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Doctoral Dissertation, 201 pp. 
Finnish Doctoral Programme in Oral Sciences – FINDOS Turku 
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ABSTRACT 

Silver fluoride-based treatments have gained increasing clinical and research 
attention as promising therapeutic agents for caries arrest, yet their interactions with 
dentin remain uncharacterized. The aim of the present thesis was to investigate the 
adhesive, enzymatic, biocompatibility, and fatigue-related behavior of dentin treated 
with ammonia-based silver diamine fluoride (SDF) and water-based silver fluoride 
(SF), with or without the application of potassium iodide (KI). Four studies were 
accomplished. Study I evaluated the resin-dentin bonding to SDF- and SDF + KI-
treated dentin using different bonding strategies, surface treatment approaches and 
delayed bonding time points. Study II investigated the long-term effects of SDF and 
SF treatments, with or without KI, on dentin collagen matrix stability over a six-
month period. Study III assessed trans-dentin and direct cytotoxicity using dentin 
barrier test and cell viability assays. Study IV evaluated the fracture strength and 
fatigue resistance of carious dentin treated with silver fluoride-based treatments 
using a microcosm biofilm model under quasi-static and cyclic loading conditions. 
Immediate self-etch bonding to SDF- or SDF + KI-treated dentin severely reduced 
bond strengths, whereas acid etching, rinsing, airborne-particle abrasion or delayed 
bonding restored bonding performance. Silver fluoride treatments reduced total 
enzymatic activity and partially preserved mechanical properties of dentin collagen, 
while KI application increased collagen degradation. SF treatment showed higher 
biocompatibility than SDF treatment, especially without KI application. Caries 
substantially reduced dentin fatigue resistance, but SF treatment without KI 
application improved endurance limits and resistance to crack propagation. Water-
based silver fluoride without potassium iodide emerged as the most promising 
formulation, combining superior biocompatibility and mechanical performance. The 
use of potassium iodide should be reconsidered, particularly when esthetic demand 
is less important. These findings highlight the clinical potential of water-based silver 
fluoride as a better alternative to ammonia-based silver diamine fluoride and provide 
guidance for optimizing silver fluoride-based treatment protocols.  

KEYWORDS: Aqueous silver fluoride (SF); Biocompatibility; Bond strength; 
Degradation; Dentin; Fatigue; Microcosm biofilm; Potassium iodide (KI);                 
Silver diamine fluoride (SDF)   
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TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Hammaslääketieteen laitos 
Kariologia ja korjaava hammashoito 
MERVE ÜÇTAŞLI: Biologiasta mekaniikkaan: hopeafluoridihoitojen 
vaikutukset dentiinin 
Väitöskirja, 201 s. 
Kansallinen suun terveystieteiden tohtoriohjelma – FINDOS Turku 
Toukokuu 2026 

TIIVISTELMÄ  

Hopeafluoridit ovat viime vuosina saaneet kasvavaa kliinistä ja tutkimuksellista 
kiinnostusta lupaavina karieksen etenemistä pysäyttävinä menetelminä, mutta niiden 
vuorovaikutuksia dentiinin kanssa ei vielä riittävästi tunneta. Tämän väitöskirjan 
tarkoituksena oli tutkia dentiinin mekaanisia, entsymaattisia, bioyhteensopivia ja 
väsymisresistenssiin liittyviä tekijöitä sen jälkeen, kun dentiini oli käsitelty 
ammoniakkipohjaisella hopeadiamiini-fluoridilla (SDF) tai vesipohjaisella hopea-
fluoridilla (SF) joko kaliumjodidin (KI) kanssa tai ilman sitä. Väitöskirja koostui 
neljästä osatutkimuksesta. Tutkimus I arvioi resiini-dentiinisidoksen lujuutta SDF- 
ja SDF + KI-käsitellyissä dentiineissä käyttäen erilaisia sidostusmenetelmiä, 
pintakäsittelyitä ja sidostuksen ajankohtia SDF-käsittelyn jälkeen. Tutkimus II 
tarkasteli SDF:n ja SF:n pitkäaikaisvaikutuksia dentiinin kollageenimatriisin stabiili-
suuteen KI:n kanssa tai ilman sitä kuuden kuukauden seuranta-aikana. Tutkimus III 
arvioi dentiinin läpäisevää ja suoraa sytotoksisuutta dentiinibarrieri-testillä ja solujen 
elinkykykokeilla. Tutkimus IV selvitti hopeafluoridilla käsitellyn karieksen heiken-
tämän dentiinin murtolujuutta ja väsymisresistenssiä biofilmimallissa kvasistaatti-
sissa ja syklisissä kuormitusolosuhteissa. Välitön itse-etsaava sidostus SDF- ja SDF 
+ KI-käsiteltyyn dentiiniin heikensi sidoksen lujuutta, kun taas happoetsaus, 
huuhtelu, jauhepuhallus tai viivästynyt sidostus palauttivat sidoslujuuden. Hopea-
fluoridit vähensivät entsyymiaktiivisuutta ja säilyttivät osittain kollageenin mekaa-
nisia ominaisuuksia, kun taas KI lisäsi kollageenin hajoamista. SF osoitti parempaa 
bioyhteensopivuutta kuin SDF, erityisesti ilman KI:tä. Karies heikensi dentiinin 
väsymisresistenssiä, mutta SF ilman KI:tä paransi kestävyysarvoja ja vähensi 
halkeamien etenemistä. Vesipohjainen hopeafluoridi ilman kaliumjodidia osoittautui 
lupaavimmaksi vaihtoehdoksi, sillä se yhdisti hyvän bioyhteensopivuuden ja hyvät 
mekaaniset ominaisuudet. Kaliumjodidin käyttöä tulisi harkita uudelleen erityisesti 
tilanteissa, joissa esteettiset vaatimukset ovat toissijaisia. Tulokset korostavat 
vesipohjaisen hopeafluoridin kliinistä soveltuvuutta ammoniakkipohjaista 
hopeafluoridia parempana vaihtoehtona ja tarjoavat samalla ohjeita hopeafluoridin 
käyttötapojen kehittämiseen. 

AVAINSANAT: Bioyhteensopivuus; Biofilmi: Dentiini; Hopeadiamiini-fluoridi 
(SDF); Kaliumjodidi (KI); Materiaalin heikkeneminen; Sidoslujuus;                 
Väsymisresistenssi; Vesipohjainen hopeafluoridi (SF) 
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1 Introduction 

Dental caries remains the most prevalent non-communicable, biofilm-mediated 
disease worldwide and continues to represent a major global health burden [Selwitz 
et al., 2007; Pitts et al., 2017] and characterized by net mineral loss of dental hard 
tissues [MacHiulskiene et al., 2020]. Despite notable advances in preventive and 
restorative dentistry, untreated caries affects approximately 2.5 billion people 
globally [Wen et al., 2022] and remains a leading cause of pain, tooth loss and 
reduced oral function. This persistent prevalence underscores the urgent need for 
effective, evidence-based management strategies that are aligned with international 
oral health policies. 

Caries is a multifactorial and dynamic disease resulting from interaction between 
dental tissues, cariogenic biofilms, dietary carbohydrates and host-related factors 
[Pitts et al., 2017]. In dentin, caries progression is not only characterized by mineral 
loss but also by degradation of the organic matrix, primarily type I collagen, which 
leads to progressive weakening of the tissue and structural integrity loss [Carrilho et 
al., 2009].  

The caries management philosophy has shifted from a traditional drill and fill 
approach toward a more conservative and biologically oriented model [Schwendicke 
et al., 2021]. Contemporary caries management emphasizes early diagnosis, disease 
control and preservation of tooth structure through non-invasive and minimally 
invasive strategies. The primary objective is to arrest lesion progression, promote 
remineralization and protect affected dental tissues rather than relying solely on 
surgical removal of carious tissue [Opdam et al., 2024]. 

Throughout the years, fluoride-containing agents have gained attention and been 
used to control the progression of dentin caries process [Slayton et al., 2018; Jiang 
et al., 2021]. Silver fluoride formulations, both ammonia-based and water-based 
silver fluoride, have emerged as effective therapeutic agents for arresting caries and 
incorporated into contemporary caries management protocols [Rosenblatt et al., 
2009; Mei et al., 2018]. These materials combine the antimicrobial properties of 
silver ions with the remineralizing effects of fluoride [Contreras et al., 2017].  

Ammonia-based silver fluoride, commonly known as silver diamine fluoride 
(SDF), has been used for several decades and has demonstrated high clinical 



Merve Üçtaşlı 

 14 

effectiveness in arresting carious lesions, reducing dentin hypersensitivity and 
inhibiting cariogenic biofilms in adults [Yee et al., 2009; Contreras et al., 2017; Mei 
et al., 2018], children [Chu, and Lo, 2008; Duangthip et al., 2015] and elderly [Li et 
al., 2016; Chan et al., 2022]. Ammonia-based silver fluoride was originally 
formulated during the PhD studies of Dr. Misuho Nishino under the supervision of 
Dr. Reichi Yamaga at Osaka University, Japan, in the late 1960s [Nishino, 1969]. 
The first commercial 38% SDF product for dental treatment was marketed as 
Saforide in Japan. 

Water-based, ammonia-free silver fluoride, commonly known as aqueous silver 
fluoride (SF), has also been used for arresting caries lesions, reducing dentin 
hypersensitivity and inhibiting cariogenic biofilms. Water-based silver fluoride was 
first introduced by Dr. Graham Craig at University of Sydney, Australia, in the late 
1970s [Craig et al., 1981]. The commercial product was 40% SF, often used in 
conjunction with a stannous fluoride (SnF2) paste manufactured by Creighton 
Pharmaceuticals in Australia.  

However, silver fluoride treatments present esthetic drawbacks, the oxidation of 
free silver ions result in discoloration of teeth and surrounding tissues, which reduces 
their acceptance in clinical practice. The application of potassium iodide (KI) 
immediately after either ammonia- or water-based silver fluoride treatments 
addresses this discoloration issue and leads to the formation of a white silver iodide 
compound that decreases the appearance of black dentin staining [Primus, 2017; 
Roberts et al., 2020]. The adjunctive use of potassium iodide with silver fluoride 
treatments was first introduced by Dr. Geoffrey Knight at University of Adelaide, 
Australia, in the 2000s [Knight et al., 2005].   

Subsequently, an Australian manufacturer, Southern Dental Industries (SDI), 
developed a two‑bottle system consisting of SDF and KI, which was introduced 
under the product name Riva Star in 2015. In 2020, the same manufacturer 
introduced Riva Star Aqua, a two‑bottle system consisting of SF and KI, as an 
alternative to SDF. Water-based formulation aimed to improve patient comfort by 
reducing unpleasant taste, odor and soft tissue irritation associated with ammonia-
based solutions. Therefore, silver fluoride treatments can be applied either as 
ammonia‑ or water‑based silver fluoride alone (SDF or SF) or in combination with 
potassium iodide (KI). 

The widespread clinical use, together with expanding research interest highlight 
the importance of silver fluoride treatments in restorative and preventive dentistry. 
The US Food and Drug Administration approved SDF for tooth desensitization and 
caries treatment in 2014 and 2015, respectively [Jiang et al., 2021]. The World 
Health Organization has included SDF in its list of essential medicines [World 
Health Organization (WHO), 2022]. Moreover, SDF has emerged as a possible 
off-label approach to extend the longevity of resin-dentin interfaces due to its 
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potential inhibition of host-derived endogenous proteases [Mei et al., 2012; Mei et 
al., 2014], in addition to its antimicrobial and remineralizing properties and thereby 
reducing collagen degradation [Mei et al., 2013a]. 

Silver fluoride-based treatments are increasingly employed in clinical practice 
and have shown benefits in arresting dental caries, however, important scientific and 
clinical questions remain regarding their interactions with dental tissues and 
restorative materials. Research on water-based silver fluoride and application of 
potassium iodide is still limited. In addition, ammonia-based silver fluoride also 
requires further clarification due to inconclusive findings in the existing literature.  

Therefore, this doctoral thesis investigates underlying mechanisms of action of 
ammonia- and water-based silver fluoride treatments, with or without the application 
of potassium iodide, focusing on their influence on resin-dentin bonding, 
host-derived enzymatic activity, cytotoxicity and long-term mechanical 
performance. The series of studies included in this thesis aims to support 
improvements in the quality and longevity of restorative dental care, especially in 
high-caries-risk patients, children and older adults, where caries prevalence and 
treatment needs continue to increase. 
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2 Review of the Literature 

2.1 Tooth structure 

2.1.1 Enamel 
Enamel is a highly mineralized tissue composed of approximately 88% by volume 
or 96% by weight hydroxyapatite (Ca10(PO4)6(OH)2), 10% by volume or 3% by 
weight water, and 2% by volume or 1% by weight organic components [O´Brien, 
2008] and is the hardest tissue in the human body [Mann, and Dickinson, 2005]. 
Hydroxyapatite crystallites are roughly rectangular in cross-section and are 
organized together by organic molecules, with an average size of about 50 nm in 
width, 25 nm in thickness, and several microns in length [Li et al., 2014b]. Being the 
outermost layer of the teeth, enamel forms an insulating barrier that resists multiple 
physical, thermal and chemical challenges, including compressive forces, abrasion, 
attrition, and acidic exposure from plaque and diet. In addition, prolonged exposure 
of the enamel surface to the oral environment leads to hypermineralization of the 
enamel, further enhancing its protective function. Enamel is in intimate contact with 
saliva and plaque fluid, and the surfaces of enamel hydroxyapatite crystals are in 
dynamic equilibrium with these adjacent aqueous phases. Consequently, 
preservation of enamel integrity is important and highly dependent on effective 
preventive strategies and early intervention. 

2.1.1.1 Adhesion to enamel 

Due to its high mineral content and relatively homogeneous structure, bonding to 
enamel is considered a reliable and durable procedure. The concept of bonding to 
enamel dates back to the 1950s [Buonocore, 1955], when resin monomers were first 
shown to penetrate acid-etched enamel surfaces [Perdigão et al., 2019]. Bonding to 
enamel is regarded as a highly reliable clinical procedure that can be performed 
without major technical difficulties because the biochemical structure of enamel is 
primarily composed of hydroxyapatite [O´Brien, 2008].  

Phosphoric acid remains the standard etchant for enamel surface conditioning, 
with a clinically preferred concentration range of 30-40%. To achieve optimal 
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etching efficacy and surface morphology, phosphoric acid gel at concentrations 
between 32% and 37%, applied for 15 to 60 s, is recommended [Amran et al., 2025]. 
As alternatives to phosphoric acid, milder acidic agents such as maleic acid (10%) 
or polycarboxylic acid (10-20%) may also be used for enamel surface conditioning, 
however, organic acids generally produce shallower demineralization and do not 
generate the same etching pattern as phosphoric acid [Van Meerbeek et al., 2020]. 

Once the enamel surface is conditioned with phosphoric acid, the superficial 
hydroxyapatite crystals are partially dissolved, resulting in the formation of a 
roughened surface layer with a depth of approximately 0.5-5 μm. This 
demineralization process leads to characteristic etching patterns depending on prism 
orientation, including the dissolution of prism cores (Type I pattern) or the 
dissolution of prism peripheries (Type II pattern). In addition, acid etching increases 
the surface free energy of enamel, and the resulting capillary action facilitates the 
penetration of low-viscosity adhesive resin into the micro-porosities of the etched 
enamel surface, forming resin tags. Consequently, a strong micromechanical bond 
between enamel and resin is established [Fanfoni et al., 2017; Perdigão et al., 2019]. 
Therefore, acid etching of the prepared enamel surface with phosphoric acid is 
essential in adhesive restorative procedures and should not be omitted. 

2.1.2 Dentin 
Dentin constitutes the bulk of the tooth and acts as a stress-absorbing substrate for 
the overlying enamel or cementum. In contrast to enamel, dentin differs in 
biochemical composition and structural organization. Dentin contains approximately 
45% by volume or 70% by weight hydroxyapatite, 25% by volume or 10% by weight 
water, and 30% by volume or 20% by weight organic matrix [O´Brien, 2008]. 
Organic matrix of dentin is predominantly composed of type I collagen, that forms 
a three dimensional network of dentin prior to the mineralization process within the 
maturation phase of tooth development [Tjäderhane et al., 2009] and serves as the 
structural scaffold for mineral deposition during dentinogenesis. 

At the nanoscale, hydroxyapatite crystals are intimately associated with collagen 
fibrils, forming a mineral-organic framework that provides both rigidity and 
toughness. At the microscale, dentin is characterized by the presence of dentinal 
tubules embedded within an intertubular collagen matrix. Dentinal tubules extend 
from the dentin-pulp border toward the dentin-enamel and dentin-cementum 
junctions, forming a complex tubular network that plays a key role in dentin 
sensitivity and permeability [Pashley et al., 1987]. In addition, dentinal tubules allow 
communication between the pulp and the external environment. Tubule density and 
diameter increase toward the dentin-pulp border, with diameters ranging from 
approximately 0.8 µm near the dentin-enamel junction to about 3 µm close to the 
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pulp [Tjäderhane, and Haapasalo, 2009]. Tubule density decreases from roughly 
45,000/mm² in deep dentin to around 20,000/mm² beneath the dentin-enamel 
junction [Pashley et al., 1987]. Dentinal fluid is primarily located inside dentinal 
tubules, and because deep dentin contains more tubules with larger diameters, the 
dentin surface becomes wetter, more permeable, and lower in mineral content closer 
to the pulp [Tjäderhane et al., 2009]. In addition to dentinal fluid, dentinal tubules 
contain odontoblastic processes that extend from the odontoblasts in the pulp toward 
the dentin surface. These regional variations influence dentin sensitivity, bonding 
performance, and susceptibility to caries progression. 

2.1.2.1 Adhesion to dentin 

Due to its hydrated and heterogeneous nature, characterized by the presence of 
dentinal tubules and a collagen-rich organic matrix, the predictability of bonding 
performance in dentin decreases considerably and requires distinct surface 
preparation strategies to achieve durable adhesion [Tjäderhane, 2015; Perdigão et 
al., 2019; Fronza et al., 2022]. Superficial dentin, which contains more minerals, 
provides more predictable bonding, whereas deep dentin presents greater challenges 
due to increased tubule diameter and fluid content, and the reduced available 
intertubular area for bonding [Breschi et al., 2018]. 

Currently, two main approaches are employed for dentin bonding: etch-and-rinse 
and self-etch [Van Meerbeek et al., 2003]. The fundamental difference between these 
two approaches is the etching step. In the etch-and-rinse approach, dentin is 
conditioned with phosphoric acid (H₃PO₄, 32–40%) prior to adhesive application. In 
the self-etch approach, no phosphoric acid etching is performed, instead, the bonding 
mechanism relies on acidic methacrylate monomers in the adhesive that 
simultaneously demineralize the dentin while infiltrating it [Marchesi et al., 2013]. 
The separate etching step in the etch-and-rinse approach removes the smear layer, 
demineralizes the superficial dentin and exposes the collagen network, allowing the 
subsequent diffusion of resin monomers into the demineralized matrix [Perdigão, 
2020]. Therefore, adhesion is achieved primarily through micromechanical 
interlocking between the resin and the collagen fibrils. In the self-etch approach, 
smear layer is modified rather than removed and adhesion is based on a dual 
mechanism combining micromechanical interlocking with chemical bonding to the 
dentin structure [Cadenaro et al., 2019; Perdigão, 2020]. The chemical bonding 
depends on the type of functional monomers in the adhesive, such as 
10-methacryloyloxydecyl dihydrogen phosphate (10-MDP), a functional monomer 
with strong potential for chemical bonding [Nagarkar et al., 2019; Burke, and 
Mackenzie, 2021]. The methacrylate group of 10-MDP participates in 
polymerization, while the phosphate group ionically interacts with calcium in 
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hydroxyapatite, forming a stable MDP-Ca salt. An additional advantage of the 
self-etch approach is its lower technique sensitivity, the absence of a separate etching 
and rinsing step eliminates the need for precise moisture control of the exposed 
collagen matrix [Perdigão et al., 2019]. 

Dental adhesive systems are continuously evolving, with advances in their 
composition, application protocols, and clinical indications [Cadenaro et al., 2005; 
Cadenaro et al., 2023]. In 2011, a new category of adhesive systems, known as 
universal adhesives, was introduced with the aim of simplifying clinical 
procedures, reducing application errors and increasing versatility [Burke, and 
Mackenzie, 2021; Cadenaro et al., 2023]. Universal adhesives are single-bottle, 
multi-mode systems that can be applied using etch-and-rinse (ER), self-etch (SE), 
or selective enamel-etching (SEE) approaches. Depending on cavity depth 
different adhesive agent application strategies can be selected based on the clinical 
situation: 

when the preparation is on enamel surface etch-and-rinse (ER) 

when the preparation is on dentin surface self-etch (SE) 

when the preparation is on both enamel and dentin surfaces selective 
enamel-etching (SEE). 

In SEE approach, the enamel surface of the cavity preparation is selectively 
etched, while dentin surface is subsequently bonded using the SE approach. 

2.1.3 Dentin collagen matrix 
The organic matrix of dentin is composed predominantly of collagen, which 
constitutes approximately 90% of its organic component. Type I collagen is the 
most abundant form, with trace amounts of type III and type V collagen also 
present [Tjäderhane et al., 2009]. The remaining 10% of organic matrix consists of 
non-collagenous proteins, including proteoglycans, phosphoproteins and γ-
carboxyglutamate-containing proteins, which collectively contribute to matrix 
organization, mineralization and mechanical behavior [Breschi et al., 2018]. 

Type I collagen is composed of three polypeptide α-chains arranged into a 
left-handed triple-helical structure. This configuration arises from a characteristic 
amino acid sequence dominated by glycine, proline, and hydroxyproline, with 
hydroxyproline playing a critical role in stabilizing the triple-helical structure and 
increasing its thermal stability. Proteoglycans are one of the major non-collagenous 
proteins within the dentin organic matrix and play a key role in matrix organization, 
hydration, mineralization, and biomechanical behavior [Germann, and Heidemann, 
1988]. By binding water within the interfibrillar spaces, proteoglycans contribute to 
the viscoelastic properties of dentin, enhance its resistance to mechanical 
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deformation, and influence mineralization by interacting with mineral ions and 
matrix proteins, thereby affecting crystal nucleation and growth. Water is present 
both within and between the interfibrillar spaces of collagen fibrils and is an essential 
component of the dentin collagen matrix, playing a central role in its structural and 
mechanical behavior. Hydrogen bonding between water molecules and collagen 
chains contributes to the stabilization of the triple-helical structure [Germann, and 
Heidemann, 1988]. 

Dentin collagen exhibits minimal turnover and is rarely replaced once formed. 
Instead, natural cross-linking within the collagen matrix accumulates over time, which 
may influence the mechanical properties of dentin with aging. The low turnover rate 
contributes to the long-term stability of the dentin matrix but also makes it vulnerable 
to irreversible degradation under pathological conditions such as caries. During caries 
progression, demineralization and disruption of the collagen network significantly 
affect dentin permeability and mechanical performance [Pashley et al., 1987]. 
Additionally, the formation of reparative dentin, which differs structurally from sound 
dentin, further alters dentin permeability and can compromise adhesive bonding. 
Increased hydration is associated with reduced stiffness and strength, underscoring the 
importance of preserving collagen integrity, proteoglycan content and water balance to 
maintain dentin structural stability [Tjäderhane et al., 2009]. 

2.1.4 Host-derived dentinal proteases 
Dentin contains endogenous proteolytic enzymes that become dormant and 
entrapped within the mineralized extracellular matrix during tooth development. 
Under physiological conditions, these enzymes remain in a latent or inactive state. 
However, under pathological conditions such as dental caries, acidic challenges, or 
restorative procedures involving acid etching, these enzymes may become activated 
and contribute to degradation of the dentin organic matrix [Mazzoni et al., 2009; 
Turco et al., 2018]. Host-derived dentinal proteases are primarily matrix 
metalloproteinases (MMPs) and cysteine cathepsins (CCs). 

Once the collagen scaffold is exposed by demineralization, degradation is 
mediated by the combined activity of host-derived dentinal proteases (MMPs and 
CCs) [Tjäderhane et al., 2013; Turco et al., 2018]. Unprotected collagen fibrils are 
susceptible to slow but continuous degradation, which contributes to caries 
progression and compromises the durability of adhesive interfaces [Pashley et al., 
2004; Mazzoni et al., 2015]. 
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2.1.4.1 Matrix metalloproteinases 

Matrix metalloproteinases (MMPs), also referred to as matrixins, are a family of 
zinc- and calcium-dependent endopeptidases involved in both physiological and 
pathological remodeling of the mineralized extracellular matrix [Tezvergil-Mutluay et 
al., 2010]. To date, 24 different MMPs have been identified, of which 23 are present in 
human [Mazzoni et al., 2009], including MMP-2 (gelatinase A), MMP-3 (stromelysin), 
MMP-8 (collagenase), MMP-9 (gelatinase B) and MMP-20 (enamelysin). Moreover, 
in addition to matrix-bound MMPs, non-collagen-bound MMPs have been detected in 
saliva, dentinal tubules, and possibly in dentinal fluid [Mazzoni et al., 2009]. 

Structurally, MMPs typically consist of a propeptide domain containing a 
cysteine residue, a zinc-containing catalytic domain, a hinge region and a hemopexin 
domain. MMPs are synthesized in a latent form in which their activity is inhibited 
by a cysteine residue that prevents water from binding to the catalytic zinc ion 
[Mazzoni et al., 2015]. Displacement of this cysteine residue activates the enzyme. 
MMP activation can occur through several mechanisms, including exposure to low 
pH, heat, chemical agents, or proteolytic cleavage by other enzymes [Carrilho et al., 
2009; Tezvergil-Mutluay et al., 2015b]. In dentin, MMP activation is commonly 
associated with initial demineralization and subsequent exposure to acidic 
environments, such as those created by caries processes or low pH (i.e. acidic resin 
monomers, acid etching). Once activated, MMPs degrade exposed collagen fibrils, 
contributing to deterioration of the dentin organic matrix [Tjäderhane et al., 2013]. 

2.1.4.2 Cysteine cathepsins 

Cysteine cathepsins (CCs) are papain-like proteases that are present in the mineralized 
extracellular matrix, however, their activity increases particularly under mildly acidic 
pH conditions (pH 4.5-6) characteristic of caries progression [Tjäderhane et al., 2013]. 
In the presence of glycosaminoglycans, cathepsins can remain functional even at 
near-neutral pH, further extending their degradative potential within the dentin matrix. 
Their mechanism primarily involves intracellular proteolysis within lysosomal 
compartments, but they can also participate in extracellular matrix degradation 
[Nascimento et al., 2011; Tezvergil-Mutluay et al., 2015a]. Several cathepsins, 
including cathepsins B, C, L, O and K, have been identified in human dentin and 
among these, cathepsin K accounts for approximately 98% of the total proteolytic 
activity in dentin [Nascimento et al., 2011; Turk et al., 2011]. Cathepsin K is unique 
in its ability to cleave both the non-helical telopeptide regions and the triple-helical 
domain of collagen, whereas other cathepsins are limited to cleaving only the 
non-helical telopeptide regions [Germann, and Heidemann, 1988]. 
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2.2 Dental caries 
Caries is the most prevalent biofilm-mediated, multifactorial, sugar-driven, dynamic 
disease that results from disequilibrium of the demineralization and remineralization 
cycles in favor of demineralization and involves a bacterial shift in favor of acidogenic 
and aciduric bacteria [Pitts et al., 2017]. Apart from cariogenic bacteria, recent models 
suggest host-derived dentinal proteases (MMPs and CCs), activated under acidic 
conditions as a possible cause for broad surface caries progression [Mazzoni et al., 
2015]. This process leads to rapid destruction of dental hard tissues that are exposed to 
the oral environment and following gingival recession, root surfaces becoming the 
primary targets of the caries process. Dentin collagen matrix in caries-affected dentin 
contains reduced amounts of intact type I collagen and proteoglycans compared with 
sound dentin yet has traditionally been considered to retain a generally preserved 
collagen scaffold capable of remineralization even after substantial mineral loss 
[Pugach et al., 2009]. In addition to dietary factors, behavioral, social and biological 
variables influence susceptibility to caries [Wen et al., 2022]. 

In the early stages, mineral loss may be reversible if biofilm is removed or the oral 
environment pH is restored to neutral conditions between meals. However, a prolonged 
imbalance favoring demineralization results in lesion progression, beginning with 
enamel involvement and extending from initial subsurface mineral loss to cavitated 
lesions affecting both enamel and dentin [Sapp et al., 2004; Pitts et al., 2017].  

2.2.1 Enamel caries 
Enamel caries is initiated by acid-mediated demineralization of hydroxyapatite 
crystals within the enamel [Vargas-Ferreira et al., 2015]. In the early stages, mineral 
loss occurs beneath an intact surface layer, creating a subsurface lesion clinically 
observed as a white-spot lesion. At this stage, the caries process may be stopped or 
even reversed through remineralization if the cariogenic challenge is controlled and 
the oral environment is improved [Sapp et al., 2004]. 

2.2.2 Dentin caries 
Once caries progresses into dentin, the disease process involves both dissolution of 
the mineral phase and degradation of the collagen matrix and progress at a much 
faster rate than enamel caries [Sapp et al., 2004; Pitts et al., 2017]. Dual degradation 
mechanism results in a progressive reduction in dentin stiffness and mechanical 
strength by increasing porosity and inducing structural changes within the collagen 
matrix [Carrilho et al., 2009]. In addition, activation of host-derived proteolytic 
enzymes further compromises collagen integrity [Tjäderhane et al., 1998]. Due to 
the complex composition and ultrastructure of dentin, preventive strategies targeting 



Review of the Literature 

 23 

only the mineral phase are insufficient for effectively managing dentin caries 
progression and complicate restorative procedures [Sapp et al., 2004]. 

2.2.3 Root caries 
Root caries is similar to dentin caries, however, they often progress more rapidly due 
to the lower mineral content of cementum and the underlying dentin [Zhang et al., 
2020]. Root caries affects exposed root surfaces and frequently present as broad, 
shallow defects extending over large root surface areas rather than as localized cavities. 
Root caries is therefore most commonly observed in older adults, patients with 
xerostomia, and individuals with limited ability to maintain adequate oral hygiene. 
Due to increased life expectancy and improved dental care in older populations, root 
caries has become an increasingly relevant clinical problem [Wierichs, and Meyer-
Lueckel, 2015]. Managing root caries through caries removal and restoration is 
challenging and far from ideal in terms of high organic content of root dentin, the close 
proximity to the gingiva and dental pulp and challenges related to access and moisture 
control [Hayes et al., 2016]. Preventive treatment strategies are therefore considered 
to offer a better long-term prognosis than restorative approaches. Early detection and 
diagnosis, together with the use of effective non-restorative interventions are crucial 
for managing non-cavitated root caries lesions [Paris et al., 2020]. 

2.3 In vitro dentin caries models 
Well-conducted in vivo randomized controlled trials represent the gold standard for 
studying caries progression and arrest strategies, however, such studies are seldom 
reported because of their complexity and limited applicability across different 
research settings [Ferracane, 2017; Fung et al., 2018]. Therefore, in vitro caries 
models are widely used to investigate caries progression and to evaluate preventive 
and therapeutic strategies under controlled laboratory conditions [Clarkson et al., 
1984]. In vitro models allow manipulation of experimental variables such as 
substrate, biofilm composition, pH, and exposure time, as well as the control of 
conditions that are difficult to regulate in vivo. Ideally, human teeth should be used 
as the substrate in dentin caries research.  

Depending on the research objective, in vitro dentin caries models can be 
categorized into chemical demineralization models or bacterial demineralization 
models [Ferracane, 2017]. Furthermore, various in vitro protocols have been proposed, 
ranging from static to dynamic testing conditions [Ionescu, and Brambilla, 2021]. 
Although dynamic models offer pulsatile nutrient delivery and pH fluctuations, static 
models have proven sufficient to simulate dentin caries progression. 



Merve Üçtaşlı 

 24 

2.3.1 Chemical demineralization models 
Chemical demineralization models induce mineral loss by exposing dental tissues to 
acidic solutions without the involvement of microorganisms (no biological 
component), thereby mimicking the acid challenge that occurs in the oral 
environment [Schwendicke et al., 2021]. These models are simple, fast, 
reproducible, low-cost, and suitable for testing both experimental and commercial 
materials [Ferracane, 2017]. pH cycling can be introduced to better replicate clinical 
conditions through alternating demineralization and remineralization cycles. Acidic 
solutions such as lactic acid, acetic acid, or buffer systems with controlled pH are 
applied for predetermined periods to simulate mineral dissolution [Schwendicke et 
al., 2019; Cifuentes-Jimenez et al., 2023]. 

2.3.1.1 Shallow chemical demineralization model 

Shallow chemically induced lesions are typically created using mildly acidic 
solutions and short exposure times. These models primarily affect the superficial 
mineral phase and are often used to simulate early-stage caries lesions. Shallow 
lesions are useful for studying initial demineralization, remineralization potential, 
and the effects of preventive agents. However, they do not adequately reproduce 
the structural and biochemical complexity of dentin caries [Schwendicke et al., 
2021]. 

2.3.1.2 Deep chemical demineralization model 

Deep chemically induced lesions are generated by prolonged exposure time to acidic 
solutions or by using more aggressive demineralization protocols. These lesions 
extend further into dentin and produce greater mineral loss. While deep chemical 
models allow investigation of advanced demineralization and mechanical weakening 
of dental tissues, they also fail to replicate structural and biochemical complexity of 
dentin caries [Schwendicke et al., 2021]. 

2.3.2 Bacterial demineralization models 
Bacterial demineralization models incorporate microorganisms to simulate acid 
production and biofilm formation, thereby better replicating the biological processes 
involved in caries development. Similar to chemical demineralization models, 
bacterial demineralization models are also simple, fast, reproducible, low-cost, and 
suitable for testing both experimental and commercial materials [Ferracane, 2017]. 
However, because there is no pH cycling, demineralization is primarily without the 
potential for surface remineralization. 
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The human oral cavity contains a highly diverse microbial consortium 
comprising hundreds of bacterial species [McBain, 2009; Baker et al., 2024]. 
Cariogenic bacteria present in oral biofilms metabolize carbohydrates to produce 
acids, which promote demineralization and degradation of dental tissues. These 
models vary in complexity depending on the bacterial species used. Microbiological 
models can be divided into three categories as single-species, multi-species and 
microcosm models [McBain, 2009]. 

2.3.2.1 Single-species bacterial demineralization model 

Single-species models typically employ one cariogenic bacterium, such as mutans 
streptococci or lactobacilli. These models are useful for studying specific bacterial 
behaviors, acidogenicity and the effects of targeted antimicrobial agents. However, 
they oversimplify the caries process and do not represent the diverse microbial 
interactions present in natural dentin caries [McBain, 2009; Kreth et al., 2019]. 

2.3.2.2 Multi-species bacterial demineralization model 

Although mutans streptococci have long been associated with caries development, 
it is now widely accepted that caries results from a complex interaction among 
microbial communities, host factors and dietary substrates rather than from a single 
bacterial species. Multi-species models include a defined consortium of oral bacteria 
selected to represent the complex nature of the biofilm [McBain, 2009]. These 
models provide greater biological relevance than single-species models and allow 
investigation of interspecies interactions. Nevertheless, they remain limited by the 
predefined selection of microorganisms and do not fully reflect the diversity of the 
oral microbiome [Mei et al., 2013b; Kreth et al., 2019]. 

2.3.2.3 Microcosm bacterial demineralization model 

Among bacterial demineralization models, microcosm biofilm models are 
considered the most clinically relevant, as they better reflect the complexity of the 
oral environment, in vivo biofilm composition and behavior [McBain et al., 2005; Li 
et al., 2014a]. Microcosm biofilm models are derived from human saliva or dental 
plaque and contain a complex and heterogeneous microbial community, with 
saliva-derived biofilms being more commonly used due to ease of collection and 
standardization [McBain, 2009]. 

Although Brain Heart Infusion (BHI) medium is commonly used for biofilm 
cultivation, the newly introduced McBain medium which contains mucin, 
bacteriological peptone, tryptone and yeast extract can better mimic the composition 
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of saliva and provide essential nutrients to support multi-species biofilm growth 
[McBain et al., 2005]. Sucrose is added to the microcosm bacterial demineralization 
model as a carbohydrate source to promote cariogenic biofilm activity. Higher and 
more frequent sucrose concentrations may result in increased depth of dentin 
demineralization caused by biofilm exposure [Sissons et al., 2007]. 

2.4 Caries management strategies 
Caries management is a personalized treatment strategy based on an accurate 
diagnosis and a comprehensive assessment of the individual patient. Untreated caries 
can compromise mastication, nutrition, quality of life and general health. Caries risk 
assessment is an integral part of the diagnostic phase and guides clinical decision 
making. Caries risk assessment involves the evaluation of multiple patient and lesion 
related factors, including lesion depth and proximity to the pulp, previous caries 
experience, oral hygiene status, salivary quantity and quality, dietary habits, 
socioeconomic status and access to dental care [Cheng et al., 2022]. These factors 
collectively influence lesion progression and treatment outcomes and should be 
considered when developing an individualized caries management plan [Ricketts et 
al., 2013].  

Contemporary caries management philosophy has shifted away from the 
traditional drill-and-fill approach toward a minimally invasive seal-and-heal 
strategy, emphasizing disease control, preservation of sound tooth structure and 
promotion of remineralization rather than extensive surgical intervention [Ricketts 
et al., 2013; Schwendicke et al., 2021]. Preventing caries from developing and 
employing non-invasive strategies that promote remineralization in early lesions, 
remains a cornerstone of contemporary caries management and is essential for 
maintaining long-term oral health [Featherstone, 2000; Tassery et al., 2024]. 

The widespread use of fluoride therapy plays a central role in contemporary 
caries management [Featherstone, 1999; Chu et al., 2010]. Fluoride-based agents are 
well documented for their ability to inhibit demineralization [Chu et al., 2002], 
enhance remineralization [Zhao et al., 2020] and reduce caries incidence [Chu et al., 
2010; Yu et al., 2018].  

2.5 Silver fluoride treatments 
Silver fluoride treatments have emerged as one of the most popular and effective 
methods among fluoride-containing materials for the prevention and management of 
dental caries and have demonstrated greater efficacy than fluoride use alone 
[Rosenblatt et al., 2009]. Silver fluoride treatments combine the remineralizing 
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potential of fluoride ions with the antimicrobial and anticariogenic properties of 
silver ions [Contreras et al., 2017; Zhao et al., 2018; Mei et al., 2018]. 

Silver fluoride treatments are simple, non-invasive, cost-effective, painless, 
rapid, lack of aerosol generation and low-cost treatments [Greenwall-Cohen et al., 
2020]. According to the clinical scenario, silver fluoride treatments can either be left 
without subsequent restorative procedures or followed by the placement of a 
restoration, such as glass ionomer cement or composite resin [Sheridan et al., 2025]. 
Their documented clinical success has attracted increasing attention from both 
clinicians and researchers [Jiang et al., 2021].  

2.5.1 History of silver and fluoride use 
Silver ion has a long history of medical use dating back to antiquity, with 
documented applications across several ancient civilizations, including early 
medical uses in ancient China and later practices among the Greeks and Romans, 
who disinfected water with silver and stored it in silver vessels [Melaiye, and 
Youngs, 2005]. The use of silver in dentistry, specifically in the form of silver nitrate, 
was reported in the 1840s for caries arrest and in 1895 for the management of tooth 
sensitivity [Croll, and Berg, 2020]. In 1917, ammonia was added to silver nitrate to 
improve its stability, resulting in the formulation known as Howe`s solution 
[Greenwall-Cohen et al., 2020].  

Fluoride ion, similar to silver, has been extensively used in various formulations 
to prevent and arrest dental caries, enhancing remineralization and reducing enamel 
and dentin solubility [Chu et al., 2010]. In early 20th century silver- and fluoride-
based agents were evaluated and found to be effective in arresting dental caries. In 
the late 1960s, silver and fluoride ions were combined with ammonia to create the 
first commercially available ammonia-based silver fluoride, known as Saforide 
[Yamaga, 2003]. This formulation was originally developed by Dr. Misuho Nishino 
and Dr. Reichi Yamaga at Osaka University, Japan and subsequently approved for 
dental treatment in Japan [Nishino, 1969].  

In parallel with the development of ammonia-based silver fluoride, water-based, 
ammonia-free silver fluoride formulation was introduced in the late 1970s by Dr. 
Graham Craig at the University of Sydney, Australia [Craig, 1981]. A 40% water-
based silver fluoride along with 10% stannous fluoride (SnF2) was produced by 
Creigton Pharmaceuticals (Australia) and used clinically to arrest carious lesions 
particularly in primary teeth. The manufacturer has since been re-established as 
Creigton Dental and the formulation is currently used as caries status detection 
solution.  

 To address esthetic concerns related to silver-induced discoloration, potassium 
iodide (KI) was later introduced by Dr. Geoffrey Knight at University of Adelaide, 
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Australia in the late 2000s [Knight, 2005]. In 2015, SDI (Australia) commercialized 
a two-bottle system consisting of ammonia-based silver fluoride (SDF) and a 
saturated solution of KI under the product name Riva Star. The formulation was 
originally developed by Dr. Graham Craig and subsequently used by Dr. Geoffrey 
Knight during his PhD research. Although initially introduced as desensitizing agent, 
Riva Star has been widely used for caries arrest. In 2020, the same manufacturer 
introduced Riva Star Aqua, a two-bottle system combining water-based silver 
fluoride (SF) and KI. 

The combination of silver and fluoride into a single therapeutic agent integrates 
antimicrobial activity with remineralization potential, forming the basis of modern 
silver fluoride treatments. By 21st century, a range of in vivo [Zhi et al., 2012; Fung 
et al., 2018; Baraka et al., 2022] and in vitro [Mei et al., 2013b; Fung et al., 2016; 
Mei et al., 2018; D’Alessandro et al., 2024] studies documented the effectiveness of 
silver fluoride treatments in caries lesions.  

Today, silver fluoride treatments have become a standard treatment option for 
managing and arresting dental caries, particularly in high-caries-risk populations, 
children and older adults [Jiang et al., 2021].  

2.5.2 Mechanism of action 
Although numerous studies have demonstrated the effectiveness of silver fluoride 
treatments in arresting dental caries, their exact mechanisms of action are 
multifactorial and not yet fully understood. The overall effect is thought to result 
from the dual action of silver ion mediated microbial inhibition and fluoride ion 
induced apatite formation [Zhao et al., 2018; Jamal et al., 2025]. 

Proposed mechanisms include the antibacterial activity of silver ions, which 
disrupt bacterial cell membranes and metabolic pathways, thereby inhibiting biofilm 
formation, as well as silver deposition within dentinal tubules that reduces dentin 
permeability [Yee et al., 2009; Zheng et al., 2022]. Fluoride ions promote 
remineralization through the formation of fluorohydroxyapatite and can also inhibit 
biofilm formation by binding to bacterial cellular components [Mei et al., 2017]. In 
addition, silver fluoride treatments attracted interest for their potential to inhibit 
endogenous dentin proteases, including matrix metalloproteinases and cysteine 
cathepsins, suggesting a possible off-label approach in enhancing the longevity of 
resin-dentin interfaces [Mei et al., 2012; Mei et al., 2013a; Mei et al., 2014; Muniz 
et al., 2024]. 
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2.5.3 Indications for clinical use 
Silver fluoride treatments are indicated to be used in various clinical applications 
involving both primary and permanent dentition, including enamel, dentin, and root 
surfaces [Fung et al., 2016; Oliveira et al., 2018; Hamdi et al., 2022]. Silver fluoride 
treatments have been explored not only for caries arrest and prevention but also for 
dentin hypersensitivity management, inhibition of endogenous enzymatic activity 
and as potential endodontic irrigants or inter-appointment medicaments [Greenwall-
Cohen et al., 2020]. They are particularly useful in individuals with limited 
cooperation or special healthcare needs [Crystal et al., 2017]. The global market for 
silver fluoride cariostatic agents is rapidly expanding, with various formulations 
currently available that differ in silver concentration, solvent composition, and 
manufacturer [Mei et al., 2012; Fung et al., 2016; Patel et al., 2021].  

Silver fluoride treatments have been used across all continents, including North 
America, South America, Europe, Asia, Africa and Australia. Commercially available 
products include Advantage Arrest (Elevate Oral Care, USA) and SilverSense SDF 
(Centrix, USA) in the North America, Saforide (Toyo Seiyaku Kasei, Japan), 
Ammdent Cariclear (Ammdent, India) and Dengen Caries (Dengen Dental, India) in 
Asia, Fagamin (Tedequim SRL, Argentina) and Cariesstop (Biodinamica, Brazil) in 
South America and Riva Star and Riva Star Aqua  (SDI, Australia) in Asia, Australia 
and Europe [Zheng et al., 2022]. 

Silver fluoride treatments are currently available in two main chemical 
formulations depending on their solvent compositions. Complexation of silver and 
fluoride ions with ammonia results in ammonia-based silver fluoride, commonly 
known as silver diamine fluoride (SDF), whereas ammonia-free, water-based silver 
fluoride is referred to as aqueous silver fluoride (SF).  

2.5.4 Ammonia-based silver diamine fluoride 
Silver diamine fluoride (SDF), Ag (NH₃)₂F, is a clear, alkaline (pH ~ 13) solution 
composed of ammonia, silver and fluoride ions and is applied directly to active caries 
lesions. SDF has been shown to reduce dentin hypersensitivity, inhibit cariogenic 
biofilm formation and arrest caries progression [Mungur et al., 2023]. The US Food 
and Drug Administration officially approved SDF for tooth desensitization in 2014 
and for caries treatment in 2015, and since then, both research interest and clinical 
use of SDF have increased [Gao et al., 2021; Jiang et al., 2021]. Reflecting its 
growing clinical relevance, the World Health Organization (WHO) Global Strategy 
Action Plan recommends the inclusion of SDF in national essential medicines lists 
by 2030 [World Health Organization (WHO), 2022]. In addition to international 
regulatory and policy guidance, national recommendations such as the Finnish 
Current Care  Guidelines [Suomalainen Lääkäriseura Duodecim, 2023] recognize 
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SDF as an acceptable non-restorative caries management option, particularly when 
conventional restorative treatment is not feasible. Although SDF effectively arrests 
caries lesions, it does not restore lost tooth structure. Therefore, placement of 
restorative materials following SDF application is often recommended to reestablish 
function, although evidence regarding optimal restorative strategies remains 
inconclusive [Fröhlich et al., 2022]. 

2.5.4.1 Concentrations 

Several concentrations of ammonia-based silver diamine fluoride are commercially 
available, most commonly 12%, 30%, and 38%. Among these, 38% SDF has 
demonstrated the most consistent clinical efficacy in caries arrest and is the most 
widely used formulation [Contreras et al., 2017; Patel et al., 2021]. 

2.5.5 Water-based silver fluoride 
Water-based silver fluoride, also referred to as aqueous silver fluoride (SF), 
represents an ammonia-free alternative to SDF, is a clear, neutral (pH ~ 7) solution. 
In this formulation, ammonia is replaced by water, offering potential clinical 
advantages such as improved taste, reduced odor and decreased soft-tissue irritation 
[López-García et al., 2024]. However, scientific evidence regarding SF particularly 
its antimicrobial and biological effects, interactions with dentin collagen and its 
influence on bonding and mechanical properties remains limited [D’Alessandro et 
al., 2024; López-García et al., 2024]. 

2.5.6 Application of potassium iodide 
Both ammonia-based and water-based silver fluoride treatments are associated with 
esthetic concerns due to black staining of treated dental tissues and adjacent soft 
tissues [Luong et al., 2022]. Discoloration results from the oxidation and 
precipitation of free silver ions and may limit patient acceptance, particularly in areas 
of high esthetic concern. To address this drawback, potassium iodide (KI) is often 
applied immediately after silver fluoride treatments [Primus, 2017; Roberts et al., 
2020]. KI reacts with free silver ions to form a white silver iodide precipitate, thereby 
reducing or masking the characteristic black discoloration. Similar to water-based 
silver fluoride, scientific evidence regarding KI is relatively scarce [Knight et al., 
2006; Turton et al., 2021] and further studies are needed to understand how KI affects 
the optical, chemical, mechanical and biological behavior of silver fluoride 
treatments. 
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Consequently, silver fluoride treatments may be applied either alone (SDF or SF) 
or in combination with KI. Currently, among commercially available systems, only 
Riva Star and Riva Star Aqua (SDI, Australia) are supplied with potassium iodide as 
a second step application. 
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3 Aims 

The aim of this series of studies was to evaluate the adhesive, enzymatic, 
biocompatibility, and fatigue related effects of ammonia- and water-based silver 
fluoride treatments, with or without the application of potassium iodide, on dentin. 
The main objective was to identify the underlying mechanisms of action of 
ammonia- and water-based silver fluoride treatments, with or without the application 
of potassium iodide and to assess their impact on resin-dentin bonding, dentin matrix 
stability, cytotoxicity, and the fatigue resistance of carious dentin. 
 
The specific aims of these studies were to: 

I. Evaluate the optimal resin-dentin bonding protocol for ammonia-based 
silver fluoride (Silver Diamine Fluoride = SDF) treatment, with or without 
the application of potassium iodide (KI), by investigating the effects of 
delayed bonding and surface treatment strategies on bonding efficiency of 
a universal adhesive applied in both etch-and-rinse and self-etch modes. 
The tested null hypothesis were that SDF and SDF + KI treatments would 
have no effect on dentin surface morphology, hybrid layer formation, 
dentin permeability and micro-tensile bond strength, regardless of  the 
adhesive application mode, delayed bonding or surface treatment strategy 
(Study I). 

II. Evaluate the long-term effects of ammonia- and water-based silver fluoride 
(SDF and SF) treatments, with or without the application of potassium 
iodide (KI), as well as KI treatment alone, on their ability to inactivate 
dentin proteases and prevent degradation of dentin collagen matrix. The 
tested null hypothesis were that SDF and SF treatments, with or without KI, 
as well as KI alone, would have no effect on dentin protease activity or 
collagen matrix degradation when applied on demineralized dentin (Study 
II). 

III. Evaluate the effects of ammonia- and water-based silver fluoride (SDF and 
SF) treatments, with or without the application of potassium iodide (KI), on 
trans-dentinal cell viability in simulated deep clinical cavities and direct cell 
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viability through treatment dilutions. The tested null hypothesis were that 
SDF and SF treatments, with or without KI, would have no effect on trans-
dentinal and direct cell viability (Study III). 

IV. Evaluate the fracture strength and fatigue resistance of carious dentin, 
treated with ammonia- and water-based silver fluoride treatments (SDF and 
SF), with or without the application of potassium iodide (KI), utilizing an 
in vitro microcosm biofilm model under quasi-static and cyclic loading 
conditions by four-point flexure test. The tested null hypothesis were that 
fracture strength and fatigue resistance of dentin would not be influenced 
by caries formation or by carious dentin treated with SDF and SF 
treatments, with or without KI (Study IV). 

 



 34 

4 Materials and Methods 

4.1 Materials 

4.1.1 Sound human teeth 
Nine hundred and fifty-eight extracted sound human third molars were extracted for 
routine dental treatments and were exempt from ethical approval according to the 
Finnish Act on the Medical Use of Human Organs, Tissues and Cells (101/2001) 
[Finland, 2001] and were used in the present thesis. Teeth were stored at 4 ℃ in 
0.9% NaCl containing 0.02% sodium azide (NaN3) to prevent bacterial growth and 
used no later than 3 months after extractions. Teeth were classified as sound based 
on visual examination and teeth presenting any signs consistent with ICDAS scores 
≥ 3 were excluded [Pitts et al., 2013].  

Sample size calculations were performed for each  study. For Study I, sample 
size for non-trimmed micro-tensile bond strength (µTBS) testing was determined in 
accordance with the Academy of Dental Materials guidelines [Armstrong et al., 
2017]. For Study I (dentin permeability), Study II, Study III and Study IV (quasi-
static data), sample size calculations were determined using G*Power software 
(version 3.1.9.7, Kiel University, Germany). Unlike quasi-static testing, fatigue 
resistance assessment involves progressive damage accumulation under cyclic 
loading until failure. Therefore, conventional statistical power calculations designed 
for single-load tests are not directly applicable to fatigue experiments. The sample 
size used for fatigue testing was selected based on established protocols in the fatigue 
literature and in consistent with previous in vitro studies evaluating the fatigue 
resistance/strength of dental hard tissues and resin-dentin interfaces under 
comparable experimental conditions [Arola et al., 2010; Mutluay et al., 2013; Stape 
et al., 2022]. 
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4.1.2 Preparation of mid-coronal dentin surface specimens 
(Study I and II) 

Dentin specimens were prepared to obtain standardized mid-coronal dentin 
surfaces for subsequent surface treatments and bonding procedures to produce 
resin-dentin beams for mechanical testing (Study I) and for microscopic analyses 
including scanning electron microscopy (SEM) (Study I and II) and in situ 
zymography using confocal microscopy (Study II). Sound human third molars 
were coronally sectioned under water-cooling to expose flat mid-coronal dentin 
surfaces using a diamond saw (Isomet 1000 Precision Saw, Buehler Ltd, USA). 
Absence of remaining enamel was verified using a stereomicroscope (Leica M60, 
Leica Microsystems, Germany) at 40× magnification. Roots were removed 1 mm 
below the cervical line and discarded. 

Exposed mid-coronal dentin surfaces were wet-polished with 320-grit silicon 
carbide (SiC) paper (CarbiMet, Buehler Ltd, USA) for 60 s at 350 rpm (MetaServ 
250 Grinder-Polish, Buehler Ltd, USA) for smear layer standardization. Crown 
segments were then randomly allocated to their respective experimental groups 
according to the study design, for micro-tensile bond strength test, hybrid layer and 
dentin etching pattern analysis by scanning electron microscopy (SEM) and 
evaluation of gelatinolytic activity by in situ zymography. 

4.1.3 Preparation of dentin beam specimens 
(Study II and IV) 

Water-cooled saw (Isomet 1000 Precision Saw, Buehler Ltd, USA) was used to 
section rectangular dentin beams from mid-coronal dentin region of each tooth to 
obtain rectangular dentin beams with nominal cross-sections of roughly 0.3 mm 
thickness × 3 mm width × 7 mm length (Study II) and 0.4 mm thickness × 1.4 mm 
width × 6 mm length (Study IV). In all dentin beam specimens, dentinal tubules were 
oriented perpendicular to their longitudinal axis. Schematic diagrams of dentin beam 
specimen preparation are presented in Figure 1. 
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Figure 1.  Schematic diagrams of dentin beam specimen preparation for Study II and Study IV. 

(Modified from the supplementary data in Study IV) 

For Study II,  primary sections were made perpendicular to the long axis of the 
tooth to obtain a single dentin disc from the mid-coronal dentin region, with a 
thickness of 0.3 mm. Secondary sections were subsequently performed in mesio-
distal direction to produce rectangular dentin beams. To allow repeated 
measurements to be performed on the same surface, a  small reference dimple was 
made at the corner of each dentin beam on the occlusal surface. Prepared dentin 
beams were stirred in aqueous 10 wt % H3PO4 (Phosphoric acid, Merck Sigma-
Aldrich, Germany) for 40 min at 25 °C for complete demineralization and 
subsequently rinsed in distilled water at 4 °C for 1 h under constant stirring at 60 rpm 
(Loopster digital, IKA, Germany). Digital radiographs were taken to verify the 
absence of residual minerals. Initial modulus of elasticity of each beam was 
determined by three point bending test using universal testing machine (Autograph 
AGS-X Series, Shimadzu, Japan), then beams were dried in vacuum desiccator 
containing dry silica beads for 72 h and initial dry mass of each beam was weighted. 
After initial baseline measurements of modulus of elasticity and dry mass, 
demineralized dentin beams (n = 10 dentin beam/group) were assigned into 6 
balanced groups, so that their mean modulus of elasticity and dry mass values were 
statistically similar.  

For Study IV, primary sections were made parallel to the tooth long axis to obtain 
tooth slices with a thickness of 1.4 mm. Secondary sections were then performed 
perpendicular to the tooth long axis, within the mid-coronal region of each slice to 
produce rectangular dentin beams. Smear layer standardization was achieved by wet-
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polishing the occlusal side of dentin beams with 600-grit silicon carbide (SiC) paper 
(CarbiMet, Buehler Ltd, USA) for 5 s. Prepared dentin beams were disinfected with 
70% ethanol for 5 min, after which a microcosm biofilm model was formed and 
dentin beam specimens were randomly allocated to further experimental and control 
groups.  

After both demineralization processes (phosphoric acid or microcosm biofilm 
model), digital images were obtained using a stereomicroscope (Leica M60, Leica 
Microsystems, Germany) and thickness and width dimension of the demineralized 
beams were precisely measured using an open-source image software (ImageJ, 
National Institute of Health, USA). 

4.1.4 Preparation of dentin disc specimens 
(Study I, III and IV) 

Deep coronal dentin discs of 0.4 mm thickness were prepared to evaluate the dentin 
permeability (Study III). Mid-coronal dentin discs measuring 1 mm (Study I) and 2 
mm (Study IV) in thicknesses were prepared to measure dentin permeability and 
occlusal surface and cross-sectional microhardness, respectively. 

Sound human third molars were sectioned perpendicularly to their long axis 
under water-cooling using a diamond saw (Isomet 1000 Precision Saw, Buehler Ltd, 
USA). In Study III, teeth were sectioned directly above the pulp chamber to obtain 
deep dentin discs measuring approximately 0.5 mm in thickness and 10 mm in 
diameter. In Study I and IV, teeth were sectioned above the pulp chamber at the mid-
coronal dentin to produce dentin discs measuring approximately 1 and 2 mm in 
thickness, respectively. 

A digital micrometer was used to determine the thickness and diameter of each 
disc (Mitutoyo, Japan). Absence of residual enamel, pulp horns and perforations 
were verified with a stereo microscope (Leica M60, Leica Microsystems, Germany) 
at 40× magnification. Dentin discs presenting enamel, perforations or pulpal 
exposures were discarded and replaced.   

One dentin disc was obtained from each tooth in Study I, III and IV. In Study I, 
exposed mid coronal dentin surfaces were wet-polished with 320-grit silicon carbide 
(SiC) paper (CarbiMet, Buehler Ltd, USA) for 60 s at 350 rpm (MetaServ 250 
Grinder-Polish, Buehler Ltd, USA) to standardize the smear layer. In study III,  to 
obtain dentin discs with a final thickness of 0.4 (± 0.02) mm, discs were wet-polished 
from the occlusal surfaces with 320-grit SiC paper [ISO 7405, 2018]. In study IV, 
smear layer standardization was achieved with 600 and 1200-grit SiC paper to obtain 
scratch-free, smooth surfaces. The occlusal surface of each dentin disc was 
determined based on the conical geometry of dentinal tubules and was marked. 
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4.1.5 Treatment of dentin with silver fluoride treatments 
(Study I, II, III and IV) 

Ammonia-based (Study I, II, III and IV) and water-based (Study II, III and IV) silver 
fluoride treatments, with or without the application of  potassium iodide (KI)  (Study 
I, II, III and IV) were applied to prepared dentin surfaces, dentin beams or dentin 
discs using a standardized experimental protocol developed based on the 
manufacturers’ recommendations. Classifications, materials, compositions and pH 
values of the materials are presented in Table 1. 

The ammonia-based silver fluoride treatment employed in this study was Riva 
Star (SDI, Australia). Riva Star is a two-bottle system consisting of an ammonia-
based silver diamine fluoride (SDF) solution as the first step and a potassium iodide 
(KI) solution as the second step. In all studies, silver fluoride treatments were applied 
to dentin specimens using a microbrush. 

For Study I and III, one drop of SDF was dispensed into a dappen dish and 
actively applied to the prepared dentin surfaces or dentin disc surfaces for 60 s, 
respectively. When KI was included in the protocol, the second step was performed 
immediately after SDF application. Two drops of KI were dispensed into a dappen 
dish and actively applied to the dentin surface for a total of 60 s. During the first 30 
s, KI was actively applied to dentin, followed by replacement of the microbrush and 
reapplication of fresh solution for an additional 30 s. The initially creamy white 
precipitate was observed to turn clear during application. In Studies II and IV, 2 µL 
of SDF and 4 µL of KI was actively applied to each prepared dentin beam surface 
following the same protocol. In Study II, KI treatment alone was applied on each 
prepared dentin beam surface as a separate KI treatment alone group.  

The water-based silver fluoride treatment employed in this study was Riva Star 
Aqua (SDI, Australia). Riva Star Aqua is also a two-bottle system consisting of a 
water-based silver fluoride (SF) solution as the first step and a potassium iodide (KI) 
solution as the second step. In Study I, the water-based silver fluoride treatment was 
not included, as it was not available on the market at the time of the experiment. In 
Study II, III and IV, the water-based silver fluoride treatment, was applied to dentin 
specimens using the same protocol as described for the ammonia-based silver 
fluoride treatment.  
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4.1.6 Bonding protocols (Study I and II) 

4.1.6.1 Delayed bonding (Study I) 

Delayed bonding, defined as storing the prepared dentin specimens in artificial saliva 
for designated time points, was applied prior to restorative procedures for micro-
tensile bond strength (µTBS) testing and hybrid layer analysis and prior to dentin 
permeability assessment (Study I). 

Following the ammonia-based silver diamine fluoride (SDF) treatment, with or 
without the application of potassium iodide (KI), treated dentin surfaces were either 
subjected immediately to further surface treatment approaches (airborne particle 
abrasion or water rinsing for 15 s) and subsequent restoration with a mild universal 
adhesive in both etch-and-rinse or self-etch mode, or they were stored in artificial 
saliva (pH 7.4) [Tezvergil-Mutluay et al., 2010] for 7, 15 or 30 days prior further 
surface treatments or restorations. Similarly, prepared dentin discs (1 mm thickness) 
treated with ammonia-based silver diamine fluoride (SDF), with or without the 
application of potassium iodide (KI), were first subjected to immediate dentin 
permeability measurements and subsequently stored in artificial saliva [Tezvergil-
Mutluay et al., 2010] for 7, 15 and 30 days, after which permeability measurements 
were repeated. 

For the delayed bonding groups, each treated dentin specimen was placed in a 
test tube containing 15 mL of artificial saliva and stored at 37 °C in a shaking water 
bath at 60 cycles/min. Each prepared dentin disc was placed inside each well in 24 
well-plates containing 2 mL or artificial saliva and stored at 37 °C on a plate shaker 
at 400 rpm. Artificial saliva was replaced daily. Artificial saliva (pH 7.4) used in all 
experiments contained 5 mM hydroxyethylpiperazine ethane sulfonic acid (HEPES), 
2.5 mM calcium chloride monohydrate (CaCl2

.H2O), 0.05 mM zinc chloride (ZnCl2), 
and 0.3 mM sodium azide (NaN3) [Tezvergil-Mutluay et al., 2010]. 

4.1.6.2 Airborne particle abrasion (Study I) 

Airborne particle abrasion was applied to evaluate the micro-tensile bond strength, 
hybrid layer analysis and dentin etching pattern test methods (Study I). 

Following the ammonia-based silver diamine fluoride (SDF) treatment, with or 
without the application of potassium iodide (KI), either immediately or after storage 
in artificial saliva for 7, 15 or 30 days, airborne particle abrasion (Cojet System, 
Solventum, USA) was performed. Dentin surfaces without ammonia-based silver 
fluoride treatments served as control groups. The nozzle tip was positioned 
perpendicular to the prepared dentin surface at a distance of approximately 1 mm 
and airborne particle abrasion was performed for 30 s at 3 bar using 30 μm alumina 
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silica particles (CoJet-Sand, Solventum, USA). The treated surfaces were then rinsed 
with water stream for 30 s, after that, a mild universal adhesive was applied in either 
etch-and-rinse or self-etch mode. 

Similarly, to prepare specimens for dentin etching pattern analysis, prepared 
dentin surfaces that were treated with ammonia-based silver diamine fluoride (SDF) 
treatment, with or without the application of potassium iodide (KI) were subjected 
to airborne particle abrasion following the same protocol and subsequently either 
rinsed or left unrinsed depending on the experimental group. Dentin surfaces without 
ammonia-based silver fluoride treatments served as control groups. Airborne particle 
abrasion composition and material is presented in Table 1.  

4.1.6.3 Composite resin restoration (Study I and II) 

Resin restorations were carried out to evaluate the micro-tensile bond strength, 
hybrid layer analysis, dentin etching pattern (Study I) and gelatinase activity by in 
situ zymography (Study II). All bonding procedures were carried out by a single 
operator. 

Following the ammonia-based silver diamine fluoride (SDF) treatment, with or 
without the application of potassium iodide (KI), either immediately or after storage 
in artificial saliva for 7, 15 or 30 days, and subsequent surface treatment approaches 
(airborne-particle abrasion or water rinsing for 15 s), a mild universal adhesive 
(Scotchbond Universal Plus, Solventum, USA) was applied onto the dentin surface 
using either etch-and-rinse or self-etch mode. Bonding in etch-and-rinse mode 
consisted of etching dentin surfaces with 32% phosphoric acid gel (Scotchbond 
Universal Etchant, Solventum, USA) for 15 s, rinsed with water for 15 s and blot-
dried with absorbent paper. The adhesive was actively applied for 20 s with light 
manual pressure (approximately 4 g, corresponding to slight rubbing pressure), 
followed by gentle solvent evaporation for 10 s and light cured for 10 s using 
multiwave LED light curing unit (Valo Corded, Ultradent, USA) with an irradiance 
of 1800 mW/cm². Light irradiance of the light curing unit was measured using 
MARC Light Collector (MARC-LC, Bluelight Analytics, Canada). Bonding in self-
etch mode consisted of the same application steps, except for phosphoric acid etching 
and rinsing. Composite blocks were built using a nanofilled composite resin (Filtek 
Ultimate Universal Restorative, A2B shade, Solventum, USA) in two 2-mm 
increments, each increment was light cured for 20 s. 

For dentin etching pattern analysis, the application protocols were performed as 
described above, with the exception that the bonding agent was not light cured but 
instead thoroughly rinsed off with water for 30 s to expose the underlying dentin 
surface. Composite resin was not applied. 
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To evaluate gelatinase activity, prepared dentin surfaces were bonded following 
the etch-and-rinse mode. Dentin surfaces were etched with 32% phosphoric acid gel 
(Scotchbond Universal Etchant, Solventum, USA) for 5 s, rinsed with water for 15 
s, and blot-dried with absorbent paper. In this protocol, ammonia- and water-based 
silver fluoride treatments (SDF and SF), with or without the application of potassium 
iodide (KI), were applied after the etching step, prior to adhesive application. Etched 
dentin without silver fluoride treatments served as the control group. Adhesive 
application and light curing were performed as described above. Composite blocks 
were built using a nanofilled composite resin in a single 2-mm increment and light 
cured for 20 s. 

Material, composition and pH values of universal etchant, universal adhesive and 
composite resin are presented in Table 1.  

4.1.7 Preparation of silver fluoride treatment dilutions 
(Study III) 

Three different dilutions as 10-3, 10-4 and 10-5 were prepared in cell media for both 
ammonia- and water-based silver fluoride solution (SDF and SF), either alone or 
combined with potassium iodide (KI). The dilution groups were as follows: (i) SDF, 
(ii) SDF + KI, (iii) SF and (iv) SF + KI. For the SDF and SF groups, stock solutions 
were directly diluted in cell media to achieve final concentrations of 10-3, 10-4 and 
10-5. For the SDF + KI and SF + KI groups, equal volumes of SDF or SF solution 
were first mixed with KI, after which the mixture was further diluted in cell media 
to reach the final concentrations. 

4.2 Research methods 
A total of 20 research methods were employed in the present thesis. The adhesive, 
enzymatic, biocompatibility, and fatigue-related behavior of dentin treated with 
ammonia- and water-based silver fluoride (SDF and SF) treatments, with or without 
the application of potassium iodide (KI), were evaluated. In addition, the microcosm 
biofilm model used in Study IV was characterized utilizing colony-forming unit 
counts, dentin surface and cross-sectional microhardness, lactic acid production and 
biofilm viability. Imaging techniques, including scanning electron microscopy and 
in situ zymography using confocal microscopy, were used for morphological and 
enzymatic assessments. 
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4.2.1 Micro-tensile bond strength (Study I) 
The micro-tensile bond strength (µTBS) evaluation consisted of the following 
experimental groups. The two main groups were treated with ammonia-based silver 
diamine fluoride (SDF), with or without the application of potassium iodide (KI). 
Teeth within each treatment group were then randomly assigned into subgroups 
(n  = 5 teeth/group) according to delayed bonding time points (immediate, 7, 15, or 
30 days), surface treatment approach (with or without airborne particle abrasion and 
with or without water rinsing for 15 s), and the application mode of a mild universal 
adhesive (etch-and-rinse or self-etch). Control groups consisted of untreated dentin 
surfaces (with or without airborne particle abrasion) that were immediately bonded 
using the same mild universal adhesive applied in either etch-and-rinse or self-etch 
mode. A summary of the experimental design is presented in Figure 2. 
 

Figure 2.  Flowchart of the experimental design of micro-tensile bond strength and hybrid layer 
analysis test methods. Each experimental subgroup consisted of n = 5 teeth. (Modified 
from the supplementary data published in Study I) 
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Restored crown segments were stored in distilled water at 37 °C for 24 h. Then, 
restored crowns were sectioned longitudinally in mesio-distal and bucco-lingual 
directions perpendicular to the bonded interface with a diamond saw (Isomet 1000 
Precision Saw, Buehler Ltd, USA). Resin-dentin beams were produced with a cross-
sectional area of approximately 0.9 mm2. Micro-tensile bond strength evaluation was 
performed according to the Academy of Dental Materials guidelines for non-
trimmed μTBS testing [Armstrong et al., 2017]. A minimum of 8 beams per tooth 
(n = 5 teeth/group) were tested for each experimental condition. Each beam was 
individually attached to a custom-made micro-tensile testing jig using a 
cyanoacrylate adhesive (Loctite 416, Henkel Corp, Ireland) and tested under tensile 
stress in a universal testing machine (Autograph AGS-X Series, Shimadzu, Japan) 
at a crosshead speed of 0.5 mm/min until failure to obtain the maximum load (P) in 
newtons (N). The cross-sectional area (CA) of each beam in mm2 was measured 
using a digital caliper. Micro-tensile bond strength (μTBS) values were calculated in 
megapascals (MPa) using the formula μTBS = P/CA (Trapezium X Software, 
Shimadzu, Japan). All specimens were tested by a blinded operator. Tooth was 
considered as the statistical unit, bond strengths of resin-dentin beams from each 
tooth were averaged to represent the bond strength of each tooth. Bond strength of 
each tooth belonging the same group were averaged to represent the bond strength 
of each experimental group. Pre-test failures (PTFs) were included in the 
calculations as 0 MP in accordance with the Academy of Dental Materials 
recommendations [Armstrong et al., 2017].  

4.2.1.1 Failure mode analysis (Study I) 

Both surfaces of fractured resin-dentin beams were observed using a 
stereomicroscope (Leica M60, Leica Microsystems, Germany) with 40 × 
magnification to determine failure modes. When failure modes could not be clearly 
identified especially between adhesive and mixed failure types, specimens were 
examined using scanning electron microscopy (SEM) (Phenom ProX, Phenom-
World, Netherlands). Failure modes were classified as adhesive failure (failure at 
resin/dentin interface), mixed failure (failure at resin/dentin interface with cohesive 
failure of the neighboring substrates) and cohesive failure (failure exclusive within 
dentin or composite resin). 

4.2.2 Hybrid layer SEM analysis (Study I)  
Two randomly selected resin-dentin beams for each tooth (n = 5 teeth/group) were 
prepared according to the previously described experimental groups for the micro-
tensile bond strength test, were used for hybrid layer characterization using scanning 



Materials and Methods 

 45 

electron microscopy (SEM). A summary of the experimental design is presented in 
Figure 2.  

Selected resin-dentin beams were embedded in epoxy resin and wet-polished 
with silicon carbide (SiC) papers of decreasing grit sizes, 320-grit for 4 min, 600-
grit for 6 min, 1200-grit for 8 min, and 4000-grit for 10 min. Final polishing was 
performed using a 0.05 μm aluminum oxide polishing paste (Buehler Ltd, USA) for 
5 min. After each polishing step, the epoxy embedded beams were ultrasonically 
cleaned in distilled water [Perdigao et al., 1995]. Bonded interfaces were treated with 
50% phosphoric acid (H3PO4) for 5 s and 3% sodium hypochlorite (NaOCl) for 
10 min, dried in silica overnight, mounted on aluminum stubs, sputtered with 
gold/palladium and analyzed on mapping mode at 10 kV by SEM (Phenom ProX, 
Phenom-World, Netherlands). A series of sequential micrographs of the bonded 
interfaces (5500× magnification) were obtained from each resin-dentin beam by an 
experienced blinded operator. Three randomly selected areas on each micrograph 
located between adjacent resin tags were analyzed by a single-blinded experienced 
examiner for hybrid layer thickness using an open-source image software (ImageJ, 
National Institute of Health, USA). Measurements obtained from each tooth were 
averaged to determine the hybrid layer thickness for each experimental group. 

4.2.3 Etching pattern SEM analysis (Study I) 
Prepared and wet polished flat mid-coronal dentin surfaces were randomly assigned 
to 21 groups (n = 2 teeth/group) according to the experimental design presented in 
Figure 3. 
 

Figure 3.  Flowchart of the experimental design of etching pattern analysis test method. Each 
experimental subgroup consisted of n = 2 teeth. (Modified from the supplementary data 
published in Study I) 
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Application protocols were performed as described in Section 4.1.6 Bonding 
protocols. Specimens were dehydrated in ascending ethanol concentrations (25%, 
50%, 60%, 70%, 80%, 90% and 100%) for 30 min at each concentration, followed 
by immersion in 100% ethanol for 1 h. Subsequently, specimens were transferred to 
a 1:1 solution of hezamethyldisilazane (HMDS) and ethanol for 1 h and then fixed 
in HMDS (Sigma Aldrich, USA) [Perdigao et al., 1995]. Specimens were mounted 
on aluminum stubs, sputter coated with gold-palladium and analyzed by SEM 
(Phenom ProX, Phenom-World, Netherlands) on backscattering mode at 10 kV 
(5000× magnification). All specimens were examined by an experienced-blinded 
operator. 

4.2.4 Dentin permeability (Study I and III) 
To evaluate the passage of ions through the dentin tubules, dentin permeability was 
evaluated using a flow-measurement infiltration apparatus (SLI-1000 Liquid Flow 
Meter, Sensirion, Switzerland) in a modified split-chamber unit, which was linked 
to a deionized water container at a simulated hydrostatic pressure of 20 cm [Zhang 
et al., 2018]. Hydraulic conductance (Lp) was calculated by dividing fluid flow 
(μL·min−1), under simulated hydrostatic pressure (20 cm H2O), by the available 
dentin surface area (cm2). Maximum dentin permeability was defined by the 
hydraulic conductance calculated after etching dentin discs with 50% citric acid for 
30 s to remove smear layer and smear plugs and to reopen dentinal tubules (Study I 
and III).  

In Study I, after maximum permeability measurements, dentin discs (n = 12 
dentin disc/group) were randomly allocated into two groups according to ammonia-
based silver fluoride treatment (SDF), either with or without the application of 
potassium iodide (KI). Hydraulic conductance values were recorded immediately 
after SDF or SDF + KI treatments and after storage in artificial saliva for 7, 15 or 30 
days. An isolated control group consisting of SDF and SDF + KI treatment followed 
by water rinsing for 15 s was included. Dentin permeability was expressed as a 
percentage reduction in hydraulic conductance (Lp%) considering the maximum 
permeability as the baseline values. Each dentin disc served as its own dentin 
permeability control. 

In Study III, dentin permeability measurements were recorded prior to dentin 
barrier cytotoxicity test setup in order to obtain dentin discs with similar permeability 
values. Dentin discs (n = 30 dentin disc/group) were homogeneously allocated into 
groups based on their maximum permeability measurements and eight dentin discs 
with similar permeability values were used in each dentin barrier cytotoxicity test 
setup [ISO 7405, 2018]. After permeability measurements, dentin discs were rinsed 
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with distilled water and sterilized by autoclaving in 0.9% sodium chloride (NaCl) at 
121 °C for 25 min. 

4.2.5 Loss of dry mass (Study II) 
Loss of dry dentin mass was used as an indirect method to evaluate the enzymatic 
degradation of the demineralized dentin collagen matrix, allowing estimation of the 
amount of solubilized collagen over time [Carrilho et al., 2009; Mazzoni et al., 
2014]. To measure the initial dry mass of completely demineralized dentin beam 
specimens (0.3 × 3 × 7 mm), dentin beams were stored in a vacuum desiccator for 72 
h after demineralization and rinsing as described in Section 4.1.3. Preparation of 
dentin beam specimens. Dry mass of each beam was then measured using an 
analytical microbalance (XP6 Microbalance, Mettler Toledo, USA). Following the 
initial measurements, dentin beams were rehydrated in distilled water at 4 °C for 1 
h. Dentin beam specimens were distributed into 6 balanced experimental groups 
according to the mean dry mass of each group which was statistically similar. 
Ammonia- and water-based silver fluoride (SDF and SF) treatments, with or without 
application of potassium iodide (KI), as well as KI application alone, were applied 
on dentin beams. Untreated demineralized dentin beams were served as control 
group. After treatments, beams were rinsed with distilled water inside 96-well plate 
at a microplate shaker at 300 rpm and subsequently blot dried with absorbent paper. 
Dry mass measurements were repeated immediately after treatments following the 
same protocol. Then, each dentin beam was placed into an individually labeled O-
ring polypropylene tube containing 500 µl zinc- and calcium-containing artificial 
saliva (pH 7.4) [Tezvergil-Mutluay et al., 2010] and incubated in a shaking water 
bath (60 cycles/min) at 37 °C, for designated incubation periods of 1-week, 1-month, 
3-month or 6-month to facilitate artificial saliva diffusion within collagen fibrils. 
After each incubation period, dentin beams were rinsed at 4 °C for 24 h in distilled 
water to remove media salts before dry mass measurements. Measurement of the dry 
mass was reassessed after dehydration in desiccator under same conditions. The loss 
of dry mass was calculated as the percentage change of dry mass loss referring to the 
dry mass recorded for each beam after corresponding silver fluoride treatments 
[Tezvergil-Mutluay et al., 2012]. Demineralized dentin beams without any treatment 
served as control group. 

The incubation medium was stored frozen at -80 °C. Those media were analyzed 
for solubilized telopeptides of collagen (ICTP & CTX), hydroxyproline (HYP) 
release and total extractable protein (Bradford assay). 
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4.2.6 Modulus of elasticity (Study II) 
Three-point bending configuration was used under controlled strain to measure the 
modulus of elasticity, which allows repeated measurements to be performed on the 
same specimen [Bedran-Russo et al., 2008]. Demineralized dentin beam specimens 
were placed on a three-point bending jig (Instron, Instron Inc., USA) with a span 
length of 5 mm between supports, fully immersed in distilled water, and subjected 
to flexural testing up to 3% strain at a displacement rate of 0.5 mm/min using a 5 N 
load cell (SMT1-5N, Interface, USA) mounted on a universal testing machine 
(Autograph AGS-X, Shimadzu, Japan). After reaching maximum displacement, the 
load was immediately returned to 0% stress within 15 s to prevent creep of the 
demineralized collagen matrix [Tezvergil-Mutluay et al., 2012]. Apparent modulus 
of elasticity (E) was calculated using the equation E = mL3/4bh3 where m is the slope 
of the linear portion of the load-displacement curve (N/mm), L is the span length 
(5 mm), b is the width, and h is the thickness of the demineralized dentin beam (mm) 
and expressed in MPa. Each demineralized dentin beam was tested in duplicate and 
the mean value was used as the E value for each demineralized dentin beam. E were 
evaluated initially on demineralized dentin beams which served as baseline 
measurements. Based on baseline measurements, dentin beam specimens were 
distributed into six balanced experimental groups according to the mean modulus of 
elasticity of each group which was statistically similar. E was remeasured, after the 
application of ammonia- and water-based silver fluoride (SDF and SF) treatments, 
with or without application of potassium iodide (KI), as well as KI application alone, 
and after each designated incubation period (1-week, 1-month, 3-month or 6-month) 
in zinc- and calcium-containing artificial saliva (pH 7.4) [Tezvergil-Mutluay et al., 
2010]. Demineralized dentin beams without any treatment served as control group.  

4.2.7 Total enzymatic activity (Study II) 
A commercially available colorimetric matrix metalloproteinase (MMP) assay kit 
(SensoLyte Generic MMP Assay Kit, AnaSpec, USA) was used to quantify total 
matrix-bound MMP activity [Seseogullari-Dirihan et al., 2016]. This assay enables 
the detection of the combined activity of multiple MMPs, including MMP-1, -2, -3, 
-7, -8, -9, -12, -13, and -14, and offers direct information regarding the effectiveness 
of MMP activation or inactivation [Mazzoni et al., 2015]. The assay can detect 
nanogram levels of active MMPs in dentin. Demineralized dentin beams served as 
the source of endogenous MMPs [Tezvergil-Mutluay et al., 2012]. Following the 
application of ammonia- and water-based silver fluoride (SDF and SF) treatments, 
with or without application of potassium iodide (KI), as well as KI application alone, 
dentin beam specimens were rinsed, blot-dried with absorbent paper and incubated 
in 200 μL of substrate and assay buffer in the 96-well plate for 2 h at 25 ºC to assess 
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the MMP activity. Demineralized dentin beams without any treatment served as 
control group. Every 30 min, dentin beams were removed from the wells and MMP 
activity was measured using a spectrophotometer (Synergy HT, BioTek Instruments, 
USA) at a wavelength of 412 nm. Data were recorded until enzymatic activity 
reached a peak value. Subsequently, the beams were rinsed in distilled water to 
remove residual MMP substrate and incubated for designated periods of 1-week, 1-
-month, 3-month or 6-month in zinc- and calcium-containing artificial saliva (pH 
7.4) [Tezvergil-Mutluay et al., 2010]. Demineralized dentin beams without any 
treatment served as control group. After each incubation period, beams were rinsed. 
The total enzymatic activity was reassessed following the same protocol. The 
percentage inhibition of MMPs were calculated by subtracting the mean values of 
the control group from that of the treatment groups, then dividing the result by the 
control mean. 

4.2.8 Solubilized telopeptides of collagen (Study II) 
Different C-telopeptide fragments released into the incubation media (zinc- and 
calcium-containing artificial saliva (pH 7.4) [Tezvergil-Mutluay et al., 2010]) were 
analyzed after each predefined media after each incubation period (1-week, 1-month, 
3-month or 6-month) to evaluate the specific role of matrix metalloproteinases 
(MMPs) and cysteine cathepsins (CCs) in type I collagen degradation MMPs and 
CCs are responsible for cleaving the distinct telopeptide regions of type I collagen. 
Matrix degradation mediated by MMPs were determined by measuring the amount 
of solubilized type I collagen C-terminal cross-linked telopeptides [Garnero et al., 
2003], cathepsin K-induced degradation of type I collagen was evaluated by the 
amount of solubilized C-terminal peptide. Cathepsin K is the only known source of 
CTX [Tezvergil-Mutluay et al., 2015a]. The quantification of ICTP and CTX 
fragments was carried out using commercially available kits for MMPs (UniQ ICTP 
RIA, Aidian Diagnostics, Finland) and CCs (Serum CrossLaps ELISA, IDS, 
Denmark), respectively. Following each incubation period (1-week, 1-month,  
3-month or 6-month) in zinc- and calcium-containing artificial saliva (pH 7.4) 
[Tezvergil-Mutluay et al., 2010], aliquots of 20-25 μL of incubation media were 
taken from each tube to quantify solubilized ICTP and CTX fragments following the 
manufacturers` protocol. ICTP measurements were obtained using a gamma counter 
(Wallac Wizard, Turku, Finland) at 1000 counts and CTX measurements were 
performed using a spectrophotometer (Synergy HT, Bio Tek Inst, USA) at 450 nm 
absorbance. The amount of collagen degradation as ICTP release was calculated 
using a 5-point fitting curve with known concentration standards from 1 to 50 ng/mL, 
with the limit of 0.6 ng/mL by a gamma counter. The amount of collagen degradation 
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as CTX release was calculated with a standard curve using standards with known 
concentrations provided by the manufacturer. 

4.2.9 Hydroxyproline quantification (Study II) 
The amount of collagen solubilization was evaluated from the incubation media 
(zinc- and calcium-containing artificial saliva (pH 7.4) [Tezvergil-Mutluay et al., 
2010]) after each designated incubation period (1-week, 1-month, 3-month or  
6-month) in zinc- and calcium-containing artificial saliva (pH 7.4) [Tezvergil-
Mutluay et al., 2010]. by quantification of hydroxyproline (HYP). Type I collagen 
contains approximately 9.6% hydroxyproline in its amino acid composition. 
Solubilized collagen peptide fragments were quantified following a previously 
described hydroxyproline assay protocol [Reddy, and Enwemeka, 1996] Briefly, 
aliquots of HYP standards (2–20 µg) prepared from stock solutions and 25 µL of 
incubation media were mixed with 25 µL of 4 N sodium hydroxide (NaOH) (final 
concentration 2 N) in a total volume of 50 µL in 2 mL Nalgene O-ring tubes. 
Specimens were hydrolyzed by autoclaving at 120 °C for 20 min. Subsequently, 
450 µL of chloramine-T solution was added to each hydrolyzed specimen and 
gently mixed to allow oxidation for 20 min at room temperature. Then, 500 µL of 
Ehrlich’s aldehyde reagent was added to each specimen for chromophore 
formation, followed by incubation at 65 °C for 20 min. Absorbance was measured 
using a spectrophotometer (Model UV-A180, Shimadzu, Japan) at 550 nm. HYP 
release were calculated by plotting absorbance values against the standard HYP 
curves. 

4.2.10 Total extractable protein (Study II) 
Extracted dentin proteins released into the incubation media (zinc- and calcium-
containing artificial saliva (pH 7.4) [Tezvergil-Mutluay et al., 2010]) from 
demineralized dentin were used for the quantification of extractable protein level 
after each designated incubation period (1-week, 1-month, 3-month or 6-month) 
using the Bradford protein assay. Bradford protein assay, originally introduced by 
Bradford (1976), is a widely used colorimetric method for determining protein 
concentrations in biological specimens and cell fractions [Bradford, 1976]. The 
assay is based on the proportional binding of Coomassie Brilliant Blue dye to 
proteins, resulting in a color change that is directly related to protein concentration. 
Extracted proteins from each dentin beam into the incubation media were tested 
according to the manufacturer’s instructions using a commercial kit based on the 
Bradford assay (Bio-Rad, Hercules, USA) [Bradford, 1976]. Briefly, 1 to 50 μg/mL 
series of bovine serum albumin (BSA) standards (50 μL) and 50 μL aliquots of 
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incubation media were prepared in parallel. After 5 min of incubation to allow color 
development, absorbance was measured using a spectrophotometer (Synergy HT, 
BioTek Instruments, USA) at a wavelength of 595 nm. A linear standard curve was 
prepared by plotting the average reading for each BSA standard against its 
concentration in μg/mL and the standard curve was used to determine the total 
extractable protein concentration. 

4.2.11 Dentin surface and cross-section SEM analysis  
(Study II) 

Additional demineralized dentin beams were treated with ammonia- and water-based 
silver fluoride (SDF and SF) treatments, with or without application of potassium 
iodide (KI). Demineralized dentin beams without any silver fluoride treatment 
served as control group (n = 4 dentin beam/group). The group that was treated with 
KI alone, was not prepared for SEM analysis, as KI application alone is not used in 
clinical practice. Half of the specimens were evaluated for surface morphology, 
whereas the remaining specimens were fractured in liquid nitrogen to obtain cross-
sectional views. The specimens were dehydrated in ascending ethanol concentrations 
(25%, 50%, 60%, 70%, 80%, 90%, and 100%) for 30 min at each concentration, 
followed by immersion in 100% ethanol for 1 h. Subsequently, specimens were 
transferred to a 1:1 solution of hexamethyldisilazane (HMDS) and ethanol for 1 h 
and then fixed in HMDS (Sigma-Aldrich, USA) [Perdigao et al., 1995]. Dentin 
beams were mounted on aluminum stubs, sputter coated with gold-palladium and 
analyzed by SEM (Phenom ProX, Phenom-World, Netherlands) on backscattering 
mode at an accelerating voltage of 10 kV and magnifications up to 2500×. 

4.2.12 Gelatinase activity by in situ zymography (Study II) 
In situ zymography was first described by Galis et al [Galis et al., 1994] to analyze 
the gelatinolytic activity in tissue sections. This technique enables localization of 
enzyme activity and visualization of its spatial distribution without the need for 
specific antibodies. It is based on a fluorescence substrate that can be applied to both 
tissue sections and cell cultures. The technique was later modified by introducing 
dye-quenched (DQ) gelatin to detect the localization of gelatinolytic activity within 
tissue sections. Gelatin is labeled with fluorescein isothiocyanate (FITC), which can 
be visualized as fluorescence produced at sites of gelatinolytic activity after cleavage 
of DQ-gelatin. The distribution of gelatinolysis within the hybrid layer using in situ 
zymography was first described by Mazzoni et al. [Mazzoni et al., 2012] and the 
same protocol was followed in Study II.  
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Prepared dentin surfaces were bonded according to the procedures described in 
Section 4.1.6.3 Composite resin restoration. The bonded specimens (n = 2 
teeth/group) were then sectioned vertically into 0.3 mm-thick slabs to expose the 
resin-dentin interfaces, wet-polished with 600-, 1200-, and 2000-grit silicon carbide 
(SiC) papers, and ultrasonically cleaned for 5 min after polishing. The four central 
slabs from each specimen were selected for evaluation. The 0.3 mm-thick sections 
were demineralized with 10% phosphoric acid for 10 s, rinsed with distilled water 
for 20 s, and blot-dried with absorbent paper. A self-quenched fluorescein-
conjugated gelatin substrate (DQ-gelatin; E-12055, Molecular Probes, Eugene, 
USA) was prepared from a stock solution and diluted 1:8 in dilution buffer (150 mM 
NaCl, 5 mM CaCl₂, 50 mM Tris-HCl, pH 8.0). Specimens were wetted with 30 μL 
of gelatin solution, with and without fluorescent gelatin to prevent false readings, 
and then covered with a coverslip. The slides were protected from light and 
incubated in a humidified chamber at 37 °C for 24 h. Interfacial endogenous 
gelatinase activity was observed using a confocal laser scanning microscope (Zeiss 
LSM 880, Carl Zeiss, Germany) with an excitation wavelength of 488 nm. The entire 
resin-dentin interface was examined, and sequential images (z-stacks) were recorded 
from each dentin slice. Images were quantitatively analyzed using open-source 
image analysis software (ImageJ, National Institutes of Health, USA) by a single-
blinded examiner. Readings obtained from specimens treated with gelatin solution 
without fluorescent were used as background readings. Gelatinolytic activity was 
expressed as the percentage of the fluorescent area. 

4.2.13 pH measurement (Study II and III) 
The pH values of each bottle of commercially available ammonia- and water-based 
silver fluoride solution (Riva Star and Riva Star Aqua, SDI, Australia) as well as the 
prepared dilutions (10-3, 10-4 and 10-5) were measured using a calibrated electrode 
pH meter (PHM210; Radiometer Analytical, France) with an accuracy of ± 0.01. 
After each measurement, the electrode was washed with distilled water to prevent 
contamination. The pH values of commercially available silver fluoride treatments 
are presented in Table 1. The pH of each prepared dilution (10-3, 10-4 and 10-5) was 
measured 5 times, mean values and standard deviations were calculated. 

4.2.14 Preparation of pulp-derived three-dimensional cell 
culture (Study III) 

Immortalized clonal large T-antigen transfected bovine pulp-derived cells (SV40), 
originally derived from calf dental papilla [Thonemann, and Schmalz, 2000; ISO 
7405, 2018], of which the clonal subline “SVNeo3B cells”, were provided as a kind 
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donation from Regensburg University and stored in liquid nitrogen until use. Cells 
were passaged and maintained in growth medium consisting of α-modified Eagle’s 
minimum essential medium (α-MEM; M8042, Merck Sigma-Aldrich, Germany) 
supplemented with 20% fetal bovine serum (FBS) (Gibco, Thermo Fisher, USA), 
150 IU/mL penicillin, 150 mg/mL streptomycin, 0.125 mg/mL amphotericin B, and 
0.1 mg/mL geneticin (Merck Sigma-Aldrich, Germany) at 37 °C in a humidified 
atmosphere of 5% CO₂. Cells between passages 19 and 24 were used. Polyamide 
nylon meshes (pore size 150 µm, diameter 8 mm) were cleaned with 0.1 M acetic 
acid for 30 min at room temperature, rinsed three times with distilled water, and 
coated with 0.03 mg/mL bovine plasma fibronectin (Merck Sigma-Aldrich, 
Germany). A six-well tissue culture plate was filled with 1.25 mL of α-MEM 
supplemented with 20% FBS and Millicell inserts (Merck Sigma-Aldrich, Germany) 
were placed in each well to support initial cell growth on the polyamide nylon 
meshes. Four meshes were placed into each insert. Cell numbers were calculated 
using an automated cell counter (TC20, Bio-Rad, USA) after mixing 15 µL of cell 
suspension with 0.4% trypan blue and loading 10 µL of the mixture into the counting 
chamber. Cell suspensions were adjusted to 80.000 cells per 20 µL for each 
polyamide nylon mesh. Cultures were incubated for 48 h at 37 °C, 5% CO₂, and 
100% humidity to allow cell attachment and growth. After incubation, the polyamide 
nylon meshes were transferred to a 24-well plate and placed individually into wells 
containing 1 mL of α-MEM supplemented with 20% FBS. The culture medium was 
changed three times per week for 14 days to generate three-dimensional pulp-derived 
cell cultures on the meshes. Additional meshes were prepared for each test to ensure 
an adequate number of cells on membranes. To select eight polyamide nylon meshes 
with comparable three-dimensional cell viability for each dentin barrier test setup, 
the cultures were transferred to a new 24-well plate on the day of the experiment. 
Each well contained 400 µL of α-MEM and 20 µL of cell proliferation reagent 
(WST-1, Roche, Switzerland). After 1 h of incubation, optical density was measured 
at 440 nm using a spectrophotometer (Synergy HT, BioTek Inst., USA). Meshes 
exhibiting similar cell viability values (n = 8 mesh/test setup) were selected for use 
in each dentin barrier cytotoxicity test setup. 

4.2.15 Dentin barrier cytotoxicity test (Study III) 
Dentin barrier cytotoxicity test, also referred as trans-dentinal cytotoxicity test was 
carried out according to ISO 7405 [ISO 7405, 2018]. In this method, tested materials 
are applied over dentin discs and allowed to pass through dentinal tubules to evaluate 
cell response inside split-chamber compartments [Salim Al‐Ani et al., 2021]. 
Polyamide nylon meshes containing pulp-derived three-dimensional cell cultures 
were placed in the lower compartment of commercially available individual 
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perfusion split chambers (Minucells and Minutissue, Bad Abbach, Germany) in 
direct contact with the pulpal side of the prepared dentin discs and secured using a 
stainless-steel holder. The pulpal compartment was perfused with assay medium 
supplemented with 5.96 g/L hydroxyethylpiperazine ethane sulfonic acid (HEPES) 
at a flow rate of 0.3 mL/h for 24 h using a precision pump (Minucells and Minutissue, 
Bad Abbach, Germany). After 24 h, perfusion was briefly interrupted and the dentin 
surfaces were gently rinsed with distilled water for 30 s. Ammonia- and water-based 
silver fluoride (SDF and SF) treatments, with or  without the application of 
potassium iodide (KI), were applied to the upper chamber in direct contact with the 
occlusal surface of the dentin discs and allowed to dry. According to ISO 7405 B.3 
[ISO 7405, 2018], a light-curing glass ionomer cement, which is known to cause 
toxic effects, was prepared and served as the positive control (50% cell viability). A 
polyvinylsiloxane impression material (Express VPS, Solventum, USA) was used as 
the negative control (100% cell viability). 

After closing the split chambers, cells were perfused at a rate of 0.2 mL/h for 24 h. 
Cell meshes were gently sectioned by the metallic inserts into 4 mm2 circular pieces, 
retrieved from the stainless-steel holder and placed into 24-well plates containing 
0.5 mL of methylthiazolium (MTT) solution. The 24-well plates were incubated for 
2 h at 37 °C, 5% CO2, and 100% humidity. Following incubation, polyamide nylon 
meshes were washed with phosphate buffered saline and transferred to a 48-well plate 
containing 0.25 mL dimethyl sulfoxide. The blue formazan precipitate was extracted 
from the mitochondria using 0.25 mL dimethyl sulfoxide on a shaker at room 
temperature for 15 min. About 200 µL of this solution were transferred to a 96-well 
plate. Cell viability were assessed by the MTT assay and read by a spectrophotometer 
(Synergy HT, BioTek Instruments, USA) at 540 nm.  

MTT assay is one of the most commonly used tests to evaluate cytotoxicity 
precisely and quickly. It is based on a quantitative measurement of cell viability from 
cells metabolic activity, through the reduction of yellow tetrazolium salt (3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), which reflects the number 
of viable cells and can be analyzed spectrophotometrically. 

In each dentin barrier test setup, eight dentin discs with similar permeabilities 
and eight polyamide nylon meshes with similar cell viability were used. Each 
experiment consisted of eight perfusion split chambers and the dentin barrier test 
was repeated until 30 readings were obtained for each material tested. Positive and 
negative controls were included in each test setup and all components of the test 
setup were sterilized after each experiment. The mean absorption values of the 
negative and positive controls were set to represent 100% and 50% cell viability, 
respectively. Results were calculated as percentages based on the plotted curve 
generated from the negative and positive control specimens. 
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4.2.16 Direct cell viability assay to evaluate the cytotoxicity of 
dilutions (Study III) 

Direct cell viability assay test was conducted according to ISO 10993-5 [ISO 10993-
5, 2009]. The same cell line (SV40) was used to test the effect of dilutions of 
ammonia- and water-based silver fluoride (SDF and SF) treatments, with or without 
the addition of potassium iodide (KI). Cells were seeded into 96-well plates at a 
density of 1 × 10⁴ cells per well in complete culture medium. After 24 h of incubation 
in a humidified atmosphere at 37 °C with 5% CO₂, the culture medium was replaced 
and the cells were exposed to the test dilutions (100 µL per well). Fresh medium was 
served as the negative control. After 24 h of exposure, the plates were examined 
under a light microscope to assess morphological changes. The culture medium was 
then removed from each well and 50 µL of 0.5 mg/mL MTT solution was added. 
The plates were incubated for 3 h at 37 °C in a humidified atmosphere with 5% CO₂. 
Subsequently, the MTT solution was removed and 100 µL of dimethyl sulfoxide 
(DMSO) was added to each well to dissolve the formazan crystals. The optical 
density was quantified using a spectrophotometer (Synergy HT, BioTek Instruments, 
USA) at 570 nm. Three independent experiments were performed in triplicates. The 
percent cell viability was calculated using the optical density of negative control 
specimens set to 100%. 

4.2.17 Microcosm biofilm model (Study IV) 
Prepared dentin beam specimens were subjected to a revised in vitro microcosm 
biofilm model [Exterkate et al., 2010; Li et al., 2014a] to promote cariogenic biofilm 
growth and to replicate more realistically in vivo conditions for caries formation. 
Briefly, dentin pellicle was formed on the occlusal sides of dentin beams for 2 h 
using sterile protein-containing human saliva. Then, a biofilm inoculum composed 
of saliva from human donors, McBain medium and 0.2% (v/v) sucrose supplement 
was prepared. The microcosm biofilm model was formed on occlusal sides of dentin 
beams at three incubation periods (2, 7 or 14 days) to determine the optimal length 
of the microcosm biofilm model for caries formation. Biofilm efficacy was assessed 
using colony-forming unit (CFU) counts, dentin microhardness (surface & cross-
section), lactic acid production and MTT metabolic activity. Based on the result, 2-
day microcosm biofilm model was selected. 

4.2.17.1 Human saliva collection (Study IV) 

Human saliva used in this study was collected solely for the methodological purposes 
from volunteers, pooled and used in an anonymized form. Human saliva was 
collected from 10 healthy donors with natural dentition, without active caries or 
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periodontal disease and no antibiotic use within the preceding 3 months [Li et al., 
2014a]. Verbal informed consent was obtained from all volunteer donors and no 
identifiable information was recorded.  Donors did not brush their teeth for 24 h and 
abstained from food/drink intake for at least 2 h before saliva donation. Saliva was 
collected in the morning under chewing stimulation with parafilm for 10 min and 
kept on ice. Equal amounts of saliva from each of 10 donors were then combined 
and mixed. The experiments were performed from the same batch of frozen saliva. 
Half of the saliva was filtered through sterilized gauze swabs (SteriluxEs, Hartmann, 
Germany) to remove any solid (food) debris, diluted in sterile glycerol (70% saliva 
and 30% glycerol) and 1-2 mL aliquots were stored at -80 oC to be used in the biofilm 
inoculum. Protein was removed from the other half of the saliva, centrifuged for 40 
min at 9500 g at 4 oC to remove debris, annealed for 30 min at 60 oC, for sterilization 
to avoid protein denaturation and centrifuged again for 40 min at 9500 g at 4 oC. The 
sterile protein-containing saliva was frozen at -80 oC to be used for salivary pellicle 
formation. 

4.2.17.2 Pellicle and biofilm formation (Study IV) 

Each disinfected dentin beam was placed into a well of sterile 24-well plates, with 
the coronal surface facing up. In order to allow salivary pellicles to cover the coronal 
surface of dentin beams, 300 µL of sterile protein-containing saliva was added to 
each well and incubated for 2 h at 37 ℃ in a standard non-CO2 incubator. 
Subsequently, beams were transferred to new 24-well plates and 500 µL of biofilm 
inoculum was added to each well and incubated for 8 h in 5% CO2 at 37 oC. The 
biofilm inoculum was composed of saliva from human donors, McBain medium and 
0.2% (v/v) sucrose supplement. The saliva-glycerol stock was added with 1:50 final 
dilution in McBain medium and 0.2% (v/v) sucrose was then added to the biofilm 
inoculum [Exterkate et al., 2010]. McBain medium was composed of mucin (type II, 
porcine, gastric) at a concentration of 2.5 g/L; bacteriological peptone, 2.0 g/L; 
tryptone, 2.0 g/L; yeast extract, 1.0 g/L; NaCl, 0.35 g/L, KCl, 0.2 g/L; CaCl2, 0.2 
g/L; cysteine hydrochloride, 0.1 g/L; haemin, 0.001 g/L; vitamin K1, 0.0002 g/L, at 
pH 7 [McBain et al., 2005] and used within a month of preparation. All chemicals 
were obtained from Merck Sigma-Aldrich (Germany), unless otherwise specified. 
After 8 h, beams were transferred into fresh biofilm inoculum and incubated for 16 
h, completing the initial 24 h [Li et al., 2014a]. Following the initial incubation, 
beams were further incubated with daily biofilm inoculum changed at 24 h intervals 
for a total duration of  2, 7 or 14 days. The whole process allowed bacterial 
attachment and colonization forming cariogenic biofilm. After each incubation 
period, dentin beams were rinsed three times with phosphate buffered saline (PBS) 
to remove loosely attached bacteria. Digital images of each beam were captured 
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using a stereo microscope (Leica M60, Leica Microsystems, Germany) and 
dimensions of the beams were measured using an open-source image software 
(ImageJ, National Institute of Health, USA). 

4.2.17.3 Microcosm biofilm viability assay (CFU-based) (Study IV) 

Dentin beams subjected to microcosm biofilm model for 2, 7 or 14 days (n = 10 
dentin beam/group) were analyzed for colony-forming unit (CFU) counts. Dentin 
beams without microcosm biofilm formation served as control (0 day). Biofilms 
were harvested in PBS by sonication and vortexing. Three types of agar plates were 
prepared and used: (i) tryptic soy blood plates to determine total aerobic and 
anaerobic microorganisms; (ii) mitis salivarius agar (MSA) containing 15% sucrose 
to determine total streptococci; and (iii) MSA plus 0.2 units of bacitracin/mL to 
determine mutans streptococci. The bacterial suspensions were serially diluted and 
spread onto agar plates for CFU analysis. After 72 h of incubation at 37 °C either in 
5% CO2 or under aerobic conditions, the number of colonies were counted. Results 
are presented as the logarithm (base 10) of CFU values (log10 CFU). Moreover, the 
presence of cariogenic mutans streptococci bacteria as Streptococcus mutans and 
Streptococcus sobrinus species were confirmed using the polymerase chain reaction 
(PCR) method [Oho et al., 2000]. 

4.2.17.4 Dentin surface microhardness (Study IV) 

To evaluate the microhardness of occlusal dentin surfaces, 2 mm-thick dentin discs 
were prepared (n = 10 dentin disc/group). Discs were mounted into acrylic resin 
(DuraLay, Reliance Dental, USA) using silicon molds, leaving the occlusal dentin 
surfaces exposed and serially polished with 600- and 1200-grit SiC paper under 
water-cooling to obtain scratch-free, smooth surfaces. Initial measurements of sound 
(0 day) dentin were recorded. Occlusal surfaces were subjected to the in vitro 
microcosm biofilm model for 2, 7 and 14 days. Microhardness measurements were 
performed after each incubation period using a microhardness tester (HMV-G21, 
Shimadzu, Kyoto, Japan) equipped with a Vickers indenter (10 g load, 15 s dwell 
time). Five readings were obtained from the occlusal surface of each dentin disc and 
the mean value was calculated to determine Vickers hardness number (VHN) for 
each dentin disc. The average VHN values of ten dentin discs were used to represent 
each incubation period. 
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4.2.17.5 Dentin cross-section microhardness (Study IV) 

To evaluate the microhardness of occlusal-cervical cross-sections, 2 mm-thick 
dentin discs were prepared (n = 10 dentin disc/group). Discs were mounted into 
acrylic resin (DuraLay, Reliance Dental, USA) using silicon molds, leaving the 
occlusal dentin surfaces exposed and serially polished with 600- and 1200-grit SiC 
paper under water-cooling to obtain scratch-free, smooth surfaces. Mounted-
polished discs were sectioned occluso-cervically in half parallelly to their long-axis. 
The exposed cross-sections were also polished with 600- and 1200-grit SiC paper 
under water-cooling. One half originated from each disc was randomly selected for 
cross-sectional measurements (n = 10 dentin disc/group). Initial measurements of 
sound (0 day) dentin  were recorded. The exposed cross-sections were then protected 
with two layers of nail varnish. Occlusal surfaces were subjected to the in vitro 
microcosm biofilm model for 2, 7 and 14 days. The nail varnish was removed from 
cross-sections though polishing with 1200-grit SiC paper and reapplied before each 
incubation period. Microhardness measurements were performed after each 
incubation period using a microhardness tester (HMV-G21, Shimadzu, Kyoto, 
Japan) equipped with a Vickers indenter (10 g load, 15 s dwell time). Indentations 
for cross-sections were made occluso-cervically at 10, 20, 30, 40, 50, 100, 150, 200, 
250, 300, 400 and 500 μm depths. Three readings were obtained at each depth and 
averaged to determine VHN. The average VHN values of  ten dentin specimens were 
used to represent each incubation period.  

4.2.17.6 Lactic acid production (Study IV) 

Dentin beams subjected to microcosm biofilm model for 2, 7 or 14 days (n = 6 dentin 
beam/group) were measured for lactic acid production. Dentin beams were 
transferred into 24-well plates and immersed in 1 mL buffered peptone water (BPW) 
supplemented with 0.2% sucrose and incubated for 3 h at 37 °C in 5% CO2 to allow 
bacteria to produce acid. The relatively high buffer capacity of BPW prevented the 
pH from becoming significantly acidic, as low pH would hinder bacterial acid 
production. Lactate concentrations in the BPW solutions were determined using an 
enzymatic (lactate dehydrogenase) method [Bergmeyer Hans-Uirich, 1974]. 
Absorbance values were obtained using a spectrophotometer (Model UV-A180, 
Shimadzu, Japan) at 340 nm and plotted against lactic acid standard curves. 
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4.2.17.7 Microcosm biofilm viability (MTT assay) (Study IV) 

Dentin beams subjected to microcosm biofilm model for 2, 7 or 14 days (n = 6 dentin 
beam/group) were evaluated by MTT colorimetric assay which reflects the metabolic 
activity of the biofilms. Dentin beams were transferred to a new 24-well plate and 1 
mL MTT dye (Merck Sigma-Aldrich, Germany) (0.5 mg/mL MTT in PBS) was 
added into each well and incubated for 1 h at 37 °C in 5% CO2. Subsequently, beams 
were transferred into a new 24-well plate with 0.5 mL dimethyl sulfoxide (DMSO) 
(Merck Sigma-Aldrich, Germany) in each well and incubated in dark at room 
temperature for 20 min to dissolve the formazan crystals. 200 µL DMSO solution 
was then transferred into 96-well plate and the absorbance at 540 nm was measured 
using a spectrometer (Synergy HT, BioTek Inst, USA). 

4.2.18 Characterization of the fatigue behavior (Study IV) 
Dentin beams were loaded to failure under quasi-static 4-point flexure (n = 15 dentin 
beam/group) and 4-point fatigue under cyclic loading (n = 25 dentin beam/group) 
using a universal testing machine (Electropuls E1000, Instron, UK) with load 
capacity of 250 N and sensitivity of 0.025% [Arola et al., 2010]. The specimen 
geometry and flexure apparatus conform to a scaled version of ASTM D6272 for 
flexural testing of materials [ASTM D6272, 2017] consistent with a previous study 
[Arola, and Reprogel, 2006]. Testing was performed with specimens fully immersed 
in distilled water at room temperature to maintain hydration. 2-day microcosm 
biofilm model formed dentin beams were treated with ammonia- and water-based 
silver fluoride (SDF and SF) treatments, with or without the application of potassium 
iodide (KI). Untreated carious dentin formed beams and sound dentin beams served 
as negative and positive control, respectively. After treatments, dentin beam 
specimens were allowed to dry for 3 min and all groups were incubated in 500 µL 
artificial saliva (pH 7.4) at 37 °C in a shaking water bath at 60 cycles/min for 3 days 
prior to testing. Then, dentin beams were placed on a 4-point flexural fixture with 
the occlusal surface (tension side) facing downward. Flexure loading configuration 
for both quasi-static and cyclic loading were determined using a metal jig with 
1.0 mm loading span and 4.0 mm supporting span (Figure 4), in accordance with a 
previous study [Arola, and Reprogel, 2006]. 
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Figure 4.  Schematic diagram of nominal specimen geometry and flexure loading configuration for 

both 4-point quasi-static and cycling loading conditions. (Modified from the 
supplementary data in Study IV) 

4.2.18.1 Quasi-static 4-point flexural strength (Study IV) 

Quasi-static loading was applied at a crosshead rate of 0.001 mm/s. The 
instantaneous load and load-line displacement were monitored at a frequency of 5 
kHz through the load cycle. Flexural strength (FS) was calculated using conventional 
beam theory for 4-point bending in terms of the maximum measured load (P) in N, 
the support span (L), the loading span (a) and beam geometry (width b, thickness h 
in mm) according to FS = 3P(L-a)/2bh2.  

4.2.18.2 Fatigue resistance under cyclic loading (Study IV) 

Cyclic loading of dentin beams was conducted using the same flexure configuration 
under load control with frequency of 4 Hz and stress ratio (R = ratio of minimum to 
maximum cyclic load) of 0.1. The cyclic loading experiments followed the staircase 
fatigue method beginning at approximately 90% of the determined 4-point flexural 
strength. Such values were identified from the quasi-static loading and followed 
sequential reductions in the order of 10% until failure. The process continued until 
reaching stress amplitudes (MPa) at which specimens did not fail within 1.0 × 106 

cycles. The cyclic fatigue resistance was plotted in terms of the number of cycles to 
failure in log-base format. The data was fit through a non-linear regression with a 
Basquin-type model, according to the equation σ = A(N)B, where A and B are the 
fatigue-life coefficient and fatigue-life exponent, respectively. The apparent 
endurance limit was estimated from the models for a fatigue limit defined at 107 
cycles [Arola, and Reprogel, 2006]. 
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4.2.19 Dentin surface SEM characterization  (Study IV) 
Tension sides of the fractured dentin beams from each experimental group were 
selected and evaluated by scanning electron microscopy (SEM) (n = 5 dentin 
beam/group) to examine the fracture surfaces. Dentin beams were ultrasonically 
cleaned in distilled water for 2 min, dehydrated in ascending ethanol concentrations 
(25%, 50%, 60%, 70%, 80%, 90%, and 100%) for 30 min at each concentration, 
followed by immersion in 100% ethanol for 1 h. Subsequently, specimens were 
transferred to a 1:1 solution of hexamethyldisilazane (HMDS) and ethanol for 1 h 
and then fixed in HMDS (Sigma-Aldrich, USA) [Perdigao et al., 1995]. Dentin 
beams were mounted on aluminum stubs and sputter coated with gold/palladium. 
Fractured dentin beams were analyzed on backscattering mode at 10 kV (Phenom 
ProX, Phenom-World, Netherlands) up to 5000× magnification. An experienced-
blinded operator performed SEM examinations. 

4.2.20 Statistical analyses 
All results were subjected to the statistical analysis using IBM SPSS Statistics for 
Windows, version 28 (IBM Corporation, USA). Significance level (α) of 0.05 was 
used for all statistical tests. All  data were subjected to the Shapiro-Wilk test to 
confirm the normality of data distribution and modified Levene’s test to confirm the 
homoscedasticity. 

In Study I, data regarding micro-tensile bond strength (µTBS), hybrid layer 
thickness and dentin permeability test methods were analyzed separately. Tooth was 
considered as the statistical unit for the micro-tensile bond strength data. Data on 
micro-tensile bond strength and dentin permeability was normally distributed and 
homoscedastic, therefore, micro-tensile bond strength values were subjected to 
three-way ANOVA followed by Tukey test and dentin permeability data were 
subjected to repeated measures ANOVA followed by Tukey test. Hybrid layer 
thickness data did not pass the normality and homoscedasticity test, therefore, data 
was analyzed by Kruskal-Wallis test. 

In Study II, data passed normality and homoscedasticity test. Percent loss of dry 
mass, modulus of elasticity, total enzymatic activity, total endogenous activity, 
hydroxyproline quantification and total extractable protein data were analyzed using 
two-way repeated measures of ANOVA. In situ zymography data were analyzed 
using one-way ANOVA. Post-hoc multiple comparisons were performed with Tukey 
test.  

In Study III, trans-dentinal cytotoxicity test data were not normally distributed, 
therefore, data were analyzed by the Kruskal-Wallis test followed by Dunn's test. 
Cell damage was further categorized as noncytotoxic, moderately cytotoxic and 
severely cytotoxic according to ISO 7405 criteria [ISO 7405, 2018]. Data obtained 
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from direct cell viability assay were normally distributed and homoscedastic, 
therefore, data were analyzed with one-way ANOVA followed by Tukey test.  

In Study IV, normality and homoscedasticity of colony-forming unit (CFU) 
counts, microhardness (surface and cross-section), lactic acid production, biofilm 
viability and quasi-static flexure strength data were confirmed. Colony-forming unit 
counts, lactic acid production, biofilm viability and quasi-static flexure strength data 
were analyzed using one-way ANOVA followed by Tukey test. Microhardness 
(surface and cross-section) data were analyzed using one-way repeated measures 
ANOVA followed by Tukey test. Fatigue life distribution data were analyzed using 
Kruskal-Wallis test. 
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5 Results 

5.1 Micro-tensile bond strength (Study I) 
Micro-tensile bond strength (µTBS) data statistical analysis three-way ANOVA 
revealed that “surface treatment”, “bonding protocol”, “delayed bonding” and the 
interactions between “surface treatment * bonding protocol” and “bonding protocol 
* delayed bonding” had significant effect on micro-tensile resin-dentin bond 
strengths (p < 0.0001). Micro-tensile bond strength mean values for all groups and 
standard deviations are shown in Figure 5.  

No significant differences were observed between etch-and-rinse or self-etch 
mode for untreated dentin control groups (p > 0.05). Airborne particle abrasion of 
untreated dentin did not significantly influence micro-tensile bond strengths 
regardless of the bonding mode applied (p > 0.05).  

Under etch-and-rinse mode, neither ammonia-based silver diamine fluoride 
(SDF) treatment nor SDF treatment with potassium iodide (KI) application affected 
dentin bond strength (p > 0.05).  

Under self-etch mode, SDF and SDF + KI treatments reduced dentin bond 
strength (approximately 95%) when bonding was achieved immediately after silver 
fluoride treatments (p < 0.05). However, immediate water rinsing (p < 0.05) or 
airborne particle abrasion (p < 0.05) of SDF- and SDF + KI-treated dentin restored 
micro-tensile bond strength values comparable with untreated dentin.  

Delayed bonding for 7, 15 or 30 days after SDF and SDF + KI treatment resulted 
in bond strengths comparable to untreated dentin, with no significant differences 
between the delayed bonding time points (p > 0.05). Airborne particle abrasion 
performed after 7, 15 or 30 days did not significantly affect bond strength of SDF- 
and SDF/KI-treated dentin under self-etch mode (p > 0.05).  

Overall, no significant differences were observed between corresponding etch-
and-rinse and self-etch application modes of a universal adhesive. The only 
exception was, immediate self-etch mode following SDF and SDF + KI treatment, 
which resulted in an approximately 95% reduction in bond strength, and SDF + KI 
treatment followed by airborne particle abrasion at all delayed bonding time points, 
which resulted in a 35-40% reduction in bond strength under self-etch mode 
(p < 0.05). 
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Figure 5.  Micro-tensile bond strength (µTBS) means (MPa) and standard deviations of tested 

groups. Control groups indicate untreated dentin (with or without airborne particle 
abrasion) surfaces immediately bonded in either etch-and-rinse or self-etch mode. 
Different capital letters indicate significant differences between treatments, dentin 
abrasion and storage periods within etch-and-rinse groups according to Tukey test 
(p < 0.05). Different lowercase letters indicate significant differences between 
treatments, dentin abrasion and storage periods within self-etch groups according to 
Tukey test (p < 0.05). * indicates significant differences between application modes 
according to Tukey test (p < 0.05). Abbreviations: SDF = Silver Diamine Fluoride; 
KI = Potassium Iodide. (From the supplementary data published in Study I) 

5.1.1 Failure mode analysis (Study I) 
Failure mode distributions are shown in Figure 6. For all groups, the predominant 
mode of failure was characterized by adhesive failures (roughly 50%) followed by 
mixed failures (roughly 40%). Specimens bonded in self-etch mode immediately 
after SDF or SDF + KI treatments presented mostly pre-test failures. 
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Figure 6.  Failure modes of tested groups. Abbreviations: SDF = Silver Diamine Fluoride; KI = 

Potassium Iodide. (From the supplementary data published in Study I) 

5.2 Hybrid layer SEM analysis (Study I) 
Representative scanning electron microscopy (SEM) micrographs of the hybrid layer 
are presented in Figure 7. Kruskal-Wallis test demonstrated that the bonding 
protocol (etch-and-rinse or self-etch mode) had a significant effect on hybrid layer 
thickness, whereas airborne particle abrasion, SDF and SDF + KI treatments and 
delayed bonding time points had no significant influence on hybrid layer thickness 
(p > 0.05).  

Under etch-and-rinse mode, hybrid layer thicknesses obtained with or without 
airborne particle abrasion were 3.54–3.35 μm for untreated dentin, 3.33–3.04 μm for 
SDF-treated dentin and 3.50–3.06 μm for SDF + KI-treated dentin and did not differ 
significantly from each other (p > 0.05). Etch-and-rinse bonding produced uniform 
and homogeneous hybrid layers with well-defined resin tags (Figure 7 A1-A11; C1-
C11). Resin tags penetrated deeply into the dentinal tubules (approximately 15–30 
μm) and exhibited pronounced lateral branching.  
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Figure 7. Representative SEM 
images of hybrid layer 
characterization. Abbreviations: SDF 
= Silver Diamine Fluoride; KI = 
Potassium Iodide. (Modified from the 
supplementary data published in 
Study I) 
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Under self-etch mode, significantly thinner hybrid layers ranging from 0.64 to 
0.98 μm (p < 0.05), with shorter resin tags measuring approximately 2–10 μm 
(Figure 7 B1-B11; D1-D11) were achieved. Hybrid layer thicknesses obtained under 
self-etch mode with or without airborne particle abrasion were 0.98–0.96 μm for 
untreated dentin, 0.81–0.73 μm for SDF-treated dentin and 0.78–0.77 μm for 
SDF + KI-treated dentin and did not differ significantly from each other (p > 0.05). 
Hybrid layers produced following airborne particle abrasion appeared less 
homogeneous than those produced without airborne particle abrasion. 

5.3 Etching pattern SEM analysis (Study I) 
Representative scanning electron microscopy (SEM) micrographs of mid-coronal 
dentin surface morphology are presented in Figure 8.  

Unetched specimens exhibited a dense smear layer covering the entire dentin 
surface (Figure 8 A-C). Self-etch mode partially dissolved the smear layer, resulting 
in limited tubule disobliteration (Figure 8 J-M). Airborne particle abrasion produced 
superficial surface irregularities and aluminum particles were observed embedded 
within a more porous smear layer (Figure 8 P).  

SDF treatment and SDF with the application of potassium iodide (KI) treatment 
did not expose dentinal tubules or collagen fibrils (Figure 8 B; K; Q; F; L; R) and 
silver precipitates were observed covering most of the smear layer (Figure 8 B; C). 
SDF + KI treatment produced precipitates with larger dimensions that were more 
densely packed in localized areas (Figure 8 C). Airborne particle abrasion of SDF- 
and SDF + KI-treated specimens removed silver precipitates from the smear layer 
and generated irregular dentin surfaces (Figure 8 Q; R). However, self-etch mode 
was unable to completely remove silver precipitates from SDF- and SDF + KI-
treated dentin (Figure 8 K; L).  

Immediate water rinsing reduced residual silver particles on the dentin surface 
(Figure 8 E; F). Subsequent self-etch mode followed by rinsing further reduced 
silver particle content (Figure 8 N; O), revealing a small number of open dentinal 
tubules (Figure 8 O).  

H₃PO₄ etching for 15 s exposed a thick layer of demineralized collagen in both 
untreated and SDF- and SDF + KI-treated dentin specimens (Figure 8 G; H; I; S; T; 
U). Smear layer free dentin surfaces with open dentinal tubules and no residual silver 
precipitates were observed after phosphoric acid etching (Figure 8 G; H; I). 
Airborne particle abrasion followed by phosphoric acid etching produced similar 
smear layer free dentin surfaces with a thick layer of exposed collagen and no 
detectable silver precipitates (Figure 8 S; T; U). 
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Figure 8.  Representative SEM micrographs showing etching patterns of SDF-treated dentin 
following different bonding protocols. Abbreviations: SDF = Silver Diamine Fluoride; KI 
= Potassium Iodide.(From the supplementary data published in Study I) 
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5.4 Dentin permeability (Study I) 
The mean dentin permeability values (%) and standard deviations for all experimental 
groups are presented in Table 2. Repeated-measures ANOVA revealed that delayed 
bonding had a significant effect on the permeability of SDF- and SDF + KI-treated 
dentin (p < 0.0001). No significant differences were detected between SDF and SDF 
+ KI treatments at delayed bonding time points of 7, 15 or 30 days (p > 0.05). 

Both SDF and SDF + KI treatments significantly reduced dentin permeability, 
resulting in an approximate 30% reduction in hydraulic conductance immediately after 
application (p < 0.05) and an approximately 20% reduction after immediate water 
rinsing (p < 0.05). Immediate and immediate with rinsing groups revealed significant 
differences (p < 0.05). Delayed bonding for 7 days did not significantly affect 
hydraulic conductance compared with immediate measurements without water rinsing 
(p > 0.05). However, delayed bonding for 15 and 30 days resulted in significantly 
lower permeability values compared with immediate measurements (p < 0.05). 

Table 2.  Dentin permeability results in percentage (%) after SDF treatments following different 
storage periods in artificial saliva at 37 oC. 

Storage period SDF SDF + KI 

Immediate with rinsing 80.19 ± 6.53 *a 81.66 ± 7.02 *a 

Immediate 69.46 ± 8.43 Aa 70.28 ± 7.22 Aa 

7 days 58.96 ± 9.62 ABa 60.28 ± 9.72 ABa 

15 days 49.08 ± 10.62 Ba 54.55 ± 9.12 Ba 

30 days 48.44 ± 10.41 Ba 53.25 ± 7.34 Ba 

Dentin permeability was reported as percentage (Lp%) and shown as means and standard 
deviations (±). The Lp% value after phosphoric acid application was set as 100% (n = 12 dentin 
disc/group). Different capital letters indicate significant differences within columns, different 
lowercase letters indicate significant differences within rows and * indicate significant differences 
between immediate and immediate with rinsing (isolated control) according to Tukey test (p < 0.05). 
Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide. (From the supplementary 
data published in Study I) 

5.5 Loss of dry mass (Study II) 
The cumulative loss of dry mass of demineralized dentin beams across all 
experimental groups and incubation periods were illustrated in Figure 9. Untreated 
demineralized dentin beams served as the control group and demonstrated a 
significant increase in dry mass loss after 3-month incubation (p < 0.05).  

Ammonia-based silver fluoride (SDF) treatment alone resulted in significantly 
lower dry mass loss at all incubation periods compared with the control group (p < 
0.05), with no significant differences observed among the incubation time points 
within SDF group (p > 0.05).  
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Water-based silver fluoride (SF) treatment did not differ significantly from the 
control at 1-week incubation period (p > 0.05), however, beyond 1-week, SF-treated 
specimens exhibited significantly lower dry mass loss compared with the control 
(p < 0.05). No significant differences were detected among the different incubation 
periods within the SF group (p > 0.05).  

In contrast, the application of potassium iodide (KI) following either SDF or SF 
significantly increased dry mass loss compared with their respective single-treatment 
groups and the control group (p < 0.05). The SDF + KI group exhibited a significantly 
higher dry mass loss (23.8 ± 4.9%) compared with the SF + KI group (11.1 ± 2.2%) 
(p < 0.05). Both groups showed a significant increase in dry mass loss from 1-week to 
6-month of incubation (p < 0.05). The SF + KI group demonstrated dry mass loss 
values comparable to the control group at 3- and 6-month of incubation (p > 0.05).  

KI application alone, resulted in the highest dry mass loss among all 
experimental groups (p < 0.05), however, no significant changes were observed 
across the different incubation periods within this group (p > 0.05). 

 

Figure 9.  Cumulative loss of dry mass of demineralized dentin beams submitted to different silver 
fluoride treatments up to 6 months incubation. Untreated demineralized dentin beams 
served as control. The chart columns represent the mean values and the error bars 
represent standard deviations (n = 10 dentin beam/group). Different capital letters 
indicate significant differences between treatments within incubation periods, according 
to Tukey test (p < 0.05). Different lowercase letters indicate significant differences 
between incubation periods within treatment groups, according to Tukey test 
(p < 0.05). Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide; SF 
= Aqueous Silver Fluoride. (From the supplementary data published in Study II) 
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5.6 Modulus of elasticity (Study II) 
The mean elastic modulus of demineralized dentin collagen at baseline for all dentin 
beam specimens (n = 60 dentin beams) was 7.28 ± 1.23 MPa. Changes in elastic 
modulus across all experimental groups and incubation periods are presented in 
Figure 10. Untreated demineralized dentin beams served as control group and did 
not exhibit any significant changes in elastic modulus throughout the incubation 
periods (p > 0.05).  

Immediately after ammonia- and water-based silver fluoride (SDF and SF) 
treatments, with or without the application of potassium iodide (KI), all treatment 
groups except for the KI application alone group demonstrated a significant increase 
in elastic modulus compared with both their baseline values and the control group (p 
< 0.05). The elastic modulus values of the SDF and SF groups remained significantly 
higher than those of the control group throughout all incubation periods (p < 0.05), 
with no significant differences observed among the different incubation time points 
within each group (p > 0.05).  

 
Figure 10. Elastic modulus means (MPa) and standard deviations of demineralized dentin beams 

submitted to different silver fluoride treatments up to 6 months incubation. Untreated 
demineralized dentin beams served as control. The chart columns represent the mean 
values and the error bars represent standard deviations (n = 10 dentin beam/group). 
Different capital letters indicate significant differences between treatments, within incubation 
periods, according to Tukey test (p < 0.05). Different lowercase letters indicate significant 
differences between incubation periods within treatment groups, according to Tukey test (p 
< 0.05). Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide; SF = 
Aqueous Silver Fluoride. (From the supplementary data published in Study II) 
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The addition of KI significantly reduced the elastic modulus after 1-week of 
incubation. The SDF group exhibited a 3.2-fold higher elastic modulus compared 
with the SDF + KI group, while the SF group demonstrated a 2.7-fold higher elastic 
modulus compared with the SF + KI group. The SF + KI group showed elastic 
modulus values comparable to the control group up to 3-month of incubation (p > 
0.05), however, at 6-month, this group exhibited a significantly lower elastic 
modulus compared with the control group (p < 0.05). 

Both the SDF + KI and KI application alone groups presented significantly lower 
elastic modulus values than the control group starting from the 1-week incubation 
period (p < 0.05). 

5.7 Total enzymatic activity (Study II) 
The results of the generic total matrix metalloproteinase (MMP) activity screening 
assay are presented in Figure 11 as the percentage of total enzymatic activity 
inactivation. Untreated demineralized dentin beams served as the control group and 
exhibited no MMP inactivation. All treatment groups demonstrated a significant 
reduction in total MMP activity compared with the untreated control group across 
all incubation periods (p < 0.05).  

Immediate after treatment and at 1-week incubation period, the ammonia-based 
silver fluoride (SDF) treatment, with or without the application of potassium iodide 
(KI) (SDF and SDF + KI) exhibited significantly greater MMP inactivation than 
the water-based silver fluoride (SF) treatment, with or without the application of 
KI (SF and SF + KI) (p < 0.05). Treatment with KI alone resulted in the lowest 
MMP inactivation values at all incubation periods (p < 0.05). At the 1-month 
incubation period, the SF group showed significantly lower MMP inactivation 
compared with the SF + KI, SDF and SDF + KI groups (p < 0.05), no statistically 
significant differences were observed among the latter three groups (p > 0.05). 
After 3-month of incubation, all treatment groups, with the exception of the KI 
application alone group, exhibited substantial MMP inactivation of approximately 
95 ± 5% (p < 0.05). 
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Figure 11. Total enzymatic activity of dentin MMPs shown as the mean values of percentage 

inactivation of MMPs of all treatment groups up to 6 months of incubation. Untreated 
demineralized dentin beams served as control, 0% MMP inactivation. The chart columns 
represent the mean values and the error bars represent standard deviations (n = 10 
dentin beam/group). Different capital letters indicate significant differences between 
treatments within incubation periods, according to Tukey test (p < 0.05). Different 
lowercase letters indicate significant differences between incubation periods within 
treatment groups, according to Tukey test (p < 0.05). Abbreviations: SDF = Silver 
Diamine Fluoride; KI = Potassium Iodide; SF = Aqueous Silver Fluoride. (From the 
supplementary data published in Study II) 

5.8 Solubilized telopeptides of collagen (Study II) 
The release of the telopeptide ICTP mediated by endogenous matrix metalloproteinases 
(MMPs) from demineralized dentin beams is summarized in Figure 12. Untreated 
demineralized dentin beams served as the control group and exhibited the lowest MMP-
mediated ICTP release, with no statistically significant difference compared with the 
potassium iodide (KI) application alone treatment group (p > 0.05). 

In ammonia- and water-based silver fluoride (SDF and SF) treatment groups, ICTP 
release decreased significantly over time (p < 0.05). In contrast, MMP-mediated ICTP 
release progressively increased in the SDF + KI and SF + KI groups over the incubation 
periods (p < 0.05). Up to the 1-month incubation period, the SDF and SF groups 
demonstrated significantly higher MMP-mediated ICTP release compared with the 
control group (p < 0.05). However, at 3- and 6-month incubation periods, the groups 
receiving combined KI treatment (SDF + KI and SF + KI) exhibited significantly higher 
MMP-mediated ICTP release compared with all other groups (p < 0.05). 
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Figure 12. The rate of release of ICTP fragment from demineralized dentin beams submitted to 

different silver fluoride treatments. Untreated demineralized dentin beams served as 
control. Aliquots of calcium- and zinc- containing media were analyzed after each 
incubation period. Values are pg telopeptide/mg dry dentin per unit time. The chart 
columns represent the mean values and the error bars represent standard deviations (n 
= 10 dentin beam/group). Different capital letters indicate significant differences 
between treatments, within incubation periods, according to Tukey test (p < 0.05). 
Different lowercase letters indicate significant differences between incubation periods 
within treatment groups, according to Tukey test (p < 0.05). Abbreviations: SDF = Silver 
Diamine Fluoride; KI = Potassium Iodide; SF = Aqueous Silver Fluoride. (From the 
supplementary data published in Study II) 

The release of the telopeptide CTX mediated by cathepsin K activity from 
demineralized dentin beams is summarized in Figure 13. Untreated demineralized 
dentin beams served as the control group. All treatment groups exhibited 
significantly higher CTX release compared with the control group at all incubation 
periods (p < 0.05). Although a gradual decrease in CTX release over time was 
observed in all treatment groups, the untreated control group still demonstrated a 
cumulative CTX release that was 2.7-fold lower than that of the SDF group, which 
showed the second lowest cumulative CTX release among the treatment groups 
(p < 0.05). After 1-week of incubation, cathepsin K-mediated CTX release was 
significantly higher in the SDF + KI, SF + KI, and KI application alone groups 
(p < 0.05). At the 1-month incubation period, CTX release remained significantly 
elevated in the SDF + KI and KI-alone groups (p < 0.05), whereas the SF + KI group 
exhibited CTX release values comparable to those of the SF group (p > 0.05). 
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Figure 13. The rate of release of CTX fragment from demineralized dentin beams submitted to 

different silver fluoride treatments. Untreated demineralized dentin beams served as 
control. Aliquots of calcium- and zinc- containing media were analyzed after each 
incubation period. Values are pg telopeptide/mg dry dentin per unit time. The chart 
columns represent the mean values and the error bars represent standard deviations 
(n = 10 dentin beam/group). Different capital letters indicate significant differences 
between treatments, within incubation periods, according to Tukey test (p < 0.05). 
Different lowercase letters indicate significant differences between incubation periods 
within treatment groups, according to Tukey test (p < 0.05). Abbreviations: SDF = Silver 
Diamine Fluoride; KI = Potassium Iodide; SF = Aqueous Silver Fluoride. (From the 
supplementary data published in Study II) 

5.9 Hydroxyproline quantification (Study II) 
Hydroxyproline (HYP) release from demineralized dentin beams across all 
experimental groups and incubation periods is presented in Figure 14. Untreated 
demineralized dentin beams served as the control group.  

Analysis of HYP, as an indicator of total collagen degradation, demonstrated that 
both ammonia- and water-based silver fluoride (SDF and SF) treatments, with the 
application of potassium iodide (KI) and KI application alone groups exhibited a 10-
20-fold increase in collagen degradation at the 1-week incubation period compared 
with the untreated control group (p < 0.05). In contrast, the ammonia- and water-
based silver fluoride (SDF and SF) treatments, without the application of KI showed 
an approximately 2-fold increase in collagen degradation at 1-week incubation, 
compared with the control group (p < 0.05). After 1 month of incubation, the SDF, 
SF, and KI-alone groups did not significantly differ from the control group with 
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respect to collagen degradation (p > 0.05). In comparison, the SDF + KI and SF + 
KI groups consistently demonstrated significantly higher collagen degradation than 
the SDF, SF and untreated control groups across all incubation periods (p < 0.05). 
Furthermore, at 1- and 3-month incubation periods, the SF + KI group exhibited 
significantly greater total collagen degradation than the SDF + KI group (p < 0.05). 

 
Figure 14. Hydroxyproline (HYP) levels of demineralized dentin beams submitted to different silver 

fluoride treatments. Untreated demineralized dentin beams served as control. Aliquots of 
calcium- and zinc- containing media were analyzed after each incubation period. Values 
are ng HYP/mg dry dentin per unit time. The chart columns represent the mean values 
and the error bars represent standard deviations (n = 10 dentin beam/group). Different 
capital letters indicate significant differences between treatments, within incubation 
periods, according to Tukey test (p < 0.05). Different lowercase letters indicate significant 
differences between incubation periods within treatment groups, according to Tukey test 
(p < 0.05). Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide; SF = 
Aqueous Silver Fluoride. (From the supplementary data published in Study II) 

5.10 Total extractable protein (Study II) 
Total extractable protein levels from demineralized dentin beams across all 
experimental groups and incubation periods are presented in Figure 15. Untreated 
demineralized dentin beams served as the control group. At the 1-week incubation 
period, all groups receiving potassium iodide (KI) application exhibited significantly 
higher extractable protein levels compared with the ammonia- and water-based silver 
fluoride (SDF and SF) treatment groups and untreated control groups (p < 0.05).  
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There were no significant differences in extractable protein levels between the 
SDF group and the untreated control group (p > 0.05) and between the SF group and 
the untreated control group. All three groups exhibiting protein levels ranging 
between 2400 and 3000 ng protein per mg of dry dentin (p > 0.05). However, a 
significant difference was detected between the SDF and SF groups, the SF group 
demonstrating higher protein levels than the SDF group (p < 0.05).  

Across all experimental groups, protein loss decreased from 1-week to 1-month 
of incubation and subsequently increased from 3- to 6- month of incubation (p < 
0.05). After 1-month incubation period, SDF, SDF + KI, SF and SF + KI groups 
resulted in lower protein loss compared with the untreated control group (p < 0.05). 
In contrast, the KI-alone group consistently exhibited significantly higher protein 
loss than the corresponding control groups at all incubation periods (p < 0.05). 

 
Figure 15. Extractable protein levels from demineralized dentin beams submitted to different silver 

fluoride treatments. Untreated demineralized dentin beams served as control. Aliquots 
of calcium- and zinc- containing media were analyzed after each incubation period. 
Values are ng total protein/mg dry dentin per unit time. The chart columns represent the 
mean values and the error bars represent standard deviations (n = 10/group). Different 
capital letters indicate significant differences between treatments, within incubation 
periods, according to Tukey test (p < 0.05). Different lowercase letters indicate 
significant differences between incubation periods within treatment groups, according to 
Tukey test (p < 0.05). Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium 
Iodide; SF = Aqueous Silver Fluoride. (From the supplementary data published in Study 
II) 
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5.11 Dentin surface and cross-section SEM analysis 
(Study II) 

Representative scanning electron microscopy (SEM) micrographs of demineralized 
dentin surfaces following ammonia- and water-based silver fluoride (SDF and SF) 
treatments, with or without the application of potassium iodide (KI), illustrating both 
surface and cross-sectional views, are presented in Figure 16.  

Phosphoric acid (H₃PO₄) etching revealed a thick layer of demineralized 
collagen in both untreated (control) and treated specimens (SDF, SDF + KI, SF and 
SF + KI) (Figure 16). Untreated demineralized dentin beams exhibited complete 
removal of the smear layer, resulting in clear tubule disobliteration without any 
detectable precipitates (Figure 16 A; B). 

Silver precipitates were observed covering most of the dentin surface and within 
the dentinal tubules following both ammonia-based (SDF and SDF + KI) and water-
based (SF and SF + KI) silver fluoride treatments (Figure 16 C; D; E; F; G; H; I; 
J). Dentin beams treated with KI demonstrated precipitates that were more densely 
packed and extended deeper into the dentinal tubules (Figure 16 E; F; I; J), 
indicating a more pronounced deposition pattern compared with treatments without 
KI. 
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Figure 16. Representative SEM micrographs showing the surface and cross-sectional views of 
ammonia- (SDF and SDF + KI) and water- (SF and SF + KI) based silver fluoride 
treatments. Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide; SF = 
Aqueous Silver Fluoride. (From the supplementary data published in Study II) 
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5.12 Gelatinase activity by in situ zymography 
(Study II) 

Representative confocal laser scanning microscopy images and the mean 
gelatinolytic activity values, expressed as the intensity of green fluorescence within 
the hybrid layer (HL), are presented in Figure 17. The 5 s H₃PO₄ etched untreated 
group served as the control.  

In all experimental groups, green fluorescence was detected within the hybrid 
layer as well as in the underlying dentinal tubules. In situ zymography analysis 
revealed a significant reduction in gelatinase activity in both ammonia- and water-
based silver fluoride (SDF and SF) treatment groups, without the application of 
potassium iodide (KI) compared with the untreated control group (p < 0.05).  

In contrast, KI treatment when applied after SDF and SF resulted in a significant 
increase in gelatinolytic activity (p < 0.05). Among the treatment groups, the SF + 
KI group exhibited the highest gelatinolytic activity (p < 0.05). 
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5.13 Dentin barrier cytotoxicity test cell viability 
(Study III) 

The percentage cell viability values, together with the median, mean, and standard 
deviation of ammonia and water-based silver fluoride (SDF and SF) treatments, with 
or without the application of potassium iodide (KI), after 24 h of exposure, are 
presented in Figure 18. According to Kruskal-Wallis test, dentin barrier cytotoxicity 
test, also referred as trans-dentinal cytotoxicity test, demonstrated that ammonia- and 
water-based silver fluoride treatments significantly affected cell viability (p < 0.001).  

All treatment groups exhibited significantly lower cell viability compared with 
the negative control (polyvinylsiloxane impression material) (100% cell viability) (p 
< 0.05). Among the treatment groups, the water-based silver fluoride treatment (SF), 
without the application of potassium iodide (KI), showed the highest cell viability 
(79%) (p < 0.05). No significant differences were observed between the positive 
control (light-curing glass ionomer cement), SDF and SF + KI groups that exhibited 
approximately 50% cell viability (p > 0.05). 

 

 
Figure 18. Box-plot diagram representing the percentage trans-dentinal cell viability (%) of SV40 

pulp-derived cells exposed to ammonia- and water-based silver fluoride treatments 
(n = 30 cell viability value/group). The horizontal line inside each box represents the 
group median, while the “x” inside each box represents the group mean. Different upper-
case letters indicate statistically significant differences between the groups according to 
Dunn`s test (p < 0.05). The median, mean and standard deviation of all groups are given 
below the figure. Abbreviations: GIC = glass ionomer cement; SDF = Silver Diamine 
Fluoride; KI = Potassium Iodide; SF = Aqueous Silver Fluoride; SD = Standard deviation 
(From the supplementary data published in Study III) 
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The addition of KI as a second step significantly reduced cell viability compared 
with the respective ammonia- and water-based silver fluoride treatments alone (p < 
0.05). Specifically, SDF + KI resulted in lower cell viability (37%) compared with 
SDF alone (52%), and SF + KI showed lower viability (50%) compared with SF 
alone (79%) (p < 0.05). Among the treatment groups, SDF + KI group demonstrated 
the lowest cell viability (37%) (p < 0.05).  

5.14 Dentin barrier cytotoxicity test assessment of 
cell damage (Study III) 

Grading of cell damage as non-cytotoxic, moderately cytotoxic and severely 
cytotoxic according to ISO 7405 [ISO 7405, 2018] is presented in Table 3 and 
pairwise comparisons are illustrated in Figure 18. Statistically significant 
differences were observed between the negative control (polyvinylsiloxane 
impression material) and the positive control (light-curing glass ionomer cement) 
groups (p < 0.001). According to the ISO-based cytotoxicity grading criteria [ISO 
7405, 2018], the water-based silver fluoride treatment (SF), without the application 
of potassium iodide (KI) was classified as moderately cytotoxic and showed 
statistically significant differences compared with both the negative and positive 
control groups (p < 0.05). All other treatment groups, including SDF, SDF + KI, and 
SF + KI, were classified as severely cytotoxic. Those groups showed significantly 
lower cell viability than the negative control group (p < 0.05) and no significant 
differences compared with the positive control group (p > 0.05). 

Table 3.  Assessment of cell damage (SV40 pulp-derived cells) according to ISO 7405 after 
ammonia- and water-based silver fluoride treatments. 

Material Cell damage 

Ammonia-based silver fluoride  
SDF Severely cytotoxic 
SDF + KI Severely cytotoxic 

Water-based silver fluoride  
SF Moderately cytotoxic 
SF + KI Severely cytotoxic 

Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide; SF = Aqueous Silver Fluoride. 
(From supplementary data published in Study III) 
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5.15 pH assessment of dilutions used for direct cell 
viability assay (Study III) 

The mean pH values of ammonia and water-based silver fluoride (SDF and SF) 
solutions, with or without the addition of potassium iodide (KI) are presented in 
Table 4. Ammonia-based silver fluoride (SDF) solution, with or without the addition 
of KI, exhibited alkaline pH values up to 10-⁵ dilutions. Water-based silver fluoride 
(SF) solution, with or without the addition of KI, demonstrated neutral pH values at 
all measured dilutions. At the 10-⁵ dilution, similar neutral pH values were obtained 
for both ammonia- and water-based silver fluoride solutions. The additional 
application of KI did not influence the pH values. 

Table 4.  pH values mean and standard deviation (±) of the diluted ammonia- and water-based 
silver fluoride treatments. 

Dilutions 

Material 
10-2 10-3 10-4 10-5 

Ammonia-based silver fluoride     
SDF 9.47 (±0.06) 8.30 (±0.07) 8.05 (±0.06) 7.87 (±0.04) 
SDF + KI 9.46 (±0.05) 8.30 (±0.05) 8.03 (±0.06) 7.85 (±0.05) 
Water-based silver fluoride     
SF 7.73 (±0.05) 7.78 (±0.08) 7.71 (±0.07) 7.70 (±0.07) 
SF + KI 7.79 (±0.07) 7.73 (±0.05) 7.70 (±0.06) 7.69 (±0.05) 

Abbreviations: SDF = Silver diamine fluoride; KI = Potassium iodide; SF = Aqueous silver fluoride. 
(From supplementary data published in Study III) 

5.16 Direct cell viability assay cytotoxicity of 
dilutions (Study III) 

Ammonia and water-based silver fluoride (SDF and SF) treatments, with or without 
the application of potassium iodide (KI) significantly affected cell viability 
according to one-way ANOVA (p < 0.001). The percentage of viable cells obtained 
from the direct cell viability assay are presented in Figure 19. According to ISO 
10993-5 [ISO 10993-5, 2009], materials exhibiting cell viability values of 70% or 
higher are classified as non-cytotoxic. 70% cell viability was indicated by the dotted 
reference line in Figure 19.  

At 10-3 dilutions, all silver fluoride treatment groups exhibited cytotoxic effects, 
with cell viability values around approximately 30%. The values were significantly 
lower than negative control (plain culture medium) (p < 0.05).  

At 10-4 dilutions, cells exposed to SDF and SF demonstrated cell viability values 
of 70% or higher, which meant non-cytotoxicity according to ISO. SF group 
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exhibited significantly higher cell viability compared with SDF group (p < 0.05). 
Treatment groups including KI application showed cell viability values of 
approximately 40%, indicating cytotoxic effects. 

At 10-5 dilutions, all treatment groups were classified as non-cytotoxic, by 
exceeding the 70% viability threshold. No statistically significant differences were 
observed between the SF group and the negative control (p > 0.05). 

 
Figure 19. Cell viability (%) of SV40 pulp-derived cells exposed to prepared dilutions (10-3, 10-4, 

and 10-5) of ammonia- and water-based silver fluoride treatments. Fresh culture media 
served as negative control and set to 100% cell viability. The dashed line represents 
ISO 10993 cut-off level (70%), bars below the dashed line represent cytotoxicity and 
bars above the dashed line represent no cytotoxicity. Different upper-case letters 
indicate significant differences between the groups according to Tukey test (p < 0.05). 
Abbreviations: SDF = Silver Diamine Fluoride; KI = Potassium Iodide; SF = Aqueous 
Silver Fluoride. (From the supplementary data published in Study III) 

5.17 Microcosm biofilm viability assay (CFU-based) 
(Study IV) 

Colony-forming unit (CFU) counts of the microcosm biofilm model formed on 
dentin beams after 2, 7 or 14 days are summarized in Figure 20 A. Sound dentin 
beams expressed as 0-day microcosm biofilm model revealed the lowest CFU counts 
for all types of microorganisms (p < 0.05). Total aerobic microorganisms, total 
anaerobic microorganisms and total streptococci showed similar CFU counts across  
2-, 7- or 14-day incubation periods (p > 0.05). However, total mutans streptococci 
CFU counts decreased significantly from 2- to14-day incubation periods (p < 0.05). 
No significant differences were observed between 2 and 7 days, or between 7 and 14 
days for total mutans streptococci CFU counts (p > 0.05). 
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Figure 20. (A) Colony-forming unit (CFU) counts of microcosm biofilm model formed for 2, 7 or 14 

days. Sound dentin beams without the microcosm biofilm model served as control group 
and presented as 0-day. Four types of agar plates were tested: (a) total aerobic 
microorganism; (b) total anaerobic microorganism; (c) total streptococci¸ (d) total 
mutans streptococci. (B) Lactic acid production of microcosm biofilm model formed for 
2, 7 or 14 days. (C) MTT metabolic activity of microcosm biofilm model formed for 2, 7 
or 14 days. Different upper-case letters indicate significant differences between the 
groups according to Tukey test (p < 0.05). (From the supplementary data of Study IV) 
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5.18 Dentin surface microhardness (Study IV) 
Occlusal surface microhardness measurements of sound dentin (0-day) and after the 
2-, 7- or 14-day incubation periods of microcosm biofilm formation are presented in 
Figure 21 A. Occlusal surface microhardness significantly decreased with longer 
incubation periods of the microcosm biofilm model (p < 0.05). Sound dentin 
expressed as 0 day exhibited the highest surface microhardness (66.73 VHN ± 2.62), 
followed by 2 days (16.96 VHN ± 2.69), 7 days (5.55 VHN ± 2.35) and 14 days 
(1.72 VHN ± 1.05) microcosm biofilm model (p < 0.05).  

5.19 Dentin cross-section microhardness (Study IV) 
Cross-sectional microhardness measurements of sound dentin (0-day) and after the 
2-, 7- or 14-day incubation periods of microcosm biofilm formation are presented in 
Figure 21 B. For the 0 day, sound dentin cross-sectional microhardness 
measurements, no significant differences were observed among the different depths 
(p > 0.05), indicating that sound dentin maintained consistent hardness values 
throughout the 500-µm depth (p > 0.05). Sound dentin presented significantly higher 
hardness values than carious dentin at depths up to 250 µm. For both 2-day and  
7-day incubation periods of microcosm biofilm model, microhardness values did not 
differ significantly between 10 and 20 µm depths (p > 0.05). At 14 days microcosm 
biofilm model, demineralization was severe enough to prevent hardness 
measurements at 10 µm depth, which was therefore recorded as zero. Microhardness 
values increased with greater depth for 2-, 7- and 14-day incubation periods. Based 
on 0 day, sound dentin measurements, the 2 days microcosm biofilm model exhibited 
a caries lesion depth of approximately 250–300 µm, the 7 days around 400 µm and 
the 14 days greater than 500 µm.  
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Figure 21. Dentin microhardness measurements on the (A) occlusal and (B) cross-section of dentin 

beams after 2, 7 or 14 days microcosm biofilm formation. Sound dentin beams not 
subjected to the microcosm biofilm model served as control group and presented as 0 
day. Cross-sectional microhardness values (VHN) were serially measured at varying 
depths (10–500 µm) occluso-cervically. Different upper-case letters indicate significant 
differences among depths within the same microcosm biofilm incubation period, 
according to the Tukey test (p < 0.05). Different lower-case letters indicate significant 
differences between incubation periods at the same depth, according to the Tukey test 
(p < 0.05). Due to extensive demineralization at the 14 days incubation period, 
microhardness at the 10 µm depth could not be measured and were recorded as zero. 
(From the supplementary data of Study IV) 
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5.20 Lactic acid production (Study IV) 
Lactic acid production by the microcosm biofilms for 2, 7 or 14 days are shown in 
Figure 20 B. The incubation period significantly affected lactic acid production, 
which increased with longer incubation periods (p < 0.05). The 2 days and 14 days 
microcosm biofilm model revealed the lowest and the highest lactic acid production, 
respectively (p < 0.05). Lactic acid production increased by approximately 31% from 
the 2 days to 7 days microcosm biofilm model and 26% from the 7 days to14 days 
model. 

5.21 Microcosm biofilm viability (MTT assay) 
(Study IV) 

Biofilm viability assessed by the MTT assay, reflecting the metabolic activity of the 
microcosm biofilm model formed over incubation periods of 2, 7 or 14 days are 
presented in Figure 20 C. Metabolic activity significantly increased with longer 
incubation periods (p < 0.05). Among three incubation periods, 14 days microcosm 
biofilm model demonstrated the highest MTT absorbance (p < 0.05), followed by 7 
and 2 days. The 2 days microcosm biofilm model exhibited the lowest metabolic 
activity (p < 0.05). MTT metabolic activity increased by approximately 92% from 
the 2 days to 7 days microcosm biofilm model and by 76% from the 7 days to14 days 
model. 

5.22 Quasi-static 4-point flexural strength (Study IV) 
The 4-point flexural strength values of sound dentin, carious dentin and carious 
dentin treated with ammonia- and water-based silver fluoride (SDF and SF) 
treatments, with or without the application of potassium iodide (KI) are presented in 
Table 5. Bar-shaped dentin beams presented no significant differences regarding 
cross-sectional areas 0.55 mm2 (± 0.10) between groups. Flexural strength was 
significantly higher in sound dentin (p < 0.05). Carious dentin presented significant 
reductions (roughly 50%) in flexural strength compared to sound dentin (p < 0.05). 
No significant differences were detected between ammonia- and water-based silver 
fluoride treatments (SDF and SF), with or without potassium iodide (KI) compared 
to untreated carious dentin (p > 0.05). 
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5.23 Fatigue resistance under cyclic loading (Study 
IV) 

Fatigue life diagrams (S-N curves) of sound dentin, carious dentin and carious dentin 
treated with ammonia- and water-based silver fluoride (SDF and SF) treatments, 
with or without the application of potassium iodide (KI) are shown in Figure 22. 
Regression analyses with basquin-type power law models were listed for all groups 
to describe the mean fatigue resistance distribution. Kruskal-Wallis test revealed 
significant differences in fatigue resistance between groups (p < 0.05). Sound dentin 
presented significantly higher fatigue resistance (MPa) than untreated or treated 
carious dentin (p < 0.05). SF-treated carious dentin revealed fatigue resistance 
significantly higher than remaining treated groups (SDF, SDF+KI, SF+KI) and 
untreated carious dentin (p < 0.05). Fatigue resistance of SDF-treated carious dentin 
was significantly higher than untreated carious dentin (p < 0.05), however, 
comparable to SDF+KI and SF+KI (p > 0.05). There were no significant differences 
between fatigue resistance of untreated carious dentin, SDF+KI and SF+KI.  

The stress-life fatigue constants were used to estimate the apparent endurance 
limit for all groups at 1 × 107 cycles and are presented in Table 5. Sound dentin 
showed the highest endurance limits. Carious dentin produced 45% lower endurance 
limits than sound dentin. Silver treatments had no effect on the endurance limits of 
carious dentin, except for the water-based silver fluoride (SF) treatment, without the 
application of potassium iodide (KI). SF increased endurance limits of carious dentin 
roughly by 40%. While KI had no effects on the endurance limit of SDF-treated 
dentin, it reduced the endurance limits of SF-treated dentin. KI applied treatments 
produced endurance limits comparable to untreated carious dentin. 
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5.24 Dentin surface SEM characterization (Study IV) 
Representative SEM micrographs of the tension side of fractured dentin beams 
(submitted to at least 500,000 cycles) of areas adjacent to fracture lines are shown in 
Figure 23. SEM analysis of fractured beams visually confirmed the presence of 
silver particles on dentin surfaces in ammonia- and water-based silver fluoride (SDF 
and SF) treatments, with or without the application of potassium iodide (KI), after 
cyclic loading (Figure 23 C; D; E; F). Sound dentin presented densely mineralized 
peritubular dentin (Figure 23 A). For untreated carious dentin, dissolution of both 
intratubular and peritubular dentin exposed collagen fibrils, indicated substantial 
demineralization caused by the microcosm biofilm model (Figure 23 B). 
Comparable demineralization patterns were observed for carious dentin treated with 
the different ammonia- and water-based silver fluoride (SDF and SF) treatments, 
with or without the application of potassium iodide (KI) (Figure 23 C; D; E; F). SF-
treated carious dentin exhibited denser deposition of silver particles, mostly inside 
dentinal tubules (Figure 23 E).  Carious dentin treated with SDF, SDF+KI or SF+KI, 
displayed comparable silver deposition mostly located inside the dentinal tubules 
(Figure 23 C; D; F). 
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Figure 23. Representative SEM images of the tension side of fractured dentin beams following 
ammonia- and water-based silver fluoride treatments applied on carious dentin. Sound 
dentin and untreated carious dentin served as positive and negative control group, 
respectively. (From the supplementary data of Study IV) 
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6 Discussion 

Silver fluoride treatments have been reported to be the most effective in arresting 
carious lesions at higher concentrations [Contreras et al., 2017], with 38% (w/v) 
concentration demonstrating superior clinical outcomes compared to 30% and 12% 
concentrations [Fung et al., 2016; Fung et al., 2018]. Therefore, commercially 
available 38% ammonia- and water-based silver fluoride (SDF and SF) treatments, 
with or without the application of potassium iodide (KI), were used in the present 
thesis. Riva Star and Riva Star Aqua (SDI, Australia) are widely used silver fluoride 
treatments in Australia, Asia and Europe, including Finland, supporting the clinical 
relevance of the selected materials. Both products were applied to dentin for 60 s 
using active application, a protocol that has been shown to be effective in arresting 
carious lesions [Yan et al., 2025], thereby further justifying the material selection 
and the application protocol employed in the present thesis. 

6.1 Bonding to silver fluoride treatments (Study I) 
The use of ammonia- and water-based silver diamine fluoride (SDF and SF) 
treatments, with or without the application of potassium iodide (KI), has increased 
considerably in recent years [Jiang et al., 2021]. However, optimal bonding protocols 
following these treatments remain unclear [Lutgen et al., 2018; Ko et al., 2020]. 
Depending on the size of the cavity, composite resin restorations are often required 
after silver fluoride treatments. Commercially available water-based silver fluoride 
is relatively new on the market, whereas ammonia-based silver fluoride has been 
available for over a decade and has a much longer history of clinical use. Yet there 
is still no consensus regarding the appropriate adhesive application mode, whether 
the treated surface should be rinsed or not, or how long should clinicians wait before 
placing the composite resin restoration [Fröhlich et al., 2022]. Literature has 
inconsistent findings, about the choice between the etch-and-rinse and self-etch 
modes, while some studies emphasize the importance of mode selection [Koizumi et 
al., 2016; Lutgen et al., 2018; Braz et al., 2020; Cifuentes-Jimenez et al., 2021; 
Muniz et al., 2024], others report no significant effect [Quock et al., 2012; 
Firouzmandi et al., 2020; Cardenas et al., 2021]. Even fewer studies have evaluated 
resin bonding following silver fluoride treatments combined with potassium iodide 
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(KI) application [Koizumi et al., 2016; Zhao et al., 2019; Van Duker et al., 2019; 
Fröhlich et al., 2020]. Therefore, it is difficult to translate in vitro results into clear 
clinical recommendations regarding the choice of adhesive application mode. 

In Study I, resin-dentin bonding to ammonia-based silver diamine fluoride 
(SDF), with or without the application of potassium iodide (KI), was evaluated using 
the micro-tensile bond strength (µTBS) test under both etch-and-rinse and self-etch 
modes. The effects of water rinsing and airborne particle abrasion after SDF and 
SDF + KI treatments were examined, along with delayed bonding time points of 7, 
15, and 30 days. The µTBS test is considered one of the most reliable in vitro 
methods for assessing adhesive performance [Armstrong et al., 2017]. The 
evaluation of water-based silver fluoride (SF), with or without the application of  
potassium iodide (KI) was not possible because the material was not commercially 
available at the time the experiments were conducted. 

The findings of  Study I, were in agreement with the  previous reports indicating 
that resin-dentin bonding effectiveness after SDF and SDF +KI treatments is 
dependent on adhesive application mode [Koizumi et al., 2016; Lutgen et al., 2018; 
Cifuentes-Jimenez et al., 2021]. Universal adhesives allow application in both 
etch-and-rinse and self-etch modes while maintaining similar solvent systems, 
photoinitiators and functional monomers. For this reason, a mild universal adhesive 
was selected to minimize the influence of resin chemistry on the bonding outcomes 
[Breschi, 2025].  By eliminating comparisons between different adhesive systems, 
the effect of the application mode on bonding performance could be more accurately 
isolated. In addition, the widespread clinical use of universal adhesives further 
supports the choice. 

Immediate self-etch bonding to SDF- and SDF + KI-treated dentin resulted in 
drastic reductions in bond strength, with a high frequency of pre-test failures. Bond 
strengths were similarly compromised for both SDF and SDF + KI groups, indicating 
that KI application, although intended to reduce staining, did not further impair 
self-etch bonding. The universal adhesive used in self-etch mode was unable to 
adequately etch through the silver- and iodine-impregnated smear layer [Van 
Meerbeek et al., 2011]. In addition, the high alkalinity and pH-buffering capacity of 
SDF likely neutralized the acidic monomers of the self-etch adhesive, reducing their 
etching efficiency and weakening monomer-dentin interactions [Cardenas et al., 
2021]. Depending on the extent of deposition, SDF and SDF + KI precipitates can 
act as surface contaminants by occluding dentinal tubules (Figure 8), as the 
deposited silver particles produce physicochemical alterations that interfere with 
resin bonding [Siqueira et al., 2020]. 

Immediate water rinsing after SDF and SDF + KI treatment prevented the 
reduction in self-etch bond strength, likely by removing water-soluble ammoniacal 
compounds and reducing surface alkalinity. Similarly, delayed self-etch bonding to 
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both SDF- and SDF + KI-treated dentin restored bond strengths to levels comparable 
to untreated dentin. During the storage period, artificial saliva likely reduced 
alkalinity and promoted time-dependent mineral deposition, as indicated by the 
observed decrease in dentin permeability [Tezvergil-Mutluay et al., 2010; Fröhlich 
et al., 2022]. Reduced permeability suggests increased mineral precipitation and 
partial obliteration of dentinal tubules, which may help explain the recovery in 
bonding performance.  

Air-abrasion effectively reduced silver residues on dentin surfaces and 
significantly improved the immediate self-etch bond strengths of SDF- and SDF + 
KI-treated dentin. The improvement was likely associated with the combined effect 
of surface cleaning and subsequent water rinsing, rather than mechanical removal 
alone [Anja et al., 2015; Lima et al., 2021]. However, the removal of surface silver 
residues may reduce immediate antibacterial contact at the dentin surface, 
nevertheless, the long-term clinical relevance of this effect remains unclear, as the 
antibacterial activity of silver fluoride treatments is not limited to surface deposits 
and may persist through subsurface silver penetration and sustained silver-ion 
release. Interestingly, although air-abrasion eliminated differences between self-etch 
and etch-and-rinse bonding for SDF-treated dentin, SDF + KI-treated dentin still 
exhibited lower bond strengths in self-etch mode. This may be related to potential 
chemical interactions between silver iodide and abrasive particles, which could be 
more effectively removed by phosphoric acid etching. 

Etch-and-rinse mode relies on phosphoric acid demineralization to facilitate 
resin infiltration and micromechanical retention [Pashley et al., 2011]. Phosphoric 
acid etching effectively removed the SDF- and SDF + KI-impregnated smear layer 
and residual alkaline compounds, allowing the formation of uniform hybrid layers 
and resin tags comparable to those observed in untreated dentin (Figure 7; Figure 
8). Immediate etch-and-rinse bonding eliminated the negative effects of both SDF 
and SDF + KI treatments, and neither delayed bonding nor airborne particle abrasion 
provided additional benefit under the etch-and-rinse mode. While immediate 
etch-and-rinse bonding appears clinically reliable, findings suggest that a short 
delayed bonding period (< 15 days) may be beneficial following SDF application, 
indicating time-dependent stabilization of the dentin substrate. Therefore, emerging 
bonding strategies that preserve SDF within the hybrid layer may enhance the 
anticariogenic effects and reduce long-term degradation. 

6.2 Long-term effect of silver fluoride treatments on 
dentin collagen matrix (Study II) 

Limited number of studies have evaluated the short-term effects of ammonia-based 
silver fluoride (SDF) on dentin endogenous enzymatic activity, there is not enough 
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information about the effects of water-based silver fluoride (SF) and their 
combination with potassium iodide (KI). The long-term influence on dentin 
endogenous enzymatic activity of SDF and SF treatments, with or without KI 
application, remains unclear.  

In Study II, the effect of ammonia- and water-based silver fluoride (SDF and SF) 
treatments, with or without potassium iodide (KI) application, on the degradation of 
the dentin collagen matrix were investigated. Even KI application alone is not used 
in the clinical practice, KI application alone was also evaluated to determine whether 
KI independently affects dentin integrity. Demineralized dentin beams were used as 
the enzyme source to enhance clinical relevance. Zinc- and calcium-containing 
artificial saliva was used as the incubation medium because MMPs are zinc- and 
calcium-dependent endopeptidases, capable of degrading both native and denatured 
collagen [Carrilho et al., 2009; Tezvergil-Mutluay et al., 2010]. 

Dry dentin mass loss and elastic modulus measured using a three-point bending 
test were selected to assess collagen degradation and mechanical stability of 
demineralized dentin matrices [Tjäderhane et al., 2013], respectively. Reductions in 
dry mass and elastic modulus indicate compromised mechanical properties associated 
with collagen structural changes [Bedran-Russo et al., 2008]. Dry mass loss and elastic 
modulus exhibited similar trends, demonstrating that silver fluoride formulation, the 
use of KI and elapsed time after treatment were critical factors influencing dentin 
structural integrity and stability. Immediately after treatment, all groups showed an 
increase in elastic modulus, which correlated with the rapid deposition of silver 
particles within dentinal tubules. Among the tested materials, ammonia-based SDF 
and water-based SF demonstrated stable dry mass loss and elastic modulus over time. 
In contrast, the application of KI as a second-step exacerbated both dry mass loss and 
the reduction in elastic modulus, indicating increased degradation of the dentin organic 
matrix. The observed reduction following KI application may be associated with 
interactions between potassium iodide, silver and the dentin surface, potentially 
reducing the availability of free silver ions and limiting their interaction with the dentin 
collagen matrix, including possible collagen-stabilizing effects. The depth of 
penetration of ammonia- and water-based silver fluoride remains controversial [Sayed 
et al., 2019; Mulder et al., 2023], however, the poorer long-term performance of 
KI-treated groups may be attributed to denser material deposition extending into 
dentinal tubules, potentially interfering with the collagen network. Additionally, KI-
treated groups exhibited increased transparency and visible structural degradation, 
including surface cracks, after one month of incubation. SF + KI showed less severe 
degradation than SDF + KI, this difference may be related to variations in ammonia 
and water content between the two formulations. 

A generic MMP assay does not differentiate among specific MMP isoforms; 
however, it provides direct information on overall MMP activation or inhibition 
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[Tezvergil-Mutluay et al., 2011]. All silver fluoride treatment groups effectively 
reduced total MMP activity, consistent with previous short-term observations [Mei 
et al., 2013a; D’Alessandro et al., 2024]. In the short term, ammonia-based silver 
fluoride, with or without potassium iodide, demonstrated greater MMP inhibition 
than water-based silver fluoride, with or without KI. These findings were further 
supported by in situ zymography, in which ammonia-based SDF showed lower 
remaining MMP activity compared to water-based SF. However, KI application 
reduced the MMP-inactivation capacity of both SDF and SF when compared with 
their respective treatments alone. The reduced effectiveness of water-based SF may 
be related to its higher water content. Over long-term incubation, both ammonia- and 
water-based silver fluoride treatments decreased total enzymatic activity. Unlike 
other collagen cross-linking approaches that require prolonged application times, 
silver fluoride treatments offer a clinically practical alternative, as they can be 
applied within minutes while providing sustained enzymatic inhibition and are 
already commercially available. However, it remains unclear how long matrix 
metalloproteinases (MMPs) remain active in dentin following caries progression or 
restorative procedures, as well as how long the effects of other collagen cross-linking 
approaches persist. In this context, the use of SDF and SF remains promising. 

Collagen degradation was further assessed using enzyme-linked immunosorbent 
assay (ELISA) and radioimmunoassay (RIA) to quantify enzyme-specific 
degradation markers for MMPs and cysteine cathepsins (CCs) [Garnero et al., 2003], 
respectively. KI-applied groups exhibited decreased MMP-mediated ICTP release 
and increased cathepsin K-mediated CTX release during short-term incubation, 
revealing an inverse relationship between these degradation pathways. However, the 
exact mechanisms underlying this shift remain unclear, as dentin proteolysis is not 
only regulated by MMPs and CCs [Garnero et al., 2003]. It should also be noted that 
both ICTP and CTX were released only in pg, indicating very small amounts. 
Therefore, although the data appear to show increased ICTP and CTX release 
following silver fluoride treatments, the absolute levels were extremely low. 

Hydroxyproline analysis revealed higher collagen release in all treatment groups 
during short-term incubation compared with untreated dentin, with KI-treated groups 
exhibiting even greater release. These findings indicate that KI contributes to 
collagen degradation, particularly when applied after SDF and SF. Notably, SF + KI 
resulted in less collagen loss than SDF + KI, suggesting formulation-dependent 
interactions. The results of Bradford protein assay supported hydroxyproline 
analysis. 

Application of KI after ammonia- and water-based silver fluoride treatments 
negatively impacted dentin integrity, as evidenced by increased dry mass loss, 
reduced elastic modulus, elevated enzymatic degradation and increased collagen and 
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protein release. These findings align with reports suggesting that KI may reduce the 
caries-arresting effectiveness of SDF [Zhao et al., 2020].  

Although KI application alone has no direct clinical use, its inclusion as a 
separate group demonstrated that KI independently affects dentin integrity by 
increasing dry mass loss, protein release and cathepsin K-mediated collagen 
degradation. To date, no study has evaluated KI alone with respect to dentin collagen 
matrix degradation. Therefore, further investigation is required to clarify the role of 
KI in altering dentin composition and structural integrity. 

Overall, a material’s ability to preserve the dentin organic matrix is indirectly 
associated with the longevity of restorations. In this context, the improved bonding 
observed in Study I is consistent with the reduced enzymatic degradation of the 
dentin collagen matrix in Study II, indicating that rinsing after silver fluoride 
treatments supports both immediate adhesive performance and the underlying 
stability of dentin collagen. 

6.3 Biocompatibility of silver fluoride treatments 
(Study III) 

Biocompatibility, defined as  material’s ability to fulfill its intended function without 
causing adverse local or systemic reactions [Williams, 2008; Rosa et al., 2024] and 
is an important consideration for ammonia- and water-based silver fluoride 
treatments (SDF and SF), with or without the application of potassium iodide (KI), 
particularly in deep carious lesions, where silver particles can diffuse extensively 
into dentin [Sayed et al., 2019]. Moreover, silver and fluoride ions have been 
reported to exert cytotoxic effects on human cells even at relatively low 
concentrations [Greulich et al., 2012].  

Most existing in vitro cytotoxicity models expose cells directly to diluted 
solutions or eluates, therefore, therefore fail to account for the protective function of 
dentin, which serves as a biological barrier between an applied material and the pulp. 
While the cytotoxic effects of ammonia-based silver diamine fluoride (SDF) have 
been evaluated in several studies [Hu et al., 2022; Oropeza et al., 2022; Zaeneldin et 
al., 2022], only a few have examined its combination with potassium iodide (KI) 
[García-Bernal et al., 2022; Fernandes et al., 2023] and limited data are available on 
water-based silver fluoride (SF) with or without KI application [Mulder et al., 2024]. 

In Study III, the effects of ammonia- and water-based silver fluoride treatments 
(SDF and SF), with or without potassium iodide (KI), were evaluated using two in 
vitro ISO-standardized cytotoxicity tests. Trans-dentinal cell viability was assessed 
by applying the silver fluoride treatments onto a dentin barrier, allowing diffusion 
toward pulp-derived cells in simulated deep cavities [ISO 7405, 2018] and direct cell 
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viability was evaluated by exposing cells directly to diluted treatment solutions [ISO 
10993-5, 2009].  

Trans-dentinal cytotoxicity testing provides greater clinical relevance than direct 
dilution-based assays, as dentin acts as a biological barrier that significantly 
modulates material diffusion and toxicity. Although, dilution-based direct 
cytotoxicity assays are less clinically representative, however, remain useful for 
comparative evaluation. 

According to the findings of Study III, water-based silver fluoride (SF) treatment 
exhibited lower cytotoxicity than ammonia-based silver fluoride (SDF) in both trans-
dentinal and direct cytotoxicity tests. Direct exposure assays revealed dose-
dependent cytotoxicity, with all silver fluoride treatments meeting ISO-defined non-
cytotoxic thresholds at the lowest dilution, while higher concentrations were 
cytotoxic. According to ISO criteria for cell damage assessment, SF was classified 
as moderately cytotoxic, SDF, SDF + KI and SF + KI were classified as severely 
cytotoxic. The observed differences between ammonia- and water-based 
formulations are likely related to their chemical composition and pH. Fibroblast 
viability has been shown to decrease at alkaline pH levels, and the ammonia content 
of SDF contributes to increased alkalinity, which has been linked with cell damage 
and reduced proliferation [Kruse et al., 2017]. In contrast, the neutral pH of 
water-based silver fluoride enables a more regulated diffusion through dentin 
[Hirose et al., 2016]. 

The application of potassium iodide (KI) significantly increased cytotoxicity 
when used as a second step after both ammonia- and water-based silver fluoride. 
Increased particle accumulation following KI application was observed on dentin 
surfaces and deeper penetration of treatment-related ions into dentinal tubules has 
been reported [Sayed et al., 2019]. These findings contrast with previous studies  
[García-Bernal et al., 2022; Fernandes et al., 2023; López-García et al., 2024] and 
may be attributed to differences in cell models, dilution protocols or dentin 
demineralization status. Comprehensive evaluation of material cytotoxicity is crucial 
to identify clinical limitations, safeguard patient safety and support regulatory 
approval. 

6.4 Fatigue resistance of carious dentin treated 
with silver fluoride treatments (Study IV) 

From a mechanical perspective, teeth are load-bearing structures subjected to 
complex chemical, mechanical, thermal, and bacterial challenges in the oral 
environment and fatigue have been identified as a dominant failure mechanism in 
dental tissues [Arola et al., 2010]. Therefore, fatigue resistance is a key factor in 
achieving long-term clinical success [Rosentritt et al., 2016]. However, most fatigue 
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studies have been conducted on sound dentin, which does not adequately represent 
clinically relevant substrates. Although fatigue testing is technically time-consuming 
and requires standardized specimen geometry, naturally occurring caries present 
irregular lesion depths and extensions, making them unsuitable for controlled fatigue 
evaluation [Kinney et al., 2003]. Furthermore, the lack of consensus on in vitro 
dentin caries protocols highlights the need for reproducible and clinically relevant 
models [Maske et al., 2017].  

In Study IV, a revised in vitro microcosm biofilm protocol to better replicate 
carious dentin and fatigue resistance of carious dentin treated with ammonia-  and 
water-based silver fluoride (SF and SF), with or without the application of potassium 
iodide (KI), under four-point quasi-static and cyclic loading were evaluated. 

Among existing in vitro caries models, microcosm biofilm systems best reflect 
the complexity of in vivo microbial interactions [McBain, 2009]. In Study IV, a 
saliva-derived microcosm biofilm model was employed using McBain medium 
supplemented with 0.2% sucrose. Saliva from multiple donors was collected to 
enhance biofilm virulence and cariogenic activity.  McBain medium was selected 
due to its salivary components that support bacterial growth and mimic intraoral 
conditions. Pellicle formation was included to further improve clinical relevance. 
Among the three incubation periods evaluated, the 2-day model demonstrated 
adequate bacterial viability, acid production, metabolic activity and dentin 
demineralization while preserving sufficient structural integrity of the dentin 
substrate for reliable mechanical testing. The selection of 2-day incubation period 
was based on both microbiological and mechanical criteria. Pilot experiments using 
7-day incubation period resulted in excessive softening of dentin beams, which 
hindered reliable mechanical testing, particularly under cyclic fatigue loading 
conditions.  

The fatigue resistance of sound dentin aligned with previously reported values, 
confirming the reliability of the experimental setup. The four-point bending 
configuration was selected because it provides uniform stress distribution, minimizes 
stress concentration and increases test sensitivity [ASTM D6272, 2017]. 
Ammonia- and water-based silver fluoride (SDF and SF) treatments, with or without 
potassium iodide (KI), did not influence the quasi-static flexural strength of carious 
dentin. However, both SDF and SF significantly improved fatigue resistance 
indicating partial recovery of fatigue behavior and enhanced resistance to crack 
propagation. This suggests improved structural integrity of treated carious dentin, 
potentially associated with remineralization and/or precipitation of mineral crystals 
within the dentin matrix. The composition of the silver fluoride formulations played 
a decisive role, as water-based SF produced a greater improvement in fatigue 
resistance than ammonia-based SDF. Fatigue life analysis revealed a substantial 
increase in the endurance limit following SF treatment, whereas SDF did not yield a 
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meaningful improvement, suggesting limited mechanical reinforcement. While both 
ammonia- and water-based silver fluoride (SDF and SF) treatments reduced 
enzymatic activity as shown in Study II, only water-based SF provided measurable 
collagen reinforcement in Study IV, as a promising agent for immediate mechanical 
strengthening of carious dentin. 

Potassium iodide (KI) application after SF negated the strengthening effect, and 
after SDF had no influence. Results from Study III of increased cytotoxicity 
associated with KI and results of reduced mechanical properties from Study IV, 
further raises concern for the KI use. 

6.5 Future directions and further studies 
Overall, based on the findings of the present thesis, recently available water-based 
silver fluoride (SF) treatment appears to be a promising alternative to 
ammonia-based silver diamine fluoride (SDF) treatment. Additionally, SF offers 
clinical advantages such as reduced odor, less soft tissue irritation and neutral pH, 
thereby improving the comfort of both patients and clinicians compared with SDF. 
Importantly, water-based SF, particularly when applied without the application of 
potassium iodide (KI), demonstrated improved biocompatibility in Study III and 
superior fatigue resistance in Study IV. 

As mentioned, evaluation of the bonding performance of water-based silver 
fluoride (SF) was not possible during Study I, due to the material unavailability. 
However, once the material became accessible, a pilot study was conducted to assess 
the immediate micro-tensile bond strength of SF and SF + KI. Although the pilot 
data were not included in the present thesis, no differences were observed between 
SDF and SF treatments, with or without the application of KI, in terms of resin-
dentin micro-tensile bond strength on sound dentin. Nevertheless, further studies are 
required to confirm the findings and to evaluate long-term bonding performance. 

Potassium iodide (KI) application following ammonia- and water-based silver 
fluoride (SDF and SF) treatments, consistently resulted in inferior mechanical 
properties, including reduced elastic modulus and dry mass (Study II), increased 
cytotoxicity (Study III) and decreased fatigue resistance (Study IV) when applied to 
carious dentin. These findings suggest that although KI may be clinically relevant 
for esthetic purposes, its use should be approached with caution and avoided when 
esthetics are not a primary concern. Collectively, the results of the present thesis, 
support the use of water-based silver fluoride as a viable alternative to 
ammonia-based and call for careful reconsideration of routine KI application in 
clinical practice. Alternative strategies to address discoloration, such as zinc-based 
compounds or nanosilver formulations, should be further investigated 
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Overall, future research should further elucidate the mechanisms of action of 
ammonia- and water-based silver fluoride (SDF and SF) treatments, with or without 
the application of potassium iodide (KI), to enable a more informed evaluation of 
adjunctive strategies and to support the development of consensus-based clinical 
guidelines for optimizing treatment protocols. 

Future investigations should assess the bonding performance of different 
ammonia- and water-based silver fluoride formulations from various manufacturers, 
as direct comparisons among commercially available products remain challenging 
due to variations in fluoride ion concentration [Patel et al., 2021; Luong et al., 2022] 
and the continued expansion of the global market. Studies should also incorporate 
clinically relevant dentin substrates, such as caries-affected and eroded dentin, 
alongside long-term incubation protocols. Given the demonstrated protective effects 
of silver fluoride on dentin collagen, long-term in vitro and in vivo studies should be 
prioritized. In addition, future research using diverse experimental methodologies, 
cell types, application protocols and clinically relevant loading conditions is required 
to fully characterize the biological and mechanical responses to silver fluoride 
treatments and is essential for translating laboratory findings into reliable clinical 
applications. 
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7 Conclusions 

Based on the series of studies included in the present thesis, the following 
conclusions were drawn: 

I. Etch-and-rinse mode prevented impairments in resin-dentin bonding, whereas 
self-etch mode required additional removal of silver deposits from dentin 
treated with ammonia-based silver fluoride (SDF), with or without the 
application of potassium iodide (KI). SDF and SDF + KI treatments may 
promote mineral deposition at the resin-dentin interface following 15 days 
delayed bonding, contributing to extend service life of composite restorations. 

II. Ammonia- and water-based silver fluoride (SDF and SF) treatments can provide 
long-term protection by preserving mechanical properties and structural 
integrity of dentin collagen matrix, however, they do not completely inhibit 
endogenous protease-mediated degradation of demineralized collagen. The use 
of SDF and SF in combination with potassium iodide (KI) to prevent collagen 
degradation should be avoided.  

III. Ammonia- and water-based silver fluoride (SDF and SF) treatments, with or 
without the application of potassium iodide (KI), should be applied with caution 
due to their cytotoxic potential. Water-based SF without the application of KI 
appears to be the safest choice, especially in cavitated lesions located close to 
the pulp. 

IV. The proposed microcosm biofilm caries model supports its use for standardized 
in vitro simulation of dentin caries in mechanical testing. Water-based silver 
fluoride (SF) treatment can partially restore the mechanical strength loss of 
carious dentin, under cyclic mechanical stress. However, the addition of 
potassium iodide (KI) reduces the strengthening effect and should therefore be 
reconsidered. 
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