology 

proteins reveal human habits, in artworks they disclose technics and help for a correct 

restoration. However, protein investigation is an issue due to its low amount, its 

interaction with the mineral fraction and the degradation phenomena. For these reasons 

the development of methods that allow the preservation of the sample as much as possible 

and a deeper knowledge of the deterioration processes is fundamental.  

The research activities presented in this PhD thesis have been focused on the development 

of new immunochemical and spectroscopic approaches in order to detect and identify 

organic substances in artistic and archaeological samples. Organic components could be 

present in different cultural heritage materials as constituent element (e.g., binders in 

paintings, collagen in bones) and their knowledge is fundamental for a complete 

understanding of past life, degradation processes and appropriate restauration approaches. 

The combination of immunological approach with a chemiluminescence detection and 

Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry allowed a sensitive and 

selective localization of collagen and elements in ancient bones and teeth. Near-infrared 

spectrometer and hyper spectral imaging have been applied in combination with 

chemometric data analysis as non-destructive methods for bones prescreening for the 

localization of collagen. Moreover, an investigation of amino acids in enamel has been 

proposed, in order to clarify teeth biomolecules survival overtime through the 

optimization and application of High-Performance Liquid Chromatography on modern 

and ancient enamel powder. New portable biosensors were developed for ovalbumin 

identification in paintings, thanks to the combination between biocompatible Gellan gel 

and electro-immunochemical sensors, to extract and identify painting binders with the 

contact only between gel and painting and between gel and electrodes. 
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Science and cultural heritage have been strongly connected to each other and, in recent 

years, the Conservation Scientist professional figure has been officially recognized in 

Italy too. Nowadays, a multidisciplinary approach based on the collaboration between 

archaeologists, art historians, conservators and scientists, permits a deeper and more 

precise investigation and preservation of cultural heritage. In particular, chemical 

analyses allow the characterization of the artworks original and current composition and 

the understanding of their deterioration processes.  

Cultural heritage consists in a complex group of different materials fundamental for 

human history reconstruction. Therefore, cultural heritage preservation not only concerns 

paintings and sculptures, but it also includes archaeological remnants, such as human and 

animal bones and teeth. Among organic substances, proteins have a crucial role in all 

these materials: in archaeology proteins reveal human habits, in artworks they disclose 

technics and help for a correct restoration. 

However, all ancient materials are exposed to external environment and their interaction 

produces different changes in the artworks. Some parameters, such as humidity, 

temperature, light, pH, pollutants, microorganisms and human manipulation, are 

responsible for deterioration processes [1], [2]. For these reasons, the analytical 

investigation of materials could be fundamental not only for the identification of the 

components, but also for the understanding of the alteration due to chemical, physical and 

biological factors.  

In painting, proteinaceous binders such as ovalbumin or collagen, are one of the main 

classes of organic components applied as binders and the preference for one of them was 

usually connected to the artistic technique, the environment or the period. The main 

interest of conservation scientists is the diagnosis of the composition and alteration state 

of the complex multilayered structure of paintings in order to preserve cultural heritage 

integrity. For this purpose, non-invasive methods are commonly used as pre-screening 

investigation of paintings surface without damaging, in order to select sampling area for 

further destructive techniques. These methods include for example portable Fourier 

Transform Infrared (FTIR) and Raman spectrometers, multispectral imaging, X-Ray 

Fluorescence (XRF) [1], [3]±[5]. However, destructive analysis, such as FTIR in 
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attenuated total reflection (ATR) and high-performance liquid chromatography (HPLC), 

have still been used, especially for binders and degradation products identification [1], 

[6]. In the last few years, immunochemical approaches were also developed for the 

identification of binders, thanks to the high specificity of the reaction antigen-antibody, 

which allows the identification of a target protein [7]±[9]. 

In archaeological field, the analysis of both mineral and organic fractions is an issue due 

to the diagenetic changes. Indeed, they could both be modified due to ground waters 

penetration during diagenesis. It is known that there is a mutual protection between 

mineral fraction and proteins, but the understanding of the correlation between elements 

variations and presence of collagen in the same specimen is still unclear. In addition to 

this, the majority of traditional investigations on mineral and organic components useful 

for dating, diet, environment and usages reconstruction, such as carbon dating, DNA 

identification or isotopes analysis, are destructive and require a large amount of samples 

[10]±[14]. However, proteins are unevenly distributed not only in different bones and 

teeth, but also in the same specimen according to the age and the environment. In order 

to select samples with enough proteins for further destructive analyses, new non-

destructive methods for bones pre-screening for the localization of collagen are needed. 

Moreover, the exact composition and distribution of some proteins and their diagenetic 

processes are partially unknown, especially in teeth.  

On one hand, the developing of non-invasive methods is a main goal in conservation 

science in order to preserve cultural heritage integrity, both for painting and 

archaeological remains investigation. On the other hand, the development of new imaging 

system, albeit invasive, is fundamental to overturn actual knowledge and to open the way 

to new information on human history. 

Based on the previous considerations, the research activities here presented were focused 

on the development of immunochemical and spectroscopic methods for proteins detection 

and characterization in different materials: ancient remains (bones and teeth) and 

paintings.  

Regarding proteinaceous binders, the research presents a new biosensor based on the 

combination between biocompatible Gellan gel and electro-immunochemical sensors in 
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order to extract and identify painting binders through the contact between gel and painting 

and between gel and electrodes. The developed method is portable, less invasive and 

faster than the others and it could be used in situ by restorers. Moreover, it ensures the 

security of the operators, artworks and environment. 

Regarding bones and teeth, the combination between immunochemical 

chemiluminescence (CL) imaging and Laser Ablation-Inductively Coupled Plasma-Mass 

Spectrometry (LA-ICP-MS) has been presented as a new approach with the aim to 

characterize the diagenetic pathways in ancient bones and teeth, mapping both collagen 

and elements distribution and clarifying their correlation. Moreover, two non-destructive 

methods for bones pre-screening to localize collagen were developed. The first one is a 

portable non-invasive microNIR spectrometer with an acquisition range between 1100 

nm and 2200 nm. The second one is based on the use of a Hyper Spectral camera working 

in the NIR spectral range, for the evaluation of the collagen distribution in bone samples. 

The developed methodologies present several advantages: they are fast and non-invasive, 

ensuring the extensive acquisition of data from a large number of precious samples. 

Moreover, no sample pre-treatment and reagents are required. 

Due to the uncertain distribution of teeth proteins, teeth have also been studied in this 

PhD thesis. In detail, a CL protocol for amelogenin X detection and localization has been 

developed on teeth cross-sections and on powder, to demonstrate the encapsulation of 

amelogenin X in hydroxyapatite. This research helped to clarify the distribution of this 

protein in tooth tissues, contributing towards further investigation for sex determination. 

Moreover, an investigation of amino acids in teeth has been proposed, clarifying where 

and for how long the peptides and the amino acids (AA) could survive entrapped in the 

tooth enamel. 

1.1. Organic substances in artworks and archaeological remnants 

Paintings and archeological remains are complex heterogenous materials, consisting in a 

combination of inorganic and organic components. A complete knowledge of their 

composition is fundamental for a correct evaluation of their changes over time and for a 

subsequent adequate restoration and conservation.  
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Organic fraction can have different chemical composition with different properties and 

different degradation, not only between disparate objects of study but also within the same 

one, especially in archaeological specimens. The present thesis will be focused on protein 

materials, in detail collagen and amelogenin in ancient remains and ovalbumin in 

paintings. 

Proteins are polymers composed by subunits, called amino acids (AAs). Amino acids 

show a common structure, based on a central carbon atom bound to a hydrogen atom, a 

carboxyl group (-COO-), an amino group (-NH3
+) and R group, which is peculiar for each 

amino acid. The carboxyl and the amino groups of amino acids react forming peptide 

bonds, that allow having a polymeric structure. After polypeptide formation, it has one 

end with a free amino group (N terminus) and the other one with a free carboxyl group 

(C terminus) [11]. 

Proteins present four structure levels. The primary structure is described as a linear 

sequence of amino acids, while the secondary one is referred to the conformations, mainly 

Į-helix and ȕ-sheet. The tertiary structure is the result of a three-dimensional 

configuration of secondary structure and it present different chemical forces, such as 

electrostatic interaction between R groups. Finally, the quaternary structure is an 

association of more polypeptides, creating a multi-subunit protein [11], [15]. 

Both in artworks and in ancient remains, protein investigation is an issue due to its low 

amount, to its interaction with the mineral fraction and to the degradation phenomena. 

For these reasons the development of methods that allow the preservation of the sample 

as much as possible and a deeper knowledge of the deterioration are fundamental.  

1.1.1. Archaeological remnants 

Archaeological remains are traces of ancient life, which have the potential to survive for 

centuries preserving information about the past. Fossil biominerals can reveal past diet, 

environmental and species evolution, human migrations, age. Both mineral and organic 

phases are fundamental for past reconstruction. Indeed, mineral phase contains 

information about some isotopes useful for diagenesis and it also protects organic phase 

from degradation. The organic fraction holds helpful information for dating (C14), diet (N 
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and C) and evolution (DNA, proteins). In particular, proteins importance has been 

recently recognized with the developing of paleoproteomic, thanks to the better resistance 

of collagen as compared to DNA [11].  

Bone structure 

Bone is an heterogenous biomaterial composed by a mineral and an organic fraction.  

The first one is made up of bioapatite and it is responsible for bones rigidity and 

durability. Bioapatite is carbonate-substituted hydroxyapatite, described as: 

 Ca10(PO4)6-x(OH)2-y(CO3
2-)x+y 

During life, carbonate (CO3
2-) can substitute phosphate group (PO4

2-) or hydroxyl group 

(OH-) in mineral structure. These two different types of substitution produce two different 

types of bioapatite, defined as Type B (less common) and Type A (more common) 

respectively [16]±[18]. Carbonate substitutions reduce bioapatite crystallinity compared 

to hydroxyapatite, causing a high structural strain, surface area and solubility in water. 

Moreover, bioapatite presents water and different ions, such as calcium (Ca2+), 

magnesium (Mg2+) or potassium (K+), according to different factors, for instance diet, 

ages and health [16], [17]. 

The second one, organic fraction, is composed for the 90% by collagen, mainly type I, 

DQG�IRU�WKH�UHPDLQGHU�E\�µQRQ�FROODJHQRXV�SURWHLQV¶��1&3V���DPRQJ�ZKLFK�RVWHRFDOFLQ��

osteopontin, immunoglobulin, proteoglycans and matrix extracellular 

phosphoglycoprotein [11]. 

Collagen is composed of three left-KDQGHG�KHOLFHV�RI�Į-chains bound together to form a 

right-handed triple helix, known as tropocollagen (TC). It consists in a repeated sequence, 

where glycine is present every three AAs, followed by other two AAs Xaa-Yaa, typically 

proline and hydroxyproline. Intra and interchains disulphide bonds are formed when the 

Į-chains are bended, forming the triple helix and creating the initial procollagen molecule. 

After secretion of procollagen from fibroblasts (development and fracture healing) or 

osteoblasts, the N- and C- propeptides are splitted by specific N- and C-protenases. 

Finally, collagen self-assembles into fibrils and a complex series of cross-links is formed 
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[18], [19]. TKH�SRO\SHSWLGH�FKDLQV��WZR�Į��DQG�RQH�Į���DUH�DUUDQJHG�DV�VXSHUKHOL[�IODQNHG�

by N- and C- terminal non triple-helical regions (Figure 1.1.) [15], [18]±[20]. Collagen 

creates cross-links with the adjacent molecules too. Collagen cross-links are the by-

product of collagenic lysine and hydroxylysine İ-amino group conversion into aldehydes, 

which through a reaction with lysyl oxidase, bind the adjacent collagen molecules that 

are easily reducible. However, in mature bones these reducible cross-links decrease and 

make way for pyridinoline cross-links. Pyridinoline crosslinks are characterized by a 

stabilization process accomplished after the intermolecular bonds of younger collagen 

fibrils and cross-links become reduced. There are two types of pyridinoline cross-links, 

hydroxylysyl-pyridinoline and lysylpyridinoline, where the first one is found 

predominantly in internal connective tissue and the second one is typical of bone and 

dentin [2], [17], [20].  

 

Figure 1.1. Collagen triple-helix structure formed by (ProHypGly)4̽(ProHypAla)̽(ProHypGly)5 
[20]. 

Intermolecular bonds occur creating lacunae between collagen fibrils, these gaps 

represent primary sites of mineral deposition. Complete mineralization is achieved by 
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replacing water, within and among collagen, with small hydroxyapatite (HA) crystals. 

Therefore, as the volume of the mineral in bone increases, the volume of water decreases 

accordingly. Moreover, it has been known that the mechanical properties of the bone 

strongly depend on its state of hydration. Mineralized tissues swell and shrink with 

adsorption and desorption of water, mainly due to water entering the collagen fibril [2], 

[20]. 

Formation and maintenance of bones occur thanks to three types of cells: osteoblasts, 

osteocytes and osteoclasts. Osteoblasts are responsible for the production of the mineral 

structure and of osteoides, which are an uncalcified matrix rich in collagen, besides other 

non-collagenous proteins. 

Osteoid tissue calcifies after a time of 10 days, when HA crystals are dropped into the 

matrix, and once this happens, 15% of the mature osteoblasts remain encapsuled in the 

mineralized matrix becoming osteocytes, with the function of maintaining bone tissue, 

while some cells remain on the bone surface becoming flat lining cells. Osteocytes, 

derived from the osteoblasts, produce matrix proteins which can subsequently calcify and 

they are located in bone lacunae. Finally, osteoclasts are responsible for the resorption of 

bone tissue; they are usually found in contact with a calcified bone surface and within a 

lacuna [15], [17], [21], [22]. 

Tooth structure 

Teeth are a complex material, constituted through a long development process called 

odontogenesis. Teeth growth starts thanks to the interaction between oral epithelium and 

mesenchymal tissue, an embryonic tissue. Teeth principal components are three hard 

calcified tissues: dentin, enamel and cementum (Figure 1.2.).  

The first one is produced by odontoblasts, which are the results of mesenchymal cells 

cytodifferentiation. Odontoblasts secrete pre-dentin under epithelial inner layer with a 

subsequent development of HA crystals. Dentin is composed by 70% of HA, 20% of 

organic fraction, mainly collagenous proteins, and 10% of water. Moreover, in the inner 

part of dentin, close to dental pulp, odontoblasts remain for life and they continue to 

produce dentin [2], [11], [23]±[27]. Dentin can be distinguished in three different types: 
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primary dentin, which is in contact with enamel; secondary dentin, which is closed to 

cementum and it is slowly produced during life; tertiary dentin, which can be secreted as 

a reaction to stressful events (e.g., carious). 

Pre-dentin deposition induces a cytodifferentiation of inner epithelial cell in ameloblast, 

responsible for enamel crystals production. Enamel is a highly mineralized tissue (ca. 95-

99 % wt), mostly composed by HA, and it contains only a small portion of organic 

material. Enamel formation is called amelogenesis and it consists in three different 

phases: presecretory stage, with cytodifferentiation of ameloblasts; secretory stage, with 

enamel matrix formation; maturation stage, with mineralization of enamel [11], [23], 

[24], [26]±[28]. Unlike odontoblasts, ameloblasts disappear after enamel production, so 

that enamel cannot be secreted again during life. During enamel growth, a lot of proteins 

are secreted by ameloblasts and the most abundant is amelogenin group, which are 

proteins rich in proline and expressed by both X and Y chromosomes [29], [30].  

Lastly, cementum is secreted by cementoblasts and consists in about 45±50% inorganic 

mineral (mainly apatite) and 50±55% organic matter (mainly collagen and glycoproteins) 

and water. Its thickness increases with the age and, thanks to its similarity to bone 

structure, it could be a good source for DNA extraction [2]. 

Dentin-enamel junction (DEJ) is the interface between the first two tissues, dentin and 

enamel, and it could represent the original position of ameloblasts and odontoblasts in 

first phases of odontogenesis. Along DEJ interface, a layer of residual enamel proteins 

constitutes enamel organic matrix (EOM), a post eruptive tissue [23]. 
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Figure 1.2. Structure of human tooth [28]. 

Bones and teeth diagenesis 

Skeletal tissues preserve history of life, but they all undergo diagenesis processes, 

according to their composition [31]. After death, human remains are exposed to 

environment, that represents DQ� ³RSHQ� V\VWHP´� LQ� WHUPV� RI� FKHPLFDO�� SK\VLFDO� DQG�

microbiological alteration. Material composition and burial environment (e.g. sediment 

pH, temperature, presence of water) both contribute to their alteration, with consequent 

microstructural changes and loss of achievable information [2], [32].  

A deeper knowledge of post-mortem modification is fundamental in order to understand 

how humans and animals remains are altered. After death, environmental parameters can 

quickly change over time, resulting in a different type of diagenetic change [32]. Post-

mortem damages can be induced by physical and biological factors; all these are strictly 

correlated, and they reinforce each other.  

Physical agents, such as soil acidity, temperature, permeability and hydrology can 

dramatically affect the rate of skeletal deterioration [2], [32]. A soil with neutral or 

slightly alkaline pH, in a temperate area, is better for the skeletal integrity; otherwise, it 

would be dissolved in a short time [2]. Archaeological bones have a higher porosity than 

living ones, thus they adsorb more water through their pores. Fluctuating environments 
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are the most dangerous for bones preservation, producing cracks with a subsequent higher 

exposure to water penetration and microbial growth. Moreover, redistribution of elements 

can occur due to groundwater penetration within the sample [2], [32]. 

Biological agents are represented by both macroscopic and microscopic agents. The first 

group is composed by animals, able to produce punctures and scratches, and plants, able 

to create a reticulate network of grooves, cutting bones and secreting acids that lead to 

decalcification and whitening of the affected area [2]. The second group is composed by 

microorganisms, both fungi and bacteria, which attack physical and chemical stability. 

Indeed, bacteria and fungi penetrate in bone matrix producing a spongy porosity, 

especially due to fungal hyphae. Bacterial degradation occurs deeper inside the sample, 

leading to reprecipitation of dissolved mineral within the tunnels [2].   

This combination of phenomena induces a chemical change in bones and teeth structure. 

Collagen deterioration and loss are the result of the combination of three main reactions: 

hydrolysis of the peptides bonds, which causes a progressive break-up of collagen peptide 

ERQGV� LQ� WKH� Į- chain and requires one molecule of water for each peptide bond; 

racemization of the individual amino acids, that consists in the post-mortem 

interconversion from L enantiomers to D enantiomers of the same amino acids; 

decomposition of amino acids in simpler constituents [2], [11], [32], [33]. 

Collagen deterioration could also occur due to microorganisms, which are able to secrete 

collagen-degraded enzymes. Initially, they are only able to attack the collagen bone 

surface, thanks to the mineral protection. However, the presence of cracks increases the 

risk for collagen loss, because they allow exogenous material penetration with a 

consequent alteration of structure. Once the association between HA and collagen is 

disrupted, the bone tissues are inevitably more susceptible to diagenesis [2].  

It is important to remind that mineral and organic fractions protect each other and the 

alteration of one of them after burial affects the other one. Collagen decomposition and 

loss exposes mineral fraction to water penetration, promoting dissolution and 

reprecipitation of phosphate within pores and elemental changes. Mineral disruption 

promotes the water penetration with higher risk for collagen hydrolysis and 
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decomposition [2], [34], [35]. Therefore, bones and teeth that present a limited diagenetic 

decay usually have a better conservation even of the organic fraction [2], [36], [37]. 

Due to its instability, biogenic apatite survival after burial depends on reorganization and 

growth through dissolution and recrystallization, increasing crystallinity and forming a 

new and more stable structure characterized by a decrease in carbonate fraction [2]. 

According to previous researches, mineral recrystallization occurs with pH under 6 or 

over 9, while in neutral conditions there is a higher stability of bioapatite [2], [38], [39]. 

Moreover, collagen loss exposes mineral fraction to water penetration, promoting 

dissolution and reprecipitation within pores. This phenomenon allows ionic exchange 

through the incorporation of reactive ions, such as HPO4
2-, PO4

3-, CO3
2-, Ca2+, Mg2+ [2], 

[40], [41]. Recrystallization can also produce reduction of microporosity combined with 

an increase of microporosity [2], [38]. However, porosity alteration can be caused by 

microbial tunnelling too; indeed, they can advance mineral dissolution and redistribution 

of phosphate, in order to get to the collagen [2], [40]. 

Teeth, compared to bone and soft tissues, are abundant in the archaeological and 

paleontological record, due to their resistance to the diagenesis processes. Despite their 

better endurance, teeth could undergo diagenetic changes. Their matrix can be modified 

by microbiological enzymes production, promoting secondary mineral precipitation. 

Moreover, a chemical alteration of biogenic apatite can occur with an increase of Fe, Mn, 

Si, Al and Ba [42]. 

Due to the possible largely organic fraction loss during diagenesis, the organic fraction 

of enamel and dentin received little attention by the paleoscience community until 

recently [43].  

Detection of proteins in bones and teeth 

Ancient bones are a fundamental material for archaeological reconstruction, because of 

the information obtainable from both mineral and organic fractions. There are five 

principal diagenetic parameters to evaluate: bone histology, crystallinity, porosity, 

carbonate and collagen content [36], [44]±[46]. 
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These can be investigated through different approaches, for instance isotopes 

investigations, amino acid racemization (AAR), X-ray diffraction (XRD), scanning 

electron microscopy (SEM) coupled with energy dispersive X-ray diffraction [11], [47], 

[48], vibrational spectroscopy (FTIR and Raman) [33], [44], [49]±[53]. 

Several protocols have been developed to extract collagen from bones remains, to be 

submitted to more specific investigation such as radiocarbon dating, based on 14C decay 

after death [54], [55], Zooarchaeology by Mass Spectrometry (ZooMS), able to provide 

more taxonomic information based on peptide fingerprint [56]±[58], or AAR, based on 

the ratio between D/L enantiomers [11], [59].  

These sophisticated, destructive and expensive analyses conduct to a positive outcome 

only if the amount of collagen is enough. However, collagen preservation varies 

according to the site of provenance and also within the same contest or the same bone. 

For these reasons, there is the necessity to develop prescreening methods in order to 

preserve remains integrity as much as possible and to evaluate their possible collagen 

content. 

In this context, FTIR is a powerful technique for the assessment of materials, evaluating 

collagen presence and crystallinity changes after diagenesis. Conservation state of 

remains has been evaluated both in diffuse reflection and in attenuated total reflection 

(ATR) with non-portable instruments. Even if the last one is highly sensitive, it has the 

disadvantage of requiring a laboratory and the contact between sample and the instrument 

[44], [50]. In recent years, portable FTIR in total reflection allows in situ analysis without 

a direct contact with the sample with a high perspective in archaeological field, but only 

few works used it until now [60].  

Teeth are fundamental to carry out phylogenetic and diagenetic studies, yielding crucial 

information on evolution, sexual dimorphism, pathogens, diet, gestation and perinatal 

life, physiological stresses [32], [61]±[64]. In order to obtain these information, different 

techniques have been applied on ancient teeth, such as DNA, elemental and isotopic 

analyses, proteomics, radiocarbon dating, morphological and micro-textural investigation 

[32], [61], [62], [65], [66]. Because of the lower amount of the organic fraction, proteins 

of enamel and dentin received little attention by the paleoscience community until 
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recently [43]. Moreover, proteins and protein-residuals localization in enamel is still 

unclear. Some scholars analyzed teeth protein distribution using liquid chromatography±

mass spectrometry coupled mass spectrometry (LC-MS/MS) showing that the 

amelogenin in enamel is presumably localized close to the DEJ and at the outer enamel 

surface [67], [68].  

In odontology, immunochemical methods, such as immunofluorescence, gold-immuno 

cytochemistry and in situ hybridization, have been used to clarify amelogenin 

localization, but researchers disagree about it. Some of them have identified it only in 

ameloblast [69], [70], but other researchers have showed its presence in association with 

odontoblast and in dentin before mineralization, not only in first stages of teeth growth 

but also in injured teeth as a reaction to caries [24]±[26]. 

1.1.2. Painting binders 

Easel paintings include all type of painting, except for mural painting. Movable paintings 

have a complex stratigraphy composed by [71] (Figure 1.3.): 

1. Support: it could be constituted of wood, canvas, paper, metal panels, glass. 

2. Preparation layer: it is composed by a binder and an inert fraction. The first one 

is usually animal glue, divided in hard glue (with impurities) and gelatin (pure 

collagen). The second one is mainly gypsum, but there are also preparations made 

with earth, lead white. 

3. Painting layers: they are characterized by a mixture of pigments (organic or 

inorganic) and binders (glue, ovalbumin, casein, gums).  

4. Varnish: it is not always present and it is a mixture of natural resins, mainly 

vegetal ones. 
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Figure 1.3. Schematic structure of painting.  

Binders are proteins with different properties according to their amino acids sequences.  

Glue is obtained from animal skin and cartilages and its chemical and physical properties 

depend on their origin and treatments. Glue solutions were usually prepared solubilizing 

glue in water by gradual heating. Its reversibility is the main advantage, allowing a 

redissolution in water, making it reusable. Three main degradation phenomena can occur: 

swelling and shrinkage due to humidity; chemical reactions with consequent loss of 

binding and mechanical properties; microbiological degradation [71], [72]. 

Egg is the second fundamental binder in artworks. It is an emulsion of a colloidal aqueous 

solution of proteins; egg white is mainly composed by proteins, especially ovalbumin, 

while egg yolk also presents a high content of fats and fatty substances. Unlike glue, egg 

is irreversible, thus it cannot be solubilized again in water [71], [72]. 

Casein is the main protein of milk and it is not naturally soluble in water. However, it was 

not very common due to its fast degradation process. In particular, it loses its mechanical 

properties, causing painting cracks and brittles [71], [72]. 

Gums are natural polysaccharides obtained from plants. They are composed by a simple 

sequence of sugar monomers and they are soluble in water. They were used for 

watercolors, inks and pastels [71], [72]. 

Identification of binders 

Identification of binding media is fundamental for art history reconstruction and for 

appropriate restauration. However, it is challenging for researchers because of their 

tendency to undergo degradation processes over time [3], [73]±[75]. These chemical 

Support (wood, canvas,͙) 

Preparation layer 

Painting layers: 

pigments+binders 

Varnish layer 
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changes depend on the protein structure and they are mainly due to oxidation reactions 

promoted especially by temperature and light [73], [74]. 

Spectroscopic techniques have been widely used, especially FTIR-ATR, thanks to its 

ability to give a complete investigation of both organic and inorganic fractions despite 

the necessity of sample, and non-invasive methods in reflection mode, such as portable 

FTIR [5], [76]. However, the spectroscopic signals due to protein presence could be 

covered by some mineral peaks (e.g. calcium carbonate) [72]. 

Proteomic approaches, as high-performance liquid chromatography (HPLC) and gas 

chromatography (GC) combined with mass spectrometry (MS), have been also 

commonly applied to distinguish among binders [77].  However, they have shown several 

problems in case of protein mixture and alterations. Thus, immunological techniques with 

different detection methods have been developed on cultural heritage, thanks to their 

highly specific and sensitive identification of the target protein. The most recent works 

have developed a chemiluminescence detection method able to identify not only which 

protein is present but also its localization in the stratigraphy [7], [9], [78].   

The main issue in paintings investigation is the development of non-invasive methods, 

which allow a complete analysis of the artwork without damaging it and without the 

transport in a laboratory. For this reason, new non-destructive and portable methods have 

been recently developed in order to extract binders for further investigation (such as MS) 

without damaging the painting or to obtain a portable kit for a fast in situ analysis [79]±

[81]. 
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1.2. Aim of the thesis  

The research activities here presented have been focused on the development of new 

immunochemical and spectroscopic approaches in order to detect and identify organic 

substances in artistic and archaeological samples. Organic components could be present 

in different cultural heritage materials as constituent element (e.g., binders in paintings, 

collagen in bones) and their knowledge is fundamental for a complete understanding of 

past life, degradation processes and appropriate restauration approaches. 

To overcome the limits of traditional methods and to fill the gap in present knowledge, 

the present work has the aim to propose new innovative approaches combining high 

sensitivity, ease of use and as little sampling as possible. 

In Chapter 2 a combination between immunochemical chemiluminescence (CL) imaging 

and Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) has 

been presented as a new approach for the characterization of diagenetic pathways in 

ancient bones and teeth. Immunochemistry is widely applied in different fields, due to the 

high selectivity of antigen-antibody reaction. The protocol here presented was developed 

on ancient bone and tooth fragments, from different period and archaeological sites, 

thanks to the collaboration with the Bones Laboratory (University of Bologna, Ravenna 

Campus). It relies on the binding to the target protein (i.e., collagen) of a specific anti-

collagen primary antibody, which is then detected by a horseradish peroxidase (HRP)-

labeled secondary antibody specie-specific and a HRP CL enzyme substrate. The light 

emission produced by the HRP-catalyzed reaction is detected using an optical microscope 

equipped with a cooled ultrasensitive CCD camera allowing easy collagen localization.  

The combination of CL data with LA-ICP-MS maps on the same samples has shown a 

high potential in bones diagenetic process clarification. Indeed, isotopes and rare earth 

elements content variation are considered as a reflection of the interaction between the 

matrices and the pore water of the surrounding environment [37], [82]±[85]. They are 

also considered as collagen preservation indices, due to the mutual relation between 

mineral fraction and biomolecules [36]. However, this theoretical correlation has never 

been proved before on so many samples and with a complete mapping of both collagen 

and elements. The results of the combination between CL method and LA-ICP-MS allow 
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a significant increment of the useful information achievable for the description of the 

degree of diagenetic alteration in bones and teeth. Moreover, a CL protocol for 

amelogenin X detection and localization has been developed on teeth cross-sections. The 

results contributed to clarify the distribution of this protein in tooth tissues. Due to the 

encapsulation of amelX in HA crystals, an approach on enamel powder has been proposed 

through the combination of an extraction protocol from enamel powder and a CL protocol 

on nitrocellulose membranes. Despite the loss of the spatial information, the method 

could be the starting point for a multiplex portable and fast system for sex determination 

that need only a low amount of sample. 

In Chapter 3 a new portable microNIR prototype has been proposed as a prescreening 

method on bone, in order to select samples with enough collagen content for further 

investigations. Specific investigations such as radiocarbon dating, taxonomic 

determination and amino acid racemization (AAR), provide essential information, but 

they are time consuming, expensive and they require a lot of sample and an enough 

amount of protein for a positive result. For these reasons, in this chapter a non-invasive, 

fast, low cost and easy to use portable instrument has been presented with the aim to select 

samples according to their collagen content. The method is based on the acquisition of 

data through a microNIR spectrometer in region 1208±2160.5 nm. Spectra acquired were 

then elaborated through multivariate data processing in Matlab. To evaluate the method 

potential, it was firstly applied on standard samples prepared in laboratory with known 

percentage of collagen. Then it was applied on real bones samples from different period 

and provenance. In both cases, the Principal Component Analysis (PCA) allowed a good 

separation among samples according to the band attributed to collagen.  

In Chapter 4 an innovative and highly efficient near-infrared hyperspectral imaging (NIR-

HSI) method has been presented to provide spectral maps able to reveal collagen 

distribution in large-size bones, also offering semi-quantitative estimations. NIR-HSI 

allows a prescreening to select not only the best samples, but also sampling points for 

subsequent specific analysis. The method is based on Normalized Difference Image 

(NDI), which allows to create false color images. NDI approach was implemented for this 

study exploiting the NDI values extracted from each pixel of the HSI and comparing the 

computed median values among reference and unknown samples. The work was 
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conducted in collaboration with the Bones Lab (University of Bologna, Ravenna Campus) 

and the University of Genova. 

In Chapter 5 an investigation of amino acids in teeth has been proposed, in order to clarify 

teeth biomolecules survival overtime. Teeth are less studied than bones, but they are 

particularly important for archaeologists and paleontologists, thanks to their better 

resistance than bones to diagenetic processes. The present chapter is focused on the 

development of an advanced analytical approach for the comprehensive characterization 

of organic remains in archaeological and fossil teeth, overturning the current knowledge 

about protein-residual preservation in deep-time fossil materials and opening the way to 

new information in paleontology and archaeology research field. In more detail, the 

research has been based on the optimization and application of High-Performance Liquid 

Chromatography (HPLC) for amino acid identification. The research was conducted at 

the Max Planck Institute for Chemistry (Mainz, Germany), thanks to the collaboration 

with the research group of Dr. Alfredo Martínez García. 

Chapter 6 presents a new biosensor based on the combination between biocompatible 

Gellan gel and electro-immunochemical sensors in order to extract and identify painting 

binders through the contact between gel and painting and between gel and electrodes. 

Gellan gel was preferred thanks to its physical and chemical properties. An electro-

immunoassay was chosen due to antigen-antibody high specific reaction and higher 

sensitive detection through electrochemical revelation than traditional immunochemical 

methods. The proposed biosensor is faster than traditional extractive methods and less 

invasive, because it is based on the migration of protein through the gel impacting 

electrodes. Moreover, protein digestion is not necessary, because an electro-

immunochemical protocol has been developed blocking specific antibody on electrodes 

surface. Therefore, this new biosensor provides binder identification with a single 

analysis replicable on different artwork points and directly in situ without laboratories 

analysis. The analyses were performed firstly on paper in order to develop a standard 

protocol on a simpler substratum and then on mock-ups painting with different layers 

prepared in laboratory, in order to evaluate the gel ability to extract protein without 

painting damages. The present research was possible thanks to the collaboration with the 

University of Roma Tor Vergata (Prof.ssa Laura Micheli and Prof.ssa Claudia Mazzuca). 
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2.1. Chemiluminescence 

Luminescence can be defined as the radiation emitted by a molecule or an atom, due to 

its return to the ground state from the excited one, and it can be classified based on the 

excitation source [1].  

Chemiluminescence consists in a light-emitting reaction, namely a reaction which occurs 

in presence of a strongly oxidant specie and compounds. In these reactions electron-

excited molecules are produces and, when they returned to the ground state, they emit a 

photon [1]±[5].  

CL reaction can be divided in direct and indirect reactions. The first one produces an 

excited-state molecule, responsible for light emission. In the second one the excited 

product is not able to be directly involved in the reaction and it transfers its energy to a 

highly fluorescent energy acceptor, which then emits increasing signal [1]. 

A chemical reaction should satisfy some requirements to produce light [4]:  

1. In order to occupy an excited state, the reaction has to be adequately exothermic. 

The free energy requirement can be calculated with this equation: 

 

െοܩ  
ఒೣ

ൌ ଶ଼
ఒೣ

                    (1.1) 

 

Therefore, photons are produced in the visible range (400-750nm) requiring 

approximately 40-70 kcal mol-1. 

2. This electronically excited state has to be accessible on the reaction coordinate. 

3. The emission of photons from the excited state has to be a favorable energy 

emission process. For this reason, the reaction product has to be a fluorescent 

molecule. 

 

The CL quantum yield, defined as the number of photons emitted for reacting molecule, 

can be expressed as: 

 

Ȱ ൌ Ȱோ ൈ Ȱாௌ ൈ Ȱி                    (1.2) 
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where Ȱோ reflects the chemical yield of the reaction, Ȱாௌ is the fraction of the product 

due to entering in an excited state and Ȱி is the fluorescent quantum yield [4], [6]. 

Employing simple reagents, CL reaction has a flash-type kinetics, which means a few 

seconds emission. Therefore, some enzymes can be used in presence of an excess of a 

proper CL enzyme substrate to obtain a more intense and longer CL signal. Moreover, 

suitable enhancers can be added to the substrate to have a prolonged emission of some 

minutes, improving the detection and the reproducibility [1], [6], [7]. 

Luminol derivates are the best-known available substrates. The final product of the 

luminol oxidation reaction is a 3-aminophtalate ion in the excited state that decays by 

emitting photons at a wavelength of about 425 nm. The reaction occurs in alkaline 

environment in presence of an oxidizing agent as H2O2 [2], [6], [8]. The luminol enhanced 

reaction is very slow, thus it can be catalyzed by various enzymes as horseradish 

peroxidase (HRP), one of the most used enzymes to promote the CL reaction (Figure 2.1) 

[2], [9]. The use of an enzyme amplify the signal with a consequent detectability 

improvement [2], [9]. The kinetic of the reaction is quite fast, thus some enhancers, such 

as substituted phenols, naphthols, phenylboronic acids, and phenothiazine derivatives, 

can be used to stabilize and increase the intensity of the CL signal [2], [6], [8]. 

 

Figure 2.1. HRP-catalyzed luminol oxidation. 

2.2. Chemiluminescent immunochemical system 

Immunochemical methods are based on the specific binding between antibody (Ab) and 

antigen (Ag). Antibodies are glycoproteins obtained by the immune system in response 

to a specific antigen in organisms [5], [7]. They are structurally designed as y-molecules, 

which present two identical and constant polypeptides, called heavy chains, and other two 



CHAPTER 2| CL immunoassay for proteins detection in ancient remains  

52 

 

variable polypeptides, called light chains. They can be divided in 5 groups according to 

their different structures and functions: IgM, IgA, IgE, IgD and IgG, the most abundant 

one. TKH�ODWWHU�SUHVHQWV�WZR�YDULDEOH�UHJLRQV�LQ�WKH�\�³DUPV´��DW�WKH�HQG�RI�ZKLFK�WKHUH�LV�

the antigen binding site called paratope, and a constant region specific for the specie in 

which it has been isolated (Figure 2.2.). The antigen epitope is the portion where Ag 

interacts with the paratope [7]. 

 

Figure 2.2. Antibody structure. 

The two parameters used to characterize Ab-Ag reaction are affinity and avidity. The first 

one defines the strength of the binding as Ab and Ag concentration at the equilibrium. On 

the contrary, the second one represents the overall stability of the complex, defining all 

factors involved in the reaction [5], [7]. 

Monoclonal and polyclonal antibody can be produced and used for immunoassays. 

Monoclonal antibodies contain a single immunoglobulin allowing highly specific 

interaction with the antigen, because they recognize only one epitope. However, their 

disadvantage is the lower possibility of interaction. In order to increase possibility of 

interaction between Ag and Ab, polyclonal antibodies are employed due to their ability 

to recognize different antigenic sites [7]. 

In order to detect Ab-Ag binding, there are two possible methods for antibodies labeling 

with a suitable marker: direct and indirect. In the direct method, there is only one 

antibody, which is directly conjugated with the enzyme. In the indirect one, there is a 

Heavy chain

Light chain
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primary antibody, which is not conjugated to the enzyme and specific for the target 

protein. After this first reaction, a secondary antibody, labeled with the enzyme, is added 

to recognize the primary antibody according to animal source (Figure 2.3.) [7], [10].  

 

Figure 2.3. Schematic representation of indirect method [11]. 

In chemiluminescence immunoassay the marker is an enzyme detectable by the 

appropriate CL substrate, HRP is one of the most commonly used. 

CL imaging methods allow the localization of antigens in the sample surface at 

microscopic levels. They have been developed thanks to the combination of optical 

microscopes and high-resolution cameras, such as cooled charged-coupled device (CCD) 

cameras [4], [9]. 

Luminographs, used for the acquisition of images, employ ultrasensitive CCD cameras 

and optical systems enclosed in a light-tight box to prevent interference from ambient 

light. To reduce the background signal, mainly ascribable to the thermal noise, the 

detectors are cooled to low temperatures by means of thermoelectric or cryogenic 

systems. This allows for accumulation of the CL signal over long times and therefore 

increases the sensitivity. When connected to an optical microscope, imaging devices 

permit measurement and localization of the emission on the sample with a resolution of 

the order of micrometers. Due to the low light intensity characteristic of the CL emissions, 

it is necessary to minimize the loss of signal in the optical system. Thus, suitable lens 

systems and objectives with high numerical aperture should be used to increase the 

efficiency of collection of the CL signal. The obtained CL gray scale images allow the 

localization of protein according to the intensity and location of lighter areas [4], [12]. 
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2.3.  Chemiluminescent immunochemical detection of proteins 

Immunochemical methods exploit the high specificity of the antigen±antibody 

recognition reaction, which allows to distinguish between different proteins and to 

determine the biological source of a given protein. Immunochemical techniques are 

widely used in biomedical field for identification of specific proteins. In last decades, 

cultural heritage researchers have shown a growing interest for enzyme-linked 

immunosorbent assay (ELISA), testing it especially on paintings in order to identify 

binders clarifying pictorial technique and simplifying restauration choices. This growing 

interest allow the development of both portable instruments for in situ determination of 

binders and immunochemical imaging methods for proteins localization in cross-sections 

[13]±[19]. The detection could be done through different methods, such as 

immunofluorescence which is the most used detection method in conservation science. 

However, it presents some problems due to the sample autofluorescence and light 

scattering on the sample surface. In order to overcome these problems, 

chemiluminescence (CL) detection approach has been developed. It is preferred because 

it ensures higher sensitivity in comparison to colorimetric and fluorescence detection, 

also providing good spatial resolution and low background signal, due to the absence of 

autofluorescence [20]±[22]. Moreover, it requires a reduced instrumentation and sample 

preparation allowing different analytical methods. The only disadvantage could be the 

signal inhibition by sample matrix [2]. 

A lower interest has been shown for the application of these methods on archaeological 

remains, probably due to the high deterioration of ancient proteins. Only few applications 

on archaeological samples have been reported, employing for instance ELISA for 

ovalbumin and casein detection and for diseases identification [10], [23], [24] or in situ 

immunofluorescence for collagen evaluation [25], [26].  

In order to develop a highly sensitive and quite fast detection and localization of proteins 

in ancient bones and teeth a CL-immunochemical protocol has been developed during 

this PhD thesis in order to localize collagen in bone and tooth fragments. Moreover, due 

to the higher resistance of enamel, a protocol for amelogenin X detection has been 
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developed and it is the starting point for further perspectives in teeth proteins 

investigation. 

2.4.  Combining elemental and immunochemical analyses to characterize 

diagenetic alteration patterns in ancient skeletal remains 

Bones and teeth are complex biomineralized tissues composed by a mineral fraction, 

mainly carbonate-substituted bioapatite, and an organic fraction, mainly collagen type I 

protein in bones and dentin [27]±[34].  

After burial, bone structure and composition are subjected to diagenesis, which is the 

alteration induced by physical, biological, and chemical degradation [35]±[39]. Similarly, 

tooth dentin can be subjected to post-burial biological and chemical degradation [35], 

[40]±[43]. Despite the lower resistance of bone and dentin to diagenesis than the highly 

mineralized enamel, their analysis provides chemical and isotopic information on diet and 

provenance. Moreover, they also contain DNA and proteins, from which information on 

gender, taxonomy and evolution.  can be obtained for past reconstructions of human and 

faunal life histories. Yet, the preservation of the organic fraction is pivotal to obtain such 

information by archeometric investigations. 

During diagenesis, the mineral fraction may be affected by the penetration of ground 

waters into the bone structure, inducing apatite recrystallization, changes in the elemental 

composition and adsorptions onto the surface of bioapatite crystals [44]±[46]. Some 

essential trace elements, abundant during life, decrease after burial while others, such as 

rare earth elements (REE) and uranium (U), are incorporated during diagenesis. 

Moreover, hydrolysis may induce the breakage of the peptide bonds, leading to the 

decomposition of proteinaceous materials [35], [47]±[52]. These phenomena could result 

in a heterogeneous preservation of the organic fraction within the same specimen. 

Among the investigated elements, strontium (Sr) and barium (Ba) have been considered 

as specific biomarkers for trophic level and diet [53]. Indeed, they are widely used in 

dietary reconstruction, thus their physiological constraints are relatively well-known and 

provide a solid reference for studies on bone chemistry [53]. Yet, due to diagenetic 

processes that promote post-burial substitution of lattice Ca2+ by alkali elements, Sr2+ and 

Ba2+ are commonly enriched in fossil bones compared to fresh bones (~ 10 µg/g and ~ 
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200 µg/g respectively in human fresh bones) [50], [54], [55]. Uranium (U) and REE are 

widely used as diagenetic proxies monitor the alteration degree of bones (and teeth) due 

to their remarkably low levels in fresh bones (<1 µg/g). However, their effective 

correlation with the amount of preserved collagen has not yet been adequately assessed. 

During diagenesis, U and REE migrate from the soil to the bone tissues, mostly through 

groundwaters (i.e., pore fluid interaction). Particularly, being highly water soluble as 

uranyl (UO2
2+), uranium is readily incorporated in fossil bones and represents a strong 

marker for post-depositional chemical alteration of the bone mineral portion [54], [56]±

[58]. Similarly, due to the high adsorption capacity of bone crystallites for REE3+ [33], 

their adsorption began immediately with the exposure of bone to pore water, yielding 

KLJK�5((�FRQWHQW�LQ�IRVVLO�VSHFLPHQV��Ȉ5((�XS�WR�VHYHUDO�������J�J��[59]. 

The enrichment of abovementioned elements may be theoretically correlated to 

diagenetic and degradation effects on both inorganic and organic fraction of ancient 

bones. Indeed, bones and teeth that were affected only by a limited degree by diagenetic 

decay of the mineral component, usually show a better conservation of the organic 

fraction [52]. In contrast, when a strong diagenetic alteration of the mineral structure is 

observed, also the organic component shows a worse conservation status. This suggests 

a possible mutual protection between mineral and organic fractions, since the degradation 

of collagen expose the mineral fraction to water penetration (due to the increased 

porosity) promoting diagenetic processes and, simultaneously, the degradation of the 

mineral structure facilitates the water penetration with higher risk for collagen hydrolysis 

[35], [52], [56], [60].   

According to this correlation, specific elements such as U and Sr, that are commonly used 

as diagenetic markers for the assessment of the state of conservation of the mineral 

components of bone and teeth, have also been used as markers for the evaluation of the 

organic fraction preservation in the same specimens [52], [54], [57], [58], [61]±[63]. 

Indeed, the low abundance of diagenetic elemental markers reflects a limited/no 

bioapatite alteration and thus should correspond to collagen preservation as both 

biomineral and the protein phase are tightly intergrown and mutually protected each other. 

In contrast, a high content of these elements indicates a stronger alteration and 

postmortem should also lead to a greater collagen loss.  
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To date, the relationship between the variation of the diagenetic markers and the presence 

of collagen in the same sample is still unclear and not adequately studied.  

Elemental and isotope analyses, based on the use of different analytical techniques such 

as synchrotron-based X-ray fluorescence [64], [65] and Laser Ablation-Inductively 

Coupled Plasma-Mass Spectrometry (LA-ICP-MS) [55], [63], [66]±[70], have been 

applied to identify well-preserved areas (possible rich in collagen) to be sampled for 

studies concerning, e.g., dating, paleodiet reconstruction and taxonomic discrimination. 

Fourier Transform Infrared (FTIR) has also been applied to assess the degradation state 

of bone. In particular, amide-to-phosphate ratio and crystallinity index were used to 

evaluate the preservation of the organic fraction [38], [71]±[75]. 

Nevertheless, to date, no investigations have been conducted to evaluate the effective 

correlation between collagen distribution (irrefutably identified with high selective 

techniques) and elemental composition of the diagenetic markers in different areas of the 

same samples. Only recently, a study reported the parallel investigation of REE 

distribution and collagen on a single sample (a well-preserved dinosaur fibula). Collagen 

has been detected by combining enzyme-linked immunosorbent assay (ELISA) applied 

on protein extracts, and in situ immunofluorescence applied on bone fragments [52]. The 

results suggested the correlation between the low REE content with the presence of 

collagen. 

The present study proposes a new analytical strategy for the characterization of diagenetic 

pathways in ancient bones and teeth, combining elemental and collagen distribution 

investigations obtained with LA-ICP-MS and chemiluminescence (CL) immunochemical 

microscopy imaging, respectively. In particular, CL immunochemical analysis was 

applied for the first time on archaeological and fossil bones and tooth to sensitively 

localize collagen protein in complex biomineralized matrices, providing a new tool to 

screen for the presence of proteins, since the characterization of proteins in ancient 

skeletal remains may address research questions concerning diet and genetic relations. 

Immunochemical methods exploit the high specificity of the antigen±antibody 

recognition reaction, ensuring the direct and specific detection of collagen [14], [17], [18], 

[76]. These methods have been widely applied in bioanalysis and clinical chemistry and, 
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over the past decade, have proven to be efficient methods for the selective identification 

of proteins in cultural heritage objects [14], [17], [18], [23]±[26], [76]±[78].  

The new approach proposed herein presents specific advantages that permits to overcome 

several limitations of previous research studies: (i) a higher number of samples from 

various archeological excavation sites and characterized by different chronological 

periods and collagen content have been considered; (ii) the distribution of collagen was 

determined using CL immunochemical detection, which has proved to be more sensitive 

than immunofluorescence and highly selective in the specific identification of proteins in 

complex matrices [78], also providing good spatial resolution and low background signal; 

(iii) several diagenetic marker elements were quantified by LA-ICP-MS analysis, 

exploiting the combined use of single-spots and laser ablation imaging [79]. The latter 

permitted to obtain a distribution map of the element of interest, directly comparable with 

the CL collagen images, which further on could enable the identification of diagenetic 

marker elements (i.e., REEs and U) correlated with collagen preservation. The 

investigation of samples, from different period/age and excavation sites, allowed to assess 

the influence of different variables, which could affect diagenetic phenomena and thus 

collagen preservation, identifying elements that can be used as representative diagenesis 

extent markers. Age was the first variable considered in order to identify independent 

marker (i.e., from the Early Middle Ages to the Middle-Upper Paleolithic). In addition, 

samples from the same period but from different sites were considered to evaluate the 

impact of diagenesis on bones from different ecogeographical regions (i.e., Northern and 

Southern Italy). 

Exploring the correlation between collagen and the distribution of diagenetic markers 

could be useful to deeper understand the phenomena promoting post-burial elemental 

uptake/leaching and biomolecule degradation/preservation. This, in turn, can help future 

works identifying and retrieving non-altered biogenic chemical signals from (fossil) 

bones.  

The present work was possible thanks to the collaboration with the Bones Lab, supervised 

by the professor Stefano Benazzi. Indeed, LA-ICP-MS analyses were conducted by Dr. 
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Federico Lugli, member of Bones Lab group, at the University of Modena and Reggio-

Emilia.  

2.4.1. Materials and methods 

2.4.1.1. Samples preparation 

Small fragments were obtained from each bone sample, while the tooth has been cut in 

half. The fragments were then embedded in Implex® polyester resin (Remet S.A.S., 

%RORJQD��,WDO\��DQG�SROLVKHG�ZLWK�DEUDVLYH�SDSHU�0LFURPHVK��IURP�����WR�������JULW�WR�

obtain a smooth surface [13]. Visible images of the smaller cross-sections were acquired 

with an Olympus BX51M optical microscope (Olympus Corporation, Tokio, Japan) 

connected to an Olympus DP70 digital camera and processed through Autopano Giga 4.2 

and Adobe Photoshop 2020. Visible images of the sample with a larger dimension (bison 

and tooth) were acquired with a stereo-microscope Leica® MZ6 connected to a Canon® 

power shot 550 digital camera. 

2.4.1.2. Assay procedure 

Samples were first incubated at room temperature under stirring for 1 h with a phosphate 

buffered saline (PBS)/milk5 blocking solution (PBS containing c = 5 % (g/L) non-fat 

dried milk (Sigma-Aldrich)). PBS for preparation of blocking solution and antibody 

solutions contained 10 mmol/L phosphate buffer and 137 mmol/L NaCl, with pH adjusted 

to 8.1. After washing for 5 min with PBS under stirring, they were incubated overnight at 

4°C with the rabbit anti-type I collagen polyclonal antibody (primary antibody, 0.90 

mg/mL stock concentration, ab34710, AbCam, Cambridge, UK) diluted 1000 times in 

PBS/milk1 (PBS containing c = 1 % (g/L) non-fat dried milk). Afterwards, the samples 

were washed (4x) with PBS under stirring and incubated for 4 h at 4°C with the polyclonal 

horseradish peroxidase (HRP)-labeled anti-rabbit IgG antibody produced in goat 

(secondary antibody, 0.68 mg/mL stock concentration, 12-348, Sigma-Aldrich Co., St. 

Louis, MO) diluted 500 times in PBS/milk1. Negative control tests for assessing the 

specificity were instead performed by using the polyclonal anti-chicken ovalbumin rabbit 

antibody (1.0 mg/mL stock concentration, ab181688, AbCam, Cambridge, UK) diluted 

1000 times in PBS/milk1 as primary antibody [14]. After incubation with the 
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immunoreagents, samples were washed again (4x) with PBS, then 50 µL - 100 µL of the 

SuperSignal ELISA Femto CL substrate for HRP (ThermoFisher Scientific, Inc., 

Rockford, IL) was added to completely cover the cross-section. Finally, a sequence of CL 

images (image integration time 30 s) was acquired using Olympus BX51M optical 

microscope (Olympus Corporation, Tokio, Japan) connected to a cooled ultrasensitive 

PRQRFKURPDWLF�5HWLJD�/XPR��&&'�FDPHUD��7HOHG\QH��3KRWRPHWULFV��7XFVRQ��$=���7KH�

microscope was enclosed in a homemade dark box to exclude any interference from 

ambient light. Live images of the samples were also acquired to assess the localization of 

the CL signals. To directly compare elemental and CL data of samples BI RS 1, semi-

quantitative intensities of the light signal were interpolated from the CL image along the 

laser ablation profile area using Icy 2.1.2.0 (icy.bioimageanalysis.org) and reported as 

relative intensities (i.e., scaled to the maximum value). To obtain a representative 

averaged signal of the area of interest, data from six equidistant lines were collected. 

Finally, a LOWESS smoothing filter (span 0.1) was applied to the resulting averaged 

signal using Origin 2020. The protocol is schematically described in Figure 2.4.  

 

Figure 2.4. Schematic representation of the CL-protocol on ancient bones and teeth. 

2.4.1.3. Laser ablation ICP-MS analyses 

The LA-ICP-MS elemental analysis was conducted using a 213-nm laser ablation system 

(New Wave Research Inc., Fremont, CA) coupled to an X-SeriesII quadrupole ICP-MS 

(Thermo Scientific) housed at the Centro Interdipartimentale Grandi Strumenti of the 

University of Modena and Reggio Emilia. A circular spot size of 80 µm, an energy density 

HRP 

Polished surface 

Polyester resin 

Target protein: 
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of about 5 J/cm2 and a repetition rate of 10 Hz were employed. Helium (0.6 L/min) was 

used as carrier gas. To avoid external contaminations, sample surface was carefully pre-

ablated before each analysis. The following masses were collected to possibly detect post-

depositional diagenetic modifications: 44Ca, 88Sr, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 
153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu and 238U. Backgrounds were 

corrected by subtracting the on-peak baseline signals collected during 45 s acquisition 

with laser off. Data were then internally calibrated using 44Ca (Ȧ = 26.9 % for dentin and 

Ȧ = 26.5 % for bone) and externally through NIST SRM 612 (trace elements in glass), 

following [80]. Relative standard deviations measured on NIST SRM 612 are better than 

10 %. Results of NIST SRM 1400 (bone ash pressed pellet, quality control) are reported 

in Table 2.1 and compared with reference values from the GeoReM database [81]. Limits 

of detection were calculated as three standard deviations of the blank signal, following 

[80]. A two-tailed t-test was performed on elemental data of low vs. high collagen areas, 

using a MATLAB script. Only data above the LOD were considered. Laser ablation 

imaging was performed with the same instrument, following the protocol described in 

Sforna and Lugli (2017) [79]. Specifically, the bone sample was mapped using unspaced 

line scans with a spot size of 50 µm, covering the whole sample surface. Maps were then 

built in a MATLAB environment, using MapIT! (see [79]). 

Table 2.1. Compositional data of the quality control reference material NIST SRM 1400 bone ash. Average 

and confidence interval (C.I.) are calculated based on 9 spot analyses (i.e., replicas). Limit of detections 

(LOD) are reported as 3ı of the blank. 

Element Average mass 

fraction (µg/g) 

C.I. 95 % 

(µg/g) 

Reference values in µg/g 

(from GeoReM) 

LOD 

(µg/g) 

Sr 241 237-245 210 - 274 (compiled: 249) 0.1 

Ba 243 223-262 240 - 308 (compiled: 240) 0.01 

La 0.407 0.223-0.592 0.01 - 0.46  

(compiled: 0.386) 

0.005 

Ce 0.710 0.446-0.974 0.009 - 0.94 

(compiled: 0.821) 

0.001 

Pr 0.077 0.046-0.108 0.008 - 0.094 

(compiled: 0.086) 

0.001 
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Nd 0.293 0.170-0.415 0.009 - 0.342 

(compiled: 0.316) 

0.003 

Sm 0.059 0.028-0.090 0.008 - 0.0664 

(compiled: 0.0595) 

0.002 

Eu 0.013 0.004-0.021 0.0136 0.001 

Gd 0.050 0.034-0.066 0.006 - 0.071 

(compiled: 0.064) 

0.004 

Tb 0.006 0.004-0.008 0.00885 - 0.01 

(compiled: 0.0096) 

0.0006 

Dy 0.058 0.040-0.076 0.009 - 0.0524 

(compiled: 0.0479) 

0.004 

Ho 0.010 0.006-0.014 0.009 - 0.012 0.001 

Er 0.023 0.018-0.028 0.008 - 0.0276 

(compiled: 0.0254) 

0.003 

Tm 0.005 0.002-0.007 0.003 - 0.009 

(compiled: 0.0034) 

0.002 

Yb 0.022 0.014-0.029 0.006 - 0.0237 (compiled: 

0.0183) 

0.005 

Lu 0.005 0.001-0.010 0.0034 - 0.009  0.002 

U 0.060 0.038-0.082 0.062 - 0.076 

(compiled: 0.066) 

0.0007 

 

2.4.2. Results and discussion 

2.4.2.1. Results 

In this study, seven archaeological bone fragments and one tooth have been analyzed by 

means of CL immunochemical microscopy imaging and LA-ICP-MS (Table 2.2 and 

Figure 2.5). Samples come from different ages and sites. Samples from the Middle-Upper 

Paleolithic were from caves, but from different ecogeographical of Italy with a different 

climate (i.e., RB38 from the Northern Italy, RSS1 and RSS2 from Southern Italy). 

Samples RSS1 and RSS2 were obtained from the same bone but they were considered 
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separately, since diagenesis could affect heterogeneously different areas of the same 

bone. 

Table 2.2. Bone and tooth samples analyzed in this study with relevant details. 
Sample Skeletal 

tissue 
Provenance Burial 

setting 
Age Taxonomy 

FK BI RS 1 Bone Rhine gravels 
(Upper Rhine 
Valley, Germany) 

Fluvial 
sediment 

Late 
Pleistocene 

Mammal 
(Bison sp.) 

S2 Bone Grotta della Cala 
(Salerno, 
Campania, Italy) 

Cave Middle-
Upper 
Paleolithic 

Mammal 

S37 Bone Castello della 
Motta of 
Savorgnano 
(Udine, Friuli-
Venezia Giulia, 
Italy) 

Open-air 
site 

Early 
Middle 
Ages 

Aves 

S40 Bone Castello della 
Motta of 
Savorgnano 
(Udine, Friuli-
Venezia Giulia, 
Italy) 

Open-air 
site 

Early 
Middle 
Ages 

Aves 

RB38 Bone Riparo del Broion 
(Vicenza, Veneto, 
Italy) 

Cave Middle 
Paleolithic 

Mammal 

RSS1 Bone Roccia San 
Sebastiano cave, 
Mondragone 
(Caserta, 
Campania, Italy) 

Cave Middle 
Paleolithic 

Mammal 

RSS2 Bone Roccia San 
Sebastiano cave, 
Mondragone 
(Caserta, 
Campania, Italy) 

Cave Middle 
Paleolithic 

Mammal 
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Velia_T440 Tooth Velia (Salerno, 
Campania, Italy) 

Open-air 
coastal 
site 

Roman 
Ages 

Mammal 
(Homo 
sapiens) 

 

Figure 2.5. Excavation sites of the skeletal samples considered in this study. The simplified geological map 

has been drawn using QGIS 3.18 (https://www.qgis.org/) by F.L., based on the geological map from [82]. 

Bone samples 

A Late Pleistocene bison bone (FK BI RS 1), which had been investigated in a previous 

study [83], [84], was submitted to the analytical protocol proposed. This bone fragment 

is a cross section of a Bison sp. tibia, exposing the entire cortical thickness (Figure 2.6a). 

The sample was chosen due to its peculiar preservation features having an outer rim (2-3 

mm) where, macroscopically, collagen is apparently highly degraded. Yet, the inner 

cortex portion is better preserved. Such a zonation is also evident from microchemical 

analyses performed previously on the bone itself [83]. Specifically, the trend of 



CHAPTER 2| CL immunoassay for proteins detection in ancient remains  

65 

 

decreasing C/N atomic ratio from 16.6 at the outer rim to 3.2 towards the center of the 

bone compacta reflects the strong incorporation of soil-derived humic matter in the outer 

bone area, also highlighted by the typical dark-brownish coloration [85]. The 

immunochemical analysis showed indeed the presence of the CL signal mainly localized 

within the internal part of the bone cortex (Figure 2.6b), with a lower content of collagen 

in the outer part of the specimen.  

This agrees with the expected preservation patterns, where collagen is likely to be better 

preserved in the inner part of bones, namely those areas less affected by alteration 

processes from the environment and microbial attack [35], [61], [86]. 

 

Figure 2.6. Stereomicroscope (left) and CL (right) images of the investigated sample FK BI RS 1 (1.25x 

magnification). Outer surface is on the left and the inner part is on the right. 

Subsequently, line-scan LA-ICP-MS analyses were performed on the sample to quantify 

its elemental content and cross-monitor the presence of potential elemental gradients 

linked to the differences in organic matter distribution observed through CL imaging.  

Our analysis indicated a well-recognizable gradient (Figure 2.7a) from the outside 

towards the inside of the bone fragment with a significant decrease in the mass fraction 

of Ba and Sr in the innermost better-preserved areas (from 1000 µg/g down to 300 µg/g 

for Ba and from 600 µg/g down to 375 µg/g for Sr). REE (expressed here as the sum of 

the REE content, i.e.��Ȉ5((��DQG�8�ZHUH�DOVR�PHDVXUHG�WR�EHWWHU�LQYHVWLJDWH�WKH�HOHPHQWDO�

behavior in well-preserved and altered areas (Figure 2.7b). Despite the high variance in 

PDVV�IUDFWLRQ�YDOXHV�DORQJ�WKH�VDPSOH��Ȉ5((�DQG�8�FOHDUO\�GHFUHDVH�VHYHUDO�RUGHUV�RI�

magnitude towards the inner part of the bone (from 200 µg/g down to 0.01 µg/g for U 
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DQG�IURP����J�J�GRZQ�WR�������J�J�IRU�Ȉ5((���7KH�LQQHUPRVW�SDUW�RI�WKH�FRPSDcta of FK 

%,�56����FORVH�WR�WKH�PHGXOODU�FDYLW\��GLVSOD\V�D�VOLJKW�HQULFKPHQW�LQ�Ȉ5((�DQG�8��7KLV�

latter, specifically, shows an increasing mass fraction from ca. 10000 µm (less than 0.1 

µg/g) to the right edge of the sample (up to 20 µg/g). It should be noted that this 

enrichment is approximately 10 times lower in terms of absolute mass fraction, compared 

with the outermost bones surface (Figure 2.7). Therefore, a different, though less 

SURPLQHQW��GLDJHQHWLF�HOHPHQWDO�XSWDNH�IURP�WKH�PHGXOODU�FDYLW\�ņ�OHIW empty after the 

decomposition and commonly infilled post-GHSRVLWLRQDO�E\�ORFDO�VRLO�ņ�RFFXUUHG� 

 

Figure 2.7. (OHPHQWDO��6U��%D��8�DQG�Ȉ5((��SURILOHV�DUH�FRPSDUHG�ZLWK�WKH�&/�FROODJHQ�VLJQDO�RI�).�%,�

RS 1 bone. Outer surface is on the left and the inner part is on the right. Spikes in Sr and Ba profiles at ca. 

5600 µm and 9000 µm possibly reflect the presence of post-depositional secondary bone porosity infills by 

diagenetic minerals or sediment. Note that U and Ȉ5((� DUH� UHSRUWHG� LQ� ORJ-scale. Semi-quantitative 

intensities of the light signal were interpolated from the CL image itself along the LA profile using Icy 

2.1.2.0 (icy.bioimageanalysis.org [87]) and reported as relative intensities (scaled to the maximum value). 

To obtain a representative averaged signal of the area of interest, data from six equidistant lines were 

collected. Finally, a LOWESS smoothing filter (span 0.1) was applied to the resulting averaged signal. 
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Several other bones (Table 2.2) were analyzed by the integrated CL and LA-ICP-MS 

approach to better elucidate the possible correlation between collagen loss and elemental 

uptake after burial. 

The use of the CL immunoassay on the selected samples allow to obtain well detectable 

CL signals for almost all the samples, even though with different spatial distributions 

(Figure 2.8).  

 

Figure 2.8. Optical microscope (top) and CL (bottom) images of investigated archeological faunal bone 

samples with known age and provenance (Table 1): (a, d) sample S37 (5x magnification, outer surface is 

on the top and the inner part is down), (b, e) sample S40 (1.25x magnification, outer surface is on the top 

and the inner part is down), (c, f) sample S2 (1.25x magnification, inner surface is on the top and the outer 

part is down), (g, j) sample RSS1 (1.25x magnification, inner surface is on the top and the outer part is 

down), (h, k) sample RSS2 (1.25x magnification, inner surface is on the top and the outer is down), (i, l) 
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sample RB38 (1.25x magnification, inner surface is on the top and the outer is down). LA-ICP-MS points 

of analysis are showed in CL images placeG�LQ�³KLJK´��RUDQJH��DQG�³ORZ´��JUHHQ��FROODJHQ�FRQWHQW�DUHDV� 

Sample S37 (Figures 2.8a and 2.8d) showed an intense CL signal spread all over the 

sample surface, as expected for a relatively modern bone specimen (Middle Ages). On 

the other hand, sample S40, coming from the same archeological context of S37, shows 

a more heterogeneous collagen preservation and distribution (Figure 2.8b and 2.8e). 

Sample S2 (Figures 2.8c and 2.8f) pertains to the Middle-Upper Paleolithic (>50 ka) and 

displays two distinct areas with different collagen contents. Specifically, the low-collagen 

area seems macroscopically characterized by the precipitation of secondary calcium 

carbonate minerals, as suggested by the yellowish coloration. Bone fragment RSS1 

(Figures 2.8g and 2.8j) and RSS2 (Figures 2.8h and 2.8k), which were collected from 

different areas of the same bone specimen, both exhibited stronger CL signals in the 

central area of the fragment. Sample RB38 (Figures 2.8i and 2.8l) did not show any 

significant CL signal, hence the signal was lower than the LOD [76].  

CL immunochemical investigations were integrated with LA-ICP-MS micro-chemical 

analyses. Ablation spots were selected based on areas with different collagen content 

based on CL images, aiming to obtain at least three LA spots per area (low vs. high 

collagen content). This allowed to gather specific information for the areas with 

GLIIHUHQWLDWHG�FROODJHQ�FRQWHQW��)RU�HDFK�ERQH�VDPSOH��DUHDV�FKDUDFWHUL]HG�E\�³KLJK´�DQG�

³ORZ´�FROODJHQ�FRQWHQWV�ZHUH�LGHQWLILHG�DFFRUGLQJ�to the CL results. The identification of 

areas with high or low collagen content is related to the presence or absence of the CL 

signal in the investigated area. When the CL signal is not detected (i.e., it is below the 

detection limit, which is 0.3 ng/spot [76]) the area is classified as low in collagen. 

Conversely, if the CL signal is easily detectable, the area is classified as having a high 

collagen content. The identification of the two different area typologies on the basis of 

the CL signal allowed to guide the selection of areas for the elemental analysis, 

identifying possible differences in diagenetic pathways among samples (Figure 2.9). 
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Figure 2.9. LA-ICP-MS spot analyses (ȈREE, U, Sr, Ba) on ³high´ (orange circles) and ³low´ (green 

squares) collagen areas of bone samples. These areas were visually selected based on CL images. A biplot 

of Ba vs. Sr content is reported to highlight inter-sample differences possibly arose in-vivo due to inputs 

such as diet, physiology, or local geology. A biplot of U vs. ȈREE content is also reported to highlight the 
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t-test results, showing the differences correlated to high and low collagen content areas in the bone 

specimens. Error bars (2 SE) are smaller than symbol size. Two-standard errors are calculated based on 

repeated measures (n = 9) of NIST SRM 1400 bone ash (Sr: ���J�J��%D������J�J��8�������J�J��Ȉ5((�������

µg/g). 

Table 2.3. Summary statics of LA-ICP-MS spot analyses on bone samples (i.e., S37, S40, S2, RSS1, RSS2 

and RB38). 

Element Sr (µg/g)  Ba (µg/g) Ȉ5((�(µg/g)  U (µg/g)  

Sampling 

area 

Low 

coll. 

High 

coll. 

Low 

coll. 

High 

coll. 

Low 

coll. 

High 

coll. 

Low 

coll. 

High 

coll. 

Mean 358 304 241 245 2.34 0.22 14.4 8.8 

St. Dev. 96 66 149 168 3.95 0.19 7.4 5.6 

Median 349 330 167 145 0.25 0.16 12.3 7.1 

Max 591 385 608 498 15.16 0.69 28.8 20.2 

Min 236 182 118 99 0.02 0.03 5.6 3.1 

t-test (low 

vs. high) 

p = 0.038 * p = 0.932 p = 0.021 * p = 0.007 ** 

Results obtained for these samples are summarized in Table 2.3. A two-tailed t-test 

VXJJHVWV�WKDW��RQ�DYHUDJH��6U��Ȉ5((�DQG�8�FRQWHQWV�DUH�VLJQLILFDQWO\�KLJKHU�LQ�DUHDV�ZLWK�

low collagen content (Figure 2.9). The t-test performed for Sr data is likely biased by 

sample RB38, which shows an enrichment in Sr content (ca. 550 µg/g; see Discussion; p 

after RB38 removal is 0.342). Being apparently compromised in terms of organic 

preservation, for RB38 a comparison with a well-preserved collagen area is lacking. After 

removing RB38 from the dataset, no significant differences can be observed in Sr content 

between low and high collagen content areas (two-tailed t-test; p = 0.342; Figure 2.9). In 

terms of Ba content, low- and high collagen content areas are statistically 

indistinguishable (two-tailed t-test; p = 0.932). 
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Additionally, to further investigate the correlation between elemental and collagen 

distributions in these bones, sample S2 was subjected to LA-ICP-MS imaging (Figure 

2.10). It is worth to notice that the normalization method employed for calculating 

absolute mass fraction in LA spots, i.e., using 44Ca as internal reference, might have 

smoothed potential differences in elemental mass fractions for those samples that have 

undergone recrystallization events. Ca content was indeed assumed as constant and equal 

to that of modern bone bioapatite (Ȧ ~ 26.5 %). 

 

Figure 2.10. Elemental images of sample S2 obtained by LA-ICP-MS. (a) Photomicrographs of the sample, 

(b) CL image of the collagen distribution, (c) 238U, (d) 137Ba, (e) 88Sr , (f) 175Lu (as REE content proxy).  

Note that the elemental images are not reported normalized to an internal standard but as raw cps (counts 

per second). Maps were obtained using a MATLAB 2010a script [79]. 

Tooth sample 

The integrated method was also applied to one tooth from a Southern Italy site of Roman 

Age (Velia_T440 [88], Figure 2.11a), to evaluate the correlation between collagen and 

element distribution in different types of skeletal remains. According to the tooth 
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composition, collagen was clearly localized in the dentin as shown by an intense CL 

signal, while, as expected, no signal was detected in the highly mineralized and collagen-

free enamel (Figure 2.11b).   

LA-ICP-MS spot analysis was performed on the dentin tissue (Figure 2.11c) according 

to the intensities of the CL signal, aiming at monitoring the diagenetic markers already 

observed for the bones. Specifically, data collected from spots D and E, in an area 

characterized by the absence of CL signal and thus with a likely poor collagen content, 

SUHVHQW�DV�H[SHFWHG�WKH�KLJKHVW�6U��%D�DQG�Ȉ5((�FRQWHQWV��2Q�WKH�FRQWUDU\��ORZHU�6U��%D�

DQG�Ȉ5((�FRQWHQWV�ZHUH�GHWHFWHG�LQ�DOO�RWKHU�VSRWV��FKDUDFWHUL]HG�E\�D�UHODWLYely high CL 

signal.  

 

Figure 2.11. Image of tooth Velia_T440 (1.25x magnification). a) Optical microscope, b) CL image with 

points of LA-ICP-MS spot analysis. Bright lines are due to fissures, c) LA-ICP-MS spot analyses (Ȉ5((��

U, Sr, Ba). Error bars (2 SE) are smaller than the symbol size. Two-standard errors are calculated based on 

repeated measures (n = 9) oI�1,67�650������ERQH�DVK��6U�����J�J��%D������J�J��8�������J�J��Ȉ5((�������

µg/g). 
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2.4.2.2. Discussion  

The results of this study clearly indicate different intra- and inter-sample states of 

preservation, leading to variable collagen and elemental composition even within the 

same sample. This may be ascribed to the heterogeneity of the degradation phenomena 

occurring after burial.  

Owing to the specificity and the selectivity of the CL immunochemical imaging analysis, 

it  was possible to unequivocally localize collagen [76] within skeletal samples of variable 

composition and preservation. It is worth noticing that the anti-collagen type I antibodies 

have high interspecies cross-reactivity [76], ensuring the identification of collagen in all 

the samples belonging to different species. Furthermore, the application of the integrated 

protocol revealed a strong correlation between organic content and the content of 

diagenetic marker elements (i.e., REEs and U) in bone and dentin.  

Uranium and REE have been already identified as diagenetic markers for bone 

fossilization, reflecting the surrounding post burial environment [63]. Both, U and REE 

are usually absent or only occur in very low mass fraction (< 1 µg/g) in fresh bone, but 

after burial they may be incorporated from groundwater and soil, increasing their mass 

fractions in specific areas of the buried bone [51], [56], [62]. Strontium and barium, on 

the other hand, are biomarkers for dietary reconstruction, in-vivo present within bones 

between tens and hundreds of µg/g (even less for Ba). However, their endogenous 

signature can be overprinted by post-depositional exogenous processes [42], [50]. This 

work revealed for the first time that diagenetic elemental markers for bioapatite could be 

applied for collagen preservation studies, due to their observed correlation with CL 

collagen signals. In our data, FK BI RS 1 showed high Sr and Ba values in the outer rim, 

coupled to U and REE enrichment, due to incorporation of elements from the surrounding 

environment within the bioapatite structure, possibly linked to a simple diffusion uptake 

model, as previously explained also by Ullman and colleagues [50], [52]. However, other 

bone samples showed remarkably variable Sr and Ba contents and lack of correlation with 

the degree of collagen preservation, highlighting a possible different diagenetic pathway. 

Indeed, differences in burial setting and/or postmortem element uptake processes could 

influence the differential digenetic alteration of Sr and Ba versus REE and U. As 
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expected, in LA-ICP-MS data a relatively high variability (see the coefficients of 

variation in Table 2.3, calculated as the std. deviation divided by the mean) was observed, 

as samples come from different taphonomic and temporal contexts. Moreover, as 

expected, diagenetic markers (i.e., REEs and U) show higher variability than Sr and Ba. 

The LA-ICP-MS mapping results on S2 emphasized what observed by spot analyses. 

Interestingly, U was preferentially distributed in those areas lacking collagen 

preservation, mimicking the macroscopically visible vein-like diagenetic infilling further 

corroborating the negative correlation between collagen and trace element diagenetic 

markers. Similarly, Ba seems more concentrated in the diagenetically altered portions. 

REEs content (here lutetium distribution) in S2 is too low to be meaningfully interpreted. 

Strontium seems more homogeneously distributed in the sample, with some higher 

contents within the secondary veins.  Moreover, in CL results the variability of collagen 

content was evident among samples from sites of similar ages (RB38, RSS1, RSS2) and 

also within the same specimen (RSS1, RSS2), suggesting that the environmental 

conditions and the post-burial histories of the bone samples may lead to very different 

conservation status. For instance, the absence of signal in RB38 agrees with the whitish 

coloration displayed, possibly indicating an exposure to high temperatures [89] that 

caused the degradation of organic matter. The different taphonomic contexts need also to 

be considered. Indeed, the local environmental setting (i.e., pH, temperature, humidity, 

soil composition) and the taxonomy (i.e., bone structure) can lead to different diagenetic 

pathways and histories [42], [50], [56], [60]. At the same time, the variability of the 

numerous in-vivo factors (i.e., diet, mobility, physiology), hamper the decoupling of the 

unaltered bone elemental signals and the diagenetic overprints. In general, our data 

indicate a negative correlation between the preservation of collagen (and, more generally, 

organic fraction) and the elemental uptake during diagenesis. As similar result was 

obtained in previous research [52], in which a possible correlation between REE and 

collagen was stated. However, this hypothesis has not been based on the direct and 

spatially resolved correlation between elemental and immunochemical data, for a specific 

bone area. On the contrary, the analytical approach presented here initially involved a 

sensitive spatial localization of collagen in different areas of the same sample, based on 

which the investigation of chemical diagenetic markers was conducted, thus obtaining 

effective information on the correlation of data with a high spatial resolution. As 
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highlighted, specific diagenetic histories need to be evaluated from case to case. For 

example, the low REE content of sample RB38, associated with an almost null CL signal 

across the whole specimen, indicates that the local diagenetic end-member is 

characterized by a depleted REE signature. Yet, the elevated U and Sr contents still 

suggest that these samples underwent strong post-depositional modifications. 

Because of the growing interest for teeth as biological archives of information, the 

combined organic and inorganic preservation of a tooth sample (Velia_T440) was 

investigated in order to better clarify dentin resistance to diagenetic alterations. Like 

bones, dentin contains high amounts of proteinaceous materials (ca. Ȧ = 20 %) and is 

prone to post-burial alterations, while enamel is a hard tissue composed by a small organic 

fraction (Ȧ < 5 %), whose major components are amelogenins [90]. The CL signal appears 

quite homogeneous, except for small areas macroscopically characterized by a darkish 

coloration. As expected, no CL response is visible within the tooth enamel. Results 

confirm the negative correlation between CL collagen signal and the relative enrichment 

of tracers for diagenetic alteration such as REEs. However, a site-specific diagenetic end-

member might influence the preservation of in-vivo elemental signals, as in the case of 

Velia_T440.  

It is worth to notice that U showed an unexpected trend in Velia_T440 compared to bones. 

Indeed, the highest U content is displayed in spot B, which is localized in a high-collagen 

DUHD�ZLWK�ORZ�Ȉ5((��6U��DQG�%D�FRQWHQWV��)RU�WKLV�WRRWK��Ȉ5((�VHHPV�WR�EHWWHU�SUHGLFW�

collagen degradation rather than U. Specifically, a remarkably high U content (up to ca. 

35 µg/g) was observed in the dentin, despite the relatively recent age of the sample. This 

may suggest that local groundwaters were rich in U, maybe due to geologically-related 

(i.e., volcanic) sources in the Campanian area [91]. Despite the seemingly poor elemental 

preservation of Velia_T440, collagen is still present and quite homogeneously distributed. 

Such evidence may indicate that, in this case, the diagenetic pathway was characterized 

by surface adsorption and/or complexations of ions with organic molecules (such as 

humic acids), with little collagen hydrolysis and limited reprecipitation of secondary 

mineral phases [92].  

The results have shown that the innovative integration between CL microscope 

immunochemical detection and LA-ICP-MS analysis allows a significant improvement 
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of the information achieved regarding the degree of diagenetic alteration in bones and 

teeth, thus clarifying and demonstrating for the first time the mutual relation between 

variations in element mass fraction and collagen preservation. 

To sum up, the diagenetic proxies considered in this study support the idea that post-

burial collagen degradation is linked with the alteration of the bone in-vivo element 

composition. In particular, the diagenetic markers REE and U seem to show a stronger 

negative correlation with the presence of collagen than Sr and Ba, which can not always 

be associated with diagenetic variations. However, case-specific post-burial pathways 

might lead to different resulting elemental contents and collagen preservations. Our work 

shows that the combination of in-situ CL immunochemical imaging, for the first time 

applied on archaeological samples, and elemental analyses may help to unravel bone 

diagenesis history and understand the link between the primary organic content and the 

alteration of the mineral phase. 

2.4.3. Conclusions 

The combination of CL imaging and LA-ICP-MS indicated that REE and U contents of 

bone or dentin may be used as diagnostic chemical markers for collagen preservation. 

Thus, based on the results of this study, LA-ICP-MS elemental data can be used to better 

constrain least altered bone or dentin areas with higher collagen contents, according to 

the mass fraction of these diagenetic markers.  

Exploiting the potentialities of CL imaging, future research studies will be focused on the 

combination of CL immunochemical analysis with NIR hyperspectral imaging to 

compare and integrate the information obtained to properly select well preserved area in 

bones and dentin to be submitted to C- and N-isotope analysis or DNA investigations.  
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2.5. Immunochemical analysis on teeth: amelogenin investigation 

Human remains, both bones and teeth, provide information for past reconstruction. Fossil 

proteins have been mainly analyzed by AAs racemization, sequencing approaches, MS-

based analyses, spectroscopy techniques and recently by immunochemical methods [93]. 

Bones remains have been more investigated, while studies of ancient proteins in tooth 

tissues are limited [94]±[99].  In last years, paleoproteomic renewed the interest in teeth 

proteins, due to the higher resistance of tooth tissues than bone matrix. 

Despite their low amount, enamel proteins could be less affected by diagenesis than 

dentin ones, thanks to the mineral protection. In more detail, amelogenin, the main enamel 

protein, is self-assembled in nanospheres, which create a hydrophobic core and leave 

charged residues in -NH2 and -COOH termini covering the surface of the spheres. The 

interaction between protein charges and HA assures their bond [100]. Thus, the 

amelogenin nanospheres are essential for the development of the mineral structure, and 

HA protect the protein preserving it overtime. The interest for this protein was mainly 

due to the possible sex determination [40], [94], [101].  In these previous works, 

amelogenin investigation has been achieved after protein extraction, digestion and LC-

MS/MS analysis.  

However, there is a lack of information about the spatial variation of the target proteins 

in teeth, that could be crucial to understand diagenetic processes. Moreover, the analysis 

of human teeth focused the attention on dentin proteins, mainly collagen, since collagen 

in dentin is metabolically stable during life [95].  

In odontology, different immunohistochemical methods were used trying to clarify 

amelogenin distribution and function during the tooth formation. Nevertheless, they 

disagreed about amelogenin localization: some identified it only in ameloblasts [102], 

[103], while others also revealed its presence in association with odontoblasts in dentin 

before mineralization and as reaction to injuries [30], [104], [105] . Indeed, odontoblasts 

can repair teeth producing tertiary dentin and amelogenin has shown a curative effect on 

injured teeth [30], [104]. All the studies agree about the higher concentration of this 

protein in dentin-enamel junction (DEJ).  
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In the light of the previous considerations, this work aims at developing a new analytical 

method for amelogenin X identification on teeth cross-sections and powders. For this 

purpose, firstly an immunochemical CL imaging protocol was developed on teeth cross-

sections. Secondly, an extraction from enamel powder and a CL immunochemical 

protocol on nitrocellulose membranes were elaborated. The first approach has the 

advantage to allow a sensitive identification and localization of the target protein on the 

sample surface. Despite the absence of the spatial information, the second approach: i) 

permits to extract the protein fraction encapsulated in HA crystals; ii) reduces the amount 

of sample needed; iii) allows the future development of a portable, fast and multiplex 

system for sex determination. 

The results have shown that the sensitive protocols permit a significant improvement of 

the information achieved regarding the amelogenin X distribution in teeth and within 

enamel, thus clarifying the spatial localization and the enamel structure.  

The present work was possible thanks to the collaboration with the Bones Lab (Ravenna 

Campus), Prof. Thomas Tütken (University of Johannes Gutenberg University of Mainz) 

and the Max Planck Institute for Chemistry (Alfredo Martínez García laboratory). 

2.5.1. Materials and methods 

2.5.1.1. Samples preparation 

For the development of the protocol and the building of a calibration curve, pure 

amelogenin X isophorm (recombinant, expressed in E. coli, SAE0117, Sigma-Aldrich) 

was dissolved in distilled water (0.1 mg/mL) and then six dilutions 1:3 (v/v) were 

prepared and spotted on nitrocellulose membranes (1 µL each spot). 

The teeth samples for the cross-sections, provided by the Bones lab, came from different 

contexts (period, location, type). One modern sample was included in the study as 

reference for the comparison with the ancient samples (Table 2.4). The samples were cut 

in half at the Bones Lab, and then documented at the M2ADL using a stereomicroscope 

Leica® MZ6 coupled to a digital camera Canon® power shot 550 with a resolution of 5.0 

MP with Tungsten WB correction. The images were processed with Zoom Browser EX 

software. Then, the specimens were embedded in Implex® polyester resin and polished 
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using abrasive paSHU�0LFURPHVK��JULW� ���-12000 [106]. All the cross-sections were 

documented after polishing with the stereomicroscope and an optical microscope 

OLYMPUS® model DP70. 

Table 2.4. Description of teeth samples used for cross-sections. 

Sample 

Name 
Provenance Details Period Origin Type 

Health 

status 

Mod_36_1 NA 
Upper 

right 
Modern Human Deciduous 

No 

caries 

RP1 Roccapelago NA 

XVI-

XVII 

cenutury 

Human, 

mummy 
Permanent 

No 

caries 

RM1_1 Roccapelago 

Molar 1, 

upper 

right 

XVI-

XVII 

cenutury 

Human, 

mummy 
Permanent 

No 

caries 

For the development of the extraction protocol from enamel powder, a Loxodonta 

africana (AG-Lox) enamel powder, provided by Prof. Tütken and already grinded at Max 

Planck Institute for Chemistry, was used as reference sample.  

2.5.1.2. Assay procedure on cross-sections 

The immunochemical method used was an indirect, non-competitive CL immunoassay. 

This means that a two-antibodies system is required: the primary Ab bounded directly to 

the Ag, while the secondary Ab bounded to the primary one. Non-competitive 

immunoassay involves an excess of labelled antibody. 

Samples were first incubated vertically in falcon tubes at room temperature for 1 h with 

a phosphate buffered saline (PBS)/milk5 blocking solution (PBS containing 5 % (w/v) 

non-fat dried milk (Sigma-Aldrich)). The samples were stirred every 15 minutes using a 

vortex. PBS for preparation of blocking solution and antibody solutions contained 10 

mmol/L phosphate buffer and 137 mmol/L NaCl, with pH adjusted to 7.4. After 1 washing 



CHAPTER 2| CL immunoassay for proteins detection in ancient remains  

80 

 

for 5 min with PBS under stirring, they were incubated overnight at 4°C with the rabbit 

anti-amelX polyclonal antibody (primary antibody, 1 mg/mL stock concentration, PA5-

31286, Invitrogen, Cambridge, UK) diluted 1:1000 (v/v) in PBS/milk1 (PBS containing 

1 % (w/v) non-fat dried milk). Afterwards, the samples were washed (4x) with PBS under 

stirring and incubated for 4h at 4°C with the polyclonal horseradish peroxidase (HRP)-

labeled anti-rabbit IgG antibody produced in goat (secondary antibody, 0.68 mg/mL stock 

concentration, 12-348, Sigma-Aldrich Co., St. Louis, MO) diluted 1:500 (v/v) in 

PBS/milk1. Negative control tests for assessing the specificity were instead performed 

both without primary antibody and using the polyclonal anti-chicken ovalbumin rabbit 

antibody (1.0 mg/mL stock concentration, ab181688, AbCam, Cambridge, UK) diluted 

1:1000 (v/v) in PBS/milk1 as primary antibody [14]. For a comparison with collagen 

distribution, the anti-type I collagen polyclonal antibody (primary antibody, 0.90 mg/mL 

stock concentration, ab34710, AbCam, Cambridge, UK) 1:1000 (v/v) in PBS/milk1 was 

used. After incubation with the immunoreagents, samples were washed again (4x) with 

PBS, then 50 - 100 µL of the SuperSignal ELISA Femto CL substrate for HRP 

(ThermoFisher Scientific, Inc., Rockford, IL) was added to completely cover the cross-

section. Finally, a sequence of CL images (image integration time 240000 ms and 120000 

ms) was acquired using Olympus BX51M optical microscope (Olympus Corporation, 

7RNLR��-DSDQ��FRQQHFWHG�WR�D�FRROHG�XOWUDVHQVLWLYH�PRQRFKURPDWLF�5HWLJD�/XPR��&&'�

camera (Teledyne, Photometrics, Tucson, AZ). The microscope was enclosed in a 

homemade dark box to exclude any interference from ambient light. Live images of the 

samples were also acquired to assess the localization of the CL signals. The protocol is 

schematically described in Figure 2.12. 
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Figure 2.12. Schematic representation of the protocol: a) sample submerged in the blocking solution for 1 

h; b) addition of the primary Ab solution (overnight); c) addition of the secondary Ab solution (4 h); d) 

substrate addition for signal detection. 

2.5.1.3. Assay procedure on powders 

For the extraction from enamel powder, 1 mg of Loxodonta africana enamel powder was 

weighed in an Eppendorf tube. Then, hydrochloric acid (HCl, 1.6 M, 20 µL/mg) was 

added and after different times (5, 10, 20, 30 minutes) it was slowly removed. The powder 

was washed 2 times with PBS, then resuspended in PBS and ultrasonicated for 10 

minutes. From the supernatant, 1 µL was taken and spotted on nitrocellulose membrane. 

The immunochemical protocol applied was the same previously developed for the 

standard protein. Membranes were rinsed in PBS, transferred in a petri dish and then 

covered with a PBS/milk5 blocking solution (PBS containing 5 % (w/v) non-fat dried 

milk (Sigma-Aldrich)) at room temperature for 1 h. As for the cross-sections, PBS 

contained 10 mmol/L phosphate buffer and 137 mmol/L NaCl, with pH adjusted to 7.4. 

After 1 washing for 5 min with PBS, they were incubated for 1 h at room temperature 

with the rabbit anti-amelX polyclonal antibody (primary antibody, 1 mg/mL stock 
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concentration, PA5-31286, Invitrogen, Cambridge, UK) diluted 1:1000 (v/v) in 

PBS/milk1 (PBS containing 1 % (w/v) non-fat dried milk). Afterwards, the samples were 

washed (3x) with PBS and incubated for 1 h at room temperature with the polyclonal 

horseradish peroxidase (HRP)-labeled anti-rabbit IgG antibody produced in goat 

(secondary antibody, 0.68 mg/mL stock concentration, 12-348, Sigma-Aldrich Co., St. 

Louis, MO) diluted 1:500 (v/v) in PBS/milk1. Negative control tests for assessing the 

specificity were instead performed without primary antibody. After incubation with the 

immunoreagents, samples were washed again (3x) with PBS, then 50 - 100 µL of the 

SuperSignal ELISA Femto CL substrate for HRP (ThermoFisher Scientific, Inc., 

Rockford, IL) was added to completely cover the membranes. Finally, a sequence of CL 

images (image integration time 30000 ms and 60000 ms) was acquired using Olympus 

BX51M optical microscope (Olympus Corporation, Tokio, Japan) connected to a cooled 

XOWUDVHQVLWLYH� PRQRFKURPDWLF� 5HWLJD� /XPR�� &&'� FDPHUD� �7HOHG\QH�� 3KRWRPHWULFV��

Tucson, AZ).  

2.5.2. Results and discussion 

2.5.2.1. Optimization of experimental conditions 

The performance of the assay and the sensitivity of the immunoreaction can be improved 

optimizing several parameters, such as antibody concentration, incubation time, blocking 

solution concentration and washings steps. This is fundamental to reduce the aspecific 

binding of the immunoreagents. 

The preliminary optimization was conducted on target protein on nitrocellulose 

membrane to evaluate the performance of the method and the specificity of the antibody. 

For the optimal performance of the immunoassays, an excess of both the primary and the 

secondary antibodies is required to bind all the target protein molecules in the sample and 

to reveal all the target-bound primary antibody, respectively. Nevertheless, a high excess 

of the immunoreagents should be avoided because it would increase the amount of 

aspecific binding to the cross-section, thus giving stronger background CL signals. Figure 

2.13 shows the results obtained with the optimal conditions (blocking solution 5 % (w/v) 

RI�PLON�IRU���K��$E¶��������Y�Y�IRU�� K��$E¶¶�������Y�Y�IRU���K���)LJXUH�����D�VKRZV the 

CL images of nitrocellulose membranes with amel-X spots. The signal was clearly visible 
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confirming the possibility to perform selective identification of the protein on real 

samples. According to these results, a calibration curve was obtained for the target protein 

(Figure 2.13b) and the detection limits of the assays, estimated as the amount of protein 

giving a CL signal corresponding to the background signal plus 3 times its standard 

deviation, were estimated. In Table 2.5 are reported the values obtained. The limits of 

detection (LOD) was 1.3-2 µg/mL.  

Table 2.5. Table with concentrations of the protein solutions and signal detected. 

Concentration (µg/mL) Signal 

0.00 113225.6667 

1.37 333 692 

4.11 2 265 265 

12.33 5 764 523 

37.00 19 759 202 
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Figure 2.13. CL immunolocalization obtained with the optimized protocol of amel-X with different 

concentrations. a) CL images of nitrocellulose membranes; b) calibration curve obtained showed a LOD of 

1.3-2 µg/mL. 

A critical step was the application of the developed protocol on the porous tooth surface 

trying to reduce the aspecific adsorption of the immunoreagents. Different concentrations 

of the blocking solution were tested in different immunolocalization tests, in particular 5 

% (w/v) and 8 % (w/v) of non-fat dried milk in PBS. The one that provided the optimal 

analytical performance was 5 % (w/v) as seen on nitrocellulose membranes too. Different 

blocking solution methods were also evaluated. During the first tests, samples were 

soaked in the blocking solution and left under stirring for 1 h. Then, the protocol was 

modified and the cross-sections were put in a vertical position in Falcon tubes, completely 

covered by the solution. Instead of 1 h under stirring, the tubes were stirred every 15 

minutes avoiding aspecific signals in the CL images. 
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In addition to this, the solution was stirred and ultrasonicated before the use, in order to 

be sure that the milk was completely dissolved in PBS. 

During the acquisition of the first CL images, it was noticed that the interface between 

outer enamel and resin produced a high CL signal. This was probably due to the smooth 

enamel surface, which did not allow a complete adhesion of the resin. To avoid this 

aspecific signal, the outer surface of the tooth was gently roughed with abrasive paper 

before the embedding to obtain a rougher surface. The same was done with the cavity due 

to the pulp chamber. 

As concern the antibodies concentrations, the proper dilutions were the same used for the 

nitrocellulose membranes: 1:1000 (v/v) for the primary antibody and 1:500 (v/v) for the 

secondary antibody. 

2.5.2.2. Cross-sections 

The samples embedded in resin were three. The first one was a deciduous tooth from 

modern ages and thus used as a reference, while the other two came from the same 

archaeological site. The context of these two samples promoted the natural 

mummification of the remains. This process should guarantee the preservation of the 

samples, since it is known to preserve biomolecules due to cold temperatures or low 

oxygen levels [107]. 

For each sample were performed 4 different experiments: one negative without primary 

antibody, one negative with anti-OVA antibody, one for amel-X, one for collagen to 

better understand the spatial variation of the target protein. The signal was localized 

accordingly to the CL signal represented by the white light in the CL images. 

In the deciduous modern tooth (Mod_36_1) the amelogenin signal was expected in the 

DEJ, but also in the dentin area, because ameloblasts occur in deciduous teeth dentin and 

have a key role in their development and crystallization [104]. It was also possible to 

notice a higher intensity of the signal near the pulp chamber (see Figure 2.14a), where 

odontoblasts are located. Indeed, the capability of odontoblasts to secrete amelogenin was 

demonstrated [30], [108]. 
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On the contrary, collagen signal was homogenously distributed in the dentin, as expected. 

The two negative tests confirmed the actual presence of the two proteins, according to the 

absence of signal in DEJ and dentin. 

The magnifications (Figure 2.15) confirmed what mentioned above. 

 

Figure 2.14. Live image and CL images of amel-X (a), collagen (b), negative (c), OVA (d) tests of sample 

Mod_36_1. 

Figure 2.15. 5x magnification details of Mod_36_1; comparison of amel-X, collagen, OVA and negative 

tests of the DEJ area. Aspecific signal is present in some images due to irregularities of the surface. 

Especially cracks appeared or disappeared after polishing the sample. 

The other two samples (RP1 and RM1_1) were permanent teeth from the site of 

Roccapelago (Modena). In sample RP1 (Figure 2.16) the CL signal confirmed the 

presence of amelogenin in DEJ area, according to the previous studies that investigated 
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the proteins presence in the DEJ and adjacent protein containing enamel matrix layer of 

healthy human molar teeth [108]. 

 

Figure 2.16. Live image and CL images of amel-X (a), collagen (b), negative (c), and OVA (d) of sample 

RP1. 

Instead of what reported in literature [104], the zebra pattern was not detected. According 

to literature, the amelogenin in enamel shows alternating positive zones near the DEJ and 

in the outer enamel surface (OES), and a negative area between them [104]. However, 

the quantification of the protein was not reported. 

It is known that proteins in mature enamel constitutes 1 % up to 3 % of the weight and 

vary in each sample according to enamel weight [90], [104]. The enamel weight is 

between 0.17 g (second incisor) and 0.59 g (first molar) [109], hence the relative amount 

of amelogenin should be in the range of mg. In the case of sample RP1, the range should 

be in the range of 2-5 mg, considering that it was a molar. However, even if the 

amelogenin amount was higher than the LOD of the protocol, the protein was localized 

only in the DEJ. This result is in agreement with what reported in literature about the 

predominantly presence of the organic components close to the DEJ [90]. However, the 

strong signal present in the DEJ could be justified not only by the actual presence of the 

protein, but also by the morphology of the DEJ, that shows the dentinal tubules and 

enamel prisms interruption [110], [111]. The absence of the enamel prisms facilitates the 
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detection of amelogenin in this area. Moreover, the DEJ is less subjected to environmental 

alteration and it is the most well-preserved in the fossil record [112]. 

The authenticity of the results obtained was confirmed by the comparison with the two 

negative tests and with collagen distribution. In fact, collagen was homogenously 

detected in the dentin. Some magnifications of the DEJ are reported in Figure 2.17. 

Figure 2.17. 5x magnification details of RP1; comparison of amel-X, collagen, OVA and negative tests of 

the DEJ area. Aspecific signal is present in some images due to irregularities of the surface. Especially 

cracks appeared or disappeared after polishing the sample. 

On the contrary, sample RM1_1 showed a homogenous CL signal of both amelogenin and 

collagen in dentin (Figure 2.18). The homogenous distribution of the amelogenin in the 

dentin was also visible in the magnifications (Figure 2.19), while it was not detected in 

the OES.  
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Figure 2.18. Live image and CL images of amel-X (a), collagen (b), negative (c), and OVA (d) of the 

sample RM1_1. 

Figure 2.19. 5x magnification details of RM1_1; comparison of amel-X, collagen, OVA and negative tests 

of the DEJ area. Aspecific signal is present in some images due to irregularities of the surface. Especially 

cracks appeared or disappeared after polishing the sample. 

Previous studies investigated the possible presence of amelogenin in deciduous teeth 

dentin [104], [108] and the possible secretion of this protein by odontoblasts, the cells 

which allow dentin formation and maintenance [30]. These studies demonstrated that also 

in mature odontoblasts amelogenin could be present, but its content decreases with the 

growth [30]. Moreover, amelogenin expression in odontoblasts was detected in case of 
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vitamin D deficiency, in presence of osteoporosis-like phenotype [30] or in association 

with a weak health status or injuries [30], [104], [113].  

The absence of the signal in the OES in both the last samples could be due to the 

morphological and mineralogical features of the enamel. In fact, HA crystals encapsulate 

the nanoscale particles of amelogenin. This interaction protects the protein, thus when the 

immunoreagents interact with the sample surface during the incubation, the crystals may 

create shield that does not allow the antibody to bind the target protein. 

Previous immunofluorescence studies performed on thin sections (5-10 µm) 

demonstrated the presence of amelogenin in the OES [30], [104], [108]. However, the 

samples were subjected to a demineralization before the analysis, confirming the 

hypothesis of the encapsulation of the protein. For this reason, an investigation of modern 

enamel powder, considerable as reference, was conducted. 

2.5.2.3. Powders 

In order to demonstrate the possible encapsulation of amelogenin in HA crystals, an 

amelogenin extraction on enamel powder was developed. AG-Lox was used as a 

reference modern powder to develop the protocol. 

The extraction was performed in 1.6 M HCl, testing different times (5, 10, 20, 30 minutes) 

to identify the one with the maximum of protein concentration. The analyses were done 

in triplicate, which means that the same protocol was repeated on three different samples. 

The values obtained were then interpolated with the calibration curve to quantify the 

different amounts of protein. The results showed an increasing of the signal with the 

maximum at 20 minutes of extraction (~4.5 µg/mL) and then a decreasing, probably due 

to the effect of the acid on protein structure after a longer time (Figure 2.20, Table 2.6). 

Low times were not able to release the protein from the HA crystals, while long times 

attacked the protein too. The presence of signal after the extraction demonstrated the 

necessity of a demineralization step to have the Ag available for Ab bond.  
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Figure 2.20. CL images of nitrocellulose membranes acquired at 30000 ms. The spots represent the 

amelogenin X signal after different times of extraction (from 5 to 30 minutes) from 1 mg of AG-Lox 

powder. The highest concentration was detected after 20 minutes of extraction. The negatives were 

performed in absence of the primary antibody. 

Table 2.6. Table with concentrations of the amelogenin extracted from AG-Lox powder with different 

times (5, 10, 20, 30 minutes). 

Time in HCl Replicates Concentration (µg/mL) 

5 min 

R1 1.5 

R2 1.2 

R3 1.6 

10 minutes 

R1 1.6 

R2 1.5 

R3 0.9 

20 minutes 

R1 4.4 

R2 4.9 

R3 4.1 

30 minutes R1 3.6 
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R2 3.6 

R3 3.8 

To exclude a possible loss of protein material, a test on the removed HCl was done. The 

acid was removed and left to evaporate overnight, the residues were resuspended in PBS 

and submitted to the protocol (spot on nitrocellulose membranes, blocking solution, 

primary and secondary Ab). The results were negative, demonstrating that no loss 

occurred during the extraction. 

Firstly, the results showed a good reproducibility among different replicates. Secondly, it 

was possible to select 20 minutes as the optimal time for the procedure. 

2.5.3. Conclusions and further perspectives 

A chemiluminescence immunochemical protocol for proteins detection and localization 

in tooth cross-sections was developed in this work. Different teeth were analyzed, and the 

optimization of the experimental settings allowed the successful localization of collagen 

and amelogenin X in teeth. In detail, the protocol was effective for the detection of 

collagen, which was homogenously localized in the dentin. It was also selective for the 

amelogenin X, as demonstrated with the pure protein, and it was localized in the DEJ 

area.  

However, amelogenin X was not detected in the OES and for this reason an extraction 

protocol was developed on enamel tooth powder. The developed method proved the 

effective encapsulation of the protein in HA crystals with a consequent reduction of 

protein availability to the Ab-Ag reaction on the cross-section surface.  

The protocol developed on powder has to be implemented testing archaeological powders 

and testing anti-amelogenin Y antibody too. This could be a turning point for a fast sex 

determination, using only 1 mg of powder and thus saving the sample. Moreover, the 

protocol could be also optimized to reduce the amount of powder needed. 

The development of a fast acidic treatment of tooth cross-sections could also be 

interesting to evaluate the possible localization of the protein exploring a wider range of 
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situations (e.g., carious teeth, different burial settings, periods). This could be useful both 

for diagenetic investigations and for sampling for further analysis. 

This work overcame the gap in literature, clarifying better amelogenin distribution and 

enamel structure and suggesting new frontiers in sex determination of archaeological 

remains. 
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3.1. MicroNIR spectroscopy applied to cultural heritage 

Near infrared (NIR) region goes from 780 to 2500 nm (from 12820 cm-1 to 4000 cm-1) 

and it has been widely applied in food, pharmaceutical and forensic fields [1]±[4]. NIR 

spectrometers can be applied on liquid samples in transmission mode, or on solid samples 

in reflectance mode [5]. They have been used as both in bench and portable systems, 

developing miniaturize instruments. The main advantages of a miniaturized NIR 

spectrometer are to be fast, non-invasive, cost effective, to have a high-penetration 

radiation beam and to require no sample preparation [5]. Moreover, the miniaturization 

allows an on-site investigation of samples in different fields.  

In last decades, it has been also applied on cultural heritage, thanks to the possibility to 

carry out analyses on-site without moving the work of art in a lab, allowing investigations 

also on immovable or precious cultural heritage. There are studies especially on stones 

[6], paintings [6], [7] and illuminated manuscript [8], [9], using optical fibre spot 

reflectance spectroscopy with different spectral range according to the type of sensor. 

Recently, researchers have shown a growing interest in archaeological field taking into 

account the possibility to use NIR spectrometers to investigate ancient bones [10]±[12]. 

NIR spectroscopy is based on the interaction between NIR radiation and sample, 

according to its chemical composition, leading to a spectrum with weak absorption bands. 

This region is useful because combination and overtone bands are not distorted by 

specular reflection, and they provide important chemical information. However, in this 

range only functional groups containing N-H, C-H, O-H, C-O and C-C bonds produce 

significant vibrational bands and they are broader and sometimes overlapped than the 

fundamental ones [3]±[5], [13], [14]. Moreover, if the surface is not planar, these peaks 

are enhanced by volume reflection. 

Due to the weak and broad bands in NIR spectra, chemometric elaborations are essential 

to extrapolate and interpret relevant information. Indeed, other factors complicate NIR 

spectra, such as water, scattering effects or instrumental noise, making difficult to resolve 

usable baseline for peak-high or peak-area quantitative investigations as in mid-IR. For 

these reasons, adequate spectra processing is fundamental. Among the most used 

elaborations there are normalization methods to reduce instrument sensitivity effects, 
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derivatives to eliminate insignificant baseline changes and smooth to reduce instrumental 

noise [4], [5]. 

3.2.  Chemometrics applied to NIR spectroscopy 

Chemometrics is the chemical discipline in analytical chemistry, that interprets and solves 

multivariate problems. The International Chemometric Society defines this discipline as 

follow: 

³&KHPRPHWULFs is the chemical discipline that uses mathematical and statistical methods 

a) to design or select optimal measurements procedures and experiments, and b) to 

provide the maximum useful information for chemical problems, by analyzing chemical, 

SK\VLFDO�RU�WKHRUHWLFDO��FRPSXWHG��GDWD�´ 

Chemometrics represents the fusion and cooperation between mathematics and 

chemistry. Historically, NIR spectroscopy provided an important increase of 

chemometric application between 1980 and 1990, in particular in food and 

pharmaceutical field [15].  

On complex matrix, such as different cultural heritage materials, univariate 

investigations, which consider one variable at a time, are not adequate. On the contrary, 

multivariate methods are able to consider the whole information obtained from the 

analysis [15], [16]. Chemometric elaborations are a useful strategy for chemists to screen 

their samples understanding which factors are fundamental in a process, such as using 

unsupervised exploratory analysis. Moreover, they offer the opportunity to optimize data 

for a clearer interpretation and to save time applying some data preprocessing. Finally, 

chemometric allows qualitative and quantitative analysis using simpler classification 

supervised analysis or more complex models, such as regression analysis [15], [17].  

Data collected with different methods are usually organized in matrices, composed by 

rows, which correspond to samples, and columns, which correspond to each variable 

measured. Before any type of data interpretation, a correction of undesired effects must 

be done. 
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3.2.1. Data preprocessing 

Different mathematical elaborations have been used according to the type of data and to 

the type of undesired effects. Focusing on NIR spectra, the main problems are vertical 

shifts and drifts, overlapping of different signals, random noise and undesired systematic 

variations (Figure 3.1) [4]. Some problems could be caused by the sample surface or to 

investigation conditions or to the instrument setting. However, in many cases some rows 

and columns elaborations of data matrices are needed to compress data, to emphasize 

small differences and to correct all distortions after data acquisition. This elaboration after 

the acquisition reduces the time of analysis, allowing investigation on more samples [17].  

 

Figure 3.1. Undesired signal effects in NIR spectra: baseline shift, baseline drift and global intensity effect. 

Row centering 

Row preprocessing allows a correction of systematic differences among signals, acting 

on each one. 

Each signal (ݕ), defined by V variables (e.g., the absorption values in a NIR spectrum), 

is corrected individually by subtracting its mean value (ݕത) from each single value (ݕǡ௩). 

The values of the row-centered signal (ݕǡ௩כ ) are obtained by [17]: 

כǡ௩ݕ ൌ ǡ௩ݕ െ  ത                    (3.1)ݕ

Row centering removes systematic location differences, especially baseline shifts, from 

a set of signals. This happens because, after transformation, the mean value of each signal 

is equal to 0 [17]. 
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Standard normal variate transform (SNV) 

Standard normal variate transform (SNV) is a mathematical technique used to transform 

signal, especially applied in spectroscopy, that is useful to correct baseline shifts and 

global intensity variations [17].  

Each signal (ݕ) is row-centered and then scaled by dividing the single values by the 

signal standard deviation ( ܵ). The values of the SNV transformed signal are obtained by 

the formula [17]: 

כǡ௩ݕ ൌ ௬ǡೡି௬ത
ௌ

                    (3.2.) 

After the elaboration, each signal presents a mean value equal to 0 and a standard 

deviation equal to 1, with both location and dispersion systematic differences corrected. 

SNV has the distinctive potential to shift informative regions all along the signal range; 

therefore, the original results interpretation may be misleading [17], [18]. 

Derivation after smoothing 

The numerical differentiation of digitized signals allows different applications according 

to the derivation order, such as signal resolution improvement, increasing of the apparent 

resolution of overlapping peaks, emphasis of small structural differences between nearly 

identical signals, and correction of baseline shifts and drifts. In case of spectra, it means 

that inflection points in close peaks become turning points in derivatives [15], [17], [19].  

In more detail, the first derivative of a signal ݕ ൌ ݂ሺݔሻ is the rate of change of ݕ with ݔ 

(i.e., ݕᇱ ൌ ݕ݀ Τݔ݀ ), which can be described as the slope of the tangent to the signal at each 

point. It returns null segments in correspondence to constant bands of the original signal 

and provides a correction for addictive effects [17]. 

The second derivative can be defined as a further derivation of the first one (ݕᇱᇱ ൌ

݀ଶݕ ଶΤݔ݀ ) and it describes a measure of the curvature of the original signal, thus the rate 

of change of its slope [17].  
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A disadvantageous effect of derivation could be an increase of the noise signal, which is 

typically characterized by high-frequency slope variations. To overcome this problem, 

smoothing algorithms have been applied, such as the Savitzky-Golay, which is a moving 

window averaging method permitting a simultaneous smooth and derivation of data [15], 

[17], [20], [21]. 

Column preprocessing (centering and autoscaling) 

Column preprocessing is applied on data to act on each variable individually correcting 

systematic differences among variables. We can distinguish between column centering 

and column autoscaling. 

Column centering corrects individually each variable that defines a set of signals. This is 

mathematically calculated subtracting its mean value (ݕ௩ഥ ) from each value (ݕǡ௩), as in the 

following formula [17]: 

כǡ௩ݕ ൌ ǡ௩ݕ െ  ത௩                    (3.3.)ݕ

After transformation, the mean value of each column is 0, to eliminate systematic location 

differences among variables. 

Column autoscaling is often a default data pretreatment and it is particularly useful for 

data of different type. From a mathematical point of view, each variable mean value (ݕത௩) 

is subtracted from each of its values and then divided by its standard deviation (ܵ௩). The 

autoscaled values are defined by [17]: 

כǡ௩ݕ ൌ ௬ǡೡି௬തೡ
ௌೡ

                    (3.4.) 

This column treatment permits to eliminate systematic location and dispersion differences 

among heterogenous variables, assigning them the same importance and increasing 

differences among samples. In case of IR spectra, in which variables present the same 

nature and measurement unit, autoscaling could be useful in case of relatively low mean 

value and/or standard deviation, which enclose fundamental information. Otherwise, this 

operation could cause a reduction of signal-to-noise ratio, giving the same importance to 

noise and signals [17]. 
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3.2.2. Data processing 

Principal components analysis (PCA) 

Principal Component Analysis (PCA) is the most used multivariate statistical methods in 

chemometric, thanks to the possibility to explore patterns in data. PCA is an unsupervised 

explanatory method that searches for directions of maximum variance, within a 

multivariate data space, based on the idea that high variance (i.e., high variability) 

corresponds to large quantity of information. Thus, PCA represents a reduction of large 

and complex matrices in simpler ones, preserving their information. The searched 

directions take the name of principal components (PCs) and they are orthogonal, implying 

that they are not inter-correlated and they never take into account duplicate information, 

minimizing the squared reconstruction error. Therefore, first PC describes the maximum 

variance, while the second one is the direction with higher variance among directions 

orthogonal to the first one. In other words, PCs are new variables compounded by the 

linear combination of the old ones multiplied with coefficients called loadings. Loadings 

are mathematically described as the expression of the cosine of the angles between the 

PCs and the original variables, representing their role in PCs definition: if the absolute 

value of the cosine is high, the two directions are closer and its contribution for the PC 

definition is higher [15], [17], [22], [23]. The graphical result is a rotation of the original 

space in PCs space, mathematically described as:  

ܵே ൌ ܺேܮ                    (3.5.) 

where S is the score matrix, X is the original matrix and L is the loading orthogonal 

matrix. 

The widely use of PCA is attributable to the possibility to obtain plots using two or three 

PCs representing the objects (score scatter plot), the original variables (loading plots) or 

both (biplots). Score scatter plots allow the observation of the objects distribution in the 

plane described by two or three selected PCs, providing information about 

multidimensional structures existing among the objects, such as similarity, groupings, and 

trend patterns. Loading plots are bi-dimensional representations of the loading values of 

the original variables on two selected PCs, providing information about the importance 
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of the variables and about their inter-correlation, with respect to the fraction of variance 

(i.e., information) explained by those PCs. Relationships existing between variables and 

objects can be described by joint examination of loading and score plots [15], [17], [22], 

[23]. 

Regression: Partial Least Squares (PLS) 

Partial Least Square (PLS) is a regression technique, namely a statistical method to 

provide model for quantitative predictions on unknown samples. PLS literally signify 

projections onto latent structures, called latent variables (LVs), which are directions in 

the predictors space. This means that the first LV is defined by the maximum covariance 

with the selected response variable. Then it is subtracted from both the original predictors 

and the response [15], [17]. 

The optimal number of LVs is defined evaluating the prediction error with the best 

validation strategy. The two main parameters used are standard deviation of the error of 

calibration (SDEC), if calculated with the objects used for model building, or standard 

deviation of the error of prediction (SDEP), if calculated with different objects. Usually, 

the calibration error decreases with a higher number of LVs, because of the fitting 

increment. On the contrary, it increases in case of a too simple model with a low number 

of LVs. In order to solve this problem, an accurate choice of the number of LVs can be 

done for instance selecting the SDEP absolute minimum [15], [17]. 

7KH�GDWDVHW�XVHG�IRU�PRGHO�FUHDWLRQ�LV�FDOOHG�³WUDLQLQJ�VHW´��ZKLOH�WKH�GDWDVHW�RI�XQNQRZQ�

VDPSOHV� LV� FDOOHG� ³WHVW� VHW´�� 7KH� FRQILguration of the training set is essential for a 

successful result. Indeed, if it is not clear or too small, the prediction will be difficult and 

the error increases. For the evaluation of the predictive accuracy of the model different 

validation methods can be applied. The first one is based on the use of the training and 

the test set, while a more efficient strategy uses three subsets (training, optimization and 

evaluation set)[15], [17].    

In addition to traditional PLS, some variations have been used to develop nonlinear 

models or to predict more variables together [15], [17]. 
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3.3. New portable microNIR prototype for selection of bone samples with enough 

collagen content 

Due to diagenetic processes collagen preservation in ancient bones is heterogeneous, not 

only in different samples from the same site but also within the same specimen. The 

traditional techniques applied for bones investigation require an enough amount of 

collagen. For this reason, there is the necessity of adequate prescreening methods in order 

to select samples for further specific destructive analysis, without a useless loss of bone, 

money and time. 

For this aim, the potential of a new miniaturized SWIR prototype has been proposed 

during this PhD thesis as a non-destructive, fast and portable method for preliminary 

prescreening of ancient bones, thanks to the collaboration with the Bones Lab (Ravenna 

Campus). 

3.3.1. Materials and method 

3.3.1.1. Standard samples 

In order to evaluate the potential of the method for collagen prescreening, some standards 

with known percentage of collagen have been prepared in laboratory.  The standards 

preparation involved the grinding of 200 mg of HA (Sigma-Aldrich) with different 

amount of pork collagen (Sigma-Aldrich): 0 %, 1 %, 3 %, 5 %, 8 %, 10 %, 15 %, 18 % 

and 20 %. The percentage were selected according to references, considering the 

maximum collagen content in fresh bone (20 %) and the minimum (0 %) [24]±[26]. For 

each percentage, standards were made in triplicate. 

3.3.1.2. Real samples 

After standard analysis, 7 real bone samples coming from different Italian archaeological 

sites (Table 3.1.) were analyzed. Samples were selected based on their ages (from ca. 45 

ka to Early modern times) and provenance (from Southern to Northern Italy). Most of 

them (RB63, R313, UC86, UC88) were undetermined bone fragments of animal origin, 

while two bones (RP and SMM) belonged to Homo sapiens and sample OV was 

attributable to an ovicaprid. Bone samples were characterized by different state of 

conservation, according to the excavation site and age. On these bases it was possible to 
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argue that samples RP, SMM and OV could present a higher collagen content in 

comparison to samples RB and to those from Uluzzo archaeological site, which were 

more ancient than the previous. 

Table 3.1. Bone samples investigated. 

Sample Provenance Date Species Anatomy Notes 
RP Roccapelago 

(Modena, 
Italy) 

16th-
18th 
cent. 

Homo sapiens Femur 
section 

Partially 
mummified 
individual 

SMM Santa Maria 
Maggiore 
(Trento, Italy) 

15th 
cent. 

Homo sapiens Talus - 

OV Ostra Vetere 
(Ancona, 
Italy) 

6th-7th 
cent. 

Ovicaprid Tibia - 

RB63 Riparo del 
Broion 
(Vicenza, 
Italy) 

45 ka Undetermined/fauna Bone 
fragment 

- 

R313 Uluzzo 
(Nardò, Italy) 

42 ka Undetermined/fauna Bone 
fragment 

Badly 
preserved 

UC86 Uluzzo 
(Nardò, Italy) 

42 ka Undetermined/fauna Bone 
fragment 

Badly 
preserved 

UC88 Uluzzo 

(Nardò, Italy) 

42 ka Undetermined/fauna Bone 

fragment 

Badly 

preserved 

3.3.1.3. Portable microNIR prototype and data elaboration 

The NIR prototype was designed by Viavi Solutions (JDSU Corporation, Milpitas, CA) 

[1], [2]. The system measures the diffuse reflectance in the spectral region of 1208±

2160.5 nm (8278± 4629 cm±1). It is connected to a portable computer via USB port. It 

owes its potential to a linear-variable filter (LVF), used as dispersing element, allowing 

a constitutionally stability with temperature and time and a reduction of optical train. It is 

directly connected to a 128-pixel linear Indium Gallium Arsenide (InGaAs) uncooled 

detector, which results in a compact instrument. This ultra-compact device is coupled to 

a miniaturized redout electronics and two tungsten light bulbs, which were used as the 

radiation source (Figure 3.2.). The spot of analysis is approximately 3 mm in diameter. 
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All the collected spectra were recorded nominal spectral at a nominal resolution of 7.68 

nm. Spectralon was used as the NIR-reflectance standard with 99% diffuse reflectance. 

The spectra acquisition was performed putting the instrument in contact with samples, 

with an integration time of 3 ms and 1000 scans resulting in a measurement time of 3 s 

per sample (Figure 3.3.).  

 

Figure 3.2. Description of the MicroNIR in diffuse reflection mode [1]. 

The MicroNIR Pro software (JDSU Corporation, Milpitas, CA) was used for data 

acquisition and multivariate data processing was performed by means of in-house Matlab 

routines (The Mathworks Inc., Natick, USA). Suitable row pre-treatments were selected 

and applied in attempt to minimize systematic unwanted variations, which could affect 

the signals. In more details, SNV transform was selected to correct both baseline shifts 

and global intensity variations, while first Savitzky-Golay first derivation was applied to 

enhance details within complex spectral features (e.g., unresolved broad shape bands). 

Afterwards, the spectra range considered was from 1254.9 to 2122.1 nm. Column 

centering was performed prior to principal component analysis (PCA). 
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Figure 3.3. MicroNIR Viavi Solutions (a) and its application on bone sample (b). 

3.3.2. Results and discussion 

The characterization of bone proteins in ancient human and animal remains is essential 

for phylogenetic and diagenetic studies. However, as said in previous chapters, traditional 

methods for providing these information are dependent to the collagen amount and 

distribution. Thus, prescreening methods are essential for researchers in order to select 

samples. Raman and FTIR spectroscopy have been proposed as screening techniques for 

collagen detection on bones, both in laboratory and on-site [27]±[32]. However, these are 

destructive and/or time consuming, restricting the number of samples for the application. 

a b 
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NIR has been applied both for taxonomical discrimination of bones and for the evaluation 

of their preservation status [11], [12], [33]±[36]. Bone collagen content has been detected 

thanks to the presence of diagnostic proteinaceous peaks [11], [12], [35]. Until now, bones 

have been mainly analyzed in laboratories with benchtop instruments, while only a 

portable NIR spectrometer coupled with fibre-optic reflectance probe has been recently 

applied for in situ investigations [11].  

Our new miniaturized NIR prototype, which is cost-effective and easier to use than the 

conventional ones, has shown great potential to become a fast and simple method for in 

situ bone prescreening. 

3.3.2.1. Standard samples 

To evaluate the potential of our instrument, we decided to test it on standard samples 

before real bones analysis. Despite their structurally difference from real bones, they were 

useful to recognize characteristic bands attributable to hydroxyapatite and collagen, 

evaluating their variability according to their percentage.  

Raw and preprocessed spectra (Figure 3.4) clearly showed peaks attributed to the mineral 

fraction. Indeed, there were always visible bands around 1400 nm and 1910 nm, assigned 

to OH stretching of hydroxyapatite. Spectra of standards with high collagen content 

allowed the identification of collagen bands around 1690 nm and 1740 nm (1668 nm and 

1722 nm in derivative), assigned to C-H stretching vibration, and at 2045 nm (2029 nm 

in first derivative), attributed to N-H combination band [11]. The other bands identified 

in pure collagen spectrum cannot be identified in standards due to the overlapping with 

hydroxyapatite bands. 

The PC1 vs PC2 score plot allows a recognizable separation among samples (Figure 

3.4.c). Looking to the score plot (each point is a spectrum acquired), standards from 0 % 

to 10 % a clear separation among samples was possible, while from 15 % to 20 % the 

separation was less evident. The loading plot revealed the fundamental role of the band 

at 2045 nm (2029 nm in first derivative), allowing a separation of samples according to 

their collagen percentage.  
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The results obtained from the analysis of spectra and PCA showed the ability of our 

prototype, combined with chemometric data treatment, to distinguish among samples 

with different content of collagen. Moreover, this first evaluation of standards was 

essential to be sure about mineral and organic peaks attribution and role in samples 

distribution. 

 

Figure 3.4. Standard samples: a) representative spectra of samples 0 %, 1 %, 3 %, 5 %, 8 %, 10 %, 15 %, 

18 %, 20 %; b) first derivative spectra of the same samples; c) score plot of standard samples with convex 

polygons calculated for each class; d) loading plot. 
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3.3.2.2. Real bone samples 

To confirm standard output and to evaluate prototype performance, we decided to test 

real samples from different sites and period and with different preservation. We 

speculated a higher collagen content (%) for specimen RP (partially mummified 

individual) and a lower content for the Palaeolithic samples (RB63, R313, UC86 and 

UC88; ca. 1%). Although older in terms of absolute age, macroscopically sample RB63 

appears to be better preserved than the Uluzzo samples (R313, UC86 and UC88). This 

may be related to the different burial environments of the two places. RB63 comes from 

the northern site of the Riparo Broion (Vicenza, Italy), which has a lower mean annual 

temperature than Uluzzo (Nardò, Italy), while UC86 and UC88 are from Uluzzo, which 

is colder and close to the sea. Samples OV and SMM, from the Late Antiquity and Late 

Medieval periods respectively, should present a collagen content that is somewhere 

between the content found in Palaeolithic and modern specimens. 

Our preliminary hypothesis, based on age, site and appearance, were in line with the 

results obtained through portable MicroNIR (Figure 3.5). Indeed, spectra allowed the 

identification of collagen characteristic band at 2053 nm, assigned to N-H combination 

band, in samples RP, SMM, OV and RB63. In addition to this, samples RP, SMM and 

OV showed a shoulder band at 1692 nm due to C-H stretching, but it was more visible 

after first derivative correction at 1677 nm. Conversely, in the other samples no traces of 

collagen were detected in the raw data or after spectra corrections. There were visible 

only peaks due to the hydroxyapatite, which is the mineral component of bones. 

The PC1 vs PC3 score plot permits to see an appreciable separation of the samples (Figure 

3.5. c). Observing the score plot RP, SMM, OV and RB63 showed a good reproducibility 

with a consequent low dispersion, while R313, UC86 and UC88 were characterized by a 

higher dispersion, leading to a difficult separation among them. 

The loading plot confirmed the fundamental role of the band at 2053 nm (2022 nm in first 

derivative) previously seen with standards, permitting a separation of samples according 

to their collagen content. The wavelength around 1910-1935 nm (1891-1945 nm in 

derivative), that can be attributed to the O-H bands of the hydroxyapatite or to the water 

content in the samples, appeared to influence the dispersion of spectra belonging to the 

same sample.  
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After the evaluation of both spectra profiles and PCA distribution, we can tentatively 

describe samples according to their collagen content. In more detail, RP was the sample 

with the higher collagen content, followed by SMM and OV. This result was also in line 

with their period and site of provenance. RB63 also presented collagen content in a lower 

amount, while UC86 and UC88 showed the lowest collagen content. Due to the absence 

of collagen band, it could be in a very low amount or even completely absent.  

 

Figure 3.5. Real bone samples: a) representative spectra of samples UC86, UC88, R313, OV, RB63, RP, 

SMM; b) first derivative spectra of the same samples; c) score plot of bone samples with convex polygons 

calculated for each class; d) loading plot. 
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3.3.3. Conclusions and further perspectives 

The main interest of archaeologists and paleontologists is the investigation of the past 

populations, preserving bone integrity as much as possible. The final objective is the 

exposure of remains in museums for the public. For these reasons, low cost and low-time 

consuming prescreening acquired higher importance for archaeologist in order to select 

samples according to their conservation and collagen presence. Techniques used for 

dating, taxonomy and diet evaluation require a lot of samples without the guarantee of 

collagen presence.  In this context, prescreening methods become fundamental for the 

evaluation of collagen preservation level in different samples, avoiding sample loss. 

In this study we proposed bone prescreening with a new microNIR spectrometer 

prototype, which is completely non-invasive, combined with appropriate data processing.  

The results showed a good prospect towards the knowledge of collagen content, thanks 

to the good separation of samples according to their collagen content. These results could 

be the starting point for the creation of a predictive model applying on the data a PLS, 

able to quantify the collagen content of bones preserving them. The model could be 

created using standard samples and/or real bones with known collagen content. This 

prescreening could save bone integrity and could allow to select bones for further 

destructive analyses. 
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4.1. Hyperspectral Imaging (HSI) 

Hyperspectral imaging (HSI) is an analytical technique able to combine spectroscopy and 

imaging, obtaining both spectral and spatial information [1], [2]. It has been applied in 

different contexts (e.g., food system, agronomy, blood analysis) and it can be 

implemented with different sensors or cameras. Thanks to the non-invasive approach, it 

has been applied also on cultural heritage, mainly on paintings and manuscripts, for 

qualitative and quantitative investigations. It has been mainly employed in reflectance 

mode covering the visible (Vis), Near Infrared (NIR) and Short-Wave Infrared (SWIR) 

regions [2], [3]. In comparison to Multispectral Imaging (MSI), HSI allows a high spectral 

resolution, a moderate spatial resolution, a large area coverage and a continuous spectral 

reflectance curve [4], [5]. In hyperspectral image each band, corresponding to a particular 

wavelength, has a dimension in which each pixel represents a digital number reflecting 

the radiance value collected by the sensor. In detail, the HSI cube (Figure 4.1.) D is 

described by three dimensions ܺ ൈ ܻ ൈ ܺ in which each pixel, described by ߣ ൈ ܻ, 

contains a spectrum (ߣ information) [4]±[6]. 

 

Figure 4.1. Hyperspectral data cube. 

However, the huge amount of information in the hyper cube includes also redundant data, 

noise and different types of artifacts. For this reason, an adequate preprocessing of the 

data is essential to extrapolate the desired information [5], [7]. Chemometrics allows the 

selection and treatment of the data according to the final aim. 
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As for NIR spectra, for HSI preprocessing methods allow the reduction or removal of 

some spatial and spectral artifacts due to different phenomena (e.g., light scattering, 

background, rough surface). In particular, the baseline drift (i.e., additive scattering) can 

be corrected by the SNV and multiplicative scatter correction (MSC) (i.e., multiplicative 

scattering). The first and second derivate are applied not only to reduce the scattering, but 

also to highlight the information present in lowest peaks [5], [7]. 

Moreover, different de-noising methods can be applied to remove the noise. This is 

different pixel by pixel and thus different de-noising level should be used. The simplest 

method is smoothing, but other complex algorithms have been developed [4]. 

The data exploration is based on unsupervised method, such as especially PCA, which 

allows to understand the trends among different pixels without a class previously known. 

Segmentation is the set of clustering methods which divide pixels in groups according to 

their similarities [5].  

The final step is the construction of descriptive or predictive models. The first one consists 

in classification methods, which distinguish pixels with the same class (i.e., same spectral 

information). The spectral unmixing is one of the most used classification methods and 

its goal is the resolution of chemical information contained in each pixel, based on the 

spectral profile. The result obtained is a classification map in which pixels with the same 

spectral information have the same color [4], [5]. The second one, predictive model, 

consists in the determination of bulk or pixel concentration of a component and it is 

possible to apply multivariate regression methods [8]. The principal methods used are 

multiple linear regression, principal component regression and partial least squares.  

4.2. Collagen mapping in archaeological bones 

Previous chapters have highlighted the necessity to gather sufficient information about 

collagen amount and distribution in ancient bones, in order to have successful results from 

specific and complex analyses. For these reasons, more sustainable non-invasive 

analytical methods are now needed, as well as systematic documentation, across 

laboratories, on ancient humans and related species remains and on the success rate of 

data recovery. Thus, the possibility to gather a suitable amount of well-preserved collagen 
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from bone specimens is crucial to obtain robust results and, potentially, to enable the 

analysis of those samples with low-bulk collagen but presenting specific areas with higher 

content. Recently, several efforts have been focused on the development of reliable non-

destructive prescreening methods for the detection of collagen in bone specimens and the 

evaluation of their state of conservation. Spectroscopic techniques - as e.g. Fourier-

transform infrared (FTIR) [9], Raman [10], [11] and near-infrared (NIR) [12]±[14]  

played a focal role, but the possibility of an extensive mapping of samples has not been 

explored yet. Indeed, up to now, spectroscopic techniques allowed researchers to perform 

only point analyses on the bone specimens, without the possibility to clearly understand 

the spatial distribution of collagen ± a crucial issue in heterogeneous samples. A previous 

study reported on the use of a NIR camera, with a reduced spectral range (900±1700 nm), 

on small cross-sectioned samples, using spectral bands associated with hydroxyapatite 

(O±H vibration modes) [15] to evaluate the diagenetic status of skeletal remains in 

support of Sr isotopic analyses. 

During this thesis project an innovative and non-invasive near-infrared hyperspectral 

imaging (NIR-HSI) method was developed for the simultaneous detection and 

localization of collagen in ancient bones, exploiting the short-wave infrared (SWIR) 

range (1000±2500 nm). In more detail, a fast and straightforward protocol to generate 

false colour chemical maps of the collagen distribution was proposed, based on the 

calculation of normalized difference images (NDI). The NDI method has been recently 

proposed in the frame of forensic and environmental applications [1], [16]. It was 

implemented employing the NDI values extracted from each pixel of the HSI and 

comparing the computed median values among real and reference samples. These values 

are reported in the ordinate axis of the box and whisker plot to support the comparison 

and the evaluation of data obtained; thus, the joint examination of reference bones and 

test samples led to estimate the collagen content in each sample and within its different 

areas, supporting the identification of proper sampling points. 

The NDI approach is efficient when the target analytes have distinctive absorptions in the 

spectrum and are present at a detectable concentration in the sample analyzed. The effect 

of signal interferences such as baseline effects is minimized by the mathematical 
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transform itself. This approach can radically reduce the destruction rate of precious 

samples, thus increasing the number of bones that can be submitted to guided micro-

destructive sampling. In addition, the rapid prescreening of large bones may contribute to 

optimize the time and the budget dedicated to time- and cost-consuming analyses, such 

as radiocarbon, stable isotopes and proteomics, reducing the total number of specimens 

analyzed and, thus, potentially leading to a drastic drop in average research costs in these 

fields. 

The method was, at first, assessed on six faunal samples with previously determined 

collagen content used as reference samples and then tested on three bone samples, 

characterized by different chronological period and site of excavation. To validate the 

method, the test bones were sampled in areas with different collagen content and 

quantitative analysis was performed through an acid demineralization method and 

compared with the outcomes of NIR imaging. 

The present project was conducted in collaboration with the Department of Pharmacy of 

the University of Genova and the Bones laboratory (University of Bologna, Ravenna 

campus). 

4.2.1.  Materials and methods 

4.2.1.1. Samples 

The method was applied on six reference samples with known collagen content (sample 

ID: FB-A, FB-B, FB-C, FB-D, FB-E, FB-F; see Table 4.1.). Afterwards, the method was 

also tested on real test samples characterized by different chronological period and site of 

excavation. In detail, a human femur (MV-F) and a coxal bone (MV-C) coming from an 

Iron Age Italian site (Monterenzio Vecchio, Bologna, ca. 4th-3rd century BC) [17], and 

a fauna sample from a Middle-Upper Paleolithic Italian site, namely RB (Riparo del 

%URLRQ��9LFHQ]D��9HQHWR��,WDO\��FD����ƍ�����\HDUV�%3��[18]. 
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Table 4.1. Samples information. Collagen yields were calculated as the percentage of the extracted collagen 

weight over the total weight of the original bone sample after HCl demineralization. Samples with numbers 

(1, 2 and 3) are subsamples of the same bone. 

Sample 

name 

Bone 

type 

Collagen 

yield 

(%wt) 

Whole-

bone 

median 

NDI 

value 

Provenance Date Reference 

FB-A Fauna 2.9 0.22 Savorgnano 

(Udine) 

End of 

7th 

century 

AD 

- 

FB-B Fauna 2.9 0.23 Savorgnano 

(Udine) 

End of 

7th 

century 

AD 

- 

FB-C Fauna 8 0.26 Savorgnano 

(Udine) 

End of 

7th 

century 

AD 

- 

FB-D Fauna 8.5 0.26 Savorgnano 

(Udine) 

End of 

7th 

century 

AD 

- 

FB-E Fauna 15 0.27 Savorgnano 

(Udine) 

End of 

7th 

century 

AD 

- 

FB-F Fauna 20 0.29 Savorgnano 

(Udine) 

End of 

7th 

- 
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century 

AD 

RB Fauna 8.7 0.20 Riparo del 

Broion 

(Vicenza) 

45,000 

years 

BP 

[18] 

MV-F1 Human 25 0.32 Monterenzio 

Vecchio 

(Bologna) 

4th-3rd 

cent. 

BC 

[17] 

MV-F2 Human 12.5 - Monterenzio 

Vecchio 

(Bologna) 

4th-3rd 

cent. 

BC 

[17] 

MV-C1 Human 5.3 0.27 Monterenzio 

Vecchio 

(Bologna) 

4th-3rd 

cent. 

BC 

[17] 

MV-C2 Human 13.5 - Monterenzio 

Vecchio 

(Bologna) 

4th-3rd 

cent. 

BC 

[17] 

MV-C3 Human 26.4 - Monterenzio 

Vecchio 

(Bologna) 

4th-3rd 

cent. 

BC 

[17] 

4.2.1.2. Hyperspectral imaging 

HSI-NIR data were acquired by a push-broom system composed by a SWIR3 

hyperspectral camera working in the 1000±2500 nm spectral range, at 5.6 nm spectral 

resolution (Specim Ltd, Finland). The instrumental setting is characterized by three 

halogen lamps (35 W, 430 lm, 2900 K, each) as illumination sources and a horizontal line 

scanner (40 × 20 cm moving stage) on which samples are laid down. The system is 

controlled by the Lumo Scanner v. 2.6 software (Specim Ltd, Finland). Prior to each 

measurement, dark (closed shutter) and white (99% reflectance Spectralon® rod) images 

were automatically recorded and used to compute the spectral reflectance value (R) for 

each pixel and wavelength. For the acquisition, the scan parameters were set as follow: 
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frame rate equal to 50.00 Hz and exposure time equal to 9.00 ms; manual focus was tuned 

before the scan. The collected image data were organized in a three-dimensional data 

matrix, often called hypercube or, alternatively, spectral cube. The first two dimensions 

of the 3D array are vertical and horizontal spatial coordinates (pixels), while the third 

dimension represents the wavelengths (spectral dimension). 

4.2.1.3. NIR-HSI data analysis 

Collagen distribution was obtained according to the formula [1], [16]: 

ܫܦܰ ൌ ோഊି�ோഊ
ோഊ

                      (4.1) 

 where ܴ ఒ is the reflectance value at 1959 nm, attributed to O-H banding second overtone 

and O-H stretching combination band of hydroxyapatite, while ܴఒ is the reflectance 

value at 2195 nm, attributed to N-H bending second overtone and C=O stretching 

combination of collagen. Plotting the NDI values for each pixel in a scale where red 

represents the maximum values and blue the minimum values, a false colour chemical 

map is obtained, which represents the distribution of collagen. Owing to their high signal-

to-noise ratio, spectra were used for the data analysis as raw data without any pre-

treatment [19]. 

Regions of interest (ROIs) at predominant red, green and blue colours were automatically 

selected by defining, respectively, three numerical selection ranges of the colour values 

of the pixels in the resulting NDI maps. For each of the three ROI, the average NIR 

spectrum was computed by averaging the subset of spectra corresponding to the selected 

pixels. 

NDI values of each different sample were also visualized in a box-and-whisker plot, in 

which the central mark of each box indicates the median, and the bottom and top edges 

of the box indicate the 25th and 75th percentiles, respectively. The comparison of the 

NDI median values calculated for reference samples with the ones obtained for the test 

samples enabled the estimation of collagen content in the test samples. 
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4.2.1.4. Collagen extraction and quantification 

Bone collagen was extracted from reference and test samples and quantified at the Stable 

Isotope Laboratory of the University of Parma (Italy), following the protocol described 

by Ref. [20]. In brief, ca. 200 mg of bone was demineralized with 0.5 M HCl until no 

HIIHUYHVFHQFH�ZDV�REVHUYHG��7KH� UHVXOWLQJ�FROODJHQ� µSVHXGRPRUSKV¶�ZHUH� WKHQ� WUHDWHG�

with NaOH and lyophilized. Finally, collagen yields were calculated as the percentage of 

the extracted collagen weight over the total weight of the original bone sample. 

4.2.2. Results and discussion 

Collagen distributions were obtained calculating the normalized difference images (NDI) 

[1], [16] as reported in the Materials and Methods paragraph, using the reflectance value 

at 2195 nm of collagen (N-H bending second overtone and C=O stretching combination 

band) and the band at 1959 nm of hydroxyapatite (O-H bending second overtone and O-

H stretching combination band) [13]. For the reference samples (labelled as FB) with 

known collagen content, merged chemical maps were obtained combining each sample 

in a single portfolio image, in which the chromatic scale was defined considering the NDI 

values calculated for each pixel in all the samples (Figure 4.2.). The colours observed in 

the maps are related to the different relative content of collagen (pure red: highest content, 

green: intermediate content, pure blue: lowest content). Samples FB-A and FB-B, which 

correspond to the lowest collagen content (2.9 % wt of collagen), exhibited a bluish-light 

green colour (Figure 4.2.). Samples with a mid-level collagen content FB-C, FB-D and 

FB-E (ranging between 8 % and 15 % wt) showed a greenish hue with some yellow and 

light blue areas (Figure 4.2.). FB-F (20 % wt of collagen) was characterized by several 

red and yellow pixels (highest content, >20 % wt), distributed mainly on the bottom part 

of the sample (Figure 4.2.b). However, it can be noted that, in the upper left part of the 

sample, the distribution of collagen presented several blue spots, indicating a noticeably 

lower concentration, with respect to the bottom part. Each map can be range-scaled 

individually to enhance the colour contrast and, consequently, the visualization of 

differences in collagen distribution within a single sample. For FB-D, for instance, the 

map analyzed was range-scaled individually, from the lowest (pure blue) to the highest 

NDI value (pure red), to visually enhance the intra-sample variability in collagen content 
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(Figure 4.2.c and e). The strategy followed for data processing enabled the automatic 

extraction of the average spectra from the three areas identified. As expected, the 

diagnostic bands associated to the presence of collagen at 2060 nm (N±H stretching 

combination band), 2195 nm and at 2293 nm (C±H stretching and bending combination 

band) [11] increased according to the collagen content (lower in the blue areas, higher in 

the red ones). This means that, depending on the sampling point, the quantity of collagen 

extracted by destructive analytical procedures (as the demineralization) may be 

remarkably different [21].  

Thus, NIR-HSI maps revealed a very heterogeneous collagen distribution, both at a 

macro- and at a micro-VFDOH��SL[HO�VL]H� �����ȝP���6XFK�KHWHURJHQHLW\�ZDV�REVHUYHG�LQ�

all the samples, pointing out an urgent issue in bioarchaeology researches regarding the 

need for non-destructive prescreening methods to support the identification of the richest 

collagen areas for designing further examinations. 

Analyses of the reference set of samples showed that the NIR-HSI results were coherent 

with the collagen extraction yield. In particular, the NDI median values tended to increase 

according to the average collagen content (Figure 4.3.). This enabled a quick comparison 

among different specimens to identify the most suitable area to be submitted to further 

investigations by means of destructive analytical methods. 

For sample FB-F, with the highest collagen content (20 % wt), the highest NDI median 

was obtained (0.29), with box boundaries (25th and 75th percentiles) at 0.25 and 0.33. 

The median NDI value of sample FB-E (15 % wt) was 0.27, with box boundaries at 0.24 

and 0.29. FB-D (8.5 % wt) and FB-C (8 % wt) showed a similar median value, at around 

0.26, with box boundaries at 0.23±0.29 for FB-D and at 0.24±0.29 for FB-C, exhibiting a 

partial box overlapping even with sample FB-E. Samples FB-A and FB-B, with the lowest 

amount of collagen (2.9 % wt for both), showed a median NDI value at 0.22 and 0.23, 

respectively (with boundaries at 0.21 and 0.24 for FB-A, and at 0.21 and 0.25 FB-B). The 

distribution of the NDI values for each sample reported in the box and whisker plot 

(Figure 4.3.) showed that the median NDI values were positively correlated with the 

collagen content and that they increased according to the yield of the extracted collagen. 

These outcomes indicate the potential of NIR-HSI as a rapid tool to compare different 
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bone remains to select the most interesting pieces and the most appropriate areas for the 

collection of micro-samples to be submitted to destructive analyses. 

 

Figure 4.2. NIR-HSI results on reference samples. a) Photographs of samples; b) NDI merged images of 

the same samples (from the above): FB-A, FB-B, FB-C, FB-D, FB-E, FB-F; c,d,e) ROIs of areas with 

different collagen content (blue: low, green: medium, red: high) in sample FB-D individually-scaled map; 

f) extracted averaged spectra from each ROI identified with peaks attributed to HA (1959 nm: O-H banding 

second overtone and O-H stretching combination band) and collagen (2060 nm: N-H stretching 

combination band; 2195 nm: N-H bending second overtone and C=O stretching combination; 2293 nm: C-

H stretching and bending combination band). 
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Figure 4.3. Box-and-whisker plot with NDI values. Box-and-whisker plot reporting the NDI values of 

reference (left) and test samples (right). Collagen yield obtained by acid demineralization is also reported 

for reference samples. On each box, the central red mark indicates the median, and the bottom and top blue 

edges of the box indicate the 25th and 75th percentiles, respectively. The black whiskers extend to the most 

extreme data points not considered as outliers, and outliers are plotted individually using the µ�¶�UHG�V\PERO��

Number of pixels for each sample: FB-A: 312; FB-B: 693; FB-C: 2116; FB-D: 2226; FB-E: 1379; FB-F: 

2412; RB: 3380; MV-F: 26933; MV-C: 54392. 

To further demonstrate the feasibility of the NIR-HSI in the selection of sampling areas, 

three test samples with unknown collagen content (RB, MV-F, MV-C) with unknown 

collagen content were, at first, not-invasively mapped and, then, sampled in different 

points according to the collagen content distributions obtained. The NDI merged map 

showed an evident heterogeneity, in terms of both collagen content and distribution 

(Figure 4.4.). RB, dated back to the Middle-Upper Palaeolithic (ca. 45 ka), resulted in be 

the samples with the lowest content, reflecting a post-depositional loss of organic matrix. 

The distribution of collagen content in this latter specimen was highly heterogeneous, as 

suggested by the presence of a large dark blue area with some green-yellowish spots, 

mainly present in a half of the sample. Conversely, the number of red and yellow pixels 

in the MV-F sample (4th-3rd cent BC) was remarkably elevate and widely distributed, 

indicating a higher collagen content localized in specific areas. MV-C (4th-3rd cent BC) 

showed a predominant green-yellowish tonality, in which some light blue and red areas 
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were clearly identified. The highlighted intra-sample variability may be related to several 

factors as, e.g.: 1) diagenetic alterations [22]; 2) physiological differences in collagen 

density due to age [23]; 3) bio-mechanical properties of bone [24], [25]. 

Test samples were analyzed to compare collagen distributions obtained with NIR-HSI 

with quantitative determinations of specific areas. Accordingly, in the box and whisker 

plot, the MV-F bone presented the highest NDI median value (0.32, with box boundaries 

equal to 0.28 and 0.36), while the median NDI values of MV-C was of 0.27, with box 

boundaries at 0.24 and 0.30. RB showed a high variability of the NDI values with a 

median of 0.20 (the lowest median value in all the samples analyzed) and box boundaries 

at 0.14 and 0.26, suggesting a very heterogeneous collagen distribution. 

The relative distributions of collagen deduced by examination of the NDI were confirmed 

by the quantitative determination in selected areas of samples MV-F, MV-C and RB, 

using HCl demineralization. Sample taken from the areas characterized by a high NDI 

value in MV-F (Figure 4.4. a and b) showed a higher collagen content (25 % wt) than 

what was observed in the sample taken from the areas with low NDI value of the same 

sample (12.5 % wt of collagen), confirming the heterogeneity of collagen distribution in 

the femur. The same behaviour was observed in MV-C, where the collagen content was 

highly superior in the areas presenting a high NDI value (26.4 % wt of collagen) with 

respect to ones with low NDI value (5.3 % wt of collagen). A fragment taken from the 

area richest in collagen (high NDI value area) of sample RB showed a value of collagen 

of about 8.7 % (wt). Interestingly, the maximum NDI value of RB, equal to 0.25 (Figure 

4.3.), is of the same order of magnitude of the median value of samples FB-C and FB-D 

which contain a similar percentage of collagen. 

These outcomes agree with the collagen yield of human bones from other Italian Metal-

Age sites [26], reaching up ~30 % wt. The coxal bone (sample MV-C) seemed 

characterized by an averagely lower collagen content with respect to MV-F, with collagen 

mostly localized in the exposed trabecular portion and part of the ilium. Due to the 

different remodeling rate between cortical and trabecular bone, an inter-tissue variability 

was expected [27]. Hence, higher collagen yield in the trabecular bone might be explained 

as relatively lower mineral content, if compared to the highly-mineralized cortical tissue 
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[27], [28]. The Middle-Upper Paleolithic bone from Riparo Broion (RB) showed, as 

expected, a relatively low collagen yield, as observed by NIR imaging and collagen 

quantification (by performing acid demineralization). This may have been determined by 

the old age of the sample RB and by a strong post-depositional loss of organic matter, 

probably due to the combination of microbial attack and collagen hydrolysis [29].  

 

Figure 4.4. NIR-HSI results on test samples. a) Photographs of samples with indication of points for 

collagen extraction (red rectangles) and collagen percentage obtained; b) NDI merged images of the same 

samples (from the above): RB, MV-F, MV-C; c,d,e) ROIs of areas with different collagen content (blue: 

low, green: medium, red: high) in sample MV-F individually-scaled map; f) extracted averaged spectra 

from each ROI identified with peaks attributed to HA (1959 nm: O-H banding second overtone and O-H 

stretching combination band) and collagen (2060 nm: N-H stretching combination band; 2195 nm: N-H 

bending second overtone and C=O stretching combination; 2293 nm: C-H stretching and bending 

combination band). 

4.2.3.  Conclusions and further perspectives 

The new NIR-HSI method developed provided an efficient mapping of collagen 

distribution, enabling an intra- and inter-sample comparison, fully exploiting the 

potentialities of the NDI data processing translated into chemical maps or into box and 

whisker plots, leading to a qualitative and semi-quantitative evaluation of the relative 

collagen content distribution.  
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Being fast and completely non-invasive, the NIR-HSI approach may help bone 

prescreening, to identify interesting areas within the same specimen on which to drive 

subsequent targeted analyses, reducing size and number of samples, ultimately 

contributing to save money, time and to preserve bone integrity. Findings of the present 

study demonstrate that the high collagen content in old bones may be often restricted to 

a few areas, clearly indicating the importance of an adequate screening method to avoid 

incorrect evaluations and to maximize the ratio between information gain and sample 

destruction.  

Based on the resulted showed here, further researches are now in progress to develop 

linear and non-linear multivariate regression models to extract quantitative data from the 

NDI-HSI chemical images. 
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5.1. Essential and non-essential amino acids 

Amino acids (AAs) are the protein subunits, and they are defined as components with 

both amino and carboxyl groups [1], [2]. Among the huge number of AAs in nature, only 

20 are the principal ones which constitutes protein blocks. These 20 AAs are: arginine, 

lysine, histidine, aspartic acid, glutamic acid, serine, threonine, asparagine, glutamine, 

cysteine, glycine, proline, alanine, valine, isoleucine, leucine, methionine, phenylalanine, 

tyrosine��WU\SWRSKDQ��$OO�RI�WKHP�DUH�Į-AA, thus they have a primary amino and carboxyl 

JURXS�ERXQGHG�WR�WKH�Į-carbon atom. All of them, except for glycine, are chiral, hence 

they have L- and D-isoforms. Moreover, except for glycine, they have optical activity and 

they are stable in aqueous solutions at pH 7, except for cysteine and glutamine [2]. 

These 20 AAs have been classified in essential and non-essential amino acids from a 

nutritional point of view. Essential amino acids (EAA) have been defined as the ones that 

cannot be synthetized by the body or that are insufficiently synthetized for the 

maintenance of the organism. These AAs are provided by the diet, thus their availability 

could vary according to different dietary intakes. Non-essential amino acids (NEAA) are 

the ones that can be completely synthetized by the body, hence they do not need to be 

integrated [2]±[4]. All the EAAs and NEAAs for different animals are reported in Table 

5.1. 

Table 5.1. List of EAA and NEAA in mammals, fishes and poultries, as reported in [2]. 

Mammals and fish Poultry 

EAA NEAA EAA NEAA 

Arginine Alanine Arginine Alanine 

Histidine Asparagine Glycine Asparagine 

Isoleucine Aspartic acid Histidine Aspartic acid 

Leucine Cysteine Isoleucine Cysteine 

Lysine Glutamic acid Leucine Glutamic acid 

Methionine Glutamine Lysine Glutamine 

Phenylalanine Glycine Methionine Serine 
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Threonine Proline Phenylalanine Tyrosine 

Tryptophan Serine Proline  

Valine Tyrosine Threonine  

  Tryptophan  

  Valine  

5.2. Characterization of total amino acids (THAA) in ancient teeth 

Teeth are composed by three different mineralized tissues: cementum, dentin and enamel. 

All of these present a mineral fraction, mainly composed by bioapatite (i.e. a carbonate-

containing biogenic calcium phosphate), and an organic fraction, that is mainly collagen 

in dentin and cementum, while ameloblastins and amelogenins, expressed by both X and 

Y chromosomes, in enamel [5], [6]. 

Owing to their composition, teeth are more resistant to physico-chemical alterations than 

bones and for this reason they are abundant in archaeological sites. They could provide 

essential information on taxonomy, diet, environment and period. To obtain these 

information different methods have been used, such as isotopes and elements 

investigation, proteomic analyses, morphological analyses [7]±[11]. Despite the high 

interest for collagen in dentin, the organic fraction of enamel received little attention by 

the palaeoscience community until recently [12]. 

Enamel is the hardest tissue and previous studies suggested the idea that amino acids 

could be trapped by HA crystals. According to this, it is possible to distinguish between 

an inter-crystalline fraction and an intra-crystalline fraction. The first one can exposed to 

external contaminations by exogenous organic matter (e.g. microorganisms), while the 

VHFRQG� RQH� FRXOG� EH� FRQVLGHUHG� DV� D� ³FORVHG� V\VWHP´�� DEOH� WR� SUHVHUYH� WKH� RULJLQDO�

biomolecules [1], [12]±[14]. 

For deep-time fossil teeth, it is still unclear how and where protein-cleavage products are 

bounded and for how much time they can persist within the enamel tissue as peptides or 

amino acids (AAs). Indeed, proteins preservation depends on different factors such as 

temperature, humidity, sediment and matrix characteristics [15]. AAs preservation 
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overtime has been widely studied in archaeological remains, such as mollusk shells, due 

to their importance for taxonomic origin reconstruction and their possible use for dating 

[1], [14], [16]. However, AAs in enamel have been less studied and the few researches 

about them were focused on amino acid racemization for dating (AAR). AAR is based on 

the determination of L- and D-amino acids for geochronological purposes, which is 

typically achieved by HPLC analysis with fluorescence detection [1], [12]±[15], [17], 

[18]. 

Based on the previous considerations, the first aim of this work was the development of 

a protocol for the detection of total hydrolysable amino acids (THAA) to understand how 

back in time they are preserved. Moreover, a database of modern samples from different 

species was needed to have references and to clarify possible variations in AAs 

composition according to the taxon.  

To these purposes, modern and fossil samples were analyzed through a High-Pressure 

Liquid Chromatography (HPLC) [19] with a Diode Array Detector (DAD) and an Agilent 

AdvanceBio AAA LC column at the Max Planck Institute for Chemistry. Firstly, the 

injection procedure was optimized with inhouse standard solutions, and a protocol for 

enamel powders cleaning was developed in order to remove contaminations and mineral 

fractions. Then, the entire procedure was applied to enamel samples: modern teeth from 

16 different species and fossil teeth from 3 different species, sites and periods (0-48 Ma).  

This work could contribute to clarify how long biomolecules could survive and which 

factors could affect this phenomenon overturning our knowledge on deep-time 

preservation of organics in tooth enamel and opening new perspectives in the use of omics 

sciences in palaeontology and palaeoanthropology. 

The present research was possible owing to the win of the Marco Polo scholarship for 

three months. The work was conducted in collaboration with the Max Planck Institute for 

Chemistry, within the Alfredo Martínez-García group.  
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5.2.1.  Materials and methods 

5.2.1.1. Standard and real samples 

To develop the protocol, standard inhouse solutions of mixed amino acids (AA) were 

prepared in known concentrations (Table 5.2). The AAs included in the solutions were: 

aspartic acid (Asp), glutamic acid (Glu), serine (Ser), histidine (His), glycine (Gly), 

threonine (Thr), arginine (Arg), alanine (Ala), tyrosine (Tyr), cysteine (Cys), valine (Val), 

methionine (Met), phenylalanine (Phe), isoleucine (Ile), leucine (Leu), lysine (Lys), 

hydroxyproline (Hyp), proline (Pro). 

Table 5.2. Inhouse standard dilutions of AAs with different concentrations. 

ID Concentration nM/mL 

D0 2500 

D1 1250 

D2 625 

D3 312.5 

D4 100 

D5 50 

D6 25 

D7 10 

D8 5 

D9 2.5 

D10 1 

The standards were used for the optimization of the protocol: to identify the AAs retention 

times, to evaluate the effects of column filtration, to develop the injection method 

reducing the sample use and to obtain the LOD of the method, building a calibration curve 

for each AA. 
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Enamel powder from a Loxodonta africana (AG-Lox) was used as reference for protocol 

development. This sample (provided by Prof. T. Tütken) is currently employed as internal 

standard at the Max Planck Institute for several different physico-chemical analyses. 

Modern samples (20) from different species were analyzed to evaluate the variation of 

AA content overtime. Moreover, it was considered that eventual variation in AA 

composition may arise from differences in diet, due to the different type of AAs (in 

particular essential AAs) processed and incorporated in the enamel organic structure 

(Table 5.3). Then the method was applied on 41 fossil samples from different sites and 

species (rhino, elephant and horse) going back in time, from 0.04 Ma to 48 Ma (Table 

5.4). 

All the samples were grinded with a mortar and then 2 mg of powder were cleaned. 

Table 5.3. Description of modern samples: taxon, species, provenance and type of tooth, when known. 

Sample ID Species Provenance Tooth 

Z EQ SI 50 P1 Equus caballus 
Siberia, Aldan 

river mouth 
M3 

Z RA SI 52 
Rangifer 

tarandus 
SW Greenland nd 

Z CN 3 Canis lupus 
Banks Island, 

Kanada 
nd 

Z HAI 7 
Carcharias 

carcharodon 
South Africa nd 

Z RH 13 
Ceratotherium 

simum 
Uganda M1, sin, low 

Z EL 30 Alces alces Sweden, Vaddo nd 

Z SI 33 
Trichechus 

inunguis 

Brasil, Amazon, R. 

Solimoes, Codajas 
nd 

Z HO Tu Homo sapiens Tubingen M3 

Z PU ZO Felis concolor 
Univ. Clinic 

Tubingen 
nd 

Z KR 1 
Crocodylus 

niloticus 

Ferme aux 

crocodiles Pierr 

Lattes, near Lyin 

nd 
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Z HI 4 
Hippopotamus 

amphibus 
Africa nd 

Z PON 2-9395 Pongo pygmaeus 
West Sumatra, 

Indonesia 
nd 

WB Sus scrofa Taunus nd 

C.A.E. Barbus longiceps 
Israel, Lake 

Kinneret 
nd 

2.5.T Sparus aurata 
Mediterranean, 

Israel 
nd 

GPC2-R Cavia porcellus 
Carnivore diet 

(Lucerne) 
nd 

GPC2-T Cavia porcellus 
Carnivore diet 

(Lucerne) 
nd 

GPH6-R Cavia porcellus 
Herbivore diet 

(Lucerne) 
nd 

GPH6-T Cavia porcellus 
Herbivore diet 

(Lucerne) 
nd 

AG-Lox 1 
Loxodonta 

africana 
Africa nd 

Table 5.4. Description of provenance and period of fossil samples. 

Sample 
Taxon 

ID 
Species 

Age 
(Ma) 

Tooth Fossil site Country 
Site 
ID 

MN 

FZ MA 
ND 9 

MA 
Mammuthus 
primigenius 

0.045 M3 Niederweningen CH ND 14C 

NMN 12 EQ 
Equus 

caballus 
0.125 Molar 

Neumark Nord 
2 

GER NN nd 

NMN 18 EL Elephant 0.125 Molar 
Neumark Nord 

2 
GER NN nd 

NMN 20 RH Rhino 0.125 Molar 
Neumark Nord 

2 
GER NN nd 

FZ CE 
RS 2 B 

CE 
Megalocerus 

giganteus 
nd Molar 

Rhine River 
gravel 

GER RS nd 

FZ MAS 
RS 4 

MA 
Palaeoloxodo

n antiquus 
nd Molar 

Rhine River 
gravel 

GER RS nd 
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FZ MA 
RS 7 

MA 
Mammuthus 
primigenius 

nd M3 
Rhine River 

gravel 
GER RS nd 

FZ MA 
NS PL 
bulk 

MA 
Mammuthus 
primigenius 

0.042
7 

M3 
Brown Bank, 

North Sea 
NED NS nd 

FZ MA 
JAV 
bulk 

MA 
Stegodon 

trigonocephal
us 

1.0 p1/p2 Sangiran, Java IDN 
JA
V 

nd 

FZ MA 
WIL 4 

MA 
Anancus 

avernensis 
3.0  Willershausen GER 

WI
LL 

MN 
16 

FZ MA 
WÖ 9 

MA 
Anancus 

avernensis 
3.6 

M3 
sup. 
sin. 

Wölfersheim GER WÖ 
MN 
15 

FZ MA 
EP 1 

MA - 10.0  Eppelsheim GER EP 
MN 

9 

FZ RH 
EP 1 

RH Rhinoceros sp. 11.0  Eppelsheim GER EP 
MN 

9 

FZ EQ 
EP 1 

EQ 
Hippotherium 
primigenium 

12.0 Molar Eppelsheim GER EP 
MN 

9 

FZ BO 
HW 4 

BO Miotragoceros 10.3 M2 Höwenegg GER HW 
MN 

9 

FZ RH 
HW  10 

RH Rhinoceros sp. 11.3 Molar Höwenegg GER HW 
MN 

9 

HW 
164/55 

(9) 
EQ 

Hippotherium 
primigenium 

12.3 P4 Höwenegg GER HW 
MN 

9 

FZ EQ 
CH 1 
(12) 

EQ 
Hipparion 

gracile 
10.0 

M3 inf. 
dext. 

Charmoille CH CH 
MN 

9 

FZ MA 
CH 1 

MA Mastodon sp. 11.0 Molar Charmoille CH CH 
MN 

9 

FZ RH 
CH 4 

RH Rhinoceros sp. 12.0 
M3 
sup. 
dext. 

Charmoille CH CH 
MN 

9 

FZ MA 
MA 5 

MA - 12.0  Massenhausen GER MA 
MN 

8 



CHAPTER 5| Organic in fossil teeth: amino acids preservation in deep times  

157 

 

FZ EQ 
ST 6 

EQ 
Anchitherium 
aurelianense 

13.6 Molar 
Steinheim a. 

Albbuch 
GER ST 

MN 
7 

FZ RH 
ST 7 

RH 
Alicornops 
simorrensis 

14.6 
M3 inf. 

sin. 
Steinheim a. 

Albbuch 
GER ST 

MN 
7 

FZ EL 
ST 1 

MA 
Gomphotheriu

m 
steinheimense 

15.6 
M3 
sup. 

Steinheim a. 
Albbuch 

GER ST 
MN 

7 

FZ EQ 
SAN 1 

EQ 
Anchitherium 
aurelianense 

14.6 
P sup. 

sin. 
Sansan FR 

SA
N 

MN 
6 

FZ RH 
SAN 1 

RH 
Aceratherium 

sp. 
15.6 

M3 
sup. 

Sansan FR 
SA
N 

MN 
6 

FZ EL 
SAN 1 

EL 
Mastodon 

augustidens 
16.6 Molar Sansan FR 

SA
N 

MN 
6 

FZ MA 
Kä 3 

MA 
Gomphotheriu
m augustidens 

16.2 Molar Käpfnach CH Kä 
MN 

5 

FZ RH 
SA 1a 

RH 
Plesiacerother
ium fahlbuschi 

16.2 M3 inf. Sandelzhausen GER SA 
MN 

5 

FZ MA 
SA 3 

MA 
Gomphotheriu
m angustidens 

17.2 Molar Sandelzhausen GER SA 
MN 

5 

FZ EQ 
SA 4 

EQ 
Anchitherium 
aurelianense 

18.2 Molar Sandelzhausen GER SA 
MN 

5 

FZ MA 
BEN 2 

MA 
Mastodon 

augustidens 
17.2 Molar 

Benken am 
Kohlfirst 

GER 
BE
N 

MN 
4 

FZ RH 
BEN 3 

RH 
Rhinoceros 

indet 
17.2 Molar 

Benken am 
Kohlfirst 

GER 
BE
N 

MN 
4 

FZ MA 
AR 1 

MA 
Mastodon 

augustidens 
18.4 Molar 

Artenay 
Artroche 

FR AR 
MN 
3b 

FZ RH 
AR 1 

RH 
Brachypotheri

um 
18.4 

M3 
sup. 

Artenay 
Artroche 

FR AR 
MN 
3b 

ULM 04 RH Rhinoceros 21.7 M 
Ulm-

Westtangente 
GER UL 

MN 
2a 

FZ RH 
ENG 2 

RH 
Rhinoceros 

indet 
22.9 Molar Engehalde CH 

EN
G 

MN 
1 

FZ RH 
RI 2 

RH 
Ronzotherium 

romani 
24.4 

M1/M2 
sup. 
sin. 

Rickenbach CH RI 
MP 
29 
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FZ RH 
BU 2 

RH 
Aceratherium 

incisivum 
27.8 Molar Bumbach CH BU 

MP 
25 

FZ EQ 
ME 1 

EQ 
Propalaeother
ium hassiacum 

48 Molar Messel GER ME 
MP 
11 

SMF 
ME 

11096 
EQ Eurohippus 48 molar Messel GER ME 

MP 
11 

5.2.1.2. HPLC instrument and reagents 

The analyses were performed at the Max Planck Institute for Chemistry (Alfredo 

Martínez-García laboratory) using an Agilent AdvanceBio AAA LC Column 4.6 x 100 

mm, 2.7 m 655950-802 and a Diode Array Detector (DAD).  

For the precolumn derivatization OPA (10 mg/mL each of o-phthalaldehyde and 3-

mercaptopropionic acid in 0.4 M borate buffer) and FMOC (2.5 mg/mL in acetonitrile, 

9-fluorenylmethylchloroformate) reagents were used, both purchased by Agilent 

Technologies.  

For the preparation of the OPA, a syringe was rinsed 5 times with MilliQ water and 5 

times with new 0LOOL4�ZDWHU��DQG�����ȝ/�of the reagent were transferred in each vial. For 

the preparation of the FMOC the syringe was rinsed 5 times with acetonitrile and 5 times 

with new DFHWRQLWULOH�� DQG� ���� ȝ/� of the reagent were transferred in each vial. The 

reagents were stored at 4°C for 7 days and then new vials were prepared. 

The injection diluent was prepared transferring 100 mL of mobile phase C in a bottle and 

DGGLQJ�����ȝ/�RI phosphoric acid (H3PO4). 

Two mobile phases were used: mobile phase B and C. The mobile phase B was prepared 

in a brown bottle mixing acetonitrile, methanol and MilliQ water in the proportions 

45:45:10. The bottle was then ultrasonicated 30 minutes to remove bubbles. For the 

mobile phase C disodium hydrogen phosphate (Na2HPO4, 1.4 g) was mixed with sodium 

tetraborate decahydrate (Na2B4O7Â10H2O, 3.8 g) and 1L of MilliQ water. When it was 

dissolved the pH was adjusted at 8.2 adding slowly 32 % HCl. At the end it was filtered 

and transferred in a brown bottle. 
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5.2.1.3. HPLC optimized protocol 

Oxidative cleaning 

Powders were weighed in sterile vials (2 mg) and 4.25 mL of sodium hypochlorite 

(NaOCl, Sigma Aldrich) 10-15 % were added. This method was chosen because it is 

recognized as an effective oxidizing agent, able to isolate the intra-crystalline 

biomolecules avoiding heating [16]. The vials were shaken at 110 rpm for 24 h. Then 

NaOCl was removed using a pipette connected to the vacuum pump and the powder was 

washed 5 times with MilliQ water (the last one in a clean room) and 1 time with methanol. 

After the samples were completely dried, 1 mg of clean powder was weighed into 

Microbore vials for AAs extraction. 

Hydrolysis and phosphate removal 

For THAA investigation, samples were subjected to hydrolysis adding 20 µL/mg of 7 M 

HCl. The vials were heated in the oven at 110°C for 24 h and then the acid was removed 

through evaporation for 40 minutes. Before the evaporation, 2 µL of Norvaline in known 

concentration (312.5 pM/µL) were added to evaluate the effect of evaporation and 

phosphate removal. 

Powder was dissolved in 20 µL/mg of 1M HCl and sonicated for 10 minutes. To remove 

the high concentration of phosphate ions, a previously developed protocol was follow 

[13]. Potassium hydroxide (1 M KOH, Sigma Aldrich) was added (35 µL/mg) to the 

samples and they were centrifuged for 10 minutes, and the supernatant was collected and 

evaporated for 50 minutes.  

Before the HPLC analysis, 35 µL of spike HCl (L-Homoargenine solution in 0.1N HCl 

in known concentration) were added. This was the safe volume for a 20 µL injection.  

The addition of the two internal standards allowed to correct both the recovery (norvaline) 

and the derivatization (L-Homoargenine). 
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5.2.1.4. Data elaboration 

The values of the peaks integrated areas in the chromatograms were normalized 

interpolating the areas of each AA with the related calibration curve obtained with 

inhouse standard solutions and divided for the samples weights. The concentrations 

(pM/mg) obtained were then normalized for the derivatization percentage (~ 90 %). To 

obtain this derivatization percentage, a calibration curve for the internal standard (L-

Homoargenine) was obtained adding 35 µL of three different concentrations of pure L-

homoargenine solutions (100 pM/µL, 32.25 pM/µL, 1 pM/µL) to AG-Lox samples. This 

method was used instead of pure solutions, due to the enhancing of the peaks areas in 

presence of treated powder. Then the percentage of derivatization was calculated dividing 

the concentration of the internal standard in each sample for the expected concentration. 

Principal component analysis was then performed using two different approaches. First, 

PCA was run on calibrated data after applying a row centering and a column centering or 

autoscaling. This approach is useful to consider the absolute changes in AAs according 

to the chronological age. Second, data were forced to sum to 100 % to obtain relative 

concentrations (e.g. [17]). This second approach is useful to evaluate the relative 

abundance of each AA in the different samples, avoiding the influence of the sample 

antiquity on single-AA concentrations. In addition, this approach also limits possible 

variability in terms of total AAs content across different specimens, for example those 

pertaining to different taxa. All the data elaboration and analysis were performed using 

in-house MATLAB scripts. 

5.2.2. Results and discussion 

5.2.2.1. Optimization of the method 

The powder cleaning was performed in NaOCl following the procedure traditionally used 

in the laboratory for corals and foraminifera. However, the phosphate removal and the 

instrument were never used before in the lab. 

For this reason, different steps for the optimization were needed. Firstly, standard solution 

was used to identify the retention times of the different AAs comparing the results with 

the peaks in the Application note AdvanceBioAAA cell culture [21]. Different injection 

programs were tested on inhouse standard dilutions in order to maximize the measure and 
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reduce the sample. In more detail, two injection methods were selected: 1 µL out of 20 

µL, 15 µL, 10 µL and 5 µL, and 20 µL out of 35 µL. The best result was obtained with 

the last one. The impact of column filtration was evaluated too. The solution was injected 

with a syringe through a filter and then the product was analyzed. After all the evaluations, 

standard solutions were used to create a calibration curve for each AA. 

Secondly, during the phosphate removal procedure, special attention was paid for the 

evaporation method and the pH, after both the first and the second evaporation steps. A 

long nitrogen flux evaporation was tested, but it required overly long times and the 

reproducibility was low. The selected evaporation method employed a rocket evaporator, 

which was fast and homogenous. After the first tests with the full optimized procedure, a 

reproducibility problem, due to the pH, was noticed. The crucial step was the addition of 

KOH. 

At first the protocol was followed as in the reference paper [13], adding 28 µL/mg of 1 

M KOH, but a low reproducibility was detected with AG-Lox standard. Different 

amounts of KOH were tested to improve the reproducibility of the method: 30 µL/mg, 35 

µL/mg and 40 µL/mg. The best reproducibility (around 10 % error according to the AA) 

was obtained with 35 µL/mg. The full procedure is reported in Figure 5.1. 

 
Figure 5.1. Schematic representation of the full developed protocol: powder cleaning, hydrolysis at 110°C, 

rocket evaporation, phosphate removal and measurement with the output (chromatogram). 
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5.2.2.2. Real samples 

In previous studies, few information about the AAs composition of enamel are reported, 

both in terms of different taxa and chronological age [13]±[15], [22]. The renewed interest 

for fossil enamel requires a deeper knowledge of the modern species, in order to have 

enough references to understand variations across time. 

The results obtained in this research on modern samples (Figure 5.2) have clarified the 

relative AAs composition of different animal species, revealing similar abundances of the 

AAs. In detail, glycine (20-45 %), aspartic acid (~ 7 %), glutamic acid (10-20 %), serine 

(6-10 %) and proline (1-24 %) were the most abundant AAs. PCA was performed on the 

data to evaluate the possible separation between different species according to their 

relative AAs content (Figure 5.3). In the score plot, it is interesting to notice that the 

human, shark and elephant are outliers in terms absolute content (Figure 5.3.a) and they 

are well distinguished from the others. Among the others, no trends were detected due to 

their environment or specie. In addition to this, from the relative abundances in the pie 

charts and PCA on relative AA data (Figure 5.4), no particular trends were deducible. In 

the PCA on relative AA data (Figure 5.4), fishes (carp, seabream) seemed to be closer 

each other, due to higher abundance of glycine and hydroxyproline. However, more 

replicates of the same and different samples should be analyzed to confirm the AAs 

relative and absolute content and to better clarify the relation between different species. 
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Figure 5.2. AA relative abundance in modern samples from different species. The data were forced to close 

to 100. Glycine was detected as the most abundant AA in all the species. 

Z EQ SI 50 PI (horse) Z RA SI 52 (reindeer) Z CN 3 (wolf) Z HAI 7 (shrak)

Aspartic acid

Glutamic acid

Serine

Histidine

Glycine

Threonine

Beta-alanine

GABA

Argenine

Tyrosine

Cystine

Valine

Methionine

Phenylalanine

Isoleucine

Leucine

Lysine

Hydroxyproline

Proline

Z RH 13 (rhino)

Z EL 30 (moose) Z SI 33 (Amazonian manatee) Z HO Tu (human) Z PU ZO (puma) Z KR 1 (crocodile)

Z HI 4 (hippopotamus) WB (wild board) C.A.E. (carp) 2.5.T. (seabream) Z PON 2 ʹ 9395 (orangutan)

AG-Lox (elephant) GPH6-T (Guinea pig) GPH6-R (Guinea pig) GPC2-T (Guinea pig) GPC2-R (Guinea pig)
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Figure 5.3. PCA on modern samples. The data were normalized through the calibration curves and then 

according to an internal standard (L-Homoargenine) and elaborated in Matlab (row centering, column 

centering). The score plot (a) showed the separation among samples. The loading plot (b) showed the AAs 

responsible for separations. 

a)

b)
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Figure 5.4. PCA on modern samples. The data were forced to sum to 100 % and then elaborated in Matlab 

(row centering, column centering). The score plot (a) showed the separation among samples. The loading 

plot (b) showed the AAs responsible for separations. 

Two guinea pig samples with different diets were analyzed to evaluate the possible 

contribution of diet on AAs composition. In GPC2 (carnivore diet) all the AAs were 

a)

b)
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present in low percentages, except for glycine, aspartic acid, glutamic acid, serine and 

proline. In GPH6 (herbivore diet) a higher variability of AAs was detected, thus the 

percentage of glycine decreased and the others increased (Figure 5.2). However, these 

results are in doubt due to the low number of samples, thus more individuals with different 

diets need to be analyzed to corroborate this hypothesis. 

For these two samples, it was also evaluated the possible difference in AAs distribution 

within the same sample, collecting powder from the radical (R) immature enamel and the 

tip (T) mineralized enamel. The guinea pigs with an herbivore diet showed the same 

pattern in R and T enamel, except for hydroxyproline and proline concentrations which 

are inverted. On the other hand, the individuals with a carnivore diet revealed a higher 

variability between R and T enamel, especially for lysine, isoleucine, methionine and 

glycine. T enamel had a lower content of glycine and a higher content of all the other AAs 

then R enamel. On the contrary, R enamel showed a higher concentration of glycine. 

7KHVH� UHVXOWV� DUH� LQ� OLQH� ZLWK� WKH� į15Nenamel values previously detected on the same 

samples, that revealed the higher nitrogen content in mineralized enamel then in immature 

enamel [23]. 

The analysis of modern samples provided a reference for the evaluation of changes of 

AAs overtime in fossil samples. The fossil samples allowed to consider different factors 

of impact: species, site or period. The data revealed that species seemed to impact the AA 

content in a limited way. It is evident from the pie plots, that the same species from 

different sites and period could showed a different AAs distribution or, on the contrary, 

different species from the same site could present a similar composition (Figure 5.5). 
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Figure 5.5. AA relative abundance in fossil samples. 

The PCA has been performed both on relative and semi-quantitative data and the results 

showed interesting perspectives. The PCA on the absolute data from all the samples 

allowed to distinguish between modern and fossils samples. Based on the loading plot, 

glycine, glutamic acid, serine and proline are the AAs present in higher amounts in 

modern or well-preserved teeth (Figure 5.6). On the contrary, the PCA on relative data 

(i.e., AAs forced to sum to 100 %) revealed the percentage of each AA within a specimen. 

Based on the loading plot, glutamic acid, arginine and serine showed the highest relative 

percentage in fossil samples (Figure 5.7). This was possibly due to the lower preservation 

of the others, with a consequent increasing of those AAs more resistant to chemical 

degradation [15]. The relative data of glycine, glutamic acid and aspartic acid were in line 

with the data obtained by the few works regarding tooth enamel [13], [24]. For this reason, 

we suggest that these AAs could be used as a proxy for enamel preservation.  
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Figure 5.6. PCA on modern and fossil samples. The data were normalized through the calibration curves 

and then according to an internal standard (L-Homoargenine) and elaborated in Matlab (row centering, 

column autoscaling). The score plot (a) showed the separation among samples according to their antiquity. 

Blue samples are modern and red samples are fossils. The loading plot (b) showed the AAs responsible for 

preservation. 

a)

b)

Fossils

Modern
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Figure 5.7. PCA on modern and fossil samples. The data were forced to sum to 100 % and then elaborated 

in Matlab (row centering, column autoscaling). The score plot (a) showed the separation among samples 

according to their antiquity. Blue samples are modern and red samples are fossils. The loading plot (b) 

showed the AAs responsible for preservation. 

Looking closely at absolute mastodons (MA) data, it is possible to confirm that sample 

antiquity is the main influence factor for absolute AAs variation. This is evident both 

from the PCA (Figure 5.8) and from the scatter plot of some individual AAs, selected 

based on the loading plot (Figure 5.9). Comparing the scatter plots of the same AAs in 

a)

b)

Fossils

Modern
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MA, rhino (RH) and horse (EQ), it is interesting to notice that this progressive temporal 

decreasing of AAs is only present in MA samples. This suggested that the preservation 

of AAs could be affected by the dental morphology and/or microstructure of a specific 

taxon. The site contributed on preservation only in some specific cases, where particular 

environmental factors played a significant role (e.g., RI site). 
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Figure 5.8. PCA on MA samples. The data were normalized through the calibration curves and then 

according to an internal standard (L-Homoargenine) and elaborated in Matlab (row centering, column 

autoscaling). The score plot (a) showed the separation among samples mainly according to their 

chronological age. The loading plot (b) showed the AAs responsible for preservation. 

a)

b)
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Figure 5.9. Scatter plots of MA, RH and EQ samples for some significant AAs versus the age of sample. 

Two AAs are reported as example: glutamic acid (first line) and glycine (second line). The data of MA 

showed a decreasing in AAs content according to the increasing of time (red lines). The only exception was 

FZ MA JAV bulk, but it could be influenced by the site of provenance. 

5.2.3. Conclusions and further perspectives 

The method here presented allowed the AAs detection in all the modern and fossil 

samples analyzed, using a low amount (~1 mg) of enamel powder. 

The results contributed to clarify the AAs distribution in modern samples, from different 

species and with different diets, and to build a reference database. Moreover, the data 

revealed the AAs preservation in fossils dated 48 Ma, showing the possible survival of 

organic fraction in deep-times. 

This method opens new prospects of research for reconstruction of the past and 

investigation of the trophic ecology of modern and fossil taxa. 

Further analysis on a wide group of both modern and fossil samples will be performed in 

the future. Firstly, the investigation of more modern samples from the same species could 

improve the robustness of the data implementing the reference database. Secondly, more 

experiments on different individuals from the same species and the same site could be 

useful to valuate intra-cohort variations. In particular, the investigation of more 

mastodons could be crucial to evaluate the decreasing of some AAs according to time. 

Moreover, the evaluation of FAAs on the same samples could reveal their possible 

relation with peptide hydrolysis and their diagenetic loss overtime. 
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6.1. Electrochemical biosensors 

Electrochemistry is the science that analyses and describes the material transformations 

on the atomic scale through variations of electronic charge, controlled by current devices. 

These transformations are redox reactions, thus electrochemistry consists in controlling 

redox reactions with a current or with a voltage [1]. 

According to the type of signal measured, electrochemical methods can be classified in 

different groups. Firstly, they can be divided in methods in which electrode reactions are 

not considered and method in which they are considered. The second ones are the most 

used and they can additionally be divided in reactions at the equilibrium or reactions at 

polarized electrode. Within these two groups, the main types are respectively 

potentiometric and amperometric (voltammetry) methods. The first one is based on the 

measurement of the potential different between working, counter and reference electrodes 

at the equilibrium. The second one considers the change in the oxidation state of the 

electroactive species, which is directly proportional to the analyte concentration. The 

current output measured is obtained applying an overpotential to the working electrode 

from an external potential source. Amperometry in a voltammetry in which the current is 

measured at a constant potential. There are different amperometric methods according to 

the type of electrode used or to the method used for potential application [2]±[4]. 

Electrochemical biosensor was defined by the international union of pure and analytical 

chemistry (IUPAC) DV� ³an analytical device that quantitatively or semi-quantitatively 

senses analyte through biological recognition which is integrated inside the device and 

contacts directly with the electrochemical transducer´� [2]. Indeed, electrochemical 

biosensors are constituted by a bio-receptor, which is a bio-recognition element, and a 

transducer, able to transform the output in a current signal.  

In comparison to other analytical methods, electrochemical biosensors allow to achieve 

fast, precise, low cost and portable equipment and for this reason they have been applied 

in different fields, such as medical or environmental fields [3], [5]. Traditional 

electrochemical methods required, as other techniques, a high number of electrodes and 

connectors, benchtop potentiostat to control the parameters and computers. However, in 
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last years the new technologies have allowed a miniaturization of all the components 

previously cited [3]. In particular, screen-printed electrodes (SPEs) started to substitute 

the traditional electrochemical sensors, thanks to their lower cost and simplest use in situ 

too. They have been applied in different fields (e.g., medical field, agronomy) and their 

surfaces were treated in different ways. In fact, the inks used for printing define the 

selectivity and sensitivity of the electrode, but the surfaces can be modified by the 

addition of different substances such as metals, enzymes, antibodies, polymers, with a 

consequent enhancement of electrodes performance [2], [3], [5]±[7].  

The combination of immunochemical and electrochemical technologies has been tested 

in different fields, thanks to the combination between the high specificity of the antigen-

antibody reaction with the high sensitivity and low detection limits of electrochemistry 

[5]. As for the other immunosensors, electro-immunosensors could be divided according 

to the approach used. The simplest method is a label-free system, in which a capture 

antibody is immobilized on the electrode and then the capture specific antibody 

recognizes the analyte. On the contrary, a competitive configuration is based on the 

competition between labeled and unlabeled analytes for antibody and it usually involved 

only one antibody. Finally, in sandwich method a capture-specific antibody is 

immobilized on the electrode surface and then the analyte is bonded over the antibody. 

Then a secondary antibody reacts with the immobilized analyte. 

6.2. Gellan gel 

Gellan is a high molecular weight polysaccharide, used as gelling agent in different fields. 

It is produced by Pseudomonas elodea and it is linear anionic heteropolysaccharide, 

composed by the repetition of (1,3)-ȕ-D-Glucose, (1,4)-ȕ-D-Glucuronic acid, (1,4)- ȕ-D-

Glucose and (1,4)-Į-L-Rhamnose units (Figure 6.1.) [8].  
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Figure 6.1: Gellan repetitive unit [8]. 

It is able to form hydrogels with temperature dependent sol-gel transition. In more detail, 

it forms hard and rigid gel with a slow syneresis rate. When heated, it arranges in a double-

helix and, thanks to cations, it creates supramolecular aggregates. Gellan hydrogel 

structure depends on concentration, temperature, aqueous environment and cation type 

(monovalent or divalent) used to obtain the aggregation. Indeed, the double helix binds 

with another one through saline bridges and hydrogen bonds. The presence of monovalent 

or divalent cations increases the number of possible bonds, making the gel more heating 

resistant and enriching the gelification ability. This is possible due to the salt presence, 

which increases the ionic force [8].  

The use of monovalent cations, as Na+ from sodium chloride, allows the coordination of 

two molecules of water and two residues, one for helix. On the contrary, the use of 

divalent cations, as Ca2+ from calcium acetate, limits the coordination to two residues of 

the closest helix [8]. 

In addition to this, it is transparent, homogeneous and stable to pH variations. Because of 

its pH stability, it has been used in cultural heritage field as cleaning method on paper [9], 

[10].  

6.3. Development of a portable prototype for characterization of binders through a 

Gellan gel-electro-immunochemical combination 

The use of different proteins in paintings as binders and as adhesive is widely known. The 

preference for one of them was usually connected to the artistic technique or to the 

environment or to the period. For these reasons a deep studying of them is fundamental 
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in cultural heritage investigation in order to characterize artworks and artist work contest. 

Protein identification is a fundamental tool not only to understand the painting technique, 

but to plan restauration and conservation procedure too [11], [12].  

Chromatographic techniques, such as gas chromatography mass spectrometry (GC-MS) 

and high-performance liquid chromatography (HPLC), are the most suitable for the 

complete chemical characterization, based on the quantitative determination of binders 

amino acid sequence [13]±[15]. However, they required a micro-sample and present 

identification problems in case of mixtures [14]. Fourier-transform infrared (FTIR) 

spectroscopy could be another useful approach to determine the polymers used, due to 

their distinctive vibrational features in the infrared [13], [16], [17]. The application of 

ATR on cross section allows a mapping of different binders used in the different layers, 

but it requires a sampling as for chromatographic methods. In last years, non-invasive 

reflection FTIR are preferred for an in situ investigation without sampling [18]. However, 

the signals present distortions due to the combination of specular and diffuse reflection, 

and to the overlapping of pigments peaks. Immunochemical portable chemiluminescence 

(CL) sensors have been developed to have an assay which is sensitive, thanks to the 

antigen-antibody high specific reaction, and easy to use in situ, thanks to their small 

dimension [19], [20].  

According to these, there is the necessity to develop portable and sensitive methods, 

which are also safety for the operators, the artworks and the environment. Recent works 

presented in situ extraction methods, minimally invasive for the artworks [11], [21]. One 

research developed  trypsin functionalized cellulose acetate sheets for in situ protein 

digestion [21]. The method was based on the adhesion properties of some fungal proteins, 

able to create homogenous layers on sheets, on which trypsin was immobilized [21]. 

Manfredi and colleagues presented an ethyl-vinyl acetate (EVA) film functionalized with 

strong cation/ion exchange and C8 resins for proteins extraction from different artworks 

surfaces [11]. Despite the in situ step for extraction or digestion, the proteomic analysis 

required a second step with a complex and time consuming laboratory procedure. 

In the light of the previous considerations, this work proposes a new biosensor based on 

the combination of biocompatible Gellan gel and electrochemical sensors, in order to 
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extract and identify painting binders through the contact between gel and painting and 

between gel and electrodes. It is faster than traditional extractive methods and less 

invasive, thanks to the migration of protein through the gel impacting electrodes 

previously functionalized with a primary and secondary antibody. 

Gellan gel was preferred thanks to its properties, such as its stability with temperature and 

pH changes, flexibility due to boiling point at about 100°C, clearness, compatibility with 

other polymers and easy disposal thanks to its solubility in water [8]. An electro-

immunoassay was chosen due to antigen-antibody high specific reaction, and higher 

sensitive detection through electrochemical revelation than traditional immunochemical 

methods. The use of screen-printed electrodes (SPEs) allowed to develop a portable, 

flexible and low-cost biosensor. Ovalbumin (OVA) was selected as first protein to 

investigate, because of its widely used as binders in paintings. Thanks to this approach 

protein digestion is not required, this new biosensor provides binder identification with a 

single analysis replicable on different artwork points and directly in situ without 

additional laboratories analysis. 

The analyses were performed firstly on paper in order to develop a standard protocol on 

a simple substratum with known OVA concentrations and then on mock-ups paintings 

with different pigment layers and binders, to evaluate the gel ability to extract protein 

without painting damage. The results proved the mock-ups integrity after gel application 

and the ability of the sensors to detect OVA both on paper and mock-ups, in presence of 

other proteins too. Moreover, the data showed the possibility to stock the sensors in the 

fridge for more than one month before the use. The presented method could be a useful 

portable method for restorers for in situ identification of binders.  

This project was realized in collaboration with the University of Roma Tor Vergata, 

especially with Prof.ssa Laura Micheli and Prof.ssa Claudia Mazzuca. 
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6.3.1. Materials and methods 

6.3.1.1. Samples 

A solution of OVA (1 mg/mL, Sigma Aldrich) was prepared in MilliQ water and calcium 

acetate ((CH3COO)2Ca, 0.04% w/w, Sigma Aldrich). Then standard dilutions were 

prepared in the following concentrations: 0 µg/mL, 0.01 µg/mL, 0.05 µg/mL, 0.1 µg/mL, 

0.5 µg/mL, 1 µg/mL, 5 µg/mL, 10 µg/mL.  

Squares (2.5x2.5 cm) of Whatman® paper were cut, uniformly covered with OVA 

standard solutions (1 mL) and then dried in the oven (30°C, 1 h) (Figure 6.2). These 

samples were used for the calibration curve and all the steps. 

 

Figure 6.2. Preparation of the paper: addition of the OVA standard solutions and oven for drying. 
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Standard mock-ups with different binders were used as a real case study, the details of 

the mock-ups composition are reported in Table 6.1. For the evaluation of possible gel 

residues or damages on the surface, mock-ups with different compositions were tested. 

Table 6.1. Description of the mock-ups layers. 

Samples Structure 

B1 Lead white + oil 

B2 Lead white + egg 

B3 Lead white + glue 

2L2 Layer 1 (under the layer 2): 

red ochre+casein 

Layer 2 (exposed layer): 

lead white + egg 

6.3.1.2. Gellan gel preparation 

The Gellan gel was prepared following the procedure reported in [22]. Calcium acetate 

powder ((CH3COO)2Ca, 0,04 % w/w, Sigma-Aldrich, St.Louis, USA) and Gellan gum (2 

% w/w, KELCOGEL® CGLA product by CP Kelco, Atlanta Georgia, USA) were 

dissolved in MilliQ water and then heated in a microwave at 600 W (Mars Microwave, 

CEM Corporation, Matthews, NC, USA) until it was boiling. Then it was transferred in a 

petri dish and it was left to cool at room temperature. When it was solid, squares of gel 

(2x2 cm) were cut. 

6.3.1.3. Electrodes preparation 

Screen-printed electrodes (SPEs) were home printed at the Laboratory of Analytical 

&KHPLVWU\�RI�WKH�8QLYHUVLW\�RI�5RPD�³7RU�9HUJDWD´��7KH\�ZHUH�FRPSRVHG�E\�D�ZRUNLQJ�

and a counter electrode in graphite and a silver reference electrode. The diameter of the 

working electrode was 0.3 cm resulting in a geometric area of 0.07 cm2. The SPEs were 

pre-treated before their use in order to reduce impurities and homogenize the surface of 
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the working electrode. The pre-treatment consisted in the addition of 80 ȝL of phosphate 

saline buffer (PBS, 0.05 M) and potassium chloride (KCl, 0.1 M, pH 7.4, Sigma-Aldrich, 

St.Louis, USA). Then an anodic potential of +1.7 V was applied for 180 seconds 

(chronoamperometry measurement). All the electrochemical measurements were 

performed by a µAutolab III potentiostat/galvanostat (Metrohm Autolab, Utrecht, The 

Netherlands). 

After this, they were functionalized with 6 ȝL of anti-rabbit IgG antibody produced in 

goat (secondary antibody, 10 µg/mL, 0.68 mg/mL stock concentration, 12-348, Sigma-

Aldrich Co., St. Louis, MO) in sodium carbonate (Na2CO3, 50 mM, pH 9.6, Sigma-

Aldrich, St.Louis, USA) overnight at 4°C. The SPEs were rinsed with 45 ȝL of PBS (15 

mM, pH 7.4) and then treated with 6 ȝL of a blocking solution with PVA 1 % in Na2CO3 

(50 mM, pH 9.6) for 15 minutes. They were washed again with 45 ȝL of PBS and coated 

with 6 ȝL of anti-chicken ovalbumin antibody 1:7500 v/v (primary antibody, 1.0 mg/mL 

stock concentration, ab181688, AbCam, Cambridge, UK) in Na2CO3 (50 mM, pH 9.6) 

for 30 minutes in the dark at 4°C. After one washing with 45 ȝL of PBS, they were treated 

again with 6 ȝL of the blocking solution (PVA 1% in Na2CO3) for 15 minutes. At the end 

they were washed one last time with 45 ȝL of PBS. 

6.3.1.4. Protocol for analysis 

The first step of the protocol was the extraction of the protein through the application of 

the gel for 5 minutes on the sample (paper or mock-up) under low pressure. Then the gel 

was removed and turned of 180° to put the electrode in contact with the gel surface 

previously in contact with the sample. The immunosensor was left in contact with the gel 

for 10 minutes (Figure 6.3). The SPE was removed and rinsed one time with 45 ȝL of 

PBS (15 mM, pH 7.4) and tween 0.1 % and then two times with 45 ȝL of PBS to remove 

tween residues. 

Before the analysis, 80 ȝL of potassium ferrocyanide solution (K3Fe(CN)6 3 mM + KCl 

10 mM) were added on the SPEs. The analysis was done with a scan rate square wave 

voltammetry (SWV) (Table 6.2). SWV is a voltammetry in which a square-wave potential 

waveform is superimposed on an underlying linearly varying potential ramp or staircase 
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ramp. The current is sampled just before the end of the forward-going pulse and of the 

backward-going pulse [23]. 

Table 6.2. Parameters applied in the SWV analysis. 

Pre-treatment 

Depositional potential 

(V) 

-0.1 

Time (s) 30 

Potentials 

Starting potential (V) -0.1 

Ending potential (V) 0.4 

Step (V) 0.003 

Figure 6.3. Steps for protein extraction and SPEs analysis. The Gellan gel was applied on the surface (paper 

or mock-up) for 5 minutes. Then it was turned and put in contact with the SPE for 10 minutes. After 

washings, it was analyzed in SWV. 
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6.3.1.5. Gellan gel analysis 

To evaluate the possible removal of pigment from the mock-ups, a gel extraction was 

conducted after the application for 15 and 60 minutes on different surfaces. Each gel was 

weighed before and after the application. According to their weight, they were soaked in 

Falcon tubes with MilliQ water and left under stirring for 1 hour and 30 minutes. Then 

they were centrifuged for 15 minutes at 3200 rpm and the supernatant was transferred in 

new Falcon tubes. FTIR spectra of the extracts were acquired with a Thermo Scientific 

1LFROHW�� LS50 spectrometer (Thermo Scientific Inc., Madison, WI) equipped with an 

attenuated total reflectance (ATR) (4000±525 cmѸ1 region) at a resolution of 4 cmѸ1. A 

total of 64 scans were collected for each sample. The extracted solution was dried on 

aluminum foil and then put directly in contact with the crystal. 

6.3.1.6. Residues analysis 

To evaluate the possible Gellan gel residues on the surface of the mock-ups, they were 

documented before, after gel application and after 72 hours with a stereo-microscope 

Leica® MZ6 connected to a Canon® power shot 550 digital camera and with an Olympus 

BX51M optical microscope (Olympus Corporation, Tokyo, Japan) connected to an 

Olympus DP70 digital camera. Moreover, FTIR spectra were acquired before and after 

the application of the gel on mock-ups with a 7KHUPR�6FLHQWLILF�1LFROHW�� L1���0;�

imaging microscope (Thermo Fisher Scientific, Waltham, MA, USA) with a mercury-

cadmium-telluride (MCT) detector cooled by liquid nitrogen. The analyses were 

performed using a slide-on ATR objective, equipped with a conical germanium crystal 

(4000-675 cm-1) at a spectral resolution of 4 cm-1. Backgrounds were acquired keeping 

the slide-on inserted and the ATR objected not in contract with the sample surface.  

6.3.2. Results and discussion 

6.3.2.1. Assay set-up 

Antibodies dilutions, blocking solution concentration, washing steps and incubation time 

have been evaluated to improve the efficiency in the antigen-antibody recognition and 

binding, thus improving the assay performances. Moreover, different methods for the 

extraction of proteins from the paint models, were tested. In detail paper was used to 
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optimize the extraction reducing the times of application of the gel on the surface and 

increasing the efficiency of the system in terms of limit of detection (LOD) and 

reproducibility. 

Preparation and assessment of the electrodes 

The setting of the experimental conditions was initially carried out evaluating the 

antibodies concentrations. The immobilization of antibodies on SPEs was the most 

critical step, since the antibodies concentrations could influence the performance of the 

electrochemical sensor. All the tests for the optimization have been performed on paper 

squares treated with OVA solutions (0, 0.5, 1, 2.5, 5, 10 µg/mL). The Gellan gel was 

applied for 10 minutes on the paper, then the gel was removed and the SPE was applied 

on the gel for 5 minutes. Preliminary tests conducted on SPEs treated with different 

concentrations of the primary anti-OVA antibody, 1:2500 (v/v), 1:5000 (v/v) and 1:7500 

(v/v), did not show a linear correlation between the current values and the OVA 

concentrations. In fact, the current signal should decrease with the increasing of the OVA 

concentration, due to the formation of an immunocomplex antigen-antibody which covers 

the SPE surface, reducing the SPE area available for the redox reaction of ferrocyanide 

and thus reducing the signal.  

To overcome this interaction problem, a pre-coating on the SPEs with a secondary 

antibody was tested in order to promote the binding of the heavy chain of the OVA 

antibody to the secondary antibody; therefore, the variable region of the primary antibody 

was available for the antigen binding. Two concentrations of the anti-rabbit antibody were 

tested, 10 µg/mL and 10 ng/mL, to functionalize the SPEs through an overnight 

incubation in the dark at 4°C. After the pre-coating with the two different anti-rabbit 

antibody concentrations, the SPEs were washed with PBS, treated with a blocking 

solution (PVA 1 % in Na2CO3), to reduce the not specific signal, and washed again with 

PBS.  Two different concentrations of anti-OVA, 1:5000 (v/v) and 1:7500 (v/v), were 

applied for SPEs coating. After an incubation of 30 minutes in the dark at 4°C, the SPEs 

were washed with PBS, treated again with the blocking solution and washed with PBS. 

Initially, the best results in terms of LOD and reproducibility were obtained with the 

combination of anti-rabbit 10 ng/mL and anti-OVA 1:7500 (v/v). However, after the 
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addition of 3 washings before the analysis (1 washing with PBS and tween 0.1 % solution 

and 2 washings with PBS), an increasing of the performance was observed with the 

combination of anti-rabbit 10 µg/mL and anti-OVA 1:7500 (v/v). In all tests, the 

nonspecific adsorption was avoided thanks to an incubation of 15 minutes with a blocking 

solution (PVA 1% in 50 mM Na2CO3 pH 9.6), after each antibodies incubations. 

Moreover, after each incubation, an additional washing step with PBS was conducted to 

remove the excess of the antibody or blocking solution. 

Gel application 

In order to avoid invasive interaction between the gel and the painted surface, particular 

attention was devoted to the application procedure and time of the gel on the surface. To 

this aim, preliminary investigations were performed on paper samples treated with OVA 

solutions (0, 0.01, 0.05, 1, 0.5, 1, 5, 10 µg/mL) to maximize the electrochemical sensor 

signal before the application on paintings (Table 6.3 and Figure 6.4.). For the optimization 

of this step SPEs were pre-coated with anti-rabbit 10 ng/mL and anti-OVA 1:7500 v/v, 

which was the protocol initially selected according to the SPEs pre-treatment tests.  

Table 6.3. Description of the different times and methods for gel and SPEs application on paper. 

Description Abbreviation Total time (min.) 

1. Gel in contact with the 

VDPSOH�IRU���¶ 

2. Addition of the SPE 

RQ�JHO�IRU��¶ 

��¶��¶ 15 

1. Gel in contact with the 

VDPSOH�IRU���¶ 

2. Removal of the gel 

3. Addition of the SPE 

on the gel IRU��¶ 

��¶��¶�QR�VDPSOH 15 

1. Gel in contact with the 

VDPSOH�IRU��¶ 

�¶��¶��¶ 15 
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2. Removal of the gel, 

live it on the bench for 

�¶ 

3. Addition of the SPE 

RQ�WKH�JHO�IRU��¶� 

1. Gel in contact with the 

VDPSOH�IRU��¶ 

2. Removal of the gel 

3. Turn it of 180° 

4. Addition of the SPE 

on the same side of the 

gel previously in 

contact with sample 

IRU���¶ 

�¶���¶� QR� VDPSOH� VDPH�

side 

15 

 

Figure 6.4. Schematic representation of times and methods tested for the application of the gel and the 

SPEs. 7KH� ILUVW� RQH�ZDV� DEEUHYLDWHG� DV� ��¶��¶�� WKH� VHFRQG� RQH� DV� ��¶��¶� QR� VDPSOH�� WKH� WKLUG� RQH� DV�

�¶��¶��¶��WKH�ODVW�RQH�DV��¶���¶�QR�VDPSOH��VDPH�VLGH�� 

The first test consisted in the application of the gel on paper samples for 10 minutes, then 

the SPE was added on the gel for 5 minutes. The second test was performed applying the 

gel on the paper for 10 minutes. After this time, the gel was removed from the sample and 

the SPE was applied on the gel for 5 minutes. These two tests were conducted with the 

180°

��¶��¶

��¶��¶�QR�VDPSOH

�¶��¶��¶

�¶���¶�QR�VDPSOH��same side)
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aim to reduce the time of contact between the gel and the sample. However, the results 

obtained were similar to the original one obtained with 15 minutes of application of gel 

and SPE together on the sample.  This was probably due to the excess of protein adsorbed 

by the gel with a long time of application, resulting in the release of the protein on the 

sample surface. Therefore, a third test was performed in order to reduce the time of 

contact between the gel and the sample. It consisted in the application of the gel on the 

sample for only 5 minutes, then the gel was removed and leave on the bench for 5 minutes. 

After this, the SPE was added on the gel for 5 minutes. However, it was not possible to 

obtain current values. This was due to the time of diffusion of the protein in the gel for 

capillarity. In fact, the protein is adsorbed by the gel and then it is diffused in the gel 

structure, before to reach the opposite side of the gel. To avoid this diffusion problem and 

to maintain short times of contact between sample and gel, the fourth test was performed 

adding the SPEs on the same side of the gel previously in contact with the sample, 

immediately after the removal of the gel from the paper. This last approach allowed to 

obtain the best performance in terms of current signals, data reproducibility and short 

time of contact with the sample.  It was selected for the final protocol in combination with 

the selected antibodies concentrations. 

Assay performance 

The full protocol (SPEs treatment and gel application time/way) was used to obtain a 

calibration curve (Figure 6.5). Paper squares were wet with OVA solutions (0, 0.01, 0.05, 

0.1, 0.5, 1, 5, 10 µg/mL). The SPEs were pre-coated with anti-rabbit antibody 10 µg/mL 

in Na2CO3 overnight at 4°C in the dark. Then they were washed with PBS, covered with 

the blocking solution for 15 minutes, washed again and incubated with the anti-OVA 

antibody 1:7500 v/v for 30 minutes at 4°C in the dark. Then the washings and the blocking 

step were repeated. The gel was applied on the paper samples for 5 minutes, then it was 

removed and turned of 180° and the SPE was applied on the same side of the gel 

previously in contact with the sample. After 10 minutes, the SPE was removed and 

washed 1 time with tween 1 % and 2 times with PBS, before the current signal 

measurement. 

The curve was obtained applying the logistic function with 3 parameters: 
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For each concentration three replicates were performed and the current values were 

normalized as follow: 

Ψܫ ൌ ൬
ܫെܫ

௫ܫ െ ܫ
൰ ൈ ͳͲͲ 

Where ܫ corresponds to the faradic current value relative to the different protein 

concentration, ܫ௫ corresponds to the maximum registered during the analysis and ܫ 

corresponds to the minimum value registered during the analysis. The normalization 

allowed to remove the errors due to the electrode (i.e., printing).  

In Figure 6.5 it is possible to see that increasing the OVA concentration, the signal 

decreased. Thus, in presence of OVA an immunocomplex antigen-antibody covers the 

SPE surface, reducing the SPE area available for the redox reaction of ferrocyanide. On 

the contrary, in absence of the protein the surface does not change. Thus, higher is the 

protein concentration on the electrode, lower is the current signal. The highest value, here 

reported as 100 %, corresponds to the blank, which was an electrode pretreated with 

antibodies but without protein. 

From the results obtained, it was possible to evaluate the LOD, which was ������ȝJ�P/��

linear range 0.5-�����ȝJ�P/��FDOFulated between 10 % and 80 % of the curve), and RSD 

1%.   
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Figure 6.5. Calibration curve obtained using paper wet with standard OVA solutions. The data were 

normalized and reported as current percentage. 

Cross-reactivity 

To evaluate the specificity of the immunosensor, the biosensor was tested using different 

single proteins solutions (casein, collagen, bovine serum albumin (BSA), OVA) in a 

concentration of 0.1 µg/mL, which was the inflection point of the calibration curve of 

OVA and thus clearly detectable by the system.  

A first test was conducted applying the electrodes on the gel for 5 minutes and then 

measuring directly the current. The current values were normalized with the same 

function previously used for the calibration curve, considering the maximum of current 

(no protein) as 100 %. Despite the quite good difference between the percentage of OVA 

and the other proteins, the RSD was high for the not specific proteins (Figure 6.6.a). 
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The possible interference of aspecific signal due to excess of non-bonded protein and gel 

residues on the working electrode was evaluated. To this purpose, to improve the 

reproducibility and reduce the error, three washings were added before the analysis: one 

washing with tween and two washings with PBS. The addition of this washing step 

allowed to remove the residues on the SPEs, revealing only the contribution due to the 

protein bonded with the antibody. For the other proteins percentages of current close to 

the maximum, thus equal or close to 100 %, were obtained, with a reduction of the RSD 

too (Figure 6.6). These results confirmed that there was no detectable binding between 

the antibody and other proteins. Moreover, without the washings the OVA percentage 

was ~ 50 %, while with the addition of the washings its percentage was ~ 40 %. This 

means that the interference due to gel residues on the SPE was reduced thanks to the 

washings and current value decreased also demonstrating an improvement in sensitivity 

for the detection of OVA (Figure 6.6.b.). The results confirmed that the immunosensor 

was selective for the target protein (OVA) and not for the other proteins, allowing a 

sensitive and selective identification of OVA.  

 

Figure 6.6. Histograms represent the current values of the different proteins without the addition of the 

washings (a) and with the addition of the washings before the measure (b). 

Immunosensor stability 

The final aim of the work was the development of fast and easy to use biosensor, that the 

restorers could use in situ in order to evaluate the best approach. For this purpose, the 

evaluation of immunosensors storage for some months was tested to consider the 

feasibility of the method. The SPEs were treated as explained in Material and methods 
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and, after the last blocking step, they were stored in a humid chamber in the dark at 4°C. 

The measurements were conducted with standard concentrations of OVA in the day of 

preparation and after 14, 30 and 60 days. Normalizing according to the day 0, thus 

considering the day 0 as 100 % of current intensity, the day 60 showed the 65 % revealing 

a decreasing of the 37 % (Figure 6.7). Despite the minimal reduction of efficiency of the 

system, the results showed the possibility to obtain reliable data after 60 days. 

 

Figure 6.7. Histogram with current intensities detected in different times after the preparation (Time 0): 

14, 30 and 60 days. They showed a decreasing of the 37 % after 60 days. 

6.3.2.2. Effects of gel on paintings 

It was important to evaluate two possible effects: pigments removal and gel residues on 

the surface. 

To this aim, stereomicroscope and optical images were acquired before and after gel 

application and micro FTIR-ATR analysis was performed pre- and post-gel application.  
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Regarding pigments removal, gel was treated to extract eventual residues and then 

analyzed with macro FTIR-ATR, but no residues were detected in the gels.  

The assessment was conducted on different mock-ups with different binders (egg, glue, 

oil, casein) and different pigments (gypsum, lead white, red ochre, azurite) and no 

residues were detected on the surfaces both from microscopic images and IR spectra 

(Figure 6.8.). The sample reported was a double layer mock-up, composed by a first layer 

of glue and red ochre covered by a second layer of lead white and egg. The FTIR spectra 

before and after the application of the gel did not show changes in the signal and no peaks 

ascribable to Gellan gel were detected. 

 

Figure 6.8. FTIR-ATR spectra acquired a) before and b) after gel application, and c) Gellan gel reference 

spectrum. 

These results proved that the gel did not damage the surface of the painting with these 

times of application. Therefore, the full protocol with the Gellan gel extraction and the 

biosensor application was tested on some mock-ups. 
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6.3.2.3. Paint samples 

The immunochemical biosensor developed was finally applied on painted surfaces, 

characterized by the use of different type of binder and pigments. In past studies, Gellan 

gel has been used as cleaning method, thus it is demonstrated its ability to adsorb 

environmental contaminants [9,22]. In this case, the aim of the work was the binder 

detection and thus the possible presence of contaminants entrapped into the gel or their 

interaction with the SPE had have to be considered and reduced to avoid problems in the 

detection. In order to correct the possible effects due to the surface contaminants, the 

current value of a blank was subtracted to the mock-ups results. The blank was obtained 

for each mock-up by a SPEs without the primary antibody and thus subjected only to the 

effect of gel and not specific materials. 

The current values obtained after the blank subtraction were lower for mock-ups with egg 

as binders and higher for the mock-ups with other proteins, demonstrating the specificity 

of the biosensor on the mock-ups too. The data were then interpolated with the calibration 

curve to obtained protein concentrations for each sample (Table 6.4).  

It is possible to notice that high concentrations of OVA were detected in the samples with 

egg as binder (2L2 layer 2 and B2), while proteins were not detected in samples with oil 

and glue. The value of the casein was detected in an area of sample 2L2 in which the 

underlayer (layer 1) was visible. However, the measurement could be affected by OVA 

residues from the overpainting (layer 2). The results confirmed the sensitivity and 

specificity of the immunosensor, revealing the possible real application of the method on 

paintings for binder identification. 
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Table 6.4. The table shows the concentration values of OVA detected on the different mock-ups with 

different binders and corrected with a blank. 

Sample Concentration (ng/mL ± V� 

2L2 (layer 2: egg) 20,5 ± 0,8 (layer 2) 

       (layer 1: casein) 1 ± 0,5 (layer 1) 

B1 (oil) n.d.  

B2 (egg) 15 ± 2 

B3 (glue) n.d.  

6.3.3. Conclusions and further perspectives 

The developed biosensor allowed the non-invasive extraction of the binder and the 

identification of OVA used as binder in painting. This was possible thanks to the 

combination of a Gellan gel extraction and electro-immunochemical detection. 

The extraction with the Gellan gel allowed to preserve artworks integrity. It was proved 

that it did not remove pigments and it did not release residues. The combination of the 

selectivity of immunological reaction and high sensitivity achievable by electrochemical 

detection permit to develop an efficient system. 

Moreover, the possibility to store them in the fridge was an additional value which allows 

a real future application of this method in situ and a possible industrial production of the 

biosensors. 

The results obtained open the door to future multiplex-systems for a simultaneous 

detection of different binders. It is worth mentioning the relevance in simultaneous 

detection of proteins in cultural heritage materials. This method could be useful thanks to 

the low time-consumption and to the possibility to do more analysis on the same painting 

in different points without sampling it. 
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The present research has been focused on the development of new immunochemical and 

spectroscopic methods for the investigation and characterization of proteins in ancient 

remains and paintings, trying to fill the gaps in the present knowledge. 

Regarding the ancient remains, the combination between LA-ICP-MS and a new CL 

immunochemical imaging, allowed to clarify and demonstrate for the first time the mutual 

relation between variations in element mass fraction and collagen preservation. The 

diagenetic proxies considered in this study support the idea that post-burial collagen 

degradation is linked with the alteration of the bone in-vivo element composition. In 

particular, the diagenetic markers REE and U uptake seems to show a strong negative 

correlation with the presence of collagen. However, post-burial history might result in 

different elemental contents and collagen preservations. This work shows that the 

combination of in-situ CL immunochemical imaging, for the first time applied on 

archaeological samples, and elemental analyses may help to unravel bone diagenesis 

history and understand the link between the primary organic content and the alteration of 

the mineral phase.  

Due to the higher resistance of teeth to diagenesis than bones, a CL immunochemical 

protocol for proteins detection and localization in tooth cross-sections was also developed 

in this work. The optimization of the experimental settings allowed the successful 

localization of collagen and amelogenin X in teeth. In detail, the collagen was 

homogenously localized in the dentin, while amelogenin X was localized only in the DEJ 

area. For this reason, an extraction protocol was developed on enamel tooth powder. The 

developed method proved the effective encapsulation of the protein in HA crystals with 

a consequent reduction of protein availability to the Ab-Ag reaction on the cross-section 

surface. Implementing the method also for amelogenin Y, this approach could be a turning 

point for a fast sex determination, using only 1 mg of powder and thus saving the sample. 

In order to preserve bone integrity as much as possible, low cost and low-time consuming 

prescreening acquired higher importance for archaeologists in order to select samples 

according to their conservation and collagen presence. In this study we proposed bone 

prescreening with a new microNIR spectrometer prototype, which is completely non-

invasive, combined with appropriate data processing. The results showed a good prospect 
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towards the knowledge of collagen content, thanks to the good separation of samples 

according to their collagen content. These results could be the starting point for the 

creation of a predictive model applying on the data a PLS, able to quantify the collagen 

content of bones preserving them. The model could be created using standard samples 

and/or real bones with known collagen content. This prescreening could save bone 

integrity and could allow to select bones for further destructive analyses. 

Moreover, the new NIR-HSI method developed provided an efficient mapping of 

collagen distribution, abetting an intra- and inter-sample comparison, fully exploiting the 

potentialities of the NDI data processing translated into chemical maps or into box and 

whisker plots, leading to a qualitative and semi-quantitative evaluation of the relative 

collagen content distribution. The approach is fast and completely non-invasive, helping 

to identify interesting areas within the same specimen on which to conduct further 

analyses, reducing size and number of samples, and saving money, time and bone 

integrity. The results demonstrate that the high collagen content in old bones may be often 

restricted to a few areas, clearly indicating the importance of an adequate screening 

method to avoid incorrect evaluations and to maximize the ratio between information gain 

and sample destruction. Further research is now in progress to develop linear and non-

linear multivariate regression models to extract quantitative data from the NDI-HSI 

chemical images. 

The method developed for the AA investigation in modern and fossil teeth allowed the 

AAs detection in all the samples analyzed, using only 1 mg of enamel powder. The results 

contributed to clarify the AAs distribution in modern samples, from different species and 

with different diets, and to build a reference database. Moreover, the data revealed the 

AAs preservation in fossils dated 48 Ma, showing the possible survival of organic fraction 

in deep-times. This method opens new prospects of research for reconstruction of the past 

and investigation of the trophic ecology of modern and fossil taxa. Further analysis on a 

wide group of both modern and fossil samples will be performed in the future to improve 

the robustness of the data. Moreover, the evaluation of FAAs on the same samples could 

reveal their possible relation with peptide hydrolysis and their diagenetic loss overtime. 
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Regarding painting binders, the developed biosensor allowed the non-invasive extraction 

of the binder and the identification of ovalbumin used as binder in paintings. This was 

possible thanks to the combination of a Gellan gel extraction, which preserves artwork 

integrity, and electro-immunochemical detection. The combination of the selectivity of 

immunological reaction and high sensitivity achievable by electrochemical detection 

permit to develop an efficient system. The use of SPEs allowed to obtain a compact, 

portable and easy to use system. Moreover, the possibility to store the sensors in the fridge 

was an additional value which allows a real future application of this method in situ and 

a possible industrial production of the biosensors. This method will be the starting point 

for future multiplex-systems for a simultaneous detection of different binders. 
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