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Abstract 

Bio-organic residue analysis of archaeological artefacts sheds light on human activities and 

surviving practices during historic and prehistoric times using powerful analytical 

methodologies based mainly on chromatographic techniques coupled with mass spectrometry. 

In the context of archaeo-residue analysis, spectroscopic methods are advantageous since they 

enable fast-screening of samples via prompt detection of biomarkers and, thus, expedite the 

further study of promising samples by high-end analytical tools. 

The present master’s thesis focuses on the study of archaeological potsherds originating from 

the Minoan civilization by means of UV-vis absorption and fluorescence spectroscopy with the 

aim of developing efficient detection and characterization methodologies of biomarker 

compounds. Analyses of samples are conducted in solutions deriving from solvent treatment 

of the sherds. The analytical methodology relies at first on recording UV-vis absorption spectra 

and then on recording emission and excitation fluorescence spectra in extracted solutions 

originating from three parts of the potsherds: inner, outer, and inner soil crust. Detailed 

examination of fluorescent data allows the construction of three-dimensional fluorescence 

excitation-emission maps for each sample and subsequently the comparison of the fluorescent 

profiles of unknown samples with those of standard solutions. 

Standard aqueous solutions of phenolic acids (ferulic acid, gallic acid, caffeic acid, syringic 

acid, and vanillin) were prepared and studied as they comprise an important class of intrinsic 

fluorophores in wine that is known to preserve over archaeological timescales. Phenolic 

compounds were proposed to serve as wine markers, while secondary oxidation products of 

unsaturated lipids were suggested to compose oil markers. Based on the identification of such 

molecular indicators it is proposed that a Minoan amphora has been used to stored oil and wine, 

while two Minoan cylinder vessels were utilised as oil containers. Fluorophores in 

archaeological samples were also quantified, assuming that they were represented by phenolic 

acid compounds. To this end, a comparative study to reference compounds was conducted and 

it was concluded that the concentration of fluorescent molecules is about 400 μg/g of potsherd. 

At the same time, a methodology for organic residue recovery from modern potsherds was 

designed on the basis of intact olive oil as model sample and isooctane as extracting solvent. 

The extraction efficiency of developed protocol was evaluated monitoring the intensity of 

chlorophyll’s a emission band. Afterwards, two potsherds were spiked with phenolic standard 

mixture and with olive oil and were transferred to a custom-built chamber for artificial aging 

upon UV-irradiation. The absorption and fluorescence study of aged samples showed that non-

conjugated double and triple bonds in lipid structures present in olive oils convert into 

conjugated bonds in di- and tri-enes carrying carbonyl functional groups (secondary oxidation 

products) and that phenolic acids photo-decompose via cleavage of acrylic acid group. 

 

Keywords: archaeometry, UV-vis absorption spectroscopy, fluorescence spectroscopy, 

potsherd, organic residue, fluorescent biomarker, phenolic acid, artificial aging  
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Περίληψη 

Το πεδίο της ανάλυσης αρχαιολογικών βιο-οργανικών καταλοίπων συνεισφέρει στη 

συγκέντρωση πληροφοριών σχετικών με την ανθρώπινη δραστηριότητα και τις πρακτικές 

διαβίωσης στους ιστορικούς και προϊστορικούς χρόνους, χρησιμοποιώντας προηγμένες 

αναλυτικές μεθόδους. Παρόλο που οι κλασικές χρωματογραφικές τεχνικές συζευγμένες με 

φασματομετρία μάζας προσφέρουν ακριβείς και ποσοτικές πληροφορίες σχετικά με τα 

αναλυόμενα δείγματα, είναι εντούτοις χρονοβόρες και δαπανηρές. Γι’ αυτόν το λόγο, στο 

πλαίσιο της μελέτης αρχαιο-οργανικών καταλοίπων αναπτύχθηκαν εναλλακτικές, απλές και 

γρήγορες φασματοσκοπικές μέθοδοι που συνδράμουν στην ταχεία ανάλυση και διαλογή των 

δειγμάτων μέσω της ανίχνευσης βιομοριακών δεικτών, μέρος των οποίων μελετάται εν 

συνεχεία διεξοδικά με τις κλασικές τεχνικές υψηλής ανάλυσης. 

Η παρούσα μεταπτυχιακή ερευνητική εργασία εστιάζεται στη μελέτη αρχαιολογικών 

κεραμικών οστράκων μινωικής προέλευσης, με σκοπό την ανάπτυξη μεθοδολογίας ανίχνευσης 

και χαρακτηρισμού οργανικών καταλοίπων, με βάση τη χρήση των φασματοσκοπικών 

τεχνικών απορρόφησης στην περιοχή υπεριώδους-ορατού και φθορισμού. Η ανάλυση 

πραγματοποιείται σε διαλύματα που προκύπτουν από κατάλληλη εκχυλιστική επεξεργασία 

των κεραμικών. Η μεθοδολογία ανάλυσης περιλαμβάνει αρχικά την καταγραφή φασμάτων 

απορρόφησης υπεριώδους-ορατού και στη συνέχεια φασμάτων εκπομπής και διέγερσης 

φθορισμού σε διαλύματα εκχυλισμάτων προερχόμενων από τρία τμήματα των κεραμικών 

οστράκων: εσωτερικό, εξωτερικό και επιφανειακή κρούστα χώματος στο εσωτερικό. 

Λεπτομερής μελέτη των χαρακτηριστικών φθορισμού οδηγεί σε δεδομένα με τη μορφή χαρτών 

εκπομπής-διέγερσης φθορισμού, που επιτρέπουν την τρισδιάστατη αναπαράσταση του 

φασματοσκοπικού προφίλ κάθε αναλυόμενου διαλύματος και σύγκριση αυτού με δείγματα 

αναφοράς. 

Πρότυπα υδατικά διαλύματα φαινολικών ενώσεων (φερουλικό οξύ, γαλλικό οξύ, καφεϊκό οξύ, 

συριγγικό οξύ και βανιλίνη) παρασκευάστηκαν και μελετήθηκαν, καθώς απαρτίζουν μία 

σημαντική οικογένεια φθοριζόντων ενώσεων που περιέχεται στο κρασί και είναι γνωστό ότι 

διατηρείται για μεγάλο χρονικό διάστημα. Οι μοριακοί δείκτες φαινολικών οξέων 

συσχετίστηκαν με την ύπαρξη κρασιού, ενώ τα δευτερογενή προϊόντα οξείδωσης των 

ακόρεστων λιπαρών οξέων αποδόθηκαν στην ύπαρξη λαδιού. Η ανίχνευση των παραπάνω 

βιοδεικτών στα αρχαιολογικά δείγματα συνιστά τη φύλαξη ελαιολάδου και κρασιού σε έναν 

μινωικό κεραμικό αμφορέα, ενώ την αποθήκευση ελαιολάδου σε δύο μινωικά κυλινδρικά 

αγγεία. Ακολούθησε εκτίμηση της ποσότητας των φθορίζοντων ενώσεων που περιέχονται στα 

εν λόγω αρχαιολογικά δείγματα, υποθέτοντας ότι εκπροσωπούνται από μέλη της οικογένειας 

φαινολικών οξέων. Για τον λόγο αυτό, πραγματοποιήθηκε συγκριτική μελέτη ως προς το 

φθορισμό μορίων αναφοράς, η οποία οδήγησε στο συμπέρασμα ότι η συγκέντρωση των 

αρχαιολογικών φθορίζοντων ενώσεων είναι περίπου 400 μg/g κεραμικού. 

Παράλληλα, αναπτύχθηκε πρωτόκολλο ανάκτησης οργανικών καταλοίπων από σύγχρονα 

κεραμικά θραύσματα κάνοντας χρήση δείγματος ελαιολάδου και εκχυλιστικού μέσου 

ισοοκτανίου. Η αποτελεσματικότητα της εκχυλιστικής μεθοδολογίας αξιολογήθηκε μέσω της 
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κορυφής φθορισμού που αντιστοιχεί στη χλωροφύλλη a. Στη συνέχεια, δύο κεραμικά 

θραύσματα εμποτίστηκαν στο πρότυπο διάλυμα φαινολικών ενώσεων και σε ελαιόλαδο και 

μεταφέρθηκαν σε θάλαμο τεχνητής γήρανσης μέσω υπεριώδης ακτινοβολίας. Η μελέτη των 

φασμάτων απορρόφησης και φθορισμού των γηρασμένων δειγμάτων έδειξε ότι τα μη-συζυγή 

ακόρεστα λιπαρά οξέα που περιέχονται στο ελαιόλαδο φωτοαποδομούνται σε συζυγή διένια 

και τριένια που περιέχουν καρβονυλικές ομάδες στη δομή τους (δευτερογενή προϊόντα 

οξείδωσης) και ότι τα φαινολικά οξέα υπόκεινται σε θραύση της ακρυλικής λειτουργικής 

ομάδας. 

 

Λέξεις κλειδιά: αρχαιομετρία, φασματοσκοπία απορρόφησης υπεριώδους-ορατού, φασματοσκοπία 

φθορισμού, κεραμικό υπόστρωμα, οργανικό κατάλοιπο, φθορίζων βιοδείκτης, φαινολικό οξύ, τεχνητή 

γήρανσ
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CHAPTER 1: Bio-organic Residues in Archaeological Science 

 

 

1.1 Classes of Bio-organic Archaeological Residues 

Archaeometry is a burgeoning research domain that combines analytical methods to obtain the 

most information possible concerning materials from fragile artefacts. Archaeological residue 

analysis is a field of archaeometry that develops since the beginning of the 20th century (Gill, 

1906) while organized research started in the early 1980s. Organic residue analysis provides a 

holistic understanding of everyday utilitarian artefacts such as textile, cosmetic, houseware, 

artwork, and hunting weapon. 

Bio-organic archaeological residue is an umbrella term that refers to a set of amorphous organic 

materials present in artefacts. Organic residues could be remnants of the original content of a 

vessel or parts of the vessel itself (e.g. surface sealant, decorating material, adhesive) and are 

commonly absorbed within the walls or adhered to the surface of a ceramic vessel or a stone 

tool (Scheme 1). Organic residues can be also found within bone, wood, and textile. Resin, 

bitumen (natural asphalt), and tar vastly survive as visible surface deposits and their study 

usually involves microscopic analysis. This research approach is proved to be ambiguous, 

considering the objective interpretation of residues based solely on their morphological patterns 

(Monnier et al., 2012). 

 

Scheme 1. Encrusted residues adhered to potsherds. Adapted from Historic England (2017a). 

Archaeological biomarkers are compounds that indicate the content or the past usage of an 

artefact. In order to gain this information, the preserved biomarkers should link to natural 

products, for example resin and bitumen originate from plant, honeybee and milk from animal, 

dairy product and wine associate with human activity (Craig et al., 2000; Roffet-Salque et al., 

2015). Organic archaeological biomarkers may belong in a wide variety of chemical substances 
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such as nucleic acid, protein, lipid, sugar, and carbohydrate. Among these biomarkers, lipids 

endure the most during degradation processes over long timescales due to their hydrophobic 

nature. Triacylglycerols account for about 95% of lipids in human diet, including meat, fish, 

and dairy products. Resin, bitumen, and tar comprise the main lipid forms in non-dietary 

products such as cosmetic, medicine, and sealant. 

An example of marine fat biomarker is ω-(o-alkylphenyl)alkanoic acid that is formed when  

polyunsaturated fatty acids are heated at 270°C within a clay matrix. 

ω-(o-Alkylphenyl)alkanoic acids of C18 and C20 are produced during thermally-induced 

reactions when heating triunsaturated fatty acids, that are found in marine tissues. Thus, 

ω-(o-alkylphenyl)alkanoic acids provide evidence and act as biomarkers for the processing of 

marine animal fats (Evershed et al., 2008; Hansel et al., 2004). Another example is terpane 

polycyclic alkanes that comprise the most common class of bitumen biomarkers (Connan, 

1999). 

The detection and characterization of organic archaeological residues sheds light on the dietary 

habits, the storage and processing of foodstuffs depending on vessel type, the trade activity, 

the ancient rituals, and the domestication of animals and plants among ancient people. It is 

essential to consider information about archeozoological and archaeobotanical context of the 

region and period from which archaeological samples originate, thereby deducing meaningful 

interpretations by applying organic residue analyses. A statement claims that ‘absence of 

evidence is not evidence of absence’ and this alludes to the cautious interpretation of the 

archaeological findings. In the context of organic residue analysis, one should ascertain that 

the results remain unbiased from sensitivity of analytical methods before concluding the lack 

of organic remains. 

Among the principal analytical methods to identify and characterize lipids from archaeological 

record, chromatographic techniques gas chromatography (GC) coupled with mass 

spectrometry (MS). When evidence is based solely on GC-MS profiles, the classification of 

lipids is constrained to animal, plant, or marine origin (Stacey, 2009). Identified sterols in 

artefacts are possible to reveal the origin of the substances from: animal (zoosterols such as 

cholesterol), plant (phytosterols such as stigmasterol), and fungi (mycosterols such as 

ergosterol) (Rosial et al., 2020). 

Current radiocarbon dating shows that the invention of ceramic fabric initiated around 18000 

BCE (Late Pleistocene) in East Asia (Wu et al., 2012). It is rather possible that pottery vessels 

were originally used to store subsistence foodstuffs or to conduct ancient rituals; the use of 

vessels for culinary purposes developed afterwards (Craig et al., 2013). Ceramics are silicate-

containing materials that consist of crystalline and amorphous phases. Organic residues can 

survive over archaeological time inside the voids (pores) of ceramics or on the surface of clay 

particles in soils (Scheme 2). The burial conditions seem more decisive in enabling biomarker 

survival compared to the burial time span. There is evidence that small ceramic pores inhibit 

the entry of microorganisms and hydrolytic enzymes, protecting thus partially the organic 

residues from degradation and dissolution (Mayer, 1994). Also, arid and anoxic burial sites 
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have been shown to favor the preservation of organic residues (Regert et al., 1998). An arid 

site inhibits hydrolysis processes whilst an anaerobic environment prevents organic residues 

from microbial attacks. 

 

Scheme 2. Main input, loss, and transformation processes of organic residues occurring during usage, 

interment, and post-excavation handling of ceramic vessels. Reproduced from Roffet-Salque et al. 

(2017). 

The planning process of an archaeological project could start by addressing the questions that 

organic residue analysis intends to reply. Then researchers could propose possible scenarios 
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and examine their accuracy by carefully designed experiments. The selection of analytical 

methods that would study the organic residues relies on the research questions to be tackled. It 

is crucial to follow a proper sampling protocol that minimizes the risk of sample contamination. 

Also, cautious sample handling, which involves experimental measurements and storage, could 

give the opportunity for future analyses (Historic England, 2017a; Historic England, 2017b). 

Challenges arise from the reliable recognition of archaeological organic residues when they are 

present in trace amounts and need to be separated from similar-structured contaminants of 

modern origin such as compounds from sun screens and pesticides. Squalene and cholesterol 

have been recognized as surface lipids on human skin (Scheme 3). Squalene is probably 

unlikely to survive over time, considering its susceptibility to degrade owing to the large 

number of double bonds it contains. Thus, when both squalene and cholesterol are identified 

in archaeological materials, they should possibly be ascribed to post-excavational 

contamination due to handling rather than to preserved residues (Evershed, 1993). One 

common way to assess contamination is to examine the soil from the burial site and the exterior 

surface of the studying potsherds. If organic residues are present neither in the soil nor in the 

exterior part of the sherd, the identified residues in the interior surface can be reported of 

archaeological origin. 

CH3
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Scheme 3. Structures of the most common post-excavation lipid contaminants due to handling: (a) 

cholesterol and (b) squalene. 

It is recommended that surface layers suspicious for contamination should be removed from 

archaeological artefacts (Heron et al., 1991). As a rule of a thumb, the washing or soaking of 

sherds should be avoided during post-excavation treatment, since it is likely to remove organic 

residues. 

Crucial questions still remain regarding the nature of organic residues. For example, do 

residues from ceramic potsherds indicate the first, the last, or the overall use of an artefact? 

How exactly does the extent of pot exposure to fire and the presence of metal ions (cooper, 

iron) within the clay affect the preservation of organic materials? Also, what are the optimal 

conditions in terms of local climate, pH, water content, and chemical composition of soil at the 

burial site that enhance the preservation of organic residues? Future research should illuminate 
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these issues in order to enrich our understanding of ancient lifestyles (Steele, 2013). 

 

1.2 Effect of Cooking and Natural Aging in Protein Residue Preservation-likelihood 

Organic residue loss and distortion processes initiate when the holding vessels are utilized in 

the quotidian (cooking, cleaning) and maximize during burial. Protein residues in particular are 

subjected to degradation pathways that can be divided into three main types: (1) biological 

deterioration, that is microbial attack, (2) chemical deterioration, and (3) Maillard reaction 

between amino acids and sugars during cooking. All these alterations affect proteinaceous 

material survival and identification within archaeological contexts. Protein residues from 

potsherds were for long debatable whether they can persist over archaeological timescales due 

to their hydrolysable nature (Evershed and Tuross, 1996). 

Proteinaceous materials are susceptible to microbiological digestion that results in loss of 

protein residues (Barnard et al., 2007). Briefly, microbiological enzymes from the soil fragment 

the polypeptide chains and thus impede their preservation in the context within archaeological 

periods. Protein residues may undergo different chemical degradation processes: (1) 

deamidation: a non-enzymatic reaction that occurs in asparagine (Asn) and glutamine (Gln) 

residues and results in dissociation or displacement of the amide functional group. Leo et al. 

(2011) reported that deamidation of Asn is up to 10 times more expeditious than that of Gln 

and suggested that the extent of Gln deamidation can be exploited to determine the age of a 

historical object; (2) decarboxylation: eliminates a carboxyl group from an amino acid and 

releases carbon dioxide. Decarboxylation of all amino acids is slower in the absence of oxygen, 

for example during interment (Bada, 1991); (3) racemization: a post-mortem transformation of 

L-amino acids into their D-enantiomers. Racemization of aspartic acid residue in proteins 

increases with time and can be thus utilized for estimation of the age of a sample (Bailey et al., 

1998); (4) hydrolysis: destructs the peptide bonds, producing small peptide fragments and free 

amino acids that can leach out from the holding matrices; (5) cross-linking: a non-enzymatic 

reaction that includes covalent or ionic bonds between polypeptide chains, often catalysed by 

transition metals (Boatman et al., 2019); (6) aggregation: encompasses hydrogen bonds and 

hydrophobic interactions among proteins. 

Maillard reaction (also known as non-enzymatic browning) commonly describes the 

condensation of a sugar with the free amino moiety of a protein’s side chain that occurs during 

food processing, chiefly heating (glycation reaction). Scheme 4 shows that the amino-carbonyl 

reaction forms a Schiff base and ultimately yields dark-colored polymers known as 

melanoidins after a series of rearrangement reactions (Ames, 1992). Although by-products of 

Maillard reaction toughens the identification of paeleo-proteins, they also favor the 

preservation of protein residues by hindering hydrolysis of peptide bonds and microbial 

digestion (Baker et al., 2012). 
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a b c d 

Scheme 4. Maillard reaction between D-glucose (a) and L-lysine (b) to form N-glucosylamine (c) 

(Schiff base) and ultimately aminodeoxyketose (d) via Amadori rearrangement. Adapted from Bailey 

et al. (1998). 

 

1.3 Fluorescent Biomarkers 

In the context of bio-organic residue analysis, fluorescence spectroscopy provides fast-

screening of samples via rapid detection of fluorescent biomarkers that are present in food 

systems, colorants, cosmetics, and textiles. Fluorescence studies of intact food have been 

extensively reported in literature for quality control of foodstuffs. As an introduction to 

autofluorescence, i.e. intrinsic fluorescence, of food constituents, Table 1 lists several 

fluorophores inherent in intact food samples. In particular, fluorescence studies of both meat 

and fish are dominated by the autofluorescence of NADH and different types of collagen 

present in adipose and connective tissues (Christensen et al., 2006). The intrinsic fluorescence 

of dairy products and milk is assigned to NADH, proteins albumin and casein and, vitamins A 

(retinol) and B2 (riboflavin) (Becker et al., 2003; Dufour and Riaublanc, 1997). Edible oils are 

broadly categorised into olive, pomace, linseed, corn, and sunflower oils. In general, neat edible 

oils display fluorescence landscapes due to the presence of riboflavin, α-tocopherol, 

polyphenols, and chlorophylls α and b (Guimet et al., 2004). 

Table 1. Overview of fluorescent organic residues present in intact food, wax, and bone materials, 

reproduced from Christensen et al. (2006). 

Biomaterial Fluorescent organic residue 

Animal glue Protein (collagen) 

Beeswax Flavonoid / Resin 

Bone Protein (collagen / keratin / osteocalcin) 

Dairy products / Milk NADH / Protein (casein / albumin) / Vitamin (A / B2) 

Edible oil Vitamin (B2 / E) / Polyphenol / Chlorophyll 

Fish NADH / Protein (collagen) 

Meat NADH / Protein (collagen) 
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Fluorescence studies are also conducted in bone and wax samples. In the case of bone analysis, 

the fluorescence is exhibited due to the presence of proteins collagen, keratin, and osteocalcin 

(Fratzl and Weinkamer, 2007). In the latter case of wax, emission is mainly due to flavonoids 

and resins (Connan, 1999). 

Fluorophores are broadly categorized into intrinsic and extrinsic. Intrinsic are called the 

natural-occurring fluorophores such as aromatic amino acids, flavonoids, vitamins, carotenes, 

and chlorophylls. Whereas, extrinsic fluorescent probes are used to label non-fluorescent 

molecules of interest or to enhance the signal of poorly fluorescent fluorophores. Among 

exogenous fluorophores, dansyl chloride, fluoresceins, and rhodamines are the most favored. 

 

1.3.1 Intrinsic 

Intrinsic fluorophores are those that occur inherently in nature and embrace a diverse range of 

biomolecules such as nicotinamide adenine dinucleotide in its reduced form (NADH), proteins, 

and vitamins. Table 2 gives an overview of the fluorescence properties of intrinsic fluorophores 

preset in natural systems. Proteins exhibit intrinsic fluorescence due to the three aromatic 

amino acids: tryptophan, tyrosine, and phenylalanine. Aromatic amino acids contribute 

unequally to protein fluorescence: Tryptophan residues have the highest quantum yield (0.20) 

compared with tyrosine (0.14) and phenylalanine (0.04) (Nevin et al., 2008a). Furthermore, 

emission of tyrosine and phenylalanine is often quenched by the local environment. For these 

reasons, tryptophan emission often dominates the overall fluorescence of proteins. Other 

intrinsic biomolecules include vitamins such as retinol, riboflavin, and α-tocopherol. In UV 

light, riboflavin degrades into lumichrome and lumiflavin (Scheme 5). Another class of 

fluorophores consists of phenolic acids, resins, and pigments. 
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Scheme 5. Structures of: (a) riboflavin, (b) lumiflavin, (c) lumichrome. 

Archaeological samples pose additional difficulties when one tries to interpret their 

fluorescence spectra compared to intact samples. Apart from naturally occurring fluorophores 

that indicate the original content, secondary fluorescent biomarkers that originate from 

degradation of intact fluorophores may contribute to the final fluorescence fingerprint. A large 
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Table 2. Overview of inherent fluorophores present in food systems and artworks and their fluorescence 

properties. 

Organic residue Fluorescent compound λexc (nm) λemi (nm) 

Biomolecule NADHa 340 455 

Phenolic acid Caffeic acidb 262 426 

Syringic acidb 278 360 

Pigment Chlorophyll bc 427/455/643 670 

Purpurind 250/510 570 

Protein L-Phenylalaninec 247/252/258/263 280 

L-Tryptophanc 272/280/287 355 

L-Tyrosinec 275/280 303 

Protein oxidation product Dihydroxyphenylalaninee 355 480 

N-formylkynureninee 355 440 

Dityrosinee 355 415 

Pentosidinef 248 385 

Maillard-reaction productsf 360 440 

Resin Dammarg UV region 455 

Pistaciah UV region 550 

Vitamin Vitamin A (retinol)d 360 430 

Vitamin B2 (riboflavin)a 263/345/450 530 

Vitamin E (α-tocopherol)a 205/293 325 

Vitamin B2 oxidation product Lumichromea 380 480 

Lumiflavina 380 530 

Data from (a) Sadecka et al., 2007, (b) Rodriguez-Delgado et al., 2001, (c) PhotochemCAD Database 

at www.photochemcad.com, (d) Ahmadi et al., 2014, (e) Nevin et al., 2006, (f) Nevin et al., 2008b, 

(g) Rene de la Rie, 1982, (h) Stern et al., 2008. 

 

range of fluorescent degradation products of amino acids have been identified as a consequence 

of polymerisation and oxidative reactions. Among these products, dihydroxyphenylalanine, 

dityrosine, and N-formylkynurenine, as seen in Scheme 6, exemplify the fluorescent 

photooxidation products of phenylalanine, tyrosine, and tryptophan, respectively. (Nevin et al., 

2006). In addition, glycation products, which are formed by Maillard reaction, attest the 

presence of proteins and sugars within an examining context. An example of such a fluorescent 

http://www.photochemcad.com/
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product is pentosidine that is formed upon condensation of a free sugar (ribose) with free amino 

acids (arginine and lysine) (Dallongeville et al., 2016). 

 

 

Scheme 6. Structures of: (a) dihydroxyhenylalanine (a phenylalanine photooxidation product), (b) 

dityrosine (a UV polymerisation product of tyrosine), (c) N-formylkynurenine (a tryptophan 

photooxidation product), (d) pentosidine (a glycation endproduct). 

 

1.3.2 Extrinsic 

Extrinsic probes selectively bind to organic residues enabling the detection of non-fluorescent 

molecules –lipids, polysaccharides, etc.– and the emission signal amplification of poorly 

fluorescent compounds. To accomplish these expectations, immunofluorescence microscopy 

employs fluorophore-labeled antibodies to identify specific proteins. For instance, the Sypro 

Ruby probe has been used to detect ovalbumin and phosphitin that are the most abundant 

proteins in egg white and egg yolk, respectively, facilitating the localization of proteinaceous 

binders used in tempera paintings (Sandu et al., 2012a). Another example is dansyl chloride 

that has been used to label bovine serum albumin (BSA) by forming a covalent bond with 

lysine residues (Levi and Flecha, 2003). 

Among lipophilic dyes cited in the literature, Nile Blue, Oil Red O, and Sudan Black B have 

been shown to stain lipids present in oil paints. In particular, Nile Blue offers the ability to 

differentiate neutral lipids (acylglycerols, steroids), which stain pink, from acid lipids (fatty 

acids, phospholipids), which stain blue (Sandu et al., 2012b). 

Several stains have been used in archaeological residue studies for detecting non-fluorescent 

remnants. For example, the Congo Red dye has been used to stain cellulose and starch residues 

OH

OH

OH

O

NH2
a

OH

OH

NH2

O

OH

NH2

O

OH

b

NH2

O
O

OH

NHO

H

N-formyl

c

N NH2

OH

O

N

N

NH

NH2

OH

O

Arg

Lys

d



 

10 

 

in cooked starch grains found on stone artefacts from Aboriginal communities in Australia 

(Lamb and Loy, 2005). In alkaline conditions, Congo Red stains amyloid fibrils (protein), 

whereas at a neutral pH it binds to cellulose and starch (carbohydrate) that are not inherently 

fluorescent (Yakupova et al., 2019). Another example of extrinsic probe is Picro Sirius Red 

that has been employed to selectively stain Types I, II, and III collagen from archaeological 

samples (Stephenson, 2015). Table 3 lists several extrinsic probes that have been used to stain 

organic residues. 

Table 3. List of fluorescent stains for organic residue tagging. 

Organic residue Fluorescent 

probe 

Molecular structure 

Lipid Nile Bluea 

N

ONH2 N
+

Cl

 

Oil Red Oa 

N

OH

N

N
N

 

Sudan Black Ba 

N
N

NH NH
N

N

 

Polysaccharide 

(starch/cellulose) 

Congo Redb, c 

NH2

S

O

O O

N
N

N
N

NH2

SO

O

O

Na
+

Na
+
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Protein Collagen Picro-Sirius Red 

(PSR)d 
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N

N
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Phosphitin 

Data from (a) Sandu et al., 2012b, (b) Lamb and Loy, 2005, (c) Yakupova et al., 2019, (d) Stephenson, 

2015, (e) Levi and Flecha, 2003, (f) Sandu et al., 2012a 
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CHAPTER 2: Spectroscopic Techniques for Archaeological 

Residue Analysis 

 

 

2.1 Analytical Techniques in Archaeometry 

The molecular study of bio-organic archaeological residues provides evidence to reconstruct 

agricultural, culinary, textile fabric, ritual, artistic, and trading practices of the past populations. 

The past three decades, organic residue analyses have chiefly employed liquid 

chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry (GC-

MS), and pyrolysis-GC-MS to study the artefacts of interest. These analytical methods allow 

detection of organic materials down to nanogram levels and are thus considered as high 

sensitivity techniques (Roffet-Salque et al., 2017). They also empower separation of 

components in complex mixtures from more than one sources and chemical characterization of 

organic materials. Although, chromatography-based methods accomplish quantitative 

identification of proteins, lipids, and carbohydrates, they still demand expensive equipment, 

require elaborate sample preparation, and consume sample during analysis (Degano et al., 

2018). As a consequent limitation, the use of these analytical methods limits the number of the 

investigating samples in a given timetable. 

GC-MS permits separation and identification of organic materials –lipids resins, waxes, etc.– 

within ancient samples. Important studies were conducted, for example, on determination of 

natural substances processed in pottery vessels, including plant and animal fats. The 

identification of terpenoids points to plant resins that used in antiquity as sealants or ritual 

balms (Colombini et al., 2005), whilst the concomitant detection of palmitic acid (C16:0), stearic 

acid (C18:0), and odd-numbered carbon fatty acids may indicate degraded animal fats (Van de 

Velde et al., 2019). The distinction between ruminant (e.g. from goat, sheep, or cattle) and non-

ruminant (e.g. from pig) fats is also feasible by stable carbon isotopic analysis with GC-

combustion-isotope ratio mass spectrometry (GC-C-IRMS) (Matlova et al., 2017). 

Pyrolysis coupled to GC-MS (Py-GC-MS) enables the identification of high molecular weight 

organic materials such as wax, resin, proteinaceous material, organic pigment, and dye (Heron 

and Stacey, 2000). The pyrolysed sample consists of a complex mixture of molecules, called 

pyrolysis products, which can be separated by GC and further detected by MS. Py-GC-MS has 

been applied in the field of cultural heritage to identify proteins and other materials in samples 

of unknown composition such as the study of mural paintings (Bonaduce and Colombini, 

2003). Py-GC-MS has been also applied in the context of archaeological wood studies. For 

instance, it has been used to assess the quality of wood preservation in two Iberian shipwrecks 

originating from 16th to 18th century CE (Traore et al., 2017). The degree of wood preservation 

was evaluated by studying the pyrolysis products of polysaccharides (cellulose, hemicellulose) 
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and lignin (guaiacyl, syringyl lignin). 

In the context of archaeo-residue analysis, fluorescence, Fourier transform infrared (FT-IR), 

nuclear magnetic resonance (NMR), and Raman spectroscopies are among the spectrochemical 

tools that require minimal sample preparation and offer fast-screening of samples investigated, 

enabling thus the analyst to classify the artefacts with detectable biomarkers. By applying these 

techniques first, one can promptly select artefacts that are most likely to yield promising results 

for the archaeological record and meticulously study them by high-end analytical techniques. 

Among these spectroscopic methods, for instance, fluorescence spectroscopy in conjunction 

with SERS has been used for the identification of proteins in egg yolk, egg white, and milk due 

to the intrinsic fluorescence properties of aromatic amino acids tyrosine, tryptophan, and 

phenylalanine (Philippidis et al., 2016). In particular, LIF has been used as a fast-screening 

method to study aged protein samples that are known to exhibit fluorescence owing to 

degradation products such as di-tyrosine, N-formylkynurenine (a tryptophan oxidation 

product), dihydroxyphenylalanine, and pentosidine (a glycation product) (Nevin et al., 2006). 

Although LIF is a rapid and non-invasive technique, it yet lacks specificity and thus provides 

a limited diagnostic potential for similar structured proteins. 

Raman spectroscopy has been applied to investigate art and archaeological objects. The 

principal advantages of Raman spectroscopic technique are the non-destructive character due 

to low laser power and the opportunity for in situ investigation because of portable equipment. 

Within the archaeological context, Raman spectroscopy has been used to study pigments on 

rock and wall paintings, organic dyes on faience and pottery fragments, skin of mummified 

bodies, and human teeth (Vandenabeele et al., 2006). Moreover, 13C NMR has been deployed 

alongside FT-IR spectroscopy to detect resinous materials (Pistacia resin and mastic) coming 

from the interior of a 1500-year-old Roman sarcophagus (Bruni and Guglielmi, 2014). 

Pivotal research topics also include the detection, identification, and characterization of 

proteins in objects of cultural heritage using immunological and proteomics approaches. 

Immunological techniques are based on the use of labelled antibodies to detect the proteins of 

interest. Although these methods are sensitive and protein specific, they show a big drawback: 

the foresight of the peptides structure in question and the unpredictable effect of degradation 

phenomena, leading to false negatives (Barnard et al., 2007). For example, Nerlich et al. (1993) 

showed through immunohistochemical analysis that the mummification process preserves the 

genetic material as well as proteins over time by slowing down considerably their hydrolysis. 

Proteomics methods, which are based on the use of advanced mass spectrometric tools, rely on 

the identification of ancient proteins by software-assisted comparison of experimental mass 

spectrometric data to theoretical mass spectra, calculated on the basis of the protein primary 

structure (Cappellini et al., 2018). The main limitation of this technique comes from the 

insolubility of ancient and degraded proteins, as well as on the still limited knowledge of 

degradation pathways at the level of the polypeptide chain (Hendy et al., 2018). Given the 

continuous implementation of instrumental features and bioinformatics tools, proteomics are 

gaining increasing success to the field of archaeological and paleontological research. An 
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example of an application is represented by a study based on microcapillary LC/MS/MS, that 

achieved to sequence collagen proteins derived from fossilized bones of a 68-million-year-old 

Tyrannosaurus rex dinosaur and a 0.16- to 0.60-million-year-old Mammut americanum 

mastodon via peptide fragmentation patterns (Asara et al., 2007). Liquid chromatography 

quadrupole time of flight mass spectrometry (LC-Q-TOF-MS) analysis was also used to study 

the protein modifications in the rib bone of a 13th century CE mummy unearthed in Verona, 

Italy (Miksik et al., 2016). 

Peptide mass fingerprinting (PMF) is another mass spectrometric tool, belonging to the wider 

field of proteomics, for the analysis of proteins in historic artefacts and phylogenetic studies in 

the context of palaeontology. PMF uses digestive enzymes (e.g. trypsin) to cleave the proteins 

of interest in smaller peptides and then employs matrix-assisted laser desorption/ionization 

time of flight mass spectrometry (MALDI-TOF-MS) to record the so-called “peptide mass 

fingerprint”. Materials identification is based on the comparison between the recorded spectra 

of the unknown compounds and cited spectra in libraries of reference materials (Kirby et al., 

2013). 

 

2.2 Absorption Spectroscopy 

Measurement of light absorption is essential to gain insight into the optical density of molecules 

in a solution. In the context of molecular spectroscopy, spectral bands in absorption spectra 

stem from transitions within electronic, vibrational, and rotational energy levels. At a given 

frequency, the ratio of the intensity of transmitted beam, I, to the intensity of incident beam, I0, 

is called transmittance, T, of the sample: 

T = 
I

I0
 

(2.1) 

Beer-Lambert equation shows the dependence of molar extinction coefficient, ε (in cm2 mol-

1), optical pathlength, b (in cm), and molar concentration of absorbing molecules, C (in mol 

cm-3), on transmitted intensity: 

I = I0 x 10-εbC (2.2) 

Rearrangement and integration of equations 2.1 and 2.2 as well as introduction of absorbance 

term, A, yields an alternative form of Beer-Lambert law: 

A = -logT = εbC (2.3) 

Table 4 shows the application of Beer-Lambert equation in terms of absorbance and 

transmittance units. 
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Table 4. Transmittance units calculated from given absorbance units. 

Absorbance % Transmittance 

0.10 79% 

0.20 63% 

0.49 32% 

1 10% 

2 1% 

 

The following expression describes the Beer-Lambert law when the base of the logarithm is 

converted to constant e: 

Α = −log⁡(T) = −log(2.72)ln⁡(T) = −0.43ln⁡(T) (2.4) 

Relative error in absorption, which is also called photometric error, can be calculated by 

differentiating the equation 2.4: 

dA = −0.43
dT

T
 

(2.5) 

Dividing both sides of the equation 2.5 by absorbance term results in: 

dA

A
= −0.43

dT

AT
= 0.43

dT

log⁡(T)T
 

(2.6) 

 

Figure 1. Effect of absorbance units on their relative error percentage. 

If it is assumed that the transmittance absolute error is constant and equal to 0.01, then the 

photometric error percentage is given by the following equation: 
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dA

A
× 100 =

0.43

log⁡(T)T
× 0.01 × 100 

(2.7) 

Figure 1. shows that photometric error minimizes at 0.4 absorbance unit (2.7%) and is less than 

5%, between 0.15 and 1.10 absorbance units. 

 

2.3 Fluorescence Spectroscopy 

A Jablonski diagram illustrates the molecular processes within electronic states that lead to 

luminescence (fluorescence and phosphorescence) and its deactivation (Scheme 7). The terms 

S and T refer to the singlet and the triplet electronic states, while the subscripts 0, 1, and 2 

denote ground, first excited, and second excited states, respectively. According to the Frank-

Condon principle, absorption of a photon occurs in 0.1‒1 fs (Barnett and Francis, 2005) and 

results in promotion of a fluorophore to an excited vibrational level of S1 or S2. Then, the 

molecule rapidly relaxes until the lowest vibrational level of S2 via a process called vibrational 

relaxation (VR). Due to overlapping of S2 and S1 vibrational levels, the excited fluorophore 

transits to vibrational levels of S1 through a process denoted as internal conversion (IC). With 

a few rare exceptions, fluorescence emission is generated by the lowest energy vibrational state 

of S1 causing the shape of emission spectra to be independent of excitation wavelength. This 

is known as Kasha’s rule. 

 

Scheme 7. Jablonski diagram for a hypothetical molecule. S0 is the electronic ground state, S1 and S2 

are the excited single states, T1 is the excited triplet state, A is the absorption, F is the fluorescence, P 

is the phosphorescence, VR is the vibrational relaxation, IC is the internal conversion, ISC is the inter-

system crossing, and EC is the external conversion. 

Since fluorescence lifetime is considered as long (typically around 10-8 s), a molecule in the 

zeroth vibrational level of S1 may undergo nonradiative deexcitation (internal conversion) to 

S0 or inter-system crossing (ISC) to the first triplet state. Emission from lowest vibrational level 
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of T1 is termed phosphorescence. Although inter-system crossing rate competes against 

fluorescence lifetime (both range from 10-10 to 10-7 s), a singlet-triplet transition is forbidden 

and thus 106 times less likely to occur compared to fluorescence emission (Lakowicz, 2006). 

Small energy difference between S1 and T1 and the presence of heavy atoms in a molecule 

(increases spin-orbit coupling) enhance the likelihood of inter-system crossing. Nevertheless, 

the long phosphorescence lifetime, which ranges from 10-4 to 102 s, facilitates the 

phosphorescence emission dissipation via collisional deactivation. 

Steady-state fluorescence measurements rely on constant illumination of the sample and 

detection of the exhibiting fluorescence. Typically, molecules that contain highly conjugated 

π-electron systems exhibit detectable fluorescence properties. Molecules that contain fused 

aromatic rings, show increased capability to fluoresce as a result of the extended resonance. 

The presence of heteroatoms, however, leads to n→π* transitions that result in inter-system 

crossing (singlet-triplet transitions) and decrease of fluorescence emission signal.  

Fluorescence is prone to interactions between fluorophores and other species owing to long 

fluorescence lifetime and can thus be used to monitor molecular dynamics. Emission spectra 

depend on the chemical structure of the fluorophore, the solvent, the pH, and the temperature 

of the solution. The major advantage of fluorometric methods is their low limit of detection, 

typically down to 1 pM. 

Stokes shift: The energy difference between maxima of fluorescence excitation, (ṽexc)max, 

and emission, (ṽF)max, bands is termed Stokes shift (Eqn 2.8). It expresses the energy loss due 

to vibrational relaxation of a fluorophore from an excited vibrational level of S2 or S1 to the 

zeroth vibrational level of S1. As a result of Stokes shift, absorption occurs at lower 

wavelengths than fluorescence emission. 

Stokes shift = (ṽexc)max−(ṽF)max (2.8) 

Figure 2 shows both excitation and emission spectra of N-acetyl-DL-tryptophan in water. In 

this case, Stokes shift is 75 nm.  
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Figure 2. Fluorescence excitation and emission spectra of Ac-(DL)Trp-OH in water, 6x10-5 M. 
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Inner-filter effect: The intensity of fluorescence emitted light, IF, is proportional to the 

intensity of incident beam, I0, the quantum yield, ΦF, the molar extinction coefficient, ε (in cm2 

mol-1), the optical pathlength, b (in cm), and the concentration of fluorophores (in mol cm-3): 

IF = 2.303 ΦFI0εbC (2.9) 

Equation 2.9 indicates the linear relationship between concentration of fluorophores and 

intensity of exhibiting fluorescence. This linearity validates for diluted solutions, in which 

absorbance is less than 0.05 (εbC < 0.05). In solutions with higher concentrations, the intensity 

of incident beam attenuates at the point of observation resulting in decrease of fluorescence 

intensity. This process is called primary absorption. If the absorption and emission spectra of 

a fluorophore overlap, part of fluorescence emission is absorbed by the analyte causing 

emission signal decrease and apparent shift of emission bands. This is known as secondary 

absorption or self-absorption. Both primary and secondary absorption are denoted as inner-

filter effect. 

Figure 3 shows the absorption and fluorescence spectra of tryptophan in water with different 

concentrations. The indole group of tryptophan residue is responsible for exhibiting 

fluorescence showing maximum absorption and emission at 280 and 360 nm, respectively. 

From saturation of fluorescence intensity, it is apparent that primary absorption becomes more 

important as concentration increases. 
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Figure 3. Spectra of Ac-(DL)Trp-OH in water with concentration (x10-5 M) 0.2, 1, 1.4, 2, 4, 6, 8, 10, 

12, 14, 16: (a) absorption spectra, (b) fluorescence excitation spectra at emission wavelength 360 nm 

and fluorescence emission spectra at excitation wavelength 280 nm. 

Linear profile of Figure 4a validates the Beer-Lambert law for diluted solutions. Exponential 

profile of Figure 4b is due to the increasing importance of primary absorption. Plateau is 

reached because fewer molecules are being excited at the point of observation, i.e. centre of 

the cuvette, as absorbance increases. 
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Figure 4. Effect of: (a) concentration of Ac-(DL)Trp-OH in water on the absorbance unit at 280.5 nm, 

(b) absorbance of Ac-(DL)Trp-OH in water at 280.5 nm on the fluorescence emission intensity at 360 

nm. 

Table 5. Optimal linear and exponential regression curve of the data points in Figure. 

y = A∙x + B y = C∙e^(-x/D) + F 

A 0.00513 ± 0.00006 C ‒372218.3 ± 6443.3 

B 0.013 ± 0.005 D 0.24 ± 0.01 

 F 352241.9 ± 5893.7 

 

Figure 5 shows the absorption, emission, and excitation profiles of anthracene in ethanol. The 

distinct bands are due to transitions within vibrational levels. As seen, anthracene has a peak 

at 376 nm which coincides in both absorption and emission spectra. This fluorescence peak 

shifts about 5 nm in solution 30x10
-5

 M, i.e. at 381 nm, while is missing in solution 300x10
-5

 

M (Fig. 5b) as a result of secondary absorption effect. Note that absorption and fluorescence 

excitation spectra of anthracene solutions with concentration 30x10
-5

 M and 300x10
-5

 M are 

not displayed because they exceed absorbance unity and Beer-Lambert law is inapplicable. 
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Figure 5. Spectra of anthracene in ethanol with concentration (x10-5 M) 0.3 (1), 3 (2), 30 (3), 300 (4): 

(a) absorption spectra, (b) fluorescence emission spectra at excitation wavelength 340 nm, (c) 

fluorescence excitation spectra at emission wavelength 420 nm. 

Fluorescence quenching: So far it is explained how primary and secondary absorption 

decrease the fluorescence signal. Besides inner-filter effect, quencher molecules may inhibit 

the emission of fluorescence. The process of quenching requires interaction between the 

fluorophore and the quencher. Typically, fluorescence quenching refers to two types: dynamic 

and static. In dynamic quenching (collisional quenching), an excited fluorophore transfers its 

excess energy to other species. The energy-transfer demands a collision between the 

fluorophore and the quencher and leads to nonradiative processes. As dynamic quenchers may 

act electron-deficient groups, e.g. ‒COOH, ‒NH3
+ and small molecules, e.g. oxygen, amines, 

etc. In static quenching, a fluorophore and a quencher molecule form a complex in the ground 

state. This binding prevents fluorophores from absorbing photons and solely unbound 

fluorophores emit radiation. An example of a static quenching process is the decrease of 

ethidium bromide’s fluorescence signal by caffeine.  

Fluorescence lifetime and quantum yield: Fluorescence lifetime, τ, and quantum yield, ΦF, 

(quantum efficiency) are typical features of a fluorophore. The quantum yield is defined as the 

number of emitted photons to the number of absorbed photons (Eqn 2.10). The upper bound of 

quantum yield is the unity. 

ΦF = 
#⁡of⁡emitted⁡photons

#⁡of⁡absorbed⁡photons
 

(2.10) 

Fluorescence lifetime (Eqn 2.11) refers to the average time that a fluorophore lies in the excited 

electronic state before returning to the ground state. Both the emissive rate of the fluorophore 

and the rate of non-radiative decay depopulate the excited state and are abbreviated as Γ and 

knr, respectively: 

τ = 
1

Γ⁡+⁡𝑘𝑛𝑟⁡
 (2.11) 
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Effect of solvent Raman scattering in fluorescence spectra: A molecule can interact with 

light in three different ways: absorb, emit, or scatter a photon. In the case of scattered light, a 

molecule may scatter photons either elastically or in-elastically. In elastic scattering (also 

known as Rayleigh scattering), the scattered photons have the same frequency as the incident 

light. In-elastic scattering (or Raman scattering) involves scattering of a photon in lower energy 

(Stokes scattering) or higher energy (anti-Stokes scattering) compared to the incident photon 

frequency. Both Stokes and anti-Stokes lines are affected by the population of vibrational states 

involved in the transition. Since anti-Stokes scattering requires population of excited 

vibrational states, anti-Stokes lines are weaker compared with Stokes lines and are less likely 

to be detected in a fluorescence spectrum. Scheme 8 summarises the main interaction processes 

between light and molecules in a solution. 

Scheme 8. Visual representation of fluorescence, elastic and inelastic scattering processes. 

A Raman peak depends on incident frequency and thus shifts at different excitation 

wavelengths. Unlike Raman scattering, fluorescence emission is independent of incident 

frequency as a result of Kasha’s rule. Hence, Raman artefacts can be identified by varying the 

excitation wavelength. An additional way to discriminate between Raman and fluorescence 

peaks is the fact that a Raman band is narrower compared to a fluorescence one. The frequency 

of a vibrational mode is termed absolute Raman frequency. Equation 2.12 shows how Raman 

shift, 𝑣̃, results from excitation, λexc, and Raman scattering, λRaman, wavelength: 

𝑣̃ =
1

𝜆𝑒𝑥𝑐
−

1

𝜆𝑅𝑎𝑚𝑎𝑛
 

(2.12) 

Differentiating the equation 2.12 yields: 

𝑑𝑣̃ =
−1

𝜆𝑒𝑥𝑐2
𝑑𝜆⁡ 

(2.13) 

Equation 2.13 shows that the wavelength difference between scattered and incident photons is 

proportional to the second power of excitation wavelength. The intensity of Raman scattering, 

IRaman, is proportional to the intensity of incident beam, I0, and inversely proportional to the 

fourth power of excitation wavelength, λexc as shown in equation 2.12 (Demtroeder, 2008): 

Raman Stokes scattering (λ > λexcitation) 

Rayleigh scattering (λ=λexcitation) 

Transmitted 

beam 

Raman anti-Stokes scattering (λ < λexcitation) 

Fluorescence emission (λemission > λexcitation) 

Incident beam 

(λexcitation) 
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ΙRaman  
𝐼0

𝜆𝑒𝑥𝑐
4 (2.14) 

Figure 6 and Table 6 illustrate that scattered intensity is inversely proportional to the excitation 

wavelength and that the wavelength difference between scattered and incident light becomes 

bigger as excitation wavelength increases. 
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Figure 6. Raman scattering obtained from water/methanol (4:1) v/v at excitation wavelength (nm): 325 

(1), 350 (2), 375 (3), 400 (4), 425 (5), 450 (6). 

In Figure 6, the Raman peak generated by excitation at 350 nm corresponds to 3255 cm-1 

Raman shift and is due to both water and methanol vibrational stretching in the O‒H region. 

This is in agreement with the literature as the Raman peak of methanol at 3210 cm
-1

 has been 

assigned to O‒H symmetric stretching (Iwaki and Dlott, 2000), whereas the Raman peak of 

water at 3375 cm
-1

 has been ascribed to O‒H symmetric stretching (Auer and Skinner, 2008). 

In case of unknown samples, Raman peaks may contribute to fluorescence spectra 

misinterpretation. An efficient method to eliminate Raman scattering interference is to record 

emission of pure solvent and then subtract it from the emission of fluorophore solution. 

Table 6. Excitation wavelength, Raman scattering wavelength and difference between them. Data 

retrieved from Fig. 13. 

λexc (nm) λRaman (nm) Δλ (nm) 

325 363 38 

350 396 46 

375 428 53 

400 462 62 

425 495 70 

450 531 81 
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CHAPTER 3: Spectrometers and Methodology 

 

 

3.1 Absorption and Fluorescence Spectrometers  

The absorption study was carried out using a UV-1900 spectrophotometer (Shimadzu Corp., 

Japan) equipped with a deuterium and a 20 W tungsten-halogen arc lamp, single 

monochromator, and a photomultiplier tube. The optical setup of the spectrophotometer 

utilized is shown in Scheme 9. 

Scheme 9. Block diagram of a UV-1900 spectrophotometer optical setup (Shimadzu Corp., Japan). M: 

mirror, R: reference, S: sample. 

Briefly, the main compartments of the spectrophotometer are: (1) illuminators: cw deuterium 

and tungsten-halogen arc lamps for ultraviolet and visible part of the spectrum. Both sources 

cover a wavelength range of 190‒1100 nm. Mirror M1 reflects radiation from one source at a 

time; (2) monochromator: Lo-Ray-Ligh, i.e. low stray light diffraction grating, that has the 

Czerny-Turner design with a grating containing 1200 grooves mm
-1

, achieving a resolution of 

1 nm; (3) chopper: splits the incident beam in two that enter the two sample compartments; (4) 

sample compartment: dimensions are 50 cm x 45 cm x 24 cm; (5) signal detector: a silicon 

photodiode. All optical components are coated with silica for increased durability. 

Spectrometer scans from higher to lower wavelengths to prevent samples from photo-

degradation phenomena.  

The fluorescence study was carried out on the basis of a FluoroMax®-P spectrofluorometer 

(JobinYvon Inc., USA), equipped with a 150 W xenon arc lamp, excitation and emission 

monochromator, and a photomultiplier tube (PMT) as a signal detector. The optical setup of 

the fluorescence spectrometer used for the purpose of this thesis is shown in Scheme 10. 
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Scheme 10. Block diagram of a FluoroMax®-P spectrofluorimeter optical setup (JobinYvon 

Inc., USA). BS: beam splitter, M: mirror. 

The basic compartments of the spectrofluorometer are: (1) illuminator: a continuous wave (cw) 

xenon arc lamp; (2) excitation and emission monochromators: have the Czerny-Turner design. 

Gratings contain 1200 grooves mm
-1 and are coated with MgF2 to prevent oxidation. Excitation 

and emission monochromator work effectively in the range of 220‒600 nm and 290‒850 nm, 

respectively. For both monochromators, slit widths of the entrance and exit ports can be 

adjusted by DataMax software; (3) reference detector: a photodiode that responds between 190 

and 980 nm and corrects wavelength- and time-dependent output of the Xenon arc lamp.  A 

beam splitter transfers 8% of excitation light to reference detector; (4) sample compartment: 

hosts detachable accessories for solid- and liquid-sample holders; (5) signal detector: a R928P 

photomultiplier tube that responses in the wavelength range 180‒850 nm with linear response 

up to 4×106 counts per second (cps) (Horiba group, 2001). 

Stray light is the radiation that reaches the detector when no sample is placed in the sample 

compartment. It is probably due to imperfect insulation of the spectrometer from the ambient 

light or scattering of excitation photons by particles in the gas-phase present in the sample 

compartment. In the spectrofluorometer setup used for the purpose of this thesis, stray light, 

i.e. background signal, was measured to have an intensity of 500 counts independent of 

excitation and emission wavelengths. 

Bandpass slit determines the wavelength range that passes through a monochromator. For 

example, if one records a fluorescence emission spectrum at excitation wavelength 350 nm and 

sets bandpass slit for excitation monochromator at 4 nm, then only photons of wavelength range 

348‒352 nm will pass through the excitation monochromator and reach the sample. Equation 

3.1 shows the relationship between bandpass, slit width and dispersion of excitation light. 

Bandpass slit (in nm) = Slit width (in mm) × Dispersion (in nm mm
-1

) (3.1) 

where dispersion is 4.25 nm mm
-1

 for gratings with 1200 grooves mm
-1

. 
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The increase of slit width of emission monochromator rises the intensity of fluorescence signal 

at a cost to spectral resolution. Fig. 7a shows that spectral resolution of emission signal 

declines, that is broadening of fluorescence peaks, as the bandpass of emission monochromator 

increases. Fig. 7b illustrates the linear correlation between the intensity of fluorescence signal 

and the bandpass of emission monochromator.  
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Figure 7. Anthracene in ethanol 3×10-5 M at excitation wavelength 340 nm: (a) Fluorescence emission 

spectra, incident beam bandpass 1 nm, and fluorescent beam bandpass (nm): 1, 2, 3, 5, 10; (b) effect of 

fluorescent beam bandpass on fluorescence emission intensity at 400 nm. 

FluoroMax®-P enables to construct a 2D spectral map through the Matrix scan mode. To this 

end, the spectrometer runs a number of emission scans within a defined wavelength range that 

corresponds to a series of different excitation wavelengths. The software DataMax allows the 

automatic correction of 1st and 2nd order Rayleigh scatter of incident light. 

 

3.2 Absorption and Fluorescence Measurements Procedure 

Absorption and fluorescence studies of solutions were conducted using a quartz cuvette, since 

quartz materials are transmittable to UV radiation. The solutions were placed in a four-window 

quartz optical cell with 10 mm pathlength and 3.5 mL working volume. 

Absorption spectra were recorded prior to fluorescence spectra for each solution in order to 

reveal the appropriate spectral regions in which the samples can be excited and fluoresce. 

Fluorescence measurements were performed at a right-angle geometry, that is angle of 90
o
 

formed by the incident beam direction with the axis of fluorescence emission detection. This 

arrangement is suitable for diluted solutions (absorbance < 1) as it prevents scattered and 

transmitted excitation light from entering the detection system (Diaz-Garcia and Badia-Laino, 

2005). In order to avoid 1st and 2nd order Rayleigh scattering of incident light, the start and end 

positions of a spectrum should be at least set 15 nm from the excitation wavelength and two 

times the excitation wavelength, respectively. The spectral scan parameters, as shown in Table 

7, were set using the software DataMax and UVProbe for fluorescence and absorption 
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measurements, respectively. 

Table 7. Scan parameters for acquisition of 2D spectral maps, absorption, emission, and excitation 

spectra. 

 Absorption 

spectra 

Emission 

spectra 

Excitation 

spectra 

2D spectral maps 

Increment (nm) 1 1 1 1 (emission) 

Variable (excitation) 

Integration time (s)* 0.2 Variable Variable Variable 

Bandpassexc (nm) ‒ 5 1 5 

Bandpassem (nm) ‒ 1 5 1 

* integration time affects only signal-to-noise ratio and has no effect on fluorescence intensity. 

2D spectral maps enable the record of spectral features of materials present in a complex 

mixture, permitting their separation through the unique fluorescence fingerprint they display. 

There are two ways to construct a 2D spectral map: recording spectra in excitation-emission 

mode (matrix scan) or manually joining 1D emission spectra. Both methods were deployed in 

order to construct the 2D contour maps cited in the present thesis.  

 

3.3 Correction of Fluorescence Spectra 

The approach to the analysis of data was to subtract, point by point, the absorption/fluorescence 

of neat solvent from the solution of fluorophore in corresponding solvent, as shown in equation 

3.2. 

I(corrected) = I(fluorophore+solvent at x wavelength) – I(solvent at x wavelength) (3.2) 

400 440 480 520 560 600 640

0

10

20

30
3

2

In
te

n
si

ty
 (

x
1
0

3
)

Wavelength / nm

Raman scattering of

H2O/CH3OH (4:1) 

1

 

Figure 8. Fluorescence emission spectra at excitation wavelength 350 nm of H2O/CH3OH (4:1) v/v (1), 

archaeological sample in H2O/CH3OH (4:1) v/v (2), after solvent subtraction (3). 
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Figure 8 shows the corrected emission spectrum of an archaeological sample determined by 

the subtraction procedure. As can be seen, the fluorescence spectrum of solvent mixture (1) 

presents only a narrow peak at 395 nm which corresponds to Raman scattering and is 

superimposed atop the fluorescence emission of archaeological sample (2). If not corrected, it 

can lead to misinterpretation of the emission spectrum. 

 

3.4 Purity Classification of Solvents 

Fluorescence spectroscopy is at least three orders of magnitude more sensitive than absorption 

spectroscopy. For that reason, fluorescence spectroscopy is more favoured in terms of assessing 

the purity of optical cells and candidate solvents. Firstly, the cuvette should be meticulously 

cleaned on the basis of hydrophilic (e.g. methanol) and lipophilic (e.g. chloroform) solvents 

and then wiped with a lens paper. Following, the optical cell is filled with a pure solvent (e.g. 

nanopure water, ethanol) and the emission spectra are recorded at several excitation 

wavelengths in order to examine the absence of any contamination. In the case of a purified 

cuvette, only the Raman peaks corresponding to pure solvent are expected to be displayed. 

While, if the optical cell is improperly cleaned, the exhibiting fluorescence of undesirable 

fluorophores trapped in the cuvette walls will be recorded. Fig. 9b illustrates that anthracene 

remains are present within the optical cell and leads to the conclusion that the cuvette was 

improperly cleaned prior to solvent addition. Fig. 9a shows that absorption spectroscopy fails 

to demonstrate the spectral features of anthracene impurities. 
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Figure 9. Spectra of ethanol contaminated by anthracene remains in an optical cell: (a) absorption 

spectrum, (b) fluorescence emission spectrum at excitation wavelength 300 nm. 

Purity of solvents can be examined by conducting both absorption and fluorescence studies. 

Fig. 10a shows that absorption spectra of methanol solvents by two different suppliers ‒Sigma-

Aldrich and Fischer Scientific‒ lack of distinct spectral features. Unlike absorption, emission 

spectra reveal the presence of fluorescent contaminants in both methanol solvents. Fig. 10b 

demonstrates that Sigma-Aldrich methanol may contain two different classes of impurities 

(λemi
max = 300 and 360 nm), one of which perhaps is also contained in Fischer Scientific 
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methanol (λemi
max = 300 nm). Fig. 19c shows that upon excitation at 300 nm, part of 

fluorescence of impurities present in Sigma-Aldrich methanol is recorded. As a result, Fischer 

Scientific methanol was selected to dilute several samples studied for the purpose of this thesis. 
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Figure 10. Spectra of methanol Sigma-Aldrich HPLC grade >99.9% (1) and methanol Fischer 

Scientific HPLC gradient grade >99.9% (2): (a) absorption spectra, (b) fluorescence emission spectra 

at excitation wavelength 250 nm, (c) fluorescence emission spectra at excitation wavelength 300 nm. 

 

3.5 Solution Preparation 

Aqueous solutions of N-acetyl-DL-tryptophan were used to demonstrate two fluorescence 

phenomena within the present thesis: Stokes shift and primary absorption (see Section 2.2). 

Anthracene in ethanol solutions were deployed for three main purposes: show the secondary 

absorption effect (see Section 2.2), study the effect of bandpass slit on fluorescence intensity 

and spectral resolution (see Section 3.1), and quantify the biomarkers found in archaeological 

samples (see Section 4.4.3). Quinine bisulfate dihydrate was used as a reference compound to 

quantify the biomarkers found in archaeological potsherds (see Section 4.4.3). 

N-acetyl-DL-tryptophan (98% purity), anthracene (97% purity), and quinine bisulfate 

dihydrate were purchased from Calbiochem, Sigma-Aldrich, and Janssen Chimica, 

respectively. Chloroform and methanol HPLC gradient grade >99.9% were obtained from 

Fisher Scientific, whereas isooctane from Merck. Aqueous solutions were prepared using nano-
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pure water. 

Scheme 11 illustrates the molecular structures of anthracene, quinine bisulfate dihydrate, and 

N-acetyl-DL-tryptophan, while Table 8 cites their chemical and fluorescence properties. 
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Scheme 11. Structures of: (a) anthracene, (b) quinine bisulfate dihydrate, and (c) N-acetyl-DL-

tryptophan. 

 

Table 8. Molecular formulae, molecular weights, excitation and fluorescence properties of anthracene, 

quinine sulfate, and tryptophan (Dixon et al., 2005). Underlined numbers indicate excitation or emission 

maxima. 

Compound Molecular 

formula 

Molecular 

weight 

(g/mol) 

Solvent λexcitation (nm) λemission (nm) 

Anthracene C14H10 178.23 Ethanol 309/323/340/356/376 376/396/421/446/475 

Quinine 

sulfate 

C20H26N2O6S 422.48 Sulfuric 

acid 0.5 M 

318/348 450 

Tryptophan C11H12N2O2 204.23 Water 278/287 356 

 

Phenolic compounds that are known to act as agro-food biomarkers were studied in the present 

thesis. Phenolic standard solutions were prepared in order to compare their absorption and 

fluorescence properties with spectral features of biomarkers found in archaeological samples. 

4-Hydroxy-3-methoxybenzaldehyde (99% purity; vanillin), 3,4,5-trihydroxybenzoic acid 

(97%; gallic acid), trans-3,4-dihydroxycinnamic acid (97%; caffeic acid), trans-4-hydroxy-3-

methoxycinnamic acid (99%; ferulic acid), and 3,5-dimethoxy-4-hydroxybenzoic acid (98%; 

syringic acid) were supplied by Sigma-Aldrich. For each phenolic compound, a stock solution 

(about 180 μg/mL) was prepared in nanopure water. Diluted aqueous solutions of vanillin, 

gallic acid, caffeic acid, ferulic acid, and syringic acid were prepared (at a concentration of 3.0 

μg/mL, 3.4 μg/mL, 3.6 μg/mL, 3.9 μg/mL, and 4.0 μg/mL, respectively) from the stock 

solutions. Diluted aqueous solutions of phenolic compounds were then studied in absorption 

and fluorescence spectroscopy. Scheme 12 illustrates the molecular structures of phenolic 

a)
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compounds while Table 9 cites their chemical and fluorescence properties. 
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Scheme 12. Structures of phenolic compounds studied in this Master Thesis.  

 

Table 9. Molecular formulae, molecular weights, excitation and emission maxima of fluorescence 

spectra of several phenolic compounds in water (Rodriguez-Delgado et al., 2001). 

 Compound Molecular 

formula 

Molecular weight 

(g/mol) 

λexc (nm) λemi (nm) 

Cinnamic-like Caffeic acid C9H8O4 180.16 262 426 

 Ferulic acid C10H10O4 194.18 260 422 

Benzoic-like Syringic acid C9H10O5 198.17 278 360 

 Gallic acid C7H6O5 170.12 278 366 

Benzaldehyde-like Vanillin C8H8O3 152.15 260 425 

 

Except for five individual aqueous solutions of phenolic compounds, it was also prepared a 

mixture of them in order to reliably simulate complex organic remains found in archaeological 

artefacts. The phenolic standard solution was prepared by adding equal amounts of the five 

diluted aqueous solutions of vanillin, gallic acid, caffeic acid, ferulic acid, and syringic acid (at 

a final concentration of 0.60 μg/mL, 0.68 μg/mL, 0.72 μg/mL, 0.78 μg/mL, 0.80 μg/mL, 
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respectively). 

 

3.6 Hydrophilic and Lipophilic Compounds Extraction from Archaeological Potsherds 

The present protocol was developed to effectively extract residues from Minoan ceramic 

vessels (Romanus et al., 2009) and is based on the experimental procedure followed by Tsana 

(2018). To this end, potsherd surfaces were cleaned using a brush and dust deposited on the 

surface was removed on the basis of a scalpel. Then, surface soil crust was removed from the 

inner part of sherds in order to be studied separately. A drill was used for sampling from a 

surface area of 1 cm length x 1 cm width x 2 mm depth from inner and outer parts of potsherds. 

Samples from the inside, outside, and soil on the inner part of the sherds were crushed and 

grounded to a powder using a pestle and mortar.  

Polar and nonpolar residues were extracted using H2O/MeOH (4:1) v/v and chloroform, 

respectively (Guash-Jane et al., 2004). In particular, varying amounts of the pulverized residues 

from the inner and outer parts of potsherds (100‒500 mg) as well as from the soil crusts 

deposited on the inside surface of the vessels (80 mg‒1.5 g) were extracted with 5 mL 

H2O/MeOH (4:1) v/v or/and chloroform to collect hydro- and lipo-philic residues, respectively. 

Then, a bath sonicator was utilized for 20 min to improve the extraction efficiency of solvent 

(Namiesnik et al., 2015). Finally, the samples were centrifuged for 15 min at 6000 rpm to 

facilitate the removal of solid particles. 

Table 10. Archaeological samples collected from ancient Minoan potsherds. 

 

In the current study, the residues from three Minoan pottery vessels (named MP samples) were 

analysed. Specifically, samples MP1I and MP1O were obtained by abrading 500 mg of inner 

and outer surface of ceramic amphora (named object 1), respectively, whereas sample MP1S 

was obtained by collecting 1.5 g of soil deposited on the inside surface of object 1. Samples 

MP2S and MP3S were obtained by collecting 80 mg and 1.5 g of encrusted soil deposited on 

the inside surface of two ceramic cylinder vessels (object 2 and 3, respectively). A short 

description of the samples, objects, and extracting solvents is included in Table 10.  

Pottery object Sample Brief description Extract  

 

 

Ceramic amphora 

MP1I 500 mg from the inside surface Hydrophilic 

100 mg from the inside surface Lipophilic 

MP1O 500 mg from the outside surface Hydrophilic 

MP1S 1.5 g soil from the inside Hydrophilic 

Lipophilic 

Ceramic cylinder vessel MP2S 80 mg encrustation from the inside Hydrophilic 

Ceramic cylinder vessel MP3S 1.5 g soil from the inside Lipophilic 
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CHAPTER 4: Comparison of Residues from Archaeological 

Potsherds with Phenolic Standard Solution 

 

 

4.1 Storage of Goods, Types of Containers, and Processing of Foodstuffs in Minoan 

Civilization 

Current archaeological evidence shows that viticulture originated from Zagros mountains, in 

the region that nowadays belongs to Iran, 6000 years ago and that storage of wine was feasible 

due to invention of ceramic fabric (ca. 18000 BCE). Phoenician traders probably imparted 

wine-making knowledge to Greeks during fourth millennium BCE (Reynolds, 2017). In 

Minoan Crete, wine production started in the first-palace period (ca. 3000 BCE) and climaxed 

during the second-palace period (ca. 1900 BCE), whereas olive oil production began in the 

second-palace period and peaked during the post-palatial period (ca. 1450 BCE; Hamilakis, 

1996). 

Pottery vessels were used in varying ways in ancient communities and served three main 

purposes concerning food: transfer, process (such as cooking), and storage. In general, the 

process of cooking may cause degradation of organic residues and thus reduce their potential 

survival over long timescales. The archaeological organic residues may accumulate in different 

parts within the interior of a vessel, that is base, body, neck, or rim. Charters et al. (1993) has 

performed GC-MS to establish the accumulation of absorbed lipids in different parts of pots, 

i.e. jars and bowls. The study enabled the classification of vessel use between different vessel 

types by comparing the regions of lipid accumulation. The same study also reported that 

preservation of lipids was higher in the rim and body of pottery vessels used for cooking rather 

than the base. An explanation to this may be that thermal degradation of lipids was induced by 

fire in the lower parts of the vessels. 

The identification of ketones in archaeological pottery may indicate the use of vessels as 

cooking pots. Studies have revealed the formation of monosaturated ketones (C29―C35) during 

pyrolysis of free fatty acids and triacylglycerols within a clay matrix. The formation of long-

chain ketones is attributed to the heating-induced ketonic decarboxylation, that is a type of 

condensation reaction (Evershed et al., 1995; Raven et al., 1997). Archaeological analysis also 

links the shape with the function of an archaeological vessel. For example, analysis of organic 

food remains showed that high-mouthed vessels were probably used to store or transfer liquids, 

whereas bowl-shaped pots were often utilized to produce dairy products or to cook solid food 

(Roffet-Salque et al., 2017). 
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Artefacts related to olive oil processing show that olive cultivation and olive oil production in 

Minoan Crete originated in the second millennium BCE (Riley, 2004). Olive oil was extracted 

by the domesticated olive trees Olea Europaea in Crete during the Bronze Age (Runnels and 

Hansen, 1986). Ancient objects that help us reconstruct the Aegean methods of olive oil 

production encompass excavated stone pressers, clay containers for storage, and organic 

materials like carbonized olive wood (Riley, 2002). Minoans were chiefly using the oil for 

culinary purposes and the olive wood for cooking or heating. Olive oil production technology 

in Aegean Bronze Age comprised of three main steps: olive crushing, olive pressing, and 

separation of oil from water. The crushing apparatus usually included a stone rotary mill 

consisted of a bowl and mortar. The crushed olives were then placed within cloths and pressed 

on a press bed made of stone. The resulting product was transferred inside a container and then 

the floated oil was skimmed (Foxhall, 2007). 

In Minoan Crete, narrow basins with spouts were likely utilized for olive crushing. While, clay 

or stone basins with handles and a spout at the base were probably used for wine making, 

especially if collecting vessels are found in the proximity. Evidence shows that cups were used 

for wine drinking. Apart from consumption of olive oil, oil lamps have been found in religious 

sites and interpreted as ritual objects (Hadzisavvas, 2012). Most artefacts related to wine and 

oil processing have been discovered around Minoan Palaces (Mallia, Zakros) and elite houses 

in large towns (Palaikastro, Kommos). One possible explanation is that wine and oil were 

precious ancient commodities and were likely related to ritual ceremonies and feasts 

(Hamilakis, 1996). 

To date, several archaeological studies have focused on the agricultural development in Crete 

during Bronze Age (around 2000 BCE). Archaeological findings show that vine was cultivated 

and wine was consumed in Minoan Crete (Hamilakis, 1996). The macroscopic evidence of 

viticulture from Bronze Age Crete comes from three main sources: artefacts used for the 

processing and storage of grapes, manuscripts, and plant macrofossils. All these macroscopic 

evidence categories lead to ambiguous results when considering wine making. First, ancient 

wine production mostly required pressing equipment for the grapes and storage vessels (e.g. 

pithoi, amphorae). Nevertheless, both equipment and storage vessels were used for several 

purposes apart from wine-associated processes. Second, Minoan texts (especially those written 

in Linear B) pose interpretation problems, making it difficult to deduce information about 

viticulture based exclusively on them. Third, the plant macrofossils domain comprises of 

preserved seeds thanks to carbonisation or fossilisation processes. However, none of the grape 

processing stages involves fire and thus preservation of grape seeds due to carbonisation is 

highly unlikely to occur. Also, even if fossilised grape seeds are found, one is still uncertain 

whether they lead to dried grape consumption or to wine making. 

The direct archaeological evidence presented above proves to be an inadequate source of 

information and should thus couple with molecular approaches such as organic residue 

analysis. The analysis of archaeological organic remains originating from pottery applies to the 

comprehension of the ancient technologies, in terms of vessels production, decoration, use, 

specialization, and repair. For example, a study based on GC-MS revealed that several pithoi 
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originating from Aphrodite’s Kefali on the Isthmus of Ierapetra (constructed between 3200 and 

2700 BCE) probably contained wine (biomarkers: syringic acid, tartaric acid) while others 

stored olive oil (biomarker: oleic acid; Koh and Betancourt, 2010). 

Archaeological samples studied for the purpose of the current thesis were collected from the 

Minoan Palace in the Tourkogeitonia district of Archanes, which is located 15 Km south of 

Minoan Palace of Knossos (Crete, Greece). The Palace complex is a three-storey building risen 

in the 1900 BCE. The whole settlement was excavated during 1999–2001 under the direction 

of Effie and Ioannis Sakellarakis; excavation unearthed a total of 234 pithoi. Two storage 

rooms inside the Palace housed pottery vessels probable used to store food and drinks. 

  

a b 
Scheme 13. (a) Ground plan of the excavated Royal Minoan Palace at Archanes, Heraklion, Crete. The 

red arrows indicate the storage rooms of pithoi and vessels. (b) Unearthed vessels layout at one of the 

storage rooms. 

 

4.2 Organic Residues in Wine: Fluorophores Preservation over Time 

Alcoholic drinks consist chiefly of water and water-soluble compounds such as sugars and 

alcohols. These compounds are unlikely to persist over archaeological time since they are 

susceptible to leaching, and are thus highly improbable to serve as wine biomarkers. Wine also 

contains a wide range of minor constituents, some of which are fluorescent. Polyphenols 

(flavonoids, anthocyanins ‒in red wines‒, tannins), phenolic acids, vitamins, stilbenes, and 

amino acids number among natural occurring fluorophores in wines (Arnaoutakis, 2016). 

Tartaric acid exists in many vegetables and fruits, albeit in high concentration in grapes (5–7.5 

g/L) (Soyer et al., 2003). Tartaric acid is the major organic acid in grapes and dissociates into 

tartarate salts in wines. The polar nature of tartarate salts makes them prone to solubility in 

water and thus hinders their survival over archaeological timescales. However, the polarity of 

tartarate salts enables them also to bind to the ceramic fabric, supporting their preservation 

(Steele, 2013). Tartaric acid has been identified in amphorae from a Bronze Age shipwreck at 
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Uluburun, Turkey and has been also successfully recovered from modern ceramics soaked in 

wine (Stern et al., 2008). Consequently, tartaric acid may act as a biomarker for wine provided 

that cautious extraction and detection methods are applied. 

Despite suitable techniques for the extraction and detection of tartaric acid, interpretive 

challenges arise from a number of contamination sources that lead to false-positive of wine 

identification. First, tartaric acid can leach out of associated soil into buried vessels or in reverse 

due to acid’s solubility in water. For that reason, the adjacent soil should be examined alongside 

the artefacts of interest (Mc Govern et al., 2017). Second, plastic bags used for the storage of 

sherds represent a modern source of contamination. Phthalates originated from plastics may be 

responsible for tartaric acid contamination in the post-excavation stage. In order to avoid false-

positive conclusions, a minimum detection limit of 1 μg of tartaric acid per 1 g of ceramic is 

proposed to verify its unequivocal presence in fruits (Drieu et al., 2020). 
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Scheme 14. Structures of potential biomarkers of wine: (a) tartaric acid, (b) malvidin, and (c) syringic 

acid. 

The polymerisation process occurs in a plethora of phenolic derivatives in wine and promotes 

the preservation of organic residues over long timescales (Guasch-Jané et al., 2004). Malvidin 

is the major anthocyanin in red wines. During aging, malvidin polymerises and releases 

syringic acid after alkaline treatment as seen in Scheme 14 (Ribéreau-Gayon et al., 2006). 

Syringic acid is an ambiguous red wine biomarker, given its broad presence in natural products 

(e.g. in honey) (Pyrzynska and Biesaga, 2009) and its emission due to lignin degradation during 

biomass combustion (Simoneit et al., 1993). The syringic acid can be only associated with red 

wine, if it can be established to originate from malvidin precursors.  

Grapes and wines also contain phenolic acids with prominent fluorescence properties 

(Ribéreau-Gayon et al., 2006). Two broad categories of phenolic acid derivatives are present 

in concentrations of 10–200 mg/L in wines: cinnamic acids (such as p-coumaric, ferulic, and 

caffeic acid) and benzoic acids (such as. gallic, syringic, and gentistic acid). Romanus et al. 

(2009) has identified preserved polyphenols including phenolic acids in Roman amphorae 

fragments (around 500 CE) excavated in Sagalassos, Turkey using GC-MS. The same study 

proved that wine polyphenols can intrude the ceramic matrix even when the vessel is pitched, 

i.e. coating the interior of a vessel with a resin to reduce its permeability. Therefore, it is 

interesting to examine further the preservation of phenolic acids deposited in archaeological 

potsherds. 
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4.3 1H NMR Study 

All archaeological samples from the Archanes site were analysed by 1H NMR spectroscopy 

(Tsana, 2018) prior to analyses on the basis of UV-vis absorption and fluorescence 

spectroscopy (Table 11). Two samples (polar MP1I and MP1O extracts) from a Minoan 

ceramic amphora (object 1) produced distinct organic NMR profiles typical of 2,3-butanediol; 

in hydrophilic extract MP1I, acetoin was also detected (Scheme 15). Such profiles were not 

observed in the polar MP1S extract and nonpolar MP1I and MP1S extracts. Nevertheless, 

identification of both acetoin and 2,3-butanediol in interior and exterior surface deposits 

provides evidence that wine was stored in object 1. 

Table 11. Biomarkers from ancient Minoan potsherds detected by NMR spectroscopy. 
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Scheme 15. Structures of wine biomarkers (a) acetoin, (b) 2,3-butanediol and oil biomarkers (c) oleic 

acid, (d) linoleic acid detected by NMR spectroscopy. 

 

Pottery object Sample Extract Biomarker 

 

 

Ceramic amphora 

MP1I Hydrophilic Acetoin / 2,3-butanediol 

Lipophilic No biomarkers detected 

MP1O Hydrophilic 2,3-butanediol 

MP1S Hydrophilic No biomarkers detected 

Lipophilic No biomarkers detected 

Ceramic cylinder vessel MP2S Hydrophilic Oleic acid / Linoleic 

acid 

Ceramic cylinder vessel MP3S Lipophilic Oleic acid / Linoleic 

acid 
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Yeasts produce acetoin from reduction of diacetyl in the first steps of alcoholic fermentation 

and then yield 2,3-butanediol following reduction of acetoin (Peinado and Mauricio, 2009). 

Wine contains < 150 mg of acetoin and 2,3-butanediol per litre (Romano and Suzzi, 1996). 

NMR analyses in two interior soil deposits (samples MP2S and MP3S) originating from two 

ceramic cylinder vessels (objects 2 and 3) revealed the presence of unsaturated fatty acids 

dominated by oleic (C18:1) and linoleic (C18:2) acids. The occurrence of unsaturated fatty acids 

within well-preserved pottery vessels is considered as arising from ancient oil storage (Matlova 

et al., 2017). 

 

4.4 Results 

The absorption and fluorescence profiles (from 1D-excitation and emission spectra as well as 

2D-fluorescence maps) collated herein are generated from seven archaeological samples 

derived from three ancient objects (see Section 3.6) unearthed at the site of Minoan Palace in 

Archanes, Greece. The absorption and fluorescence features of phenolic standards are also 

reported and compared to those of archaeological samples. The selection of phenolic acids is 

based upon the fact that they exhibit fluorescence and occur in wines and oils (Dufour et al., 

2006) extensively produced and stored in Minoan communities. In particular, aqueous 

solutions of benzaldehyde- (vanillin), cinnamic- (ferulic acid, caffeic acid), and benzoic-like 

(gallic acid, syringic acid) acids were analysed, as well as a standard phenolic mixture 

comprising of above-mentioned phenolic acids. Ultimately, the concentration of fluorophores 

in polar sample MP1I were determined using quinine sulfate dihydrate, anthracene, and ferulic 

acid as reference standards. 

 

4.4.1 Absorption and Fluorescence Study of Biomarkers found in Archaeological 

Potsherds from Minoan Palace in Archanes  

The absorption and fluorescence properties of archaeological residues recovered using a polar 

solvent were first investigated in samples from a Minoan ceramic amphora (object 1; samples 

MP1I, MP1O, MP1S). In Figure 11 the absorption, emission, and excitation spectra as well as 

the 2D-fluorescence map are presented for sample MP1I. Figure 11a shows that sample MP1I 

absorbs in the UV spectral region with a maximum at 195 nm. In addition, sample MP1I 

presents excitation maximum at 300‒340 nm (Fig. 11c) and emission maximum at 410‒430 

nm (Fig. 11b). 2D-fluorescence landscape illustrates that fluorescence emission shifts to higher 

wavelengths (red-shift) as excitation wavelength increases (Fig. 11d). In all excitation-

emission maps (contour plots) displayed herein, the color scale represents the exhibiting 

intensity with blue and red corresponding to the weakest and strongest fluorescence intensities, 

respectively. 
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Figure 11. Spectra of sample MP1I in water/methanol (4:1) v/v: (a) absorption spectrum; (b) 

fluorescence emission spectra at excitation wavelength 250 nm (1), 275 nm (2), 300 nm (3), 325 nm 

(4), 350 nm (5); (c) fluorescence excitation spectrum at emission wavelength 420 nm; (d) 2D 

fluorescence emission-excitation spectral map. 

The spectroscopic properties of sample MP1O (Fig. 12) appear similarities to those of sample 

MP1I (Fig. 11). Specifically, the maximum absorption of sample MP1O is at 200 nm (Fig. 12a) 

and maximum areas of excitation and emission appear at 300‒340 nm (Fig. 12c) and at 420‒

430 nm (Fig. 12b), respectively. 2D-fluorescence map indicates a slight red-shift of emission 

wavelengths as excitation wavelength increases (Fig. 12d). Notwithstanding their spectral 

similarities, samples MP1I and MP1O are different concerning band intensities. More 

precisely, the absorption and fluorescence spectra of sample MP1O present lower band 

intensities (roughly 2.5-fold) compared with sample MP1I. 



 

39 

 

210 260 310 360 410

0.0

0.1

0.2

0.3
 

A
b
so

rb
an

ce

Wavelength / nma
320 360 400 440 480 520 560 600

0

4

8

12 4
3

2

1

In
te

n
si

ty
 (

x
 1

0
3
) 

 

Wavelength / nm

5

b

270 310 350 390

0

4

8

12

In
te

n
si

ty
 (

x
1
0

3
)

Wavelength / nmc
320 360 400 440 480 520 560

280

320

360

400

440

480

 

 Emission wavelength / nm

E
x
ci

ta
ti

o
n
 w

av
el

en
g
th

 /
 n

m

d

0.0

2.4x10
3

4.8x10
3

7.2x10
3

9.5x10
3

1.2x10
4

1.4x10
4

 

Figure 12. Spectra of sample MP1O in water/methanol (4:1) v/v: (a) absorption spectrum; (b) 

fluorescence emission spectra at excitation wavelength 250 nm (1), 275 nm (2), 300 nm (3), 325 nm 

(4), 350 nm (5); (c) fluorescence excitation spectrum at emission wavelength 420 nm; (d) 2D 

fluorescence emission-excitation spectral map. 

Apparent similarities can be found between absorption and fluorescence profiles, including 

band intensities, of samples MP1S (Fig. 13) and MP1I (Fig. 11). In particular, absorption, 

excitation, and emission for sample MP1S maximise at 195 nm (Fig. 13a), at 300‒330 nm (Fig. 

13c), and at 400‒430 nm (Fig. 13b), respectively. Figure 13d illustrates that the area of 

fluorescence contour of sample MP1S is narrower compared with that of sample MP1I (Fig. 

11d). 
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Figure 13. Spectra of sample MP1S in water/methanol (4:1) v/v: (a) absorption spectrum; (b) 

fluorescence emission spectra at excitation wavelength 250 nm (1), 275 nm (2), 300 nm (3), 325 nm 

(4), 350 nm (5); (c) fluorescence excitation spectrum at emission wavelength 420 nm; (d) 2D 

fluorescence emission-excitation spectral map. 

The absorption and fluorescence properties of nonpolar ancient residues (recovered using 

chloroform) were also studied in samples from Minoan artefact 1 (samples MP1I, MP1S) in 

order to enrich the insight of preserved organic residues. In sample MP1I, two absorption bands 

appear with maxima at 260 nm and 295 nm (Fig. 14a). Furthermore, the 1D-fluorescence 

emission spectra present two maxima (Fig. 14b): One at 360 nm that is generated from 

excitation at maximum 300 nm and a shoulder at 260 nm, and a second at 435 nm upon 

excitation at maximum 360 nm and a hump at 260 nm (Fig. 14c). As a result, the 2D-

fluorescence map shows two distinct fluorescent regions: the first one has excitation maximum 

at 280‒310 nm and emission maximum at 330‒390 nm, whereas the second one has excitation 

maximum at 280‒400 nm and emission maximum at 420‒460 nm. 
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Figure 14. Spectra of sample MP1I in chloroform: (a) absorption spectrum; (b) fluorescence emission 

spectra at excitation wavelength 275 nm (1), 300 nm (2), 350 nm (3); (c) fluorescence excitation 

spectrum at emission wavelength 360 nm (1) and 435 nm (2); (d) 2D fluorescence emission-excitation 

spectral map. 

The spectral features of nonpolar fluorophores present in archaeological sample MP1S can be 

seen in Figure 15. The principal absorption band at 260 nm with a shoulder at 290 nm (Fig. 

15a) matches with that of sample MP1I (Fig. 14a), although maximum absorption of sample 

MP1S is approximately eight times weaker compared with that of sample MP1I. Emission 

profiles of sample MP1S are dominated by a maximum at 380‒440 nm (Fig. 15b) and are 

significantly different compared with those of sample MP1I (Fig. 14b). Figure 15c shows that 

the excitation spectrum of sample MP1S presents a maximum at 340 nm and a hump at 300 

nm that reminds one of the excitation spectra for sample MP1I (Fig. 14c). In addition, the 2D-

fluorescence landscape for sample MP1S reveals a contour with excitation/emission at maxima 

300‒360 nm/380‒440 nm (Fig. 15d). 
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Figure 15. Spectra of sample MP1S in chloroform: (a) absorption spectrum; (b) fluorescence emission 

spectra at excitation wavelength 300 nm (1), 325 nm (2), 350 nm (3); (c) fluorescence excitation 

spectrum at emission wavelength 410 nm; (d) 2D fluorescence emission-excitation spectral map. 

Figure 16 shows the absorption and fluorescence spectra corresponding to polar extract of 

encrustation adhered to the inside of a ceramic cylinder vessel (object 2; sample MP2S). In 

particular, the absorption profile presents a tail-like shape in the UV spectral region with a 

shoulder at 260 nm (Fig. 16a). The maximum area of emission is at 425‒445 nm (Fig. 16b), 

whereas the excitation is at maximum 350 nm with a small hump at 265 nm (Fig. 16c); it should 

be noted that the position of shoulder in excitation spectrum matches with that of absorption 

spectrum. Moreover, the 2D-fluorescence map shows a contour with maximum areas of 

excitation at 320‒360 nm and emission at 420‒470 nm. 
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Figure 16. Spectra of sample MP2S in water/methanol (4:1) v/v: (a) absorption spectrum; (b) 

fluorescence emission spectra at excitation wavelength 275 nm (1), 300 nm (2), 325 nm (3), 350 nm 

(4); (c) fluorescence excitation spectrum at emission wavelength 450 nm; (d) 2D fluorescence emission-

excitation spectral map. 

Figure 17 illustrates the absorption and fluorescence features of nonpolar fluorophores 

extracted from soil deposited on the inside of a Minoan cylinder vessel (object 3; sample 

MP3S). As can be seen from Figure 17a, a tail-like profile dominates the absorption spectrum. 

Following spectrofluorimetric analyses, sample MP3S presents excitation maximum at 380 nm 

and a shoulder at 280 nm (Fig. 17c) and a strong emission band centred at 450 nm (Fig. b). 

Finally, the 2D-fluorescence landscape reveals a contour with maximum excitation/ emission 

areas at 350‒400 nm/420‒480 nm. 
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Figure 17. Spectra of sample MP3S in chloroform: (a) absorption spectrum; (b) fluorescence emission 

spectra at excitation wavelength 325 nm (1), 350 nm (2), 375 nm (3); (c) fluorescence excitation 

spectrum at emission wavelength 450 nm; (d) 2D fluorescence emission-excitation spectral map. 

 

4.4.2 Absorption and Fluorescence Study of Phenolic Standard Solution 

Following detection of absorption and fluorescence properties from archaeological samples, 

several additional analyses were performed to identify the preserved fluorophores in ancient 

artefacts. For this purpose, standard phenolic derivatives were studied by absorption and 

fluorescence spectroscopy since they are fluorescent compounds included in oils and wines ‒

widespread commodities in Minoan communities‒ and are known to preserve within clay 

matrices over archaeological timescales. In particular, a set of phenolic acids including caffeic 

acid, ferulic acid (cinnamic-like derivatives), gallic acid, syringic acid (benzoic-like 

derivatives), and vanillin (benzaldehyde-like derivative) were meticulously analysed. 

Figure 18 shows the absorption spectra of phenolic acids and standard phenolic mixture 

consisting of the five pure phenolic acid derivatives. In general, compounds of similar structure 

are expected to exhibit similar profiles in absorption spectra. Indeed, there is a clear 

resemblance between absorption spectra of cinnamic-like derivatives presenting four 

absorption maxima: at 215, 230, 285, and 310 nm. Similarly, benzoic-like compounds show 

absorption maxima at 210 and 260 nm while vanillin shows absorption bands centred at 205, 

230, 280, and 310 nm. Phenolic standard solution holds a mixture of phenolic compounds, all 

of which contribute to the overall absorption fingerprint. Unsurprisingly, the phenolic standard 

solution shows absorption maxima at 210, 230, 285, and 310 nm (Fig. 18b) as a result of the 
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spectral properties of all phenolic derivatives. 
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Figure 18. Absorption spectra of phenolic standard solutions in water: (a) gallic acid (1), ferulic acid 

(2), vanillin (3); (b) syringic acid (1), caffeic acid (2), phenolic standard solution (3). The concentrations 

of pure phenolic acid solutions are 2x10-5 M; in mixture each fluorophore is 4x10-6 M. 
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Figure 19. Fluorescence emission spectra of phenolic standard solutions in water: (a) excitation 

wavelength 275 nm syringic acid (1), gallic acid (2), phenolic standard solution (3); (b) excitation 

wavelength 275 nm ferulic acid (1), phenolic standard solution (2), caffeic acid (3), vanillin (4); (c) 

excitation wavelength 325 nm ferulic acid (1), caffeic acid (2), phenolic standard solution (3), vanillin 

(4). 

Among the wide absorption range of phenolic solutions, a set of two excitation wavelengths 
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was selected in order to proceed with spectrofluorimetric analyses: 275 nm in which all 

phenolic solutions are excited and 325 nm in which solely cinnamic- and benzaldehyde-like 

compounds are excited. Upon excitation at 275 nm, gallic acid and syringic acid fluoresce 

utmost at 340‒350 nm (Fig. 19a). When exciting ferulic acid, caffeic acid, and vanillin at 275 

nm (Fig. 19b) and at 325 nm (Fig. 19c), an emission band at maximum 410‒420 nm is recorded. 

Upon excitation at 275 nm, the phenolic standard solution exhibits two emission maxima as a 

combination of the fluorescence properties of phenolic constituents: at 350 and at 420 nm. In 

case of excitation at 325 nm, the phenolic standard solution generates an emission band with a 

maximum at 420 nm due to the presence of cinnamic- and benzaldehyde-like derivatives. 

Fluorescence emission maxima indicate the right wavelength to set in emission 

monochromator, in order to record an optimum excitation spectrum. As can be seen from 

Figure 20a, the excitation spectra of gallic acid, syringic acid, and phenolic standard solution 

are dominated by a band centred at 265‒275 nm when emission wavelength is set at 350‒360 

nm. Figure 20b shows that excitation spectra of ferulic acid, caffeic acid, vanillin, and phenolic 

standard solution present an excitation maximum at 320 nm with a shoulder at 285 nm. 

Fluorescence excitation profiles are expected to agree with the corresponding absorption 

profiles. However, the excitation and absorption spectra of ferulic acid, caffeic acid, vanillin, 

and phenolic standard solution demonstrate differences in band’s shape. This is probably owing 

to weak emission profile of Xe-lamp (irradiating source in spectrofluorimeter) in wavelength 

range between 220 and 300 nm. 
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Figure 20. Fluorescence excitation spectra of phenolic standard solutions in water: (a) syringic acid Em 

360 nm (1), gallic acid Em 350 nm (2), phenolic standard solution Em 350 nm (3); (b) ferulic acid Em 

410 nm (1), caffeic acid Em 420 nm (2), phenolic standard solution Em 415 nm (3), vanillin Em 420 

nm (4). 

Figure 21 shows the 2D-fluorescence map of phenolic standard solution. The 2D-fluorescence 

emission-excitation spectral map demonstrates three distinct fluorescent regions at maximum 

excitation/emission of 275/350 nm, 325/420 nm, and 375/460 nm. The first contour profile (at 

lower wavelengths) is attributed to benzoic-like compounds (gallic acid, syringic acid), the 

second one to cinnamic-like compounds (ferulic acid, caffeic acid) and benzaldehyde-like 

compound (vanillin), and the third one to deprotonated form of caffeic acid (Smith and Haskell, 

2000). 
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Figure 21. 2D fluorescence emission-excitation spectral map of phenolic standard solution in water. 

 

4.4.3 Archaeological Biomarkers Quantification using Reference Standards 

An understanding of how many organic residues were recovered is necessary to elucidate the 

adequacy of the extracting protocol. To this end, absorption and fluorescence spectroscopy 

were used to gain considerable insight into the concentration of recovered fluorescent 

molecules from polar sample MP1I. In order to quantify archaeological fluorophores, solutions 

of anthracene, quinine sulfate, and ferulic acid were used as reference standards and 

calculations were based on two assumptions concerning fluorescence quantum yields: they 

remain constant over a wide spectral range (Table 12) and they are equal among reference 

standards and archaeo-residues. Although such an approach provides a circuitous way to 

estimate the quantity of organic residues and entails rough approximations, it is still perceived 

as a fast method to evaluate ancient residue extraction and detection. 

Table 12. Fluorescence quantum yields of quinine sulfate, anthracene, and ferulic acid. 

 

The first step for evaluating fluorescent organic residues is to match the absorbances, i.e. have 

the same value, of reference standard and sample MP1I at a wavelength that absorbance has a 

value less than 0.05 in order to avoid the interference of primary and secondary absorption. 

Hence, the absorbance values were considered for 325 nm, including the reference standards 

and archaeological sample (Fig. 22a). The next step is to perform fluorescence emission 

analyses on the basis of previously selected wavelength, that is 325 nm, and record the 

Compound Solvent Emission range (nm) Fluorescence quantum 

yield, φF 

Quinine sulfatea 1 N H2SO4 380−600 0.55 

Anthracenea Cyclohexane 360−480 0.36 

Ferulic acidb Phosphate buffer 360−560 0.002 

Data from: (a) Taniguchi and Lindsey, 2018, (b) Wünsch et al., 2015. 
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maximum area of exhibiting fluorescence (Fig. 22b). 

200 240 280 320 360

0.0

0.2

0.4

0.6

3
4

2A
b
so

rb
an

ce

Wavelength / nm

3
2
5

a

1

360 400 440 480 520 560

0

2

4

6

360 400 440 480 520 560
0

10

20

30

4
2

0

3

1

In
te

n
si

ty
 (
x

1
0

3
)

Wavelength / nm

4

2

4
5
0

In
te

n
si

ty
 (

x
1
0

5
)

Wavelength / nmb  

Figure 22. Spectra of sample MP1I in water/methanol (4:1) v/v (1); quinine sulfate dihydrate in 0.5 M 

sulfuric acid, 2.5x10-7 M (2); ferulic acid in water, 2x10-6 M (3); anthracene in ethanol, 6x10-6 M (4): 

(a) absorption spectra, (b) fluorescence emission spectra at excitation wavelength 325 nm. 

Once emission spectra have been generated, maximum emission intensities should be corrected 

on the basis of equal absorbances (0.018) at 325 nm (Table 13). This method should be 

employed since absorbances of reference standards and archaeological sample MP1I differ at 

325 nm. 

Table 13. Absorbance at 325 nm and fluorescence emission intensity of sample MP1I in H2O/MeOH 

(4:1) v/v and reference standards quinine sulfate dihydrate in 0.5 M H2SO4, anthracene in ethanol, and 

ferulic acid in water. 

 Absorbance at 325 nm Fluorescence emission 

intensity, Exc 325 nm 

MP1I in H2O/MeOH (4:1) v/v 0.018 33000 (Em 423 nm) 

Quinine sulfate dihydrate in 0.5 Μ H2SO4, 

2.5x10
-7

 M 

0.018 767000 (Em 450 nm) 

Anthracene in CH3CH2OH, 6x10
-6

 M 0.014 85000 (Em 447 nm) 

109000 (Em 447 nm)* 

Ferulic acid in H2O, 2x10-6 M 0.006 900 (Em 410 nm) 

2700 (Em 410 nm)* 

* corrected emission intensity if absorbance was 0.018 

 

To evaluate recovered fluorescent residues from polar extract MP1I, emission maximum 

intensities for both reference standard and archaeological extract as well as concentration of 

reference standard should be applied in equation 4.1. 

X=
Ifluo (reference fluorophore)

Ifluo (sample MP1I)
⁡⁡⁡⁡⁡⁡⁡X=

C (reference fluorophore)

C (sample MP1I)
 

(4.1) 
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Concentrations of archaeological fluorophores were variable depending on reference standards 

used for calculation. More specifically, the calculating approach yielded relative concentrations 

of fluorescent biomarkers ranging approximately from 10-8 M to 10-5 M (Table 14). Despite 

this variability, the resulting concentrations are within the detection limit of fluorescence 

spectroscopy (roughly 10-10 M) and provide a general evaluation of the effectiveness of the 

utilised extraction protocol. The concentration of recovered fluorophores calculated on the 

basis of ferulic acid corresponds to 400 μg/g of potsherd. 

Table 14. Concentration of fluorophores in sample MP1I in H2O/MeOH (4:1) v/v using quinine sulfate, 

anthracene, and ferulic acid as reference fluorophores. 

 

Overall, the evaluation of biomarkers based solely on the above-described approach involves 

discrepancies owing to selected reference standards, however it proves to be a simple method 

to gain preliminary understanding of how many ancient fluorophores have been recovered by 

using a proposed extracting protocol. Undoubtedly, deviations from true values can be limited 

if the choice of reference standards is governed by an awareness of the biomarkers’ nature 

seeking to quantify. 

 

4.5 Discussion 

Broadly speaking, identification of organic residues within archaeological contexts relies on 

the detection of unique chemical fingerprints arising from complex mixture components. These 

mixtures originate from intricate degradation pathways of intact biomarkers and pose dual 

interpretation challenges regarding lack of thorough understanding of microbial digestion 

during vessels interment and effect of burial conditions such as pH, soil composition, water 

presence, and oxygen levels. The broadening of contour profiles in all studied archaeological 

samples provides compelling evidence that extracts contained complex mixtures of degradation 

products. 

Three archaeological samples were extracted from soil adhered to the interior of vessels 

(MP1S, MP2S, MP3S) and were considered as to include biomarkers indicative of the original 

content of pre-existing pottery. As a proof of concept, the absorption and fluorescent profiles 

of inner surface deposits resemble those of encrusted soil in the interior (Fig. 11, Fig. 13) 

obtained from the same archaeological object (MP1I, MP1S). NMR spectroscopy has been 

 

Reference fluorophore 

 

X 

Inner part extract concentration 

(M) (ppb) 

Quinine sulfate 23.24 1.08x10
-8

 3.51 

Anthracene 3.30 1.82x10
-6

 325.70 

Ferulic acid 0.08 2.50x10-5 4850 
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previously employed to study Minoan samples and led to detection of wine biomarkers 

(acetoin, 2,3-butanediol) in polar samples MP1I, MP1O, MP1S and oil biomarkers 

(unsaturated fatty acids) in nonpolar samples MP2S, MP3S (Tsana, 2018). Absence of 

biomarkers was confirmed in nonpolar samples MP1I, MP1S.  

Three archaeological samples (MP1I, MP1O, MP1S) coming from different parts of the same 

Minoan vessel produced similar absorption and fluorescent profiles (Fig. 11, Fig. 12, Fig. 13) 

suggesting the presence of similar-structured fluorescent biomarkers. In particular, all of the 

samples absorbed in the UV spectral region with a maximum at 195 nm and exhibited a major 

emission peak at 420 nm (upon excitation at 325 nm) that was red-shifted as excitation 

wavelength was increased. The red-shift is ascribed to the presence of similar-structured 

degradation products. These findings agree with fluorescent profiles of intact standard phenolic 

acids and specifically with those associated with cinnamic- (ferulic acid, caffeic acid) and 

benzaldehyde-like (vanillin) derivatives (Fig. 19, Fig. 20, Fig. 21). Therefore, it is 

recommended that recovered phenolics from object 1 were not subjected to degradation 

processes during burial. 

In addition, considering the polar extracts MP1I, MP1O, and MP1S, relative intensities of both 

absorption and fluorescence spectra denote higher quantities of recovered fluorophores in 

interior deposits compared with adhered soil crust and higher quantities of the latter compared 

with exterior deposits (sampling and extraction protocol were the same for the samples in 

question). The presence of biomarkers in exterior surface is probably attributed to intrusion of 

phenolic acids into pottery matrix during storage of wine. Indeed, polyphenols originating from 

wine are known to permeate into both pitched and non-pitched ceramic fabric (Romanus et al., 

2009). 

The fact that biomarkers were detected neither in nonpolar sample MP1I nor in MP1S on the 

basis of NMR spectroscopy is possibly attributed to three different scenarios: (i) biomarkers 

have not preserved within ceramic matrix, (ii) biomarkers conserved within pottery but have 

not been recovered using the specific extracting protocol, or alternatively (iii) biomarkers were 

effectually extracted but are under the NMR detection limit. Regardless of cause, the successful 

detection of biomarkers using fluorescence spectroscopy (albeit in low intensities) highlights 

the complementary relationships among fluorescence and NMR results and that it is rather 

unexpected for fluorescence and NMR findings to coincide. More specifically, sample MP1I 

in chloroform yielded two contours at maximum excitation/emission 300 nm/350 nm and 360 

nm/440 nm, respectively (Fig. 14) recommending thus the concomitant presence of residues 

associated with two different chemical classes. Interestingly, the former contour appears to 

emerge from slightly-degraded biomarkers as their fluorescence profile is exceptionally 

localised and does not expand as excitation wavelength increases. The latter contour is possibly 

ascribed to the presence of conjugated di- and tri-enes containing carbonyl functional groups 

(known as secondary oxidation products) that are considered as biomarkers of olive oil 

resources (Sikorska et al., 2012). 

Regarding sample MP1S in chloroform, a principal contour is recorded at maximum 

excitation/emission 340 nm/420 nm (Fig. 15) proposing the existence of one certain class of 

bio-organic material. It is rather surprising to note that the fluorescence features of nonpolar 
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sample MP1S disagree with those of nonpolar sample MP1I but resemble those of polar 

samples MP1I, MP1O, and MP1S suggesting the extraction of similar-structured fluorophores 

(phenolic acids) utilising both chloroform and water/methanol (4:1) as extracting solvents. As 

a result of fluorescence findings for both polar and nonpolar extracts, it is proposed that Minoan 

amphora (object 1) was used to store wine and olive oil since both wine and oil biomarkers 

were detected. 

Soil samples MP2S and MP3S originating from objects 2 and 3 appear a similar area of 

maximum fluorescence at 340‒380 nm and 420‒460 nm for excitation and emission, 

respectively. These fluorescence features associate with secondary oxidation products of 

unsaturated lipids. Alongside fluorescence results, NMR analyses performed on both MP2S 

and MP3S samples have securely identified a series of unsaturated fatty acids (e.g. oleic acid, 

linoleic acid) as preserved organic residues, providing evidence for olive oil storage. In 

conjunction with fluorescence and NMR studies, it is suggested that cylinder Minoan vessels 

(objects 2 and 3) served as olive oil containers. 

As a final comment, one should bear in mind that every single sherd excavated from an 

archaeological site is a potential source of concurrent biomarkers coming from multiple natural 

products processed and stored throughout vessel’s use. For instance, a vessel originally filled 

with wine could afterwards be used to store oil, whereas the reverse seems improbable to occur 

as oil is hard to utterly remove from ceramic fabric in the absence of appropriate detergents. 

Consequently, it is a quite challenging effort to detect and characterise the whole range of 

preserved organic materials and reconstruct unambiguously the patterns of diet across ancient 

communities.  
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CHAPTER 5: Organic Residue Extraction from Modern and 

Artificially Aged Potsherds 

 

 

5.1 Analytical Protocol for Olive Oil Extraction from Potsherds 

The detection and identification of bio-organic residues from potsherds depend on the 

extracting methodologies utilised to recover residues from ceramic fabric. The selection of 

extracting solvents should be made with great caution, ideally taking into account the nature of 

organic remnants (e.g. polarity, solubility) seeking to detect (Cnuts and Rots, 2018). Here, it is 

described a stepwise procedure developed to effectively extract organic residues from clay 

matrices on the basis of two solvents of different polarity: water (polar) and isooctane 

(nonpolar). 

Fresh extra virgin olive oil was used as model sample to establish the extraction method from 

modern potsherds (Table. 15). First, a cleaning protocol was designed to remove contaminants 

and thus purify clay matrices. For this purpose, eight ceramic fragments (7−12 g) were rinsed 

with 5 mL and then soaked into 20 mL nanopure water within a beaker for 72 h using a clean 

glass petri dish to prevent airborne contamination. Afterwards, potsherds were removed from 

water by metal forceps and soaked once again into 5 mL fresh nanopure water for 2 h. The 

water extract was analysed on the basis of absorption and fluorescence spectroscopy revealing 

that ceramic fragments were cleaned from polar fluorescent contaminants. The same cleaning 

procedure was repeated via the use of isooctane as a cleaning agent of nonpolar contaminants 

present within body sherds. Following absorption and fluorescence study, the final isooctane 

extract showed the absence of nonpolar fluorescent contaminants rendering the eight ceramic 

fragments suitable for absorbing oil residues. 

In order to be spiked with different oil residue types, the cleaned potsherds were dried and 

soaked into 20 mL fresh extra virgin olive oil for 48 h. In addition, spiked potsherds were 

placed on a perforated piece of aluminum foil, underneath of which was laid a piece of paper 

towel to absorb the excess of oil. 

The extraction methodology was performed crushing and grounding spiked potsherds to a 

powder using a pestle and mortar. Amounts of 500 mg of the ceramic powders originating from 

each spiked potsherd were transferred in two vials containing 5 mL isooctane and 5 mL 

nanopure water each. An ultrasonic bath was used for 30 min to improve solubility of organic 

compounds in extracting solvent by weakening intermolecular interactions and bonds formed 

between oil markers and clay particles. After 72 h, ceramic powders were removed from the 

extracting solvents by simple filtration. Solutions were then centrifuged (6000 rpm) for 20 min 
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to remove suspended particulate matter and the supernatants containing oil residues were once 

again filtered. 

Table 15. Analytical protocol for cleaning, spiking and recover organic residues from ceramic 

fragments. 

Protocol Experimental procedure 

Potsherd cleaning 1. Rinse potsherds with 5 mL nanopure water. 

2. Soak potsherds into 20 mL nanopure water for 72 h and then discard 

the extract. 

3. Soak potsherds into 5 mL nanopure water for 2 h. 

4. Study the latter extract by absorption and fluorescence spectroscopy. 

i. In case of hydrophilic contaminants detection, repeat steps 1−3. 

ii. In case of absence of hydrophilic contaminants, proceed to step 

5. 

5. Repeat steps 1−4 using isooctane to remove lipophilic contaminants. 

Liquid foodstuff spiking 1. Soak potsherds into 20 mL liquid foodstuff for 48 h. 

2. Dry spiked potsherds on a perforated aluminum foil placing a dish 

cover to preclude airborne contamination. 

Organic residue extraction 1. Crush and ground spiked potsherds using a pestle and mortar. 

2. Transfer 500 mg of ceramic powder to 5 mL isooctane to extract 

nonpolar residues. 

3. Transfer 500 mg of ceramic powder to 5 mL nanopure water to 

extract polar residues. 

4. Enhance extraction in steps 2−3 utilising an ultrasonic bath for 30 

min. 

5. After 72 h, separate extracting solvents from ceramic powders by 

simple filtration. 

6. Centrifuge the extracts (6000 rpm) for 20 min. 

7. Filter the supernatants to remove any ceramic particles. 

 

5.2 Evaluating the Success Rate of Extraction Protocol 

The extraction methodology described in the previous section was developed for spectroscopic 

analysis of organic food residues within potsherds. Quantitative knowledge concerning the 

success of employed recovery protocol provides a comprehensive insight into how many 

organic residues have been removed from ceramic matrix and raises awareness of experimental 

circumstances that need to be modified in order to attain higher extraction efficiency (Barker 

et al., 2012). Extra virgin olive oil standard solutions diluted in isooctane were prepared to 

evaluate the effectiveness of suggested extraction method monitoring chlorophyll a emission 

band, viz at 670 nm. Chlorophyll-derivatives are the most appropriate reference residues 

relevant to the intrinsic fluorophores present in oils (Zandomeneghi et al., 2005). 
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Extra virgin olive oil was obtained from the local market and was diluted in isooctane yielding 

six samples with varying oil-content concentrations: 1:100, 1:300, 1:500, 1:700, 1:850, 1:1000 

v/v. Considering that density of extra virgin olive oil is 0.917 mg/mL (Peri, 2014), 

concentrations of six standard oil samples equal to: 0.92, 1.10, 1.37, 1.83, 3.03, and 9.17 

μg/mL. This dataset was selected because it complies with Beer-Lambert’s law (Fig. 23a). 

Chlorophyll a has a principal emission band at 670 nm upon excitation at 400 nm (Fig. 23 b−c). 

To assess the success of proposed extraction protocol, a calibration curve was generated by 

plotting emission intensities of chlorophyll a against concentrations of standard oil solutions 

(Fig. 23d). 
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Figure 23. Spectra of extra virgin olive oil in isooctane with concentration 0.92 (1), 1.10 (2), 1.37 (3), 

1.83 (4), 3.03 (5), 9.17 (6) μg/mL: (a) absorption spectra; (b) fluorescence emission spectra at excitation 

wavelength 400 nm; (c) fluorescence excitation spectra at emission wavelength 670 nm; (d) calibration 

curve showing the effect of concentration of extra virgin olive oil in isooctane on the emission intensity 

of chlorophyll a at 670 nm. 

Extraction of bound chlorophyll a using isooctane was assessed on the basis of 

spectrofluorimetric analysis. In particular, 7 g of blank ceramic was spiked with 1.5 g neat extra 

virgin olive oil (total mass 8.5 g). Then, the oil-spiked potsherd was crushed and grounded to 

a fine powder. The extraction method was performed on 500 mg of spiked-ceramic powder 

containing 90 mg of neat olive oil. Quantitative assessment of chlorophyll a recovery provides 

a reliable method for evaluating the degree of success of extraction protocol. Figure 24 shows 

that extracted chlorophyll a exhibits fluorescence of intensity about 5500 arbitrary units. 

Therefore, the recovered olive oil content was determined to be 0.5 μg on the basis of 
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calibration curve (Fig. 23d) and taking into account that extraction was performed by using 5 

mL isooctane. 
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Figure 24. Fluorescence emission spectrum of chlorophyll a extracted from 500 mg ceramic using 

isooctane at excitation wavelength 400 nm. 

The extraction procedure proposed herein yielded recovery efficiency less than 0.1% (Eqn 5.1). 

Although the preliminary results show very low olive oil extraction (0.1 μg/mL), they yet prove 

that sensitivity of fluorescence spectroscopy is eligible for evaluation of extraction 

methodology. To improve the recovery of chlorophyll pigments from olive oil it is suggested 

to use alternative solvent treatments. For instance, diethyl ether and dimethylformamide (DMF) 

have been successfully used to extract chlorophylls a and b (Cichelli and Pertesana, 2004). 

% Extraction Efficiency =
mass of recovered olive oil

mass of spiked olive oil
⁡x⁡100% 

(5.1) 

 

5.3 UV Artificial Aging Process 

The project presented in this section was designed to simulate the aging processes of olive oil 

and phenolic standard solution in a UV-irradiating environment. Although this approach does 

not represent natural aging of organic residues during interment of artefacts since they are not 

exposed to light, it yet provides a method to accelerate natural aging. Analytical procedures are 

divided into five phases of experimentation (Scheme 16). In the first phase, sherds from a 

modern ceramic plate were meticulously cleaned with water. After washing, the potsherds were 

assessed by means of fluorescence spectroscopy to ascertain whether undesirable fluorophores 

were removed from the clay matrices. The second phase was designed to spike cleaned 

potsherds with foodstuff residues. In the third phase, spiked potsherds were artificially aged in 

a custom-built UV-aging chamber. Protracted exposure to UV illumination is considered to 

cause photodegradation of organic residues. In the fourth, phase, an efficient extraction 

protocol was performed to recover aged residues from the ceramic matrices. In the fifth and 

final phase, the aged extracts were studied in UV-vis absorption and fluorescence spectroscopy. 
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Scheme 16. The sampling and extraction protocol established for this project. 

Ceramic fragments were cleaned and spiked by applying strategies described in Table 15. Neat 

olive oil and phenolic standard solution were absorbed in two potsherds (Scheme 17) and then 

placed in the aging chamber. The artificial aging was carried out in a custom-built aging 

chamber using mercury discharge lamps (Philips, Master TL−D super 80) that emit a broad 

spectral illumination in near-UV (maximum at 360 nm) and visible regions.  

 

Scheme 17. Potsherds spiked with neat olive oil and phenolic standard solution and transferred in a 

custom-built UV-aging chamber. 

Illumination intensity was measured via a commercial digital light meter (Tecpel DLM532). 

Neat olive oil- and phenolic standard solution-containing potsherds were illuminated for 1800 

h and 5400 h, corresponding to 4.7x107 lx h and 1.4x108 lx h, respectively. Aged foodstuff 

residues were recovered from potsherds employing extraction methodology described in Table 
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15. In particular, oil and phenolic residues were recovered using isooctane and water, 

respectively, as extracting solvents. 

 

5.4 Results 

This section reports the spectral features of photodecomposition products formed by prolonged 

exposure of olive oil and standard phenolic solution to UV-illuminated conditions. Phenolics 

were selected as they constitute part of minor fluorescent constituents in vegetable oils known 

to degrade into fluorescent derivatives upon oxidative reactions. Intact samples were loaded on 

potsherds, placed in a custom-built artificially aging chamber, and recovered employing the 

extraction protocol described in Section 5.1. Experimentation demonstrated that foodstuff 

residues degraded during the UV-aging process, were successfully recovered from the 

potsherds by using viable extraction methodologies, and were identified using UV-vis 

absorption and fluorescence spectroscopy. 

 

5.4.1 Absorption and Fluorescence Study of Artificially Aged Samples 

Figure 25 depicts the absorption and fluorescence spectra of artificially photodegraded 

phenolic standard solution in water containing ferulic acid, caffeic acid, vanillin, syringic acid, 

and gallic acid. The aged sample absorbs in the UV spectral region exhibiting a featureless tail-

like profile (Fig. 25a). Degradation products of intact phenolics contribute to the fluorescence 

features of artificially aged sample. As seen in Figure 25b−c, a strong fluorescence emission at 

360 nm is generated by excitation at 300 nm. The 2D-fluorescence map shows a contour with 

excitation at maximum 290−310 nm and maximum emission at 350−380 nm (Fig. 25d). Note 

that emission shifts to higher wavelengths as excitation wavelength increases being in 

accordance with 1-D emission spectra. 
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Figure 25. Spectra of artificially aged phenolic standard solution in water: (a) absorption spectrum; (b) 

fluorescence emission spectra at excitation wavelength 275 nm (1), 300 nm (2), 325 nm (3); (c) 

fluorescence excitation spectrum at emission wavelength 360 nm; (d) 2D fluorescence emission-

excitation spectral map. 

Figure 26 shows the spectral features of an artificially aged oil sample exposed to a custom-

built irradiating-environment. The photodegraded oil sample absorbs UV-radiation (especially 

below 320 nm) demonstrating two humps at 280 and 325 nm (Fig. 26a). The 1D-fluorescence 

spectra illustrate three emission bands of similar intensities centred at 325, 360, and 450 nm 

(Fig. 26b) by exciting at wavelengths 275, 300, and 400 nm, respectively. Excitation spectra 

demonstrate the existence of more than one fluorophore as excitation at 350 and 420 nm 

generates emission at maxima 290 and 370 nm, respectively (Fig. 26c). The 2D-fluorescence 

landscape reveals the concomitant presence of three different regions of fluorescence: one 

demonstrating excitation maximum at 270−280 nm and emission maximum at 310−340 nm, a 

second with maximum areas of excitation and emission at 290−305 nm and 350−370 nm, 

respectively, and a third presenting excitation maximum at 395−405 nm and emission 

maximum at 440−465 nm (Fig. 26d). 
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Figure 26. Spectra of artificially aged extra virgin olive oil in isooctane: (a) absorption spectrum; (b) 

fluorescence emission spectra at excitation wavelength 275 nm (1), 300 nm (2), 400 nm (3); (c) 

fluorescence excitation spectra at emission wavelength 350 nm (1), 420 nm (2); (d) 2D fluorescence 

emission-excitation spectral map. 

 

5.5 Discussion 

Prolonged exposure of vegetable oils to UV-light provokes deterioration of oil constituents via 

oxidative reactions. These UV-induced oxidation processes are considered to simulate 

reasonably the natural aging of olive oils and are therefore utilised to explore the formation of 

new fluorescent products. Intact olive oil contains 75−85% fatty acids dominated by the 

presence of oleic acid (C18:1) which is a monosaturated fatty acid (Irmak and Tokusoglu, 2017). 

Fresh olive oil also holds a variety of fluorescent compounds albeit in low content such as 

phenolic compounds, tocopherols and pigments, chiefly carotenoids and chlorophylls (Lang et 

al., 1991). These minor components generate autofluorescence of olive oils, while polyphenols 

and tocopherols also determine their antioxidant potential (Giuliani et al., 2011). Oleuropein is 

the major polyphenol in olive fruits (Damak et al., 2008) and decomposes into phenolic 

oligomers during olive oil extraction process with tyrosol, hydroxytyrosol, and vanillic acid 

(Scheme 18) being the principal degradation products (Uylaser, 2014). Both fatty acids and 

fluorescent compounds present in olive oils are susceptible to temperature and light exposure 

leading to thermal- and photo-oxidation processes. 
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Scheme 18. Structures of major phenolic compounds present in olive oil: (a) oleuropein; (b) vanillic 

acid; (c) tyrosol (R=H), hydroxytyrosol (R=OH). 

Degradation products formed by complex photo-induced oxidation mechanisms affect the 

exhibiting fluorescence of aged oil samples. In particular, the chlorophyll content reduces 

progressively and vanishes completely under 4-month UV-illuminated conditions (Hernandez-

Sanchez et al., 2017). Likewise, carotenoids display low photo-stability and drastically 

decrease in concentration following exposure to light (Criado et al., 2007). Tocopherols also 

diminish upon exposure to UV-light hampering oxidative reactions of fatty acids until they are 

completely decomposed (Rabiej and Szydlowska-Czerniak, 2020). The detection of 

chlorophyll-, carotenoid-, and tocopherol-related compounds by means of fluorescence 

spectroscopy is thus excluded in aged oil samples as a consequence of their rapid 

decomposition into nonfluorescent derivatives through light-induced pathways. 

Limited research efforts have been performed concerning the degradation processes of phenolic 

compounds during photo-induced artificial aging. What is known is that phenolic compounds 

are quite resistant upon UV treatment, with gallic acid and vanillic acid being the most stable 

(Volf et al., 2013). The present work provides strong evidence that points to formation of new 

fluorescent compounds from intact phenolic oligomers exposed to protracted UV radiation. As 

depicted in Figure 25, degradation products absorb UV light and specifically emit fluorescence 

in the region 350−380 nm upon excitation at 290−310 nm. Interestingly, these fluorescence 

properties coincide with benzoic- and benzaldehyde-like acids (Fig. 19−20). A possible 

hypothesis is the conversion of cinnamic-derivatives (e.g. ferulic acid, caffeic acid) to vanillic- 

and benzoic-derivatives (e.g. gallic acid, syringic acid) via cleavage of carbon-carbon bond in 

the acrylic acid group. There is ample evidence that the proposed mechanism governs the 

decomposition of phenolics upon thermal treatment (Ali et al., 2020) but it requires further 

research to clarify whether light-induced degradation evolves through the same pathway. 
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Heat, light, and molecular oxygen exposure promote the oxidation of unsaturated fatty acids, 

ultimately yielding to the formation of fluorescent compounds (Scheme 19). Major lipid 

oxidation mechanisms involve the autooxidation process that evolves via free radical chain 

reactions and the photooxidation procedure that requires reactive singlet oxygen formed by 

chlorophyll during photosynthesis (Dominguez et al., 2019). Auto- and photo-oxidative 

reactions yield the same degradation products following different oxidation steps. In the case 

of photooxidation, unsaturated fatty acids initially react with singlet oxygen and form 

hydroxyperoxides, known as primary oxidation products (Rahmani and Csallany, 1998). Since 

these compounds are labile, they rapidly decompose into secondary oxidation products that 

include conjugated di- and tri-enes carrying hydroxyl or carbonyl functional groups (alcohols, 

aldehydes, ketones) (Mishra et al., 2018). Both primary and secondary oxidation products 

absorb light in the UV spectral region maximising at 230 and 270 nm, respectively 

(Grigoriadou and Tsimidou, 2006). Secondary oxidation products have been extensively 

reported in literature and are known to fluoresce in the region 450−480 nm upon excitation 

between 350 and 370 nm (Manzano et al., 2019; Rotich et al., 2020). 
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Scheme 19. Structures of: (a) an unsaturated lipid; (b) and (c) conjugated dienes of a lipid 

hydroxyperoxide (primary oxidation products); conjugated diene of a lipid (d) ketone, (e) alcohol and 

(f) aldehyde (secondary oxidation products). 

As seen in Figure 26, the artificially aged oil sample studied for the purpose of this work 

demonstrated absorption and fluorescence features that correlate well with those of constituents 

formed by photooxidation of unsaturated lipids (Sikorska et al., 2007). In particular, the hump 

at 280 nm observed in absorption spectrum as well as the fluorescence band at 

excitation/emission 400/450 nm is probably associated with secondary oxidation products 

(conjugated di- and tri-enes). Furthermore, the fluorescence properties of oil minor constituents 

were also detected in aged oil sample. Fluorescence emission at 325 nm upon excitation at 275 

nm is suggested to arise from tyrosol and hydroxytyrosol (Llorent-Martinez et al., 2013) while 

emission at 360 nm generated by excitation at 300 nm is possibly ascribed to vanillic acid 

(Cabrera-Banegil et al., 2017). It is interesting to note that the latter fluorescence region is 

similar to the one generated from artificially aged phenolic compounds (Fig. 25d).  
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Conclusion 

Spectrochemical tools hold potential to enrich archaeological research by expediting the 

selection of “good candidates” for analysis at the molecular level. In light of this expectation, 

absorption combined with fluorescence spectroscopy was applied to differentiate between 

fluorescent organic residues originating from archaeological potsherds with the prime objective 

to establish a link of biomarkers to natural sources. To this end, a total of seven polar and 

nonpolar extracts from different parts of three Minoan ceramic vessels were studied by means 

of absorption and fluorescence spectroscopy. The spectral features of standard phenolic 

derivatives (ferulic acid, caffeic acid, vanillin, syringic acid, gallic acid) were also investigated 

to aid the identification of extracted organic residues from archaeological samples. Following 

conclusions can be drawn from the analysis of results: 

(i) Phenolics and secondary oxidation products of lipids are considered as wine and oil markers, 

respectively. 

(ii) Minoan amphora (object 1) probably served two purposes: it was used as olive oil and wine 

container as both oil and wine molecular indicators were detected. It is suggested that the initial 

mode of use was the storage of wine and then the storage of oil. 

(iii) Phenolics from object 1 possibly were not subjected to degradation processes due to 

diagenesis as their fluorescence profiles coincided with those of intact standard phenolic 

compounds. 

(iv) Minoan cylinder vessels (objects 2 and 3) were probably utilised as olive oil containers 

since it was verified the presence of secondary degradation products of lipids. 

Furthermore, archaeological biomarkers from polar extract of the inner part of object 1 (sample 

MP1I) were quantified on the basis of three reference standards (ferulic acid, anthracene, 

quinine sulfate). Ferulic acid provides a more realistic choice because it represents the archaeo-

residues seeking to quantify, i.e. phenolics. The evaluation approach based on ferulic acid 

yielded concentration of extracted biomarkers of approximately 400 μg/g of potsherd. 

Methodologies for purifying clay matrices, spiking potsherds with food residues, and 

extracting organic remnants from ceramics were designed using olive oil as model sample. The 

effectiveness of extraction protocol was measured via fluorescence detection of chlorophyll a 

emission band from standard olive oil samples and was determined to be less than 0.1%. 

Finally, absorption and fluorescence spectroscopies were deployed to monitor changes in 

phenolics and olive oil caused by protracted exposure to UV-radiation. The study showed that 

non-conjugated double and triple bonds in lipids present in oils convert into conjugated bonds 

in di- and tri-enes following oxidation processes, while cinnamic-like derivatives degrade to 

benzoic-like compounds via carbon-carbon cleavage in the acrylic acid functional group. 

From the society stand point, the present master’s thesis integrates science and humanities as 

well as it raises social awareness regarding the holistic understanding and protection of 

humans’ cultural heritage. It is my hope that the research effort described herein is going to 
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introduce the systematic use of spectrochemical tools and thus contribute to the growth of the 

cross-disciplinary research field of organic residue analysis. The whole of this process is 

expected to create a stronger link between analytical scientists and archaeologists strengthening 

scientific knowledge in heritage science by bridging the gap between empirical macroscopic 

assessment and use of high-end analytical tools. 

 

Future Perspectives 

It is not possible to bring to fruition each idea emerging during a master’s project. The 

following future developments are recommended for improving the depth of archaeo-residues 

investigation based on the tackle of rising questions throughout the experimental procedure 

already discussed. The principal objectives are the maximization of recovery efficiency of the 

proposed extraction protocol and the accurate quantification of recovered archaeo-residues. To 

this end, a set of alternative polar and nonpolar solvents could be used to effectively extract 

fluorescent constituents from model samples as well as convenient reference standards could 

be used to precisely calculate the amount of extracted archaeological bio-organic residues. The 

second objective is the synchronous application of state-of-the-art spectroscopic and 

chromatographic methods in order to detect and characterise ancient organic remnants. To 

accomplish this expectation, a large body of ancient samples from different archaeological sites 

could be at first examined on the basis of modern spectroscopic techniques (fluorescence, 

NMR, Raman) in order to explore the presence of biomarkers and then apply chromatographic 

methods (gas chromatography, liquid chromatography) coupled with mass spectrometry to 

separate components in complex mixtures and chemically characterise the organic materials. 

The third objective is to unveil the pathways that contribute to degradation of organic residues 

and affect bio-materials preservation within archaeological timescales. In light of this ambition, 

standard compounds (proteins, waxes, resins, lipids) could be placed in a custom-built UV-

aging chamber and degradation products could be monitored regularly using chromatography-

based methods. The final objective is to enable the detection of non-fluorescent compounds –

lipids, polysaccharides, etc.– and the amplification of emission signal generated from poorly 

fluorescent materials, so that they can be investigated using fluorescence spectroscopy. In order 

to achieve this, extrinsic fluorescent probes (e.g., Congo Red, Picro Sirius Red) could be used 

to label the molecules of interest. 
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