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Physics in the Service of Oral Health:
STEM Perspective

Patryk Kaminski

Institute of Experimental Physics, University of Gdansk, ul. Wita Stwosza 57, 80-308 Gdarisk, Poland;
patryk.kaminski@ug.edu.pl

Abstract: This study integrates STEM principles to explore the impact of fluoride toothpaste and
acidic beverages on enamel-like structures using chicken eggshells as a model. Leveraging X-ray
diffraction (XRD), the research examines the crystallographic changes in untreated, fluoride-treated,
and Coca-Cola-exposed eggshells, representing key scientific and mathematical applications.
Results show that fluoride forms a protective calcium fluoride layer, while acids erode this defense,
mirroring dental decay processes. The experiment highlights the technological role of XRD in
material analysis and demonstrates an engineering approach to modeling real-world biological
effects. Additionally, the study promotes STEM education by encouraging hands-on
experimentation in classrooms.
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1. Introduction

“ABCD in the morning brush your teeth ... .” I assume, most of the readers likely associate the
lyrics of this song with childhood. Nevertheless, according to The World Health Organization’s 2022
estimate, 2 billion people suffer from tooth decay of permanent teeth and 514 million children suffer
from tooth decay of primary teeth [1]. Genetic predispositions and age, but also inadequate diet and
improper oral hygiene, are among the causes of tooth decay. Scientists agree that the primary culprit
for tooth decay is simple sugars, which, under favourable conditions quickly transform into acids
that have a destructive effect on enamel and other parts of the teeth (see the Figure 1). Research has
shown that enamel fully matures only around the age of 25, which is why it's so important for
children to take care of their oral hygiene from the first tooth [2].

The aim of the article is to understand qualitatively and quantitatively, the compounds that
deposit on enamel. In the experiment, chicken eggshells will serve as tooth substitute. The eggshells
are frequently used as a model for studying processes that occur in teeth, especially in experiments
focused on the impact of acids and sugars on mineral structures. This is because of the similarities in
the mineral composition of both structures and their responses to acid exposure. Tooth enamel is
primarily composed of hydroxyapatite, a form of calcium phosphate, while eggshells are mainly
made up of calcium carbonate. Both, teeth and eggshells, consist of multiple layers and contain
proteins that reinforce their structure. In teeth, proteins like amelogenins assist in enamel
mineralization, while in eggshells, proteins such as ovomucins contribute to the stability of their
mineral framework. These structures are formed through a mineralization process, where proteins
and minerals work in tandem to create a robust protective layer. The enamel and eggshells are
vulnerable to demineralization in acidic environments — resulting in tooth decay for teeth and a
weakening of the eggshell’s structure [3].
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Figure 1. Diagram of a healthy human molar (a) and eggshell (b). Picture downloaded from Microsoft
Word online image database, Creative Commons License.

To reinforce the connection between scientific research and educational applications, the STEM
approach will be applied. In contrast to other studies that examine parameters like pH or eggshell
thickness [4-7], this work focuses on analysing the structure of the eggshell itself.

2. Materials and Methods

Due to the structure of the tooth and the eggshells, the X-ray diffraction (XRD) on a powder
sample will be used as a research technique. This technique (currently being the primary research
method in condensed matter spectroscopy) enables a very precise understanding of the crystal
structure of the sample under investigation (both crystalline and extent amorphous).

2.1. Physical Background of Experimental Method

Max von Laue discovered in 1912 that crystalline substances act as three-dimensional diffraction
gratings for X-ray wavelengths similar to the spacing of planes in a crystal lattice[8]. Following von
Laue's research, Lawrence and Henry (father and son) Bragg developed a law, which connects the
scattering with evenly spaced planes within a crystal (which is known in the literature as the Bragg's
law or the Bragg formulation of X-ray diffraction). X-ray diffraction is based on constructive
interference of monochromatic X-rays on a crystalline sample. These rays are generated by a cathode
ray tube. The monochromatic radiation is collimated and directed toward the sample (see the Figure 2).

X-ray X-ray

source detector

Figure 2. Idea of X-ray diffraction machine and measurement (not in scale).

The interaction of the incident rays with the sample produces constructive interference when
conditions satisfy Bragg's Law (see the Figure 3):
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nA = 2dsinf (1)

The wavelength of electromagnetic radiation A is related to the diffraction angle 0 and the lattice
spacing d in a crystalline sample and the # is the diffraction order. This experimental method uses
the powder XRD, where the sample is crushed an pulverized. By scanning the sample through a
range of 20 angles, all diffraction directions of the lattice should be attained due to the random
orientation of the sample. Because each material has a set of unique d-spacings, conversion of the
diffraction peaks to d-spacings allows identification of the mineral [9]. Multiple peaks at specific
angles indicate a single crystal structure. If more than one crystal structure is present then separate
peaks will appear for each crystal structure that there may be overlap.
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Figure 3. Bragg condition of X-rays constructive diffraction on a layered structure.

2.2. Experiment

The goal is to simulate tooth decay using eggshells and demonstrate how XRD can be employed
to compare the crystal structure before and after treatment. Let's assume that one happy hen lay eggs
with shells that are structurally identical and sufficiently homogeneous for our needs. The samples
of a powder eggshells for the research were prepared as follows:

1. The half of the shell, of the first egg, served as the reference pattern. After removing the egg
white and yolk, along with the membrane, the shell was ground into a powder in a mortar. In
the experiment an agate mortar and pestle are utilized, as they are less likely to introduce
impurities compared to a ceramic mortar and pestle.

2. The second half of the first eggshell was coated with toothpaste. The paste containing 1400 ppm
fluoride (typical children's toothpaste) was rubbed into the shell for about 3 minutes. Next the
shell was ground in the agate mortar.

3. The second eggshell was half coated with paste (following the procedure from point 2), while
the other half was left clean. Then, the shells were entirely submerged for about 5 minutes in a
glass containing Coca-Cola. Afterward, the part coated with paste and the clean part were
ground separately in two agate mortars.

Figure 3. The eggshell grounded into a powder in agate mortar and pestle.
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Prepared samples were investigated by the X-ray diffraction method using BRUKER
D2PHASER equipment employing Cu Ka radiation (A = 1.54 A) and operated at 30 kV and 10 mA.
The XRD patterns were recorded at a scanning step of 0.02° and a counting time of 0.4 s per step. The
semi-quantitative phase analysis was performed using DIFFRAC.EVA V4.1 evaluating an application
from BRUKER and the ICDD PDF-4 database (released in 2021).

3. Results

The radiograms, with intensity proportional to the count levels of diffracted radiation as a
function of angle [°], were normalized to 1, relative to the peak with the highest intensity. Figure 5
shows the X-ray diffraction pattern of the pure eggshell (the reference pattern). The measured pattern
matches very well to the desired phase of CaCOs — it is the main component of the eggshells (see
Table 1). The remaining 28.5 % (according to BRUKER and the ICDD PDF-4 database ) shows the
presence of carbon, magnesium, graphite or calcite doped with magnesium.
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Figure 5. XRD of pure eggshell, used in the experiment as the reference signal.

Table 1. Chemical composition of eggshell used in the experiment.

20/ degree Chemical composition
23.065 CaCO:s
29.840 CaCOs
31.773 CaCOs
36.493 CaCO:s
39.708 CaCO:s
43.3095 CaCO:s
47.7857 CaCOs
48.9454 CaCOs
64.7953 CaCO:s

65.7960 CaCOs
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Results indicate that the examined eggshell is not a monocrystal of calcium carbonate, but rather
a conglomerate of calcium carbonate crystals and other compounds. This may affect further analysis
of the obtained results.

Knowing the chemical compounds of the eggshell, now we can proceed with the measurement
when the half of the second eggshell is coated with toothpaste. The toothpaste used in the experiment
contained 1400 ppm fluoride (typical children's toothpaste). Fluoride preparations were introduced
to dentistry in response to scientific findings regarding the anti-caries effects of fluoride ions F- with
the aim of reducing the amount of degradation to the surface. The practice of water fluoridation,
aimed at preventing tooth decay, commenced in the USA in 1950, quickly spreading to Europe.
However, it became evident that a safer approach involved topical application, such as using
fluoride-enriched toothpaste for brushing or applying fluoride-containing agents through rubbing,
rinsing, or coating tooth surfaces such as performed in dental offices[10]. The chemical reaction for
this case can be written as follows:

ield
Calcium Carbonate + Fluorine ~—> Calcium Fluoride + Carbon Dioxide + Oxygen Difluoride
yields
CaC0; + F, — CaF, + CO, + OF, )

As a result of rubbing toothpaste into the eggshell, the signal intensity (see Figure 6) coming
from calcite decreased slightly compared to the result presented in Figure 5.
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Figure 6. The XRD pattern of eggshell brushed with fluoride toothpaste (red line). Black line is the
reference XRD of pure eggshell.

The XRD pattern indicate the presence of the calcium fluoride structure in the sample, recorded
for 20 = 29.087° (intensity about 70%) and 20 = 47.195° (intensity about 10%). The change in the red
peal as compared to the black peak indicates increased fluoride compounds in the eggshell due to
the surface treatment with fluoride toothpaste so likely at the surfaces. The next step was to obtain
experimental data, how Coca-Cola effects on the eggshell. Result obtained for pure eggshell
submerged in Coca-Cola is presented in the Figure 7, and detailed phase analysis is in the Table 2.
The chemical reactions in this case can be written as follows:
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ield
Calcium carbonate + Ortophosphoric Acid 2% Tricalcium Phosphate + Carbonic Acid
yields (3)
3CaC03 + 2H3P04 — Ca3(PO4_)2 + 2H2C03
yields
Calcium Carbonate + Sodium Benzoate —— Calcium Benzoate + Sodium Carbonate
yields
CaCO0; + 2C,H;0,Na — (C,H50,),Ca + Na,CO5 4)
ield
Calcium Carbonate + Trisodium Citrate i Calcium Citrate + Sodium Carbonate

yields
3CaC0; + 2C4Hs0,Na; — (C4Hs0,),Cas + 2Na,C0s ®)

20 25 30 35 40 45 50 55 60 65 70
104+t 44— 11

0.8 A -

0.6 - L

0.4 - -

Instensity / arbitrary units

0.0 T T T T T T """““‘I“ 'A IA'...ADI.I‘ M

20 25 30 35 40 45 50 55 60 65 70

260 / degree

Figure 7. XRD of eggshell left for 5 minutes in Coca-Cola (green line). Black line is the reference XRD
of pure eggshell.

Table 2. Chemical composition of pure eggshell left in Coca-Cola.

20 / degree Chemical composition
23.610 Tricalcium Phosphate
43.760 Tricalcium Phosphate
47.684 Tricalcium Phosphate
58.467 Tricalcium Phosphate

The XRD pattern indicates the presence of the Tricalcium Phosphate structure in the sample,
recorded, but the intensity is about 5% — 10%. The peaks of CaCO:s recorded for
20 =47.78 and 20 = 48.945° decreased (see Figure 5, Table 1).

Beyond to the chemical reactions, it can be inferred that the beverage used in the experiment
contains preservatives, phosphoric acid, and artificial colorants. Such an excess of harmful substances
will not immediately lead to the dissolution of tooth enamel, however, it may contribute to the
occurrence of acidic erosion of enamel. Additionally, the flushing out of elements such as magnesium,
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iron, or calcium from the body can weaken the bone-mineral system. Furthermore, caffeine added by
the manufacturer to the beverage is beneficial in small doses, but in larger ones, it can become an
addictive substance. Bassiouny in paper [11] showed, that human teeth react as poorly to contact with
excessive amounts of Cola as they do with methamphetamine, crack, or cocaine. It is clear from this
that drinking Coca-Cola in large quantities can make our teeth look like those of a drug addict.

The XRD pattern presented in Figure. 8, obtained for an eggshell rubbed with paste and
immersed in a Coca-Cola was not so surprising. The pattern does not indicate any presence of the
protective calcium fluoride structure, which was observed in Figure 6 (20 = 29.0873° and 20 =
47.1957°). The chemical reaction in this case can be written as follows:

ield.
Fluorite + Ortophosphoric Acid 2 Tricalcium Phosphate + Hydrogen Fluoride

yields
3CaF, + 2H;P0, —— Caz(P0,), + 6HF (6)
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Figure 8. XRD of eggshell brushed with toothpaste and left for 5 minutes in Coca-Cola (blue line).
Black line is the reference XRD of pure eggshell.

4. Discussion

To explain the above result, the following interaction mechanism can be assumed. Rubbing the
surface of the eggshell (ultimately teeth) causes fluoride to incorporate into the enamel and form
fluorapatite (hydroxyapatite in teeth can lose OH- group that can be replaced by fluorine).
Additionally, on the outer surface of the tooth, it creates calcium fluoride, which serves as a fluoride
reservoir. Consuming meals, drinking sugary beverages leads to a decrease in oral cavity pH. This
contributes to the release of stored fluoride ions, which then incorporate into the enamel in the form
of the aforementioned fluorapatite. Fluoride blocks bacterial enzymes that convert sugar into acids,
preventing them from negatively affecting tooth enamel. Furthermore, fluoride disrupts the transport
of carbohydrates into bacterial cells, preventing bacterial growth and reproduction, thus acting
bacteriostatically [12].
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5. Conclusions

Derived from the experiment, a pivotal conclusion arises — physics and chemistry, combined
with modern technology, can significantly contribute to understanding how to improve human
health. The obtained results has shoved both toothpaste and Coca-Cola modify the structure of the
eggshell, but even short-term brushing of teeth with toothpaste causes the deposition of fluoride on
their surface. This has a positive effect on the protective mechanism of enamel.

As a result of the interaction between the eggshell, the tooth paste and Coca-Cola, also organic
compounds are formed.

The second purpose of the article is educational - to spark curiosity among readers in accordance
with STEM methodology:

1. Science (S):

o  The article explores scientific principles, particularly in chemistry (the reactions between
acids, fluoride, and calcium carbonate) and physics (X-ray diffraction and crystal
structures).

o  The discussion of dental health problems like tooth decay is rooted in biological science, as
it examines the interactions of sugars, acids, and fluoride with enamel.

2. Technology (T):

o  The use of X-ray diffraction (XRD) technology to analyze the crystal structure of eggshells
and observe the effects of different substances mirrors technological advances in
experimental physics and material analysis.

o  The article mentions the equipment used, such as the BRUKER D2PHASER for XRD
measurements, highlighting the role of technological tools in scientific investigations.

3. Engineering (E):

o The preparation of samples (crushing eggshells, treating them with toothpaste, and
exposing them to Coca-Cola) involves experimental engineering, as it requires designing
and conducting a controlled experiment to model the effects of substances on teeth.

o  The emphasis on the design of experiments is a key aspect of engineering methodology,
ensuring reproducibility and consistency.

4. Mathematics (M):

o  The article references Bragg’s Law in X-ray diffraction, which is a mathematical equation
used to describe the relationship between wavelength, diffraction angle, and lattice spacing.

o  Mathematical analysis is employed in interpreting the XRD data, such as calculating the d-
spacings and diffraction patterns to understand the structure of materials.

A range of educational kits is now commercially available, offering varying levels of complexity,
which support not only the execution of the Bragg experiment but also enable detailed analysis of
measurement data and interpretation of results, with access to integrated databases for enhanced
accuracy and insight. The author’s intention is to encourage teachers to replicate the experiment and
involve students in preparing the samples themselves (e.g., crushing eggshells, applying toothpaste,
adding Coca-Cola or vinegar, measuring the pH of eggshells etc.), measurements and detailed data
analysis. Students could then present the results of their work.
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