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ABSTRACT

Dental adhesive bonding plays a critical role in restorative dentistry and ensures durable restoration. Despite
advancements, bond failure remains a challenge due to polymerization heterogeneity at the adhesive-dentin
interface, which is influenced by various factors such as micro-voids. Conventional analytical methods used
for dental materials, such as micro-Raman and FTIR spectroscopy, have limitations, such as the interference of
autofluorescence and lack of spatial resolution. This study employed mid-infrared photothermal (MIP) micro-
scopy to visualize the molecular distribution and polymerization degree of dental adhesives at the sub-
micrometer scale. MIP imaging enables high-resolution chemical mapping without interfering with auto-
fluorescence. The present results revealed heterogeneous polymerization across the adhesive-dentin interface,
with lower degree of conversion (DC) rates near the dentin owing to the presence of hybrid layers. Additionally,
localized reductions in the DC rate were observed, likely caused by micro-voids that hindered polymerization due
to oxygen-inhibited layers. These findings provide direct evidence of molecular heterogeneity in dental adhesives
that was previously unattainable using conventional techniques. MIP microscopy offers enhanced spatial reso-
lution and chemical specificity, making it a promising tool for studying biomaterial interfaces and improving
adhesive formulations for reliable dental treatments.

1. Introduction

challenging because of its complex composition, higher organic content,
and continuous fluid movement [7,8]. Among the available strategies,

Dental adhesive bonding plays a crucial role in modern restorative
dentistry by enabling minimally invasive treatments and improving the
longevity of restorations [1,2]. Various dental adhesive systems have
been developed to achieve durable bonding between restorative mate-
rials and dental hard tissues, particularly dentin [3,4]. These systems
can be broadly classified into etch-and-rinse and self-etch adhesives [5,
6]. While bonding to enamel is relatively predictable because of its high
mineral content and stable structure, dentin bonding remains more

the self-etch approach is widely regarded as the gold standard for dentin
bonding because it simplifies the bonding procedure and reduces the
risk of over-etching or incomplete resin infiltration [5,9]. Among
self-etch adhesives, the two-step self-etch system demonstrated superior
bonding reliability compared to one-step self-etch adhesives [10,11].
However, despite advancements in adhesive technology, bond failure
remains a persistent issue, leading to complications, such as micro-
leakage, secondary caries, and reduced restoration longevity [12,13].
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The spatial heterogeneity of the resin-dentin interface is a key factor
influencing the performance of dental adhesives. The polymerization
degree of dental adhesives may vary within the interface owing to dif-
ferences in oxygen inhibition, resin infiltration, and adhesive composi-
tion [14-16]. Furthermore, the physical properties of the adhesive layer,
such as hardness, modulus, and mechanical stability, may not be uni-
form across the interface [17,18]. The presence of micro-voids, such as
air bubbles entrapped during the bonding process, can further lead to
localized weaknesses and compromise bonding durability [19]. How-
ever, direct evidence of such molecular-scale heterogeneity and its
impact on adhesive performance has been limited, primarily owing to
the lack of suitable analytical techniques capable of resolving the
interface at sub-micrometer resolution [19]. So far, a few techniques
have been exploited to analyze the polymerization behavior of adhesive
layers at the interface between adhesive layers and dentin, such as
destructive testing, while destructive testing does not allow the chemical
characterization of the adhesive layer-dentin interfaces. Raman spec-
troscopy is a powerful chemical analytical technique that allows probing
of chemical compositions in biological samples, such as tissues [20].
Chemical analysis of teeth using Raman spectroscopy has been reported
in various contexts, including studies on caries [21], periodontal disease
[22], and demineralization [23]. In Raman spectroscopic analysis of
dental adhesives/dentin interfaces, one needs to employ relatively
longer excitation wavelengths (785 or 1065 nm) to excite Raman scat-
tering of adhesive layers and dentin; otherwise, the strong auto-
fluorescence signal from the sample overwhelms the relatively weak
Raman signal [24,25]. This deteriorates the spatial resolution of Raman
imaging derived from the diffraction limit of light and the detection
sensitivity of Raman scattering owing to the low scattering efficiency in
the near-infrared region. The low detection sensitivity of the Raman
scattering signal of dental materials limits the field of view for Raman
imaging, which prevents investigation of the molecular distribution and
the polymerization rate in adhesives/dentin interfaces. Another chem-
ical imaging technique, FTIR spectroscopy, is an autofluorescence-free
analytical technique that employs mid-IR light, which has low photon
energies and does not excite the fluorescence of the molecules. Hence, it
has been extensively used for the chemical characterization of adhesive
layers and dentin. However, the spatial resolution of FTIR spectroscopy
is limited to several micrometers or more because of the diffraction limit
of mid-IR light, which is not sufficiently high to resolve heterogeneities
in chemical compositions and their properties. Although AFM-based
chemical imaging techniques, such as tip-enhanced Raman spectros-
copy and Nano-IR, realize super-resolution chemical imaging [26-29],
these techniques have field-of-view limitations, typically on the order of
a few to 10 pm and the imaging configuration, where mechanical con-
tact between a metallic tip and sample is required.

Herein, we employ an all-optical super-resolution mid-IR imaging
technique called mid-infrared photothermal (MIP) microscopy to
chemically visualize the interfacial molecular components and poly-
merization rate with around 500 nm spatial resolution. MIP microscopy
is an emerging IR imaging technique that leverages both continuous
visible and pulsed mid-IR beams to overcome the spatial resolution
limitations of conventional IR imaging. Pulsed mid-IR light excites
transient IR absorption, which can generate local sample heating and
expansion, known as the photothermal effect. The photothermal re-
sponses of the sample modulate the optical responses of visible scat-
tering or reflection light, according to Mie theory. Hence, the IR
absorption of a sample can be measured by detecting the modulated
optical responses of the visible probe light. One of the advantages of MIP
microscopy is its sub-micrometer spatial resolution, which is determined
by the wavelength of the continuous visible beam. Thus, MIP micro-
scopy achieves both sub-micrometer spatial resolution beyond the
diffraction limit of mid-IR light and high chemical specificity based on
IR absorption [30-34]. Owing to its super-resolution chemical imaging
capability, MIP microscopy has been applied in various fields such as
biological cells and tissues [35,36], biomaterials, and polymers [37,38].
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It has recently been employed to analyze the degree of curing in com-
posite resins used for dental treatment and revealed the variation in
curing degree with different filler concentrations [39,40].

In this study, we used MIP microscopy to determine the spatial dis-
tribution of the chemical compositions of dentin and adhesive layers,
and the polymerization rate of adhesive layers at interfaces between the
adhesive layers and dentin in human dentin. The spatial distribution of
uncured monomers, polymers, and fillers in the adhesive layers was
visualized with a spatial resolution of approximately 500 nm, without
interference from autofluorescence. The heterogeneous distribution of
the polymerization rate of adhesives at the sub-micrometer scale was
also observed by examining the infrared vibrational modes of monomers
and polymers in the adhesives. The optical images of the interfacial
adhesive layers and chemical characterization results using MIP mi-
croscopy suggested that one of the causes for the local decrease in the
polymerization rate in the adhesive layers was the generation of nano/
microscale bubbles in the adhesive layers. The present results confirm
the potential of MIP microscopy for the chemical characterization of not
only interfaces between dentin and adhesive layers, but also other
biocompatible materials used for biomedical applications, which opens
new avenues for tooth science.

2. Results and discussion

We investigated slices of the extracted human teeth. Fig. 1(a) and (b)
show a photograph of the sliced human tooth sample and an optical
image of the cross-section of the mirror-polished human dentins
exhibiting the composite resin (CR)/dental adhesive/dentin interface. It
should be clarified that the samples were exposed to curing light prior to
slicing. The light was irradiated from the top side (resin side) toward the
bottom side (dentin side). After this visible light exposure, the tooth
samples were sliced. The chemical structures of dominant monomer
components of the adhesives were shown in Fig. 1(c). It should be noted
that the content of Bis-GMA is around 40 % in our adhesives. Although
the adhesives contain two monomers and the detailed polymerized
structures have not yet been fully elucidated so far, previous studies
revealed that the methacrylic bonds in both monomers are consumed
during polymerization [24,25]. In Fig. 1(c), we have highlighted the
methacrylic groups in the two monomers with red circles in order to
facilitate estimation of the chemical structural changes in the adhesives
before and after visible light irradiation. The IR vibrational modes of the
dental adhesives and their evolution upon visible light irradiation were
characterized using FTIR spectroscopy, as shown in Fig. 1(d). In the IR
spectra, the primary IR absorption peak at 1454 cm™! indicates the CH,
bending mode of all organic compounds in the adhesives, the peaks at
1512 cm ! and 1609 ecm ™! indicate aromatic C=C bonds in aromatic
monomers and polymers, the peak at 1635 em ! indicates the aliphatic
C=C bonds in monomers, and the peak at 1716 cm ' indicates C=0
bonds in all organic compounds. Exposure of dental adhesives to visible
light results in the polymerization of monomers in dental adhesives,
where aliphatic C=C bonds are transformed into C-C bonds. This was
monitored by the change in the intensity ratio between the aliphatic
C=C bonds and aromatic C=C bonds. In Fig. 1(d), the IR transmittance
of the peaks at 1512 cm™! and 1716 cm™! did not show a significant
change, while the peaks at 1635 cm™' showed a gradual increase,
indicating a decrease in aliphatic C=C bonds in the monomers due to
the conversion. The degree of conversion (DC) rate of the dental adhe-
sives was evaluated in accordance with previous studies [24,25].

DC (%)= {1 _ (L1635 am-1 /T1512 am~1 ) after curing } %100

(11635 cm1 /11512 cm1 )befare curing

The distribution of chemical compositions at the dentin/adhesive
interfaces was visualized using large-area high-resolution hyperspectral
MIP imaging. The preparation way of our teeth sample was shown in
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Fig. 1. (a) Photo of human dentin sample. (b) Optical image of human dentin sample at the composite resin/adhesive layers/dentin interface. (¢) Chemical structures
of dominant monomer components in adhesives. (d) Evolution of IR spectra of adhesive bond upon light illumination.

Fig. S1 in the Supplementary Materials. Fig. 2(a), (b), and (c) were
constructed using the MIP intensities at 1513 cmY, 1630 cm™, and
1080 cm™!, respectively. The upper region represents the adhesive
layers and the bottom region represents the dentin. The white dotted
lines in the figures indicate the interfaces. In all experiments, both the
visible and mid-infrared light were focused on the surface of the sample,
and the reflected signal was collected from the solid surface. Given
sharrow depth of mid-IR light penetration and the large difference in
refractive indices between the adhesive (approximately 1.5) and air, the
detected signal predominantly originates from the sample surface. In the
adhesives, the MIP intensities at 1513 cm ™! and 1630 cm ™! indicate the
predominant contribution of polymerized substances under visible light
illumination and monomer constituents, respectively. Notably, the IR
signal of aliphatic C=C bonds representing monomer molecules was
relatively weak because most of them were polymerized by visible light
irradiation. The intensity images of the aromatic and aliphatic C—=C
bonds exhibited a moderate level of opposing contrast. This implies a
local distribution of polymer molecules and uncured monomers. The
high signal intensity of the MIP image at 1630 cm ™! in dentin originates
from the presence of collagens attributed to Amide I bands in the

proteins. Collagens are the primary organic compounds in the dentin.
Although the spatial resolution of MIP microscopy was not sufficient to
clearly visualize the collagen fibers in the dentin, one can see the fiber
structures in the dentin from the MIP image at 1630 cm ™!, Furthermore,
the contrast of the MIP intensity image at 1080 cm ™! was ascribed to the
P-O stretching mode, Si-O stretching mode, and C-OH stretching mode,
which predominantly represent the distributions of SiO, fillers and hy-
drophilic molecules, both of which are constituents of dental adhesives.
The image in the dentin region shows the distribution of hydroxyapatite,
which is the predominant component of dentin and consists of calcium
phosphate. The variation in the contrast in the adhesive regions for these
images indicates the heterogeneous distribution of molecular composi-
tions in dental adhesives at the sub-micrometer scale. Interestingly, the
MIP images at 1630 cm ™! and 1080 cm ™! exhibited a similar contrast,
which is in contrast to the MIP image of polymerized molecules at 1513
em L. This indicates that the presence of SiO, fillers and hydrophilic
molecules in dental adhesives may disturb the polymerization of light-
cured monomer molecules. Fig. 2(d) shows the DC rate of the dental
adhesives calculated using the method mentioned above. The image
visualizes the micrometer-scale heterogeneity in the DC rate of the
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Fig. 2. Hyperspectral mid-infrared photothermal imaging at the interfaces between dentin and dental adhesives. The images were constructed by the MIP intensity at
1513 cm ™! (a), 1630 em ! (b), and 1080 em ! (©). (d) The DC rate of dental adhesives calculated by the intensity ratio between 1513 cm ! and 1630 em™ L.

clinical dental adhesive samples. The size of the small domains indicated
by the black arrows in Fig. 2(d), where uncured monomer molecules are
localized, ranges from a few micrometers to tens of micrometers. Con-
ventional FTIR imaging approaches do not allow the observation of such
small domains. The DC rate at the interface between dentin and adhe-
sives is crucial for understanding dental adhesive systems. The image
shows a low DC rate at the boundary between the dentin and adhesives.
It was speculated that the DC rate at the interfaces, particularly near the
dentin, would be lower than that at the top surface of the adhesives. We
attributed the localized reduction in the DC rate near the dentin to the
presence of hybrid layers, in which mineral components are removed
and only collagen remains [41]. It is well established that hybrid layers
are formed at the interface between dentin and adhesive bonds, typically
ranging a few micrometers. These layers consist of collagen and adhe-
sive components. Under such hydrophilic conditions, polymerization of
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the adhesive is hindered, resulting in a lower DC rate specifically at the
adhesive-dentin interface. The decrease of polymerization degree in the
presence of water has been revealed by previous work [42]. The area
indicating a low DC rate ranges from a few micrometer-scale scale,
which should be somehow reasonable considering the scale of hybrid
layers. It is believed that a low DC rate causes bond failure in the oral
cavity. The present MIP imaging provides a clear new insight into het-
erogeneous molecular distribution and the DC rate in dental adhesives of
clinical samples, and these findings could not be obtained using con-
ventional analytical approaches.

We further identified regions in which a local decrease in the DC rate
occurred with dental adhesives. Fig. 3(a) and (b) show hyperspectral
MIP intensity images of the dental adhesives in the vicinity of the dentin
at 1513 cm ! and 1630 cm ™!, respectively, and Fig. 3(c) depicts the
corresponding DC rate for the same area. Fig. 3(d) shows an optical

(d)

100

Fig. 3. Hyperspectral mid-infrared photothermal imaging of dental adhesives near the dentin, in which micro-voids are likely present. The images were constructed
by the MIP intensity at 1513 cm ! (a), 1630 cem ! (b), and the DC rate (c). (d) An optical microscopy image of the tooth sample.
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image of the tooth sample, with a white square indicating the imaging
area. Similarly, a moderate degree of opposite contrast was observed
between the aromatic and aliphatic C=C bonds in the intensity images,
along with a heterogeneous molecular distribution. In the middle region
of Fig. 3(c), a localized reduction in the DC rate is evident, forming
round structures approximately 5 pm in diameter, as marked by the
black arrow. This might be attributed to the presence of micro-voids,
such as air bubbles entrapped during the bonding process. It is well
known that air bubbles can be formed during the air-blowing and light-
curing process of dental adhesives. These air bubbles create what are
known as oxygen-inhibited layers, which interfere with the polymeri-
zation of the adhesive, leading the decrease of the DC rate. A previous
study suggested that such micro-voids lead to localized weaknesses and
compromised bonding durability [19]. Fig. S2 in the Supplementary
Materials illustrates an MIP intensity image at 1080 cm™!, where no
round structures were observed. This suggests the absence of hydro-
philic monomers and SiO; fillers in these areas and the presence of
uncured monomers following visible light illumination. These results
imply that micro-voids hindered the polymerization of monomers in
dental adhesives during light-curing process, leading to a localized
decrease in the DC rate of adhesive around the bubbles. It should be
noted that the “micro-voids” we described in the manuscript correspond
to areas where such air bubbles have been present during light curing
process, but were absent during measurement. This is why they
exhibited strong signals at 1630 cm ™, and low DC rate. The ability of
MIP microscopy to resolve IR molecular signatures at the
sub-micrometer scale over a large field of view is instrumental in
obtaining these insights.

3. Conclusion

In this study, the molecular distribution of clinical tooth samples at
the dentin/dental adhesive interface was visualized by MIP microscopy.
Hyperspectral sub-micrometer IR imaging revealed heterogeneities in
the molecular composition of the adhesives and local variations in the
DC rate within the oral cavity. MIP imaging revealed a lower DC rate in
adhesives near dentin owing to the presence of hybrid layers. Further-
more, the imaging results suggest that the local decrease in the DC rate
in adhesives might be attributed to oxygen-inhibited layers generated
during the bonding process. This study highlights the potential appli-
cation of MIP microscopy in the biochemical analysis of dental mate-
rials. The successful visualization of molecular compositions at the sub-
micrometer scale was made possible by the autofluorescence-free fea-
tures of MIP microscopy. Our findings provide valuable insights into the
physical and chemical properties of dental adhesives and dentin and
contribute to a deeper understanding of the fundamental mechanisms of
adhesive bonding. This study paves the way for the development of
improved dental treatments and novel adhesive formulations.

4. Experimental section
4.1. Sample preparation

The use of extracted human teeth complied with the ethical review
regulations of the Ethics Committee of Tokushima University (329-11).
The extracted human maxillary and mandibular molars were immedi-
ately stored in refrigerated water at 4 °C and selected for the experiment.

To prepare specimens for observation of the resin-dentin interface,
the enamel of the crown was ground to expose a flat dentin surface,
which was subsequently polished under running water using #600
waterproof SiC abrasive paper. The exposed dentin was then treated
with the self-etching primer of the two-step self-etch system, Clearfil SE
Bond 2 (CSE2; Kuraray Noritake Dental, Tokyo, Japan), followed by
application of the CSE2 bonding agent. All the bonding procedures were
performed according to the manufacturer’s instructions. The bonding
agent was light-cured for 10 s at 1000 mW/cm? in normal mode using an
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LED light-curing unit (Pencure 2000, Morita, Tokyo, Japan), equipped
with a 15.0 mm tip diameter, following the manufacturer’s protocol.

Subsequently, a hybrid resin composite, Clearfil AP-X (Kuraray
Noritake Dental, Tokyo, Japan), was incrementally built in 2.0-mm
layers. The prepared specimens were stored in water at 37 °C for 24 h
and sectioned perpendicular to the tooth root axis using a low-speed saw
(ISOMET, BUEHLER, Illinois, USA).

The cross-sectioned surfaces were sequentially polished under
running water using #600, #1200, #1500, and #2000 waterproof SiC
abrasive papers, followed by mirror polishing with diamond pastes of 6,
3, 1, 0.25 pm, to create the final interfacial observation surface.

4.1.1. Optical setup of MIP microscopy

The configuration of our home-built MIP system is a co-propagating
mid-IR and visible beam scheme that enables the MIP observation of
bulky opaque samples. A wavenumber-tunable quantum cascade laser
(QCL, Daylight Solutions, MIRcat-QT-2100) ranging in wavenumber
from 1000 to 1690 cm ™! was used as a pulsed mid-IR pump light source
for MIP measurements. To avoid photodamage from the mid-IR light,
the power of the IR laser after the objective lens was set to less than 0.5
mW for all measurements. The operating repetition rate of the QCL was
set to 80 kHz, with a pulse width of 800 ns. A Ge-made long-pass filter
reflects approximately 5 % of the IR beam to a mercury cadmium
telluride (MCT) detector (Thorlabs, PDAVJ10) to monitor the power
spectrum of the QCL for calibration of the MIP spectra. A continuous-
wave (CW) visible laser with a wavelength of 561 nm (Cobolt Jive)
was used as the probe light source for MIP measurements. The power
density of the visible beam was less than 2 mW. The probe beam was
passed through a quarter-wave plate and a polarization beam splitter.
Both the pump mid-IR and the probe visible beams were co-aligned by a
silicon-made dichroic mirror (DM) and subsequently focused on the
sample plane with a reflective objective lens (Pike, 40 x/NA 0.78). The
reflected visible probe signal was collected using the same objective and
sent to a photodiode (PD, Thorlabs, DET10A2) using a polarization
beam splitter. The system had a confocal configuration, where a pinhole
with a diameter of 100 pm was set before the photodiode. The current
from the PD was sent to the current amplifier (FEMTO, LCA-400K-10 M),
the converted voltage was guided to a lock-in amplifier (Zurich Instru-
ment, 500k) for phase-sensitive detection, and the MIP signal was
demodulated at the same frequency as the fundamental QCL repetition
rate. The spatial resolution of our MIP microscopy in the lateral direc-
tion should be defined by the Abbe’s diffraction theory. The wavelength
of the probe visible laser was 561 nm and the NA of the objective lens for
probe light was 0.78. Hence, the theoretical spatial resolution was
calculated to be around 440 nm.

For reference measurements, the IR absorption spectra of the sam-
ples were measured using a commercially available FTIR spectrometer
in the transmission mode (JASCO Corporation, FTIR-6800). The FTIR
spectra ranged from 1000 to 3000 cm ™! with a spectral resolution of 2
em L. For FTIR measurement of adhesives, we fabricated thin adhesive
samples, which were sandwiched between two CaF, substrates and
placed in the FTIR instrument. The sample was irradiated with visible
light for curing inside FTIR and subsequently, IR spectra of samples were
measured.
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