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d elemental mapping of enamel
minerals with electron energy-loss spectroscopy†

Ya-Hsiang Hsu, a Asra Hassan,b Amanda Trout,b John D. Bartlett,c

Charles E. Smithde and David W. McComb*a

The identification and differentiation of the mineral phases, hydroxyapatite (HA, Ca10(PO4)6(OH)2) and

octacalcium phosphate (OCP, Ca8H2(PO4)6), remains challenging because of their similar composition

and chemical structure. In this research, electron energy-loss spectroscopy (EELS) analyses revealed

indicators to distinguish HA and OCP and these were applied to examine mineral development in

enamel from mouse incisors. Reference EELS data for HA and OCP was established with commercial HA

and synthesized OCP. An evaluation of electron damage and a mitigation strategy of multipass imaging

was conducted, and the electron dose limitation of OCP was identified. New insights into the

mechanism of electron beam damage on the apatite crystal were obtained. With the characterization of

the energy-loss spectra and the EELS simulation, the oxygen K-edge was found to be one of the

indicators for the differentiation of HA from OCP. The second indicator, the Ca/P ratio, was calculated

with a calibrated experimental factor of Kexp. Elemental mapping was done to establish the different Ca/

P ratio of HA and OCP, and the boundary between these mineral forms. EELS analysis was performed on

developing enamel in wild-type (WT) and Mmp20 knockout (KO) mice. This research establishes

a protocol for EELS analysis on biological specimens and demonstrates the power and potential of EELS

in biomaterial characterization.
1. Introduction

Teeth are one of the hardest organs in the human body. The
outermost enamel layer protects teeth from etching and corro-
sion. Typically, mature enamel is composed of 5% organic
components and up to 95% minerals, with hydroxyapatite (HA,
Ca10(PO4)6(OH)2) as the major constituent.1–4 Consequently,
much of the research on tooth formation revolves around the
study of HA.

The formation of enamel can be divided into three stages;
the pre-secretory stage, the secretory stage, and the maturation
stage.5–7 In the secretory stage, three enamel matrix proteins
(enamelin, ameloblastin, and amelogenin) are produced to
initiate the formation of enamel minerals.8–11 Following the
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emergence of enamel matrix protein, matrix metalloproteinase
20 (MMP20) is secreted to cleave proteins into fragments and is
necessary for sound enamel development.12–14 The immature
enamel has a low degree of crystallization.4,15 In the maturation
stage, the enamel matrix proteins are cleaved into smaller
fragments and absorbed by ameloblast, and the enamel
minerals are fully crystalized and form the hard outer layer of
teeth.7,16,17 Although the structure of enamel development is
broadly understood, some of the details about the formation of
HA minerals are still debated, such as the precise function of
each enamel matrix protein and the scope of MMP20 activity.

It has been recently reported that a large portion of octa-
calcium phosphate (OCP, Ca8H2(PO4)6) can be detected in the
enamel of the amelogenin and Mmp20 knockout mice.
Although OCP is considered to be a potential precursor in the
formation of HA, it is rarely detected in normal enamel devel-
opment.5,18,19 In 2016, an X-ray diffraction (XRD) study identied
OCP crystal in the amelogenin knockout enamel.20 Subse-
quently, Yamazaki et al. used Raman microspectroscopy to
identify a strong OCP signal in the Mmp20 knockout enamel.21

More recently, a layer of fan-shaped crystals was observed to
dominate the Mmp20 knockout enamel.14 Using selected area
electron diffraction (SAED), the authors identied the fan-
shaped crystals as crystalline OCP rather than HA. However,
the distinction between HA and OCP is challenging due to their
chemical and crystal structure similarities. While XRD and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Raman analysis can be used to identify chemical structure and
crystal structure, these methods do not provide the spatial
resolution to investigate the distribution of the minerals. SAED
can provide crystal structure with spatial resolution but lacks
chemical and elemental specicity. Therefore, a more compre-
hensive analytical technique is needed to identify, distinguish,
and spatially map the HA and OCP phases. Electron energy-loss
spectroscopy (EELS) performed in the scanning transmission
electron microscope (STEM) has the potential to address this
need.

EELS is used tomeasure the distribution of the energy-loss of
primary electrons as a result of inelastic collisions with the
atoms in specimens.22,23 The energy-loss spectrum provides
information about the chemistry, electronic structure, and local
bonding environment in the material.22 For example, Colby
et al. investigated a range of polymers using the carbon K-edge
energy-loss spectra.24 It was shown that the peaks in the C K-
edge spectra correlate with the different functional groups in
the polymer. Furthermore, they evaluated the electron beam
damage on polymers based on the changes in the peaks. Finally,
it was demonstrated that it is possible tomap the distribution of
these functional groups in polymer mixtures to obtain spatially
resolved information on chemistry and bonding.

While EELS is a powerful approach to studying the local
chemistry environments, the electron beam sensitivity of spec-
imens can be a limitation to the EELS characterization. The
critical electron dose not only limits the resolution of images
but can induce unwanted phase transformation in the
specimens.25–27 Xin et al. reported that OCP is very sensitive to
the electron beam.28 They observed bubble-like defects aer
being exposed to the electron beam, and the composition
slightly changed in the regions of the defects. Similar defects
were also observed by Simon et al. with high-resolution TEM.29

To mitigate these effects, two data acquisition strategies were
employed, namely, sub-pixel scanning and multipass spectrum
imaging. In sub-pixel scanning, the focused electron probe is
continuously scanned within each pixel area and the data from
the “sub-pixels” is binned into one pixel of the spectrum
image.30 By sub-pixel scanning the electron dose is averaged
over the entire pixel rather than being concentrated in one point
within the pixel (assuming the probe diameter is less than the
pixel size) and allows a higher pixel dwell-time without
damaging the sample. Multipass spectrum imaging allows live
monitoring of the sample and electron dose fractionation.31 It
allows the examination of individual frames, ensuring that only
those collected before the onset of electron damage remain for
integration and maximizing the electron dose tolerance of the
materials. This approach is highly effective when a direct elec-
tron detector is available, as the noise associated with photon
conversion, gain, and read-out are eliminated, and the spectra
are only affected by the shot noise. Consequently, multiple
spectrum image frames can be summed without sacricing the
signal-to-noise ratio (SNR).

In this research, a comprehensive EELS analysis of HA and
OCP was conducted. The electron beam damage of HA and OCP
was extensively investigated, and a hypothesis for the damage
mechanism in apatite crystals was proposed. Low-loss and core-
© 2025 The Author(s). Published by the Royal Society of Chemistry
loss spectra of P L2,3-edge, Ca L2,3-edge, and O K-edge were
studied. Among these spectra, the difference in O K-edge
spectra was consistent with the EELS simulation result and
further used as an indicator to distinguish between HA and
OCP. The EELS quantication of the Ca/P ratio was demon-
strated as another route to differentiate HA and OCP. The
quantication result was shown as an overlay of elemental
maps of Ca and P, indicating the ability of EELS to dene the
boundaries of these two mineral types. Last, with the estab-
lished EELS data, mouse tooth enamel was analyzed and the
results were consistent with previous research results.

2. Materials and methods
2.1. Preparation of HA and OCP crystals sample

The HA and OCP single crystalline samples were prepared as
reference materials for EELS analysis. The HA particles were
sourced from Sigma-Aldrich, while the OCP crystals were
synthesized using the precipitation method.32,33 This synthesis
was achieved by adding 0.02 M Ca(CH3COO)2 solution dropwise
to an equal volume of 0.02 M NaH2PO4 with continuous stirring
at 60 °C and pH 6. Aer a two-hour reaction, cloudy precipitates
gradually formed. The product was ltered, washed with
distilled water, and dried at 37 °C to yield white OCP crystal.

2.2. XRD acquisition

XRD measurements were conducted using a Rigaku Miniex
(Rigaku Holdings Corporation, Japan) with Cu Ka radiation (l=
1.54 Å). The X-ray voltage and current were set to 40 kV and 15
mA. A range of diffraction angles from 3° to 70° was scanned
with a step size of 0.02°. Minerals were identied by comparing
the resulting peaks to those in the International Center for
Diffraction Data (ICDD) database and the Inorganic Crystal
Structure Database (ICSD).

2.3. Mouse incisor sample preparation for microscopy

The preparation detail of mouse incisor samples was described
in previous research.34 Briey, seven-week-old wild-type and
Mmp20−/− mice were anesthetized and perfused via the heart
with 2.5% glutaraldehyde in 0.08 M sodium cacodylate buffer
containing 0.05% calcium chloride. The mandibles were
dissected, and the so tissue and labial bone were removed.
Post-xation in the same perfusion solution was carried out for
4 to 6 hours at 4 °C. The samples were washed overnight with
0.1 M sodium cacodylate buffer. Subsequently, the samples
were stained with 1% reduced osmium tetroxide for 2 hours and
washed several times with distilled water. The hemi-mandibles
were dehydrated with an acetone gradient, embedded in epoxy
resin, cross-sectioned to a thickness of 1 mm, and glued onto
plastic stubs.

2.4. TEM sample preparation

Small amounts of reference HA and OCP powders were put in
ethanol and sonicated for 10 minutes to disperse particles. 3 ml
sample solutions were dropped onto carbon-coated TEM grids
and dried at room temperature.
RSC Adv., 2025, 15, 14848–14858 | 14849
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The mouse incisor TEM samples were prepared using the
dual-beam FIB-SEM (Helios NanoLab™ 600, Thermo Fisher,
U.S.) using the li-out technique as described by Giannuzzi
et al. and Jantou et al.35,36 In brief, the embedded tooth stubs
were mounted on SEM stubs with carbon tape and silver glue to
enhance conductivity. To further mitigate charging and dri-
ing, a gold coating was applied to the sample stubs before
placing them into the FIB-SEM chamber. Additionally, 1 mm
platinum (Pt) layer was deposited onto the selected region at 30
kV and 0.28 nA to protect it from ion-milling damage. A beam
current of 2.8 nA was used to create trenches around the
sample. Following this, the sample was tilted to an angle of 7°
for under-cut and side cuts. It was then attached to an
Omniprobe and transferred to the FIB li-out grid with the
connections on the short sides of the sample using a Pt strap.
The nal polishing began with 30 kV and 0.28 nA initially and
was reduced stepwise to 100 pA and 50 pA, nishing at 5 kV and
50 pA. The nal thickness of the FIB foil was less than 100 nm to
ensure optimal EELS quality.

Before placing the samples into the TEM chamber, plasma
surface cleaning was processed to remove contamination and
hydrocarbon deposition. The reference specimens and the FIB
foils were plasma-cleaned for 25 seconds and 120 seconds,
respectively.
2.5. STEM and EELS

The STEM and EELS investigations were conducted using
Titan™3 60–300 (Thermo Fisher, U.S.) at 300 kV with a beam
current of 0.03 nA. EELS data were acquired with a 2.5 mm
entrance aperture to achieve a collection angle to convergence
angle ratio of 1.8. The monochromator was excited to improve
spectral resolution, resulting in a full width at half maximum
(FWHM) of the zero-loss peak (ZLP) of approximately 0.25 eV. A
dispersion of 0.025 eV per channel was used to resolve spectral
features for energy-loss near-edge structure (ELNES) analysis,
while a dispersion of 0.1 eV per channel was selected to broaden
the energy eld of view (FOV) for elemental quantication and
mapping. Two detectors were employed in this study: the
UltraScan® (US) 1000 charge-coupled device (CCD) detector
(Gatan, U.S.) and the K2™ direct electron detector (Gatan, U.S.).

The 16 × 16 sub-pixel scanning and the multi-pass imaging
were used to mitigate the electron beam damage. Sub-pixel
scanning distributes a uniform dose across the entire pixel
rather than concentrating at the center or corner of the pixel
(assuming the probe diameter is less than the pixel size),
enabling a longer pixel dwell time without increasing sample
damage, while multipass scanning allows the examination of
individual frames, ensuring that only those collected before the
onset of electron damage remain for integration and maxi-
mizing the electron dose tolerance of the materials.

The FEFF 9.6 program was used for all EELS simulations
presented in this study. Several input parameters are available
in FEFF calculation, including the type of exchange potential,
the radius for full multiple scattering (FMS) calculation, the
cluster radius for self-consistent eld (SCF) potential calcula-
tions, the core-hole effect, the amplitude reduction factor, and
14850 | RSC Adv., 2025, 15, 14848–14858
the overlap of muffin-tin radius. Detailed descriptions of these
parameters can be found in the FEFF user guide and publica-
tions by Dr John J. Rehr.37 The input structure les for HA and
OCP were either manually constructed or generated from the
WebAtoms website (now called “Larixite: Crystal Structures for
X-ray Absorption Spectroscopy”, https://
millenia.cars.aps.anl.gov/webatoms/).38

For our simulations, the Hedin–Lundqvist model was
employed for exchange potential calculation. The amplitude
reduction factor was set to 1.0. The radii for the FMS and SCF
clusters were chosen based on the coordinates of the atoms of
the system, taking approximately 100 atoms for FMS and 50
atoms into account for SCF calculations.
2.6. Relative quantication of Ca/P ratio

The absolute elemental quantication using EELS is possible
but challenging due to the difficulty in accurately determining
the inelastic cross-section. This cross-section varies not only
between elements but also with the chemical environment.
Also, it can be inuenced by different experimental settings and
analysis processes.23 The errors in the theoretical cross-section
ultimately limit the reliability of the absolute quantication.
Nevertheless, by maintaining consistent experimental condi-
tions, these variations are largely controlled in relative quanti-
cation. Consequently, the formula for Ca/P quantication can
be simplied as follows:39

NCa

NP

¼ ICaðDÞ
IPðDÞ � sPðDÞ

sCaðDÞ ¼
ICaðDÞ
IPðDÞ � KexpðDÞ

where N represents the number of atoms per unit area, I denote
the intensity of the core-loss spectrum, s is the partial cross-
section for energy loss, and (D) indicates the energy range of
the integration windows. In this research, the cross-section
ratio was substituted by the experimental factor, Kexp. With
the known Ca/P ratio of HA and OCP, the Kexp can be deter-
mined, and the Ca/P ratio can be obtained by multiplying the
intensity ratio by the experimental factor Kexp.

A two-tailed Student's t-test was performed to evaluate
whether the Ca/P ratio could effectively differentiate between
material groups. The signicance level (a) was set at 0.05, cor-
responding to a 95% condence level. Probability (p) values
were calculated using Microso Excel. A p-value less than 0.05
was considered statistically signicant, indicating strong
evidence ($95% condence) that the two groups exhibit
a meaningful difference in their Ca/P ratios.
3. Results and discussion
3.1. XRD and morphology

Fig. 1a shows the XRD results for HA and OCP particles. The
intensity values beneath the HA and OCP patterns correspond
to reference data from ICDD (PDF# 98-000-0251) and ICSD
(PDF# 04-013-3883), respectively. The XRD patterns of both HA
and OCP are in excellent agreement with the reference patterns,
validating the presence of pure HA and OCP particles. High-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The XRD patterns of HA and OCP. The intensities labeled below HA and OCP patterns were the data from ICDD (PDF# 98-000-0251)
and ICSD (PDF# 04-013-3883), respectively. (b) The STEM image of spherical HA particles and OCP plate crystal.
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purity standards are essential for establishing a reliable EELS
database for material identication.

The morphology of HA and OCP particles can be seen in
Fig. 1b. HA particles are spherical nanoparticles, while OCP
exhibits large plate-like crystals. The distinct morphologies of
these reference materials help the acquisition of the corre-
sponding experimental results. Although the shape of the HA
reference differs from natural HA crystals, which are more
typically ribbon- or needle-like, EELS analysis is primarily con-
cerned with the chemical structure and electronic transition of
materials. EELS provides detailed information about the
chemical composition, bonding environment, and electronic
structure of specimens.40,41 Energy-loss occurs when an incident
electron transfers and excites an electron in an occupied state to
an unoccupied energy level, losing the corresponding quantum
of energy.40 For example, when an electron from the K-shell (1s
orbital) is excited to a p-like unoccupied level, generating
a characteristic signal known as the K-edge. Since binding
energies are different for elements and the unoccupied energy-
levels depend on the nature of the chemical bonds, the energy-
loss spectrum reveals the chemical structure of materials.

Therefore, the impact of crystal morphology on EELS anal-
ysis is negligible in this research.
3.2. Evaluation of electron beam damage

The electron beam damage on HA and OCP was evaluated
through a series of oxygen K-edge spectra. Multipass imaging
and dri correction were applied to accumulate electron doses
in the selected area. Fig. 2 illustrates the changes in the O K-
edge spectra of HA and OCP. In Fig. 2a, at an electron dose of
1400 e− per Å2, two peaks (a) and (b), 536.8 eV and 539.5 eV,
respectively, with a noticeable dip between them are observed.
As the cumulative electron dose increased, the main peaks
remained relatively stable, but the dip between the peaks
gradually attened.

In Fig. 2b, the ELNES of OCP in O K-edge spectra is observed
to differ from those of HA. The dip between peaks (a) and (b)
was barely visible at 500 and 900 e− per Å2. As the electron dose
increased, a new peak (a*) around 530.7 eV emerged and
© 2025 The Author(s). Published by the Royal Society of Chemistry
intensied. This peak is attributed to the formation of radical
oxygen species and indicates the electron beam damage.42

These ndings suggested that OCP is more sensitive to the
exposure of electron beam and has a lower critical dose of
damage than HA. The difference in beam resistance is likely
related to the chemical structure of OCP (Ca8(HPO4)2(PO4)4). In
OCP, oxygen atoms are present not only in the phosphate group
(PO4

3−) but also in the hydrogen phosphate group (HPO4
2−).

The O–H bonds in the hydrogen phosphate group are cleaved
more readily under electron beam exposure, leading to the
generation of radical oxygen species and the appearance of the
pre-peak signal in Fig. 2b. In contrast, HA lacks hydrogen
phosphate, resulting in higher resistance to electron beam
damage. As the pre-peak (a*) is recognized as an indicator of
electron beam damage, Fig. 2 shows that the O K-edge spectra of
OCP exhibit a barely detectable pre-peak at a cumulative dose of
900 e− per Å2, while the pre-peak becomes visible aer 1400 e−

per Å2. This suggests that the critical dose of OCP specimen is
approximately 900 e− per Å2. Consequently, the electron dose of
approximately 500 e− per Å2 was maintained to minimize
damage on OCP. Regarding to HA, although the EELS analysis
demonstrates that HA has better resistance to radiation damage
compared to OCP, an electron dose of approximately 500 e− per
Å2 was used for consistency.
3.3. EELS analysis of reference materials

The EEL spectrum can be divided into low-loss regions and
high-loss (core-loss) regions. The low-loss spectrum typically
spans energy losses less than 50 eV and is associated with
phonon excitations, plasmon resonance, and the low-energy
outer shell ionization edges.22 The high-loss spectrum corre-
sponds to energy losses greater than 50 eV and originates from
the inner shell ionization and electronic transition between
orbitals. In this study, we will analyze and discuss the low-loss
region as well as the P L2,3-edge, Ca L2,3-edge, and O K-edge
spectra of HA and OCP.

3.3.1. Low-loss spectra. The low-loss spectra of both HA
and OCP reveal six distinct peaks as shown in Fig. 3a. Peak (a)
located at 5 eV is associated with a p* plasmon resonance.
RSC Adv., 2025, 15, 14848–14858 | 14851
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Fig. 2 The oxygen K-edge spectra of (a) HA and (b) OCP with various amounts of cumulative electron dose. The peaks a*, a, and b were at
530.7 eV, 536.8 eV, and 539.5 eV, respectively.
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Peaks (b) and (c) at approximately 13 eV and 15 eV are likely
associated with the features in the imaginary part of the
complex dielectric function. Peak (d) is observed at 23 eV and
corresponds to the volume plasmon excitation.23,43 Peaks (e) and
(f) are at 28 eV and 35 eV and attributed to the Ca M2,3-edge.
Although the relative intensity and spectral shape exhibit slight
differences, distinguishing between HA and OCP based solely
Fig. 3 The EEL spectra of HA andOCP in different energy-loss regions, in
and (d) the O K-edge. The P L2,3-edge and Ca L2,3-edge spectra from HA
different. The EELS simulation of the O K-edge spectra of (e) HA and (f)
functional groups were simulated individually. The simulation results of
according to their portion in the material.

14852 | RSC Adv., 2025, 15, 14848–14858
on these features is challenging. The relative intensity and
spectral shape of low-loss spectra are difficult to quantify as
their features are easily inuenced by experimental variations,
such as background subtraction and sample thickness. There-
fore, the low-loss spectra are not a reliable approach to differ-
entiate HA and OCP.
cluding (a) the low-loss region. (b) The P L2,3-edge, (c) the Ca L2,3-edge,
and OCP were identical while the O K-edge spectra from them were

OCP were calculated with FEFF software. The spectra of O in different
HA and OCP are the addition of spectra from each functional group

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3.2. P L2,3-edge. In Fig. 3b, the P L2,3-edge of high-loss
spectra for both HA and OCP display four distinct peaks at
136.5 eV, 138.5 eV, 141.5 eV, and 147 eV. Because of the similar
electron structure of PO4

3− and SiO4
4−, the molecular orbital

(MO) calculation for PO4
3− can be referenced from SiO4

4−.
According to Tossel's MO calculations, the lowest unoccupied
molecular orbitals are labeled 6t2, 6a1, and 2e.44 However, the
core-hole effect pulls the energy level of 6a1 down below 6t2,
which was veried by McComb et al.45 Consequently, peaks (a),
(b), and (d) are attributed to the 6a1, 6t2, and 2e orbitals,
respectively. Peak (c) is not assigned to any MOs as no available
state exists between 6t2 and 2e and is normally attributed to
a multiple scattering effect.46 Despite these insights, the
differences in ELNES of phosphorus between the HA and OCP
are not signicant enough to distinguish between them.

3.3.3. Ca L2,3-edge. HA and OCP spectra revealed two
intense sharp peaks (b) and (d) along with two weaker shoulders
(a) and (c) in Fig. 3c. Peaks (a) and (b) correspond to the L3 edge,
and the peaks (c) and (d) are related to the L2 edge. The energy
separation of the L3 and L2 edges is due to the spin–orbit
splitting of calcium, which is approximately 3.3 eV.47 The small
shoulder peaks (a) and (c) are attributed to the crystal eld
splitting effect.48 In symmetrical coordination environments, d-
orbitals (dxy, dxz, dyz, dx2−y2, dz2) would split into two levels by
a crystal eld splitting parameter.23 Consequently, the appear-
ance of peaks (b) and (c) conrm the symmetrical coordination
of calcium in HA and OCP. The separation between peak (a) and
(b), and between (c) and (d) are approximately 1 eV, consistent
with the ndings reported by Nael et al.48 Again, the difference
between HA and OCP spectra is minimal.

3.3.4. O K-edge. The O K-edge spectra of HA and OCP are
shown in Fig. 3d. Unlike the P L2,3-edge and Ca L2,3-edge
spectra, distinct differences between HA and OCP spectra are
observed. The HA spectrum displays two prominent peaks at
536.8 eV and 539.5 eV, followed by a small feature at 545.4 eV. In
contrast, the OCP spectrum shows only one broad peak where
the dip between 536.8 eV and 539.5 eV is not distinct, and the
feature at 545.4 eV is less pronounced. These differences in
ELNES features are associated with variations in the chemical
environment of oxygen between HA and OCP. To further
investigate the spectral difference and validate the ndings,
EELS simulations of HA and OCP were conducted using FEFF
soware, as shown in Fig. 3e and f. FEFF simulates EELS using
a multiple scattering approach and is highly effective.37,49

Although the simulated spectrum may exhibit shiing or
broadening due to the experimental factors not included in the
simulations, the shape of the ELNES, relative intensity, and
trends are considered reliable.

In HA, 24 oxygen atoms are bonded with phosphorus to form
six tetrahedral phosphate groups (PO4

3−), while 2 oxygen atoms
are bonded to hydrogen, forming two hydroxide groups (OH−).
In contrast, OCP contains 16 oxygen atoms coordinated with
phosphorus to form four tetrahedral phosphate groups, and 8
additional oxygen atoms also bond to phosphorus, but among
them, two oxygen atoms bond with hydrogen, forming two
hydrogen phosphate groups (HPO4

2−).
© 2025 The Author(s). Published by the Royal Society of Chemistry
FEFF was used to individually calculate the oxygen K-edge
spectra for all 26 oxygen atoms in HA and 24 oxygen atoms in
OCP. The spectra originating from the same functional groups
were summed to represent the spectrum of each corresponding
functional group. The nal HA and OCP simulation spectra are
the integration of all spectra from the corresponding functional
groups, as shown in Fig. 3e and f. It is observed that the PO4

3−

groups in both HA and OCP exhibit two peaks at approximately
536 eV and 541 eV. The OH− group shows two peaks at
approximately 534 eV and 537.5, while the HPO4

2− group
displays peaks at approximately 532.5 eV and 540 eV.

In HA, the majority of oxygen atoms are associated with the
phosphate group (PO4

3−), with only a small portion associated
with the hydroxide group (OH−). Therefore, the O K-edge
simulation of HA is primarily dominated by the PO4

3− group,
exhibiting two peaks at approximately 536 eV and 541 eV. In
contrast, OCP contains over half of the oxygen atoms from the
phosphate group (PO4

3−), and one-third oxygen atoms from the
hydrogen phosphate group (HPO4

2−). Consequently, the addi-
tion of the HPO4

2− spectrum lls the dip observed in the PO4
3−,

leading to a broad feature with no distinct minimum in the OCP
simulation. In summary, due to the presence of the hydrogen
phosphate group (HPO4

2−) in OCP leads to different charac-
teristic features in O K-edge spectra between HA and OCP.

Although there are slight disagreements in peak positions
between the simulated and experimental spectra, the near-edge
structures in both simulations and experimental data are
consistent. The disagreements between the simulated and
experimental spectra might arise from several possible factors.
For instance, the zero in energy simulation is referred to as the
muffin tin potential <0, and is not aligned with the vacuum level
of various compounds, resulting in energy shis expected in the
simulated results.50 These distinctions can serve as an indicator
for further identication of HA and OCP.

The EELS simulation results also provide insight into the
electron beam damage mechanism of OCP and HA. As shown in
Fig. 2b, a dip between peaks (a) and (b) is observed in OCP with
the cumulative dose range from 1400 to 5000 e− per Å2,
becoming similar to HA. However, the dip became barely visible
when the cumulative dose was beyond 5400 e− per Å2, and
eventually disappeared even as the dose increased to 9000 e−

per Å2. This behavior is likely related to the presence of
hydrogen phosphate groups in the OCP. The breaking of O–H
bonds in HPO4

2− not only generated radical oxygens but also
converted HPO4

2− into PO4
3−. Once this transformation occurs

in OCP, the dip between peaks will no longer be lled, and the
ELENS of OCP will be similar to HA. Consequently, when
damage peak (a*) is observed, the O K-edge spectrum of OCP
evolves toward the two-peak feature similar to that of HA. With
the increase of electron dose, the dip becomes atter in both HA
and OCP spectra. The EELS simulation and experimental results
provide an atomic-level explanation for the phase trans-
formation of OCP to HA under electron beam exposure.
RSC Adv., 2025, 15, 14848–14858 | 14853
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3.4. Relative quantication of Ca/P ratio

In general, the experimental factor Kexp varies between different
materials due to differences in energy-loss cross-section.
However, because of the similarity in P L2,3-edge and Ca L2,3-
edge of HA and OCP, their Kexp value is expected to be compa-
rable. The experimental factor (Kexp) for the relative quantication
of the Ca/P ratio was determined using pure HA nanoparticles. A
total of 11 EELS acquisitions were collected, and the results are
summarized in the ESI.† Using the known Ca/P ratio of HA, 1.67,
the Kexp was calibrated to be 1.83 ± 0.08 for this research. To
conrm the reliability of the Kexp, the Ca/P ratio of OCP was
calculated and yielded a value of 1.36± 0.05, which is close to the
theoretical ratio of 1.33 for OCP. The Ca/P ratio of HA was
calculated and yielded a value of 1.67 ± 0.07. A two-tailed
Student's t-test was conducted between the HA and OCP data-
sets, yielding a statistically signicant difference (p = 2.41 ×

10−5). The datasets used for the calculation of Ca/P ratio and p-
value are presented in Tables S.2 and S.3. The result conrms the
reliability of Kexp for the relative quantication in these materials.

3.5. Elemental mapping of HA and OCP

Fig. 4 shows the STEM ADF image and the elemental maps of Ca
and P in an area containing both HA and OCP reference
materials. In the P maps, the intensities of HA and OCP were
similar. However, in the Ca maps, the HA particles showed
higher intensity than the OCP crystal. Fig. 4e shows the inten-
sity projection of the Ca and P signal onto the x-axis, revealing
different Ca/P intensity ratios and the boundary between HA
and OCP. The ratio was higher on the le side (HA particles) and
lower on the right side (OCP crystal). Moreover, the Ca/P ratio
can be calculated by simply multiplying the Ca/P intensity ratio
by the calibrated factor Kexp.

3.6. Dental enamel from WT and KO mouse incisors

With the established EELS results from HA and OCP, the
materials in WT and KO enamel were investigated. The WT and
Fig. 4 (a) The STEM Annular Dark Field (ADF) image and the correspond
edge. (d) The overlay of phosphorus map and calcium map. The red colo
calcium signal. (e) The intensity projection of P and Ca signal to the x-ax
indicates the intensities of P and Ca.

14854 | RSC Adv., 2025, 15, 14848–14858
KO specimens were extracted from teeth in the secretory stage
of development. At this stage, the WT enamel was not fully
mineralized and consisted of enamel crystals and enamel
matrix. On the other hand, the fan structure KO enamel was
highly crystallized and presented a single crystal diffraction
pattern.14 The EELS data are presented in Fig. 5, and the areas
selected for the EELS acquisition are shown in Fig. 6. Notably, in
the secretory WT enamel, there are regions that lack enamel
crystals, known as the Space of Weber (SW).51

In the low-loss spectra (Fig. 5a), six peaks are identied in the
KO spectrum, whereas some ne features, such as peaks (b) and
(c), are less distinct in the WT spectrum. This difference may be
attributed to the complex environment of the WT specimen.
Since WT enamel is a mixture of crystal and proteins, peaks (b)
and (c) became subtle in the spectra, leading to different shapes
of the spectrum. In contrast, the KO enamel being a single
crystal showed distinct features in the low-loss spectrum and
matched the peaks from reference materials. Regardless, the
low-loss features are insufficient to identify the materials of KO
enamel.

In the P L2,3-edge, peaks in KO enamel are distinctly recog-
nizable and align well with reference spectra. For the WT
enamel, although the P signal is noisier, most of the major
peaks remain identiable. In the Ca L2,3-edge, minimal differ-
ences are observed. All spectra from HA, OCP, WT, and KO
samples appear nearly identical. Even though the comparison
of the low-loss, P L2,3-edge, and Ca L2,3-edge does not effectively
identify whether the WT and KO are HA or OCP, the similarities
indicate that the materials in both WT and KO consisted of
components with similar chemical structures as HA and OCP.
This observation was consistent with our previous research.14

The O K-edge spectrum is a key indicator for distinguishing
between HA and OCP. In the O K-edge spectrum of WT, despite
the noisier signals, a peak at 536 eV and a more intense peak at
539 eV were observed. In contrast, only a broader peak was
detected in the KO spectrum. Acquired under the same spectral
resolution, the characteristic feature of HA was not observed in
ing eels elemental mapping of (b) the P L2,3-edge and (c) the Ca L2,3-
r represents the phosphorus signal, and the green color represents the
is. The x-axis represents the distance from left to right, and the y-axis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The EEL spectra from HA, OCP, wild-type (WT) enamel, andMmp20 knockout (KO) enamel in different energy-loss regions, including (a)
the low-loss region. (b) The P L2,3-edge, (c) the Ca L2,3-edge, and (d) the O K-edge. The WT and KO spectra were acquired from the regions
indicated in Fig. 6(a) and (d).
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the KO spectrum. This result supports the hypothesis that the
WT enamel primarily consisted of HA while the KO enamel was
composed of OCP.

Fig. 6 shows the images of the WT and KO enamel, and the
red squares indicate the areas where the EELS data were
acquired. The STEM ADF image and the elemental mapping of
WT enamel are presented in Fig. 6b and c. In the ADF image, we
can observe the shape and texture of the enamel crystals on the
le side and identify the SW region on the right side. In the
EELS mapping, the outlines of the brous enamel crystals were
well dened, and the gaps between individual crystals were also
detected. The elemental map indicates that the SW region
contained no mineral crystals but comprised organic matter,
possibly proteins. The relative quantication was exclusively
processed on crystal regions, and the Ca/P ratio of WT enamels
Fig. 6 (a) The STEM ADF images of WT enamel in the secretory stage. Th
Weber. (b) The STEM ADF image of the region indicated by the red box
green, and blue colors indicate the P L2,3-edge, Ca L2,3-edge, and C K-e
enamel in the secretory stage. The red box indicates where the KO spectr
K-edge spectra of WT and KO enamel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
was approximately 1.81± 0.04. This result is higher than the Ca/
P ratio of HA, which is 1.66. One possible reason is the substi-
tution of the phosphate groups with carbonate groups. Previ-
ously published research has suggested that immature enamel
may consist of carbonate hydroxyapatite instead of pure
HA.27,52,53 In carbonate HA, the Ca/P ratio is increased due to the
reduction of the phosphate group.

Compared to the WT enamel, KO enamel did not show ber
crystals, instead appearing as single crystal platelets. The
elemental map of KO enamel is not shown as it is uniform with
few features. The relative quantication of the Ca/P ratio for KO
enamel is 1.38 ± 0.07, lower than that of WT enamel. The two-
tailed Student's t-test was conducted to compare the Ca/P ratios
between WT and KO enamel datasets (Tables S.4 and S.5), as
well as between OCP and KO enamel datasets, yielding a p-value
e red box indicates where the WT spectra were acquired. SW, Space of
in (a). (c) Shows the corresponding elemental mapping of (b). The red,
dge signals, respectively. (d) The STEM ADF images of KO fan-shaped
a were acquired. (e) The STEM ADF image of the red box in (d). (f) The C

RSC Adv., 2025, 15, 14848–14858 | 14855
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of 1.17 × 10−4 and 0.75, respectively. These results indicate
a statistically signicant difference between KO andWT enamel
compositions, while no signicant difference was observed
between KO enamel and OCP. This nding supports the
hypothesis that the KO enamel is predominantly composed of
OCP rather than HA. It needs to be mentioned that the Ca/P
ratio of KO was slightly higher than that of pure OCP. Similar
to WT enamel, the substitution by the carbonate group could be
a factor.

Fig. 6f reveals the EELS investigation of the carbon K-edge.
Four sharp peaks and one broad peak (e) were labeled in the
WT spectrum, while only one intense peak (d) and a weak
feature (e) were observed in the KO enamel. The identication
of peaks in the C K-edge is well estimated.24,54–57 Peak (a) at
285 eV corresponds to the transition from 1s to p*(C]C). Peak
(b) and (c), located at 286.5 and 288 eV, are attributed to p*(C]
N) and the p*(C]O), respectively. Peak (d) at 290 eV is associ-
ated with a transition involving the p*(C]O) of the carbonate
minerals. The last broad peak (e) is correlated to the transition
to s*(C–C) state associated with single bonds. The presence of
peak (d) supported the hypothesis that carbonate is present in
both WT and KO enamel. The remaining features in the C K-
edge of WT indicate the presence of other organic matter,
such as proteins.

4. Conclusions

This study reports a strategy to distinguish HA and OCP using
EELS analysis and shows its application to identify the enamel
materials from WT and Mmp20 KO mice. The EELS analysis
focuses on the investigation of the region of low-loss, P L2,3-
edge, Ca L2,3-edge, and O K-edge. The features in low-loss
spectra, P L2,3-edge, and Ca L2,3-edge are consistent with the
chemical structure of HA and OCP and have no distinctive
difference between the HA and OCP spectra from these regions.
However, the presence of the hydroxide and hydrogen phos-
phate groups in HA and OCP brings insights into the differen-
tiation. The O K-edge spectrum of HA showed two characteristic
peaks, but that of OCP only showed a broad peak. The EELS
simulations conducted using the FEFF soware revealed
consistent patterns in the experimental data. Consequently, the
O K-edge spectrum was validated as a reliable indicator for
distinguishing between HA and OCP.

The evaluation of electron beam damage on HA and OCP
crystals highlighted the electron dose limit for this study and
provided an explanation of the electron beam damage mecha-
nism in apatite. OCP is more sensitive to electron beam expo-
sure than HA and is attributed to the presence of H–O bonds in
the hydrogen phosphate group. The breakdown of the hydrogen
phosphate group in OCP increased the relative abundance of
the phosphate group, causing the O K-edge spectra of OCP to
present the two-peak feature similar to that of HA.

The relative quantication of Ca/P ratio and the elemental
mapping are the second indicators to differentiate HA and OCP.
With the known Ca/P ratio of HA, the Kexp factor was calculated
to enable the relative quantication in this study. The Ca/P ratio
was determined by multiplying the intensity ratio by the Kexp
14856 | RSC Adv., 2025, 15, 14848–14858
factor. The calculated ratio of OCP is 1.36 ± 0.05, which is close
to the theoretical ratio of 1.33, while the ratio of HA is 1.67 ±

0.07, which is close to the theoretical ratio of 1.67. The Student's
t-test results verify the statistical signicance between these two
datasets. The elemental mapping not only well outlines the
shapes and boundaries of HA and OCP but also provides an
intensity ratio for quantication.

With the indicator of O K-edge, the enamel material from
WT exhibited a characteristic feature of HA, while the KO
enamel showed OCP patterns. Additionally, the Ca/P ratio ofWT
and KO enamel are distinct, measured at 1.81± 0.04 and 1.38±
0.07, respectively. Both Ca/P ratio from WT and KO were higher
than the pure HA and OCP. The discrepancy is possibly asso-
ciated with the substitution of the phosphate group by the
carbonated group. This hypothesis is supported by the detec-
tion of carbonate in carbon K-edge.

With the EELS technique, a comprehensive analysis
including chemical structure, elemental composition, and
damage mechanism was carried out in this research. Addi-
tionally, elemental mapping with great spatial resolution was
also revealed. This research demonstrates the potential of EELS
and provides additional functionalities for EELS analysis on
materials.
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Author contributions

Y. H. Hsu: investigation, writing – original dra. A. Hassan:
resources. A. Trout: methodology. J. D. Bartlett: funding
acquisition, supervision, writing – review & editing. C. E. Smith:
resources, writing – review & editing. D. W. McComb: funding
acquisition, supervision, writing – review & editing.

Conflicts of interest

There are no conicts of interest to declare.

Acknowledgements

This research was supported by the National Institute of Dental
and Craniofacial Research of the National Institutes of Health
under award number R01DE028297 (JDB, DWM). Electron
microscopy was performed at the Center for Electron Micros-
copy and Analysis (CEMAS) at The Ohio State University. The
instrument fee was supported by the Ohio Research Scholar
fund at The Ohio State University (DWM).
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra08124b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ei
 2

02
5.

 D
ow

nl
oa

de
d 

on
 9

/0
6/

20
26

 1
:2

3:
49

 P
T

G
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
References

1 R. S. Lacruz, S. Habelitz, J. T. Wright andM. L. Paine, Physiol.
Rev., 2017, 97, 939–993.

2 M. Deakins and J. F. Volker, J. Dent. Res., 1941, 20, 117–121.
3 M. L. LeFevre and R. S. Manly, J. Am. Dent. Assoc. Dent.
Cosmos, 1938, 25, 233–242.

4 J. E. Schmitz, J. D. Teepe, Y. Hu, C. E. Smith, R. J. Fajardo and
Y.-H. P. Chun, J. Dent. Res., 2014, 93, 256–262.

5 J. P. Simmer and A. G. Fincham, Crit. Rev. Oral Biol. Med.,
1995, 6, 84–108.

6 J. D. Bartlett and J. P. Simmer, Crit. Rev. Oral Biol. Med., 1999,
10, 425–441.

7 C. E. Smith, Crit. Rev. Oral Biol. Med., 1998, 9, 128–161.
8 C. E. Smith and A. Nanci, Anat. Rec., 1996, 245, 186–207.
9 A. G. Fincham, J. Moradian-Oldak and J. P. Simmer, J. Struct.
Biol., 1999, 126, 270–299.

10 S. Fukumoto, T. Kiba, B. Hall, N. Iehara, T. Nakamura,
G. Longenecker, P. H. Krebsbach, A. Nanci, A. B. Kulkarni
and Y. Yamada, J. Cell Biol., 2004, 167, 973–983.

11 J. C.-C. Hu, Y. Hu, C. E. Smith, M. D. McKee, J. T. Wright,
Y. Yamakoshi, P. Papagerakis, G. K. Hunter, J. Q. Feng,
F. Yamakoshi and J. P. Simmer, J. Biol. Chem., 2008, 283,
10858–10871.

12 Y. Bai, Z. Yu, L. Ackerman, Y. Zhang, J. Bonde, W. Li,
Y. Cheng and S. Habelitz, Proc. Natl. Acad. Sci. U. S. A.,
2020, 117, 19201–19208.

13 Y. Hu, C. E. Smith, A. S. Richardson, J. D. Bartlett, J. C. C. Hu
and J. P. Simmer, Mol. Genet. Genomic Med., 2016, 4, 178–
196.

14 J. D. Bartlett, C. E. Smith, Y. Hu, A. Ikeda, M. Strauss,
T. Liang, Y.-H. Hsu, A. H. Trout, D. W. McComb,
R. C. Freeman, J. P. Simmer and J. C.-C. Hu, Sci. Rep.,
2021, 11, 10570.

15 G. Daculsi and B. Kerebel, J. Ultrastruct. Res., 1978, 65, 163–
172.

16 C. Robinson, J. Kirkham, S. J. Brookes, W. A. Bonass and
R. C. Shore, Int. J. Dev. Biol., 2003, 391, 145–152.

17 R. S. Lacruz, S. J. Brookes, X. Wen, J. M. Jimenez, S. Vikman,
P. Hu, S. N. White, S. P. Lyngstadaas, C. T. Okamoto,
C. E. Smith and M. L. Paine, J. Bone Miner. Res., 2013, 28,
672–687.
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