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Abstract

Objectives: This study aims to investigate the effect of colloidal platinum nanoparticles

(CPN) on the durability of resin-dentin bonding performance with contemporary

adhesives.

Methods: Sixty non-carious human maxillary premolars were subjected to microtensile

bond strength (WTBS) testing and divided into two main groups: CPN-treated and

untreated. Within each group, specimens were randomly allocated to Clearfil Megabond

2 (MB2), Scotchbond Universal Plus Adhesive with self-etch mode (SE-SUP), and etch-

and-rinse mode (ER-SUP) subgroups (n = 10/group). CPN was applied to dentin in the

MB2 and SE-SUP groups for 20 seconds, followed by rinsing before adhesive application.

In the ER-SUP group, CPN was applied after etch-and-rinse. The pTBS was tested after

24 hours, 6 months, and 1 year, and the fracture modes were observed using SEM. The

uTBS data were analyzed using a two-way ANOVA and post-hoc Tukey HSD test (o =

0.05). An additional twelve premolars underwent TEM/STEM/EDX for ultra-

morphological observations.

Results: The application of CPN significantly prevented a decline in the pnTBS of both

the MB2 and SE-SUP groups. No significant decrease was observed in the ER-SUP group,



either with aging or CPN application. Ultra-morphological images revealed platinum

nanoparticles attaching to the collagen fibrils of the hybrid layer regardless of aging. It

was highlighted that the nanoparticles attached to the banded collagen in the aging groups

were observed.

Significance: CPN exhibits the potential in enhancing the longevity of resin-dentin

bonding in SE mode.

Keywords: nanomaterials, hydrolysis, adhesive, longevity, collagen, energy dispersive

X-ray spectroscopy, transmission electron microscopy



1. Introduction

In the field of restorative dentistry, the effectiveness of resin-dentin bonds is crucial to the

success of dental restorations. A reliable resin-dentin bond depends on the quality of the

“hybrid layer” [1]. This nanointeraction zone not only influences the immediate structural

integrity of restorations but also has a significant impact on long-term restoration

performance [2]. Adhesive dentistry has rapidly evolved in recent decades, with current

dentin adhesives achieving satisfactory initial bond performance [3]. The two-step self-

etch adhesive Clearfil Megabond 2 (the Japanese version of Clearfil SE 2), is still

regarded as the gold standard for the self-etch strategy in both laboratory and clinical

settings. Numerous studies have consistently shown its excellent initial bond performance,

attributed to the separate application of the hydrophilic primer and hydrophobic bond, as

well as the highly effective functional monomer 10-MDP [4, 5]. Nowadays, the all-in-one

adhesive system, classified as a universal adhesive, has been widely used due to its

versatility in application to various substrates and multi-mode adhesion strategies.

Universal adhesives appear to exhibit acceptable immediate dentin bonding capabilities,

whether employed in self-etch or etch-and-rinse mode [6]. Nevertheless, resin-dentin

bonding durability remains a significant challenge, whether employing a two-step self-

etch adhesive or a universal adhesive, as it depends on the deterioration of the hybrid



layer [7, 8].

Nanomaterials, originating from natural or manufactured, comprise 50% or more of

particles confined within the size range of approximately 1-100 nm [9]. At this nanoscale,

nanoparticles exhibit novel properties and functions distinct from those observed at the

bulk scale, with the potential for significant impacts in industry, medicine, and the natural

sciences [10]. Additionally, the applications of nanoparticles in dentistry have increased,

driven by their antibacterial action, and physical, mechanical, and biological

characteristics [11, 12].Colloidal platinum nanoparticles (CPN) represent a suspension of

nanosized platinum particles stabilized with a protective agent [13]. This synthesized

nanomaterial stands out as a potent quencher of reactive oxygen species, essentially

exhibiting impressive antioxidant characteristics [14, 15]. Various pieces of evidence in

the medical field have demonstrated CPN's efficacy in mitigating inflammation,

preventing apoptosis, and inhibiting metalloproteinase [16, 17, 18, 19]. Beyond its

medical applications, recent studies have revealed the antibacterial activity of CPN

against S. mutans and its ability to inhibit biofilm formation in dentistry [20, 21].

Moreover, CPN has been proven to enhance immediate bond strength in the intricate

process of dentin bonding with 4-META/MMA-TBB resin as a dental primer [22].

However, few studies have assessed the impact of CPN on the mechanical properties of



contemporary adhesives, leaving a gap in understanding the influence of CPN on the

durability of the resin-dentin interface.

Therefore, the aim of this in vitro study was to investigate the effect of CPN on the

durability of resin-dentin bonding performance with current adhesives. The null

hypothesis tested were: (1) the application of CPN would not affect the bonding durability,

and (2) the bond strength of each adhesive would not decrease with aging.

2. Materials and Methods

2.1. Tooth preparation and bonding procedure

The research ethics committee of the Graduate School of Dental Medicine at Hokkaido
University approved this study (approval number 2018-7). Seventy-two non-carious
human maxillary premolars, extracted for orthodontic reasons with the informed consent
of the patients, were used for this study. They were stored in a 0.5% chloramine-T solution

at 4°C and used within 6 months of storage.

Sixty extracted non-carious human maxillary premolars were used for the pTBS test. The

mid-coronal dentin surface was exposed by grinding the occlusal enamel with a gypsum

model trimmer. Subsequently, the dentin surface was manually ground with 600-grit SiC

paper (Sankyo-Rikagaku, Saitama, Japan) under running water for 1 minute to create a



smear layer. All the teeth were categorized into two main groups: one receiving CPN
(0.02wt% platinum, 0.29wt% sodium citric acid, 99.69wt% water; Apt, Tokyo, Japan)
application [CPN(+)] and the other without CPN application [CPN(-)]. Each group was
further subdivided into three subgroups: Clearfil Mega BOND 2 (MB2; Kuraray Noritake,
Tokyo, Japan), Scotchbond Universal Plus Adhesive in self-etch mode (SE-SUP; 3M,
Seefeld, Germany), and etch-and-rinse mode (ER-SUP). In the MB2 and SE-SUP groups,
CPN was applied to the dentin for 20 seconds, followed by rinsing with distilled water
for 10 seconds before adhesive application. In the ER-SUP group, the dentin surface was
etched with 35% phosphoric acid (Ultra-Etch™ J; Ultradent Products, INC., South Jordan,
UT, USA) for 15 seconds, rinsed with distilled water for 10 seconds, and then treated with
CPN as described above. The adhesive application followed the manufacturers’
instructions. Then all bonded surfaces were restored with two layers of 2-mm-thick resin
composite (Clearfil AP-X; Kuraray Noritake) and light-cured. All the specimens were

stored in distilled water at 37°C for 24 hours.

2.2. uTBS test and fracture mode analysis

After 24 hours storage, resin-dentin sticks (cross-sectional area: 1 + 0.05 mm?) were
prepared using a low-speed diamond saw (IsoMet 1000, Buehler; Lake Bluff, IL, USA)

according to the non-trimming technique. The bonded sticks, originating from the same



teeth, were randomly divided and assigned for testing immediately, as well as after 6
months and 1 year of storage in distilled water at 37°C. The sticks were affixed to a
Ciucchi’s jig using cyanoacrylate glue (Model Repair 2 Blue; J. Morita, Osaka, Japan)
and subjected to tensile forces at a crosshead speed of I mm/min in a desktop testing
apparatus (EZ-S; Shimadzu, Kyoto, Japan) until failure occurred. Bond strength was
expressed in MPa. The mean bond strength of three sticks derived from each tooth
represented the uTBS of that tooth, generating 10 values for each tested group

[23,24]2017,Armstrong S; 2020,Sano H.

After testing, the fractured specimens were carefully removed from the jigs and mounted
on aluminum stubs. The fracture modes of the specimens were visualized using a light
microscope (%20 magnification; Magnifier Light, Asone, Osaka, Japan). They were then
coated with Pt-Pd for 120 seconds and confirmed by scanning electron microscopy (SEM;
S-4000, Hitachi, Tokyo, Japan) at an accelerating voltage of 10 kV. Failure modes on the
dentin sides of specimens were taken into consideration and classified as follows: mixed
failure, adhesive failure, cohesive failure in dentin, and cohesive failure in resin

composite [23].

2.3. Specimen preparation for TEM/STEM and EDX analysis



An additional twelve maxillary premolars were used for transmission electron

microscopy (TEM) analysis of the adhesive-dentin interface. The tooth preparation and

bonding procedures were conducted in the same manner as previously described. The

resin-dentin sticks were processed for TEM according to the procedure described in

previous studies [23]. Subsequently, the ultrathin sections were observed by TEM (JEM-

1400Plus; JEOL, Tokyo, Japan) and further detected by Cs-corrected Scanning

Transmission Electron Microscope (STEM; Titan3 G2 60-300, FEI, Hillsboro, OR, US)

with energy dispersive X-ray (EDX) at an accelerating voltage of 80kV.

2.4. Statistical analysis

The statistical analysis was conducted using the SPSS software package (SPSS version

25; IBM, Armonk, NY, USA). The normal distribution was assessed using the Shapiro-

Wilk test, and the homogeneity of variance was evaluated using Levene’s test. Based on

the results of these tests, the pTBS data from the MB2, SE-SUP, and ER-SUP groups

were subjected to a two-way ANOVA, considering two factors: CPN application and

aging (24-hour, 6-month, and 1-year). An interaction effect between these two factors was

observed in the MB2 and SE-SUP groups (P < 0.05). Consequently, a Tukey test was

conducted separately for the MB2, SE-SUP, and ER-SUP groups (a = 0.05).



3. Results

3.1. Microtensile bond strength

The results of the uTBS are presented separately for the MB2, SE-SUP, and ER-SUP

groups (Fig. 1A). In the MB2 group, a two-way ANOVA revealed that CPN application

(P < 0.05) and aging (P < 0.05), as well as their interaction (P < 0.05), significantly

influenced the uTBS. The uTBS showed no significant difference at 24 hours and 6

months, but a significant decrease was observed at 1 year in the CPN(-) group. In the SE-

SUP group, a two-way ANOVA revealed that CPN application (P < 0.05), aging (P <

0.05), and their interaction (P < 0.05) significantly influenced the pTBS. In the CPN(-)

groups, the pTBS of SE-SUP showed a significant decrease at 6 months and 1 year.

However, in the CPN(+) group, no significant difference was observed in uTBS among

the 24-hour, 6-month, and 1-year periods in both the MB2 and SE-SUP groups. For the

ER-SUP group, the two-way ANOVA indicated that there was no statistically significant

effect of CPN application on the pTBS (P > 0.05). Additionally, the interaction between

CPN application and aging was not significant (P> 0.05). No significant differences were

found among all the groups in the ER-SUP analysis (P > 0.05).

3.2. Failure modes analysis



The frequency distribution of failure modes is presented separately for the MB2, SE-SUP,

and ER-SUP groups (Fig. 1B). There was no pre-test failure in this study. In the MB2 and

SE-SUP groups, adhesive failure was more likely to occur in the adhesive layer rather

than the hybrid layer in the CPN(+) subgroup. In the ER-SUP group, the primary failure

mode was cohesive dentin failure in the CPN(+) subgroup, irrespective of aging.
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Figure 1. Mean (Standard deviation) of pTBS and frequency distribution of failure modes

for each group. (A) The uTBS data of Clearfil Megabond 2 (MB2), Scotchbond Universal

Plus Adhesive with self-etch mode (SE-SUP), and etch-and-rinse mode (ER-SUP) were

presented in separate graphs. Groups labeled with different lowercase letters showed

significant differences (P < 0.05, n = 10 teeth). (B) The percentage distribution of failure

modes for MB2, SE-SUP, and ER-SUP groups. In the MB2 group, the predominant failure

mode is mixed failure. Adhesive mixing with dentin failure increased with aging in the



CPN(-) subgroup while adhesive mixing with resin composite increased with aging in the
CPN(+) subgroup. In the SE-SUP group, adhesive failure increased with aging in the
CPN(-) subgroup, whereas mixed failure increased with aging in the CPN(+) subgroup.
In the ER-SUP group, adhesive failure increased with aging in the CPN(-) subgroup but

exhibited a declining trend in the CPN(+) subgroup.

3.3. TEM interface characterization

The ultramorphological characterization of the adhesive-dentin interface is separately
shown for the MB2, SE-SUP, and ER-SUP groups (Fig. 2-4). The platinum nanoparticle

deposition can be observed along the hybrid layer in all the CPN(+) groups.

In the MB2 group, CPN(-) subgroup exhibited a tight interface in the 24-hour specimens,
with hydroxyapatite crystals dispersed throughout the interaction zone (Fig. 2A, B). After
6 months, adhesive fillers were absent near the hybrid layer, and spaces between collagen
fibrils were observed (Fig. 2C, D). Additionally, collagen fibrils were unraveled after 1
year (Fig. 2E, F). In the CPN(+) subgroup, platinum nanoparticles attached to the exposed
collagen fibrils were observed regardless of aging (Fig. 2a-f). Notably, platinum

nanoparticles attached to collagen fibrils were observed. Furthermore, these collagen



fibrils exhibited an intact structure, clearly revealing a cross-banding pattern (Fig. 2e, f).
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Figure 2. Transmission-electron microscopy images of Clearfil Megabond 2 (MB2).
Non-demineralized, stained sections illustrated the resin-detin interface of MB2 after 24
hours, 6 months, and 1 year of water storage. An approximately 500 nm to 1 um thick
shag-carpet hybrid layer was observed in all the images. In the CPN(-) group, a tight
interface was observed, and hydroxyapatite crystals were dispersed throughout the
interaction zone in 24-hour specimens (A, B); after 6 months, the fillers of adhesive were
absent near the hybrid layer side, and wide spaces were observed between the collagen

fibrils (C, D); collagen fibrils were unraveled after 1 year (E, F). In the CPN(+) group,



platinum nanoparticles (white arrow) attached to the exposed collagen fibers were

observed in all images (a~f); the banded collagen fibrils, which attached with platinum

nanoparticles (arrow-head) were visible after 1 year (f). A: adhesive; C: resin composite;

D: dentin; H: hybrid layer; T: dentinal tubule.

In the SE-SUP group, CPN(-) subgroup revealed the presence of hydroxyapatite in the

partially demineralized nanohybrid layer in 24-hour specimens, while aging specimens

exhibited an obscured hybrid layer. Furthermore, the absence of adhesive fillers was

observed on the hybrid layer in the 6-month specimens (Fig 3C, D). Additionally, the

composite fillers near the interface were also absent after 1 year (Fig. 3E, F). In the

CPN(+) subgroup, platinum nanoparticles were observed to deposit along the exposed

collagen fibrils of the hybrid layer regardless of aging (Fig. 3a-f). Despite the partial

absence of adhesive fillers over time, the hybrid layer still maintained its integrity (Fig.

3d, ).
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Figure 3. Transmission-electron microscopy images of Scotchbond Universal Plus

Adhesive (SUP) with SE mode. Non-demineralized, non-stained sections illustrated the

resin-detin interface after 24 hours, 6 months, and 1 year of water storage. An

approximately 200 nm thick hybrid layer was observed in all the images. In the CPN(-)

group, the smear plug was observed in the dentin tubular (A); the hybrid layer appeared

obscured, and fillers on the hybrid layer were absent after 6 months (C, D); furthermore,

the filler-absent zone was enlarged after 1 year (E, F). In the CPN(+) group, platinum

nanoparticles (white arrow) attached to the exposed collagen fibers were observed in all



images (a~f). A: adhesive; C: resin composite; D: dentin; H: hybrid layer; SP: smear plug.

In the ER-SUP group, an intact hybrid layer was revealed in all groups, irrespective of

aging. Staining of cross-banding collagen fibrils in the demineralized zone was still

observable in aging specimens. Platinum nanoparticles densely attached to the collagen

fibrils regardless of aging in the CPN(+) subgroup (Fig. 4a-f).
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Figure 4. Transmission-electron microscopy images of Scotchbond Universal Plus

Adhesive (SUP) with ER mode. Non-demineralized, stained sections illustrated the resin-



detin interface of SUP after 24 hours, 6 months, and 1 year of water storage. An

approximately 2 to 3 um thick hybrid layer was shown in all the images. The smear layer

and smear plug were completely removed, allowing the nanofillers of adhesive to

infiltrate into the dentin tubular (C, D). The intact collagen fiber morphology was still

visible after 6 months (d), and 1 year (f), and banded collagen fibrils (arrow-head) were

observed. Platinum nanoparticles (white arrow) attached to the exposed collagen fibers

were observed in all images of CPN(+) group (a~f). A: adhesive; C: resin composite; D:

dentin; H: hybrid layer; T: dentinal tubule.

3.4. Cs-corrected TEM and EDX analysis

The ultramorphological images of ER-CPN-SUP at 6 months are shown (Fig. 5). The

EDX mapping detected nanoparticles, identified as platinum, distributed along the

exposed collagen fibrils of the hybrid layer (Fig SA, B, C). Furthermore, the nanoparticles

infiltrated into the dentinal tubule and deposited along the demineralized peritubular

dentin.



Ca

! Map data 4977
HAADF MAG: 5000x HV: 80kV

Figure 5. STEM-EDX images of the resin-dentin interface of ER-SUP CPN(+) at 6

months. The interface images were presented in Bright Field (A) and High-Angle Annular

Dark Field (B) at Skxmagnification. EDX mapping revealed the deposition of Pt (red

color) along the demineralized surface, with the Ca (blue color) and P (green color)

elements overlapping, indicating their presence as the main components of dentin (C).

The higher magnification images (D, 20kx; E, 80kx; F, 450kx) revealed the distribution

of platinum nanoparticles, with an average size around 2 to 3 nm. A: adhesive; C: resin

composite; D: dentin; H: hybrid layer.



4. Discussion

Previous research has demonstrated the superior antioxidant and antibacterial properties

of CPN, and this study aims to further explore its efficacy in restorative dentistry. No

significant difference was found between the CPN(-) and CPN(+) groups in terms of

initial bond strength in our study. This is likely due to the excellent initial bond

performance achieved by both MB2 and SUP [3]. However, in the CPN(-) group, the bond

strength of MB2 significantly decreased after 1 year, and the bond strength of SE-SUP

exhibited significant decreases at both 6 months and 1 year. Conversely, the CPN(+)

group revealed no significant deterioration during the aging process. On the other hand,

the uTBS of SUP in ER mode did not exhibit a significant decrease in either the aging

process or with CPN application. Therefore, both null hypotheses were rejected in this

study.

In this study, TEM images revealed that MB2 exhibited a typical shag-carpet smear-

hybrid layer around 0.5 to 1 um, which is relatively thicker than the 200-nm-thick smear-

hybrid layer observed in SUP in SE mode, in line with previous findings [24]. One reason

for this difference may be attributed to the pH variation, as MB2 (pH=2.0) follows a mild

self-etch approach, while SUP (pH=3.0) adopts an ultra-mild self-etch approach (pH was

measured in this study but not shown in the results). Another reason may be due to the



different purity of the functional monomer MDP [25]. In the present study, we observed

a significant decrease in bond strength after 1 year in the MB2 CPN(-) group, along with

the findings of previous studies that highlighted the occurrence of hydrolysis in the hybrid

layer of dentin bonds under water storage conditions [26, 27]. Additionally, TEM

ultramorphology of the resin-dentin interface revealed wide interfibrillar spaces between

the collagen fibrils, and banded collagen fibrils were unraveled with aging (Fig. 2E, F),

further indicating the occurrence of hybrid layer degradation.

There have been numerous studies on the bonding performance of Scotchbond Universal

adhesive (SBU) in both SE and ER modes [28, 29, 30, 31]. However, there has been

limited research on dentin bonds with the new bottle (SUP). Our study is the first to

investigate the aging of dentin bonds with SUP in both SE and ER modes. In the SE-SUP

group, TEM images revealed the absence of adhesive silica fillers, and cohesive failure

within the adhesive resin increased at 6 months, contributing to the significant decline in

bond strength. Furthermore, the subsequent enlargement of the filler-absent area was

observed at 1 year. This phenomenon may be due to the water-containing adhesive and

the osmotic effect on dentin, accelerating the degradation of hydrolytically unstable silane

coupling silica [32]. Additionally, the degradation of the nanohybrid layer occurred,

similar to previous SBU dentin bond durability studies [33]. The TEM morphological



images further supported this observation, revealing a loosened structure of the hybrid

nanolayer at 6 months and the loss of integrity at the bottom of the hybrid layer at 1 year.

Unlike previous research on SBU, the bond strength of ER-SUP did not show a significant

decline with aging in the present study. SUP represents an improvement over SBU, with

a new bottle having lower viscosity due to Bis-GMA free formulation and enhanced

polymerization facilitated by the additional catalyst (data as detailed in the Material

Safety Data Sheet provided by 3M ESPE). Therefore, the adhesive's lower viscosity and

hydrophilic characteristics, combined with scrubbing activity during application, may

enhance resin infiltration. Furthermore, the additional catalyst in the new bottle may

improve the polymerization, collectively contributing to the integrity of the relatively

thick hybrid layer. The TEM images illustrated a tight hybrid layer and banded collagen

fibrils at 24 hours and 6 months, while the collagen fibrils were partially unraveled after

1 year. These findings correspond with a clinical trial study that displayed the durable

bonding performance of SBU in ER mode [31]. However, a more extended investigation

of SUP in ER mode is necessary.

In contrast, CPN(+) group exhibited a different outcome. No significant deterioration in

bond strength was observed in either the MB2 or SUP group. Even though CPN was

applied and then rinsed with distilled water before bonding application in SE mode, TEM



images still revealed platinum nanoparticles deposited along the exposed collagen fibrils

of the hybrid layer. In this study, only the ER group was presented with the STEM/EDX

mapping results, while the SE group was not included. This exclusion was due to the

lower quantity of Pt nanoparticles in the SE group and the electron beam-induced damage,

making it challenging to obtain accurate EDX mapping results. However, the platinum

nanoparticles can still be observed in TEM morphological images in all SE groups.

Previous studies suggested that CPN may play a critical role in promoting resin

infiltration and increasing the conversion of the hybrid layer [21, 34]. It is noteworthy

that the stability of Pt nanoparticles remained in the resin-dentin interface regardless of

aging, appearing to preserve the integrity of hybrid layer. Furthermore, banded collagen

fibrils attaching to platinum nanoparticles were observed in the aging group (Fig. 2e, ).

Previous studies have demonstrated the inhibitory effect of platinum nanoparticles on

matrix metalloprotease activity [35, 36]. Hence, the author speculated that CPN may play

a role in preserving the integrity of collagen fibrils. However, the specific effect of CPN

on the hybrid layer needs further study.

It has been reported that a concentration of 1 pg/ml platinum nanoparticles exhibits no

cytotoxicity to fibroblast cells, and a concentration of 100 pg/mL platinum

nanoparticles shows no cytotoxicity to normal cells [36]. Therefore, the CPN solution



used in the present study, with a platinum content of 0.02wt%, may demonstrate

trustworthy biocompatibility. Future studies should explore various concentrations of

platinum nanoparticles to better understand their impact on resin-dentin bonding

durability and biosafety. Additionally, the average colloidal platinum particle size was

around 2 to 3 nm (Fig. 5), which stabilizes with sodium citrate, enhancing surface

reactivity due to the high surface area-to-volume ratio. Platinum nanoparticles remained

on the dentin substrate even after rinsing. This phenomenon may be attributed to two

factors. Firstly, colloidal-coated platinum nanoparticles may exhibit a hydrophilic

tendency and high surface reactivity, similar to the hydrophilic nature of collagen fibrils.

This similarity promotes the formation of attractive forces, enabling the nanoparticles to

adhere to collagen fibrils. Secondly, platinum nanoparticles may interact with collagen

fibrils through electrostatic attraction. Therefore, the findings of this study suggest that

CPN application may contribute to enhancing the durability of resin-dentin bonding.

However, further research is necessary to fully understand its specific effects and

mechanisms.

5. Conclusion

This study revealed that the application of CPN significantly prevented degradation in the

bond strength of MB2 and SE-SUP. However, no significant decrease was observed in



the bond strength of ER-SUP, either with aging or CPN application. The study also
highlighted the potential inhibitory effect of CPN on the hydrolysis of collagen fibrils, as

evidenced by TEM ultra-morphological images.

Overall, the findings suggest that CPN has the potential to enhance the durability of resin-
dentin bonding, offering valuable insights for the development of adhesive systems in
restorative dentistry. However, the specific function of CPN on the resin-dentin interface

needs further investigation.
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