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Root caries is an increasingly problem in aging societies with severe implications for the general health
and wellbeing of large numbers of people. Strengthening type-I collagen, a major organic component
. of human dentin, has proved effective in preventing root caries. This study sought to determine
. whether exposure to riboflavin followed by UVA irradiation (RF/UVA) could promote additional
. collagen crosslinking, and thus improve the acid and enzymatic resistance of human dentin under
simulated oral environments. If so, it could offer potential for treatment of the intractable problem of
. root caries. The greatest flexural strengths were found in dentin exposed to a 0.1% riboflavin solution
. for 1 minute followed by 1,600 mW/cm? UVA irradiation for 10 minutes. Mineral loss and lesion depth
. were significantly lower in the RF/UVA group than in the control group. The microstructures of dentinal
: tubules and collagen networks after RF/UVA treatment retained their original forms after acidic and
enzymatic degradation. In conclusion, RF/UVA treatment may be a new method for preventing root
caries with promising prospects for clinical application.

Root caries is an important issue, especially in aging societies! . In elderly people, root surfaces are frequently
. exposed either because of age-related gingival recession, or as a result of periodontal therapy. In addition, the sali-
. vary flow tends to decrease with aging, often exacerbated because of systemic medications*. Consequently, dental
© biofilms can easily adhere and accumulate on exposed root surfaces and initiate root carious lesions. The critical
* pH of root surfaces that initiates demineralization is significantly higher than that of enamel>~’. This means that
. once a demineralized root surface develops a cavity, the carious lesions swiftly expand and penetrate proximal
and sub-gingival lesions along the cement-enamel junction even without causing severe pain*®. Clinicians face
difficulties in restoring such expanded root carious lesions because of limited accessibility and poor moisture
* control. Therefore, the prevention of root caries before cavity formation is critically important for promoting the
. life-long oral health of elderly people. Good oral health is essential for good general health and wellbeing.
' There are two stages in the development of root caries. Initially, inorganic substances such as hydroxyapatite
. are dissolved by acid from bacteria; then, the demineralized dentin matrix, including type-I collagen, which
* works as a scaffold for mineral deposition, is degraded by internal enzymes, causing further mineral loss***. How
: can we prevent this destructive path? Our idea was that strengthening type-I collagen network, a major organic
component of dentin, could be effective in preventing root caries*-"".
: We have previously reported that the mechanical strength of human dentin could be increased approximately
- two-fold after ultraviolet (UV) irradiation and the consequent newly-formed collagen crosslinking'®. In the field
of ophthalmology, exposure to riboflavin (RF) followed by UVA irradiation (RF/UVA) has already been clinically
applied successfully in keratoconus!*-?2. RF (vitamin B2), used as a photosensitizer, produces active oxygen radi-
cals after excitation by UVA, which promotes collagen crosslinking. In dentistry, RE/UVA treatment of deminer-
. alized dentin after acid etching was reported to be effective in increasing the bond strength of composites®2°. It
: was also shown that RF/UVA treatment improved the strength of human dentin®. However, the optimal parame-
. ters for the use of RF/UVA treatment to maximize the strength of human dentin have not been fully determined.
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Nor, until this study, has there been a full investigation whether dentin strengthened by RE/UVA treatment can
effectively prevent demineralization by inhibiting the degradation of collagen.

The purpose of this study, therefore, was to investigate, under simulated oral environments, whether RE/UVA
treatment improves the acid and enzymatic resistance of human dentin by inducing additional crosslinking.

Results

After RF/UVA treatment, the greatest flexural strengths were found in specimens exposed to an 0.1% RF solution
for 1 minute followed by 1,600 mW/cm? UVA irradiation for 10 minutes (295.3 +46.6 MPa) (Fig. 1A,B). The
flexural strength reached approximately 2.2 times the level in the control group (136.6 £29.0 MPa). A similar
tendency was observed for toughness (Fig. 1C). There were no significant differences in elastic modulus across the
testing conditions (Fig. 1D). Based on the fractographic observations, the fracture surfaces in the control group
appeared to be smooth (Fig. 1E), while in the UVA irradiation and RF/UVA groups, the surfaces showed gaps
in peritubular dentin (Fig. 1IEG), indicating that a larger fracture energy was needed compared to the controls.
Based on the overall results, the most effective parameters for strengthening human dentin were exposure to a
0.1% REF solution for 1 minute followed by 1,600 mW/cm? UVA irradiation for 10 minutes. These parameters were
used for further studies.

The pH-cycling tests showed that RF/UVA treatment significantly reduced the amount of mineral loss
compared to the control group, for both demineralizing and remineralizing cycles. The mineral loss in the RF/
UVA group was 25.1 £ 6.2 mg/cm?, while that in the control group was 36.7 + 5.3 mg/cm? (Fig. 2C). The lesion
depth in the RF/UVA group (163.8 £ 26.9 um) was also significantly smaller than that in the control group
(225.1+18.0 um) (Fig. 2D). Milder demineralization was found for the remineralizing cycle than for the dem-
ineralizing cycle, in terms of both mineral loss and lesion depth. The mineral loss in the RF/UVA group was
5.7 +2.6 mg/cm?, while that in the control group was 13.3 & 2.8 mg/cm? (Fig. 2E). The lesion depth in the RE/UVA
group (31.3 & 12.0 um) was also significantly smaller than that in the control group (67.4 4 10.8 um) (Fig. 2F).

Figure 3 shows SEM images of the demineralized dentin after and without RF/UVA treatment. The images
demonstrate that the depth of demineralization in the RE/UVA group was smaller than that in the control group
(Fig. 3A,B with the demineralizing solution, 3E and 3 F using 10% EDTA). When the demineralizing solution
(pH 5.0) was used, the demineralization depth in the RF/UVA group was 27.8 £ 2.8 pum, which was significantly
smaller than that in the control group (74.8 7.5 pm) (P < 0.05). Dentinal tubules in the demineralized zone were
clearly enlarged in the control group (Fig. 3C,G), whereas the demineralization was less aggressive in the RE/UVA
group (Fig. 3D,H).

We next compared the Raman spectra before and after RF/UVA treatment using 815 cm ™' peak as a reference
indicating the vibration in the mainframe structure of the collagen?. The results showed that the Raman spectra
of the collagen were amplified after RE/UVA treatment at peaks of 921 and 1,037 cm™*, indicating a C-C bond in
a proline ring. In addition, peaks at 1,248 and 1,271 cm™}, indicating CN-stretching and NH-deformation, and
at 1,343 and 1,451 cm ™!, indicating wagging and deformation of CH, and CHj, also indicated altered structures
(Fig. 4A).

The results of the SDS-PAGE analysis are summarized in Fig. 5A. There were no differences between the con-
trol and the RF/UVA groups in the total amount of protein, as demonstrated in the silver-staining (Fig. 5A-a).
However, western blotting using an anti-collagen antibody showed that type-I collagen with high molecular
weight appeared for the RF/UVA group; while collagen with lower molecular weight was predominant in the
control group (black arrow in Fig. 5A-b). This suggested that RE/UVA treatment induced collagen crosslinking,
resulting in the formation of larger molecules. The profile after pepsin treatment suggested that dissolved col-
lagen was present in the control group, while no clear profile appeared in the RE/UVA group (Fig. 5A-c). After
treatment with collagenase for one and five days, the profiles indicated dissolved collagen in the control group
(Fig. 5A-d). After five-day treatment with collagenase, highly dissolved collagen appeared as a contiguous belt for
the control group. After RF/UVA treatment, on the other hand, the collagen profiles showed clear bands in the
areas of 100-120kDa, indicating collagen a1 and 2 chains. This demonstrated the higher enzymatic resistance of
dentin collagen after RF/UVA treatment.

TEM images showed that after degradation with collagenase for five days, collagenous fiber around the den-
tinal tubules was severely degraded in the control group (Fig. 5B-a,c), whereas the structure of collagen retained
its original in the RF/UVA group (Fig. 5B-b,d).

Discussion
RF/UVA treatment of human dentin produced two clinically beneficial effects: improvement in its mechani-
cal properties, and prevention of degradation by acids and enzymes as a result of increased collagen crosslink-
ing. Research has shown that the stable structures of collagen matrix are important for mineralization of dentin
and stabilization of its mechanical strength'*'¢!”. When the dentin collagen is degraded as a carious lesion pro-
gresses, the acid permeates the porous dentin, causing further mineral loss. On the other hand, newly developed
crosslinks after RF/UVA treatment promoted resistance against the degradation by acid and enzyme. In addition,
the dentin with crosslinks after RE/UVA treatment demonstrated superior mechanical properties. These findings
suggested that RF/UVA treatment might be clinically effective for preventing root caries as well as root fracture.
In recent years, various collagen crosslinking agents such as proanthocyanidins, glutaraldehydes, and carbo-
diimides have been investigated®®-!. RF, a water-soluble vitamin, is contained in daily foods, and has excellent
biocompatibility without any hazards to oral health; while glutaraldehydes and carbodiimides, which are arti-
ficially generated substances, demonstrated serious toxicity if taken orally*>-*%. Proanthocyanidins, which are
plant-derived polyphenol extracts, were reported to increase the mechanical strength of dentin, improve its adhe-
sive properties, and inhibit the degradation of collagen'”*"*>3¢, However, they had the disadvantage of causing
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Figure 1. Effects of riboflavin/ultraviolet light (RF/UVA) treatment on the mechanical characteristics of
human dentin. (A) Flexural strength of human dentin after RF/UVA treatment. (B) Effect of UV irradiation
time on flexural strength of human dentin (UVA: 1,600 mW/cm?, 0.1% RF for 1 min). (C) Toughness of human
dentin after RF/UVA treatment. (D) Elastic modulus of human dentin after RF/UVA treatment. *Statistically
significant differences were detected compared to control. (One or two-way ANOVA and Schefte’s F test,

P <0.05, n=>5-7). (E-G) Scanning electron microscope images of fractured surfaces after a flexural test.

(E) Control group, (F) UVA 1,600 mW/cm? for 10 min, (G) 0.1% RF for 1 min + UVA 1,600 mW/cm? for

10 min. The dentin in the control group (E) showed a flat fracture surface with clear microstructures, while the
specimens subjected to the UVA (F) and RF/UVA (G) treatments showed rougher surfaces with gaps in the
peritubular dentin.

discoloration of dentin®**"-%°. RF solutions also exhibited yellowish colors, but at clinically acceptable levels of
discoloration; and the yellowish coloration mostly disappeared after the UVA treatment.

The optimal parameters for RF/UVA treatment of human dentin were identified as exposure to a 0.1% RF
solution followed by 1,600 mW/cm? UVA irradiation for 10 minutes. A previous study showed the maximum
concentration of the RF solution was limited to 1.0%, because solutions with over 1.0% RF saturated easily, and
powdery RF was precipitated on the dentin surface after the UVA irradiation®. This precipitated RF inhibited the
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Figure 2. Acid resistance of human dentin after riboflavin/ultraviolet light (RF/UVA) treatment. (A)
Preparation of root dentin specimens. (B) Micro-computed tomography profiles of dentin in control (a)

and RF/UVA (b) groups before and after pH-cycling. (C-F) Mineral loss (C,E) and lesion depth (D,F) of
demineralized dentin. (C,D) Show the results after treatment with a demineralizing cycling (pH 4.5 for 2 min,
interval of 3 min, pH 6.8 for 60 min, 6 cycles per day), while (D,E) show the results after remineralizing cycling
(pH 4.5 for 2min, pH 6.8 for 30 min, 3 cycles per day). *Statistically significant differences were detected

between the groups. (Student’s t-test, P < 0.05, n=7)

crosslinking effect of the UVA irradiation. In addition, RF solutions at high concentrations cause strong yellowish
discoloration of dentin?>%,

Lower flexural strength was observed in the group treated with 1% RF solutions followed by irradiation with
1,600 mW/cm? UVA (Fig. 1A), probably due to concentration quenching. Moreover, the flexural strength also
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Figure 3. Scanning electron microscope images of demineralized dentin surfaces. Samples were immersed in
a demineralizing solution of pH 5.0 (A-D) and 10% ethylenediaminetetraacetic acid (EDTA) (E-G) for 3 days
each. (A,C,E,G) control group; (B,D,F,H) riboflavin/ultraviolet light (RF/UVA) treated group. The depth of
the demineralized zone (black arrow) was clearly larger in the control (A,E) compared to that in the RE/UVA
group (B,F). Dentinal tubules in the demineralized zone were enlarged in the control group (C,G), while the
demineralization was less aggressive in the RF/UVA group (D,H).

decreased after exposure to UVA for longer durations (Fig. 1A control group and Fig. 1C). These findings suggest
that over-exposure to UVA may cause the deterioration of dentin collagen. Therefore, it is essential to control both
the intensity and the duration of the UVA irradiation to maximize the crosslinking of dentin collagen.

The value in this case of in vitro research was to set the optimal parameters for in situ studies, which would
be problematical without such ground work. In the present study, we used an automatic pH-cycling system that
enabled good simulation of pH fluctuations in an oral cavity*!. We set two conditions for the demineralizing and
remineralizing cycles, to represent the oral cavities of individuals with high and low caries risk (Fig. 2). Frequent
cavitation was found on the root surface after the demineralizing cycle, and subsurface lesions were found after
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Figure 4. Chemical changes in the structure of dentin collagen after riboflavin/ultraviolet light (RF/UVA)
treatment. (A) Laser Raman spectra of dentin collagen before and after RF/UVA treatment. 921 and 1,037 cm ™"
a C-Cbond in a proline ring, 1,248 and 1,271 cm™!: CN-stretch and NH-deformations, 1,343 and 1,451 cm™%:
wagging and deformation of CH, and CHj;. (B) Possible structural changes in dentin collagen after RE/UVA
treatment. First, active oxygen is released from an excited collagen molecule as a result of RF/UVA treatment.
Second, singlet oxygen in a high energy state creates covalent bonds between hydroxyproline or proline residues
and histidine residues in adjacent chains. These form new inter- and intra-molecular collagen crosslinks.

the remineralizing cycle. These typical morphologies of root carious lesions indicated that the pH-cycling used in
the present study offered good simulations of different caries risks in clinical conditions.

SEM images of root dentin treated by acid and EDTA demonstrated that strengthening the collagen network
by RE/UVA treatment was effective in preventing the outflow of hydroxyapatite crystals around dentinal tubules.
The images at high magnification clearly showed that the exposed dentinal tubules in the control group were
significantly enlarged compared with those in the RF/UVA treatment group (Fig. 3). This suggests that strength-
ening the collagen network can help in preventing incipient mineral loss, which is an initial step in developing a
carious lesion. In addition, the results of western blotting and TEM observation (Fig. 5A,B) demonstrated that
the degradation of collagen around dentinal tubules was inhibited by RF/UVA treatment. Therefore, RE/UVA
treatment was proved to be a novel method to prevent root caries by promoting additional crosslinking, which is
effective to keep hydroxyapatite crystals even after the exposure of enzyme.

Raman spectroscopic analysis showed the characteristic accentuation in both amide-III bands and proline
imide ring that are associated with crosslinking (Fig. 4A), which is consistent with previous reports of type-I col-
lagen crosslinking induced by riboflavin®®. The likely mechanism of additional collagen crosslinking is illustrated
in Fig. 4B 2>*, First, active oxygen is released from excited collagen molecules by RF/UVA treatment. Second,
singlet-oxygen with high energy status induces covalent bonds between hydroxyproline or proline residues and
histidine residues in adjacent chains.
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Figure 5. Enzymatic resistance of dentin collagen after riboflavin/ultraviolet light (RF/UVA) treatment. (A) SDS-
PAGE and western blotting of dentin collagen after RF/UVA treatment. M: marker, C: control group, R: RF/UVA
treatment group, C,, Cs: control group, treated by collagenase for 1 or 5 days, R}, Rs: the RE/UVA group, treated by
collagenase for 1 or 5 days. The silver staining shows there was no difference in total protein between the control and
the RF/UVA groups (a). The anti-collagen antibody staining shows that type-I collagen with high molecular weights
were present in the RF/UVA group (black arrow), whereas collagen with lower molecular weights was predominant
in control group (b). After treatment with pepsin, the resulting profile shows that dissolved collagen was observed
in the control group, while no clear profile appeared in the RF/UVA group (c). After treatment by collagenase for 1
and 5 days, the profiles show that dissolved collagen were detected in the control group (d). After 5-day treatment by
collagenase, highly dissolved collagen appeared as a contiguous belt in the control group, while the collagen profiles
after RF/UVA treatment showed clear bands in the area of 100-120kDa. Full-length gels and blots are presented in
Supplementary Figure S1. (B) TEM images of dentin specimens degraded by collagenase for 5 days. a and c: control
group; b and d: RF/UVA group. Areas indicated with white squares in a and ¢ are shown magnified in cand d. DT:
dentinal tubules. The collagen around dentinal tubules was severely degraded in the control group after degradation
(a,c), whereas in the RF/UVA group, the collagen retained its original form (b,d).
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Based on the results of the present study, RF/UVA treatment could have promising potential applications for
root dentin to prevent root caries as the dentin pre-treatment. In conclusion, RF/UVA treatment promotes colla-
gen crosslinking and may offer a potential new method for preventing root caries.

Materials and Methods

Preparation of dentin specimens. Human third molars free of caries were stored in Hanks’ balanced salt
solution (HBSS) at 4°C and used within three months of extraction. All experiments are carried out in accordance
with protocols approved by the Research Ethics Committee of the Faculty of Dentistry, Osaka University (H25-
E28). Informed consent was obtained from all patients, aged 22 to 39 years old, who supplied the teeth.

Identification of optimal parameters for RF/UVA treatment. Dentin specimens were prepared
using a low-speed diamond saw (Isomet2000, Buehler, USA). Disk and beam-shaped specimens were prepared.
Disk-shaped specimens with approximately 1.0 mm thickness were obtained from coronal central portions of the
molars, by sectioning them perpendicular to the tooth axis. Beam-shaped specimens, measuring approximately
1.7 x 0.2 x 8.0 mm, were obtained from the cement-enamel junctions of the molars. The dentinal tubules in the
beam-shaped specimens were set up to run parallel to the loading surface along the specimen length.

RF solutions were prepared by dissolving riboflavin-5-monophosphate sodium (Tokyo Chemical Industry,
Japan) in distilled water. The solutions were stored in lightproof test tubes to avoid any light-activation. The den-
tin specimens were immersed in RF solutions (0.1 or 1%) for 1 min, gently air-dried, then exposed to UVA light
at a 365 nm wavelength in a UVA light emitting diode (LED) irradiation unit (ZUV-C30H, Omron, Japan). The
distance from the UVA light source to the specimen was approximately 10 mm.

To identify the optimal parameters for RF/UVA treatment, flexural fracture testing was performed after UVA
irradiation with varying intensities (800, 1,200, 1,600 mW/cm?) and durations (5, 10, 15 minutes). Flexural frac-
ture testing was conducted on the beam-shaped specimens (n=6 per group) using a three-point bending geom-
etry in a universal testing instrument (Autograph AG-IS, Shimadzu, Japan), with a crosshead speed of 0.1 mm/
min. The flexural strength (o, N/mm?) and toughness (4, N/mm?) was calculated with the method described by
Shinno et al.®*. Elastic modulus (GPa) was also calculated from the stress-strain curve of the flexural testing.

Fractured surfaces of all specimens were then sequentially dehydrated in ethanol concentrations of 50, 70, 80,
90, 95 and 100% and dried in a desiccator for 24 hours. After sputter-coating with platinum, the specimens were
observed by scanning electron microscopy (SEM) (JSM-310, JEOL, Japan) at magnification 2000x.

Assessment of dentin acid resistance after RF/UVA treatment. Dentin specimens were prepared
as previously reported (Fig. 2A)*.. Root dentin specimens were sectioned perpendicularly to the axis, at points
0.5mm above and 7.0 mm below the cement-enamel junction (CEJ). The buccal half of the block was used for the
experiment. The surface of the root block was cut until the dentin was exposed. The root block was then sliced
in two longitudinally, measuring approximately 500 pm in thickness at the center of the exposed dentin surface.

The surfaces of the root dentin specimens, other than the exposed dentin area (0.5 x 2 mm), were covered with
an acid-resistant varnish, to allow demineralization only from the exposed dentin.

To simulate the daily pH changes in an oral cavity, demineralization tests were conducted using an automatic
pH-cycling system, with the method described by Matsuda et al. (Fig. 6A)*. Two pH cycle patterns were applied,
representing high and low carious risk patients (Fig. 6B). For a high carious risk condition, a demineralizing
cycle was set, in which the cycle began with a demineralizing solution (0.2 M lactic acid, 3.0 mM CaCl,, 1.8 mM
KH,PO,, pH 4.5) for 2 min, followed by an interval of 3 min, then replaced with a remineralizing solution (0.02M
HEPES, 3.0mM CaCl,, 1.8 mM KH,PO,, pH 6.8) for 60 min. The average time at which the pH reached 5.5 or less
during each cycle (demineralization time) was 30 min, and the average time to return to the initial pH (recovery
time) was 50 min. There were six cycles per day (06:00, 09:00, 12:00, 15:00, 18:00, and 21:00). To simulate a low
carious risk condition, a remineralizing cycle was used, in which the cycle began with a demineralizing solution
for 2 min, followed by a remineralizing solution for 30 min. The average demineralization time was 8 min, and
the average recovery time was 23 min. There were three cycles per day (06:00, 12:00, and 18:00). After deminer-
alization, the exposed dentin area was washed with distilled water and the acid-resistant varnish was removed.

Before and after demineralization by pH-cycling, all specimens were scanned with a micro-computed tomog-
raphy (pCT) system (inspeXio SMX-100CT, Shimadzu, Japan). Data were acquired at 512 x 512 pixel resolution,
with 9.0 pm isotropic voxels. A series of reference phantoms included 4 hydroxyapatite disks with different con-
centrations (100, 200, 300, 400 mg/cm?), and an aluminum pole (1,550 mg/ cm?) was also scanned for calibration.

Two-dimensional images of the specimens were reconstructed using CT-analysis software (CT-solver,
Shimadzu, Japan). The resulting nCT images were analyzed using image analysis software (Image J, NIH, USA)
to produce an overall mineral profile of the demineralized zone 1 mm from the top edge of the sample (Fig. 2B).
The lesion depth (um) was defined as the distance from the baseline of the sound dentin surface (an intact edge
covered by acid-resistant varnish) to a lesion front at which the mineral content was 95% of the value for sound
dentin. Mineral loss (mg/cm?) was calculated by integrating the differences in mineral content before and after
demineralization over the volume of the specimen.

Investigation of demineralized dentin microstructures after RF/UVA treatment. Two sections
were taken from one beam-shaped specimen, by cutting along the axis to obtain mirror images. One section
was subjected to RF/UVA treatment, while the other was used as a control. After immersion in a demineralizing
solution (pH 5.0) or 10% ethylenediaminetetraacetic acid (EDTA) for three days (n =4 per group), the morphol-
ogies of both surfaces were observed with SEM. The depth of the demineralized zone from the surface layer was
measured using image analysis software (Image J).
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Figure 6. Schematic diagram of automatic pH-cycling system. (A) Schema of the pH-cycling system.
Demineralizing and remineralizing solutions were pumped into a plastic beaker with two delivery pumps
controlled by a programmable timer. (B) Twenty-four-hour pH fluctuation patterns. (a) Demineralizing cycle
(simulating a high carious risk condition); six cycles per day (at 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00). The
average time for the pH to reach 5.5 or less during each cycle was 30 min, and the average time to return to the
initial pH was 50 min. (b) Remineralizing cycle (simulating a low carious risk condition); three cycles per day
(at 06:00, 12:00, and 18:00). The average time for the pH to reach 5.5 or less during each cycle was 8 min, and the
average time to return to the initial pH was 23 min.

Investigation of chemical changes in the structure of dentin collagen after RF/UVA treat-
ment. Disk-shaped specimens (n = 5) were demineralized in 10% EDTA (pH 7.4) for 7 days to expose dentin
collagen. Raman spectra of the demineralized dentin were analyzed before and after RF/UVA treatment, by laser
Raman microscopy (RAMAN touch, Nanophoton, Japan). The laser wavelength was 785 nm, and the accumula-
tion time was 100 seconds. Excited Raman scattering light was collected with the same objective lens and guided
to the spectrograph, which had a focal length of 500 mm. The Raman light was then recorded with a thermoelec-
trically cooled CCD camera as the Raman spectrum, which contained chemical bond information.

Evaluation of acid and enzymatic resistance of dentin collagen after RF/UVA treat-
ment. Columns of diameter 1 mm were punched out from root dentin, with or without RF/UVA treatment.
Some of the resultant columns were solubilized in 1 M hydrochloric acid for 1 day. Other columns were deminer-
alized in 10% EDTA (pH 7.4) for 7 days and then dissolved in pepsin from porcine gastric mucosa (0.05mg/mL
in 0.5 M acetic acid, Sigma-Aldrich, USA) for 1 day at 37 °C, or collagenase from Clostridium histolyticum (0.2 mg/
mL, Sigma-Aldrich) for 1 or 5 days at 37 °C.

Cold acetone was poured to precipitate the solution, and the suspension was centrifuged at 10,000 rpm for
20 min. The resulting precipitant was dissolved in phosphate-buffered saline (PBS) and maintained at 4°C. An
aliquot solution was diluted in Laemmli sample buffer and electrophoresed using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)*. Some gels were silver-stained for protein detection, and the others
were used for western blotting.

The protein was transferred to a polyvinylidene difluoride (PVDF; Bio-Rad, USA) membrane in a semi-dry
blotter. The PVDF membranes were treated with a blocking agent (Ez Block Chemi, ATTO, Japan), then immu-
nostained with primary antibodies (rabbit anti-collagen polyclonal antibodies). The immunocomplexes were
detected with a chemiluminescent method (EzWest Lumi Plus, ATTO, Japan; GeneGnome-5 system, Syngene,
UK) after incubation with a secondary antibody*.
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Root dentin specimens were fixed in 2.5% glutaraldehyde after degradation by collagenase for 5 days, and

dehydrated in a graded series of aqueous ethanol solutions, then embedded in epoxy resin. Sections of 70 nm
thickness were prepared using an ultramicrotome and examined with a transmission electron microscope (TEM)
(H800, Hitachi, Japan) at magnifications of 9,000 x and 20,000 x.

Statistical analysis. Statistical analysis of the flexural strength results was accomplished by one and two-way
analysis of variance (ANOVA), with Scheffe’s F test. In the pCT analysis, statistical differences were evaluated with
Student’s t-test. Differences with P < 0.05 were considered significant.

References

1.

10.
11.

12.

13.
14.

15.

16.
17.

18.
. Wollensak, G., Spoerl, E. & Seiler, T. Riboflavin/Ultraviolet- A-induced collagen crosslinking for the treatment of keratoconus. Am J

20.
21.
22.
23.
24.
25.
26.

27.
. Munksgaard, E. C. & Asmussen, E. Bond strength between dentin and restorative resins mediated by mixtures of HEMA and

29.
30.

31
32
33.
34.
35.

36.
. Green, B. et al. Grape seed proanthocyanidins increase collagen biodegradation resistance in the dentin/adhesive interface when

38.
39.

40.
41.

42.

Griffin, S. O., Griffin, P. M., Swann, J. L. & Zlobin, N. Estimating rates of new root caries in older adults. ] Dent Res. 83, 634-638
(2004).

. Saunders, R. H. Jr. & Meyerowitz, C. Dental caries in older adults. Dent Clin North Am. 49, 293-308 (2005).
. Wierichs, R. J. & Meyer-Lueckel, H. Systematic review on noninvasive treatment of root caries lesions. J Dent Res. 94, 261-271

(2015).

. Bignozzi, I. et al. Root caries: a periodontal perspective. ] Periodont Res. 49, 143-163 (2014).
. Featherstone, J. D. Prevention and reversal of dental caries: role of low level fluoride. Community Dent Oral Epidemiol. 27, 31-40

(1999).

. Donovan, T. Critical appraisal: Protocol for the prevention and management of root caries. ] Esthet Restor Dent. 20, 405-411 (2008).
. Peters, M. C. Strategies for noninvasive demineralized tissue repair. Dent Clin North Am. 54, 507-525 (2010).
. Fejerskov, O. & Kidd, E. A. M. Pathology of dental caries, Root-surface caries in Dental Caries. (eds Fejerskov, O. & Kidd, E. A. M.)

44-47 (Blackwell publishing, 2008).

. ten, Cate, J. M., Damen, J. J. M. & Buijs, M. J. Inhibition of dentin demineralization by fluoride in vitro. Caries Res 32, 141-147

(1998).

ten, Cate, J. M. Contemporary perspective on the use of fluoride products in caries prevention. Br Dent J. 214, 161-167 (2013).
Vanuspong, W., Eisenburger, M. & Addy, M. Cervical tooth wear and sensitivity: erosion, softening and rehardening of dentine;
effects of pH, time and ultrasonication. J Clin Periodontol. 29, 351-357 (2002).

Chaussain-Miller, C., Fioretti, F.,, Goldberg, M. & Menashi, S. The role of matrix metalloproteinases (MMPs) in human caries. ] Dent
Res. 85,22-32 (2006).

Islam, M. S. et al. In vitro effect of hesperidin on root dentin collagen and de/re-mineralization. Dent Mater J. 31, 362-367 (2012).
Ganss, C., Klimek, J. & Starck, C. Quantitative analysis of the impact of the organic matrix on the fluoride effect in erosion
progression in human dentine using longitudinal microradiography. Arch Oral Biol. 49, 931-935 (2004).

Nakornchai, S., Atsawasuwan, P, Kitamura, E., Surarit, R. & Yamauchi, M. Partial biochemical characterisation of collagen in
carious dentine of human primary teeth. Arch Oral Biol. 49, 267-273 (2004).

Hara, A. T. et al. Influence of the organic matrix on root dentine erosion by citric acid. Caries Res. 39, 134-138 (2005).

Pavan, S., Xie, Q.,, Hara, A. & Bedran-Russo, A. Biomimetic approach for root caries prevention using a proanthocyanidins-rich
agent. Caries Res. 45, 443-447 (2011).

Hayashi, M. et al. Effects of rehydration on dentin strengthened by heating or UV irradiation. ] Dent Res. 89, 154-158 (2010).

Ophthalmol. 135, 620-627 (2003).

Spoerl, E., Mrochen, M., Sliney, D., Trokel, S. & Seiler, T. Safety of UVA-riboflavin cross-linking of the cornea. Cornea. 26, 385-389
(2007).

Ashwin, P. T. & McDonnell, P. ]. Collagen cross-linkage: a comprehensive review and directions for future research. Br ] Ophthalmol.
94,965-970 (2010).

McCall, A. S. et al. Mechanisms of corneal tissue cross-linking in response to treatment with topical riboflavin and long-wavelength
ultraviolet radiation (UVA). Invest Ophthalmol Vis Sci. 51, 129-138 (2010).

Cova, A. et al. Effect of UVA-activated riboflavin on dentin bonding. ] Dent Res. 90, 1439-1445 (2011).

Fawzy, A. et al. Characterization of riboflavin-modified dentin collagen matrix. ] Dent Res. 91, 1049-1054 (2012).

Chiang, Y. S. et al. Riboflavin-ultraviolet- A-induced collagen cross-linking treatments in improving dentin bonding. Dent Mater. 29,
682-692 (2013).

Liu, X,, Zhou, ], Chen, L., Yang, Y. & Tan, J. UVA-activated riboflavin improves the strength of human dentin. ] Oral Sci. 57, 229-234
(2015).

Frushour, B. G. & Koenig, J. L. Raman scattering of collagen, gelatin, and elastin. Biopolymers 14, 379-391 (1975).

glutaraldehyde. ] Dent Res 63, 1087-1089 (1984).

Mazzoni, A. et al. Carbodiimide inactivation of MMPs and effect on dentin bonding. ] Dent Res. 93, 263-268 (2014).
Seseogullari-Dirihan, R., Tjaderhane, L., Pashley, D. H. & Tezvergil-Mutluay, A. Effect of ultraviolet-A-induced crosslinking on
dentin collagen matrix. Dent Mater. 31, 1225-1231 (2015).

Hass, V. et al. Collagen cross-linkers on dentin bonding: Stability of the adhesive, cytotoxicity and in situ MMP inhibition. Dent
Mater. 32,732-741 (2016).

Han, B., Jaurequi, J., Tang, B. W. & Nimni, M. E. Proanthocyanidin: a natural crosslinking reagent for stabilizing collagen matrices.
] Biomed Mater Res Part A. 65, 118-124 (2003).

Bedran-Russo, A. K., Vidal, C. M., Dos, Santos, P. H. & Castellan, C. S. Long-term effect of carbodiimide on dentin matrix and
resin-dentin bonds. J Biomed Mater Res Part B Appl Biomater. 94, 250-255 (2010).

Bedran-Russo, A. K. et al. Dentin biomodification: strategies, renewable resources and clinical applications. Dent Mater. 30, 62-76
(2014).

Fine, A. M. Oligomeric proanthocyanidin complexes: history, structure, and phytopharmaceutical applications. Altern Med Rev. 5,
144-151 (2000).

Khaddam, M. et al. Grape seed extracts inhibit dentin matrix degradation by MMP-3. Front Physiol. 5, 425 (2014).

included in an adhesive. ] Dent. 38, 908-915 (2010).

Tjaderhane, L. et al. Strategies to prevent hydrolytic degradation of the hybrid layer—a review. Dent Mater. 29, 999-1011 (2013).
Liu, Y., Dusevich, V. & Wang, Y. Addition of grape seed extract renders phosphoric acid a collagen-stabilizing etchant. ] Dent Res.
93, 821-827 (2014).

Kim, S. H. & Chu, C. C. Fabrication of a biodegradable polysaccharide hydrogel with riboflavin, vitamin B2, as a photo-initiator and
L-arginine as coinitiator upon UV irradiation. ] Biomed Mater Res B Appl Biomater. 91, 390-400 (2009).

Matsuda, Y., Komatsu, H., Murata, Y., Tanaka, T. & Sano, H. A newly designed automatic pH-cycling system to simulate daily pH
fluctuations. Dent Mater J. 25, 280-285 (2006).

Tanzer, M. L. Cross-Linking of collagen. Science. 180, 561-566 (1973).

SCIENTIFICREPORTS| (2019) 9:1252 | https://doi.org/10.1038/s41598-018-38137-7 10


https://doi.org/10.1038/s41598-018-38137-7

www.nature.com/scientificreports/

43. Shinno, Y. et al. Comprehensive analyses of how tubule occlusion and advanced glycation end-products diminish strength of aged
dentin. Sci Rep. 6, 19849, https://doi.org/10.1038/srep19849 (2016).

44. Yagi, K. et al. Use of PIXE/PIGE for sequential Ca and F measurements in root carious model. Sci Rep. 7, 13450, https://doi.
org/10.1038/s41598-017-14041-4 (2017).

45. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature. 227, 680-685 (1970).

46. Matsuda, Y. et al. Influence of nonenzymatic glycation in dentinal Collagen on dental caries. ] Dent Res. 95, 1528-1534 (2016).

Acknowledgements

This work was supported by JSPS (Japan Society for the Promotion of Science) KAKENHI Grant Numbers
JP17H04382 and JP16K12877. Funding for this project has also been provided through an Innovation in Oral
Care Award, conducted by the International Association for Dental Research and sponsored by GlaxoSmithKline
Consumer Healthcare.

Author Contributions

R.U, .M., YM., T.N. and M.H. conceived experiments; R.U., ].M., T.I,, K.Y., YM. and M.S. performed the
experiments; R.U., M., T.I,, M.S. and M.H. analyzed the data; R.U. and M.H. wrote the manuscript; all authors
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38137-7.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:1252 | https://doi.org/10.1038/s41598-018-38137-7 11


https://doi.org/10.1038/s41598-018-38137-7
https://doi.org/10.1038/srep19849
https://doi.org/10.1038/s41598-017-14041-4
https://doi.org/10.1038/s41598-017-14041-4
https://doi.org/10.1038/s41598-018-38137-7
http://creativecommons.org/licenses/by/4.0/

	UVA-activated riboflavin promotes collagen crosslinking to prevent root caries

	Results

	Discussion

	Materials and Methods

	Preparation of dentin specimens. 
	Identification of optimal parameters for RF/UVA treatment. 
	Assessment of dentin acid resistance after RF/UVA treatment. 
	Investigation of demineralized dentin microstructures after RF/UVA treatment. 
	Investigation of chemical changes in the structure of dentin collagen after RF/UVA treatment. 
	Evaluation of acid and enzymatic resistance of dentin collagen after RF/UVA treatment. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Effects of riboflavin/ultraviolet light (RF/UVA) treatment on the mechanical characteristics of human dentin.
	Figure 2 Acid resistance of human dentin after riboflavin/ultraviolet light (RF/UVA) treatment.
	Figure 3 Scanning electron microscope images of demineralized dentin surfaces.
	Figure 4 Chemical changes in the structure of dentin collagen after riboflavin/ultraviolet light (RF/UVA) treatment.
	Figure 5 Enzymatic resistance of dentin collagen after riboflavin/ultraviolet light (RF/UVA) treatment.
	Figure 6 Schematic diagram of automatic pH-cycling system.




