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ARTICLE INFO ABSTRACT

Ancient DNA (aDNA) and protein analysis of human remains enables reconstructions of population history,
kinship, diet, health and social structure of ancient communities. Ancient DNA yields important genetic infor-
mation, nonetheless its extraction requires sampling, which is an important concern especially for rare and
valuable samples. Furthermore, poor preservation of aDNA results to low endogenous DNA yield, and consid-
ering that analyses are costly and time-consuming, efficient pre-screening methods are needed to identify
samples with higher probability of aDNA survival. Here, we present an in situ, non-invasive micro-Raman
spectroscopy approach as a screening tool capable of predicting DNA preservation in ancient teeth. Because
aDNA tends to persist in teeth preserving part of their proteinaceous (primarily collagen) component, the relative
abundance of protein to mineral provides an indirect indication for DNA preservation. A set of 49 ancient teeth,
dated from 8800 BCE to 1941 CE, were analyzed using for sample classification the amide-to-phosphate [AmI/P]
index, defined as the intensity ratio of the amide I band (1666 cm’l) over the phosphate band (PO.;3 ~,957 cm’l).
Measurements on the cementum area of the teeth, known to be protein-rich, revealed a weak but clear corre-
lation between [AmI/P] and endogenous DNA amounts, independently determined via standard aDNA analysis.
Among 25 aDNA-rich teeth, 23 were correctly identified (92% acceptance), and 13 of 20 aDNA-poor teeth were
indicated to be so (65% rejection). Overall, Raman spectroscopy provides a valid, in situ, non-invasive pre-
screening strategy for prioritizing ancient teeth with higher collagen content and greater likelihood of yielding
endogenous human DNA.

Dataset link: raw Raman data (Original data)
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1. Introduction

Ancient DNA (aDNA) analysis has become a transformative tool in
archaeology, anthropology, and palaeogenomics, enabling direct in-
sights into the genetic makeup, population history, genetic relation-
ships, and even the health of past human populations [1-5]. Studying
DNA sequences as well as proteins from ancient human or animal

remains found in archaeological contexts, such as teeth and bones, can
reveal the biological sex of individuals [6,7] and, in conjunction with
complementary analysis of associated artifacts and burial practices,
provide insights into kinship, as well as their social status within past
societies [8]. In addition, polymorphism patterns in population-level
samples allow researchers to infer past population size changes,
admixture, migration (via gene flow), and genetic interactions among
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ancient communities [9]. In particular, ancient DNA comprises a unique
archive, storing information that may not be present any more in
modern samples. It can be found primarily in hard tissues, for example,
bone or teeth, which have been known to favor endogenous DNA pres-
ervation. An extractive procedure is followed for obtaining DNA from
the hard tissue, however, efficient extraction typically requires the
partial or complete destruction of valuable and unique archaeological
specimens. Therefore the success of large-scale genomic analyses of
ancient human populations is partly based on advances in informed
sample selection and proper bone sampling methods [1,10].

Several studies have shown that the cementum of the dental root
preserves DNA better than other parts of the tooth [11-13]. Being the
outer part of the root (Fig. 1B), the cementum is susceptible to degra-
dation, especially when teeth have been found detached from the jaw,
and in such cases it is often difficult to correctly assess the degree of
preservation just by visual means. Certainly, the destructive character of
ancient DNA analysis constitutes a significant concern, particularly so,
when rare and precious samples are treated, and moreover when
considering the frequently poor preservation of DNA [14,15]. As a
result, the considerable operational costs for ancient DNA analysis
combined with the often minimal or vanishing endogenous DNA yields
can limit substantially the number of samples that can be analyzed in the
context of an aDNA project. To circumvent these limitations, researchers
have employed mass spectrometry (palaeoproteomics) [16-18] as well
as spectrochemical methods such as Near-Infrared (NIR), Fourier-
transform Infrared (FT-IR), Raman and Laser-induced breakdown
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Fig. 1. Images of a tooth (molar) illustrating its different parts (A), a cross-
section of the same tooth, embedded in resin, indicating the different tissues
targeted for analyses (B) and typical Raman spectra collected from an ancient
tooth (ADNA 100014_3) with characteristic vibrational bands indicated. Two
different regions of the tooth have been analyzed: cementum (red line) and
enamel (black line) (C). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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spectroscopy (LIBS) [19-21] as alternatives for studying skeletal re-
mains, in a minimally invasive manner, with remarkable results
[22-24], but obviously not obtaining direct genetic information. Inter-
estingly, Surface-enhanced Raman scattering has been applied in bio-
molecular and genetic studies, for example, SERS-enabled molecular
identification based on DNA barcoding in Hippocampus trimaculatus
samples [25].

In recent research work, Kontopoulos et al. [22] and Scaggion et al.
[26] have suggested that FT-IR spectroscopy, based on the use of rele-
vant spectral features and corresponding spectral indices, has the ca-
pacity to serve as a rapid screening tool for assessing the degree of
collagen preservation in archaeological bone prior to performing C and
N stable isotope ratio analyses and subsequently relating the levels of
collagen with the preserved endogenous DNA. Indeed various studies
have proposed specific FT-IR spectral indices relating to the presence of
collagen in human and animal hard tissues, and indirectly to the pres-
ervation of endogenous DNA. For example, a) the infrared splitting
factor [IRSF] and FW85% parameter, which evaluate relative changes in
the structure of bioapatite [27], b) the carbonate-to-phosphate [C/P]
ratio, a relative measure of carbonate content in bioapatite crystals [28],
and c) the amide-to-phosphate ratio [Am/P], representative of the
relative protein content of the apatite, have been utilized to estimate the
degree of organic matter preservation in bone samples [29,30]. Simi-
larly, Lescovar et al. [23] used ATR-FTIR, in combination with machine
learning (ML) methods, as a pre-screening tool indicating DNA preser-
vation in skeletal remains, including human bones and teeth. Further-
more, ML algorithms applied to FT-IR spectral data have proven to be
effective in screening archaeological bones prior to ZooMS (Zooarch-
aeology by Mass Spectrometry) collagen analysis and aDNA analysis
[24]. FT-IR spectroscopy has also been used to assess changes in the
physicochemical properties of bones and teeth from various origins and
time periods [31].

A recent review by Anzellini [32] examines how various spectro-
scopic techniques, such as FT-IR, Raman, or Fluorescence emission
spectroscopy, LIBS, as well as X-ray diffractometry have been used by
researchers in order to assess the levels of diagenesis in archaeological
bones. Among these, FT-IR and Raman spectroscopy are found as the
ones offering key advantages since they are easy-to-apply, most reliable,
and least destructive. In a representative study, FT-Raman spectroscopy
was employed in the analysis of ancient human teeth from archaeolog-
ical sites dating from the 4th to 16th centuries CE, in order to investigate
changes in the organic and inorganic composition of dental tissue over
time. The results were compared against those collected from modern
samples to assess the DNA preservation quality as a function of sample
age [33]. On the basis of a specific band intensity ratio (average of amide
1, 8(CHy) and amide III to phosphate at 960 em ™)) it was suggested that
the conformation of the collagen component, in the ancient teeth,
remained unchanged irrespective of burial age. In the context of a
similar study, Raman spectroscopy was used to estimate the age of
archaeological teeth (using the intensity ratio of the phosphate band at
963 cm™! to the organic CH band at 2950 em™)), and the results were
compared with accelerator mass spectrometry (AMS) data, presenting
high sensitivity to both the organic and mineral components of dental
tissue [34]. A reliable protocol for accurately determining the sex of the
deceased has been reported, combining proteomic analysis, archaeo-
logical evidence, and anthropological data from bone remains in several
graves at a Greek cemetery at Reggio Calabria, Italy [35]. In the same
study, an attempt was also undertaken to estimate the age of the
deceased based on a detailed evaluation of Raman spectral data
collected from bone samples. On the basis of the quantity of carbonate
apatite, particularly the level of A-substituted apatite, a rough discrim-
ination was possible concerning three individuals assessed as signifi-
cantly younger compared to the rest and two more assessed as
potentially the oldest ones. Very encouraging findings have been pre-
sented by Pestle et al. [36,37] as regards the use of a hand-held Raman
spectrometer, which was employed as a pre-screening tool modeling the
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levels of human bone collagen from archaeological samples on the basis
of a simple linear function of the amide I, §(CHy), to the phosphate band
ratio, showing high discrimination between well- and poorly preserved
samples. Moreover, benchtop and handheld Raman spectrometers were
used to examine the same set of 37 archaeological human bone samples
in order to establish standardized data reporting protocols [38]. Like-
wise NIR spectroscopy, based on portable systems, has been applied to
the quantification of collagen content and the chronological classifica-
tion of ancient bone specimens (500 to 45,000 years old) [20,39]. NIR
radiation provides the advantage of optical penetration depth (on the
order of mm) [20] which secures more efficient probing of the dental
tissue. Moreover, the combination of NIR spectroscopy with statistical
methods such as Partial Least Squares Regression (PLSR) and Random
Forest (RF) modeling, enables high-throughput bone screening and
improves sample selection efficiency [39]. Similarly, exploring NIR
hyperspectral imaging, coupled to normalized difference image (NDI)
data processing, Sciutto and coworkers have been able to map collagen
in archaeological bones [40]. Finally, Hoke et al. [41] have utilized the
UV-induced autofluorescence of bones, to estimate their microstructure
preservation, based on simple visual observation of the blue emission.
This offered a screening method to identify samples containing well-
preserved biomolecules.

In this paper, a new study is reported investigating the applicability
and reliability of Raman spectroscopy as a rapid screening tool for
indirectly estimating the amount of endogenous human DNA in ancient
teeth by measuring their protein content relative to the inorganic ma-
trix. This is the first time Raman spectroscopy is used in such a context,
directly on the archaeological sample and with no pre-treatment other
than cleaning for removing surface deposits. Spectra were obtained
using excitation in the near infrared (NIR) range, at A = 1064 nm, to
minimize potential interference due to fluorescence emissions, either
originating from environmental impurities or being intrinsic to the
sample. Raman spectroscopy offers researchers the opportunity to
conduct measurements in a short time (typical analysis time < 5 min),
whereas with the development of reliable portable spectrometers, it
provides the potential for performing field measurements. It is,
furthermore, a non-destructive probe applied directly onto the sample
surface (it just requires optical contact) with no need for any sample
processing, such as extraction or fragmentation. Raman spectra exhibit
well-resolved, distinct bands characteristic of both the inorganic (mainly
of hydroxyapatite) and the proteinaceous (primarily comprising
collagen residues) [42] components of the teeth. From the correspond-
ing Raman bands, we have established relevant spectroscopic indices
that are linked to the level of endogenous human DNA preservation and
thus propose threshold values for these indicators, which suggest dental
samples that are appropriate for archaeogenomic analysis, namely,
samples with a higher likelihood of yielding substantial endogenous
DNA. The results are highly promising, indicating that the proposed
methodology can serve as a reliable tool for pre-screening dental sam-
ples in the context of ancient DNA analysis.

2. Materials and methods
2.1. Samples and general workflow

A total of 59 dental samples were used in this study (n = 59). These
represented different types of teeth, molars, premolars, canines, and
incisors, belonging to both male and female individuals. They originated
from various archaeological excavation sites in Greece, dated to a wide
time span, from 8800 BCE to 1941 CE. The actual DNA preservation
level was determined via aDNA analyses in the Ancient DNA Lab (aDNA-
lab) of IMBB-FORTH. The assessment of DNA preservation is based on
the endogenous human DNA content, taking into account ancient DNA
authentication indices (i.e., DNA sequence length distribution and post-
mortem cytosine deamination rates) in order to confirm with certainty
the ancient origin of the genetic material. For 49 of the samples (set A),
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endogenous human aDNA values were available prior to Raman analysis
either from published studies or from unpublished data of the aDNA-lab
(Table 1). These samples span a broad range of DNA preservation levels,
from nearly zero up to 65%, and this minimizes biased sampling. In
some specimens, the preserved enamel surface was extremely limited in
size, preventing proper data acquisition from that part of the tooth. In
all, enamel Raman spectra have been collected from 41 teeth while
cementum spectra have been obtained from 45 teeth out of the 49 in set
A (Table S1). In order to validate and assess the proposed approach, an
additional set of 10 dental samples (Set B, Table 2) were treated as
unknowns and were analyzed using Raman spectroscopy, prior to aDNA
analysis. Their potential endogenous DNA content was estimated on the
basis of spectroscopic indicators derived from the analysis of the
aforementioned 49 samples. Additionally, four modern tooth samples
from four different individuals were also analyzed to compare their
spectroscopic index values against those derived from the archaeolog-
ical samples. To eliminate potential interference from microbial and
organic contaminants, modern teeth were sterilized by immersion in
sodium hypochlorite solution for 24 h.

2.2. Ancient DNA analysis

Sampling permits for all archaeological samples (Tables 1 and 2)
were granted by the Directorate of Conservation of Ancient and Modern
Monuments (Ministry of Culture). All samples were processed according
to established procedures and protocols [43-48]. In particular, while
processing teeth for ancient DNA analysis, the non-destructive protocol
of Harney et al. [49] was followed according to which a part of the
dental root was protected with parafilm, and maintained for in situ
Raman analysis.

The computational analyses for estimating the endogenous human
DNA content, using the raw sequence reads, were performed as detailed
in Psonis et al. [2]. All analyses were performed as implemented in the
mapache v.0.3.0 pipeline [50]. Results, with respect to endogenous DNA
content per sample [proportion of mapped reads, including duplicates,
from total collapsed reads (paired-end reads; PE) or total retained reads
after adapter removal (single-end reads; SE)], are provided in Tables 1
and 2. The histogram in Fig. S1a shows the distribution of endogenous
human DNA values for the 49 samples listed in Table 1. In order to
demonstrate that these samples are indeed representative of the overall
distribution of DNA content (i.e. that most samples have low DNA
values, below 10%), we constructed an additional histogram based on
DNA content data from a larger set of 116 samples, which includes the
49 Raman-analyzed samples and additionally 67 samples (not Raman-
analyzed) but with their DNA content known, on the basis of analyses
performed at the aDNA-lab (Fig. S1b). The similar distribution patterns
in the histograms (Fig. S1) indicate that the Raman-analyzed subset is
indeed representative of the overall sample population in terms of DNA
preservation.

2.3. Raman analysis

Raman spectra were obtained with a mobile Raman spectrometer
(B&W Tek). The system consists of: a) the excitation source, a
continuous-wave laser emitting at A = 1064 nm, with maximum power
P1, max = 450 mW and linewidth, FWHM = 0.3 nm (BRM-1064-450), b)
the Raman probe, with 0.22 NA objective lens (BAC 102-1064-HT)
which yields a laser spot size of d ~ 85 pm at the sample surface, and c)
the detector, an InGaAs array covering the spectral range 1047-1450 nm
(BTC 284 N-1064) integrated into a diffraction grating spectrograph,
providing spectral coverage from 100 cm™! up to 2500 cm™! with a
spectral resolution of 12 cm™!. The working values for laser power,
exposure time, and number of scans were determined through a sys-
tematic optimization of the experimental parameters, aiming to achieve
a high signal-to-noise ratio (S/N). In the current study, the laser power
was set to P;, = 80 mW, measured at the sample surface. Each acquisition
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Table 1
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List of dental samples (Set A) with Lab code numbers and corresponding information: dating and geographic location of the site, type of tooth and endogenous human
DNA content.

No* DNA lab code (ADNA 100###)** Chronological period Geographic location Tooth type Endogenous Human DNA (%)
1 0021 450-400 BCE Amvrakia, Epirus Premolar 0.10
2 004 425-100 BCE Amvrakia, Epirus Canine 0.09
3 010 425-400 BCE Amvrakia, Epirus Canine 0.04
4 0131 200-150 BCE Amvrakia, Epirus Premolar 19.40
5 0143 200-125 BCE Amvrakia, Epirus Incisor 60.43
6 0162 250-200 BCE Amvrakia, Epirus Canine 2.01
7 030 1450-1300 BCE Knossos, Crete Tooth 7.33
8 059 4100-3250 BCE Tharrounia cave, Euboea Isl. Premolar 65.61
9 061 2700-2200 BCE Perachora, Peloponnese Molar 4.75
10 064 2700-2200 BCE Perachora, Peloponnese Molar 0.16
11 128 2 450-425 BCE Amvrakia, Epirus 3rd Molar 20.73
12 135 475-450 BCE Amvrakia, Epirus Molar 1.52
13 138 375-325 BCE Amvrakia, Epirus Molar 0.49
14 142 4 8800-8600 BCE Kouvaras cave, Attika, Central Greece Premolar 0.02
15 160 500-480 BCE Tenea, Peloponnese Molar 24.61
16 161 27 BCE-476 CE Tenea, Peloponnese Molar 8.49
17 162 150-100 BCE Tenea, Peloponnese Molar 24.62
18 163 323-31 BCE Tenea, Peloponnese Incisor 48.36
19 165 550-500 BCE Tenea, Peloponnese Molar 6.44
20 177 ~5500 BCE Mesa Katsambas, Crete Molar 0.02
21 180 ~5500 BCE Mesa Katsambas, Crete Canine 0.03
22 181 ~5500 BCE Mesa Katsambas, Crete Canine 0.08
23 183 ~5500 BCE Mesa Katsambas, Crete Incisor 0.00
24 184 ~5500 BCE Mesa Katsambas, Crete Premolar 0.06
25 185 ~5500 BCE Mesa Katsambas, Crete Premolar 1.40
26 258 2 1941 CE Sarakina (Adele), Crete Molar 6.24
27 2612 1941 CE Sarakina (Adele), Crete Molar 15.27
28 2613 1941 CE Sarakina (Adele), Crete Molar 7.23
29 2632 1941 CE Sarakina (Adele), Crete Molar 3.79
30 2633 1941 CE Sarakina (Adele), Crete Molar 9.31
31 2671 1941 CE Sarakina (Adele), Crete Molar 4.12
32 2672 1941 CE Sarakina (Adele), Crete Premolar 48.81
33 2673 1941 CE Sarakina (Adele), Crete Premolar 59.96
34 269_2 1941 CE Sarakina (Adele), Crete Molar 24.71
35 2702 1941 CE Sarakina (Adele), Crete Molar 15.47
36 2711 1941 CE Sarakina (Adele), Crete Molar 16.87
37 2731 1941 CE Sarakina (Adele), Crete Molar 1.30
38 2751 1941 CE Sarakina (Adele), Crete Canine 6.08
39 2761 1941 CE Sarakina (Adele), Crete Premolar 38.24
40 2762 1941 CE Sarakina (Adele), Crete Molar 48.38
41 2771 1941 CE Sarakina (Adele), Crete Incisor 17.98
42 3151 1941 CE Sarakina (Adele), Crete Incisor 1.88
43 3131 1941 CE Sarakina (Adele), Crete Canine 20.48
44 3142 1941 CE Sarakina (Adele), Crete Molar 30.15
45 3121 1941 CE Sarakina (Adele), Crete Molar 12.76
46 3141 1941 CE Sarakina (Adele), Crete Molar 1.66
47 3132 1941 CE Sarakina (Adele), Crete Molar 15.43
48 3122 1941 CE Sarakina (Adele), Crete Molar 17.19
49 3152 1941 CE Sarakina (Adele), Crete Molar 39.88

" Samples 1-6, 11-13, and 15-19 are presented in a recent publication [Psonis et al., BioRxiv 2025] [9]. Samples 7 and 14 are part of an ongoing study currently in
preparation for publication [Psonis et al.]. Samples 8-10 and 20-25 have been screened as part of pilot projects [aDNA-lab, IMBB-FORTH]. Samples 26-49 have
already been presented in a previous publication [Psonis et al., Forensic Science International: Genetics 2024] [2].

" Sample codes have been abbreviated for the sake of simplicity as ADNA 100###, where ### corresponds to the final part of the original sample code.

had a typical exposure time of T = 30 s, and 2 scans were performed at
each analyzed position. Although teeth consist of three tissue types
(enamel, cementum and dentine, the latter located internally, Fig. 1B),
this study presents results only from measurements obtained on the
cementum (external surface of dental root) and enamel (external surface
of dental crown). For each region analyzed, three replicate measure-
ments were acquired at different positions and the spectrum reported
represents their average.

3. Results and discussion

Representative Raman spectra (100-1900 em ™) from the cementum
and enamel regions of an archaeological dental sample (ADNA
100014_3) analyzed in this study are shown in Fig. 1C. Characteristic
spectral bands corresponding to both the inorganic matrix and the
organic component of the tooth are evident. The inorganic part, mainly

hydroxyapatite [Cas(PO4)3(OH)], exhibits bands at relatively low fre-
quencies (wavenumbers), more specifically at 431, 587, 957, and 1041
cm L. These are all due to vibrations of the phosphate group [PO4]3~
and assigned to symmetric bending (v3), antisymmetric bending (v4),
symmetric stretching (v1), and antisymmetric stretching (v3), respec-
tively [33]. The Raman band at 1071 cm! corresponds to vibration of
the tooth carbonate component [C03]2’ and particularly to the sym-
metric stretching (v1). The organic component primarily consists of
proteins, typically collagen residues, and exhibits bands in the spectral
range 1200-1700 cm " all due to peptide bond vibrations. In particular,
the band at 1260 cm™! is due to the C—N stretching and the N—H
bending of the peptide bond, termed as amide III. The one at 1451 em™!
corresponds to the C—H scissoring vibration of glycine, while the one at
1666 cm ™! corresponds to the C—=O0 stretching (amide I) [33,51,52]. The
experimental Raman data for all dental samples analyzed in this study
are provided in the supplementary information.
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Table 2
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List of dental samples (Set B), treated as unknowns, with Lab code numbers indicated and corresponding information: dating and geographic location of the site, type of

tooth and endogenous human DNA content.

No* DNA lab code (ADNA 100###)** Chronological period Geographic location Tooth type Endogenous Human DNA (%)
1 1123 1500-1800 CE Poros (Heraklion), Crete Incisor 0.06
2 1135 1500-1800 CE Poros (Heraklion), Crete Premolar 0.22
3 1143 1500-1800 CE Poros (Heraklion), Crete Molar 16.9
4 1154 1500-1800 CE Poros (Heraklion), Crete Premolar 0.43
5 1155 1500-1800 CE Poros (Heraklion), Crete Premolar 9.48
6 1162 1500-1800 CE Poros (Heraklion), Crete Canine 2.41
7 1172 1500-1800 CE Poros (Heraklion), Crete Molar 2.03
8 1192 1500-1800 CE Poros (Heraklion), Crete Premolar 3.24
9 1203 1500-1800 CE Poros (Heraklion), Crete Molar 0.74
10 1223 1500-1800 CE Poros (Heraklion), Crete Premolar 0.04

" Samples in Set B are part of an ongoing study currently in preparation for publication [aDNA-lab, IMBB-FORTH]. These 10 samples were treated as unknowns in the
present study and were first analyzed using Raman spectroscopy. Subsequently, their endogenous human aDNA values were quantified.
" Sample codes have been abbreviated for the sake of simplicity as ADNA 100###, where ### corresponds to the final part of the original sample code.

Comparison of the Raman spectra from the cementum and enamel
regions reveals profound differences in the 1200-1700 cm ™! region. The
three Raman bands, characteristic of the proteinaceous component of
the tooth, are prevalent in the cementum rather than in the enamel,
which contains hardly any organic matter. It is known [53,54] that
cementum consists of 40% organic compounds, of which approximately
90% correspond to collagen. These collagen residues are responsible for
the bands recorded in the Raman spectra of the cementum.

In the context of the present study, two Raman-derived indices are
evaluated, reflecting the amide-to-phosphate [Am/P] and the
carbonate-to-phosphate [C/P] ratios, both previously shown to have the
potential to discriminate between bone samples, rich and poor in
endogenous DNA, as overviewed in the Introduction [22].

As pointed out, spectra collected on the surface of the cementum, the
protein-rich part of the tooth, show bands arising from the peptide bond
vibrations. Therefore it is reasonable to select a spectral index reflecting
the protein content preserved in the tooth relative to the inorganic
matrix, such as the amide-to-phosphate [AmI/P] ratio, already used in
relevant studies based on FT-IR and Raman analysis of archaeological
bones. In our case, [AmI/P] corresponds to the intensity ratio of the
amide I band at 1666 cm ™! versus the phosphate band at 957 cm ™},
defined as:

[ATTLI/P] = Ilfzﬁﬁ:m’l /1957£m’l (1)

Fig. 2 presents graphs displaying values of [AmI/P] for the
cementum and enamel regions of the teeth in Set A against values of the
% aDNA. A comparison of the two graphs shows that [AmI/P] is
consistently higher in the cementum than in the enamel, with mean
values of 0.171 + 0.065 and 0.049 + 0.027, respectively. This obser-
vation is consistent with the low organic content of the enamel tissue.
Pearson's and Spearman's correlation coefficients were calculated to
assess the relationship between the spectral index values and the %
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Fig. 2. Graphs showing values of the spectral index [AmI/P], for cementum (a)
and enamel (b), obtained through Raman spectroscopy measurements, versus
the percentage of endogenous human DNA. Pearson (r) and Spearman (p)
correlation coefficients are given in the graphs.

endogenous DNA content. While no correlation was observed for the
enamel region (Fig. 2b), the [AmI/P] values in cementum exhibited a
weak but discernible correlation with DNA content (Fig. 2a), suggesting
that this index may provide a useful criterion for prescreening samples
prior to more extensive DNA analyses.

The I'-shaped correlation diagram for the cementum data (Fig. 2a)
resembles the pattern observed by Kontopoulos et al. [22] in their study
of archaeological bones via FT-IR spectroscopy, in which the infrared
splitting factor (IRSF) is correlated with the endogenous DNA levels. In
the context of the present study, we adopted a 5% DNA content
threshold value, as indicative of good preservation of endogenous DNA.
To establish the most effective index threshold, different values of [AmI/
P] around its mean value were systematically evaluated, and their per-
formance was assessed comparing predicted and actual DNA preserva-
tion classification (Fig. S2). The optimal threshold ratio value was
determined to be [AmI/P]y, = 0.17, as it provided the most effective
classification between poorly- and well-preserved human DNA of
ancient dental samples, yielding an overall success of prediction of 80%
(see also Fig. 2a). Specifically, using this [AmI/P]y, value, 23 out of the
25 well-preserved teeth (92%) were correctly identified, and 13 out of
the 20 poorly-preserved ones (65%) were correctly rejected. Table 3
presents the corresponding confusion matrix summarizing the classifi-
cation results described above.

In comparison, Kontopoulos et al. [22] in their study, achieved a
93% success rate in identifying archaeological bones with endogenous
DNA levels greater than 1%, on the basis of the carbonate-to-phosphate
ratio, [C/P], extracted from FT-IR spectra. It is noted, however, that in
that particular work bone samples were grinded into powder prior to
analysis, whereas in the context of the approach proposed herein anal-
ysis is performed in situ, on the teeth themselves, non-invasively.

To further examine the strength of the current approach an alter-
native amide-to-phosphate ratio was also evaluated, using the amide III
band at 1260 cm ™!, which is defined as:

[AmII/P] = Lsoem-1 /Toszem 2)

As expected, this ratio yields comparable results, after optimization
of the threshold value. With [AmIII/P]y, = 0.086 (and keeping the DNA

Table 3

Confusion matrix based on the graph in Fig. 2a (for [AmI/P]y, = 0.17 and a value
of 5% to indicate the good endogenous human DNA preservation) illustrating
the classification performance of the model.

Predicted as well-
preserved

Predicted as poorly-
preserved

Actual well-preserved
(25)

Actual poorly-preserved
(20)

23 (True Positives) 2 (False Negatives)

7 (False Positives) 13 (True Negatives)
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content threshold at 5%), 23 out of the 25 well-preserved teeth (92%)
were correctly classified, while 9 of the 20 poorly-preserved teeth (45%)
were correctly rejected (Fig. S3). These findings indicate that the use of
either one of the two indices, [AmI/P] or [AmIII/P] provides reliable
discrimination of samples according to their DNA preservation.

The choice of 5% DNA content threshold as a criterion for acceptance
of samples as “DNA-rich” has been based on specific analytical re-
quirements of the aDNA-lab. This value, however, can have an influence
on the classification outcome. To further assess the robustness of the
proposed Raman-based screening approach, alternative DNA content
criteria were evaluated, setting the threshold at 1% and 10%. Following
the methodology described above, an optimum [AmI/P]y value was
calculated for each one of the DNA level criteria and a graphical sum-
mary of the classification results is displayed in Fig. 3 for DNA cutoff
values at 1%, 5% and 10%.

As shown, the best overall accuracy, defined as the sum of true as-
signments (TP + TN), is obtained for the 1% DNA content threshold
(91%), with all poorly preserved samples correctly rejected and 88% of
the well-preserved teeth correctly classified. At the higher threshold of
5%, the overall accuracy decreases slightly to 80%, primarily due to a
reduction in the correct classification of poorly preserved samples
(65%), while well-preserved teeth are still accurately identified (92%).
When the DNA content criterion is increased to 10%, the overall accu-
racy decreases further, to 76%, with 65% of the poorly preserved and
90% of the well-preserved teeth correctly classified. These results
demonstrate that, although the exact DNA content criterion affects the
quantitative performance metrics, the [AmI/P] index consistently pro-
vides reliable discrimination between well- and poorly-preserved teeth
across this range of DNA cutoff values.

To further test the proposed methodology and more specifically in
order to validate the [AmI/P] index as a reliable DNA screening tool,
two additional experiments were conducted.

In the first test, Raman spectra of four modern teeth were obtained
and the corresponding [AmI/P] index for cementum was found to have a
mean value of 0.195 + 0.048. As expected, given the young age of the
samples, this value is above the estimated [AmI/P]ly, value of 0.17
corresponding to the 5% DNA criterion.

In the second test, Raman analysis of 10 archaeological teeth with
unknown endogenous DNA content was carried out. The calculated
[AmI/P] values for each sample are displayed in Fig. 4. The % of
endogenous DNA of each sample, measured a posteriori, is also included
in the graph.

Among the 10 archaeological teeth analyzed, all those with endog-
enous DNA content above 5% were correctly identified as well-

Overal Acc.=91%

Overal Acc.=80%

Overal Acc.=76%

40 H
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Fig. 3. Classification performance of the [AmI/P] index for different DNA
content criteria (1%, 5%, and 10%). Bars show the number of correctly and
incorrectly classified samples as true positives (TP), true negatives (TN), false
positives (FP), and false negatives (FN). Graph includes the Well-Preserved
(WP), Poorly-Preserved (PP) and overall accuracy percent for each case.
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Fig. 4. Bar graph displaying [AmI/P] values for cementum for the teeth in Set B
(see Table 2). The horizontal black line indicates the proposed value for [AmI/
Pl which equals 0.17. The percentage of endogenous human DNA for all
samples is also marked on each one of the bars. Green and red bars represent
correctly classified tooth samples and misclassified ones respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

preserved (TP). Three samples were misclassified as well-preserved
despite containing less than 5% DNA (FP), while 5 poorly preserved
teeth were correctly rejected (TN). The classification results are sum-
marized in the confusion matrix presented in Table 4. This result high-
lights the high sensitivity of the Raman-based approach and the validity
of the [AmI/P] index, ensuring that samples with sufficient DNA pres-
ervation are not inadvertently discarded during preliminary screening.
Although some false positives were observed, this trade-off is acceptable
for a prescreening tool, whereby avoiding the loss of valuable material is
of primary importance.

Next we checked the capacity of the [AmI/P] index to suggest sorting
of teeth based on their age. All the samples listed in Table 1 were clas-
sified into three groups based on their chronological period. Specifically,
the first group includes samples dated between 8800 and 1000 BCE, the
second group consists of samples dated between 550 and 31 BCE, and
the third group comprises modern samples dated to 1941 CE. The mean
values of [AmI/P] (from the cementum) are 0.087 + 0.061, 0.162 +
0.037 and 0.214 4 0.015 for the oldest, intermediate, and modern
samples, respectively. The results are highly promising, as the [AmI/P]
index exhibits a clear increasing trend from the oldest to the more recent
samples, consistent with the expectation that the modern specimens
retain a higher organic content.

The second index assessed in the context of this work was the [C/P]
corresponding to the intensity ratio of the carbonate band at 1071 cm ™!
versus the phosphate band at 957 cm ™!, defined as:

[C/P] = Ligriem-1 /os7em 1 3)

This index is indicative of the relative carbonate content in the teeth
[28,30]. Since DNA molecules are known to be protected from degra-
dation by adsorbing onto hydroxyapatite crystals, any structural or

Table 4
Confusion matrix for the endogenous DNA content prediction accuracy achieved
through Raman analysis of the teeth in Set B, based on the bar graph in Fig. 4.

Predicted as well-
preserved

Predicted as poorly-
preserved

2 (True Positives)
3 (False Positives)

Actual well-preserved (2)
Actual poorly-preserved

®

0 (False Negatives)
5 (True Negatives)
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compositional changes detected in these crystals reflected by [C/P]
ratio, could potentially be associated with the preservation of endoge-
nous DNA [22]. Fig. 5 displays values of [C/P] for cementum and
enamel regions of the teeth of Set A against values of the % aDNA. The
value of [C/P] is found to be higher in the cementum compared to the
enamel region, with mean values of 0.281 + 0.045 and 0.207 + 0.027,
respectively. Pearson's and Spearman's correlation coefficients were
calculated to assess the relationship between the spectral index values
and the % endogenous DNA content, but no correlations were observed
in either region. Consequently, this spectral index does not provide a
reliable basis for screening samples according to their endogenous DNA
content under the present experimental conditions. However, it is
important to note that the medium spectral resolution of the portable
spectrometer, employed in the present study, may have affected the
results. Specifically, the Raman band at 1041 cm ™!, corresponding to the
phosphate anion vibrations, overlaps with the selected carbonate band
at 1071 cm™! (see Fig. 1C), potentially introducing interference.
Improved spectral resolution, typically available with laboratory FT-
Raman instruments, could mitigate this overlap and enhance the reli-
ability of the results. An alternative approach, aiming to clean up the
overlapping phosphate and carbonate bands features, by use of peak
deconvolution algorithms, was explored (see Fig. 1C inset). However,
under the current spectral resolution, even though deconvolution
resulted in band separation the corrected values of the [C/P] index did
not give rise to any correlation with the endogenous DNA content of the
dental samples.

On the basis of the data presented Raman analysis is shown to be a
valuable approach for the analysis of archaeological remains, comple-
mentary to other state-of-the-art methods, including mass spectrometry,
FT-IR, or NIR spectroscopy techniques. A key point of the current
approach is the choice of an excitation source in the NIR, 1064 nm.
Despite the reduced Raman scattering efficiency, in comparison with
excitation in the green or red, NIR excitation provides a distinct
advantage related to minimization of fluorescence emission and
furthermore results in more efficient penetration into the tissue. This is
in agreement with observations by Pestle and coworkers, who have
found excitation at 1030 nm or 1064 nm as more appropriate for per-
forming Raman analysis of the proteinaceous component of archaeo-
logical bones [36,37].

4. Conclusion

The study presented herein demonstrates that Raman spectroscopy
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Fig. 5. Graph showing values of the [C/P] spectral index (calculated based on
the Raman data from Set A), versus the corresponding percentage of endoge-
nous human DNA for both cementum and enamel. Pearson (r) and Spearman (p)
correlation coefficients are provided.
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can serve as an effective pre-screening method for assessing endogenous
DNA preservation in archaeological dental remains. Raman analysis can
contribute to the development of a non-invasive approach, enabling
field scientists to only select samples having high probability for human
DNA preservation while, in parallel, avoiding unnecessary sample
destruction. For the set of samples, examined in this study, the results
obtained on the basis of the [AmI/P] index were highly encouraging.
Setting a threshold for endogenous human DNA at 5%, which separated
the DNA-rich versus the DNA-poor teeth, out of 25 samples with high
aDNA preservation, the model correctly identified 23 (true positives),
while only 2 were misclassified (false negatives). This corresponds to an
accuracy of 92%, indicating that our approach is highly effective in
detecting well-preserved samples. This approach demonstrated strong
performance in the classification of unknown samples, achieving high
accuracy with no false negatives. Effective pre-screening of samples will
ensure that ancient DNA analysis is carried out exclusively on those
dental remains that are most likely to yield significant amounts of
endogenous DNA, thereby saving on person-hours and wet-lab expenses.

The next objective is to expand this study by analyzing additional
samples from a wider range of geographical regions, burial environ-
ments and chronological periods. Increased variation in DNA preserva-
tion across the extended samples list is anticipated, reflecting differences
in soil chemistry (e.g. pH), moisture levels, climatic conditions and other
taphonomic factors. Future work of this kind will be crucial for further
assessing the influence of diagenesis and for validating the applicability
of the proposed method. Additionally, it is possible to explore alterna-
tive spectral indices and also employ a spectrometer with a broader
spectral range extending out to 3200 cm ™! to include the CH streching
vibration bands. Combination of Raman with NIR analysis data is
worthy of a thorough investigation considering the potential of
complementarity in providing more reliable predictions concerning the
presence of endogenous genetic material in teeth. Finally, a more global
treatment of spectral data based on machine learning algorithms is
under investigation in an effort to increase further the potential of ac-
curate sample pre-screening.
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