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MAPPING OF ANCIENT TEETH USING ABSORPTION OF ATR-FTIR
SPECTROSCOPY AND LASER SCATTERING OF RAMAN SPECTROSCOPY
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This study was conducted on well-preserved archaeological teeth as an ancient biomaterial
from the Roman period dated between the first and second centuries A.D in Jordan.
Archaeological bone is an important witness as it records significant information about
past societies and the situation of the teeth to use for conservation of archaeological bone.
The morphological and structural changes in addition to the chemical composition of
archaeological teeth material exhibit vital information about bone at different stages of the
human development in biomaterials of paleo-diet, paleo-environment and paleopathology.
In this study, vibrational spectroscopy, a combination of Attenuated total reflectance
Fourier transform infrared(ATR-FTIR) spectroscopy and Fourier Transform Infrared
Imaging (ATR-FTIRI)in addition to Raman as a laser spectroscopy and Raman imaging
analyses were appliedtol6 deciduous and permanent human teeth samples taken from a
Roman archaeological site in Northern Jordan. The samples were examined for their
mineral-to-matrix and carbonate to phosphate contents (at 1412 cm™and at 1030 cm’
'respectively)[1]. The study determines that the higher crystallinity and lower Carbonate to
Phosphate C/P ratio in enamel than dentin are common features of dental tissues that have
been confirmed.
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1. Introduction

The bioarchaeology as new interdisciplinary field of research involves the common
interests for chemists, archaeologists and anthropologists, the pathology and morphology of
human biomaterials as bones, teeth and collagen that which recovered from archaeological sites
preserve a good information for their evolutionary history[2], where the lock inside valuable
record about the earlier life in Jordan region [3-5]. They retain information about the paleodiet[5-
7], paleoenvironment[8], paleoclimate[9], and paleopathology[10], which can be extracted using a
wide array of analytical methods [11] including spectroscopy [12-14].

Bone is a dense, semi rigid, porous, and calcified connective tissue composed chiefly of
the inorganic matter calcium phosphate and calcium carbonate[15-17], as well as non-collagenous
proteins and lipids as bio- materials [18-21]. The mineral phase in bone component consists of a
poorly crystalline hydroxyapatite, where the replacement of phosphate in the matrix by carbonate
increases the disordering of the lattice [22-24]. After death, the bones are influenced by the burial
environment including soil composition, which alters the chemical composition of bones [25, 26].
Bones with high organic and low inorganic content are more susceptible to chemical
decomposition or mechanical degradation than others[27, 28].Bones and teeth have the properties
of being hard and consistent containing a high mineral composition. Bones originate exclusively
from mesodermal embryonic tissue, while teeth originate from both mesodermal and ectodermal
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tissue [29]. Teeth are essentially composed from several different layers: cementum, dentin and
enamel [30, 31].

Enamel is the hardest and mineralized part of teeth, consisting of approximately 97%wt of
crystalized hydroxyapatite (HA), the other 3% are bio-organic materials and water [32]. The dentin
which makes up the tooth is less mineralized and less brittle than the enamel with 75% of
hydroxyapatite (HA), 20% collagen and 5% water, but in the natural bone tissue, the (HA)
consists of 69% calcium phosphate, 10% water, 20% collagen, and other organic material in small
quantity [33-37]. All enamel, dentin, and the natural bone consist of (HA), which is a naturally
occurring mineral form of calcium apatite with the formula Cas (PO,)3(OH). It crystalizes in the
hexagonal crystal system [38, 39]. (HA) has many ionic substitutions in the lattice sites occupied
by the anions and cations as carbonate, chloride, and magnesium interact with hydroxyapatite
(HA) crystals in teeth, this interaction leads to de- and remineralization of enamel in vitro through
the process of aging [40]. The hydroxyl (OH") and phosphate (PO,?) in (HA) are substituted by
carbonate (COs) creating A-type and B-type carbonate respectively [23, 41-46].Many researchers
have studied the structures and properties of human dental carbonate [47-49] and have
characterized structure-property in deciduous and permanent teeth [50, 51]. The mineral
crystallinity, and crosslinking properties of dentin have been the subject of several studies
reviewed elsewhere [52, 53].

The new development in photo-detection technique at the end of the 20" century has
allowed the improvement of new solid state detectors for infrared spectra acquisition to be used
simultaneously as a source of information in both spatial and spectral dimensions. This technique
is referred to as "chemical imaging" [54-58]. Spectra are spatially located and it is possible to
identify the chemical species inside the samples and also to map their distributions (Fig. 1). A
chemical imaging experiment generates a three-way matrix called a data cube[59, 60]. Two
dimensions, n and m, depict the spatial localizations of the chemical species and the third spectral
axis allows their identification with a series of wave lengths [61]. Several thousand spectra are
usually acquired using chemical imaging depending on the detector size. Therefore, the data are
called multispectral or hyperspectral imaging (HSI)[62-64] and provide qualitative and analytical
information in a spatially resolved manner [65-68]. Two dimensions depict the spatial distribution
of the chemical compounds while the third one, the spectral dimension, allows the identification of
the chemical compounds to determine the macroscopic distribution of these compounds.

Spectrum

Hyperspectral data cube

Image

Fig. 1:Three dimensional data cube generated in the chemical imaging experiments.

To explore and assess the structure and function of the mineral and matrix of ancient
bones in normal and diseased tissues, reviewed elsewhere , absorption infrared and laser scattering
Raman imaging parameters can provide specific identification of solid state samples, organic—as
well as inorganic compounds quantitatively and qualitatively[61, 68].
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The Fourier Transform Infrared (ATR-FTIR)[69-71] micro-spectroscopy and Fourier
Transform Infrared Imaging (ATR-FTIRI)[72, 73]constitute two sensitive techniques for
obtaining molecular information to have a choice for degree detection of bone crystallinity as
inorganic substance [74]. Both methods are non-destructive of the analyzed material contrary to
more conventional methods, such as Mass Spectrometry (MS). (ATR-FTIR) micro-spectroscopy
and (ATR-FTIRI) provide fast and reliable results about the molecular structure of bones and other
hard tissues, such as, teeth.

Besides, the former can deliver spatially resolved data in micro-meters on the modification
of bone structure and composition; the latter can identify a wide variety of materials and chemical
bonds and produce distinctive molecular fingerprints. Accordingly, these methods are more
frequently used than the conventional ones in investigating samples of a biological origin [75-
80].Most of the studies conducted on archaeological bone material using ATR-FTIR micro-
spectroscopy focused on the preservation state of the bone mineral part [16, 17, 81, 82]. Only few
studies have been concerned with a particularly interesting and non-trivial technique, which is the
Raman spectroscopy in the analysis of biochemical changes in vivo cells and both soft and hard
tissues upon progression of various changes[75, 83-87].

There are some studies on new teeth by nano-FTIR imaging of phosphate-based
biominerals are demonstrated with a human tooth in which the bone-like phosphate nanocrystals
are too small to be resolved, and the anisotropy or amorphous disorder in crystal of modern human
teeth dentin will broad the band between 950-1150 cm™[87-89].An increasing in crystallinity of
the archaeological bone and dentine in comparison to modern references by the crystallinity
indexes and the splitting factors both are represented by broadening of ATR-FTIR and Raman
bands of the apatite or carbonate in the samples [90, 91].

This study was conducted on well-preserved archaeological bone material from the Roman
period dated between the first and second centuries A.D. at the archaeological site of Yasieleh in
Northern Jordan. Bones from this site provide material for the current study which aims to
examine A & B-type carbonate as a function of age in human teeth [92, 93] by ATR-FTIR
imaging and X-ray spectroscopy[94, 95].

2. Materials and Methods

2.1 Archaeological Site

Jordan is strategically located in the heart of the Middle East, the cradle of many
civilizations-- and is known for its rich history and numerous archaeological sites especially in
Northern Jordan. The archaeological site of Yasieleh is located 9 km east of the city of Irbid and
was occupied from the late Roman to the beginning of the Islamic Period. Excavation at the site
started in 1988 and yielded information about the Roman and Byzantine periods in Northern
Jordan to use for interpretation in the heritage of Jordan [96-98].

2.2 Sample Preparation
Sixteen teeth were collected from Yasieleh archaeological site. Samples were collected f
not affected by carious or sediment, they are well cleaned, and all were manually polished before
testing with Alumina. The sample size for ancient dental elements used in this study is shown in
Table 1.
Tablel. The types of archaeological teeth

Tooth types Incisor Canine First Molar Molar
Primary 1 1 1 X
Permanent 2 2 X 9

(Fig. 2) illustrates a photograph of a tooth cross section of one sample showing the
component of the tooth, enamel, dentin and pulp. The position of the mapping is marked with
0.6 mm x 0.6 mm data squares in the left side of the image.
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Enamel

Dentin

Fig. 2.A photograph of ancient tooth is illustrating enamel, dentin, pulp, cementum and periodontal
ligament (PDL). Black squires indicate positions where the spectral map is scanned.

2.3 (ATR-FTIR) spectroscopy

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy is a tool
that has been used to probe chemical reactions/structure at the solid/liquid interfaces. Spectra were
recorded using the imaging system combining a spectrometer (Varian 670-IR, USA) coupled with
a variant microscope 64x64 focal plane array nitrogen (FPA) cooled detector was used to acquire
the spectra in the interval of 900-4000cm™ at a spectral resolution of 4 cm™. Analysis were
conducted in a reflection mode and equipped with attenuated total reflection (ATR) with a
Germanium crystal (refractive index 4) and 64 scans were collected for each point; the array
detector collects interferograms from its 4096 elements.

2.4 Raman spectroscopy

Two dimensional hyperspectral Raman images and spectra were collected by using a
Raman micro-spectrometer (Kaiser Optical System, AnnArbor,MI, USA) emitted by a 785nm
single mode external cavity diode laser of (Germany). All spectra were obtained using excitation
power of 100mW with 100x/NA 0.9 objective (Nikon, Japan). Spectra were obtained over the
spectral region of 300 to 1530 cm™ at a spectral resolution of 4cm™ with a step size of 1 pm with
an accumulative time of 12 hours. Raman images were obtained using Confocal Raman
microscopic system (alpha300 R;WITec Instruments, Germany) excited by a frequency doubled
Nd:YAG laser at a wave length 532 nm focused onto the samples through a X20 Nikon objective
with single spectrum acquisition time of 0.5 second, the data were processed using image plus
software.

2.5 (ATR-FTIR) and Raman spectra analysis

As the regions of interest covered the pure dentin or enamel, ATR-FTIR and Raman
spectra are analyzed by Origin Pro 8.5 (www.originlab.com) for Curve fitting processes for
deconvolution of overlapping bands as 1030 cm™in ATR-FTIR. The band numbers were resolute
by calculating the second derivatives. The Gaussian band and manual linear baselines were
applied.

2.6 Scanning Electron Microscope (SEM) and Backscattered Scanning
Electron (BSE) microscopy

The investigations were carried out using an analytical scanning electron microscope
(SEM) JSM-6300F (JEOL Ltd., Tokyo, Japan). The system is equipped with a cold field emission
electron gun, which delivers high brightness and thus high resolution images. It operates at 30 kV
with secondary electron image (SEI) resolution in the range of 1.5 nm. Correspondingly it operates
at 5 kV approximately to achieve 5 resolutions. Besides the Everhart-Thornley detector type for
secondary electrons is equipped with a semiconductor and a YAG scintillator type detector for
back-scattered electrons (BSE).For analytical purposes an energy dispersive X-ray spectrometer
with (Si(Li) detector type are cooled with liquid nitrogen; Oxford INCA) is present and enables
element analysis on a nanoscale.
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3. Results

3.1 Raman and ATR-FTIR spectroscopy

The alterations between the dentine (top), and enamel (bottom) in (Fig 3) are determined
with their shift and intensity of the bands such as the triplet at 2951 cm™, 1658, 1454 cm™, and
1265are existed in dentin but not found in enamel, they distinguish more proteins component in
dentin than enamel. Otherwise the inorganic hydroxyapatite component will be characterized by
the major band at 962 cm™ and minor bands at 1072, 1049 and 589, 434 cm™, all are present in
both the dentin and enamel regions in (Fig. 2).Both spectra of dentin and enamel have been
normalized to the 962 cm™v, band phosphate PO, of hydroxyapatite. In (Fig 3) the relative
heights of Raman spectra are roughly indicative of relative quantity of the components in the
sample. The quantity of organic part in enamel is approached to zero as have seen in (Fig 3) while
the existence of peaks in dentin between 1100 and 3000 cm™ indicates the presence of organic
parts as collagen and amid. There is a mineral small peak is observed at 1072 cm™ related to
carbonate.

962

V
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Enamel
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Fig 3. FT-Raman spectra of modern tooth, transverse section: dentine (top), enamel
(bottom). In order to shift from normal spectra of vibrational spectroscopy we have
to take more spectra to represent the mapping of the hard tissue.

(Fig. 4) and table 2 represent the typical ATR-FTIR (750-1800 cm™) and Raman spectra
(800-1800 cm™) of human dentin and enamel. The ATR-FTIR difference spectrum between of
dentin and enamel was calculated to better visualize the spatial of the organic and inorganic bands
of the teeth. The ATR-FTIR spectra in region from 850-1200 cm’is usually referred to
mineralizedbandsvyvs of stretching PO, 'and the 1200-1800 cm™ region determines the protein
region type I, Amide Il CN stretching coupled with NH, collagen CH,, Amide Il/protein N-H
band, C-N stretching, Amide I/ protein C=0O or the other organic part of the teeth, which is
collagen type | band [68, 99]. The significant shift of 10 + 2 cm™clearly performed on IR spectra
of dentin and enamel related to the different contents of hydroxyapatite minerals from the enamel
to the dentin or could be related to the mineralized tissue stress[99, 100]. The (ATR-FTIR)strong
peak at 1006, 1019 and 1085 cm™ for the enamel and dentin respectively, assigned to be a
component of the viand v; phosphate envelope in poorly crystalline apatites attributed to HPO; 2.
In the Raman spectra of the human hydroxyapatite both dentin and enamel, the bands associated
with the mineral component appeared in the spectral range from 880 to 1100 cm™, including v, and
wvsinfrared vibration bands. Collagen components were observed in the spectral region of 1200 to
1700 cm™. Moreover, the most intense peak on Raman spectra is the symmetric stretching
vibration of HPO, 2at 962 cm™;in fact there is a weak peak that appears as a shoulder and its width
is broad[100].
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Fig. 4.Raman and FTIR spectra from 800 to 1800 cm * of dentin (blue line) and enamel
(red line). Difference spectra (dentin—enamel) visualize spectral contributions of organic
matrix and collagen (black line).

Table 2: shows the peak representative assignments of both FTIR and FT- Raman spectra

of enamel and dentin.

ATR-FTIR Peak cm™” | Assignment FT-Raman Peak Assignment
877 v, of CO;” 817, 856, 879, 923 Collagen
961 v; of PO,° 962 v; of PO, °
1006, 1019 HPO,” 1005 Collagen
1085 v; of PO, 1049, 1072 v; of CO3”
amide 111 1247, 1268 amide 11
1412, 1456 Type B CO;” 1429, 1454 CH,

1658 amide | 1670 amide |

The Mineral to matrix ratio is a measure of the mineral content of permanent (s1) and
deciduous (s2) dentin. This, parameter is calculated as a ratio of the integrated area of the
phosphatev, and v; of P0O;3(850-1200cm™) to the amide | (1658 cm™), the absorbance area under
the band between (1610-1730cm™) as shown in (Fig. 3). The area of this band is divided into the
Amid | to yield a measurement of collagen integrity [101-103]therefore the ratio was shown as
linearly related to the ash weight of a tissue. Therefore, it is indicative of the relative quantity of
mineral in calcified tissue [104-106]. The mineral to matrix ratio was found to be the relationship
between ATR-FTIR spectral parameters and the carbonate quantity percentages in the sample for
imaging, respect to ATR-FTIR map of dentin and is different compared to Raman map (the
average value was 6.4, with 4096 pixels of ATR-FTIR and the average value of mineral index of
Raman dentin map was 3.8 with 4096 pixels).
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Fig. 5.ATR-FTIR, mineral to matrix ratio for permanent (S1) and (S2) deciduous dentin

band of phosphate peak area of (850-1200) cm™ to the peak area of amide | peak (1610-

1730) cm™ (top), Raman intensity ratio of mineral to matrix for permanent and deciduous

dentin band of phosphate peak area of (850-1000) cm™ to the peak area of amide | peak
(1610-1730) cm™ (bottom).

The mineral to matrix ratio of archaeological bone was obtained from the most intense
mineral band of hydroxyapatite that is centered near 1006 cm™ in ATR-FTIR spectra and near 962
cm™ in Raman spectra and the most intense protein band of amide | band, centered near 1658 cm™.
Each band area was determined by integration. The results of the mineral-to-matrix ratios the
samples exhibited a large variations and were found to be inconclusive probably due to the effect
of aging on the Amide group of the tooth matrix.

Fig. 6) illustrates the ATR-FTIR ratio of carbonate peak area to phosphate peak area was
studied based on the intensity ratio of band B-type of carbonate which depicted at 1412 cm™ to the
peak of phosphate PO, 3atv; mode at 1030 cm™(Fig. 7). The reason for the selected carbonate
band at 1412 cm™ is that the band does not overlap with the absorbance of other functional groups.
The carbonate to phosphate (C/P) ratio was approximately comparable in both maps of Raman and
ATR-FTIR and the average value of carbonate to phosphate C/P ratio is about 0.2. Furthermore,
the Raman intensity ratio of mineral to matrix for permanent and deciduous dentin band of
carbonate peak at (1072) cm™ to the peak area of phosphate at 962 cm™.
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Fig. 6.ATR-FTIR, mineral to matrix ratio for permanent (S1) and (S2) deciduous dentin

band of carbonate peak at 1412 cm™ to the peak of phosphate at 1030 cm™ (top), Raman

intensity ratio of mineral to matrix for permanent and deciduous dentin band of carbonate
peak at(1072) cm™ to the peak area of phosphate at 962 cm™ (bottom).

The phosphate ATR-FTIR peak was fitted under the area from 910 to 1160 cm™ with five
components at 961, 1006, 1019, 1030, and 1085 cm™. The band at 961 cm™ is related to the v,
symmetric stretching vibration of phosphate, 1019 cm™ is assigned to hydrogen phosphate (HPO,
2) in crystalline apatite, 1030 cmislinked to vs vibration of PO, 3, and 1085cmis assumed to
belong to stretching mode of the PO, group[107].
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Fig. 7: Representative curve-fitting analysis of ATR-FTIR of phosphate band of
permanent teeth spectra. The experimental spectrum (black) is overlapped with the
renovated envelope (red) which is de-convoluted by the fitted curves (green).
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Fig. 8. ATR-FTIR, mineral to matrix ratio for permanent (S1)and (S2) deciduous enamel

band of carbonate peak at1412 cm™ to the peak of phosphate at 1030 cm™ (top), Raman

intensity ratio of mineral to matrix for permanent and deciduous dentin band of carbonate
peak at(1072) cm™ to the peak area of phosphate at 962 cm™ (bottom).

Table 3 summarizes the results of both Raman and ATR-FTIR spectroscopy of deciduous

and permanent ancient teeth mapping from Jordan.

Tooth (sample) ATR-FTIIR FT-Raman | Bandcm™ Assignment
Permanent dentin (s1) 6.44+0.80 3.94£0.030 850-1200/1610-1730 Phosphate to Amid |
Deciduous dentin (s2) 6.39+0.77 3.7+0.030 850-1200/1610-1730 Phosphate to Amid |
Permanent dentin (s1) 0.17+0.026 0.20+0.004 | 1412/1030 Carbonate to Phosphate
Deciduous dentin (s2) 0.21+0.026 0.21+0.005 1412/1030 Carbonate to Phosphate
Permanent enamel (s1) 0.14+0.020 0.11+0.004 | 1412/1030 Carbonate to Phosphate
Deciduous enamel (s2) 0.16+0.090 0.12+0.008 1412/1030 Carbonate to Phosphate

Table 3 shows the average Phosphate to Amid | and carbonate to phosphate ratios in
enamel and dentin obtained from ATR-FTIR and FT-Raman spectra. Figure 9 visualizes the
spectral distribution images of minerals and organic parts in enamel and dentin in the

region from 300-1530 cm ™.
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Fig. 9.Distribution images of minerals and organic parts in enamel

and dentin in the region from 300-1530 cm ™.

The structural variation of enamel surface determined by both modes SEM and BSE
micrographs, the microstructure is visible within the foci, similar to lamellar tunnels with about 10
micrometer length and 3 micrometer breadth.

\ A% 348 \
MS007375 — 10um MS007374 — 10pm

Fig. 10.Scanning electron micrograph shows the pores size in tooth enamel surface
in the range of 1 um (left) Backscattered scanning electron (BSE) imaging and SEM image (right)

4. Conclusions

This is a pioneering study in the field of archaeometry of ancient teeth ATR-FTIR
mapping. There is no study concentrated and published on mapping of archaeological bone. For
the first time, a combination of ATR-FTIR and Raman spectroscopy was applied to characterize
ancient permanent and deciduous teeth. It concludes that the higher crystallinity and lower
Carbonate to Phosphate C/P ratio in enamel than dentin are common features of dental tissues that
have been confirmed by ATR-FTIR and Raman spectroscopy. The Phosphate to Amid | ratio,
contribute the organic matrix including collagen; the ratio of permanent dentin is higher than the
deciduous. Higher crystallinity and lower Carbonate to Phosphate C/P ratio were also observed in
permanent teeth compared to deciduous teeth. These explanations conclude that the lower
crystallinity and higher ratio of carbonate to phosphate in deciduous dentin contributes to their
lower toughness and might be partly compensated by higher collagen cross-linking of the higher
matrix content. The structure of ancient teeth is affected by degradation processes that harm the
crystallinity of specimens by loss a quantity of organic part. The degradation of the organic matrix
and the ratio of specific Raman bands, this was also observed for the carbonate to phosphate ratio,
and the carbonate ions occupy two positions in the hydroxyapatite which is called a substitution of
carbonate and phosphate in the hydroxide position of the enamel[108].
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