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Abstract

Background: Measurement of tooth enamel mineralization using a clinically viable method is essential since varia-
tion of mineralization may be used to monitor caries risk or in assessing the effectiveness of remineralization the-
rapy. Fiber optic Raman systems are becoming more affordable and popular in context of biomedical applications.
However, the applicability of fiber optic Raman systems for measurement of mineral content within enamel tissue
has not been elucidated significantly in the prior literature.

Material and Methods: Human teeth with varying degrees of enamel mineralization were selected. In addition
alligator, boar and buffalo teeth which have increasing amount of mineral content, respectively, were also included
as another set of samples. Reference Raman measurements of mineralization were performed using a high-fidelity
confocal Raman microscope.

Results: Analysis of human teeth by research grade Raman system indicated a 2-fold difference in the Raman in-
tensities of v, symmetric-stretch bands of mineral-related phosphate bonds and 7-fold increase in mineral related
Raman intensities of animal teeth. However, fiber optic system failed to resolve the differences in the mineraliza-
tion of human teeth.

Conclusions: These results indicate that the sampling volume of fiber optic systems extends to the underlying den-
tin and that confocal aperture modification is essential to limit the sampling volume to within the enamel. Further
research efforts will focus on putting together portable Raman systems integrated with confocal fiber probe.
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Introduction

Dental enamel is 95% mineral and 1% organic compo-
nent and 4-5% water by weight percentage (1-5). A re-
duction in mineral content has direct consequences as
far as dental ailments are concerned. For example, mo-
lar-incisor hypomineralization increases tooth sensitivi-
ty to food, drinks, and thermal changes as well as results
in restoration failure (6). Moreover, previous studies
suggest a possible relationship between enamel mineral
concentration and caries susceptibility (7-9).

Several authors have investigated enamel mineral con-
tent (10-14) using various characterization methods in
the context of decay (8,9), and demineralization/ remi-
neralization processes (15,16), age (17,18) and disease
(19,20). Micro-computed tomography (micro-CT) was
used to investigate mineral densities as well as elemental
content in different layers of healthy human enamel ba-
sed on the age of the individual (10,17). However, such
radiographic methods are limited to ex vivo laboratory
conditions and destructive to the specimens.

An understanding of tooth enamel mineralization using
a clinically viable method is essential since variations in
mineralization may serve as an early predictor of a dental
health, and may indicate high populational susceptibility
to caries. Raman spectroscopy is one of the few methods
which offers the opportunity to study enamel minerali-
zation non-destructively in vivo (21,22). While Raman
spectroscopy has been used to assess tooth mineraliza-
tion, there are no studies that examined mineralization
of the enamel systematically vis a vis enamel minerali-
zation of various animals as well as differentiation bet-
ween of high mineralized and low mineralized enamel
of different individuals. The current study employed a
portable fiber optic Raman probe to identify the varia-
tions of mineralization of enamel between individuals
and animal controls with high and low mineralization of
the enamel. Results of the fiber optic Raman system was
compared to the results obtained by using a research-
grade commercial Raman microscope. The study also
developed a confocal fiber optic set up to confine the
sampling volume to the enamel specifically and to eli-
minate interference from the dentin.

Material and Methods

-Sample Preparation

Human teeth were obtained in compliance with the Na-
tional Institute of Health guidelines. The Institutional
Review Board exemption was filed and approved (Pro-
tocol#: EM-13-17). Adult human incisors were extrac-
ted as a part of a normal treatment plan. The teeth were
collected fresh within the date of the extraction and kept
moist at all times without any additional disinfecting
treatment. A dentist assessed the enamel of the speci-
mens selected for Raman analysis in order to ensure that
healthy intact enamel was evaluated. The samples were
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wrapped in wet tissue paper individually and stored in
a -20°C freezer. Prior to Raman analysis the specimens
were thawed at room temperature for 30 minutes while
being wrapped in moist tissue paper. The crown of the
tooth was measured with a ruler and the lower third of
the tooth, cervical area was examined with various Ra-
man spectrometers (Fig. 1).
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Fig. 1. Schematic of the tooth examination
sites with various Raman techniques.

Animal teeth from alligator, boar and buffalo with va-
rious levels of enamel mineralization were also included
as a phantom sample set. There is a considerable varia-
tion in mineralization of calcified tissues (23,24) whe-
re the ash masses are ranging from 45% to more than
90%.

-Raman Spectroscopy

A high-fidelity confocal Raman microscope (Xplora,
Horiba Jobin Yvon, NJ) was used to investigate the
enamel mineralization. Measurements of this research-
grade system constituted as a reference point to which
the fiber optic systems’ measurements were compared
to. The Raman microscope is composed of a laser source
at 785 nm, and measurements were performed using a
1200 lines/mm grating, which provided a spectral dis-
persion of 0.8 cm™! /pixel leading to 4 cm! spectral reso-
lution. Labspec software was used for both acquiring the
data and for performing background subtraction from
the spectra.

The fiber optic Raman set up is constructed based on
a 785 nm fiber laser (Innovative Photonic Solutions)
with 100 mW output power, a Raman spectrometer and
a fiber probe combination (Wasatch Photonics, NC) as
illustrated in figure 1. The thermo-cooled Raman spec-
trometer contained a high sensitive back-thinned low
etaloning CCD sensor (Hamamatsu S10420-1006, NJ)
and a gelatin-based volume phase holographic transmis-
sion grating (Wasatch Photonics, NC) which enabled
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high optical throughput. The spectral resolution was 10
cm™ with a spectral dispersion of 1.7 cm™/pixel at 50
um slit width. The laser light is transmitted through an
optical fiber to the Raman probe which delivered the la-
ser to the sample; the same fiber probe also collected the
Raman signals from the sample and sent to the spectro-
meter through another fiber.

Results
Enamel mineralization levels have varied substantially
between animal teeth (Fig. 2) when it was evaluated with
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dard in the literature of mineralized tissues for minerali-
zation assessment (22,24,25). Future studies will require
formal measurements of mineralization, such as calcium
content by back scattered electron microscopy or ash
content analysis to calibrate the Raman intensities of the
confocal fiber optic system with direct measurements of
mineralization. Future studies are also needed to quan-
tify the depth of penetration of the laser by varying con-
focality.

It has been suggested that the lower mineral concen-
tration may be translated into increased porosity and is

Spectrometer

Fig. 2. Custom designed fiber-optic Raman system.

the research grade Horiba Jobin-Yvon confocal micros-
cope. The highest Raman-based mineralization intensi-
ty was observed for the buffalo tooth which had 5-fold
greater mineralization than the alligator tooth. Boar tusk
had an intermediate level of mineralization. A similar
trend of mineralization between animal teeth was also
observed when the mineralization scores for the animal
teeth were assessed with the non-confocal custom-made
set up (Fig. 3). The fold increase in mineralization bet-
ween alligator and buffalo enamel as observed by the
fiber optic set-up was 2.5 fold.

Illustrates the mineralization score measurements ob-
tained by using research-grade Raman microscope,
custom-made fiber optic set up as well as modified con-
focal fiber optic set-up for two human teeth with varying
mineralization levels. Research-grade system demons-
trated that one tooth had higher enamel mineralization
(HEM) than the other tooth. low enamel mineralization
(LEM) scores. The set up shown in figure 1 was not able
to differentiate between the HEM and LEM teeth, howe-
ver JY Horiba system allowed to identify high and low
mineralized human teeth.

Discussion
We used research grade confocal system as the reference
for mineralization measurement. Raman has been stan-
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possibly linked to higher caries susceptibility (8,9). In
addition, some studies (7,8) hypothesized that mineral
concentration may be a factor determining rate of de-
mineralization/remineralization as well. Epidemiologi-
cal studies demonstrate that children from lower social
background have higher caries rate (9). It is unknown
whether enamel mineralization also plays a role in the
greater caries-risk in this population. Other effectors of
enamel mineralization are poor oral hygiene, alcohol
consumption and high intake of dietary carbohydrates.
An early identification of the individual with overall low
mineralization of the enamel may be a valuable scree-
ning tool in determining a group with much higher than
average caries risk, allowing intervention before develo-
pment of caries.

References

1. Leichter I, Margulies JY, Weinreb A, Mizrahi J, Robin GC, Conforty
B, Makin M, Bloch B. The relationship between bone density, mineral
content, and mechanical strength in the femoral neck. Clin Orthop Re-
lat Res. 1982;163:272-81.

2. Hodgskinson R, Currey JD, Evans GP. Hardness, an indicator
of the mechanical competence of cancellous bone. J Orthop Res.
1989;7:754-8.

3. Kinney JH, Balooch M, Marshall SJ, Marshall GW Jr, Weihs TP.
Hardness and Young’s modulus of human peritubular and intertubular
dentine. Arch Oral Biol. 1996;41:9-13.

4. Kodaka T, Debari K, Yamada M, Kuroiwa M. Correlation between
microhardness and mineral content in sound human enamel (short
communication). Caries Res. 1992;26:139-41.

5. Baldassarri M, Margolis HC, Beniash E. Compositional determi-
nants of mechanical properties of enamel. J Dent Res. 2008;87:645-9.
6. William V, Burrow MF, Palamara JE, Messer LB. Microshear bond
strength of resin composite to teeth affected by molar hypomineraliza-
tion using 2 adhesive systems. Pediatr Dent. 2006;28:233-41.

7. Gerdin PO, Astrand K. Enamel roentgen density. I. Enamel roentgen
density in deciduous teeth from six-year-old children with and without
caries prevalence. Sven Tandlak Tidskr. 1969;62:805-14.

8. Shellis RP. Relationship between human enamel structure and the
formation of caries-like lesions in vitro. Arch Oral Biol. 1984;29:975-
81.

9. Targino AG, Rosenblatt A, Oliveira AF, Chaves AM, Santos VE.
The relationship of enamel defects and caries: a cohort study. Oral Dis.
2011;17:420-6.

10. He B, Huang S, Zhang C, Jing J, Hao Y, Xiao L, et al. Mineral
densities and elemental content in different layers of healthy human
enamel with varying teeth age. Arch Oral Biol. 2011;56:997-1004.

11. Wong FS, Elliott JC, Davis GR, Anderson P. X-ray microtomogra-
phic study of mineral distribution in enamel of mandibular rat incisors.
J Anat. 2000;196:405-13.

12. Wong FS, Anderson P, Fan H, Davis GR. X-ray microtomographic
study of mineral concentration distribution in deciduous enamel. Arch
Oral Biol. 2004;49:937-44.

13. Farah RA, Swain MV, Drummond BK, Cook R, Atich M. Mineral
density of hypomineralised enamel. J Dent. 2010;38:50-8.

14. Jeng YR, Lin TT, Wong TY, Chang HJ, Shieh DB. Nano-me-
chanical properties of fluoride-treated enamel surfaces. J Dent Res.
2008;87:381-5.

15. Efeoglu N, Wood D, Efeoglu C. Microcomputerised tomography
evaluation of 10% carbamide peroxide applied to enamel. J Dent.
2005;33:561-7.

16. Efeoglu N, Wood DJ, Efeoglu C. Thirty-five percent carbamide
peroxide application causes in vitro demineralization of enamel. Dent
Mater. 2007;23:900-4.

17. He B, Huang S, Jing J, Hao Y. Measurement of hydroxyapatite

e241

A portable fiber-optic raman spectrometer concept for evaluation of mineral content within enamel tissue

density and Knoop hardness in sound human enamel and a correlatio-
nal analysis between them. Arch Oral Biol. 2010;55:134-41.

18. Zheng Q, Xu H, Song F, Zhang L, Zhou X, Shao Y, et al. Spa-
tial distribution of the human enamel fracture toughness with aging. J
Mech Behav Biomed Mater. 2013;26:148-54.

19. Atar M, Davis GR, Verry P, Wong FS. Enamel mineral concentra-
tion in diabetic rodents. Eur Arch Paediatr Dent. 2007;8:195-200.

20. Koehne T, Marshall RP, Jeschke A, Kahl-Nieke B, Schinke T,
Amling M. Osteopetrosis, osteopetrorickets and hypophosphatemic
rickets differentially affect dentin and enamel mineralization. Bone.
2013;53:25-33.

21. Ko AC, Hewko M, Sowa MG, Dong CC, Cleghorn B, Choo-
Smith LP. Early dental caries detection using a fibre-optic coupled
polarization-resolved Raman spectroscopic system. Opt Express.
2008;16:6274-84.

22. Okagbare PI, Esmonde-White FW, Goldstein SA, Morris MD.
Development of non-invasive Raman spectroscopy for in vivo
evaluation of bone graft osseointegration in a rat model. Analyst.
2010;135:3142-6.

23. Currey JD. Effects of differences in mineralization on the me-
chanical properties of bone. Philos Trans R Soc Lond B Biol Sci.
1984;304:509-18.

24. Yerramshetty JS, Akkus O. The associations between mineral crys-
tallinity and the mechanical properties of human cortical bone. Bone.
2008;42:476-82.

25. Akkus O, Polyakova-Akkus A, Adar F, Schaffler MB. Aging of
microstructural compartments in human compact bone. J Bone Miner
Res. 2003;18:1012-9.

Conflict of Interest
The authors have declared that no conflict of interest exist.



