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Abstract: Endo-periodontal lesions are challenging clinical situations where both the supporting
tissues and the root canal of the same tooth are infected. In the present study, chlorhexidine (CHX)-
loaded calcium hydroxide (CH) pastes were used as intracanal medications (ICMs). They were
prepared and tested on pathogens found in both the root canal and the periodontal pocket. Exposure
to 0.5% and 1% CHX-loaded ICMs decreased the growth of Porphyromonas gingivalis and was effective
in eradicating or inhibiting an Enterococcus faecalis biofilm. CH was injected into the root canal of
extracted human teeth immersed in deionized water. CHX-loaded ICMs resulted in the transradicular
diffusion of active components outside the tooth through the apex and the lateral dentinal tubules, as
shown by the release of CHX (from 3.99 µg/mL to 51.28 µg/mL) and changes in pH (from 6.63 to
8.18) and calcium concentrations (from 2.42 ppm to 14.67 ppm) after 7 days. The 0.5% CHX-loaded
ICM was non-toxic and reduced the release of IL-6 by periodontal cells stimulated by P. gingivalis
lipopolysaccharides. Results indicate that the root canal may serve as a reservoir for periodontal drug
delivery and that CHX-based ICMs can be an adjuvant for the control of infections and inflammation
in endo-periodontal lesions.

Keywords: endo-periodontal lesions; intracanal medication; ion release; local drug delivery;
periodontal cells

1. Introduction

Endo-periodontal lesions (EPLs) are clinical situations where the periodontium (tissues
surrounding the tooth) and the root canal (inner part of the tooth) of the same tooth are
infected, inducing the destruction of the tooth attachment apparatus [1,2]. The prevalence
of EPLs varies between 4.9% and 17.3% of patients and approximately 0.4% of teeth,
depending on the criteria used [3–5]. EPLs are caused by polymicrobial infections that
may originate in the periodontium or the pulpal tissues or both. These infections activate
an inflammatory response that leads to local resorption of the alveolar bone supporting
the tooth [6–8]. The mechanisms involved in tissue destruction include many cellular
players (polymorphonuclear neutrophils [PMN], macrophages, TH1, TH2, and TH17 cells,
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B lymphocytes, and osteoclasts) and are regulated by molecular mediators such as IL-1β,
IL-6, IL-17, TNF-α, and RANKL/OPG [9].

There are numerous anatomical or potentially pathological communication pathways
between the pulp cavity (inside the tooth) and the external root surface. Anatomical path-
ways include the apical foramen, lateral/accessory canals, and dentinal tubules. In EPLs
associated with trauma or iatrogenic factors, vertical root fractures, root resorption, or
perforations may serve as potential pathways [7,8,10–12] and may contribute to the dissem-
ination of pathogens and their by-products in the canal and the supporting tissues of the
tooth. These may explain the similarities and interactions observed between the microbial
populations of the periodontal pocket and the dental canal [1,5,13–15]. Indeed, up to 62.5%
of the bacterial species are common to both sites [16]. Periodontal pathogens such as Fusobac-
terium nucleatum, Tannerella forsythia, and Prevotella intermedia, which are commonly found
in active periodontal pockets, have also been detected in infected root canals [1,13,14,17,18].
Porphyromonas gingivalis, which is considered as the “keystone pathogen” in periodontitis
due to its ability to orchestrate dysbiosis and hijack the host inflammatory response, has
been identified in 30% of periodontal pockets and 10% of infected root canals [14], while
Enterococcus faecalis, which is frequently associated with chronic endodontic infections and
failed root canal treatments, is present in 20% of periodontal pockets and 10% of root canals
in teeth affected by EPLs [14].

The treatment of EPLs is challenging and involves strict infection control in both
endodontic and periodontal tissues [7,19–21]. Intracanal antimicrobial medications tem-
porarily placed in the root canal are adjuvants to mechanical debridement of infected root
canals [10,22]. Calcium hydroxide (CH) has long been considered the gold standard of
intracanal medications. Its antimicrobial effect is related to its dissociation into calcium
(Ca2+) and hydroxyl (OH−) ions in an aqueous medium, resulting in strong alkalinization
of the medium, which alters bacterial membrane proteins [23]. Reported pH values vary
between 12.5 and 12.8 [22]. Several studies have reported a significant reduction in the bac-
terial load of root canals filled with CH. Other biological effects attributed to CH include an
anti-inflammatory and a pro-mineralizing potential [24,25]. Chlorhexidine (CHX) has also
been proposed as an intracanal medication because of its strong antimicrobial properties
and its affinity for dental tissues that allows for prolonged drug release [26,27]. Our group
recently confirmed that a mixture of CH and CHX is effective against microorganisms such
as E. faecalis, which is frequently considered as non-susceptible to CH alone [28].

The intracanal antimicrobial medications placement in a tooth affected by an EPL has
yielded promising clinical results in terms of both endodontic and periodontal parameters.
Raheja et al. found that the intracanal application of a 2% CHX gel for 14 days enhances the
reduction of periodontal pockets [29]. Root canal obturations using a minocycline + mineral
trioxide aggregate (MTA) significantly improve periodontal parameters after two years [30].
The periodontal healing benefit of ICMs may also be related to a potential anti-inflammatory
effect. The application of a CH ICM for 30 days reduced LPS, MMP, IL-1 β, and TNF-α levels
in periodontal pockets regardless of the bacteria load in the root canal and the periodontal
pocket [31]. To explain these clinical effects, a few ex vivo studies have evaluated the
physico-chemical changes that occur at the external root surface of teeth obturated with
different ICMs. The pH increased at the root surface in most studies, suggesting that the
OH− ions produced by the dissociation of CH are able to diffuse across the root. However,
the diffusion routes are not well understood. Altogether, these studies indicate that ICMs
placed in the root canal may exert some biological effects outside the canal, resulting
in positive effects on the periodontium. These findings may be highly relevant for the
treatment of EPLs. However, the underlying mechanisms need to be elucidated [32–35].

The present ex vivo/in vitro study investigated the diffusion of ICMs outside the
dental root to better understand the observed clinical effect on the periodontal environment.
The antimicrobial effect of CHX-loaded CH pastes on bacteria in both the root canal and
the periodontal pocket (P. gingivalis and E. faecalis) was evaluated, and the release of
active components of the ICMs across the dental root was investigated. To further clarify
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the mechanisms that may explain the clinical effect of ICMs on periodontal healing, the
biological responses of periodontal cells exposed to ICM extracts were also studied.

2. Results
2.1. Antimicrobial Properties of CH + CHX Intracanal Medications
2.1.1. Bacterial Susceptibility to Chlorhexidine (Minimal Inhibitory Concentrations [MIC]
and Minimal Bactericidal Concentrations [MBC]) and Time-Kill Assay

The MICs/MBCs of CHX for E. faecalis and P. gingivalis were determined, and the
time–kill effect of CH + CHX mixtures on these bacteria was evaluated. The MICs/MBCs
and time–kill curves for E. faecalis were reported in a previous publication by our group [28].
The MIC of P. gingivalis could not be determined because of the turbidity of the blood-
supplemented medium. The low MBC (32 mg/L) confirmed that CHX has a bactericidal
and bacteriostatic effect on E. faecalis and P. gingivalis.

The time–kill kinetics showed a dose-dependent reduction in the number of viable
P. gingivalis cells (Figure 1) in a medium containing CH + CHX. CH + 4% CHX was the
most effective medication compared to the control (CH alone) (p < 0.05).
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Figure 1. Time–kill kinetics curves and areas under the curves (AUC) of the time–kill kinetics for
the CH + 0.5%, 1%, 2%, and 4% CHX solutions (*): significant difference (p < 0.05) between the CH
formulation and the test formulations (ANOVA test).

2.1.2. Antibiofilm Activity

The results of the tests on an E. faecalis biofilm are presented in Table 1. An inhibitory
effect on biofilm formation (Table 1A) and an antibiofilm effect of CH on a mature biofilm
(Table 1B) were observed at weeks 1, 2, 3, and 4, regardless of the CHX presence.
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Table 1. (A) Antimicrobial activity of biofilm formation by E. faecalis with chlorhexidine-free calcium
hydroxide paste (CH) and calcium hydroxide with 1% chlorhexidine (CH + CHX) every week for
4 weeks on Mueller–Hinton agar (MHA) and in brain heart infusion broth (n = 3). (B) Antimicrobial
activity of the CH paste and the CHX paste on a mature E. faecalis biofilm after one week on MHA
and in brain heart infusion broth (n = 3). (–) no bacterial growth, (+) bacterial growth.

A
Negative Control Samples Positive Control Samples Test Samples

CH CH + CHX CH CH + CHX CH CH + CHX

Week 1 – – + + – –

Week 2 – – + + – –

Week 3 – – + + – –

Week 4 – – + + – –

B
Negative Control Samples Positive Control Samples Test Samples

CH CH + CHX CH CH + CHX CH CH + CHX

Week 1 – – + + – –

2.2. Diffusion of Active Components across the Dental Root
2.2.1. Diffusion of Hydroxyl Ions

When the teeth containing a CH or a CH + CHX pastes were immersed in deionized
water, the transradicular diffusion of OH− ions resulted in a sharp increase in pH up to day
7 (Figure 2) followed by a plateau phase up to day 28. At day 7, the change in pH was more
marked in the apical group than in the lateral group and with the CH + CHX paste than
with the CH paste. At all times, the concentration of OH− ions was significantly higher in
the medium containing teeth with CH alone (pH 7.55 to 7.76) or CH + CHX (pH 7.51 to
8.18) compared to the control teeth (pH 6.23 to 7.14).
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Figure 2. pH changes over 28 days in the diffusion medium of teeth not containing (control) or
containing an intracanal medication (calcium hydroxide alone [CH] or CH + 1% chlorhexidine
[CH + CHX]) through the apex (apical) or the dental tubuli (lateral). There was a significant differ-
ence (*) (p < 0.05) at all times between the control and the test formulations (CH and CH + CHX)
(ANOVA test).
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2.2.2. Diffusion of Calcium Ions

The release of Ca2+ ions was higher at day 7 in the apical group than in the lateral
group (Figure 3). The addition of CHX tended to increase the release of Ca2+ ions at day 7
only. At days 7 and 28, more Ca2+ ions were released when CH− or CH + CHX-obturated
teeth were immersed in the medium compared to non-obturated teeth (p = 4.66 × 10−12 at
day 7; p = 3.90 × 10−5 at day 28).
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Figure 3. Changes in calcium ion concentrations in the diffusion medium of teeth not containing
(control) or containing an intracanal medication: calcium hydroxide alone (CH) or CH + 1% chlorhex-
idine (CH + CHX), through the apex (apical) or the dental tubuli (lateral). There was a significant
difference with the control group (*) (p < 0.05) and the CH group (#) (p < 0.05) (ANOVA test).

2.2.3. Diffusion of Chlorhexidine

On day 7 (Figure 4), a large amount of CHX was released through the apex of teeth
filled with CH + CHX (51.28 µg/mL) and a much lower amount via the lateral route
(3.99 µg/mL). No CHX release could be detected for all the other conditions and time
points (<0.7 µg/mL (below the limits of quantification)).
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Figure 4. The evolution of chlorhexidine concentrations in the diffusion medium of teeth containing
an intracanal medication: calcium hydroxide alone (CH) or CH + 1% chlorhexidine (CH + CHX)
through the apex (apical) or the dentinal tubuli (lateral). Standard deviation: 95% confidence interval.
(*): significant difference (p < 0.05) between the CH + CHX (apical) group and the other groups
(ANOVA test).
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2.3. Biological Effects
2.3.1. Cell Viability

The cell viability (close to or more than 80%) of PDLs, osteoblasts, and cementoblasts
was acceptable with 1

2 -diluted extracts regardless of the presence of CHX (124% to 134%
with CH + 0.5% CHX and 76% to 114% without CHX [CH]) (Figure 5).
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Figure 5. Proliferation of (a) periodontal ligament fibroblasts (PDLs), (b) osteoblasts, and (c) cemen-
toblasts after a 1-day contact with 1, 1/2 or 1/10 diluted calcium hydroxide extracts with (CH + 0.5%
CHX and CH + 1% CHX) or without chlorhexidine (CH) (n = 3). The measurements were deter-
mined using an Alamar Blue® assay, and the data are expressed as means and standard deviations.
Difference between metabolically inactive and metabolically active cells. Standard deviation: 95%
confidence interval; (*) significant difference with control group (p < 0.05); (#) significant difference
with CH (p < 0.05), (α) significant difference with 0.5% CHX group (p < 0.05) (ANOVA test).
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2.3.2. Alkaline Phosphatase (ALP) Activity

No significant intergroup differences were observed on days 1 and 10 with respect to
ALP activity, which indicates that the CH or CH + CHX extracts have no effect on the early
mineralization potential of osteoblasts (Figure 6a). A similar conclusion can be drawn for
cementoblasts even though ALP activity increased significantly in all groups between days
1 and 10 (Figure 6b).
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Figure 6. Intracellular alkaline phosphatase (ALP) activity of (a) osteoblasts and (b) cementoblasts
stimulated with calcium hydroxide extracts with 0.5% chlorhexidine (CH + 0.5% CHX), or 1%
chlorhexidine (CH + 1% CHX), or without chlorhexidine (CH) for 1 and 10 days (n = 3); no statistical
difference (ANOVA test).

2.3.3. Mineralized-Bone-Like Nodule Formation

The CH + CHX extracts (CH + 0.5% CHX and CH + 1% CHX) had no effect on the
late mineralization of osteoblasts (Figure 7a). A significant reduction in the number of
bone-like nodules was observed in the CH group compared to the controls (0.33 pg/mL
and 0.95 pg/mL, respectively, p = 0.024).

The CH and CH + CHX extracts (CH + 0.5% CHX and CH + 1% CHX) had no effect
on the late mineralization of cementoblasts (Figure 7b). The visual analysis of optical
microscopic images and the results of the semi-quantitative method were consistent.
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Figure 7. Semi-quantification of calcium deposits in (a) osteoblasts and (b) cementoblasts using Alizarin
Red Staining after stimulation with calcium hydroxide alone (CH) or calcium hydroxide + chlorhexidine
(CH + 0.5% CHX and CH + 1% CHX) for 14 days (n = 3) and corresponding images obtained using an
optical microscope. Significant difference with control group (*) (p < 0.05) (ANOVA test).

2.3.4. Anti-Inflammatory Activity: TNF-α and IL-6 Levels

CH + CHX extracts reduced TNF-α (Figure 8a) and IL-6 (Figure 8b) levels in the culture
medium of PDLs stimulated with P. gingivalis LPS compared to CH alone or the control.
The difference was significant for IL-6 (19.84 pg/mL, 16.89 pg/mL, and 5.33 to 6.08 pg/mL,
respectively, for the control, CH alone, and CH + CHX). (p = 0.007) (Figure 8b).
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Figure 8. Expression of (a) tumor necrosis factor-alpha (TNF-α) and (b) interleukin 6 (IL-6) by pe-
riodontal ligament fibroblasts after a 24 h exposure to LPS followed by treatments with calcium
hydroxide extracts with 0.5% chlorhexidine (CH + 0.5% CHX) or 1% chlorhexidine (CH + 1% CHX)
or without chlorhexidine (CH), (n = 3); control+: culture control or positive control (cells not stim-
ulated by LPS). Significant difference with control group (*) (p < 0.05); significant difference with
CH (#) (p < 0.05) (ANOVA test).

3. Discussion

The primary aim of the present study was to investigate the effect of antimicrobial-
containing, CH-based medications outside the dental root when the medications were
initially placed in the root canal in order to explain the empirically observed clinical effect
of ICMs on periodontal healing of EPLs [29,30]. Our results indicated that the active
compounds in the ICMs can diffuse through the dental root via the apex (apical route) and
the dentinal tubuli (lateral route). Importantly, not only Ca2+ and OH− ions produced by
the dissociation of the CH pastes were detected but the CHX mixed with the ICMs could
also be quantified, which to our knowledge, has never been reported before. Interesting
results were also obtained with respect to the kinetics and diffusion routes of the active
compounds through the dental root wall. The amounts of active compounds released
through the lateral route were more than 10 times lower than that of the apical foramen.
This finding is consistent with the diameter of these communication routes [36,37]. In terms
of release performance, our team calculated that for 1 g of CH + CHX paste placed in the
root canal, 0.119 mg of CHX is released apically and 0.014 mg laterally, which correspond
to 1.19% and 0.14% of the initial drug load. Some studies have suggested that CHX is
completely degraded due to the alkaline pH of CH when these two products are mixed
together [38–40]. Our results do not support this hypothesis as CHX was detected after
7 days in the diffusion medium of teeth obturated with CH + CHX. It can be assumed
that the buffering capacity of dentin may have limited or slowed CHX degradation by
limiting the alkalinization of the medium. Furthermore, a recent review suggests that para-
chloroaniline (pCA) formation, a by-product of the degradation of CHX, is more related
to the high concentration of CHX than to chemical interactions with other molecules [41].
However, it is worth mentioning that measuring CHX levels was not possible in all the
samples (3/10 apical and 3/10 lateral). The cause of this heterogeneity remains to be
elucidated. We assume that age-related changes in dental structure may play a significant
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role in this aspect. Progressive narrowing of root canals and dentinal tubules due to the
apposition of dentin and the occurrence of calcifications has been well documented in the
literature [42,43], and this factor could not be controlled in our study.

Overall, the transradicular diffusion rate was higher in the earlier stages (up to day 7),
and adding CHX increased the diffusion of Ca2+ and OH− ions. Other studies have
reported a similar quick, massive ion release induced by CH at day 7 (the so-called “burst”
effect) [32,33,44–47], but, to our knowledge, no study has compared apical and lateral
diffusion patterns. CHX appears to play an important role in controlling the release kinetics
of CH-based ICMs. Carvalho et al. and Tanomaru et al. reported that ICMs prepared
with a CHX solution release more HO− and Ca2+ ions [32,48]. They attribute this effect
to faster ionic dissociation when CHX is used in the aqueous form [32,49,50]. Conversely,
when CHX is used in the gel form, the peak release of active compounds occurs later
(day 30) [51,52]. This delay is thought to be related to the formation of calcium digluconate
and a poorly soluble CHX precipitate [47,52,53]. In the control group, the immersion of
dental roots without ICM resulted in slight pH variations that are probably attributable to
the buffering effect of dentin [47].

In practice, temporary ICMs are placed in infected root canals to potentiate the effect of
mechanical preparations by disinfecting areas not accessible to the instruments [10,22]. In
this study, a dose-dependent potentiation of the antimicrobial action of CH on P. gingivalis
is observed, which is found in both the root canal and the periodontal pocket and is not
susceptible to CH alone. In a previous publication, our group reported similar results
with E. faecalis [28]. The dosage used in the bacterial culture medium in contact with the
ICMs confirmed that CHX is released at a concentration of 2.25 mg/L after 24 h, which
is close to the MICs of these bacteria [28]. CH and two combinations of CH + CHX were
both effective in inhibiting biofilm formation and eradicating mature biofilms. Like the
studies by Delgado et al. and Balto et al., the E. faecalis biofilm in the present study was
destroyed in the presence of CH [54,55]. These promising results may be explained by the
high concentration of CH in contact with E. faecalis. The antimicrobial effect of CH is dose-
dependent [56]. CH-based ICMs may complement the disinfection of areas inaccessible to
instruments and slow down the recolonization of the canal during the inter-session period.
It could be interesting for the clinician to have a specific ICM placed between appointments,
that acts on the endodontic and periodontal tissues and contributes to EPL treatment.

Clinical and animal studies support the positive effect of CH on the healing of apical
endodontic lesions [24,25]. However, whether this effect is attributable to the antimicrobial
or to the non-antimicrobial properties of the CH is not well understood. The viability tests
suggested that periodontal cells tolerate exposure to 1/2 dilutions of CH aqueous extracts
containing 0.5 and 1% CHX, which indicates that low doses of CHX have a negligible effect
on the toxicity of CH-based ICMs. The extracts showed no effect on the mineralization
potential of osteoblasts and cementoblasts. Da Silva et al. similarly reported that CH
and CH + 0.4% CHX has no effect on ALP activity or bone nodule number formation
in rat calvaria osteoblast cultures [57], which may be related to the cell model used. In
addition, CH extracts tend to reduce the production of TNF-α and IL-6 by periodontal
ligament fibroblasts previously stimulated by P. gingivalis LPS (−24% for TNF-α and −13%
for IL-6). This reduction was more important in the presence of CHX (−37% for TNF-α
and −70% for IL-6) and was significant for IL-6. This effect could be explained by the
cytokine degradation by alkaline hydrolysis of the amide bonds, as suggested in a previous
study [58]. This is consistent with the accelerated CH dissociation in the presence of CHX
resulting in the OH− ions production and an increase in pH.

This experimental study presents some obvious limitations. The use of cell cultures
and an ex vivo model are some of them. Other systems have been proposed that combine a
diffusion model through the root with cell cultures [59]. Other limitations of the present
study are related to the in vitro models used. First, the use of monospecies biofilms allows
for easier implementation and good reproducibility [60]. However, the observations and
results obtained with such models do not take into account the polymicrobial nature and
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complexity of the metabolic interactions found in biofilms associated with endodontic
and periodontal pathologies [61]. Second, the microbial culture techniques used provide
essential information but are limited to the number of live bacteria adherents on the
experimental substrate or growing within the biofilm structure [62]. Although the use of
multi-species biofilm is clearly of interest, monospecies models are still widely used in
the endodontic literature. A literature review including 77 recent studies showed that in
86% of studies, a monospecies biofilm was cultured and Enterococcus faecalis was the most
frequently used test species (in 79% of all studies, 92% of the monospecies studies) [63].
In addition, bacterial culture was the most frequently used quantification method (in
87% of the studies) [63]. Similarly, bacterial culture techniques including a time–kill test
remain frequently used in endodontics to assess the effect of antimicrobial formulations or
technologies [64–69].

Evidence of the diffusion of active compounds from the root canal to the root surface
offers the possibility to extend the indications of intracanal medications to the treatment
of endo-periodontal conditions. To this end, numerous areas are open to research, includ-
ing: (i) the development of innovative scaffolds for controlled drug delivery. The use of
hydrogels that are increasingly sophisticated but still easy to apply in the canal appears
promising in this respect [70]. (ii) The development of novel experimental models is needed
to investigate the effect of active ingredients on bacteria–cell interaction. For example,
Pintor et al. recently developed a simplified model of primary root teeth that can be com-
bined with a cell culture set-up. In this way, cells are stimulated under conditions closer
to in vivo [71]. Animal models are also required to gain a better insight into the biological
effects of intra-canal medications on the periodontium in order to optimize their perfor-
mance. (iii) The research into alternative molecules to conventional antimicrobials is also a
promising direction for the development of new generation intracanal medications [72].
Indeed, the complex pathophysiology of endodontic and periodontal conditions provides
several potential molecular targets to modulate inflammation and tissue destruction. For
example, a recent study highlights the positive effects of amelogenins on apical healing
and pulpal regeneration when used as intracanal medication [73]. Further studies should
be carried out using a more elaborate combined ex vivo/in vitro model to gain a better
understanding of the pathophysiology of EPLs and the response of periodontal tissues in
the presence of ICMs under conditions closer to reality.

4. Materials and Methods
4.1. Intracanal Medications Formulations

Two different formulations were used: (i) a formulation for testing the antimicrobial
effect that was inserted in the canal to study diffusion and (ii) a formulation for preparing
the extracts for the tests on the cells.

4.1.1. Calcium Hydroxide Paste Formulation

CH paste was prepared by mixing CH powder (DentaFlux, Madrid, Spain) with
distilled water (1:1 w/v) and spatulating the mixture on a glass plate. Antimicrobial-free
CH paste was used as an ICM negative control. The test formulations were produced
by replacing the distilled water with antimicrobial solutions of 0.5% or 1% CHX. The
antimicrobial solutions were prepared by diluting 20% chlorhexidine digluconate (Evonik,
Hanau, Germany) in sterile distilled water.

4.1.2. Intracanal Medication Extract Preparation

Aqueous extracts were obtained by placing the CH alone, CH + 0.5% CHX, and CH
+ 0.1% CHX pastes (1 mL) at the bottom of 15 mL tubes. The pastes were then covered
with 9 mL of serum-free Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich,
Saint-Quentin Fallavier, France) or Fibroblast Medium (FM, ScienCellTM, Carlsbad, CA,
USA), depending on the cell type studied. They were incubated at 37 ◦C for 24 h according
to International Organization for Standardization (ISO) 10993-Part 12 and ISO 10993-Part
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18. The extracts were filtered through 0.45-µm sterile polyethersulfone filters (Nalgene®,
Rochester, NY, USA) and were serially diluted with DMEM supplemented with 10% fetal
bovine serum (FBS, GibcoTM, Thermo Fisher, Fisher Scientific, Waltham, MA, USA) or
with FM supplemented with 10% FBS to give three concentrations (1/1, 1/2, 1/10 v/v) to
determine the dose–response relationship.

4.2. Antimicrobial Properties of ICMs

The tests were performed using E. faecalis (C159-6), a facultative anaerobic Gram posi-
tive bacterium, and P. gingivalis (W83), an anaerobic Gram negative periodontopathogenic
bacterium. These strains were isolated from clinical samples collected as part of a biologi-
cal collection (IMPERIO, n◦ 2017-A02123-50) and were stored in the clinical bacteriology
laboratory of the Faculty of Pharmacy, Université de Lille, France.

4.2.1. Minimal Inhibitory Concentrations and Minimal Bactericidal Concentrations

The minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations
(MBCs) were determined using Clinical and Laboratory Standards Institute protocols (CLSI
M07-A9, CLSI M26-A [74]). The broth microdilution method was used with 10 concen-
trations of the antimicrobial chlorhexidine digluconate solution and 24-well flat bottom
microplates with an assay volume of 2 mL/well [75] (Supplementary Information S1).

4.2.2. Time–Kill Kinetics Assay

A time–kill kinetics assay was performed to determine the time-dependent reduction
in P. gingivalis CFUs caused by the antimicrobials, as previously reported [68,69,76]. Bac-
terial suspensions were exposed to the antimicrobials for different periods of time, and
the CFUs of the surviving microbial populations were counted. Each formulation (1 mL)
was placed in a 15 mL tube. Fresh brain–heart infusion broth (BH) (Oxoid, Basingstoke,
UK) supplemented with defibrinated horse blood (E&O Laboratory, Burnhouse, UK) was
added (8 mL) followed by 1 mL of P. gingivalis suspension (104–106 bacteria/mL). The
tubes were then incubated under strict anaerobic conditions at 37 ◦C. At 0, 2, 4, 6, and
24 h, 100-µL samples were removed and were diluted 10-fold with cysteinated Ringer’s
solution (Merck®, Darmstadt, Germany). The dilutions (100 µL) were seeded on Columbia
Cysteine agar (CC) (Oxoid®) supplemented with defibrinated horse blood. The plates were
incubated under strict anaerobic conditions for 24 h at 37 ◦C. The numbers of colonies were
counted, and the results are expressed as log CFU/mL. All experiments were performed in
triplicate, and the results are expressed as means ± standard deviations.

4.2.3. Biofilm Tests
Antimicrobial Effect on Biofilm Formation and on Mature Biofilms

The antimicrobial effect of CH on E. faecalis biofilm formation and on E. faecalis mature
biofilms were, respectively, investigated weekly for four weeks and by adding the CH for-
mulations after three weeks of bacterial biofilm growth [77,78], adapted from a previously
published protocol [79].

To investigate the antimicrobial effect of CH on E. faecalis biofilm formation, 300 µL
of each formulation was deposited in the wells of four 24-well flat-bottom microplates
(one for each week) and MH medium was added (1400 µL/well). The wells were then
inoculated with 300 µL of bacterial (E. faecalis) solution per well, at a concentration of
106 CFU/mL. The microplates were incubated at 37 ◦C under strict anaerobic conditions
for one, two, three, or four weeks of culture. For the negative controls corresponding to
wells without bacteria, the CH formulation was placed at the bottom of the well and the
medium was added (1700 µL/well). Positive controls corresponded to wells with bacteria
(300 µL/well) and medium (1700 µL/well). The medium was changed every 3–4 days [77].
Each time, the medium was removed, and the biofilms formed on the formulations were
gently washed [67,68,79].
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To study the antimicrobial effect of CH on E. faecalis mature biofilms, the formulations
(CH or CH + CHX) were added after three weeks of bacterial biofilm growth [64,65]. First,
MH medium was added (1700 µL/well) to 24-well flat-bottom microplates with a total
volume of 2 mL per well. The wells were inoculated with 300 µL of bacterial culture
(E. faecalis) per well, at a concentration of 106 CFU/mL. The microplates were incubated
at 37 ◦C under strict anaerobic conditions for three weeks to allow bacterial attachment.
Negative controls (wells without bacteria) contained only medium (2000 µL/well). Positive
controls contained 300 µL/well of bacteria and 1700 µL/well of medium. The medium
was changed every 3–4 days [77]. Then, after biofilm formation (three weeks), the medium
in each well was removed and the biofilms on the bottom were gently washed. The
antimicrobial agent (CH or CH + CHX) (300 µL) was added to the corresponding wells with
MH medium (1700 µL) and the microplates were incubated at 37 ◦C under strict anaerobic
conditions for a further week.

Biofilm Quantification

For both experiments, after one, two, three, or four weeks of culture, the content
of each well was mixed and 300 µL was withdrawn with a micropipette. An amount of
100 µL of the contents was placed on a Petri dish containing Mueller–Hinton agar (MHA)
(Oxoid®), and 200 µL of the same sample was pipetted into BH broth for culturing. The
broth and Petri dish were then incubated at 37 ◦C under strict anaerobic conditions. After
24–48 h, the colonies on the MHA plates were counted to assess viability. The turbidity of
the BH broth cultures during the incubation period indicated bacterial growth.

4.3. Transradicular Release
4.3.1. Tooth Preparation

A trans-radicular diffusion model was developed according to previous studies, [32,53,80,81]
(Supplementary Information S2). Briefly, 60 previously extracted human permanent maxil-
lary and mandibular anterior single-rooted teeth were used. No specific ethical approval
was required according to French legislation (Public Health Code—Article L1245-2). Pa-
tients were informed of the possible re-use of the extracted teeth for research purposes and
were given the opportunity to object.

The roots were randomly divided into two groups (Figure 9) of equal size (30 roots in
each group). The first group (apical group) was used to assess apical diffusion though the
apex. A gutta cone was placed in each canal and was extended slightly apically. Varnish
layers were applied in the presence of the cone to avoid isolating the apical area [82]. The
second group (lateral group) was used to assess lateral diffusion through the dental tubuli.
A lateral cavity 1 mm in depth and 3 mm in diameter was made in the middle third of the
root using a depth-marking cylindrical burr (Komet, Paris, France) (Figure 9) [80,82,83]. To
remove the smear layer, the root surface cavities were filled with 3 mL of 17% EDTA for
1 min and were then rinsed with 3 mL of distilled water. The external surfaces of the root
were covered with three layers of nail varnish, except for the prepared cavities.

Each group (apical and lateral) was then divided into three subgroups (n = 10): a
subgroup filled with CH, a subgroup filled with CH + 1% CHX (CHX), and a subgroup
without ICM as a negative control. The CH was placed in the canals using a counterclock-
wise motion of a #30 K-file and was then condensed with paper points to 12 mm from
the root apex. Control teeth were filled with normal saline solution. Lastly, the coronal
access was sealed with glass ionomer (Dentsply Maillefer Ballaigues, Switzerland). The
coronal part of the roots was attached to the internal surface of a vial lid using sticky wax
to avoid handling the roots during pH measurements. During test intervals, the roots were
immersed in a vial containing deionized water and were stored at 37 ◦C for 28 days. The
water was replaced every 7 days.
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Figure 9. Diffusion model protocol with an incisor (IC) following chemo-mechanical preparation:
(a1,b1) labio-lingual views, (a1) for apical diffusion and (b1) for lateral diffusion following the cavity
preparation, (a2,b2), following the varnish application, (a3,b3) root attachment to the vial cap, and
(a4,b4) immersion in 10 mL of deionized water and incubation at 37 ◦C in a humidified atmosphere.

4.3.2. Hydroxide Ion Release Analysis

pH measurements were performed using an HI9125 pH meter (Hanna Instruments,
Lingolsheim, France) with an accuracy of 0.01. Hydroxyl ion quantification was performed
by measuring the pH of 10-mL solutions at different times: days 0, 7, 14, 21, and 28 [81,83].
Three measurements were taken for each sample [82], and a calibration was performed
every six measurements.

4.3.3. Calcium Ion Release Analysis

The amount of Ca2+ ions released in the solutions was measured via inductively cou-
pled plasma atomic emission spectroscopy (Vista-MPX CCD Simultaneous ICP-OES, Varian
Inc., Palo Alto, CA, USA), as previously reported [32] (Supplementary Information S3). A
calibration was performed between each group of measurements. Three replicates were
collected for each measurement [84].

4.3.4. Chlorhexidine Release Analysis

The amount of CHX released was determined via high performance liquid chromatography
coupled with diode array detection (HPLC-DAD) (Shimadzu LC2040 I series, Kyoto, Japan) on days 0,
7, 14, 21, and 28 as previously described [85–87] (Supplementary Information S4). All the experiments
were performed in triplicate, and the results are expressed as means± standard deviations.

4.4. Biological Assessment
4.4.1. Cell Isolation and Primary Cell Cultures

The cells tested were (i) human periodontal ligament fibroblasts (PDLs) derived
from a human primary cell culture (#2630, ScienCell, USA); (ii) osteoblasts (MG63), an
immortalized human cell line (MG63, CRL1427, ATCC) obtained from the American Type
Culture Collection (ATCC® CRL-1427™); and (iii) cementoblasts (OCM) derived from
an immortalized mouse cell line (OCCM.30 mouse cementoblasts, Applied Biological
Materials ([ABM Inc.], Richmond, BC, Canada).

The MG63 and OCM cells were cultured in DMEM and the PDL cells were cultured
in FM. Rinses were performed with DPBS (GibcoTM, Thermo Fisher, Strasbourg, France).
Control cells (culture and positive controls) were grown in DMEM or FM medium sup-
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plemented with 10% FBS, 5% penicillin/streptomycin, and 0.2% amphotericin B. For the
FM medium, 1% growth factors were also added. All the cells were grown at 37 ◦C in a
controlled atmosphere containing 5% CO2.

4.4.2. Periodontal Cell Stimulation with Calcium Hydroxide Paste Extracts
Containing Chlorhexidine

The day before each assay, each cell population was seeded in 200 µL of medium in
96-well microplates at a density of 102 cells/mL or 1.25 × 103 cells/mL, depending on the
assay. The microplates were then incubated for 24 h at 37 ◦C in a controlled atmosphere
containing 5% CO2.

On the day of the experiments, the media was removed from the microplates and
was replaced with 200 µL of each extract [88,89]. The microplates were then incubated at
37 ◦C in a controlled atmosphere containing 5% CO2. The incubation time ranged from
1 to 14 days, depending on the assay. The medium was replenished with the extracts every
3–4 days. The control group consisted of wells containing cells alone. For each condition,
one well contained only the extracts. The tests were performed in triplicate.

4.4.3. Cell Viability

After 1 day of cells contact (103 cells/mL) with the extracts, the contents of the wells
were transferred to new 96-well microplates and 20 µL of Alamar Blue® (DAL1025, Thermo
Fisher Scientific) cell viability reagent was added directly to the wells at a final concentration
of 10% (v/v). The microplates were then incubated at 37 ◦C for 5 h. The amount of resorufin
formed was determined by measuring the absorbance at 570 nm with a 600 nm reference
using a spectrometer (Infinite® M200 PRO NanoQuant, Tecan, France). It was proportional
to the number of live cells.

4.4.4. Alkaline Phosphatase Activity

The osteoinduction potential was assessed via an alkaline phosphatase (ALP) activity
colorimetric assay. ALP activity is an early marker of mineralization. Osteoblasts and
cementoblasts were seeded in 200 µL of medium in 96-well microplates at 102 cells/mL.
After 1 and 10 days of culture, the extracellular amount of ALP was estimated in the
cells supernatant using an ALP assay kit according to the manufacturer’s instructions
(K412-500, BioVision Incorporated, Waltham, MA, USA). The assay has been described
previously [57,90] (Supplementary Information S5).

4.4.5. Mineralized Bone-like Nodule Formation

The remineralization activities of cementoblasts and osteoblasts (102 cells/mL) were
determined using Alizarin Red S (ARS) after 14 days, as previously described [91,92]
(Supplementary Information S6).

4.4.6. Anti-Inflammatory Activity: Quantitative Cytokine (TNF-α and IL-6) Analysis

Lipopolysaccharide (LPS) stimulation was performed 2 days before the assay. PDLs
were seeded in 200 µL of medium in 96-well microplates at 103 cells/mL. The microplates
were incubated at 37 ◦C in a controlled atmosphere containing 5% CO2 for 24 h. The day
before the analysis, a P. gingivalis LPS solution (InvivoGen, San Diego, CA, USA) was added
to the test wells at a 1 mg/mL concentration. The microplates were incubated for a further
24 h at 37 ◦C in a controlled atmosphere containing 5% CO2 [91].

On the day of the analysis, the media were removed from the wells and replaced
with 200 µL of each extract [88,89]. The microplates were incubated for 24 h at 37 ◦C in a
controlled atmosphere containing 5% CO2. One group of control cells (control group) was
stimulated with LPS but not with an ICM extract. Two other groups of cells (culture control
or positive control) were not stimulated with either LPS or the extracts.
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TNF-α and IL-6 (proinflammatory markers) secretion by PDL cells was quantified in
the supernatants and was analyzed using an enzyme-linked immunosorbent assay (ELISA)
as previously described [93,94] (Supplementary Information S7).

4.5. Statistical Analysis

The values were tabulated using Microsoft Office Excel Mac OS 2011 (14.4.7 [141117]
version). The significance level of the statistical analysis was set at p < 0.05. Multiple
comparisons were performed with ANOVA and Tukey–Kramer post hoc tests using Mi-
crosoft Excel (MS Excel, Mac OS 201 16.74 version). All the experiments were repeated
independently at least three times.

5. Conclusions

Within the limitations of this study, the proposed CH-based, CHX-loaded intra-
canal medications were effective against pathogens such as Porphyromonas gingivalis and
Enterococcus faecalis, associated with combined endo-periodontal infections. Furthermore,
the placement of these medications in the root canal resulted in a change in the physico-
chemical conditions on the root surface related to the transradicular diffusion not only of
ions (Ca2+, OH−) but also of the drug (CHX) contained in the ICM, mainly via the apex
and slightly less via the dentinal tubules. The amounts of active compounds released
through the dental root appeared non-toxic to periodontal cells in vitro and may also have
an anti-inflammatory effect on stimulated periodontal ligament fibroblasts. Overall, these
results provide a theoretical rationale to support the positive effects CH-based intracanal
medications on the healing of endo-periodontal lesions.
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and Minimal Bactericidal Concentrations; S2: Tooth Preparation; S3: Calcium Ion Release Analysis;
S4: Chlorhexidine Release Analysis; S5: Alkaline Phosphatase Activity; S6: Mineralized Bone-Like
Nodule Formation; S7: Anti-Inflammatory Activity: Quantitative Cytokine (TNF-α and IL-6) Analysis.
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