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ABSTRACT

M. Sc. Thesis

SYNTHESIS AND IN VITRO ANALYSIS OF BORON DOPED 45S5
BIOGLASS PASTE USED FOR DENTINE HYPERSENSITIVITY
TREATMENT

Karabiik University
Institute of Graduate Programs

The Department of Biomedical Engineering

Thesis Advisor:
Assist. Prof. Dr. Ammar Zeidan Ghailan ALSHEMARY
January 2022, 127 pages

There are many professionally applied (in-office) and over-the-counter (OTC)
products and methods currently available for the treatment of Dentin hypersensitivity
(DH). DH is a short, sharp pain that arises from exposed dentin in response to various
stimuli. However, bioactive glasses in toothpaste compositions have recently been
recommended as a viable option for treating DH. In this thesis, 45S5 Bioactive glass
(BG) and Boron (4.6 moles) doped bioactive glass (B-BG) were successfully
synthesized using the sol-gel method. The prepared materials were characterized using
a Scanning electron microscope (SEM) with Energy-dispersive X-ray spectroscopy
(EDX), Transmission electron microscopy (TEM), X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) techniques. The BG and B-BG materials were in
good match with the standard phase of BG. The incorporation of B reduced the particle
size of BG. In vitro degradation analysis of BG and B-BG materials was evaluated in
PBS for 14 days. The leaching profile of Ca, Si, P, Na and B ions were measured
using inductively coupled plasma mass spectrometry (ICP-MS) and it was observed



that incorporation of B increased the degradation rate of BG materials. In this study,
the use of BG and B-BG paste for DH treatment was evaluated in vitro. About 75, third
molar teeth were collected (with ethical permission) from Karabuk Oral and Dental
Training and Research hospital. The teeth were cleaned, cut into disc shapes and then
treated with phosphoric acid to open the dentinal tubules. The teeth in disc shape were
washed with BG, B-BG paste and several commercial desensitizing toothpastes
Sensodyne Repair & Protect (Novamin), Colgate Sensitive Pro-Relief (Arginine),
Ipana Pro expert Clinic Line Sensitive (Sodium Fluoride) and Placebo for 14 days (two
times per day), then the teeth were stored in artificial saliva (AS). Before and after
washing, the teeth in disc shape were examined using XRD, SEM and EDX. The discs
washed by BG, B-BG and Novamin pastes showed that the dentinal tubules were
entirely covered by the calcium phosphate layer and partially covered when the discs
were cleaned by Arginine, Sodium Fluoride and Placebo. For three days, the BG, B-
BG and Novamin pastes were evaluated for calcium phosphate layer deposition and
acid challenge. The results showed that the dental tubules were covered in 3 days and
the results were comparable between the tooth pastes we used. The B-BG paste showed
better resistance to acid than pure BG and Novamin pastes. The obtained results
demonstrated that the B-BG paste holds a promising future for its inclusion in
toothpaste formulation as an effective method for treating DH.

Keywords : Dentin hypersensitivity, tubules occlusion, bioactive glass, boron
doped bioactive glass.
Science Code : 92503



OZET

Yiiksek Lisans Tezi

DENTIN HIPERSENSITIiVITE TEDAVISINDE KULLANILAN BOR
KATKILI 4585 BiYOGLAS MACUNU SENTEZI VE IN VITRO ANALIZi

Razan ALMNAWER

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Biyomedikal Miihendisligi Anabilim Dah

Tez Danismanai:
Dr. Ogr. Uyesi Ammar Zeidan Ghailan ALSHEMARY
Ocak 2022, 127 sayfa

Dentin asir1 duyarliligi (DH) tedavisi i¢in profesyonel olarak uygulanan (ofis i¢i) ve
tezgah iistii (OTC) bircok iiriin ve yontem mevcuttur. DH, ¢esitli uyaranlara yanit
olarak aciga c¢ikan dentinden kaynaklanan kisa, keskin bir agridir. Bununla birlikte, dis
macunu bilesimlerindeki biyoaktif camlar, son zamanlarda DH tedavisi i¢in uygun bir
secenek olarak onerilmistir. Bu tezde, sol-jel yontemi kullanilarak 45S5 Biyoaktif cam
(BG) ve Bor (4.6 mol) katkili biyoaktif cam (B-BG) basariyla sentezlenmistir.
Hazirlanan materyaller, Taramali elektron mikroskobu (SEM) ile Enerji-dagilimli X-
1511 spektroskopisi (EDX), Gegirgenlik elektron mikroskobu (TEM), X-1s1n1 kirmimi
(XRD) ve Fourier doniisiim kizilotesi (FTIR) teknikleri kullanilarak karakterize edildi.
BG ve B-BG malzemeleri, BG'nin standart faziyla iyi bir uyum sagladi. B'nin dahil
edilmesi, BG'nin pargacik boyutunu azalttt. BG ve B-BG malzemelerinin in vitro
bozunma analizi, Fosfat tamponlu tuzu (PBS) i¢inde 14 giin boyunca degerlendirildi.
Ca, Si, P, Na ve B iyonlarinin li¢ profili, endiiktif olarak eslestirilmis plazma kiitle
spektrometrisi (ICP-MS) kullanilarak o6l¢iildii ve B'nin dahil edilmesinin, BG
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malzemelerinin bozunma hizin arttirdigi gézlemlendi. Bu ¢alismada, DH tedavisi i¢in
BG ve B-BG macunun kullanimu in vitro olarak degerlendirilmistir. Karabiik Agiz ve
Dis Egitim ve Arastirma hastanesinden yaklasik 75 adet {icilincii biliyiik az1 disi (etik
izinle) toplanmustir. Disler temizlendi, disk seklinde kesildi ve daha sonra dentin
tiibiillerini agmak i¢in fosforik asite maruz birakildi. Disk seklindeki disler, BG, B-BG
macunu ve birkag ticari duyarsizlastirict dis macunu Sensodyne Repair & Protect
(Novamin), Colgate Sensitive Pro-Relief (Arginin), Ipana Pro uzmani Clinic Line
Sensitive (Sodyum Floriir) ve Plasebo ile 14 giin boyunca (giinde iki kez) yikandi,
ardindan disler yapay tiikiiriikte (AS) saklandi. Yikama oncesi ve sonrasi disk
seklindeki disler XRD, SEM ve EDX kullanilarak incelendi. BG, B-BG ve Novamin
macunlari ile yikanan diskler, dentin tiibiillerinin tamamen kalsiyum fosfat tabakasi ile
kaplandigini, disklerin Arginin, Sodyum Floriir ve Plasebo ile temizlendiginde ise
kismen kaplandigim gosterdi. Ug giin boyunca BG, B-BG ve Novamin macunlari
kalsiyum fosfat tabakasi birikimi ve asit yiiklemesi bakimindan degerlendirildi.
Sonuglar, dis tiibilillerinin 3 giinde kaplandigin1i ve sonuglarin kullandigimiz dis
macunlar1 arasinda karsilastirilabilir oldugunu gosterdi. B-BG macunu, saf BG ve
Novamin macunlara gére aside kars1 daha iyi direng gostermistir. Elde edilen sonuglar,
B-BG macununun, DH tedavisi i¢in etkili bir yontem olarak dis macunu
formiilasyonuna dahil edilmesi i¢in umut verici bir gelecege sahip oldugunu

gostermistir.
Anahtar Kelimeler : Dentin asir1 hassasiyeti, tiibiil okliizyonu, biyoaktif cam, bor

katkili biyoaktif cam.
Bilim Kodu : 92503
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PART 1

INTRODUCTION

Dentin hypersensitivity (DH) is one of the foremost persistent complaints heard in
dental practice [1]. It appears to peak between the ages of 20 and 50, especially 30-39,
affecting up to 57 % of patients [2]. The predominance of DH among women is
significantly higher [1], most as a rule affecting canines and premolars of both arches
[3]. Holland defined DH as "short, sharp pain arising from exposed dentin in response
to stimuli that are usually thermal, evaporative, tactile, osmotic, or chemical and that
cannot be attributed to any other form of dental defect or or pathology” [4-6]. Many
oral health experts emphasize that other dental defects should be excluded before
diagnosing DH because other conditions may lead to similar symptoms[7]. Several
theories have been proposed to explain the mechanisms of dentine hypersensitivity
pain. Currently, most of the researches is based on hydrodynamic theory as the promise
for DH clinical treatment [8]. As shown in (Figure 1.1.) the relief of any pain or
discomfort from DH would be focused on the occlusion of the open dentinal tubules,
which would restrict or limit the flow of fluid through dentin [9, 10]. DH can be
considered a condition of pain that can restrict patients' everyday activities, such as the
desire to eat food or drink beverages. Dental practitioners need to develop techniques
for managing DH, enhancing people's quality of life. There are several over-the-
counter (OTC) items and professionally applied (in-office) methods accessible for
the treatment of DH. However, toothpastes have been supported as a potential long-
term option for DH management [11]. The ideal toothpaste for treating DH needs to
reduce dentin permeability quickly and maintain occlusive effects in the oral

environment [12, 13].

Bioactive glass (BG) and glassy ceramics are widely considered one of the most

effective clinical treatments for bone, dentin and enamel regeneration [14].



Recently, 45S5 BG has been suggested to treat DH by precipitating hydroxyapatite
(HA) within patent dentinal tubules when it came in contact with a biological fluid
[15]. Moreover, efforts have increased to improve the mechanical properties,
bioactivity and chemical stability of 45S5 BG by combining it with other biomaterials.
In this respect, boron was an interesting chemical element that significantly affected
the structural, biological and mechanical properties of glasses. Boron improves the
mechanical properties of glass and its capability to hydrolysis by generating B-OH

bonds in water, which in turn stimulates bioactivity [16].

Fluid Filled ¢
Tubules
\
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Figure 1.1. Schematic view of fluid movement through the dentinal tubules [17].

1.1 ANATOMY OF THE TOOTH AND DENTIN-PULP COMPLEX

(Figure 1.2.) below explains the anatomy of tooth parts. It is essential to understand
the characteristic features of enamel, dentine and pulp to obtain a strong knowledge

of the effect of tooth structure in dentine hypersensitivity.



Figure 1.2. Schematic explanation of anatomy of dentin-pulp complex [18].

1.1.1 Enamel

Enamel, is the outer layer of the tooth, is the human body's hardest and most strongly
mineralized tissue. The position of the enamel is shown in (Figure 1.2.) It consists of
inorganic calcium phosphate forming mineral crystals of HA (about 96-97% in
weight) surrounding by organic phase, primarily composed of proteins like
amelogenins and enameling, lactates carbohydrates, lipids, citrates, lactates and water
[19]. Enamel provides a solid and wear-resistant protective cover for the dentine and

the pulp. This enables the tooth to resist chewing forces during regular days [20].

1.1.2 Dentine

Dentine is a mineralized tissue that forms the majority of teeth; it is physically located
between the outer enamel surface and the inner pulp chamber [21]. Dentin comprises
65 % inorganic, 35 % organic (mainly type | collagen) and water [22]. As illustrated
in (Figure 1.3.) Dentine itself contains dentinal tubules that spread through the dentin's
total thickness from the pulp to the dentin-enamel junction (EDJ). The number and
diameter increase towards the pulp [23, 24]. Dentinal tubules involve odontoblastic
process, protein combination, collagen fiber [25]. These tubules provide the dentin
with a degree of permeability that can contribute to the sensation of pain and the



response of the pulp to the oral environment as it allows fluid movement through the
dentin [24, 26].

Figure 1.3. Schematic explanation of fluid movement through dentin tubules [27].

1.1.3 Dental Pulp

The dental pulp is a highly developed connective tissue located directly under the
dentin layer within the tooth's center, surrounded by dense mineralized tissue [28]. It
is penetrated a system of vascular blood and lymph vessels with periodontal ligament-
derived nerve bundles. The presence of odontoblasts uniquely characterizes the pulp
in addition to fibroblasts, defensive cells and extracellular matrix [23]. Pulp is closely
related to dentin as it helps in the formation and nutrition of dentin [29]. Any
biochemical and pathological responses in one tissue will affect the other [20] and

innervate and defend the teeth.

1.2 DENTINE HYPERSENSITIVITY

DH is a common oral complaint that affects adults. It is one of the most painful and
difficult to cure chronic dental conditions [30]. Recent research suggests that
hypersensitivity prevalence varies from 10% to 30 % of the population [31, 32]. DH
is defined as a short, sharp pain that arises from exposed cervical dentin in response to
many stimuli that are typically thermal, evaporative, tactile, osmotic, or chemical and



cannot be attributed to any other form of dental pathology or disease [33]. DH
symptoms are described by the sudden occurrence of extreme and short-duration pain;

it has been identified as a chronic disease with acute episodes[34].

DH etiology may hardly ever be defined as a direct result of a single factor, which is
usually a multifactorial situation [35]. The incidence of DH is associated with exposure
of the dentine surface to the oral environment, allowing fluid movement within the
tubules and the patency of the dentinal tubules. Gingival recession, abrasion, erosion
and attrition are considered the main factors in the development of DH [1, 34, 36].
Although the specific cause of DH is still unknown, many researchers believe that the
hydrodynamic theory explains the symptoms. In general, the literature states that DH

affects premolars and canine teeth [34].

Over recent decades, several theories have been presented to explain the mechanism
causing DH. These are the direct innervation hypothesis, the odontoblast receptor
theory and the hydrodynamic theory [30]. However, Hydrodynamic theory is the most
widely accepted mechanism to explain DH [8, 37]. This is based on the existence and
movement of fluid inside dentinal tubules; this fluid flow, in turn, activates nerve
endings at the end of dentinal tubules or the pulp—dentine complex, leading to neural

discharge producing pain [38, 39].

1.3 MANAGEMENT OF DENTIN HYPERSENSITIVITY

Treatment of a patient with DH should be based on the correct diagnosis of the
condition, with a comprehensive clinical history, examination and the exclusion of
other causes of dental pain [40]. DH has been managed using a variety of therapeutic
methods. The treatment of DH has been categorized according to the type of delivery
as professionally administered therapy applied in the dental clinic or in-office and self-
administered treatment used by the patient at home [41]. To allow safe use, OTC
desensitizing agents are often based on components with the same active ingredients
as in-office agents but at a lower concentration. They are usually inexpensive and can
simultaneously treat generalized DH affecting several teeth [36]. A wide range of
office-based agents are available to treat complex hypersensitivity conditions with

immediate pain relief. These can include protective varnishes, calcium compounds,
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oxalates, resins and adhesives, restorative materials and laser treatments. In particular,
the efficiency of the Nd: YAG and Er: YAG lasers in blocking dentinal tubules has
been demonstrated in many studies [42-44]. At home, desensitizing agents include
mouthwash, chewing gum and toothpaste[38]. However, The most common type of
OTC desensitizing agent is toothpastes [30]. Desensitizing toothpaste was considered
easy to use, noninvasive and cost-effective of these treatments [45].

The other category is based on the method of action (Figure 1.4.), which may be
divided into two categories: dentinal tubule occluding agents, which prevent the
hydrodynamic mechanism of pain stimulation (Figure 1.4. (A)) and nerve
desensitizers, which block the neurological response to pain signals in the pulp
(neuroblockers) (Figure 1.4. (B)) [39, 46]. Dentine tubule occlusion can decrease
dentin permeability and sensitivity by altering fluid flow in dentinal tubules and
forming a protective layer on the dentin surface [12, 47].
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Figure 1.3 4. Schematic explanation of DH treatment A) Occlusion of the dentinal
tubules [38, 48], B) Nerve desensitizers [31].

1.3.1 Dentin Hypersensitivity Toothpastes

Toothpaste is the most popular treatment used in the management of DH [34]. A wide
range of agents and compounds have been researched and evaluated to determine their

effectiveness in relieving DH symptoms.



The ideal desensitizing agent should have a rapid onset of action, be effective for long
periods, be painless, be non-irritant to the pulp, be easy to use and not discolor the
tooth [38]. Toothpastes are the most cost-effective way to use desensitizing in-home
treatments and regulatory agencies classify them based on the chemicals in the
formulation [38, 48]. Several treatments are being developed to treat DH, but there is
no perfect product that can cure the condition. Toothpastes are widely recommended
due to their low cost, convenience and ability to be used at home. Although pain relief

usually takes four to eight weeks [30].

There are two types of toothpaste to treat DH on the market: analgesic toothpaste and
dentin tubule occluding toothpaste [48]. The first type is potassium-containing
toothpaste, which depolarizes nerve conduction, preventing pain signals from reaching
the brain. The second type is toothpaste containing compounds like strontium chloride,
stannous fluoride, calcium sodium phosphosilicate and arginine, which occludes
exposed dentine tubules and reduces fluid movement within the tubules during

external stimulation to achieve a desensitizing effect [38, 48].

Although it has been widely indicated that some toothpastes are able to reduce dentin
permeability and block the dentinal tubules, exposure to acidic substances and
immersion in saliva can reverse the decrease in permeability caused by desensitizing
agents, remove the smear layer and open the dentinal tubules [49, 50]. As a result, the
ideal toothpaste for DH should decrease dentine permeability and keep the occlusion
of the tubules in the face of acid challenges and saliva immersion [51].

1.3.2 The Active Ingredients In Dentin Hypersensitivity Toothpaste

Many toothpaste formulations with various active ingredients are being developed to
treat DH. Potassium salts, such as KNOs, are the most common active ingredient that
has been used in DH toothpaste [52] as shown in (Figure 1.4. (A)) can produce a high
extracellular K* level, limiting nerve cell membrane re-polarization and blocking
impulse transmission without producing pulp changes [31]. However, the other active
ingredients are based on occlusion of dentinal tubules. Fluoride compounds can

occlude dentin tubules and precipitate calcium fluoride crystals within them [36] to



increase dentin resistance to acid attack by remineralization [48]. Stannous fluoride
also has the potential to occlude the tubules by forming SnF, and CaF2 and producing
a protective layer on the tooth surface by creating Sn-Na hexametaphosphate through
a reaction of the Sn?* jon with Na, Ca and P components [31, 53]. Toothpaste
containing arginine also showed a reduction in DH. Arginine, an amino acid in saliva,
forms a barrier in dentinal tubules that prevents fluid flow when combined with

calcium carbonate and phosphate [54].

Strontium chloride and strontium acetate formulations have been used as active
ingredients in DH toothpaste for years [55]. The capacity of strontium salts to penetrate
the dentine and produce strontium apatite, which may occlude the dentine tubules, is
considered responsible for their occluding action [56]. Calcium oxalates can
precipitate crystals inside dentine tubules and create a protective layer on the dentin
surface [57]. Several studies have confirmed the efficacy of calcium hydroxide [58]
and calcium phosphate [48, 59] in treating DH as calcium is essential for

remineralization. It is the main component of HA [48, 59].

Recently, bioactive glass such as Calcium sodium phosphosilicate or Novamin has
been advocated in toothpaste formulations as an effective long-term solution for DH
management [12, 38, 60]. The contact of Novamin with the oral environment leads to
the release of calcium and phosphate ions from it and the deposition of a thick layer
consisting of calcium and phosphate that mechanically blocks the dentinal tubules and
reduces the flow of fluids inside the dentin [60]. This layer crystallizes into
hydroxyapatite, which is structurally similar to the teeth's mineral content and resistant

to acidic challenges [60].

1.3.3 Bioactive Glass

Biological active glass materials have received significant interest in medical and
dental use [15]. They have developed and taken on many applications since the
development of 45S5 Bioglass (BG) by Dr. Larry Hench [61, 62]. The BG has
excellent bioactivity, osteoconductivity and  osteostimulative properties [63].

Bioactive glasses are composed of specific amounts of silicon, calcium, sodium and



phosphorus oxides (SiO2, Ca0O, P20sand Na20) [63]. By introducing BG into the oral
environment, BG produces a negative charge on the surface, allowing it to attach to
type | collagen fibers in the dentin tubules [64]. The binding of bioactive glass
molecules to the dentin begins by exchanging sodium ions in the glass with hydrogen
ions from body fluids, allowing the pH value to rise. Calcium and phosphate ions
eventually move from the glass, creating a top layer abundant in calcium-phosphate
under which a layer becomes gradually rich in silica due to the loss of sodium, calcium
and phosphate ions. Regarding the silica-rich layer and the small size of bioactive
glass particles [65, 66]. This observation encouraged the researchers to consider using
bioactive glass particles as a potential desensitizing agent for DH treatment.

1.3.4 Boron Doped Bioglass

It is known that a change in BG composition by substitution and/or fusion of different
ions can regulate their biological activity [67]. BG containing B2Os have received
much attention in recent years because of their potential effects and various biomedical
applications, such as osteogenesis, angiogenesis, soft tissue regeneration, improving
coating adherence and enhancing mechanical properties [68]. As a trace element,
boron is essential for bone physiology and its combination with BG enhances its rapid
and complete ability to convert to HA when immersed in body fluid. Boron doped
bioglass (B-BG) has never been studied for occluding dentinal tubules to eliminate or
treat DH. Still, many studies in bone and hard tissue engineering have been confirmed
the effectiveness of this composition in the rapid transformation to a HA layer [68,
69]. Since dentin has many similarities to bone [15], B-BG can be proposed as a

formulation to dentin tubule occlusion and treat DH.

1.4 PROBLEM STATEMENT

The feeling of pain in daily life is familiar among hypersensitivity sufferers, which
significantly affects their quality of life [70, 71]. Therefore, a successful treatment
method must relieve symptoms and reduce or eliminate DH in the shortest possible
time. After reviewing the literature, it becomes clear that most products designed to

eliminate or relieve the symptoms of DH are primarily in the form of toothpaste that



can be used at home. The active ingredients in these toothpastes may take a long time
to build up a thick enough layer on the surface of the dentin to block the dentinal
tubules and the treatment must be maintained constantly to be successful. In addition,
most of these treatments are not resistant to acid challenges. They are easily removed
when exposed to an acidic environment, causing the opening of the tubules and more

excellent permeability in the dentin.

1.5 OBJECTIVES

The objectives and aims of this Master Thesis were:

e To synthesize BG and B-BG particles and determine the effectiveness of these
materials, which are administered in the form of toothpastes on occluding

dentinal tubules as a means to eliminate the effects of DH.

e To evaluate the efficacy of many commercial desensitizing toothpastes based on
different active ingredients in occluding the exposed dentinal tubules.

e To compare the results of dentin samples treated with bioactive glass
formulations to dentin samples treated with different formulations in addition to

the control group.

e To verify the rapid deposition and formation of HA layer on the surface of the
dentin samples caused by the incorporation of boron with BG particles, which
provides the immediate elimination of DH

e To provide evidence of the applicability of boron as an effective treatment for
complete occlusion of the exposed dentinal tubules and covering the dentin
surface with deposits resistant to acidic challenges present in the oral

environment, providing a long-term effect.
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1.6 SIGNIFICANCE OF THE STUDY

The importance of the thesis lies in the production of B-BG, a new biocompatible
material in the field of treating DH, especially in blocking dentinal tubules. It can be
commercially available on the market at a low price. It has the same results as in-office
products, such as acid resistance and long-term treatment, but it is safe, easy to use and

accessible to all individuals.
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PART 2

LITERATURE REVIEW

DH has received significant attention from researchers and healthcare professionals.
This literature review proposes to examine the publications of recent years, current
methods used and potential future methods of DH management. They were numerous
and often at odds, linked to various DH treatment products and mechanisms. Search
engines such as Google Scholar, Web of Science, Scopus, Research Gate and PubMed
have been used to find relevant, recently published literature. In recent years, the
increasing interest of researchers in studying DH and blockage of open dentinal tubules
has been observed in recent years. According to Scopus, documents by year analysis
shows an increase in articles and studies published in recent years about occluding
dental tubules, as shown in (Figure 2.1.) This increase can be attributed to the
availability of sufficient references for studies and the development of techniques and

methods required for treatment.
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Figure 2.1. Publications rate over years of studies related to the dentine
hypersensitivity and tubules occlusion.
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2.1 MECHANISMS OF DENTIN HYPERSENSITIVITY

The literature discusses three main theories that have been suggested to explain the
mechanism of DH pain. These theories are the theory of direct nerve innervation,
odontoblast receptors and hydrodynamics [72].

Direct stimulation of Movement of dentinal Direct stimulation of
nerve terminals fluid odontoblasts
l l \[ [ Stimuli
Dentine
! , 1 ' 1 //tubules
N { / I ) ] /! g-Predentine
| »s v P70 I P+~ Odontoblasts
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‘;,,/— 74,7,,-/ - - _,,_,,,/ . Pulpal cells
- - “ " -
Blood vesel
Nerve theory Hydrodynamic theory Odontoblast theory
Sensory nerve fibres Postganglionic sympathetic nerve fibers

Figure 2.2. Schematic description of the three main theories of dentine sensitivity
clarification [73].

2.1.1 Direct Nerve Innervation

The principle of nerve or direct innervation, shown in (Figure 2.2.) indicates that nerve
endings pass directly through the pulp into the dentine and extend to the dentin-enamel
junction, transferring pain directly through the nerves through some mechanical
stimulus [74]. This theory considered that the whole length of tubules contains free
nerve endings. But modern electron microscopy shows that nerve fibers exist only at
the inner dentine, mainly at the pulpal horns [75]. Therefore, do not expand to DEJ,
the dentin's most sensitive region. It is also possible for the newly formed teeth to be
sensitive. However, studies have shown that the parietal layer of nerves responsible
for transmitting the feeling of pain from the pulp of the tooth does not mature until the

teeth erupt [34]. This raises doubts whether this is the leading cause of DH.
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2.1.2 The Odontoblast Receptor Theory

The theory of the odontoblast receptor indicates that odontoblasts themselves work as
pain receptors and thus transfer signals through synaptic junctions to the pulpal nerves
[76]. This was not supported by direct microscopy as the odontoblastic mechanisms
spread only to a limit of one half of the length of the dentinal tubule, a gap can be
located between the process and the dentinal fluid-filled tubule wall, as well as the
odontoblast cellular matrix cannot induce neural impulses [38]. Studies have shown
that odontoblasts are matrix-forming cells and are not classified as excitable cells since
no synapses between nerve endings and odontoblasts have been developed [34].

2.1.3 Hydrodynamic Theory

The hydrodynamic theory is the most popular theory regarding the cause of DH.
suggested first in the 19th century by Gysi et al., after creating a hypothesis of external
fluid movement along dentinal tubules rising after the proper stimuli were applied,
eliciting a reaction in the pulpal nerves [77]. In a sequence of experiments, the
hydrodynamic theory was supported throughout the 1960s as the primary
interpretation of DH by Brannstrom and his colleagues [34]. The hypothesis indicates
that fluid movement caused by stimulation within dentinal tubules is responsible for
the activation of nociceptors in the pulp and the corresponding activation of neurons
reported as pain [38, 78]. The increased fluid movement causes a shift of pressure in
the dentine, which stimulates myelinated A-f and some interdental A-6 nerves and
unmyelinated C-fibers, either at the pulp-dentine boundary or inside the dentinal
tubules When DH happens, the acute pain felt in a particular area is primarily due to

A-0 nerves.

In vivo experiments have illustrated the significance of the patentability of dentinal
tubules in promoting the passage of fluid within the tubules by opening a narrow cavity
and evaluating changes in hydrostatic force during stimulation application. However,
this technique requires patients who are able to perform the experiment to be recruited,
which may not be appropriate since the findings may not be repeated outside the oral
cavity [79].
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Microscopically, multiple experiments have found that the characteristics interact
directly with the degree of hypersensitivity. These characteristics have included
dentinal tubule patency, radius, density and depth of the open dentinal tubules [80].
The number of tubules per unit area in sensitive teeth is around 8 times higher than
that observed in non-sensitive teeth. The tubular diameter is 2 times higher than that
observed in non-sensitive teeth [76, 80]. Addy et al., have confirmed that variation in
tubule diameter is probably the most critical factor since fluid flow is equal to the
fourth power of the radius, doubling the diameter of the tubule results in a 16-time rise
in fluid flow [1]. Furthermore, inflammation of the pulp could play an essential role in
increasing the degree of pain and reducing the threshold of pain, thereby exposing

dentin might becoming hypersensitive [81].

2.2 TREATMENT OF DENTINE HYPERSENSITIVITY

There is an interestingly wide range of DH control treatment options. Chemical or
physical agents have been used to either desensitize the nerve or occlude the exposed
dentinal tubules [82, 83]. The most effective management method is placing a topically
applied agent, either by a dental specialist or at home by the patient. It is recognized
that several parameters constitute an optimal desensitizing agent. This includes not
irritating the pulp, being relatively painless to administer, being easy to apply, prompt

intervention, being permanently successful and not discoloring the teeth.

In general, patient reactions are very variable and therefore, clinical experiences are
primarily dependent on the pain level of the patient [40, 84]. Theories for the DH
process are closely related to the anatomy and histology of the dentin-pulpal complex.
Besides that, odontoblast cells produce the collagen matrix of dentin (majority Type I)
and are essential in the process of mineralization; odontoblasts are decisively
associated with the formation and regeneration of dentin [85]. The dentin
macrostructure includes a group of tubules surrounded by hypermineralized tissue:
dentin peritubular, Serum-like substance and an odontoblast cell process are found in
the dentin tubule imaged by scanning electron microscope (SEM) (Figure 2.3. (A)).
Ultrastructure research has supported sensory nerves' near spatial similarity to the

odontoblast (process and cell body) [23].
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Figure 2.3. A) SEM image of exposed dentin containing odontoblast process [86], B)
SEM image of open dentinal tubules [87].

Diameter size, patency status and the number of open tubules are all possible factors
that distinguish sensitive teeth from non-sensitive teeth. The sensitive teeth DH have
a higher number of patent tubules, about 8 times per unit area, than non-sensitive teeth
[80]. This patency (or lack of patency) is proposed to be linked to acid demineralization
and remineralization inability. The exposed dentin tubules can be occluded due to
reactive sclerosis, secondary and tertiary dentin [88]. Reactive sclerosis occurs from
hyper mineralization of the dentin around the tubules, i.e., the dentin located close to
the odontoblastic process and the deposition of saliva or fluid minerals within the
tubules [89]. As shown above in (Figure 2.3. B)), the nature of largely open dentin
tubules has been confirmed in many studies by SEM examination of exposed dentin
[80]. Pol et al., indicated that tooth hypersensitivity often occurs due to exposure to
dentinal tubules after cervical erosion or abrasion, excessive dietary acid consumption,
or periodontal treatment [90]. DH can also be initiated by abrasive tooth brushing and
the use of abrasive toothpaste [90]. These activities can weaken or destroy tooth tissue
and lead to anatomical features in the enamel/cementum junction and/or enamel region
or cement loss. They can also remove layers of protective plaque, exposing dentinal

tubules to stimuli in the oral environment [91].
The critical pH for enamel erosion is 4.5 or less [92], resulting in dentinal tubule

exposure and eventual DH. However, at a normal pH within the oral environment,

calcium and phosphate levels are supersaturated in saliva in the form of HA. In acute
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hypersensitivity attacks, calcium deposits in saliva help block the exposed dentinal
tubules [93]. The formula in (2.1) defines the equilibrium for HA dissolution:

Caio (PO4)s (OH) <> 10Ca%" + 6POs* + 20H" (2.1)

If the oral environment's pH decreases, PO4% is converted to HPO4* or HoPO43 &
OH- is neutralized to form water. Under these circumstances, concerning free calcium
and phosphate, saliva will no longer be supersaturated and exposed dentinal tubules

will not be easily blocked; therefore, hypersensitivity will continue [93].

It is crucial to consider the individual causative factors of DH In order to avoid
propagation of the problem. DH control techniques almost exclusively depend on
treatment requirements, with formulations of toothpaste being designed to protect the
exposed dentine and/or block the dentinal tubules [94]. As shown in (Figure 2.4.) the
permeability and fluid movement of exposed, open dentinal tubules have provided a
favored mechanism for dentin stimulus transmission. The occlusion of these dentinal
tubules has been established as a possible way of reducing discomfort associated with
sensitive teeth [47].

AFTER
BLOCKED
DENTINE
TUBULES |

Figure 2.4. Schematic view of treating DH by occlusion open dentinal tubules [17].

Basically, as shown in Table (2.1.), treatment for DH can be divided by type of delivery
into professional or in office, or OTC or home use. The other classification depends

on the action used and could be divided into two main types. The dentinal tubules'
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occluding agents obstruct the hydrodynamic mechanism of the pain stimulus and the
desensitizers of the nerves to inhibit the neuronal responses to pain stimuli (neuronal
blockers) [36]. OTC desensitizing agents are usually based on the same chemical
compounds as in-office agents, but with a lower dosage to allow safe use and appear
to be economical. They can treat generalized DH that affects many teeth

simultaneously.

2.2.1.1 Professionally Applied Treatment

Professional treatment can provide an acceptable method in order to minimize the level
of DH. Laser therapy, primers, adhesive resin bonding, varnishes, sealants, traditional
glass ionomer cement and resin-reinforced glass ionomer have all been reported to
demonstrate different levels of effectiveness for dentine hypersensitivity management,
with some evidence supporting their usage [95-97]. However, some indicate that they
are inefficient [98, 99].

2.2.1.2 Adhesive Resin Bonding

Many studies have indicated that applying adhesive resin materials leads to the
dentinal tubules' occluding by forming a hybrid layer and resin tags [36]. It facilitates
a micro-mechanical interlocking mechanism by a hybridization process. In addition to
the presence of functional monomers, they have the ability to combine chemically with
Ca?* of the residual HA that remains within the submicron hybrid substrate [100]. In
an early study, Brannstrom demonstrated that resins and adhesives materials can seal
the dentin tubules and avoid the transfer of hydrodynamic impulses to the pulpal nerve
complex. Utilizing professionally applied polymer-based substances, including resins
and dentin bonding agents, the formulation of a thin film coating creates an artificial

smear layer to cover open tubules [101].

The use of such self-etching adhesive systems is a recent development for managing
DH. According to Tirkiin, instead of using a traditional total-etch technique, the
treatment of enamel and dentin with self-etching adhesive systems avoids collagen

network breakdown. In addition, no etching, washing and drying are needed for the
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self-etching primers so that the possible risk of over-etching and over-drying of the
dentin is removed [102]. In another study, a new generation of dentin bonding agents
(HEMAJ/GA) includes desensitizing agents introduced for the treatment of DH. These
new products caused coagulation and precipitation of serum proteins within the dentin
tubules and the formation of resin tags [103]. However, this method has been used in
specific and localized cases of DH rather than the general condition [40].

Burke and Malik proposed covering the tubules with either a binding agent or sealing
resin. This can occur through the use of dense polymer resin consisting mainly of
glutaraldehyde and (hydroxyethyl) methacrylate (for example, Gluma), which is a
biological fixative that can occlude the dentin tubules by coagulation of the salivary
proteins inside the tubules [104]. This approach reveals positive results instantly.
However, these results are limited to established sore spots and are minimized if the
polymer peels off [31]. Furthermore, Gluma has to be used solely under the
recommendation of a specialist because glutaraldehyde is toxic and its effectiveness
depends on the skill of a clinician [31, 105]. Clinically, this choice of therapy typically
arises after the exhaustion of at-home techniques.

2.2.1.3 Varnishes and Precipitants

Professionally applying sodium fluoride varnishes has been used for DH treatment in
many studies [106]. These varnishes comprise fluoride-based natural resin structures
that are highly sticky to the tooth's surface, simple to apply and relatively cheap [54].
Fluoride varnishes have been developed to improve the effectiveness and
substantivizes of fluoride when in contact with the tooth surface in order to allow for
a steady and consistent release of fluoride [78]. Since some researchers show an
apparent enhancement of the surface enamel with such a varnish due to the occlusion
of the tubules by the resin rather than the effect of the fluoride [76]. However, a study
comparing two different varnishes has reported that Cervitec varnish is more effective

than Gluma varnish in decreasing dentine hypersensitivity [107].

In another study, researchers manufactured varnishes containing potassium chloride
(KCI) and fluorinated HA (FHA). SEM images obtained from this study showed that
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the dentin tubules were occluded in the FHA varnish group. The KCI-FHA varnish can
release potassium ions and reduce the hydraulic conductivity of the dentine discs and
can therefore be a practical treatment choice for DH. Over time, FHA has the capacity
to occlude dentine tubules; however, the samples have not been exposed to an acidic

challenge or any other food and drink that may affect the clinical environment [108].

2.2.1.4 Laser Treatment

Laser application was believed to operate either by recrystallizing dentin to create a
glazed, non-porous surface that partially or wholly occludes dentine tubules or by
disrupting the neural transmission in the dentine fluid by coagulating proteins and
thereby decreasing permeability and preventing the passage of fluid [44].
Alternatively, the use of lasers could be the basis of another possible future treatment
for dentine hypersensitivity. The efficacy of two forms of lasers in people with
sensitive teeth was compared by research by Ladalardo et al., (2004) and their
discomfort was assessed before and during therapy. It was confirmed that a 660 nm
red laser had greater desensitizing efficacy than the 830nm infrared laser [109]. This
was confirmed by other studies, as it indicated that low-energy lasers, including
GaAlAs diode lasers, with a wavelength ranging between 780 and 900 nm, operate at
the neural level. In contrast, medium-energy lasers, including the Nd: YAG laser and
CO2 and Er: YAG, contribute to narrowing and occlusion of the dentinal tubules,

causing desensitization [110].

A meta-analysis has shown that lasers Er: YAG, Nd: YAG and GaAlA tend to be an
efficient treatment choice, but data heterogeneity indicates that further research is
required [42]. Diode laser treatment has recently been shown to impede 68.9 % of all
tested tubules, demonstrating its potential utility in DH treatment [111]. Some
researchers formulated a potassium binoxalate gel and measured the effectiveness with
laser or alone with Visual Analogue Scale (VAS) after cold air and hot water
relaxation. The data was carried out directly, 3-6-9 months later, with the aid of an
electron microscope. Although the gel tends to be a legitimate assist for its micro-
crystals penetration, laser therapy is greater in longevity for dentinal tubular occlusion

[44]. However, the SEM analysis demonstrates the actual efficacy of these lasers. The
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occlusion proportion tends to be complete and the dentinal tubule diameter is
diminished. In-office DH laser treatments have some drawbacks relative to traditional
therapies (i.e. high cost, the difficulty of usage, reducing efficiency over time, etc.)

that restrict their therapeutic effectiveness [36].

2.2.1.5 lontophoresis Treatment

One such DH treatment approach may be based on iontophoresis. lontophoresis was
first used to treat DH in the early 1960s [112]. It uses a low-amperage direct electrical
current to deliver ions or ionized drugs into tissues. This system acts on the theory of
repelling charges and attracting opposite directions. Since adding a sufficiently
charged electrical current, ionized drugs may be pushed through the tissue. It clarifies
the local use of medications in condensed form through iontophoresis [111]. Patil et
al., performed a study to evaluate and compare the efficacy of iontophoresis with
0.33% NaF gel and diode laser alone in dentinal tubular occlusion. However, it has
been observed that the diode laser application provided better results compared to the

iontophoresis on dental tubules occlusion [111].

2.2.1.6 Periodontal Plastic Surgery

Another type of care for DH is surgical root coverage, which is known as a soft-tissue
pedicle graft and a free soft-tissue graft [113]. Surgical treatments obstruct the
uncovered dentinal tubules, enhancing esthetics in the sensitive parts of gingival
recession [114, 115]. There are a wide variety of periodontal plastic surgery treatments
for protecting the uncovered root surface, including a semilunar flap, pedicle graft, or
coronally advanced flap (CAF), which can be associated with a subepithelial
connective tissue graft (CTG) [116]. Although these treatments can seal exposed
dentinal tubules, there is not enough empirical evidence to suggest that cervical DH is

predictably decreased by surgical root coverage methods [116].
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2.2.1.7 Corticosteroids

Anti-inflammatory agents such as corticosteroids have been recommended for use to
treat dentine hypersensitivity. However, they are not especially useful by studies.
Although it is hypothesized that these agents may induce mineralization leading to
tubule occlusion, this opinion has not yet been confirmed and the feasibility of using
such agents has been challenged [117].

Considering that most professionally formulated desensitizing agents appear to
minimize or remove pain in the DH treatment process, it is still not obvious which
treatment method is the safest. A meta-analysis of research that has evaluated the
effectiveness of chemical and physical occlusion agents, nerve desensitizing agents,
laser treatment, or combined management showed that all of them were effective
relative to placebo control [118]. However, there is insufficient evidence about
professionally administered agents to prove which agent's superior effectiveness, so it

was hard to determine and suggest one agent for DH treatment relative to another [35].

2.2.2 Over The Counter Products

The primary clinical modalities used for pain management in DH therapy are the
change of fluid flow in the dentinal tubules and the improvement or blockage of the
pulpal nerve reaction [119]. The most popular preparations used in the treatment of
DH are toothpastes. A wide range of agents and formulations have been tested and
proved to characterize their effectiveness for DH symptom relief. There is an
interestingly wide range of DH control treatment options. Chemical or physical agents
have been used to either desensitize the nerve or occlude the exposed dentinal tubules
[82, 83].

2.2.2.1 Potassium Nitrate
Many studies have documented the effectiveness of potassium nitrate in controlling

dentine hypersensitivity [120]. Potassium nitrate has been used in toothpaste as a

desensitizing agent to inhibit neuronal transmission of pain signals [121]. Such
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controlled studies found that potassium nitrate was able to desensitize dentine for up
to 4 months at a concentration of 5 % in a low abrasive toothpaste compared with the
control paste. In bioadhesive gels, 5% and 10% potassium nitrate have also been
productive in decreasing DH [122]. However, the Cochrane study of toothpaste-
containing potassium nitrate, expressed in a meta-analysis of 6 studies, could not
provide clear evidence supporting the effectiveness of potassium nitrate toothpaste in

dentine hypersensitivity treatment [123].

Potassium-containing formulations of toothpaste intended to heal sensitive teeth may
also have an analgesic impact. Potassium saline, for example, is responsible for
preserving extracellularly elevated potassium ion levels, blocking repolarization of the
nerve cell membrane and inhibiting impulse transmission. In short, to minimize DH
symptoms, potassium nitrate has been suggested to act by blocking neural
transmission. In humans, however, there is insufficient clinical evidence to confirm
the mode of action of potassium ions DH reducing. Many studies have shown that
toothpaste containing calcium sodium phosphosilicate or NovaMin® can more
successfully cover dentinal tubules than potassium salts, as shown in clinical tests and
in vitro studies immersing these materials in artificial saliva (AS) [48, 59, 124].

It has been reported that the combination of potassium, fluoride stannous and silica in
toothpaste is more effective in pain reduction than only potassium-containing
toothpaste [125]. Some toothpaste occludes dentine tubules in order to reduce DH pain.
However, this occlusion can be temporary, depending on the active substance in
toothpaste and susceptible to acid dissolution [126]. Finally, the use of potassium
nitrate as an essential ingredient in treating DH has been investigated in various
studies. However, it does not block the dentinal tubules [127]. Instead, the potassium
ions in the solution were suggested to act by blocking the synaptic connections

between nerve cells, reducing nerve excitation and related discomfort [128].

2.2.2.2 Fluoride Formulations

Toothpaste formulations usually focus on fluoride (to protect against caries), an

abrasive portion that considers the cleaning power, substances that prevent bacterial
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development and other ingredients [48, 59, 129]. Fluoride is a substance that can help
in enamel remineralization, but there is little evidence of its effect on DH. However, it
has been shown that fluoride in toothpaste can cause precipitation on the surface of the
dentine and cover the dentin tubules, enhancing resistance to an acidic challenge [48].
However, the precipitation can also involve silica particles that may block the dental
tubules rather than fluoride ions. Several oral health care companies now favor fluoride

in most toothpastes due to its improved positive effects on the elimination of caries.

Numerous fluoride compounds have been documented to manage dentine
hypersensitivity, including sodium fluoride, sodium silico-fluoride, stannous fluoride
(SnF2) and sodium monofluorophosphate. More recent studies indicate that in terms
of fluoride accumulation on the teeth, sodium fluoride is preferable to sodium
monofluorophosphate [76]. Fluorides reduce dentin permeability, likely by insoluble
calcium fluoride deposition within the dentinal tubules [36, 130].

Suge et al., has reported the ammonium hexafluorosilicate as a desensitizing agent.
The precipitation of a combination of calcium fluoride and fluoridated apatite can
provide a high level of dentinal tubule occlusion [131, 132]. Many researchers have
discussed the daily usage of fluoride in glycine compounds [133]. However, other
studies have shown that concentrated glycine may cause pain due to its high osmolarity
resulting in water being drawn out from the tubules, leading to hypersensitivity by
itself. On the other hand, although varnish-containing fluoride has been suggested as
a solution to treat DH, its activity is temporary and usually lasts only a few hours (h)
[133].

Several studies have shown different results regarding the evaluation of chloride
toothpaste. Various in vitro experiments have reported that a thin crystalline layer has
been precipitated on the surface of the dentine that can be quickly washed away;
however, other studies have indicated positive impacts of the products containing
chloride on DH relief [108, 134]. When comparing formulations of toothpastes that
contain chlorine and fluoride, there were contradictory results reported in the published
literature, with many studies confirming that there is no difference in the effectiveness

of the two products; however, other studies reported that there were differences in
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favor of chloride-containing toothpastes. In vitro studies and studies using dentin
cross-sections have indicated that no occluding of dentin tubules was observed after

treatment with toothpaste containing SnF» [126].

2.2.2.3 Oxalate Salts

Oxalate salts have been widely used in the treatment of DH. Calcium oxalate crystals
have historically been shown to precipitate inside dentine tubules and thus work as
desensitizing agents by occluding the dentine tubules. Cruz et al.. has indicated
creating a successful layer by using oxalates to block open dentinal tubules [57].
Oxalates, such as 3% monohydrogen-monopotassium oxalate, have the additional
advantage of relative acid insolubility, making them highly resistant to treatment
dissolution. Just 3% monohydrogen-monopotassium oxalate was shown to reduce DH
[57]. Potassium oxalate (Protect, Butler Inc.) and ferric oxalate are some examples of

industrial oxalate schemes (Sensodyne, Block Drug) [135].

The efficiency of oxalates to decrease DH compared to placebo agents, professionally
applied resins such as Gluma®, Diamine silver fluoride, Seal and Protect® and lasers
have been studied. The findings revealed contradictory effectiveness where oxalate
decreased discomfort to a certain degree relative to controls in some situations [96,
136-138], and fewer than the controls In other situations [139, 140]. Recently a self-
administered oxalate substance has shown to be applied as a gel strip. Using these
adhesive strips based on oxalate leads to significant and durable crystalline formation
within the dentinal tubule lumen. The application of oxalate through a gel strip has
reduced a 70% of fluid movement via dentine specimens. This reduction was still
evident after 30 d, suggesting substantial benefits for the treatment of DH [141].
Although oxalates tend to be an effective tubule occlusion agent, the surface residue
that forms the layer is gradually dissolved by saliva; therefore, repeated re-application

is needed frequently.
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2.2.2.4 Strontium Salts

Many published clinical studies confirm the effectiveness of incorporating strontium
salts in desensitizing pastes, which helps the patient understand the symptoms related
to DH. An example of a commercially used dentifrice using strontium salts is
Sensodyne Rapid Relief (GlaxoSmithKline, United Kingdom), with 8 % strontium
acetate in silica base (and sodium fluoride). The occlusion of tubules formed by
strontium acetate has not significantly doped the dietary acid challenge [142]. Other
clinical studies have reported decreasing patients’ pain perception after using
strontium-containing toothpaste [143].

More recent research has verified the tubule-occluding effects of a toothpaste
containing strontium acetate in situ. Still, it has indicated that the dentifrice's silica
abrasive portion could be partially responsible for desensitizing impacts [144]. In
addition, toothpaste formulations may include strontium stannous and calcium
phosphate, which can form physical barriers that can occlude the dentine tubules.
These processes exist on the dentine surface by precipitating insoluble metal
components. Stannous chloride has also been reported to be effective in occluding
dentin tubules. In contrast, NovaMin®, especially when exposed to citric acid and AS,
has been reported to be more effective than strontium chloride and OTC toothpaste
[145]. Other studies also discussed the possibility of Stannous fluoride in occluding
dentin tubules by forming SnF, and CaF.. Additionally, strontium chloride has been
reported to block dentin tubules [48].

2.2.2.5 Arginine and Calcium Carbonate

Arginine and calcium carbonate compositions have been produced to treat DH
problems depending on salivary glycoprotein tubule occlusion naturally present
biological mechanism. Saliva transfers calcium and phosphate close to dentin tubules
to cause occlusion and develop a stable salivary glycoprotein with calcium and
phosphate. These results assisted industrial research and production of a formulation
containing arginine, an amino acid that is positively charged at physiological pH;

bicarbonate, which acts as a pH buffer; and calcium carbonate, which functions as a
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calcium source. The occlusion of patent tubules in this research is confirmed by SEM
and atomic force microscopy [54, 146]. Studies assessing the effectiveness of 8%
arginine-calcium carbonate-fluoride-containing toothpaste in minimizing DH
symptoms indicated improvement over 2% potassium ion-based toothpaste in an 8-
week study [147]. In addition, Arginine dentifrice-containing formulations benefit
from offering rapid relief of DH in topical applications [148]. Published studies have
demonstrated that arginine/calcium carbonate is an essential agent for DH reduction
and should be treated as the gold standard for DH management [54, 119, 149].

2.2.2.6 Calcium Hydroxide

Several studies have confirmed the efficacy of calcium hydroxide in treating DH [58].
Pashley et al., found that when Ca (OH). was applied on dentin, there was a rise in the
concentration of calcium ions originating from calcium hydroxide within the tubules.
This physical obstruction facilitated a decrease in dentin permeability [58, 150].
Romano et al., confirmed that calcium hydroxide paste obtained considerably higher
scores for tubule occlusion than only carbon dioxide laser irradiation [58]. The exact
mechanism of action of calcium hydroxide is unclear, but it is proposed that it can
obstruct dentinal tubules or facilitate peritubular dentin formation. It is suspected that
the high pH induces proteins coagulation in the odontoblastic process, resulting in the
closing of the tubules by deposition of these proteins, reducing hydraulic conductance
[151]. However, Its observed necrosis of gingiva tissues is an opposing point of
calcium hydroxide [152]. In addition, Zand et al., reported that the depth of penetration
into the dentin tubules of nanoparticle calcium hydroxide is far greater than that of

standard calcium hydroxide[153].

2.2.2.7 Calcium Phosphate

The formulation of toothpaste can also promote the formation of calcium phosphate
leading to intratubular mineralization [48, 59]. Moreover, the use of calcium phosphate
materials has been found promising for treating DH. As it was the main component of
HA, calcium is also essential for remineralization in tooth restorations, with apatite as

a source of calcium phosphate that can be used in dental applications (e.g., HA and
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fluorapatite). Deposition of HA on the surface of exposed dentin can lead to blockage
of dentinal tubules. It has been shown that calcium phosphate may occlude the dentinal
tubules without inhibiting spontaneous remineralization of the tooth surface [19, 108].
However, tubule occlusion may occur naturally through natural remineralization
processes by saliva and dentin sclerosis through secondary dentin formation. There is
also a defensive feature of saliva against tooth wear. The biofilm layer has been
reported to facilitate remineralization and reduce mineral depletion. Therefore, using
some of these dental products may help protect dentin from increasing its resistance to
mechanical and chemical attacks. Increasing the mineral density is one means of
growing dentine surface resistance to wear by acid erosion and abrasion; additionally,
the occlusion of dentin tubules with a mineral additive such as calcium and phosphate

toothpaste will enhance the dentine's acid resistance [129, 145].

2.2.2.8 Calcium Sodium Phosphosilicate

Calcium sodium phosphosilicate based toothpaste has also been proven effective in
DH management [35]. In vitro experiments have shown that calcium, phosphate and
silica together occlude tubules and tend to resist water and acid. Calcium phosphate
and silicate deposit into dentine collagen, creating precipitates on the dentine surface
and inside the dentine tubules [154-157]. Randomized clinical trials evaluating the
effectiveness of the treatment of Calcium sodium phosphosilicate, potassium nitrate
and stannous fluoride for DH control showed that while all three agents had treatment
effectiveness, Calcium sodium phosphosilicate had more substantial and significant
improvements in pain relief [158]. Recent research has demonstrated that toothpaste-
containing Calcium sodium phosphosilicate can mineralize dentin and occlude dentin

tubules and these obstructions can overcome dietary acid challenges [159].

2.3 BIOACTIVE GLASS

Bioactive materials have received significant interest in medical and dental use,
especially in cases of bone defects. They have developed and taken on many

applications since the development of 45S5 BG by Dr. Larry Hench [61, 62]. Before

the discovery of BG, biomaterials were usually supposed to be inert when being in
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contact with body fluids and anatomical structures; however, 45S5 BG changed this
concept by offering an alternative to graft materials that were active and bonded to
bone and released biologically active ions to facilitate osteogenesis [61], as they have
the ability to generate HA and stimulate osteogenesis in physiological systems [62].
The BG has excellent bioactivity, osteoconductivity and osteostimulative properties.
Therefore they have been used in bone-related biomedical applications such as bone
grafts or fillers, dentistry, craniomaxillofacial applications and implants coatings [63].
Although the 45S5 BG was discovered in the late 1960s, the implant's first clinical
application was a mid-ear bone replacement for the treatment of hearing impairment
[61]. BG found its way to dentistry after several years. The application of bioactive
glasses in edentulous patients was associated with bone replacement implants to
provide a more secure ridge for denture construction. It has also been used as a bone
repair tool for periodontal disorders and bone defects [62]. In 1988 the endosseous
ridge maintenance implant was the first commercial application of dental implants
[61]. Since many studies have confirmed the significant similarity between dentin and
bone in terms of tissue composition (i.e., HA), several researchers have discussed the
effectiveness of biocompatible BG as a material to incorporate into toothpaste
formulations a tubular occluding [19, 160]. BG has been widely used in dental tissue
engineering and dental implants as a coating material. Compared to BG synthesized
using melting methods, BG produced using the sol-gel method has numerous benefits,
including improved control over composition, size and shape and increased surface
area [161].

By introducing the glass to aqueous solutions, the bonding of bioactive glass particles
to bone starts with the exchange of sodium ions in the glass with hydrogen ions from
the body fluids, allowing the pH value to rise. Calcium and phosphate ions eventually
move from the glass, creating a top layer abundant in calcium-phosphate, under which
a layer becomes gradually rich in silica due to the loss of sodium, calcium and
phosphate ions [65] [66]. The presence of the silica-rich layer and the small size of the
bioactive glass particles encouraged the researchers to consider using bioactive glass
particles as a potential desensitizing agent for DH treatment. Bioactive glasses are
composed of specific amounts of silicon, calcium, sodium and phosphorus oxides
(SiO2, Ca0, P20sand Na20) [63].
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Cruz et al., summarized the mechanism of BG dentinal tubular occlusion as BG
particles react when they are in interaction with a biological fluid like saliva and three
processes occur (1) leaching and silanol creation, (2) breakdown of the glass network
and (3) precipitation. An effective mechanism for occluding dentin tubules is
precipitation. Releasing ions from BG leads to forming a layer composed of calcium
and phosphate, which can mechanically block the Dentinal tubules and lower fluid
movement within the dentine. This layer is crystallized into HA and the presence of
silica can enhance HA maturation. Bioactive glass induces an osteoblast cell cycle in

the bone, resulting in rapid cell proliferation and differentiation [60].

Many studies have confirmed the importance of silica in bioactive glass formulations.
In most bioactive glasses, silica is the main constituent and serves as a nucleation site
after dissolution to precipitation dissolved calcium and phosphate ions to create HA.
Silica also defines the solubility and amount of active ions and functions as a former
network, stabilizing the system [15, 65]. The breakdown of the BG silicate network
releases the ionic constituents into a solution, producing in the immediate environment
a supersaturated solution, resulting in the eventual nucleation of an amorphous
calcium-phosphate layer that converts into bone-like apatite, thereby producing a
tightly bound interface between the implant and the actual bone [162].

An in vitro study conducted by Wang et al., showed that applying Novamin containing
toothpaste on exposed dentine specimens causes occlusion of most open dentinal
tubules due to the formation of different-sized particles embedded in a smear-like layer
on the surface of the dentin and within the dentinal tubules. The decrease in dentine
permeability was 81.5 %, while distilled water alone decreased the fluid flow by 70%.
It was also found that these positive effects were better than toothpaste containing
arginine [12].

Mahmood et al., also discussed the mechanism of occluding exposed dentinal tubules
using a toothpaste based on 45S5 BG (Novamin). This study confirmed the
effectiveness of Novamin in eliminating DH. Large particles of BG (<90 um) were
used to provide a long-term release of Ca?* and PO.® ions within the saliva, leading to

the formation of hydroxycarbonate apatite (HCA) on the dentine surface and within
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the dentin tubules. Toothpaste containing BG has been shown to be more effective
than other treatments that primarily use calcium carbonate due to HCA's lower acidic
solubility than calcium carbonate. However, one potential drawback of 45S5 is that it
has a very high hardness compared to the hardness of the thinner enamel at the cervical
margins and the soft one near the DEJ. Thus, brushing teeth with 45S5 toothpaste can

cause enamel erosion [59].

In a study aimed at evaluating the effects of BG on the exposed dentine surface, the
original 45S5 bioactive glass was compared with a new toothpaste formula containing
a doped BG* by substituting part of the abrasive silica content. It was indicated that
replacing the silica component with different proportions of BG led to an increase in
the surface coverage and tubules occlusion compared to the original formulas. In the
same study, Macleans toothpaste alone showed better tubules occlusion than Macleans
mixed with BG. Unlike EImex Amine, which showed better results when combined
with BG [160]. As a result, incorporating bioactive glass particles into a vehicle with

suitable composition may be an effective desensitizing agent for the treatment of DH.

The research undertaken by Cruz et al., aims to compare various bioactive glass
formulations to confirm their effectiveness in a well-established laboratory model.
Using a laboratory-synthesized 45S5 glass with different other glass formulations: (1)
a mixed glass (fluoride and chloride), (2) BioMinF, (3) a chloride glass and (4) an
amorphous glass of chloride. [60]. SEM images have improved coverage of mixed
glass products, BioMinF and chloride glass compared to 45S5. However, after the
acid challenge, the formed HA layer was rinsed again in varying proportions, with
some tubules occluded remaining. At the same time, an amorphous chloride glass
toothpaste displayed exceptional surface coverage. Many of the tubules are occluded
by particles of varying sizes and after the acid challenge, the results were also positive

because many of the dentin tubules were still blocked [60].

Curits et al., has tested the effectiveness of a novel sol-gel nanobioglass and a bioglass
derived from melt to occlude tubules and facilitate apatite formation. After treatment
with a bio-glass powder derived from melting, calcium-phosphate coating with a

distinct and unique platelet-like morphology characteristic of apatite formed. [163].
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After treating with a nanobioglass slurry, rod-like growths located around open tubules
and appearing to emerge from inside the tubules have been observed [163].

2.4 BORON DOPED BIOGLASS

Substantial research has focused on bioactive glasses with the increasing demand for
biomaterials to replace and regenerate bone. As noted above, bioglasses are a
promising material for their ability to precipitate HA upon contact with a physiological
fluid, forming a solid bond to bone and soft tissue [65]. In recent years, there has been
a significant focus on improving the biological activity of bioglasses and combining
them with other biomaterials, such as biopolymers, to improve mechanical and
physical properties, chemical stability and biological reactivity. Enhanced mechanical
strength and toughness have been obtained, for example, by the creation of various
glass or glass-ceramic compositions [164, 165]. An essential method for developing
improved biological activity of BG is the inclusion of metallic ions in the glass
structure, which alters the dissolution of these materials and their bioreactivity when
submerged in biological fluids [166]. Metallic ions are essential components of human
tissue and play an important role in controlling cell metabolism and regulating
numerous biochemical reactions in the human body [167]. Elements like Si, Ca and
P, found in bioactive silicate glasses like 45S5 Bioglass®, substantially stimulate
osteogenesis and bone metabolism [168, 169]. Magnesium strontium, zinc and boron
have also been demonstrated to affect osteoblast activity and stimulate angiogenesis
[170]. In particular, the impact of incorporating boron into BG structure have been

widely reported.

Boron is an ‘ultra-trace element’ found in plants since 1857 and it was identified as an
essential nutrient in plants in 1923 [171]. Several studies demonstrated that boron
deprivation exacerbates bone deformities[161] . Boron stimulates wound healing in
vivo , releases growth factors and cytokines, increases the Ribonucleic Acid (RNA)
synthesis and increases extracellular matrix turnover [161, 172]. Boron is present in
the human body in amounts ranging from 3 to 20 mg, with the most significant

concentrations in bone, nails and hair [173]. The presence of boron affects several
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metabolic processes and it interacts with calcium, vitamin D and magnesium and all

are important in the bone metabolism process [174].

Numerous studies have confirmed that the presence of boron at certain levels is
necessary for calcium metabolism. It has been proven that boron deficiency is
detrimental to bone formation and growth processes. Boron is also essential to prevent
excessive bone loss, expected as people become older [175]. Moreover, adding metal
ions like boron to BG formulations improves their functionality and biological activity.
Incorporating boron into BG increases their biodegradability and bioactivity [176].
Many investigations have reported that boron promotes the growth of human
osteoblasts and mesenchymal stem cells [177, 178], osteogenic differentiation of pre-
osteoblastic cells and osteogenic and odontogenic differentiation dental stem cells
[176].

The addition of B2O3 has a considerable impact on glasses' thermal, mechanical and
structural characteristics [179]. One of the early publications in this subject examined
the effect of incorporating boron on the crystallization capacities and bioactive
behavior of gel-derived glasses in the CaO-P20s-SiO, system. The original
composition (without any additives) was amorphous when it was derived by melting.
However, when it was obtained using the sol-gel method, it revealed a crystalline HA
(Cas (POa4)3 (OH)) phase. It was found that adding 5 mol of boron to the original gel
was sufficient to detect crystalline calcium silicate (Ca>SiO4) [180].

The researchers discovered that the borate glass had the greatest ultimate limiting value
of weight loss, indicating that the reaction rate increased as the B.Oz amount increased.
According to another relevant study, boron-doped gels CaO-P.Os-SiO. reacted
similarly to the basic gel when immersed in Simulated Body Fluid (SBF). Boron didn't
inhibit calcium solubility and after 5 days of immersion in SBF, a calcium phosphate
layer formed on the boron-containing materials [180]. In a related study, mesoporous
glasses made from the CaO-B203-SiO2 system showed superior compositional
homogeneity, textural characteristics and in vitro bioactivity than original sol-gel

glasses with the same composition [181].
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Huang et al., reported the conversion of 45S5 BG, a borate equivalent of 45S5 glass
(all SiO2 replaced with B203) and two intermediate borosilicate BG to HA in a dilute
(0.02 M) K2HPO4 solution at 37 °C [182]. Based on the results obtained in this study,
the mechanisms by which borate (3B) and silicates (OB) are converted to HA in dilute
phosphate solution are described in (Figure 2.5.) It has been reported that when a
borate glass is immersed in a physiological solution, components such as Na.O and
B20Os are released, forming Na* and BOs> and the PO4* in the solution interacts with
Ca?" to precipitate HA on the glass. The fast conversion of borate glass to HA is caused
by the simultaneous dissolution of Na* and the phosphate solution's attack on the B-O
network structure, resulting in the nucleation of HA (immediately). This is believed to
be owing to structural changes in the glass network as B,Os concentration increases,
as boron ([BO3] trihedra) cannot ultimately form a three-dimensional network as Si
can. The porous structure of the precipitated HA allows for facile ionic transfer. The
continuance of the dissolution—precipitation processes causes the resulting layer to
thicken from the particle's surface inward. As a result, the dissolution-precipitation
operations continue until the borate glass is wholly converted to HA. When it comes
to silicate-based bioglass, it forms a porous SiO2-rich gel layer and separates the
precipitated HA layer from the shrinking glass core. For the reaction to proceed, ions
must dissolve from the glass core and diffuse through the SiO2-rich layer. In this study,
although the initial concentration of PO4 ¥ in solution was high enough to react with
all Ca?* in the glass to form HA, the reaction was effectively stopped before complete
conversion to HA. According to these reactions, it can be concluded that borate glasses
have lower chemical stability and a higher dissolution rate than silicate glasses.
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Figure 2.5. Schematic diagram showing the mechanisms for converting borate glass
and 45S5 silicate glass to HA in a dilute phosphate solution [182].

Notably, the borate glass particles (3B) were wholly converted to HA in less than 4 d,
while the 45S5 (0B) glass particles and two intermediate borosilicate formulations (1B

and 2B) were partially converted, only even after 70 d.

It was also reported that the reaction rate and weight loss versus reaction time during
immersion in phosphate solution increased with increasing the B20O3:SiO> ratio of
glasses. After the 2400 h interaction for the 3B samples, the observed weight loss was
>50%, while it was just < 10% for the 0B and 1B samples. The weight loss curve of
the 3B sample exhibited a significant tendency to increase with time after 2400 h of
immersion, indicating that the dissolving and conversion processes would probably

continue until the glass reacted almost entirely to create calcium-phosphate [69].

Moreover, bioglasses doped with B.O3 have received much attention in recent years
because of their rapid and full potential to convert to HA when immersed in SBF and
decreased chemical durability, making them ideal scaffolds materials in tissue
engineering. According to several observations in the literature, adding boric oxide to

BG has several beneficial biological effects, including initiating wound healing in vivo
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and improving the extracellular matrix [183]. This is consistent with other studies
where it has been confirmed that the faster degradation of the borate-based bioactive
glass and its conversion to HA, which initiates at the surface of BG, will have a
significant impact on the ability of the scaffolds ability to promote cell proliferation
and therefore on their potential usage in vivo [184]. Several studies have been
performed in vivo using borate glasses. It can be indicated that borate-based BG has
been shown to be non-cytotoxic [183], biocompatible with cells and promote cell
adhesion, proliferation and differentiation under dynamic conditions. Thus, these
glasses have improved the ability to stimulate angiogenesis, soft-tissue infiltration and
new bone tissue formation in vivo. All of the results indicated that borate glasses, in
the form of powders, pellets, scaffolds and fibers have the ability to heal bone defects

and enhance bone regeneration [170].

Although researchers have commonly used BG as a biomaterial in dental tissue
engineering [185] and in treating dentine hypersensitivity [60], incorporating boron
with BG is not widely used in this field. However, results from a study on the effects
of boron incorporation with BG on human dental pulp stem cells showed that boron
incorporation  increased intracellular calcium levels [161, 176] and
immunohistochemical analysis showed enhanced expression of dentin
sylophosphoprotein, osteopontin and Collagen type | in the groups contain boron
[161]. As a result, B-BG nanoparticles have the potential to be used as biomaterials in
dental tissue engineering applications [161]. A similar study indicated that B-BG
nanoparticles are a promising material used in regenerative dentistry. It was reported
that incorporating B-BG enhanced the deposition of a Ca-P-rich layer on the scaffold

surface and improved cell adhesion, migration and odontogenic differentiation [176].

Table 2.1 summarizes the classification of the common desensitizing agents applied
for the treatment of DH. Some desensitizing agents are commercially available
products and a dentist professionally uses others. The mode of action of all treatments
is based on dentinal tubule occlusion, except for potassium salts, which are based on
neuronal depolarization. Despite the difference in the mechanism of action of

treatments between physical, mechanical and chemical, the effectiveness of the
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desensitizing agent lies in the rapid response to eliminate pain and acid resistance in

the oral environment.

Table 2.1. Treatment strategies for DH.

Treatment method

Mode of
administration

Mode of action

Mechanism of action according to
literature

adhesive materials
a. restorative
resins
b. bonding
agents
c. varnishes
d. repairing
resin
composites
e. Glass
ionomer
cement

Professionally

Dentinal
occlusion

A hybridization method can create a thin-
film coating layer over open dentinal
tubules  through  micro-mechanical
interlocking. In addition to the
involvement of functional monomers,
they have the ability to chemically bind
with the remaining HA calcium ions that
are present within the sub-micron hybrid
layer[100].

Laser

Professionally

Dentinal
occlusion

Lasers act in the dentinal fluid by
coagulating proteins and thus reducing
permeability [186]. They may also
produce an amorphous closed coating on
the surface of the dentine, which tends to
be due to partial melting down of the
surface [187]. Generally, the laser is
preferred to other relevant therapies in
DH treatment.

lontophoresis

Professionally

Dentinal
occlusion

lontophoresis therapy can desensitize
hypersensitive  dentin by forming
secondary dentin after applying an
electrical current or raising the
penetration and concentration of fluoride
ions into the dentin tubules. Therefore,
occluding the tubules and increasing
stimulus conduction [188].

Periodontal Plastic

Surgery

Professionally

Dentinal
occlusion

Surgical  treatments  occlude the
uncovered dentinal tubules, enhancing
esthetics in the sensitive parts of gingival
recession.

Potassium salts

oTC

Nerve
Desensitization

Potassium ions have been reported to
inhibit the neuronal response to pain
signals by spreading around the tubules
and increasing the concentration of local
extracellular  potassium ions, thus
preventing intra-dental nerve activity
[189].

Fluorides

OTC

Dentinal
occlusion

Fluorides decrease the permeability of
dentin tubules by calcium fluoride
precipitation on the surface of dentine
with enhancement resistance to an acidic
challenge [48].
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Treatment method

Mode of
administration

Mode of action

Mechanism of action according to
literature

Oxalates oTC Dentinal Oxalates can occlude dentinal tubules and
occlusion reduce the permeability of dentine by
precipitation of Calcium oxalate crystals
inside dentine tubules [57].
Strontium Salts oTC Dentinal The primary mechanism of action of
occlusion strontium formulations was shown to be
one of tubular blockage Via the
involvement of strontium to replace
calcium in HA [190].
Arginine oTC Dentinal Arginine is an amino acid present in
occlusion saliva that forms a seal in dentinal tubules
by combining with calcium carbonate and
phosphate that blocks fluid flow [54].
Calcium Hydroxide oTC Dentinal Applying Ca(OH), on dentin cause a rise
occlusion in the concentration of calcium ions
originating from calcium hydroxide into
dentinal tubules and this physical
obstruction leads to decreasing in dentin
permeability [58].
Calcium phosphate OTC Dentinal Dentinal occlusion oceurs by
occlusion remineralization processes. Increasing
the mineral density means increasing
dentine surface resistance to wear and
acid. [129, 145].
Calcium  Sodium OTC Dentinal Calcium phosphate and silicate deposit
Phosphosilicate occlusion collagen into  dentine, creating
precipitates on the dentine surface and
inside the dentine tubules [58, 150].
Bioglass oTC Dentinal Releasing Ca?* and PO,* ions from
occlusion bioglass leads to forming a layer

composed of calcium and phosphate,
which can mechanically block the
Dentinal tubules and lower fluid
movement within the dentine [60].
Silicate is an essential component in
bioglass, which serves as a nucleus for
calcium and phosphate deposition.
Therefore, bioglass helps an appetite film
to form, which enhances the occlusion of
dentinal tubules [191].
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PART 3

MATERIALS AND METHODS

3.1 MATERIALS

In this thesis, the materials used to synthesize pure BG, B-BG, AS, phosphate buffer
saline (PBS) and the acids (used in treating the dentin surface) were used summarised

in (Table 3.1.).

Table 3.1. List of materials used in the research project.

Preparation of 45S5 BG and B-BG nanoparticles.

Material Chemical formula Company

Tetraethyl orthosilicate (TEQS) (C2Hs0)4Si Merck (USA)
Triethyl phosphate (TEP) (C2Hs0)3PO Merck (USA)
Nitric acid HNOs3 Merck (USA)
Tetrahydrate calcium nitrate Ca(NOs)2 Merck (USA)
Nitrate sodium NaNOs Merck (USA)

Boric acid H3BO3 Sigma-Aldrich (USA)

Ethanol C2HeO Sigma-Aldrich (USA)

Preparation of AS.

Calcium chloride CaCl; Merck (USA)
Potassium chloride KCI Merck (USA)
Potassium dihydrogen phosphate KH2PO4 Merck (USA)

Tris
(Hydroxymethyl)Aminomethane

(HOCH 2)3CNH>

Sigma-Aldrich (USA)

Preparation of PBS solution.

Sodium chloride NaCl Merck (USA)
Potassium chloride KCI Merck (USA)
Potassium dihydrogen KH2PO4 Merck (USA)
phosphate
Preparation of PBS solution.
Material Chemical formula Company
Sodium hydrogen phosphate NazHPO4 Merck (USA)
Chemicals used in surface treatment of dentine specimens.
Phosphoric acid H3PO4 Sigma-Aldrich (USA)
Citric acid CeHsOr Sigma-Aldrich (USA)
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3.2 METHODS

3.2.1 Bioactive Glass Manufacture

The 45S5 bioactive glass was manufactured following the protocol by Pirayesh et al.,
[192] within the laboratory of Karabuk University Biomedical Department. The
bioactive glass 45S5 is composed of (SiO2: Na:O: CaO: P20s) (46.1: 24.4: 26.9: 2.6
mol%). Firstly (33.5 ml), tetraethyl orthosilicate (C2Hs0)4Si) (TEOS) was added to 1
M (2.25 mL) pure nitric acid (HNOs) with (48.6 mL) of distilled water to make 20 g
of gel-derived powder. The mixture was permitted to react by stirring for 60 minutes
to hydrolysis the precursor during stirring. The following reagents were prepared by
reacting separately for 45 minutes sequentially as: 0.017 mol (2.9 ml) of triethyl
phosphate (C2HsO)sPO, 0.085 mol (20.13 g) of tetrahydrate calcium nitrate
(Ca(NOs3)2) and 0.16 mol (13.52 g) of nitrate sodium (NaNOs). The formulated
transparent liquid was kept for 5 days at room temperature in a sealed container to
form the gel. After that, the gel was stored in a sealed jar for 1 day at 70°C and then
dried in a drying oven for 1 day at 120°C. Finally, the obtained product was stabilized
at 700 °C in a benchtop muffle furnace for 2 h to extract residual nitrates. The prepared
powder was ground for 15 minutes by a laboratory porcelain mortar pestle and then
sieved by a sieve tool with 80 um diameter. The procedures for synthesizing B-BG
were the same as those detailed above. SiO2 was partially replaced with B20Os (4.64 ¢
H3BO3 was added to (16.75 ml of TEOS to 4.64 g of B) for borate modification. Boric
acid was utilized as a starting material to make B>Os. The preparation producer is

summarized in (Figure 3.1.).
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1 M HNOs+ Distelled water

\7

TEOS added gradually while stirring

N7

B-BG

After above solution was clear TEP added gradually while
stirring

H:BOs added while stirring

V.

After above solution was clear (C:HsO):PO added while
stirring

Vi

After above solution was clear add Ca(NO3); added while
stirring

7

After above solution was clear (NalNOs) added while
stirring

7

The solution is kept 5 days in room tempreture

V;

The gel is formed and dried at 70°C then at 120°C for 1
day

Vi

The dried gel sintered at 700°C for 2 hours

Figure 3.1. Flowchart for the preparation BG and B-BG materials.
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3.2.2 Dentine Specimens Preparation

The preparation of the dentine samples is crucial for the accuracy of the dentinal
tubules occlusion process. Extracted single-rooted human teeth were used for this
experimental thesis. The teeth were collected from healthy adults after getting
informed verbal consent under a protocol approved by the Ethics Committee of the
Karabiik University as y noninvasive clinical research (Karabiik University 2021/590).
The teeth were adequately washed with water no more than one month before their use
at the laboratory. The teeth were completely padded in polymethyl methacrylate
material from all sides before being cut. 150 Dentine discs were prepared by slicing
75 teeth. The teeth were initially cut (Figure 3.2. (A), then perpendicular to the long
axis of the tooth above the cement-enamel junction (Figure 3.2. (B), using Secotom 50
(Struers, Denmark) cutting device by saw with direct water supply added to the blade.
Each sample was cut with a thickness around 0.5 mm =£0.15-thick. Some unsuitable
samples were excluded in order to achieve work quality. The dentine specimens were
sectioned very carefully to prevent the appearance of enamel on the part nearest to the
occlusal plane or the pulpal horns on the part closest to the cervical margin, as shown

below.

Figure 3.2. Longitudinal cross-section of dentin samples used in the experiment, A)
after cutting vertically and B) horizontally.
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3.2.3 Artificial Saliva and Toothpaste Application

AS was prepared in the university department's laboratory using the composition listed
in (Table 3.2.) to provide an environment similar to the natural oral environment and
store the teeth during the brushing process. The AS was prepared according to the
protocol given by Wang [134]. The ingredients were weighed and added one after the
other according to the order shown in (Table 3.2.) for one liter of distilled water with
continuous stirring for half an hour for each ingredient. Then it was stored in a plastic

container at a temperature of 4 °C until use in the experiment.

Table 3.2. The composition of AS storage solution.

Composition Concentration (mmol /L) Mass (Q)
CaCl: 1.5 0.166
KCI 50 3.72
KH2PO4 0.9 0.122
Tris 20 2.422

The consensus view on the DH mechanism supports the hydrodynamic theory that
proposes that stimulation applied to the exposed dentinal tubules will lead to a transient
change in pressure, leading to fluid movement in the tubules and subsequent activation
mechanical receptors with associated pain sensation [38, 41, 78]. The toothpaste
formulations used in this thesis work to block the dentine tubules and thus reduce the
flow of fluid through them, which prevents the feeling of pain that travels from the

tooth surface to the nerve.

Three different commercially produced toothpaste have been used against
hypersensitivity, one toothpaste without anti-hypersensitivity ingredients, in Lab
manufactured BG and B-BG particles. There were variations in inactive ingredients in
all toothpaste listed in (Table 3.3.). The following toothpastes were used:
5%Novamine Toothpaste (Sensodyne Repair & Protect), 8% arginine toothpaste
(Colgate Sensitive Pro-Relief), Sodium Fluoride toothpaste (Ipana Pro expert Clinic

Line Sensitive) and toothpaste without anti hypersensitivity ingredients (Power Dent).
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A5 g of BG and B-BG particles were added to each 100 g of toothpaste separately.
All ingredients have been weighed and mixed well in a plastic container. The selection
of pastes in this thesis was based on previous studies that proved the effectiveness of
the main active ingredient in the treatment of dentine hypersensitivity and the different
methods of action to occlude the dentinal tubules. These studies relate, for example,
that Arginine (Pro-Argine) is a viscous agent that physically clogs the open tubules
[193], Calcium and sodium phosphosilicate (Novamin) forms a type of apatite when
contact with an aqueous environment [163] and sodium fluoride can occlude the
dentine tubules, enhancing resistance to an acidic challenge [48]. For two weeks, the
specimens were brushed with undiluted toothpaste (approximately 1 g) manually for 2
minutes twice a day (at 10:00 and 17:00).

Table 3.3. Kinds of toothpaste used in the study.

Commercial Components Active Company
ly product ingredients
name

Sensodyne Glycerin, PEG-8, Hydrated Silica, Calcium | 5%Novamin Glaxo Smith
Repair & | Sodium Phosphosilicate (NOVAMIN), Kline
Protect Cocamidopropy! Betaine Sodium Methyl Cocoyl

Taurate, Aroma, Titanium Dioxide, Carbomer,

Sodium Saccharin, Limonene, Sodium Fluoride.
Colgate Calcium Carbonate, Aqua, Sorbitol, Arginine, | 8% arginine Colgate-
Sensitive  Pro- | Flavour , Poloxamer 407, Sodium Palmolive
Relief Monofluorophosphate, Zinc Oxide,

Cocamidopropyl Betaine, Benzyl Alcohol,

Carmellose  Gum, Zinc Citrate, Sodium

Bicarbonate, Tetrasodium Pyrophosphate, Xanthan
Gum, Sucralose, Saccharin Sodium, limonene, Cl
77891.

Ipana Pro expert | Aqua, Sorbitol, Hydrated Silica, Sodium Lauryl | Stannous Protector &
Clinic Line | Sulfate, Carrageen, Aroma, Sodium Gluconate, | Fluoride Gamble
Sensitive Stannous Chloride, Xanthan Gum, Zinc Citrate, CI Manufacturin
77891, Sodium Hydroxide, Sodium Saccharin, g
Sodium Floride, Eugenol, Limonene.
Power Dent Aqua, Sorbitol, Hydrated Silica, Sodium Lauryl | No anti- | Evyap Sabun
Sulfate, Aroma, Cellulose Gum, Sodium Floride, | sensitivity
Agar, Sodium Saccharin, Sodium Benzoate, | ingredient

Potassium Sobrate, Menthe Piperita Oil, Eugenol,
Limonene, CI 77891,Cl 42090.
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3.2.4 Experimental Design

The sectioning of dentine specimens from human teeth produces a smear layer in the
dentine tubules and on the specimen’s surfaces that affect dentine permeability. This
smear layer consists of grinding debris produced by sectioning, with particles ranging
in size from less than 0.5 um to more than 15 um [194]. To remove this smear layer
and give the sample a standard thickness and surface morphology, the occlusal side of
dentine specimens was sanded with 600-grit silicon carbide paper for 30 seconds [12],
which led to more debris intrusion into the dentine tubules. Some researchers have
suggested that a smear layer can help in occluding the dentinal tubules and reducing
dentin permeability [195]. Therefore, this smear layer was consequently removed by
exposing samples to 37% phosphoric acid (pH 7.4) solution for two minutes, then
sonicated with the ultrasonic cleaner, which left the dentinal tubules completely open

for treatment.

The specimens were equally distributed into seven groups for each treatment agent.
Each contains eight dentine discs that are brushed with the different toothpastes and
four subgroups according to the tests and analyses. All specimens were immersed in
prepared AS, which changed every 24 h for 14 d.

Five discs from each group were prepared directly for SEM and EDX investigations,
in vitro bioactivity evaluation and weight gain/loss measurements. One sample was
prepared for X-ray diffraction analysis (XRD). All tests are performed before and after
treatment for all samples. For two weeks, the dentine discs were brushed with Denta
(soft) toothbrush.

The groups were distributed as follows: Group 1: phosphoric acid-etched specimens
were brushed with Sensodyne Repair & Protect for 2 min; Group2 (Control 2):
phosphoric acid-etched specimens were brushed with Colgate Sensitive Pro-Relief for
2 min; Group 3: phosphoric acid-etched specimens were brushed with Ipana Pro expert
Clinic Line Sensitive for 2 min; Group 4: phosphoric acid-etched specimens were
brushed with placebo Power Dent toothpaste for 2 min; Group 5: phosphoric acid-

etched specimens were brushed with BG mixed with Power Dent toothpaste for 2 min;
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Group 6: phosphoric acid-etched specimens were brushed with B-BG mixed with
Power Dent toothpaste for 2 min; Group 7: phosphoric acid-etched specimens were
brushed with AS for 2 min; Each specimen was brushed manually with undiluted

toothpaste (approximately 1 g).

The SEM specimens were kept in AS (pH 7.4) for 24 h at 37 °C and rinsed with
deionized water, then treated with 6% citric acid (pH 1.5) for two minutes and rinsed

in deionized water. The experimental design is summarized in (Figure 3.3.).

3.2.5 Statistical Analysis

Statistical analysis of the data was performed using statistical analysis system software
known as IBM SPSS (Statistical Package for the Social Sciences) version 22 for
windows. Analysis of Variance (ANOVA) one-way, Post-Hoc, Tukey’s and
homogeneity of variances tests were conducted to discover whether there are
statistically significant differences in weight loss/gain depending on the test factor and
treatment method and to evaluate the Ca/P ratio before and after applying test agents
and after acid challenge. Differences between groups were considered significant at p
<0.05. The data were presented as a mean and standard deviation.

3.3 CHARACTERIZATIONS

3.3.1 Scanning Electron Microscope with Energy dispersive X-ray Spectroscopy

Analysis

SEM analysis was used in conjunction with EDX to build a chemical profile of
synthesized BG, B-GG and exposed surfaces and indicate the contents of the dentinal
tubules. The implementation of SEM imaging for dentine tubule occlusion can provide
an overview of the dentine surface morphology and quantifiable data where an image
scoring system can be employed. SEM analysis was carried out using the Zeiss
Ultraplus SEM machine (Zeiss, Germany). Five dentine discs were prepared for each
treatment group for SEM/EDX investigation. The specimens were dehydrated in

graded acetone, critical point dried and sputter-coated with gold-palladium in a
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vacuum evaporator. Then, the specimens were examined under SEM at 10 &12 kV
acceleration voltage. Standardized Micrographs of the dentine surface were acquired
at a magnification of 2500 & 3000. Five images were acquired per disc. In addition,
EDX detector attached to a SEM (Bruker XFlash 6|10, Billerica, USA) was used to
identify Chemical element analyses of the dentine surface induced by the different

treatments.

3.3.2 Transmission Electron Microscopy Analysis

Transmission electron microscope (TEM), (CM120, PEG, Philips) operating at 120
keV was used to examine the morphology and average size of the synthesized BG and
B-BG particles. The TEM samples were ultrasonically dispersed in ethanol for 15
minutes before being placed in tiny droplets on carbon-coated copper grids for TEM
analysis. To evaluate particle size distribution, measurements of particles size were
made on 100 random locations in TEM images using image analysis software Image
J.

3.3.3 Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infrared spectroscopy (FTIR), (Bruker VERTEX 70v) was
performed to identify functional groups and characterize covalent bonding in BG and
B-BG particles. The chemical bonds in the molecules were determined by creating an
infrared absorption spectrum. The spectra were obtained in reflectance mode in the

mid-infrared region between 400 and 4000 cm™.

3.3.4 X-ray Diffraction Analysis

XRD analysis was used to characterize the synthesized BG, B-BG particles and
crystalline materials deposited on dentine surface. Information on crystallinity, phases,
crystallite size and other structural parameters is given. The XRD analysis is done
with an X-ray source of Cu Ka radiation (30kV/20mA). The range of 26 angles was

from 10 to 90, at a step size of 0.02 and a step time of 1 s.
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3.4 IN VITRO BIOACTIVITY

3.4.1 lon Release Profiles

Inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7800 ICP-MS)
analysis was performed to determine the concentrations of released ions from
synthesized BG and B-BG particles in PBS at different periods. PBS (7.4 pH) was
prepared in the laboratory [196]. The composition of PBS is shown in (Table 3.4.).
Equal amounts of BG and B-BG particles were taken and immersed in falcon bottles
containing 50 ml of PBS. The samples were incubated for 1,3,7 and 14daysat 37°C.
The filtrate was collected and examined to determine the level of bioactivity of the
prepared materials. The capacity of bioactive glass to generate HA in physiological
environments is one of its most important properties. BG and B-BG powders were
immersed in PBS to approximate how a solution containing physiological ion
concentrations would react with the material to confirm that the glass promoted HA
production. The dissolution and release of active ions from toothpastes directly affect
the rate and stability of the active substance on the surface of the dentin, which in turn
affects the physical and mechanical properties of these materials. Accordingly, dentine
specimens were soaked in AS solution for seven d. The amounts of active ions leached

and the changes in the mineral composition were investigated.

Table 3.4. Components of PBS.

Sample No Component Amount
1 NaCl 8¢

2 KCI 0.2g

3 Na2HPO4 1.15

4 KH2PO4 0.2

5 distilled water 800 ml
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3.4.2 Weight Measurement of The Deposited Layer

The specimens were weighed (n = 5 for each test factor) using an accurate analytical
balance ( Kern & Sohn, Germany) after 37% phosphoric acid immersion. They were
dried at 40°C and their weights were taken after applying the treatment agents to the
samples for 14 days to determine the amount of deposited layer on dentin samples.
Then the samples were placed in closed plastic containers and AS was added (pH =
7.4) to the bottles and incubated at 37°C in a water bath for 10 d. The samples were
taken from the containers, the excess water was removed by drying and their weight

loss was measured according to the following formula in (3.2)

Initial weight — final weight

Weight loss (%) =

X100 (3.2)

Initial weight

Weight loss measurements help evaluate the kinetics of the conversion process of BG
and B-BG to HA in AS because the conversion reaction is associated with a loss in the

mass of the glass. The results were compared and discussed
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PART 4

RESULTS AND DISCUSSION

4.1 BIOGLASS AND BORON-DOPED BIOGLASS: MICROSTRUCTURAL
AND IN VITRO DEGRADATION ANALYSIS

4.1.1 Scanning Electron Microscope Analysis

SEM was a useful technic for obtaining high-magnification 3D images of the surface
of glass particles. According to the SEM image (Figure 4.1. (A) & (B)). The as-
prepared BG and B-BG particles had almost spherical shapes and homogenous size
distribution. The size of BG and B-BG particles was about 200 nm and 50 nm,
respectively. These results showed that both BG particles were also very fine and
agglomerated. The sol-gel technique is predicted to form these sorts of particles. The
addition of boron to the glass particles resulted in a reduction in particle size, which
could be due to a faster gelation rate for B-BG than BG. This can be attributed to the
rapid reaction between boric acid and TEOS and the formation of the HsO" cation
[197], which is expected to shorten the gelation time of solution, reducing the chance
of colloidal particles accumulating and growing [198]. Reducing the particle size could
increase the biological activity and make the particles more favorable for biomedical
applications. The amount of bioactive glass and the particle size have been
demonstrated to influence the glass's bioactivity. Several studies have found that glass
with larger particles and a greater number of particles has lower biological activity
than glass with smaller and medium-sized particles [179, 197, 199, 200]. In addition,

the microstructures of B-BG particles were coarser than BG particles.
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Figure 4.1 SEM images of (A) 45S5 BG and (B) B-BG particles synthesized by sol-
gel method.

4.1.2 Transmission Electron Microscopy Analysis

The size and morphology of synthesized BG and B-BG particles were examined using
TEM. TEM images of BG and B-BG surfaces were shown in (Figure 4.2 (A) and
Figure 4.2 (B), respectively. Figure 4.2 (A i) shows the particle size distribution of the
BG. The BG particle size was between 116 and 439 nm, with an average 258 nm.
Furthermore, the particles' shapes do not appear to be spherical. Ellipsoidal particles
with an agglomerated structure have also been detected, explaining the wide size

distribution.

However, incorporating boron into the BG structure affected its particle size and
resulted in a decrease in particle size below 100 nm. Several previous studies have
proven the narrowing of BG particles after adding B.O3 [179, 197]. The Figure 4.2. (B
1) showed the particle size distribution of the B-BG, from the schematic diagram, it
showed that the BG particles were nano-sized, the particle size ranged from about 21
nm to 91 nm and more than 60% of the B-BG particles had a spherical shape.

However, the average particle size was 59 nm.

The size of the BG particles can affect their biological activity. It has been shown that
reducing the size of the bioactive glass particles to a smaller nanoscale leads to an
increase in the interaction of the particles by releasing more ions into the surrounding

environment [199]. Smaller nanoparticles are also known to enhance the number of
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nucleation sites by raising the surface-to-volume ratio and thereby improving the
crystallization kinetics of glasses with surface started crystallization [201]. in previous
studies, It has been demonstrated that adding boron to bioglass decreased the specific
surface area and increased the mesopores, resulting in a broader pore size range HA
[197], as well as, the presence of boron resulted in a rapid formation of HA [197, 202,
203]. Moreover, it is clear from Figure 4.2 (A) and Figure 4.2 (B) that the BG and B-
BG particles before application to the exposed dentin surface, both samples possess a
smooth surface and after contact with the dentinal tubules and immersion in AS, SEM
micrographs reveal the formation of apatite-like crystals that blocked the dentinal
tubules and deposited on the surface.
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Figure 4.2. TEM images of (A) BG particles (Ai) Particle size distribution diagram of

BG particles, (B) B-BG particles, (Bi) Particle size distribution diagram of
B-BG particles.
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4.1.3 X-ray Diffraction Analysis

The amorphous/crystalline phases of synthesized BG and B-BG nanoparticles
produced by the sol-gel method were shown by XRD analysis. The broad dispersive
band expresses the amorphous phase, while the sharp peaks show the crystalline nature
of the produced crystalline bioactive glasses [204]. As crystallization is known to
occur at temperatures around 620 °C and above, BG with heat treatment at 500 °C is
predicted to be amorphous [205]. The prepared BG and B-BG powders were heated at
700° C. This explains the presence of the distinct sharp peak between 26= 31° — 34°,
The addition of within glass resulted in shift the peaks towards high 2 6 values, which

can be attributed to the decrease in lattice parameters.

Although it has been pointed out that B-BG crystallizes at a lower temperature than
pure 45S5 BG, it causes a more solid and interlocking structure [183]. There was no

new crystalline phase formation after doping boron.

The crystalline phase detected by XRD for BG and BPG was illustrated in (Figure
4.3.). The presence of peaks ((202), (121), (024), (220), (404), (424)) at (23.81°,
26.87°, 33.60°, 34.24°, 48.74°, 60.92°) respectively, reveled the primary formation of
crystalline phase of NasCas(SisO18) (JPDCS- 00-075-1687). The peaks ((112), (02
2),(130),(023))at(32.34°,32.67°, 33.29°, 44.48°) confirmed the formation of the
crystalline apatite-like phosphorus-rich phase of Na;Cas(P04).SiO4 (JPDCS- 00-032-
1053).However, other sodium-calcium silicates have also been reported as potential
crystal phases derived from BG 45S5. These discrepancies could be due to several
factors such as the shape of the raw powders, preparation method, particle size and
heating conditions [206, 207].
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Figure 4.3. XRD patterns of BG and B-BG.

4.1.4 Fourier Transform Infrared Analysis

FTIR was used to identify the functional groups of 45S5 BG and B-BG. FTIR spectra
of BG and B-BG indicated many spectral bands produced by various vibrational modes
(tetrahedral, symmetric triangles and asymmetric units). As shown in (Figure 4.4.),
FTIR of BG and B-BG are almost similar and revealed typical bioactive glass
absorption bands. Even though glass is composed of several components, nearly all-
glass forms create a similar-looking absorption band because the main glass structure
has a Si-O backbone [208]. After incorporating boron with bioglass structure, the band
intensities become weaker between 450 cm™ and 1025 cm™ region. This can be
attributed to the minor structural changes in BG, proven by SEM and TEM results.
Since B has lower molecule mass than Si, FTIR spectra of B-BG revealed shifting of
the peaks toward lower wavenumber. The vibrations frequency is inversely
proportional to the mass of the vibrating molecules. Therefore, B-BG had a higher

wavenumber and vibration frequency than BG.

The absorption band observed at 456 cm™ and 442 cm? for BG and B-BG,
respectively, can be attributed to Si—O-Si bending vibration, which is commonly
associated with amorphous glass formations [209]. Based on previous studies, the

broad absorption band at 1015 cm™ and 1023 cm™ can be attributed to asymmetric
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stretching of Si-O-Si groups in BG and B-BG, respectively [210, 211]. The bands at
840 and 930 cm™ can be attributed to the asymmetric bending vibration of Si-O-Si;
as reported in previous literature, the absorption bands at 520 cm™ and 620 cm™

correspond to the bending vibration of P-O in PO, * function group [212].

The FTIR spectra of B-BG contain vibrational bands typical of the borate network,
which is composed of triangular (BOs) and tetrahedral (BO4) groups. The asymmetric
stretching vibrations of B-O in BO4 units are active in the range 800-1200 cm™ as
proved by the presence of the strong bands at 1017 cm™ and 1191 cm™. The high-
frequency absorption between 1200 —1550 cm™ can be attributed to BOs units,
explaining the absorbing at this region. The bending of B-O-B vibration modes of
different borate units comprises the mid region's low-frequency area (500 — 800 cm™)
and the absorption band at 750 cm exhibited this mode [210, 213, 214].

Additionally, the existence of absorption bands around 1725 cm™ in the FTIR spectra
of both samples proved the silicate glass's hygroscopic characteristics and this
absorption band was correlated to the existence of bending vibration modes of O-H
groups [210, 211]. Furthermore, the broadband at 1460 cm™ was attributed to absorbed
C—O functional groups [69].Since the BG and B-BG particles were prepared in air,
CO- from the environment is likely to have dissolved into the solution, resulting in the
substitution of COs? into the structure [182]. The bands at around 2180, 2320 and
3450 are related to different modes of water, O—H, or silanol groups [210].
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Figure 4.4. FTIR spectra of BG and B-BG

4.1.5 In Vitro Degradation Analysis

Bioactive glasses are reactive materials after coming into contact with body fluids or
similar solutions. A sequence of events occur on their surface, starting with the partial
dissolving of the glass surface, which prompts the formation of a silica-rich layer and
subsequently the precipitation of amorphous calcium phosphate, which crystallizes in
HA [215-217]. The chemical composition of BG plays a vital role in evaluating its
bioactivity; adding or incorporating any other component to BG affects its

biodegradation rates and mechanical properties [179].

ICP-MS test was conducted to examine the effect of B.Os addition on BG
biodegradation and dissolution behavior. This analysis was performed to test the ion
release on the glass formulations at intervals of 1, 3, 7 and 14 d. 0.15 g of glass was
added to 50 ml of PBS and incubated at 37 °C. A critical characteristic of bioactive
glass is releasing ions into the surrounding environment and maintaining this release
throughout the degradation period. Enhanced ion concentrations provide therapeutic
effects such as increased osteogenic, antimicrobial and anti-inflammatory capabilities.

ICP-MS tests were used to identify the ion release profiles of each element in the glass
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structure. The release profiles of ion concentrations for Si, Ca, Na and Ca are shown
below. It is evident that each ion concentration changes from 1 to 14 d. This oscillation
indicates that the glass dissolution causes a continuous release of ions during the test

period.

As determined by the ICP-MS technique, the changes in Si concentrations are shown
in (Figure 4.5 (A)). The breakdown of the glassy network coincides with the release
of silicon into PBS. On the first day of immersion in PBS, the bioactive glass exhibits
a significant Si ion release 940638 parts per billion (ppb) and their concentration
continued to increase gradually during the 3 and 7" day (1632743 ppb and 1008224
ppb) to reach then to the saturation phase on the 14" day (1264829 ppb). However, the
amounts of silicon ions released from B-BG were not as high as in pure BG. The
concentration of Si ions released from B-BG during 3" day was decreased from
540445 ppb to 128275 ppb. On the 7™ day of immersion, Si increased again to 351224
ppb and kept increasing sharply until the 14" day (896190 ppb). This measured release
profile might be related to the precipitation of insoluble salts containing Si, or it might
be due to the newly produced apatite, which acts as a diffusion barrier, reducing Si
release [218].

According to the results, the amount of Si ion concentrations in B-BG was consistently
lower than that in pure BG, which can be attributed to the substitution of SiO, with
B2O3. The boron concentration was 245361 ppb on the first day of immersion in PBS.
After the 3rd d, the ion concentration increased to about 525848 ppb and was almost
constant until the 14th d, indicating the dissolution of the boron network during 3 days
of immersion (Figure 4.5. (E)). The borate network in B-BG is less durable than the
silicate glass network. It is expected that the degradation of this glass will be controlled
by breaking the borate network. (Figure 4.5.(C)) shows the concentration of
phosphorous ions, amount of released ions decreased to the lowest level on the 3" day
of immersion of B-BG in PBS from 312101 ppb to 96500 ppb, in accordance with the
increase in boron. The fact that the phosphorous is low indicates the formation of a
Ca-P layer on the glass [219].
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On the other hand, on the 14™ day of immersion, the calcium concentration was almost
twice the phosphorous concentration in the B-BG sample 735507 and 406374,
respectively. In contrast, calcium and phosphorous ion concentrations were very close
in the BG sample (362316 ppb and 300872 ppb) (Figure 4.5. (B)). Moreover, based on
the current results and literature data, the boron ion concentrations released from B-
BG in PBS were significantly below the toxic level [220-222]. The low rate of
releasing boron ions made it biocompatible in vivo and non-toxic to surrounding hard
or soft tissues. It should be considered for tissue engineering applications in humans
[222].

According to (Figure 4.5. (D)), the rate of Na ion concentrations was maintained
during the immersion period. The amount released from B-BG was higher than that
from pure BG (5057244 ppb and 4536485 ppb, respectively). This can be attributed to
the decomposition of B-BG in phosphate solution accompanied by the release of glass
modifiers, such as Na, K, Caand Mg and the transformation of glass into a substance
in the form of HA [184]. It has been discussed that immersion of borate glass in a
physiological solution releases some components such as Na>O and B,Os, forming Na*
and BOz*> and the PO+* in the solution interacts with Ca®* to precipitate HA on the
glass [170]. The fast conversion of borate glass to HA be caused by the simultaneous
dissolution of Na* and the phosphate solution's attack on the B-O network structure,
resulting in the nucleation of HA. [170, 184]. As shown in (Figure 4.5. (D)) and (Figure
4.5. (E)) the concentrations of boron and sodium ions remained relatively stable after
3 d, suggesting that they were fully dissolved.

The concentration of calcium ions over the immersion period was varied between low
and high in both BG and B-BG due to the continuous degradation and precipitation
process. As shown in (Figure 4.5. (B)), the Ca?" concentrations of BG and B-BG
leaching were 284085 ppb and 232866 ppb, respectively. Ca®* are likely to be released
quickly and replaced by H3O" ions present in the surrounding environment. The level
of Ca?* concentration in B-BG on the 14" .day was high compared to BG, where it
was 735507 ppb and 362316 ppb, respectively. Although Ca?* can be precipitated in a
stable type of calcium phosphate, several studies have shown that B-BGes release high

Ca ion concentration than pure BG, Which may be explained by the weaker glass
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structure generated by B>Os replacement [219, 223]. The solubility of the bioactive
glasses depends on their connection to the network [224]. As the B20s content
increases, the connection of the glass network decreases, resulting in higher glass
solubility [225]. As a result, the initial rise in Si, Ca and B concentrations and the
decrease in P concentration were attributable to the degradation of particles and the
formation of HA on the surfaces of particles [179].
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4.2 MICROSTRUCTURAL ANALYSIS AND IN VITRO BIOACTIVITY OF
DENTIN SPECIMENS

4.2.1 Scanning Electron Microscope Analysis with Energy Dispersive X-Ray
Spectroscopy

SEM analysis aimed to determine the tubule occlusion efficacy of test agents when
applied to dentine samples by examining features in untreated and treated samples.
SEM enabled imaging of dentine tubules and EDX provided chemical analysis of
points within the dentine to identify the composition of any residues. Dentine surfaces
were free of smear layer and smear plugs after immersion of all specimens 2 minutes
in 37 % phosphoric acid and virtually all of the dentinal tubules were opened entirely
and the permeability was increased. Dentine was dense and homogeneous in the
peritubular area. The opening of the tubules can be observed in (Figures 4.6. (A), 4.7.
(A),4.8.(A),4.9.(A),4.10. (A),4.11. (A) and 4.12. (A)) for all samples. EDX analysis
of acid-etched dentin samples revealed low values of Ca and P, due to the complete
permeability of dentin tubules after application of phosphoric acid Figures 4.6. (B),
4.7. (B), 4.8. (B), 4.9. (B), 4.10. (B), 4.11. (B) and 4.12. (B).

According to SEM results, (Figures 4.6. (C) and 4.10. (C)) showed that after brushing
the dentine samples in groups 1 and 5 for 14 days with a toothpaste containing a
bioactive glass, the tubules were excluded with abrasives by creating a uniform layer
on the surface of the dentin. The bioactive glass stimulates osteogenesis in
physiological systems and tends to have an appropriate surface reaction. BG particles
(Novamin) in Sensodyne Repair & Protect toothpaste and synthesized 45S5 BG
particles appeared to deposit on the dentine surface. They interacted with calcium and

phosphorous in the AS, occluding dentinal tubules physically [226].

When exposed to body fluids such as saliva, the active BG tends to precipitate
hydroxycarbonate apatite, a supersaturated mineral concerning AS [12, 226, 227]. This
action can be explained by when these test agents are applied to the surface of exposed
dentin, the sodium ions (Na*) of BG begin to exchange with hydrogen cations (H" or

Hs0") in AS, allowing calcium ions (Ca?*) and phosphate ions (PO4>) to be released

62



from the particles. Therefore, these reactions could increase the pH value, which
enhances and accelerate the formation of HA. This initial chain of reactions occurs
within seconds of contact with saliva and the release of Ca?* and PO4 % continues as

long as the particles are in connection with an aqueous environment.

As these reactions and the precipitation of calcium and phosphate continue, this leads
to the formation of a layer of calcium phosphate (Ca-P) on the surfaces of the dentin
or in the tubules. This layer crystallizes into apatite hydroxycarbonate, which is
chemically and structurally similar to biological apatite. Resulting in occlusion of the
dentine tubules physically, which significantly reduces hypersensitivity [226, 228,
229]. These obtained results are consistent with previous studies by Wang et al., [12,
134], who demonstrated that toothpaste-containing bioglass presents special clogging
effects after brushing and immersion of AS. Similar results were obtained in a study
by Burwell et al., Who reported that Novamin has the ability to adhere to the surface

of exposed dentin and interact with it forming a mineralized layer.on the surface [230].

Although bioglass (Novamin) is the active ingredient in Sensodyne Repair & Protect
toothpaste, the 455S bioactive glass particles have shown better results in completely
covering the dentin's surface and blocking the dentin the dentinal tubules. After
treatment with Novamin and BG test agents, EDX analysis revealed a high content of
Ca and P Figures 4.6. (D) and 4.10. (D), respectively. However, after the citric acid
challenge, Novamin showed lower Ca and P elements levels while BG maintained Ca
and P peaks at the same level (Figures 4.6. (F) and 4.10. (F) Respectively.

The samples treated with B-BGin group 6 showed complete occlusion of the dentinal
tubules, which can be considered the best blockage ever among all groups. As shown
in (Figure 4.11. (C)) a thick protective layer and large amounts of particles in
agglomerates were observed covering the dentin surface completely. This remarkable
increase can be attributed to the synergistic effect of both bioglass and boron. As a
trace element, boron is essential for bone physiology. Its combination with BG
enhances its rapid and complete ability to convert to HA when immersed in body fluid
as AS [231].
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When borate glass is immersed in AS, components such as Na,O and B»Os are
released, resulting in Na * and BO3 * and PO4 * from solution reacting with Ca* to
precipitate HA the glass. The reason for the fast conversion of borate glass into HA is
that the dissolution of Na* and the attack on the structure of the B-O network by
phosphate solution occurs simultaneously, which leads (instantly) to HA nucleation
[170, 182].

The results showed an intensification of the deposition on the surface of the dentin
with the incorporation of boron to the 45S5 bio-glass compared to the other groups.
The HA deposition became more uniform throughout the surface of the dentin samples
and the thickness of the deposition became more pronounced over time. This is
consistent with high calcium peaks in the EDX spectra upon application of B-BG,
which is probably due to the formation of calcium-containing deposits blocking almost
all dentinal tubules (Figure 4.11. (D). B-BG was the only agent among the groups that
showed significant resistance to citric acid challenge and this may be due to mineral
deposits formed inside the dentinal tubules that settled and difficult to be removed by
acid and this can be confirmed by the results of EDX analysis where the samples
preserved high level of Ca and P even after acid challenge (Figure 4.11. (F). B-BG has
never been studied by researchers in blocking dentinal tubules with the aim of
treatment DH before. Still, the effectiveness of this compound in the rapid
transformation into a HA layer in bone and hard tissue engineering has been confirmed

in many studies [68, 69].

Dentin samples in group 2 were treated with Colgate Sensitive Pro-Relief toothpaste
containing 8% Arginine, an amino acid positively charged at biological pH,
bicarbonate a pH buffer and calcium carbonate as a calcium source [226]. As shown
in (Figure 4.7. (C)), the occlusion of the dentinal tubules was less than in groupsl, 5
and 6. However, the degree of occlusion is considered sufficient to relieve teeth
sensitivity. Some abrasive particles from the toothpaste were left in the dentine tubules
blocking them while the diameters of some tubules were narrowed. The reason behind
occluding dentinal tubules when applying an arginine-based toothpaste is that arginine
is physically absorbed on the calcium carbonate surface in vivo , producing a positively

charged accumulation that can easily bind to the negatively charged dentin on the
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exposed surfaces and inside the tubules [227, 232]. In addition, the pH of the
accumulation of arginine and calcium carbonate is alkaline sufficiently to facilitate the
precipitation of calcium and phosphate from saliva and dentin [146]. The interaction
of arginine and calcium carbonate causes the precipitation of phosphate and arginine,
calcium and carbonate on the exposed dentine surfaces and inside the tubules,
resulting in impeding them [233].

Although the results of SEM showed a narrowing in the diameter of the tubules, there
was no complete obstruction as with Novamin, BG and B-BG and the superiority of
BG in occlusion dentinal tubules over arginine has been confirmed in many previous
studies [234, 235]. These results are similar to a study obtained by Petrou et al., who
described dentinal tubule occlusion using the arginine and calcium carbonate
technology as highly effective[146]. However, the results are considered reasonable
compared to the Control group, where the partial blockage of the tubules can reduce
the flow of fluids through them, resulting in the reduction of DH [12, 226].

Moreover, it is clear from TEM results, which the BG and B-BG particles before
application to the exposed dentin surface, both samples possess a smooth surface. After
contact with the dentinal tubules and immersion in AS, SEM micrographs reveal the
formation of apatite-like crystals that blocked the dentinal tubules and deposited them
on the surface. EDX showed lower Ca and P peaks after citric acid treatment and this
result agrees with SEM showing that the particles on the surface were washed away,
leaving the tubules open. (Figures 4.7. (E and F).

The narrowing of the diameter of the dentinal tubules can also be observed in dentin
samples in group 3 which were treated with Ipana Pro sensitive toothpaste, as shown
in (Figure 4.8. (C)), SEM results showed a partial occlusion of the dentinal tubules in
the surface of the dentin, but failed to produce a complete occlusion. The effectiveness
of this toothpaste in occluding the dentinal tubules has not been reviewed yet in the
literature. Therefore, the active ingredient in its composition (NaF) was relied upon to
interpret the results. This deposition of some particles is due to the active ingredient in

the toothpaste, sodium fluoride (NaF). Fluoride can be used in toothpaste formulations
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with the aim of remineralizing enamel, but evidence regarding its effect on eliminating

tooth sensitivity is limited.

However, it has been shown that fluoride in toothpastes can create deposits on the
dentin surface and block dentin tubules, enhancing acid resistance [60]. Although the
everyday use of sodium fluoride prevents cavities, it can be a treatment option for
decreasing DH. NaF interacts with calcium in the dentin, resulting in calcium fluoride

crystals, which are deposited on the opening of the dentinal tubules [236].

According to Tosun et al., these crystals have a small diameter. Applying NaF alone
may not be sufficient to narrow the diameter of dentinal tubules and may require
repeated treatments to obtain better results [237]. However, the mineral deposits on
the dentine surface may help reduce the permeability. Still, they are not sufficient to
occlude all dentinal tubules and the layer formed on the surface of the dentin is thin
and easy to be rinsed. In addition, this toothpaste contains potassium nitrate, which is
designed to deliver potassium ions to reduce nerve excitability in highly sensitive
teeth. Besides, many studies confirmed that this agent has the ability to block dentinal
tubules and reduce the permeability of dentin because silica and calcium contain
abrasives instead of their effective clinical ingredients [238, 239]. According to SEM
and EDX results, as shown in Figures 4.8. (E, F), group 3 specimens failed to show
excellent resistance to citric acid challenge after the acid challenge. This can be
attributed to the fact that in the presence of acids, calcium and fluorapatite can be easily
dissolved at acidic pH [240] .

The samples in Group 4 (placebo) and Group 7 (control) showed the lowest occlusion
of the dentinal tubules. However, the formation of some deposits on the surface of the
dentin can be observed in (Figure 4.9. (C)). This can be attributed to that AS was
sufficient to form a thin layer covering some dentinal tubules due to calcium and
phosphate ions contained in its composition [13, 54]. Saliva acts as a natural reservoir
for the regrowth of apatite and/or the intending of new nanocrystals and plays an
essential role in the natural remineralization processes and reduces mineral loss, thus

aiding in the naturally occurring blockage of the dentinal tubules [228].

66



These results were confirmed by EDX, which showed a high rate of calcium and
phosphorous after treatment. However, this level did not last long after the acid
challenge. As in Group 4 specimens, brushing the specimens continuously over 14
days may allow greater access of saliva to the dentinal tubules, which may promote
tubular occlusion through the deposition of calcium and phosphate from the saliva
[241]. However, Tubule occlusion may occur naturally through saliva and dentine
sclerosis's normal remineralization processes through secondary dentine formation.
Saliva also has a protective function against tooth wear. The layer has been reported

to promote remineralization and reduce mineral loss [60].

SEM results showed that citric acid could partially remove the precipitated particles
from the tubule orifices and dentine surfaces. The results indicate that the effectiveness
of Novamin, BG and B-BG decreased after the citric acid treatment. The layer formed
on the surface of dentin is more resistant to acid challenges than other groups and is
mechanically robust. This finding is consistent with a study by Bakri et al., analyzing
the efficacy of dentine tubules occlusion in bioglass toothpaste. After the acid
challenge, they concluded that bioglass-containing toothpastes shows better tubules
occlusion than the groups containing arginine and fluoride [242]. In addition, the
continuous release of calcium over time maintains the protective effects on the surface

of the dentin and provides a constant blockage of the dentinal tubules.

The thickness of the layer formed on the surface of the dentin in Group 5 helped protect
the dentinal tubules from partial exposure. Arginine was not resistant to acid attack
because the positively charged agglomeration with calcium carbonate binds with the

negatively charged dentin at the physiological pH [243].

Therefore, under acidic conditions, the charge will lose and this may cause
agglomeration to separate from the dentin, even though the toothpaste contains
bicarbonate to help prevent pH changes [54, 243] in group 3, where it is possible to
notice the breakdown of the layer covering the tubules, due to the solubility of CaF.
under low pH values. For the samples in group 4 and group 7, upon exposure to 6%
citric acid challenge, most of the layer formed by AS was dissolved. However, there

was evidence of occlusion of some tubules. These findings were similar to the results
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obtained by the researchers, where they suggested that saliva can obscure patented
dentinal tubules by delivering calcium and phosphate ions into the tubules and creating
a surface protecting layer of salivary glycoprotein with calcium and phosphate.
However, natural tubule occlusion is a slow mechanism and tubule plugging is easily
removed by dietary 6% acid and physical attack, making it ineffective and unreliable
in providing long-term DH relief [13, 54, 228]. Finally, upon exposure to citric acid
challenge, most of the layers formed by test agents were dissolved, but group 6 was

resistant with partial tubule occlusion.
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Figure 4.6. SEM images and EDX spectra of specimens in Group 1: (A) SEM image
(B) EDX spectra of acid-etched dentine specimen. (C) SEM image (D)
EDX spectra of dentin surface treated with Novamin. (E) SEM image. (F)
EDX spectra of treated dentine surface after citric acid challenge.
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Figure 4.7. SEM images and EDX spectra of specimens in Group 2: (A) SEM image
(B) EDX spectra of acid etched dentine specimen. (C) SEM image (D)
EDX spectra of dentin surface treated with 8% Argenine. (E) SEM image.
(F) EDX spectra of treated dentine surface after citric acid challenge.
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Figure 4.8.

cpsfev

SEM images and EDX spectra of specimens in Group 3: (A) SEM image
(B) EDX spectra of acid-etched dentine specimen. (C) SEM image. (D)
EDX spectra of dentin surface treated with NaF. (E) SEM image (F) EDX
spectra of treated dentine surface after citric acid challenge.
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Figure 4.9. SEM images and EDX spectra of specimens in Group 4: (A) SEM image
(B) EDX spectra of acid-etched dentine specimen. (C) SEM image. (D)
EDX spectra of dentin surface treated with placebo. (E) SEM image (F)
EDX spectra of treated dentine surface after citric acid challenge.
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Figure 4.10. SEM images and EDX spectra of specimens in Group 5: (A) SEM image.
(B) EDX spectra of acid-etched dentine specimen. (C) SEM image (D)
EDX spectra of dentin surface treated with 45S5 BG. (E) SEM image (F)
EDX spectra of treated dentine surface after citric acid challenge.
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Figure 4.11. SEM images and EDX spectra of specimens in Group 6: (A) SEM image.
(B) EDX spectra of acid-etched dentine specimen. (C) SEM image (D)
EDX spectra of dentin surface treated with B-BG (E) SEM image (F)
EDX spectra of treated dentine surface after citric acid challenge.
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Figure 4.12. SEM images and EDX spectra of specimens in Group 7: (A) SEM image.
(B) EDX spectra of acid-etched dentine specimen. (C) SEM image (D)
EDX spectra of dentin surface brushed with AS. (E) SEM image (F) EDX
spectra of treated dentine surface after citric acid challenge.

4.2.2 X-ray Diffraction Analysis

XRD is also used to identify the mineral phase of the deposited minerals on the dentine
surface and to observe the crystallinity differences between samples before and after
treatment. Ca, P, O and C, as well as the trace elements Mg and Na, make up the
majority of dentin[244]. The literature identified the mineral phase of the dentin as a
calcium phosphate with an apatite structure [245]. It was indicated that dentin is
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composed of HA and minor whitlockites [244]. However, the association of many
minor and trace elements with biological appetites has prompted more research and

differing viewpoints.

According to the results, the XRD patterns of dentin samples before and after treatment
were almost similar and their diffraction peaks matched with several phases of calcium
phosphate. However, all samples were matched with standard HA diffraction peaks
(JCPDS-00-009-0432). The diffraction peaks of crystalline apatite were mainly
observed at 25.9°,31.8°,32.9° and 46.7° of 20 and were connected with Miller indices
(002),(211),(300)and (22 2), respectively [246].

According to the XRD spectrum shown in (Figure 4.13.) the Novamin sample’s
diffraction peak showed significant similarity with standard HA diffraction peaks with
the total agreement with SEM results. The Peak (002) was shifted toward higher 26
indicating the change in crystal lattice parameters [247]. The decrease in lattice
parameters and crystallite size is observed in (Table 4.1.) and approved by broadening
reflections in the XRD pattern after treatment. The diffraction peaks after treatment
were sharper and higher intensity in small amounts, increasing the intensity resulting

in increased crystallinity.

After brushing dentine samples with a group 2 test agent (arginine), the intensity of
the diffraction peak (211) was decreased in agreement with the reduction of
crystallinity (22.62 %). The low crystallinity is due to the presence of COs% ions in the
structure of arginine, which can be restricted the crystallization of the HA phase [248].

The peak (210) in the pattern after treatment can be observed in (Figure 4.14.).

The diffraction peaks of the group 3 XRD pattern (Figure 4.15.) were a little sharper
after treatment and the peak at 21.8° was shifted to 25.8° due to the reduction in the
lattice parameters. As shown in (Figure 4.16.), for group 4, there was no significant
difference between the diffraction patterns before and after treatment. This can be
attributed to the fact that the placebo treatment had no apparent effect on the surface

of dentine.
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XRD patterns of the samples treated with BG and B-BG are shown in (Figure 4.17.
and Figure 4.18.). The change of the diffraction peaks with lower intensity indicated
that the change of surface samples was from crystalline to amorphous, which can be
attributed to the amorphous nature of BG. It was reported that silica in solution slows
the growth of HA crystals. Therefore, the formed layer will be restricted in
crystallization due to the silica, which acts as a barrier to crystallization against another

phase by limiting the atomic arrangement [249].

However, group 6 showed higher crystallinity than group 5 which means that it is more
biologically active and can convert to HA in less time. The diffraction Peak (211) was
less sharp and broader, which can be explained by the small size of crystallites. In
addition, According to previous investigations, the reduction of particle size could
cause an increase in the specific surface area, which improves the interaction between
the deposited material and the physiological solution and thus enhances the kinetics of

biomechanical reactions.

The XRD pattern also revealed an increase in the crystallization of the surface of dentin
in the control group (Figure 4.19.), in agreement with the results of SEM, which
showed that the AS itself is able to form a layer of calcium phosphate can partially

cover the open dentinal tubules.
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Table 4.1. Lattice parameters, degree of crystallinity and Crystallite size of dentin
samples before and after treatment.

Group # | Treatment Lattice parameters Crystallinity | Crystallite
a(A) b (A) c(A) size (nm)

Group 1 | Before 9.441 9.441 6.88 64.56 % 19.275 nm
treatment
After 9.415 9.415 6.879 72.40 % 19.367 nm
treatment

Group 2 | Before 9.426 9. 426 6.865 61.81 % 30.86 nm
treatment
After 9.44 9.44 6.86 48.99 % 21.875 nm
treatment

Group 3 | Before 9.415 9. 415 6.879 56.39 % 32.20 nm
treatment
After 9.418 9.418 6.879 61.13 % 28.84 nm
treatment

Group 4 | Before 9.4410 9.4410 6.8770 60.21 % 22.57 nm
treatment
After 9.4410 9.4410 6.8770 71 % 25.440 nm
treatment

Group 5 | Before 9.416 9.416 6.874 65.07 % 20.82 nm
treatment
After 9.424 9.424 6.879 47.33% 18.188 nm
treatment

Group 6 | Before 9.416 9.416 6.874 68.32 % 19.175 nm
treatment
After 9.418 9.418 6.884 52.64 % 16.9 nm
treatment

Group 7 | Before 9.4190 9.4190 6.8810 45.95 % 21.270 nm
treatment
After 9.4190 9.4190 6.8810 59.26 % 19.988 nm
treatment
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Figure 4.13. XRD spectra of the dentin surface before treatment and precipitates
formed on dentin after treatment with Arginine.
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Figure 4.14. XRD spectra of the dentin surface before treatment and precipitates
formed on dentin after treatment with Arginine.
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Figure 4.15. XRD spectra of the dentin surface before treatment and precipitates
formed on dentin after treatment with Sodium Florid.
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Figure 4.16. XRD spectra of the dentin surface before treatment and precipitates
formed on dentin after treatment with placebo agent.
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Figure 4.17.

Figure 4.18. XRD spectra of the dentin surface before treatment and precipitates
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Figure 4.19. XRD spectra of the dentin surface before treatment and precipitates
formed on dentin after treatment with AS.

4.2.3 In Vitro Bioactivity Analysis
4.2.3.1 lon Release Profiles

The leaching of ions from the deposited layer on dentin samples was compared and
test agents' bioactive behavior was evaluated. While the treated dentin samples are
immersed in AS, the particles deposited on the surface are attacked by the surrounding
environment. The ions are released from the particles to precipitate in a layer that clogs
the dentinal tubules. As a result, AS containing calcium and phosphate can play a role
in increasing sedimentation over time, which may disturb the accurate measurement
of ionic leaching. Thus, the measurement of ion concentration release will be more
sensitive in citric acid. After completing 14 days of treatment, the dentin samples were
immersed in 6% citric acid for two minutes to evaluate the release of ion
concentrations under acidic conditions (Figure 4.20.) Groups 2 and 3 had the highest
rate of calcium ions releasing, indicating the fast dissolution of the precipitated layer
in an acidic environment, agreeing with SEM results. The release of calcium ions

concentrations in the rest of the groups was almost similar. The release of calcium ions
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concentrations in groups 1, 5 and 6 can be attributed to the thickness of the calcium-

phosphate-rich layer deposited on the surface of the dentin.

It was evident that the rate of release of sodium ions in group 3 is the highest since
the test agent used in the treatment contains sodium. The other groups were largely
similar in the rate of releasing sodium ions concentrations, except for group 4, in which

the release of sodium ions was the lowest.
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Figure 4.20. lon release of Ca, Na and B from dentin sample groups under citric acid
immersion for 2 minutes.

4.2.3.2 In Vitro Deposition and Degradation Analysis

The deposition and degradation of the formed layer/ particles on the surface of dentin
were assessed as a function of the time of immersion of the samples in AS with an
initial pH of 7.4 at 37 °C, as described in detail elsewhere. The weight changes were
used to monitor the deposited layer on the treated dentin surface and the durability of
the precipitations under immersion in As. After removing the AS at specific times,

dentine specimens were dried at 50°C and weighed with repetition for all samples.

The mean values of weight are shown in (Table 4.2.). One-Way Analysis Of Variance
(ANOVA) was conducted to discover statistically significant differences in weight

change depending on the test factor and treatment method. According to the results
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of the ANOVA test, can observe the statistically significant differences in weight
gain/loss according to a variable of the treatment method, where the value of F was
21.849 with a significance value of 0.000 < 0.005 for weight gain and was 9.385 with
a significance value of 0.001 < 0.005. This means there were statistically significant
differences in both cases. (Figure 4.21. (A)), showed that the mean weight gain of the
B-BG containing group is higher than the other groups and in (Figure 4.21. (B)), the

weight loss was lower than the rest of the groups.

Table 4.2 Mean values of weight gain\loss according to Anova test.

Group # Mwg* Std* F Sig Mwl* Std* F Sig
Group 1 2.960 0.2600 0.163 0.0116

Group 2 2.153 0.3371 1000 0.3035

Group 3 1.983 0.3200 0.863 0.3190

Group 4 1.730 0.2862 0.713 0.0681

Group 5 3.023 0.2650 av| o 0.127 0.0473 93 | 000
Group 6 3.617 0.1834 0.130 0.0964

Group 7 1.940 0.1229 0.190 0.3538

Total 2.487 0.7407 0.4552 0.4109

Mwg*: Mean weight gain.
Std*: Standard deviation.
Mwl*: Mean weghit loss.
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Figure 4.21. (A) Weight gain of dentin saples after treatment. (B) Weight loss of after
immersion 10 days in AS.

In order to find out the amount of the differences between the samples, the dimensional
comparisons were tested. There were significant differences in weight gain on the
dentin surface depending on the treatment agent. The difference between the Novamin,
BG and B-BG groups was not statistically significant (P > 0.005), indicating that a

layer of close thickness blocked the dentinal tubules. While the difference between
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these groups containing BG formulations and group 3, groups 4 and 7 was highly
statistically significant to other groups (P > 0.005). The increasing significance of
weight in these groups could be attributed to the advantage of the strong bioactivity of
BGes in body fluids, as salts from the liquid medium (AS) preferentially shifted the
equilibrium between salts towards HA formation [16]. These results are consistent
with SEM and XRD results. All dentinal tubules were blocked with a thick layer.
However, the weight gain analysis showed that the boron-containing group could
deposit the most significant possible amount of particles on the dentin surface. The
placebo group (group 4) showed the slightest increase in weight and there were no
statistically significant differences between group 2, group3 and group 7 (P > 0.005).

The current study results indicate the weight loss after immersion of dentin samples in
AS for 10 d. There were statistically significant differences between group 2 and group
1, group 5, group 6 and 7 (Sig 0.021, 0.016, 0.016 and 0.027, respectively). The
differences were not statistically significant between group 2 and group 3 and group 4
(0.995 and 0.848, respectively). Although group 3 and group 4 were not statistically
significant with group 2, there were statistically significant differences in weight loss
between them and groups 1, 5, 6 and 7. Statistical analysis of mean weight loss
revealed significant differences (P < 0.05) between group 1, group 5, group 6 and
group 7. Weight loss can be attributed to dissolved soluble salts in AS. The reason for
maintaining or slightly decreasing weight may be the balance between salt dissolution

and calcium phosphate deposition on the dentin surface.

Weight measurements showed a noticeable increase in all samples after applying the
test agents for 14 days due to the deposition of a layer of particles covering the surface
of the dentin, which was confirmed by SEM results. The superiority of Group 6 can
be observed in residue, as the weight of samples increased significantly after treatment
due to the continuity of the dissolution—precipitation processes cause thickening of the
deposited layer on the surface. All samples were weighed after 10 days of immersion
in the AS to measure the rate of degradation and the effectiveness of the applied agents
over time. Surprisingly, groups 1, 5, 6 and  7showed similar amount of weight loss
because AS contains calcium and is able to deposit a layer on the surface over time.

However, Groups 2, 3 and 4 had higher levels of dissolution, especially group 2.
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Finally, Group 6 showed high stability, with little weight loss compared with the other
groups. (Figure 4.22.).
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Figure 4.22. Estimated marginal means of weight gain/loss of treatment agents.

4.3 FAST DEPOSITION EVALUATION

According to SEM and EDX results, groups 1, 5 and 6 showed significant occlusion
of the dentinal tubules and a significant increase in mineral deposition on the dentin
surface compared to the other test groups. Therefore, the effectiveness of these three
groups was tested in the short term (for two minutes over three d) under the same
conditions mentioned previously in the treatment for the long term to compare their
ability of rapid deposition and to block the dentinal tubules in a short time.

It was observed from (Figure 4.23. (B, C, D)), the presence of a layer deposited on the
surface of the dentin in all samples. However, group 6 outperformed groups 1 and 5 in
forming a homogeneous layer that blocked all the dentinal tubules. In groups 1 and 5,
ion exchange reactions occur between the BG and AS, which leads to the formation of
a layer rich in SiO on the surface of the glass, followed by the deposition of a layer
consisting of amorphous calcium and phosphate on SiO»-rich layer, which is expected
to crystallize into HA. However, despite its excellent bioactivity, bioactive glass 45S5

converts to HA slowly and incompletely [250].
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The rapid conversion from applied test agent to calcium phosphate layer on the dentin
surface is a criterion for evaluating its biological activity. Group 6 excelled in forming
a thicker calcium phosphate layer on the surface of the dentin in a short period. This is
because the addition of boron to the BG causes structural changes in the glass network,
leading to lower chemical durability and a faster dissolution rate than the original glass
[170]. Several studies confirmed this by indicating the rapid biodegradation and
enhanced bioactivity of boron-containing bioglass [68, 69, 231]. The glass used in this
group mainly consists of a borate network due to the high content of B.Oz to SiOs.
This network has lower chemical stability than the 45S5 network and its degradation
can be controlled by breaking the borate network [69]. This leads to the rapid diffusion

of borate ions in the solution, thus promoting the deterioration process .

These results were confirmed by the ICP-MS analysis, where the boron network was
decomposed on the third d and phosphorous ion concentrations were reduced
concerning calcium ions. However, bioactive glass 45S5 converts to HA slowly and
incompletely [250]. Many recent studies proved this as they confirmed that partial or
complete replacement of SiO> in silicate 45S5 with B2Os resulted in bioactive glass
formulations with lower chemical stability, resulting in faster and more complete
conversion of the glass to HA [202, 251].

As the degradation rate of the bioactive glass increases, the release rate of degradation
agents from the glass will increase. The mechanism for converting the glass to HA
may differ from that of the original bioactive glass. All three groups tested showed
comparable results concerning the degree of tubules occlusion. The best rapid
deposition and occlusion of the dentinal tubules in a short time resulted from the
addition of boron to the BG network. BB is a promising substance for treating sensitive

teeth and for eliminating pain in a short period of time.
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Figure 4.23. SEM image of (A) acid etched and (B) treated with Novamin dentin
specimens. (C) SEM image of acid etched and (D treated with BG dentin
specimens. (E) SEM image of acid etched and (F) treated with B-BG
dentin specimens.
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PART 5

CONCLUSION

In this thesis, pure and boron-doped bioactive glass was characterized and compared
with different formulations to examine their in vitro effects on dentinal tubule
occlusion in order to reduce DH. The results indicated a decrease in dentin
permeability and narrowing in tubule orifices by forming nano-crystals within the
dentinal tubules and resistance to the acid challenge after brushing the dentin with
different treatment formulations. However, the results of this study provided
conclusive evidence that toothpaste formulations containing bioactive glasses
(Novamin, 45S5 BG and B-BG) had high efficiency in occluding dentin tubules
compared to the other formulations. In particular, it was found that treatment with BG
formulations produced effective dentinal tubular occlusion and could form a layer of
HA covering the entire dentinal surface, characterized by an acid-resistant that
significantly reduced the hydraulic conductivity of fluid flow through the dentinal
tubules. The nano-size of the synthetic BG particles was an influential factor for the
diffusion of particles through the dentinal tubules.Furthermore, the B-BG group
showed enhanced AS and acid resistance and increases in calcium levels in specific
sites. The addition of boron to the BG structure confirmed the improvement of the
deposition on the surface of the dentin and the transformation into a thick layer in a
long and short time. The samples of the B-BG group gained the most significant
amount of weight after treatment. At the same time, the rate of degradation after
immersion in AS for 10 days was similar between Novamin, BG and B-BG and AS
groups. This provides evidence that BG formulations effectively clogged the tubules
over a long period, even after immersion in AS. It is noteworthy that the AS was able
to partially block the dentinal tubules and reduce permeability, according to the
analysis results. However, this degree of occlusion is not considered sufficient to

eliminate DH.
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In conclusion, the present in vitro study results support the growing evidence in the
published literature that toothpaste formulations containing bioactive glasses occlude
the dentin tubules and have a solid acid-resisting capacity. Moreover, B-BG can be
proposed as a promising effective biomaterial used in hypersensitivity toothpastes.
However, in vivo studies are required to investigate the efficacy of the prepared
formulations in the clinic. In addition, more quantitative and functional investigations
are needed to improve the saliva and acids resistance of future hypersensitivity

toothpastes to increase the occlusive effect in treating DH.
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Table Appendix Al. Multiple comparisons between weight gain of dentin samples
after treatment.

Dependent m ) Mean Sig.
Variable treatment treatment Difference (I-
agents agents J)
Weight gain Group 1 Group 2 0.8066667 0.088
after treatment Group 3 0.9766667" 0.026
for 14 d Group 4 1.2300000" 0.004
Group 5 -0.0633333 1.000
Group 6 -0.6566667 0.231
Group 7 1.0200000" 0.019
Group 2 Group 1 -0.8066667 0.088
Group 3 0.1700000 0.995
Group 4 0.4233333 0.692
Group 5 -0.8700000 0.057
Group 6 -1.463333" 0.001
Group 7 0.2133333 0.982
Group 3 Group 1 -0.9766667" 0.026
Group 2 -0.1700000 0.995
Group 4 0.2533333 0.959
Group 5 -1.0400000 0.017
Group 6 -1.6333333" 0.000
Group 7 0.0433333 1.000
Group 4 Group 1 -1.2300000" 0.004
Group 2 -0.4233333 0.692
Group 3 -0.2533333 0.959
Group 5 -1.2933333" 0.003
Group 6 -1.8866667" 0.000
Group 7 -0.2100000 0.984
Group 5 Group 1 0.0633333 1.000
Group 2 0.8700000 0.057
Group 3 1.0400000" 0.017
Group 4 1.2933333" 0.003
Group 6 -0.5933333 0.331
Group 7 1.0833333" 0.012
Group 6 Group 1 0.6566667 0.231
Group 2 1.4633333" 0.001
Group 3 1.6333333" 0.000
Group 4 1.8866667" 0.000
Group 5 0.5933333 0.331
Group 7 1.6766667" 0.000
Group 7 Group 1 -1.0200000" 0.019
Group 2 -0.2133333 0.982
Group 3 -0.0433333 1.000
Group 4 0.2100000 0.984
Group 5 -1.0833333" 0.012
Group 6 -1.6766667" 0.000
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Table Appendix A2. Multiple comparisons between weight loss of dentin samples after
immersion in AS.

Dependent ()] ) Mean Sig.
Variable treatment treatment Difference
agents agents (1-J)
Weight loss Group 1 Group 2 -0.8366667" 0.021
after immersion Group 3 -0.7000000 0.069
in AS for 10 d Group 4 -0.5500000 0.225
Group 5 0.0366667 1.000
Group 6 0.0333333 1.000
Group 7 -0.0266667 1.000
Group 2 Group 1 0.8366667" 0.021
Group 3 0.1366667 0.995
Group 4 0.2866667 0.848
Group 5 0.8733333" 0.016
Group 6 0.8700000" 0.016
Group 7 0.8100000" 0.027
Group 3 Group 1 0.7000000 0.069
Group 2 -0.1366667 0.995
Group 4 0.1500000 0.993
Group 5 0.7366667 0.051
Group 6 0.7333333 0.052
Group 7 0.6733333 0.086
Group 4 Group 1 0.5500000 0.225
Group 2 -0.2866667 0.848
Group 3 -0.1500000 0.993
Group 5 0.5866667 0.172
Group 6 0.5833333 0.176
Group 7 0.5233333 0.272
Group 5 Group 1 -0.0366667 1.000
Group 2 -0.8733333" 0.016
Group 3 -0.7366667 0.051
Group 4 -0.5866667 0.172
Group 6 -0.0033333 1.000
Group 7 -0.0633333 1.000
Group 6 Group 1 -0.0333333 1.000
Group 2 -0.8700000" 0.016
Group 3 -0.7333333 0.052
Group 4 -0.5833333 0.176
Group 5 0.0033333 1.000
Group 7 -0.0600000 1.000
Group 7 Group 1 0.0266667 1.000
Group 2 -0.8100000" 0.027
Group 3 -0.6733333 0.086
Group 4 -0.5233333 0.272
Group 5 0.0633333 1.000
Group 6 0.0600000 1.000
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