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ABSTRACT
Introduction: Regenerative endodontic treatment (RET) aims to promote root maturation in necrotic immature teeth, where 
effective microbial disinfection is crucial for treatment success. This study evaluated the effect of calcium hydroxide (CH) and 2% 
chlorhexidine gluconate (CHD) as intracanal medicaments and their impact on bacterial loads and RET outcomes.
Methods: The material consisted of bacterial samples from 41 patients who participated in a previously conducted randomized 
controlled clinical trial comparing CH and CHD during RET. A total of 123 microbial samples were analyzed using real-time 
quantitative polymerase chain reaction (qPCR). Bacterial loads were assessed at three time points: before root canal disinfection 
(S1), after root canal disinfection (S2), and after intracanal dressing (S3). The microbial composition was evaluated at the king-
dom (Eubacteria), phylum (Actinomycetota), and species (Enterococcus faecalis) levels.
Results: Significant reductions in bacterial loads were observed after root canal disinfection (S2) in both CH and CHD sub-
groups, regardless of treatment outcome. Further reductions after intracanal dressing (S3) occurred exclusively in the successful 
cases. Actinomycetota loads significantly decreased after root canal disinfection in the successful cases but remained unchanged 
after intracanal medication. The presence of E. faecalis after intracanal dressing was associated with failed RET (OR = 9.778; 
p = 0.0432), although no significant differences in the effectiveness of the intracanal medicaments were found.
Conclusion: Both CH and CHD effectively reduced bacterial loads, with greater reductions linked to successful outcomes. The 
association between E. faecalis and failed RET suggests that this species may play a role in treatment outcomes. Further research, 
including microbiome profiling, is desirable to identify potential prognostic markers for failed RET.
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1   |   Introduction

In the last decades, regenerative endodontic treatment (RET) 
has been introduced as a promising alternative to conventional 
apexification techniques for the treatment of traumatized im-
mature permanent teeth with root canal infection and apical 
periodontitis [1]. RET is a biological treatment aimed at achiev-
ing regeneration of the pulp-dentin complex to facilitate contin-
ued root maturation in which dental stem cells are an important 
component [2, 3]. Even though numerous types of stem cells 
have been isolated from dental tissue, the stem cells of the apical 
papilla (SCAPs) have been recognized to play a key role in RET 
[4, 5].

Conventional endodontic treatments for immature necrotic 
teeth, including apexification with calcium hydroxide (CH) 
and mineral trioxide aggregate (MTA) apical plug, are limited 
by their inability to promote root maturation and might pose a 
risk of premature tooth loss [6, 7]. In contrast, studies employing 
RET report continued root maturation, a critical factor for the 
long-term survival of the immature necrotic traumatized teeth 
[8, 9].

Most importantly, the success of RET is dependent on the 
elimination of the microorganisms present in the root canal. 
However, evidence exists that it is challenging to eradicate bac-
terial infection in immature traumatized teeth due to several 
complicating issues. First, the bacterial invasion might occur 
from the external structures of the tooth, for example, from 
the periodontal ligament in cases with luxation injuries, which 
makes it difficult to address [10]. Second, the current RET treat-
ment protocol implies no or minimal mechanical instrumenta-
tion to avoid further weakening of the tooth [11]. At the same 
time, the microorganisms are shown to form a biofilm that re-
mains firmly attached to the root canal walls if no mechanical 
debridement is performed [12, 13]. As a result, there is a risk of 
persisting bacterial infection after completed treatment leading 
to treatment failure [14, 15].

Several highly virulent species have been associated with end-
odontic treatment failure. The most common representatives 
are the genus Actinomyces [16] containing 14 different anaero-
bic Gram-positive species statistically associated with abscesses, 
cellulitis, and symptomatic teeth [17] and the species E. faecalis 
[18]. Moreover, it has been reported that E. faecalis or its DNA 
remnants may interact with SCAPs, causing a significant reduc-
tion in their proliferation [19].

Considering the lack of mechanical debridement in RET, a va-
riety of combinations of irrigation solutions and antimicrobial 
intracanal dressings have been proposed including different 
combinations of triple antibiotic paste, double antibiotic paste, 
chlorhexidine gluconate (CHD) and CH [20]. Despite the ability 
of antibiotic combinations to eradicate bacteria in dentinal tu-
bules [21], their toxicity to SCAPs seems to be a concern at higher 
concentrations [22, 23]. Based on this evidence, the American 
Association of Endodontists proposed low concentrations of 
antibiotics or CH as intracanal dressings, while the European 
Society of Endodontology proposed CH as a first-choice in-
tracanal dressing [11, 24]. It was furthermore recently demon-
strated that CHD and CH were highly effective in combating 

endodontic pathogens [25]. Thus, antibiotic pastes should not be 
seen as a necessity in the disinfection of root canals.

Our previous findings using strict anaerobe culture techniques 
indicate that the primary microbiota in the successful cases of 
RET exhibited greater diversity compared to the failed cases. 
Moreover, the successful cases generally demonstrated more 
substantial bacterial reductions, though no particular species 
was consistently linked to treatment outcomes, and no sig-
nificant differences were found in the disinfection efficacy of 
intra-canal dressings with calcium hydroxide or chlorhexidine 
gluconate [26]. However, a deeper exploration of bacterial load 
and its association with the outcomes of RET remains an area 
requiring further investigation.

Therefore, the aim of this study was to assess the disinfection 
efficacy of CH and CHD dressing regarding total bacterial load 
and influence on treatment outcomes of RET.

2   |   Material and Methods

2.1   |   Study Population and Outcome Measures

The study population, selection of participants and clinical pro-
cedures are described in detail in our previous study [26]. The 
study was conducted in accordance with the ethical principles 
of the 64th WMA Declaration of Helsinki. Ethical approval 
was obtained by the Regional Ethical Review Board at (ano-
nymized). The manuscript of this study has been written ac-
cording to Preferred Reporting Items for Laboratory studies in 
Endodontology (PRILE) 2021 guidelines [27].

All patients and their parents signed informed consent to par-
ticipate prior to onset of the study. The patient data were coded 
and stored according to principles of the general data protection 
regulation.

In brief, this study included bacterial samples from 41 children 
and adolescents (aged 6–13 years) with traumatized, necrotic, 
immature permanent incisors treated at specialist clinics in (ano-
nymized). Patients were randomized to receive root canal dress-
ings of either CH (calcium hydroxide paste, Calasept, Directa 
AB, Upplands Väsby, Sweden) or 2% CHD gel (Gluco-CHeX 2% 
gel, PPH Cerkamed, Stalowa Wola, Poland) during RET. Patients 
were monitored clinically and radiographically every 6 months 
after the traumatic dental injury for up to 7.69 years (mean ob-
servation time 3.84 years; range 1.19–7.69 years). Success was 
defined by the resolution of clinical symptoms, radiographic 
healing, and continued root development, while failure was 
marked by persistent symptoms, apical periodontitis, lack of 
continued root development or no apex closure assessed at the 
final follow-up [28].

2.2   |   Clinical and Microbiological Sampling 
Procedures

The clinical and microbiological sampling procedures are shown 
in Figure 1 and have been previously described [26]. Local an-
esthesia was administered before isolating the tooth with a 
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rubber dam and retainer. Access preparation was confined to 
the enamel using a high-speed bur. Disinfection of the tooth 
crown, retainer, and rubber dam was carried out sequentially 
with sterile foam pellets soaked in hydrogen peroxide (30%) and 
chlorhexidine-ethanol solution (5%), followed by treatment with 
a 5% sodium thiosulfate solution to neutralize residual disinfec-
tants. To monitor for contamination, bacterial samples were ob-
tained from the disinfected crown surface at both the initial (S1) 
and the second appointment (S4). Each sample was processed 
by placing one foam pellet into fluid thioglycolate medium with 
agar for incubation under 5% CO2 conditions for 7 days. Teeth 
exhibiting bacterial growth in contamination control Samples 
S1 and S4 (n = 5) were excluded from subsequent microbiological 
analyses.

2.3   |   The Bacterial Samples Were Collected at 
Three Different Time-Points

As previously described [26], Sample S1 was collected by access-
ing the pulp chamber through the dentine with a sterile burr. 
Sterile saline was applied into the root canal, allowing it to fill 
up to the level of the cementum-enamel junction, while the 
pulp chamber was left dry. Dentin shavings were produced by 
striking a sterile hand file (K 20) against the root canal wall to 
reach adherent biofilm microbiota. The fluid was absorbed with 
three sterile paper points, which were held in the root canal for 
1 min. The collected sample was then immediately transferred 

into a tube with reduced transport medium (anaerobic sterilized 
VMG III medium, Department of Oral Microbiology, Umeå) as 
the samples were intended for both qPCR analysis (in this study) 
and for cultivation, as previously published [26].

Sample S2 was collected following root canal disinfection. 
Initially, the root canal was irrigated with 0.5% buffered so-
dium hypochlorite, followed by ethylenediaminetetraacetic acid 
(EDTA) and 2 mL of sterile saline solution. Following debris 
removal, the irrigants were inactivated using 1 mL of sodium 
thiosulfate for 1 min. The inactivating solution was dried using 
sterile paper points, and the canal was flushed again with 2 mL 
of sterile saline, which remained during the sampling process. 
A sterile hand file (K 20) was then used to scrape the root canal 
wall, generating dentinal shavings from which the bacterial 
sample was collected and transferred to VMG III. Following the 
sample collection, a dressing material consisting of CH or CHD 
was applied according to a block randomization protocol, and 
the access cavity and root canal orifice were sealed with a tem-
porary filling composed of zinc oxide-eugenol cement and glass 
ionomer.

Four weeks after the initial procedures, Sample S5 was col-
lected. The residual temporary material was removed with a 
sterile burr, and the root canal dressing was inactivated by ap-
plying 1 mL of sodium thiosulfate for 1 min, followed by irri-
gation with 2 mL of sterile saline. A sterile hand file (K 20) was 
then used to scrape the root canal wall, generating dentinal 

FIGURE 1    |    Flow-chart of the sampling time-points during regenerative endodontic treatment.
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shavings. Bacterial sample S5 was collected from these shav-
ings using the same technique as for Sample S3. Thereafter, 
the root canal was irrigated with sodium hypochlorite, EDTA, 
and saline, then dried with sterile paper points. Bleeding was 
induced from the periapical tissue and monitored for clot 
stability. A collagen scaffold and 2 mm of bioceramic mate-
rial were placed, followed by glass ionomer and resin resto-
ration [26].

A total of 123 bacterial samples were collected from the root 
canals of 41 participants. Successful treatment outcomes were 
observed in 68% of the RET cases, while 32% were classified as 
failures. The criteria for success and failure, along with their dis-
tribution, are presented in Table 1.

2.4   |   Molecular Based Microbiological Assessment 
at the Different Stages of the Regenerative 
Endodontic Procedure

2.4.1   |   DNA Isolation

The bacterial genomic DNA purification of root canal sam-
ples was performed as previously described [29] by using a 
bacterial genomic extraction kit (Sigma Aldrich, NA2120) ac-
cording to the manufacturer's instructions. The paper points 
containing root canal samples were stored at −80°C and later 
used for DNA extraction in this study. Prior to the genomic 
DNA purification, the samples were thawed on ice, then vor-
texed for 30 s and transferred to new Eppendorf tubes, fol-
lowed by centrifugation for 5 min at 14000 rpm at RT with the 
Micro 17R Microcentrifuge (Fisher Scientific; 75002440). The 
supernatant was removed from each tube. Each pellet was 
resuspended in 200 μL Lysis Solution containing 45 mg/mL 
Lysozyme (Merck, L6876-5G) and 250 U/mL Mutanolysin 
(Merck, M9901-10KU) and incubated at 37°C for 30 min. 
RNase A (20 μL) was added for 2 min incubation at room tem-
perature, followed by treatment with Proteinase K (20 μL) and 
Lysis Solution C (200 μL). These three mentioned components 
are supplied with the DNA purification kit. After 10 min in-
cubation at 55°C, the ethanol (99.5%) was added, and then the 
contents of the tubes were applied to the column to separate 
the DNA. The column was washed twice and then 50 μL of 
the elution solution was applied directly onto the center of the 
column and incubated for 5 min at room temperature before 
the DNA was eluted by centrifugation. After the isolation, the 
concentration of purified DNA for each sample was measured 

by the Nanodrop instrument (Thermo Fisher Scientific; 01-
058112) and stored in a freezer (−20°C) until usage.

2.4.2   |   Quantitative Polymerase Chain Reactions 
of Eubacteria, Actinomycetota, and E. faecalis

Real-time quantitative PCR (qPCR) was employed to quantify 
the targeted DNA and assess the bacterial load of three distinct 
taxa, representing different hierarchical levels of bacterial tax-
onomy: a kingdom (Eubacteria), a phylum (Actinomycetota), 
and a species (E. faecalis) [1, 16, 30]. The choice to identify bacte-
ria at the phylum level rather than the genus level was made due 
to ambiguities in taxonomic classification at the genus/species 
level. This approach provides a broader and clearer overview of 
the microbial community. The sequences of primers selected in 
this study are listed in Table 2.

qPCR was performed in a reaction mixture that contained a 
total volume of 10 μL, including 5 μL Fast SYBR Green PCR 
Master Mix 2X (ThermoFisher Scientific, 4,385,612), 20 pmol 
of forward (0.25 μL) and reverse primer (0.25 μL), PCR grade 
water (2.5 μL) and 2 μL of bacterial genomic DNA extracted 
from the root canal samples using the QuantStudio 6 Pro 
RT-qPCR System, 96-well, 0.1 mL GeneAmp (ThermioFisher 
Scientific, A43160). A thermocycling program for RT-qPCR 
was run at 40 cycles of 95°C for 15 s and 60°C for 30 s, with an 
initial cycle of 95°C for 30 s. All amplifications and detections 
were carried out in a MicroAmp Fast Optical 96-Well Reaction 
Plate, 0.1 mL (Thermo Fisher Scientific; 4346907) covered by 
MicroAmp Optical Adhesive Film (ThermoFisher Scientific, 
4311971). All data were analyzed using the QuantiStudio 
Real-Time PCR Software v 1.3.

To generate standard curves for qPCR, the method suggested 
by Byun et  al. the [30] was employed. For specific enumer-
ation of Eubacteria, Actinomycetota, or E. faecalis in clin-
ical samples, the purified genomic DNA of Fusobacterium 
nucleatum subsp. polymorphum CCUG 9126T, Actinomyces 
naeslundii CCUG-18310T, and E. faecalis CCUG19916T in the 
range 10 fg to 1 ng was used as a standard for determining the 
amount of the DNA of the corresponding number of bacterial 
cells. This was equivalent to 3 to 3 × 105 or 4 to 4 × 105 genome 
copies, based on the genome size data for F. nucleatum [31], 
A. naeslundii [32] and E. faecalis [33]. The amount of DNA 
was converted to the numbers of bacterial cells based on the 
genome size data. Calculation of bacterial cell numbers was 

TABLE 1    |    Distribution of bacterial samples according to RET outcomes.

Total bacterial samples Participants

N = 123 N = 41

Successful RET cases n = 28 (68%) Failed RET cases n = 13 (32%)

No clinical symptoms
No radiographic signs of apical periodontitis
Evidence of continued root development (in length and width and apex closure)

Post-operative self-reported pain and
Percussion pain

Sinus tract
Presence of periodontal disease 

with periodontal probings > 6 mm
Abscess
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performed by conversion of the amount of the DNA of the cor-
responding taxa determined by the RT-qPCR to the theoretical 
genome equivalents. It assumes that the genome size and 16S 
rRNA gene copy number in bacterial strains used for the con-
struction of standard curves were similar to the correspond-
ing detected strains. The average genome size for the bacteria 
used for this study is estimated to be 2.7 Mb, so each bacterial 
cell contains approximately 2.9 fg of DNA. The RT-qPCR ob-
tained data were used to convert genomic DNA concentration 
into bacterial cell numbers.

2.4.3   |   Statistical Analysis

Linear calibration between log-concentration of target genes 
and the quantification cycle (Cq) at which measured fluores-
cence in qPCR reaches some threshold after adjusting for back-
ground fluorescence was applied for the standard curve. The 
data obtained in the qPCR were analyzed using the GraphPad 
Prism 10.0.0 (153) software package (GraphPad Software Inc., 
San Diego, USA). The results are expressed as a mean ± stan-
dard deviation (SD). Kruskal–Wallis test and Dunn's multiple 
comparison tests were used for analysis of continuous vari-
ables. Categorical variables were analyzed by chi-squared 
(and Fisher's exact) test. The level of statistical significance 
was set at p < 0.05.

3   |   Results

3.1   |   Characteristics of the Study Population

The recruited participants were referred to the Department 
of Endodontology at Eastman Institute, Public Dental Health 
Services in Stockholm, Sweden. The study population was 

comprised of children in the ages 6–13 years with one or more 
traumatized permanent incisors with immature root develop-
ment with pulp necrosis, and/or apical periodontitis. When api-
cal periodontitis was not present radiographically, in addition 
to a negative response to cold and electric sensibility tests, teeth 
were included only when clinical signs and symptoms of pulp 
necrosis were observed (swelling, sinus tract, self-reported pain, 
and pain to percussion and palpation).

Most patients (80%) were between 6 and 11 years old, 64% of 
whom were male. The mean age distribution was 10.4 years 
for successful RET, and 9.5 years for failed RET. One or a com-
bination of several clinical and radiographic signs and symp-
toms was detected pre-operatively. Approximately 20% of the 
included teeth were subject to combination trauma to both 
hard and soft tissues. The types of hard tissue injuries were 
uncomplicated enamel and dentin fractures (75%) and com-
plicated enamel and dentin fractures (10%). The types of soft 
tissue injuries were subluxations, lateral luxations, avulsions, 
and intrusions (35%).

TABLE 2    |    Primers used for qPCR at the different hierarchical levels 
of the bacterial taxonomy.

Primer Sequence 5′-3′

Kingdom

1 Eubacteria-forward TTA AAC TCA AAG 
GAA TTG ACG G

2 Eubacteria-reverse CTC ACG ACA CGA 
GCT GAC GAC

Phylum

3 Actinomycetota-
forward

GGC TTG CGG 
TGG GTA CGG GC

4 Actinomycetota-
reverse

GGC TTT AAG 
GGA TTC GCT 
CCA CCT CAC

Species

5 Enterococcus 
faecalis-forward

CCG AGT GCT TGC 
ACT CAA TTG G

6 Enterococcus 
faecalis-reverse

CTC TTA TGC CAT 
GCG GCA TAA AC

TABLE 3    |    The characteristics of the study population.

Age in years, mean; (range) 10.4 (6–13)

Sex

Males 26 (64%)

Females 15 (36%)

Pre-operative clinical symptoms

Pre-operative pain 9 (21.9%)

Pre-operative sinus tract 12 (29.3%)

Pre-operative pathological 
probing > 6 mm

4 (9.8%)

Pre-operative abscess 13 (31.7%)

Pre-operative percussion pain 13 (31.7%)

Pre-operative PAI, mean; [CI] 3.54 [3.229–3.85]

Pre-operative RDS, mean; [CI] 3.4 [3.209–3.59]

Trauma type

Subluxation 4 (9.8%)

Lateral luxation 4 (9.8%)

Intrusion 4 (9.8%)

Avulsion 2 (5%)

Uncomplicated ED fracture 31 (75.6%)

Complicated ED fracture 4 (9.8%)

Combination trauma 8 (19.5%)

Post-operative PAI, mean, [CI] 2.54 [2.1–2.978]

Post-operative RDS mean, [CI] 3.98 [3.777–4.128]

Follow up mean in years, mean; 
[range]

3.98 [1.19–7.69]

Total number of cases 41
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The overall observation period for the treated teeth ranged from 
1.19 years to 7.69 years (mean 3.98 years). The characteristics of 
the study population are depicted in Table 3.

3.2   |   Total Bacterial Load by qPCR and Its Impact 
on Regeneration Treatment Outcome

In the CH-group with successful outcomes, statistically signifi-
cant reductions in the total bacterial loads were observed both 

after root canal disinfection (S2) and after the application of the 
root canal dressing (S3) when compared to baseline levels at S1 
(before disinfection) (Figure 2A). These findings were partially 
confirmed in the CHD-group with successful outcomes, where 
statistically significant reductions in the total bacterial loads 
were observed after S3 but not after S2 (Figure 2B).

In the CH-group with failed outcomes, a statistically signifi-
cant decrease in the total bacterial load of Eubacteria was noted 
after root canal disinfection (S2), but no further reduction was 

FIGURE 2    |    qPCR estimation of total loads of Eubacteria. Loads are shown at different time points (S1, S2, and S3) following (A) calcium hydrox-
ide (CH) and (B) chlorhexidine (CHD) treatment. The samples were grouped based on the regenerative endodontic treatment (RET) outcome: Success 
(left panel) and failure (right panel). Bacterial loads are expressed as a number of bacterial cells per sample, converted from genomic DNA concen-
trations measured in nanograms per microliter(ng/μL). The figure is based on the number of samples for the CH-subgroup: RET Success (n = 20) and 
RET Failure (n = 4); CHD-subgroup: RET Success (n = 8) and RET Failure (n = 4). Each dot represents individual sample data, and the bars represent 
the mean value of S1, S2, or S3 grouped samples with SD. The data were analyzed using the Kruskal–Wallis test and Dunn's multiple comparison 
tests. Statistically significant differences are marked as “**” p = 0.01; “ns” p > 0.05.
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observed after intracanal dressing (S3) (Figure 2A). Notably, in 
the CHD-group with failed outcomes, bacterial loads remained 
unchanged across all sampling points, with no statistically sig-
nificant reductions observed (p > 0.05) (Figure 2B).

3.3   |   Actinomycetota Load by qPCR and Its Impact 
on Regenerative Endodontic Treatment Outcome

Next, the results for the representatives of the phylum 
Actinomycetota were analyzed and are presented in Figure 3. 
Samples negative for the presence of Actinomycetota phylum 
were omitted from the diagrams. This occurred exclusively in 
the CH group, where, in the RET success group, the proportion 

of samples negative for the presence of Actinomycetota was 6 
out of 20 in S1, 14 out of 20 in S2, and 11 out of 20 in S3. In the 
RET failure group, 5 out of 9 samples were negative for the pres-
ence of Actinomycetota at all sampling points (S1, S2, and S3).

A statistically significant decrease in Actinomycetota bacte-
rial loads was observed between sampling time points S1 and 
S2 (p = 0.01) in the CH group. Nevertheless, no significant 
difference was found at S3 (ns, p > 0.05), indicating a poten-
tial reduction in bacterial load immediately after root canal 
disinfection, but not after intracanal medication. For both 
the CH and CHD failure groups, no significant differences 
were observed across the sampling time points (S1, S2, and 
S3) (Figure 3A,B). No significant changes in Actinomycetota 

FIGURE 3    |    qPCR estimation of total loads of Actinomycetota. Loads are shown at different time points (S1, S2, and S3) following (A) calcium hy-
droxide (CH) and (B) chlorhexidine (CHD) treatment. The samples were grouped based on the outcome of regenerative endodontic treatment (RET): 
Success (left panel) and failure (right panel). The figure is based on number of samples for the CH-subgroup: RET Success (n = 20) and RET Failure 
(n = 4); CHD-subgroup: RET Success (n = 8) and RET Failure (n = 4). Bacterial loads are expressed as a number of bacterial cells per sample, converted 
from genomic DNA concentrations measured in nanograms per microliter (ng/μL). Each dot represents individual sample data, and the bars repre-
sent the mean value of S1, S2 or S3 with SD. Data were analyzed using the Kruskal–Wallis test and Dunn's multiple comparison tests. Statistically 
significant differences are marked with “**” p = 0.01; “ns” p > 0.05.
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bacterial load were observed throughout the treatment, re-
gardless of the treatment outcome, in patients treated with 
CHD (Figure 3B).

Further statistical analyses for the Actinomycetota phylum were 
conducted using the chi-squared test and Fisher's exact test to 
determine whether the presence of Actinomycetota statistically 
influenced the odds for treatment failure in the CH subgroup 
(Figure 4).

No statistical significance for the odds ratio of successful and 
failed RET outcomes in Actinomycetota positive versus neg-
ative samples from the CH-treated subgroup was shown. The 
odds ratio could not be assessed for Actinomycetota in the CHD 
group because this phylum was present in all samples, leaving 
no variability in its distribution.

3.4   |   Enterococcus fecalis Load by qPCR and Its 
Impact on Treatment Outcome

E. faecalis bacterial loads, as quantified by qPCR, did not differ 
significantly between patients with successful and failed RET 
outcomes (Figure  5). After root canal dressings (S3), higher 
numbers of E. faecalis cells were observed in the failed CHD 
cases (Figure 5B). Moreover, most samples exhibited a very low 
number of E. faecalis cells.

Further statistical analyses were performed to estimate if the 
presence of E. faecalis statistically influenced the odds for treat-
ment failure as observed in Figure 6A,B.

At S1, the E. faecalis was more prevalent in the success group 
compared to the failure group, while all E. faecalis-negative 
cases were observed exclusively in the success group. The ab-
sence of E. faecalis-negative cases in the failure group made the 
odds ratio (OR) calculations impossible to perform. Similarly, 
at S2, the presence of E. faecalis was equal in both groups, and 
negative cases were only present in the success group, again pre-
cluding OR analysis due to a lack of variability. At S3, there were 

more E. faecalis-positive cases in the failure group than in the 
success group, while E. faecalis-negative samples were observed 
predominantly in the success group except for one case from the 
failure group that exhibited a very low number of cells. At this 
point, an OR of 9.778 (p = 0.0432) indicated a statistically signif-
icant association between the presence of E. faecalis and failed 
RET outcomes (Figure 7A).

In the CHD group, E. faecalis presence did not show a statisti-
cally significant association with RET outcomes across any sam-
pling points (Figure 7B).

No statistically significant differences could be found in the 
disinfection efficacy between successful and failed outcomes. 
However, the disinfection efficacy of both root canal dressings 
was lower in the failed RET cases (Figure 7).

4   |   Discussion

RET aims to promote root maturation in necrotic immature 
teeth, with effective microbial control being essential for clini-
cal success. This study assessed the antibacterial efficacy of CH 
and 2% CHD as intracanal medicaments and their influence on 
bacterial loads and RET outcomes. Both CH and CHD demon-
strated significant antibacterial activity, with greater reductions 
in bacterial loads correlating with successful treatment out-
comes. The presence of E. faecalis was associated with failed 
RET, reinforcing the notion that this species may have a poten-
tial impact on treatment prognosis.

These findings highlight the importance of effective microbial 
disinfection in RET and underscore the need for further research.

4.1   |   Microbiological Analyses Performed on 
Kingdom Level (Eubacteria)

The main finding of this study was that total bacterial loads 
were significantly reduced in successful outcomes compared 

FIGURE 4    |    Odds ratios for failure of RET in the presence of Actinomycetota in the CH subgroup. RET outcome ratio in Actinomycetota positive 
versus Actinomycetota negative samples in the subgroup of CH-treated root canals. The data are presented as the total number of analyzed samples. 
Differences between the ratio of successful and failed RET was estimated by chi-squared test, and statistical significance was estimated by Fisher's 
exact test. The statistical significance was set at p < 0.05. The 95% CI = 0.0783–1.962 for OR at S1 sampling. The 95% CI = 0.4373–8.251 for OR at S2 
sampling. The 95% CI = 0.2416–5.346 for OR at S3 sampling.
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to failed ones. In the CH-group, Eubacteria loads were signifi-
cantly reduced after both root canal disinfection (S2) and in-
tracanal dressing (S3) in successful cases, while failed cases 
only showed a reduction after root canal disinfection (S2). In the 
CHD-group, significant reductions occurred only after intraca-
nal dressing (S3) in successful cases, with no significant changes 
in failed cases. The findings of this study partially align with 
those from our previous cultivation-based study [26]. There, in 
both successful and failed cases, decreases in total CFU/sample 
were observed at S3. However, at S3, a significant increase in 
CFU/sample and taxa/sample was observed in the failed group 
of the CH group, whereas no such increase was seen in the suc-
cessful group.

A possible explanation for this finding might be leakage. It is 
known that traumatic dental injuries might cause bacterial 

invasion through the injured periodontal tissues and through 
cracks or fractures [10]. This, in our opinion, might be a possi-
ble way for new microbial invasion after endodontic root canal 
medication. As traumatic dental injuries tend to occur at young 
ages, the affected teeth are immature with wide dentinal tubules 
facilitating bacterial invasion of both more tubules per unit area 
and deeper tubuli penetration compared to mature teeth [34].

Another possible reason for the increases in the total loads of bac-
terial DNA at S3 might be persisting bacterial biofilm. Instead of 
following the ESE treatment protocol, which recommends no or 
minimal root canal instrumentation to prevent further weakening 
of immature teeth, we utilized ultrasonic activation of the irrigat-
ing solutions while maintaining minimal or no mechanical instru-
mentation. This approach may have allowed bacterial regrowth 
from the untouched biofilm, leading to the observed increase in 

FIGURE 5    |    qPCR estimation of total loads of E. faecalis. Loads are shown at different time points (S1, S2, and S3) following (A) calcium hydroxide 
(CH) and (B) chlorhexidine (CHD) treatment. The samples were grouped based on the outcome of regenerative endodontic treatment (RET): Success 
(left panel) and failure (right panel). Bacterial loads are expressed as a number of bacterial cells per sample, converted from genomic DNA concentra-
tions measured in nanograms per microliter (ng/μL). Each dot represents individual sample data, and the bars represent the mean value of S1, S2, or 
S3 with SD. Data were analyzed using the Kruskal–Wallis test and Dunn's multiple comparison tests. Statistically significant differences are marked 
with “**” p = 0.01; “ns” p > 0.05.
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DNA. These findings are of key importance for the treatment out-
comes. The persistence of microorganisms inside the root canal 
after treatment is a contributing factor for non-healing apical peri-
odontitis considered as endodontic failure [35].

4.2   |   Microbiological Analyses Performed on 
Phylum Level (Actinomycetota)

Interestingly, the findings in this study regarding the total bac-
terial load of Actinomycetota phylum did not correlate with the 
outcomes of the performed RET because the decreases in total 
DNA were non-significant after both root canal dressings (S3) in 
the successful and failed outcomes. However, we observed that 
the total bacterial load of this phylum decreased significantly after 
root canal disinfection (S2) only in the successful cases from the 
CH group. Although previous studies have indicated an associ-
ation between species from this phylum and endodontic failure 
[36], no such correlation was observed in the present study. A pos-
sible explanation is that Actinomycetota phyla are opportunistic 
pathogens of the oral cavity of humans and other mammals [37]. 
These are normally present in the supragingival plaque and are 

capable of invading periodontal tissues, being the most common 
cause of actinomycosis, presenting clinically with chronic oral ab-
scesses associated with tissue fibrosis and draining sinuses [38]. 
Studies show that this species enables initiation of dental biofilm 
which provides resistance to endodontic disinfecting procedures 
[39]. Moreover, it was found that A. israelii and A. naeslundii are 
most involved in symptomatic post-treatment endodontic fail-
ures [16]. Notably, we showed that the odds ratio for failure in the 
presence of Actinomycetota could not be assessed because this 
phylum was present in all samples treated with CHD. A possible 
reason for this result is that the Actinomycetota phylum includes 
many different species which might play different underexplored 
roles, not necessarily pathogenic [40].

Notably, in our previous study, we found the total load of 
Actinomycetota in the CH subgroup was significantly higher in 
successful outcomes, whereas in the CHD subgroup, the values 
were significantly higher in the failed outcomes [26]. A possible 
explanation for those ambiguous findings could be that the an-
tibacterial mechanisms of action of the two root canal dressings 
differ. Hydroxyl ions in CH may damage the DNA, which would 
influence the amount/quality of DNA that could be extracted 

FIGURE 6    |    Odds ratios for failure of RET in the presence of E. faecalis in the CH subgroup (A) and in the CHD subgroup (B). RET outcome ratio 
in E. faecalis positive versus E. faecalis negative samples according to the intracanal medication. The data are presented as percentages of the total 
number of analyzed samples. The differences between the ratio of successful versus failed RET was estimated by chi-square test (except those sam-
plings when at least one event frequency was zero), and statistical significance was estimated by Fisher's exact test. Statistical significance was set 
at p < 0.05. In the CH-subgroup (A): the 95% CI = 1.166–116.8 for OR at S3 sampling. In the CHD-subgroup (B): the 95% CI = 0.053–11.16 for OR at S1 
sampling; the 95% CI = 17.59–14.74 for OR at S2 sampling.
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from the samples, therefore impacting the real-time PCR results 
[41]. The effect of CH and CHD on the persistence of bacterial 
DNA in infected dentinal tubules has been studied by molecular 
techniques. Nevertheless, the researchers have come to contra-
dictory findings. Some authors state that CHD is more effective 
in removing DNA than CH [42]. In agreement with this, it has 
been stated that CHD has superior effectiveness in failed root 
canal treatments, especially against E. faecalis [43]. Inconsistent 
results are exhibited regarding the antibacterial effectiveness of 
CH as an intracanal medicament. It has been shown that dentine 
has a buffering capacity, which might reduce the antibacterial 
effect of CH [44]. On the other hand, chlorhexidine exhibits pro-
longed antimicrobial activity as it adheres to dentin [45]. The me-
dicament decreases the bacterial load unselectively, which might 
suppress the commensal microbiota, posing risks for increases 
in bacterial loads of other strains, for example, pathogenic peri-
odontitis related taxa [46].

4.3   |   Microbiological Analyses on Species Level (E. 
faecalis)

The results on species level were difficult to analyze due to 
the low levels of cell numbers. Indication of E. faecalis hav-
ing higher cell numbers in the successful CHD cases before 
treatment (S1) and in the failed CHD cases after root canal 
dressings (S3), (Figure  5A,B) was observed. No statistically 
significant difference in the cell number of the E. faecalis be-
tween the successful and failed outcomes could be shown due 

to small sample sizes. The absence of variability in some cat-
egories (e.g., S3, where no E. faecalis-negative samples were 
detected in the RET failure group) may limit broader general-
ization of the findings.

Interestingly, after calculating the odds for failure in the pres-
ence of E. faecalis after completed treatment, our findings might 
suggest that the risk for RET failure is 10 times higher compared 
to when this species is absent after the treatment. This might 
highlight the potential role of E. faecalis as a negative prognostic 
factor for treatment outcome.

4.4   |   The Disinfection Efficacy of Calcium 
Hydroxide and Chlorhexidine Gluconate

It was shown that there were no statistical differences in CH and 
CHD efficacy. Although not statistically significant, the results 
showed that the disinfection efficacy was lower in the failed 
cases in both CH and CHD subgroups. These results are sup-
ported in our previous study [26] showing that after root canal 
dressing, microbiota persisted in both successful and failed out-
comes, but bacterial loads increased only in the failed cases.

4.5   |   Strengths and Limitations

The present study utilized qPCR techniques, which offer sev-
eral advantages, including rapid detection and quantification 

FIGURE 7    |    Comparison of the disinfection efficacy of calcium hydroxide and chlorhexidine gluconate in successful versus failed RET outcomes. 
Disinfection efficacy in the successful versus failed RET outcomes, calcium hydroxide and chlorhexidine subgroups. Each dot represents the in-
dividual value of disinfection efficacy. The boxes represent the range of standard deviation, the horizontal lines in the boxes represent the median 
value per group, and the whiskers represent the minimum and maximum values. The data set was analysed using Šídák's multiple comparisons test. 
Statistically significant difference was accepted at the level < 0.05. Disinfection efficacy was calculated using the formula Efficacy = Log N0/N, where 
N0 represents the bacterial cell number based on concentration of DNA/sample before root canal debridement at S1 and N represents the bacterial cell 
number based on concentration of DNA/sample after root canal disinfection at S3. “ns” – not significant; “RET success” – successful cases of pulp 
regenerative treatment; “RET failure” –failed cases of pulp regenerative treatment.
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of DNA from pathogens without the need for cultivation [47]. 
Even though qPCR has high sensitivity, specificity, and the 
ability to detect DNA, it is not possible to determine if that 
DNA comes from live or dead microorganisms. In fact, it was 
found that bacterial DNA is detectable 6–24 months after root 
canal treatment [48, 49]. In this context, as the present study 
did not employ cultivation, it is not defined if the DNA orig-
inated from living microbiota. Thus, even if the results were 
confirmed by our previous study using cultivation, the method 
might be considered a limitation. It has been discussed that 
remnants from dead bacterial species after completed anti-
microbial root canal treatment might affect the outcomes of 
RET negatively. The role of live bacteria is poorly understood. 
Some studies have shown that live bacteria might stimulate 
the inflammatory response of SCAPs, affecting the success 
of RET, while DNA from dead bacteria might not have this 
effect [19].

This study focused specifically on the root canal microbiota of 
traumatized immature necrotic teeth. Nevertheless, the meth-
ods used for collecting the samples cannot distinguish the exact 
sampling location. It is known that immature teeth have wide 
root canals and open apices, which might lead to sampling 
from different regions of the root canals. It has been discussed 
in methodological studies that the bacterial microbiome in the 
apical part of the root canal might differ compared to that of the 
coronal [50].

The analyses on a phylum level targeted the whole Actinomycetota 
phylum, which might be considered a limitation. A more spe-
cific analysis of Actinomyces israelii, reported to be the most 
commonly cultured species of Actinomyces from periapical in-
fections, could have been applied.

Another limitation is difficulties in designing primers for the 
16S rRNA gene for Actinomyces species, and there might be a 
need to target another gene of these species.

However, targeting A. israelii at the species level by qPCR could 
risk further reducing detection sensitivity, especially given the 
inherent challenges of recovering sufficient bacterial DNA from 
biofilm-limited samples. By focusing on the phylum level, the 
analysis accounted for broader microbial diversity, potentially 
mitigating the risk of underestimating bacterial contributions to 
the observed outcomes.

Another possible limitation is that the samples were collected 
from immature incisors with wide root canals, which might 
pose a risk of only entrapping species from a niche not represen-
tative for the whole root canal [51].

A limitation of this study was the unequal group sizes, despite 
blocked randomization, which may have impacted the statistical 
power to detect significant differences. The dropout rate in the 
CHD subgroup was mainly due to technical issues, such as bac-
terial contamination and transport delays. Additionally, patient 
recruitment challenges during the COVID-19 pandemic con-
tributed to the smaller sample size. Future studies with larger, 
more balanced cohorts are needed to validate these findings and 
further investigate the microbiological and clinical outcomes of 
different intracanal medicaments in regenerative endodontics.

Additional matter to discuss is the current recommendations 
on the concentrations of sodium hypochlorite in regenera-
tive endodontics. The American Association of Endodontists 
(AAE) and the European Society of Endodontology (ESE) rec-
ommend the use of sodium hypochlorite in concentrations of 
1.5%–3%. Nevertheless, we used a buffered solution of 0.5% 
NaOCl (Dakin's solution). In Swedish dental practice, there 
is a recommendation from the National Board of Health and 
Welfare to use low concentrations of irrigating solutions (0.5 
buffered NaOCl or 1.0% unbuffered NaOCl) during endodontic 
treatment. The scientific evidence behind this strategy is that 
the buffering of the NaOCl (Dakin's solution) provides a high 
pH with good antimicrobial and biofilm efficiency and a low 
incidence of postoperative concentration-associated symptoms 
[52]. Furthermore, low concentrations of irrigation solutions 
have been proposed due to concerns about the potential cyto-
toxicity of high concentrations of NaOCl solutions on stem cells 
of the apical papilla [53, 54].

4.6   |   Future Research Questions

Two future research questions were identified. The first ques-
tion regards single-visit regenerative endodontic treatment. Up 
to date, there is an insufficient body of scientific evidence for 
the efficacy of single-visit regenerative endodontic treatment. 
It is difficult to rely on the results of the articles available on 
this subject as these are case reports/series not including con-
trols. Also, these articles do not provide any information about 
the microbiological outcomes of this new treatment modality, 
such as evaluation of the antimicrobial efficacy of different irri-
gating medicaments. Although we observed reductions in bac-
terial loads after root canal disinfection in both CH and CHD 
subgroups and treatment outcomes, further bacterial reductions 
occurred exclusively in the successful cases after intracanal 
dressing. Although not significant, it is important to emphasize 
that the presence of E. faecalis after intracanal dressing was as-
sociated with failed RET. This finding should be investigated 
further in studies with a bigger sample size ensuring that statis-
tical significance would not be a concern.

The second research question regards the impact of traumatic 
dental injuries on the disinfection efficacy in RET. It is reported 
in the literature that the trauma type can have an impact on con-
tinued root development. Severe injuries to the periodontal re-
gion, such as avulsion or intrusion, might cause interruption of 
the blood supply and injury to the dental papilla and Hertwig's 
epithelial root sheath. In this situation, the continued viability 
and integrity of stem cells might be compromised, leaving the 
root canal walls thin and with loss of normal root morphology 
[55]. Moreover, it has been shown that the clinical and radio-
graphical outcomes of RET in non-trauma cases have a better 
prognosis compared to trauma cases  [56]. Additional bacterial 
infection invading the root canal via cracks or via injuries in 
the periodontal ligament might jeopardize pulp vitality causing 
not only ceased root maturation but also providing favorable 
conditions for the bacterial biofilm to infiltrate the large tu-
bules in young immature teeth [57]. A recent study shows that 
the root canal microflora of traumatized teeth is highly diverse 
and differs significantly from root canal infections not caused 
by trauma [58].
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Nevertheless, there is still a knowledge gap regarding the ques-
tion of whether trauma type might influence the disinfection 
efficacy in RET. Thus, future research needs to elucidate how 
traumatic dental injuries influence the microbiological out-
comes of regenerative endodontic treatment.

5   |   Conclusions

Both CH and CHD effectively reduced bacterial loads, with 
greater reductions associated with successful outcomes, sug-
gesting that microbial load reduction may serve as a prognostic 
factor for successful outcomes of RET. However, no significant 
differences in disinfection efficacy between the intracanal me-
dicaments were observed. The presence of E. faecalis was associ-
ated with treatment failure, indicating its potential role in failed 
outcomes of RET. These findings emphasize the critical impor-
tance of thorough bacterial reduction for the success of RET.
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