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Abstract: Oral rehabilitation is a main branch of dentistry focused on diagnosing the patient’s problem
and creating a treatment plan to restore aesthetics, recondition morphologically all components, and
recover the functionality of the oral cavity. Biological compatibility of the materials used has a major
importance, due to the direct contact with essential tissues, such as the soft and hard tissue of the
periodontium and the potential influence on the outcome of the treatment. The present material aims
to assess the inflammatory response after subcutaneous implantation of three materials frequently
used in endodontics (Mineral Trioxide Aggregate—MTA, DiaRoot BioAggregate, and Sealapex). The
evaluation of the reparative tissue reaction after 7, 30, and 60 days, respectively, subsequent to in vivo
implantation, was carried out through electron microscopy imaging. Moreover, evaluation of the
dynamics of the osteogenesis process was an indicator for the maintenance of internal homeostasis in
the context of complex intraoral rehabilitation treatments that include fixed prosthodontics correlated
with the particular periodontal-aesthetic aspects and completed by cranio-mandibular repositioning.
Our study showed increased absolute values of alkaline phosphatase in all material-implanted
cases (more pronounced in MTA and Bio Aggregate), highlighting that this enzyme could be an
effective indicator of bone formation, which takes place after the material implantation, with the most
significant elevated values at 30 days postoperatively.

Keywords: periodontal tissue response; endodontic treatment; biocompatibility; aesthetic; homeostasis;
fixed prosthetic restauration; complex oral rehabilitation

1. Introduction

Intraoral complex rehabilitation treatments are intended to restore the aesthetics and
functionality at the dental-level through prosthetics or substitution as dental implant, in
accordance with the surrounding tissue homeostasis, and in connection with the related
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muscular and temporo-mandibular joint (TMJ) components of the stomatognathic system
(SS), complementary to facial rehabilitation.

Endodontic treatment, in context of oral complex rehabilitation treatment is a conspic-
uous, precise, sometimes very complicated, painstaking intervention that requires multiple
skills, care, and training.

The purpose of endodontics, in general, include non-surgical treatment of teeth man-
agement of traumatic injuries, reintervention in teeth previously treated endodontically, and
treatment procedures related to coronal restorations by means of posts and/or cores involv-
ing the root canal space. Despite major advances in endodontic therapy in recent decades,
clinicians are still confronted with a complex root canal anatomy and a wide selection of
endodontic filling materials, being guided by a consistent biochemical stability and newly
formed biochemical bonds that provide the valid support required in the reconstructions
needed, amongst which dentists can choose according to the case and needs [1].

In the pathophysiological context, one can resume the idea that the newly created
connections are based on the inflammatory response that is commonly thought to operate
during homeostasis impairments, such as infection, tissue injury, and the presence of foreign
bodies or irritants. More generally, an inflammatory response is presumably triggered
whenever tissue malfunctions are detected. These types of inflammatory response are
likely to be more common but of lower magnitude than the classic inflammatory responses
induced by infection or injury. The nature and the degree of tissue malfunction will
influence whether the inflammatory responses are detectable by using common biomarkers.
A generic inflammatory ‘pathway’ consists of inducers, sensors, mediators, and effectors,
with each component determining a certain type of inflammatory response. The inducers
of the specific inflammation during our research have been of exogenous, non-microbial
origin [2,3]. Exogenous inducers of inflammation that are of non-microbial origin include
allergens, irritants, foreign bodies, and toxic compounds. Certain allergens are detected
because they mimic the virulence activity of parasites; others can act as irritants on the
mucosal epithelia. The inflammatory response induced by both types of allergens is
largely similar because defense against parasites and environmental irritants relies on
expulsion and clearance mediated by the mucosal epithelia. Foreign bodies are indigestible
particles that either are too large to be phagocytosed or can cause phagosome membrane
damage in macrophages; in this situation, the encapsulation of foreign objects is an ancient
defensive strategy [4,5].

Within their limit amalgam, gutta-percha, zinc oxide and eugenol (ZOE), zinc oxide
eugenol reinforced with polymethacrylate (IRM), zinc oxide eugenol reinforced with ethoxy
benzoic (Super EBA), glass ionomer cement, composite, and mineral trioxide aggregate
(MTA) have all been used for being nontoxic, non-mutagenic, biocompatible, and insoluble,
root-end filling materials, closely considered to the ideal one’s, each of them, at the time of
their use as top materials.

Incrementally with the specific evolution of the times in most scientific fields, these
materials—as our study follows—other new as well, with higher impact upon tissue
regeneration, but which due to certain limitations by different socio-economic criteria and
specific condition have not yet been studied by us, being mentioned only.

Bioactive bioceramic (BA) materials used in endodontic treatment promote pulpal and
periapical tissue healing and are easy to use. They are dental materials used extensively for
vital pulp therapy, protecting scaffolds during regenerative endodontic procedures, apical
barriers in teeth with necrotic pulps and open apices, perforation repairs as well as root
canal filling, and root-end filling during surgical endodontics [6].

These materials can be placed in contact with both soft and hard vital tissues, influenc-
ing the final result of the treatment and, therefore, their biocompatibility and regenerative
properties are of critical importance [7,8]. The biological properties of root canal sealers
and the degree of cytotoxicity or stimulation they manifest on different cells, including
fibroblasts, osteoblasts, and cementoblasts must be evaluated in vivo as well as in vitro.
The main characteristic properties of MTA include superior sealing ability, biocompatibility,
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antimicrobial effect, radiopacity, dimensional stability, and tolerance to moisture over other
dental materials such as IRM, amalgam, Ca(OH)2, super EBA, or ZOE. Its composition was
described as primarily a mixture of calcium silicates comprised of calcium oxide (CaO) and
silicon dioxide (SiO2). MTA restoratives are typically tested with a mixture of tests from
multiple standards. As the setting of MTA is dependent upon hydration, the results of
various MTA restoratives and sealers are dependent upon the healing approach. Since its
design, MTA has been tested under laboratory conditions, in animal studies and in clinical
trials as well [9].

Another product that is not marketed as MTA but is chemically similar is the BioAggre-
gate (BA-Innovative BioCeramix, Inc., Vancouver, BC, Canada), a biocompatible pure white
powder composed of ceramic nanoparticle upon mixing DiaRoot with BioA. It differs from
MTA, being aluminum-free and containing calcium phosphate monobasic and tantalum
pentoxide. BA also includes hydroxyapatite and amorphous silicon oxide. Hydroxyapatite
and amorphous silicon oxide are added by the manufacturer to reduce the levels of the
calcium hydroxide, which does not contribute to the strength of the material.

Polymeric calcium hydroxide root canal sealer named Sealapex, the original non-
eugenol, calcium hydroxide polymeric root canal sealant produces rapid healing and
hard tissue formation issue confirmed by some histopathologichal analysis studies that
showed it was the best sealer that permitted the deposition of mineralized tissue at the
apical level and also the only sealer that provided complete sealing with no inflammatory
infiltrate occurring and no reabsorption of mineralize tissues [10]. Several studies in the
literature report various results regarding the tested sealers, cell type, time of cell exposure
to materials, extract dilutions, and specimen size [11]. However, there are few studies
that evaluate the cytotoxic effect of root canal sealers in an in vivo condition and, also in
a reproducible model that comes close to the real response to the area of exposure of the
apical foramen diameter without using animal models [12].

In most of clinical situations, the endodontic treatment is followed by an unidental or
bridge component prosthetic restoration. As a matter of theory issue, this stage framed of
the treatment plan—in non-specific preprosthetic treatments part, is considered as a premise
of restoring the prosthetic support that needs an increased resistance considering the height
power of masticatory forces that require an optimally functionality in the stomatognathic
system areal.

Aim of Study

The aim of this study was the comparative evaluation of the reparative response
of three materials used in endodontic treatment, through implantation in experimental
animals and the evaluation of the endo—periodontal complex tissue response at different
time periods. The specific objectives of the research regarded the analysis of the bone tissue
response and osteogenic effect after subcutaneous implantation of three materials used in
endodontics, displaying different chemical composition, in bone proximity. The importance
of conducting the in vivo biocompatibility and integration study stems from the need to
validate temporal behavior from the perspective of a subsequent clinical application in the
prosthetic rehabilitation complex treatment phases and endo-periodontal aesthetics aspects
as well.

2. Materials and Methods
2.1. The Experimental Procedures

The experimental procedures performed in this study have been carried out according
to the protocol revised and approved by the animal research ethics commission of the
Faculty of Veterinary Medicine “Ion Ionescu de la Brad”, Iasi, in accordance with interna-
tional principles of biomedical research on animal’s experience and with the approval of
the Ministry of Education, Research and Innovation [13]. The biomaterials that have been
implanted are not dangerous, and the performed method is recognized by the international
scientific community, the character of bio and cytocompatibility being endorsed [14].
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Since the biomaterials used in root fillings and repairs come into direct contact with
living tissue, a correct assessment of the response of these tissues was attempted by implant-
ing the materials in the connective tissue in rabbits. The irritating and stimulating effect of
biomaterials was achieved by electron microscopy examination of the implant regions and
evaluation of the extent of the inflammatory process of the subcutaneous connective tissue
around the implants.

The materials used were as follows:

• MTA (Mineral Trioxide Aggregate, Dentsply, Tulsa Dental, Johnson City, TN, USA),
an alkaline powder consisting of fine hydrophilic particles that set in the presence of
moisture, promotes bone formation, and facilitates the regeneration of the periodontal
ligament, with a high antibacterial effect [15–17]. It is made of calcium hydroxide,
bismuth oxide (Bi2O3), calcium sulfate (CaSO4), tricalcium silicate ((CaO)3·SiO2),
dicalcium silicate ((CaO)2·SiO2), and tricalcium aluminate ((CaO)3·Al2O3).

• DiaRoot BioAggregate (Innovative BioCeramix, Inc., Vancouver, BC, Canada) is a
material similar in structure to MTA that additionally contains ceramic nanoparticles.
It has proven antiseptic proprieties and at the same time stimulates cementogene-
sis [18,19]. The chemical composition includes calcium silicate, calcium hydroxide,
hydroxyapatite, and tantalum oxygen (Ta2O5).

• Sealapex (Kerr, Switzerland) is a calcium hydroxide-based cement with good com-
patibility used for root canal sealing [20], but with a weak leakage resistance [21]. It
has the following chemical composition: barium sulfate, titanium dioxide, zinc oxide,
calcium hydroxide, butylbenzene, sulfonamide, zinc stearate.

The used endodontic materials were prepared according to the instructions of the
manufacturer and were subsequently introduced in 10 mm in length and 2 mm in diameter
polyethylene tubes.

2.1.1. In Vivo Experiment

Thirty rabbits, aged 6 months and weighing 3.5 kg (±50 g), raised and fed in identical
conditions (food and water ad libitum), were used.

The rabbits were divided into 4 groups:

• Group 1—9 rabbits—receiving MTA implants;
• Group 2—9 rabbits—receiving DiaRoot implants;
• Group 3—9 rabbits—receiving Sealapex implants;
• Group 4 (control)—3 rabbits—receiving empty polyethylene tube implants.

The experimental period lasted 60 days, while the rabbits were kept in similar condi-
tions and were fed identical food, except 24 h prior to the dental implant surgery when they
received water, but no food. All rabbits were fed a normal diet until the end of the study.

Surgical and Post-Operative Protocol

The surgical interventions have been accomplished under general anesthesia and asep-
tic conditions. Prior to anesthesia, rabbits received atropine premedication (0.02 mg/kg;
Atropine, Pasteur Institute, Bucharest, Romania). Anesthesia was induced with xylazine
(0.1 mg/kg i.m, Xylazine Bio 2%, Bioveta, Czech Republic) and ketamine (10 mg/kg i.m.,
Ketaminol® 10, Intervet International GmbH, Neufahrn bei Freising, Germany). Preopera-
tively, the lateral thoracic regions were shaved and disinfected with antiseptic solution 96%
(Videne; Adams Healthcare Ltd., Birmingham, UK). The rabbits were first placed in the left
and then in the right lateral decubitus position. Skin incisions were made for implanting
the tubes, which were inserted in depth of the subcutaneous connective tissue, in contact
with the bone.

In the end, the surgical wound was sutured with non-absorbable suture thread.
For each animal, blood samples were collected prior to implantation, following the dy-

namic variation of some parameters corresponding to the osteogenesis processes. Alkaline
phosphatase values were evaluated in each case.
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For 3 postoperative days, each rabbit was given an analgesic (carprofen 4 mg/kg i.sc;
Rimadyl®, Pfizer, Tadworth, UK) and prophylactic antibiotic (7.5 mg/kg amoxicillin;
VEYX® YL LA 200, Veyx-Pharma GmbH, Schwarzenborn, Germany).

At 7, 30, and 60 days after implantation, 3 rabbits from groups 1, 2, and 3 and one
rabbit in the control group (4) have been euthanized using T61 solution (2 mL/kg, i.p.,
MSD Animal Health GmbH, Cuxhaven, Germany). Briefly, post sampling, all specimens
were fixed in 10% buffered formalin and embedded in paraffin with tissue processor Leica
TP1020 tissue processor (Leica Microsystems GmbH, Wetzlar, Germany). Sections of 5 µm
thickness were obtained with a Microtome SLEE CUT 6062 (SLEE Medical GmbH, Mainz,
Germany).

The evaluation of the reparative tissue reaction at 7, 30, respectively 60 days after
implantation have been performed through electron microscopy images and the evaluation
of osteogenesis dynamics indicators and maintenance of internal homeostasis by means of
comparative analysis of the results.

The part with applicability for our experiment lies in respecting the curative and
functional principles that restore both, morphology and functionality, through complex
rehabilitation treatments; in this case, prosthetic treatments with complex endo-periodontal
support require first an integration and a prior biocompatibility of the materials applied to
the subjects from the study, an issue that has been interpreted by us as an objective tissue
response of the biological interactions.

The present study reflects an interdisciplinarity collaboration between the Clinical
Dental Education Base, “Mihail Kogalniceanu”—Grigore T. Popa University of Medicine
and Pharmacy from Iasi, Romania among the disciplines of Endodontics, Periodontology,
Fixed and Removable Prosthesis associated with Prosthesis Technology and Orthodontics
specialties and Apollonia University from Iasi. The study included 28 patients presented
between 2015–2020, subjects that followed endodontic treatments with the materials used
in our study. The subjects that were urban residents all proceeded to the informed consent,
beneficiated from rigorous clinical observation and prosthetic rehabilitation of unidental or
pluridental restauration treatments, as inclusion criteria, allergic patients and uncooperative
ones being excluded.

The demographic distribution of patients was as follows: 16 men between 21 and
45 years old, 10 urban and 6 rural, and 12 women between 18 and 38 years old, of which
10 urban and 2 rural (Figure 1a).

The need for endodontic and prosthetic reintervention during the study, according
to the clinical rehabilitation plan, with the methods used: pre- and pro-prosthetic stages,
post-prosthetic one, with the primary and secondary adaptation, the type of prosthesis,
the type of material and the supporting paraclinical investigations in patient’s diagnosis,
constitute a complex and important level to manage [22,23].

Analog Visual Scale assessment questionnaires were used, which could quantify the
success of prosthetic treatment in oral rehabilitation (Figure 1b).
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(b) Visual Analog Scale used for making score objectivation by patients’ assessment. (c) Presence
of numerous osteoblasts included in ossein sequestrations, with a tendency to organize in osteoid
matrix (Sealapex).

3. Results

Scanning electron microscopy images collected 30 days after implantation point out
the presence of numerous osteoblasts, included in ossein sequestrations, with a tendency to
organize in osteoid structure, in order to generate the pre-osseous substance oriented in the
traverses ( Figures 1c and 2). There are also Howship gaps in which active osteoclasts are
present, involved in bone remodeling and which by phagocytosis eliminate the excessive
bone (Figure 3). Moreover, multiple areas of deposition of excess valuable substance,
in the form of agglomerations and smaller areas of rarefied bone, due to the monocytic
macrophage system (osteoclasts) have been identified as well (Figures 4 and 5). In the
areas adjacent to the excess osteine deposition, gaps in which osteoclasts are present have
also been detected. The new bone bands that delimit these gaps are obvious and have
numerous osteocytes in their structure (Figures 6 and 7). There are also typical osteoclasts,
with a brushed edge, which attach to the dense material formed by the precious substance
elaborated in excess by osteoblasts (Figure 8). In a part of the newly deposited bone
substance, a clear tendency to organize in the guideways could be noticed, in the vicinity
of the external fundamental system (Figure 9). Osteoblasts with intense osteogenic activity
are present in the bone bands, indicating bone regeneration process around the implanted
material (Figures 10 and 11).
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bone traverse (Bio Aggregate).

The following analysis acquaint the biochemical profile of the implanted animals
at 7, 30, and 60 days postoperatively for alkaline phosphatase, reported at the operative
moment with initial biochemical parameters in all analyzed cases, corresponding to the
three materials (Tables 1–3). The initial value in the control rabbit = 163.6 IU/L.

Table 1. Alkaline phosphatase values at 7 days postoperatively (IU/L).

Rabbit No. Control Rabbit
Implanted Material

Sealapex MTA BioAggregate

1

163.6

164.3 176.5 182.4
2 168.8 178.4 180.1
3 165.6 181.3 179.8
4 167.4 179.5 182.3
5 169.1 180.2 183.2
6 168.3 177.8 183.8
7 167.6 175.6 179.6
8 165.7 176.6 181.5
9 168.7 180.2 182.4

Table 2. Alkaline phosphatase values at 30 days postoperatively (IU/L).

Rabbit No. Control Rabbit
Implanted Material

Sealapex MTA BioAggregate

1

163.6

181.3 196.5 199.4
2 173.9 198.4 193.1
3 180.6 189.8 196.8
4 188.9 190.5 195.3
5 182.3 191.3 196.2
6 181.2 193.5 190.2
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Table 3. Alkaline phosphatase values at 30 days postoperatively (IU/L).

Rabbit No. Control Rabbit
Implanted Material

Sealapex MTA BioAggregate

1
163.6

162.8 164.2 164.8
2 163.4 165.4 164.1
3 165.2 167.5 166.4

Subsequent to analysis of the biochemical profile of implanted animals at intervals
set: 7, 30, and 60 days after surgery, the results pointed out significant elevation of alkaline
phosphatase values reported within seven days at operation, growth that is extended
up to 30 days, thus reaching significantly higher levels than the control group. After
30 days postoperatively, alkaline phosphatase values decreased significantly, the results
exhibiting the treatment in all three cases studied. The baseline value in control group
rabbits = 163.6 IU/L (Table 4).

Table 4. Statistical indicators of alkaline phosphatase in the study group according to the biomaterial
used and time of determination.

Implanted
Material

Evaluation
Moment

Mean
FA

Average
Std Dev. Std Er. Min. Max. Median

−95% +95%

Sealapex 7 days 167.25 165.24 169.26 1.92 0.78 164.30 169.10 167.85

Sealapex 30 days 181.18 171.41 190.94 6.14 3.07 173.90 188.90 180.95

Sealapex 60 days 163.10 159.29 166.91 0.42 0.30 162.80 163.40 163.10

MTA 7 days 178.95 177.13 180.77 1.73 0.71 176.50 181.30 178.95

MTA 30 days 193.80 186.97 200.63 4.29 2.15 189.80 198.40 193.50

MTA 60 days 164.80 157.18 172.42 0.85 0.60 164.20 165.40 164.80

BioAggregate 7 days 181.93 180.22 183.65 1.63 0.67 179.80 183.80 182.35

BioAggregate 30 days 196.15 191.94 200.36 2.65 1.32 193.10 199.40 196.05

BioAggregate 60 days 164.45 160.00 168.90 0.49 0.35 164.10 164.80 164.45

control 163.60 163.60 163.60 163.60

As depicted in Figure 12, the graphic indicator that reveals the results of the local
research, a clear distinction can be noticed for Bioaggregates (BA) at 30 days 196.2 IU/L,
followed closely by MTA 193.8 IU/L and the last Sealapex 181.2 IU/L.

Our results point to an average time to stabilize the reaction of 30 days, with a clear
tolerance and self-adaptation mediated by the biochemical reaction of tissue responsiveness,
favorably framing the prognosis of the subsequent situation at 60 days, when the MTA
has the final response of 164.8 IU/L, slight difference as 164.4 IU/L in Bio Aggregate (BA)
followed by Sealapex at 163.1 IU/L.

The aspects recorded at seven days capture the biochemical events when the cascade
of reaction of the inflammatory response, allergen type reaction, continues with the partic-
ularities corresponding to the stage of intercellular interaction upon material type, a fact
iterated by the obtained values statistically interpreted as MTA 178, 9 IU/L, Bioaggregate
181.9 IU/L, Sealapex 167.3 IU/L.

Through the above-mentioned procedures, we tried to validate the information, using
rehabilitation treatments methodology, based on various prosthetic devices and all kinds
of possible, biocompatible, materials used in prosthesis technology, with regard to the
electronic-microscopically studied root filling materials, in order to be used in dental prac-
tice, especially in the prosthetic stability rehabilitation accompanied by aesthetic response
of periodontal tissue support therapy.
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material used.

Therefore, we applied endodontic treatments to the patients using the mentioned
materials, followed by prosthetic restorations, special fixed restorations: composite crowns
in the lateral arch, premolar area, in ten women (35.71%) and seventeen men (60.71%)
as well as ceramic restorations placed in the frontal area in two women (7.14%) and five
men (17.85%). In the posterior arch area, metal ceramic prosthetic devices were applied
bilaterally in seven women (28%), and in the frontal area for two women (7.14%), while for
men there were six (21.42%) metal-ceramic prosthetic devices in the frontal area and four
(14.28%) prosthetic appliances in the posterior area.

Periodontal cure has been used in twelve cases (42.85%) through etiological curettage,
surfacing also followed by gingivectomy interventions and subsequent occlusal interven-
tions, orthodontic treatments, and mouthguard appliances.

Considering the aspects revealed by the individual pathologies, it is absolutely neces-
sary to take into account the more complex situations that would require a special approach.
Thus, following the pain triggered by the effects of malocclusions and manifest cranio-
mandibular mal-relationships, treatments involving joint repositioning, stress therapies,
muscle rebalancing that require drug combinations are mandatory, as a need for complex
rehabilitation, all completing the clinical picture of the study group subjects.

Not only prescription of myorelaxants, but also the patients’ restoration and inte-
gration by inducing psychical rebalancing using adjuvant therapies in order to establish
homeostasis parameters are of critical importance (Figure 13a,b).
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As we consider representative and suggestive the following images from rehabilitation
treatments clinical cases (Figure 14a–d).
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Figure 14. (a–d) Rehabilitation treatments through prosthetic modalities by reinforced composite,
Poly(methyl methacrylate) (PMMA) composite, unidental and pluridental localization, and ceramic
materials pluridental prosthesis.

The score obtained after applying the Visual Analog Scale is a subjective but important
record, because the patient’s perception is the one that validates our rehabilitation complex
treatments and SDSS interferences(Figure 15), hence, we noticed by Visual Analog Scale
diagnostic tools that male study subgroup presented a superior rate of recovering and good
response to rehabilitation treatment than women, which was less, but in the same positive
way at 3, 6, and 12 months of the evaluation time period (Figure 16).
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Figure 16. The score obtained from the results of Visual Analog Scale 3 M 6 M 12 M, postintervention.

4. Discussion

The success of any type of treatment can be translated by the lack of destructive
inflammatory reactions in time. This idea is frequently repeated in the literature by pre-
senting the explosion of new biomaterials and tissue reactions in contiguity, observed
through contact between them during integration, with limitations and permissions based
on socio-economic and biological criteria (patient grounds).

The limitation of our experiment can be related to the applicability skills-inherent fac-
tors to the endodontic procedures such as perforations, instrument breakage, calcifications,
and anatomic anomalies, as all can lead to treatment failure connected with anatomy that
may require microscopic interventions, the non-observance of the indications, not following
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the instructions received, and delay for proper cure plan, not using rubber dam isolation,
inefficiently performed cleaning and shaping of the root canal system or variability of the
implant material surfaces.

Other similar studies in this field highlight the role played by budding extracellular
vesicles in mesenchymal stem cells (MSCs). This approach is considered to have great
potential in clinical applications by disseminating valuable biological information, allowing
the establishment of many functional connections related to cell therapy. The regenerative
and immunomodulatory characteristics of MSCs have benefits in a multitude of clinical
situations, including the regeneration of traumatic injuries.

Exosomes have the same characteristics as the cells they came from, such as the trans-
port of proteins, miRNA, mRNA, and other soluble factors implied by MSCs’ functions,
including immunomodulation and tissue regeneration. For the treatment of osteochondral
defects, a scientist proposed a ‘cell-free’ therapeutic approach, demonstrating the ability
of human embryonic MSC-derived exosomes to repair cartilage and subchondral bone
injuries [24]. Mineral Trioxide Aggregate (MTA) was recommended as a repair material
for root perforations a long time ago [25]. It was developed by Loma Linda University in
1990 and was originally introduced as a retrograde filling material. This has been shown
to cause a much lower percolation than other materials in contact with the surrounding
tissues compared to most used raw materials. For these reasons, MTA has been considered
a material of choice for root perforation repair, as it has not only demonstrated biocompat-
ibility with peri-radicular tissues (minimal inflammatory reaction, but also the ability to
allow regeneration of hard tissue such as bone or cementum), thus facilitating regeneration
of the periodontal support tissues, which is of utmost importance in the overall stability of
teeth [26,27]. In a research model on human osteoblasts, MTA stimulated the increase in
cytokines, such as interleukin-1 α, interleukin-1β, and interleukin-6, which are involved in
bone turnover [28].

The cytotoxicity of Bio Aggregate, the second material used in the study, was also
evaluated compared to that of MTA on mesenchymal cell cultures (p > 0.05). DiaRoot Bio
Aggregate showed in vitro compatibility comparable to MTA [29].

Sealapex is a sealant based on calcium hydroxide that is widely used in endodontics,
whose bio stimulatory properties and cytotoxicity in contact with peri radicular tissues are
widely discussed in the literature [30]. Overall, Sealapex demonstrated a reduced inflamma-
tory response compared to other endodontic sealants showing moderate inflammation at
48 h, which decreased in subsequent periods. Other sealants, based on zinc oxide-eugenol,
were more toxic at 48 h and seven days, respectively. This toxicity gradually decreased in
later time periods [31].

In the study, seven days after implantation, the more pronounced inflammatory
reactions as well as the presence of multinucleated giant cells in contact with the enclaves
of remaining Sealapex and MTA material was noted histologically, while in the case of
Bio Aggregate samples, a considerably lower reaction, with the absence of these cells and
a reduced inflammatory cell infiltrate could be registered. This aspect indicates a higher
biocompatibility of the last material compared to the live subcutaneous tissue, compared
to the first two. The inflammatory reaction and the presence of thicker bands of necrotic
tissue on contact with implanted materials (thicker at MTA compared to Sealapex and
Bioaggregate) in the first seven days may be due to both the different chemical composition
of the cements and the stronger basic pH of the MTA: the immediately post mixing pH is
10.2 and rises to 12.5 in 3 h, after which it remains constant, the pH of Sealapex is up to 9.1,
and for Bio Aggregate pH~12 after the setting of the material [32–34].

The presence of large numbers of active osteoblasts and osteoclasts located in specific
gaps and the organizing of the new bone tracts 30 days after material implantation, demon-
strates an intense activity of bone regeneration and reorganization in the proximity of the
implanted material, most evident in MTA and Bio Aggregate [35–37].

According to some studies from the literature, it may be revealed that MTA, Super
EBA, and IRM had similar histopathological results and presented a better performance
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than ZOE in a puttylike consistency, and only MTA stimulated deposition of neo-formed
cementum in direct contact with the retro filling material [38]. Completing the present
study, there are a number of other materials that increase the motivation of our study
and offer a dimension closer to the ideal that will optimize the results through a modern
biomaterial that must meet several requirements, even involving their biological and
structural characteristics. The literature points out that graphene has revealed interesting
antibacterial and physical peculiarities, but it has also shown limitations. Black phosphorus
has structural and biochemical properties that make it ideal for biomedical applications:
2D sheets of black phosphorus are called Black Phosphorene (BP), and it could replace
graphene in the coming years.

Scientists have taken smart two-dimensional materials (2D materials) into consider-
ation, as the allotropic forms of many such materials have shown distinct characteristics
that may be usable in several applications. The interface between cells and biomaterials
should be biocompatible and bioactive: 2D materials are tunable on the nanometric-scale,
which can be used to improve the connection between such materials and human tissue.
An important evaluation regarding the advantages of BP, compared to graphene is related
to its lower cytotoxicity, advanced in vivo biodegradability and its tendency to release few
nanoparticles in the human body [39].

By means of prosthetic treatments application, our research gives an objective answer
of the biocompatibility and functionality that are appreciated as having a response of 88%
tolerability and integration, and which are in correlation with compliance with the required
conditions and of course the quality of structural components and presentation to clinical
treatment, similar to other studies in the literature [40–48].

Another issue that must be accounted for is the biocompatibility and the integration
capabilities of materials used in the context of systemic diseases, such as tumors, fractures,
vitamin deficiencies, liver pathology, and autoimmune diseases [49–54]. Although in the
majority of cases, such issues do not critically alter the treatment course, still, precautions
must be taken in order to ensure the best possible outcome [55,56]. Moreover, the complexity
of the phenomena that may interfere with simple or complicated endodontic pathology
as a differential diagnosis, namely the dysfunctional syndrome of the stomatognathic
system, can be intercepted during detailed diagnostic procedures and addressed by specific
elaborate treatment [57–61], which was also used in the present study. The cases were
treated by splints in 29% of patients, 12% of them with muscle relaxants, also 98% of
subjects with occlusal parameters restoration, namely: occlusal areas, composite fillings,
and amalgam, but also occlusal imbalances of existing components of gnato-prosthetic
devices in 57% or their total replacement, as well as orthodontic adjustments in some cases.

In our study, objective scores were obtained from histomorphological examination in
order to classify the tested materials from optimum to least favorable, by analyzing the
presence and width of cementum covering the root-end filling material surface. Further-
more, the incidence of well-organized fibrous capsules without inflammatory cells were
also observed. In addition, it is observed that the root canals of the patients included in
the study that needed a better sealing of the root fillings to aid the healing process were in
a position to simulate a clinical-surgical situation in which the canal could be recovered
by MTA, BA, or SELAPEX, and depending on the result, according to our study more
pronounced in the MTA and Bio Aggregate. However, the complex rehabilitation clinical
situations will have to be further validated also in the context of resistance to the mastica-
tory forces in time. The tolerability of the endo-periodontal system can be a desideratum in
the aesthetic and functional spectrum of long-term oral rehabilitation.

Also, we considered that modern materials studied have a major influence in the
overall homeostatis of the oral cavity and create a stable and functional framework. This
creates a foundation for the continuity and longevity of prosthetic treatments, in terms of
dental support, as a resistant pillar of future oral rehabilitation constructions through dental
prostheses. In combined prosthetic approaches, they are regarded as a unitary prosthetic
restoration, and in particular, in the case of our study, as plural constructions—namely, the
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type of gnathoprosthetic devices with three elements, which react quite well in this case,
as a whole. As our results demonstrated, they are accompanied and validated by optimal
periodontal response, especially when considering the broader context of the rehabilitation
of aspects from the associated dysfunctional syndrome of the stomatognathic system.

5. Conclusions

Our results showed increased absolute values of alkaline phosphatase in all material-
implanted cases (more pronounced in the MTA and Bio Aggregate), highlighting that this
enzyme could be an effective indicator of bone formation, which takes place after the mate-
rial implantation, with the most significant elevated values at 30 days postoperatively. This
suggests—in the absence of other existing associated pathologies—an intense reparative
and restorative bone activity in the body that is favorable and necessary to the optimum
subsequent stages of prosthetic management in the context of a complex oral rehabilitation
approach therapy.

This study opens the path for future research regarding dental materials biocompati-
bility, not only from a strictly local endo-periodontal biological context, but from a wider
systemic integration perspective.
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Abbreviations

SS stomatognathic system
ZOE zinc oxide eugenol
Super-EBA zinc oxide eugenol cement reinforced with ethoxy benzoic acid (EBA)
IRM zinc oxide eugenol-based cement reinforced with polymethacrylate
SDSS/TMDs dysfunctional syndrome of the stomatognathic system
TMJ temporo-mandibular joint
PMMA Poly(methyl methacrylate)
Ca(OH)2 calcium dioxide

BA
material similar in structure to MTA (mineral trioxide aggregate), that
additionally contains ceramic nanoparticles.

MTA mineral trioxide aggregate
Sealapex calcium hydroxide-based cement
SiO2 silicon dioxide
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