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Abstract

In recent years, restorative dentistry has increasingly focused on understand-
ing the interactions between restorative materials and dental tissues, since the
long-term stability and clinical success of dental restorations depend largely
on the integrity of the adhesive interface. In this context, dentin represents a
complex biological substrate whose chemical composition and structural orga-
nization can be significantly altered by endodontic irrigation protocols. Specif-
ically, commonly employed solutions such as sodium hypochlorite (NaOCl)
and ethylenediaminetetraacetic acid (EDTA), while essential for the cleaning
and disinfection of the dental root canal, can induce alterations in both the
organic (collagen) and inorganic (apatite) components of dentin. These alter-
ations negatively affect the formation and stability of the hybrid layer and,
consequently, the overall durability of the dental restorations.

In light of these clinical challenges, this Master thesis, developed in collabora-
tion with the Dental School of the University of Turin, aims to investigate the
chemical alterations in dentin induced by irrigation protocols based on NaOCl
and EDTA, evaluating the effect of exposure time and the protective role of an
adhesive layer applied prior to irrigation. Two experimental conditions were
compared: dentin subjected to direct irrigation and dentin protected by the
preventive application of a universal adhesive system. This comparison was
designed to assess the effect of the irrigants and the efficacy of the adhesive in
preserving the chemical integrity of the dentinal substrate.

Raman spectroscopy was employed for the analysis, as it is a non-destructive
technique that allows for the in situ chemical characterization of dentin, pro-
viding in-depth information on mineral and organic components. This ap-
proach enabled the evaluation of dentin variations induced by the treatments,
specifically monitoring parameters related to mineral content, collagen in-
tegrity, and the stability of the dentin matrix. The results highlight that irri-
gation protocols lead to significant chemical alterations, which are influenced
by both exposure time and the presence of a protective adhesive layer. These



findings provide an objective basis for optimizing clinical protocols aimed at
preserving the integrity of the dentinal substrate and enhancing the longevity
of dental restorations.



Abstract

Negli ultimi anni, l’odontoiatria restaurativa ha rivolto crescente attenzione
alla comprensione delle interazioni tra materiali restaurativi e tessuti den-
tali, poiché la stabilità a lungo termine e il successo clinico dei restauri dentali
dipendono in larga misura dall’integrità dell’interfaccia adesiva. In questo con-
testo, la dentina rappresenta un substrato biologico complesso, la cui compo-
sizione chimica e organizzazione strutturale possono essere significativamente
alterate dai protocolli di irrigazione endodontica. In particolare, soluzioni
comunemente impiegate come l’ipoclorito di sodio (NaOCl) e l’acido etilen-
diamminotetraacetico (EDTA), pur essendo essenziali per la detersione e dis-
infezione del sistema canalare, possono indurre alterazioni nella componente
organica (collagene) e in quella inorganica (apatite) della dentina, influenzando
negativamente la formazione e la stabilità dello strato ibrido e, di conseguenza,
la durabilità dei restauri.

Alla luce di queste problematiche cliniche, la presente tesi, sviluppata in collab-
orazione con la Dental School dell’Università degli Studi di Torino, ha lo scopo
di investigare le alterazioni chimiche della dentina indotte da protocolli irrig-
anti a base di NaOCl ed EDTA, valutando l’effetto del tempo di esposizione e
il ruolo protettivo di uno strato adesivo applicato prima dell’irrigazione. Sono
state confrontate due condizioni sperimentali: dentina sottoposta a irrigazione
diretta e dentina protetta mediante applicazione preventiva di un sistema ade-
sivo universale al fine di valutare l’effetto degli irriganti e l’efficacia dell’adesivo
nel preservare l’integrità chimica del substrato dentinale.

Per l’analisi è stata impiegata la spettroscopia Raman, tecnica non distruttiva
che consente la caratterizzazione chimica in situ della dentina, fornendo infor-
mazioni quantitative sulle componenti minerale e organica. Questo approccio
ha permesso di valutare le variazioni della dentina indotte dai diversi tratta-
menti, valutando parametri correlati al contenuto minerale, all’integrità del
collagene e alla stabilità della matrice dentinale. I risultati evidenziano che i
protocolli irriganti determinano alterazioni chimiche significative, influenzate



dal tempo di esposizione e dalla presenza di uno strato adesivo protettivo.
Tali evidenze forniscono basi oggettive per l’ottimizzazione dei protocolli clin-
ici volti a preservare l’integrità del substrato dentinale e migliorare la longevità
dei restauri dentali.
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Chapter 1

Introduction

1.1 Clinical Relevance of Dentin-Adhesive Inter-
faces

The integrity of dentin adhesive interfaces is one of the most critical and
determinant aspect when concerning the long term clinical longevity and
predictability of restorative dental procedures, notably following endodontic
treatments. Therefore, endodontically treated teeth are routinely restored us-
ing adhesive techniques, wherein bonding to dentin plays a central role.

Irrigating agents employed during root canal therapy are known to induce
chemical and structural modifications in dentin [1], potentially leading to a
compromise of the substrate and its intrinsic properties, with negative impli-
cations for subsequent adhesive restorations [2]. Although indispensable for
ensuring effective disinfection and procedural success, these agents lack sub-
strate specificity [3] and may therefore induce unintended alterations within
the dentinal structure.

Among those most used for such applications, of particular relevance, sodium
hypochlorite (NaOCl) exhibits strong oxidative and proteolytic activity, result-
ing in degradation of the collagen matrix [4]. In contrast, ethylenediaminete-
traacetic acid (EDTA) primarily exerts its effect through calcium chelation,
targeting the inorganic hydroxyapatite phase and inducing partial demineral-
ization of the dentin surface [3].
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For this reason it is important to underline that while essential for accom-
plishing their endodontic function, these chemical agents are not devoid of
potential drawbacks and may exert negative effects on the dentinal substrate,
including a reduction in mechanical stability [5] and an impairment of its
ability to form a stable and durable hybrid layer when resin based adhesive
systems are employed [5] [6]. The hybrid layer must therefore be understood
as a unit consisting of the smear layer created following the preparation of the
dentin substrate and the adhesive monomer chosen to be applied. [7]. To fully
appreciate the implications of these chemically induced effects, it is essential
to consider the structural and compositional characteristics of dentin as a bi-
ological substrate, as it will be discussed in Section 1.2.

Traditional analytical techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dispersive spectroscopy
(EDS) [8] are widely used to investigate morphological and elemental changes
in dentin [9]. However, despite their usefulness, these methods are limited
in providing in situ molecular level information, particularly with regard to
collagen degradation [10] and alterations in the mineral phase [11].

In this context, Raman spectroscopy has emerged as a robust [12], non de-
structive analytical technique with high molecular specificity [13]. Its growing
adoperation in dental research stems from its ability to precisely map com-
positional shifts in dentin [14], from assessing collagen scaffold integrity to
quantifying mineral phase variations post treatments [15].

Starting from these premises, therefore, by enabling the simultaneous charac-
terization of both organic and inorganic components while preserving speci-
men integrity [14] [16], Raman spectroscopy allows the identification of specific
spectral markers associated with hydroxyapatite and collagen [17], as well as
the assessment of their relative modifications following chemical exposure, as
discussed in Section 3.2.
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1.2 Dentin as a complex biological substrate

Dentin is a hierarchically organized biological tissue composed primarily of
type I collagen fibrils embedded within a mineralized matrix of hydroxyapatite
crystals [18]. The organization and relative proportion of its organic and
inorganic components are critical for maintaining mechanical integrity and
ensuring effective interaction with adhesive systems [19] [20].

Figure 1.1: Schematic representation of tooth anatomy highlighting enamel, dentin, pulp,
cementum, and surrounding periodontal tissues [18].

Any disruption of this chemical and mechanical balance, whether through
deproteinization or demineralization [21], may impair monomer diffusion and
compromise hybrid layer formation [22], ultimately affecting the quality and
durability of adhesive restorations.

The specific mechanical behavior of dentin, together with its intrinsic perme-
ability and structural complexity [12], makes it a central substrate in both
operative dentistry and adhesive restorative procedures. From an ultrastruc-
tural perspective, dentin exhibits a tubular microarchitecture, characterized by
approximately 15,000 to 45,000 dentinal tubules per mm2 extending radially
from the pulp chamber [23] toward the dentino-enamel junction (DEJ) [24].
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These tubules are embedded within an intertubular matrix composed of min-
eralized collagen fibrils [25], while the peritubular dentin surrounding each
tubule is more highly mineralized and characterized by a reduced collagen
content [26] [27].

Both the density and diameter of dentinal tubules increase with proximity to
the pulp, rendering deep dentin more permeable, less mineralized, and more
reactive to chemical stimuli than superficial dentin [27] [5] . This regional
variability results in differences in chemical reactivity, adhesive behavior, and
susceptibility to degradation. In particular, deeper dentin facilitates greater
penetration of irrigating solutions and presents additional challenges for stable
hybrid layer formation due to its higher water content and increased tubule
density [28] [6].

Dentin’s composite structure, arising from the intimate association between
collagen fibrils, nanocrystalline hydroxyapatite, and water, renders the tis-
sue especially vulnerable to chemical challenges. Irrigating agents commonly
employed during endodontic procedures may selectively affect the organic or
inorganic components of dentin [19], inducing collagen degradation through
oxidative mechanisms, as observed with NaOCl, or promoting calcium chela-
tion from hydroxyapatite in the case of chelating agents such as EDTA [27].
These processes may lead to significant alterations in dentin structure and
properties [5], with potential consequences for both mechanical integrity and
adhesive performance.

Understanding how dentin architecture and composition influence its response
to chemical treatments is therefore essential for interpreting the effects of en-
dodontic irrigation and for refining adhesive strategies.

1.2.1 Chemical composition and structural organization

Dentin is a tripartite composite material (as clarified in Table 1.1). The inor-
ganic phase primarily consists of nanocrystalline hydroxyapatite
(Ca10(PO4)6(OH)2), tightly associated with a fibrous collagen type I ma-
trix [2](organized in fibrils that provide tensile strength and contribute to
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the overall toughness of the tissue [2]).

From a compositional and functional perspective, the organic matrix of dentin
is dominated by a three dimensional collagen network that provides tensile
strength, fracture resistance [29]. This matrix also contains non-collagenous
proteins (NCPs) that play a regulatory role in mineralization processes, water
retention, and molecular signaling within dentin [2] as summarized in Table
1.2.

Table 1.1: Compositional and structural features of dentin

Component Fraction
(%)

Main
constituents

Structural
localization

Functional role

Inorganic
phase

∼ 70 Nanocrystalline
hydroxyapatite

Intra and
extrafibrillar
spaces

Stiffness,
hardness,
load-bearing
capacity

Organic ma-
trix

∼ 20 Type I collagen
fibrils

Intertubular
dentin

Tensile strength,
toughness, crack
resistance

Water ∼ 10 Free and bound
water

Dentinal tubules
and interfibrillar
spaces

Permeability,
diffusion,
chemical
reactivity

Hydroxyapatite crystals are not uniformly distributed throughout the en-
tire tissue but are predominantly located in intrafibrillar and extrafibrillar
regions, contributing to both stiffness and hardness of the tissue [28].

Dentin’s microstructural organization is further defined by the presence of
dentinal tubules extending radially from the pulp toward the dentino-enamel
junction (DEJ). The progressive increase in tubule density and diameter to-
ward the pulp results in deep dentin exhibiting greater permeability and en-
hanced reactivity to chemical agents compared to more superficial regions [6]
[26].

This architecture results in biomechanical properties intermediate between
enamel and pulp [28].
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At the same time, its composite nature makes it particularly susceptible to
chemical alterations, especially when exposed to oxidizing or chelating agents
used in endodontic treatments [28].

Such agents may selectively affect either the organic or the mineral com-
ponents, leading to significant modifications of dentin structure and prop-
erties [5] [6].

Table 1.2: Microstructural features and biological components of dentin

Component Main characteristics Structural localization and
functional relevance

Non-collagenous
proteins (NCPs)

DPP and DMP1 promote
mineral nucleation and crystal
growth; osteocalcin and
osteonectin mediate collagen
mineral coupling;
proteoglycans regulate
hydration and ionic balance.

Primarily associated with the
organic matrix and the
mineralized collagen network;
contribute to controlled
mineralization, matrix
organization, and mechanical
performance.

Water phases Free water (FW) supports
fluid transport and diffusion;
bound water (BW) is confined
at the
collagen/hydroxyapatite
interface and stabilizes fibril
conformation.

FW: mainly within dentinal
tubules and interfibrillar
spaces; BW: concentrated at
the collagen–HA interface,
influencing permeability,
chemical reactivity, and
mechanical damping.

Dentin regions Intertubular dentin (ID):
collagen rich and the main
bonding substrate; peritubular
dentin (PD): hypermineralized
and more susceptible to
erosion and chemical
challenges.

ID: constitutes the bulk
between tubules and governs
adhesive infiltration; PD:
surrounds tubules and can be
preferentially affected by
demineralizing/chelating
agents, altering local
permeability and bonding
behavior.

This hydrated framework, while mechanically advantageous, is inherently
sensitive to chemical perturbations. Oxidizing agents such as sodium hypochlo-
rite may induce collagen degradation [10], whereas chelating agents such as
EDTA preferentially dissolve the mineral phase, leading to alterations in me-
chanical properties [20], surface energy, wettability, and monomer infiltration
capacity [21].
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These chemically induced modifications play a decisive role in determining the
effectiveness and durability of adhesive restorations [2].

1.2.2 Susceptibility to Chemical Degradation

The susceptibility of dentin to chemical degradation arises from its compos-
ite organization (as reported in Table 1.1), which integrates nanocrystalline
hydroxyapatite, type I collagen, and water into a finely balanced structural
system [28].While it is important to emphasize that this arrangement offers
functional versatility, it also makes dentin particularly sensitive to chemical
challenges [1], especially during endodontic irrigation procedures.

Irrigating agents commonly employed for root canal disinfection interact with
dentin in a non selective manner [5], affecting both its organic and inorganic
components [6]. In particular, the organic matrix, is highly susceptible to
sodium hypochlorite, which acts as a strong oxidizing agent [27] and it is
precisely this type of induced oxidative degradation that can lead to partial
or complete breakdown of the collagen fibrillar architecture [28], resulting in
reduced tensile strength, increased brittleness, and compromised adhesive per-
formance.

Moreover, exposed and denatured collagen becomes more susceptible to enzy-
matic degradation by matrix metalloproteinases (MMPs) and cysteine cathep-
sins [7], enzymes naturally present in dentin and activated under conditions
of demineralization or oxidative stress [13] [26] .

By contrast, EDTA acts primarily on the inorganic phase by chelating diva-
lent calcium ions (Ca2+) from the hydroxyapatite mineral lattice [27]. This
mechanism results in dentin demineralization, particularly affecting peritubu-
lar dentin (characterized by a higher degree of mineralization and more sus-
ceptible to EDTA induced erosion [25]).

The depletion of calcium ions compromises dentin stiffness and hardness and
may increase tissue permeability by enlarging the lumens of dentinal tubules
[5] [28] .
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In clinical protocols, NaOCl and EDTA are often used in combination and
may produce synergistic or additive degradation effects [6], depending on pa-
rameters such as irrigant concentration, exposure time, and dentin depth.

While superficial dentin may undergo partial structural alteration, deeper
dentin, characterized by higher tubule density and water content, is more
chemically reactive and therefore more extensively affected [6] [26]

Thus, a detailed understanding of the depth dependent and component spe-
cific effects of endodontic irrigants is essential for optimizing clinical protocols
and preserving dentin’s structural and chemical integrity [13].

1.3 Endodontic Irrigants and Their Chemical Ef-
fects

Chemical irrigation is an essential phase of endodontic treatment, aimed at
enhancing canal cleanliness through antimicrobial action and dissolution of
organic and inorganic debris.

The primary goal of endodontic irrigation is to efficiently disinfect the root
canal system [30] and eliminate residual debris [1], including the smear layer
formed during the use of mechanical instrumentation for cavity preparation.
Among the various agents employed, NaOCl and EDTA represent the most
commonly used solutions, owing to their well documented tissue dissolving
and chelating properties, respectively [4] [6].

Beyond its antimicrobial activity, NaOCl is uniquely capable of dissolving
necrotic and vital pulp tissue, thus facilitating canal cleaning.

NaOCl predominantly exerts its antimicrobial and tissue, dissolving effects
through a strong oxidative mechanism, leading to protein degradation through
chlorination and oxidation reactions [27].

However, these non specific effects also extend to the organic matrix of dentin,
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especially type I collagen. Indeed, prolonged exposure to NaOCl has been
shown to decrease collagen integrity, reduce dentin flexural strength, and in-
crease the brittleness of the substrate, potentially compromising bonding per-
formance [5] [26].

EDTA, on the other hand, is a chelating agent with a strong affinity for divalent
cations, particularly calcium (Ca2+)and when applied to dentin, it deminer-
alizes the inorganic phase, primarily targeting hydroxyapatite crystals.
This process promotes smear layer removal [3], enlargement of dentinal tubules,
and increased surface permeability [4] [5]. However, overexposure may lead to
pronounced mineral content loss, erosion of peritubular dentin, and exposure
of unsupported collagen fibrils [3] [6].

The combined use of NaOCl and EDTA is common in clinical protocols, and
this sequence enhances smear layer removal and canal cleanliness [3], but it
may also lead to synergistic structural damage as NaOCl can denature ex-
posed collagen, while EDTA weakens the mineral support. Such alterations
are more pronounced in deep dentin, where increased tubule density and wa-
ter content enhance the diffusion and action of irrigants [18]. For this reason,
optimization of irrigation protocols—through appropriate control of irrigant
concentration, exposure time, and the potential use of protective strategies
represents a crucial aspect in minimizing structural damage while ensuring
adequate canal decontamination [2] [18].

1.3.1 NaOCl and EDTA: Mechanisms of Action

Assessing the efficacy of an endodontic treatment requires consideration of
several parameters related to the chemical properties of the substances used
during the procedural phases.

A clear example is the pronounced proteolytic and antimicrobial activity ex-
hibited by NaOCl, a potent oxidizing and chlorinating agent capable of de-
grading proteins through amino acid chlorination and oxidation [19], leading
to fragmentation of peptide chains [28]. This may contribute to type I colla-
gen denaturation and to a reduction in mechanical and adhesive properties.
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However, its mechanism of action and reactivity are neither specific nor sub-
strate selective, and it can therefore affect both peritubular and intertubular
dentin [31].

These alterations are reflected in macroscopic changes in dentin properties,
including reduced tensile strength and flexural modulus, loss of elasticity, and
increased brittleness [18] [27].
In addition to its direct oxidative action, NaOCl may also promote the activa-
tion of endogenous proteolytic enzymes notably MMPs and cathepsins [3]. The
activation of these enzymes can further exacerbate collagen degradation [31].

EDTA is a polyaminocarboxylic chelating agent with a strong affinity for diva-
lent metal ions such as Ca2+, Mg2+, and Zn2+. When applied to mineralized
tissues, it removes calcium ions from the hydroxyapatite (Ca10(PO4)6(OH)2)
matrix, inducing a superficial demineralization of dentin [28].

Figure 1.2: Schematic representation of elements involved in irrigation protocols (A) Ex-
tracted tooth selected for treatment; (B) Sodium hypochlorite (NaOCl) solution for the
dissolution of the organic component; (C) Ethylenediaminetetraacetic acid (EDTA) solu-
tion for smear layer removal [3] and superficial demineralization.

Its primary clinical function is the removal of the smear layer and the
opening of dentinal tubules [30], thereby enhancing both canal disinfection
and sealer penetration. However, excessive EDTA exposure may result in ero-
sion of peritubular dentin [3], exposure and collapse of collagen fibrils, and
increased surface roughness and porosity [6], potentially interfering with uni-
form adhesive infiltration [26].

When NaOCl and EDTA are present simultaneously, their interaction cannot
be considered purely additive. In a combined chemical environment, residual

10
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collagen may remain insufficiently protected and undergo oxidative degrada-
tion. At the same time, EDTA can enhance mineral loss by chelating calcium
ions from the hydroxyapatite phase, thereby weakening the mineral support
of the collagen matrix [13].

The concentration and exposure time of the combined irrigant solution are
critical parameters to control to minimize iatrogenic damage and maintain
dentin integrity [26] [28] .

1.3.2 Combined Effects and Potential Structural Damage

The combined use of NaOCl and EDTA on dentin can affect both its chem-
istry and microstructure, leading to cumulative and potentially deleterious
alterations (as anticipated in Section 1.3.1).

Individually, NaOCl degrades the organic matrix through collagen oxidation,
while EDTA demineralizes the inorganic phase by chelating calcium ions from
hydroxyapatite; when used in combination, these agents may affect both ma-
jor dentin components in a synergistic and depth dependent manner [5] [20].
However, this strategy can result in:

• Collagen matrix destabilization [4] [6],

• Mineral scaffold depletion [4] [6] ,

• Loss of tubular integrity [4] [6].

Experimental findings indicate that this combination increases surface rough-
ness, reduces microhardness, and alters elastic modulus values in a time depen-
dent manner [5] [32]. In deep dentin, where tubule density and water content
are higher, the penetration of both chemical agents is facilitated, thereby in-
tensifying the extent of tissue degradation [12] [20].

11
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1.4 Dentin Adhesion: Formation and Stability of
the Adhesive Interface

The long-term success of adhesive restorations after endodontic treatment de-
pends on the stability of the dentin adhesive interface. Compared with enamel,
dentin presents greater challenges due to its intrinsic moisture and structural
heterogeneity [14].

Dentin consists of a hydrated collagen matrix reinforced by hydroxyapatite
crystals and crossed by dentinal tubules. This composition requires adhesion
strategies that ensure effective resin infiltration [33] into the demineralized
collagen network and stable micromechanical interlocking [5] [28] .

The interfacial region formed during bonding is inherently vulnerable. Its
durability is influenced by water sorption and nanoleakage [7], incomplete
resin penetration, and enzymatic degradation of exposed collagen fibrils [5].
Residual moisture or inadequate solvent evaporation may further impair poly-
merization [34], leading to structural defects within the adhesive interface [26].

Over time, these factors contribute to interfacial degradation, reducing bond
strength and increasing the risk of adhesive failure and secondary caries [13].
This instability is further amplified when dentin has been chemically modified
by endodontic irrigants, as discussed in Section 1.3. Loss of mineral content
and disruption of collagen integrity following exposure to irrigants further com-
promise the formation and durability of the bonded interface. For this reason,
understanding the interaction between dentin composition, pre treatment pro-
cedures, and adhesive strategy is essential to improve clinical outcomes and
enhance the longevity of post endodontic restorations [8].

1.4.1 Chemical vulnerability of exposed collagen

Type I collagen represents the main organic component of dentin and plays
a key role in maintaining its structural integrity, which is essential for the
formation of a stable resin dentin adhesive interface [8].

12



Introduction

Following exposure to endodontic irrigants, collagen fibrils may become par-
tially or completely exposed due to demineralization [33], increasing their sus-
ceptibility to degradation processes and potentially compromising the long
term durability of adhesive bonding.

The enzymes (MMPs, cathepsins) are naturally present in dentin in latent
forms and can be activated by acidic environments or oxidative stress [3].
Once activated, they are able to cleave collagen fibrils at multiple sites [16].

The use of sodium hypochlorite (NaOCl) and ethylenediaminetetraacetic acid
(EDTA) represents an additional chemical factor contributing to collagen ma-
trix destabilization during endodontic procedures [2]. NaOCl acts as a strong
oxidizing and deproteinizing agent, directly targeting the collagen triple helix
through peptide bond cleavage and the release of amino acid residues, thereby
compromising collagen structural integrity. Raman spectroscopy studies have
reported a reduction in amide I and III band intensities, indicative of collagen
fragmentation and increased molecular disorder [5] [19].

In contrast, EDTA primarily affects the inorganic component of dentin through
calcium chelation. Nevertheless, prolonged exposure to EDTA also induces
secondary modifications in collagen organization and hydration, leading to in-
creased fibrillar porosity and swelling [18] [35] . These changes facilitate the
penetration of degrading agents and reduce the mechanical resilience of the
collagen matrix [5] [6].

These changes can be effectively detected by Raman spectroscopy, which en-
ables selective monitoring of vibrational modes associated with collagen and
the mineral phase [36]. In the present study, specific Raman bands were se-
lected to discriminate between alterations affecting the organic matrix and
those involving the mineral scaffold of dentin.

These spectroscopic indicators formed the basis of the analytical approach
adopted in this study and were evaluated across all experimental groups (A
and B) to quantify the chemical effects of endodontic irrigation protocols, in
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the presence or absence of an adhesive protective layer.

1.5 Limitations of conventional analytical
techniques

Accurate characterization of chemical and structural modifications in dentin
induced by endodontic irrigation remains methodologically challenging. Al-
though several analytical techniques are routinely employed in dental research,
many of them are limited when non-destructive, localized, and molecular-level
information is required to assess chemically induced changes in dentin [9] [11]

Microscopy-based techniques, including SEM, TEM, and CLSM, [25] have
been extensively used to investigate dentin surfaces and adhesive interfaces,
providing valuable morphological information on surface topography, hybrid
layer formation, and resin tag penetration [16] [37].

However, these techniques lack intrinsic chemical specificity and do not allow
direct molecularlevel assessment of phenomena such as collagen denaturation,
mineral dissolution, or chemical bond disruption induced by irrigation proto-
cols or aging processes [37].

Similarly, analytical methods commonly coupled with electron microscopy,
such as energy dispersive X-ray spectroscopy (EDS) [31], provide elemental
information (Ca/P ratios) [15] [20] but are unable to resolve organic–inorganic
interactions within the dentin matrix or detect molecular alterations affect-
ing collagen integrity [3] [37]. In addition, the extensive sample preparation
required for SEM and TEM including dehydration, embedding, sectioning,
and metallization may introduce preparation induced artifacts, altering tissue
hydration and collagen organization in this highly hydrated composite mate-
rial [9] [16] .

Bulk analytical techniques, such as Fourier transform infrared spectroscopy

14



Introduction

(FTIR) and X-ray diffraction (XRD) [38], have also been applied to investi-
gate dentin composition and mineral crystallinity following endodontic treat-
ments [11] [39]. While these approaches provide useful chemical and structural
information, they are inherently limited by low spatial resolution and are un-
able to discriminate depth dependent modifications within dentin [3]. This
limitation is particularly relevant in studies analyzing dentin at different cav-
ity depths, where bulk measurements cannot distinguish superficial alterations
from changes occurring in deeper regions [40].

Given that dentin integrity depends on the close interplay between its colla-
gen matrix and hydroxyapatite nanocrystals, analytical methods selectively
targeting only one phase fail to capture the coupled degradation processes
induced by irrigants such as sodium hypochlorite and EDTA [6]. Further-
more, the destructive nature and limited repeatability of many conventional
techniques restrict their applicability in longitudinal investigations [13] and in
the evaluation of preventive strategies, such as adhesive application prior to
chemical challenge [24] [37]

For these reasons, Raman microspectroscopy was selected in the present study
as a non destructive and chemically specific technique, enabling localized, label
free molecular characterization of both the organic and inorganic components
of dentin while preserving tissue integrity [15] [41]. Its micrometric spatial
resolution makes it particularly suitable for investigating depth dependent
chemical modifications and for evaluating the protective role of adhesive pre
treatment against irrigation induced damage.

1.6 Raman spectroscopy for Dental Applications

Raman spectroscopy is a vibrational spectroscopic technique [36] based on
inelastic light scattering [20], allowing localized chemical analysis with micro-
metric spatial resolution.
Due to its ability to probe the vibrational modes associated with both organic
and inorganic bonds without compromising the integrity of the sample, Ra-
man spectroscopy has found increasing application in biomedical research and
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in the characterization of dental tissues and materials [15].

In restorative dentistry and endodontics, it is particularly valuable for the
investigation of dentin structure (collagenic component and hydroxyapatite),
resin dentin interface integrity [8], and chemical modifications induced by irri-
gation and adhesive protocols allowing evaluation of substrate alterations and
chemically induced modifications over time [42].

1.6.1 Principles and Spectroscopic Targets

When incident photons interact with molecular vibrational modes, an energy
shift occurs as a consequence of changes in bond polarizability.

The resulting spectrum consists of distinct peaks whose position and intensity
are characteristic of specific chemical bonds and molecular structures, effec-
tively providing a molecular fingerprint of the material under investigation.

In dental research, the interest of this technique relies on the possibility to
examine both the mineral (phosphate groups (ν1 PO3−

4 )) and collagen-rich or-
ganic matrix (band CH2) components of dentin at the same time. This dual
sensitivity makes it possible to monitor variations in mineral content, changes
in crystallinity, alterations in collagen integrity [10], and modifications in min-
eral matrix interactions that may occur following demineralization, chemical
exposure, or adhesive infiltration [25].

Shifts in peak intensity, changes in band ratios, and modifications of spectral
profiles provide valuable information about processes such as demineralization,
deproteinization, and collagen degradation [10]. Beyond qualitative interpre-
tation, Raman analysis allows quantitative assessment through parameters
related to mineral–matrix balance, crystallinity, and collagen structural orga-
nization.

Another important advantage of Raman spectroscopy is the possibility of di-
rectly comparing different experimental conditions [34]. Quantitative evalu-
ation of exposed dentin versus adhesive covered dentin makes it possible to
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estimate the protective effect of adhesive layers against chemically induced
degradation [43].

In this way, spectroscopic findings complement morphological observations, en-
abling an integrated interpretation of microstructural observations and molec-
ular level chemical information at the dentin adhesive interface.

1.7 Aim of the Study

The aim of the present study is to investigate, using Raman spectroscopy tech-
nology, the chemical alterations induced by endodontic irrigation protocols on
human dentin, with particular focus on their impact on the dentin adhesive
interface.
Specifically, the experimental study seeks to distinguish and quantify the alter-
ations produced by two commonly used irrigants (NaOCl and EDTA), on both
the mineral and organic components of dentin, including processes related to
demineralization, collagen degradation, and changes in Raman spectral fea-
tures.

A further objective is to evaluate the potential protective role of a universal
adhesive system applied to dentin prior to chemical challenge. By compar-
ing dentin specimens with and without adhesive coverage, the study assesses
whether the presence of an adhesive layer reduces the extent of chemically
induced degradation.

Finally, depth dependent effects are investigated by comparing cavities pre-
pared at 2 mm and 4 mm, in order to examine how dentinal microstructure and
proximity to the pulp influence chemical reactivity and substrate vulnerability.
Overall, it can be concluded that this in vitrohis in vitro approach integrates
Raman spectroscopic analysis with controlled experimental conditions to sup-
port the interpretation of substrate alterations relevant to subsequent adhesive
bonding procedures.
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Chapter 2

Materials and Methods

2.1 Study Design and Experimental Workflow

This experimental study was designed to evaluate the chemical effects of de-
fined endodontic irrigation protocols on human dentin specimens, with or with-
out prior adhesive application.

Extracted human teeth free of caries, cracks, restorations, or structural de-
fects were selected for this study. All the samples were visually inspected
and clinically evaluated by an experienced dentist to confirm their suitabil-
ity. After extraction, residual soft tissues were carefully removed, and the
teeth were thoroughly cleaned. Samples were stored in distilled water at room
temperature until testing in order to prevent dehydration and preserve dentin
properties.

A cavity was performed on the mesial surface of the tooth using a conical bur
to a depth of 2 mm from the coronal margin. The 2 mm depth was measured
from the lowest and most mesial point achievable, using the occlusal plane as
the reference.

Specimens were divided into two main experimental groups:
• Group A (Unsealed Dentin): no adhesive application prior to irrigation,
• Group B (Adhesive Protected Dentin): adhesive applied before irrigation.

Each condition was further assigned to one of four irrigation protocols: semr
• G1: NaOCl for 30 minutes,
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• G2: NaOCl + EDTA for 30 minutes,
• G3: NaOCl for 60 minutes,
• G4: NaOCl + EDTA for 60 minutes.

Raman measurements were conducted on all samples at two defined analytical
timepoints:

• T0 (pre-treatment): spectra acquired before irrigation, immediately afeter
cavity preparation (Group A) or after adhesive curing (Group B),

• T1 (post-treatment): spectra aqcuired after the irrigation procedure as-
signed to each specific subgroup

Spectroscopic analysis by Raman, focusing on peaks related to:
• Inorganic phase,
• Organic phase.

(a) 4 mm deep dental cavity
preparation

(b) 2 mm deep dental cavity
preparation

(c) Occlusal view of both cav-
ity preparations performed on a
tooth specimen without the ap-
plication of dental adhesive pre-
treatment

Figure 2.1: Cavity preparation at two depths and occlusal view of the specimen.

The experimental setup enabled comparison between irrigated and non-
irrigated specimens, evaluation of adhesive-protected versus unsealed dentin,
and assessment of depth-related differences.

2.2 Sample Selection and Preparation

Twenty extracted human molars were included, selected trying to exclude
those with caries, restorations, fractures, or visible structural defects.

Standardized cavity preparations were performed on both mesial and distal
surfaces of each tooth using cylindrical and truncated conical diamond burs
(830L) under water cooling (Table 2.1) and with high speed.
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All preparations were carried out following the same protocol to ensure con-
sistency across specimens.

Material / Instrument Specification / Brand
Teeth Human upper and lower molars (6th, 7th, and

8th)
Bur for access cavity Cylindrical diamond bur 880
Burs for cavity preparation Truncated conical diamond bur 830L
Adhesive Universal adhesive (3M Scotchbond)
Irrigants 5% sodium hypochlorite, 10% EDTA
Storage solutions Distilled water
Etchant 37% phosphoric acid

Table 2.1: Materials and instruments used in the experimental protocol.

Specifically, the mesial cavity was prepared to a depth of 2 mm from the
occlusal reference plane, while the distal cavity was prepared to a depth of 4
mm.

Figure 2.2: General terminology used to identify upper and lower teeth [22]

The adhesive system, for group B samples, was applied using a disposable
microbrush applicator (Microbrush Plus, regular 2.0 mm, Young Innovations,
Algonquin, USA) (Figure 2.3).
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Figure 2.3: Photograph of the disposable microbrush applicator (Microbrush Plus, regular
2.0 mm, blue, Young Innovations, Algonquin, USA), which was used for the application of
the adhesive system [23].

The adhesive procedure began with selective etching using a 37% phospho-
ric acid gel, applied for 30 seconds on enamel and 15 seconds on dentin. The
surfaces were then thoroughly rinsed with water for 20–30 seconds and gently
air dried, maintaining controlled moisture to prevent collapse of the collagen
network.

A universal adhesive system (3M™ Scotchbond™ Universal Plus [32], showed
in Fig. 2.4) was subsequently applied to the prepared substrate. The material
was actively distributed using a disposable microbrush applicator, followed by
a calibrated air stream to promote solvent evaporation and obtain a uniform
adhesive layer [34].

Figure 2.4: Adhesive bottle (pre photopolymerization) applied to half of the dental samples
in order to perform a comparative analysis between type A and type B samples.
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Component Function

HEMA [38], DEGDMA,
10-MDP [22]

Functional monomers; bonding to dentin
and hydroxyapatite

γ-MPTES, APTES Silane agents; promote bonding to ceramic
and filler surfaces

Camphorquinone Photoinitiator for polymerization
Ethanol, water Solvent system; aids monomer penetration

Amorphous silica (fumed,
crystalline-free)

Nanofillers; mechanical reinforcement

Acetic acid copper(2+)
salt, monohydrate

Potential antimicrobial and stabilizing role

N,N-dimethylbenzocaine Stabilizer; trace component

Table 2.2: Chemical composition and functional role of the universal adhesive system.

Photopolymerization was carried out for 15 seconds using a multi LED
curing unit (Valo LED Cordless, Ultradent) with a constant light output of
1200 mW/cm2. This protocol ensured the formation of a standardized adhesive
interface prior to exposure to the endodontic irrigation procedures.

Figure 2.5: Valo LED Cordless, Ultradent used for photo-polimerization

For Group B specimens, Scotchbond Universal Plus Adhesive (3M ESPE,
USA) was used (2.2).

The bonding protocol followed these standardized steps:
1. Rinse with air–water syringe,
2. Etching with 37% phosphoric acid: 15 s on dentin and 30 s on enamel,
3. Thorough water rinsing (20–30 s),
4. Gentle air-drying,
5. Application of adhesive using a microbrush,
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6. Air-thinning to evaporate solvent,
7. Light curing for 20 s using an LED curing unit.
The adhesive was selected for its chemical affinity to dentin and its ability

to form a stable hybrid layer. Its formulation includes functional monomers
(such as 10-MDP [44]), nanofillers, solvents, and photoinitiators designed to
promote durable adhesion and mechanical integration [44].

This system allows effective chemical interaction with both the mineral and or-
ganic phases of dentin and enamel, contributing to stabilization of the interface
even under chemically challenging conditions, such as exposure to irrigating
solutions.

2.3 Irrigation Protocols

Specimens were subjected to standardized irrigation procedures using NaOCl
and EDTA and by static immersion at room temperature.
Two different exposure times were tested: 30 minutes and 60 minutes.
The following experimental conditions were applied to both Group A (ex-
posed dentin), composed of forty specimens and Group B (adhesive protected
dentin), composed of the same number of samples:

• NaOCl for 30 minutes,
• NaOCl + EDTA for 30 minutes,
• NaOCl for 60 minutes,
• NaOCl + EDTA for 60 minutes.

For the combined protocol, NaOCl and EDTA were used simultaneously
in the same solution.
For Raman analysis, five measurement points were recorded per cavity. Sample
identification codes were structured as follows: S indicated the measurement
point (1–5), G identified the irrigation protocol, and PA or PB indicated the
absence or presence of adhesive, respectively.
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Figure 2.6: Schematic workflow of the experimental protocol. (1) Sample preparation. (2)
Baseline Raman acquisition (T0, pre-treatment). (3) Chemical irrigation protocols (G1–
G4: NaOCl and NaOCl+EDTA). (4) Post-treatment Raman acquisition (T1) at 30 and
60 minutes.

2.3.1 Sodium Hypochlorite (NaOCl) Treatment

Sodium hypochlorite was used in this study for its antimicrobial activity and
ability to dissolve organic tissue [4]. In this specific study, the irrigant was
applied at a concentration of 5%, consistent with commonly adopted clinical
protocols,in order to evaluate chemically induced alterations in dentin, with
and without adhesive protection.

The NaOCl solution was used at room temperature (around 22-25 °C) and
freshly prepared for each subsequent treatment to maintain chemical stability
and integrity over experimental procedure. Each specimen was fully immersed
in the solution for two different time intervals, selected with the intent to
simulate, as far as possible, standard clinical irrigation and extended exposure
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scenarios:

• 30 minutes: simulating a typical endodontic irrigation duration (Group
G1);

• 60 minutes: simulating prolonged or cumulative chemical stress condi-
tions (Group G3).

Following the specific protocol samples were thoroughly rinsed with distilled
water for approximately 60 seconds under gentle manual agitation. This step
was essential to remove any residual irrigant and continued chemical activity.
Furthermore, samples were subsequently stored in distilled water until Ra-
man spectroscopic analysis, in order to preserve their structural and chemical
integrity.

2.3.2 NaOCl and EDTA Treatment

NaOCl and EDTA act on the organic and inorganic components of dentin
through oxidative and chelating mechanisms, respectively [4] [5] .
When used in combination within the same solution, their chemical action can
be complementary and significantly alter dentin composition and structure.

The irrigants used in combination, depending on the specific protocol selected,
were applied to the samples for a total exposure time of either 30 or 60 minutes.
As with the previous single irrigant treatment, once the irrigation was com-
plete, the samples were thoroughly rinsed with distilled water for 60 seconds
under gentle manual agitation to remove any chemical residues and prevent
further undesired reactions.
The combined chemical exposure provides a dual action on dentin, affecting
both the organic and inorganic phases:

• NaOCl degrades the organic matrix, particularly collagen fibrils, through
oxidative mechanisms [3],

• EDTA chelates calcium ions, inducing dissolution of the mineral phase
and exposure of the organic matrix [3].

Particular attention was given to the adhesive protected groups (Group B),
to assess whether the hybrid layer formed prior to irrigation could mitigate
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the depth and severity of chemical degradation. This hypothesis was explored
through Raman spectroscopic analysis targeting both mineral and organic
vibrational bands, as well as comparative evaluation of pre and post irrigation
spectroscopic profiles.

This experimental design allowed evaluation of the protective effect of adhesive
pre treatment against combined chemical exposure.

2.4 Raman Spectroscopy Measurements

Raman spectroscopic analyses were performed to investigate compositional
and structural modifications of dentin following the different irrigation proto-
cols.

The technique was employed to assess changes in the mineral phase, collagen
matrix organization, and mineral organic balance at the dentin surface and
adhesive interface.

All measurements were conducted under standardized acquisition conditions
to ensure reproducibility across experimental groups.

2.4.1 Instrumentation and acquisition parameters

Raman spectra were acquired using a portable modular spectrometer (BWTEK,
Newark, DE, USA) equipped with a 1064 nm monochromatic laser source and
a BTC284N spectrometer.
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Figure 2.7: Portable modular Raman spectrometer (BWTEK) equipped with a BTC284N
detector and a 1064 nm laser source, coupled with the BAC151 compact microscope used
for sample observation and laser focusing.

The system operates within a spectral range of 100–2500 cm−1, with a
spectral resolution of 10 cm−1.

The spectrometer was coupled to a compact optical microscope (BAC151,
BWTEK), allowing direct visualization of the analyzed region and precise fo-
cusing of the laser beam on the dentin surface.
Spectra were collected in microscopic configuration with the laser beam ori-
ented perpendicular to the specimen surface.

Before each analytical session, instrument calibration was performed according
to the manufacturer’s recommendations. Sample positioning was standardized
to minimize variability related to surface topography and focusing conditions.

2.4.2 Raman spectral parameters analysed

Spectral analysis was focused on Raman bands associated with hydroxyapatite
and collagen components of dentin.
From the acquired spectra, peak intensities, band areas, and full width at
half maximum (FWHM) values were extracted to derive compositional and
structural indices.
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Table 2.3: Characteristic Raman bands selected for the assessment of mineral and organic
components of dentin and their corresponding structural significance.

Raman
band
(cm−1)

Vibrational as-
signment

Dentin
component

Structural / chemical
significance

∼960 ν1 PO3−
4 symmetric

stretching
Mineral phase
(hydroxyap-
atite)

Marker of mineral con-
tent and crystallinity;
variations indicate dem-
ineralization [21] and lat-
tice disorder

∼1070 CO2−
3 stretching vi-

bration
Mineral phase
(carbonate-
substituted
apatite)

Indicator of carbonate
substitution and mineral
lattice stability

∼1250 Amide III (C–N
stretching, N–H
bending)

Organic
matrix (colla-
gen)

Sensitive to collagen sec-
ondary structure; inten-
sity reduction suggests
chain disruption or un-
folding

∼1450 CH2 deformation Organic
matrix (colla-
gen)

Reflects organization and
density of the collagen
backbone

∼1650 Amide I (C=O
stretching of pep-
tide bonds)

Organic
matrix (colla-
gen)

Highly sensitive to colla-
gen triple-helix integrity;
shifts or intensity loss in-
dicate structural disorga-
nization or denaturation

The spectral parameters considered, along with the corresponding derived
indices and their interpretation, are summarized in Table 2.4.
The Raman intensity and area ratios used for the evaluation of mineral and
collagen related properties, as supported by the literature, are reported in
Table 2.4.
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Table 2.4: Raman spectral parameters and derived indices used for the assessment of min-
eral and organic components of dentin.

Spectral
parameter

Index Interpretation

Mineral / Matrix A960/A1660 Relative amount of the mineral
component with respect to the organic
matrix

Crystallinity 1/FWHM960 Degree of structural order within
hydroxyapatite mineral crystals

Carbonate /
Phosphate

I1070/I960 Extent of carbonate incorporation in
the hydroxyapatite lattice

Phosphates I960 Mineral component associated with
hydroxyapatite

CH2 groups I1450 Structural organization and relative
amount of collagenAmide I I1655

Amide III I1246
Amide I / Amide III I1655/I1246 Collagen molecular organization
Amide III / CH2
Amide I / CH2

I1246/I1450
I1655/I1450

Differences in collagen structure and
quality

Quantitative outcomes derived from these indices are presented in the Sec-
tion 3.

2.5 Data Processing and Statistical Analysis

Raman spectra were initially pre processed using BWSpec software (BWTEK,
USA) prior to export.
During acquisition, dark current subtraction was applied in order to reduce
the noise mainly caused by the instrumental setup itself.
The spectra were then exported in .txtr format and further processed using a
custom analysis workflow developed in the Python programming language.

In the first processing step, the exported spectra were restricted to the range
800–1800 cm−1 spectral range, corresponding to the main Raman bands of
interest for dentin characterization.
Baseline correction was performed in Python using the Asymmetric Least
Squares (ALS) algorithm, according to the method described by Eilers and
Boelens, with fixed parameters applied to all spectra.
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This procedure was adopted to correct background contributions while pre-
serving the shape and relative intensity of the Raman bands.

The baseline-corrected spectra were subsequently smoothed using a Savitzky–Golay
filter in order to reduce high-frequency noise without altering peak morphol-
ogy. The resulting baseline-removed spectra were saved as plain text files
(.txt) and used for subsequent spectral analysis.

Peak parameters were extracted through a spectral fitting procedure imple-
mented in Python.
Each spectrum was modeled as the sum of multiple Lorentzian components
corresponding to predefined characteristic Raman bands associated with the
mineral and organic components of dentin. A non linear least squares mini-
mization approach was used to optimize the fitting parameters. For each fitted
band, peak position, peak height, full width at half maximum (FWHM), and
integrated band area were obtained from the fitted profiles.

Derived compositional and structural indices were calculated from the ex-
tracted numerical parameters.
These included mineral related parameters (phosphate band intensity and area
at 960 cm−1 , carbonate to phosphate ratio, and crystallinity expressed as
1/FWHM of the 960 cm−1 band [45]) , collagen related indices, and the min-
eral to matrix ratio.
Ratio calculations and graphical data representation were performed using
spreadsheet based data analysis (Microsoft Excel).
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Results

3.1 Representative Raman Spectra Before and Af-
ter Irrigation

This section is dedicated to representative Raman spectra acquired illustrating
the main spectral features observed across the experimental groups following
the various acquisitions. That leads directly to the aim of proving a qualita-
tive overview of the dentin chemical profile by illustrating the main spectral
variations between pre treatment (T0) and post treatment (T1) conditions.

For each experimental group, five different specimens (S1—S5) were analyzed
by Raman spectroscopy at two standardized depths (2 mm and 4 mm), with
five measurement points per cavity in order to minimize potential local varia-
tions and increase the statistical robustness, thereby improving the reliability
of measurements.
It was therefore decided to select some spectra that could illustrate some
characteristic behaviors observed among the various working groups, always
considering a variability factor in the quantitative analysis.

Figure 3.1, for example, reports a typical Raman spectrum acquired at T0 con-
dition, from a sample (PA) belonging to Group (G2) at a depth of 2 mm. The
representation range for each spectrum was chosen within the 800–1800 cm−1

region in order to best appreciate the typical vibrational profile of dentin be-
fore irrigation.
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Figure 3.1: The spectrum highlights the main dentin-related bands, including the ν1 PO3−
4

symmetric stretching mode at ∼ 960 cm−1, the Amide III region (∼ 1240–1270 cm−1), the
CH2 bending mode (∼ 1450 cm−1), and the Amide I band (∼ 1660 cm−1).

The characteristic peaks that concern the main dentinal components are
therefore highlighted.
Having clarified this aspect, it is of interest for this study to note, instead, a
typical trend after irrigation treatment as in the case in the following Figure
3.2. Indeed, it shows a reduction in overall band intensity after irrigation,
particularly in the phosphate region (localized around 960 cm−1) and in the
collagen related bands. The spectrum, however, remains overall consistent, in
terms of trend, with that of the initial dentin.
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Figure 3.2: Representative Raman spectra of dentin recorded from Group G3 at 2 mm depth
(PA condition) before (T0, blue line) and after (T1, orange line) irrigation with NaOCl
for 60 minutes. Spectra allow direct comparison of mineral and collagen-related bands.

Finally, to complete the analysis of spectral trends, a trend at a depth of
4 mm was also reported so that the issue of treatment response dependent on
scanning depth was addressed for the same protocol. The trend is overall com-
parable, although the differences between T0 and T1 appear less pronounced
than those detected at 2 mm.

Figure 3.3: Representative Raman spectra of dentin recorded from Group G3 at 4 mm depth
(PA condition) before irrigation (T0, blue line) and after irrigation (T1, orange line).

Looking at the trends, it is therefore possible to assert that the phosphate
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band shows a moderate reduction after treatment, while the Amide and CH2

regions maintain a similar spectral profile with only slight intensity variations
and no evident peak shifts or new spectral features are observed.

3.2 Assessment of Chemical Modifications

For each specimen, peak intensities and selected band ratios were calculated
at both investigated depths (2 mm and 4 mm) for comprehensive analysis and
in-depth comparisons.

Furthermore, for each of the parameters chosen for the study, the data distri-
bution is reported using box plots as an illustrative method, to show how the
measurement distributions could vary with each experimental condition.
In order to make the following graphic representation understandable, it should
be underlined the following information.
In each plot, the box represents the interquartile range encompassing the cen-
tral 50% of the dataset between the 25th and 75th percentiles.

Within the box, the horizontal line indicates the median value, while the ’x’
marker represents the arithmetic mean.
The whiskers extend to the minimum and maximum measured values, pro-
viding a comprehensive visualization of data dispersion and variability across
the different experimental conditions. Points displayed beyond the whiskers
correspond to outliers.

3.2.1 Changes in Collagen-related Raman parameters

To evaluate modifications affecting the organic component of dentin, colla-
gen related Raman indices (reported in Tab. 3.1) were analyzed across all
experimental groups and depths.
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Table 3.1: Raman intensity ratios used to assess collagen related alterations and their
corresponding spectral bands.

Raman ratio Characteristic Raman
bands (cm−1)

Spectral significance

Amide I / CH2 (∼1650) / (∼1450) Relative indicator of collagen
integrity normalized to the organic
backbone.

Amide III / CH2 (∼1250) / (∼1450) Sensitive to changes in collagen
secondary structure and molecular
organization.

Amide I / Amide
III

(∼1650) / (∼1250) Internal collagen ratio reflecting
conformational and structural
modifications.

Below, therefore, are synthetic and explanatory observations of the main
significant parameters or ratios following the processing of the measures.

Figure 3.4: Boxplot of the Amide I/CH2 intensity ratio for Group 1. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.

At 2 mm, the Amide I/CH2 ratio showed limited differences between T0
and T1 in both PA and PB samples, and this is evident in the finding that
the median values remained largely comparable over time.

In PA, the post treatment condition showed a slightly broader distribution,
reflected in a slightly greater box height, more specifically, a wider interquartile
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range and more extended whiskers, indicating a modest increase in dispersion.
In PB, the distribution appeared stable, with no substantial change in central
tendency or variability.

Figure 3.5: Boxplot of the Amide I/CH2 intensity ratio for Group 1. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 4 mm depth.

At 4 mm, the first of the analyzed ratios showed no substantial differences
between T0 and T1 for samples with pure dentin, and it is evident that median
values remained comparable, and therefore settled around the same range of
calculated values, so that the overall distribution appeared stable.

In PB, T1 condition exhibited a much broader distribution, with a wider
interquartile range and higher whiskers. Median values were slightly higher
compared to T0 (which is noticeable with a slight raising of the horizontal
line), suggesting a modest shift accompanied by increased dispersion.
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Figure 3.6: Boxplot of the Amide I/CH2 intensity ratio for Group 2. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 2 mm depth.

Focusing now on the second working group, at 2 mm, the Amide I/CH2

ratio, in PA showed minimal differences between T0 and T1, in terms of mean
and median values, although these were more evident in the case of the pure
dentin samples.

Indeed, the distribution of values, remained largely comparable, without evi-
dent shift over time.

In PB, the trend shown in T1, displayed a slightly higher median and a broader
distribution compared to T0, with a modest increase in interquartile range and
more extended whiskers, indicating increased dispersion.
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Figure 3.7: Boxplot of the Amide I/CH2 intensity ratio for Group 2. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after irrigation protocol (T1) collected at 4 mm depth.

Moving on to the analysis for the case at greater depth, the case on the
left shows no substantial differences between pre e post treatment conditions,
with comparable median values and a largely stable distribution.

In contrast, focusing on the right side, a significant reduction in median values
can be seen at T1 compared to initial condition.

This sort of shift was accompanied by a broader interquartile range (viewable
with a greater vertical width) and more extended lower whiskers, indicating
increased dispersion and a tendency toward lower ratio values.
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Figure 3.8: Boxplot of the Amide I/CH2 intensity ratio for Group 3. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after irrigation protocol (T1) collected at 2
mm depth.

The penultimate working group shows how at 2 mm, in both conditions
there is an increase in the Amide I/CH2 ratio, with a significant upward shift
for measurements acquired in the post treatment phases.
This is also accompanied by a trend of higher median and mean values.

The interquartile range appeared slightly more compact, indicating no increase
in variability in the overall variability of the trend of measured values.

In PB, T1 exhibited a modest increase in median values compared to baseline
and the overall dispersion remained comparable, although the upper whisker
was slightly more extended at T1.
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Figure 3.9: Boxplot of the Amide I/CH2 intensity ratio for Group 3. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.

At 4 mm, in PA it is showed a slight increase in median and mean values
at post treatment condition, compared to the values calculated in the pre-
treatment phase, but overall the extent of the values obtained and the general
variability remain unchanged.

In contrast, samples with dentin and adhesive exhibited a marked increase in
dispersion at T1, which is characterized by a wider interquartile range and
markedly extended lower whiskers.

A final observation that can be made is that although median values were
broadly comparable, the distribution shifted toward lower values, so it reflects
the reduced mean and greater asymmetry.
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Figure 3.10: Boxplot of the Amide I/CH2 intensity ratio for Group 4. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.

For the last working group it is reported that at 2 mm, the ratio showed
minimal differences between T0 and T1 in both type samples and median
values remained comparable over time.
In PB, T1 displayed a slightly higher median, while overall variability appeared
largely unchanged.

Figure 3.11: Boxplot of the Amide I/CH2 intensity ratio for Group 4. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.
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At 4 mm, the ratio in PA remained largely stable between T0 and T1, with
comparable median values and no evident change in dispersion.

In PB, T1 state showed a slight reduction in median and mean values compared
to T0, accompanied by a modest extension of the lower whisker, indicating a
tendency toward lower ratio values.

Figure 3.12: Boxplot of the Amide III/CH2 intensity ratio for Group 1. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.

Continuing the analysis and considerations with a further significant ratio,
namely Amide III/CH2, which is sensitive to changes in the secondary struc-
ture and molecular organization of collagen, that allows to highlight, for the
first working group, that at 2 mm and for the PA samples, a slight increase in
the median and mean values was observed at T1, while the overall variability
remained comparable.

In PB, median values and distribution patterns were largely unchanged be-
tween T0 and T1.
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Figure 3.13: Boxplot of the Amide III/CH2 intensity ratio for Group 1. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.

At 4 mm, the ratio remained stable over time for no adhesive condition,
with comparable median values and no evident change in dispersion, while the
adhesive and post treatment condition showed a slightly higher median along
with broader distribution, more extended whiskers and increased variability.
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Figure 3.14: Boxplot of the Amide III/CH2 intensity ratio for Group 2. Group A (without
adhesive) on the left side of dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.

For the second group, at the 2 mm cavity, a trend similar to the previous
one for the condition on the left is observed while in PB samples, T1 exhib-
ited a modest rise in median values accompanied by a broader distribution,
characterized by a wider interquartile range and extended lower whiskers.

Regarding the trends observed at the 4 mm depth, showed a general stability
between T0 and T1 for PA, with comparable median values and no evident
change in variability.

In PB, T1 showed a slight reduction in median and mean, accompanied by
a modest extension of the lower whisker, indicating a tendency toward lower
ratio values, as shown in the following figure.
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Figure 3.15: Boxplot of the Amide III/CH2 intensity ratio for Group 2. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 4 mm depth.

Figure 3.16: Boxplot of the Amide III/CH2 intensity ratio for Group 3. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 2 mm depth.

Analyzing the G3, it was then noted that at 2 mm, the ratio showed a slight
increase in median values at T1 for PA, accompanied by a modest widening
of the interquartile range.

45



Results

Focusing on the right side, the black boxes allow to observe an overall com-
parable variability, with a limited extension of the upper range.

Figure 3.17: Boxplot of the Amide III/CH2 intensity ratio for Group 3. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 4 mm depth.

Subsequently, shifting the observation of the data to the values measured
at the deepest cavity allows us to highlight how the mean and median values
follow opposite trends for the PA and PB cases, which in the latter case
also translates into an extended lower whisker, indicating a greater dispersion
toward lower ratio values.

There is therefore the focus on the last two box plots dedicated to the analysis
of the second ratio reported in the 2.4, for observations regarding the changes
linked to modifications of the collagen component.

For the lasting working group it can be seen that st 2 mm, PA remained largely
unchanged between T0 and T1, with comparable median values and similar
variability.
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Figure 3.18: Boxplot of the Amide III/CH2 intensity ratio for Group 4. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 2 mm depth.

Then in PB, T1 showed a slight increase in median and mean values, accom-
panied by a modest extension of the lower whisker, indicating mildly increased
dispersion.

Figure 3.19: Boxplot of the Amide III/CH2 intensity ratio for Group 1. Group A (without
adhesive) on the left side of the dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 4 mm depth.
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At 4 mm Amide III/CH2 ratio in PA showed comparable median values
between T0 and T1, with no substantial change in variability. In PB, T1
was associated with a slight upper whisker, while overall dispersion remained
broadly comparable.

The analysis then focused on the study of the parameter Amide I/Amide III
ratio, to further characterize variations within the collagen related spectral
components.

The rationale for this methodological choice is related to the evidence that
this parameter allows a comparative assessment of the relative contribution of
the two amide bands across experimental conditions, depths, and time points.

The distribution of mean values for each group is presented below.

Figure 3.20: Boxplot of the Amide I/Amide III intensity ratio for Group 1. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 2 mm depth.

The first case shows that at 2 mm, there is an increase in statistical parame-
ters, at T1, accompanied by a modest widening of the distribution. Differently,
in PB, median values remained comparable over time, with no substantial
change in variability.
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At 4 mm, values in PA remained largely stable between the two moments of
acquisition, with slight decrease in median and mean values. Furthermore,
these values decrease slightly in the PB samples, accompanied by a broader
distribution and more extended whiskers, indicating increased variability.

Figure 3.21: Boxplot of the Amide I/Amide III intensity ratio for Group 1. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 4 mm depth.

Figure 3.22: Boxplot of the Amide I/Amide III intensity ratio for Group 2. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 2 mm depth.
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Figure 3.23: Boxplot of the Amide I/Amide III intensity ratio for Group 2. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 4 mm depth.

Analyzing the PA samples for G2, it was noted that that for both cavities
there is a slight decrease in the median and mean values at T1 compared to
T0, with comparable overall variability.

For the PBs, however, it was observed that at 2 mm and for post treatment
condition, slightly lower central values are associated with a modest broaden-
ing of the distribution, with an extension toward lower ratio values but with
a more compact distribution compared to the baseline for the 4 mm cavity.
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Figure 3.24: Boxplot of the Amide I/Amide III intensity ratio for Group 3. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 2 mm depth.

Figure 3.25: Boxplot of the Amide I/Amide III intensity ratio for Group 3. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 4 mm depth.

For Group 3 is possible to highlight that at 2 mm, the ratio in PA increased
at T1, with higher median and mean values and a modest widening of the
distribution. In PB, T1 was also associated with higher central values and a
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slight extension of the upper range. Then, focusing on the cavity at 4 mm,
ratio in PA showed a slight decrease in median and mean values at T1. In PB,
T1 was associated with lower central values, while overall variability remained
broadly comparable to baseline.

Figure 3.26: Boxplot of the Amide I/Amide III intensity ratio for Group 4. Group A
(without adhesive) on the left side of the dashed line and Group B (with adhesive) on
the right side. Lilac boxes represent measurements acquired before irrigation (T0), while
black boxes correspond to Raman measurements performed after the irrigation protocol (T1)
collected at 2 mm depth.

At 2 mm the Amide I/Amide III intensity ratio in PA showed a slight
reduction in median and mean values at T1 compared to T0, while variability
remained comparable. In PB, T1 was associated with lower central values and
a distribution largely similar to baseline, with occasional higher outliers.

At 4 mm, the ratio in PA showed comparable median values between T0 and
T1. In PB, T1 was associated with a modest reduction in median values, while
overall variability remained largely unchanged.

52



Results

Figure 3.27: Boxplot of the Amide I/Amide III intensity ratio for Group 4. Group A
(without adhesive) on the left side of dashed line and Group B (with adhesive) on the right
side. Lilac boxes represent measurements acquired before irrigation (T0), while black boxes
correspond to Raman measurements performed after the irrigation protocol (T1) collected
at 4 mm depth.

3.2.2 Changes in Mineral-Related parameters

Mineral related modifications were assessed through analysis of the Raman
peak intensity at 960 cm−1, the crystallinity index, and the C/P ratio.

Figure 3.28: Boxplot of the Cristallinity Index for Group 1. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.
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For the first working group it can be observed that at 2 mm, in PA there was
a slight increase in the statistical parameters for the post treatment condition.
It is also accompanied by a broader interquartile range and extended whiskers.
Different scenario was observed for PB samples as median values remained
comparable over time, with similar central dispersion and the presence of
occasional higher outliers at T1.

Figure 3.29: Boxplot of the Cristallinity Index for Group 1. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.

At 4 mm and for PA, the Crystallinity Index showed, at T1, higher median
and mean values, accompanied by a wide distribution and extended lower
whiskers. Contrariwise, in PB, median values remained comparable over time,
while T1 presented several lower outliers despite a similar central dispersion.

Then, follows the comparison at different depths for the G2 which highlight
that at 2 mm, the Index analized showed comparable statistical values for PA
and between pre e post treatment condition. Then, in PB, T1 was associated
with slightly higher central values and a broader distribution, characterized
by an increased interquartile range and extended whiskers.
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Figure 3.30: Boxplot of the Cristallinity Index for Group 2. Group A (without adhesive)
on the left side of dashed line and Group B (with adhesive) on the right side.Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

Figure 3.31: Boxplot of the Cristallinity Index for Group 2. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.

At 4 mm, the Crystallinity Index in PA showed comparable median values
between T0 and T1, with a slightly extended lower whisker at T1. In PB, T1
was associated with mildly higher central values and a modest widening of the
distribution compared to baseline.
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Figure 3.32: Boxplot of the Cristallinity Index for Group 3. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.

At 2 mm, the Crystallinity Index increased at T1 compared to T0 in both
PA and PB, with higher median and mean values. In both conditions, T1 was
associated with a larger distribution, reflected by a wider interquartile range
and more extended whiskers.

At 4 mm, the Index in PA showed higher median and mean values at T1,
while the interquartile range appeared slightly more compact. In PB, T1 was
associated with a modest increase in median values and a distribution broadly
comparable to baseline, with the presence of occasional higher outliers.
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Figure 3.33: Boxplot of the Cristallinity Index for Group 3. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.

Figure 3.34: Boxplot of the Cristallinity Index for Group 4. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.
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Figure 3.35: Boxplot of the Cristallinity Index for Group 4. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 4 mm
depth.

For the penultimate working group, statistical evidence at the two depths
showed that PAs had comparable statistical values between the two different
acquisition times for the shallower depth, with no significant changes in vari-
ability, unlike the deeper depth, where a more compact interquartile range
was observed.
For the samples to which adhesive had been applied, higher mean median and
central values were observed, with a marked extension of the upper whisker.

Below, therefore, are reported the statistical evidences regarding one of the
most significant and important parameters of the analysis and experimenta-
tion conducted.
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Figure 3.36: Boxplot of the Phosphate Peak for Group 1. Group A (without adhesive)
on the left side of the dashed line and Group B (with adhesive) on the right side. Lilac
boxes represent measurements acquired before irrigation (T0), while black boxes correspond
to Raman measurements performed after the irrigation protocol (T1) collected at 2 mm
depth.

At 2 mm, the Phosphate peak intensity in PA showed slightly higher me-
dian and mean values at T0, with a broad distribution in both time conditions.
The post treatment condition for PB, was also associated with reduced central
values, while overall variability remained comparable to baseline.

Figure 3.37: Boxplot of the Phosphate Peak for Group 1. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.
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Analyzing the deeper depth, the intensity of the peak, in PA showed slightly
lower median and mean values at T1, with a wider distribution also for the
T0 condition.
In PB, T1 was associated with reduced central values and a slightly more
compact distribution relative to baseline.

Figure 3.38: Boxplot of the Phosphate Peak for Group 2. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

At 2 mm, the Phosphate peak intensity in PA showed slightly lower median
and mean values at T1, while overall variability remained broad but compa-
rable.
In PB, median values were largely unchanged, with a similar distribution pat-
tern over time.

At 4 mm, the intensity noticed in PA increased post treatment compared to
T0, with higher median and mean values and a broader distribution.
In PB, T1 was associated with lower central values and a distribution that
appeared slightly more compact than baseline.
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Figure 3.39: Boxplot of the Phosphate Peak for Group 2. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

Figure 3.40: Boxplot of the Phosphate Peak for Group 4. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

Continuing to look at the evidence for the G4, at 2 mm, the Phosphate
peak in PA showed slightly lower median and mean values at T1 compared to
T0, with comparable variability.
In PB, T1 was associated with reduced central values and a more compact
distribution relative to baseline.
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Figure 3.41: Boxplot of the Phosphate Peak for Group 4. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

A different trend is observed for the statistical parameters at the 4 mm
cavity, with a modest widening of the distribution.
In PB, T1 was associated with lower central values and a broader distribution,
characterized by an extended lower whisker.

Figure 3.42: Boxplot of the C/P ratio for Group 1. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 2 mm depth.
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The calcium phosphate ratio allows us to highlight, for G1, that at 2 mm
and for PA, there was a slight decrease in median and mean values at T1.
In PB, median values remained largely unchanged over time, while T1 pre-
sented a few lower outliers despite comparable central dispersion.

Figure 3.43: Boxplot of the C/P ratio for Group 1. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

At 4 mm, variability increased overall. In PA, treatment was associated
with a modest reduction compared to baseline, whereas PB maintained a
largely stable profile, with only a subtle upward tendency at T1. Differences
between the two conditions were more apparent at baseline; after treatment,
central values became closer, although PA continued to show greater spread.

Focusing, therefore, on the second working group, it is notable that at 2 mm,
C/P ratio in PA showed a slight increase in median and mean values at T1
compared to T0, with comparable variability.
In PB, T1 was associated with lower central values and a broader distribution,
characterized by an extended lower whisker.
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Figure 3.44: Boxplot of the C/P ratio for Group 2. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

Figure 3.45: Boxplot of the C/P ratio for Group 2. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

At 4 mm, the ratio in PA showed slightly higher median and mean values
at T1 compared to T0, with comparable general spread.
In PB, T1 was associated with lower central values and an extended lower
whisker, indicating increased dispersion toward reduced ratio values.
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Figure 3.46: Boxplot of the C/P ratio for Group 3. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

The third working group highlights that at the shallowest depth and for
PA, the C/P ratio showed a slight increase in median and mean values at T1.
In PB, T1 was associated with higher central values and a modest widening
of the distribution, reflected by an extended lower whisker.

Figure 3.47: Boxplot of the C/P ratio for Group 3. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 4 mm depth.
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A different trend, in some respects, can be found when observing what was
obtained for the 4 mm cavity. In PA it is showed slightly lower median and
mean values at T1 compared to T0, with a more compact distribution.
In PB, T1 was associated with a modest increase in central values and a similar
interquartile range, although several higher outliers were observed.

Figure 3.48: Boxplot of the C/P ratio for Group 4. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

At 2 mm, the Carbonate to Phosphate ratio in PA increased at T1 com-
pared to T0, with higher median and mean values and a broader interquartile
range.
In PB, T1 was also associated with slightly higher central values, while overall
variability remained largely comparable to baseline.

At 4 mm, the ratio calculated in PA showed higher median and mean values
at T1, accompanied by a marked widening of the interquartile range and ex-
tended whiskers.
In PB, median values remained largely comparable over time, with a slightly
more compact distribution at T1.
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Figure 3.49: Boxplot of the C/P ratio for Group 4. Group A (without adhesive) on the
left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes repre-
sent measurements acquired before irrigation (T0), while black boxes correspond to Raman
measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

The M/M ratio was subsequently evaluated to further characterize varia-
tions within the mineral component across experimental groups, depths, and
time points. The results for each protocol are presented below.

Figure 3.50: Boxplot of the M/M ratio for Group 1. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

At 2 mm, the M/M ratio in PA showed slightly lower median and mean
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values at post treatment condition, with a wide distribution in both conditions.
In PB, median values remained comparable over time, with a more compact
distribution and limited variability.

At 4 mm, the Mineral to Matrix has allowed us to highlight that in PA higher
median and mean values can be found at T1 compared to T0, accompanied
by a broader interquartile range.
In PB, T1 was also associated with increased central values and a slightly
wider distribution, with occasional higher outliers.

Figure 3.51: Boxplot of the M/M ratio for Group 1. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

68



Results

Figure 3.52: Boxplot of the M/M ratio for Group 2. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

At 2 mm, the M/M ratio in PA showed slightly lower median and mean
values at T1 compared to T0, with a more compact distribution. In PB, T1
was associated with reduced central values and a wide dispersion, characterized
by an extended upper whisker and the presence of high outliers.

Figure 3.53: Boxplot of the M/M ratio for Group 2. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.
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At 4 mm, the M/M ratio in PA showed comparable median and mean
values between T0 and T1, with a largely stable distribution. In PB, T1
was associated with slightly lower central values and a broader distribution,
characterized by an extended lower whisker.

Figure 3.54: Boxplot of the M/M ratio for Group 3. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

The observations regarding the penultimate working group allow us to high-
light that the 2 mm depth is associated to higher median and mean values
along with slightly more compact distribution between T0 and T1.
For samples covered with adhesive, and T1 state, it was associated with a
modest increase in central values, while overall variability remained compara-
ble, despite the presence of a lower outlier.

At 4 mm, the M/M ratio in PA showed a clear increase in median and mean
values at T1 compared to T0, accompanied by a wider interquartile range.
In PB, T1 was associated with slightly higher central values and a somewhat
more compact distribution.
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Figure 3.55: Boxplot of the M/M ratio for Group 3. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

Figure 3.56: Boxplot of the M/M ratio for Group 4. Group A (without adhesive) on the
left side of the dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 2 mm depth.

Finally, analyzing the trends of the last working group, G4, at 2 mm, the
trend of M/M ratio dysplayed comparable median and mean values between
T0 and T1, for PA. Although that, T1 exhibited a broader interquartile range
and more extended whiskers.

71



Results

In PB, T1 was associated with lower central values and a more compact dis-
tribution compared to baseline.

Figure 3.57: Boxplot of the M/M ratio for Group 1. Group A (without adhesive) on
the left side of dashed line and Group B (with adhesive) on the right side. Lilac boxes
represent measurements acquired before irrigation (T0), while black boxes correspond to
Raman measurements performed after the irrigation protocol (T1) collected at 4 mm depth.

This concludes with what concerns the 4mm cavity: lower median and
mean values at T1 for PA, with a slightly more compact distribution. This is
accompanied by a modest increase in central values, stable overall variability
for PB in T1 state.

3.3 Depth-Dependent Chemical Analysis: Com-
parison Between 2 mm and 4 mm

The comparison between superficial (2 mm) and deeper (4 mm) dentin re-
vealed a depth dependent behavior that was not uniform across all Raman
derived parameters, but strongly influenced by the specific type of irrigation
protocol.

In more detail when examining what was measured and analyzed for collagen
related indices, the parameter of depth mainly affected data dispersion.
In protocols based on the usage of NaOCl alone (Groups G1 and G3), mea-
surements acquired at 2 mm generally exhibited wider distributions, indicating
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greater heterogeneity of the component of organic matrix mainly regarding the
superficial dentin.

Focusing instead on what was possible to notice at the greatest depth of anal-
ysis, the same parameters mentioned, tended to show overall more compact
profiles.
This type of consideration can suggest a more homogeneous collagen response.

In contrast, in Groups G2 and G4, which were characterized by the combined
usage of NaOCl and EDTA, collagen related ratios showed overlapping distri-
butions between depths, without consistent or systematic depth related trend.

In addition to that, mineral associated parameters displayed a comparable be-
havior. For example, phosphate peak intensity and crystallinity index varied
between 2 mm and 4 mm depending on the protocol, rather than following a
monotonic superficial to deep gradient. In Groups G1 and G3, depth related
differences were mainly reflected in terms of variability, with superficial dentin
often showing wider spreads.

Conversely, in combined G2 and G4 protocols, mineral parameters at the two
depths were largely comparable, indicating that the chemical treatment dom-
inated over depth related effects.

In light of this, the results obtained during the various comparative analyses
indicate that dentin depth modulates the heterogeneity of the Raman response
rather than imposing a consistent directional change.

The recurring relationship between depth and type of chemical treatment,
which often occurs throughout this study, is undoubtedly complex.
Indeed, it suggests that depth-related effects cannot be interpreted indepen-
dently of the specific type of irrigation regime applied.
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3.4 Comparative Evaluation of the Shielding Ff-
fect: Group A vs Group B (30 min)

At 30 minutes, the comparison between PA and adhesive protected dentin,
does not indicate a uniform shielding effect, but rather differences that vary
according to the irrigation protocol and dentin depth.

For collagen related parameters, in several collagen related parameters, dif-
ferences between PA and PB were more evident in data dispersion than in
median values. In NaOCl only treatments (G1), measurements collected at 2
mm showed a wider dispersion in PA, while PB values remained more compact
both before and after irrigation. This difference became less evident at 4 mm,
where collagen related ratios were comparable in the two conditions.

In combined protocols (like G2), differences between PA and PB were more
evident at 2 mm, with PB often showing a more compact distribution after
treatment.

At greater depth, however, this distinction largely disappeared. Furthermore,
a similar, but for some aspects not identical, behavior was observed for the
mineral related parameters considered. In some cases, phosphate intensity
and crystallinity values in PB were characterized by narrower distributions
compared to PA, particularly in superficial dentin.
This effect was not systematically observed across all groups and was negligi-
ble in NaOCl only treatments.

Putting together the considerations made for this section, for protocols that
have a shorter duration, it can be seen that a possible adhesive application
does not prevent the chemical interaction with the dentin, but can have an in-
fluence in terms of response variability in the superficial regions, which results
in a greater dispersion in the median values.
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3.5 Impact of Prolonged Exposure: Long - Term
Chemical Stability (60 min)

Considering the experimental condition characterized by a prolonged exposure
time, it was possible to assess that the evolution of Raman derived parame-
ters did not correspond direclty to a uniform increase in the magnitude of the
changes observed at shorter exposure.
Instead, the response varied according to the irrigation protocol and the depth
of the cavity.

In the case of G3, collagen related indices at 2 mm showed modest additional
changes in that case, compared to the shorter exposure, while at 4 mm their
distributions remained largely overlapping with baseline values.
For parameters related to collagen component, the values collected for 60 min-
utes exposure, largely overlapped those observed at shorter exposure, without
evidence of a consistent additional shift.

A different behavior was observed in G4. The combined usage of irrigants
detected that at 2 mm, prolonged exposure was associated with increased dis-
persion of collagen related ratios, reflecting increased variability among sam-
ples rather than a uniform shift in median values.
Then, focusing on the 4 mm depth, by contrast, collagen parameters remained
comparatively stable in both PA and PB conditions.

A similar pattern was also reflected in mineral related parameters. Phosphate
intensity and crystallinity did not increase progressively with time. In NaOCl
based protocols, values at prolongued exposure largely overlapped those mea-
sured at shorter exposure, whereas in combined treatments extended exposure
mainly resulted in greater variability at superficial depth, with limited effects
in deeper dentin.

These observations indicate that prolonged irrigation was not associated with
a consistent increase in the magnitude of the measured Raman parameters.
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Instead, the impact of exposure time varied according to irrigant combina-
tion and dentin depth, with superficial regions showing a more heterogeneous
response under extended chemical challenge.
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Discussion

4.1 Interpretation of Raman-Derived Chemical
Changes

The Raman analysis performed across the four experimental protocols re-
vealed that chemical modifications induced by NaOCl, with or without EDTA,
were neither homogeneous nor depth independent. However, specific trends
emerged when individual parameters were examined in relation to protocol
intensity and substrate condition.

Indeed, it is possible to ntoice that NaOCl acts as a strong oxidant that
degrades the organic matrix, leading to a relative increase in the 960 cm−1

(ν1 PO3−
4 ) peak intensity. In dentinal substrates, NaOCl induced degrada-

tion of the organic matrix may result in a relative increase of the mineral
signal intensity. This phenomenon can be seen as an artifact of surface depro-
teinization rather than a true recrystallization; indeed, the increased FWHM
indicates the presence of smaller or more defective crystals following the ox-
idative attack.

Conversely, EDTA promotes selective demineralization through Ca2+ chela-
tion, resulting in a measurable decrease in I960. The simultaneous increase in
FWHM further confirms the dissolution of the crystalline structure and the
resulting increase in lattice disorder.
It can also be attentioned that, thanks to depth dependent analysis, chemical
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alterations at 2 mm depth, NaOCl generates maximum HA exposure, whereas
at 4 mm the magnitude of the changes was generally reduced.

The increase in the Carbonate to Phosphate ratio (I1072/I960) reflects selective
demineralization, as EDTA preferentially dissolves phosphate rich hydroxya-
patite while B type carbonates (CO2−

3 ) exhibit higher resistance to chelation.
For that reason, depth dependent results reveal a distinct penetration gradi-
ent, at 2 mm the synergistic action of NaOCl and EDTA is most effective,
resulting in carbonate enrichment.
On the other hand, it has to be taken in consideration that, at 4 mm, the
limited diffusion of irrigants through the tubules preserves the more stable
mineral phase, minimizing the risk of structural collapse in deeper dentinal
regions.

The observed increase in this contribution following NaOCl exposure indicates
the preferential removal of non collagenous proteins and hydrophobic moieties.
This has the result to lead to a relative surface enrichment of structured colla-
gen fibrils as the more labile organic components are dissolved by the oxidative
action of the irrigant.
Protected dentin, conversely, the reduction in the I1650/I1450 ratio for samples
treated with a protective adhesive indicates that the adhesive layer success-
fully acted as a chemical barrier.
By limiting the diffusion and oxidative potential of NaOCl, the adhesive pre-
serves the original organic framework while modifying the spectral signature.

Finally, AMI/AMIII decrease confirms collagen structural damage post treat-
ment, directly correlating with compromised hybrid layer durability. More
pronounced dentin at 2 mm depth, where treatment penetration is maximal.

Taken together, the Raman-derived parameters indicate that NaOCl induced
modifications affect both mineral and organic components, but the direction
and magnitude of these changes depend on protocol composition, exposure
time, depth, and the presence of adhesive sealing as demonstrated in stud-
ies [8] [23] .
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Superficial dentin consistently showed greater variability and reactivity, whereas
deeper dentin exhibited more protocol-specific and condition-dependent be-
havior.

4.2 Influence Of Exposure Time On Dentin In-
tegrity

The comparison between 30 minute protocols (G1 and G2) and 60 minute
protocols (G3 and G4) allows a direct evaluation of the role of exposure time
on dentin chemical stability.

In NaOCl-only protocols, extending exposure from 30 minutes (G1) to 60 min-
utes (G3) resulted in more consistent alterations of both mineral and organic
parameters. In G3, crystallinity increased at both 2 mm and 4 mm in PA,
whereas in G1 changes were limited and less systematic. Similarly, the M/M
ratio showed a clear upward shift in G3 at both depths, while in G1 variations
were mild and mainly restricted to superficial dentin. These findings suggest
that prolonged NaOCl exposure may promote structural reorganization of the
mineral phase.

The effect on collagen related parameters also differed with time. In G3, the
AMI/CH2 and AMI/AMIII ratios showed significant changes at 2 mm, with
increases indicating superficial conformational modifications of the collagen
matrix. In G1, variations were present but overall they could be described as
less pronounced. This indicates that extended exposure amplifies detectable
changes in the organic matrix, particularly in the most superficial.

When EDTA was included, time-dependent effects became more complex.
Comparing G2 (30 min) and G4 (60 min), the longer exposure did not simply
intensify the response. At 2 mm, G4 showed reductions in the M/M ratio in
both PA and PB, whereas G2 displayed opposite tendencies between condi-
tions. At 4 mm, G4 was associated with a clearer decrease in mineral-related
ratios in PA, while G2 remained relatively stable. This suggests that when
chelation is combined with prolonged exposure, the balance between organic
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degradation and mineral modification is altered rather than uniformly inten-
sified.

Across all parameters, superficial dentin consistently exhibited greater sensi-
tivity to prolonged exposure, particularly in G3, where both mineral organi-
zation and collagen-related ratios were affected. At 4 mm, time-dependent
differences were present but less uniform, indicating that depth modulates the
impact of extended chemical action.

Increasing exposure time from 30 to 60 minutes does not merely amplify the ef-
fects observed at shorter durations. Instead, it modifies the pattern of chemical
response, especially in protocols without EDTA (G3), where prolonged NaOCl
exposure produces more coherent alterations in both mineral and organic com-
ponents. This supports the view that exposure time is a critical determinant
of dentin chemical integrity, with superficial layers being the most responsive
to extended treatment.

4.3 Protective Effect of Adhesive Sealing On Dentin
Chemistry

The comparison between specimens without adhesive (PA) and with adhesive
(PB) shows that the adhesive layer does not simply attenuate the chemical
effect of the irrigating solutions.
Instead, it modifies the pattern of response of both mineral and organic com-
ponents, particularly in deeper dentin and under prolonged exposure.

In NaOCl 60 min treatment, the more evident reduction of the phosphate
band in PB may partly reflect the presence of the adhesive layer, which can
attenuate the mineral signal from the underlying dentin. Consistently, PB
and PA showed different trends in mineral-related Raman parameters at both
depths. A similar pattern was observed for crystallinity in G4 at 2 mm, where
PB exhibited a clearer post-treatment increase compared with PA, suggest-
ing that these parameters may be influenced by the presence of the adhesive
layer.
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The influence of the adhesive becomes more evident in deeper layers when
collagen-related parameters are considered. In G2 and G4 at 4 mm, the
AMI/CH2 ratio decreased after treatment in PB, whereas PA remained com-
paratively stable.
Likewise, in G2 and G3 at 4 mm, the AMI/AMIII ratio showed a more
pronounced reduction in PB samples. These types of findings indicate that
collagen-related ratios at deeper cavity, differ more clearly between PA and
PB, particularly when EDTA or prolonged exposure is involved.

The C/P ratio confirms that the organic mineral balance is also differentially
affected. In G2 at 2 mm, PA exhibited a post-treatment increase while PB de-
creased; in G4 at 4 mm, PA slightly increased, whereas PB decreased. These
opposite trends confirm that the adhesive does not produce a uniform effect
across conditions.

The M/M ratio further supports this interpretation. Baseline values were gen-
erally higher in PA, especially at 2 mm. After treatment, differences between
PA and PB either persisted (G4) or narrowed (G1 and G3), suggesting that
the adhesive influences both initial chemical characteristics and the magnitude
of subsequent changes.

Overall, adhesive application was associated with protocol and depth-dependent
differences in both mineral and collagen-related parameters. The effect was
more evident at 4 mm and under prolonged or combined chemical exposure.

4.4 Study Limitations

Some limitations of the present study should be acknowledged when interpret-
ing the findings.

The Raman measurements performed on adhesive-coated specimens reflect a
composite surface consisting of polymerized adhesive, interface region, and
underlying dentin. Although this approach was chosen to simulate a clin-
ically relevant condition, the spectral contribution of the bonding material
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may have influenced specific parameters, particularly those involving CH2 and
phosphate-related bands. Consequently, changes observed in adhesive coated
samples cannot be attributed exclusively to dentin modifications.

A fundamental aspect to consider is the biological variability closely related
to the type of samples used. Extracted teeth may vary considerably in terms
of the donor’s age, health status, hygiene and dietary habits, and the presence
of any pathological conditions. All of this can directly impact the composition
of the dentin used for analysis.

Furthermore, the analysis was based solely on Raman spectroscopy. While
this technique provides detailed chemical information regarding mineral and
organic components, it does not directly assess mechanical properties or ul-
trastructural morphology. Complementary methods such as microhardness
testing, bond strength evaluation, or high-resolution imaging could provide
additional insight into the functional implications of the chemical changes de-
tected.

It should also be noted that the study was conducted under in vitro conditions.
The absence of pulpal pressure, saliva, and biological variability may limit di-
rect extrapolation to the clinical setting. Chemical interactions observed in a
controlled laboratory environment may differ from those occurring in vivo.

A significant limitation can also be found in the fact that this study employed
static and controlled application, which does not fully reflect the behavior of
irrigants in a real clinical setting. In this specific case, the dentin is isolated,
and the irrigant remains in direct and continuous contact with the surface.
Furthermore, the exposure time is precisely controlled, meaning there is no
flow of liquid, no moving endodontic instruments, or dilution of other flu-
ids. This undoubtedly allows for control of the variables of interest, but it
represents a simplified situation. This differs from actual root canal therapy,
as non continuous contact with the dentin and variable diffusion may occur.
This leads us to conclude that the conditions chosen for this study accurately
describe the chemical behavior of the system under controlled conditions, but
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do not perfectly represent what happens during a real treatment.

Moreover, although multiple parameters were analyzed, the sample size per
group was limited. While the consistency of trends across different indices
strengthens the internal validity of the findings, larger sample sizes would im-
prove statistical robustness and external generalizability.

Despite these limitations, the standardized experimental design, the inclusion
of multiple protocols and exposure times, and the integrated evaluation of
mineral and organic Raman indices provide a structured framework for under-
standing the chemical response of dentin to irrigation procedures.
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Chapter 5

Conclusion

This study, thanks to Raman spectroscopy analisys, has highlighted that the
chemical response of dentin to NaOCl based protocols can be strongly influ-
enced by parameters like: exposure time, depth of the analyzed area, and the
presence of an adhesive layer previously applied.

Prolonged NaOCl exposure (60 minutes, G3) induced more consistent modifi-
cations of both mineral organization and collagen component compared to 30
minute protocols (G1), particularly at 2 mm. These observed changes were
reflected by alterationsin crystallinity and shifts in collagen-sensitive ratios,
indicating structural reorganization rather than simple degradation.

When EDTA was combined with NaOCl (G2 and G4), the response became
less linear so that at 4 mm, some mineral and collagen related parameters
showed divergent trends between PA and PB, suggesting that chelation and
extended exposure modify the organic mineral balance in a depth-dependent
manner.

Furthermore, it can be noted that the application of an adhesive layer should
not be interpreted exclusively as a uniform and protective barrier. Instead, PB
specimens exhibited, in the majority of cases, distinct patterns of mineral sig-
nal intensity and collagen ratio variation, especially at 4 mm and in prolonged
or combined protocols. This indicates that the adhesive interface modulates
the chemical behavior of dentin rather than shielding it from chemical action.
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Superficial dentin consistently demonstrated greater reactivity across parame-
ters, while deeper dentin exhibited protocol-specific and condition-dependent
responses.

The combined evaluation of crystallinity, phosphate peak, carbonate to phos-
phate, collagen-related ratios, and mineral to matrix revealed that the way
of reaction of mineral and organic components highlights the complexity of
dentin chemical modification under irrigating protocols.

The findings demonstrate that NaOCl-based treatments induce measurable al-
terations in dentin chemistry, but the magnitude and direction of these changes
depend on exposure time, chelating association, depth, and adhesive condi-
tion. The study provides a Raman-based framework for understanding how
different clinical protocols may differentially affect dentin at both superficial
and deeper levels. Therefore, the information obtained can be useful for cus-
tomizing the various dental protocols in clinical practice and can contribute
to the optimization of clinical protocols aimed at improving the long-term
stability of post-endodontic restorations.
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