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High-resolution Raman
spectroscopy reveals compositional
differences between pigmented
incisor enamel and unpigmented
molar enamel in Rattus norvegicus

Furqan A. Shah

Dental enamel is a peculiar biological tissue devoid of any self-renewal capacity as opposed to bone.
Thus, a thorough understanding of enamel composition is essential to develop novel strategies

for dental enamel repair. While the mineral found in bone and dental enamel is generally viewed

as the biologically-produced equivalent of hydroxy(l)apatite, the formation of these bioapatites is
controlled by different organic matrix frameworks—mainly type-I collagen in bone and amelogenin
in enamel. In lower vertebrates, such as rodents, two distinct types of enamel are produced. Iron-
containing pigmented enamel protects the continuously growing incisor teeth while magnesium-rich
unpigmented enamel covers the molar teeth. Using high-resolution Raman spectroscopy, scanning
electron microscopy, and energy dispersive X-ray spectroscopy, this work explores the differences
in acid phosphate (HPO,?), carbonate (CO;%"), hydroxyl (OH"), iron, and magnesium content of
pigmented incisor enamel and unpigmented molar enamel of Sprague Dawley rats. Bundles of
hydroxy(l)apatite nanowires comprise the enamel prisms, where prisms in pigmented enamel are
wider and longer than those in unpigmented molars. In contrast to magnesium-rich unpigmented
enamel, higher mineral crystallinity, and higher HPO,2~ and OH" levels are hallmark features of
iron-rich pigmented enamel. Furthermore, the apparent absence of iron oxides or oxy(hydroxides)
indicates that iron is introduced into the apatite lattice at the expense of calcium, albeit in amounts
that do not alter the Raman signatures of the PO,3- internal modes. Compositional idiosyncrasies
of iron-rich pigmented and nominally iron-free unpigmented enamel offer new insights into enamel
biomineralisation supporting the notion that, in rodents, ameloblast function differs significantly
between the incisors and the molars.

Dental enamel is arguably the toughest and most resilient biological tissue'. Despite the extraordinary mechani-
cal properties that enable withstanding of fatigue and wear, dental enamel has limited ability for self-repair or
renewal, unlike bone?. Though considered biologically produced analogues of hydroxy(l)apatite [Ca;(PO,);OH],
the apatites of bone and dental enamel are remarkably dissimilar®. In enamel, through pH-dependent supramo-
lecular self-assembly, a protein called amelogenin plays a key role in guiding the elongated and highly oriented
growth of apatite in enamel*®. As a direct consequence of chemical gradients, the distinct core-shell structure and
the residual stresses thus arising significantly impact the dissolution behaviour of human enamel crystallites®. In
rodents, the continuously growing incisor teeth’ are protected by Fe-containing pigmented enamel while molar
teeth are covered with Mg-rich unpigmented enamel®.

Raman spectroscopy can distinguish between different mineralised biological tissues, including enamel,
dentine, cementum, and bone, and reveal vital information about the biological processes underpinning their
formation and assembly’. Certain aspects of mineral composition, e.g., carbonate ion (CO;*") incorporation,
provide insights into the pathways of bioapatite formation'’. The degree of carbonation (i.e., CO;*" content),
ultimately, affects the long-range order or mineral crystallinity'!. Additionally, factors such as local pH influ-
ence the availability and incorporation of acid phosphate (HPO,?") into the apatite lattice—i.e., with greater
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HPO,* being introduced under acidic conditions'?. HPO,>~ containing phases such as octacalcium phosphate
are frequently encountered in the mineralised dental biofilm'®. And although human and bovine enamel are
believed to contain about 5 wt% HPO,?>™'4, Raman studies of human premolar teeth have not been able to detect
non-apatitic environments'>'¢.

Chemical and structural characterisation of biological tissues using Raman spectroscopy is often plagued by
the intrinsic autofluorescence'’. This process originates from various organic moieties'®, but can be suppressed by
methods such as deproteinisation with sodium hypochlorite (NaOCI)". This work uses high-resolution Raman
spectroscopy together with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX) to probe the major compositional differences (particularly the HPO,>~, CO5?", and OH" environments)
between two distinct types of enamel—pigmented incisor enamel (PIE) and unpigmented molar enamel (UME)
in the rat (Rattus norvegicus), with and without deproteinisation. Furthermore, the Raman spectra are compared
with geologic hydroxy(l)apatites from the RRUFF™ database?, such as the well-characterised and highly crys-
talline Holly Springs hydroxy(l)apatite*"??, which are typical reference materials in crystallographic studies of
biogenic calcium phosphates?.

Results

The major X-ray emission lines Ca Ka (3.692 keV), Ca KB (4.013 keV), P Ka (2.014 keV), Fe Ka (6.403 keV),
Fe Kp (7.058 keV), Fe La (0.705 keV), and Mg Ka (1.254 keV) confirmed the differences in Ca/P ratio, Fe
content, and Mg content between PIE and UME. The Ca/P ratio of UME (1.30+0.02 at.%) is higher (p <0.05)
than PIE (1.19£0.01 at.%). Similarly, the Mg/Ca ratio of UME (0.011 +0.001 at.%) is higher (p <0.05) than
PIE (0.002£0.001 at.%). Whereas the Fe content (Fe/Ca ratio) of UME is negligible, PIE shows significant Fe
enrichment (~0.15+0.01 at.%), which results in higher (Ca+ Mg+ Fe)/P ratio (~4.2£0.9 at.%), indicating the
incorporation of iron at the expense of calcium (Fig. 1). Small amounts of Cl are also detected, which may occur
by partial substitution of OH?%. Scanning electron microscopy (SEM) of the enamel surface reveals that UME
is smooth while PIE is grainy in comparison. UME etches homogeneously with orthophosphoric acid (H;PO,)
but PIE is mildly resistant to acid attack, as evident from the islands of an incompletely removed surface layer.
When visualised after acid etching, bundles of hydroxy(l)apatite nanowires comprise the enamel prisms, where
PIE prisms are wider and longer than UME prisms.

High-resolution Raman spectra were acquired over the 350-1100 cm™' wavenumber range using the
2400 g mm™' grating. In enamel and mandibular bone, the major Raman domains are v, PO*" (symmetric
bend) at 370-490 cm™, v, PO,*" (asymmetric bend) at 545-635 cm™, v, PO,*~ (symmetric stretch) at 960 cm™,
and v; PO,*” (asymmetric stretch) at 1015-1095 cm™'%. Estimated from the difference in the background signal

| Cl AA Fe Fe

Figure 1. Elemental composition and microstructure. (A) PIE is Fe-rich while UME is Mg-rich (EDX). Spectra
are normalised to the Ca Ka peak (at~3.692 keV). (B-I) PIE surface is grainy (B) and UME surface is smooth
(F). Insets: Respective lower magnifications (Scale bars=25 pum). Enamel prisms in PIE (C-E) and UME (G-I)
after H;PO, etching. BSE =Backscattered electron mode. SE =Secondary electron mode. Scale bars in (B), (C),
(F), and (G) =10 um, (D) and (H)=5 um, (E) and (I)=2 um.
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over the 350-1100 cm™ spectral range, UME generates 381 + 18% higher fluorescence than PIE, which decreases
to 262+ 9% after deproteinisation (Fig. 2). Normalised to the polarisation-insensitive v, PO,* band %, the v,
PO,* band (~ 960 cm™) of enamel is substantially stronger than bone.

The v, PO,* band consists of sub-components at 428 cm™ and 450 cm™, of which the 428 cm™ sub-compo-
nent tends to be stronger in carious enamel'® and synthetic hydroxy(l)apatite?” (Fig. 3). The 428/450 cm™ ratios of
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Figure 2. Background fluorescence and v, PO, intensity. (A) UME generates stronger fluorescence than PIE,
both before (NaOCl-) and after (NaOCl+) deproteinisation. Unprocessed spectra without baseline subtraction
and cosmic ray removal (averaged Raman spectra). Broken lines indicate the background fluorescence profile.
(B) Baseline corrected and normalised spectra. (C) v; PO,* band.
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Figure 3. HPO,>", CO,>, and the organic matrix in PIE, UME, and bone. (A) v, PO’ band. Insets:
428/450 cm™! ratios before (NaOCl-) and after (NaOCl+) deproteinisation. (B) v, PO,*" band. (C) HPO,*,
proline (at 853 cm™), and hydroxyproline (at 876 cm™) bands. (D) v; PO,*", v HPO,*, v; CO;*, and
phenylalanine (at 1004 cm™) bands. Features labelled a, b, d, e, f, g, 1, and m represent the organic matrix of
bone, c and h indicate HPO,*", i and j are assigned as v; PO,*", and k is v; CO;*".
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PIE (1.05+0.12) and UME (0.95 £ 0.10) are close to unity and comparable (p>0.15). Upon deproteinisation, the
428/450 cm™! ratio of UME (0.85+0.05) shows a minor decrease (p=0.026) and is also lower (p=0.013) than that
of PIE after deproteinisation (1.00£0.11). Bone also shows decreased 428/450 cm™! ratio upon deproteinisation,
from ~ 1.63 to ~ 1.58, and the organic matrix is lost. PIE and UME display comparable v , PO,*” band profiles.
Among the v, PO,*” band sub-components (580 cm™, 590 cm™, and 607 cm™), the 580 cm™ sub-component
in enamel is the strongest while it is significantly weaker for bone and often less intense than the 590 cm™ sub-
component. Furthermore, a shoulder is observed at 621 cm™ in bone only prior to deproteinisation, and is
therefore assigned to the organic matrix®.

Mineral crystallinity, i.e., the inverse full-width at half-maximum (FWHM) of the v, PO,* band, of enamel
is higher than bone (Fig. 4). Upon deproteinisation, the FWHM v, PO,*" of PIE (~11.65 cm™) and UME
(~12.5 cm™) remains unchanged while that of bone decreases by ~ 3.4% from 15.97 to 15.43 cm™. Compared to
PIE, the v; PO,*~ band of UME is shifted to lower wavenumbers. This shift in v; PO,*~ position (~0.31 £0.06 cm™)
becomes particularly evident after deproteinisation (p=0.0312). Broad features at~878 cm™' and 1000 cm™!
are attributable to HPO,*~ groups in enamel®. The HPO,*~ content (1000/960 cm™ ratio) of UME is lower
(p=0.0312) than PIE. The v ; PO,*" sub-components at~ 1027 cm™ and ~ 1046 cm™ are observed consist-
ently for enamel and bone. The v, CO5>” band is centred at~ 1069 cm™ for enamel and ~ 1071 cm™! for bone.
The CO;*" content (v; CO;* /v, PO,*" intensity ratio) of bone is substantially higher than enamel, increas-
ing from ~0.09 to ~ 0.12 upon deproteinisation. Furthermore, the CO5?" content of UME is higher than PIE
(p=0.0312).

Extended-range Raman spectra were acquired over the 800-3700 cm™! wavenumber range using the
1800 g mm™! grating (Fig. 5). The v OH™ region (3460-3660 cm™') shows an asymmetrical band. The OH™ con-
tent, taken as the integral area ratio between v OH™ (~ 3573 cm™) and v, PO,* (930-990 cm™), of PIE is ~ 148%
greater than UME. The feature at~ 3618 cm™ is assigned as Ca(OH),.

Raman spectra of enamel and bone were compared to three geologic hydroxy(l)apatites. Remarkable similari-
ties are noted between enamel (PIE and UME) and hydroxy(l)apatite from the Wessels mine (Northern Cape
Province, South Africa. RRUFF: R130713) (Fig. 6). An unidentified feature is seen at~853 cm™ for R130713,
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Figure 4. Compositional differences between PIE and UME. Mineral crystallinity, v, PO,*" peak position,
HPO,* content (1000/960 cm™!), and CO,*" content (1070/960 cm™) of PIE and UME.
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Figure 5. Hydroxl (OH") content in PIE and UME (1800 g mm™! grating). (A) Baseline corrected and
normalised spectra. (B) vOH" at 3573 cm™ and Ca(OH), at 3618 cm™. (C) v OH" content (3573/960 cm™).
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Figure 6. Geologic hydroxy(l)apatites. (A) Overview and detail of the 800-1100 cm™ region of R130713
(Wessels mine, Northern Cape Province, South Africa); R100225 (Sapo mine, Minas Gerais, Brazil); and
R060180 (Holly Springs, Georgia, USA). Inset: An unidentified peak (feature labelled x) is noted at~853 cm™!
for RRUFF R130713. HPO,>~ (features labelled c and h) is absent for all geologic hydroxy(l)apatites. (B) v,
PO, v, PO, and v, PO,* bands.

while the characteristic peaks for HPO,*~ at 878 cm™! and 1000 cm™ are absent. On the other hand, hydroxy(l)
apatite from the Sapo mine (Minas Gerais, Brazil. RRUFF: R100225) and Holly Springs (Georgia, USA. RRUFF:
R060180) more closely resemble bone. Small amounts of amorphous calcium phosphate, indicated by a shoulder
at~950 cm™'?, are present in all of the geologic hydroxy(l)apatites.

Discussion

Better understanding of enamel composition is essential to develop biomimetic and bioinspired strategies for
enamel repair®’. Some of the recent and highly divergent approaches to repair enamel include protein order/
disorder-guided hierarchical mineralised structures® and epitaxially-grown hydroxy(l)apatite crystals®’. In min-
eralised biological systems, the presence of iron is often associated with high strength—a prime example being the
teeth of the common limpet, thought to be the strongest known biomaterial, where iron-containing filamentous
crystals of Goethetite [a-FeO(OH)] comprise the reinforcing phase®. Likewise, the presence iron contributes
to the overall mechanical properties of rodent pigmented enamel®. In the northern short-tailed shrew (Blarina
brevicauda), iron pigmentation is not confined to the incisors but exists as a general feature of high stress areas
on most teeth*. Curiously, iron pigmentation of the dental enamel has also been observed in mammalian species
as early as the late Cretaceous period™.

In rodents, differences in enamel architecture between unpigmented molar enamel, which forms during
embryogenesis, and pigmented incisor enamel, which forms during post-natal life, relate to genetic control of
ameloblast differentiation involving distinct mechanisms at these distinct phases of life’®. Autophagy related
7 (ATG?7) protein is essential for the secretion of iron from ameloblasts*’. Moreover, iron deficiency leads to
gross loss of pigmentation and enamel hypoplasia/aplasia®®. Although amelogenin plays a fundamental role in
achieving the precise crystal habit, the enzyme matrix metalloproteinase-20 prevents protein occlusion inside
apatite crystals®.

Fe enrichment of pigmented enamel is possible through partial substitution of Ca®* without major changes
in PO,*" internal modes®, although a constriction in lattice parameters is expected*!. PIE appears to resist acid
attack, which has earlier been attributed to the presence of Ca** and Mg?* substituted ferrihydrite®. However,
in the present work, micro-Raman spectroscopy has not revealed evidence of iron oxides or oxy(hydroxides) in
PIE*. And though it not straightforward to ascertain the oxidation state of Fe (Fe?* or Fe’*) from EDX, alone,
Fe-L, ; electron energy-loss near-edge structure (ELNES) of pigmented Fe-rich enamel from the rodent Myocaster
coypus suggests a predominantly Fe** state*’. Under the assumption that Fe occupies Ca sites in iron-pigmented
enamel, the Fe/Ca ratio of 0.15 equates to ~ 13% Ca substitution and therefore ~ 5.15% mass difference. Ab initio
calculations of #*Ca isotopic substitution for °Ca, which equates to ~ 5% mass difference at the Ca sites, have
revealed that the expected Raman shifts for vibrational modes above ~ 600 cm™ (for example the v; PO,*~ band)
do not exceed ~ 1 cm™**. Here, high-resolution Raman spectroscopy reveals this very small shift in v, PO,*~ peak
position for the first time. In unpigmented enamel, Mg?* accumulates within intergranular regions of amorphous
calcium phosphate®®. Compared to rat molars, as reported here, the Mg content at the surface of human molars
is nearly twice as much at the enamel surface and progressively increases towards the dentinoenamel junction®.

Fourier transform infrared spectroscopy studies have suggested the presence of non-apatitic environments
(e.g., HPO,* groups) in porcine enamel®”. Here, high-resolution Raman spectroscopy confirms the presence of
HPO,*" in both pigmented and unpigmented rat enamel. HPO,> is thought to be a precursor phosphate source
for enamel apatite*®. Therefore, detection of higher HPO,?™ at the surface of PIE (vs. UME) may be a function of
tissue age, as has been reported across different developmental stages of porcine enamel®. It has been suggested
that acidic conditions favour the fast growth of highly crystalline hydroxy(l)apatite by dissociating calcium
phosphate aggregates into Ca?* and PO,>” ions, which would otherwise block crystal growth and lead to lower
crystallinity™. If the higher crystallinity and greater HPO,*" content of PIE (vs. UME) can be explained by a
more acidic environment, it must be determined how this acidic pH is regulated, e.g., if it is biologically driven.
Removal of OH™ from the local environment through incorporation into the apatite lattice, also more abundant
in PIE than in UME, further points towards the presence of acidic conditions. Nevertheless, the OH™ content of
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PIE is lower than values of human and boar enamel reported by Pasteris and co-workers?’. The anticorrelation
between CO;* content and crystallinity with little apparent influence of HPO,? warrants further investigation
and raises the question whether crystallinity correlates with CO5*~ only.

Organic contamination of UME to a greater extent than PIE is hardly surprising since the latter is continu-
ally lost to wear and replaced by pristine mineral. Change in the 428/450 cm™ ratio of UME, from ~ 1 (indicat-
ing high symmetry of PO,*~ groups) to 0.85 after deproteinisation, suggests a reduction in symmetry and that
UME is more susceptible than PIE to alterations. The detection of Ca(OH), points towards the presence of CaO,
which readily reacts with atmospheric humidity!. Finally, simultaneous increases in mineral crystallinity and
CO,?" content of bone upon deproteinisation are artefactual and imply loss of recently deposited extracellular
matrix and poorly crystalline mineral at the bone surface®?.

In summary, the chemical contrasts between pigmented and unpigmented enamel in rodents, including
HPO,* content, CO,*" content, mineral crystallinity, reflect ameloblast function and point towards putative
differences in the specific local environmental conditions (e.g., the interplay between pH and the HCO;™ buffer
system®?) of the organic extracellular matrix and matrix metalloproteinase-20 activity during enamel biominer-
alisation. While the precise functional role of iron in tooth development remains unclear, iron accumulation in
rodent incisors (and the presence of iron in mature ameloblasts) is related to the continuously erupting nature
of this tooth®. This characteristic feature of rodent incisors also serves to explain the higher HPO,*~ content
of PIE (vs. UME). On the other hand, the high CO,*~ content of UME is attributed to B-type substitution (i.e.,
CO,* for PO,*) typical of biological apatites®®, and contributes to lower crystallinity together with Mg?*>®.

Materials and methods

Hemi-mandibles of adult Sprague Dawley rats, obtained as part of an unrelated study, were fixed in 10% neutral
buffered formalin, defatted in acetone (~30 min), and stored in Hank’s Balanced Salt Solution (Gibco™) at 4 °C
(Fig. 7). The organic constituents were removed by exposure to 10% NaOCI (3 h at room temperature). The
experiment was approved by the local Animal Ethics Committee at the University of Gothenburg (Dnr 5.8.18-
12983/2021) and performed in accordance with relevant guidelines and regulations.

Scanning electron microscopy. Backscattered electron (BSE) imaging and energy dispersive X-ray
spectroscopy (EDX) were performed in a Quanta 200 environmental SEM (FEI Company, The Netherlands)
equipped with an INCA EDX system (Oxford Instruments GmbH, Wiesbaden, Germany) operated at 1 Torr
water vapour pressure, 20 kV accelerating voltage, 0-10 keV spectral energy range, and 10 mm working distance
(NaOCl+; 1 spot per sample, n=6). To visualise enamel prisms, deproteinised hemi-mandibles were etched
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Figure 7. Experimental workflow.
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with 85% H;PO, (90 s at room temperature) and Au sputter coated (~ 15 nm thickness). Secondary electron
(SE) imaging was performed in an Ultra 55 FEG SEM (Leo Electron Microscopy Ltd, UK) operated at 5 kV
accelerating voltage.

Micro-Raman spectroscopy. Micro-Raman spectroscopy was performed using a confocal Raman micro-
scope (Renishaw inVia Qontor) equipped with a 633 nm laser and LiveTrack™ focus-tracking technology™.
The laser was focussed down on to PIE (labial aspect), UME (buccal aspect), and bone (mandibular ramus)
surface using a x50 objective. The Raman scattered light was collected using a Peltier cooled CCD deep deple-
tion NIR enhanced detector. Using the 2400 g mm™ grating (348-1104 cm™ wavenumber range, step size
of 0.75+0.04 cm™), Raman spectra were obtained from enamel (9 spots per sample) at 8 s (NaOCl-) or 4 s
(NaOCl+) integration time and 10 accumulations, and from bone (one spot per sample) at 10 s (NaOCl-) or 55
(NaOCl+) integration time and 20 accumulations. Using the 1800 g mm™! grating (800-3700 cm ™! wavenumber
range, SynchroScan wide-range scanning mode; step size of 1.0+0.15 cm™), Raman spectra were obtained from
enamel (3 spots per sample, NaOCl+) at~60 s integration time and 10 accumulations. The laser power at the
sample was ~ 15 mW. Background subtraction and cosmic ray removal were performed using intelligent spline
fitting in Renishaw WiRE 5.4 software.

Statistical analysis. The Wilcoxon signed-rank test was used for statistical analysis. Mean values + stand-
ard deviations are presented and p values <0.05 were considered statistically significant.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 24 February 2023; Accepted: 14 July 2023
Published online: 29 July 2023

References
1. Beniash, E. et al. The hidden structure of human enamel. Nat. Commun. 10, 4383 (2019).
2. Kruzic, J. ., Hoffman, M. & Arsecularatne, J. A. Fatigue and wear of human tooth enamel: A review. J. Mech. Behav. Biomed. Mater.
138, 105574 (2022).
. Pasteris, J. D., Wopenka, B. & Valsami-Jones, E. bone and tooth mineralization: Why apatite?. Elements 4, 97-104 (2008).
. Robinson, C. Enamel maturation: A brief background with implications for some enamel dysplasias. Front. Physiol. 5, 388 (2014).
5. Moradian-Oldak, J. & Goldberg, M. Amelogenin supra-molecular assembly in vitro compared with the architecture of the forming
enamel matrix. Cells Tissues Organs 181, 202-218 (2005).
6. DeRocher, K. A. et al. Chemical gradients in human enamel crystallites. Nature 583, 66-71 (2020).
7. Weinreb, M. M., Assif, D. & Michaeli, Y. Role of attrition in the physiology of the rat incisor. I. the relative value of different com-
ponents of attrition and their effect on eruption. J. Dent. Res. 46, 527-531 (1967).
. Gordon, L. M. et al. Amorphous intergranular phases control the properties of rodent tooth enamel. Science 347, 746 (2015).
9. Chappard, D., Guillaume, B., Teman, G. & Kiin-Darbois, J.-D. Raman spectroscopic analysis and imaging in two cases of benign
cementoma: Comparison with dental and bone tissues. J. Raman Spectrosc. 51, 1044-1055 (2020).
10. Robin, M. et al. Insights into OCP identification and quantification in the context of apatite biomineralization. CrystEngComm
22,2728-2742 (2020).
11. McElderry, J.-D.P. et al. Crystallinity and compositional changes in carbonated apatites: Evidence from 31P solid-state NMR,
Raman, and AFM analysis. J. Solid State Chem. 206, 192-198 (2013).
12. Machado, T. R. et al. Structural properties and self-activated photoluminescence emissions in hydroxyapatite with distinct particle
shapes. Ceram. Int. 44, 236-245 (2018).
13. Shah, E A. Micro-Raman spectroscopy reveals the presence of octacalcium phosphate and whitlockite in association with bacteria-
free zones within the mineralized dental biofilm. Microsc Microanal 25, 129-134 (2019).
14. Arends, J. & Davidson, C. L. HPO2-4 content in enamel and artificial carious lesions. Calcif. Tissue Res. 18, 65-79 (1975).
15. Ko, A. C. et al. Ex vivo detection and characterization of early dental caries by optical coherence tomography and Raman spec-
troscopy. J. Biomed. Opt. 10, 031118 (2005).
16. Penel, G., Leroy, G., Rey, C. & Bres, E. MicroRaman spectral study of the PO, and CO; vibrational modes in synthetic and biological
apatites. Calcif. Tissue Int. 63, 475-481 (1998).
17. Lambrecht, G. & Mallol, C. Autofluorescence of experimentally heated bone: Potential archaeological applications and relevance
for estimating degree of burning. J. Archaeol. Sci. Rep. 31, 102333 (2020).
18. Lieber, C. A. & Mahadevan-Jansen, A. Automated method for subtraction of fluorescence from biological Raman spectra. Appl.
Spectrosc. 57, 1363-1367 (2003).
19. Mamede, A. P, Gongalves, D., Marques, M. P. M. & Batista de Carvalho, L. A. E. Burned bones tell their own stories: A review of
methodological approaches to assess heat-induced diagenesis. Appl. Spectrosc. Rev. 53, 603-635 (2018).
20. Lafuente, B., Downs, R. T,, Yang, H. & Stone, N. The power of databases: The RRUFF project. Highlights in Mineralogical Crystal-
lography (eds Armbruster, T. & Danisi, R. M.) 1-30 (De Gruyter (O), 2016).
21. Dykes, E. & Elliott, J. C. The occurrence of chloride ions in the apatite lattice of Holly Springs hydroxyapatite and dental enamel.
Calcif. Tissue Res. 7, 241-248 (1971).
22. Sudarsanan, K. & Young, R. A. Significant precision in crystal structural details. Holly Springs hydroxyapatite. Acta Crystallogr. B
25, 1534-1543 (1969).
23. Wopenka, B. & Pasteris, . D. A mineralogical perspective on the apatite in bone. Mater. Sci. Eng. C Mater. Biol. Appl. 25, 131-143
(2005).
24. Wilson, R. M., Elliott, J. C. & Dowker, S. E. P. Rietveld refinement of the crystallographic structure of human dental enamel apatites.
Am. Mineral. 84, 1406-1414 (1999).
25. Shah, E A. Towards refining Raman spectroscopy-based assessment of bone composition. Sci. Rep. 10, 16662 (2020).
26. Shah, E A. Characterization of synthetic hydroxyapatite fibers using high-resolution, polarized Raman spectroscopy. Appl. Spectrosc.
75, 475-479 (2021).
27. Pasteris, ]. D. et al. Lack of OH in nanocrystalline apatite as a function of degree of atomic order: Implications for bone and bio-
materials. Biomaterials 25, 229-238 (2004).

(LN}

ol

Scientific Reports |

(2023) 13:12301 | https://doi.org/10.1038/s41598-023-38792-5 nature portfolio



www.nature.com/scientificreports/

28.

29.

30.
31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Wilson, R. M., Elliott, J. C., Dowker, S. E. & Rodriguez-Lorenzo, L. M. Rietveld refinements and spectroscopic studies of the
structure of Ca-deficient apatite. Biomaterials 26, 1317-1327 (2005).

Stammeier, J. A., Purgstaller, B., Hippler, D., Mavromatis, V. & Dietzel, M. In-situ Raman spectroscopy of amorphous calcium
phosphate to crystalline hydroxyapatite transformation. MethodsX 5, 1241-1250 (2018).

Pandya, M. & Diekwisch, T. G. H. Enamel biomimetics—fiction or future of dentistry. Int. . Oral Sci. 11, 8 (2019).

Elsharkawy, S. et al. Protein disorder-order interplay to guide the growth of hierarchical mineralized structures. Nat. Commun. 9,
2145 (2018).

Shao, C. et al. Repair of tooth enamel by a biomimetic mineralization frontier ensuring epitaxial growth. Sci. Adv. 5, eaaw9569
(2019).

Rumney, R. M. H. et al. Biomimetic generation of the strongest known biomaterial found in limpet tooth. Nat. Commun. 13, 3753
(2022).

Dumont, M., Tiitken, T., Kostka, A., Duarte, M. ]. & Borodin, S. Structural and functional characterization of enamel pigmentation
in shrews. J. Struct. Biol. 186, 38-48 (2014).

Smith, T. & Codrea, V. Red iron-pigmented tooth enamel in a multituberculate mammal from the late cretaceous transylvanian
“Hateg Island”. PLoS One 10, 0132550 (2015).

Goldberg, M., Kellermann, O., Dimitrova-Nakov, S., Harichane, Y. & Baudry, A. Comparative studies between mice molars and
incisors are required to draw an overview of enamel structural complexity. Front. Physiol. 5, 359 (2014).

Sukseree, S. et al. ATG7 is essential for secretion of iron from ameloblasts and normal growth of murine incisors during aging.
Autophagy 16, 1851-1857 (2020).

Prime, S. S., MacDonald, D. G., Noble, H. W. & Rennie, J. S. Effect of prolonged iron deficiency on enamel pigmentation and tooth
structure in rat incisors. Arch. Oral Biol. 29, 905-909 (1984).

Prajapati, S., Tao, J., Ruan, Q., De Yoreo, J. ]. & Moradian-Oldak, J. Matrix metalloproteinase-20 mediates dental enamel biomin-
eralization by preventing protein occlusion inside apatite crystals. Biomaterials 75, 260-270 (2016).

Antonakos, A., Liarokapis, E., Kyriacou, A. & Leventouri, T. Raman and IR studies of the effect of Fe substitution in hydroxyapatites
and deuterated hydroxyapatite. Am. Mineral. 102, 85-91 (2017).

41. Song, N, Liu, Y., Zhang, Y., Tan, Y. N. & Grover, L. M. Synthesis and characterisation of iron substituted apatite. Adv. Appl. Ceram.
111, 466-471 (2012).

42. Hanesch, M. Raman spectroscopy of iron oxides and (oxy)hydroxides at low laser power and possible applications in environmental
magnetic studies. Geophys. J. Int. 177, 941-948 (2009).

43. Srot, V. et al. Magnesium-assisted continuous growth of strongly iron-enriched incisors. ACS Nano 11, 239-248 (2017).

44. Corno, M., Busco, C., Civalleri, B. & Ugliengo, P. Periodic ab initio study of structural and vibrational features of hexagonal
hydroxyapatite Ca,,(PO,)s(OH),. Phys. Chem. Chem. Phys. 8, 2464-2472 (2006).

45. La Fontaine, A. et al. Atomic-scale compositional mapping reveals Mg-rich amorphous calcium phosphate in human dental enamel.
Sci. Adv. 2, 1601145 (2016).

46. LeGeros, R. Z., Sakae, T., Bautista, C., Retino, M. & LeGeros, J. P. Magnesium and carbonate in enamel and synthetic apatites. Adv.
Dent. Res. 10, 225-231 (1996).

47. Rey, C., Shimizu, M., Collins, B. & Glimcher, M. J. Resolution-enhanced fourier transform infrared spectroscopy study of the
environment of phosphate ions in the early deposits of a solid phase of calcium-phosphate in bone and enamel, and their evolution
with age. I: Investigations in the v, PO, domain. Calcif. Tissue Int. 46, 384-394 (1990).

48. Smith, C. E., Chong, D. L., Bartlett, J. D. & Margolis, H. C. Mineral acquisition rates in developing enamel on maxillary and
mandibular incisors of rats and mice: Implications to extracellular acid loading as apatite crystals mature. J. Bone Miner. Res. 20,
240-249 (2005).

49. Shimoda, S., Aoba, T. & Moreno, E. C. Changes in acid-phosphate content in enamel mineral during porcine amelogenesis. J. Dent.
Res. 70, 1516-1523 (1991).

50. Yamagishi, K. et al. A synthetic enamel for rapid tooth repair. Nature 433, 819-819 (2005).

51. Schmid, T. & Dariz, P. Shedding light onto the spectra of lime: Raman and luminescence bands of CaO, Ca(OH), and CaCO,. J.
Raman Spectrosc. 46, 141-146 (2015).

52. Shah, E. A., Zanghellini, E., Matic, A., Thomsen, P. & Palmquist, A. The orientation of nanoscale apatite platelets in relation to
osteoblastic-osteocyte lacunae on trabecular bone surface. Calcif. Tissue Int. 98, 193-205 (2016).

53. Varga, G., DenBesten, P,, Racz, R. & Zsembery, A. Importance of bicarbonate transport in pH control during amelogenesis—need
for functional studies. Oral Dis. 24, 879-890 (2018).

54. Wen, X. & Paine, M. L. Iron deposition and ferritin heavy chain (Fth) localization in rodent teeth. BMC Res. Notes 6, 1 (2013).

55. Awonusi, A., Morris, M. D. & Tecklenburg, M. M. Carbonate assignment and calibration in the Raman spectrum of apatite. Calcif.
Tissue Int. 81, 46-52 (2007).

56. Bigi, A. et al. Magnesium influence on hydroxyapatite crystallization. J. Inorg. Biochem. 49, 69-78 (1993).

57. Shah, E A, Ruscsak, K. & Palmquist, A. Mapping bone surface composition using real-time surface tracked micro-Raman spec-
troscopy. Cells Tissues Organs 209, 266-275 (2020).

Acknowledgements

The author wishes to thank Dr. Jennie A. M. R. Kunitake at Cornell University, New York for many inspiring and
fruitful discussions and Dr. Nesrin Vurgun at University of Gothenburg, Sweden for content review and language
editing. Financial support from the Svenska Séllskapet for Medicinsk Forskning (SSMF), the IngaBritt and
Arne Lundberg Foundation, the Adlerbertska Foundation, the Hjalmar Svensson Foundation, and the Kungliga
Vetenskaps-och Vitterhets-Samhallet i Goteborg is acknowledged.

Author contributions
FA.S. designed the study, performed the experiments, analysed the data, and prepared the manuscript.

Funding
Open access funding provided by University of Gothenburg.

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to EA.S.

Scientific Reports|  (2023) 13:12301 | https://doi.org/10.1038/s41598-023-38792-5 nature portfolio



www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:12301 | https://doi.org/10.1038/s41598-023-38792-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	High-resolution Raman spectroscopy reveals compositional differences between pigmented incisor enamel and unpigmented molar enamel in Rattus norvegicus
	Results
	Discussion
	Materials and methods
	Scanning electron microscopy. 
	Micro-Raman spectroscopy. 
	Statistical analysis. 

	References
	Acknowledgements


