'." frontiers ‘ Frontiers in Dental Medicine

") Check for updates

OPEN ACCESS

EDITED BY
Giusy Rita Maria La Rosa,
Universita degli Studi di Catania, Italy

REVIEWED BY
Jodo Miguel Santos,

University of Coimbra, Portugal
Naoto Ohkura,

Niigata University, Japan

*CORRESPONDENCE
Wannes Van Holm
wannes.vanholm@kuleuven.be

'These authors have contributed equally to this
work and share first authorship

RECEIVED 22 August 2023
ACCEPTED 24 October 2023
PUBLISHED 14 November 2023

CITATION
Sellami R, Van Holm W, Meschi N, Van Den
Heuvel S, Pauwels M, Verspecht T,

Vandamme K, Teughels W and Lambrechts P
(2023) Regenerative endodontic procedures in
immature permanent teeth with pulp necrosis:
the impact of microbiology on clinical and
radiographic outcome.

Front. Dent. Med 4:1281337.

doi: 10.3389/fdmed.2023.1281337

COPYRIGHT

© 2023 Sellami, Van Holm, Meschi, Van Den
Heuvel, Pauwels, Verspecht, Vandamme,
Teughels and Lambrechts. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Dental Medicine

Original Research
14 November 2023
10.3389/fdmed.2023.1281337

Regenerative endodontic
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Aims: The current study aimed to determine how the disinfection strategy for
regenerative endodontic procedures (REPs) influences overall bacterial load and
REP outcomes. Different bacterial species in the teeth were also examined in
this study.

Methods: A previously reported non-randomized controlled clinical research on
REP + leukocyte and platelet-rich fibrin gathered microbial samples from 14 of 29
patients during REP (LPRF). Four microbiological samples were obtained in two
treatment sessions. S1 and S2 were taken before and after the first irrigation with
1.5% NaOCl and saline. Samples S3 and S4 were obtained before and after rinsing
with 17% EDTA in the second treatment session. Microbial samples were identified
using a quantitative polymerase chain reaction with species-specific primers.
Results: The total bacterial load recovered from patients showed a significant
(p<0.05) decrease after the first treatment and was maintained throughout the
second treatment. Fusobacterium nucleatum, Treponema denticola, and
Enterococcus faecalis were the most prevalent species in root canals, detected in
all analyzed cases (100%), followed by Prevotella intermedia and Tannerella
forsythia, both in six of 14 (42.9%) cases. The presence of these abundant species
was significantly reduced after sample S1 was obtained. Parvimonas micra was
present in four of 14 (28.6%) cases and Actinomyces naeslundii in two of 14
(14.3%) cases. Filifactor alocis, Porphyromonas endodontalis, and Porphyromonas
gingivalis were each detected in only one of 14 (7.1%) cases. No statistical
correlation could be made between bacterial species and clinical or radiographic
outcomes due to the small sample size. In the LPRF group, two cases required
retreatment due to early post-treatment flare-up, and two other cases presented
radiographically presented a persistent apical periodontitis 3 years after treatment.
In the control group, all analyzed cases were clinically asymptomatic after
treatment, and radiographically, the final periapical index score at the last recall
revealed healthy periapices.

Conclusion: The REP disinfection protocol of the present study seems to be
satisfactorily effective in reducing the total bacterial load, omitting clinical
symptoms and inducing periapical bone healing in immature permanent teeth
with pulp necrosis. However, LPRF seems to prevent these outcomes from being
achieved and should consequently therefore not be recommended in REPs.
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1. Introduction

Nowadays, even though tooth bioengineering is theoretically
possible, we still do not know how to actually bioengineer a
tooth to a specific size and shape (1, 2). However, when a tooth
is still in situ, de novo regeneration of pulp and dentin can be
attempted. With this possibility, the use of regenerative
endodontic procedures (REPs) seems promising. REPs aim to
restore the function of the damaged pulp-dentin complex by
means of stem cells, scaffolds, and growth factors in an
environment that is favorable for stem cell differentiation (3).
Research has shown that inflammation, more specifically, a
complement mechanism of fibroblasts of an injured pulp, aids
regeneration (4). Nevertheless, it is also known that the presence
of infectious agents negatively impacts stem cell differentiation,
and the pulp fails to regenerate when infection persists (5).
Furthermore, creating a sterile environment in the root canal
system seems to be an endodontic impossibility, as even in a
healthy, uninjured pulp-dentin complex, commensal micro-
organisms are already present (6). Existing REP protocols (7, 8)
provide recommendations for disinfection that is bactericidal on
the one hand and non-lethal to the existing or transplanted stem
cells on the other hand. Nevertheless, the recommendations
regarding disinfection in REPs by the American Association of
Endodontists (AAE) in 2016 were subsequently revised in 2018
and 2021. More specifically, it was stated that the previously
recommended “light disinfection” with 1.5% sodium hypochlorite
(NaOCI) (9) and a final concentration of 0.1-1 mg/ml double/
triple antibiotic paste (10) would not sufficiently reduce the
number of micro-organisms in order to prevent the residual
bacteria from repopulating the unfilled root canal after REPs (7).
After all, immature permanent teeth have thin root canal walls
with larger dentinal tubules and a larger root canal in
comparison with a mature permanent tooth. Hence, in the event
of infection, there is physically more space for bacteria than in
mature permanent teeth, and the microbial load can augment
significantly (11).

In another study, the impact of the microbial load on the
revitalization outcome was assessed (12). In that study, the
clinical symptoms and the periapical lesions were successfully
treated after REPs. Nevertheless, due to insufficient disinfection,
there was a negative impact on the thickness of dentinal walls.
Furthermore, as there is no mechanical debridement in REPs, an
in vitro study reported the detrimental role of a residual biofilm
on the release of TGF-B1 after dentin conditioning (13). In REP
cases with a persistent infection, longer periods of disinfection
lead to clinical success but histologically to repair rather than
regenerate the pulp-dentin complex (14).

Treatment failures in REPs have been described previously
(15, 16). On the one hand, failures in REPs occur due to the
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sequelae of trauma that cannot be impeded by current treatment
protocols or other endodontic treatment modalities (15). On the
other hand, failure due to a persistent infection also occurs (15),
which indicates that the disinfection protocol of the current REPs
is not always effective enough. The present study was performed
to evaluate the impact of the REP disinfection protocol on the
total bacterial load and how this affects the outcome of REPs in a
previously reported controlled clinical trial (16).

2. Materials and methods

A brief REP protocol used by Meschi et al. (16) and the detailed
microbial methods are mentioned below. This study was conducted
according to the principles of Good Clinical Practice (International
Council on Harmonization, 1996), which rely on the ethical
principles of the Declaration of Helsinki (World Medical
Association, 1964). This trial is registered under the following
number: B322201421941.

2.1. REPs and microbial sample collection

In a previously reported non-randomized controlled clinical
trial regarding REPs with (test group) and without (control
group) leukocyte and platelet-rich fibrin (LPRF), microbial
samples were collected during the REP. The operators were
trained following a standardized procedure during the pilot phase
of the study (16). The REP disinfection protocol in both groups
was based on a study by Diogenes et al. (17). Briefly, local
anesthesia with adrenalin was administered during the first
treatment session. After rubber dam isolation, without operative
field disinfection, and access cavity preparation, the working
length (WL) determination procedure was performed using a
periapical radiograph (PR) if no preoperative cone beam
computed tomography (CBCT) was available. A microbial
sample (S1) was taken with a sterile paper point at WL, and the
paper point was stored in an Eppendorf with reduced transport
fluid (RTF) at 4°C (18). Afterward, the root canal was irrigated
1 mm short of WL with 20 ml of 1.5% NaOCI and subsequently
with 20 ml of saline. No inactivation of the irrigation solutions
was performed. A second microbial sample (S2) was then taken
at WL. The root canal was dried with sterile paper points, and
calcium hydroxide (UltraCalTM XS; Ultradent Products, Inc.,
South Jordan, UT, USA) was injected into the root canal (1 mm
short of WL). The tooth was temporarily sealed by means of a
sterile cotton pellet and glass ionomer cement.

Two to four weeks later, the second session took place. Local
anesthesia without adrenalin was administered, and the tooth
was isolated by means of a rubber dam. After the removal of the
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temporary filling, a third microbial sample was taken (S3) by
means of a sterile paper point at WL. After rinsing with 30 ml of
EDTA 17% 1 mm short of WL, the fourth microbial sample was
taken at WL (S4). In the test group, the exudate of an LPRF clot
taken from the patient was used as a final rinse. Subsequently, in
both groups, a blood clot was triggered periapically. In the
control group, Collaplug (Zimmer Biomet, Berlin, Germany) was
placed on the blood clot, and Pure Portland Cement Med-PZ
(MPC; Medcem, Weinfelden, Switzerland) was used. The tooth
was sealed by means of a glass ionomer lining and composite
restoration. In the test group, LPRF clots and membranes were
inserted into the root canal with endodontic pluggers up to
3 mm below the cementoenamel junction (CEJ). No Collaplug
was applied below the MPC, as the LPRF scaffold provided
enough resilience to the MPC.

For both groups, in case of flare-up, the treatment provided
at the first session was repeated. Here again, pre- and post-
disinfection microbial samples were taken at WL (S5 and S6). A

double antibiotic paste (DAP; metronidazole 500 mg,
ciprofloxacin 200 mg, Progel) was injected in the root canal
instead of calcium hydroxide (17). However, the exact

concentration of antibiotic paste was not measured. Furthermore,

systemic antibiotics were also prescribed: amoxicillin or
erythromycin (in case of penicillin allergy), dosed depending on
the patient’s weight.

For the patients treated at the university hospital (UZ Leuven,
Leuven, Belgium), the Eppendorfs were immediately stored in a

freezer at —20°C [Periodontology & Oral Microbiology (P&OM),

10.3389/fdmed.2023.1281337

KU Leuven, Leuven, Belgium]. The Eppendorfs containing the
samples of the patients treated in private practice were stored in
a portable freezer at —20°C (CoolFreeze CFX 35; Waeco,
Emsdetten, Germany) and transported later for analysis.

The patients were followed up clinically and radiographically at
3, 6, 12, 24, and 36 months after the REP, the results of which are
mentioned in Meschi et al. (16).

2.2. DNA extraction and quantitative
polymerase chain reactions

DNA from microbiological samples was extracted using the
QlAamp DNA Mini Kit® (QIAGEN®, Hilden, Germany)
according to the manufacturer’s instructions. Primers for
Actinomyces naeslundii, Fusobacterium nucleatum, Porphyromonas
gingivalis, and Prevotella intermedia were obtained from Slomka
et al. (19). Tannerella forsythia primers were obtained from
Boutaga et al. (20). Filifactor alocis was detected with PCRmax
(Roche, Basel, Switzerland) primers and probes.

Primers for Treponema denticola, Porphyromonas endodontalis,
Enterococcus faecalis, and Parvimonas micra were based on Nagata
et al. (21) and redesigned by selecting sequences conserved in the
available genomes for the species on GenBank™ and blasted to not
amplify other oral bacteria using BLASTN (22). Selected primers
are presented in Table 1, and additional information on selection
and primer properties is available in the Supplemental material

(Appendix 1). Universal primers were not used due to their lack

TABLE 1 Species-specific qPCR primers used for bacterial cell quantification in microbiological samples.

‘ Bacterial species

Porphyromonas endodontalis

5’-3’ primers and probes (final concentration)
Forward: GCTCAACTGTAGTCTTGCCGTTG (300 nm)

Amplicon size (bp)
140

This study

Reverse: GTGTCAGACGGAGCCTGGTAC (300 nm)

Parvimonas micra

Forward: AGAGTTTGATCCTGGCTCAGGACG (300 nm) 117

This study

Reverse: ACCCGTTCGCCACTTTCATTTCA (300 nm)

Treponema denticola

Forward: GGTAAATGAGGAAAGGAGCTACGGC (300 nm) 100

This study

Reverse: GGATACCCATCGTTGCCTTGGT (300 nm)

Enterococcus faecalis

Forward: TCTTTCCTCCCGAGTGCTTGC (300 nm) 109

This study

Reverse: AGCACCTGTTTCCAAGTGTTATCCC (300 nm)

Prevotella intermedia

Forward: TGTGCCCYTTTGCATTTACCCTTC (300 nM) 216
Reverse: CACCATGAATTCCGCATACG (900 nM)

Slomka et al. (19)

Probe: FAM-TGGCGGACTTGAGTGCACGC-TAMRA (200 nM)

Fusobacterium nucleatum

Forward: GGATTTATTGGGCGTAAAGC (300 nM) 191

Slomka et al. (19)

Reverse: ATCTGTCCAGTAAGCTGGCTTCC (300 nM)
Probe: FAM-CTCTACACTTGTAGTTCCG-TAMRA (300 nM)

Porphyromonas gingivalis
Reverse: CACGAATTCCGCCTGC (300 nM)

Forward: CCGTAAGAATAAGCATCGGCTAACTC (300 nM) 195

Slomka et al. (19)

Probe: FAM-CACTGAACTCAAGCCCGGCAGTTTCAA-TAMRA (100 nM)

Tannerella forsythia

Forward: GGGTGAGTAACGCGTATGTAACCT (300 mM) 127

Honma et al. (23)

Reverse: ACCCATCCGCAACCAATAAA (300 mM)
Probe: FAM-CCCGCAACAGAGGGATAACCCGG-TAMRA (100 nM)

Actinomyces naeslundii

Forward: TCGAAACTCAGCAAGTAGCCG (200 nM) 155

Slomka et al. (19)

Reverse: CGGAACAAACCTTTCCCAGGC (200 nM)
Probe: FAM-ATGAGTGGCGAACGGGTGAGTAAC-TAMRA (125 nM)

Forward: CAGGTGGTTTAACAAGTTAGTGG
Reverse: CTAAGTTGTCCTTAGCTGTCTCG

Filifactor alocis

594 Siqueira et al. (24)

Probe: FAM-TGG ATA CAG GTG GTG CAT GGT TGT-TAMRA
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of sensitivity with a high limit of detection (LOD > 10,000 copies/ml)
in no template controls.

Quantitative polymerase chain reactions (QPCRs) were performed
with a CFX96 real-time system (Bio-Rad, Hercules, CA, USA), with
reactions consisting of 12.5 ul of Takyon Rox probe master mix
dTTP blue or Takyon™ Rox SYBR MasterMix dTTP Blue
(Eurogentec, Seraing, Belgium), 1 ul of each primer (IDT, Haasrode,
Belgium) and probe (all DD probes, 5'-FAM [6-carboxyfluorescein]
and 3'-TAMRA
Seraing, Belgium), and 4.5 pl of Milli-Q water (or 5.5 ul for no

[6-carboxytetramethylrhodamine]; Eurogentec,

probe). The cycling conditions were as follows: an initial step at 50°C
for 2 min and 95°C for 10 min, followed by 45 cycles of 95°C for 15 s
and 60°C for 1 min.

2.3. Statistical analysis

Statistical analysis was performed in R 4.0.0 (https://cran.r-project.
org/). Data were analyzed with an ANOVA with Tukey HSD multiple
comparisons (p<0.05) to evaluate statistical differences in the
bacterial species and the total bacterial load between sessions.

3. Results

The demographic data, clinical and radiographic outcomes, and
total microbial load per case are provided in Table 2. From the 26
patients who received the allocated intervention (16) (Figure 1),
only 14 were microbiologically analyzed, due to mainly lack of
equipment and human errors, as shown in Figure 1, and
representative dental photographs are presented in Figure 2.

3.1. Microbial analysis

In the different cases, diversity (=frequency) and abundance
of the species mentioned in Figure 3 was noticeable (Figures 3
and 5). F. nucleatum, T. denticola, and E. faecalis were the most
prevalent species in root canals, detected in all (100%) analyzed
cases, followed by P. intermedia and T. forsynthia, both in six of
14 (42.85%) analyzed cases. P. micra was detected in four of 14
(28.57%) of the analyzed cases and A. naeslundii in two of the
14 (14.28%) cases. F. alocis, P. endodontalis, and P. gingivalis
were each detected in only one of 14 (7.14%) cases.

Due to the low frequency of A. naeslundii, F. alocis, P. gingivalis,
P. intermedia, and P. endodontalis and hence the low sample size, a
statistical analysis of the effect of treatment was not performed for
these species. However, if present, these species were usually only
abundant in S1 and were either no longer present in subsequent
sessions or at very low abundance (Figure 3).

The most abundant and frequent species in S1 was F. nucleatum
[S1: 5.1 +1.7 log(cells/ml)]. This species was significantly reduced
after the first treatment and remained low [average of S2, S3,
and S4 combined: 2.27 + 1.24 log(cells/ml); p-values: 0.0005, 0.021,
and 0.0001, respectively]. Similarly, the second most abundant and
frequent species, T. denticola [S1: 4.46 £ 1.61 log(cells/ml)], was
also significantly reduced and remained low throughout the
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subsequent sessions [average of S2, S3, and S4 combined: 2.31 +
1.13 log(cells/ml); p-values: 0.0003, 0.0011, and 0.0015, respectively].

E. faecalis, while not the most abundant species in S1, remained
consistently present in some subjects but was significantly reduced
in S2 and S3 [from S1: 4.13 + 0.45 log(cells/ml) to 2.22 +1.89 log
(cells/ml) in S2 and S3; 0.0008 and 0.0038,
respectively], but not in S4 [not significant: remaining 2.88 + 1.56
log(cells/ml)]. In S4, it was the most abundant and frequently

p-values:

present bacterium.

T. forsythia, while rare, was extremely abundant in case numbers 5,
24, and 25 before treatment [Table 2 and S1: 7.4 + 1.19 log(cells/ml)].
After both sessions, it was only detected in case number 5 [from 8.8 log
(cells/ml) in S1 to 4.03 log(cells/ml) in S4] and was not detectable in
case numbers 24 and 25 (Figure 5).

P. micra was detected in four cases in S1 [4.43 £ 0.97 log(cells/
ml)], but it was no longer present in S2-4.

The total bacterial load, calculated as the sum of all bacterial
detections per case, showed a significant (p <0.05) decrease after
the first treatment [Table 3, Figure 4; from S1: 6.03 +1.39 log
(cells/ml) to 3.75+1.15 log(cells/ml); p-value: <0.001]. This
reduction in total bacterial load was maintained in S3 and S4
[3.18 £ 1.16 log(cells/ml); p-value: <0.00land 3.58 +0.72 log(cells/
ml); p-value: 0.001, respectively].

3.2. Microbial load vs. clinical and
radiographic outcome and survival

Two cases (5 and 23) had a flare-up, and three cases (22, 23,
and 24) had a persistent AP after REP + LPRF (Figure 1). Cases
22-24 had no substantial root lengthening (2D nor 3D) and
qualitatively no further root development nor apical closure
and survived due to apexification. Nevertheless, for all these
four cases, a significant reduction in microbial load from S1 to
S4 was detected (Table 2). For cases 5 and 24, T. forsythia was
the most abundant species during the first session. For cases 5,
23, and 24, E. faecalis was prominent during the second
treatment session (Figure 5).

For the test group cases (3, 4, 21, 25, and 27) with follow-up
and without any complications, there was a substantial reduction
of the microbial load from S1 to S4. Nevertheless, two of the five
(40%) cases did not completely heal periapically after 3 years (on
CBCT). The quantitative (2D and 3D) and qualitative (2D)
assessments of further root development were inconsistent. For
instance, two of the five (40%) cases (4 and 25) had a reduction
in root hard tissue volume and in another two of the five (40%)
cases (3 and 27) an increase (Table 2).

In addition, for the cases of the control group (9, 10, 20, and
29) with follow-up and without any complications, there was a
substantial reduction of the microbial load from S1 to S4. Here
all the cases had a final periapical index of 1, even if for case 9,
E. faecalis remained abundant from S1 to S4. Except for case 10,
there was an increase in root length and radiographic root area
(2D), which was in accordance with the 3D measurements of
cases with a CBCT after the REP (20 and 29).
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TABLE 2 Demographic patient, clinical, radiographic, and microbial data of the controlled clinical trial [Meschi et al.

T

(16)], obtained from only those patients in whom microbial samples were taken.

3 4 5 9 10 20 21 22 23 24 25 26 27 29
Sex, age (y) M, 14 E 7 F, 16 M, 8 E 8 F, 11 M, 8 E 8 E 8 M, 12 F 13 F, 10 M, 8 E 8
Tooth 8 9 9 9 9 21 9 8 9 7 8 8 8 9
Etiology Trauma Trauma DI Trauma Trauma DI Trauma Trauma Trauma DI Trauma Trauma Trauma Trauma
Pre-op symptoms Fistula Fistula Fistula — discoloration + Abscess Fistula Abscess Abscess Fistula Abscess Abscess Abscess Percussion
abscess pain
Pre-op periapical lesion Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Last recall session (m) 24 37 n.a. 34 33 38 34 17 17 12 37 n.a. 36 36
Sensitivity post REP 2y: EPT All - na. 3 y: EPT+ All- All- 1y: C+, 1y: EPT+, 1y:EPT+, | 1ly:C+, All- na. All- 1y: EPT+, C
+, C- EPT- C- C- EPT- +
Total S1 3.89x10° | 3.07 x 10° 7.72x 10° 7.68 x 10* 1.85x 10° 230x10°| 959x10° | 8.86x10° | 2.32x10° | 11llx |501x107| 270x10* | 119x10°| 222x10°
microbial load 10°
S2 3.05x10* | 6.61x 10° 5.61x 10* 4.68 x 10* 1.74x 10° 152x10° | 237x10° | 1.34x10° | 270x10* | 473x | 260x10°| 633x10*> |3.01x10°| 1L15x10°
10°
3 1.34x 10* | 4.69 x 10 3.07x 10 2.98 x 10* 3.10x 10° 322x10% | 0.00x10° | 6.65x10° | 653x10° | 1.99x | 271x10*| 991x10° |391x10°| 6.72x10%
10*
S4 4.07x10° | 6.89 x 10° 2.83x10* 3.80 x 10° 2.06 x 10° 431x10° | 101x10* | 124x10* | 3.37x10* | 115x |194x10°| 274x10° |3.14x10*| 6.39x10°
10°
3D A RHTV 11.6 —27.7 Flare-up 6 months post No CBCT No CBCT 13 No CBCT 37.1 52.6 0.9 -7.8 No show 1-year 38.8 31.2
REP + apexification available available available post REP
A RL 1.9 —-27.8 1 -94 1.2 0 4.8 2 4.6
A AA 0 490.9 —66.7 —-100 —-100 —47.1 —6.3 —-100 -75.4
Complete PBH | Yes (2) Yes (3) Yes (3) No (1) No (1) No (1) No (3) No (3) Yes (3)
$2)
2D A RRA —4 —6.7 5.5 -13 4.1 7.4 -10.5 95 419 19.8 4.7 40.4
ARL 55 -23 10 -9.4 32 9.2 -1 —-13.7 —-8.8 4.5 8 32
Final PAIT (last 1 1 1 1 2 1 2 1 4 2 1 1
recall)
Healing type 1 ayb 1+4 2 2+5 3 : : 1 : 2 1+2

The pulpal status of all cases was necrosis. Pink, test group; blue, control group.

AA, apical area; C, cold test; CBCT, cone beam computed tomography; D, dimensional; 4, change (in %) between baseline and the last recall session; DI, dens invaginatus; EPT, electric pulp tester; F, female; M, male; m, month; NA, not
applicable; PAI, periapical index; PBH, periapical bone healing; PR, periapical radiograph; REP, regenerative endodontic procedures; RHTV, root hard tissue volume; RL, root lengthening; RRA, radiographic root area; S1 microbial sample
taken during first REP session prior to disinfection; S2 microbial sample taken during the first REP session after disinfection; S3 microbial sample taken during the second REP session prior to disinfection; S4 microbial sample taken during the

first REP session after disinfection; y, year.

PAI final scores (@rstavik D. et al., 1986), 1 and 2: success or healthy and 3-5: failure or diseased.

Types of REP healing as described by Chen et al.,, 2012) 1 = increased thickening of the root canal walls and continued root maturation, 2 = no significant continuation of root development with the root apex becoming blunt and closed, 3 =
continued root development with the apical foramen remaining open, 4 = severe calcification (obliteration) of the root canal space; and 5 = a hard tissue barrier formed in the canal between the coronal biomaterial plug and the root apex.
°No root development and no apical closure.

®Ingrowth of hard tissue.
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Assessed for eligibility
(n=29)

A4

Excluded (n=0)

A 4

Control: REP-LPRF (n= 16)

[ Allocation

A 4

]
JTest: REP+LPRF (n= 13)

- Received allocated intervention
(n=14)

- Did not receive allocated
intervention (n= 2):

cases 14+15: no blood clot could be

- Received allocated intervention
(n=12)

- Did not receive allocated intervention
(n=1):

case 6: no show

triggered, apexification

Microbial ;
Analysis l

Analyzed (n= 6):

- No freezer in private practice
available yet (n= 5):

cases 7, 8, 11, 12, 13

- Forgotten to take sample (n= 3):
cases 17, 18, 19

- Mismanipulation of sample (n=1):
case 16

—case 23: moved to control group

Analyzed (n= 8):

- Forgotten to take sample (n= 2):
cases 1, 2

- Flare-up (n= 2):

case 5: apexification

A 4

Follow-up

until 3 years (n=95):

- Discontinued intervention (n=1):
case 23: apexification due to
persistent AP

FIGURE 1

AP, apical periodontitis

Flow diagram of the multicenter controlled clinical trial in REP + LPRF with focus on the microbial analysis. The case numbers refer to the cases in Table 2.

until 3 years (n=95):

- Discontinued intervention (n= 2):
cases 22+24: apexification due to
persistent AP

- No show after 2 years follow-up

(n=1): case 3

In case 26, even if there was a reduction in the microbial load in S2
and S3, the total microbial load in S4 was more than in SI.
Unfortunately, this patient was not compliant with recall appointments.

No correlation could be made between the etiology of pulp
necrosis (trauma or dens invaginatus) and the microbial load.

4. Discussion

During a REP, the disinfectant should be bactericidal but
simultaneously not lethal to mesenchymal stem cells (MSCs)
(9, 25, 26), as they are indispensable for the further development
of the immature permanent tooth. Keeping in mind that the root
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canal of an immature permanent tooth is a huge reservoir for
potential bacteria and that some patients present late to the
dentist, it is plausible that this fragile balance between disinfection
and keeping MSCs alive is mostly at risk. Hence, the current study
investigated the effectiveness of disinfection during REPs.

4.1. Generalizability

The most significant reduction in the total bacterial load was
measured between S1 and S2; nevertheless, a continuing though
smaller reduction occurred between the subsequent samples
(Figure 4). This is in line with other similar studies (21, 27)
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FIGURE 2
An example of a case of the REP (LPRF group). Case number 4 of Table 2. Clinical image before treatment of the left upper central incisor in the patient
who received a REP treatment (A,B). The root canal was rinsed with an LPRF exudate; a periapical blood clot was triggered, and the root canal was filled
with an LPRF clot (C). The LPRF was covered with Portland cement (Medcem), glass ionomer lining, and a composite restoration (D). Periapical
radiographs: baseline (E) and follow-up 12 months (F). Images were repurposed by Meschi et al. (16), and their study contains a more thorough
documentation of case 4.

and can be fully attributed to the antimicrobial properties of
NaOCl during the first REP session (28). However, in the
present study a concentration of only 1.5% NaOCIl was used,
and in the REP group in the study by Fouad et al. (27) only
1.25% NaOCl was used, in comparison with 6% in Nagata
et al. (21). High concentrations of NaOCl might not be
necessary to significantly reduce the total bacterial load in REP
cases, which also favors MSC survival, as mentioned above (9,
23, 24). Nevertheless, in the study by Fouad et al. (27), 5.25%

Frontiers in Dental Medicine

NaOCl was applied in the revascularization group, which
presented significantly less final residual bacterial DNA than
the REP group, which might impact early postoperative flare-
ups (as was the case in the present study) and long-term
further root development (13). Further root development did
not occur in every case (Table 2), implying that root canal
disinfection and the remaining bacterial load still play an
important role in root development as also described in de-
Jesus-Soares et al. (12).
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Regarding the use of intracanalar antibiotic paste, it is
noticeable that the concentration of triple antibiotic paste (TAP)
used in Fouad et al. (27) in the revascularization group was
tenfold that of the REP group in the same study. Furthermore,
the REP group in that study had a substantial number of early
clinical failures of treatment, which might have led to the
recruitment discontinuation and thus a reduced sample size. This
did not occur in the present study in the control group, but
rather in the test group. More specifically, the addition of LPRF
increased the risk of a postoperative flare-up and discontinued
allocation concealment due to fear for venipuncture (Table 2) (16).

It has been reported that a decrease in bacterial load could
occur by disrupting the bacterial membrane integrity through
EDTA chelating properties (29). In the present study, 30 ml of
17% EDTA was used in the second REP session. Even if no
significant decrease in bacterial load was measured between S3
and S4, the wash-out effect and the above-mentioned detrimental
effect on the bacterial membrane might have caused the slight
reduction in bacterial load (Figure 4).

Remarkably, the results of the present and previous studies
favor single-visit REP, as the most significant reduction in total
microbial load is seen after the first session. Treating and sealing
the tooth in a single session also reduced the risk of intra- and
inter-appointment microbial leakage due to fewer manipulations.
However, a single-visit REP might not only be interesting from a
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microbiological point of view, but it also reduces the costs for and
the need of compliance from, often young, patients. Even if the
two-session REPs present higher success rates than the single
appointment (30), this approach might have to be revisited in
cases where no spontaneous inflammatory bleeding or pus
exudate occurs during the first session.

The most prevalent species in all analyzed teeth were
T. denticola, and E. faecalis, followed by
intermedia and T. forsynthia. The prevalence of these

F.
P.

anaerobic and facultative anaerobic species is in line with that of

nucleatum,

the literature (21, 27). For all the species investigated in the
present study, there was a significant reduction after S1
(Figure 3). Nevertheless, the only abundant species in S4 was
E. faecalis (Figure 3). This species is known as one of the most
aggressive and persistent species in endodontics, as it is not
easily eradicated by the gold standard disinfectant, NaOCl (31).
This could indicate that the REP disinfection protocol used is

not effective enough against E. faecalis.

TABLE 3 Confidence intervals and adjusted p-values from the ANOVA with
Tukey HSD of the total biofilm loads between sessions.

| loner Upper  Adusted palue

S1-S2 1.142 3.410 <0.001
S1-S3 -3.979 —1.711 <0.001
S1-54 1.311 3.579 <0.001
S2-S3 -1.703 0.565 0.547
S2-54 -1.303 0.965 0.979
$3-54 —1.534 0.734 0.786
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Regarding the use of scaffolds in REPs, it has been reported that
morbidity caused by an infection could be reduced by the application
of scaffolds acting as reservoirs for the long-term delivery of
antimicrobials (such as silver nanoparticles, bacteriophages, or
antimicrobial peptides) (32, 33). LPRF is described in the literature
as a bioactive scaffold enhancing wound healing in terms of tissue
regeneration. It releases its growth factors gradually over 7-14 days
(34, 35). Nevertheless, in Meschi et al., for 25% of the patients in
the REP + LPRF group, it has acted as an immunity bomb and
resulted in a flare-up reaction in the early postoperative stage (16)
(Figure 1). For the four cases (5, 22, 23, and 24, all in the REP +
LPRF group) with a persistent AP, E. faecalis was the most
abundant species in the second treatment session. The more
prominent persistence of E. faecalis in cases 5 and 23 might have
led to the failure of case 5 and the non-healing of the AP in case
23, even if additional disinfection during a re-REP took place. This
was also applicable for case 26, as the microbial load at the end of
the second session was even higher than at the start of treatment.
Nevertheless, the significant reduction in the overall microbial load
from S1 to S4 implies that not only residual bacteria in an “empty”
root canal after REP but also the addition of LPRF has led to non-
healing of the periapical lesions and flare-ups. It is noticeable
noteworthy that such adverse events, occurring in a significant
number of cases, have not been reported in other studies where
autologous platelet concentrates have been applied in REPs
(36-39). Furthermore, the non-healing of cases 22, 23, and 24
questions the positive reactions reported in sensitivity tests at the
1-year recall (Table 2).
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4.2. Limitations

Logistical problems and human errors, as mentioned in
Figure 1, reduced the sample size for the microbial analysis
considerably. Hence, no correlation could be made between
etiological factor (trauma or dens invaginatus) and microbial
load. Nevertheless, despite this small sample size, the confidence
intervals of S1-S2 and S1-S4 should suggest that even our small
sample size had a significant change in load (Table 3).

A well-established protocol for microbial sampling and good
manufacturing practices are not enough. As mentioned by Fouad
et al,, it is vital for training investigators to follow a standardized
protocol to achieve an optimal clinical trial (27). While qPCR is
a valuable tool for the accurate and inexpensive detection of
specific bacteria, next-generation sequencing (NGS) approaches
are becoming more accessible, allowing for the detection of every
single microorganism without the need of specifically designed
NGS
researching the endodontic microbiome.

assays. should be considered in future studies when

In a previous study, disinfecting the rubber dam and tooth
(21, 27) and 1 ml 5% sodium thiosulfate were used to inactivate
hypochlorite present before sampling (27). This was not done in
the current trial, and no samples were taken of the teeth before
access cavity preparation, which might have led to bias due to
potential false-positive samples. It is essential to take a sterility
sample before access preparation to rule out cases that should
have been eliminated because of a positive sterility sample, as
mentioned in Fouad et al. (27). Not inactivating the hypochlorite
with thiosulfate
Furthermore, operative field disinfection and inactivation of the

sodium can result in sampling errors.
irrigation solutions before sampling, as mentioned in previous
studies (12, 21, 27), cannot be neglected in future clinical
research. The main reason, why this was not done is that this
was not mentioned in the clinical REP protocol of Diogenes
et al. (17), which was the one applied in the current study. Later,
in the ESE position statement (8), disinfecting the operating field
was included but still not in the most recent version of the AAE
clinical considerations on regenerative endodontic procedures (7).

On the one hand, an underdetection of bacteria might have
occurred due to the sampling being performed by means of
sterile paper points, even though this is the gold standard of
sampling (40). Biofilms can only be partially disrupted by paper
points in frequently difficult to access areas, which might limit
the amount and consistency of the bacteria recovered. Sampling
by means of K-files touching the root canal walls (without filing)
could be an alternative, as reported in Fouad et al. Paper point
samples could sample more planktonic bacteria than biofilms,
thus resulting in sampling bias. A combination of paper points
and K-files could be beneficial for future research to collect the
residual bacteria on the K-files with other paper points (27). On
the other hand, an overestimation of the residual bacteria might
have taken place in the present study as well, as the DNA of
killed bacteria was still counted as bacteria present even though
their active pathogenesis and future proliferation should no
longer be an issue (41). As in other studies that do not discount

dead bacteria (12, 42), the present and future studies could
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benefit from other techniques such as viability qPCR, which
removes DNA from dead bacteria from the equation (43).

Finally, only bacteria were researched in this study and not the
full endodontic microbiome. In future endodontic microbiome
studies, we should also focus on fungi and viruses. It is evident
that they could also play a major role in the pathogenesis of
apical periodontitis (AP). Herpes viruses and Candida species
have been detected in cases of apical periodontitis, and their
contribution remains to be clarified (44).

4.3. Interpretation and future challenges

The results of the present study indicate that the addition of the
LPRF to REPs of infected teeth led to treatment failure in a
significant number of cases. Proinflammatory cytokines in
leukocytes might increase the inflammatory process during the
early postoperative stage instead of enhancing the healing process
(35). Hence, in future studies, this type of autologous platelet
concentrate applied as a scaffold might be decisive for the long-
term outcome of REPs.

If a REP in immature permanent teeth fails, it can be quite
challenging to replace these teeth, as the main aim of REPs is to
treat and preserve infected immature permanent teeth so that
healthy bone
Controlling infection is the first hurdle to overcome in order to
the of REP-treated teeth before pulp
regeneration can even begin (45). Strictly following the most

is preserved for potential future implants.

prolong survival

recent evidence-based recommendations in dental trauma
(https://dentaltraumaguide.org), the use of rubber dam isolation
during treatment, achieving efficiency of disinfection, and
placement of a tight coronal seal are crucial for optimal
treatment outcomes.

Furthermore, the present study emphasizes that apexification is
a treatment option to preserve teeth in case of REP failure due to a
persistent periapical lesion. Finally, despite the limitations of the
present study, for the cases patients in whom no without LPRF,
the efficacy of the REP disinfection protocol resulted in
periapical bone healing and further root development for a

follow-up of 17-36 months.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Universitaire
Ziekenhuizen KU Leuven. B322201421941. The studies were
accordance with the
Written
participation in this study was provided by the participants’ legal

conducted in local legislation and

institutional requirements. informed consent for

guardians/next of kin. Written informed consent was obtained

frontiersin.org


https://dentaltraumaguide.org
https://doi.org/10.3389/fdmed.2023.1281337
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/

Sellami et al.

from the individual(s), and minor(s)’ legal guardian/next of kin, for
the publication of any potentially identifiable images or data
included in this article.

Author contributions

WV: Conceptualization, Formal analysis, Investigation,
Methodology, Project administration, Supervision, Writing -
original draft, Writing — review & editing. RS: Conceptualization,
Formal analysis, Investigation, Methodology, Writing - original
draft, Writing - review & editing. NM: Conceptualization,
Formal Methodology,

Administration, Supervision, Writing - original draft, Writing -

analysis,  Investigation, Project

review & editing. SV: Conceptualization, Investigation,
Methodology, Writing - review & editing. MP: Investigation,
Methodology, Supervision, Writing - review & editing. TV:
Investigation, Methodology, Supervision, Writing - review &
KV:

Supervision, Writing — review & editing. WT: Conceptualization,

editing. Conceptualization, ~ Project  administration,
Project administration, Supervision, Writing — review & editing.
Methodology,

administration, Supervision, Writing - review & editing.

PL: Conceptualization, Investigation, Project

Funding

The authors declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Huang GTJ, Thesleff I. Stem cells in craniofacial development and regeneration.
Hoboken, NJ: Wiley-Blackwell (2013).

2. Thesleff I. From understanding tooth development to bioengineering of teeth. Eur
J Oral Sci. (2018) 126(Suppl 1):67-71. doi: 10.1111/e0s.12421

3. Wigler R, Kaufman AY, Lin S, Steinbock N, Hazan-Molina H, Torneck CD.
Revascularization: a treatment for permanent teeth with necrotic pulp and
incomplete root development. J Endod. (2013) 39(3):319-26. doi: 10.1016/j.joen.
2012.11.014

4. Rufas P, Jeanneau C, Rombouts C, Laurent P, About I. Complement C3a
mobilizes dental pulp StemCells and specifically guides pulp fibroblast recruitment.
J Endod. (2016) 42(9):1377-84. doi: 10.1016/j,joen.2016.06.011

5. Meschi N, Hilkens P, Van Gorp G, Strijbos O, Mavridou A, Cadenas de Llano
Perula M, et al. Regenerative endodontic procedures posttrauma: immunohistologic
analysis of a retrospective series of failed cases. J Endod. (2019) 45(4):427-34.
doi: 10.1016/j.joen.2019.01.007

6. Widmer C, Skutas ], Easson C, Lopez JV, Torneck C, Flax M, et al. Culture-
independent characterization of the microbiome of healthy pulp. J Endod. (2018) 44
(7):1132-9.€2. doi: 10.1016/j.joen.2018.03.009

7. American Association of Endodontists. AAE clinical considerations for a regenerative
procedure—Revised 18/5/2021. Available at: https://wwwaaeorg/specialty/wp-content/
uploads/sites/2/2018/06/ConsiderationsForRegEndo_AsOfApril2018pdf. (Accessed
December, 2020)

8. Galler KM, Krastl G, Simon S, Van Gorp G, Meschi N, Vahedi B, et al. European
society of Endodontology Position Statement: revitalisation procedures. Int Endod J.
(2016) 49(8):717-23. doi: 10.1111/iej.12629

9. Althumairy RI, Teixeira FB, Diogenes A. Effect of dentin conditioning with
intracanal medicaments on survival of stem cells of apical papilla. J Endod. (2014)
40(4):521-5. doi: 10.1016/j.joen.2013.11.008

10. Algarni AA, Yassen GH, Gregory RL. Inhibitory effect of gels loaded with a
low concentration of antibiotics against biofilm formation by Enterococcus faecalis

Frontiers in Dental Medicine

1

10.3389/fdmed.2023.1281337

Acknowledgments

The authors would like to express their gratitude to Esteban
Rodriguez Herrero for his assistance in the initial stage of the
qPCR analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fdmed.2023.
1281337 /full#supplementary-material

and Porphyromonas gingivalis. ] Oral Sci. (2015) 57(3):213-8. doi: 10.2334/josnusd.
57.213

11. Chugal N, Mallya SM, Kahler B, Lin LM. Endodontic treatment outcomes. Dent
Clin North Am. (2017) 61(1):59-80. doi: 10.1016/j.cden.2016.08.009

12. de-Jesus-Soares A, Prado MC, Nardello LCL, Pereira AC, Cerqueira-Neto A,
Nagata JY, et al. Clinical and molecular microbiological evaluation of regenerative
endodontic procedures in immature permanent teeth. J Endod. (2020) 46
(10):1448-54. doi: 10.1016/j.joen.2020.07.005

13. Cameron R, Claudia E, Ping W, Erin S, Ruparel NB. Effect of a residual biofilm
on release of transforming growth factor 1 from dentin. J Endod. (2019) 45
(9):1119-25. doi: 10.1016/j.joen.2019.05.004

14. Lui JN, Lim WY, Ricucci D. An immunofluorescence study to analyze wound
healing outcomes of regenerative endodontics in an immature premolar with
chronic apical abscess. ] Endod. (2020) 46(5):627-40. doi: 10.1016/j.joen.2020.01.015

15. Meschi N, Hilkens P, Van Gorp G, Strijbos O, Mavridou A, Cadenas de Llano
Perula M, et al. Regenerative endodontic procedures posttrauma: immunohistologic
analysis of a retrospective series of failed cases. J Endod. (2019) 45(4):427-34.
doi: 10.1016/j.joen.2019.01.007

16. Meschi N, EzEldeen M, Garcia AET, Lahoud P, Van Gorp G, Coucke W, et al.
Regenerative endodontic procedure of immature permanent teeth with leukocyte and
platelet-rich fibrin: a multicenter controlled clinical trial. J Endod. (2021) 47
(11):1729-50. doi: 10.1016/j.joen.2021.08.003

17. Diogenes A, Henry MA, Teixeira FB. An update on clinical regenerative
endodontics. Endod Top. (2013) 28:2-23. doi: 10.1111/etp.12040

18. Syed SA, Loesche WJ. Survival of human dental plaque flora in various transport
media. Appl Microbiol. (1972) 24(4):638-44. doi: 10.1128/am.24.4.638-644.1972

19. Slomka V, Herrero ER, Boon N, Bernaerts K, Trivedi HM, Daep C, et al. Oral
prebiotics and the influence of environmental conditions in vitro. J Periodontol.
(2018) 89(6):708-17. doi: 10.1002/JPER.17-0437

20. Boutaga K, van Winkelhoff AJ, Vandenbroucke-Grauls CM, Savelkoul PH.
Periodontal pathogens: a quantitative comparison of anaerobic culture and real-time

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fdmed.2023.1281337/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fdmed.2023.1281337/full#supplementary-material
https://doi.org/10.1111/eos.12421
https://doi.org/10.1016/j.joen.2012.11.014
https://doi.org/10.1016/j.joen.2012.11.014
https://doi.org/10.1016/j.joen.2016.06.011
https://doi.org/10.1016/j.joen.2019.01.007
https://doi.org/10.1016/j.joen.2018.03.009
https://wwwaaeorg/specialty/wp-content/uploads/sites/2/2018/06/ConsiderationsForRegEndo_AsOfApril2018pdf
https://wwwaaeorg/specialty/wp-content/uploads/sites/2/2018/06/ConsiderationsForRegEndo_AsOfApril2018pdf
https://doi.org/10.1111/iej.12629
https://doi.org/10.1016/j.joen.2013.11.008
https://doi.org/10.2334/josnusd.57.213
https://doi.org/10.2334/josnusd.57.213
https://doi.org/10.1016/j.cden.2016.08.009
https://doi.org/10.1016/j.joen.2020.07.005
https://doi.org/10.1016/j.joen.2019.05.004
https://doi.org/10.1016/j.joen.2020.01.015
https://doi.org/10.1016/j.joen.2019.01.007
https://doi.org/10.1016/j.joen.2021.08.003
https://doi.org/10.1111/etp.12040
https://doi.org/10.1128/am.24.4.638-644.1972
https://doi.org/10.1002/JPER.17-0437
https://doi.org/10.3389/fdmed.2023.1281337
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/

Sellami et al.

PCR. FEMS Immunol Med Microbiol. (2005) 45(2):191-9. doi: 10.1016/j.femsim.2005.
03.011

21. Nagata JY, Soares AJ, Souza-Filho FJ, Zaia AA, Ferraz CC, Almeida JF, et al.
Microbial evaluation of traumatized teeth treated with triple antibiotic paste or
calcium hydroxide with 2% chlorhexidine gel in pulp revascularization. J Endod.
(2014) 40(6):778-83. doi: 10.1016/j.joen.2014.01.038

22. Altschul SF, Madden TL, Schiffer AA, Zhang ], Zhang Z, Miller W, et al. Gapped
BLAST and PSI-BLAST: a new generation of protein database search programs.
Nucleic Acids Res. (1997) 25(17):3389-402. doi: 10.1093/nar/25.17.3389

23. Honma K, Mishima E, Sharma A. Role of Tannerella forsythia NanH sialidase in
epithelial cell attachment. Infect Immun. (2011) 79(1):393-401. doi: 10.1128/IAL.00629-10

24. Siqueira JF Jr, Rogas IN, Alves FR, Santos KR. Selected endodontic pathogens in
the apical third of infected root canals: a molecular investigation. ] Endod. (2004) 30
(9):638-43. doi: 10.1097/01.don.0000125875.88377.85

25. Ruparel NB, Teixeira FB, Ferraz CC, Diogenes A. Direct effect of intracanal
medicaments on survival of stem cells of the apical papilla. ] Endod. (2012) 38
(10):1372-5. doi: 10.1016/j.joen.2012.06.018

26. Martin DE, De Almeida JF, Henry MA, Khaing ZZ, Schmidt CE, Teixeira FB,
et al. Concentration-dependent effect of sodium hypochlorite on stem cells of apical
papilla survival and differentiation. J Endod. (2014) 40(1):51-5. doi: 10.1016/j.joen.
2013.07.026

27. Fouad AF, Diogenes AR, Torabinejad M, Hargreaves KM. Microbiome changes
during regenerative endodontic treatment using different methods of disinfection.
J Endod. (2022) 48(10):1273-84. doi: 10.1016/j.joen.2022.07.004

28. Valera MC, Silva KC, Maekawa LE, Carvalho CA, Koga-Ito CY, Camargo CH,
et al. Antimicrobial activity of sodium hypochlorite associated with intracanal
medication for Candida albicans and Enterococcus faecalis inoculated in root canals.
J Appl Oral Sci. (2009) 17(6):555-9. doi: 10.1590/51678-77572009000600003

29. Siqueira JF Jr., Batista MM, Fraga RC, de Uzeda M. Antibacterial effects of
endodontic irrigants on black-pigmented gram-negative anaerobes and facultative
bacteria. ] Endod. (1998) 24(6):414-6. doi: 10.1016/S0099-2399(98)80023-X

30. Botero TM, Tang X, Gardner R, Hu JCC, Boynton JR, Holland GR. Clinical
evidence for regenerative endodontic procedures: immediate versus delayed
induction? J Endod. (2017) 43(9s):575-81. doi: 10.1016/j.joen.2017.07.009

31. Nardello LCL, Pinheiro ET, Gavini G, Prado LC, Romero RX, Gomes B, et al.
Nature and prevalence of bacterial taxa persisting after root canal chemomechanical
preparation in permanent teeth: a systematic review and meta-analysis. ] Endod.
(2022) 48(5):572-96. doi: 10.1016/j.joen.2022.01.016

32. Nakashima M, Iohara K. Recent progress in translation from bench to a pilot
clinical study on total pulp regeneration. J Endod. (2017) 43(9s):582-6. doi: 10.
1016/j.joen.2017.06.014

Frontiers in Dental Medicine

12

10.3389/fdmed.2023.1281337

33. Johnson CT, Garcia AJ. Scaffold-based anti-infection strategies in bone repair.
Ann Biomed Eng. (2015) 43(3):515-28. doi: 10.1007/s10439-014-1205-3

34. Dohan DM, Choukroun J, Diss A, Dohan SL, Dohan AJ], Mouhyi J, et al.
Platelet-rich fibrin (PRF): a second-generation platelet concentrate. Part II: platelet-
related biologic features. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. (2006)
101(3):e45-50. doi: 10.1016/j.tripleo.2005.07.009

35. Dohan DM, Choukroun J. Platelet-rich fibrin (PRF): a second-generation
platelet concentrate. Part III: leucocyte activation: a new feature for platelet
concentrates. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. (2006) 101:
E51-5. doi: 10.1016/j.tripleo.2005.07.010

36. Torabinejad M, Turman M. Revitalization of tooth with necrotic pulp and open
apex by using platelet-rich plasma: a case report. ] Endod. (2011) 37(2):265-8. doi: 10.
1016/}.joen.2010.11.004

37. Bezgin T, Yilmaz AD, Celik BN, Sonmez H. Concentrated platelet-rich plasma
used in root canal revascularization: 2 case reports. Int Endod ]. (2014) 47(1):41-9.
doi: 10.1111/iej.12144

38. Bezgin T, Yilmaz AD, Celik BN, Kolsuz ME, Sonmez H. Efficacy of platelet-rich
plasma as a scaffold in regenerative endodontic treatment. J Endod. (2015) 41
(1):36-44. doi: 10.1016/j.joen.2014.10.004

39. Ulusoy AT, Turedi I, Cimen M, Cehreli ZC. Evaluation of blood clot, platelet-
rich plasma, platelet-rich fibrin, and platelet pellet as scaffolds in regenerative
endodontic treatment: a prospective randomized trial. J Endod. (2019) 45(5):560-6.
doi: 10.1016/j.joen.2019.02.002

40. Lu H, Zou P, Zhang Y, Zhang Q, Chen Z, Chen F. The sampling strategy of oral
microbiome. iMeta. (2022) 1(2):e23. doi: 10.1002/imt2.23

41. Li L, Mendis N, Trigui H, Oliver JD, Faucher SP. The importance of the viable
but non-culturable state in human bacterial pathogens. Front Microbiol. (2014) 5:258.
doi: 10.3389/fmicb.2014.00258

42. Pinheiro ET, Neves VD, Reis CC, Longo PL, Mayer MP. Evaluation of the
propidium monoazide—quantitative polymerase chain reaction method for the
detection of viable Enterococcus faecalis. ] Endod. (2016) 42(7):1089-92. doi: 10.
1016/j.joen.2016.04.003

43. Emerson JB, Adams RI, Romdn CMB, Brooks B, Coil DA, Dahlhausen K,
et al. Schrodinger’s microbes: tools for distinguishing the living from the dead
in microbial ecosystems. Microbiome. (2017) 5(1):86. doi: 10.1186/s40168-017-
0285-3

44. Siqueira JF, Rogas IN. Present status and future directions: microbiology of
endodontic infections. Int Endod J. (2022) 55(Suppl. 3):512-30. doi: 10.1111/iej.13677

45. Diogenes AR, Ruparel NB, Teixeira FB, Hargreaves KM. Translational science in
disinfection for regenerative endodontics. ] Endod. (2014) 40(4 Suppl):S52-7. doi: 10.
1016/j.joen.2014.01.015

frontiersin.org


https://doi.org/10.1016/j.femsim.2005.03.011
https://doi.org/10.1016/j.femsim.2005.03.011
https://doi.org/10.1016/j.joen.2014.01.038
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1128/IAI.00629-10
https://doi.org/10.1097/01.don.0000125875.88377.85
https://doi.org/10.1016/j.joen.2012.06.018
https://doi.org/10.1016/j.joen.2013.07.026
https://doi.org/10.1016/j.joen.2013.07.026
https://doi.org/10.1016/j.joen.2022.07.004
https://doi.org/10.1590/S1678-77572009000600003
https://doi.org/10.1016/S0099-2399(98)80023-X
https://doi.org/10.1016/j.joen.2017.07.009
https://doi.org/10.1016/j.joen.2022.01.016
https://doi.org/10.1016/j.joen.2017.06.014
https://doi.org/10.1016/j.joen.2017.06.014
https://doi.org/10.1007/s10439-014-1205-3
https://doi.org/10.1016/j.tripleo.2005.07.009
https://doi.org/10.1016/j.tripleo.2005.07.010
https://doi.org/10.1016/j.joen.2010.11.004
https://doi.org/10.1016/j.joen.2010.11.004
https://doi.org/10.1111/iej.12144
https://doi.org/10.1016/j.joen.2014.10.004
https://doi.org/10.1016/j.joen.2019.02.002
https://doi.org/10.1002/imt2.23
https://doi.org/10.3389/fmicb.2014.00258
https://doi.org/10.1016/j.joen.2016.04.003
https://doi.org/10.1016/j.joen.2016.04.003
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1111/iej.13677
https://doi.org/10.1016/j.joen.2014.01.015
https://doi.org/10.1016/j.joen.2014.01.015
https://doi.org/10.3389/fdmed.2023.1281337
https://www.frontiersin.org/journals/dental-medicine
https://www.frontiersin.org/

	Regenerative endodontic procedures in immature permanent teeth with pulp necrosis: the impact of microbiology on clinical and radiographic outcome
	Introduction
	Materials and methods
	REPs and microbial sample collection
	DNA extraction and quantitative polymerase chain reactions
	Statistical analysis

	Results
	Microbial analysis
	Microbial load vs. clinical and radiographic outcome and survival

	Discussion
	Generalizability
	Limitations
	Interpretation and future challenges

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


