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Endodontics has significantly evolved in recent years, with advancements in instru-
ments, biomaterials and nanomaterials science playing a pivotal role [1,2]. These cutting-
edge materials are transforming endodontic treatment techniques, offering enhanced prop-
erties, improved clinical outcomes and a more patient-centered approach [3]. Within the
last decade, a wide variety of materials for root canal irrigation, disinfection and obtura-
tion, as well as for the management of endodontic complications, regenerative endodontic
procedures (REP), endodontic surgery and pediatric endodontic treatment, have been intro-
duced. Therefore, detailed in vitro, in vivo and clinical investigations of these materials are
crucial for their scientifically based, standardized, safe and successful use in daily clinical
practice [4].

The quality of root canal obturation and materials used for this purpose, including
endodontic sealers, play a significant role in the success of endodontic treatments. These
materials should ensure a three-dimensional seal within the root canal system, preventing
re-infection and ensuring the longevity of the treatment and the survival of the endodonti-
cally treated tooth. Over the years, various endodontic sealers have been developed, each
with unique properties, advantages and disadvantages [5]. The choice of sealer depends
on various factors, including the specific clinical scenario, the clinician’s experience and
preference and the desired properties of the material. Regarding the latest advancements,
hydraulic calcium silicate-based (HCS) sealers, commonly called “bioceramic sealers”,
have gained tremendous popularity in endodontics [6-8]. These sealers, especially the
fourth and fifth generations, are being intensively investigated due to their relatively recent
introduction to the market, their modified chemical composition, their advanced physical
and biological properties and the different behavior of these materials in a biological envi-
ronment [9,10]. All these changes have greatly simplified their clinical applications, even
for operators with limited clinical experience [11,12].

For decades, clinicians have successfully used conventional cold or warm (thermo-
plastic) compaction root canal obturation techniques with a favorable prognosis for en-
dodontically treated teeth [13]. The fundamental principle of these techniques is increasing
the gutta-percha volume and minimizing the sealer amount [14]. The development of
HCS sealers has significantly changed these principles of root canal obturation. Mean-
while, due to a lack of shrinkage and long-term dimensional stability, these materials can
be used in larger volumes for sealer- or filler-based obturations without increasing the
amount of gutta-percha in the root canal. Although all obturation techniques are equally
effective, the single-cone (SC) obturation technique is easier to apply, especially for inexperi-
enced clinicians [15]. Moreover, the scientific background indicates that the biocompatible,
bioactive and antibacterial HCS materials that slightly expand upon setting and remain
dimensionally stable in conjunction with a simplified SC obturation can provide much
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better results than lateral condensation and surpass it as the most efficient endodontic
sealing method [16,17].

Endodontic treatment and retreatment, while highly successful, can occasionally
present possible complications that require specialized and very complex management [18].
Likewise, specific clinical scenarios may necessitate endodontic surgery to achieve desirable
treatment outcomes [19]. Techniques for managing endodontic complications and endodon-
tic surgery have changed and significantly require advanced endodontic materials [11].
Nowadays, HCS materials are considered superior for the management of endodontic
complications due to their biological properties, such as biocompatibility, bioactivity and
osteogenic potential [10,20]. They are also hydrophilic and hygroscopic, and as they require
moisture to set, they are compatible with wet environments like live pulp or periapical
tissues [21]. Many materials are currently available for managing endodontic compli-
cations, including flowable materials launched as premixed and ready-to-use pastes or
powder/liquid formulations [11]. The fourth and fifth types of HCS materials are the most
popular in modern endodontics. Both types are tri-calcium silicate-based; however, type
four materials are mixed with water, while type five are pre-mixed and ready-to-use [10].
Some materials are only suggested to be used as dentin or root repair materials in con-
junction with different application techniques. In contrast, other materials are proposed as
sealers or biological fillers and can be used for root canal obturation and root repair. The
main advantages of flowable HCS materials are their ease of manipulation and clinical
applicability [9].

However, despite all these advantages, they present possible drawbacks. The setting of
these materials is based on a hydration reaction, for which an appropriate level of moisture
is required [21]. The fourth generation of HCS sealers are water-based materials, and
they receive moisture directly from the liquid they are mixed with. Meanwhile, the fifth
generation, or premixed formulations, requires environmental moisture [21]. To ensure
the complete hydration-based setting of these materials, the root canal should not be
overdried [9,21]. Ensuring that the canal is sufficiently dry can be challenging for clinicians,
as it is tricky to determine how dry the root canal should be in every clinical case to ensure
the complete setting of the premixed HCS. Therefore, further investigations are needed to
determine the optimal amount of moisture needed for the materials to set and translate
these findings into clinical protocols. Another disadvantage of HCS materials is that water-
based formulations are sensitive to heat, and their application when using thermoplastic
obturation techniques can significantly change their properties [5]. Therefore, the fourth
generation of HCS materials should be used only with cold obturation techniques, while
these restrictions are not relevant for premixed formulations [12].

The proper selection of root canal irrigants and efficient irrigation techniques are
essential when cleaning and disinfecting the root canal system [22]. Biofilms within the
anatomic complexities of the root canal system contain highly resistant bacteria, which
are difficult to eradicate with currently available irrigants [22]. Sodium hypochlorite
has remained the most widely used irrigant for decades. However, chelators should
supplement it to enhance the effectiveness of the irrigation [23], and mixtures of different
active substances and nanoparticles have additionally been trialed for this purpose [23].
The delivery of the irrigants using a syringe and needle and their sonic or ultrasonic
activation are currently the most popular irrigation methods. At the same time, different
agitation and activation methods using negative and positive pressure, or lasers, are
widely used and have been investigated to enhance the removal of debris and biofilm
from root canal irregularities [24]. Unfortunately, despite these innovations, there is no
solid scientific evidence that any adjunct irrigation method can remarkably improve the
long-term outcome of root canal treatment [4]. Therefore, redefining this field’s research
priorities and strategies, focusing on multidisciplinary scientific approaches and clinically
relevant comparisons, is necessary [22].

Some researchers argue that a temporary antibacterial root canal dressing material
should be used to enhance root canal disinfection during the endodontic treatment of teeth
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with pulp necrosis and apical periodontitis, as well as for the management of endodontic
complications or regenerative endodontic procedures (REPs) [25]. For decades, calcium
hydroxide was the material used for these purposes. Recently, ready-to-use bioceramic-
based pastes have been introduced, such as BIO-C® TEMP (Angelus, Londrina, Brazil) and
EndoSequence BC Temp (Brasseler USA, Savannah, GA, USA), for intracanal dressing [26].
These materials have antimicrobial properties and are recommended as a substitute for
conventional calcium hydroxide dressings, as they are easily washed out of the root canals,
eliminating the need for additional irrigation with citric acid, unlike conventional calcium
hydroxide paste, which is difficult to remove from the root canal system [27].

Endodontic surgery is indicated when non-surgical endodontic retreatment fails or is
impossible. Due to the rapid developments in implant dentistry, endodontic surgery has
become a less popular treatment option than tooth replacement with an implant. However,
well-designed clinical trials have shown that endodontic retreatment and surgical endodontic
procedures are equally effective, if not superior, treatment options [28]. Recently, the fourth
and fifth generations of HCS root repair materials have also become increasingly popular
for use in endodontic surgery [9,11]. The current scientific findings indicate that these
materials have superior properties and handling characteristics and provide healing rates
after endodontic surgery similar to those of previously used MTA cement [29,30]. These
commercially available plasticized putty-type repair materials are identical in their chemical
composition, physical and biological properties and are clinically equally effective [31].

Regenerative endodontics represents a transformative shift in the field of endodontics,
focusing on the regeneration of dental pulp tissues and the restoration of tooth vitality [32].
These new biology-based and less invasive concepts have entered the clinical routine,
expanding the principles of classical endodontics. REPs, as a biologically based approach,
utilize tissue engineering to replace damaged structures, including dentin and cells of the
pulp—dentin complex [33]. These procedures aim to heal apical lesions, resolve clinical signs
and symptoms, continue root development and strengthen dentin tissue to prevent poten-
tial root fractures [25], with the aim of ultimately regenerating a functional pulp-dentin
complex and restoring regular nociception. Although stem cells, growth factors, scaffolds
and proper disinfection are essential to the overall success of REPs, the biocompatible
materials used to cover blood clots play a critical role in the outcome of the treatment [34].
Nowadays, fourth- and fifth-generation HCS materials are recommended for REPs [35].

Pediatric endodontics presents different challenges than adult endodontics, given
pediatric patients” unique anatomical, physiological and behavioral characteristics. The use
of appropriate endodontic instruments, materials and techniques in pediatric endodontic
cases is crucial to ensuring effective and less time-consuming treatment, patient comfort
and a favorable long-term prognosis. Recent material advances in pediatric endodontics
address these specific requirements, and a more conservative and minimally invasive
approach is usually preferred, particularly vital pulp therapies that preserve dental pulp
vitality whenever possible. Nonvital pulp therapy in primary teeth has considerable
limitations and is only considered if the pulp is inflamed irreversibly, necrotic and infected,
while the roots of the teeth should have minimal or no signs of resorption. The rotary files
for pediatric cases were designed for faster root canal shaping, while resorbable injectable
filling pastes were proposed for obturation [36]. However, in primary teeth, priority should
always be given, whenever possible, to vital pulp therapy based on pulpotomy procedures,
including when using hydraulic calcium silicate-based materials [37].

Therefore, this Special Issue, “Advanced Materials for Clinical Endodontic Applica-
tions”, aims to deepen researchers’ understanding of the challenges surrounding advanced
endodontic materials. However, the current scientific data indicate that there is a critical
need to focus on interdisciplinary research that bridges the gap between material science
and clinical endodontics. We should translate recent research findings into clinical solutions
and protocols to improve endodontic treatment standards and outcomes.
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Abstract: Dental caries and traumatic injuries to teeth may cause irreversible inflammation and even-
tual death of the dental pulp. Nevertheless, predictably, repair and regeneration of the dentin-pulp
complex remain a formidable challenge. In recent years, smart multifunctional materials with antimi-
crobial, anti-inflammatory, and pro-regenerative properties have emerged as promising approaches
to meet this critical clinical need. As a unique class of smart materials, piezoelectric materials have an
unprecedented advantage over other stimuli-responsive materials due to their inherent capability to
generate electric charges, which have been shown to facilitate both antimicrobial action and tissue
regeneration. Nonetheless, studies on piezoelectric biomaterials in the repair and regeneration of
the dentin-pulp complex remain limited. In this review, we summarize the biomedical applications
of piezoelectric biomaterials in dental applications and elucidate the underlying molecular mech-
anisms contributing to the biological effect of piezoelectricity. Moreover, we highlight how this
state-of-the-art can be further exploited in the future for dental tissue engineering.

Keywords: bio-piezoelectricity; dentin-pulp complex; mechanosensitive ion channel; piezo-1 receptor;
piezoelectric biomaterials; regenerative endodontics; tissue engineering

1. Introduction

The dental pulp is a vital tissue that is enclosed within the highly mineralized dentin.
Injury to the dental pulp due to microbial infection (caries) and traumatic injuries to the
tooth result in its inflammation and subsequent necrosis if left untreated. More than 25%
of school children and 33% of adults experience trauma to their permanent teeth before
19 years of age [1]. While root canal treatment is predictable and highly successful in
mature teeth, the same is not true for immature teeth because of thin and weak dentinal
walls, which predispose them to fracture under stress overload [2]. Regeneration of the
dentin-pulp complex is a preferred treatment for such cases, and this procedure aims
to engineer metabolically active pulp or pulp-like tissue that can form new dentin (i.e.,
dentin-pulp complex), prevent re-infection of the tooth, and improve the functionality of
the tooth [1,2]. However, this remains a clinical challenge given the lack of multifunctional
materials that can control infection and simultaneously support the regeneration of tissues.

Physiological load in tissues such as the skin, bone, cartilage, periodontal ligament,
and dentin results in the activation of specific molecular cell signaling processes that
trigger the generation of electrical potential, a property termed piezoelectricity. The gen-
eration of electric potential results in depolarization (or the potential difference between
the cell surface and the cytoplasm), inducing various cell signaling pathways such as the
calcium/calmodulin pathway in bone, cartilage, and tendon [3,4]. The resultant electric
potential depolarizes the cell membrane and leads to the opening of several voltage-gated
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Ca?* ion channels across the cell membranes. Then, a rapid influx of Ca?* ions result
in increased intracellular Ca®* ions concentrations, which causes the dephosphorylation
of nuclear factors of activated cells (NF-AT). Subsequently, the translocation of NF-AT
into the nucleus regulates the transcription of several genes, which results in several cel-
lular functions, including cell proliferation and stem cell differentiation (Figure 1). The
piezoelectric potential also induces phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) based signaling, which regulates the fundamental aspects of physiological wound
healing processes, including cell proliferation, differentiation, and migration, angiogen-
esis, and metabolism [4,5]. Additionally, this pathway also stimulates the extracellular
signal-regulated kinase (ERK) and GTPase-mediated actin polymerization process, which
ultimately leads to cutaneous wound healing by promoting keratinocyte proliferation and
migration [5]. Upregulation of TGF-f3, BMP, and COL-III by piezoelectric mechanisms is
crucial for bone and cartilage tissue repair or regeneration [6].
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Figure 1. Schematic representation of cell signaling pathways through which piezoelectric materials

elicit their action in tissue repair and regeneration. (A) Calcium/calmodulin pathway in bone,
cartilage, and tendon; (B) PI3K-Akt-based signaling pathway for wound healing in skin.

Furthermore, to elucidate the cellular and molecular level mechanisms of the piezo-
electric potential generated from the piezo materials, many gene/protein biomarkers have
been identified for different tissue regeneration over the past few years. For instance,
Bhang et al. [5] identified that several intra/extra-cellular proteins such as transforming
growth factor (TGF-f3), vascular endothelial growth factor (VEGF), collagen type-3 (Col
III), integrin o5, proliferating cell nuclear antigen (PCNA), keratin 17, MMP2, CD68, and
fibronectin are expressed after the induction of the piezoelectric potential on human der-
mal fibroblasts (HDFs), keratinocytes, and hMSCs, which directly indicate accelerated
inflammation modulation, re-epithelialization, proliferation, granulation, and remodeling
stages of the wound healing process. Additionally, Vignesh et al. reported the upregulation
of anti-runt-related transcription factor 2 (RUNX2), osteocalcin (OCN), and osteopontin
(OPN) gene expression, which enhances alkaline phosphatase and calcium deposition,
indicating the osteogenetic differentiation ability of piezoelectric biomaterials for bone
regeneration [3,7,8]. Nevertheless, it has also been reported that the piezoelectric poten-
tial positively influences the upregulation of several neurotropic factors such as NGEF,
GDNF, and BDNF, which are required for axonal regeneration and neuronal differentiation
for nerve tissue engineering [9,10]. Thus, different genes or biomarkers involved in the
different physiological activities of the piezoelectric potential are summarized in Table 1.

Predictable regeneration of the dentin-pulp complex requires a material to be endowed
with multiple properties, including antimicrobial, immune modulatory, and cell differ-
entiation to several phenotypes (odontogenic, vascular, and neural) [11-14]. Given that
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biological tissues such as dentin respond to mechanical stimulus by producing piezoelectric
potential, there is a remarkable interest in developing mechano-responsive, piezoelectric
biomaterial-based scaffolds for the repair and regeneration of dental tissues [11-13]. Indeed,
such materials have shown tissue differentiation, antimicrobial, and anti-inflammatory
properties. In this review, we first describe the basic principles and mechanisms of piezo-
electricity. We then report a detailed bibliometric analysis of the published research on
piezoelectric biomaterials used for tissue engineering. Then, we critically discuss promising
piezoelectric biomaterials that could be exploited for engineering the dentin-pulp complex
and the methods by which piezoelectric scaffolds may be fabricated.

Table 1. Biomarkers involved in the regenerative roles of piezoelectric biomaterials in various tissues.

Piezoelectric Biomarker Role in Tissue Regeneration Reference
Increased expression (()”lf" g;fl;)formmg growth factor Voltage-gated Ca2* ion channel opening [15]
Increased expression of( Eﬁl;)morphogenetlc protein Bone remodeling [15]
Increased expression of collagen type-3 (Col III) Collagen synthesis and tissue granulation [15]
Increased expression of collagen type 4 (Col IV) Keratinocyte migration [15]
Upregulation of CD68 Macrophzjlge differentiation, [16]
anti-inflammatory
Upregulation of vascular endothelial growth factor Anti-inflammatory [15]
(VEGF)
Upregulation of integrin «5 Angiogenesis [15]
Upregulation of CD99 Angiogenesis [15]
Extracellular signal-regulated protein kinase (ERK1/2) Electrostatic migration
Proliferating cell nuclear antigen (PCNA) Cell proliferation and signaling [15]
a-actin Myofibroblastic differentiation [15]
Rho-GTPase Electrotaxis [17]
Enhanced phosphorylation of PI3K Electrotaxis [17]
Enhanced phosphorylation of Akt Electrotaxis [18]
Downregulation of Scleraxis Tenogenic differentiation [19]
Runt-related transcription factor 2 (Runx 2) Osteogenic differentiation [20]
Myoblast determination protein (MyoD) Terminal myogenic differentiation [21]
Myocyte enhancer factor-2 (MEF2) Myogenic differentiation [21]

2. Basic Principles of the Piezoelectric Effect

The term “piezoelectric” is derived from the Greek word ‘piezein” meaning pressure.
The preliminary hypothesis of the “piezoelectric effect’ was proposed by the renowned
French physicists Jacques and Pierre Curie in 1880 [22]. However, it was not until 1946 that
Cady [23] deciphered the underlying principle of the piezoelectric properties of barium
titanate (BaTiO3, BT) and is recognized as the ‘Father of Piezoelectricity’ [24-26].

The basic principle of the piezoelectric effect is the crystal habit deformation of a
material under definite mechanical stress [26], which is attributed to their asymmetric
crystal architecture and microcrystalline hierarchy. Typically, any material can experience
mechanical stimuli from the external environment. This could be elongation or tension,
twisting or shear, bending or torsional, and squeezing or compression forces, depending
on the direction of the mechanical loads. Mechanical-stress-induced deformation causes
a relative shifting of the positive and negative charge center in the material crystal archi-
tecture, generating the motion of an electric dipole or polarization. This aligned distorted
electric dipole state leads to the generation of electrical potential and causes a charge flow.
In contrast, in non-piezoelectric materials, the overall charge center of positive and negative
ions in the unit cell coincides, and even with applied deformation, these electric dipoles
cancel out, and no overall polarization appears (Figure 2).
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Figure 2. Fundamentals of the piezoelectric effect. (A) The direction of the piezoelectric coefficient,
i.e., d33, implies that the generation of electric potential takes place in direction 3 in response to the
applied stress from direction 3; (B) Mechanism of piezoelectric potential generation in a crystal.

Piezoelectricity is a linear and reversible process. Transformation of a mechanical stim-
ulus into electrical potential is termed the ‘direct piezoelectric effect’, whereas the reverse
phenomenon is known as the ‘indirect piezoelectric effect’. Real-world applications of
piezoelectric materials were limited to acoustic devices based on the ‘indirect piezoelectric
effect’ in several healthcare devices, including ultrasound transducers and MRI contrast
agents [27], until ‘direct piezoelectricity” was demonstrated in quartz and Rochelle salt.
It was further discovered that crystalline polymorphic materials such as barium titanate
(BaTiO3), lithium niobate (LiNbQO3), calcium titanate (CaTiOj3), and strontium titanate
(SrTiO3) exhibited a direct piezoelectric effect due to phase transition from one crystal
structure to another, a phenomenon known as the ‘ageing effect’ [28]. For instance, barium
titanate (BT) crystal shows phase transition from a non-piezoelectric cubic structure to a
non-centrosymmetric tetragonal structure under mechanical stress. As piezoelectricity is
an inherent physical property of the material (such as pyroelectricity and ferroelectricity),
it loses its effect after heating past the ‘Curie temperature” (T.). Different materials exhibit
different Tc, which limits, in some cases, the real-world applications. For example, T, for
BT is 120 °C whereas for LiNbOs, it is 1140 °C, making the latter suitable for high-energy
applications such as energy harvesting devices and tire pressure monitoring systems [29].

The piezoelectric coefficient (or piezoelectric modulus) is a material constant that
relates the polarization per unit of the electric field experienced by the material per unit
of the applied mechanical stress and is expressed in the unit of Coulomb/Newton (C/N).
This coefficient is expressed as ‘dj;", where ‘i” indicates the direction of polarization in
the material and ‘j” indicates the direction of the applied stress (or induced strain). For
example, in the constant d33, the generation of electric potential takes place in direction
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3 in response to the applied stress from direction 3 (Figure 2), which means that the
mechanical load is applied parallel to the polarization axis [27,28]. The piezoelectric charge
coefficient is most frequently used to evaluate the goodness of a piezoelectric material. The
piezoelectric coefficient has different magnitudes depending on the direction of the applied
mechanical stress and polarization. In the case of da;, the charge is collected from the same
surface as ds3, but the force is applied at right angles to the polarization axis, rending a
different constant value. For example, for BT, d33 is 90-788 pC/N whereas d3; is —33.4 to
—78 pC/N [29].

The interactions of piezoelectric materials with biological processes in a mammalian
cell is termed ‘bio-piezoelectricity” [7,15]. Piezoelectric charges play a role in various
physiological processes, including cell division, migration, differentiation, and regeneration.
Notably, the effect of bio-piezoelectricity on cells is more prominent in tissues that undergo
normal physiological movement or in stress-bearing organs [2,15] due to the proportional
relationship between the piezoelectric potential and the applied stress. For example, tissues
such as bone and cartilage are dynamically stimulated by functional loads, and piezoelectric
scaffolds may stimulate the regenerative signaling pathways to enhance tissue regeneration
at the impaired site [8]. However, the interaction between the dentin-pulp complex and
piezoelectric biomaterials remains poorly investigated and is an important avenue for
future research.

3. Bibliometric Analysis of Research on Piezoelectric Biomaterials for
Tissue Engineering

To inform the status of piezoelectric-based biomaterials for tissue engineering, we
performed a bibliometric analysis using data acquired from three databases (PubMed,
Scopus, and SciFinder) based on relevant keywords (“piezoelectric biomaterials’, ‘piezo-
electric polymers’, ‘tissue engineering’, ‘bone, cartilage, neural, skin, and dental’). We then
excluded reviews, systematic reviews, hypotheses, and literature-survey-based articles to
ensure that only original research articles were included. To focus our sample space of
the analysis on the direct applications of piezoelectric biomaterials on tissue engineering,
we excluded research articles related to the topic of piezoelectric biosensors, implantable
sensors, and drug delivery.

A total of 271 articles published from 1982 to 2021 formed the sample space. It
was observed that from 1982 to 2021, 58% of the work on piezoelectric biomaterials was
performed on bone, cartilage, and tendon tissue engineering while 13% and 10% of the
work was performed on skin and neuronal tissue engineering, respectively. Notably, only
3% of the work was associated with dental tissue engineering (Figure 3). There was a
continuous increase in the number of published research articles from 1982 to 2011 in
piezoelectricity-based dental tissue engineering. We then used VOSviewer software to
correlate the bibliometric data and visualize the interlinks between different piezo scaffolds
with their biological properties. Most of the piezoelectric biomaterials were fabricated into
three most preferred forms, i.e., nanofibers, hydrogels, and 3D-printed scaffolds composed
of polymeric materials to support tissue repair and regeneration. In general, it was observed
that studies on the application of piezoelectric biomaterials in engineering to a range of
hard and soft tissues, including bone, cartilage, skin, and dental tissues such as pulp,
periodontal ligament, and alveolar bone were closely linked to studying cellular responses
such as adhesion, differentiation, and proliferation. Characterization of the mechanical
strength and the ensuing mechanisms were explored for piezoelectric dental biomaterials.
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Figure 3. Bibliographic analysis of piezoelectric biomaterials for tissue engineering applications;
(A) Pie chart of the percentage of articles published on tissue engineering applications of piezo-
materials; (B) Year-wise number of studies published on piezoelectric biomaterials; (C) Biblio-
graphic coupling analysis of piezoelectric biomaterials for different tissue engineering applications;
(D-F) Bibliographic coupling analysis for piezoelectric scaffold for bone and cartilage tissue engineer-
ing and skin tissue, respectively (performed and schematic made using VOSviewer). The size and
color of the nodes represent the number of references that are shared among the analyzed papers. The
strength of a link indicates the number of cited references that the two publications have in common.

VOSviewer is a bibliometric analysis tool used to correlate, construct, summarize,
and visualize bibliometric data obtained from different publication databases [30,31]. The

12
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advantage of VOSviewer is that it can indicate the interactive relationship between a
co-authorship network and bibliographic coupling analysis, which gives an overview to
identify potential research hotspots for future research [32]. Here, we used VOSviewer
software to correlate the bibliometric data and visualize the interlinks between different
piezo scaffolds with their biological properties.

After obtaining and creating the bibliographic library, we performed three biblio-
graphic coupling analyses, as demonstrated in Figure 3C-F. Figure 3C,D demonstrate the
bibliometric coupling analysis diagrams, where different piezoelectric biomaterials were
explored for several tissue engineering applications and corelated with their reported cellu-
lar functionality. For example, most of the piezoelectric biomaterials were fabricated in the
three most preferred forms i.e., nanofibers, hydrogels, and 3D-printed scaffolds composed
of polymeric materials for the support of tissue repair and regeneration. In general, it
was observed that the applications of piezoelectric biomaterials in tissue engineering to a
range of hard and soft tissues were closely linked to the study of cellular responses such as
adhesion, differentiation, and proliferation.

Most studies explored the cell adhesion and proliferation behavior of piezoelectric-
based nanofiber scaffolds, whereas other fabricated forms such as nanoparticles and hydro-
gels were explored for their superior biocompatibility and stem cell proliferation. Notably,
there were limited studies on antimicrobial activity and related mechanisms. Interest-
ingly, studies related to bone and cartilage tissue engineering mainly correlated with the
mechanical strength, durability, osteoconduction, osteointegration, osteogenesis, and cell
differentiation properties of piezo-materials (Figure 3E), whereas in the case of skin tissue
engineering or wound healing applications, it was linked with the cell adhesion, prolifera-
tion, migration, and stem cell differentiation characteristics of biomaterial scaffolds due to
the piezoelectricity (Figure 3F). The work carried out related to dental tissue engineering
was also linked with the stem cell differentiation, mechanical strength, cell adhesion, prolif-
eration, and antibacterial effect-based bioactive properties of piezo-materials. However, it
is important to note that this bibliometric analysis was only based on scientific publications
in the English language and herein, the sole intention herein is to offer a bird’s eye view of
the overall research trends on piezoelectric-based biomaterials before delving deeper into
the materials science in later sections.

Piezoelectric responses in these studies were characterized using state-of-the-art ap-
proaches such as piezo force microscopy (PEM) [5] or PiezoMeter by measuring piezo-
electric strain coefficients and piezoelectric charge constants (d), piezoelectric voltage
coefficients (g), and electromechanical coupling coefficients (k). Among these, determina-
tion of the piezoelectric charge coefficients (d) and piezoelectric voltage coefficients (g) was
the most common. It is also important to mention that piezoelectricity is a third rank tensor
and thus all the coefficients are dependent on the directions of the applied pressure [27].
Taken together, this bibliometric analysis shows that there is emerging interest in develop-
ing piezo-material-based biomaterial scaffolds for multifunctional applications. However,
future research should investigate the exact mechanisms underlying the tissue engineering
responses of piezoelectric materials.

4. Piezoelectric Biomaterials for Engineering the Dentin-Pulp Complex

Over the years, many materials, including ceramics, polymers, doping elements, and
synthetic amino acid/polypeptides, have been discovered to have piezoelectric properties.
In this part of the review, we critically discuss piezoelectric materials that have potential to
be developed for dental tissue engineering (Table 2).

13
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Table 2. Piezoelectric biomaterials and their potential applications.

Piezoelectric Scaffolds Piezoelectric Potential Applications in
Biomaterials Coefficients (d33) Dental Tissue Engineering
Cell adhesion and
proliferation
Composites Stem cell differentiation
Barium Titanate Dental cement 191 pC/N [33] Dental cement
Nanoparticles Medical imaging
Antimicrobial
Remineralization
Antimicrobial agent
Dental cement Drug delivery
Zinc oxide Nanorods 3.62 pC/N [34] Stem cell differentiation
Nanoparticles Dental cement
Medical imaging
Cell adhesion and
Composites proliferation
PLLA Hydrogel —10 pC/N [35] Stem cell differentiation
Nanoparticles Angiogenesis
Drug delivery
Nanofibers Cell adhesion and
PHBV Composites 1.3 pC/N [36] proliferation
Nanoparticles Drug delivery
Cell adhesion and
Nanofibers proliferation
3D-bioprinted Stem cell differentiation
scaffold Angiogenesis
Collagen Sponge 0.3 pC/N [36] Drt?g dgelivery
Nanogel Tissue regeneration
Nanoparticles Pulp-dentin
repair/regeneration
Cell adhesion and
Nanofibers proliferation
Cellulose 3D-printed scaffold 0.2-0.4 pC/N [37] Stem cell differentiation
Sponge Nanogel Angiogenesis
Drug delivery
Cell adhesion and
. roliferation
N.a nofibers Stem fell differentiation
3D-printed scaffold Angiosenesis
Chitosan Sponge 0.2-2.0 pC/N [38] S
Nanogel Ti rug devery
Nanoparticles issue regeneration
Pulp-dentin
repair/regeneration
Cell adhesion and
. proliferation
Silk fibroin Fibers dis= —1.5pC/N [39] Drug delivery
Porous scaffold . .
Tissue healing and
regeneration

4.1. Piezoelectric Ceramics

One of the earliest piezoelectric materials was lead-zirconium-titanate or PZT, which
exhibits an easy dipole orientation and possesses a high piezoelectric coefficient of about
250-350 pC/N due to its ABO3 perovskites crystal structure (where A and B are cations) [40,41].
However, it is not suitable for biological applications due to the cytotoxic nature of
Pb%* ions [41,42] and hence is not discussed in this review. However, it is notable that
lead-free piezoceramics such as Li-modified (Na,K)NbO3(LNKN), (Bi, Na)TiO3 (BNT),
(Na,K)NbO3(NKN), and tungsten bronze (TB) have been developed to circumvent the
challenge of toxicity, but their biological applications remain to be elucidated.

14



J. Funct. Biomater. 2023, 14, 8

4.2. Barium Titanate (BT)

The piezoelectric property of barium-based ceramic materials was discovered dur-
ing the poling of BT. Electrical poling or corona poling is the process of phase transition
achieved by the application of a high electrical field (1-30 kV) at temperatures higher
than the Curie temperature [19,41]. BT offers a superior advantage for biological use
than other piezoceramics such as PZT due to its excellent biocompatibility even at con-
centrations >100 pg/mL [43]. The piezoelectric coefficient ds3 of BT is <350 pC/N. The
incorporation of BT nanoparticles in a PLGA polymer matrix improved its cell proliferation,
osteoconductive, and osteointegration behavior in osteoblasts and osteocytes, favoring
bone tissue engineering [43]. The incorporation of BT nanoparticles as a filler material
in the traditional dental resin composite [44] showed antibacterial and remineralization
effects. BT-incorporated denture polymers, such as polymethyl methacrylate, eradicated
fungal biofilms and potently killed Candida albicans [16] due to the piezoelectric charges
generated by the barium titanate nanoparticles during simulated masticatory forces, which
resulted in the generation of reactive oxygen species (ROS) and consequent upregulation
of the superoxide dismutase gene (SOD5) [16].

A piezoelectric BaTiOs-hydroxyapatite-based nanocomposite platform was reported
by Dhall et al. [17] to overcome biofilm-associated infections and consequent failures
in medical devices (Figure 4). They showed that the addition of piezoelectric BaTiO3
nanoparticle in a hydroxyapatite scaffold resulted in dose-dependent activity against
Streptococcus mutans biofilms. They observed a 10-fold reduction in colony-forming units
(CFU) compared to the pristine scaffold. Furthermore, it was demonstrated that an increase
in the concentration of the piezoelectric BaTiO3; nanoparticles from 10 to 30 wt% in the
scaffold increased the negatively charged surface energy, creating an unfavorable condition
for bacterial adhesion [17]. Nonetheless, Fan et al. reported the angiogenetic capability
of BT under the influence of ultrasound waves in a titanium implant coated with BT
nanoparticles for large segmental bone defects [19]. Therefore, having multifunctional
properties (antibacterial, antibiofilm, anti-inflammatory, mineralization, and angiogenesis),
long-width piezoelectric BT-based piezo-platforms have great potential for further research
on regeneration of the dentin-pulp complex.

4.3. Zinc Oxide (ZnO)

Despite the well-explored biological applications of ZnO due to its antibacterial prop-
erty, biocompatibility, and its favorable role in cell adhesion and differentiation, the in-
vestigation and application of its piezoelectric properties remain limited. ZnO crystals
demonstrate a piezoelectric d33 coefficient of 3.62 £ 0.5 pC/N [20] because of their hexago-
nal asymmetric wurtzite crystal structure and polarized crystal surface [19,21]. A recent
study by Bhang et al. [5] demonstrated the effect of piezoelectric ZnO nanorods in wound
healing and skin tissue regeneration in both in vitro and in vivo mice models. They devel-
oped a multi-layered dermal patch by reinforcing a polydimethylsiloxane (PDMS) matrix
with ZnO nanorods through pin coating. Mechanical rubbing with a soft velvet cloth was
used to induce the directional alignment of the dipole. By varying the concentration of ZnO
nanorods to 54.8% and 95.2%, they obtained a range of piezo potentials from 300 to 900
mV [5]. The fabricated patch significantly increased piezoelectric biomarkers, including
PCNA, TGF-$, COL-III, COL-IV, and «-actin. It was also shown to upregulate several
marker genes such as CD68, VEGEF, and CD99 in an athymic mice model. Taken together,
these findings signify that the piezoelectric charges from ZnO are involved in various
molecular pathways that regulate cell migration, tissue granulation, cell proliferation, and
differentiation, which are essential for skin regeneration.

A study on the size-dependent cytotoxic behavior of ZnO [18,21] reported that macro-
and micro-range (>1 pm) ZnO particles do not have any toxicity, but nanoparticulate ZnO
(i.e., 20-200 nm) exhibits cytotoxicity above a 0.2 ug/mL concentration in squamous cell
carcinoma (HNSCC) and HepG2 cells in vitro due to significant reactive oxygen species
(ROS) generation [45,46]. Nevertheless, this drawback could be overcome by surface and
chemical modifications. For instance, Ramasamy et al. [46] found that a thick coating of
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SiO; on the surface of 20 and 50 nm sphere-like ZnO NPs improved its cytocompatibility
on human skin dermal fibroblast neonatal (HDFn) cells compared to bare ZnO NPs [46].
Furthermore, the modified hydrophilic surface of the SiO, coating stabilized the ZnO NPs
due to loosened aggregation. The coated ZnO NPs had a lesser degree of LDH leakage,
ROS production, and LPO release compared to pristine ZnO NPs [46]. However, the impact
of these surface modifications on the piezo property of nanoparticles remains unknown.
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Figure 4. (A) Bimodal piezoelectric barium titanate nanocomposite exhibits antibiofilm activity;
(B) Dose-dependent anti-biofilm activity and confocal images of Streptococcus mutans biofilms after
18 h on the BT /hydroxyapatite piezoceramic discs. (C-E) Quantified biovolume of S. mutans, EPS,
and total biovolume (sum of S. mutans and EPS) in the biofilm, Statistics: f-test with *, *** and ****
represents p < 0.01, p < 0.001 and p < 0.0001 respectively; Reprinted with permission from [17],
Copyright 2021, [17], American Chemical Society, with minor modifications.
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4.4. Piezoelectric Polymers and Composites

Piezoelectric polymers have several advantages over ceramic- and metal-based piezo-
electric materials such as facile fabrication, broad tunability of physiochemical properties by
surface functionalization, chemical modification, and the ability to fabricate different types
of scaffolds such as nanoparticles, nanofibers, nanorods, hydrogels, composites, and cryo-
gels [18,29]. Moreover, their low cytotoxicity and physiological roles such as cell adhesion
and proliferation [5], stem cell differentiation [47,48], and ultrasound-mediated mechano-
transduction ability [49] endow them with unique advantages in biomedical applications.

4.4.1. Synthetic Polymers
e  Polyvinylidene fluoride (PVDEF) and its derivatives

PVDF has been used as the ‘gold standard” piezoelectric polymer for various tissue en-
gineering applications. Along with its piezoelectric property, PVDF has unique advantages
such as antioxidant behavior, high strength, and high thermal, chemical, and hydrolytic
stability [3,48]. PVDEF exhibits piezoelectric properties due to its polarized molecular struc-
ture. The general molecular formula of PVDF is (-CH,-CF;-) n. Typically, PVDF exists in
five polymorphic forms, namely «, $3, v, §, and ¢ phases, depending on the nature of the
tacticity of the hydrogen and fluorine atoms [50]. Among these, only the 3 phase shows
inherent piezoelectricity due to its all-trans molecular configuration and in this atomic
configuration, all the -CHj- dipoles are perpendicular to the -CF;- repeat units, which
results in an inherent electric dipole moment [50].

Several techniques such as corona poling, uniaxial and biaxial drawing, high voltage
electrospinning, and annealing facilitate the phase transformation and increase the 3
phase concentration in PVDF [16,51]. PVDF shows an average piezoelectric dz3 coefficient
of 20 pC/N [48] due to the presence of highly electronegative F atoms and its trans-
gauche-trans-gauche’ (TGTG’) atomic configuration in a centrosymmetric unit cell [51].
The negatively charged surface of PVDF scaffolds is induced through the corona poling
process to promote better cell adhesion and proliferation in C2C12 mouse myoblast cells
compared to non-poled PVDF specimens for skeletal muscle regeneration [52]. More
recently, it was demonstrated that poled 3-PVDF samples have better protein adsorption
and osteogenic differentiation on human adipose stem cells (hASCs) compared to unpoled
scaffolds [53]. It was also reported that PVDF fibrous membrane as a scaffold for growing
and recapitulating the multi-layered chondrocytes resulted in significantly greater gene
expression for fibronectin and integrin «-10 in chondrocytes that adhered to the PVDF
surface [53]. Furthermore, this study demonstrated that chondrocyte cell sheets had a
similar phenotype to the regular ones and had increased gene expression of SOX9 and
Col XXVII [53]. In a different study, the mineralization potential of PVDF scaffolds was
revealed, with the amount of formed mineral proportional to the magnitude of external
mechanical stimulation [54].

Two-dimensional and three-dimensional PVDF nanofiber scaffolds show differential
effects on human-induced pluripotent stem cells (iPSCs) [34]. iPSCs seeded on 3D fibrous
scaffolds showed significantly greater osteogenic-related genes and protein expression
compared to the 2D scaffold, resulting in superior osteoinductive effects and better bone
differentiation. Another remarkable study by the same group reported the potential of
PVDEF-polyaniline (PANI) piezoelectric electrospun scaffold for the differentiation of stem
cells derived from dental pulp (DPSCs) [55]. To the best of our knowledge, this is the only
study to date that has indicated the effect of piezoelectricity on the osteogenic differentiation
of dental stem cells. This study applied a low-frequency pulsed electromagnetic field
(PEMF) as a source of mechanical stimulation for the piezo-scaffolds and observed that
DPSCs seeded on the scaffold exhibited better cell adhesion, increased alkaline phosphatase
activity, a higher calcium content, and significantly higher osteogenic gene expression
compared to unexposed samples (Figure 5) [56].
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Figure 5. (A) SEM images of DPSC-seeded electrospun PVDF scaffold after PEMF exposure;
(B) Alkaline phosphatase and calcium content assays of the differentiated DPSCs under osteogenic
medium; (C) Different relative gene expression of DPSC-seeded electrospun PVDF scaffold at 7 and
14 days in the absence and presence of PEMF, the significant differences (p < 0.05) between groups
are indicated with * sign; (D) Immunocytochemistry (ICC) staining for osteocalcin protein in the
differentiated DPSCs. Reprinted with permission from [56]. Copyright 2019 [56], Taylor & Francis
Online, with minor modifications.

Chemical derivatization of pristine PVDF polymer such as P(VDF-TrFE), a copolymer
of vinylidene fluoride (VDF) and trifluoroethylene (TrFE) [57,58], results in an enhanced
electromechanical conversion compared to PVDF [59]. For instance, Hunage et al. re-
ported that biaxially oriented poly (vinylidene fluoride) exhibits a higher piezoelectric
coefficient (ds3 = —62 pC/N) than pristine PVDF [60]. Electrospun nanofibrous mats of
P(VDE-TrFE) were shown to regenerate neuronal tissue from PC-12 cells upon ultrasound
stimulation [4]. Notably, the neurite outgrowth was uniform in all directions on the piezo
scaffolds compared to the neural growth factor added media. It has also been demonstrated
that human mesenchymal stem cells (MSCs) cultured on a thermally poled piezoelectric
PVDE-TrFE nano-fibrous scaffold exhibited tissue-specific chondrogenesis and osteogenesis
as confirmed by the GAG content, collagen type II to I ratio, ALP-mediated mineralization,
and osteogenic gene expression [61].

Dental pulp stem cells (DPSCs) grown on PVDEF-polyaniline piezoelectric nanocom-
posite scaffolds were shown to have improved osteoinductive capability. This study
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demonstrated a higher level of DPSC adhesion, alkaline phosphatase activity, calcium
content, and osteogenic gene expression under a low frequency pulsed electromagnetic
field (PEMF) [56]. Therefore, blending a conductive polymer such as polyaniline with a
piezoelectric polymer could be a useful approach for improving cell attachment and stem
cell differentiation while it remains unknown whether the cells can be differentiated to
preferred phenotypes by modifying the piezoelectric behavior.

Multifunctional piezoelectric-based smart dental implants (SDIs) composed of PVDF
and BaTiO3; have been shown to exhibit anti-inflammatory activity in addition to its con-
comitant use with photo-biomodulation (PBM) therapy by energy generated from normal
human oral motions such as chewing and brushing (Figure 6). SDI was shown to ex-
hibit higher cell viability and anti-inflammatory activity upon harvesting the electrical
charge that accumulated on the piezoelectric scaffold [62]. This work demonstrated that
the piezo scaffold was able to generate light in situ for photo-biomodulation (PBM) ther-
apy, which regenerates and restores the damaged peri-implant soft tissue. Traditional
NIR-based photodynamic therapy (PDT) for peri-implant soft tissue regeneration requires
0.8 V electrical stimulation, which can be generated from the piezoelectric scaffold from
60 N mechanical pressure of chewing motion or 90 N of brushing motion [62]. Thus, this
groundbreaking study set the stage for integrating multifunctional and smart therapeutics
using piezoelectric materials in oral healthcare.
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Figure 6. (A) Schematic illustration and SEM images of Piezoelectric Smart Dental implants (SDIs) ca-
pable of generating light under physiological chewing and brushing motion for photo-biomodulation
therapy; (B,C) Electrical voltage generated from the piezoelectric-SDI under chewing motion (the
applied force was ~90 N at a frequency of 5 Hz) and average voltage outputs of SDI under soft
food chewing motions that ranges from 30 to 100 N (f = 5 Hz). Reprinted with permission from [62],
Copyright 2022, [62], Wiley Online library, with minor modifications.

Moreover, all the above findings indicate that PVDEF serves as a center of attention
of piezoelectric materials due to its ease of processability, stable piezoelectric response,
and good biological characteristics. However, limited attention has focused on tuning
the chemical properties of PVDF instead of blending with other materials; for instance,
surface functionalization or conjugation of biomolecules could be a better approach to
explore the multifunctionality of PVDF-based piezo scaffolds. We believe that the next-
generation bio-piezoelectric platforms can be developed by strategically combing the
physical piezoelectricity with the chemical properties of piezoelectric biomaterials.
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e  Poly-L-Lactic Acid (PLLA)

PLLA is one of the best-known biodegradable polymeric biomaterials used for dental
tissue engineering [63,64]. There are four polymorphic forms of PLLA—«, 3, 5, and
v phase, all of which exhibit piezoelectricity [65]. The helical topography and quasi-
crystalline nature are responsible for the piezoelectric property of PLLA, resulting in a
piezoelectric shear coefficient (dq4) of —10 pC/N [65,66]. Electrospun nanofibers of PLLA
have been shown to induce DPSCs’ differentiation into mature odontoblasts (Figure 7A,B)
and recapitulate the dentin-pulp histoarchitecture in vitro [48]. However, whether the
piezoelectric properties of PLLA contribute to such effects remains unknown.
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Figure 7. (A) SEM images of PLLA-nanofibrous scaffolds loaded with DPSCs cultured in vitro for
3 days and proliferation characteristics of DPSCs; (B) Gene expression of DPSCs grown on PLLA
scaffolds for 2 and 4 weeks. Reprinted with permission. Copyright 2010 [41] Elsevier, with minor
modifications. (C-H) Histological images of collagen scaffold, DPSCs, and DMP1 scaffold constructs
implanted in vivo for 8 weeks. Reprinted with permission from [35]. Copyright 2018 [35], Journal of
Endodontics, with minor modifications.

An advantage of the PLLA-based piezoelectric scaffolds is that they do not require
additional electrical or mechanical poling to enable piezoelectricity. Comparing the pro-
liferation and maturation of DPSCs on various scaffolds, Chandrahasa et al. showed that
this nonpolling requirement capability is influenced by the chemical composition of the
scaffolds and that PLLA scaffolds showed greater mineralization ability than bovine col-
lagen and calcium phosphate scaffolds [67]. A recent study by Das et al. [68] showed the
osteogenic differentiation ability of piezoelectric PLLA nano-fibrous scaffolds from adipose
stem cells (ADSCs) and bone marrow stem cells (BMSCs) under ultrasound stimulation.
They reported that a piezoelectric PLLA scaffold with ultrasound stimulation exhibited
greater collagen 3.6 gene expression in a bone defect mice model than without ultrasound.
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It is noteworthy to state that the upregulation of the collagen 3.6 gene, which is normally
present in mature osteoblasts, directly implies greater osteoblastic activity. Moreover, PLLA-
based scaffolds show controlled biodegradation and excellent biocompatibility. However,
it is noteworthy that the biodegradation of PLLA forms lactic acid, which may have a
negative impact on the mineralization of dental hard tissue [69].

e  Poly-3-Hydroxybutyrate-3-Hydroxyvalerate (PHBV)

PHBYV has received considerable attention due to its accepted biocompatibility, biodeg-
radability, and appropriate mechanical properties and thermoplasticity for biomedical
applications [70]. Interestingly, PHBV also possesses a piezoelectric ds3 coefficient of
1.3 pC/N, which is almost equivalent to type 1 collagen in human bone [71]. Due to these
characteristics, PHBV-based piezoelectric scaffolds have been investigated for bone tissue
engineering. Kose et al. reported the cartilage tissue regeneration ability of collagen-
PHBYV scaffolds [71]. A study by Jacob et al. [72] showed that the nano-fibrous scaffolds
of BT-nanoparticle-reinforced PHBV composites exhibit higher chondrocytes and Col-II
gene expression activity. They also pointed out that the reinforcement of BT-NPs as a filler
increases the strength of the pristine PHBV scaffold up to 20%. This study indicated that it is
possible to regenerate or repair any tissue without using any type of chemical or biological
factors such as growth or transcription factors by solely utilizing piezoelectric scaffolds.

4.4.2. Natural Biopolymers
e Collagen

Being the most abundant natural biopolymer, collagen is considered one of the best
biomaterials for tissue engineering applications, including dental tissues [73,74]. It is known
that collagen type I in the dental matrix serves as the base material for the calcification of
dental tissue [75,76]. The piezoelectric shear coefficient (d;5) of collagen type I fibril was
found to be 0.51 pm/V, as quantified by PEM [77].

There is evidence that demonstrates that collagen scaffold induces the regeneration of
odontoblasts and encourages the formation of odontoblasts and adhesion with the pulp [78].
Over the past few years, numerous studies have reported a multitude of applications of
collagen scaffolds, collagen gels, and sponge in dentin-pulp complex regeneration, stem
cell differentiation, and cellular proliferation [35]. One such study [35] demonstrated that
after 6 weeks of seeding DPSCs on a collagen substrate, a physiological-mimicking matrix
architecture was formed (Figure 7C-H). In addition, a DPSC-seeded 3D collagen scaffold
can proliferate and differentiate into odontoblasts [79]. However, they did not decipher
the role of piezoelectricity in this differentiation. Piezoelectric collagen-hydroxyapatite
composites not only have sufficient mechanical strength, biocompatibility, and low anti-
genicity but also exhibit better cell adhesion, proliferation, and bone healing properties [80].
As a functional piezoelectric biomaterial, collagen-based piezo-scaffolds can provide the
merits of good biocompatibility and degradation, but it also true that most collagen-based
scaffolds have the burden of a stable piezoelectric response and the direction dependability
of piezo-response of the collagen fibers also has a great impact on the clinical translation.
Future research should be focused on the tunability of collagen-based piezo-scaffolds as
these aspects can make it a gold standard piezoelectric material from biological origins.

e  Chitosan

Chitosan is an abundant biopolymer, generally obtained from the deacetylation of
chitin, which is found in the exoskeleton of insects and mollusks [81]. It is a remarkably
well-explored biomaterial in various applications, including drug delivery, tissue engineer-
ing, wound healing, and biosensors [36,82]. Nevertheless, to facilitate an improvement in
the mechanical and biological properties, chitosan is often blended with other materials.
For instance, chitosan-carboxymethylcellulose (CMC) hybrid scaffolds demonstrated en-
hanced proliferation and significantly higher gene expression of osteonectin and dental
sialophosphoprotein compared to a native chitosan scaffold [83]. Yang et al. reported
distinct dental stem cell adhesion, proliferation, and differentiation properties of a BMP-
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7-loaded chitosan-collagen scaffold [74,84]. In addition, Liao et al. developed a bioactive
chitosan scaffold with 3-tricalcium phosphate (TCP), which promoted the vascularization
of human periodontal ligament cells (HPLCs) in vivo [85].

Chitosan nanoparticles have also been added to endodontonic sealers for antibacterial
purposes. For example, the incorporation of 2% wt/vol. chitosan nanoparticles into three
commercial endodontic sealers (AH Plus-Dentsply DeTrey, Konstanz, Germany), Apexit
Plus-Ivoclar Vivadent, Schaan, Liechtenstein, and MTA Fillapex-Angelus, Londrina, Brazil)
resulted in superior antifungal activity than the sealers used alone [86]. Detailed investi-
gations of chitosan nanoparticles by Kishen’s group [87] demonstrated their antibacterial
and antibiofilm efficacy using dentin infection models. It was shown that polycationic
chitosan nanoparticles interact with the negatively charged bacterial cell surface to cause
bacterial killing and eradication of biofilms [87]. Excitingly, chitosan was recently shown
to possess piezoelectric characteristics due to its ortho-rhombic crystal structure with the
P2,2,2; space group and non-centrosymmetric attributed to the glucosamine monomer [88].
Chitosan exhibits a range of piezoelectric ds3 coefficients from 0.2 to 1.5 pC/N, depending
on its source and degree of deacetylation [85,89]. Despite such promising findings in the
above works, a cause—effect relationship between tissue regeneration and piezoelectric
behaviors has not been reported for chitosan.

e  Cellulose

Cellulose is the most abundant natural polymer, which exhibits excellent sustainable
properties such as biodegradability, eco-friendly, low-cost production, excellent biocom-
patibility, and outstanding mechanical properties [90]. For these reasons, cellulose was
explored as a center of attention to decipher its piezoelectric capability. Generally, cellulose
is composed of a linear chain of glucose molecules with three side hydroxyl groups (-OH),
with the glucose moieties connected by a 3-1,4-glycosidic linkage [91]. The strong H-bonds
between the side -OH groups give a unique preposition to the cellulose moieties to form
a highly ordered crystalline structure. Usually, cellulose crystals exist in four different
forms, i.e., cellulose I, II, III, and IV [92,93]. Among them, the most common naturally
originating cellulose I is present in two different polymorphs forms: triclinic type I and
monocline type I, depending on the source of the extraction [94,95]. Interestingly, another
type of crystal, cellulose II, which is monoclinic in nature, is converted into cellulose I by
dissolution and alkali treatment [90]. The piezoelectricity of cellulose results from the net
dipole moment of polar -OH groups present in the triclinic type I polymorph, which
is arranged in a non-centrosymmetric order [95]. The piezoelectric property of cellulose
was first explored by Fukada [96]. It was reported that the longitudinal piezoelectric dz3
coefficient of natural cellulose is about 0.4 pC/N [37].

Recently, cellulose, which is extracted from bacterial species, has been reported to
possess excellent mechanical properties, high water holding capability, and outstanding
suspension stability features [97]. For instance, An et al. fabricated a bacterial cellulose
membrane for the guided bone regeneration (GBR) using electron beam irradiation tech-
niques [98]. They demonstrated that electron irradiation of a bacterial cellulose membrane
resulted in enhanced in vitro cell viability, adhesion, and proliferation in NIH3T3 cells
and in vivo bone regeneration on rat calvarial defect models compared to non-irradiated
samples [98]. Another study [99] reported that reinforcement of micrometric particles of cel-
lulose into silicate dental cement resulted in a shorter setting time, enhanced compressive
strength, and enhanced cell adhesion and proliferation [99]. However, cellulose remains to
be exploited as a piezoelectric material for the regeneration of dental tissues.

e Silk Fibroin

Being a natural biopolymer with good biocompatibility, excellent mechanical strength,
and controlled biodegradation properties, silk has been explored as a multifunctional bio-
material for different biomedical applications, including drug delivery, tissue engineering,
and regenerative medicine. For example, Woloszyk et al. [100] reported the neovascular-
ization ability of DPSCs and gingival fibroblasts on a silk fibroin-based scaffold. They
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demonstrated that both cells have equal affinity to the formation of attracting blood ves-
sels towards the damaged tissue microenvironment [100]. Jiang and coworkers [38] also
investigated the proliferation and differentiation properties of DPSCs over a 3D-printed
collagen/silk fibroin scaffold. They reported that after 1-5 days of incubation, it was
observed that DPSCs seeded on a scaffold exhibited better cell adhesion and enhanced ALP
activity, which induced DPSCs differentiation [38]. Kweon et al. [101] studied the effect of
the addition of silk fibroin and hydroxyapatite coating on dental implants. They observed
that after 6 weeks of implantation in a rabbit tibia model, the combined silk fibroin and
hydroxyapatite coating groups had more new bone formation and bone-to-implant contact
compared to uncoated and only hydroxyapatite-coated implants [101]. Nevertheless, a
biomimetics approach was investigated by Huang et al. [102] for the creation of biominerals
using a combination of spider silk and dentin matrix protein 1 (DMP-1). To achieve this, a
novel spider-like domain and a domain of DMP-1 were cloned and expressed, and the two
domains were then used for self-assembly and nucleation of hydroxyapatite [102].

Natural silk fibroin is a special type of block copolymer composed of two different
heavy (~370 kDa) and light (~26 kDa) chains linked by disulfide bonds [103]. The heavy
chain consists of alternating hydrophobic, repetitive oligopeptides that are separated by
smaller charged and amorphous sequences. The hydrophobic domain is rich in alanine and
glycine amino acids while the hydrophilic spacers give the heavy chain a polyelectrolyte
nature [104]. Naturally, silk fibers are available in two different polymorphic forms, i.e.,
silk I and silk II [105]. Among them, silk II is present as a pleated, antiparallel 3-sheet
secondary structure with a monoclinic unit cell. The piezoelectric potential of the silk fibroin
fibers mainly originates from its 3-sheet content of silk II polymorphs. The uniaxially
oriented polycrystalline silk fibers exhibit shear piezoelectricity, which indicates that the
silk fibers generate electricity upon the exposure of certain shear stress perpendicular to
its orientations [104,105]. A recent study by Yucel and colleagues [39] reported evidence
of the structural origin of the piezoelectricity of silk fibroin. They evidenced that silk
fibers exhibit a shear piezoelectric coefficient d14 = —1.5 pC/N after processing using the
zone drawing method [39]. They also reported a correlation of the (3-sheet content with
an increasing draw ratio and the simultaneously increasing degree of the orientation of
(3-sheet crystals [39]. Thus, with the synergy of regeneration, mineralization capability, and
piezoelectric potential generation, silk fibroin could serve as a potential piezo-biomaterial
for dentin-pulp complex regeneration.

4.5. Amino Acids, Polypeptides, and Proteins

Intrinsic polar groups such as amino (-NHj) and carboxylic acid (-COOH) in the
molecular structure of natural amino acids endow them with a unique advantage to exhibit
piezoelectricity [39]. Most amino acids have been shown to possess piezoelectric potential
due to their distinct crystal habits such as a right-handed (D) or left-handed (L) form [106].
Except for glycine, all amino acids have a chiral center, which results in the formation of
non-centrosymmetry in the crystal lattice of the amino acids. This non-centrosymmetry
of the groups results in the generation of piezoelectric tensors. However, most of the L
or D-form amino acids exhibit shear piezoelectric tensors such as dy4, dy5, and dj¢ rather
than longitudinal piezoelectric tensors such as diq, dyp, or dsz [106]. It is important to
note that the possession of a longitudinal piezoelectric coefficient is essential for real-
world biological applications since real-life mechanical forces are perceived either in the
compressive or tensile direction. Thus, attempts have been made to fabricate unidirectional
and longitudinal piezoelectric amino acid crystals.

The extracellular matrix of mammalian tissues also comprises electroactive nano-
crystalline polypeptide or protein molecules such as keratin, collagen, elastin, and gly-
cosaminoglycans [107,108]. Piezoelectric phenomena in keratin were first reported by
Martin when he observed the generation of a static electric potential from a bundle of wool
(which is primarily composed of keratin) compressed within two brass plates. Keratin
exhibits piezoelectric characteristics due to its highly ordered «-helical structure and the
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dipole originates from the hydrogen bond presence between the amine (-NH,) and carbonyl
(-C=0) groups [7].

Recently, Guerin et al. studied the presence of a longitudinal piezo-response in 3 and
v-glycine due to their orthorhombic crystal orientation and validated the piezoelectric coef-
ficient (d16) in B-glycine of about 2 x 102 pm-V~1 [109]. They also reported a drop-casting
solution-based facile fabrication method for the fabrication of amino acid crystal films with
longitudinal piezoelectricity [109]. Density functional theory (DFT) based computational
calculation was used to quantify the theoretical value of piezoelectric coefficients for several
orthorhombic L-amino acid crystals (Table 3) such as threonine, asparagine, glutamine,
histidine, proline, methionine, and isoleucine [110-112].

Table 3. Reported piezoelectric coefficient value of amino acids/peptide-based piezoelectric bio-
materials, measured using PFM or DFT-calculation. The subscript in the brackets indicate the
respective directions.

Piezoelectric Coefficient

Amino Acid (pC/N) Reference
Threonine 4.9 pC/N (dzg) [111]
Proline 27.75 pC/N (dps) [111]
Asparagine 13 pC/N (dys) [111]
Histidine 18 pC/N (dy) [111]
Leucine 12.5 pC/N (d1¢) [112]
Isoleucine 25 pC/N (dss) [111]
Cysteine 11.4 pC/N (dp2) [111]
Glycine 178 pC/N (dy6) [113]
Alanine 17.75 pC/N (dp4) [113]
Poly-Amino Acid/Peptide P1ezoe1ei;réc/§)o efficient Reference
Keratin 1.8 pC/N (d14) [106]
Lysozyme 6.5 pC/N (dz3) [106]
Diphenylalanine (FF) 80 pC/N (dy5) [109]
poly(y-benzyl-«,L-glutamate) PBLG 25 pC/N (ds3) [114]
poly-y-methyl-l-glutamate (PMLG) 2 pC/N (d14) [115]

5. Fabrication Methods/Delivery Strategies for Piezoelectric Materials
5.1. Electrospun Fibers

Electrospinning is one of the most explored fabrication techniques for the development
of nanofibers of piezoelectric materials (Figure 8). Nanofibers are popular scaffolds owing
to its high surface area, tunable fiber morphology, ability to tailor the scaffold shape and
fiber orientation, ease of surface functionalization, and porous structure, which mimics the
natural extracellular matrix [116]. The underlying principle of electrospinning relies on
the electrostatic interaction between a concentrated polymer solution and an oppositely
charged collector system within a high voltage (1-30 kV) electrical field. Due to the high
electric field, the surface tension of the polymer solution decreases and results in surface
charge generation followed by Taylor cone formation, which leads to the stretching of the
concentrated polymer solution and the formation of nanofiber deposited onto the collector
system [117]. The ability to tailor the fiber diameter and morphology depends on several
key factors such as the polymer concentration/viscosity, applied voltage, tip to collector
distance, flow rate, needle diameter, temperature, and humidity. Different types of collector
systems are also used to obtain different alignments and specific geometry of nanofibers;
for instance, a commonly used rotating collector is used to align nanofibers in a parallel
manner depending on its rotating speed [115,116].
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Figure 8. Different methods for the fabrication of piezoelectric biomaterial scaffolds.

Over the years, a plethora of works have reported the use of electrospinning scaf-
folds in dental applications, including pulp-dentin complex regeneration [118], repair of
defects in periodontal tissues such as alveolar bone and periodontal ligament (PDL) [119],
and guided tissue regeneration (GTR) membranes [120]. Nevertheless, it is also well
evidenced that the reinforcement of nanoparticles with electrospinning scaffolds leads
to multifunctionality and increased mechanical properties and tunable biodegradabil-
ity. One such study reported by Bae et al. demonstrated that an electrospun scaffold
of collagen with nano-bioactive glass (nBG) exhibited enhanced cell adhesion and pro-
liferation, better mineralization, and increased levels of odontoblastic gene expression,
including DSPP, DMP-1, ALP, OPN, and OCN, which leads to odontogenic differenti-
ation of hDPSCs for dental-pulp tissue regeneration [116]. In another work, Guo et al.
fabricated a polyurethane/polyvinylidene fluoride (PU/PVDF) electrospun scaffold for
wound healing [121]. They reported that during the electrospinning process, the high
electrical field induces a piezoelectric 3-crystalline phase of PVDF [121]. Nevertheless,
sometimes additional post-processing modification such as corona poling is also carried
out to improve the overall piezoelectric performance and increase the ds3 coefficient. For
instance, Das et al. [68] improved the piezoelectric coefficient through the thermal poling
process by annealing piezoelectric nanofibers at 105 °C for 10 h. Moreover, the process of
electrospinning followed by thermal/electrical poling is a convenient technique to fabricate
nanofibers of various piezoelectric polymer materials with diverse applications.

5.2. Hydrogels

Ahydrogel is a three-dimensional network of a hydrophilic polymer system with more
than a 10% water content in its structure, which in turn shows good biocompatibility due to
the high moisture content [122] (Figure 8). Owing to its 3D matrix configuration, it not only
mimics the natural ECM microenvironment but also supports cell attachment, proliferation,
differentiation, regulating cell behavior, and intracellular signaling, simulating the recovery
of the microenvironment of cell life properties [123,124]. A recent review by Ye et al. [124]
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reported the versatility of hydrogel scaffolds for several dental purposes such as dental
pulp regeneration, periodontal tissue regeneration, and drug delivery. Another recent study
by Siddiqui et al. [122] demonstrated the potential of self-assembled peptide hydrogel
scaffolds for dental pulp tissue regeneration after pulpectomy, which is a major clinical
challenge in endodontics.

Li et al. [123] fabricated a piezoelectric hydrogel of polyacrylonitrile-acrylamide-
styrene sulfate-poly (vinylidene fluoride) (PAAN-PVDF) and reported that the fabricated
PAAN-PVDF (15%) hydrogel was able to produce an output voltage close to 50 mV when
the force was greater than 35 N [123]. However, it is important to note that in the case
of the hydrogel matrix system, the output electrical signal resulted from two different
aspects: one is the dipole moment of the piezo-material and the shape variable gener-
ated from the deformed hydrogel under certain forces. PAAN-PVDF also exhibits large
stretchability (~380%) and skin-like ductility and promotes angiogenesis in HUVEC cells
under piezoelectric stimulation [123]. Another piezoelectric hydrogel was created by
Zhou et al. [123] by combining poly (2-hydroxyethyl methacrylate) (PHEMA) doped with
conductive nanoparticles, i.e., graphene oxide (GO) and single-walled carbon nanotubes
(SWCNTs). They reported that the piezoelectricity of the resulting hydrogel is directly
proportional to the amount of GO reinforcement but has a negative impact in the case of
SWCNTs due to the internal slipping within a bunch of the nanotubes [123].

5.3. Additive Manufacturing: ‘3D Printing’

The exploration of additive manufacturing or 3D printing has been revolutionizing
the worlds of tissue engineering and regenerative medicine (Figure 8). Three-dimensional
printing gives us unique advantages over other conventional fabrication techniques thanks
to its precise patient-specific complex anatomical replica fabrication with minimal ef-
forts [125,126]. In dental applications, the usability of additive manufacturing technology
has been explored, from orthodontics, periodontics, and restorative dentistry to endodon-
tics and implant dentistry. For dental applications, different types of 3D printing platforms
have been explored for different purposes such as stereolithography (SLA) or fused deposi-
tion modeling (FDM), which is mainly used for the fabrication of solid scaffolds, photopoly-
mer jetting, and digital light processing using light cure resins, which have mainly been
investigated for tissue engineering and drug delivery purposes [127,128]. The advancement
of this growing technology also gives the opportunity to combine spatio-temporal designed
scaffolds with cells, growth factors, and biomaterials to fabricate multiscale scaffolds that
maximally imitate natural tissue characteristics. This process is also widely known as 3D
bioprinting [128]. Additive manufacturing also enables the integration of two different ma-
terial systems in the same scaffold, which ensures better physiological tissue mimicry and
enhances the integration of soft and hard tissue, reducing the chances of stress shielding
and improving the rate of tissue regeneration [129].

The application of 3D printing with piezoelectric materials was first reported by Kim’s
group, who combined BT nanoparticles with PVDF and printed the blend using an FDM
system to fabricate a piezoelectric dental implant [17]. Subsequently, after the printing, they
also modified the implants using a 1 nm trench laser to fabricate a honeycomb-inspired con-
figuration, which enhances the overall mechanical properties of the implants [15]. Studies
have attempted to develop advanced additive manufacturing techniques such as electric
poling-assisted additive manufacturing (EPAM) and integrated 3D printing and corona
poling (IPC) by combining the corona poling process during 3D printing [129,130]. Such
advanced additive manufacturing processes pave the way for rapid scalability of piezo
scaffolds by avoiding the post-processing poling stage requirement to enable piezoelectric-
ity [131]. Not only that, after the 3D printing process, one can control the generated electric
potential by modulating the amount of mechanical stress, which is also referred to as 4D
printing [132]. Collectively, by taking advantage of the 3D printing approach and piezoelec-
tricity, it is possible to fabricate multiscale, multifunctional tissue regeneration strategies.
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5.4. Other Methods

Apart from the conventional fabrication techniques, piezoelectric materials are also
investigated with other formulation systems. For instance, solvent casting, PDMS molding,
and spin coating are other common techniques used to fabricate piezoelectric material-
based scaffolds [132,133]. For instance, the piezoelectric dermal patch by Bhang et al. [5]
was fabricated using layer-by-layer spin coating followed by PDMS curing. Neverthe-
less, they also reported that a ZnO nanorod-reinforced PDMS patch was also able to
generate piezoelectricity during the normal hand rubbing process, which induces the
dipole alignment.

6. Summary, Conclusions, and Future Perspectives

The highly tunable physicochemical properties and multifunctionality of piezoelectric
materials are strong advantages when considering this class of material as scaffolds for
dental tissue engineering. Despite the evidence that dental tissues such as dentin have
inherent piezoelectric properties and the emerging evidence indicating the advantages
of piezoelectric biomaterials, research and development in piezoelectricity-based dental
tissue regeneration is extremely limited. Even the studies that reported promising activity
for biomaterials did not provide experimental proof to establish and apply piezoelectric
behavior for this application. Regarding this aspect, Figure 9 provides a bird’s eye view of
the potential applications of smart piezoelectric materials in dentistry. For instance, piezo-
electric materials could be fabricated as nanoparticles or nanorods to form antimicrobial or
mineralizing agents or, on the other hand, forms such as nanofibers or 3D-printed scaffolds
can be explored for guided tissue regeneration purposes. Nevertheless, combination with
small therapeutic agents, peptides, or DNA piezo scaffolds could also be investigated as a
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However, one major challenge in the clinical translation of piezoelectric biomaterial-
based scaffold systems is the validation of whether the stress/mechanical load produced
during physiological movement is sufficient to generate piezoelectric potential for the
specific biological action. For instance, it has been evidenced that a higher electric potential
is preferable for mammalian cell adhesion, proliferation, or tissue regeneration and min-
eralization purposes whereas a lower electric potential is preferable for bacterial killing.
For instance, the best antimicrobial effect was shown by 10% BT-reinforced dental resin
composite with an electric potential of 1.2 pC/cm?, which contrasts with the maximum
mineralization efficiency exhibited by 60% BT-composites with a higher electric potential,
i.e., 3.2 pC/cm? [44]. An important research gap in this area is the characterization of
whether the same electric potential can kill Gram-positive bacteria, Gram-negative bacteria,
and yeasts and eradicate or inhibit biofilms. Another research gap is the lack of a clear
elucidation of the mechanisms and molecular signaling pathways by which these materials
elicit biological effects both in microbiota and human cells. The long-term biocompatibility
of most piezoelectric biomaterials remains to be thoroughly investigated. Furthermore,
to develop smart biocompatible piezoelectric scaffold systems, tuning of the piezoelec-
tric characteristics of pristine piezoelectric materials through chemical modification or
biomolecule conjugation is an important avenue for future research.

7. Conclusions

The repair and regeneration of the dentin-pulp complex remain a formidable challenge
given the sheer biological complexity of this system. The discovery of piezoelectric materi-
als may be considered an important landmark owing to its multifaceted functionalities and
excellent tunability. In this review, we discussed how piezoelectric responses generated
from piezoelectric biomaterials have been exploited for tissue engineering, antimicrobial,
and anti-inflammatory functions. Based on the current review, while it appears plausible
that piezoelectric materials may position themselves comfortably as multi-functional bio-
materials, the lack of evidence with several outcome measures is also apparent. Despite
such voids in the evidence base, these biomaterials may open new doors for successful
next-generation regenerative strategies in a field where there is a dire clinical need for
innovation and application.
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Abstract: In the present study we evaluated the cytotoxicity of super-oxidized water on human
gingival fibroblasts and its efficacy in debris and smear layer removal from root canal walls. Cultured
gingival fibroblasts were exposed to super-oxidized water (Sterilox), which was diluted in Iscove’s
modified Dulbecco’s medium (IMDM) at 30%, 40%, 50%, 60% and 70% concentrations. The control
group was maintained in IMDM. The cell viability was evaluated by means of an MTT assay after
incubation periods of 1 h, 2 h, 24 h and 48 h. Pathological cellular changes were also observed
under fluorescence and phase contrast microscopes. The efficacy in debris and smear layer removal
was evaluated in comparison to the conventional application of sodium hypochlorite (NaOCl) and
ethylenediaminetetraacetic acid (EDTA). Forty maxillary premolars were randomly divided into
two equal groups (n = 20) and shaped with ProTaper NEXT rotary instruments using Sterilox or
NaOCI/EDTA for irrigation. Afterwards, roots were split longitudinally and examined under a
scanning electron microscope. The results revealed that super-oxidized water and sterile distilled
water have acceptable biological properties for endodontic applications at concentrations up to 50%
(p > 0.05). Moreover, super-oxidized water is equally effective in debris and smear layer removal as
compared to NaOCI/EDTA (p > 0.05).

Keywords: cytotoxicity; debris; human gingival fibroblasts; irrigation; root canal; smear layer;
Sterilox; super-oxidized water

1. Introduction

Failure of endodontic treatment is mostly related to the remaining microorganisms and
their products within the root canal system [1]. Attempts to reduce the microbial load below
a critical threshold, which can be subsequently controlled by the immune system [2], usually
rely on a combination of mechanical root canal preparation and chemical disinfection [3].
Root canal instrumentation aims to remove necrotic pulp tissues, mechanically disrupt
the biofilm matrix and facilitate the flow of the irrigant within the entire length of the
root canal [4]. However, endodontic treatment of immature permanent teeth may limit
the removal of root dentin to a minimum, since the cessation of root development makes
the tooth more susceptible to fracture [5]. In these clinical situations, the debridement of
the root canal system is mainly achieved by chemical means [6], which may also require
special safety precautions due to the open root apex. It has been reported that nearly half
of endodontists experience an accidental irrigant extrusion into the periapical tissues at
least once, and open root apices, either iatrogenic or anatomic, may impel the occurrence of
irrigant extrusion [7]. Even though various irrigation and irrigant activation techniques
have been proposed to avoid inadvertent irrigant extrusion [8], some limitations in terms
of safety or cleaning effectiveness usually remain [9]. Therefore, the irrigating solution
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should be selected appropriately in these clinical cases and should exhibit a high efficacy in
root canal disinfection and debridement, along with the absence of toxicity towards the
periodontal tissues.

Sodium hypochlorite (NaOCl) is generally assumed to be a benchmark for root canal
irrigation due to its exceptional antimicrobial activity, tissue-dissolving properties, low
cost and wide availability [1]. Traditionally, the use of NaOCl is followed by the use of
calcium chelating agents, such as ethylenediaminetetraacetic acid (EDTA), which dissolve
the inorganic part of the smear layer and result in a wider range of open dentinal tubules,
thus contributing to the superior debridement and disinfection of the root canal system [10].
The combined application of NaOCl and EDTA has been successfully used in root canal
treatment for decades and it is uncertain whether more cost-effective irrigating solutions
will be ever found [11]. However, cytotoxicity is a well-known shortcoming of NaOC] that
may cause the rapid destruction of periodontal tissues and provoke acute pain, swelling
and hematoma when extruded beyond the root canal system [12]. The inadvertent ex-
trusion of NaOCI can be extremely deleterious in immature permanent teeth, leading
to the compromised viability of stem cells, which typically reside in close proximity to
the root apex and guide the root formation process jointly with Hertwig’s epithelial root
sheath [5,13]. Moreover, EDTA associated with NaOCl has proved to induce dentin erosion
and adversely affect the dentin microstructure by altering the primary ratio of organic and
inorganic components [14]. All these deleterious effects, leading to a significant decrease
in dentin’s elastic modulus and flexural strength, as well as potential cellular damage,
may jeopardize the long-term prognosis of the tooth [5,15]. Therefore, super-oxidized, or
electrochemically activated, water has been previously suggested as one of the potential
alternatives for the conventional application of NaOCl and EDTA [16].

Super-oxidized water is typically produced via the electrolysis of dilute salt (NaCl),
and contains a mixture of chlorine-based oxidants, such as hypochlorous acid (HOCI),
which penetrate the lipid bilayer of the cell membrane and kill pathogens through chlorina-
tion or oxidation processes [17]. Previous studies have confirmed that electrochemically
activated water exhibits broad-spectrum antimicrobial activity, effectively prevents biofilm
formation and leads to a considerable reduction in microbial load, with no significant
differences to NaOCl or chlorhexidine gluconate (CHX) [18,19]. These disinfection prop-
erties have made super-oxidized water widely used in medicine for wound care and scar
management [18]. Successful treatment outcomes, obtained in wound healing [20], suggest
that electrochemically activated water provides biocompatibility and favorable cellular re-
sponses, making this solution a particularly attractive option for root canal treatment or the
management of endodontic complications, where a high risk of irrigant extrusion into sur-
rounding periodontal tissues exists. However, more evidence-based data on super-oxidized
water cytotoxicity are needed to confirm its safe biological responses at the cellular level.

Previous studies have shown that electrochemically activated water has little or no
impact on the organic component of the dentin matrix [11] and causes fewer dentinal
erosion as compared to EDTA [21]. However, the efficacy of super-oxidized water in debris
and smear layer removal is still a subject of controversy that needs to be addressed [11,21].
Therefore, in the present study we aimed to evaluate both the potential cytotoxicity of
super-oxidized water on cultured human gingival fibroblasts and its efficacy in debris and
smear layer removal. The null hypothesis tested was that super-oxidized water is a safe
and non-toxic irrigating solution, removing debris and the smear layer from root canal
walls with no significant differences compared to the conventional application of NaOCl
and EDTA.
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2. Materials and Methods
2.1. Assessment of Cytotoxity
2.1.1. Cell Culture Preparation

Human gingival fibroblasts were grown from a connective tissue graft, which was
obtained from a healthy patient undergoing a gingivectomy procedure in the premolar
region. The grafted tissue (2-3 mm?) was transported in Dulbecco’s modified Eagle’s
medium (DMEM,; Gibco, Grand Island, NY, USA) supplemented with 250 U/mL penicillin,
0.25 mg/mL streptomycin, 0.05 mg/mL gentamycin and 200 U/mL nystatin. The specimen
was subsequently washed with a new portion of DMEM and transferred to Iscove’s modi-
fied Dulbecco’s medium (IMDM; Gibco, Grand Island, NY, USA), containing 250 U/mL
penicillin, 0.25 mg/mL streptomycin and 20% fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA). The grafted tissue was minced under sterile conditions, seeded in 96-well plates
and incubated at 37 °C in a 5% CO, atmosphere and 95% relative humidity. The IMDM
was changed every 48 h for 2 weeks until the confluence of 80% was reached. Afterwards,
the cell monolayer was rinsed in phosphate buffered saline (PBS) without calcium and
magnesium, dissociated with 0.25% trypsin/EDTA solution, seeded to new 96-well plates
and continued to cultivate. The cell culture of 8-10 passages was used for further analysis.

2.1.2. MTT Assay

Human gingival fibroblasts were seeded in 96-well plates at a density of 5 x 10° cells
per 100 puL of IMDM. After the incubation period of 24 h, IMDM was replaced with 100 pL
of test medium-Sterilox solution (Optident, Ilkley, UK) + IMDM. Sterilox solution was
diluted in IMDM at 30%, 40%, 50%, 60% and 70% concentrations. The control group was
maintained in IMDM. All specimens were incubated for 1 h, 2 h, 24 h and 48 h. After the
specified time periods, the test medium was removed and 10 uL of 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) was added to each well. Cells with MTT
were incubated for 4 h at 37 °C in a humidified 5% CO, atmosphere. The MTT was
subsequently aspirated and formazan crystals, produced by dehydrogenases in viable
cells, were dissolved in the ethanol. The intensity of the colored solution was measured
using a Tecan Infinite 200 absorbance microplate reader (Tecan, Mdnnedorf, Switzerland)
at a 570 nm wavelength. Cell viability was evaluated proportionally to absorbance. The
mean values obtained from the control group were considered 100% cell viability, and
values obtained from experimental groups were expressed as percentages of viable cells
proportionally to the control group.

2.1.3. Fluorescence and Phase Contrast Microscopy

Human gingival fibroblasts were incubated for 24 h in test mediums and then treated
with 1 puL of dual fluorescent staining solution containing 100 ng/mL acridine orange
(AO) and 100 pg/mL ethidium bromide (EB). The 10 uL suspensions of stained cells
were placed on a clean microscope slide and covered with a coverslip. Apoptotic cells
were visualized under an Eclipse TS100-F fluorescent microscope (Nikon, Tokyo, Japan) at
%200 magnification.

Additional microscopy for the direct identification of pathological cellular changes was
performed using an Eclipse TS100-F microscope with a phase contrast set at x 100 magnification.

2.2. Assessment of Smear Layer and Debris Removal
2.2.1. Specimen Selection and Preparation

A total of 40 human maxillary premolars having one root canal and fully developed
root apices were included in this study, under the approval of the local ethics committee
(protocol no. EK-2). Teeth were extracted for reasons unrelated to the study and were
stored in an isotonic saline solution at room temperature until use.
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Standard endodontic access cavities were prepared with a high-speed Endo Access
bur (Dentsply Sirona, Ballaiques, Switzerland) under copious water-cooling. The working
length (WL) was determined by inserting a size 10 K-file (Dentsply Sirona, Ballaiques,
Switzerland) into the root canal until the tip of the instrument reached the apical foramen
and was visible under x 10 magnification (OPMI Pico, Carl Zeiss, Oberkochen, Germany).
The WL was established 1 mm from the apical foramen. Afterwards, the root apices were
covered with a small amount of sticky wax to prevent the overflow of irrigating solution
beyond the apical foramen.

Root canal shaping was performed with rotary nickel-titanium instruments ProTaper
NEXT (Dentsply Sirona, Ballaiques, Switzerland) at the established WL. Instruments were
driven at the rotation speed of 300 rpm and the torque of 1 Ncm in the following sequence:
X1 (17/0.04), X2 (25/0.06), X3 (30/0.07), X4 (40/0.06). After the use of each instrument,
root canals were repeatedly irrigated with an open-ended 29-G NaviTip needle (Ultradent
Products Inc., South Jordan, UT, USA), attached to disposable syringes. The type of
irrigating solution varied between two randomly allocated (www.random.org (accessed on
13 July 2022)) experimental groups (20 teeth per group):

e  Sterilox group—root canals were repeatedly irrigated with 2 mL Sterilox solution,
containing 200 ppm of available free chlorine. At the end of instrumentation, the
irrigation needle was placed 1 mm from the WL and a final 1 min rinse with 4 mL
Sterilox, followed by 4 mL distilled water, was performed, moving the needle along
the root canal in a 5 mm amplitude.

e NaOCI/EDTA group—root canals were irrigated with 2 mL 3% NaOCI solution
(Ultradent Products Inc., South Jordan, UT, USA) after every change of the instrument.
The final 1 min flush was performed in the following sequence: 2 mL 3% NaOCl, 2 mL
18% EDTA (Ultradent Products Inc., South Jordan, UT, USA) and 4 mL distilled water.

At the end of the irrigation process, all root canals were dried with sterile paper points.
Teeth were prepared by the same operator—an experienced endodontist.

2.2.2. Scanning Electron Microscopy

All specimens were decoronated at the cemento-enamel junction with a diamond-
coated high-speed fissure bur and then grooved longitudinally on the buccal and lingual
surfaces without penetrating the root canal. Roots were gently split into two halves using a
small chisel, and completely dehydrated in a graded ethanol series at room temperature.
The examination of each root half was performed under a Stereoscan 100 scanning elec-
tron microscope (Cambridge Instrument CO, Cambridge, UK). Ten microscopic fields at
%200 magnification (for debris) and fifteen at <1000 (for smear layer) were assessed in the
apical, middle and coronal thirds. The grading system was used to score the amount of
superficial debris as follows:

e  Score 1—clean root canal wall, only few small particles of debris;
e  Score 2—small agglomerations of debris;
e  Score 3—debris covering < 50% of the surface;
e  Score 4—debris covering > 50% of the surface;
e  Score 5—complete or nearly complete coverage by debris.
The presence of the smear layer was graded as follows:
e  Score 1—no smear layer, dentinal tubules are open;
e  Score 2—small amount of smear layer, some dentinal tubules are open;

Score 3—homogenous smear layer covering the surface, only a few dentinal tubules
are open;

Score 4—complete coverage by homogenous smear layer, no open dentinal tubules;
Score 5—complete coverage by a heavy, non-homogenous smear layer.
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Percentages of viable fibroblasts

The scoring procedure was performed blindly by two trained and independent exam-
iners, who scored each microscopic field from 1 to 5. The mean values of the debris and
smear layer were calculated for each root canal third.

2.3. Statistical Analysis

Statistical analysis was performed using RStudio software (RStudio Inc., Boston,
MA, USA). The assumption of the normality of cell viability data was assessed with the
Shapiro-Wilk test and then the homogeneity of variance was confirmed via Levene’s test.
Statistically significant differences between data sets were determined using Student’s ¢-test
and one-way analysis of variance (ANOVA).

The smear layer and debris scores revealed a non-normal distribution, according to
the Shapiro-Wilk test. Therefore, a non-parametric Mann-Whitney test was used for inter-
group comparisons, and the Friedman test, followed by the Wilcoxon test, was selected for
intra-group comparisons.

The significance level for all comparisons was set at 5%.

3. Results
3.1. Cytotoxity

The MTT assay revealed a tendency of Sterilox solutions to reduce cell viability in a
concentration- and time-dependent manner. The lowest percentages of viable fibroblasts
were observed after 24 h and 48 h incubation at a 70% concentration (Figure 1). No
statistically significant differences were detected when the Sterilox and control groups were
compared up to 50% concentrations. However, Sterilox was considerably more cytotoxic at
concentrations above 50% after 24 h and 48 h (p < 0.05).
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Figure 1. Percentages of viable human gingival fibroblasts after exposure to Sterilox. The black dots
(e) above columns indicate statistically significant differences between Sterilox and control groups
(p <0.05).

The analysis of cell viability was supported by images obtained via fluorescence and
phase contrast microscopy (Figure 2). Control cells demonstrated the typical fibroblast
morphology, forming a sound monolayer, whereas exposure to Sterilox apparently in-
duced a variety of pathological cellular changes. Apoptotic features at higher Sterilox
concentrations appeared as cytoplasmic vacuolization, nuclear shrinkage (pyknosis) and
cell rounding.
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Figure 2. Representative microscopic images of human gingival fibroblasts at X200 magnification
after a 24 h incubation period. The bright red fluorescent coloration indicates the presence of apoptotic
cells, whereas healthy viable cells appear green. Scale bar: 300 pum.

3.2. Smear Layer and Debris Removal

The mean scores of the debris and smear layer are summarized in Table 1. Even
though some microscopic fields were free of a smear layer and debris (Figure 3), none of
the irrigating solutions used in the present study was able to provide complete cleanliness
along the entire length of the root canal.

Table 1. Mean scores and standard deviations of the debris and smear layer for each group in the
different root canal third.

c Debris (1 = 200) Smear Layer (n = 300)
rou
P Coronal Third Middle Third Apical Third Coronal Third Middle Third Apical Third
Sterilox 142 +0.424 1.99 +0.84 217 +1.06 A 255+1.19B 3.36 £ 1.22 3.674+0.84 B
NaOCl/EDTA 141 +£024€ 1.67 £0.72 1.83 +£0.54 € 208+1.11P 2.53 +£1.22 2.75+0.93 P

n refers to the number of SEM photographs obtained and scored per group in each third. The same superscript
letter indicates a significant difference between root canal thirds (p < 0.05).
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A

Figure 3. Representative SEM images of (A) debris-free root canal surface (middle third) at
%200 magnification; (B) smear layer-free root canal surface (coronal third) at x 1000 magnification.

The amount of smear layer and debris increased from the coronal to the apical third in
both experimental groups. However, no statistically significant differences were detected
between the Sterilox and NaOCI/EDTA groups (p > 0.05) regardless of the lower mean
scores observed in the NaOCl/EDTA.

4. Discussion

The replacement of NaOCl and EDTA with a non-toxic and less erosive irrigating
solution has been regarded as one of the preventive measures to avoid potential damage to
periapical tissues and the dentin microstructure [22]. However, a preferred alternative to
NaOCl and EDTA has not been identified to date. Even though CHX is usually suggested
as an appropriate choice, it has been reported that CHX has little or no tissue-dissolving
properties and its concentration recommended for endodontic treatment provides the
cytotoxicity similar to that of NaOCl [7]. Moreover, if NaOCl is used to irrigate the
root canal, the addition of CHX may lead to brown cytotoxic precipitate formation, with
consequent tooth discoloration and a possible negative effect on the sealing ability of
theobturation material [23]. Therefore, in the present study we focused on super-oxidized
water, which has been previously suggested as another possible endodontic irrigant [24],
belonging to the same group of chlorine-based solutions as NaOCl and CHX.

The main active compound of super-oxidized water is hypochlorous acid (HOCI),
which dissociates to hypochlorite ions (OCI™) only in alkaline environments and has
extensively-studied antimicrobial activity against bacteria, fungi and viruses [18,25]. In
contrast with hypochlorite ions (OCl~), which dominate in NaOClI solution due to its
high pH, the HOCI molecule is electrically neutral and can easily penetrate the target
cell to exert a strong and rapid bactericidal response [17]. The detrimental effect of HOCI,
triggering a variety of cell death mechanisms, has also been detected on different human cell
lines [26]. However, evidence suggests that HOCI exhibits its cytotoxicity on human cells in
a concentration-dependent manner [27], and only high local concentrations are associated
with HOCl-induced cellular damage and oxidative stress [26]. These observations are in
accordance with the present study, in which the apoptotic features of super-oxidized water,
having an oxidation reduction potential of more than 950 mV, were directly related to the
concentration.

The concentration with which HOCI induces irreversible damage to cells may also
depend on the cell type [26]. However, the cytotoxicity of HOCI on cultured human gingi-
val fibroblasts has not been investigated previously and thus the mechanism associated
with fibroblast resistance to HOCl-mediated oxidative stress remains unclear. It is known
that HOCl is a naturally occurring molecule produced by the immune system to destroy
invading microorganisms [18]. During the activation of neutrophils, the respiratory burst
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generates hydrogen peroxide (H,O;) and subsequently the released enzyme myeloperox-
idase catalyzes the formation of HOCI in the presence of HyO; [28]. Therefore, it can be
speculated that fibroblasts, which play an important role in the process of local inflamma-
tion [29], presumably possess a specific defense mechanism providing tolerance to a certain
level of HOCI. This has been partially confirmed in a previous study, demonstrating that
human gingival fibroblasts at the early stage of inflammation may increase the expression
of special enzymes, which repair DNA damage caused by oxidative stress and provide
an anti-apoptotic effect for up to 48 h [30]. This short-term self-recovery mechanism may
explain the results of the present study, in which the viability of human gingival fibroblasts
diminished in a time-dependent manner and reached its lowest level after the incubation
period of 48 h. However, a significant decrease in cell viability was observed only with
highly concentrated super-oxidized water, whereas concentrations up to 50% successfully
retained acceptable biological properties within the specified time periods. These findings
partially confirm the null hypothesis associated with the biocompatibility of super-oxidized
water and may serve as a guideline for further clinical investigations, which are necessary
to confirm the range of clinically safe concentrations, as various cellular processes that
are unreproducible by in vitro models may also influence the quantitative extension of
HOCl-induced cytotoxicity.

The ability to remove debris and the smear layer from root canal walls is another
crucial property for irrigating solutions. Even though it is usually not considered to be of
primary importance, non-removed accumulated hard tissue remnants may conceal microor-
ganisms and act as a barrier, preventing the penetration of the irrigant and subsequently
the sealer into the dentinal tubules [31]. The results of the present study demonstrated that
super-oxidized water has no significant differences in debris and smear layer removal as
compared to the conventional root canal irrigation protocol using NaOCl and EDTA. The
exact mechanism by which super-oxidized water dissolves tissues is not fully understood.
Evidence suggests that the tissue-dissolving properties of chlorine-based solutions are
mainly determined by OCI™ ions, which begin to be released in low amounts from HOCI
at pH values above 5.5 and become the completely dominant form at a pH of 9 [25,32].
However, the OCl™ concentration in super-oxidized water is generally assumed to remain
low due to its pH range of 5 to 6.5 [24]. Theoretically, these pH values could be increased by
the buffering effect of dentin, leading to the higher amount of OCI™ ions and thus the more
efficient removal of debris and the smear layer [32,33]. Nevertheless, the influence of the
dentin-buffering effect on super-oxidized water pH levels has not been investigated to date,
and there is also a possibility that a low concentration of OCl™ might be compensated for
by various other reactive ions and compounds generated during the electrolysis process.

Some limitations of SEM analysis should be also highlighted as one of the factors
influencing the results of the present study. Even though SEM is a widely accepted method
to assess the ability of endodontic irrigants to remove debris and smear layers [34], this
method requires sample sectioning and allows the evaluation only of small selected areas,
hence resulting in the potential loss of some valuable information [35]. In order to minimize
these limitations, each third of gently halved roots was fully screened under SEM and only
areas with the greatest amount of debris and smear layers were selected for further analysis.
This evaluation method demonstrated that none of the irrigating solutions used in the
present study was able to completely debride the root canal walls, even though some areas
were proved to be free of smear layers and debris. The highest amount of residual debris
and smear layer was observed in the apical root canal third for both experimental groups.
These outcomes might be explained by the limited replenishment and exchange of the
irrigating solution in the apical area, despite the sufficient root canal enlargement in the full
working length [36]. Previous studies have demonstrated that the mechanical effect of the
irrigation process has also a crucial role in the efficacy of root canal debridement [3], and
thus various irrigation protocols following sonic or ultrasonic activation of the irrigating
solution are highly recommended in terms of debris and smear layer removal [9]. However,
the irrigation process in the present study was performed using syringes alone, with no

41



J. Funct. Biomater. 2022, 13,95

variation in the volume and flow rate of the irrigants, with the aim of assessing the chemical
debridement of root canals.

The current findings suggest that super-oxidized water, due to its relative non-toxicity
and favorable efficacy in debris and smear layer removal, might be a noteworthy alternative
to the conventional application of NaOCl and EDTA. It is not likely that super-oxidized
water will ever replace NaOCl and EDTA in daily clinical practice, as it exerts no pulp tissue-
dissolving properties [9], retains stability only for 14 days under ideal conditions [11] and
contains a lower concentration of available free chlorine than NaOCl, thus requiring a larger
amount of the irrigant for adequate disinfection [37]. However, in clinical situations, where
irrigant extrusion is a great concern, super-oxidized water could be regarded as a safe and
effective option. Further studies, especially well-designed clinical trials, would be highly
valuable in order to confirm this hypothesis, as it is impossible to fully reproduce all the
clinical conditions and possible biological reactions by means of simplified in vitro models.

5. Conclusions

Within the limitations of the present study, it can be concluded that super-oxidized
water exhibits an acceptable biocompatibility at concentrations up to 50%, whereas higher
concentrations exert apoptotic effects in a time-dependent manner. The efficacy of super-
oxidized water in debris and smear layer removal exhibited no significant differences
compared to the conventional irrigation protocol of NaOCI/EDTA, even though the supe-
rior debridement of root canals was observed in the NaOCl/EDTA group.
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Abstract: In this study, some physicochemical and antibacterial properties of three root canal filling
materials for primary teeth, Calplus “CP” (Prevest DenPro, Lewes, DE, USA), Bio-C Pulpecto “Bio-
CP” (Angelus, Basil, Londrina, Parana, Brazil), and Zinc Oxide and Eugenol “ZOE” (Prevest DenPro,
Lewes, DE, USA) were compared. For each material, the pH, solubility, contact angle, and crystalline
microstructure under SEM were evaluated. Their antibacterial activity against Enterococcus faecalis
was determined through direct tests. The Kruskal-Wallis test was used to analyze the results using
a one-way analysis of variance on ranks. All the materials had an alkaline pH at 3, 24, and 72 h,
with CalPlus having the highest (p < 0.05). Bio-CP was more soluble during the evaluation period
(24 h) than ZOE and CalPlus (p < 0.05). Bio-CP and ZOE demonstrated the creation of crystallite
structures on their surfaces after immersion in PBS at 37 °C, whereas CalPlus showed none. The
lowest contact angle was observed for Bio-CP (53 =+ 1.5°); contact angles of (86 + 4°) and (96 + 1°),
respectively, were observed after 10 s of the deposition of the water drop for CalPlus and ZOE. In
conclusion, according to this study, there is still a need to develop new filling materials for primary
teeth. ZOE, CalPlus and Bio-CP demonstrated different physicochemical and antibacterial properties,
but none of the materials had optimal properties and could be considered the most suitable filling
material for primary teeth pulpectomy. Bioceramics in their current state are not an alternative. The
physicochemical and antibacterial properties still need improvement to fit the intricate anatomy of
primary teeth.

Keywords: deciduous tooth; calcium silicate material; calcium hydroxide and iodoform; zinc oxide
eugenol; root canal filling

1. Introduction

When faced with an irreversibly infected or necrotic pulp, pulpectomy aims to retain
primary teeth in a functional, healthy state until their physiological exfoliation [1]. The
ultimate root canal filling material should be antibacterial, and resorbable at the same
rate as the primary roots or if extruded. Moreover, it should bond to canal walls without
shrinking, and cause no harm to the periapical area or the developing tooth germ [2].
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A plethora of materials have been proposed over the years like zinc oxide eugenol
alone or with formocresol, iodoform, and camphorated phenol. Pastes containing calcium
hydroxide, iodoform, or a mixture of both have also been suggested [3-6].

Zinc oxide eugenol (ZOE) cement, a combination of zinc oxide (powder) and eugenol
(liquid) has been, until recently, the most common filling material used [7]. However, it
sets into a thick mass that resists resorption, may irritate periapical tissues, and can cause
deviation of the permanent tooth bud [8].

Oil-based calcium hydroxide pastes containing iodoform, such as CalPlus (DenPro,
Prevest, USA), have also been advocated as filling materials for primary teeth due to
their antibacterial and healing properties, and easy handling [9]. When compared to the
conventional filling materials (ZOE), this product is premixed and pre-dosed. It does not
require any manual mixing procedure [10]. Their main disadvantage is potential external
resorption and intracanal resorption, which can ultimately lead to failure [11].

New endodontic types of cement, such as bioceramics, have been gaining in popu-
larity because of their physicochemical and biological properties, including alkaline pH,
shrink-free property, chemical stability in the biological environment, biocompatibility, and
bioactivity [12]. Bioceramics are composed mainly of calcium silicate materials and are
a substitute for the traditionally used calcium hydroxide [13]. These bioactive materials
are used in permanent teeth in different applications such as pulpotomy, pulp capping,
resorption, perforation repair, and root canal filling [14-17]. They have also been recently
advocated in pediatric dentistry [18].

Bio-C Pulpecto (Bio-CP) (Angelus, Basil, Londrina, Parana, Brazil) is the first re-
sorbable bioceramic root canal filling material for primary teeth. It is composed of titanium
oxide, ester glycol salicylate, silicon dioxide, calcium tungstate, toluene sulphonamide,
and calcium silicate [19]. To date, there is no comparative study between Bio-CP, ZOE and
CalPlus paste regarding their physicochemical and antibacterial properties.

The obturation technique of primary teeth relies solely on the filling material, hence
the importance of the antibacterial activity of the filling material. One of the most prevalent
species resistant to mechanical preparation and irrigation protocols identified in human
primary teeth is Enterococcus faecalis [20-22]. Moreover, when opting for a filling material,
there should be a complete understanding of the physical and chemical behavior of the
material in order to choose the most appropriate for every clinical situation.

The aim of this study was to evaluate, in vitro, some physicochemical properties and
the antibacterial activity of ZOE, CalPlus, and Bio-C Pulpecto as resorbable filling materials
to determine the most appropriate filling material for primary teeth pulpectomy. The null
hypothesis was that there would be no significant difference in the physicochemical and/or
antibacterial characteristics between the three tested materials.

2. Materials and Methods
2.1. Materials

Calplus “CP” (DenPro, Prevest, USA), Bio-C Pulpecto “Bio-CP” (Angelus, Basil, Lond-
rina, Parana, Brazil), and Zinc Oxide and Eugenol “ZOE” (DenPro, Prevest, USA) were used
in the present study following the manufacturer’s instructions (Table 1). All specimens were
conserved in a dark container for 48 h at 37 °C to accomplish a complete setting time [23].

Table 1. Manipulation and manufacturer and of tested materials.

Materials Manufacturer Lot Mixing
Prevest DenPro, Lewes, .
Calplus (CP) DE, USA 3121906 Premixed
Bio-C Pulpecto Angelus, Basil, Londrina, .
(Bio-CP) Parana, Brazil 51152 Premixed
Zinc Oxide and Prevest DenPro, Lewes, 1561912 1.4 g zinc oxide to
Eugenol (ZOE) DE, USA 0.4 mL eugenol
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2.2. pH Measurements of the Aqueous Solution in Contact with the Cement

For each group, five samples were prepared using Teflon molds (3 mm in diameter
and 3.8 in height). Each sample was put in contact with 10 mL of distilled water at 37 °C.
A pH meter “CyberScan pH 510” (Thermo Scientific, Waltham, MA, USA) was used to
measure the pH of water in contact with each sample at 3, 24, and 72 h. Distilled water was
flushed over the pH meter electrode to eliminate contamination from the previous solution.

2.3. Solubility

Three samples (20 mm in diameter and 2 mm in height) of each group were prepared
and analyzed following a previous study [24]. Using a digital system (accuracy £ 0.0001 g),
the samples were weighed three times before the 24 h of the immersion period in 50 mL of
distilled water at 37 °C. After the aging period, the samples were taken out from distilled
water and then dried at 37 °C for 24 h. Finally, the samples were weighed again three times
and averaged to obtain the final weight. For each material, the solubility percentage was
attained from the difference in mass between the final and the initial weight.

2.4. Scanning Electron Microscope (SEM) of Crystallites Creation

Twelve samples for each material were prepared as described in Section 2.2. From
each group, three samples were stored in hermetic boxes and kept in dry conditions.
The remaining samples from each group were put in 10 mL of phosphate-buffered saline
(PBS10x, Dominique Dutscher, Bernolsheim, France) at 37 °C. Three periods were assigned
(24, 72, and 168 h) to investigate the morphological changes of the cement surfaces using
SEM analysis. After each period, distilled water was poured over the samples for 5 min.
These were mounted on SEM stubs and sputter-coated with gold—palladium (20/80),
then analyzed using an SEM (FEI Company, Eindhoven, The Netherlands, 10 kV) at a
magnification of x5000 with a working distance of 10 mm [25].

2.5. Water Sorption Tests

From each group, three samples were prepared using Teflon molds (10 mm in diameter
and 2 mm in height). After the setting time, the samples were kept dry in the fume hood
overnight. To evaluate the sorption time of a 5 puL. drop of distilled water into the cement
surface, a contact angle device (Biolin Scientific, Espoo, Finland) was used [14]. Using a
horizontal camera, a movie was recorded to track the profile of the water drop and its
absorption time.

2.6. Antimicrobial Activity

Enterococcus faecalis (E. faecalis, ATCC 29212) was cultured in a Brain Heart Infusion
medium (BHI) (Darmstadt, Germany). The turbidity of the bacterial medium containing
E. faecalis was adapted at ODggo(nm) = 0.3. To evaluate the antibacterial activity of these
against E. faecalis, a direct contact test (DCT) was used. Each sample was placed in a well
(24-well culture plate) (in triplicate). One mL of the bacterial medium was added to each
well and incubated in anaerobic conditions at 37 °C for 24 h under constant stirring at 450
rpm [26]. The bacterial medium without the tested filling materials was used as a control
group. After 24 h, on each specimen from each group, 10-fold serial dilutions up to 10° in
BHI were performed. A volume of 100 uL of each diluted medium was added onto a BHI
agar plate, then homogeneously spread and incubated at 37 °C for 24 h. Manual counting
was used to measure the E. faecalis concentration by counting the colonies on the plate, and
their CFU/mL (colony forming units/mL) was determined.

2.7. Statistical Analysis

The SigmaPlot release 11.2 (Systat Software, Inc., San Jose, CA, USA) was used to
analyze the data. The normality of the data was verified with the Shapiro-Wilk test. To
determine whether significant differences existed in the antibacterial activity, pH values,
solubility, and angle contact, the Kruskal-Wallis test (one-way analysis of variance on
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ranks) including multiple comparison procedures (Tukey Test) was used. A statistical
significance level was set at o« = 0.05.

3. Results
3.1. pH Analysis

The pH of the solution in contact with the different types of cement was described for
72 hin Figure 1. All three types of cement demonstrated an alkaline pH for the solution
in contact at 3, 24, and 72 h. CalPlus demonstrated the highest alkaline pH during 72
h compared to the two other types of cement. At 3 h, CalPlus has higher alkaline pH
than ZOE (p < 0.05). At 24 h, a significant difference was found between the three tested
materials (p < 0.05). Finally, at 72 h, ZOE has a higher pH than Bio-CP with no difference
compared to CalPlus.

13
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— Bio-CP
11
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3h 24h 72h
Time

Figure 1. pH changes of the water in contact with the different tested types of cement after 3, 24, and
72 of immersion in distilled water at 37 °C. Calplus (CP), Bio-C Pulpecto (Bio-CP), and Zinc Oxide
and Eugenol (ZOE). (* p = 0.002; ** p < 0.001).

3.2. Solubility

For each tested material, the mean and standard deviation of solubility (wt.%) values
are presented in Figure 2. Bio-CP was more soluble during the evaluation period (24 h)
than ZOE and CalPlus (p < 0.05).
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Figure 2. Solubility percentages of the different types of cement after immersion in 50 mL of distilled
water at 37 °C for 24 h. * p < 0.05.

3.3. Scanning Electron Microscope (SEM)

The crystalline structures of the three types of cement are shown in Figure 3. Bio-
CP and ZOE demonstrated the creation of crystallite structures on their surfaces after
immersion in PBS at 37 °C. Some zones of ZOE surface demonstrated cubical crystalline
structures, whilst Bio-CP showed an urchin-like crystallite structure. CalPlus did not show
any crystallite creation.

0 h 72 h 168 h 168 h x10.000

CP

Bio-CP

ZOE

Figure 3. Scanning electron microscope images (x 1000 and x 10,000 magnifications) demonstrate the
morphological changes of each material at different time points of immersion in phosphate-buffered
solution at 37 °C.

3.4. Water Sorption Tests

Bio-CP demonstrated the highest hydrophilicity for 5 uL of a drop of distilled wa-
ter compared to ZOE and CalPlus. The lowest contact angle was observed for Bio-CP
(53 £ 1.5°). Contact angles of (86 £ 4°) and (96 = 1°), respectively were observed after 10 s
of deposition of the water drop for CalPlus and ZOE (Figure 4, Table 2).
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CP Bio-CP ZOE

Figure 4. Contact angles after 5 uL of water dropped on the different cement surfaces after 10 s of
deposition. Calplus (CP), Bio-C Pulpecto (Bio-CP), and Zinc Oxide and Eugenol (ZOE).

Table 2. Contact angles of 5 pL of distilled water on the different material surfaces after 10 s of
deposition. Statistical significance (p < 0.05) is indicated with superscript letters a, b and c. Calplus
(CP), Bio-C Pulpecto (Bio-CP), and Zinc Oxide and Eugenol (ZOE).

Test\Materials CalPlus Bio-CP ZOE Statistical Significance
Contact angle (°) 86+42 53+ 1.5P 9% +1°¢ p<0.05

3.5. Antimicrobial Activity

Significant bacterial growth was observed after 24 h between all the groups (p < 0.05).
ZOE is the most effective, killing 100% of bacteria, followed by Bio-CP, which eliminates
more than 75%, and finally CalPlus (more than 50% of bacteria) (p < 0.05) (Figure 5). In
addition, all three types of cement have antibacterial activity against E. faecalis and the
best-performing cement was ZOE.
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0 -

ZOE Bio-CP Calplus Control

Figure 5. The number of colonies forming units/mL of Enterococcus faecalis for the medium in contact
with Calplus “CP”, Bio-C Pulpecto “Bio-CP”, Zinc Oxide, and Eugenol “ZOE” and the control group
“C” (bacterial medium) after 24 h at 37 °C in anaerobic conditions.
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4. Discussion

The obturation of primary teeth relies completely on the filling material [27]. ZOE
has been, until 2008, the only material explicitly recommended by the American Academy
of Pediatric Dentistry (AAPD) [28]. However, it cannot be regarded as an ideal root
canal filling due to its resorption rate and negative effects when extruded [3]. Calcium
hydroxide and iodoform pastes were recently recommended and showed a high success
rate in randomized clinical trials [29]. Nonetheless, in a recent systematic review and
meta-analysis, an unclear or high risk of bias was proven in most of the studies and the
overall certainty of the evidence ranged from low to very low, denoting that there is still no
conclusion to be drawn as to the best pulpectomy material [9].

A resorbable Bioceramic paste, like Bio-CP, could be a promising alternative if the
material possessed physicochemical and antibacterial properties suitable for the filling of
the intricate root canal system of primary teeth [30]. This was the first in vitro study in
the pediatric endodontics literature to focus on the pH, solubility, contact angle, crystal-
lographic changes using SEM images after immersion in PBS, and antibacterial activity
of three filling materials for primary teeth. The results of this study showed significant
differences between ZOE, CalPlus, and Bio-CP for all evaluated criteria; thus, the null
hypothesis was rejected.

The pH analysis indicated an alkaline pH for all tested materials in contact with
distilled water at 24 h. An alkaline pH plays a role in the deposition of mineralized tissue
and neutralizing the lactic acid from the osteoclast, and promoting healing [31]. Higher pH
values were observed for CalPlus compared to ZOE and Bio-CP (p < 0.05), which can be
attributed to its dissociation into Ca?+ and OH ™~ ions and has already been validated in
many previous studies [32,33]. However, the main disadvantage of this type of material is
intracanal resorption and accelerated external root resorption reported in several clinical
studies [27].

A set endodontic sealer should present solubility of less than 3% according to ISO
standards [23]. In our study, Bio-CP exhibited very high solubility exceeding 3%, demon-
strating a high level of Ca?* and bioactivity. However, high solubility also means that the
material dissolves quickly, creating gaps in the canals and generating reinfection [34]. This
was also observed in other studies about bioceramic sealers [35] and could be explained
by the presence of fine hydrophilic particles in the composition of these sealers, which
generate an increase in surface area that may increase sealer solubility when in contact
with water/moisture, [36]. Therefore, it is essential to determine clinically the rate at
which Bio-CP dissolves, since there is no Gutta Percha to complement the sealer in the
root canal treatment of primary teeth. Moreover, the lifespan of a root canal treatment
varies greatly depending on the child’s age and physiologic stage of the roots. In the
only other study about Bio-CP, the authors highlighted that Bio-CP exhibited sufficient
physicochemical properties, disclosed cytocompatibility, and indicated the potential to
stimulate mineralization, but lacked clinical support [19].

Using SEM analysis, the microstructural crystalline formation during the initial setting
time in 95% humidity and after 3 and 7 days in water was observed. CalPlus did not
demonstrate a clear crystallite formation on its surface (Figure 3). This could be because
this material is a non-setting paste and the acquisition of such an image was not possible.
This result could not be compared to other studies since, to the best of our knowledge, there
has not been a publication about the microstructure of calcium hydroxide iodoform-based
materials.

The formation of a crystalline structure stipulates that remineralization can occur [23].
In contrast, ZOE had some zones with cubical structures, whereas Bio-CP had an urchin-
like structure on its surface. This aspect was extensively described in many studies and
was attributed to the extraction of hydroxyapatite from natural resources [37,38].

Contact angle measurements are a reliable tool to better understand the interactions
between solids and liquids [39]. These interactions play a major role in explaining not
only material wettability, but also wetting, spreading, and adsorption of liquids [39]. In
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this study, Bio-CP had the lowest contact angle (53 &= 1.5°), demonstrating a good wetting
ability, and the capacity to spread faster on substrates such as dentin [40]. CalPlus and ZOE
both exhibited poor surface wetting with high contact angles of (86 &= 4°) and (96 £ 1°),
respectively. Tummala et al. also found a high contact angle for ZOE and credited this to
the increased viscosity of the sealer [41].

The antibacterial potential of each material against E. faecalis was evaluated using a
direct contact test per previous studies [42]. Anaerobic bacteria were found scattered within
the whole root canal system of primary teeth (accessory canals, dentinal tubules, secondary
canals, apical foramen) as well as on the physiological resorptive zones, hence the crucial
role of the antibacterial property of the filling paste [43]. This species of bacteria may persist
even after biomechanical preparation and use of intracanal irrigants [44]. According to this
study, ZOE, CalPlus, and Bio-CP possess antibacterial activity compared to the bacterial
medium (p < 0.05). ZOE is the most efficient (p < 0.05), corroborating the results of previous
studies [45]. Eugenol-based root canal filling materials possess antibacterial activity due to
the action of eugenol, triggering protein denaturation and rendering the microorganisms
non-functional [46]. However, in some studies, ZOE demonstrated the smallest zones
of bacterial growth inhibition against E. faecalis [43], and higher antibacterial activity for
iodoform pastes was observed [47].

CalPlus iodoform paste did not set; therefore, compressive tests were not carried
out. Furthermore, the filling ability, flow, radio-opacity and biological properties of each
material were omitted [23], and they are important factors to consider. Further in-vitro
studies should be conducted to better understand the physical and chemical properties
of filling materials for primary teeth. Ageing of Bio-CP in simulated body fluid could
provide interesting data about the resorption rate compared to that of the roots of primary
teeth [48].

The results obtained in this study are encouraging for the use of resorbable bioceramics
in pediatric endodontics. Bio-CP contains calcium silicate and can be classified as a bioactive
material. It is capable of forming hydroxyapatite or carbonated apatite on its surface and
inducing osteogenesis [48].

However, the results of this study are not conclusive and there is still a need to conduct
more well-designed studies to better understand the credentials of an ideal filling material.
For the Bioceramics, there is still a need to improve their properties, mainly the excessive
solubility, and to increase their antibacterial effect. Moreover, due to the continuous root
resorption occurring on primary teeth, there is a need for randomized long-term clinical
trials to assess the clinical behavior of this type of material.

5. Conclusions

Within the limitations of this in-vitro study, it could be concluded that there is still a
need to develop new filling materials for the root canal treatment of primary teeth. Given
the results of this study, ZOE, CalPlus and Bio-CP demonstrated different physicochemical
and antibacterial properties, but none of the materials had optimal properties and could be
considered the most suitable filling material for primary teeth pulpectomy. The properties
of bioceramics such as bioactivity, solubility in fluids, and adhesiveness would provide
a crucial step in increasing the success rate of root canal treatment on primary teeth and
developing more performant materials. More research should be conducted to optimize
clinical protocols in pediatric endodontics.
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Abstract: Background: Sequential chemical application for irrigating a root canal during chemo-
mechanical debridement can affect the dentin microstructure. Understanding the effects of various
irrigants on chemical properties of dentin can elucidate their effects on physical properties and
thereby explain the higher incidence of structural failure in endodontically treated teeth. This in vitro
research aimed to compare and evaluate the effects of three different irrigating solutions on the
chemical structure of root canal dentin in extracted human teeth. Methods: Forty-eight extracted
single-rooted mandibular premolar teeth were sectioned at the cemento—enamel junction by a dia-
mond disc and were then randomly assigned to four groups of twelve samples each. The groups
were irrigated using 5.25% NaOCl, ozonated olive oil, silver citrate, or distilled water. Dentin sec-
tions measuring 1.5 mm were obtained from the root portion and each section and were analyzed
using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and
electron-dispersive spectroscopy (EDS). FTIR and EDS values are reported as means + standard
deviations. Data were analyzed using an ANOVA and a post hoc Bonferroni test (p < 0.05). Results:
A comparison of the FTIR and EDS values among the groups using ANOVA revealed statistically
significant differences in the organic and inorganic peak values among the groups. An intergroup
comparison between NaOCl with silver citrate and ozonated olive oil revealed significant reductions
in the carbonate and phosphate peak values in the NaOCl group (p < 0.05). The EDS values tabulated
for the carbon, oxygen, phosphorous, and calcium peak levels showed significant differences between
the groups using an ANOVA. An SEM analysis was conducted under 1500 x magnification, which
revealed smear layer removal in the silver citrate group. Conclusions: The silver citrate solution
and the ozonated olive oil caused less changes in the organic and mineral contents of dentin than
sodium hypochlorite.

Keywords: endodontics; irrigants; root dentin; sodium hypochlorite; silver citrate; ozonated olive oil;
chemical properties
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1. Introduction

Chemomechanical debridement plays an important role in the success of root canal treat-
ments. This is performed by utilizing appropriate instruments along with effective irrigating
solutions, followed by sealing with suitable materials [1]. A successful root canal treatment
requires irrigation, as it fulfils several mechanical, chemical, and microbiological functions,
including healing the periapical tissues. Irrigation thus plays a central role in endodontic
treatment, though there is no single irrigant that efficiently satisfies all the required functions
of an ideal irrigating solution [2]. The tissue dissolution capacity and the antimicrobial effect
are two vital features of endodontic irrigants that enable them to play an integral part in
chemomechanical root canal preparation. While enhancing the elimination of microbiota and
facilitating the elimination of necrotic tissue and dentin debris from the root canal system, an
ideal irrigant should also be nonirritant to the surrounding root and should not debilitate the
tooth structure by causing excessive wear of minerals from the dentin [2,3].

Currently, a wide array of endodontic irrigants is available on the market, although
sodium hypochlorite continues to be one of the most prominent and widely used endodon-
tic irrigants. It is available in various concentrations ranging from 0.5 to 5.25% [4]. Sodium
hypochlorite has been proven to be efficacious in dissolving organic compositions and pulp
remnants, and it is the only irrigating solution that has the capability to dissolve vital and
nonvital organic tissues [3]. However, it causes considerable destruction to the collagen
of surface dentin within a relatively short period of time, which impairs the flexural and
elastic strength of the dentin. Additionally, at the end of the chemomechanical preparation,
irrigation with hypochlorite causes strong erosion of the surface dentin of the canal wall [5].
Hence, if it is not used judiciously, it could jeopardize the longevity of the root canal
treatment. Due to increasing safety concerns, newer irrigants are being studied for the
potential replacement of sodium hypochlorite.

In recent studies, a novel endodontic irrigating solution containing silver citrate was
developed using electrolytically generated silver ions (0.003%) in citric acid (4.846%) and
was tested as an innovative biomaterial for disinfecting and cleaning root canals. The
patented aqueous disinfectant is a powerful antimicrobial agent that is produced by an
electrochemical process using silver and citric acid that produce a stabilized silver ion
complex, which develops a molecular complex, AgCsH;O7, by weakly bonding a silver
ion to a citrate ion. This novel irrigant was reported to be nontoxic and biocompatible [6,7].

Ozone has numerous beneficial effects, including its antimicrobial activity, the oxida-
tion of bacterial biomolecules and microbial toxins, the ability to remove the smear layer,
and opening dentinal tubules to allow the deeper penetration of Ca and fluorine ions into
them [8]. Ozonated oils are obtained by the means of chemical reactions that pass pure
oxygen and ozone through the oils, and they are potent antibacterial irrigants [9]. Although
previous studies have stated the antibacterial efficacy of ozonated olive oil and silver citrate
in root canals, this is a pioneer study on its effect on the chemical structure of root dentin.

A variety of chemical irrigating solutions have been studied to determine their modes
of action and effectiveness on both the organic and inorganic components of root canal
dentin. These effects are directly related to the mechanical, chemical, and physical prop-
erties of the dentin structure [10]. Although very limited research has been conducted
corelating the effects of various irrigants on root dentin, when considering the long-term
success of a root canal treatment, maintaining the chemical and mechanical integrity of root
dentin plays an integral role. Thus, it is important that novel irrigants be studied regarding
their effects on the dentin microstructure so as to reduce the detrimental and erosive effects
of conventional irrigants. This in vitro research aimed to compare and evaluate the effects
of three different irrigating solutions on the chemical structure of root canal dentin in
extracted human teeth. The null hypothesis states that these irrigating solutions do not
alter the chemical structure of root dentin.
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2. Materials and Methods

Ethical clearance for the study was obtained before the start of the study from the
institutional ethics review committee with code (Ref. BMC&H /I EC/2021-22/32). This
in-vitro study was conducted on 48 extracted single-rooted mandibular premolar teeth.
They were extracted for the purpose of orthodontic treatment and were collected from the
department of oral and maxillofacial surgery.

2.1. Sample Preparation

All collected samples were washed with distilled water and cleaned using ultrasonic
scaling. Then, the specimens were stored in a chloramine-T solution. Soft tissues and debris
were removed, and a diamond disc (Ray Foster, Huntington Beach, CA, USA) was used to
decoronate the tooth at the level of the cemento—enamel junction.

Samples were then randomly assigned to four groups (Gp) with 12 samples each:

Group 1: 5.25% NaOCl;

Group 2: Ozonated olive oil (Ozonoid; Adc Inc. Dentozoneindia; Maharashtra,
Mumbai, India);

Group 3: Silver citrate (BioAKT, New Tech Solutions s.r.1., Brescia, Italy);

Group 4: Distilled water.

A conventional access cavity preparation was created to access the root canal system. A
size 10 K file was placed in each canal to determine its patency. According to the manufac-
turer’s instructions, the working length was set at 1 mm below the apex, and the canals were
progressively enlarged up to size F2 Protaper Gold (Dentsply, Maillefer, Switzerland) while
being irrigated with 5 mL of the appropriate irrigating solution in between each instrument,
for a total of 20 mL of irrigating solution per tooth sample. The root portion was further
sectioned into three parts using a diamond disc, and the middle third of the tooth was used
for the experiment, as it presented with adequate root dentin thickness and uniform canal
anatomy compared to the apical third. The middle third of the root portion was horizontally
cut into slices of 1.5 mm thickness using a diamond disc.

2.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Dentin discs were obtained from the middle third of the root and dentin slices of
1.5 mm thickness was obtained using a diamond disc. Samples were analyzed with an
ATR-FTIR (iS50 Nicolet FTIR Spectrometer; ThermoFisher Scientific; Waltham, MA, USA)
between 400 and 4000 cm at a 1 cm resolution over the course of ten scans following
irrigation with the respective irrigants. Collagen, phosphate, and carbonate peak levels
were determined (in cm ') (Figure 1).

5

Group 3 : Silver citrate

Figure 1. Collagen, phosphate, and carbonate peak levels, as determined by an FTIR spectrometer
between 400 and 4000 cm at a 1 cm resolution using ten scans for groups 1, 2, 3, and 4.
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2.3. Scanning Electron Microscopy (SEM) and Electron-Dispersive Spectroscopy (EDS) Analysis

The same samples were dried at 37 °C for 48 h, and sample segments were fixed in
stubs with the dentin walls upwards. The samples were coated with two thin layers of
evaporated carbon in high vacuum by a desk carbon coater and viewed at a magnification
of 1500 with a field-emission SEM (JEOL IT-300, JEOL. Ltd., Tokyo, Japan). To measure
the atomic percentages of the carbon, oxygen, phosphorus, and calcium levels in the dentin
samples, an EDS analysis was carried out in conjunction with SEM using iridium software
at an accelerating voltage of 20 KeV (Figure 2).

Group 1: NaOCl

Group 3 : Silver citrate

Figure 2. EDS analysis measured atomic percentages of carbon, oxygen, phosphorous, and calcium
levels of dentin samples obtained from group 1, 2, 3, and 4 using iridium software at 20 KeV.

2.4. Statistical Analysis

SPSS (Statistical Package For Social Sciences) version 20 (IBM SPASS statistics (IBM
Corp. (Armonk, NY, USA)) released 2011) was used to perform the statistical analy-
sis. Inferential statistics such as ANOVA were applied to check the statistical differ-
ences in chemical structural changes among the groups, with post hoc Bonferroni for
intergroup comparisons.

3. Results

The comparison of the FTIR values among the groups using ANOVA revealed statisti-
cally significant differences in the collagen carbonate and phosphate peak values among
the groups (Figure 1). A decrease in the collagen level was observed in the NaOClI group
compared to the experimental and negative control groups, although the results were not
statistically significant (p > 0.05). The intergroup comparisons between NaOCI and silver
citrate as well as ozonated olive oil revealed significant reductions in the carbonate and
phosphate peak values in the NaOCl group (p < 0.05) (Figure 3).

The EDS values tabulated for the carbon, oxygen, phosphorous, and calcium peak
levels showed significant differences between the groups using an ANOVA (Figure 4). The
mean value for the carbon peak levels in NaOCl was significantly different compared to
the silver citrate and ozonated olive oil. Silver citrate showed reduced mean values for
Ca and P compared to the other groups, although they were not statistically significant
(p > 0.05) (Figure 4).
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Figure 3. The collagen, phosphate, and carbonate peak values obtained by FTIR analysis for group 1:
NaOCl (sodium hypochlorite), group 2: silver citrate, group 3: ozonated olive oil, and group 4:
distilled water.

The SEM analysis was performed under 1500 x magnification and revealed smear
layer removal in the silver citrate group. The partial removal of the smear layer was
observed in the sodium hypochlorite group, while ozonated olive oil and distilled water
did not exhibit smear layer removal (Figure 5).
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Figure 4. The inorganic mineral content of dentin, as obtained from EDS analysis, after irrigation
with the respective irrigants. C—carbon, O—oxygen, P—phosphorous, C—calcium.

Figure 5. SEM image showing dentin cross sections under 1500 x magnification after irrigation with
(A) sodium hypochlorite, (B) ozonated olive oil, (C) silver citrate, and (D) distilled water.
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4. Discussion

Our ability to strike a balance between the “biological” goals and the “mechanical” ob-
jectives of the therapy continues to be the clinical challenge of root canal therapy. The ideal
irrigation protocol is one that eliminates biofilm for maximum antibacterial effectiveness
while having no negative effects on the mechanical integrity of the tooth. The damaged
root canal filling—dentin interface during treatment further complicates this requirement. It
is important to take into account how endodontic irrigants directly alter the chemomechan-
ical characteristics of the root canal dentin, which has an impact on the effectiveness and
durability of all materials used for root canal obturations and restorations.

In the current study, various novel endodontic irrigating solutions were tested indi-
vidually to determine their effects on dentin through various methods of chemical analysis,
including elemental (EDS) and chemical (FT-IR) determinations of the dentin constitution
and a surface microstructural analysis by SEM. The null hypothesis was rejected, as various
endodontic irrigants used in this study altered the chemical structure of root dentin.

NaOCl significantly reduced the organic components of the dentin such as carbonate
and phosphate compared to novel irrigating solutions such as silver citrate and ozonated
olive oil. This is in accordance with studies conducted by Sakae et al., who stated that
NaOCl is capable of removing magnesium and carbonate ions from dentin [11]. All the
irrigating solutions were shown to affect the collagen content of the root dentin, although
NaOCl showed the highest mean difference compared to distilled water. NaOCl at a
concentration of 1.5% was shown to reduce the collagen content and caused a subsequent
reduction in flexural strength, which is in agreement with the observations of this study [12].
At higher concentrations ranging from 5 to 9%, as used in this study, it can cause alterations
in the carbon and nitrogen contents of dentin, reducing the dentin microhardness, as re-
ported by Marending et al. The organic-tissue-dissolving properties of sodium hypochlorite
as an irrigant on the collagen component of dentin has already been established by various
studies, and it has been shown to affect the microhardness of dentin [13-15].

NaOCl spreads on the intrafibrillar water volume of apatite-encapsulated collagen
matrix owing to its low molecular weight. Collagen from the “superficial subsurface” of
mineralized dentin undergoes oxidative chemical destruction when it comes into contact
with sodium hypochlorite. According to Huang et al., dentin specimens can lose their
toughness and flexural strength with just a 1 pm depth of collagen degradation on the
dentin surface [16].

The silver citrate solution used in the study comprised 4.8% citric acid. Previous
studies have stated that citric acid at concentrations between 25% and 50% is an effective
endodontic irrigant. However, recent studies have demonstrated the efficacy of citric
acid solutions with lower concentrations (<10%) to be operational. In comparison to
the other groups, the silver citrate group displayed a slightly larger quantity of calcium
dissolution, which is consistent with citric acid’s capacity to decalcify hard dental tissues
by the chelation of Ca?* ions in a mildly acidic environment [17].

Aldehydes, ketones, and hydrogen peroxide can be generated as a result of the
hydrolysis of ozonized oil. As an oxidant, hydrogen peroxide degrades vital biological
components such as lipids, proteins, and nucleic acids [18]. Hydrogen peroxide also
has an effect on the inorganic components of dentin by acidic demineralization [19].
Silver citrate (BioAKt) exhibited effective smear layer removal compared to the other
groups in the study. Several studies have stated the efficiency of citric acid in smear
layer removal, which was superior to EDTA at similar concentrations [20]. It has been
suggested that irrigant solutions with the ability to remove the smear layer may reduce
dentin microhardness; however, when these solutions are used for a brief period of time
inside the root canal, this reduction does not appear to have a negative impact on the
fracture resistance of teeth that have undergone endodontic treatment [21]. All irrigating
solutions used in this study were only briefly in contact with the dentin, which may
account for the comparable mineral compositions of the dentin seen in the experimental
groups (Figure 4). Furthermore, the exposure time of irrigants to the dentinal wall has
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been standardized, as it could have an impact on the elemental composition of carbon,
calcium, phosphorous, and oxygen [10].

The mechanical, physical, and chemical features of root dentin must be conserved
against any harmful impacts of chemical substances [22]. However, it should be emphasized
that this study has some limitations that should be addressed. One of the main limitations
of this study is that it was conducted in vitro, thus failing to simulate the conditions of
the oral cavity. Future research is needed to evaluate the changes in physical properties
upon the usage of these irrigants and to correlate them with the results of this study. In
addition, further research with the criteria used in this study are encouraged to emphasize
the relevance of the findings.

5. Conclusions

It was apparent that all studied irrigation sequences potentially result in some al-
teration in the inorganic and organic contents of the dentin. Furthermore, it can also be
concluded from the results that the silver citrate solution and the ozonated olive oil cause
fewer changes in the organic and mineral contents of dentin than sodium hypochlorite.
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Abstract: The most used etchant in dental daily practice is the phosphoric acid (P.A.; 37%). However,
acid etchants can induce necrosis on the oral mucosa and cause the ulceration of periodontal tissue
when a rubber dam is not used. V-prep is a new practical alternative, and it has satisfactory results. It
is used as a preparation before the application of a resin-modified glass ionomer composite (RMGIC)
to bond the orthodontic brackets. The aim of this study was to investigate the effect of the V-prep on
oral gingival fibroblasts cells by comparing the cell damage and cell viability after the use of V-prep
and a conventional phosphoric acid etchant with different application times and concentrations.
Therefore, Gingival fibroblasts passage 6 (GFP6) was grown and treated with an acid etchant and
V-prep at three different concentrations (1:1, 1:2 and 1:10) for two different application durations
(30 s and 1 min). The morphological changes, cell death and cell viability were assessed. Pyknosis,
karyolysis, nucleus reversible and irreversible damages and membrane destruction were observed for
both of the etchants at the higher concentrations and longer application durations. Mann-Whitney U-
tests were used for the statistical analyses. The application of the V-prep for 30 s showed better values
than the acid etchant did in the cell damage analysis and cell viability analysis (p = 0.03). V-prep
at a 1:10 concentration applied for a 30 s duration can preserve the viability of gingival fibroblasts
cells up to 100%. The toxicity of V-prep is equal or lower than the toxicity of the acid etchant that
is commonly used in dentistry. Thus, the V-prep can be used with precautions intra-orally, and it
should be applied on the enamel as a gel for 30 s only before it is rinsed and removed.

Keywords: cell viability; dental acid etchants; oral mucosa; phosphoric acid; V-prep

1. Introduction

Bracket bonding in orthodontic treatments requires a fast effective procedure with
a high bond strength to resist the orthodontic forces and masticatory loads so that no
bracket-enamel failure occurs [1-3]. Therefore, the conventional technique [4] consists of
a preparation with the phosphoric acid (PA) etchant (37%) for 30 s, water rinsing, drying
and bonding the brackets with a composite resin [5]. Universal adhesives with alternative
techniques have been demonstrated to enhance the bond strength on the enamel and on
the dentin in oral cavity restorations [6]. The drawbacks on this bonding procedure are the
white spots that are encountered at the end of the treatment and the sticking on the surfaces
with gingival fluid or blood excretion [7]. Another approach in the bonding procedure
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using a resin-modified glass ionomer cement (RMGIC) has been tested, and it has showed
good results on wet surfaces, enhancing the chemical bond and releasing the fluoride
during the treatment to help protect the tooth [8]. The only disadvantage was the shear
bond strength of the material when it was compared to the conventional technique [9].

A previous study, which was published by the same author, has introduced a prepara-
tion procedure with V-prep before using the RMGIC. The results showed a non-significant
difference in the shear bond strength (SBS) when it was compared to the PA and the
composite resin [10]. To minimize the tooth damage without compromising the adhesive
performance, most of the manufacturers of dental acid etchants have recommended from
15 to 30 s of use when the PA is between 32% and 40% [11]. Inadequate rinsing or remaining
dental acid etchants can cause chemical burning, irritation, intra and extra-oral inflam-
mation [12,13]. PA (37%) can lead to necrosis in the oral mucosa and ulcerative lesions of
the periodontal tissue [14]. The bracket-bonding procedure for orthodontic treatments is
performed without a rubber dam, while studies have demonstrated that it can protect the
gingival tissue while bonding ceramic veneers [15]. V-prep has been mentioned to contain
PA and sodium hypochlorite in dilution with a gel for easier manipulation.

V-prep manipulation is similar to the conventional PA etchants as mentioned in
another study [10], and should be applied for 15 to 30 s. Then, the surface should be
adequately rinsed before using the RMGIC as a bonding product instead of the composite
resin. Both of the etchants are applied on the bonding area of the enamel without a rubber
dam protection [16]. The removal process is performed with a suction tip and high water
flow, rinsing in order to dilute the etchant gel (according to the American Association of
Orthodontists recommendations). Gingival fibroblasts are the first surrounding tissue to
become in contact with the diluted etchant in different concentrations. Studies comparing
the effect of the acid etchant on gingival fibroblasts tested three concentrations of contact,
1:1 (undiluted), 1:2 and 1:10 [17]. The toxicology and the damage caused on the oral cells
have not been tested for V-prep. Cytotoxicity is essential before the use of the product
in vivo [18]. Therefore, the aim of this study was to investigate the effect of V-prep on
the gingival fibroblasts cells by comparing the cell damage and cell viability after the use
of V-prep and a conventional phosphoric acid etchant with different application times
and concentrations.

2. Materials and Methods

This study was performed at URIT of Université Sorbonne Paris Nord. The study has
been approved by the ethical committee of Saint-Joseph University of Beirut (USJ-2020-010).

2.1. Cell Cultures

Normal human gingival fibroblasts (GF), which were obtained by surgical periodontal
operation, were grown in Dulbecco’s Modified Eagles Medium (Gibco BRL, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin
for 6 passages. The cells were maintained in an incubator at 37 °C with an atmosphere
of 5% CO,. The cell culture medium was changed every 3 days. The cells were detached
by an enzymatic treatment with trypsin EDTA (Invitro gen, life technology) and seeded
in 24-well plates at a rate of 1 x 10°. After 24 h, the cells were left in a culture that was
untreated or treated with different dilutions (undiluted, 1:2 or 1:10) of orthophosphoric acid
(Medental, Vista, CA, USA) or V-prep (concept product described in a previous article [10])
for 30 s or 1 min.

2.2. Giemsa Staining

To observe the morphological changes caused by orthophosphoric acid etchant and
the V-prep, the cells were rinsed with PBS (Gibco, life technology, Grand Island, NY, USA),
then, they were fixed according to the following procedure: absolute ethanol/PBS (50/50)
at 4 °C for 5 min. Then, after 5 min of rehydration, the cells were then stained with Giemsa
(Labonord, MercK, Rahway, NJ, USA) according to the supplier’s recommendations. The
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cells were observed at 100-250-fold magnification using an optical microscope (ZEISS
AXIOPLAN, Jena, D-07740, Germany). The nucleus appeared to be deep purple, and the
cytoplasm appeared be to brown or pink by light microscopy. Cell damage contains both
the irreversible cell injuries, including karyorrhexis, pyknosis, karyolysis and membrane
destruction, and the reversible cell injuries, including vacuole and cell swelling (enlargement).

2.3. Cell Death Quantification

To quantify death cell after exposition to orthophosphoric acid etchant and V-prep, the
treated cells (1 x 10°) with the same procedure of concentration and time for orthophospho-
ric acid etchant and V-prep were counted using the Beckman Coulter Vi-CELL XR (Brea,
CA, USA) after Trypsin EDTA treatment to ensure the total remaining cells’ transportation
into the device. The percentage of dead cells was calculated by counting the total number
of cells.

2.4. Cytotoxicity Assay

To identify the cytotoxic effect of dental acid etchants and V-prep on gingival fibroblast
cell, a 3-(4,5-dime-thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
performed. In brief, the cells (1 x 10°) were seeded in to 24-well plates and different
concentration of orthophosphoric acid etchant (non-treated, undiluted, dilution ratios of
1:2 and 1:10, respectively) and V-prep (non-treated, undiluted, dilution ratios of 1:2 and
1:10, respectively) were applied for 30 s and 1 min (Table 1). After the cell stabilization
for 24 h, MTT at 0.05 mg/mL (Sigma Aldrich, Burlington, MA, USA) was added to each
well and incubated for 4 h at 37 °C. After removing the MTT solution, dimethyl sulfoxide
(Merck, Rahway, NJ, USA) was added to dissolve the formazan dye crystals. The optical
density was measured at a wavelength of 570 nm and a reference wavelength of 680 nm
using a microplate reader (Asys UVM340, Biochrom, Cambridge, UK). The percentage of
cell viability was calculated using the following formula:

Mean OD sample
an OD untreated cells

% Viability = e x 100 (OD : Optical density) 1)

Table 1. 24-well plate treated for 30 s using V-prep and acid etchant in different concentrations before

MTT procedure.
30s 1 2 3 4 5 6
A V-prep 1:1 (undiluted) Acid etch 1:1 (undiluted)
B V-prep 1:2 Acid etch 1:2
C V-prep 1:10 Acid etch 1:10
D Non-treated Non-treated

2.5. Statistical Analysis

All of the statistical analyses were performed by SPSS ver. 26.0 (IBM Corp., Armonk,
NY, USA). Mann-Whitney U-tests were used to compare between the control and experi-
mental groups. Each test was performed at least in triplicate. The results were reported as the
mean =+ standard deviation. A value of p < 0.05 was considered to be statistically significant.

3. Results
3.1. Morphological Changes Gingival Fibroblasts

The cells were treated with V-prep and acid etchant for 30 s and 1 min at three
different concentrations, 1:1, 1:2 and 1:10. Then, Giemsa staining was performed. The same
procedure was also performed on a control group in which the cells were not treated. The
examinations and observations were performed using a ZEISS microscope at 100-250-fold
magnification to identify the cellular changes (Figures 1 and 2).
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Figure 1. Microscope observations of oral epithelial cells stained by Giemsa under 100-fold magnifi-
cation. (A) Control group. (B) V-prep, 30 s, undiluted. (C) V-prep, 30 s, 1:2. (D) V-prep, 30 s, 1:10.
(E) Acid etchant, 30 s, undiluted. (F) Acid etchant, 30 s, 1:2. (G) Acid etchant, 30 s, 1:10.

Figure 2. Microscope observations of oral epithelial cells stained by Giemsa under 250-fold magnifi-
cation. (A) Control group. (B) V-prep, 30 s, undiluted. (C) V-prep, 30 s, 1:2. (D) V-prep, 30 s, 1:10.
(E) Acid etchant, 30 s, undiluted. (F) Acid etchant, 30 s, 1:2. (G) Acid etchant, 30 s, 1:10.
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Similar pictures were taken for the microscope observations in the 30 s and 1 min
application tests of the etchants, with there being no big differences. Figures 1 and 2 show,
respectively, the microscope observations of the oral epithelial cells stained by Giemsa
under 100-fold and 250-fold magnifications with a 30 s application of the etchant. The acid
etchant and V-prep caused remarkable cell damage. V-prep at a 1:10 ratio showed normal
cells division when it was used for 30 s (D) when it was compared to the control group with
the untreated cells (A). Pyknosis and karyolysis were observed in the low concentrations of
the acid etchant (G). Cell injury in the nucleus started to be observed at a concentration
of 1:2 (C,F). When the undiluted etchants were used, the percentage of cell damage was
increased with an enlarged nuclear injury and subsequent membrane destruction (B,E).
Cell damage contains both the irreversible cell injuries, including karyorrhexis, pyknosis,
karyolysis and membrane destruction, and the reversible cell injuries, including vacuole
and cell swelling.

3.2. Cell Death Quantification

The percentage of dead cells was calculated by counting the total number of cells for
each condition.

Gingival fibroblasts treated with the acid etchant for 30 s showed a significant higher
death ratio (p < 0.001) when they were compared to the non-treated cells. The cells treated
with V-prep at 1:1 (undiluted) and 1:2 for 30 s showed a significant death ratio (p < 0.001).
Only the V-prep at a 1:10 concentration did not kill the cells significantly (p = 0.097) when
it was used for 30 s (Table 2). The cell death rate dropped by 2.82 folds (33.58%) and by
2.35 folds (47.8%) for the V-prep and acid etchant conditions, respectively, between a 1:1
concentration and a 1:10 concentration when they were used for 30 s (Figure 3).

Table 2. p-value using Mann-Whitney U test for cell death analyses after 30 s of different etchant
application.

p-Value Non-Treated Vprep 1:1 Vprep 1:2 Vprep 1:10 Ac11 Ac1:2 Ac1:10
Non-treated 0.000 0.000 0.097 0.000 0.000 0.000
Vprep 1:1 0.000 0.922 0.035 0.048 0.820 0.060
Vprep 1:2 0.000 0.922 0.037 0.045 0.810 0.061
Vprep 1:10 0.097 0.035 0.037 0.002 0.032 0.047
Ac1:1 0.000 0.048 0.045 0.002 0.055 0.011
Ac1:2 0.000 0.820 0.810 0.032 0.055 0.058

Ac1:10 0.000 0.060 0.061 0.047 0.011 0.058

The highest value (83.25%) for the dead gingival fibroblast cells was observed for the
application of undiluted acid etchant (30 s). The one minute application has showed lower
values of cell death that did not exceed 37%, while the non-treated cells showed a 13%
death, and a significant difference has been observed between the treated and non-treated
cells for 1 min of the etchant application (p < 0.05). However, non-significant differences
were observed between the application of acid etchant and V-prep with 1:1, 1:2 and 1:10
concentrations for 1 min (p = 0.8; p = 0.77; p = 0.23) (Table 3). A slight decrease in the number
of dead cells of 5% and 4% were noted when the V-prep and acid etchant concentrations,
respectively, were lower at 1:1 and 1:10 (Figure 4).
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Figure 3. Cell death percentage after 30 s of different etchant application.

Table 3. p-value using Mann-Whitney U test for cell death analyses after 1 min of different etchant

application.
p-Value Non-Treated Vprep 1:1 Vprep 1:2 Vprep 1:10 Ac1:1 Ac1:2 Ac1:10
Non-treated 0.000 0.012 0.012 0.012 0.014 0.015
Vprep 1:1 0.010 0.800 0.800 0.800 0.350 0.120
Vprep 1:2 0.012 0.800 0.880 0.880 0.770 0.120
Vprep 1:10 0.012 0.800 0.880 0.860 0.550 0.230
Ac1:1 0.012 0.800 0.880 0.860 0.550 0.230
Ac1:2 0.014 0.350 0.770 0.550 0.550 0.470
Ac1:10 0.015 0.120 0.120 0.230 0.230 0.470
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Figure 4. Cell death percentage after 1 min of different etchant application.
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3.3. Cell Viability Analysis

MTT assays were performed to investigate the cell viability after the application of
the acid etchant and V-prep for 30 s and 1 min at different concentrations 1:1, 1:2 and 1:10.
The MTT was then removed, and the cells were regrown in fresh culture for 24 h. To assess
the minimum and the maximum cell viability percentages, an application of dimethyl
sulfoxide (DMSO) was applied on one of the non-treated control groups (positive control),
while the others were left without having any application (negative control).

All of the 30 s and 1 min cell viability values showed a decrease by a minimum of
three folds when they were treated except the V-prep 1:10 treatment. The cell viability has
not changed between the untreated control group and the V-prep 1:10 group when it was
applied for 30 s or 1 min.

At 30 s, the undiluted V-prep showed a higher percentage (32.8%) than the undiluted
acid etchant did (22.4%) with a significant difference (p = 0.03) (Table 4). The V-prep ata
1:2 ratio (33%) had a cell viability value that was significantly higher than that of the acid
etchant at a 1:2 ratio (25%) (p = 0.04) (Figure 5).

Table 4. p-value using Mann-Whitney U test for cell viability analyses after 30 s of different etchant

application.
p-Value Non-Treated Vprep 1:1 Vprep 1:2 Vprep 1:10 Ac1:1 Ac1:2 Ac1:10
Non-treated 0.000 0.000 0.999 0.000 0.000 0.000
Vprep 1:1 0.000 0.880 0.000 0.030 0.035 0.034
Vprep 1:2 0.000 0.880 0.000 0.033 0.040 0.060
Vprep 1:10 0.999 0.000 0.000 0.000 0.000 0.000
Ac1:1 0.000 0.030 0.033 0.000 0.072 0.053
Ac1:2 0.000 0.035 0.040 0.000 0.072 0.058
Ac1:10 0.000 0.034 0.060 0.000 0.053 0.058
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Figure 5. Cell viability percentage after 30 s of different etchant application.

At 1 min, the undiluted V-prep showed a lower percentage (19.5%) than the undiluted
acid etchant did (31%) with a significant difference (p = 0.028) (Table 5). There was no
significant difference between the values of the V-prep at a 1:2 ratio (27%) and the acid
etchant at a 1:2 ratio (29%) (Figure 6).

V-prep at a 1:10 ratio preserved the cells viability at a 100% rate with a very significant
difference compared to the acid etchant (1:10) value (30%) (p < 0.001) for both of the
application durations, 30 s and 1 min.

71



J. Funct. Biomater. 2022, 13, 266

Table 5. p-value using Mann-Whitney U test for cell viability analyses after 1 min of different etchant

application.
p-Value Non-Treated Vprep 1:1 Vprep 1:2 Vprep 1:10 Ac11 Ac1:2 Ac1:10
Non-treated 0.000 0.000 0.999 0.000 0.000 0.000
Vprep 1:1 0.000 0.044 0.000 0.028 0.034 0.033
Vprep 1:2 0.000 0.044 0.000 0.062 0.070 0.068
Vprep 1:10 0.999 0.000 0.000 0.000 0.000 0.000
Ac1:1 0.000 0.028 0.062 0.000 0.080 0.081
Ac1:2 0.000 0.034 0.070 0.000 0.080 0.400
Ac1:10 0.000 0.033 0.068 0.000 0.081 0.400
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Figure 6. Cell viability percentage after 1 min of different etchant application.

4. Discussion

Clinical research and studies have examined the effects of dental acid etchants on
human tissues [17]. Necrosis and chemical burns were reported on the gingiva, the facial
skin and the tongue [19]. Acid etchants containing 37% phosphoric acid, is commonly
used in restoration treatments and in orthodontics [5]. V-prep is also a new etchant that
has been tested in vitro with good shear bond strength (SBS) values when it is used with
resin modified glass ionomer composite RMGIC when it is compared the values of the
conventional composite bonding material prepared by an acid etchant [10]. Previous studies
showed that RMGIC has many advantages over the conventional composite resin [8]. The
toxicity of the V-prep preparation before bonding with RMGIC is essential in order to
study the combination bonding procedure in vivo [18]. With the results of our study, our
hypothesis finds that the toxicity of V-prep is similar or better when it is compared to the
acid etchants that are commonly used is accepted.

In this study, the cytotoxicity tests showed similar or better effects on the gingival
fibroblasts when we were comparing the V-prep to the acid etchant. Morphological changes,
cell death and cell viability were investigated for acid etchant and V-prep at different
concentrations (1:1, 1:2 and 1:10) and at two application durations (30 s and 1 min) on the
gingival cells. First, the microscope observations showed changes between the treated
and non-treated cells, such as pyknosis, karyolysis, membrane destruction, reversible
and irreversible cell injuries, vacuole and cell swelling [20]. The damage was observed
to be higher with the undiluted etchants without notable differences between the acid
etchant and V-prep when they were used at the same concentration and for the same
application time.

Secondly, cell death was assessed in values and percentages [21]. The acid etchant
showed higher values of cell death when it was compared with V-prep at the 30 s application
time. The values were decreased when the etchant was diluted. The lowest value was
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recorded when the V-prep was applied for 30 s at a 1:10 concentration. When it was used
for 1 min, all of the values were lower. The cell death quantification reports the ratio of
cells that were penetrated by the colorant (trypan blue) over the total number of cells via
the membrane. It does not take into consideration if the damage is reversible or irreversible
which leads us to think that there being lower values at 1 min compared to 30 s are due to
the gingival cells with reversible damage which occurred in the first 30 s, only.

Thirdly, the gingival cells were analysed by viability because the cell damage is
different from the potential of viability [22]. Cell damage can be reversible with slight
transformations and modifications, while the cell can still be able to renew and regenerate.
This leads us to say that the most accurate test is the cell viability test. The values showed
that cell viability was decreased by a minimum of three folds when we used the acid etchant
or V-prep. The harm was minimized when the etchant was diluted but not significantly,
except for the V-prep at a 1:10 ratio. The application of the V-prep for 30 s or 1 min is
harmless, and it keeps the percentage of viability at 100%.

The results of this study regarding the acid etchant application at different concentra-
tions and durations are in complete accordance with similar studies [17,23,24]. Kim et al.
found that the acid etchant can damage the vacuoles and the nucleus of the cells when
it is applied for 10 s or more at a concentration of 18.5% (referring to 1:2 in our study).
Accordingly, they also found that the cell viability was significantly reduced even when
the acid etchant was applied for less than 30 s at a concentration of 1:10 [17]. Frob et al.
found that both self-etchant adhesive and etchant-rinse adhesive methods are toxic on
the normal human gingival fibroblasts [23]. Pupo et al. observed shrinkage and damage
in the cells, and they identified the dental etchants to have an increased toxicity on the
gingival cells [24]. All of the studies mentioned with similar results recommend in their
conclusion, a wise use of the dental etchants, taking into consideration their toxicity and
the manufacturer guidelines. Understanding the use of each adhesive method and its
advantages over the others is necessary [25].

Practically, when it was used, the acid etchant was applied undiluted at a 1:1 ratio for
30 s before rinsing with a high flow of water for another 30 s. The next step was drying and
applying the adequate bonding material in order to fix the orthodontic brackets. During
the rinsing with water, the etchant is highly diluted, and the effect is reduced. The dental
etchant is only used as a gel texture in order to be able to control the surface of application
and limit the damage of the oral tissues [26]. However, the diluted etchant can hit the
oral epithelial cells before its complete removal. Thus, better cell viability values at a 1:10
concentration are encouraging and can be a high advantage for the use of V-prep over the
acid etchant.

This study encountered few limitations in the statistical analyses. The extracted values
on the counting machine when we one is identifying the cell death can vary from one
count to another. Therefore, the repetition of each count was required. Moreover, the
action of the etchant can be concentrated differently in the same culture of cells, challenging
the collection of data results. The findings of this study showed a high toxicity rate of
the acid etchant application, which is in accordance with other studies results. Thus, the
conventional etching technique becomes questionable. A clinical study on the comparison
of the V-prep and the acid etchant can be a step forward in the evolution of bracket bonding
in orthodontics.

5. Conclusions

The toxicity of the V-prep showed similar or lower values when it was compared to
the acid etchant. However, the acid etchant is used with recommended precautions as a
preparation before bracket bonding in orthodontics. With better toxicity values, V-prep can
be a substitute to acid etchants.

All of the dental etchants can damage the oral epithelial cells at all concentrations and
application time durations when a rubber dam is not used. The use of any etchant should
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be in a gel texture to control the surface of application and limit the spread on the enamel
to save the other epithelial cells from damage.

V-prep requires a gel texture to control the surface of application. It should be applied
undiluted for a maximum of 30 s, and it should be well rinsed just after to reach a 10 times
dilution before the contact with other oral tissues. The removal should be performed as it
is conducted with the acid etchant.
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Abstract: Optimizing the interface between biomaterials and dental hard tissues can prevent leakage
of bacteria or inflammatory mediators into periapical tissues and thus avoid alveolar bone inflam-
mation. In this study, an analysis system for testing the periodontal-endodontic interface using
gas leakage and subsequent mass spectrometry was developed and validated using the roots of
15 single-rooted teeth in four groups: (I) roots without root canal filling, (II) roots with an inserted
gutta-percha post without sealer, (III) roots with gutta-percha post and sealer, (IV) roots filled with
sealer only, and (V) adhesively covered roots. Helium was used as the test gas, and its leakage
rate was found by measuring the rising ion current using mass spectrometry. This system made it
possible to differentiate between the leakage rates of tooth specimens with different fillings. Roots
without filling showed the highest leakage values (p < 0.05). Specimens with a gutta-percha post
without sealer showed statistically significantly higher leakage values than groups with a filling of
gutta-percha and sealer or sealer alone (p < 0.05). This study shows that a standardized analysis
system can be developed for periodontal-endodontic interfaces to prevent biomaterials and tissue
degradation products from affecting the surrounding alveolar bone tissue.

Keywords: periodontal-endodontic interface; endodontics; permeability; interface; leakage; high
vacuum; mass spectroscopy

1. Introduction

Parameters such as accuracy of fit and interactions with the existing residual tissue play
decisive roles in the long-term stability and functionality of incorporated tissue replacement,
and in the functioning of the hybrid structure of biological tissue and biocompatible
material that has been created. The biomaterial used must be tolerated by the immune
system and should initiate reparative or regenerative healing mechanisms [1,2]. If this does
not happen, septic and/or aseptic disorders of healing can be expected. The unavoidable
interface areas between the biological tissue and the material are a particular weak point
in relation to potential healing disorders, in addition to immune defense reactions to
the material used [3]. In addition, if there is a pre-existing condition that impairs blood
circulation in the wound area, the prognosis for the overall therapy may be limited [4]. In
this context, analysis of possible interfaces around integrated biomaterials is particularly
important for patients with metabolic diseases, such as diabetes mellitus, and vascular
diseases, in order to minimize disturbances in the healing process.

In endodontology and periodontology, new biocompatible materials need to be de-
veloped in such a way that they establish an adequate bond between the biomaterials
used and endogenous tissue. Insufficient periodontal interfaces might otherwise cause the
penetration of bacteria, necrotic tissue remnants, or inflammatory mediators that remain
in the dentinal tubules in periapical tissues, leading to alveolar bone inflammation [5].
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Bioactive dental glass—ceramics are suggested for dentin hypersensitivity treatment, im-
plant coating, bone regeneration, and periodontal therapy, as they show bone-bonding
ability and stimulate positive biological reactions at the material/tissue interface [6]. The
possibility of a bond between bone and biomaterials is not seen as limited to bioactive
materials; however, the surface topography is considered to be an essential factor for
bond formation [7]. The methods used to analyze this type of interface need to respond
to newly developed materials and support them with new investigation methods. Due
to advances in materials development and processing, periodontal-endodontic leakage
cannot be sufficiently assessed using a simple probe and now has to be assessed using
more specific methods such as confocal laser scanning microscopy or microbial penetration
tests [8,9]. Dye penetration tests or scanning electron microscopy, sometimes employing a
replica technique, are usually used to obtain evaluable samples [10]. Analysis of passive
dye diffusion is a simple technique, but it is not necessarily reliable, since influences from
capillary forces, air inclusions, or dye properties such as particle size can affect the method.
Other methods such as the fluid filtration method [11] and capillary flow porometry [12]
use the flow of fluids through the investigated interfaces between biomaterials and dental
hard substances to assess the permeability of the interface.

With the development of new materials and biocompatible endodontic sealers [13],
and the continuous pursuit of better biocompatibility and durability, the requirements for
adequate bonding between these materials and endogenous tissue are becoming more
stringent. In order to obtain even more accurate methods for assessing the interface between
biomaterials and dental hard substances, attempts have already been made to assess the
permeability of an interface using leakage-induced pressure differences between the start
and the end of a filled tooth root [14]. However, to the best of the authors” knowledge, the
use of a test gas, the leakage of which is quantified using mass spectrometry after passage
of a test specimen, has not yet been investigated.

The objective of this study was therefore to develop an analysis system for assessing
interfaces using gas leakage and subsequent mass spectrometry, testing the hypothesis
that it is possible to assess the periodontal-endodontic interface with this type of system.
The test was conducted in a high vacuum to allow for the assessment of even the smallest
particles. High-vacuum testing was also expected to improve the quantitative evaluation,
due to standardized measurement parameters. The validity of the system was then inves-
tigated by examining differently filled root canal systems, testing whether the new test
system is able to detect differences between the study groups. It is assumed that if a mass
spectrometry-based analysis method is positively validated, it would be possible in further
studies to not only conduct measurements of leakage rates at the periodontal-endodontic
interface, but also to analyze selected tissue and microbial degradation products for their
potential pathological impact on the periradicular tissues.

2. Materials and Methods
2.1. Measurement Setup

The test setup consists of a mass spectrometer (PrismaPro QMG 250 F16 Pfeiffer
Vacuum, Wetzlar, Germany), which analyzes the test gas and displays the results via
software (Figure 1). The spectrometer is designed as a quadrupole mass spectrometry
system for qualitative and quantitative gas analysis in the high and ultrahigh vacuum range.
It is also designed for detecting leaks and measuring trace residues. The device is mounted
via a crosspiece at an angle of 90° in the gas flow between the suctioning turbomolecular
high-vacuum pump (HiPace 60 P with TC 110; Pfeiffer Vacuum, Wetzlar, Germany) with a
maximum volume flow of 5 x 10~% hPaI's!, and a control valve (EVR 116 gas control
valve; Pfeiffer Vacuum, Wetzlar, Germany) that delivers the 99.999% high-purity test gas
(Helium 5.0; Linde, Pullach, Germany). Opposite the mass spectrometer, a Pirani gauge
(PKR 360; Pfeiffer Vacuum, Wetzlar) is installed to monitor the pre-vacuum pressure
required for operating the spectrometer. In the event of a gas inrush, the spectrometer is
shut down to prevent damage.
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Figure 1. Test system for measuring the leakage of helium gas through the periodontal-endodontic
interface. Red arrow: interface for the sample material.

The backing vacuum of 2 x 10~2 hPa required to operate the turbomolecular pump
is generated by a two-stage rotary vane vacuum pump (Duo 3M; Pfeiffer Vacuum, Wet-
zlar, Germany). The backing and high-vacuum pumps are connected via a metal shaft
hose (ISO-KF; Pfeiffer Vacuum AG, Wetzlar). The control valve for the gas inlet into the
measurement setup is controlled by a control unit (RVC 300; Pfeiffer Vacuum, Wetzlar)
which, in conjunction with a Bayard—Alpert type ionization vacuum gauge, forms a control
loop and ensures the constant measurement of the volume flow. The measuring principle
is independent of gas type, so that incorrect measurements cannot occur when different
measuring, test, or purge gases are used. The measuring tube is flanged directly into the
volume flow of the measurement setup by means of a T-piece between the crosspiece of the
mass spectrometer and the metering valve. A measuring chamber or sample holder can be
attached to the gas inlet of the gas control valve by means of an ISO-KF flange.

2.2. Sample Preparation

This study included 15 freshly extracted single-rooted human teeth from different
patients. Immediately after extraction, all teeth were stored in 0.9% isotonic NaCl solution
with 0.001% sodium azide. This study was conducted in full accordance with established
ethical principles (World Medical Association Declaration of Helsinki, version VI, 2002). All
of the patients were informed that their teeth were to be used in an in vitro research project.

The roots of the teeth were separated horizontally in the apical region with a torpedo-
shaped dental diamond burr (Brasseler, Lemgo, Germany) at 40,000 rpm, resulting in a
residual root length of 4 mm and exposing a root canal in all cases. The root canals were
checked for patency with an ISO size 10 file (K-file; VDW, Munich, Germany), and the
intended root canal preparation length of 3 mm from the horizontal section level was
checked using a radiograph with an ISO size 15 file inserted. Subsequently, the root
canals were manually prepared up to ISO size 35 employing sodium hypochlorite 3% and
ethylenediaminetetraacetic acid 17% rinsing solutions, and a check for patency was also
performed again after preparation. The root specimens prepared in this way were then
divided into five study groups:

L Roots without filling of the prepared root canal (positive control).

IL. Roots with an inserted gutta-percha post (ISO standardized gutta-percha; VDW,
Munich, Germany) corresponding to the preparation size (without sealer).

I Roots with an inserted gutta-percha post corresponding to the preparation size

with sealer AH Plus (Dentsply Sirona, Bensheim, Germany).
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Iv. Roots without an inserted gutta-percha post, filled with sealer only in the pre-
pared area.
V. Roots covered with a high-vacuum adhesive (IB-UHK 2020; iBEGO, Bochum,

Germany) (negative control).

The same roots were used in the same sequence in each group. Any filling material
present was completely removed from the root canal at the beginning of the experimental
procedure, and the canal system was checked again for patency in each case. A representa-
tive image of a root specimen is shown in Figure 2.

1000pm

Figure 2. Representative image of a root specimen used for leakage measurements.

For measurement of the processed specimens, sample holding devices were 3D printed
in the form of an axially perforated cylinder and a trough rounded out toward the specimen.
On the side facing away from the specimen, there was a tube for connecting the speci-
men holding device to an adapter flange for connection to the measurement setup. The
specimens were fixed in the trough of the specimen holding device using a high-vacuum
adhesive (IB-UHK 2020) and stored in an oven at 35 °C for 24 h to cure the adhesive. To
avoid contamination of the spectrometer and vacuum system with water vapor after 24 h
of water storage at 37 °C, the specimens were dried and stored in individually sealed
containers with silica gel beads until measurement. For the individual measurements,
the sample was placed on the adapter flange with the metering valve closed. The sample
was then exposed to the helium test gas for 15 s with the metering valve open and set to
a flow rate of 60 cm3/h. With a single measurement time of 32 ms, 469 measurements
were performed within the respective measurement interval of 15 s. During the entire
measurement cycle, beginning with the opening of the gas metering valve and ending with
its closing, the helium spectrum after the passage of the sample was evaluated with a mass
spectrometer and quantitatively displayed as ion current [A].

2.3. Statistical Analysis

A power analysis was performed prior to this study. The Cohen effect size was set to
0.8 [15]. For an alpha error of 0.05 and a power of 0.8, a sample size of at least 10 specimens
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in each group was calculated. The normal distribution of the values was assessed using the
Shapiro-Wilk test. Since not all data were normally distributed, values were analyzed using
a nonparametric test for dependent samples (Friedmann) and Wilcoxon pairwise compar-
isons. Sequentially rejective Bonferroni correction of the critical p value was used when
multiple statistical tests were performed simultaneously on a single data set. Differences
were considered statistically significant at p < 0.05. Box plot diagrams show the median,
the first and third quartiles, and the minimum and maximum values (whiskers). Values of
more than 1.5-3 times the interquartile range were specified as outliers and marked as data
points. Values more than three times the interquartile range were specified as far outliers
and marked as asterisks.

3. Results

Leakage of the test gas was detected in all of the samples and measured as ion
current. Statistically significantly different leakage rates were observed in the study groups
investigated (p < 0.05) (Figure 3). Study group I (positive control) comprised the root apices
of natural teeth, in which the root canal was mechanically prepared up to the physiological
foramen. Since all of the preparations were tested for patency, it was ensured that an
unobstructed root foramen allowed a continuous connection out of the root canal even
after the area was prepared. The highest values for gas leakage among all the study groups
were found in this group, with a median value of 1.4 x1078 [A] (min. 2.6 x 107, max.
6.6 x 1078, interquartile range 9.4 x 107%) (p < 0.05).

Q
6x10°
< 4x10°®
£
e
]
[ ]
|
2x10®
: = - "
a b c c d
No filling Guttapercha Guttagertl:ha and Sealer Adhesive
ealer

Figure 3. Box plot diagram for the ion current in the different study groups. Values of more than
1.5-3 times the interquartile range were specified as outliers and marked as data points “°”. Values
more than three times the interquartile range were specified as far outliers and marked as asterisks
“*”_ Different indices (a—d) indicate groups with statistically significant differences (p < 0.05).

Study group Il differed in that the prepared canal was obturated up to the physiological
foramen with a gutta-percha post matching the preparation size without the use of a sealer.
A statistically significant reduction in the leakage rate was observed in comparison with
the first group, with a median value of 1.1 X 10-8 (min. 6.0 x 10710, max. 2.8 x 1078,
interquartile range 1.1 x 10~8) (p < 0.05).

In study group III, the use of a sealer between the gutta-percha post and the canal wall
was intended to supplement possible inaccuracies. Statistically significantly lower leakage
rates were detected in this group in comparison with the first two groups, with a median
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value of 1.9 x 10—9 (min. 4.0 x 1071, max. 7.5 x 1077, interquartile range 2.6 x 1079)
(p <0.05).

In test group 1V, the filling of the root canal was performed with sealer paste alone.
In comparison with groups I and II, statistically significantly lower leakage values were
also observed here, with a median value of 2.0 x 10~ (min. 2.0 x 107!, max. 7.6 x 107,
interquartile range 1.6 x 10~%) (p < 0.05). However, comparison with study group III did
not show any statistically significant differences (p > 0.05).

In the negative controls (group V), the horizontal cutting surface of the root was
covered with a high-vacuum adhesive. The statistically significantly lowest gas leakage
was observed in all cases in comparison with all of the other groups, with a median value
of 3.1 x 107! (min. 8.7 x 10712, max. 1.6 x 107, interquartile range 2.9 x 10~'%) (p < 0.05)
(Table 1).

Table 1. Maximum ion current [A] in each study group.

Gutta-Percha and

No Filling Gutta-Percha Sealer Adhesive
Sealer

Mean 2.2 %1078 1.1 x 108 2.6 x 1077 2.6 x 107 2.3 x 10710
Standard deviation 1.6 x 1078 8.1 x 1077 2.1 x 1077 1.9 x 1072 4.1 x 10710
Median 1.4 x 1078 1.1 x 1078 1.9 x 1077 2.0 x 107? 31x1011
Minimum 2.6 x 107 6.0 x 10710 40 x 1071 2.0 x 10711 8.7 x 10712
Maximum 6.6 x 1078 2.8 x 1078 7.5 x 1077 7.6 x 1077 1.6 x 1077
Interquartile range 9.4 x 107 1.1 x 1078 2.6 x 1077 1.6 x 1077 2.9 x 10710

Number 15 15 15 15 15

4. Discussion

This study investigated the development of an analysis system for testing periodontal—-
endodontic interfaces in a high-vacuum setting in relation to the permeation of various
biomaterials into periapical tissues. It shows promising results.

Until now, leakage testing of root canal fillings or their materials could only be
performed approximately using dye, bacteria, or glucose penetration tests; tests with
radioactive markers; or by checking the integrity of margins using scanning electron mi-
croscopy [16]. However, these methods almost always showed very heterogeneous results,
as they are too sensitive and prone to errors, among other things, due to the pH depen-
dence of the color solution, the size of the molecule, or a lack of quantification options.
Additionally, due to the semiquantitative evaluation of the results, there is often a certain
lack of clarity, and therefore the corresponding significance is of extremely low clinical
relevance [17,18]. In order to take these factors into account or neutralize them, this study
recorded even the smallest particles purely quantitatively in a high-vacuum setting, with
an option for further mass spectrometry analysis.

The dye penetration method (DPM) is the one most widely used. In this technique,
the penetration depth of the dye is considered to correlate with the leakiness of the root
filling [18]. It has advantages in terms of sensitivity, for example, but it is also not an
accurate examination method. Another approach is the fluid filtration method (FFM),
which is based on a liquid being passed through the materials to be examined, such as
the sealer, resulting in cavities between the sealer and the dentin walls, and the sealer
and the gutta-percha. This method was proposed many years ago as a new reference
technique for leakage investigations [14,18]. Other techniques, such as capillary flow
porometry (CFP), are independent of the wetting properties of the biomaterials at the
interface being investigated [12]. The approach used in the present study tries to adopt
the positive characteristics of the older methods, while at the same time being able to
record the results and confirm their statistical significance. A similar approach, albeit on
a different scale, but also using the gas permeability method (GPM), demonstrated the
feasibility of this methodology to some extent [14]. However, in contrast to that study,
which used nitrogen, the present study used helium as the test gas. The decision to use
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helium was based on the fact that it is the most commonly used gas for leak detection,
and is also inert, nontoxic, and has a high diffusion capacity. As with the findings of
this study, in the study previously mentioned, it became apparent how important it is to
develop a method that is free of hydrophobic/hydrophilic interactions, for example, when
considering biomaterials, interfaces, and leakages; in many of the methods used so far, the
results are often contradictory and not comparable [17-20]. The lack of standardization
seems to be just as decisive here as the variance, even within the different methods—very
few results were really reproducible [21]. An interesting approach, which can perhaps be
seen as a precursor and therefore not yet fully developed, investigated the possibility of leak
testing using compressed air (CA), in which pore diameters of only 0.12 um can be detected
at an air pressure of 25 atm (physical atmosphere) [22]. Admittedly, the pressure values
used are scarcely comparable. For compressed air, 25 atm is the equivalent of 25,331 hPa,
which of course seems too high against the background of the CFP method, with up to
13,789 hPa; the fluid filtration method, with up to 1200 hPa; and the GP method, with
approximately 990 hPa. However, it should be noted that the compressed air test, unlike
the GP test, for example, is not an inherently closed system. The system used in the present
study is also closed, with a maximum pressure difference of 900-1020 hPa between the
vacuum and the environment. In comparison with the other methods, in this experimental
setup it cannot be expected that a pressure constant that is too high could dissolve the
materials. To confirm this again, it should be mentioned that the sample gas in the test
chamber is not pressed into the samples, but gently flows around them, even with a helium
supply of 60 cm?/h. Tt is diffused into the sample due to the negative pressure and is thus
not a significant factor for leakage in itself. For comparison, Romieu et al. set values of
3.5 x 107 mol/s or 0.5 cm3/h for the gas flow, but with an experimental setup that differs
from ours [14].

As in the study by Romieu et al. [14], the present results also showed that varying
leakage rates in the different study groups could be successfully identified. Even assuming
that absorption of the test gas on the surfaces or into the depths of the samples cannot
be excluded, an intraexperimental comparison of the study groups is possible, since such
absorption can be assumed to be similar in all groups. Comparisons between study group I
(open root canal; positive control group), study group II (obturation with gutta-percha),
study group III (obturation with gutta-percha and biomaterial-based sealer), study group
IV (obturation with a biomaterial-based sealer only), and study group V (adhesively sealed
sample; negative control group) in most cases showed statistically significant differences.
It should be added that the clear statistical significance of the positive and negative control
tests confirmed that the experimental setup works and can be used without restrictions.

The different filling techniques mentioned above were also an important factor in this
study, since different materials [23,24] and the layer thickness used in the techniques [25-
27] can of course have a considerable influence on seal tightness. This was also confirmed
with the method. The results show clear statistically significant differences between the
control group (I) and the definitive filling groups (IIl and IV). However, there is still a need
for further research, e.g., studies testing the seal tightness between lateral condensation,
the single cone technique, and warm filling techniques or other biomaterials.

The length, root canal preparation, and irrigation of the sample must of course also be
critically considered. The samples were all 4 mm in length and were repeatedly prepared
(filling retreatment) as connected samples within the group. The length appears to be very
short in comparison with other FF studies. Many studies, e.g., those based on the dye
penetration method, use lengths of 10-15 mm [25,28]. However, this sample length was
deliberately chosen for the feasibility of this study, in order to avoid influencing factors such
as possible curved canals or furcations, the formation of air pockets in the root fillings, and
to obtain meaningful and comparable results. Connected samples also meant that they had
to be cleaned after each measurement, i.e., the filling materials had to be carefully revised.
Of course, unintentional residues of materials in the samples could lead to distortions in
the evaluation [29]. This can certainly also be interpreted in the results with regard to
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sample groups III and IV. It seems interesting that there was no statistically significant
difference between the two groups and that there was a smaller interquartile range in group
IV. Here, due to the missing range, one could certainly conclude that there were residues
from previous filling materials from the previous run. The intention was to counteract
this possibility as much as possible by using a small sample length. Visually and tactilely,
an effort was made to ensure the removal of the previous biomaterial during the filling
material retreatment; however, total removal of the biomaterial could not be guaranteed.

Another point that should also be considered here is the influence of the rinsing
solutions used in the treatment on the adhesive strength of the biomaterials in the root canal.
We used the Aachen rinsing protocol for chemomechanical preparation, which involves
rinsing with a conventional 17% EDTA rinsing solution and 3% sodium hypochlorite
rinsing solution. Both rinsing solutions are very well established and have been widely
studied in the literature, including in connection with the filling materials used in this
study, and in relation to bond strength [30]. Due to the large number of published studies
on these rinsing solutions, including combinations with different types of bioactive sealants
and their bonds, closer attention to this aspect seems unnecessary.

The present feasibility study provides a good insight into the analysis of interface
leakage in the high-vacuum system. However, further experiments will be needed to allow
more precise conclusions to be drawn. It would also be interesting to assess the extent
to which different biomaterial-based (root) filling materials can prevent the leakage of
sulfur compounds formed by persistent micro-organisms at the periodontal-endodontic
interface, which have been described as potentially harmful [31]. There are thus exciting
prospects for further research, which should definitively deal with the above-mentioned
potential infiltration of toxins, using different root filling techniques and bond strengths,
for example.

5. Conclusions

This study describes the development of a standardized test setup for assessing
periodontal-endodontic interfaces in order to evaluate and optimize hybrid structures
between root dentin and endodontic sealing materials. Compared to current analysis
systems, it is possible not only to record leakage rates in general, but also to quantitatively
measure the smallest particles, with the option of further mass spectrometric analysis.
Verifying the sealing of a root canal can prevent the surrounding alveolar bone tissue from
being affected by biomaterials and tissue degradation products. Determining the sealing
properties of restorative biomaterials and material combinations should allow for better
assessment of the prognosis for avoiding apical inflammatory processes and achieving
apical healing.
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Abstract: The aim of this study was to investigate the antimicrobial efficacy of different disinfection
protocols in a novel Enterococcus faecalis biofilm model based on a visualization method and to
evaluate the potential alteration of dentinal surface. A total of 120 extracted human premolars were
allocated to 6 groups with different irrigation protocols. The assessment of the effectiveness of
each protocol and the alteration of dentinal surface were visualized by using SEM and fluorescence
microscopy (DAPI). A dense E. faecalis biofilm with a penetration depth of 289 um (medial part
of the root canal) and 93 um (apical part) validated that the biofilm model had been successfully
implemented. A significant difference between the 3% NaOCI groups and all the other groups in both
observed parts of the root canal (p < 0.05) was detected. However, the SEM analysis revealed that the
dentinal surface in the 3% NaOCI groups was severely altered. The established biofilm model and
the visualization method based on DAPI are appropriate for bacterial quantification and evaluation
of the depth effect of different disinfection protocols in the root canal system. The combination of
3% NaOCl with 20% EDTA or MTAD with PUI allows the decontamination of deeper dentine zones
within the root canal but simultaneously alters the dentinal surface.

Keywords: bacterial penetration; biofilm model; DAPI method; dentinal tubules; Enterococcus faecalis;
root canal irrigants

1. Introduction

The goal of an endodontic treatment should be the elimination of microorganisms
and the prevention of a possible reinfection. A successful root canal therapy relies on
the combination of proper instrumentation, irrigation, and obturation of the root canal
system. The etiology behind endodontic treatment failures is mainly a persisting infection
with a biofilm structure in the root canal system [1]. Unfortunately, the root canal system
with its anatomical complexity represents a challenging environment for the effective
removal of bacteria and biofilm [2]. A plethora of chemical irrigants activated by different
technical devices are used to eliminate residual microbes in root canals [2,3]. One of the
most common techniques is passive ultrasonic irrigation (PUI) [4-6].

A microorganism that has been intimately associated with treatment failures is
Enterococcus faecalis (E. faecalis) [7,8]. The reported prevalence of E. faecalis ranges from
24% to 77% in post-treatment root canal infections [9]. To date, it is still not possible to
explain this prevalence since the origin of E. faecalis infections remains unknown. Since its
first description in 1906, it is termed Streptococcus faecalis or “Streptococcus of faecal origin”
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as it has often been recovered from fecal matter or sewage [10]. It is both a commensal
pathogen of the gastro-intestinal tract and a common nosocomial pathogen. Its transi-
tion from commensal to pathogenic is far from being completely understood. E. faecalis
is most likely not derived from the endogenous flora or from nosocomial transmission
but is instead a food-borne pathogen in root canal infections [11]. However, E. faecalis is
considered a suitable model for studying bacterial infections in root canals [12], specifically
in in vitro studies.

Extensive research has been accomplished in the field with regard to bacterial reduc-
tion of biofilm within the root canal system [13,14]. However, there are limited studies that
compared the synergistic effects of passive ultrasonic irrigation with different irrigants
against E. faecalis biofilm in the root canal system, as well as their effects on the dentinal
root canal surface. The use of passive ultrasonic irrigation has been limited to endodontic
irrigants, such as NaOCl and EDTA, and its use over CHX or MTAD (mixture of tetracy-
cline, acid, and detergent), whereas the combination of different irrigants has not been
studied in detail [6,15].

Microscopic techniques have been used for the evaluation of the effects of various
endodontic irrigants on biofilms [16,17]. The dentinal root canal surface was evaluated by
scanning electron microscopy (SEM) in this study. Fluorescence staining with DAPI—a
fluorescent dye to visualize bacteria by binding to the AT-rich regions of nucleic acids of
double-stranded DNA, thereby forming fluorescent units—was used to detect bacteria in
the depth of dentinal tubules [18,19]. In the present study, the degradation and removal
effects of different disinfection protocols were investigated using a visualization method.
The aim of our study was to establish a biofilm root canal model in order to visualize and
quantify bacterial colonization within the dentinal tubules after the application of different
disinfection protocols and to identify the synergistic effects of the different irrigants in
combination with PUI on the dentinal surface for the first time.

2. Materials and Methods
2.1. Sample Preparation

A total of 120 extracted human single-rooted premolar teeth were used in this study.
The anatomic crown of each tooth was resected horizontally at 16 mm with a diamond disk
(Diamond Disc 330 CA, Struers, Willich, Germany). The working length of each root canal
was measured at 15 mm. The roots were prepared using the file F1 (020/06) of the rotary
endodontic nickel-titanium system, ProTaper Universal (Dentsply-Maillefer, Switzerland),
and were irrigated with 2 mL of NaCl (0.9%). Finally, the root canals were rinsed with
2 mL of 20% EDTA for 1 min under agitation with the ultrasonic tip IRRI S/25 mm (Satelec-
VDW GmbH, Munich, Germany) for the removal of the smear layer and again with
0.9% NaCl. In order to prepare all samples for the splitting of the roots at the end of the
procedure, two lines were drawn longitudinally on the buccal and lingual planes of each
root. Longitudinal grooves were then carved with a diamond bur under the caution of
not invading the root canal along the drawn lines (Figure 1). The complete longitudinal
fracture of the roots was performed with a razorblade (Herkenrath, Solingen, Germany)
and a hammer (Braun, Tuttlingen, Germany), providing two root halves from each sample.
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Figure 1. (A) Initial decoronized root; (B) carving a groove with a diamond bur without invading the
root canal; and (C) carved groove on the lingual and buccal planes of the root.
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Lastly, the teeth were cleaned in an ultrasonic bath (Sonorex Digital 10P, Bandelin,
Berlin, Germany) with 20% EDTA (10 min) and finally in distilled water (1 h) (Aqua
destillata, Weinert Wassertechnik GmbH, Dresden, Germany). The apical foramen of each
root and the lateral grooves were sealed with silicone (Provil novo, Heraeus Kulzer GmbH,
Germany) to avoid bacterial leakage through the apex and the lateral canals or through
the dentinal tubules during the procedure of inoculation with E. faecalis. Afterward, the
teeth were placed in an ultrasonic bath for 10 min with tryptic soy broth (TSB—Merck,
Darmstadt, Germany), followed by autoclaving (10 min, 121 °C). To check the sterility
of the samples, the teeth were incubated in the TSB for three days at 37 °C to prove that
no contamination, as indicated by the cloudiness of the TSB, took place. Afterward, the
teeth were embedded in a 5 mL Eppendorf tube (Eppendorf AG, Hamburg, Germany)
with 3% Agarose (Merck, Darmstadt, Germany). Again, each root was filled with the TSB
medium using a fine 27-gauge needle (3/4 0.4 mm x 19 mm) (Transcodent, Germany) to
keep the dentine moistened.

2.2. Inoculation of the Roots with E. faecalis and Incubation

The E. faecalis strain was obtained (clinical bacterium isolated from a patient with
persistent root canal infection and approved by the ethics committee of the University of
Freiburg 140/09) and cultivated in a S2 laboratory. A day prior to the inoculation procedure
of the roots, a tryptic-soy-broth (TSB) bouillon, including 2 mg/mL of Streptomycin and
0.2 pg/mL of Amphotericin B, was inoculated with a single E. faecalis colony on an agar
plate and incubated at 37 °C. Streptomycin (2 mg/mL) was added as an antibacterial
agent to the TSB in order to inhibit the growth of other bacteria and Amphotericin B was
added as an antimycotic agent. On the first day of the inoculation procedure, each root in
the Eppendorf tube was inoculated with E. faecalis culture bouillon (1.6 x 10%/mL) after
the removal of the old TSB medium and incubated at 37 °C. The next day, the bacterial
suspension within the root canal was again removed with a 27-gauge needle, and new
E. faecalis culture bouillon was applied to the roots and incubated at 37 °C. After two days,
the bacterial suspension was removed, but this time, it was not renewed; instead, fresh
TSB medium was applied to the roots. Furthermore, the infected root canals underwent a
renewal of the TSB medium every day for 6 weeks. The incubation time lasted 6 weeks to
allow the formation of E. faecalis biofilm.

2.3. Application of the Disinfection Protocols

After the incubation period, the bacterial suspension was removed from all the roots,
and the samples were randomly divided into five experimental groups (n = 20) and one con-
trol group (n = 20). Group 1 (CTR): control group with no disinfection protocol; Group 2
(NECpyr): NaOCl 3% + EDTA 20% + CHX 2% + NaCl 0.9% under passive ultrasonic
irrigation (PUI) with Irri S 25 (Satelec-VDW GmbH, Munich, Germany); Group 3 (NEpyy):
NaOClI 3% + EDTA 20% under PUI with Irri S 25; Group 4 (CEpyy): CHX 2% + EDTA 20%
under PUI with Irri S 25; Group 5 (NMpyy): NaOCl 3% + MTAD under PUI with Irri S25;
and Group 6 (NaCLpyy): NaCl 0.9% under PUI with Irri S 25 (Table 1). Before the disin-
fection procedure of any group (including the control group), the roots of all groups were
instrumented up to file F4 (040/0.6) of the ProTaper system (Dentsply-Maillefer, Ballaigues,
Switzerland) and were rinsed intermittently with 0.9% NaCl solution.

Table 1. Disinfection/irrigation protocols in each group.

Group 1 CTR Group 2 NECpy; Group 3 NEpy; Group 4 CEpy Group 5 NMpyx Group 6 NaClpy;
NaOCl 3% + EDTA
Control group no 20% + CHX 2% + NaCl NaOCl 3% + EDTA CHX 2% + EDTA NaOCl 3% + MTAD NaCl 0.9% under
disinfection protocol 0.9% under passive 20% under PUI with ~ 20% under PUI with under PUI with PUIL with Irri S 25
ultrasonic irrigation Irri S 25 Irri S 25 Irri S 25
(PUI) with Irri S 25
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2.4. Preparation of the Specimens for Visualization Techniques

The splitting of the roots was performed directly after the application of each dis-
infection protocol, providing two halves of each sample. One-half of the root was used
for the analysis by scanning electron microscopy (SEM), and the other half was used for
the analysis by fluorescence microscopic staining with 4’,6-Diamindin-2-phenylindole
(DAPI). The halves for DAPI staining were transferred directly into a 15 mL centrifugal
tube (Sarstedt, Niirnberg, Germany) with 4% formaldehyde to fixate the bacteria. The
fixation lasted 48 h at 4 °C. Subsequently, the roots were placed in Osteosoft® (Merck,
Darmstadt, Germany)—for the decalcification of the dentinal roots—until the specimens
were sliceable with a scalpel. Then, every root canal half was cut transversally into two
pieces: the medial part and the apical part (1 mm before the apex). Shortly after, the
embedding of the medial and apical root pieces in paraffin was carried out. The sectioning
of the root pieces into 2 um sections with a microtome (Leica Biosystems Nussloch GmbH,
Nufsloch, Germany) took place. The object carrier was silanized, and the test species were
placed on glass on a histological slide. These final steps were performed for visualization
with the DAPI method.

2.5. DAPI

DAPI staining (Merck, Darmstadt, Germany) was conducted as described in previous
research [20,21]. DAPI (4,6-diamidino-2-phenylindole) stains DNA unspecifically by
binding to the AT-rich regions of double-stranded DNA. The following steps were used
for the DAPI staining. The test species were covered with the DAPI stock solution (1.5 puL
of stock solution in 500 pL of PBS (phosphate-buffered saline—Invitrogen Ltd., Bend, OR,
USA)) in a dark chamber. This DAPI solution was removed after 15 min by rinsing several
times with the PBS (phosphate-buffered saline, Invitrogen Ltd., Bend, OR, USA) before the
samples underwent fluorescence microscopic analysis [19]. Thereafter, the samples were
dried at room temperature and coated with the Vectrashield mounting medium (Sigma-
Aldrich, Taufkirchen, Germany). The analysis by epifluorescence microscopy (Axioplan,
Zeiss, Oberkochen, Germany) was conducted. The root canal samples with the dentinal
tubules were analyzed at 1000-fold, 400-fold, and 100-fold magnifications using a light
filter for DAPI (BP 365, FT 395, LP 397 Zeiss, Oberkochen, Germany). The area of the ocular
grid allowed the visualization of the total length of the dentinal tubules.

2.6. Scanning Electron Microscopy

Regarding the scanning electron microscopic (SEM) investigation, the other half of
the root was used. The sectioned root canal specimens with four roots from each group
were transferred into microtubes with 4% glutaraldehyde (Sigma-Aldrich, Taufkirchen,
Germany). The fixation with glutaraldehyde was continued for 2.5 h at room temperature.
The next step was washing with the PBS for 15 min twice and dehydration with Isopropanol
(Carl Roth GmbH Co. KG, Karlsruhe, Germany). Then, chemical drying through iterative
transfer into hexamethyldisilazane (HMDS) was performed. The specimens were fixed on
SEM stubs and sputtered with gold—palladium. The scanning electron microscopy took
place using a Philips ESEM XL 30 in the high-vacuum mode to detect secondary electrons
for imaging.

2.7. DATA Evaluation

First, the surface area of each sample was calculated, using the Image J2-Fiji program
(Curtis Rueden of UW-Madison LOCI, Madison, WI, USA), in the DAPI images with a
100-fold magnification [22]. Then, the number of bacteria per surface area was calculated
visually by two operators using a compact manual cell counter (Fisherbrand™, Schwerte,
Germany) in all the DAPI images of each group (apical and medial parts of the root canal).
The arithmetic estimation of bacterial penetration depth was performed using the Axio
Vision program (Zeiss, Jena, Germany). By that means, the distance between the entrance
of the dentinal tubules and the penetrated bacterial cells was measured. Moreover, all cells
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were counted between the entrance of the dentinal tubules and the deepest penetrated cell
in the specimens (Scheme 1).

Collection and preparation of the tooth (n=120)
extracted human premolars of mandible without cracks, resorption and opened apex.

decoronation, determination of working length in 15mm, enlarging coronally with Gates Glidden's #5

groove preparation for the splitting of root

. 4

Initial chemomechanical preparation

Protaper (F1) and NaCL 0,9% , EDTA 17% (1 min PUI ), NaCl 0,9%

] 4

Formation of Enterococcus faecalis biofilm

sterilization control, preparation (sealing of groove with silicone) for the Eppendorf, 6-week incubation

. o S

Protocol of Disinfection

further mechanical preparation (F4), final irrigation protocols with PUI 6 Groups (=20 each)

7 “. N

Analysis - Visualization of the results

splitting of the tooth, preparation for the SEM, DAPI-staining

Data Evaluation

counting of bacteria, statistical analysis

Scheme 1. Flow chart of the experimental setup.

A four-point scoring system was adapted to evaluate the surface profile of the root
canal dentine after the application of the disinfection protocols by using the SEM data [23].
The scoring system was defined according to the representative images from the SEM data
(Figure 2):

Score 0: Absence of irregularities and dentinal tubules closed.

Score 1: Partially irregular and dentinal tubules partially opened.

Score 2: Damage of the surface and dentinal tubules opened.

Score 3: Severe erosion of the dentinal surface and dentinal tubules widely opened.

2.8. Statistical Analysis

The values were compared by using one-way analysis of variance (ANOVA), followed
by a post hoc test (Dunnett’sT3). The Dunnett’s T3 test was used to assess the differences
between the six groups based on the DAPI data. The level of significance was set at 0.001
for the one-way ANOVA test, with a statistical power of 95%, and at 0.05 for the Dunnett’s
T3 test, with a statistical power of 80%.
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Figure 2. Representative scanning electron micrographs of the surface profiles of root canal walls

characterized by a score of 0-3. (5000-fold magnification). Score 0: absence of irregularities of the root
canal wall and dentinal tubules closed—sample from the control group; Score 1: partially irregular
root canal wall and dentinal tubules partially opened—sample from Group 2; Score 2: damage of
the surface and dentinal tubules opened—sample from Group 3; and Score 3: severe erosion of the
dentinal surface, dentinal tubules widely opened, and collagen exposed—sample from Group 5.

3. Results

The bacterial colonization in the samples was successful. After six weeks of incubation
with E. faecalis, the cells had already migrated into the dentinal tubules. The examination
with the DAPI method gave insight into the remaining bacterial cells inside the dentinal
tubules after the application of the different disinfection protocols. All cells were counted
between the entrance of the dentinal tubules and the deepest penetrated cell in the speci-
mens. The overall penetration depths of the deepest remaining E. faecalis cells in all groups
and both parts of the root canal (medial and apical) were measured to validate the biofilm
model. A deeper penetration pattern of E. faecalis into the dentinal tubules was observed in
the medial part of the root canal compared to the apical part of the root canal in the control
group (Figure 3).
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Figure 3. DAPI results: bacterial penetration depth (um) of the deepest remaining E. faecalis cells in
the control group from both parts of the root canal (medial and apical) presented in the boxplots. The
dots represent all the values, including outliers. Mean scores—mean of value (mv)—are outlined by a
dashed line, and median scores are outlined by a straight line: medial part: 289.4 4 121.554 um (mv),
and apical part: 93.45 & 118.554 um (mv).

Bacterial cells were traceable in all specimens by the DAPI method in the control group.
The root canals inoculated with E. faecalis were heavily infected, and microorganisms
were observed in all areas of the dentinal tubules in the control group, even after the
instrumentation up to ProTaper file F4 (040/0.06). In general, not only a deeper penetration
of E. faecalis was observed in the medial part compared to the apical part of the root canal
in each group, but the bacterial count was higher as well. More specifically, in the control
group, the bacterial count in the medial part was 1492.0 + 768.4 bact./um?, and in the
apical part of the root canal, the count was 172.3 4- 222.1 bact./um?. The representative
images from each group visualize the penetration depth of the deepest remaining bacterial
cells, as well as the residual infection of the dentinal tubules with the remaining bacteria
in general, after the application of the different disinfection protocols. These images from
the DAPI data are representative examples of each group from both parts of the root canal
(medial and apical) (Figure 4a,b).

Specifically, less bacteria were detected in Group 2 (NaOCl 3% + EDTA 20% + NaCl
0.9% + CHX 2% with PUI) when compared to Group 4 (CHX 2% + EDTA 20% with PUI)
and Group 6 (NaCl 0.9% with PUI). These Groups—4 and 6—yielded comparable amounts
of bacteria. Hardly any bacteria were detected in Group 3 (NaOCl 3% + EDTA 20% with
PUI) and in Group 5 (NaOCl 3% + MTAD with PUI) after the application of the disinfection
protocols. The post hoc comparisons using the Dunnett’s T3 test indicated that the mean
score for the control group was significantly different from all the other tested groups
regarding the medial part of the root canal. However, at the apical part of the root canal, the
control group did not significantly differ from Groups 2 (NaOCl 3% + EDTA 20% + NaCl
0.9% + CHX 2% with PUI), 4 (CHX 2% + EDTA 20% with PUI), and 6 (NaCl 0.9% with PUI).
There was also no significant difference between Groups 3, 5, and 2 at the medial/apical
part of the root canal, but the difference was statistically significant between Groups (3 and
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5) and (1, 4, and 6) at the medial part. No statistically significant association could be found
between Group 3 and Group 5 (Figure 5).

Medial Part of Root Canal Apical Part of Root canal

Control group

Figure 4. Cont.
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Group 4

Medial Part of Root Canal Apical Part of Root canal

Figure 4. (a) DAPI staining; typical examples for the penetration depth and remaining bacterial

colonization/cells for each group in the medial (A,C,E) and apical (B,D,F) parts of the root canal.
Measured penetration depth of E. faecalis in a representative sample of the control group: in the
medial part, it is 271 pm (A), and in the apical part, it is 259 um (B). Measured penetration depth in
the medial part of Group 2 is 309 um into the dentinal tubules (C) and 95 um in the apical part of
the root canal (D). In Group 3, only one specimen sample is found with a penetration depth of 233 pm
in the medial part of the root canal (E), and there are no bacteria in the apical part of the root canal
(F). Remaining E. faecalis cells (white) are distributed randomly in small aggregates, and the stars (red)
outline the artifacts. Group 1: control group; Group 2: NaOCl 3% + EDTA 20% + CHX 2% + NaCl 0.9%
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with PUI; and Group 3: NaOCl 3% + EDTA 20% with PUL (b) DAPI staining: typical examples
for the penetration depth and remaining bacterial colonization/cells for each group in the medial
(A,C,E) and apical (B,D,F) parts of the root canal. No bacteria are detectable in the dentinal tubules
of the apical part of Groups 4, 5, and 6 (B,D,F). Measured penetration depth of E. faecalis cells in
the medial part of Group 6 is 323 pm into the dentinal tubules (E), and it is 372 pm in Group 4 (A).
In a sample of Group 5 (medial part), the measured penetration depth of the deepest remaining
E. faecalis cells is 333 pm (C). Remaining E. faecalis cells (white) are distributed randomly. Group 4:
CHX 2% + EDTA 20% with PUI Group 5: NaOCl 3% + MTAD with PUI; and Group 6: NaCl 0.9%
with PUL
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Figure 5. DAPI staining: aggregated presentation of data representing the number of bacteria
both at the medial (m) and apical (a) parts of the root canal in all groups. Control Group 1:
1492.0 + 768.4 bact./um? (m) and 172.3 + 222.1 bact./um? (a); Group 2 (NaOCl 3% + EDTA 20% +
NaCl 0.9% + CHX 2% with PUI): 157.8 # 239.3 bact./um? (m) and 19.6 = 31.1 bact./um? (a); Group 3
(NaOCl 3% + EDTA 20% with PUT): 66.2 4 188.2 bact./um? (m) and 0.5 + 1.4 bact./um? (a); Group 4
(CHX 2% + EDTA 20% with PUI): 483.8 -+ 409.9 bact./um? (m) and 7.9 + 16.9 bact./pum? (a); Group 5
(NaOCl 3% + MTAD with PUI): 33.2 + 44.3 bact./um? (m) and 0.5 & 1.6 bact./ um? (a); and Group
6 (NaCl 0.9% with PUI): 329.5 + 275.8 bact./pm? (m) and 49.8 + 109.3 bact./um? (a). Outliers are
represented by + (red) in the boxplot. Statistical significances are outlined by * between the various
conditions. One-way ANOVA (p < 0.001); Dunnett’s T3 test (p < 0.05).

The SEM data confirmed the results of the DAPI analysis. The visualization of bacteria
under the scanning electron microscope (SEM) indicated colonies of E. faecalis, especially at
the entrances of the dentinal tubules and the root canal surface. It was mainly observed by
the SEM how each disinfection protocol had affected the structure of the root dentine.

A considerable alteration of the dentinal structure in the root canal was observed in
Groups 3 and 5. This alteration resulted in the erosion of the dentinal ultrastructure. Partial
irregularities were observed in Groups 2 and 4. A morphological change of the dentine
surface was observed by the SEM in Group 6, as well. The dentinal tubules were partially
opened, and there were areas of the dentine surface that were apparently mechanically
prepared and instrumented due to the use of the ultrasonic tip (Figure 6).
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Score 0 , T Score 1

Figure 6. Representative images obtained by SEM from the six groups (1000, 20,000 x magnification)
characterized by the scoring system: (a) control group: (score 0) no irregularities on the dentine
surface; (b) Group 2: (Score 1) dentine surface morphology coated with collagen; (c) Group 3: (Score 0)
demineralization of dentine surface; (d) Group 4: (Score 1) limited non-instrumented areas with
partially closed dentinal tubules; (e) Group 5: (Score 0) severe erosion of the dentinal surface; and
(f) Group 6: (Score 2) partially irregular dentinal surface.

4. Discussion

With the intention of studying the effect of different disinfection protocols, it was
necessary to analyze the cleansing effect of different irrigations and to quantify the re-
maining bacteria after the decontamination. Therefore, a mono-species biofilm model was
established in order to quantify penetrated bacteria into the dentinal tubules of human
root dentine after the application of different disinfection protocols. The composition
and structure of the endodontic biofilms are highly variable. Although this study was
not in vivo and did not mimic complex multispecies endodontic biofilms, the established
mono-species E. faecalis isolated from a biofilm model with persistent root canal infection
provided a well-standardized anatomical and biologically relevant model that allowed the
comparison of different disinfection protocols against E. faecalis biofilms, as visualized with
the DAPI method.
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The analytical procedure based on the visualization by DAPI staining was established
by the present research group [24,25] to quantify the remaining penetrated E. faecalis cells
within the dentinal tubules and to evaluate the disinfection effect of five different irrigation
protocols. To a certain extent, this technique permits the two-dimensional imaging of bacte-
ria on the root canal surface and inside the dentinal tubules. The examination following
DAPI staining gave an additional insight into the remaining penetrated bacterial cells into
the dentinal tubules [24,25] and confirmed the penetration of bacteria into the dentinal
tubules. Furthermore, the examination with the DAPI method revealed a semi-quantitative
assessment of bacteria in the observed areas. Undeniably, the evaluation of the results,
specifically the calculation of bacteria, was time consuming. The compact manual cell
counter allowed us to register each individual colony prior to testing based on standard-
ized comparisons [26]. Notwithstanding the fact that the method was time-consuming, it
provided an accurate estimation of the number of bacterial cells.

A criticism often brought up in relation to all imaging techniques used to evaluate
intraradicular biofilms is that the observed areas are to some extent subjectively chosen by
the examiner. Using the DAPI method, which also provides a local estimation of remaining
bacteria, the cross sections of the root—and not of the whole root canal—were evaluated.
Certainly, the field of observation is more extended in contrast to other methods, such as
colony-forming units (CFU). Considering that the field of vision under the microscope is
limited, most of bacteria remain undetected. Regarding CFU, most of the studies are based
on the paper point sampling process for the analysis of bacteria, which is considered con-
troversial since it leads to a biased collection of biofilm material that are readily accessible,
while hidden bacteria in dentinal tubules are oftentimes disregarded [27]. A negative cul-
ture result by CFU does not necessarily imply a bacteria-free root canal system, as bacteria
may be retained in complex areas of the system or into the dentinal tubules embedded
within a biofilm, thus being inaccessible to the paper points used for sampling. Therefore,
the CFU method in combination with paper points for bacterial identification can result in
an underestimation of the bacteria present in an infected root canal [28]. Even though the
field of vision in the presented DAPI method in this study is limited, it offers insight into
the bacterial contamination within the dentinal tubules and the bacterial penetration depth.
Further analysis of the root canal wall using SEM gives additional insight into the bacterial
contamination of the root canal surface as well as the alteration of the root dentine caused
by endodontic irrigants.

It is apparent that the combination of different microscopic techniques is more likely
to facilitate a deeper and more realistic analysis of biofilm architecture in the root canal.
The combination with SEM provides more information regarding the visualization of
bacteria [29]. SEM also provides information concerning the condition of bacteria and
the ultrastructure [30,31]. SEM has been used to visualize the distribution of bacteria
on the surface of biofilm in the root canal wall, as well as the penetration inside denti-
nal tubules [24,32,33]. However, the resulting images are, therefore, only pseudo three-
dimensional. As biofilms are multileveled, SEM is unable to assess the full depth of these
structures [29,34,35]. Another aspect regarding SEM is that only topographical assessment
of the observed structures is possible, which makes it nearly impossible to quantify the
bacteria into the root dentine areas and, especially, inside the dentinal tubules. Therefore,
only qualitative assessment of observed specimens can be performed with this technique.
This is not surprising, considering the field of vision under a scanning electron microscope
contains only a few micrograms of dentine. For this reason, previous studies have used
SEM in order to visualize bacteria in the root canal and not to quantify them [12,29,36].
However, SEM is a very effective method to analyze ultrastructural surface alterations after
an irrigant application. Different studies have already shown the use of SEM to investigate
enamel [37,38] and dentine [39,40]. Nevertheless, a direct comparison of irrigant decon-
tamination efficacy using fluorescence microscopy (DAPI) and dentinal surface alteration
using SEM was performed for the first time in the present study.
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Regarding the viability of the remaining bacteria, the established DAPI method is
unable to provide knowledge about the viability of such bacteria. There is no evidence
regarding a live/dead staining with the advantages of the DAPI method, which has the
ability to detect the viability of penetrated bacteria located within the dentinal tubules of
the root canal. The fixation of bacteria—a necessary step in the analysis with the DAPI
method—destroys the viability state of cells. In general, it can be assumed that the differen-
tiation of viable and dead bacteria is possible using different live/dead staining methods.
These methods represent the viability state during the staining procedure. However, with
additional after dye accumulation inside the cells, bacteria, indeed, lose their viability [41].

The model in this study was based on a mono-species biofilm with E. faecalis within
the root canals and dentinal tubules. E. faecalis plays an important role in bacterial biofilm
invasion and is considered a suitable model for assessing root canal bacterial penetration.
Many in vitro investigations have been undertaken to examine the mechanisms involved in
bacterial penetration into dentine and to visualize this infection in dentinal tubules [12,42].
Confocal laser scanning microscopy (CLSM) and the DAPI method—which was used in
this study—allow the most precise assessment of bacterial penetration in the dentinal
tubules and generate less risk of creating artifacts, when compared to SEM [43]. Most of
studies with CLSM use colony-forming units (CFU) in order to quantify bacteria that have
invaded into dentinal tubules. Considering the drawbacks of CFU, the DAPI method can
be considered as an alternative visualization method for quantifying bacterial penetration.

In this study, the effectiveness of the five different disinfection protocols was examined
in comparison to the control group, and it was concluded that the disinfection protocols
in Groups 3 (NaOClI 3% + EDTA 20% with PUI) and 5 (NaOCl 3% + MTAD with PUI)
were the most effective (p < 0.001). There was a significant difference in the bacterial
count between both Groups 3 and 5 and all the other groups in the medial part of the
root canal (p < 0.05). Although PUI improved the effectiveness of conventional irrigation,
no significant difference was detected between the control group (only instrumentation
and conventional irrigation with NaCl 0.9%) and Group 6 (instrumentation and passive
ultrasonic irrigation with NaCl 0.9%) based on the Dunnett’s T3 test (p < 0.05). Obviously,
the irrigants play an important role in the decontamination of E. faecalis biofilm, but the
use of passive ultrasonic irrigation also enhances bacterial reduction from the root canal
systems when compared to other methods of irrigant activation and conventional syringe
irrigation [6,44—46].

Both groups (Groups 3 and 5) revealed the best results concerning decontamination
and biofilm dissolution capacity. NaOCl is appropriate as an irrigant because it is effective
in disrupting biofilm [47]. However, structural deformations/alterations were observed
in the dentine ultrastructure. The use of NaOCl in combination with additional irrigants
as the final irrigation provokes severe structural changes in the dentinal collagen. These
phenomena has also been observed in previous ultramorphological studies [48,49]. The
erosion of the dentine by proteolytic degradation is followed by the formation of fragile,
spongy-like root dentine. The worst-case scenario is root fracture due to the weakening of
the root. Therefore, it is a fine line between removing too much dental tissue, which would
strongly weaken the root, and leaving the infected dental tissue in the root canal, which
would reduce the possibility of achieving the best decontamination effects.

Intensive research is being conducted to develop disinfection protocols for the root
canal system. The ideal protocol of disinfection does not exist yet. In the near future,
nanotechnology might be applied to the endodontic field. In endodontics, there are no
techniques that promote total anti-biofilm removal while simultaneously do not affect the
root dentine ultrastructure. Nanomaterials and nanocarriers could open new opportunities
for the removal of biofilms and repair of tooth structure [50].

5. Conclusions

In conclusion, a clinically relevant E. faecalis biofilm model for in vitro studies—based
on visualization by DAPI staining—was established. The results of the present study
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suggest that the combination of 3% NaOCI under passive ultrasonic irrigation with an
additional final irrigant, such as 20% EDTA or MTAD, is the most effective disinfection
protocol against E. faecalis biofilm. Yet, the dentinal root canal surface is altered the
most after the application of 3% NaOCl with 20% EDTA or MTAD. The combination
of epifluorescence microscopy with DAPI staining and scanning electron microscopy
(SEM) is a novel approach of the present research group to visualize and quantify the
decontamination effects of different endodontic irrigants by evaluating the remaining
bacteria on the root canal surface and within the dentinal tubules. At the same time, the
penetration depth of bacteria and the bacterial ultrastructure/condition, as well as the
alteration of the dentine due to the endodontic irrigants, can be evaluated.
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Abstract: The influence of intracoronal sealing biomaterials on the newly formed regenerative
tissue after endodontic revitalisation therapy remains unexplored. The objective of this study
was to compare the gene expression profiles of two different tricalcium silicate-based biomaterials
alongside the histological outcomes of endodontic revitalisation therapy in immature sheep teeth. The
messenger RNA expression of TGF-3, BMP2, BGLAP, VEGFA, WNT5A, MMP1, TNF-« and SMAD6
was evaluated after 1 day with qRT-PCR. For evaluation of histological outcomes, revitalisation
therapy was performed using Biodentine (n = 4) or ProRoot white mineral trioxide aggregate (WMTA)
(n = 4) in immature sheep according to the European Society of Endodontology position statement.
After 6 months’ follow-up, one tooth in the Biodentine group was lost to avulsion. Histologically,
extent of inflammation, presence or absence of tissue with cellularity and vascularity inside the
pulp space, area of tissue with cellularity and vascularity, length of odontoblast lining attached
to the dentinal wall, number and area of blood vessels and area of empty root canal space were
measured by two independent investigators. All continuous data were subjected to statistical analysis
using Wilcoxon matched-pairs signed rank test at a significance level of p < 0.05. Biodentine and
ProRoot WMTA upregulated the genes responsible for odontoblast differentiation, mineralisation
and angiogenesis. Biodentine induced the formation of a significantly larger area of neoformed tissue
with cellularity, vascularity and increased length of odontoblast lining attached to the dentinal walls
compared to ProRoot WMTA (p < 0.05), but future studies with larger sample size and adequate
power as estimated by the results of this pilot study would confirm the effect of intracoronal sealing
biomaterials on the histological outcome of endodontic revitalisation.

Keywords: Biodentine; dental pulp; immature teeth; mineral trioxide aggregate; MTA; regenerative
endodontics; revitalisation

1. Introduction

Revitalisation therapy is based on the theory that undifferentiated stem cells and
progenitor cells in the apical papilla of immature permanent teeth can be recruited in the
root canal to regenerate functional dentine—pulp complex, induce deposition of mineralized
tissue on the root canal wall and replace the necrotic pulp tissue lost due to caries, trauma
or developmental anomalies [1,2]. Revitalisation therapy hypothesizes that in contrast to
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apexification therapy, apexogenesis will occur alongside the strengthening of the root canal
walls and consequently prevent cervical fractures and increase the survival rate [3]. An
important goal of revitalisation therapy is to form new tissue with the same histological
characteristics to recapitulate the lost dental pulp. A majority of the animal and human
studies, however, report the formation of pulp-like, cementum-like, bone-like, periodontal
ligament-like or fibrous connective tissue [4].

The meticulous combination and interplay of three key elements, namely, stem cells,
scaffold and bioactive molecules is referred to as the triad of tissue engineering [5,6]. The
intentional manipulation of these three components of the tissue engineering triad has
been investigated, but thus far, no protocol can achieve predictable endodontic tissue
regeneration [7]. Stem/progenitor cells recruited from the apical region of the tooth
are derived from peripheral blood, periodontal ligament, bone marrow or granulation
tissue [8]. This has been proposed as a reason for the varied histology of the newly
formed tissue [9]. Induced blood clot is the traditionally used scaffold, but certain studies
suggest that blood clot might not be a stable scaffold to support tissue regeneration at
its initial phase [10]. Alternative natural or synthetic scaffolds such as polylactic acid,
polyglycolic acid, polycaprolactone, collagen, fibrin, chitosan, hyaluronic acid, poly(lactic-
co-glycolic acid), peptide hydrogels, platelet-rich plasma and platelet-rich fibrin have been
experimented with as possible scaffolds to enhance the histological outcome of revitalisation
therapy [4,11].

Growth factors are critical signalling molecules that guide the stem cells towards
differentiation [12]. These bioactive molecules are delivered at the site of regeneration from
various sources such as demineralized dentine matrix fossilized with growth factors [13],
paracrine/trophic effects of the stem cells [14,15], scaffolds impregnated with growth fac-
tors [16] and the molecular signalling induced with the biomaterial used as the intracoronal
barrier. Tricalcium silicate cements (TSCs) are the most preferred biomaterials used for
coronal seal during revitalisation therapy [17]. TSCs have been shown to induce the dental
pulp stem cell differentiation regulated by a complex network of signalling molecules,
pathways, receptors and transcription control systems [18,19].

Extensive literature is available on the variables that affect the histological outcome
of revitalisation therapy such as age of the patient [20,21], diameter of open apex [21],
extent of pulp necrosis [22,23], residual pulp in the canal [24], residual bacteria [25], dis-
infectants [26,27], irrigants [9,28,29], intracanal medicaments [28], stem cells [30] and
scaffolds [4]. However, there are no studies comparing the influence of the intracoronal
biomaterial on the histology of the newly formed regenerative tissue. Hence, the objective
of this study was to compare the gene expression profiles of two different tricalcium silicate
based biomaterials, namely, Biodentine and ProRoot white mineral trioxide aggregate
(WMTA) alongside histological outcomes of revitalisation therapy in immature sheep teeth.
The null hypothesis was that there is no difference in the histologic outcome between
revitalisation therapy using Biodentine or ProRoot WMTA.

2. Materials and Methods
2.1. Cell Isolation

Human dental pulp stem cells (hDPSCs) were isolated from extracted unerupted
human third molars with enzyme digestion [31]. Informed consent was collected from
all patients, and ethical approval was obtained from the Ethical Committee of University
hospital, Ghent, Belgium, according to the laws of the ICH Good Clinical Practice (GE11-
LM-g0-2006/57). The teeth were cleaned, cut with a bone cutter at the cemento—enamel
junction to remove the pulp tissue and digested with type 1 collagenase and dispase. Small
pieces of dental pulp tissue were transferred into enzyme solution for 1 h at 37 °C and vor-
texed every 30 min to break up the tissue. Thereafter, large cell aggregates were removed,
and single-cell suspension was obtained via filtering through a cell-strainer (70 uM). The
single-cell suspension was centrifuged at 1200 rpm for 5 min at room temperature. Super-
natants were pipetted, and the pellet was resuspended in 1 mL basic medium (fetal bovine
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serum) to terminate enzymatic dissocation. Cell suspension was cultured in a 25 cm? flask
in Alpha-modified Eagles medium (x-MEM, Sigma-Aldrich, Overijse, Belgium) with 10%
fetal bovine serum and antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin)
at 37 °C and 5% CO;. Then, culture medium was changed every 3 days until the cell
confluency was achieved. Flow cytometry analysis was performed to identify the purity of
the stem cell culture obtained. Purity of the custom prepared stem cells was determined as
96% using the mesenchymal stem cell markers CD90 and CD105.

2.2. Sample Preparation

ProRoot white MTA (WMTA) (Dentsply, Tulsa; Tulsa, OK, USA) and Biodentine
(Septodont, Saint Maur des Fosses, France) were mixed according to the manufacturer’s
instructions and allowed to set in Teflon moulds of 2 mm height and 8 mm diameter (n =3
per group). The samples were allowed to set in 100% relative humidity at 37 °C for 3 h. The
samples were removed from the mould and UV-sterilized for 30 min on each side. ProRoot
white MTA and Biodentine were then placed in Transwell inserts of 0.4 um in a 6-well plate
seeded with hDPSCs at a density of 5 x 10° cells/well and maintained at 37 °C and 5%
CO; for 1 day.

2.3. gRT-PCR Analysis

qRT-PCR analyses were completed after 1 day. cDNA was produced and amplified
using a reverse transcriptome kit (QuantiTect Reverse Transcription kit, Qiagen, Hilden,
Germany). Target cDNA was amplified using specific primer pairs. gRT-PCR was per-
formed using the Sensimix SYBR No-ROX Kit (Bioline, London, UK) on a Light cycler
480 System (Roche Life Science, Penzberg, Germany). Samples were normalized using
qBasePlus (Biogazelle NV, Zwijnaarde, Belgium) against at least three of the following
genes: Rpl13a, Eif4b, B2m, Actb, or Gapdh as described previously [32]. Details of the specific
primers used for gene expression analysis are provided in Table 1.

Table 1. Details of the primers used in this study.

Primer
Target Gene
Forward Reverse
GAPDH CTACCAGTGCAAAGAGCCCA TGGTCATCAACCCTTCCACG
ACTB CTTCGCGGGCGACGAT CCACATAGGAATCCTTCTGACC
B2M ACTTAGAGGTGGGGAGCAGA GCCCTTTACACTGTGAGCC
EIF4b GTGCGTTTACCACGTGAACC CGTGCATCCTGGTCTGACTT
RPH3a CTGGTCCGAGTTTTCTCCGC TTCTTTATCATTTGATTGAAGGGGC
TGF-p1 AGGGCTACCATGCCAACTTC GACACAGAGATCCGCAGTCC
BMP2 AGTCCTGATGAGCATGAGCC CTCACCTATCTGTATACTGC
BGLAP CTCACACTCCTCGCCCTAT TCTCTTCACTACCTCGCTGC
VEGFA ATGCGGATCAAACCTCACCA CACCAACGTACACGCTCCAG
WNT5a AAGCAGACGTTTCGGCTACA TTTCCAACGTCCATCAGCGA
MMP1 CCCAGCGACTCTAGAAACACA CTGCTTGACCCTCAGAGACC
TNF-« GTGACAAGCCTGTAGCCCAT CTCTGATGGCACCACCAACT
SMADG6 AAAACCGTCACGTACTCGCT GGTCGTACACCGCATAGAGG

2.4. Animal Model

A double blind, split-mouth design, randomized controlled trial with sheep was
designed and reported according to the ARRIVE (Animal Research: Reporting of In-vivo
Experiments) and CONSORT (CONsolidated Standards of Reporting Trials) guidelines.
The PICOT question was as follows: Did the sheep (P) receiving revitalisation therapy
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with Biodentine (I) in comparison to those receiving ProRoot WMTA (C) show a different
histological outcome (O) after 6 months’ follow-up (T)? Due to lack of previous literature
with quantitative histological data upon which sample size analysis could be calculated,
we decided to perform a pilot study with post hoc sample size analysis. In accordance to a
study by Altaii et al. [17] with a similar model (sheep), therapy (regenerative therapy with
TCS cement) and protocol, an initial sample size of four teeth per treatment group was
considered for this pilot study. The study protocol was approved by the ethical committee
on animal experiments, Faculty of Medicine and Health Sciences, University Hospital,
Ghent, Belgium (ECD 16/40). Four Suffolk sheep (2 males and 2 females) aged between 12
and 18 months with two newly erupted mandibular immature central incisors (two-tooth
stage) were recruited. The sheep were housed in pairs in a stable with natural light during
the treatment period. A preoperative digital occlusal radiograph (Diirr Dental Ag and
VistaScan Perio, Bietigheim-Bissingen, Germany) was taken to ensure the presence of an
immature open apex.

2.5. Randomization and Blinding

Simple randomization was performed for both the tooth and the biomaterial group
depending on a set of randomized numbers generated with a computer using Matlab
version 8.0 (https:/ /nl.mathworks.com/products/matlab.html, accessed on 10 July 2021,
The Mathworks Inc., Natick, MA, USA) software. The randomization list was concealed in
a sealed envelope. The chosen tooth was randomly allocated by an independent individual
(S.R) to one of the two groups: the Biodentine (Septodont, Saint Maur des Faussés, France)
group or the ProRoot WMTA (Dentsply, Tulsa Dental, OK, USA) group. The other tooth
was automatically allocated to the other group. All teeth were coded with an eight-digit
code, where the first four digits were coded for the sheep number and the last four digits
were coded for the tooth number and the biomaterial used. These unique codes ensured
that the assessors (oral pathologists) were blinded to the type of treatment performed. A
single precalibrated well-experienced operator (L.M) performed all the intervention and
was blinded to the treatment group until the placement of the biomaterial.

2.6. General Anaesthesia

All procedures were performed under general anaesthesia. First, premedication
(Domosedan, detomidine hydrochloride, 0.04 mg/kg intramuscular) was administered
to the sheep. Induction of anaesthesia was implemented intravenously with midazolam
0.2 mg/kg and ketamine 6 mg/kg. Anaesthesia was maintained using 2% sevoflurane.
Duratears, (Dextran 70, Hypromellose) was used for the protection of the cornea due to
risk of dehydration.

2.7. Intervention

Endodontic revitalisation therapy was conducted according to the European Society
of Endodontology (ESE) position statement on revitalisation procedures [33].

2.8. Phase 1

Coronal access was obtained lingually with a high-speed cylindrical diamond bur,
and the pulp tissue was inoculated with a mixture of supragingival plaque and 2 mL
of saline (Mini-Plasco, Braun, Diegem, Belgium). A cotton pellet soaked in the plaque
suspension was placed on the exposed pulp tissue, and the access cavity was left open to
induce necrosis of the pulp. All sheep were housed under the same conditions, fed in line
with a natural diet and monitored for symptoms of postoperative pain for 4 weeks.

2.9. Phase 2

At each phase, the teeth were clinically examined for fractures, gingival swelling,
abscess and/or fistula. Experimental teeth were isolated with a rubber dam, and the access
cavity was reopened with a high-speed cylindrical diamond bur. Necrosis was confirmed
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clinically by the presence of necrotic pulp tissue and/or intracanal pus. At this stage, in
all the sheep, a thin dentine bridge was observed both clinically and radiographically at
the middle third of the root. The thin dentine bridge was mechanically removed with
endodontic files. For reasons of anatomy, tooth orientation in the sheep mandible and
facilitation of instrumentation, the access cavity was enlarged into the buccal area of the
crown. After removal of all loose/necrotic pulp tissue, mild mechanical instrumentation
of the root canal was performed. Root canals were irrigated with 20 mL of 3% sodium
hypochlorite (NaOCl, Denteck, Zoetemeer, Belgium) using a side-vented needle. Bleeding
or exudate within the root canal was controlled with paper points and irrigated with 5 mL
of sterile physiological saline. After a drying with paper points (Dentsply, York, PA, USA),
the root canal was finally irrigated with 20 mL of 17% ethylenediamenetetraacetic acid
(EDTA, Denteck, Zoetemeer, Belgium). Calcium hydroxide paste (Ultracal, Ultradent, UT,
USA) was injected in the root canal, a sterile cotton pellet was placed on the intracanal
dressing and the cavity was sealed with glass-ionomer cement (Ketac Fill Aplicap; 3M ESPE,
Seefeld, Germany). All sheep were housed under the same conditions, fed in line with a
natural diet and monitored for symptoms of postoperative pain for 2 weeks. Discomfort
in sheep was evaluated initially by means of monitoring behavioural changes such as
pacing, agitation, vocalization and decreased appetite. Upon identification of behavioural
changes, physiological parameters such as pupil dilatation and change in respiratory rate
were investigated.

2.10. Phase 3

The access cavity was reopened with a high-speed cylindrical diamond bur, and the
intracanal dressing was removed using irrigation with sterile physiological saline. After a
drying with paper points, the root canal was irrigated with 20 mL of 17% EDTA followed
by 5 mL of sterile physiological saline. After a drying with paper points, a sterile size-40
Hedstrom file (Dentsply, Washington, DC, USA) was used to mechanically irritate the apex
in a rotational movement to induce bleeding into the root canal. The canal was allowed to
fill with blood up to 2 mm below the gingival margin. Hemocollagene (Septodont, Saint
Maur des Faussés, France) was placed at the coronal part of the root canal to a height of
2-3 mm on top of the blood clot.

At this stage, the tooth was allocated to one of the intervention groups. In both
the groups, the cement was mixed according to the manufacturer’s instructions, and a
homogenous layer of about 2 mm was placed underneath the cemento—enamel junction.
The tooth was restored with glass-ionomer cement (Ketac Fill Aplicap; 3M ESPE, Seefeld,
Germany). The steps of phase 3 are shown in Figure 1. During the follow-up period of
6 months, the sheep were maintained and fed in their natural habitat.

A follow-up digital occlusal radiograph (Diirr Dental Ag and VistaScan Perio, Bietigheim-
Bissingen, Germany) was taken, and the teeth were extracted. The extracted teeth were
stored in 10% neutral-buffered formalin (PFA, VWR International, Radnor, PA, USA). After
extraction of the teeth, the sheep were followed up for one week and sent to rehabilitation.
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Figure 1. Representative clinical and radiographic images. (a) Preoperative image after rubber dam
isolation of teeth 31 and 41. (b) Visualization of calcium hydroxide after access opening. (c) Induction
of bleeding in the root canal of tooth 41. (d) Placement of intracoronal sealing material: Biodentine
in tooth 31 and ProRoot White MTA in tooth 41. (e) Restorative build-up of teeth 31 and 41 after
revitalisation therapy. (f) Postoperative radiographic image of teeth 31 and 41. Phase 4.

2.11. Radiographic Analysis

Quantitative radiographic analysis of intraoral radiographs was not possible, as the
radiographs could not be standardized. Cone-beam uCT scans were acquired on a small
animal radiation research platform (SARRP, XStrahl, Surrey, UK) [34]. A tube voltage of
90 kV was used in combination with a tube current of 200 uA and a 1 mm Al-filter. A total
of 2000 projections were acquired over 360 degrees on a 20 x 20 cm flat-panel amorphous
silicon detector with 1024 x 1024 pixels using a circular trajectory with continuous rotation
and a magnification factor of 1.5. The acquired projection data were reconstructed into a
three-dimensional DICOM image with a 512 x 512 x 512 matrix and a 75 um isotropic
voxel. Radiographic measurements of total root canal area and area of mineralized tissue
were performed by setting binary thresholds using Digimizer software version 5.4.1 (https:
/ /www.digimizer.com, accessed on 10 July 2021, MedCalc Software, 8400 Ostend, Belgium)
on 10 central slices per tooth. Percentage of mineralized tissue within the root canal was
calculated as the ratio of the area of mineralized tissue to that of the total area of the root
canal.

2.12. Histological Analysis

The teeth were decalcified in a combination of hydrochloric acid and EDTA (Decalcifier
DC2 QPath, VWR International, Oud Heverlee, Belgium) and were embedded in paraffin
wax after complete decalcification. Serial longitudinal sections 5 um in thickness were cut
and stained with haematoxylin and eosin (VWR International, Oud Heverlee, Belgium)
for histological analysis. All slices were scanned with a microscope (Olympus BX51,
Olympus, Tokyo, Japan) equipped with Xcellence software version 2.7 (https://www.
olympus-lifescience.com/en, accessed on 10 July 2021, Olympus, Tokyo, Japan). All images
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were analysed independently by an oral pathologist (E.R) and an expert in oral biology
(P.D.C).

Three continuous central sections with well-preserved tissue and absence of any
artefacts were selected for histological analyses. For each section, 15 to 20 representative
fields at 200 x magnification covering the entire section were analysed. The following
histopathological findings were evaluated using Digimizer software version 5.4.1 (https:
/ /www.digimizer.com, accessed on 10 July 2021, MedCalc Software, 8400 Ostend, Belgium).

1.  Extent of inflammation was scored from 0 to 4 as follows: score 0, absent—absence of
inflammatory cells; score 1, mild—small number of scattered inflammatory cells; score
2, moderate—some foci of inflammatory cells; score 3, severe—intense infiltration with
inflammatory cells and altered tissue architecture; and score 4: necrosis: amorphous
clumps of tissue remnants.

2. Presence or absence of tissue with cellularity and vascularity inside the pulp space was
scored from 0 to 3 as follows: score 0—no tissue in-growth into the canal space; score
1—evidence of tissue in-growth into the apical third of the canal; score 2—evidence of
tissue in-growth extending to the middle third of the canal; and score 3—evidence of
tissue in-growth extending to the cervical third of the canal.

3. For area of tissue with cellularity and vascularity, only soft tissue with the presence of
cells and blood vessels were measured.

4. Length of odontoblast lining attached to the dentinal wall was measured on both
sides of the root for each tooth.

5. Number of blood vessels in each section was counted.

6.  Area of blood vessels expressed as percentage of vascularity was calculated as the
ratio of area of blood vessels to that of the area of tissue with cellularity and vascularity
within each histological section.

7. The area of empty root canal space was measured as the area inside the root canal
where neither soft nor hard tissue structures were present.

The ordinal scores for the first two parameters were adapted from previous studies
by Tawfik et al. [35]. and Fahmy et al. [36]. The other parameters were measured on a
continuous numerical scale to allow effect size and power analysis calculations.

2.13. Statistical Analysis

All measurements were performed by two independent evaluators (E.R and S.R), and
any discrepancy in scoring was solved by a third person (P.DC). The evaluators repeated
the measurements after two weeks. The interclass correlation coefficient and intraclass
correlation coefficient were calculated using Statistical Package for Social Sciences (SPSS)
v25.0 (IBM Corp., Armonk, NY, USA). All continuous data were subjected to statistical
analysis with the Wilcoxon matched-pairs signed rank test at a significance level of p < 0.05
with GraphPad Prism version 6 (https://www.graphpad.com, accessed on 10 July 2021,
GraphPad software Inc., San Diego, CA, USA). Effect size (Hedges’, g) was calculated for
all continuous measurements. Cohen’s effect size index was used to classify the effect
size as small (0.2), medium (0.5), large (0.8) and very large (1.3) [37]. GPower version
3.1 [38] (http:/ /www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-
arbeitspsychologie/gpower.html, accessed on 10 July 2021) was used to perform calcula-
tions on sample size, effect size and statistical power. The minimal significance (o) and
statistical power (1 — 3) were set at 0.05 and 0.80, respectively.

3. Results
3.1. Gene Expression

Differential gene expression was observed between the two TCS-based biomaterials
on eight specific gene markers (TGF-, BMP2, BGLAP, VEGFA, WNT5A, MMP1, TNF-x and
SMADG6) known to play a role in the mineralisation, angiogenesis and osteo/odontoblastic
differentiation of stem cells (Figure 2). All genes were upregulated by both Biodentine and
ProRoot WMTA, but TNF-a was not expressed by ProRoot WMTA. With the exception of

108



J. Funct. Biomater. 2023, 14, 214

BGLAP, a larger increase in mRNA expression (fold change) was observed with Biodentine

compared to ProRoot WMTA after 1 day.
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Figure 2. qRT-PCR expression. mRNA expression of TGF-3, BMP2, BGLAP, VEGFA, WNT5A, MMP1,
TNF-a and SMADES after 1 day. The histogram shows upregulated mRNA expression in relative fold
change. The details of the specific primers used for gene expression analysis are provided in Table 1.
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3.2. Qualitative Analysis of Revitalisation Therapy

None of the sheep had any discomfort after the revitalisation treatment. One sheep
showed symptoms of pain between phase 2 and phase 3 (after the placement of the
intracanal dressing). Buprenorphine 0.01 mg/kg was administered intramuscularly, and
the pain subsided after three days. After phase 3 treatment, the animals were housed in
their natural habitat for a period of 6 months. During this period, one sheep experienced
an avulsion of one tooth (treated with Biodentine). The other tooth treated with ProRoot
WMTA in the same sheep was intact and was included in the analysis. No other adverse
events were observed during the trial. The radiographic outcomes were in accordance with
the histological analyses.

Teeth treated with Biodentine (n = 3) presented 2 distinctive histological patterns of the
newly regenerated tissue. Two of the three teeth treated with Biodentine (Figure 3) showed
clear deposition of tertiary dentine attached to the dentinal walls resulting in root wall thick-
ening. The apices showed lengthening of the root and narrowing by cementum-like tissue.
Periodontal ligaments surrounding the teeth were dense and vascular connective tissue
was seen. Middle and apical root thirds showed signs of pulp vitality with odontoblast-like
cells lining the root canal. The canal showed a rich neoproliferation of blood vessels, nerves
and other cells such as fibroblasts. In one of these teeth, obliteration at the coronal third of
the pulp was observed.

Figure 3. Overview of the first and second teeth treated with Biodentine (haematoxylin and eosin
staining; (a—e) the first tooth; (f-i) the second tooth). (a) Midsagittal section of the middle and the apical
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part of the root (first tooth). Individual letters (B, C, D) represent the regions of interest. (b) Magnified
view of region B from (a) shows odontoblast (Od) lining attached to the dentinal walls and neoprolif-
eration of blood vessels (Bv) with a dense amount of collagen fibres which is composed of a large
number of fibroblasts maintained throughout the middle and apical third of the root. Predentine
(Pred), lymph vessels (Lv) and nerves (Nv) can also be seen in this section. (c) Magnified view of the
region C from (a) shows cementum (Cm) with a lining of cementoblast-like cells (Cb). (d) Magnified
view of the apical region D from (a) showing cellular cementum on both sides with narrowing of
the apical foramen. (e) Section of the first tooth showing nerves (Nv) and blood vessels (Bv) in the
middle third of the root. (f) Midsagittal section of the coronal, middle and apical third of the root (2nd
tooth). Individual alphabets (G, H) represent regions of interest. (g) Magnified view of the region G
from (f) showing reorganized pulp-like tissue in the middle and apical third of the tooth. Excessive
neoproliferation of blood vessels (Bv) and restructured pulp-like tissue with odontoblast-like cells
lining the dentinal walls. Secondary dentine (Sd), tertiary dentine (Td) and predentine (Pred) with
odontoblast (Od) lining. (h) Magnified view of the coronal third of the pulp (region H from (f))
showing coronal pulp obliteration (Po). (i) uCT image showing coronal pulp obliteration (Po).

One tooth treated with Biodentine (Figure 4) showed closing of the apex by cementum-
like tissue even though periapical inflammation was present. This tooth also showed a
distinguished layer of tertiary dentine attached to the dentinal walls and a dentinal plug
separating vital from necrotic pulp tissue. The middle and the apical third of the canal
showed fibrous connective tissue with poor cellularity.
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Figure 4. Overview of the third tooth treated with Biodentine (haematoxylin and eosin staining). (a)
Midsagittal section of coronal, middle and apical third of the root (3rd tooth). Individual letters (B, D,
F) represent regions of interest. (b) Magnified view of region B from (a) shows three distinguished
layers of dentine (primary dentine (Pd), secondary dentine (Sd) and tertiary dentine (Td) with a
dentine plug (Dp) separating the necrotic tissue (Nt). (c) A uCT image showing the dentine plug
(Dp). (d) Magnified view of region D from (a) shows dentine-associated mineralisation (Damt) with
fibrous connective tissue. (e) A uCT image showing dentine-associated mineralisation tissue (Damt).
(f) Magnified view of the periapical region (region F from (a)) showing chronic inflammation with
rich inflammatory infiltration (In) and apex closure.
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Teeth treated with ProRoot WMTA also presented two distinctive histological patterns
of the newly regenerated tissue. One tooth treated with ProRoot WMTA (Figure 5) pre-
sented with a distinguished layer of tertiary dentine which was attached to the dentinal
walls on only one side and detached on the other side. Lengthening of the roots with
cementum-like tissue and a discontinuous lining of odontoblast-like cells in the apical third
of the root were seen. This was observed only unilaterally; very few odontoblast-like cells
were seen at the contralateral side. The middle and the coronal third of the roots were
obliterated with osteodentine-like structures with dispersed cellular inclusions. The middle
and the apical third of the canal spaces contained fibrovascular connective tissue with poor
cellularity.
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Figure 5. Overview of the first tooth treated with ProRoot WMTA (haematoxylin and eosin staining).
(a) Midsagittal section of the coronal, middle and apical third of the root (first tooth). Individual
letters (B, D) represent regions of interest. (b) Magnified view of region B from (a) shows pulp
obliteration (Po) by osteodentine (Od), and the dentinal wall on the right shows complete void
throughout the canal. Primary dentine (Pd) and secondary dentine (Sd) can also be seen in this
section. (¢) A uCT image showing pulp obliteration (Po). (d) Magnified view of region D from (a)
shows lengthening of the apical third of the root (indicated by an arrow). (e) Magnified view of the
apical third of the root showing few areas with discontinuous lining of odontoblast-like cells (Od)
and blood vessels (Bv). Fibrovascular connective tissue with poor cellularity is seen.

In three of the four teeth treated with ProRoot WMTA (Figure 6), no distinguished
layer of tertiary dentine attached to the dentinal walls was observed, and the root walls
were remarkably thin. The apical and middle thirds of the root canals were filled with
loose, sparse fibrotic tissue with areas showing aggregates of red blood cells and inflam-
matory cells. No prominent narrowing of the root apices was observed. In one tooth, an
inflammatory cell infiltrate was observed at the apical region.
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Figure 6. Overview of the second, third and fourth teeth treated with ProRoot WMTA (haematoxylin
and eosin staining; (a—e) second tooth; (f-i) third tooth; (j k) fourth tooth). (a) Parasagittal section
of the coronal, middle and apical third of the root (secibd tooth). Individual letters (B, D) represent
regions of interest. (b) Magnified view of region B from (a) shows moderate formation of tertiary
dentine (Td) and necrotic pulp (Np) in the root canal. (¢) A uCT image showing formation of a
dentine plug (Dp) not attached to the dentine walls on the left side (d) Magnified view of region D
from (a) showing the apical third of the canal with open apex, necrotic pulp (Np) with aggregation
of red blood cells and few inflammatory cells. (e) Magnified view of the middle third of the root
shows necrotic tissue with moderate infiltration of neutrophils (Ntp). (f) Midsagittal section of
the apical and middle third of the root (3rd tooth). Individual letters (G, I) represent regions of
interest. (g) Magnified view of region G from (f) shows mineralized tissue (Mt) not attached to the
dentinal wall. (h) A uCT image showing mineralized tissue (Mt). (i) Magnified view of region I
from (f) showing loosely arranged fibrotic tissue filling the apical and middle third of the root, with
blood cells and few residual inflammatory cells indicating incomplete recovery from inflammation.
(j) Inflammatory infiltration (In) in the apical third of the root canal and infection with an open apex.
Fibrotic tissue (Ft) can be seen between the apical third and the middle third of the root with few
inflammatory cells. (k) A uCT image showing fibrotic tissue in the root canal.
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3.3. Quantitative Analysis of Revitalisation Therapy

The interclass correlation coefficient between the evaluators was excellent (0.961; CI
0.888-0.987). The intraclass correlation coefficient was also excellent: 0.984 (CI 0.943-0.996)
for evaluator 1 (E.R) and 0.98 (CI 0.941-0.993) for evaluator 2 (S.R). The results of the
histological and radiographic analyses are summarized in Table 2. Significantly more neo-
formed intracanal tissue with cellularity and vascularity was seen in the Biodentine group
compared to the ProRoot WMTA group (p < 0.05). Likewise, the length of odontoblast lining
attached to the dentinal wall was significantly increased in teeth treated with Biodentine
compared to those treated with ProRoot WMTA (p < 0.05). No significant difference
between the treatment groups were observed with the other parameters measured.

Table 2. Quantification of histological and radiographic data.

Biodentine ProRoot WMTA
Tooth 1 Tooth 2 Tooth 3 Tooth 1 Tooth 2 Tooth 3 Tooth 4
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Extent of inflammation (0—4) 0 0 0 0 0 0 2 0 8] 0 0 0 B] 0
Presence or absence of tissue with
cellularity and vascularity inside the 2 0 2 0 0 0 0 0 0 0 1 0 0 0

pulp space (0-3)

Area of tissue with cellularity and

. 2 13.14 1.6 11.78 1.47 0 0 0 0 0 0 0.23 0.12 0 0
vascularity (mm?)

Length of odontoblast lining (mm) 13.4 1.29 11.27 1.43 0 0 0 0 0 0 1.41 0.72 0 0

Number of blood vessels (n) 6433 19.33 176.33 19.62 0 0 0 0 0 0 45 16.77 0 0

Area of blood vessels expressed as 745 185 1003 099 0 0 0 0 0 0 376 016 0 0

percentage of vascularity (%)

Area of empty root canal space (mm?) 1.36 0.51 1515 0.38 23.70 1.08 11.69 037 1291 271 11.03 0.71 22.28 2.32
Area of mineralized tissue (%) 0.33 0.01 0.26 0.01 0.28 0.02 0.27 0.01 0.08 0.01 0.38 0.02 0.31 0.01

Hedges’ g is a measure of effect size weighted according to the relative size of each
sample. It was used in the present study due to the discrepancy in sample size between
the Biodentine and ProRoot WMTA groups, as one tooth in the Biodentine group was
lost from avulsion during follow-up. In correlation with the significant results obtained,
effect size could be categorized as very large for both areas of tissue with cellularity and
vascularity (1.92) and length of odontoblast lining attached to the dentinal wall (1.86).
For the number of blood vessels and percentage of vascularity, the effect size was large
(1.46 and 1.27, respectively), but power analysis revealed inadequate power (0.26 and 0.32,
respectively). Post hoc power analysis estimated that a sample size of a minimum of six
teeth per group was necessary to achieve a power of 0.80. The effect size for the area of
empty root canal space was medium (0.69), resulting in inadequate power (0.12), and a
sample size no smaller than 36 teeth per group would be required to achieve a power of
0.80. The percentage of mineralized tissue within the root canal showed a small effect size
(0.31) with inadequate power (0.06). A large sample size of at least 169 teeth per group
would be required to achieve an adequate power (0.80) to show significant difference in the
percentage of mineralized tissue.

The columns are colour coded such that the columns with same colour indicate the
teeth from a single sheep. The data for histological quantification is calculated as the
average from n = 3 sections for each tooth and from n = 10 slices for radiographic data.
SEM values represent the standard error of the mean. Extent of inflammation was scored
from 0—4. Score 0: Absent: Absence of inflammatory cells; Score 1: Mild: Small number of
scattered inflammatory cells; Score 2: Moderate: Some foci of inflammatory cells; Score 3:
Severe: Intense infiltration with inflammatory cells and altered tissue architecture; Score
4: Necrosis: Amorphous clumps of tissue remnants. Presence or absence of tissue with
cellularity and vascularity inside the pulp space was scored from 0-3. Score 0: No tissue
in-growth into the canal space; Score 1: Evidence of tissue in-growth into the apical third of
the canal; Score 2: Evidence of tissue in-growth extending to the middle third of the canal;
Score 3: Evidence of tissue in-growth extending to the cervical third of the canal. Area of
blood vessels expressed as percentage of vascularity was calculated as the ratio of area
of blood vessels to that of the area of tissue with cellularity and vascularity within each
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histological section. Area of mineralized tissue was expressed in percentage calculated as
the ratio of area of mineralization to that of the total area of the root canal.

4. Discussion

Tri- and dicalcium silicate, tricalcium aluminate, calcium sulfate dihydrate and bis-
muth oxide constitute the powder component of ProRoot WMTA. On the other hand, the
powder component of Biodentine is composed of tricalcium silicate, calcium carbonate,
calcium oxide, iron oxide and zirconium oxide. The powder component of ProRoot WMTA
is mixed with distilled water, but Biodentine is mixed with a liquid containing hydrosoluble
polymer and calcium chloride to accelerate the setting time [39]. Although ProRoot WMTA
and Biodentine are classified as TCS-based hydraulic cements, there is difference in the
nature of synthesis, additives added, size of the particles and the composition of liquid
medium [40]. These differences in composition is reflected in the difference in physical
(compressive strength, push-out bond strength, density and porosity), biologic (immediate
formation of calcium hydroxide, higher release and depth of incorporation of calcium ions)
and clinical properties (handling and tooth discoloration) [41].

For studying dental pulp revitalisation outcomes, diphyodont animals such as ferret,
rabbit, dog, sheep and primates with immature single-rooted permanent teeth are the
model of choice [42]. Recent literature supports the use of sheep in the two-tooth stage as
an appropriate animal model for revitalisation research due to their anatomic similarity
to human teeth [17,43]. A split-mouth design was devised to eliminate the intersheep
variability in terms of age of the sheep, developmental stage of the tooth and individual
immune response from affecting the outcome of revitalisation therapy. In the current
protocol, 3% NaOCl was chosen for disinfection and dissolution of pulp tissue remnants to
limit the toxicity towards stem cells [44]. The concentration of NaOCl recommended by
the ESE and American Association of Endodontologists (AAE) guidelines for revitalisation
lies in the range of 1.5-3% to achieve the balance between sufficient disinfection and tissue
preservation. EDTA was used, as it is the preferred choice of irrigant in the revitalisation
protocol based on its ability to inhibit biofilm formation and demineralize the dentine to
release growth factors sequestered into the calcified dentine matrix [5,45]. Calcium hydrox-
ide was the intracanal medicament of choice, as antibiotic pastes can cause discoloration,
sensitization, resistance and difficulty of removal from the root canal [46,47]. Both the ESE
and AAE guidelines for revitalisation recommend calcium hydroxide as the first choice for
disinfection, and the use of antibiotic pastes is recommended only in cases of persistent
infection. Moreover, calcium hydroxide can prompt mineralisation due to its ability to
solubilize dentine extracellular matrix and release growth factors [48]. Hemocollagene was
verified to be beneficial for the placement of the TSCs at their optimum level without apical
displacement or distortion of the newly formed blood clot [49].

In this study, blood clot was used as a scaffold. It stimulates the proliferation and
differentiation of fibroblasts, odontoblasts and cementoblasts from their undifferentiated
mesenchymal stem cells via platelet-derived growth factor, vascular endothelial growth
factor and other tissue growth factors present in the blood clot. However, the disadvan-
tages of using blood clot as a scaffold may include the uncertain composition, unknown
breakdown kinetics, inability to have adequate bleeding in all cases and the necessity to
traumatize apical tissues for evoking bleeding [50].

During the placement of intracanal medication (phase 2), a dentine bridge was clin-
ically and radiographically observed in all teeth in the middle third of the roots. The
inoculation with supragingival plaque (phase 1) mimicked the advancing infection found
in deep (dentinal) caries lesions, where an acute immune reaction is triggered resulting
in the formation of a dentine bridge [51]. During phase 2 pulpectomy, the pulp tissue
proximal to the dentine bridges was clinically found to be necrotic, indicating that the
initial immune reaction had failed to stop the propagation of local necrosis started at the
invasion front. Previous authors indicated that, amongst others, the size of pulp exposure
and the presence of infection are critical elements in success or failure of pulp repair [52,53].
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Galler et al. characterized regeneration seen following revitalisation therapy as the
restoration of pulp tissue architecture and function. Histologically, pulp-like tissue forma-
tion in root canals is observed where stem cells differentiate into odontoblasts. Conversely,
repair has been defined as ectopic tissue formation with partial loss of function and forma-
tion of fibrous tissue, cementum or bone inside the root canal [33]. If this categorization
was to the results of the present study, two of the three teeth treated with Biodentine
showed regeneration while one tooth exhibited repair. On the other hand, histological
outcomes of the ProRoot WMTA group revealed regeneration in one tooth and repair
in three of the four treated teeth. However, the intracoronal sealing materials revealed
significantly different histological outcomes; clinically and radiographically, all treated
teeth were asymptomatic. By following the ESE guidelines for revitalisation of immature
carious necrotic teeth, clinical and radiographic success was possible, while the histological
outcome was unpredictable and nonreproducible.

A majority of the previous literature on regenerative endodontics fails to associate
newly formed calcified tissues in the pulp space with the presence of odontoblasts [17].
Differentiation of stem cells into odontoblasts is a prerequisite for the formation of pulp-like
tissue in root canals [54]. Biodentine and ProRoot WMTA are known to activate extracel-
lular signal-regulated kinase 3, nuclear factor E2-related factor 2, p38, c-Jun N-terminal
kinase mitogen-activated protein kinase, p42/p44 mitogen-activated protein kinase, nu-
clear factor kappa B and fibroblast growth factor receptor pathways to stimulate the
osteogenic/odontogenic capacity of dental pulp stem cells via proliferation, angiogene-
sis and biomineralisation. The upregulated expression of BMP2 indicates the ability of
these cements to induce differentiation of dental pulp stem/progenitor cells into odon-
toblasts [55]. Our results show that Biodentine induced a fourfold higher expression of
BMP2 compared to ProRoot WMTA. The upregulation of SMAD6 limits BMP signalling
for proper odontoblastic differentiation, as SMADG6 provides feedback inhibition of BMP-
receptor activation [56]. BGLAP is an osteoblast marker and is also considered to be a
late differentiation marker of odontoblasts [57]. Both Biodentine and ProRoot WMTA
upregulated the expression of SMAD6 and BGLAP. In the present study, two teeth treated
with Biodentine showed signs of a vital pulp with odontoblast-like cells lining the middle
and apical third of the canal. In one of the teeth treated with ProRoot WMTA, the root canal
was continuous with the periodontal ligament indicating a lack of closure of the apex. In
these teeth, odontoblast-like cells were seen in a few zones which may hint at a probability
of complete pulpal regeneration in the future.

Two teeth in Biodentine group presented with rich vascularity, lymphatic vessels and
few nerves which were absent in the ProRoot WMTA group. Despite the higher number
of blood vessels and increased vascularity percentage of Biodentine compared to ProRoot
WMTA, no significant differences could be seen between the two groups due to low sample
size of this pilot study. Previous authors have corroborated that dental pulp stem cells
produce angiogenic and neurotropic factors for revascularization and reinnervation of the
regenerated pulp [58-60]. This is in correlation with the results of other studies where the
regenerated pulp was found to have high vascularity [61-64] and innervated with newly
regenerated nerve fibres [9,61,62]. VEGF and MMP1 are known to promote blood vessel
formation-enhancing neovascularization in vivo [65]. Both these genes were upregulated
by Biodentine and ProRoot WMTA after 1 day.

Lengthening of the root with cementum-like tissue and three distinguished layers of
dentine was seen in all Biodentine-treated teeth and one tooth treated with ProRoot WMTA.
Newly deposited dentine-like tissue with entrapped cells inside the calcified matrix was
a finding similar to that of previous studies [66,67]. The deposition of tertiary dentine by
odontoblasts suggests the differentiation of migrant stem cells elicited by transforming
growth factor (TGF-p) after revitalisation therapy [68,69]. In the present study, Biodentine
showed a higher expression of TGF-B than did ProRoot WMTA. Biodentine has been shown
to be responsible for early reparative dentine synthesis by inducing TGF-p1 release from
dental pulp stem cells [70]. Similar results with lengthening of root by cementum-like
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tissue were reported earlier in immature sheep teeth treated with MTA [17]. Outward flow
of dentinal fluids following pulp necrosis may cause odontoblast entrapment resulting in
tubular or vacuolated reparative dentine [71].

Pulp injury causes secretion of neuropeptides by sensory nerves resulting in neuro-
genic inflammation. The pulp tissue becomes edematous with a rise in blood and interstitial
fluid within the root canal causing the compression of thin-walled venules and increased
resistance to blood flow. Decrease in blood flow causes aggregation of red blood cells
and the elevation of blood viscosity inducing hypoxia or ischemia, suppressing cellular
metabolism in the affected area and finally necrosis of the pulp [71]. This could explain
the presence of red blood cells in three of the four ProRoot WMTA-treated teeth showing
sparse fibrotic tissue in the canal space and no prominent narrowing of the root apex.

The ability of Biodentine and ProRoot WMTA to upregulate mineralisation-related
genes [18], thereby inducing mineralisation and reparative dentine formation [72] has
broadened the clinical indications of these materials to direct/indirect pulp capping [73],
pulpotomy [74], furcation repair [75,76] and the treatment of resorption [77]. Other authors
already have reported that reparative dentine formed by Biodentine in pulp capping
studies is usually faster and thicker than are the ProRoot WMTA homologues [78-81].
Our results showed that both Biodentine and ProRoot WMTA upregulated the expression
of WNT5A, but only Biodentine induced TNF-a expression. WNT5A and TNF-« induce
mineralisation and mineralisation-related gene expression through nuclear factor kappa
(NF-kB) signalling pathway in hDPSCs [82,83].

Although both Biodentine and ProRoot WMTA are tricalcium silicate-based cements,
there existed marked differences in the gene expression profiles of these cements which
could be attributed to the difference in purity, composition, particle size, mechanical
properties and kinetics of calcium release [40]. Therefore, we hypothesize that the difference
in gene expression profiles could be responsible for the different histological outcomes
observed in the present study.

The limited number of teeth treated in each group prevented this pilot study from
having adequate power (1 — 3 > 0.80) and effect size to determine a significant difference
in vascularity (number of blood vessels and relative area). Post hoc power analysis showed
that the low effect size demanded a very large sample size for area of empty root canal space
(n =36 teeth) and percentage of mineralized tissue in the root canal (n = 169 teeth). However,
we believe that these are secondary parameters, as the primary goal of revitalisation therapy
is to achieve pulp tissue architecture and function. Thus, the presence of neoformed soft
tissue with blood vessels and an odontoblast lining attached to the dentinal wall should
be considered as the primary characteristics for evaluating success. Based on the above
assumption and taking into account the practical as well as the ethical aspects of conducting
an animal study, we recommend that a sample size of a minimum of six teeth per group
will be required to achieve adequate power (1 — 3 > 0.80) in future studies.

4.1. Limitations of the Present Study

Quantitative radiographic analysis of intraoral radiographs was not possible, as they
could not be standardized. Superimposition of radiographs was not feasible owing to
the dynamic alterations in the dentition of the sheep, namely, change in coronal height
of erupting incisors, continuous attrition of the molars and the shedding of deciduous
laterals/canines during the follow-up period. Extending the follow-up period was not
possible in the present study due to the high cost of sheep maintenance. The histological
outcomes of the present study are a simulation of revitalisation therapy after pulp necrosis
subsequent to bacterial exposure, but the same may not be true for trauma or longstanding
periapical infection due to possible changes in the viability of Hertwig’s epithelial root
sheath. The difference in biological dynamics between sheep and humans should be
considered before the extrapolation of the current results to humans. Although significant
differences between the groups exist for some of the measured histological characteristics,
the results need to be interpreted with much caution considering the low sample size of the
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pilot study. Future studies with larger sample sizes and adequate power as estimated by the
results of this pilot study would yield more valuable and concrete information regarding
the role of intracoronal sealing biomaterial on the histological outcome of endodontic
revitalisation.

4.2. Conclusions

Biodentine induced the formation of a significantly larger area of neoformed tissue
with cellularity, vascularity and increased length of odontoblast lining attached to the
dentine walls compared to ProRoot WMTA (p < 0.05). Hence, the null hypothesis that there
is no difference in the histologic outcome between revitalisation therapy using Biodentine or
ProRoot WMTA is rejected. The intracoronal sealing material appears to play an ancillary
role in the type of tissue formed in the root canal after revitalisation therapy, possibly
through an interplay between signalling molecules, responsive cell populations and the
microenvironment.
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Abstract: (1) Background: Coronal microleakage can lead to endodontic treatment failure. This
study aimed to compare the sealing ability of different temporary restorative materials used during
endodontic treatment. (2) Methods: Eighty sheep incisors were collected, uniformized in length,
and access cavities were performed, except for in the negative control group, where the teeth were
left intact. The teeth were divided into six different groups. In the positive control group, the
access cavity was made and left empty. In the experimental groups, access cavities were restored
with three different temporary materials (IRM®, Ketac™ Silver, and Cavit™) and with a definitive
restorative material (Filtek Supreme™). The teeth were submitted to thermocycling, and two and four
weeks later, they were infiltrated with 99mMTeNaQy, and nuclear medicine imaging was performed.
(3) Results: Filtek Supreme™ obtained the lowest infiltration values. Regarding the temporary
materials, at two weeks, Ketac™ Silver presented the lowest infiltration, followed by IRM®, whereas
Cavit™ presented the highest infiltration. At four weeks, Ketac™ Silver remained with the lowest
values, whereas Cavit™ decreased the infiltration, comparable to IRM®. (4) Conclusion: Regarding
temporary materials, Ketac™ Silver had the lowest infiltration at 2 and 4 weeks, whereas the highest
infiltration was found in the Cavit™ group at two weeks and in the IRM® group at 4 weeks.

Keywords: endodontic treatment; sealing ability; microleakage; temporary material; nuclear medicine

1. Introduction

Endodontic treatment is based on chemical and mechanical debridement, root canal fill-
ing, and later definitive crown restoration, to eliminate bacteria and prevent reinfection [1-4].
Before the treatment, it is fundamental to remove dental caries and infiltrated old restora-
tions, or perform pre-endodontic restorations, to avoid microleakage, which is defined
as the diffusion of saliva, microorganisms and their products, ions, and molecules to the
canals, which can lead to treatment failure [3,5-8]. Several reports identified bacteria strains
from the oral cavity, such as Prevotella intermedia, Porphyromonas gingivalis, Enterococcus
faecalis, Streptococcus viridans, Staphylococcus sp., and Enterococcus faecalis, as responsible for
persistent infections and endodontic failures after endodontic treatment [1,7,9].

To avoid reinfection during or after the treatment and consequently improve prognosis,
a proper provisional restoration must be performed during the endodontic treatment [1].
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Even after the root canal filling, until the final restoration is performed, temporary fillings
are still essential since the obturated root canal system, exposed to saliva, is also susceptible
to microleakage [10,11]. An infiltration of 79-85% of the obturated root canal system in a
3- to 56-day interval [12], and a microleakage of S. epidermidis in 19 days and of P. vulgaris
in 42 days in teeth without an efficient restoration [10,11] was reported, supporting the
importance of temporary restorations for treatment success.

The ideal temporary material should avoid contact between the root canal system
and the oral environment and be resilient to abrasion and compression. It should display
low porosity, dimensional stability, good sealing, and reasonable aesthetics, and have the
capacity to prevent the canal system from becoming contaminated by saliva, fluids, and
microorganisms [3,5,6,13]. In addition, to be an effective barrier material, a minimum
of 4 mm thickness is necessary [1,5,14-16]. Nowadays, the temporary materials most
used in clinical practice are Cavit™ (3M ESPE, Seefeld, Germany), a calcium sulfate-based
cement; Ketac Silver™ (3M ESPE, Seefeld, Germany), a glass ionomer cement with silver
particles; and IRM®, a reinforced zinc-oxide-eugenol cement (Dentsply, Milford, DE, USA).
The choice of the material to be used depends on the clinical needs of each case, such
as duration of use, dimensional stability, abrasion resistance, stabilization of intracanal
medication, and adaptation to more complex access cavity formats [3,17]. Several studies,
mostly in vitro, have evaluated the seal capacity of these materials, and there is evidence
that microleakage occurs to different degrees for most temporary materials available, and
none of them can entirely prevent microleakage from the 1st to the 14th day [1-4,18].

Several studies have been performed on this topic, but the obtained data presents
contradictory results [1,3,4,19-23]. This may be due to different testing materials, evaluated
time points, and experimental protocols [4,14,20-25]. However, the main reason is the use
of different methodologies to appraise microleakage, namely dyes, radioisotopes, bacteria,
or their sub-products [1,26,27]. Most studies use dyes such as methylene blue, but more
sensitive methods, such as nuclear medicine, can provide more accurate results [26,27].

Considering its influence on the treatment’s success, evaluating which materials can
successfully prevent microleakage is fundamental. Therefore, the three most used tem-
porary restoration materials and a definitive restoration material were compared in the
present study. The null hypothesis was that there were no differences in microleakage
between the three temporary restorative materials—Cavit™, Ketac Silver™, and IRM® at 2
and 4 weeks. A second null hypothesis was that there were no differences in microleak-
age between the temporary materials and the definitive restorative material—composite
resin Filtek Supreme™.

2. Materials and Methods
2.1. Sample Preparation

For this study, sheep teeth were used. The teeth were obtained post mortem at a food
sector abattoir. The animals were handled and euthanized according to the Portuguese
(DL 98/96, Art. 1°) and European Legislation concerning animal welfare (EFSA, AHAW /04-
027). Eighty incisor teeth from two-year-old sheep were collected and cleaned by removing
soft tissues and other residues. The teeth were then disinfected in azide chloride solution
(0.01 g/mL) for three days [27].

To obtain uniformized samples of 16 mm in length, the teeth were sectioned 2 mm above
the cementoenamel junction, except in the negative control group. After this, [4,6,20,27] a
spherical diamond turbine drill with a 2.1 mm diameter at high speed and constant irrigation
was used to create access cavities of 2.1 mm (length) x 2.1 mm (width) x 4-4.5 mm (height) [18],
measured with a periodontal probe, to allow the minimum thickness of 4 mm for the
restoration material (Figure 1a) [1,5,14-16]. The remaining pulp tissue was removed using
an endodontic K30 file with sodium hypochlorite (2.5%) irrigation. Next, a glide path
with manual files K10 and K15 was achieved, followed by canal instrumentation using the
ProTaper NEXT™ (PTN) system (Dentsply Sirona), triggered by X-SMART™ (Dentsply
Sirona) with a constant rotation of 300 RPM and a torque of 3. A sequence of the PTN™
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files PG, X1, X2, X3, and X4 or X5 was used, depending on the diameter of the different
canals (Figure 1a). Next, irrigation with sodium hypochlorite (2.5%) and permeabilization
with a manual K10 file were performed between each file. Following this, the canals
were irrigated with EDTA (15%) and then with 3 mL of 0.9% saline solution for 3 min to
neutralize EDTA. Finally, all the canals were dried with paper points.
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Figure 1. Study flowchart. (a). Preparation of uniformized samples—teeth were sectioned 2 mm
above the cementoenamel junction; an access cavity was made with a round bur; teeth were instru-
mented and had Teflon condensed at the bottom of the cavities, leaving a 4 mm height to restoration
placement. (b). Groups distribution. (c). Preparation for nuclear medicine analysis—tooth imper-
meabilized with two layers of nail polish, in all root surface besides in the last 1 mm of the access
cavities (except in the negative group in which all the tooth surface was covered). (d). Teeth in test
tubes, immersed in M TcNaOy.

Finally, the teeth were randomly divided into two groups of 10 for the positive and
negative control groups and four experimental groups of 15 teeth each (Figure 1b). Then,
Teflon was placed in the access cavities and condensed at the cavities” bottom, at the canal’s
entrance, to support the temporary material [28].

2.2. Temporary Restoration Material Fillings

Except for Group 1 (teeth with empty access cavity—positive control) and for Group 2
(intact teeth—negative control), the remaining access cavities were filled with different
temporary restorative materials (Table 1).
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Table 1. Study groups.

Group Material Manufacturer Composition * Lot Number
1 No material placement - - -
2 Intact teeth - - -

powder: zinc oxide, poly-methyl methacrylate

Dentsply Sirona Inc. Milford, powder: 1910001036

® f
3 IRM DE, USA (PMMLA) powder, pigment liquid: 2001000680
iquid: eugenol, acetic acid
powder: silver, oxide glass chemicals (non-fibrous),
4 Ketac Silver™ 3M léSPE, Seefeld, t}tar}llfm dioxide, copper o ) 7964610
ermany liquid: water, copolymer of acrylic acid—maleic
acid, tartaric acid
zinc oxide; sulfuric acid, calcium salt, hydrate;
5 Cavit™ M EGSPE’ Seefeld, ethylene bis(oxyethylene) diacetate; zinc sulfate; 7121289
ermany .
poly(vinyl acetate)
bis-GMA, UDMA, TEGDMA, and bis-EMA resins
6 Filtek Supreme™ 3M ESPE, Seefeld, (MDP phosphate monomer, dimethacrylate resins, NC45009
(+Scotchbond™ Universal) Germany HEMA, Vitebond™ copolymer, filler, ethanol, (7676507)

water, initiators, silane)

* Information provided by the manufacturer.

The materials were prepared and used following the manufacturer’s instructions.
For IRM®, a 1:1 mixture was prepared until a stable consistency was attained. The poly-
merization occurred after a few seconds. Ketac Silver™ was activated with vibration for
10 s. The material was then applied with a Ketac Aplicap™ Applicator (3M ESPE, Seefeld,
Germany). This is a self-cure material with a short working time, and its setting starts
within seconds. Cavit™ is a pre-mixed material that does not require any preparation. It
was taken directly from the container, applied to the tooth, and left to set for 4 h. Before the
restoration with Filtek Supreme™, a selective enamel etching with orthophosphoric acid
(37%) was performed, and Scotchbond™ Universal dental adhesive (3M ESPE, Seefeld,
Germany) was applied, according to the manufacturer’s instructions. The composite was
inserted in the cavities in 2 mm layers. The adhesive system and each layer of the composite
resin was photopolymerized.

The same experienced operator performed all the temporary restorations to avoid
technical bias. Upon the crown sealing, all teeth were placed in 0.9% saline solution at
room temperature to mimic the clinical environment [14,23,25,27].

2.3. Thermocycling

The teeth were subjected to thermic stress to simulate the aging of the restoration
materials that occurs clinically. For this step, teeth were alternately placed in baths at
5 £5°Cand 55 + 5 °C for 30 s periods in each bath, totaling 500 cycles. These tempera-
tures, intervals, and the number of cycles were chosen according to the ISO/TS 11405: 2015
recommendations. The 30 s interval mimics the latency time of the oral environment to
recover its normal temperature after exposure to hot or cold food or drinks [29-31]. The
thermocycling set-up was chosen considering 10,000 cycles/year occurs. After thermocy-
cling, the samples were kept in saline until nuclear medicine analysis.

2.4. Nuclear Medicine

Two and four weeks after thermocycling, all samples were dried, sealed apically with
cyan acrylate [3] and impermeabilized with 2 layers of nail polish (Catrice Cosmetics) in all
root surface besides in the last 1 mm of the access cavities, except in the negative group in
which all the tooth surface was covered [3,15] as depicted in Figure 1c.

Impermeabilized teeth were placed in a sodium pertechnetate solution, ™ TcNaO,
(8 mCi/mL), immersing only the non-impermeabilized segment for 3 h (Figure 1d) [27].
Teeth were then washed in tap water at constant flow for 30 s each. After this, the teeth
were dried with absorbent paper, and the nail polish was removed with a scalpel.

Next, for each sample, a 512 x 512 pixel image was acquired in a gamma chamber
(Millennium, New York, NY, USA) for 2 min. In each image, a region of interest (ROI)
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with the same pixel size was applied to obtain the total, maximum, and average values of
micro infiltration. After the two-week analysis, the samples were again stored in the saline
solution until the four-week evaluation [14,23,25,27]. At four weeks, the described nuclear
medicine analysis was repeated.

2.5. Statistical Analysis

The sample size of 15 specimens in experimental groups and 10 specimens in control
groups was chosen in accordance with previously published similar studies [4,6,21,32].
The sample size was validated by a post hoc analysis of sample size calculation, which
retrieved a confidence interval of 99.15%, and a size effect of 2.4, using G* Power 3.1 [33].

Statistical analysis was performed using IBM SPSS Statistics 28 software (IBM Corpo-
ration, Armonk, NY, USA) and data were presented as mean =+ standard deviation (SD).
The Shapiro-Wilk test was used to evaluate the normality of each population distribu-
tion, and the Levene test was used to assess the variance homogeneity. Parametric tests
(ANOVA) were employed when normal distribution was observed, and non-parametric
tests (Kruskal-Wallis) were used for non-normal distributions to assess multiple compar-
isons of the different temporary materials studied at the same time of assessment, with
post hoc correction by Tukey’s test. To compare each of the different temporary materi-
als at different evaluation times, the parametric Student’s {-test and the non-parametric
Wilcoxon test were used according to sample normality. A family-wise 95% confidence level
(p < 0.05) was applied to all statistical analyses.

3. Results

At 2 and 4 weeks, the positive group, i.e., teeth with cavity access performed but
without restoration, displayed the highest counts per minute (cpm), indicating the highest
microleakage across the different groups (Figures 2—4, Table 2).

(b) (c) (d) (e)

Figure 2. Representative scintigraphy images of positive control (a), negative control (b), IRM® (c),
Ketac™ (d), Cavit™ (e), and Filtek™ (f) groups with uptake of 99MTeNaOy.
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Figure 3. Total counts per minute (cpm) were obtained after infiltration with 99MTeNaQy, 2 weeks
after restoration. ### means p < 0.001 (relative to the positive control); ** means p < 0.01 and *** means
p <0.001 (relative to the negative control); $$ means p < 0.01 and $$$ means p < 0.001 (comparisons
between materials). Data are presented as mean =+ standard deviation (SD).
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Figure 4. Total counts per minute (cpm) were obtained after infiltration with 99MTeNaQy, 4 weeks
after restoration. ### means p < 0.001 (relative to the positive control); * means p < 0.05, and *** means
p < 0.001 (relative to the negative control); $$$ means p < 0.001 (comparisons between materials).
Data are presented as mean + SD.

Table 2. Counts per minute of control and experimental groups after 2 and 4 weeks. Data are
presented as mean =+ standard deviation. When comparing 4 weeks vs. 2 weeks within each group,
**means p < 0.01, and *** means p < 0.001.

Gl— G2— G3— Gi— G5— Go—
. R ® Ketac™ . Filtek
Positive Control Negative Control IRM . Cavit™
Silver Supreme™
2 weeks 20,181.0 £ 2858.9 697.8 £ 222.0 6871.8 + 1360.2 5615.4 +912.3 12,952.9 + 1199.6 3620.9 + 702.7
4 weeks 20,769.1 + 3865.5 669.3 £ 143.3 7561.1 + 677.2 4236.9 + 755.6 6807.9 + 660.2 2927.6 £ 735.1
p-value 0.002 <0.001
4 vs. 2 weeks 0.575 0.845 0.114 - . 0.059

Conversely, the negative control group, composed of intact teeth without restoration,
displayed the lowest levels of infiltration at the two time points (Figures 3 and 4, Table 2).
At both times, all tested materials presented a significantly lower infiltration than the
positive control group and a higher infiltration relative to the negative control group
(Figures 3 and 4, Table 2).

At 2 weeks after restoration, Cavit™ displayed the highest values of *™TcNaO,
infiltration, significantly higher than the other three tested materials, followed by IRM®
(Table 2, Figure 3).

At 4 weeks, Cavit™ and IRM® showed similar infiltration, higher than that for Ke-
tac™ Silver, which showed the lowest infiltration observed in the teeth with temporary
restoration, identical to that observed at 2 weeks (Figure 4).

Comparing the infiltration between 2 and 4 weeks within each group, a significant
reduction in counts per minute was found from 2 to 4 weeks in Ketac Silver™ and with
Cavit™ groups, but not in Filtek Supreme™ or with IRM®. No changes in infiltration
from 2 to 4 weeks were observed in both positive and negative control groups (Table 2).

4. Discussion

The present study aimed to compare the sealing ability of three widely used temporary
restorative materials. Temporary restorations are fundamental during and after endodontic
treatment to prevent microleakage and ensure treatment success. Conversely, the lack
of satisfactory temporary restorations can lead to bacteria infiltration, flare-up reactions,
antibiotics administration, and, ultimately, a poor prognosis [1,17].

Regarding the experimental model chosen, using ex vivo models in dentistry is
widespread and helpful [34]. Therefore, sheep teeth were selected since they show anatomic
and histological similarities with human teeth and are commonly used in endodontic
research [34-36]. In addition, they allow the necessary sample to be obtained in a reason-
able time, which is a disadvantage of using human teeth, especially specific teeth such
as incisors.
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During the experimental protocol, thermocycling was chosen to simulate the oral
conditions, namely hot and cold food exposure [30]. In the oral cavity, temperature changes
affect the marginal seal of restoration materials because the linear coefficients of thermal
expansion of the materials and dental tissues are different [22,37]. This way, the tempera-
ture changes altered the linear coefficient of thermal expansion of both the tooth and the
restorative material, mimicking oral conditions. In addition, the artificial aging induced by
thermocycling includes an initial phase with hot water, accelerating the hydrolysis of unpro-
tected collagen [38]. Consequently, the high coefficient of thermal expansion/contraction
of the material generates stress in the tooth-restoration interface and creates spaces that
favor the pathway to fluids and microorganisms [31]. Additionally, the teeth were stored
in a saline solution until being evaluated. As suggested by ISO/TS 11405: 2015, storage in
an aqueous medium allows the differentiating of materials that resist wet environments
from those that do not. Since all materials are used in the oral cavity, which is a moist
environment, the ability to resist wet environments is essential [21]. In addition, the
two time points chosen simulate a period between appointments of 15 days, similar to
clinical conditions.

The obtained results show all tested materials presented microleakage, although to
different degrees. The first null hypothesis was rejected since, at 2 weeks, Cavit™ presented
a significantly higher microleakage when compared with IRM® and Ketac™ Silver. At
4 weeks, Ketac™ Silver presented significantly lower microleakage compared with IRM®
and with Cavit™. The second null hypothesis was also rejected since composite resin
Filtek Supreme™ presented significantly lower microleakage at 2 weeks compared with
the three temporary restorative materials, and at 4 weeks, when compared with IRM® and
with Cavit™.

Overall, Cavit™ presented significantly high levels of infiltration at 2 weeks, which
decreased abruptly at 4 weeks, whereas IRM® microinfiltration remained stable from 2 to
4 weeks. Ketac™ Silver presented significantly lower infiltration at 2 and 4 weeks.

Cavit™ is a pre-mixed auto-polymerized material that contains zinc oxide and syn-
thetic resins without eugenol. Cavit™ is prefabricated in three different forms: Cavit™
(pink), Cavit™-W (white), and Cavit™-G (grey). Cavit™ and Cavit™-W have different
concentrations of zinc sulfate and zinc oxide, resulting in a hardness increase for Cavit™
and an adhesion increase for Cavit™-W [2]. In this study, Cavit™ was used, which has an
indication to be used during endodontic treatment. Cavit™ is endowed with favorable
properties for crown sealing, such as hygroscopic expansion due to water absorption [2].
However, it is also characterized by a low mechanical resistance and slow setting [2,15].
Other studies evaluating this material present contradictory results, probably related to
experimental set-up and evaluation periods [3,4,22,23,39,40]. In the present study, Cavit™
presented an abrupt decrease in infiltration values from 2 to 4 weeks. The slow setting
may justify the high infiltration at 2 weeks. At 4 weeks, the hygroscopic properties and the
elevated coefficient of linear expansion resulting from water absorption (approximately
double that of IRM™) seem to contribute to the sealing improvement and infiltration
decrease. Nevertheless, microleakage was superior to other materials at both time points,
and thus it is not an appropriate material for longer periods. If a longer time period were to
be evaluated, infiltration would be expected to increase again since the existence of a high
number of pores facilitates water absorption and adhesion degradation over time [22].

IRM® is an auto-polymerized material that contains zinc oxide and eugenol. Although
it is characterized by more difficult manipulation [15], it showed intermediate levels of
infiltration. As for Cavit™, several studies present non-consensual results for IRM® in-
filtration. Similar to our results, some show IRM®’s sealing ability to be superior to that
of Cavit™ at shorter evaluation times, whereas others present IRM®’s sealing ability to
be inferior to that of Cavit™ [4,18]. Again, different experimental setups and evaluating
methodologies can explain the contradictory results. In the present study, IRM®’s infil-
tration values slightly increased from 2 to 4 weeks, without statistical difference. That
can be related to the continuous release of eugenol, which is hydro-soluble and favors the
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detachment of particles from IRM®, increasing porosity [41]. In addition, the higher level
of infiltration, when compared with that of Ketac™ can be related to a variation of volume
arising from polymerization contraction or to the non-homogeneous handmade mixture
subjected to operator variability [23,42]. Nevertheless, this material demonstrated stability
over the evaluation periods.

Ketac™ is a metal-reinforced glass ionomer material with fine particles of silver
fused with the glass. It has an ion-leachable alumino-silicate glass powder that combines
with poly-alkeonic acid liquid. When mixed, it auto-polymerizes, releasing aluminum
and calcium ions that form salt bridges and a gel matrix that adheres to mineralized
tissues [43,44]. Adhesion to the teeth’s surface is related to ionic forces associated with
chelation with calcium [23]. Due to this, Ketac™ is characterized by good adhesion and
resistance to fracture [45]. The contraction is initially a slow cross-linked reaction that
enables stress relief and maintains a homogeneous and consistent interface between the
tooth and the material, leading to reliable adhesion [20]. Despite its high sensibility to
manipulation and contraction during polymerization, which sometimes impairs good
results, in the present study, this material showed lower levels of infiltration in comparison
with Cavit™ and IRM®, most likely due to the referred chemical adhesion capacity.

As expected, the resin composite was the material that best prevented microleakage.
In this study, an enamel selective etching procedure and a universal dental adhesive con-
taining 10-MDP (Scotchbond™ Universal) were used. The use of functional monomers
(such as 10-MDP) in dental adhesives promotes a chemical interaction with both dentin and
enamel, improving bond strength and the restoration’s quality and longevity [46-48]. The
reliable characteristic adhesion of a composite restoration to the tooth structure justified
the results. It showed that although temporary materials achieved reasonable results,
none of them could present low microleakage results as the ones of definitive restorative
materials. This supports the recommendation to perform crown restorations with compos-
ites around the access cavity, if necessary, to reduce fluid infiltration at minimum during
endodontic treatment [3].

As previously stated, published literature on the topic of temporary restorations
presents discrepant results. For instance, several studies reported Cavit™ presenting lower
infiltration values than IRM® and Ketac™ [15,19,20,40]. Different methodologies may
underlie the discrepancies reported in the different studies [14,16,19,49]. It can be explained
by the use of different evaluation methods and times and different experimental set-ups
to simulate oral conditions, namely thermocycling or/and cyclic loading, the number of
cycles in thermocycling, and the materials tested [14,16,19,49].

The infiltration evaluation can be performed using several methodologies, such as
methylene blue dye, radioactive isotopes, bacteria, or fluid filtration. However, the use of
dyes, mainly methylene blue, is the most frequently used because it is a sensitive indicator
of infiltration as it has a small molecule size, similar to the size of microorganisms [14,19]. It
has the advantage of not being absorbed by the hydroxyapatite crystal of dentin. Neverthe-
less, its accuracy depends on how much air is entrapped in the restoration [22]. In addition,
this technique has the disadvantage of sectioning the tooth to assess the amount of mi-
croleakage, implying a meticulous standardization of the sectioned portions [26]. Bacterial
studies are also widely used. However, several different microorganisms are responsible
for pulpal infection, and with this method, only a few are evaluated [20]. In the present
study, the microleakage was assessed using the infiltration of radioisotope *™TcNaOy, a
methodology that allows the monitorization and quantification of microleakage at different
time points [26,27]. Technetium is a radionuclide with a smaller molecular size comparable
to that of the microorganisms present in saliva. It presents selectivity, traveling through the
tooth by capillarity and depositing in the “free” areas [26]. It has the advantage over the
use of dyes of not requiring the sectioning of the sample, thus allowing the evaluation of
the same sample at different time points. This is possible because *™TcNaO, will decay
to TcNaOy which is a stable molecule. In this transition, only energy is dissipated and
the molecule does not change. In addition, it presents higher sensitivity compared with
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the other methods, considering the very small concentrations needed, thus providing
more accurate quantitative measures [50]. In fact, the sensitivity is so high that it is only
necessary for one atom to be infiltrated for it be detected using a gamma camera. Its main
disadvantage is the necessity of specific equipment and radiopharmaceutical availability,
which limits its use. Importantly, the results obtained for the positive and negative groups
validate the experimental model.

Although the experimental set-up tried to mimic clinical conditions, not all oral
variables were reproduced, such as masticatory and occlusal load, which is a limitation.
Other analyses, such as push-out tests, could also provide a more comprehensive evaluation.
In addition, although the oral cavity has saliva permanently, the restorations could not
be submerged entirely but instead were kept in a moist environment, which differs from
the protocol used. Other evaluation times could allow more relevant information to be
obtained—for instance, shorter times such as 24 h and 7 days. In addition, the increase in
thermocycling cycles could better mimic situations where the temporary restorations stay
longer in the oral cavity. Finally, in further studies, the use of micro-computed tomography,
with superior resolution, will allow a tri-dimensional image of gaps at the tooth/restorative
material interface to identify the areas where the restoration/tooth interface fails [51].

Nevertheless, the results obtained in this study are significant and reinforce that
temporary restorations should only be used in specific clinical situations and for a short
time since their efficacy to prevent microleakage is significantly lower than that of definitive
materials. After completing the endodontic treatment, a definitive restoration should be
placed as soon as possible.

5. Conclusions

Considering the limitations of this ex vivo study, it can be concluded that the three
temporary materials present microleakage at 2 and 4 weeks. The experimental hypothesis
was rejected since the temporary materials presented different microleakage. Ketac™ Silver
presented the lowest infiltration at 2 and 4 weeks, whereas Cavit™ presented a higher
infiltration at 2 weeks, diminishing sharply at 4 weeks. At this time, IRM® and Cavit™
prsented similar results. In addition, the second experimental hypothesis was rejected
because the definitive material, resin composite, presented significantly lower microleakage
than all tested temporary materials.
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