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INluminating the microscopic mysteries of enamel demineralization through
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Abstract: Enamel demineralization often occurs in the early stage of dental caries. Studying the microscopic
mechanism of enamel demineralization is essential to prevent and treat dental caries. Terahertz (THz) technolo-
gy, especially continuous wave (CW) THz near-field scanning microscopy (THz-SNOM) with its nanoscale reso-
lution, can be promising in biomedical imaging. In addition, compared with traditional THz time-domain spec-
troscopy (TDS), portable solid-state source as the emission has higher power and SNR, lower cost, and can ob-
tain more precise imaging. In this study, we employ CW THz-SNOM to further break the resolution limitations of
conventional THz imaging techniques and successfully achieve the near-field imaging of demineralized enamel at
the nanoscale. We keenly observe that the near-field signal of the enamel significantly lowers as demineralization
deepens, mainly due to the decrease in permittivity. This new approach offers valuable insights into the micro-
scopic processes of enamel demineralization, laying the foundation for further research and treatment.
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Introduction

Modern dental medicine for common dental disease
namely caries mainly emphasizes non-invasive treatment
of caries, specifically, local treatment to prevent further
caries before they form cavities, to remineralize early car-
ies, and to restore the integrity of enamel'". The contri-
bution of conventional radiographs in identifying early
caries seems negligible among these detecting methods.
Micro-computed tomography (Micro-CT) is suitable for
caries only with large or formed cavities, thus early car-
ies detection is not sensitive and specific enough, and
the harm of X-ray cannot be neglected”. The accuracy
of quantitative light-induced fluorescence (QLF) results
can sometimes be affected by tooth scattering, surface
distribution and other factors™*. Optical coherence to-
mography (OCT) can only indirectly reflect mineral
changes and lacks more intuitive and effective quantita-
tive indicators”. Transverse microradiography (TMR)
technology ', considered the "gold standard, " also dam-
ages samples due to X-ray exposure and fails to reveal
the microstructure of enamel demineralization. There-
fore, a comprehensive diagnostic technique is requisite
for early caries detection and progress monitoring.

Due to the non-ionizing properties ', good penetra-
tion capabilities and resolution **', THz waves, typically
ranging from 0.1 THz to 10 THz, are increasingly em-
ployed in various fields such as biomedical imaging appli-
cations """’ artwork conservation and evaluation'*'*, in-
dustry (nondestructive testing of coatings'” and
paints'™) and agriculture "', THz waves’ application,
especially in biomedical imaging is challenging given its
limitation in imaging resolution. Therefore, the THz-
SNOM system """ combines scattered THz spectroscopy
with AFM technology, enabling nanoscale-resolution
THz imaging and has been successfully used in biomedi-
cal studies such as demineralized tooth detection'” and
the investigation of THz near-field responses of single
proteins "

This study addresses imaging resolution’ s limita-
tions in detecting methods and presents a technique for
early enamel demineralization detection and progression
monitoring. Compared with TDS, solid-state source as
the emission source is more portable, has lower cost,
higher power and SNR. The CW THz-SNOM system en-
ables the observation of enamel morphology and structur-
al changes before and after demineralization at the micro-
scopic level, as well as the detection of enamel composi-
tion variations. We find that tooth enamel’ s dielectric
constant changes obviously due to its microstructure and
composition change after demineralization; with the
deepening of demineralization, the dielectric constant
changes more violently. Although the in-situ detection of
early caries is not achieved, due to its non-ionizing prop-
erties, CW THz-SNOM system will hold significant po-
tential for enhancing early demineralization detection and
treatment by uncovering the underlying mechanisms of

enamel demineralization.

1 Experiments

1.1 CW THz-SNOM

The setup of the CW THz-SNOM system is depicted
in Fig. 1(a), with a solid-state radiation source used,
namely the Impatt avalanche diode radiation source pro-
duced by TeraSense, Russia. The emitted THz wave fre-
quency is 97. 8 GHz, and the power is about 90 mW.
The radiation source is compact and portable. We em-
ploy the BenYuan CSPM5500 series scanning probe mi-
croscope, and the lock-in amplifier is a Zurich Instru-
ments MFLI series lock-in amplifier with a bandwidth
reaching 5 MHz. The probe is constructed using a Rocky
Mountain Nanotechnology (RMN) 25Ptlr200B-H series
probe with an 80 wm tip length and a 200 wm cantilever
length. The diameter of the probe tip is about 100 nm.
We use the waveguide detector with a bandwidth of 75-
110 GHz. The imaging resolution is determined by the
size of the probe tip rather than the wavelength, allowing
the diffraction limits to be exceeded and achieving na-
noscale imaging.
1.2 Sample preparation

The protocol of this study complied with the NIH
Guide for the Care and Use of Laboratory Animals and
was approved by the Ethics Committee of West China
Dental Hospital, Sichuan University (WCHSIRB-D-
2021-285). We collected fresh bovine teeth, separated
the crown and root, and polished the enamel surface.
The sample was then embedded in epoxy resin, leaving a
highly polished surface of at least 5 x 5 mm. The sample
was then placed in a prepared demineralized buffer >
for 5 days. Finally, a vertical cut was made on the enam-
el surface to obtain the tooth slice. As shown in Fig. 1
(b) , the tooth slice contains demineralized, normal
enamel, and dentin from top to bottom. We can find that
there is a clear boundary between enamel and dentin.
Early demineralization mainly occurs on the surface of
enamel, and the enamel turns slightly white after demin-
eralization.

2 Results and discussions

As shown in Fig. 1(b), the area framed by the blue
curve is selected for imaging. The scanning area is 80X
80 pm, consisting of 256X256 pixels in total. This area
is just the borderline between demineralized and normal
enamel. Figure 1(c) and (d) display the AFM and near-
field imaging results, respectively. As evident from Fig.
1(c) and (d), enamel morphology undergoes significant
changes following demineralization; the fluctuations be-
come more intense, and the near-field signal also notice-
ably decreases. In contrast, the near-field signal precise-
ly represents the differences between regions before and
after demineralization.

To further investigate the relationship between
enamel’s height fluctuations and near-field amplitude be-
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fore and after demineralization, the AFM and near-field
data from dashed lines in Fig. 1(c) and (d) are used to
plot the curve, as shown in Fig. 1(e), the AFM height
in normal enamel region fluctuates around 600-800 nm,
with minimal variations. By our calculation, the average
height fluctuation in normal region is 720 nm with a stan-
dard deviation of 71. 75, whilst 714 nm with a standard
deviation of 132. 07 for demineralized region. In contrast
with the intense enamel fluctuations after demineraliza-
tion, mainly caused by structural change, the average
height varies inapparently. The mean value of the near-
field signal before demineralization is 0. 498, with a stan-
dard deviation of 0. 105; it then drops to 0. 401 and the
standard deviation alters to 0. 119 after demineraliza-
tion. The near-field signal exhibits a marked decrease by
entering the demineralized area, but not primarily
caused by height fluctuations. As the THz near-field sig-
nal can be sensitive to the sample’ s dielectric proper-
ties, the decrease in near-field amplitude suggests that
the THz dielectric properties of enamel have significantly
changed after demineralization.

We approximate the dielectric constants of the stan-
dard and demineralized regions based on the methods de-
scribed in the past research™’. A new analysis model of
probe-sample interaction in s-SNOM is proposed in the
article. The probe is treated as a long sphere much small-
er than the wavelength, and its near field is described by
a finite dipole consisting of point charges. As shown in
Fig. 2(a) and (b), after demineralization, the real part
(g,) of the enamel dielectric constant decreased from 8

to below 5, while the imaginary part (&,) increased from
0.5 to more than 1. 2. We use the CST simulation meth-
od to further study the effect of the dielectric constant
change on near-field signal change. We set the length of
the near-field tip to 80 pm and the radius to 1 pm, place
the tip 100 nm above the medium, determine the thick-
ness of the medium to be 5 pm, and select the frequency
of 0. 1 THz. To reduce the simulation time, the apex ra-
dius of the tip chosen for the numerical simulations is
larger compared to conventional SNOM tips; and would
have a stronger near-field amplitude, but no obvious im-
pact on the line profiles™. By changing the dielectric
constant of the medium (g, from 1 to 12, &, from 0.5 to
1.6) , we get the change in the near field signal
strength, as shown in Fig. 2(c). It can be found that
both increases in the real and imaginary parts of the di-
electric constant can lead to the near-field signal’ s en-
hancement. Nevertheless, the effect of the real part is
more significant than that of the imaginary part. There-
fore, we further prove that the decrease of the near-field
signal after demineralization is caused by the decrease of
the dielectric constant (dominated by the real part).

To further reveal the microscopic mechanism of de-
mineralization, we successively select 4 regions from the
standard to demineralized enamel region for more de-
tailed imaging, as depicted in Fig. 3. Figures 3(a)-(d)
represent the AFM imaging results, while Figs. 3(e)-(h)
illustrate the corresponding near-field imaging results.
The scanning area is 30X30 wm, maintaining the 256X
256 pixels resolution.
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The scanning ranges in Figs. 3(a) and (b) are with-
in the typical enamel region, while those in Figs. 3 (c)
and (d) are in the demineralized region, with (d) dis-
playing a more pronounced degree of demineralization
than (c). As previously described in studies ™, the ba-
sic structure of enamel is an enamel rod, which exists
through the whole layer of enamel, and it is not straight
in the process of shape but intertwines with each other.
The enamel rod diameter on the surface exceeds that at
the bottom. Under an electron microscope, the cross-sec-
tion of the enamel rod is racquet-shaped. The head and
tail of the adjacent enamel rod are embedded. As depict-
ed in Figs. 3(a) and (b), the standard enamel structure
is organized by numerous enamel rods (indicated by the
red curved area). Past studies have disclosed ™™ the
essence of demineralization involving the dissociation
and remodeling of crystals, along with the transfer of min-
eral ions. When external substances such as acid invade
the enamel, external hydrogen ions penetrate the enam-
el, the minerals at the front of the enamel will dissolve,
and some ions such as calcium and phosphorus will dif-
fuse and transport outwards. In this process, the struc-
ture of the enamel rod collapses, forming up and down
B and the composition of the enamel rod will al-
so change due to the transfer of ions.

By referring to the AFM and near-field results, we
observe that the enamel rod structure progressively
changes in Figs. 3(e)-(h), with the most notable varia-
tions appearing in Fig. 3(h), characterized by numerous
enamel rod fractures and cavity structure formations. As
demineralization deepens, the near-field signal decreas-
es further. Compared with the AFM results, the near-
field imaging results highlight the impact of surface struc-
ture changes and indicate a noticeable decrease in the
near-field signal of samples after demineralization, main-
ly due to the changes in the structure and composition of
the enamel rods during the demineralization process.
These changes lead to a fall-off of the enamel dielectric
properties, weakening the near-field signal. We then
draw the corresponding boxplot according to the AFM
and near-field data of 4 regions, as shown in Fig. 3 i),
illustrating the height fluctuations and the near-field am-

cavities

plitude changes throughout the scanning process. The
mean value of AFM and near-field data in each region is
calculated and connected to form the mean value line. It
is observable that in the normal enamel region, the
height varies between 300-400 wm, and remains relative-
ly stable. However, in the demineralized area, the
height fluctuates drastically due to the alteration of sur-
face topography, ranging between 200-500 pm.

The near-field signal strength of the normal enamel
portion is considerably higher than that of the demineral-
ized area. Moreover, the signal decrease becomes more
pronounced as the degree of demineralization deepens.

To show that our findings are reliable and not relat-
ed to a specific region, we randomly select several areas
for scanning imaging as shown in Fig. 4. Figs. 4(a) and
(b) are in the normal region, and Figs. 4(c) and (d)
are in the demineralized region. The scanning area is
40x40 pwm, maintaining the 256X256 pixels resolution.
The results are consistent with the previous conclusion.
The structure of the enamel rod collapses in the deminer-
alized region, and the near-field signal in the demineral-
ized area decreases obviously. Hence, we conclude that
the decrease in the near-field signal of the demineralized
process is mainly caused by the reduction in dielectric
properties resulting from the alteration of enamel struc-
ture and composition after demineralization.

3 Conclusions

In summary, we utilize a CW THz-SNOM system to
obtain precise enamel images before and after demineral-
ization, confirming that the changes in its structure and
composition after demineralization will decrease the di-
electric constant, thus weakening the near-field signal.
As more advantageous than the AFM results, the near-
field signal can more comprehensively reveal the micro-
scopic mechanism of demineralization. Thus, this work
provides a promising method for early demineralization
detection of hard tissue of teeth. Yet, by specific limita-
tions, we use acid corrosion of demineralized buffer to
demineralize the enamel for an ideal situation, whilst in
real cases, demineralization can be more complicated
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with multiple factors. Although we choose the solid-state
radiation source wave as a THz emitter, the near-field
signal is still not strong enough, making it challenging to
observe the higher-order information of the near-field sig-

nal. Moreover, THz equipment’s overall complexity and
high-cost will affect its actual application. Meanwhile,
because THz-SNOM can only be used to penetrate the
thickness of the sample 100-300 nm in ordinary medi-
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um, it can not realize the in-situ measurement of early
caries at present. In the future, more diversified demin-
eralization methods can be expected shortly. The further
development of THz technology, with the application of
higher-power THz sources, and the emergence of more
concise and low-cost THz devices will make it possible to
apply THz technology in clinical stomatology.
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