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Abstract

Nanotechnology has transformed all fields of medicine for years, and the most modern patient care
in medicine is now closely tied to the use of nanotechnology and nanomaterials, with dentistry being
no exception. Since biomaterials interact with tissues through their surface activities after
implantation, the properties of their reactivity are critical in controlling biological response in bone
regeneration and repair. New bone-like nanostructures of calcium phosphate have been developed
to repair and replace damaged or brittle bone. Chronic apical periodontitis is an inflammation of the
dental and periapical tissues produced by a variety of bacteria that generate an immune-
inflammatory response in the microorganism. Untreated teeth may need to be removed or undergo
periapical surgery to be saved. For that reason, it is desired to build biomimetic nanostructured
engineering scaffolds that provide structural support for early cell attachment while developing
novel materials. Recently, attention has been drawn to bone-like biomaterials, which have the
potential to replace bone as a natural functional nanostructure in certain applications. The proposed
workflow includes: (1) material preparation; (2) material characteristics; (3) clinical follow-up design;
(4) clinical protocol; (5) clinical outcome. The clinical use of hydroxyapatite/hyaluronan biomimetic
nano-hybrid material for reconstruction of periapical bone defects in the treatment of teeth with
chronic apical periodontitis is presented in this paper.

Keywords: biomimetic; chronic apical periodontitis; hydroxyapatite; hybrid hydroxyapatite;
hyaluronan

1. Introduction

Chronic apical periodontitis (CAP) is clinically defined by alterations in the surrounding bone
structure and periodontal ligament, and changes in the cementum and dentine, among other things
[1,2]. When it comes to CAP, the anatomically separated physiological narrowing is either missing or
greatly enlarged in a large proportion of instances. It has been discovered that there is intra- and
extraforaminal resorption in the apical zone, as a result of chronic inflammation. A clinical finding
that is more uncommon is inflammatory internal root resorption with CAP, which may occur because
of trauma to the tooth [3].

The contemporary principles of preparation techniques and knowledge of the root canal
morphology are all essential so that appropriate chemo-mechanical cleaning and disinfection of the
entire root canal system are achieved. Nowadays, dental practice is related to the continuous
improvement of clinical techniques and materials. But the problems related to the treatment process
have not yet been eliminated. Finally, endodontic failures are strongly linked to the correct diagnosis.
Endodontic treatment procedures in some teeth are still a challenge in clinical practice. One of the
main principles of endodontic science is the preparation and conditioning of the dentin walls and
three-dimensional root canal filling after that, with a focus on filling the apical third of the root.
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Obturation becomes a more predictable stage when the walls of the root canal form a physiological
narrowing apically, suggesting the preparation of an apical stop that facilitates the proper application
of the chosen filling method [4-6]. Consequently, it is desirable to design innovative materials and
construct biomimetic nanostructured engineering scaffolds that give structural support for early cell
attachment while also producing biomimetic nanostructured engineering scaffolds [7,8]. Clinical
studies have shown that the observance of aseptic preparation of the endodontic space and the
availability of a distance from the apical pulp tissue stimulate the natural healing process. If an
appropriate sealer is chosen, the healing occurs with the formation of cement-like tissue [3,9]. There
is a resorption lesion on the root tip in many cases with periapical bone lesions. This resorption
process is very difficult to diagnose. During a time of clinical intervention, the clinician must assess
and measure the width of the apical foramen and establish the absence of apical narrowing. If the
resorption of the apical part of the tooth has been diagnosed, the clinician has to condition the dentin
and seal it with a precise technique and materials [10-13].

A variety of materials and methods that partly mimic natural ones have been introduced in
medicine, particularly dentistry, in the past few decades. “Biomimicry" or "Biomimetics" describes
the technique of taking inspiration from nature for artificial design. Biomimicry (from the Greek bios,
which means "life," and mimesis, which means "to copy") examines nature's most successful
achievements and then replicates them to introduce additional materials [14,15].

The materials that possess biomimetic characteristics and are nanostructured provide promising
results in today’s dentistry. In addition, the nanostructured materials offered a more suitable
architecture for normal cell attachment, osteoblast development, and osteoblast function. Dental
ceramics and orthopaedical ceramics are two branches of biomaterials that offer a range of materials
for use in biomedical applications such as dentistry and orthopaedics [16]. Nanostructured surfaces
and materials are a new trend in Dental medicine [17,18]. Significant potential solutions to problems
in medicine and dentistry are provided by new biomaterials with controlled nano-features and
engineering techniques such as coating, modelling, functionalization and molecular nanoscale
grafting.

This study aims to present a preparation protocol of hydroxyapatite/hyaluronan (HA/HyA)
biomimetic nano-hybrid material, a description of the material characteristics and clinical application
of nano-hybrid material in contemporary endodontic treatment.

2. Materials and Methods

2.1. Material Preparation Protocol

Under controlled temperature and pH = 10.5-11 conditions, biphasic calcium phosphate was
prepared by sintering a precursor precipitate sample obtained by the chemical wet precipitation
method in a typical process by double decomposition of 1M calcium nitrate solution (prepared from
Ca(NO3)2x4H20) in de-ionized water and di-ammonium hydrogen phosphate (prepared with
(NH4)2HP04, 0.6 M) in stoichiometric. But there are some inherent disadvantages to this method,
including difficulty in maintaining pH values greater than 9, difficulty in avoiding the formation of
Ca-deficient HA, which during the sintering process forms tertiary calcium phosphate, and difficulty
in controlling the pH value greater than pH = 9. An agate planetary ball mill (‘pulverisette Fritsch)
running in a programmed manner with agate balls (10 mm diameter) was used to dry mill the
sintered material after it had been sintered. The standard mass of the sample was 30g, and the mill
speed was 600 rev/min. After 40 hours of milling, nano-crystalline HA (nHA) was formed, which was
then utilized to create nano-hybrids from HyANa solution in various ratios of HA/HyA-Na.

Powder XRD was used to determine the phase content and crystallite sizes of nanohybrid
samples made from 40-hour milled HA and HyA in a 3:1 ratio. The samples were treated to a second
wet milling for 2 and 5 hours and then characterized for phase content and crystallite sizes. A 10%
concentration of hyaluronan (designated as L) was combined with nHA milled material (designated
as S) in a variety of empirically selected ratios ranging from 0.2 to 3.3 5/L. As dense pastes, samples
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were made from the acquired combined ingredients and placed in rubber moulds with diameters of
10 mm and heights of 5 mm, where they were left to dry in the open air for 24 hours at room
temperature. The Vicar Needle technique was used to determine the start and ultimate setting times
of the nanohybrid material that was created in the rubber moulds and then dried (ASTM C191-9
1993)[19].

2.2. Material Characteristics

EDTA complex-metrically titration and potentiometrically were used to measure the
concentration of calcium in the sintered material. At pH = 10, a Cu ion-selective electrode and a
Cu/AgCl reference electrode were used to measure the concentration of calcium in the material. In
order to measure the concentration of P-PO4 3- spectrophotometrically, we used NOVA 60
equipment with Merck and Spectroquant® kits. For the scanning electron microscopy (SEM) study,
nano-metric materials were mixed with water, put on specimen stubs, dried, and then coated with
conductive material (Au) to be viewed in the SEM JEOL JSM-5510 at an accelerating voltage of 10 kV
and an electron beam current of 2-20 nA to see the texture of nano-metric agglomerations after dry
milling for 40 hours. They were put in deionized water and sonicated for 15 minutes. Then, they were
placed on formvar-coated M grids and examined in a JEOL JEM-2100 TEM at 200kV. Ten minutes
after grinding them in an agate mortar, they were suspended in de-ionized water and sonicated for
15 minutes. It took 20 minutes for the supernatant to set up. The supernatant was then collected and
re-dropped on formvar-coated grids and TEM JEOL JEM-2100 at 200 kV to see [19].

2.3. Retrospective Clinical Follow-Up Design

This study included the patients referred to our clinical practice for endodontic treatment with
periapical bone lesions with Periapical index - PAI3 to PAI5. This clinical follow-up was done in
accordance with the Declaration of Helsinki. Informed consent was obtained from the patients who
met the inclusion criteria and were willing to participate in the study after being briefed on the aim
of the study and its method. The main inclusion criteria were that patients had no severe systemic
diseases, had to be followed up for a ten-year period, and the tooth had to be mobile. No retained
apical narrowing/constriction - the dimensions of the apical foramen were larger than #0.50 ISO. At
the beginning of this study, 18 patients were considered for inclusion, but only 12 patients (12
endodontically treated teeth) fulfilled the strict control examination (n =12). The mean age of the
participants was 39.3 £ 9.1 years (n = 12), with individual ages ranging from 25 to 57 years. This
distribution indicates that the study group encompassed both younger and older adults, thereby
providing a representative age variation for the investigated clinical condition. Control radiographs
were taken immediately after filling and periodically at the third and sixth months, and at the first,
fourth, and tenth years.

2.4. Clinical Protocol

The endodontic treatments of the teeth were performed under a dental operating microscope
Zeiss Opmi Pico (Zeiss, Oberkochen, Germany). The root canals were prepared using ProTaper
Universal instruments (Dentsply Sirona, Charlotte, North Carolina, USA), calibrated with hand K-
files (Dentsply Sirona, Charlotte, North Carolina, USA) and classic endodontic irrigating protocol —
5.25% NaOCl, 17% EDTA and distilled water. The endodontic space was ozonated for maximum
decontamination - Ozonytron (MIO Int. Ozonytron GmbH, Germany). Ozone was applied for 40 sec.
— 40 pg/ml for a volume of 1-3 cc three times during the endodontic treatment process. At the final
preparation stage of the endodontic space of the tooth with a periapical bone lesion, a hybrid
HA/HyA biomimetic nano-hybrid material was applied, and after that, the root canal was obturated
with bioceramic sealer TotalFill (FKG Dentaire SA, La Chaux-de-Fonds, Switzerland) and gutta-
percha. It is known that hyaluronic acid and synthetic calcium phosphate have osteoconductive and
biodegradable qualities, and this was shown in the clinical case that we have reported [20].
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The development of inorganic nano-sized crystalline hydroxyapatite (nHA) is now the focus of
major studies due to the crystallite size, active surface, and possible biological activity of nano-sized
crystalline hydroxyapatite (nHHA) [21-23]. Moreover, nHA particles will provide an increased ratio of
high surface area to volume, and their ultra-fine structure, similar to biological apatite, can suitably
affect their biological activity in biomedical applications. Recently, HA at the nanoscale has begun to
play an increasingly important role in a variety of biological applications [24,25]. Generally, the focus
is based on nHA as filler in combination with biodegradable natural or synthetic polymers. It was
demonstrated that a HyA matrix is a promising biomimetic material [26,27]. According to these
investigations, Hy A-containing scaffold materials are effective in bone resorption and regeneration.
In the medical community, HyA is commonly referred to as hyaluronan or hyaluronate (Na salts of
hyaluronic acid) [28,29], which is a linear glycosaminoglycan polysaccharide composed of repeated
disaccharide units of negatively charged high-molecular-weight linear polymer, with repeated units
of N-acetyl glucosamine and glucuronic acid, and in water, they form three dimensional (3D)
network [30,31].

2.5. Follow-Up and Outcome

It was found in general that the repair of the periapical lesions depends on the achievement of
maximum apical and coronal sealing. For clinical purposes, it is important to stress that:

1. The result of healing was evaluated using an X-ray examination as well as the periapical index
scoring method developed by QOrstavik, which ranged from an initial PAI4 to PAI1 [32].

2. The follow-up process demonstrates good clinical and radiographic healing possibilities.

3. The use of hybrid HA/HyA biomimetic nano-hybrid material in the treatment of chronic apical
lesions as an attempt to improve a regenerative healing process and to create conditions for
exact canal obturation.

The orthograde treatment of severe periapical lesions in combination with apical resorption can
heal with good bone regeneration after adequate decontamination and the creation of a biomimetic
apical stop. The orthograde application of promising nanosized biphasic calcium phosphate

materials stimulates the mechanisms of complete bone regeneration, as well as in cases with critical-
size apical bone defects.

2.6. Statistical Analysis

The results from this study were analyzed using descriptive statistical analysis, the Friedman
test, and post-hoc Wilcoxon signed-rank tests with Holm correction. The analysis was performed
using SPSS Statistics version 28 (IBM Corp., Armonk, NY, USA).

3. Results

Following the 40-hour milling process, the morphological characterization of the obtained nHA
material revealed a continuous decrease in particle sizes until a certain lower size limit was reached,
at which point many defects in the crystal lattice are accumulated and the phase of TCP is almost
completely transformed into an amorphous phase, as previously demonstrated [33]. The aggregates
are randomly formed, with some of them connecting with one another to create considerably bigger
and porous agglomerates when they come into contact. It is likely that these agglomerates are
secondary assemblies that have developed because of the preparation process for SEM analysis
(Figures 1 and 2).
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Figure 1. SEM images of nHA milled for 20 hours: (a) agglomerations and nanocrystals (magnification x 10 000);

(b) rough foamy border on surfaces of particles (magnification x 30 000 ).
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Figure 2. SEM images of nHA milled for 40 hours: (a) and (b) particles agglomerations (magnification x 10 000
and x 30 000).

The sonication procedure used for the TEM sample preparation allows for substantially
excluding the secondary aggregation and observing the actual microstructure of the milled material.
This case is well illustrated in Figure 3, where two steady aggregates with sizes 300x500 and 200x300

nm are shown.

Figure 3. TEM bright-field image of nHA aggregates (after 40 hours).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The healing process of monitored cases showed satisfactory periapical bone regeneration. In
general, the repair of the periapical lesions depends on the achievement of maximum apical and
coronal sealing. The appropriate characteristics of materials used for apical sealing and periapical
bone stimulations are of particular importance. For clinical point, it is important to stress that the
result of healing was evaluated using an X-ray examination as well as the periapical index scoring
method introduced by Orstavik, which ranged from an initial score PAI3 to PAI5 to postoperative
index PAI4 to PAI1 [32]. The results are presented in Table 1. The cases with preoperative PAI5 were
n=7 (58.3%), PAI4 - n=2 (16.6%) and PAI3 - n=3 (25%), respectively. The follow-up process shows that
six cases (50%) healed from PAI5 to PAIl by the fourth year. Two of these cases remained at PAIl
until the tenth year, and three healed to a normal radiographic periapical structure. One of these cases
(n=1; 8.3%) exhibits symptoms of relapse and return to PAI2 at the tenth year (N3). In the greater
percentage of cases (n=11; 91.6%), the healing process in the periapical area is satisfactory, and on
radiographic observation, the restoration of the destroyed bone structure with normal characteristics
is presented (N4). This case is presented in Figure 4A-H.

Table 1. The results from assessment of the healing process of monitored cases (N1 - N12) through PAI score at

first, fourth and tenth year, and from the apical foramen measurements in the stage of root canal preparation.

Endodonti- Preop Postop Postop Postop ***AFW
cally PAI score PAI score at PAI score at PAI score at
treated teeth first year fourth year tenth year
(n=12)
N1 PAIS PAI3 PAIl PAIN #060
N2 PAI4 PAI3 PAIl PAIl #070
N3 PAIS PAI4 PAIl PAIR2 #055
N4 PAI4 PAI2 PAI2 PAIl #070
N5 PAI5 PAI3 PAI2 PAIl #080
N6 PAIS PAI3 PAIl PAI2 #055
N7 PAI3 PAI3 PAIl PAIl #060
N8 PAI3 PAI3 PAI2 PAIl #090
N9 PAIS PAI2 PAIl PAIl #080
N10 PAI3 PAI3 PAIl1 PAIl #070
Ni1 PAIS PAI2 PAIl PAIl #070
N12 PAIS PAI2 PAIl PAIl #090

*n - number of clinical cases; **N - number of the clinical case; ***AFW - Apical Foramen Width.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. A-H. Endodontic treatment of tooth #11 was seen on radiographs throughout the procedure: A/ The
initial situation; B/ To verify the electrometrical working length measurement, a radiograph with a gutta-percha
cone is taken; C/ Post-obturation radiograph; D/ Control radiograph - 3 months after definitive root canal
obturation; E/ Control radiograph - 6 months after definitive root canal obturation; F/ Control radiograph - 12
months after definitive root canal obturation; G/ Control radiograph - 4 years after the treatment; H/ Control

radiograph - 10 years after endodontic treatment.

The graphic representation clearly shows a progressive decrease in the PAl index over time, with
the values already stabilizing at a very low level after the 4th year - PAI1 to PAIO (Figure 5).

Mean PAI values over time

w
T

PAIl score

=
T

Pr%operative 1-year 4-year 10-year
Follow-up period

Figure 5. Mean PAI values over time.

The statistical analysis by the Friedman test demonstrated a highly significant difference in PAI
scores across the four observation periods (x? = 33.34, p <0.001).

Following the global analysis, post-hoc Wilcoxon signed-rank tests were conducted to evaluate
pairwise differences in PAI scores across the observation periods (Preop (Preoperative), 1st year, 4th
year, and 10th year). The comparisons of interest included Preop versus 1st year, Preop versus 4th
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year, Preop versus 10th year, 1st year versus 4th year, and 1st year versus 10th year. The Holm
procedure was applied to control for type I error arising from multiple testing.

The results demonstrated statistically significant reductions in PAI scores between Preop and all
subsequent time points. Specifically, the Preoperative versus 1s-year comparison revealed a marked
improvement (W = 0.0, adjusted p = 0.0138), indicating substantial healing within the first year
postoperatively. Even more pronounced differences were observed for Baseline versus 4th year and
Preop versus 10th year, both yielding highly significant outcomes (W = 0.0, adjusted p =0.0029). These
findings support the interpretation that periapical healing progresses steadily over time and that the
clinical improvements established in the first year are further consolidated over the longer term.
Comparisons between consecutive postoperative intervals also confirmed ongoing, statistically
significant improvements. The 1s-year versus 4t-year analysis showed a significant reduction in PAI
(W = 0.0, adjusted p = 0.0083), highlighting continued periapical repair during the medium-term
follow-up. Similarly, the 1st year versus 10th year comparison produced strong evidence of long-
term benefit (W = 0.0, adjusted p = 0.0029). Interestingly, no cases demonstrated a worsening of
periapical status over time, further supporting the durability of the clinical outcomes. Taken together,
these findings indicate that the intervention was associated with progressive and sustained periapical
healing. Initial improvements were evident as early as the first postoperative year, with further
statistically significant gains documented at both 4 and 10 years. The consistent pattern across all
comparisons underscores the robustness and long-term predictability of the treatment effect. The
detailed results of the post-hoc Wilcoxon signed-rank analyses, including W-statistics and Holm-
adjusted p-values for each pairwise comparison, are presented in Table 2.

Table 2. Pairwise comparisons of PAI scores across time points using Wilcoxon signed-rank tests with Holm

correction.

Comparison W-statistic  |Raw p-value[Adjusted p-valueEffect size r
(Holm)

[Preop. PAI score vs 0.0 0.0069 0.0138 0.88
1st year
[Preop. PAI score vs 0.0 0.0005 0.0029 0.88
4th year
Preop. PAI score 0.0 0.0005 0.0029 0.88
vs 10th year
1st year PAI score 0.0 0.0028 0.0083 0.88
vs 4th year
1st year PAI score 0.0 0.0005 0.0029 0.88
vs 10th year

*Results of post-hoc Wilcoxon signed-rank tests with Holm correction for multiple comparisons. All pairwise

comparisons demonstrated statistically significant differences at the 0.05 level.

For clarity, both the Raw p-values obtained from the Wilcoxon signed-rank tests and the Holm-
adjusted p-values are presented. While the raw values indicate strong statistical significance, the
adjusted values provide a more conservative estimate that still supports the robustness of the
observed differences across time points. In addition to significance testing, effect sizes were calculated
to provide an estimate of the magnitude of change. The Friedman test yielded a Kendall’s W of 0.923,
indicating a very strong association across the four time points and underscoring the consistency of
the observed trend in periapical healing. Pairwise Wilcoxon signed-rank tests demonstrated large
effect sizes for all comparisons (r = 0.88), further confirming the robustness of the improvements over
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time. These results suggest that the reductions in PAI scores were not only statistically significant but
also clinically meaningful, with a consistently strong treatment effect observed between baseline and
each follow-up period as well as between successive follow-ups. The combination of high Kendall’s
W and large Wilcoxon effect sizes reinforces the interpretation that periapical healing followed a
pronounced and durable trajectory of improvement (Table 2).

4. Discussion

The present findings underscore the critical role of predictable apical and coronal sealing in the
long-term management of periapical lesions. Across the monitored cases, healing dynamics confirm
that when optimal sealing and biologically compatible materials are utilized, periapical bone
regeneration can be achieved in a predictable and clinically significant manner. The majority of cases
initially scored as PAI5 (58.3%) exhibited substantial radiographic improvement, with half
progressing to PAIl by the fourth year. The relapse observed in one case at the ten-year mark
emphasizes the importance of long-term follow-up. Statistical analyses corroborate the clinical
observations, providing quantitative evidence of sustained periapical healing. The Friedman test
revealed a highly significant overall reduction in PAI scores across time (x?(3) =33.21, p <0.001), with
Kendall’s W =0.92 indicating an exceptionally strong level of concordance among repeated measures.
Post-hoc Wilcoxon signed-rank tests confirmed that each pairwise comparison between baseline and
follow-up points, as well as between successive follow-ups, was statistically significant after Holm
correction. Effect sizes were consistently large (r = 0.88), underlining the robustness and clinical
relevance of the improvements. Radiographic evidence of bone regeneration, exemplified in Figure
4, documents the transition from severe periapical pathology to restitutio ad integrum. These findings
align with recent literature. Sabeti et al. reported that long-term periapical healing rates remain high
provided coronal leakage is prevented, emphasizing that apical and coronal seals are critical
determinants of treatment outcome [34]. Similarly, Almufleh L. demonstrated that biomaterials with
bioactive and osteoconductive properties contribute to accelerated bone regeneration and more
predictable periapical healing, particularly over extended follow-up periods [35]. Although the study
included both younger and older adults, the small sample size of 12 cases limits the generalizability
of the findings. Individual variability underscores the importance of considering patient-specific
factors, including age, lesion size, and initial periapical status. These preliminary results emphasize
the importance of larger-scale studies to confirm observed trends and refine treatment protocols. The
hybrid HA/HyA biomimetic nano-hybrid material underwent chemical, morphological, and
structural examination [33]. High-energy milling increased the binding capability of the
nanomaterial, producing nano-hydroxyapatite with a crystallite size of approximately 30 nm, with
TEM revealing aggregation of nHA crystallites. A hybrid material consisting of nHA and 1%
hyaluronan, which was further milled, was used to treat bone defects with critical dimensions,
producing positive clinical outcomes [33]. Calcium hydroxide remains effective for treating external
resorption due to its high Ca?" concentration and alkaline pH [36,37]. Seltzer and Bender emphasize
the importance of available Ca?* for activating adenosine triphosphatase, inducing remineralization
of dental tissues [38]. The complexity of bone is reflected in technical challenges in bone scaffolding.
Organic-inorganic hybrid systems aim to provide signals within a conductive apatite layer to
encourage cell adhesion, proliferation, and differentiation into bone tissue [39]. Dual-functioning
peptides that adhere to the apatite layer and promote cell adhesion via recognition sequences can
enhance osteogenesis. Tissue engineering, combining life sciences and engineering, develops
biological substitutes to restore, maintain, or improve tissue function [40,41]. These technologies hold
significant potential for treating tissue or organ loss and genetic or metabolic disorders [42].
Operative technique selection depends on biological and mechanical parameters, with
individualization of each case. Challenges include root canal transportation, cleavage in the apical
third, via falsa, steps, and perforations, often complicated by existing radicular pins, old fillings, or
broken canal instruments [38,43,44]. Apical transportation affects root canal curvature by 0.01-0.15
mm, increasing the difficulty in sealing and the risk of leakage. Healing prognosis after endodontic
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treatment is closely related to the degree of resorption, the extent of the apical lesion, and the
possibility of biological sealing. Healing in chronic apical periodontitis results from decontamination
and three-dimensional obturation with biomimetic materials, particularly in cases lacking
physiological apical narrowing [4,45-47].

Farhana F. et al. concluded that future dentistry would involve biomimetic materials capable of
replacing lost dentine, cementum, and even pulp tissue [48]. Ongoing developments in biomaterials
and regenerative techniques may enhance long-term predictability and clinical outcomes in
periapical healing. The combination of apical lesions and internal root resorption remains a clinical
challenge [45], but tissue engineering and biomimetic materials offer promising avenues for complete
biological restoration.

5. Conclusions

The use of a biomimetic technique and material in the clinical protocol for the treatment of teeth
with periapical lesions demonstrates that hydroxyapatite/hyaluronan biomimetic nano-hybrid
material stimulates bone healing in chronic apical lesions. Statistical analysis confirmed a highly
significant reduction in PAI scores over time (Friedman x?(3) = 33.21, p < 0.001; r = 0.88), supporting
the predictability of periapical healing. This clinical case further emphasizes the importance of
achieving good apical sealing, which is not possible with standard obturation methods. These
findings indicate that biomimetic materials and techniques hold considerable potential for wider
application in clinical dental practice.
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