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Abstract 

The Use of Natural Plant Extracts to Enhance Caries Prevention and to 

Improve the Performance of Dental Adhesives 

 

Introduction: Natural plant extracts have been used as folk medicine for 

thousands of years and are promising sources for novel therapeutic agents. They 

have been focused on by several recent studies as potential materials to prevent 

oral diseases such as dental caries. In our consecutive studies, we have attempted 

to find the possible role of natural extracts to modify and reinforce natural teeth. 

Natural extract-derived flavonoids such as hesperidin (HPN) and 

proanthocyanidins (PA) are expected to work as natural collagen cross-linkers. 

Reinforcement of both the collagen matrix and inorganic apatite are important in 

caries prevention. For durable dentin bonding, resin-dentin interfaces must be 

preserved from biodegradation. In our studies, we have attempted to (1) 

investigate the effects of HPN on human root dentin demineralization and 

collagen preservation and compare it with chlorhexidine (CHX) and PA; (2) 

investigate the effect of incorporation of natural cross-linkers into the primer of a 

self-etching adhesive on the immediate micro-tensile bond strength (µTBS) and 

(3) evaluate the effects of incorporation of natural cross-linkers into a self-etch 

adhesive primer on the long-term µTBS to dentin.  

 Materials and methods: (1) Human root dentin blocks were assigned to 

different treatment groups: 0.5% HPN, 0.5% CHX and 0.5% PA. Specimens were 

subjected to pH cycling by demineralization for 14h, incubation in testing 

solutions for 2h and 8h re-mineralization in the presence of bacteria-derived 

collagenase for 8 days. Calcium release was measured by means of an atomic 

absorption spectrophotometer and degraded collagen matrix was investigated by 
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hydroxyproline assay. Specimens were assessed longitudinally with transverse 

micro-radiography to investigate the lesion depth and mineral loss. (2) Flat dentin 

surfaces were prepared from extracted human molar teeth. The 0.5% HPN, 0.5% 

CHX or 0.5% PA was incorporated into Clearfil SE primer (Kuraray Noritake 

Dental Inc.) to formulate three experimental primers. The original SE primer 

served as control. Following these primer application, the teeth were bonded with 

Clearfil SE bond, restored with resin composite and stored in water for 24 hours 

at 37ºC. The bonded specimens were sectioned into beams and subjected to micro 

tensile bond testing (µTBS). Failure analysis and morphological evaluation of the 

dentin surfaces were performed using a scanning electron microscope (SEM). 

Hardness (H) and elastic modulus (EM) were measured using a nano-indentation 

test to examine the mechanical properties of the bonded interfaces. (3) The 

experimental primers were prepared by incorporating 0.5%, 1%, 2%, 5% of HPN 

or 0.5% of PA into Clearfil SE primer. Extracted human molar teeth were restored 

using the experimental primers or the pure SE primer (control). The mechanical 

properties of the bonded interfaces were measured using the nano-indentation test. 

Beam-shaped bonded specimens were sub-divided for one-day and one-year 

µTBS test. Interfacial collagen morphology was observed using transmission 

electron microscopy.  

Results: (1) In 0.5% HPN and 0.5% PA groups, demineralization was reduced 

when the collagen matrix was preserved. The hesperidin group showed the lowest 

value in lesion depth and mineral loss. (2) The µTBS, H and EM showed 

significant differences among the tested and control groups. Multiple comparison 

revealed that incorporation of HPN significantly increased µTBS, H and EM, 

when compared with the other groups (p<0.006). The PA-incorporated group 

significantly decreased µTBS, H and EM, when compared with the other groups; 
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while CHX-incorporated group did not show any statistical significant difference 

when compared with the control group. (3) The immediate µTBS significantly 

increased in 0.5%, 1% and 2% HPN-incorporated groups when compared with 

the control. The immediate mechanical properties of the bonded interface were 

improved by 1% and 2% HPN-incorporated primers. For the long-term µTBS, the 

2% and 5% HPN-incorporated groups were significantly higher than the control. 

The morphology of the collagen fibrils was preserved by 5% HPN-incorporation 

after one-year storage. The PA group, however, failed to improve both the 

immediate and long term µTBS and the mechanical properties of the bonded 

interfaces.  

Significance: (1) Hesperidin inhibited demineralization and probably enhanced 

re-mineralization even under fluoride-free conditions. (2) Incorporation of HPN 

into Clearfil SE primer had a positive influence on the immediate µTBS and 

mechanical properties of the bonded interface. (3) The incorporation of 2% HPN 

into the self-etching primer had a positive effect on the immediate µTBS and 

mechanical properties of the resin-dentin interface. The 5% HPN group preserved 

the morphology of the collagen in the hybrid layer after one-year storage in the 

artificial saliva. 
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Japanese summary 

天然抽出フラボノイドによる、(1)う蝕抑制（象牙質コラーゲン保護と脱灰

象牙質の再石灰効果）と(2) 象牙質接着性向上への効果 

 

  序論: 再石灰化は i)う蝕予防の一部として、歯を脱灰から守る本来の保

護機能を助長させるもの、ii) う蝕治療の一部として、Minimal Intervention

治療、つまり歯を削らない「最小限の侵襲」で接着性材料を使い、う蝕歯

を保存する試みに応用が期待されている。歯質象牙質は 70％が無機質（ヒ

ドロキシアパタイト）、20％が有機物（膠原繊維（コラーゲン繊維）と非

膠原性タンパク質）からなり、う蝕のメカニズムを考える上で、酸による

無機質の脱灰抑制とあわせて、有機質の保護を考慮しなければならない。

近年、有機質の保護が確立できれば、これを足場にしてう蝕脱灰部の再石

灰化が有意に起こると考えられている。フラボノイド (flavonoid) は天然

に存在する安全性の高い有機化合物群で, 少量でも抗酸化作用を有し、天

然の架橋剤としてコラーゲンを保護すると報告されている。本研究では天

然フラボノイドの柑橘系由来へスぺリジン及び、グレープシード抽出物プ

ロアントシアニジンを歯質象牙質に作用させ、う蝕の進行への影響を評価

した。 また、フラボノイドの架橋効果は、歯科接着修復学にも応用が期

待される。象牙質は有機質を含むため、有機質の経時的劣化が接着力の低

下に影響を及ぼしているため、有機質の保護強化が現在の課題である。よ

ってヘスペリジンの抗酸化作用、天然の架橋剤として作用を利用し、歯科

修復材の前処理剤として応用させる試みを行った。研究項目は以下三課題

である。（１）へスぺリジンによるヒト歯根面象牙質脱灰後のコラーゲン

の保護と、再石灰化への影響と、プロアントシアニジンおよびクロルヘキ

シジン（コラーゲン分解酵素阻害剤）との比較評価。 （２）ヒト象牙質

を使った、へスぺリジン配合セルフエッチングプライマーの接着界面の物
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性の向上、及び短期象牙質接着性への影響。（３）へスぺリジン配合セル

フエッチングプライマーの長期象牙質接着性への影響、接着界面劣化抑制

効果の透過型電子顕微鏡観察。 

(1) 

方法: 本研究では天然フラボノイドのへスぺリジンを歯質象牙質に作用さ

せ、う蝕の進行への影響を評価した。象牙質う蝕モデルとしてｐHを調整

した脱灰、再石灰溶液にて 8 日間保存した。この間、象牙質にヘスペリジ

ンン 0.5％溶液にて一日 2 時間作用させた。象牙質コラーゲンの、脱灰ま

たは再石灰化への影響を検討するために、再石灰化液中に Clostridium 

histolyticum 由来のコラゲナーゼを 7.5 U/ mL作用させた。脱灰抑制効果評

価は、脱灰液中溶解カルシウムを原子吸光分析にて定量を行った。象牙質

コラーゲンの崩壊抑制効果の評価は、再石灰化液中の可溶性コラーゲンを

加水分解後、アミノ酸分析を行った。さらに X 線を用いたミネラルプロフ

ァイル測定による脱灰部の分析を行った。同じフラボノイドのグレープシ

ード抽出物プロアントシアニジン 0.5％と、う蝕予防に使用されるクロロ

ヘキシジ 0.5％ンとの効果を比較検討した。 

結果考察：ヘスペリジン群は有意に脱灰量、コラーゲン崩壊度を抑制して

いた。脱灰部の分析を行った結果、表層のみならず、やや深部まで再石灰

化が見られた。これらの結果より、ヘスペリジンは、う蝕の脱灰抑制、再

石灰化促成に何らかの効果があることが分かった。作用メカニズムは、今

後さらなる研究が必要だが、う蝕の発生また進行をコントロールするうえ

で、生体に安全なフラボノイドは有効な薬理作用を持つと予測され、将来

の治療薬と期待される。 

（２） 

方法: 本研究では、天然フラボノイドを市販の歯科接着材プライマーに配

合させ、ヒト象牙質への接着性を評価した。クラレノリタケ社製クリアフ
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ィル メガボンドプライマー（前処理剤）にへスぺリジン 0.5％を配合させ

た。ヒト歯質象牙質を使い、歯科接着剤で接着後、37 度 24 時間水中保管

後 0.9X0.9 ㎜の接着断面ので、引っ張り接着試験を行い、グレープシード

抽出物プロアントシアニジンと、クロロヘキシジン群と比較した。接着象

牙質の処理効果と、接着試験後の破断面を走査型 電子顕微鏡で観測を行

った。さらにナノインデンテーション法により、接着界面の機械的特性評

価（弾性率、硬さ評価）を行った。 

結果考察：へスぺリジン配合による、接着象牙質の処理効果に変化はなか

った。接着試験の結果、へスぺリジン配合群は接着強さが有意に上がった。

これらはグレープシード抽出物と、クロロヘキシジン群に比べても、有意

に高い値であった。また、接着界面の弾性率、硬さ評価ともに、ヘスペリ

ジン配合群は高い値を示した。これらの結果より、ヘスペリジンはプライ

マー（前処理剤）に配合した場合、その架橋作用により有機物コラーゲン

を保護すると考えられ、高いに接着力につながったと思われる。 

（３） 

方法: 本研究では、コラーゲン保護材としての臨床応用を検討する為、長

期耐久性などを評価した。課題(２)の実験系同様に、へスぺリジン配合

（0.5%, 1%, 2%, 5%）セルフエッチングプライマーにて象牙質を前処理し、

ヒト象牙質を接着させた。グレープシード抽出物プロアントシアニジンは

0.5%配合した。24時間水中保管と、長期的接着力の評価のため、1年間水

中保管群を設定した。保管後は、（2）同様、0.9X0.9 ㎜の接着断面ので、

引っ張り接着試験を行い、接着試験後の破断面を走査型 電子顕微鏡で観

測を行った。さらに、接着界面の 1年後の変化を、樹脂含浸層の有機質の

劣化に注目し、透過型電子顕微鏡観察評価した。 

結果考察：1 年間水中保管群はそれぞれ、接着力が下がったものの、1 年

後の接着力を比べると、へスぺリジン配合しないコントロール群に比べ、



7 

 

へスぺリジン 2％と 5％配合のよる群はその低下が少なかった。5％配合群

は初期の接着力は 2％より低いが、長期的には接着力を劣化が最も少なか

った。透過型電子顕微鏡観察で、へスぺリジン配合しないコントロール群

では、象牙質接着界面の樹脂含侵層中のコラーゲン線維に劣化が見られた

が、へスぺリジン 2％と 5％配合群ではコラーゲンの形態に劣化がみられ

なかった。コラーゲン線維の架橋効果により、樹脂含侵層中の有機物が保

護され、長期的に界面の劣化を抑制したものと考えられる。 

結論 

フラボノイドは、少量でも抗酸化作用を有し、天然の架橋剤としてコラー

ゲンを保護すると報告されている。しかし、歯質の再石灰化助長の効果、

また修復接着界面下のコラーゲンの補強効果については研究が進んでい

なかった。う蝕予防のためには、日常的に安心して使用可能な生体親和性

の高い天然フラボノイド(flavonoid)の実用化が大変興味深かった。博士課

程の研究で、柑橘由来へスぺリジン、グレープシード由来のプロアントシ

アニジンに注目し、歯質象牙質に作用させ、う蝕の進行への影響、接着機

能性を評価した。特にヘスペリジンではその効果が確認でき、高濃度では、

コラゲナーゼによるコラーゲンの崩壊を抑制し、脱灰抑制、または再石灰

化促進効果が見られた。これにより、天然由来の安全性の高い有機化合物

であるヘスペリジンの、根面象牙質う蝕治療効果が示唆された。接着処理

剤に配合した場合、界面の機械的物性の向上がみられ、短期、長期接着強

さが上がった。これは、コラーゲン線維の架橋効果により、樹脂含侵層中

の有機物が保護され、長期的に界面の劣化を抑制したものと考えられる。

配合の濃度は 2％以上では接着面処理には影響が出る恐れがあるが、長期

的コラーゲン保護には、それ以上配合が望ましいと思われる。 
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Chapter 1 

Introduction  
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The life span of people in Japan as well as around the world is increasing 

due to the development of modern medicine and public health awareness (Sasada 

et al., 2009). However, compared to it, the survival rate of natural teeth is not so 

high especially for the elderly population. The preservation of the natural teeth is 

an important aspect in maintaining health-related quality of life (Holm-Pedersen 

et al., 2008; Kimura et al., 2012). Both dental and periodontal healths are essential 

in improving tooth longevity. 

 “Super tooth” is a new concept in dentistry. It is based on reinforcement of 

natural teeth both mechanically and chemically to extend the functional survival. 

Modified natural teeth are stronger and more stable against dental disease, hence 

the term “super tooth.” In order to achieve it, two big challenges are needed to be 

overcome. First, caries formation needs to be prevented and the early caries lesion 

should be reversed. And secondly, the irreversibly damaged tooth structure should 

be repaired with a durable restoration that would revive the function and 

aesthetics of the tooth.   

Natural products have been used as folk medicine for thousands of years and 

are promising sources for novel therapeutic agents (Cragg et al., 1997). They have 

been the focus on by several recent studies as potential materials to prevent oral 

diseases such as dental caries (Duarte et al., 2003; Nostro et al., 2004; Ooshima et 

al., 2000). In our consecutive studies, we tried to find the possible role of natural 

extracts to modify and reinforce natural teeth. Natural extracts such as citrus 

fruit-derived hesperidin, grape seed-derived proanthocyanidins, green tea-derived 

Epigallaocatechin Galatea and Genipin are the abundant in various plants and 

fruits. These natural extracts are gaining research interest in recent years both in 

preventive and curative medicine. In this thesis paper, we focused on possible 

ways to use some of these natural extracts for both preventive and curative 
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strategies against dental caries. 

Dental caries is one of the most common oral diseases around the world, 

especially in under developed countries (Petersen, 2005), which has driven 

research on new prevention and treatment methods. In order to protect the tooth, 

the dental hard tissues needs to be modified to resist against caries challenge 

(Fontana et al., 2009). The balance between de-mineralization and 

re-mineralization prevent dental caries formation. If the de-mineralization 

increases due to cariogenic bacteria or food, caries formation takes place. To 

reverse the caries formation, re-mineralization process need to be promoted to 

keep the balance. Unlike enamel, dentin is a complex mineralized tissue 

composed of approximately 70% mineral, 20% organic component and 10% fluid 

by weight. Type I collagen fiber accounts for 90% of the organic matrix (Ten Cate, 

2008).  Regulation of dentin caries lesions should take into consideration the 

interactions of the inorganic carbonated apatite with the collagen matrix. To 

reverse dentin caries both inorganic apatite as well as the collagen matrix need to 

be strengthened. In our study we attempted to reinforce both organic and 

inorganic parts of dentin with natural extracts to prevent and reverse root caries 

lesions.  

The achievement of an efficient and stable bond between tooth substrate and 

resin materials remains a challenge in restorative dentistry. The primary aim of 

dental adhesives is to provide retention to composite cements and withstand 

mechanical forces and shrinkage stress from the lining composite. A good 

adhesive also should be able to prevent leakage along the restoration’s margins. 

Clinically, failure of restorations occurs more often due to inadequate sealing and 

hydrolytic degradation of both resin material and dentin collagen that leads to loss 

of retention (Gaengler et al., 2004; Opdam et al., 2004). The adhesive capacity of 



11 

 

dental adhesives is based on a twofold adhesion. First, the adhesive adheres to 

enamel and dentin, and second, the adhesive binds to the lining composite. The 

latter has been shown to be a process of co-polymerization of residual double 

bonds (–CQC–) in the oxygen inhibited layer. Since dentin is composed of two 

phases: an inorganic hydroxy-apatite crystal and an organic predominantly type-I 

collagen matrix, dentin bonding is apparently most effective when the hybrid 

layer formed between resin monomers and collagen fibrils is structurally stable. 

Most of the developments in adhesive dentistry have focused on the improvement 

of bonding agents and technique, while limited investigation has explored the 

contributions of collagen structure/stability to bond strength. In the second and 

third chapters we attempted to incorporate natural extracts into a self-etching 

primer to examine the improvement of dentin bond strength and interfacial 

mechanical properties of the tooth-restoration complex.  

Our studies provide insights into the development of novel strategies for 

caries prevention, stable dentin bonding and reliable dental adhesive. These 

strategies can reinforce the natural tooth mechanically and chemically to create 

“super tooth”.  
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Chapter 2 

In vitro effect of hesperidin on root 

dentin collagen and de/re-mineralization 
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ABSTRACT 

The aims of this study were to investigate the effects of hesperidin, a citrus 

flavonoid, on human root dentin demineralization and collagen preservation, and 

compare it with chlorhexidine and grape seed extract. Specimens were assigned to 

different treatment groups: hesperidin, chlorhexidine and grape seed extract. 

Specimens were subjected to pH cycling by demineralization for 14 h, incubation 

in testing solutions for 2 h and re-mineralization in presence of bacterial-derived 

collagenase for 8 h, for 8 days. Calcium release was measured by means of an 

atomic absorption spectrophotometer, and degraded collagen matrix was 

investigated by hydroxyproline assay. Specimens were assessed longitudinally 

with transverse micro-radiography to investigate lesion depth and mineral loss. In 

hesperidin and grape seed extract groups, demineralization was reduced when the 

collagen matrix was preserved. The hesperidin group showed the lowest value in 

lesion depth and mineral loss, indicating that hesperidin inhibited 

demineralization and probably enhanced re-mineralization even under 

fluoride-free conditions. 

Keywords: Hesperidin, Root dentin, Dentin collagen, Dentin demineralization, 

Dentin re-mineralization. 

1. INTORDUCTION 

Root caries is prevalent especially among the elderly population due to gingival 

recession and exposure of the susceptible root surface (Griffin et al., 2004). 

During root caries development, two stages are distinguished microscopically. In 

the first stage, dentin minerals are dissolved by acid produced from bacterial 

bio-films. In the second stage, the demineralized dentin matrix is further degraded 

and bacteria infiltrate into the inter-tubular area (AR, 1998). It has been suggested 

that the presence of an organic matrix may reduce the progression of dentin 
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erosion (Hara et al., 2003; Vanuspong et al., 2002). Dentin is a complex 

mineralized tissue composed of approximately 70% mineral, 20% organic 

component and 10% fluid by weight(Ten Cate, 2008). Type I collagen fiber 

accounts for 90% of the organic matrix. The preservation and stability of dentin 

collagen may be essential during the re-mineralization process since it acts as a 

scaffold for mineral deposition (Bertassoni et al., 2009). Preservation of collagen 

matrix would be followed by promotion of re-mineralization of demineralized 

dentin, which is one of the important strategies regarding preventive therapies for 

root caries (Clarkson and Rafter, 2001; Lynch and Baysan, 2001; Petersson et al., 

2007; ten Cate, 2001). 

In an attempt to stabilize the collagen matrix, glutaraldehyde and some natural 

flavonoids such as grape seed extract (GSE) have been used on root caries to 

investigate their cross-linking effects on demineralized lesion (Hara et al., 2005; 

Xie et al., 2008). Another approach which has been considered is to inhibit the 

proteolytic activity of sound and carious dentin (Chaussain-Miller et al., 2006; 

Sulkala et al., 2001), because the organic matrix of dentin collagen is subjected to 

degradation by matrix metalloproteinase (MMPs) that present in dentin and saliva 

(Sulkala et al., 2001). Pharmacological studies have reported that MMPs activity 

was reduced by the application of chlorhexidine (CHX) which in turn leads to the 

arrest of carious lesion (Garcia et al., 2009; Kato et al., 2010). Natural products 

have been used as folk medicine for thousands of years and are promising sources 

for novel therapeutic agents (Cragg et al., 1997). They have been the focus of 

several recent studies potential materials in the prevention of oral diseases, 

particularly plaque-related diseases, such as dental caries (Duarte et al., 2003; 

Nostro et al., 2004; Ooshima et al., 2000).  

A previous study using hesperidin (HPN), a citrus flavonoid, showed that HPN 
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preserved bovine dentin collagen against proteolytic degradation (Hiraishi et al., 

2011). It has also been reported that HPN reduced the susceptibility of dentin 

lesion to acid dependent demineralization with the potential to promote 

re-mineralization process (Hiraishi et al., 2011). In this study, we used human root 

dentin to confirm the effect of HPN to resist collagenous degradation and arrest 

demineralization. Citrus flavonoids were reported to possess antioxidant (Hirata 

et al., 2005), anti-inflammatory (Benavente-Garcia and Castillo, 2008), 

anti-carcinogenic (Miller et al., 2008), hypoglycemic effects (Wood, 2005), and to 

prevent bone loss (Choi and Kim, 2008; Horcajada et al., 2008). The pH cycling 

model was employed in the present in vitro study to examine the role of 

collagenase on re-mineralization. Demineralized human root dentin was treated 

using HPN 5,000 ppm, CHX 2,000 ppm or GSE 5,000 ppm for 2 h a day, which 

were then subjected to pH cycling for 8 days. The purposes of this study were to 

investigate the effect of HPN on preservation of collagen matrix, and compare it 

with that of CHX and GSE. The null hypotheses tested were that HPN, CHX and 

GSE would (i) not prevent collagen degradation and (ii) not influence 

de/re-mineralization in human root dentin lesion. 
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2. MATERIAL AND METHODS 

2.1. Preparation of human root dentin specimens 

Thirty non-carious extracted human third molars were used in this study, 

according to the protocol approved by the Human Research Ethics Committee, 

Tokyo Medical and Dental University, Japan. Root slabs were obtained from 

medial and distal root surfaces of human molar teeth and polished to expose the 

root dentin and to obtain a smooth surface using a series of silicon carbide papers 

(280, 400, 600, 800, 1000, 1200, 1500, 2000, 4000) up to 4000-grit. The dentin 

surfaces were then soaked in 10% H3PO4 for 10 s to remove the smear layer. One 

side of each dentin surface was painted with nail varnish, leaving a base line (1
st
 

base line) (Figure 4). 

 

 

 

Fig. 1 Specimen preparation 

2.2 Lesion formation 

After nail varnish application, the specimens were immersed in demineralizing 

solution (pH=4.5) for 96 h to create pre-lesion. The demineralizing solution 

contained 50 ml acetic acid, 2.2 mM/L CaCl2 and 2.2 mM/L KH2PO4. After 

pre-lesion formation, the specimens were painted with another coat of nail varnish 

adjacent to the 1
st
 coat of the exposed dentin surface to create another baseline 

(2
nd

 base line) (Figure 1). The slabs were divided into five groups (Table1). 
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Fig. 2 Method of pH Cycling 

2.3. Methods of pH cycling 

The demineralizing solution contained 50 mmol/L acetic acid, 1.5 mmol/L CaCl2 

and 0.9 mmol/L KH2PO4 adjusted to pH 5.0 with KOH. The remineralizing 

solution contained 1.5 mmol/L CaCl2, 0.9 mmol/L KH2PO4, 130 mmol/L KCl and 

20 mmol/L HEPES buffer, adjusted to pH 7.0 with KOH. Highly purified 

collagenase type VII from Clostridium histolyticum (C-0773, Sigma Chemical 

Co., St. Louis, MO, USA) was further added to obtain a re-mineralization 

solution that contains 7.5 U/mL collagenase. The testing solution was prepared by 

adding HPN (hesperidin, Wako Pure Chemical Industries, Ltd., Tokyo, Japan), 

CHX (chlorhexidine di-gluconate, Sigma–Aldrich, St. Louis, MO, USA) or GSE 

(Gravinol® grape seed extract, Kikkoman, Chiba, Japan) to the re-mineralization 

solution. The concentrations used for HPN, CHX and GSE were 5,000 ppm, 

2,000 ppm and 5,000 ppm, respectively. Each specimen was immersed 

individually at 37ºC in the demineralizing solution for 14 h, in the testing solution 
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with HPN, CHX or GSE for 2 h and in the re-mineralizing solution for 8 h. The 

specimens were thoroughly rinsed between each immersion with buffer solution 

containing 130 mmol/L KCl, 20 mmol/L HEPES, adjusted to pH 7.0 with KOH. 

The pH cycling was performed at 37ºC for 8 days. 

2.4. Chemical analyses 

2.4.1. Determination of calcium ion release 

The demineralizing solution was collected to measure the amount of calcium ion 

dissolved during the pH cycling. An aliquot of 2.9 ml of 1.67% LaCl3 7H2O in 50 

mM HCl was added to each 100 ml of collected solution. The atomic absorption 

was measured using an atomic absorption spectrophotometer (AA-6300, 

SHIMADZU.INC, Kyoto, Japan) at 423 nm. The solution after the first 

demineralization per each sample was used as an individual baseline of calcium 

release. Then, the total calcium ion release from the 1st day to the 8th day during 

the pH cycling was measured and expressed in relative release compared with that 

of the baseline. 

2.4.2. Determination of degraded collagen 

Degradation of collagen was determined by estimating hydroxyproline, an amino 

acid characteristic of collagen. The total re-mineralizing solution was collected 

after the pH cycling. Sixty micro-liters of the solution (from stock solution 

collected in each day) were subjected to chemical analysis of degraded collagen 

using the simplified chloramines-T method (Reddy and Enwemeka, 1996).In brief, 

the solution aliquot was hydrolyzed with 2N sodium hydroxide by autoclaving at 

120°C for 20 min. The cloramines-T was added to the hydrolyzate to allow 

oxidation, followed by the addition of Ehrlich’s aldehyde reagent for 

hydroxyproline assay. When chromophore was developed, the absorbance of each 

specimen was read at 550 nm using a spectrophotometer (BIO-RAD-680 Micro 
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plate reader, BIO-RAD laboratories, Tokyo, Japan) and converted to 

concentration of hydroxyproline. Amount of hydroxyproline was determined by 

plotting the value with standard calibration curve.    

2.5. Transverse micro radiography (TMR) measurements 

After the pH cycling for 8 days, the mineral loss (ΔZ, vol% mm) and lesion depth 

(LD, µm) were examined using TMR. The specimens were sectioned 

longitudinally through the lesion centre into 220±20 µm thicknesses. The cut 

sections were put in a solution containing 80% of glycerin and 20% of water to 

prevent shrinkage. Photo plates (HY2, Konica Minolta Holdings, Inc., Tokyo, 

Japan) were exposed at 4 mA and 25 kV for 5min using an X-ray generator (Type 

SRO-M50, Sofron Company Lit., Tokyo, Japan) together with 15 sheets of an 

aluminum Al step wedges for calibration. The plates were developed and fixed 

according to standard techniques. The microradiographs were analyzed under a 

microscope (BX 41, Olympus Co., Tokyo, Japan) with CCD camera (DP70, 

Olympus Co., Tokyo, Japan). The LD was defined as the distance from the 

surface of the second baseline to the lesion where the mineral content was more 

than 95% of the sound dentin. The ΔZ was determined by plotting the vol% 

mineral profile towards the LD in each specimen section with the sound dentin set 

as 48 vol% mineral contents (Inaba et al., 1997).  

2.6. Statistical analysis 

The effect of testing solution on the calcium release, degraded collagen and TMR 

variables (ΔZ and LD) was tested by one-way ANOVA using statistical software 

package (SigmaStat Version 16.0, SPSS, Chicago, IL, USA). Where appropriate, 

post-hoc Tukey multiple comparisons tests were performed on all groups. The 

level of statistical significance was set at 5%.  
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Fig. 3 (a) Calcium release during demineralization in pH cycling and (b) hydroxyproline 

detection (μg per sample) during re-mineralization in pH cycling (mean and SD). Note: (i) 

Calcium release was expressed in relative release as the amount of calcium of total release for 8 

days compared to that of the first day demineralization, and (ii) Same letters indicate no 

significant difference at p>0.05. 

3. RESULTS 

The results of chemical analyses are shown in Figure 3 (a, b). The one-way 

ANOVA indicated that the effect of testing solutions had a significant difference 
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on the results of chemical analyses (p<0.05 for calcium release; p<0.01 for 

degraded collagen). A significant difference was revealed in the results between 

the negative and positive controls (p<0.001 for both calcium release and degraded 

collagen), indicating that the incubation with the presence of collagenase had an 

effect of causing mineral dissolution and organic degradation. Regarding calcium 

release results, the lowest amount was for GSE group, followed HPN and CHX 

groups, respectively. According to the results of degraded collagen, HPN and 

GSE groups showed the lowest value with no statistical significant difference 

when compared with the negative control (p>0.05). The results of TMR 

measurement are shown in Figure 4 (a, b). The effect of testing solutions had a 

significant difference on the TMR variables (p<0.01 for LD and p<0.001 for ΔZ). 

No significant difference in LD was shown between the positive control and CHX 

group (p>0.05). The positive control showed a statistical significant ΔZ when 

compared with HPN and GSE groups. Representative TMR images are shown in 

Figure 5 (a-e). The image manifested the effect of HPN on resisting 

demineralization (Figure 8a). 

4. DISCUSSION 

The chemical analyses demonstrated that HPN, CHX and GSE preserved and 

stabilized dentin collagen. The calcium release in HPN and GSE groups was 

significantly different when compared with the positive control, while no 

significant difference was found between the CHX group and the positive control. 

Thus, the first null hypothesis was partially rejected. The positive and negative 

controls were significantly different in TMR measurement. The results of TMR 

revealed that the LD and ΔZ were lower in groups incubated with HPN and GSE, 

when compared with the positive control. This result implies that HPN and GSE 

had the effect to prevent demineralization and/or promote re-mineralization. Thus, 
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the second null hypothesis was partially accepted. 

In a previous study, it was reported that demineralization of the surface was 

observed on dentin samples when the pH cycling was performed with collagenase 

even at pH 7.0 in the re-mineralizing solution (Kawasaki and Featherstone, 1997). 

The authors claimed that surface demineralization might occur when mineral 

contents released as the result of degradation of collagen matrix.  

 

Fig. 4 Lesion depth (LD) (a) and mineral loss (ΔZ) (b) after pH cycling (mean and SD). Note: 

same letters indicate no significant difference at p>0.05. 
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Likewise; in our present study, the mineral release might have occurred during 

re-mineralizing cycles, which accounted for increased ΔZ for the positive control 

(using collagenase in the re-mineralizing solution). Such a mineral release was 

suppressed for the negative control group (without using collagenase) and those 

groups using HPN, CHX and GSE where collagen matrix was preserved by the 

aforementioned agents. Although the amount of mineral release in re-mineralizing 

cycles was not chemically analyzed, the results of TMR indicated the effect of 

stabilized collagen matrix on mineral content in the lesion.  

Dentin organic matrix plays an important role in demineralization and 

re-mineralization process. The organic layers of dentin are important in 

hampering the lesion progression and preventing further demineralization 

challenges (Hara et al., 2005). In previous studies using collagenase, the 

proteolytic degradation of demineralized matrix was said to enhance the 

susceptibility of dentin lesions to acid-dependent demineralization (Fukuda et al., 

2009; Walter et al., 2008). Recent studies have demonstrated that CHX possesses 

a potent anti-proteolytic effect due to its ability to inhibit activity of MMPs in 

carious dentin (Garcia et al., 2009).The present study demonstrated a positive 

effect of CHX in preserving dentin collagen against bacterial proteolysis, which 

contributed to the low value of organic matrix degradation. However, the TMR 

measurement showed that the incubation in CHX did not contribute to suppressed 

ΔZ. This finding was consistent with that of a previous study involving bovine 

root dentin (Hiraishi et al., 2011). The preserved organic matrix might hamper 

further diffusion of calcium and phosphate ions out of the dentinal lesion of caries, 

resisting further demineralization. 
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Fig.5 Representative transverse micro-radiographic images, actual lesion depth and mineral 

loss was measured from the baseline (black line in the image) to  the lesion where the mineral 

content was more than 95% of the sound dentin (white line in the image)  (a) HPN (LD, 

113μm; ΔZ, 2015vol% μm); (b) CHX (LD, 143μm; ΔZ, 2259vol% μm). (c) GSE (LD, 135μm; 

ΔZ, 2413vol% μm); Positive control (LD, 189μm; ΔZ, 2899vol% μm); (e) Negative control 

(LD, 153μm; ΔZ, 2654 vol% μm). 
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In the HPN and GSE groups, the effect of incubation in HPN and GSE was 

revealed in terms of preserved collagen and reduced LD and ΔZ. With the limited 

findings under TMR analysis, the difference in re-mineralization process between 

the flavonoid groups (HPN and GSE) and CHX group could not be thoroughly 

explained. Further studies should be conducted to investigate the chemical 

reactions of HPN and GSE with calcium and/or phosphate ion. The suppressed 

ΔZ in the HPN group may be explained by the contribution of HPN on 

stabilization of the exposed collagen matrix. Xie et al reported that GSE is a 

promising agent to be used in non-invasive root caries therapy as 

re-mineralization was evident on root dentin most likely through the interaction 

between GSE and proteins in dentin thus stabilization of dentin matrix (Xie et al., 

2008). Previous studies using glutaraldehyde demonstrated that fixing the 

collagenous/non-collagenous protein and cross-linking collagen matrix reduced 

the progression of the root caries development (Hara et al., 2005; Walter et al., 

2008). The stabilized collagen matrix behaves as a mechanical barrier to mineral 

diffusion (Dijkman et al., 1992), thereby resisting demineralization and promoting 

re-mineralization. The preservation and stability of dentin collagen may be 

essential during the re-mineralization process since it acts as a scaffold for 

mineral deposition (Bertassoni et al., 2009). Furthermore, non-collagenous 

proteins in dentin that possess the mineral-inductive capacity have a crucial 

function on the organic matrix for apatite precipitation (Lussi and Linde, 1993). 

In our speculation, the effect of HPN on re-mineralization may be related to its 

interaction with collagen and/or non-collagenous proteins, resulting in stabilizing 

collagen matrix and induction of re-mineralization. In fact, the binding capacity 

of HPN to human serum albumin protein indicated that HPN played a 

comprehensive role in homeostatic process (Liu et al., 2004). 
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5. CONCLUSIONS 

Within the limits of this in vitro study, the HPN may have the potential to promote 

re-mineralization process. The biochemical mechanism of HPN has not been 

investigated and its application in dentistry has not been developed. Further 

studies are needed to elucidate the mode of action of HPN on human dental 

tissue. 
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Chapter 3 

Effect of natural cross-linkers 

incorporation in a self-etching primer 

on dentine bond strength 
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ABSTRACT 

Objectives: The aim of this in-vitro study was to investigate the effect of 

incorporation of natural cross-linkers into the primer of a self-etching adhesive on 

resin-dentine bond strength.  

Methods: Flat dentine surfaces were prepared from extracted human molar teeth 

and were applied with the following self-etching primers. The 0.5% hesperidin 

(HPN), 0.5% chlorhexidine (CHX) or 0.5% grape seed extract (GSE) was 

incorporated into Clearfil SE primer (Kuraray Medical Inc.) to formulate three 

experimental primers. The original SE primer served as control. Following primer 

application, the teeth were bonded with Clearfil SE bond, restored with resin 

composite and stored in water for 24 hours at 37 ºC. The bonded specimens were 

sectioned into beams and subjected to micro tensile bond testing (µTBS). Failure 

analysis and morphological evaluation of the dentine surfaces were performed 

using a scanning electron microscope (SEM). Hardness (H) and elastic modulus 

(EM) were measured using nano-indentation technique to examine the 

mechanical properties of the bonded interfaces.  Results: One-way ANOVA 

showed significant differences in µTBS, H and EM among the tested and control 

groups (p<0.001). Tukey post-hoc test revealed that incorporation of HPN 

significantly increased µTBS, H and EM, when compared with the other groups 

(p<0.006). The GSE-incorporated group significantly decreased µTBS, H and EM, 

when compared with the other groups (p<0.006); while CHX- incorporated group 

did not show any statistical significant difference when compared with the control 

group. 

 Conclusion: Incorporation of HPN into Clearfil SE primer had a positive 

influence on the immediate µTBS and mechanical properties of the bonded 

interface. 
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Key words: Dentine bond strength; Hybrid layer; Cross-linker; Nano-indentation; 

Self-etching adhesive. 

1. Introduction 

Despite recent improvements in dental adhesive systems, the bonded interface 

remains the weakest area of the tooth-colored restorations. Degradation of the 

hybrid layer adversely affects the resin-dentine bonds, which can eventually lead 

to failure of the adhesive restorations (Breschi et al., 2008). This degradation, 

caused by both hydrolytic degradation of resin and collagen fibrils (Hashimoto et 

al., 2003), would leave some collagen fibrils unprotected and vulnerable to the 

action of host-derived dentinal matrix metalloproteinase (MMPs) enzymes 

(Carrilho et al., 2007a; Pashley et al., 2004). The detrimental role of MMPs in 

dentine bonding has been documented (Zhang and Kern, 2009). The intrinsic 

MMPs in dentine can be activated by the acidic properties of adhesive systems. 

Mild acids are known to activate endogenous MMPs in dentine (Nishitani et al., 

2006b; Tay et al., 2006). Both etch-and-rinse (Mazzoni et al., 2006) and self-etch 

adhesives(Nishitani et al., 2006b) have the ability to reactivate gelatinases 

(MMP-2 and MMP-9) and collagenase in de-mineralized dentine 

powder(Mazzoni et al., 2007). Self-etch adhesives may activate latent MMPs to 

near-maximum levels, causing degradation of resin-dentine bonds (Nishitani et al., 

2006b).  

Several approaches have been suggested to resist collagen degradation and to 

preserve resin-dentine bond strength. The use of MMP inhibitors either before the 

application of the adhesive (Carrilho et al., 2007b) or as a component of the 

adhesive (Zhou et al., 2009) is a promising approach. Chlorhexidine (CHX), a 

potent non-specific MMP-inhibitor (Gendron et al., 1999),
 
has been reported to 

arrest degradation of the hybrid layer (Hebling et al., 2005). Another approach to 
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resist collagen degradation is the use of cross-linking agents. Cross-linkers such 

as tannic acid have been found not only to lower the rate of enzymatic 

degradation of collagen, but also to increase the mechanical properties of dentine 

(Bedran-Russo et al., 2009). Other cross-linkers that have been used with the 

result of increased collagen stability and bond strength are glutaraldehyde (GA) 

and grape seed extract (GSE) (Al-Ammar et al., 2009; Macedo et al., 2009). 
 

Epigallaocatechin gallate, the most abundant catechin in green tea (Wang et al., 

2008),
 
has also been shown to reduce dentine erosive demineralization, possibly 

through its MMPs-inhibition property (Magalhaes et al., 2009).  

The flavonoids are polyphenolic compounds that are found in foods of plant 

origin. Over 4000 structurally unique flavonoids have been recognized (Guardia 

et al., 2001). Hesperidin (HPN), hesperetin-7-O-rutinoside, is a flavonoid 

extracted from citrus fruits. The medical benefits of HPN include antioxidant, 

anti-inflammatory and anti-carcinogenic effects. It has also been reported that 

HPN influences bone formation (Trzeciakiewicz et al., 2010).
 
We first attempted 

the use of HPN on dental tissue using in vitro caries model
 
to demonstrate that the 

cross-linking properties of HPN may resist collagenous degradation and arrest 

demineralization of bovine root dentine (Hiraishi et al., 2011). In order to 

consider the cross-linking effect of HPN on dentine collagen, the present study 

was attempted to examine the effect of HPN on dentine bond strength of a 

self-etch adhesive. Thus the objectives of this study were to evaluate the effect of 

HPN incorporation into a self-etching primer on dentine bond strength and 

mechanical properties of the bonded interface, and compare with the effect of 

CHX and GSE. The mechanical properties were evaluated using the 

nano-indentation method, which measured the hardness (H) and elastic modulus 

(EM) of the dentine adhesives and resin-dentine interface. The null hypotheses 
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tested in this study were (i) incorporation of HPN, CHX or GSE has no effect on 

the immediate bond strength to dentine and (ii) incorporation of these agents has 

no effect on the mechanical properties of resin-dentine interface.  

 

Table.2 Study design and composition of SE primer and SE bond 

2. Materials and methods 

2.1. Tooth preparation 

The teeth used in this study were collected after obtaining the patients' informed 

consent. The Human Research Ethics Committee of Tokyo Medical and Dental 

University, Japan reviewed and approved this study under protocol number 725. 

Sixteen freshly extracted non-carious human molar teeth were used for bond 

strength testing. A flat dentine surface was created perpendicular to the tooth’s 

longitudinal axis using a slow-speed diamond saw (Isomet, Buehler Ltd., Lake 

Bluff, IL, USA) under water cooling to remove occlusal dentine. Smear layer was 

produced on each surface using #600 SiC paper under water irrigation. Four teeth 

for each group were allocated for the following self-etching primers. HPN 

(hesperetin-7-O-rutinoside, Wako Pure Chemical Industries, Ltd, Tokyo, Japan), 

CHX (Chlorhexidine di-acetate, Sigma-Aldrich, Saint Louis, MO, USA) or GSE 
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(proanthocyanidins, Kikkoman Biochemifa, Chiba, Japan) was added to Clearfil 

SE primer (Kuraray Medical Inc. Tokyo, Japan) to formulate the experimental 

primer groups (Table 1). The concentration was 0.5 wt % for all groups. The pH 

value of each experimental primer was measured with a digital pH meter (Twin 

pH B-211, HORIBA, Ltd. Kyoto, Japan). The original SE primer served as 

control. The dentine surfaces were conditioned with the  primers according to 

the manufacturer’s instructions, then Clearfil SE bond (Kuraray Medical Inc. 

Tokyo, Japan) was applied and light-cured for 10 seconds (OPTILUX 501, Kerr 

corporation, CA, USA. light intensity 650mW/cm
2
). Composite resin (Clearfil 

AP-X, Kuraray Medical Inc. Tokyo, Japan) was placed on the dentine surfaces 

incrementally up to 5 mm of thickness. Each increment was light-cured for 30 

seconds. 

2.2. Micro tensile bond strength testing 

After storage in de-ionized water at 37ºC for 24 hours, the bonded teeth were 

sectioned longitudinally into serial slabs, and further sectioned to obtain (0.9mm 

x 0.9mm) composite-dentine beams. The exact dimension of each beam was 

measured using a pair of digital calipers. Any specimen close to pulp horns was 

discarded due to inadequate size of dentine for tensile testing. The number of 

beams used for the bond testing ranged from 12 to 16 from one tooth. Each beam 

was attached to the test apparatus with an adhesive (MODEL REPAIR II BLUE, 

DENSPLY-Sankin. Ohtawara, Japan) and stressed to failure under tension using a 

universal testing machine (EZ Test, Shimadzu Co. Kyoto, Japan) at a crosshead 

speed of 1 mm/minute.  

2.3. Failure mode analysis 

The fractured dentine surface was air-dried, sputter-coated with gold/palladium 

and examined using a scanning electron microscope (SEM, JSM-5310LV 
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scanning microscope, JEOL Ltd. Tokyo, Japan) operating at 5 kV. The failure 

modes were categorized into four groups according to the type and location, (A) 

mixed type of failure in resin composite and adhesive layer; (B) cohesive failure 

in adhesive layer; (C) mixed type of adhesive failure at the interface with 

retention of adhesive; (D) cohesive failure in dentine. 

 

Fig. 6 Schema of a) Bond strength and failure mode, b) Surface morphology, c) Mechanical 

properties 
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2.4. Nano-indentation tests 

Nano-indentation tests were conducted to measure H and EM of the adhesive 

layers and bonded interfaces. Dentine surfaces were prepared from 12 freshly 

extracted teeth. Three teeth in each group were bonded as previously described 

for tooth preparation. After storage in de-ionized water for 24h at 37
○
C, the 

specimens were sectioned perpendicular to the bonding surface around 2mm thick. 

Three slabs of 2 mm thickness were selected from the center of each bonded 

specimen. The specimens were embedded in epoxy resin with the resin–dentine 

interfaces facing out, polished under running water on a series of SiC paper with 

grits ascending from #600 to #2000 and finally polished with diamond pastes of 

decreasing particle sizes down to 0.25 µm. After polishing, nano-indentation test 

was performed at a constant temperature of 27.5
○
C with a Berkovich indenter 

attached to a computer-controlled nano-indentation device (ENT-1100, Elionix. 

Tokyo, Japan). The positions of indentation points were programmed at an 

interface, 10µm distance from the interface in the adhesive layer and in the 

dentine. Data of H were assigned to H1 (hardness at the adhesive layer), H2 

(hardness at the interface) and H3 (hardness at dentine). The relative hardness at 

the interface (H2/3) was calculated as the ratio of H2 to H3 (i.e. H2/3=H2/H3) to 

consider intrinsic difference in hardness of individual dentine substrate. The data 

of EM were determined in the same manner and assigned to EM1, EM2, EM3 and 

EM2/3. The indents were observed with a CCD camera at 20X magnification 

connected to the device to exclude irregular or unclear shaped indentations. After 

a series of pilot indentations were performed to select appropriate loading regime, 

data were obtained from 30 successful indentations (10 points in each adhesive/ 

interface/ dentine) on each sample made at a constant loading rate of 10 gf/s with 

the load increasing until a maximum value of 300 mgf (approximately 3.0 mN). 
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The constant rate was maintained by adding a load increment of 0.1 mgf to the 

current load per 10 ms interval. After this step-loading segment, the maximum 

load was held for 1 second, followed by the unloading segment in which the load 

was gradually removed. The hardness was calculated as follows:  

Hardness = Load/Ap, where Ap is the projected area of the indentation at the 

maximum load, which depends on the indenter geometry and the penetration 

depth calculated according to the index provided by the device manufacturer. 

The elastic modulus was determined as follows: 

Elastic modulus= (dP/dh) (√π/2√A) where dP/dh is the slope of the unloading 

load–displacement curve at the maximum load, and A is the contact area created 

by the indentation.  

The data were obtained from the average value of 10 points of each location. 

Statistical analysis was performed for 9 specimens (3 slabs each from 3 bonded 

teeth) in each group. 

2.5. Examination of the self-etching effect of experimental primers on smear 

layer 

To examine the effect of experimental SE primers on the smear layer, dentine 

discs of approximately 1 mm thickness were obtained from the mid-coronal 

dentine of another four extracted human third molars. The dentine surfaces were 

similarly treated with the pure primer or each of the experimental primers for 20 

seconds. Immediately after treatment, the discs were soaked in 100% acetone for 

5 minutes to remove the applied primer. They were then dehydrated in ascending 

concentrations of ethanol, followed by immersion in hexamethyldisilazane (Wako 

Pure Chemical Industries, Ltd, Tokyo, Japan ) for 10 minutes and mounted on 

aluminum stubs and sputter-coated with gold/palladium and examined with the 

SEM operating at 5 kV. 
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2.6. .Statistical analysis.  

The effects of experimental primers on µTBS, H and EM data were tested by 

one-way ANOVA using a statistical software package (Sigma Stat Version 16.0, 

SPSS. Chicago, IL, USA). In case of significant, further statistical analyses were 

performed by Tukey multiple comparisons test. The level of statistical 

significance was set at 5%.  

 

 

 

Fig. 7 a) Micro tensile bond strength after 24h water storage, Control group (74.4±8.8MPa: 

n=55), HPN-incorporated group (87.7±8.9 MPa: n=48), CHX-incorporated group (70.1±8.7 

MPa: n=40) and GSE-incorporated group (66.5±13.8 MPa: n=45). b) Location and failure 

percentage of dentine side of fractured specimens during bond strength measurement. 
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3. Results 

3.1 Micro tensile bond strength 

Fig. 7a shows the µTBS of the experimental and control groups. One-way 

ANOVA showed significant differences among the tested groups (p<0.001). 

Tukey post-hoc test revealed that the µTBS of HPN-incorporated group (87.7 ± 

8.9 MPa: n=48) was significantly higher, when compared with the control group 

(74.4 ± 8.8 MPa: n=55) and experimental groups (p<0.006). Although the 

CHX-incorporated group (70.1 ± 8.7 MPa: n=40) showed lower bond strength, 

when compared to the control group, it was not statistically significant (p>0.05). 

The GSE-incorporated group (66.5 ± 13.8 MPa: n=45) showed significantly 

lower bond strength when compared to the control group (p<0.001). 

  

Fig. 8 Mechanical properties of resin-dentine interface. a) Hardness ratio (H2/H3): Control 

group (62.4±2.2), HPN-incorporated group (65.9±2.1), CHX-incorporated group (58.3±2.2) 

and GSE-incorporated group (57.2±1.5). b) Elastic modulus ratio (E2/E3): Control group 

(62.3±2), HPN-incorporated group (68.1±3.5), CHX-incorporated group (58.8±5.3) and 

GSE-incorporated group (48.0±3.2). 
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3.2 Failure mode analysis 

Fig. 7b shows the fracture patterns and percentage of failure modes of the dentine 

sides. Most of the observed failures in the control group were cohesive failure in 

dentine and adhesive. Percentage of type C failure, which involved adhesive 

failure at the bonded interface, decreased with higher µTBS in HPN-incorporated 

group and increased with lower µTBS in CHX-incorporated, and 

GSE-incorporated groups. Representative SEM images from each group are 

shown in Fig. 9.    

 

Fig. 9 Representative SEM images of fractured dentine surfaces: a) control group; b) HPN 

incorporated group; c) CHX incorporated group; d) GSE incorporated group. (C) Represents 

composite, (A) represents adhesive and (HL) represent hybrid layer.   
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3.3 Nano-indentation tests  

One-way ANOVA showed significant differences among the tested and control 

groups (p<0.001). Tukey post-hoc test revealed that the hardness (H2/3) and elastic 

modulus (EM2/3) ratio of HPN-incorporated group were significantly higher, 

when compared with the control and experimental groups. The GSE-incorporated 

group showed the lowest H2/3 and EM2/3 ratio among the entire tested groups (Fig. 

8). The hardness and elastic modulus of adhesive (H1, E1) did not show any 

statistically significant difference among the tested groups (data not shown). 

 3.4 Self-etching effect of experimental primers on smear layer (Figure 10) 

SEM micrographs showing the self-etching effect of the experimental primers on 

smear layer are shown in Fig 4. Observation of dentine surfaces etched with the 

experimental primers did not show any remarkable differences among the groups, 

except for some smear-plug occluded dentinal tubules that were observed in the 

GSE-incorporated group (Fig. 10d). 

4. Discussion 

 The effect of natural cross-linkers incorporation into a self-etching primer on the 

immediate bond strength and the mechanical properties of the bonded interface 

were addressed in our study. The results showed that the incorporation of HPN 

increased the immediate bond strength to dentine, while GSE significantly 

reduced this bond strength. The incorporation of CHX did not affect the bond 

strength. The incorporation of HPN improved the H and EM of the resin-dentine 

interface; however, such a positive effect was not revealed for CHX and GSE. 

Thus, the null hypotheses were rejected. 

Our previous study using bovine dentine specimens revealed that the treatment 

with HPN improved resistance of dentin collagen against enzymatic degradation 

(Hiraishi et al., 2011).
 
In the present study, the incorporation of HPN improved 
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the H and EM of resin-dentine interface. Since Miguezl et al reported that 

mechanical properties of collagen matrix significantly contribute to the tensile 

strength of dentine (Miguez et al., 2004), we speculate that HPN may stabilize 

collagen matrix and improve mechanical properties of the hybrid layer, which 

consequently produced the high bond strength.  

 

Fig.10 SEM images of dentine surface after applying each experimental primer: a) Original SE 

primer; b) HPN-incorporated primer; c) CHX-incorporated primer; d) GSE-incorporated 

primer. 

In an attempt to stabilize collagen matrix, GA and natural cross-linkers, such as 

GSE have been used in human dentine to demonstrate their effects on 

demineralized lesion (Bedran-Russo et al., 2007; Walter et al., 2008). GSE 

composed mainly of oligomeric proanthocyanidins, which is well known as a 

natural collagen cross-linker. The cross-linking effect of proanthocyanidins is 
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attributed to its interaction with proline-rich proteins such as collagen (Frazier et 

al., 2010). This compound was shown to increase the mechanical properties of 

dentine through its cross-linking action (Braga et al., 2000).
 
Although the 

cross-linking effect of HPN has not been well elucidated, the fundamental 

structural unit in HPN is similar to that of grape seeds proanthocyanidins (Haslam, 

1996), Both HPN and proanthocyanidins are phenolic flavonoids, possessing a 

chroman ring; therefore, the chemical action of HPN on collagen might be 

explained in the same manner as the cross-linking effect of proanthocyanidins.  

Several studies have investigated the effect of GSE on dentine bond strength 

when it was applied on etched dentine prior to bonding with etch-and-rinse 

adhesive systems, reporting that pre-treatment with GSE improved the bond 

strength (Al-Ammar et al., 2009; dos Santos et al., 2011; Green et al., 2010; 

Macedo et al., 2009). They postulated that the increase in mechanical properties 

of GSE-treated dentine is the cause of improved bond strength of the 

etch-and-rinse adhesives. On the other hand, we used a self-etching adhesive 

system to attempt the first trial to incorporate GSE into a self-etching primer. 

Regarding its effect on bond strength, our results are inconsistent with those 

obtained by utilizing etch-and-rinse systems. Possible explanation for the 

different results is the use of different adhesive systems. An interesting 

observation in our study was the occlusion of dentinal tubules by smear particles 

in dentine conditioned with GSE-incorporated primer. This poorly dissolved 

smear layer could be the cause of low bond strength values obtained in this group. 

This adverse effect of GSE on dissolving smear lays is related to the apparent 

molecular size of GSE. Since GSE contained oligomeric proanthocyanidins, the 

apparent molecular size might be manifold. The chemical with increased 

molecular size would compromize the penetration and diffusion of functional 

http://en.wikipedia.org/wiki/Oligomeric_proanthocyanidin
http://en.wikipedia.org/wiki/Oligomeric_proanthocyanidin
http://en.wikipedia.org/wiki/Oligomeric_proanthocyanidin
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monomers of the primer. The amount of monomer-diffusion into the 

demineralized dentine and polymerization of diffused monomers account for the 

quality of the bonding systems (Nakabayashi et al., 1982).
 
Incomplete infiltration 

of resin monomer may hamper ideal hybridization of dentine and monomers, 

leading to low bond strength.  

The CHX group was designed to compare the effect of GSE and HPN when 

incorporated in the primer because the addition of CHX in self-etching primers 

has been attempted in previous studies (de Castro et al., 2003; Ricci et al., 2010; 

Stanislawczuk et al., 2011). In our study, the incorporation of CHX in the 

self-etching primer did not show any significant differences in the immediate 

bond and mechanical properties of resin dentine interface, when compared with 

the control group. The application of CHX, known to have a MMP-inhibitory 

effect through its zinc cation-chelating property (Osorio et al., 2011), significantly 

improved the immediate bond strength of both etch-and-rinse adhesive and 

self-etch adhesive (de Castro et al., 2003; Ricci et al., 2010; Stanislawczuk et al., 

2011). More importantly, the long-term bond durability was improved after 12 

months, when CHX was incorporated into a self-etching primer or applied on 

etched dentine prior to bonding (Zhou et al., 2011).  

Based on our present study, the incorporation of HPN into SE primer showed the 

potential to improve the immediate bond strength and mechanical properties of 

resin-dentine interface. It is thought that the application of HPN in conjunction 

with dental adhesives is a promising approach to improve durability of bonds and 

lead to clinical success of adhesive restorations. Further studies are necessary to 

evaluate the long term performance of HPN and GSE on resin-dentine bond and 

other possible use of HPN in dentistry.  

 

http://en.wikipedia.org/wiki/Oligomeric_proanthocyanidin
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5. Conclusion 

Within the limitations of our in vitro study, it can be concluded that 

HPN-incorporated self-etching primer improved the immediate bond strength and 

mechanical properties of resin-dentine interface; while GSE-incorporated primer 

significantly decreased the bond strength and mechanical properties. The 

CHX-incorporated group did not show any significant effect on these properties. 

It can be implied that HPN should have a potential to preserve the bonded 

interface, thereby improving the long-term bond durability.  
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Chapter 4 

Effect of Hesperidin Incorporation into 

a Self-Etching Primer on Durability of 

Dentin Bond   
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Abstract  

Introduction: Collagen degradation at the resin-dentin interface deteriorates 

dentin bond durability. The use of natural cross-linkers might offer a positive 

approach to stabilize the resin-dentin interface. Objectives: This study evaluated 

the effects of incorporation of natural cross-linkers into a self-etch adhesive 

primer on the immediate and long-term micro-tensile bond strengths (µTBS) to 

dentin. Method: Experimental primers were prepared by incorporating either 

0.5%, 1%, 2%, 5% of hesperidin (HPN) or 0.5% of proanthocyanidins (PA) into 

Clearfil SE primer. Extracted human molar teeth were restored using the 

experimental primers or the pure SE primer (control). The mechanical properties 

of the bonded interfaces were measured using the nano-indentation tests. 

Beam-shaped bonded specimens were sub-divided for one-day and one-year 

µTBS test. Interfacial collagen morphology was observed using transmission 

electron microscopy. Result: The immediate µTBS significantly increased in 

0.5%, 1% and 2% HPN-incorporated groups when compared with the control. 

The mechanical properties of bonded interface were improved with 1% and 2% 

HPN-incorporated primers. For the long-term µTBS, the 2% and 5% 

HPN-incorporated group were significantly higher than the control. The 

morphology of the collagen fibrils were preserved by 5% HPN-incorporation after 

one-year storage. The PA group, however, failed to improve the µTBS and the 

mechanical properties of the bonded interfaces. Significance: The incorporation 

of 2% HPN into the self-etching primer had a positive effect on the immediate 

µTBS and mechanical properties of the resin-dentin interfaces. The 5% HPN 

group preserved the morphology of the collagen in the hybrid layer after one-year 

storage in artificial saliva.  



46 

 

Key words: Micro-tensile bond strength, Hybrid layer, Hesperidin, Hardness, 

Elastic modulus, Collagen, Cross-linker. 

1. Introduction 

Adhesive restorations are widely distributed as the routine procedures in 

operative and restorative treatments. The use of self-etch adhesives became 

popular because it is less technique-sensitive, less aggressive to dentin, when 

compared with phosphoric-acid etching and shows less post-operative sensitivity 

(Van Meerbeek et al., 2011). However, deterioration of dentin bond occurs due to 

degradation in resin-dentin interface (Carrilho et al., 2005; Wang and Spencer, 

2003; 2005; Yiu et al., 2004). Unlike etch-and-rinse technique, self-etch 

technique does not completely expose the collagen matrix (Van Meerbeek et al., 

2003); however, the stability of collagen fibrils within the hybrid layer is crucial 

for the maintenance of bond effectiveness over time (Breschi et al., 2008; Liu et 

al., 2011). Past studies have focused on two major factors that can degrade 

resin-dentin interface. The first factor is the hydrophilic characteristic of the 

monomer that can be hydrolyzed in aqueous solution (Carvalho et al., 2004; De 

Munck et al., 2005; Nishitani et al., 2006a; Van Landuyt et al., 2008). The second 

factor is the uncured monomer that may remain at the bottom of the hybrid layer 

(Carrilho et al., 2005). These two phenomena consequently expose the collagen 

matrix that can be degraded by proteolytic enzyme (van Strijp et al., 2003). It has 

been reported that dentin collagenolytic and gelatinolytic activities can be 

suppressed by protease inhibitors (Pashley et al., 2004). Therefore, matrix 

metalloproteinase (MMPs) inhibitors such as chlorhexidine have been reported to 

be beneficial to preserve the hybrid layer and improve bond strength over time 

(Breschi et al., 2010). Recently, many researchers have reported that the use of 

collagen cross-linker to acid-etched dentin can prevent collagen degradation 
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within the hybrid layer and maintain good dentin bond strength (Liu et al., 2011). 

To simplify the use of cross-linker in clinical situations, cross-linkers should be 

incorporated directly into dental primer or adhesives (Green et al., 2010). This 

clinical procedure allows cross-linkers to remain in the hybrid layer for an 

extended period of time, thereby enhancing the degree of collagen cross-linking 

and bio-degradation resistance. 

Hesperidin (HPN), hesperetin-7-O-rutinoside, is a flavonoid extracted from 

citrus fruits. The pharmacological properties and medicinal uses of HPN are 

associated with its wide range of benefits such as anti-inflammatory (Emim et al., 

1994; Galati et al., 1994), analgesic (Martinez et al., 2011), anti-microbial 

(Kawaguchi et al., 2004), and anti-oxidant effects (Hirata et al., 2005). HPN is 

also capable of carcinogenesis inhibition (Miller et al., 2008), bone loss 

prevention (Horcajada et al., 2008) and inhibition of MMPs’ proteolytic activities 

(Kamaraj et al., 2010). We first attempted to apply HPN in root caries model in a 

pH cycle study, where HPN showed the potential to prevent collagen degradation 

against proteolytic enzyme (Islam et al., 2012b). Considering its cross-linking 

effect on dentin bonding, we have incorporated HPN into a primer of self-etch 

adhesive system, which effectively increased the immediate resin-dentin bond 

strength (Islam et al., 2012a). 

In the present study, we aimed to evaluate the effect of incorporation of 

different concentrations of HPN into the primer of a self-etch adhesive on 

micro-mechanical properties of resin-dentin interfaces, immediate and long-term 

resin-dentin bond strength. The null hypotheses tested were that the incorporation 

of HPN has no effects i) on the mechanical properties of resin-dentin interfaces 

and ii) on the immediate and long-term resin-dentin bond strength.  
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Table. 3 Study design and composition of SE primer and SE bond 

2. Material and methods 

2.1  Micro tensile bond strength testing 

The teeth used in this study were collected after obtaining the patients' 

informed consent. The Human Research Ethics Committee of Tokyo Medical and 

Dental University, Japan reviewed and approved this study under the protocol 

number 725. Forty-eight freshly extracted non-carious human molar teeth were 

used for bond strength testing. A flat dentin surface was created perpendicular to 

the tooth’s longitudinal axis using a slow-speed diamond saw (Isomet, Buehler 

Ltd., Lake Bluff, IL, USA) under water cooling to remove occlusal dentin. Smear 

layer was produced on each surface using #600 Silicon Carbide paper under water 

irrigation. Eight teeth per group were allocated for the following self-etching 

primers. HPN (hesperetin-7-O-rutinoside, Wako Pure Chemical Industries, Ltd, 
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Tokyo, Japan) or grape seed derived proanthocyanidins (PA) (proanthocyanidins, 

Kikkoman Biochemifa, Chiba, Japan) was added to Clearfil SE primer (Kuraray 

Noritake Dental Inc. Tokyo, Japan) to formulate the experimental primer groups 

(0.5%, 1%, 2%, 5% HPN and 0.5% PA (Table 3). The pH value of each 

experimental primer was measured with a digital pH meter (Twin pH B-211, 

HORIBA, Ltd. Kyoto, Japan). The original SE primer served as control. The 

dentin surfaces were conditioned with the primers according to the 

manufacturer’s instructions, then Clearfil SE bond (Kuraray Noritake Dental Inc. 

Tokyo, Japan) was applied and light-cured for 10 sec (OPTILUX 501, Kerr 

corporation, CA, USA. light intensity 650mW/cm2). Composite resin (Clearfil 

AP-X, Kuraray Noritake Dental Inc. Tokyo, Japan) was placed on dentin surfaces 

incrementally up to 5 mm of thickness. Each increment was light-cured for 30 sec. 

After storage in de-ionized water at 37ºC for 24 h, the bonded teeth were 

sectioned longitudinally into serial slabs, and further sectioned to obtain (0.9mm 

x 0.9mm) composite-dentin beams. The beams were divided into two test groups. 

Half of the specimens from each group were used for immediate micro-tensile 

bond strength (µTBS) testing and the remaining half were stored in artificial 

saliva for one year at 37ºC. The artificial saliva contained (mM): CaCl2 (0.7), 

MgCl2.6H2O (0.2), KH2PO4 (4.0), KCl (30), NaN3 (0.3), and HEPES buffer (20). 

Bond strength testing was performed for specimens after one day and one year 

storage. The exact dimension of each beam was measured using a pair of digital 

calipers. Any specimen close to pulp horns was discarded due to inadequate size 

of dentin for tensile testing. The number of beams used for bond strength testing 

ranged from 12 to 16 per tooth. Each beam was stressed to failure under tension 

using a universal testing machine (EZ Test, Shimadzu Co. Kyoto, Japan) at a 

crosshead speed of 1 mm/min.  
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Fig. 11 Schema of a) Bond strength and failure mode, b) Mechanical properties 

c) Transmission electron microscopy 

2.2 Failure mode 

The fractured dentin surfaces were air-dried, sputter-coated with 

gold/palladium and examined using a scanning electron microscope (SEM, 

JSM-5310LV scanning microscope, JEOL Ltd. Tokyo, Japan) operating at 5 kV. 

The failure modes were categorized into four groups according to the type and 
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location, (A) mixed type of failure in resin composite and adhesive layer; (B) 

cohesive failure in adhesive layer; (C) mixed type of adhesive failure at the 

interface with retention of adhesive; (D) cohesive failure in dentin. 

2.3 Examination of the etching effect of experimental primers on smear 

layer 

To examine the effect of experimental SE primers on the smear layer, dentin 

discs of approximately 1 mm thickness were obtained from the mid-coronal 

dentin of another six extracted human third molars. The dentin surfaces were 

similarly treated with the pure primer or each of the experimental primers for 20 

sec. Immediately after treatment, the discs were soaked in 100% acetone for 5 

min to remove the applied primer, followed by dehydration in ascending 

concentrations of ethanol, then immersion in hexamethyldisilazane (Wako Pure 

Chemical Industries, Ltd, Tokyo, Japan) for 10 min and mounted on aluminum 

stubs and sputter-coated with gold/palladium and examined with the SEM 

operating at 5 kV. 

2.4 Nano-indentation test 

Dentin surfaces were prepared from 18 freshly extracted teeth. Three teeth in 

each group were bonded as previously described for tooth preparation. After 

storage in de-ionized water for 24 h at 37
o
C, nano-indentation tests were 

conducted to measure Hardness (H) and Elastic Modulus (EM) of the adhesive 

layers and bonded interfaces. The test methodology was followed as described in 

our previous study (Islam et al., 2012a). Three slabs of 2 mm thickness were 

sectioned perpendicular to the bonding surface and selected from the center of 

each bonded specimen. The specimens were embedded in epoxy resin. After 

polishing with Silicon Carbide papers from #600 to #2000 and diamond pastes of 

decreasing particle sizes down to 0.25 µm, nano-indentation test was performed at 
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a constant temperature of 27.5
o
C with a Berkovich indenter attached to a 

computer-controlled nano-indentation device (ENT-1100, Elionix. Tokyo, Japan). 

The positions of indentation points were programmed at an interface, 10µm 

distance from the interface in the adhesive layer and in the dentin. Data of H were 

assigned to H1 (hardness at the adhesive layer), H2 (hardness at the interface) and 

H3 (hardness at dentin). The relative hardness at the interface (H2/3) was 

calculated as the ratio of H2 to H3 (H2/3=H2/H3) to consider intrinsic difference in 

hardness of individual dentin substrate. The data of EM were determined in the 

same manner and assigned to EM1, EM2, EM3 and EM2/3. The data were obtained 

from the average value of 10 points of each location. Statistical analysis was 

performed for 9 specimens (3 slabs each from 3 bonded teeth) in each group. 

2.5 Transmission electron microscopy (TEM) 

The deboned specimens near the mean µTBS from each group were allocated 

for TEM examination. The dentin sides of beams were demineralized in an 

aqueous solution 15% (w/v) EDTA a pH of 7.0 for 7 days at room temperature. 

The specimens were fixed in a solution 2.5% glutaraldehyde for 2 h followed by 

2% paraformaldehyde in 0.1 mol/L cacodylate buffer, (pH7.3) for 1 h finally in 

osmium tetroxide for 2 h. The specimens were dehydrated in increasing 

concentrations of ethanol (50%, 60%, 70%, 80%, 90% for 25 min and 100% for 

20 min each). Then the specimens were embedded in epoxy resin at 60
o
C for 96 h. 

After resin embedding, ultra-thin transverse sections (ca.70 nm) were obtained 

with an ultra-microtome using a diamond knife and were collected onto 150 mesh 

copper grids under microscope (Sciences, Fort Washington, PA, USA). 

Specimens were double stained in 2% aqueous uranyl acetate for 20 min and 

Sato’s lead citrate for 5 min. After drying, the sections were observed with TEM 

(H-7100; Hitachi, Tokyo, Japan) operating at 75 kV. 
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2.6 Statistical analysis 

The data were analyzed using a statistical software package (Sigma Stat 

Version 16.0, SPSS, Chicago, IL, USA). The µTBS data were analyzed using 

two-way ANOVA, followed by one-way ANOVA and Tukey post hoc for 

multiple comparisons. The mechanical properties (H and EM) were analyzed 

using one-way ANOVA and Tukey post hoc for multiple comparisons. Level of 

statistical significance was set at 5%.  

 

Fig. 12 Micro tensile bond strength values: Dark bar represents bond strength after 24 hrs water 

storage (n=52~59). Groups identified with same letters are not statistically significantly 

different (p>0.05). 

 

3. Results 

3.1 Micro tensile bond strength  

The immediate and long-term bond strengths of all experimental groups are 

shown in Figure 12. Two-way ANOVA showed that the two factors “self-etching 

primers” and “time” had a significant effect on bond strength (p<0.001), and that 
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the interaction of the two factors was also significant (p<0.001). The 0.5% and 

1% HPN-incorporated groups showed significantly higher immediate µTBS, 

when compared to the control group (p<0.001). For the long-term bond strength, 

there was no significant difference among the control groups, (p>0.05 put p 

value). The 2% HPN-incorporated group showed significantly higher immediate 

and long-term bond strengths when compared with the control (p<0.001). The 5% 

HPN-incorporated group did not show any significant difference in immediate 

µTBS when compared with the control (p=0.928). No significant difference was 

observed between the immediate and long-term bond strengths of the 5% HPN 

group (p>0.05).  In contrast, all other groups showed significant reduction in 

µTBS after one-year storage in artificial saliva (p<0.001). The PA-incorporated 

group showed significantly lower immediate µTBS when compared to the control 

group (p=0.018); however, no significant difference in µTBS was found between 

the PA-incorporated and the control groups following aging (p=0.077). 

3.2 Failure mode  

The percentages of failures modes of specimens tested immediately and 

following aging in artificial saliva are shown in Figure 13. The failure patterns 

observed in the immediately tested specimens were mostly type A and type B. 

The 2% HPN-incorporated group showed a lower percentage of adhesive failures 

(type C); while a higher percentage of type C failure was observed in the 

PA-incorporated group. The number of type C failure increased remarkably in the 

one-year aged control specimens.  By contrast, no remarkable change in failure 

pattern was observed between the immediately tested and one-year aged 

specimens of the 5% HPN-incorporated group. 
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Fig. 13 Failure pattern; The left illustration shows the location of failure, and the right side 

chart shows the percentage of failure pattern according to the location. First bar show 

immediate failure patterns and second bar show those after one-year storage in artificial saliva. 

3.3 Effect of experimental primers on smear layer 

The pH of experimental primers and the observation of dentin surface under 

SEM did not show any remarkable differences among the groups. Open dentinal 

tubules were observed without any occluded smear particle in all tested groups, 

except the PA-incorporated group, where occlusions of dentinal tubules by 

smear-plugs were observed (Figure 15). 

3.4 Nano-indentation 

Table 4 summarizes the results of the mechanical properties of the bonded 

interfaces. One-way ANOVA revealed that the incorporation of HPN and PA 

showed a significant effect on the mechanical properties (p<0.001). Tukey 

post-hoc test revealed that the H ratio (H2/3) of 2% HPN-incorporated group was 

significantly higher than control group (p<0.01) and 0.5% PA-incorporated group 
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was significantly lower than control group (p=0.037). Other experimental groups 

did not show any statistical significant difference with the control group (p>0.05). 

EM (EM2/3) ratio of 1% and 2% HPN-incorporated group were significantly 

higher than the control group (p<0.01) and 0.5% The PA-incorporated group 

showed significantly lower value than the control group (p=0.004). Incorporation 

of HPN within the primer up to 2% did not show any statistical significant 

difference in H and EM of adhesive (H1, EM1) when compared with the control 

(p>0.05). By contrast, H and EM of adhesive (H1, EM1) were significantly 

reduced in 5% HPN-incorporated group and 0.5% PA-incorporated group 

(p<0.001). 

 

 

Table. 4 Mechanical properties Hardness refers to the hardness ratio of interface with 

corresponding dentin, and H1 refers to the hardness of the adhesive. Elastic modulus refers to 

the elastic modulus ratio of interface with corresponding dentin, and E1 refers the to elastic 

modulus of the adhesive. Groups identified with same letters are not significantly different 

(p>0.05). 

3.5 TEM observation 

The representative images from the control, 2% HPN and 5% 

HPN-incorporated groups showed the morphological difference in collagen 
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matrix within each hybrid layer (Figure 16). TEM observation evaluated the 

morphological changes of collagen condition within the hybrid layer. 

Well-organized bands of collagen fibrils were observed within the hybrid layer of 

the specimens of 5% HPN-incorporated groups, whereas control group did not 

show such phenomenon. The control group showed denaturation of collagen 

fibers within the hybrid layer after one-year storage in artificial saliva. The 2% 

HPN-incorporated group showed well-organized collagen bands within the hybrid 

layer, but areas of degraded collagen bundles were also found in the same 

specimen. The 0.5% HPN-incorporated group and 1% HPN-incorporated group 

showed similar degradation patterns as the control (images not shown).  

 

 

Fig. 14  Representative SEM images of fractured dentin surfaces a) control group; b) 0.5% 

HPN-incorporated group; c) 1% HPN-incorporated group; d) 2% HPN-incorporated group; e) 

5% HPN-incorporated group; f) 0.5% PA-incorporated group. 
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4. Discussion  

In the present study, the incorporation of 2% HPN into the SE primer showed 

significant improvements in the mechanical properties of resin-dentin interfaces, 

thus the first null hypothesis was rejected. The incorporation of 2% HPN 

significantly increased the immediate and long-term µTBS, when compared with 

the control, respectively. The 5% HPN showed the minimum reduction of µTBS 

after long-term storage, with no significant difference in the immediate µTBS 

between this group and the control. Thus the second null hypothesis was also 

rejected. 

 

Fig. 15 SEM images of dentin surface after applying each experimental primer: a) Original SE 

primer; b) 0.5% HPN-incorporated primer; c) 1% HPN-incorporated primer; d) 2% 

HPN-incorporated primer; e) 5% HPN-incorporated primer; f) 0.5% PA-incorporated primer. 

The occluded smear plug shown with the ➡symbol 

A wide range of biological activities of HPN has been reported, but the 

potential use of HPN in dentistry has not been well established. Our previous 

study revealed the efficacy of HPN to prevent proteolytic degradation of dentin 
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collagen (Hiraishi et al., 2011). HPN is a phenolic flavonoid, possessing a 

chroman ring similar to natural flavonoids. Therefore, the chemical action of 

HPN on collagen might be explained in the same manner as the cross-linking 

effect of other flavonoids. Several studies have reported the effect of natural 

cross-linkers on µTBS.  Natural cross-liners such as tannic acid and PA, found 

in green tea and grape seeds respectively, were reported to improve resin-dentin 

bonding due to their collagen cross-linking properties (Bedran-Russo et al., 2009; 

Castellan et al., 2010; Green et al., 2010). In our study, we demonstrated a 

dose-dependent effect of HPN in SE primer on preservation of dentin collagen 

and on significant improvement of the immediate µTBS. This finding corresponds 

to the results of a previous study, in which collagen matrix was shown to 

contribute significantly to the tensile strength of dentin (Miguez et al., 2004). We 

also showed that one-year storage in artificial saliva significantly reduced the 

µTBS of all tested groups, except the 5% HPN-incorporated group, which did not 

show any significant reduction of µTBS. Stabilized collagen with reduced risk of 

proteolytic degradation by MMPs, may have preserved the long-term dentin bond 

strength (Hiraishi et al., 2011). The long-term µTBS were significantly reduced in 

all experimental groups when compared to their immediate values, when less than 

5% HPN were incorporated in the self-etching primers. However, the µTBS of 

2% HPN-incorporated group was significantly higher than the control group 

following one-year storage in artificial saliva.  

Analysis of the micro-mechanical properties of resin-dentin interfaces by 

nano-indentation tests showed that incorporation of 2% HPN into self-etching 

primer significantly increased the EM of resin-dentin interface. The improved 

mechanical properties of resin-dentin interface might account for the high 

immediate µTBS obtained with 2% HPN-incorporated group. Also, SEM 
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observation of failure patterns revealed that the incorporation of 2% HPN 

contributed to a decrease in adhesive failure of the resin-dentin interfaces. This 

finding is consistent with the previous report that the percentage of adhesive 

failure is inversely proportional to the value of µTBS (Hashimoto et al., 2002). 

After one-year storage in artificial saliva, the adhesive failure percentage in the 

control group increased, which evidenced the degradation of resin-dentin 

interfaces.  

The TEM observation of resin-dentin interfaces showed remarkable 

differences in the morphology of collagen among the control, 2% and 5% 

HPN-incorporated groups. The morphological degradation of interfacial collagen 

was shown in the control group; whereas the incorporation of 5% HPN in 

self-etching primer maintained the fibriler orientation of collagen, showing 

resistance to degradation. We speculate that HPN might have interacted with 

collagen fibrils and preserved their morphological structure.  

The mechanism of interaction between natural cross-linkers and collagen 

fibrils has not completely understood. In drug-protein interaction theory, there are 

four types of non-covalent interactions between ligand and protein, i.e. 

hydrophobic effect, hydrogen bond, van der Waals force and electrostatic 

interaction (Zhou et al., 2012). Previous studies on HPN and protein such as 

human serum albumin-hesperidin and hemoglobin indicated that hydrophobic 

interaction played an important role between them (Ding et al., 2012a; Ding et al., 

2012b). We perceive that hydrophobic interaction accounts for HPN-collagen 

interaction and cross-linking effect, which preserved collagen fibrils within 

hybrid layers as shown in TEM images of 5% HPN group. Further research is 

required to elucidate the behavior of HPN within resin-dentin interface and the 

molecular interaction with collagen fibrils. 
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Fig. 16  Representative TEM images; a) Control group at 20,000x magnification; b) Control 

group at 50,000x magnification; c) Control group at 80,000x magnification; d) 2% 

HPN-incorporated group at 20,000x magnification; e) 2% HPN-incorporated group at 50,000x 

magnification; f) 2% HPN-incorporated group at 80,000x magnification; g) 5% 

HPN-incorporated group at 20,000x magnification; h) 5% HPN-incorporated group at 50,000x 

magnification; i) 5% HPN-incorporated group at 80,000x magnification. Area of denatured 

collagen within the hybrid layer showed by the ➪ symbol and well organized collagen bundle 

within the hybrid layer showed by the ☛ symbol. 
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Proanthocyanidins is a well-known cross-linker that has the potential to 

improve the immediate and long-term bond strength of pre-treated phosphoric 

acid-etched dentin (Al-Ammar et al., 2009); however, its incorporation into the 

SE primer failed to show such an effect in our present study. As we explained in 

our previous study, the large molecular size of PA might have hampered the 

etching effect of self-etch primer, thus inhibiting the ideal hybridization between 

the dentin and resin monomers (Islam et al., 2012b). A recent study showed a 

similar effect of PA-incorporated adhesive on dentin bond strength when PA was 

incorporated into adhesive resins (Epasinghe et al., 2012).  

In the oral cavity, it has been considered that other factors, such as occlusal 

loading and thermal stress during function, would affect the durability of the 

bonded interface over time. It is very difficult to evaluate the actual bonding 

performance in clinical condition; however, the improvement in µTBS and 

mechanical properties of the bonded interface in our study may indicate the 

potential use of natural cross-linker, hesperidin in dentin bonding. Further in vivo 

studies are necessary to elucidate the optimal concentration of HPN to be 

incorporated into the self-etching primer for durable dentin bond. 

5. Conclusion 

Within the limitations of this study, we concluded that the incorporation of 2% 

HPN into the SE primer had superior performance than the pure SE primer on 

immediate µTBS, the mechanical properties of the bonded interface and 

long-term µTBS without compromising the properties of adhesive. However, 2% 

HPN incorporation revealed insufficient effect to prevent collagen degradation; 

whereas incorporation of 5% HPN into the SE primer can prevent interfacial 

collagen degradation and µTBS reduction after one-year storage in artificial 

saliva.  
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Chapter 5 

General discussions and conclusions 
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Dentin is considered as the main bulk of the tooth. It is the bridge between 

the inorganic part (enamel) and organic part (pulp) of the tooth.  Dentin is a 

complex mineralized tissue composed of approximately 70% mineral, 20% 

organic component and 10% fluid by weight. Type I collagen fiber accounts for 

90% of the organic matrix (Ten Cate, 2008). 

 

Fig. 17 Morphology of type-1 collagen; A) α chain B) collagen molecule C) binding sites of 

collagen molecule D) Micro fibril E) bundle of micro fibril F) collagen fibril Fi) AFM 

micrograph of a collagen fibril. F-ii) Lateral view of the molecular packing within a single 

fibril, where each circle represents the estimated position of each collagen molecule in 

cross-section. Collected from (Bertassoni et al., 2012) 
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 Microscopically, we can observe the collagen fibril like a scaffold in dentin 

that is impregnated by the hydroxyl apatite crystals. The collagen fibril is a 

complex structure. The basic structure of collagen fibril starts with the α chain 

which consists of glycine, proline and 4-hydroxyprolinepraline. Each collagen 

molecule has three parts named as the N-terminal end, the C-terminal end and the 

triple helix that composed of 3α chains. The micro fibril structure is formed by 

assemblies of several collagen molecules. The association of several micro fibrils 

forms a bundle structure that is termed as collagen fibril (Bertassoni et al., 2012).  

 

Fig. 18 Collagen fibril disaggregation unraveling thinner collagen internal sub structural units; 

(A) SEM image of corneal collagen fibrils treated with acetic acid. (B) Demineralized dentin 

collagen fibrils treated with trypsin yielding an untwisted rope like appearance. Collected from 

(Bertassoni et al., 2012) 

The collagen fibrils play an important role both in caries formation and in 

adhesive restoration. It was recognized earlier that water plays an important role 

in maintaining the conformation of native collagen molecules (Fraser RDB, 1973). 

A variety of techniques and measurements such as nuclear magnetic resonance, 

dielectric measurements, water sorption and heat capacity indicated that water is 

either tightly bound to specific sites on collagen chains or fills the spaces between 

the collagen molecules (Cusack and Lees, 1984; Peto et al., 1990). This idea 

initially stemmed from the assertion that the specific register of the three 
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polypeptide chains in one collagen molecule relies on the presence of hydrogen 

bridges between Gly residues and the carboxyl oxygen (of an X (Pro) residue) 

from a neighboring chain (Bella et al., 1994). It has been reported that the lateral 

spacing between molecules is too long for direct hydrogen bonds between 

specific residues (Bella et al., 1994). It was confirmed thereafter that these 

inter-chain and inter-molecular bonds are formed by inherent water molecules 

which forms multi span hydrogen bonded bridges connecting neighboring 

collagen molecules (Bella et al., 1994). Based on these investigations, there is a 

general agreement that triple-helices are surrounded by a highly structured 

“cylinder of hydration’’ and the effective diameter of these “cylinders’’ dictates 

the lateral separation in the macromolecular assemblies that form the resulting 

fibriler units in type I collagen. Acid attacks either from bacteria or during etching 

for adhesive restoration create porosity and nano-voids at the fibril surface, where 

water molecules can be sequestered, leading to solvent uptake and elution (Pace 

and Datyner, 1980) 

 

Fig. 19 Progressive hydration of the Gly-Ala peptide as seen in the crystal structure of the 

collagen molecule; each color represents one peptide chain of the triple helix, whereas the 

water molecules are shown in blue. (A) A view of the molecule without water incorporation (B) 

first, (C) second and (D) third shells of water molecules.  
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The host-derived proteinases make an important contribution to the 

degradation of exposed collagen, even when bacteria are not present (Carrilho et 

al., 2007a; Garcia-Godoy et al., 2007). A lot of studies described MMPs as a class 

of zinc and calcium-dependent endo-peptidases that are trapped within the 

mineralized dentin matrix during tooth development (Tjaderhane et al., 1998; van 

Strijp et al., 2003). The release and subsequent activation of these proteinases due 

to low pH are thought to be responsible for the degradation of collagen fibrils. An 

aspect that has received considerably less attention is the molecular packing 

arrangement of collagen and the micro-fibriler arrangement of the fibril surface. 

This controls the exposure of collagenolytic macromolecules (MMPs) binding 

sites. The currently accepted hypothesis (Perumal et al., 2008) is the fibrils might 

be damaged by the alteration of molecular arrangement such as the breakage of 

cross-linkages at the C-terminus. This may expose the catalytic binding site of the 

α2 chain that leads to the initial cleavage event. This initial cleavage, in turn, 

would facilitate the interaction of MMPs with other chains and trigger the 

collagenolytic process. For collagenolytic activity, structural changes within the 

collagen packing arrangement may be required for the binding of catalytic 

domain of the MMPs molecule to the targeted amino acid sequence of collagen 

molecule. This may be also valid for another type of collagenolytic enzymes in 

dentin that has been recently identified, namely cysteine cathepsins (Nascimento 

et al., 2011; Tersariol et al., 2010).  
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Fig. 20 MMP-1 as a model for MMP driven collagenolysis; (i) The MMP cleavage site is 

buried in a narrow cleft in the fibril surface. (ii) MMP access to collagen degradation is thought 

to require C-telopeptide removal for full enzyme access (top), as illustrated in the bottom image. 

Removal may not have to result in cleavage, however, it may be possible for the enzyme to 

squeeze into the cleft if the C-terminal region is moved due to extrinsic events affecting the 

packing arrangement of the fibril, such as in cases of thermal motion, bending of the fibril or 

putatively demineralization with strong acids, such as the phosphoric acid conditioner of 

adhesive systems. (iii) Longitudinal view of collagen molecular packing illustrating the MMP 

cleavage site (cyan) partially covered by the C-telopeptide region (green) (iv) The lower 

magnification view of (iii). Collected from (Bertassoni et al., 2012) 

 

Cross-linking molecule can attach with the collagen molecule by hydrogen 

bond/ hydrophobic bond. Cross-linkage of the laterally packed molecules makes 

it more difficult for MMPs molecule to reach its α2 chain ‘‘target.’’ To alter the 

caries lesion first the damaged collagen should repair so that it can act as a 

scaffold for further mineral gain and revive the dentin structure. Most of the 

fundamental research on caries prevention focused on the re-mineralization of 

inorganic part. Some study also reported that application of MMP inhibitor can 

prevent collagen degradation. Some synthetic cross-linker like glutaraldehyde can 
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effectively fix the collagen to prevent degradation but their uses are limited for in 

vitro only. Plant derived natural extract like hesperidin and proanthocyanidins are 

biologically compatible with human body and works in the similar manner to 

prevent collagen degradation. Thus plant derived natural extracts (natural 

cross-linkers) enhance the re-mineralization process that can recover the early 

caries lesion and prevent further caries formation. Although fluoride application 

either systemic or topical is the most popular caries prevention therapy around the 

world, the re-mineralization mechanism and side effect of fluoride is not beyond 

the controversy. The novelty of our study is to introduce a new concept of caries 

prevention therapy by more bio-compatable natural extract.  

 

 

Fig. 21 schematic diagrams of cross-linker attachment with collagen molecule and cross link 

collagen molecule by hydrogen bond/ hydrophobic bond 
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For durable adhesive restoration preservation of interfacial collagen is an 

essential attempt. Failure of adhesive restoration could occur by the hydrolytic 

degradation of the resin-dentin interface. In our study we try to use the 

cross-linker in a dental adhesive system that can stay in the resin-dentin interface 

region. The hydrogen bond or hydrophobic bond between collagen and 

cross-linker gives additional strength to the collagen molecule to maintain the 

fibrillar orientation of collagen fibrils.  Thus the cross-linker application can 

prevent the degradation of the resin-dentin interface. The novelty of our study is 

to establish a new strategy to reinforce the resin-dentin interface to achieve 

durable adhesive restoration.  

According to the result of our consecutive study and within the limitation of 

in vitro study we can conclude that plant derived natural extract have the potential 

to reinforce caries prevention and improve the performance of adhesive 

restoration. Assuring the application of these natural extracts in regular dental 

care can improve the survival of natural teeth in short we can state that 

application of natural extract helps to achieve “super tooth”.  
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