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Purpose: To evaluate the effects of dentin pretreatment with chitosan-loaded oleuropein nanoparticles (CONPs) on the durability of
resin—dentin bonding interfaces.

Methods: Eighty freshly extracted non-carious human third molars were randomly divided into four groups (n = 20 each): a de-
ionized water (DW) group, a chitosan (CS) group, a chlorhexidine (CHX) group and a CONP group. The dentin in the DW, CS, CHX,
and CONP groups were pretreated with de-ionized water, 1.0 mg/L CS solution, 2% chlorhexidine solution, and CONP suspension
(prepared with 100 mg/L oleuropein), respectively, followed by the universal adhesive and resin composites. The bonded teeth of each
group were randomly divided into two subgroups: an immediate subgroup and an aged subgroup. The bonded teeth of each group were
then cut into the bonded beams. We measured their microtensile bond strength (WTBS), observed the characteristics of bonding
interface by atomic force microscope, calculated the percentage of silver particles in a selected area for interfacial nanoleakage
analysis, and evaluated the endogenous gelatinase activity within the bonding interface for in-situ zymogram analysis. Data were
analyzed with two-way ANOVA and LSD multiple comparison test (P < 0.05).

Results: Regardless of after 24 h or after thermocycling, CONP exhibited better uTBS (P < 0.05) than the other three groups except
that there was not a statistical significance (P > 0.05) in the CONP and CHX groups after 24 h. Besides, the CONP group presented
significantly higher modulus of elasticity in the hybrid layers (P < 0.05), lower expression of nanoleakage (P < 0.05), and better
inhibitory effect of matrix metalloproteinases than the other three groups before and after thermocycling.

Conclusion: Altogether, the CONPs had the potential to act as a dentin primer, which could effectively improve the dentin-resin
binding durability.
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Introduction

Various factors, such as caries, abrasion, and trauma, can lead to the defect of teeth. Due to a lack of cellular
components, teeth cannot self-repair. Clinically, composite resin materials for bonding and filling are currently the
most frequent treatment approach for repairing enamel and dentin defects. Dentin is a complex tissue composed of
minerals, water, and organic components such as collagen. Because of the structural characteristics of dentin itself, the
bonding effect between dentin and composite resin is not as good as that of enamel. The long-term effect of resin
dentin bonding is inadequate and eventually leads to complications such restorative detachment and secondary
caries.' > The stability and durability of the dentin bonding interface has always been an urgent problem to be solved
in the field of adhesive dentistry. The hybrid layer has been considered as the main bonding and retention structure of
dentin.* Meanwhile, it also remains the most vulnerable area of the adhesive-resin bond.” Dentin contains a variety of
matrix metalloproteinases (MMPs) and cysteine cathepsins, which usually exist in the form of zymogen. When the
tooth is stimulated by heat treatment, acid erosion, caries, and mechanical preparation, the zymogen will be activated

to dissolve the dentin collagen matrix.° The unprotected collagen fibrils within the hybrid layer are susceptible to
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degradation and disintegration due to these activated enzymes.”* Collagen degradation will lead to the loss of the
anchoring function of the hybrid layer, with the consequent loss of bond strength.® Therefore, the application of
protease inhibitors in the bonding process can prevent the degradation of collagen fibers and improve the durability of
dentin resin bonding.lo’ll

The use of synthetic MMP-inhibitors has been proposed to increase the durability of resin dentin bonds.'*'* Among
these different approaches, the use of natural crosslinking agents, which have good biocompatibility, low biological
toxicity, good compatibility, and moderate reaction speed, has recently attracted the interest of investigators.
Biomodification of dentin collagen by natural crosslinking agents can effectively enhance the mechanical properties of
dentin, reduce collagen degradation by inhibiting proteases, and prevent dental caries and promote the remineralization of
dentin. Natural polyphenols, such as proanthocyanidin (PA),'* epigallocatechin-3-gallate (EGCG),'” and curcumin,'®
have been proved to enhance the bonding properties of dentin. Their chemical structure contains more phenolic hydroxyl
groups, which can form covalent bonds, ionic bonds, hydrogen bonds, and other combinations with amino groups of
collagen peptide chain residues. The improvement of their crosslinking degree is the key to keep the collagen fiber web
in a state of no collapse, which is conducive to the infiltration of bonding resin, and can improve the mechanical
properties of dentin collagen, and the three-dimensional structure is not changed. However, the pigmentation of these
plant extracts leads to dentin surface staining, which is a clinical problem to be considered. It is important to modify the
polyphenols to increase stability and biocompatibility.

Chitosan (CS) is a linear and semicrystalline natural polysaccharide from chitin. Because of its biodegradable,
biocompatible quality, moderate or nontoxic effects on animals and people, antibacterial and antifungal activity, CS
has emerged as one of the most promising polymers for forming nanoparticles.'” ' In the field of prevention and
treatment of oral diseases, many studies have confirmed that CS can promote wound healing,”® regulate mineralization

2122 resist bacteria,”® and guide the regeneration of alveolar bone and jaw bone.** A study has shown that

balance,
chelating dentin with CS for 60s prior to bonding, instead of phosphoric acid etching, can reduce endogenous MMP-
initiated collagen degradation, prevent water permeation within hybrid layers, and kill bacteria on dentin surfaces to
enhance resin—-dentin bond durability.”> The CS can also be added to resin filling or adhesive materials to enhance the
antibacterial property and edge tightness of the resin matrix or adhesive, and prevent secondary caries after filling
treatment.

Olive is a plant with abundant polyphenols. Olive trees are a common plant species in the Mediterranean region
and one of the most important farmed crops.”® The primary phenolic compound of olive is oleuropein.”’ The
biological properties of oleuropein have been documented to contain antidiabetic, antioxidant, antiatherogenic,
antihypertensive, and antiinflammatory effects.”* ** In oral research, it can inhibit the growth of oral
microorganisms.>> There are few studies on the crosslinking effect of oleuropein to improve the durability of the
resin—dentin bond. Because of its biocompatibility, biodegradability, high permeability, cost-effectiveness, and lack of
toxicity, CS nanoparticles have grown in popularity as carriers for active ingredient delivery in a variety of
applications.>® The CS-loaded oleuropein nanoparticles (CONPs) have been found to be fungicides to control plant
diseases.®’

Inspired by the above research, we used the CONPs in dentin bonding to enhance the integration of the hybrid layer
and improve the long-term adhesion between resin and dentin. In this study, the microtensile bonding strength of the
bonding interface was examined, the image and the elastic modulus of resin—dentin interface were obtained by atomic
force microscope, the nanoleakage expression was examined by a field emission scanning electron microscope, and the
endogenous gelatinase activity within the bonding interface was evaluated for in-situ zymogram analysis. By the above
analysis experiments, we would complete the purpose of our test. The objective of this study was to evaluate the effects
of dentin pretreatment with CONPs on the durability of resin—dentin bonding interfaces, providing a new drug for
strengthening dentin bonding for clinical use. The null hypotheses are as follows: 1) no significant differences will be
observed in mean pTBS value among the four groups, 2) no significant differences will be found in the modulus of
elasticity of the four groups by atomic force microscope and 3) no significant differences will be noted in the

perinterfacial nanoleakage expression among the four groups.
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Materials and Methods

Tooth Preparation

The study complied with the Declaration of Helsinki. Eighty freshly extracted non-carious human third molars were used
for in vitro research based on a protocol approved by the Ethical Committee of the Nanjing Stomatological Hospital,
Medical School of Nanjing University, China. Eighty teeth were taken from 80 distinct patients. All patients gave written
informed consent and agreed to participate in the study. The teeth were obtained with no associated patient identifiable
information and collected according to relevant guidelines and regulations. The initial clinical indication of tooth
extraction has nothing to do with this study. The teeth were cleaned by removing the remaining soft tissues and debris,
and then immediately stored in Hanks’ solution at 4 °C to reduce demineralization. The crown enamel and superficial
dentin (approximately 3 mm thick) were removed perpendicular to the long axis of each tooth with a low-speed cutting
saw (Isomet, Buehler, USA) under water cooling, which were then wet-polished with 400-grit silicon carbide paper to
create a standardized smear layer. The dentin surfaces were carefully examined using a dental microscope (OMS2350
Dental Microscope, Zumax, China) to ensure that there was no residual enamel or pulp exposure. Afterwards, the
exposed dentin was wet polished with 400-grit and 600-grit silicon carbide sandpaper in turn for 1 min, and treated in an
ultrasonic bath containing deionized water for 5 min to obtain a standardized smear layer. Each tooth was etched with
35% phosphoric acid etchant (Gluma Etch 35 Gel, Germany) before being thoroughly rinsed with distilled water for 30s
and then gently dried with a cotton pellet. All experimental procedures were carried out in accordance with relevant
guidelines and regulations and performed by the same one trained operator.

Preparation of the CONP

The CONPs were synthesized using a modified ionotropic gelation.*” First, 1 mg/mL chitosan solutions were prepared by
dissolving the medium molecular weight CS (50,000-190,000 Da, 75-85% deacetylated, Aladdin Biochemical
Technology Co. Ltd, USA) in a solution of hydrochloric acid to 0.04% (v/v). The CS solution was stirred for 1 h and
adjusted to pH = 5.5 by NaOH. The oleuropein solutions were prepared by dissolving 0.72 mg oleuropein (Jiangsu
Caiwei Biology Science and Technology Co. Ltd, China) in ImL water. Next, add 1 mL of oleuropein solution to 5 mL
of CS solution, stir for a few minutes, and adjust the pH to 5.5. 2 mg/mL tripolyphosphate solution was obtained by
dissolving tripolyphosphate (Sigma Aldrich, USA) in distilled water and added dropwise to the CS solution with
a volume ratio of 1:5. Finally, the suspensions were stirred for 30 min at room temperature. The concentration of the
oleuropein solution used for preparing CONPs was 100 mg/L. Five drops of the suspension were prepared by allowing
a single drop of nanoparticle suspension to dry overnight at room temperature on a 200-mesh copper grid. Transmission
electron microscope (TEM, HT7700, Hitachi, Japan) was used to observe the morphology of the synthesized nanopar-
ticles (Figure 1).

Treatment of Dentin Samples

The specimens were randomly divided into four groups (n = 20 each): a DW group, a CS group, a CHX group, and
a CONP group. The exposed dentin in the DW, CS, CHX, and CONP groups were coated with deionized water, 1.0 mg/L
CS solution, 2% chlorhexidine solution, and CONP suspension, respectively, for 10s. Then, the excess solutions in the
dentin of the four groups were dipped with cotton balls. The adhesive (Single Bond Universal Adhesive, 3M ESPE,
USA) was applied to the dentin surface, and gently air-dried for 5 s. The specimens were light-cured vertically for 20s at
a position 1mm away from the adhesive surface with a Demi”™ L.E.D. (Light Emitting Diode) curing light (Kerr,
Orange, CA, USA) delivering 1100 mW/cm®. A 4-mm-thick resin composite buildup (Filtek Z350, 3M ESPE, USA) was
performed using a layering technique and then light-cured. The bonded teeth of each group were randomly divided into
two subgroups (an immediate subgroup and an aged subgroup). In the immediate subgroup, the bonded teeth were stored
in artificial saliva (pH = 7.0) at 37 °C for 24 h, and then the following tests would be carried out. The composition of the
artificial saliva was 125.6 mg/L NaCl, 963.9 mg/L KCl, 189.2 mg/L. KSCN, 654.5mg/l KH,PO,, 200.0mg/L Urea,
763.2mg/L NaSO,C;oH,0, 178mg/L NH4CI(), 227.8mg/L CaCl,-2H,0, and 630.8mg/L NaHCO3. In the aged subgroup,
the bonded teeth were submitted to thermocycling (5 °C for 1 min and 55 °C for 1 min, 10,000 times) to simulate clinical
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Figure | Transmission electron microscopy (TEM) image of CONPs (scale bar = 100 nm).
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Figure 2 Schematic diagram of preparation method of the resin—dentin beams.

use for one year. Each tooth was serially sectioned perpendicular to the bonding interface to obtain 1-mm-thick beams.
The beams were embedded with wax and the self-setting resin into a whole and then cut into 1-mm X 1-mm rectangular
sections (Figure 2).

UTBS Test

Ten bonded teeth of different subgroups in each group were chosen, and bonded beams (Imm x Imm x 8mm) adjacent to
the center of each tooth were chosen for microtensile testing. The cross-sectional areas of the dentin samples were
measured and recorded by an electronic vernier caliper (MNT-150, Meinaite, China), with the accuracy of 0.01 mm. The
dentin bond strengths in these sections were evaluated using a simplified universal testing machine (Bisco; Schaumburg,
IL, USA) at a crosshead speed of 1 mm/min until failure. The tensile force F (N) was recorded. The measurement result
is expressed in MPa, which is obtained by dividing the force F (N) by the cross-sectional area of a single sample. The
mean bond strength value obtained from the 4 bonded beams was used to represent the bond strength of the tooth. The
microtensile bond strength of an immediate subgroup and an aged subgroup in each group was recorded, and the average
value and standard deviation were calculated.

Atomic Force Microscopy

A Dimension® Icon™ atomic force microscope (AFM, Bruker Dimension Icon, Bruker technology Co., Ltd., USA) was
employed in this study. The bonded beams of different subgroups (n = 10) in each group were polished successively
through SiC abrasive paper from 320 up to 4000 grits (1 min for each grid) under water cooling. At each polishing step,
the beams were treated in an ultrasonic bath containing deionized water for 5 min. After vacuum drying, the specimens
were examined using AFM in contact mode with a silicon tip of the Bruker AFM probe at a 70-kHz resonance frequency,
0.4-N/m spring constant, and a scan rate of 2 Hz. The image of the bonding interface (80 x 80 pm) of each group was
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acquired. The modulus of elasticity of the specimens in the bonding interface was evaluated by AFM. The standard
sample was first measured, and then the bonded samples were measured. Two indentations in a straight line 3 um apart
were recorded, and the modulus of elasticity of each position at an indentation depth of 300 nm was quantified. Finally,
the elastic modulus of the three separated positions of a specimen was averaged to obtain the elastic modulus of the
bonded sample.

Nanoleakage Evaluation

Twenty 1-mm-thick resin dentin slabs of each group were used for qualitative and quantitative nanoleakage expression.
They were randomly divided into two subgroups: an immediate subgroup (n = 10) and an aged subgroup (n = 10). The
slabs were coated with two layers of nail varnish in the 1-mm region away from the bonding interface. Afterwards, the
specimens were immersed in a 50 wt% ammoniacal silver nitrate solution (pH 9.5) protected from light for 24 h. After
rinsed thoroughly in distilled water, all specimens were processed with a photo-developing solution for 8 h under
fluorescent light to reduce silver ions to metallic silver grains, and subsequently immersed in a fixed solution for 8 h. All
slabs were sequentially wet-polished with 600-, 1200-, 2000-and 5000-grit SiC paper. After ultrasonic cleaning for 5
minutes, they were dehydrated for 24 h in an incubator with silica gel at 37 °C. Finally, the specimens were sputter-
coated with gold and observed with a field emission scanning electron microscopy (FE-SEM, JSM-7800F Prime, JEOL,
Japan) in backscattered electron mode with 10 kV and 10mm working distance. Three bonding interface micrographs of
each disk were captured randomly (n = 10 for each subgroup) for nanoleakage analysis. Image-analysis software (NIH
Imagel 1.60, Scion, Frederick, MD, USA) was used to quantitatively calculate the percentage of metallic silver particles
(%) on the interface in a previously selected area (400 x magnification; height x width = 20 x 250 pm).

In situ Zymography

Specimens from each group were divided into 2 subgroups. One subgroup was stored in deionized water at 37 °C for 24
h. The other subgroup was thermomechanically challenged. The 2-mm-thick dentin slices from each tooth containing the
bonding interface were polished with 320-, 600-, 1200-, 2000-, 3200-, and 4000-grit silicon carbide paper for 1 min each,
with water flowing. We evaluated the endogenous gelatinase activity within the bonding interface using an EnzChek
collagenase/gelatinase kit (Thermo Fisher Scientific, USA). The DQ-gelatin (dye-quenched-gelatin) was used as MMP
substrate for in-situ zymogram analysis. The 1.0 mg/mL stock solutions of DQ gelatin were prepared by adding 1.0 mL
deionized water directly to one of the five vials containing the lyophilized substrate. The solution was agitated in an
ultrasonic water bath in 50 °C for 5 minutes to facilitate dissolution. The 1X Reaction Buffers were prepared by diluting
2 mL of the 10X Reaction Buffer in 18 mL deionized water. The final substrate concentration of 100 ug/mL DQ gelatin
was achieved by adding 20 uL of the 1.0 mg/mL stock solution to 80 uL of 1X Reaction Buffer. The dentin slices were
fully soaked in 100 uL gelatin mixture, kept away from light, and incubated in a 37 °C incubator for 24 h. We used the
confocal laser scanning microscopy (Nikon-Eclipse-Ti, Japan) to evaluate the activity of endogenous gelatinase in dentin.

Statistical Analysis

Quantitative data were analyzed with SPSS 26.0 software (SPSS Inc., Chicago, IL, USA) with a level of significance of o
= 0.05. All experimental data were presented as the mean + standard deviation for each group. Analysis was performed
with two-way analysis of variance (ANOVA) to characterize the effects of “agent” and “aging” on uTBS, the elasticity
modulus of the bonding interface, and nanoleakage data (%); we used LSD multiple comparison test for pairwise
comparisons. The Shapiro—Wilk test was performed to confirm the normal distribution of the data before the ANOVA.

Results
Microtensile Bond Strength (LTBS) Test
The resin—dentin bond strength of specimens stored in artificial saliva at 37 °C for 24 h and submitted to thermocycling

from the four groups is shown in Figure 3. In the immediate subgroups, the mean uTBS values of the CS, chlorhexidine
(CHX), and CONP groups were significantly higher than that of the deionized water (DW) group (P < 0.05). The mean
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Figure 3 Microtensile bond strength of bonded teeth pretreated with four agents under two different conditions.
Notes: Values are expressed as mean + SD. Groups designated with the same superscript letter are not statistically significant (P > 0.05).
Abbreviations: DW, deionized water; CS, chitosan; CHX, chlorhexidine; CONP, chitosan-loaded oleuropein nanoparticle.

uTBS value of the CHX and CONP groups was significantly higher than that of the CS group (P < 0.05). The mean
uTBS of CONP (42.5 MPa) was higher than that of the CHX group (41.7 MPa), but there was not a statistical
significance (P > 0.05). After 10,000 thermocycles, we observed a sharp decrease in the bond strength of all groups
compared with that after storage for 24 h (P < 0.05). CS, CHX, and CONP showed higher tensile bond strength values
than DW after thermocycling (P < 0.05 for each comparison). The mean pTBS value of the CHX and CONP groups was
significantly higher than that of the CS group (P < 0.05). Besides, the mean uTBS of CONP was higher than that of the
CHX group (P < 0.05).

Atomic Force Microscopy

Three-dimensional examination of the resin—dentin interface by AFM revealed that there is an abrupt color change
between the adhesive and the underlying dentin in the DW and CS groups. However, the resin—dentin interface in the
CHX and CONP groups presented a relatively constant color gradient between the adhesive and the underlying dentin
(Figure 4A). This meant that the interface in the CHX and CONP groups were relatively high-quality compared with the
other two groups. The modulus of elasticity in the hybrid layers of the CHX, CS, and CONP groups was significantly
higher than that of the DW group (P < 0.05) (Figure 4B). The modulus of elasticity of the CHX and CONP groups was
also significantly higher than that of the CS group (P < 0.05). In addition, the modulus of elasticity of CONP was higher
than that of the CHX group (P < 0.05). After thermocycling, the elastic modulus of the hybrid layers in the DW, CHX,
CS, and CONP groups have decreased dramatically (all P < 0.05). Besides, the hybrid layers in the CONP exhibited the
highest modulus of elasticity among the groups after thermocycling (P < 0.05).

Nanoleakage Evaluation

Representative FE-SEM images of nanoleakage in the bonding interface from the four groups are illustrated in
Figure 5A. The evidence of spotted silver deposits that are randomly distributed through the bonding interface can
be seen. The extent of leakage within the bonding interface differed among the groups. We observed only spots of
silver deposition within the hybrid layer in the CHX and CONP groups after 24 h of artificial saliva storage and more
silver deposition in the hybrid layer after thermocycling. In contrast, banded silver deposition and leakage were present
in the DW and CS groups. The images in which the total percentage distribution of silver particle penetration at the
resin—dentin interface was calculated are visualized in Figure 5B. No group completely eliminated nanoleakage. The
percentage of silver particles (%) in a selected area of the CHX and CONP groups was significantly lower than that of
the DW and CS groups (P < 0.05). The percentage of silver particles in the CONP group was significantly lower than
that in the CHX group (P < 0.05). After thermocycling, there was a distinct increase in nanoleakage for the four
groups. The CHX and CONP groups showed significantly less silver particle uptake than the other two groups (P <
0.05). Besides, the percentage of silver particles (%) in a selected area of the CONP group was lower than that of the
CHX group (P < 0.05).
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Figure 4 Three-dimensional observation in the resin—dentin interface by atomic force microscope (AFM) and modulus of elasticity of the hybrid layer.

Notes: (A) Representative AFM images of the resin—dentin interface pretreated with four agents, deionized water (DW), chitosan (CS), chlorhexidine (CHX), chitosan-
loaded oleuropein nanoparticle (CONP) after the artificial saliva storage for 24 h. (B) Modulus of elasticity of the bonding interface after the artificial saliva storage for 24
h and after thermocycling. Values are expressed as mean * SD. Groups designated with the same superscript letter are not statistically significant (P > 0.05) of the bonding
interface.

In situ Zymography

Figure 6 shows the representative images of in situ zymography of the resin—dentin bonding interface from each group
before and after thermocycling. The activity of endogenous gelatinase, created by the breakdown of fluorescein-quenched
gelatin in the hybrid layer and dentinal tubules, appears as green fluorescence. After storage for 24 h, strong green
fluorescence in the DW group can be seen in the hybrid layer and dentinal tubules, which indicated extensive
gelatinolytic activity. In the CONP group, we observed almost no green fluorescence within the bonding interface,
indicating that endogenous enzymes within the hybridized dentin were inactive, resulting in the absence of obvious
enzymatic hydrolysis. Compared with the DW group, the fluorescence decreased slightly in the CS group. The
fluorescence intensity in the CHX group decreased clearly, but the CONP groups had lower green fluorescence than
the CHX group. We observed similar results in the specimens challenged by thermocycling. However, we observed
stronger green fluorescence in the hybrid layer and dentinal tubules of all groups after 10,000 thermocycles compared
with that after storage for 24 h.

Discussion

The micromechanical locking action between resin and dentin in the hybrid layer is primarily responsible for the
adhesive force of the resin—dentin interface.*®*° Collagen fibers eventually lose their internal and exterior minerals
during dentin etching, forming a loose collagen fiber network into which resin monomers infiltrate to form a dense hybrid
layer. However, the penetration depth of the resin monomer cannot completely match the demineralization depth of
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Figure 5 Nanoleakage test.

Notes: (A) Representative field emission scanning electron microscopy (FE-SEM) images of nanoleakage in the bonding interface from the four groups after the artificial
saliva storage for 24 h and after thermocycling revealing that silver deposition can still be detected within the hybrid layer (bar = 10 pm). (B) Percentage distribution of silver
particle penetration of the bonding interface after the artificial saliva storage for 24 h and after thermocycling. Values are expressed as mean * SD. There were significant
differences between any groups (P < 0.05).

Abbreviations: DV, deionized water; CS, chitosan; CHX, chlorhexidine; CONP, chitosan-loaded oleuropein nanoparticle.

dentin,*° resulting in collagen fiber exposure and forming nanoscale collagen exposed areas. The exposed collagen fibrils
in the dentin matrix are susceptible to proteases from bacteria and saliva, as well as host-derived matrix metalloprotei-
nases, which degrade and destroy dentin bonding interface components, reducing the clinical bonding effects.*'** In the
previous study, we found that CONP could stabilize the collagen fiber,** but whether it can effectively stabilize the resin—
dentin interface of the bonded teeth needs further study, so as to provide a certain value for clinical application of dentin
restoration and bonding. Thus, the present study was designed to evaluate the effectiveness of CONPs on the durability of
dentin bonding. In the experiment, the immediate and thermally aged pTBS, atomic force microscopy, nano-leakage
evaluation, and in situ zymography of the resin—dentin interface of the bonded teeth treated with four different solutions
(DW, CS, CHX and CONP) immediately and after aging were examined. The bonded teeth in the CONP group
performed better in these tests, indicating that CONPs would be a better choice for an effective collagen crosslinking
treatment to improve dentin bonding durability.

Oleuropein is a phenolic ingredient of olive oil, which is a secoiridoid phenolic chemical made up of hydroxytyrosol
(polyphenol), elenolic acid (secoiridoid), and a glucose molecule. A large number of research results show that
oleuropein has good pharmacological activities in antibacterial, anti-inflammatory, and antioxidant.***> However, there
has been relatively little research on oleuropein in stomatology. When compared to other well-known chemicals, natural

14,15,46 can

polyphenols offer greater bioactivity, biocompatibility, and application. Many plant-derived polyphenols
function as MMP inhibitors to stabilize dentin collagen and improve the anti-enzymatic properties of collagen.
Oleuropeins are rich in polyphenols, which have multiple hydroxyl structures. Hydroxyl groups can generate hydrogen
bonds with collagen’s amide NH groups, and hydrogen bonds are the primary force of crosslinking.*’ As a result, we
want to verify whether oleuropein can also stabilize collagen. To boost the stability of easily oxidized oleuropeins, we
coated them with CS to prepare nanoparticles. In the preliminary experiment, CONP suspensions were prepared with
10mg/L, 50 mg/L, 100 mg/L, 200 mg/L, and 300 mg/L oleuropein solution. A scanning electron microscope revealed
that one nanoparticle in CONP suspensions prepared with 100 mg/L oleuropein contained more oleuropein inside, which

are not easy to deposit and have better stability at the same time. It was found that the higher the concentration of
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Figure 6 Representative in situ zymography images of gelatinolytic activity within the hybrid layers of the four groups after the artificial saliva storage for 24 h and after
thermocycling (bar = 50 pm).

Abbreviations: R, resin; D, dentin; HL, hybrid layer (between arrowheads); DW, deionized water; CS, chitosan; CHX, chlorhexidine; CONP, chitosan-loaded oleuropein
nanoparticle.

oleuropein, the better the crosslinking effect was. However, the nanoparticles prepared with 200 mg/L and 300 mg/L
concentrations contained more oleuropeins, which were easy to deposit and had poor stability, so we finally chose
100 mg/L oleuropein to prepare CONPs. Consistent with this, olive leaf extracts could be used as fungi to control plant
diseases, and the concentration of oleuropein in preparing CONPs was also 100 mg/L.*’

Before being used in further clinical investigations, new agents must be thoroughly tested for their bond properties.
Dentin bonding can be efficiently characterized by uTBS tests.*® As can be seen from Figure 3, after water storage for
24h, the mean pTBS values of the CHX, CS, and CONP groups were significantly higher than that of the DW group (P <
0.05). The mean pTBS value of the CHX and CONP groups was significantly higher than that of the CS group (P <
0.05). The mean pTBS of CONP (42.5 MPa) was higher than that of the CHX group (41.8MPa), but there was not
a statistical significance (P > 0.05). In general, CS, CHX and CONP could all increase the immediate bonding strength,
on the other hand, the CHX and CONP group demonstrated favourable immediate bond strength. After 10,000
thermocycles, there was a sharp decrease in bond strength of all groups. The CS, CHX, and CONP groups showed
higher tensile bond strength values than the DW group after thermocycling (P < 0.05 for each comparison). The mean
uTBS value of the CHX and CONP groups was significantly higher than that of the CS group (P < 0.05). Consistent with

the findings of previous studies, CS can improve resin—dentin bonding strength by preserving intrafibrillar minerals,
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minimizing endogenous protease-initiated collagen degradation, and inhibiting water permeability within hybrid layers.*’
Similarly, the CHX group had a lower reduction, which was in line with earlier research.**>® CHX has been reported to
diminish the loss of bond strength over time because it could inhibit endogenous collagenolytic activity through
a chelating mechanism.’' Because CHX cannot co-polymerize with methacrylate resin monomers, it has been found to
diffuse out of the polymerized resin network.>> Furthermore, because water acts as a desorption medium, CHX’s long-
term anti-MMP effectiveness is harmed by its electrostatic bonding properties.’>>* When 2.0% CHX was applied to the
dentin surface, precipitates formed>> and would change the morphology and chemical properties of the dentin.>® In our
research, we also discovered that after thermocycling, the mean TBS of the CONP group was higher than that of the
CHX group (P < 0.05), despite the fact that there was no statistical significance in the immediate CHX and CONP
groups. This revealed that CONP showed good binding strength after 24 hours water storage and after thermocycling.
CONP could maintain its bond durability in this study, and its effectiveness was less susceptible to aging. Previously,
some scholars combined CS nanoparticles with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, proving that they
reduced the degradation of dentin collagen and improved the stability of the bonding interface without affecting the
bonding polymerization.”” Therefore, the joint effect of oleuropein and CS contributed to the reduction of bonding
strength in the CONP group of this study.

AFM can be used to observe the morphology of demineralized dentin collagen fibers protected by crosslinking agents
and resistant to the degradation of proteolytic enzymes. In three-dimensional AFM imaging of the resin—dentin interface,
there is an abrupt color change in the DW and CS groups, but the interface in the CHX and CONP groups presented
a relatively constant color gradient. The modulus of elasticity in the hybrid layers of the CHX, CS, and CONP groups are
consistent with the previous uTBS results, except that the modulus of elasticity of CONP was higher (P < 0.05) than that
of the CHX group before thermocycling. This shows that the microscopic modulus of elasticity in the hybrid layers and
the macroscopic tensile bond strength are consistent in terms of mechanical properties of the bonding interface, and the
microscopic modulus of elasticity may be a bit more sensitive. The AFM results showed a high-quality hybrid layer in
the CONP group. Thermocycling aging produced only mild adverse effects on the CONP group compared to the other
three groups. This further shows that CONP can make the mixed layer structure more stable, enhance the mechanical
properties of the interface, and is not easily affected by various external factors.

Sano et al discovered that special substances infiltrated into the mixed layer even without edge cracks by the electron
microscope.”® To distinguish it from micro-leakage, the concept of nanoleakage was later proposed.””®® Between the
mixed layer and the non-demineralized dentin matrix, there exist certain porous structures with a diameter of less than 50
nm, which could allow tiny molecules such as water and bacterial products to penetrate the bonding interface and cause
damage. Furthermore, the aging of the bonding surface may be hastened by the introduction of water and bacterial
metabolites, compromising the long-term bonding effect. Many methods have been tried to quantify the degree of
nanoleakage and then evaluate the relationship between nanoleakage and adhesive strength.®"%* In this study, the silver
nanoleakage of dental-resin interface was observed by scanning electron microscope in backscattered electron mode. The
operation is straightforward, and crisper images can be obtained for quantitative analysis. Our nanoleakage observations
revealed that the CONP group had less silver deposition than the other three groups before and after thermocycling,
which indicated lower nanoleakage in the CONP group. The SEM results also suggest the reason for the CONP group’s
higher bonding strength after 24 hours water storage and thermocycling aging. An optimal resin—dentin bond should seal
tooth—restoration interfaces efficiently and durably, as well as survive all oral environmental stresses. CONP, as
a crosslinking agent, can form hydrogen bonds with dentin collagen because of its multiple hydroxyl groups, thus
achieving a higher degree of polymerization and creating a more complete bonding interface. This effect can explain the
uniform appearance of the resin-collagen mixed layer produced by CONP, which shows the highest elastic modulus and
the lowest nanoleakage.

The hydrolysis of MMPs can only be exerted after being activated, and MMPs are easily activated during acid
etching.® After being activated, MMPs can degrade the exposed collagen fibers in the mixed layer of the bonding
interface, leading to the hydrolysis of the mixed layer, thus reducing the bonding strength.” Inhibiting the enzymatic
degradation of demineralized dentin matrices induced by MMPs has been a strategy to preserve the integrity of collagen
in the hybrid layer and improve the longevity of adhesive restorations.** In our study, CONP was found to have an MMP
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inhibitory effect comparable to that of chlorhexidine. In situ zymography showed almost no green fluorescence in the
bonding interface of the CONP group, indicating that endogenous enzymes within the hybridized dentin were inactive
and collagen hydrolysis in the CONP decreased relative to that in the other three groups. Although we observed stronger
green fluorescence after 10,000 thermal cycles, the green fluorescence of the CONP group was still lower than that of the
other three groups. Therefore, the acid-etched dentin treated with CONP could inhibit the activity of MMPs and reduce
the solubility of collagen. Compared with the DW group, the fluorescence decreased slightly in the CS group. This is
because CS chelation contributes to the stability of the resin—dentin interface, as demonstrated by in situ zymography
before and after thermomechanical cycling.>>*> CHX is a nonspecific MMPs inhibitor, which can inhibit MMP-2, MMP-
8, and MMP-9.°¢ Pretreatment of dentin with chlorhexidine can protect collagen in the mixed layer from degradation by
MMPs and maintain the stability of the dentin bonding interface.®”*® In our research, through in situ zymography, uTBS,
and nanoleakage evaluation, it is confirmed that chlorhexidine can stabilize the adhesive interface by inhibiting gelatinase
activity in the adhesive interface, in agreement with previous findings and reports.'>**>’" The CONP group had lower
green fluorescence than the CHX group after storage for 24 h and after 10,000 thermocycles, which means that the
application of CONP could be a valid strategy to improve the durability of dentin-resin bonding.

Consistent with many previous reports, the results of the current experiment indicate that modern bonding systems
produce an initial satisfactory bonding that deteriorates with aging."”'*’> Our observations confirmed that regardless of
any agent, aging via thermocycling deteriorates the effectiveness of interface attachment complexes as evidenced by
pTBS, atomic force microscopy, nanoleakage evaluation and in-situ zymography of the resin—dentin interface.
Furthermore, our study found that the application of CONP as the primer of dentin bonding for one minute could
amend the above experiments. Therefore, the CONP might have a positive effect on improving the dentin resin binding
durability. However, there are certain issues that need to be resolved right now. Although the dyeing problem of natural
crosslinking agents was handled in this study by synthesizing nanoparticles, the solution’s preservation and subsequent
stability should be considered as well. Moreover, excessive crosslinking can compromise the integrity of the dentin
matrix and reduce the dentin’s ultimate tensile strength. The in vitro model cannot entirely replicate the complex oral
environment, so there is a long way of implementing these findings in the clinic. As a result, more research is needed into
the exact mechanism of CONP in dentin bonding.

Conclusion

This study showed that pretreatment of dentin surface with CONP reduced both the activation of MMPs and nanoleakage
and maintained the bond strength. Therefore, within the limitations of this in vitro study, it may be concluded that CONP
has the potential to act as a dentin primer to improve the dentin-resin binding durability.
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