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Featured Application: Thanks to the use of confocal laser scanning microscopy, it is proved that
ciprofloxacin, metronidazole and clarithromycin (3-MIXC) mixed with hyaluronic acid (HA) is a
possible alternative to root canal disinfection during regenerative endodontic procedures (REPs)
in order to avoid a substantial discoloration of the teeth, mainly due to the chelating effect of
the minocycline.

Abstract: Confocal laser scanning microscopy (CLSM) was used to evaluate the antibacterial effect and
depth of action of a novel clarithromycin-containing triple antibiotic mixture, which was proposed for
root canal disinfection in dental pulp regeneration. A previous study reported that this mixture had no
tooth discoloration effects in vitro. After infection with Enterococcus faecalis for 3 weeks, the dentinal
tubules in the cylindrical root specimens were exposed to different antibiotic mixtures: ciprofloxacin,
metronidazole and minocycline (3-MIX); ciprofloxacin, metronidazole and clarithromycin (3-MIXC)
and ciprofloxacin and metronidazole (2-MIX). Each antibiotic formulation was mixed with macrogol
(MG) or hyaluronic acid (HA) vehicles. CLSM and viability staining were used to quantitatively
analyze the mean depth of the antibacterial effect and the proportions of dead and live bacteria inside
the dentinal tubules. The 3-MIX and 3-MIXC demonstrated a similar depth of action. The mean
proportion of dead bacteria was similar in the 3-MIX and 3-MIXC groups, and both were statistically
higher than that of 2-MIX (p = 0.014). Each antibiotic mixture showed a higher bactericidal efficacy if
conveyed with HA, compared to MG (3-MIX, p = 0.019; 3-MIXC, p = 0.013 and 2-MIX, p = 0.0125).
The depth of action and the antibacterial efficacy of 3-MIXC seemed comparable with 3-MIX.

Keywords: confocal laser scanning microscopy; triple antibiotic paste; double antibiotic paste;
regenerative endodontic procedures; hyaluronic acid
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1. Introduction

Very wide canals, open apexes and thin dentinal walls characterize immature permanent teeth.
When pulp necrosis occurs as a result of caries or trauma, root development is arrested. Therefore,
root canal debridement and obturation present several clinical difficulties, and teeth are more prone to
fracture [1,2]. Apexification protocols with calcium hydroxide or mineral trioxide aggregate (MTA)
are effective, but they do not consider the development of the root canal walls [3,4]. Therefore, these
teeth remain more prone to root fracture and present a lower long-term prognosis [4,5]. Regenerative
endodontic procedures (REPs) have been proposed as an alternative treatment approach [6–8].
Replacing cells in the pulpo–dentin complex is advantageous due to the potential for promoting root
development and strengthening of the dentinal walls [9]. However, a complete disinfection of the
canal space, without mechanical instrumentation, is mandatory to prepare for the ingrowth of vital
tissue [10]. Contemporary guidelines suggest the use of calcium hydroxide or different antibiotic
mixtures for the disinfection of the root canal during regenerative procedures [11]. Several in vitro
and in vivo studies have described the efficacy of the combination of ciprofloxacin, metronidazole
and minocycline (3-MIX), against several endodontic pathogens [12–15]. However, this topical triple
antibiotic paste (TAP) may result in substantial tooth discoloration, primarily due to the chelating
effect of the minocycline against the calcium ions [16–18]. Additionally, the bonding agents applied in
the pulp chamber may be partially ineffective against root and crown staining [19,20]. For this reason,
calcium hydroxide and a double antibiotic paste (DAP) were preferably proposed [21]. However,
calcium hydroxide could present a weakening effect on the thin dentine walls [22]. Moreover,
the alternative use of a DAP containing ciprofloxacin and metronidazole and without minocycline
(2-MIX) has proven less effective at the same concentration [23,24]. A recent study [25] reported that
between 1 and 5 mg/mL DAP provided a significant, direct antibacterial effect against bacterial biofilm
obtained from immature teeth with necrotic pulps, but only 5 mg/mL DAP showed substantial residual
antibacterial effects against bacterial biofilms. Therefore, the recovery of a novel disinfecting solution
is current in the emergent pulp regeneration field. Previous studies have reported that clindamycin
or cefaclor-modified TAPs have demonstrated favorable outcomes when they were used during
regenerative endodontic treatments [17]. However, an alternative antibiotic combination, composed
of ciprofloxacin, metronidazole and clarithromycin (3-MIXC), has demonstrated high antimicrobial
properties with no discoloration effects in vitro [26]. Clarithromycin is an advanced-generation
macrolide with a wide spectrum of activity and excellent inflammatory-dependent activity, both intra
and extracellular [27–29].

In addition, the application of hyaluronic acid (HA) has been described in a variety of different uses
in several medical settings [30]. HA is a biodegradable polymer, consisting of N-acetyl-D-glucosamine
and beta-glucoronic acid. The gel is well-tolerated, safe and effective. The viscoelastic nature of
HA and its biocompatibility and non-immunogenicity has led to its use in a large number of clinical
applications, such as in controlled-release and targeted drug delivery systems. However, most studies
are still only in the in vitro experimental stage and no data are available about the use of HA in place
of the traditional macrogol gel (MG) as a vehicle for antibiotic mixtures in REPs [31].

The aim of this study was to evaluate the antibacterial efficacy and depth of action of the novel
3-MIXC compared with the 3-MIX and 2-MIX antibiotic mixtures, vehicled with HA or MG, using
confocal laser scanning microscopy (CLSM).

2. Materials and Methods

A sample size of 10 per group was calculated with G*Power 3.1.4 (Kiel University, Kiel, Germany)
to set the study power at 80%. Seventy-two human single-root teeth, each with an intact crown
and fully formed apex, were kept in 0.01% NaOCl solution after extractions for periodontal disease.
The soft tissues, bone fragments and cementum were removed from the root surface using a hand
curette and Sof-lex discs (3M ESPE, Seefeld, Germany). After the access opening, the canal scouting
and the initial glide path were performed with a size 10 K-File at the working length (WL) using
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Glyde (Dentsply Sirona, Switzerland) as a lubricating agent. The mechanical glide path was performed
with ProGlider (Dentsply Sirona, Switzerland) (tip size = 0.16 mm, taper = 0.02 up to 0.85 mm).
Root canal shaping was completed with ProTaper Next X1, X2 and X3 (PTN X3 tip size = 0.30 mm,
taper = 0.07 mm). The specimens were irrigated by alternating 5% sodium hypochlorite (NaOCl)
and 10% ethylenediaminetetraacetic acid (EDTA) to a total of 10 mL of each solution per specimen.
A 4 mm long root dentin block was horizontally sectioned for each tooth, starting 1 mm below
the cementum-enamel junction, with a 0.6 mm thick precision diamond saw (Isomet 5000; Buehler
Ltd., Lake Bluff, IL) at 1000 rpm, under water cooling. Afterwards, the root canals’ diameters were
standardized to the size of the Gates–Glidden drill no. 4 (1.1 mm in diameter) (Dentsply Sirona,
Ballaigues, Switzerland), at 300 rpm, under water cooling. All of the dentin blocks were immersed in
5% NaOCl and 17% EDTA, each for 15 min, in an ultrasonic bath, to remove any organic matter and
smear layer, then rinsed with sterile water for 10 min. The previous procedure was also performed to
minimize the fluorescence from the dentin. The roots were inspected under a microscope to verify
the canal cleanliness and the absence of cracks. The specimens were stored in saline prior to their
packaging and sterilization in an autoclave. The sterilized specimens were then placed in a multi-well
test plate under a laminar flow biohazard cabinet (CLANLAF—VFR 1206, Racine, WI, USA). The
root canals were infected with an overnight culture of Enterococcus faecalis ATCC 29212 at a turbidity
of 3 × 107 colony forming units/mL, as confirmed by the colony counts in triplicate, in Brain Heart
Infusion broth (BHI; Oxoid, Milan, Italy). E. faecalis ATCC 29212 was chosen for this study after a
careful review of the literature, which revealed that this bacterium has multiple properties that lead to
its key role as an endodontic pathogen [32]. The samples were incubated under aerobic conditions
at 37 ◦C for 3 weeks and were centrifugated to allow for the penetration of E. faecalis into the dentin
tubules. The broth was replaced every 4 days [33] and the culture purity was checked regularly.

After 3 weeks, the specimens were randomly assigned to 3 experimental groups (each group
N = 20), positive (N = 6) and negative (N = 6) control groups. The specimens in the first experimental
group were exposed to the 3-MIX antibiotic paste (ciprofloxacin 2 µg/mL, metronidazole 8 µg/mL and
minocycline 4 µg/mL). Those in the second experimental group were exposed to the 3-MIXC paste
(ciprofloxacin 2 µg/mL, metronidazole 8 µg/mL and clarithromycin 2 µg/mL), and the specimens in the
third group were exposed to the 2-MIX (ciprofloxacin 2 µg/mL and metronidazole 8 µg/mL) antibiotic
paste. The different antibiotic formulations were mixed with MG or HA as vehicles, dividing each
experimental group in two sub-groups (N = 10). Experimental samples were exposed to antibiotics
for three weeks [11,24], with fresh broth every 4 days. Twelve specimens served as controls: six teeth
were autoclaved and used as negative controls, while 6 teeth did, after bacterial incubation, not receive
canal disinfection, were inoculated with HA or MG and were used as positive controls. These samples
were used to assess the biofilm formation through the CLSM examination (Figure 1).
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Figure 1. Flow diagram of the study design. 2-MIX, ciprofloxacin and metronidazole;
3-MIX ciprofloxacin, metronidazole and minocycline; 3-MIXC, ciprofloxacin, metronidazole and
clarithromycin; HA, hyaluronic acid; MG, macrogol gel.

After the exposure, the specimens were rinsed with sterile saline solution to remove the antibiotic
paste from the root canal and each cylindrical dentin block was fractured into 2 identical semi-cylindrical
halves. The fracture was performed by making a longitudinal groove on the external root surface
with a thin bur (Dentsply Sirona) and then by using a blade with a stable support, in order to ensure
a very thin and flat surface. The outer surfaces of the semi-cylindrical halves were ground with
600-grit silicon carbide paper (ARC Abrasives Inc, Troy, OH) to achieve a standard thickness of
2 mm and to remove the root surface cementum. The dentin specimens were then shaped with a
water-cooled low-speed headpiece and a fine carbide bur at 300 rpm to fit each specimen into the inner
wall of a filter tube with a 0.45 mm pore size (Pall Corporation, Ann Arbor, MI, USA). The refined
specimens measured approximately 4 × 4 × 2 mm. The LIVE/DEAD (L/D) BacLight Bacteria Viability
Kit (TermoFisher Scientific, Waltham, MA, USA) was used to detect viable and dead bacteria using a 1:1
ratio of SYTO 9 (20/1) and propidium iodine (PI, 120/1) [34]. After staining with the L/D viability test
solution, the specimens were positioned in 100 µL of saline solution in a multi-well and stored within
a microscopy chamber in a dark room. The specimens were washed in sterile water for 1 min and
were then vertically fractured—through the root canal—into 2 halves, as described above, to expose
fresh and flat surfaces of longitudinally visible dentin canals for CLSM examination. The imaging
was performed using a laser scanning confocal system (Fluoview 200, Olympus America, Melville,
NY, USA), with the specimens mounted on an inverted microscope (model IX70, Olympus Optical Co.
GMBH, Hamburg, Germany), illuminated by a krypton/argon laser (488 nm). Emission wavelengths of
505–550 nm (green, SYTO 9) and 650–750 nm (red, PI) were utilized to visualize SYTO 9 (live bacteria)
and PI (dead bacteria), respectively. The images were taken using a 20× objective with an additional
zoom of 2× and processed and analyzed with ImageJ software (NIH, Bethesda, MD, USA). Six samples
were analyzed as positive controls to assess the formation of a bacterial biofilm and the bacterial
viability (%) was calculated from the CLSM images. For the tested samples, the mean antibiotic depth
of action was calculated from 10 separate measurements for each single image, adjusted for the red color
channel. Data were recorded and differences were analyzed with one-way ANOVA and a post-hoc
Bonferroni test (p < 0.05). The ratio of red fluorescence to green-and-red fluorescence (indicating the
proportion of dead cells for each group) was calculated from merged images and three-dimensional
reconstructions. This measurement was considered to be a surrogate marker of bactericidal efficacy.
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The Kolmogorov–Smirnov test for normality was used to analyze the data distribution. The data were
collected and the differences among the groups were analyzed by using Kruskall–Wallis and Dunn’s
post-hoc tests (p < 0.05).

3. Results

The penetration by E. faecalis from the side of the root canal into the dentinal tubules of the
specimens was verified with CLSM. A homogeneous infection, with a minimum depth of 300 µm,
was reached in all of the specimens. The negative control group showed no bacterial contamination.
The mean depth of action and the red fluorescence ratios for each group and sub-group are reported
in Table 1 and Figure 2. The 3-MIX and 3-MIXC antibiotic pastes exhibited similar depths of action,
which were slightly higher than that of 2-MIX, but the differences were not statistically significant
(p > 0.05). Moreover, the HA or MG vehicles did not significantly influence the depth of action in any
tested group (p > 0.05). The mean ratios of red fluorescence to green-and-red fluorescence were similar
between the 3-MIX and 3-MIXC groups, and both were statistically higher than those of the 2-MIX
group (p = 0.014). Each antibiotic mixture demonstrated a higher bactericidal efficacy if conveyed with
HA compared to MG (3-MIX, p = 0.019; 3-MIXC, p = 0.013 and 2-MIX, p = 0.0125). The images from the
control groups are reported in Figure 3.

Table 1. The mean depth of action and the mean proportion of dead cell volume for each tested
group and sub-group (3-MIX (ciprofloxacin, metronidazole and minocycline); 3-MIXC (ciprofloxacin,
metronidazole and clarithromycin); 2-MIX (ciprofloxacin and metronidazole); hyaluronic acid (HA)
and macrogol (MG)). The different superscript letters indicate the statistically significant differences
between the groups (p < 0.05). Among the mean proportion of dead cell volume, 2-MIX groups showed
different results when compared with the other groups and the presence of HA significantly influenced
all of the groups.

Mean Depth of Action (µm) Mean Proportion of Dead Cells
Volume (Red Fluorescence Ratio)

3-MIX hyaluronic acid (HA) (N = 10) 290 ± 58.5 aa 0.89 ± 0.01 aa

3-MIX macrogol gel (MG) (N = 10) 230.7 ± 39.1 aa 0.70 ± 0.02 ab

3-MIXC HA (N = 10) 268.2 ± 30.2 aa 0.85 ± 0.02 aa

3-MIXC MG (N = 10) 246 ± 48.1 aa 0.71 ± 0.01 ab

2-MIX HA (N = 10) 202.3 ± 38.5 aa 0.69 ± 0.01 ba

2-MIX MG (N = 10) 168.8 ± 31 aa 0.60 ± 0.01 bb

Positive controls HA (N = 3) 0.5 ± 0 bb 0.01 ± 0 cc

Positive controls MG (N = 3) 0.5 ± 0 bb 0.01 ± 0 cc

Negative controls (N = 6) Nd Nd

Superscript letters: the different letters show the statistically significant differences among the groups (p < 0.05).
The first superscript letter refers to the comparison between the antibiotic pastes, while the second one refers to the
type of vehicle tested. Nd: data not determined.
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Figure 2. The confocal laser scanning microscopy of the Enterococcus faecalis-infected dentinal tubules,
treated with the different antibacterial pastes, after viability staining. Two-dimensional images of
the green channel (A1–F1); two-dimensional images of the red channel (A2–F2); two-dimensional
images of the composite reconstruction (A3–F3). 3-MIX with HA (A1–A3); 3-MIX with MG (B1–B3);
3-MIXC with HA (C1–C3); 3-MIXC with MG (D1–D3); 2MIX with HA (E1–E3); 2-MIX with MG (F1–F3).
2MIX: ciprofloxacin and metronidazole; 3-MIX: ciprofloxacin, metronidazole and minocycline; 3-MIXC:
ciprofloxacin, metronidazole and clarithromycin; hyaluronic acid (HA); macrogol gel (MG); dentin (D);
pulpal side (P). The scale line length is 300 µm.
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Figure 3. Confocal laser scanning microscopy composite reconstructions of dentinal tubules of positive
(C+) and negative (C-) controls. D, dentin; P, pulpal side. The scale length is 300 µm.

4. Discussion

REPs aim to regenerate the functional pulp tissue in necrotic immature teeth [6]. Although
the histologic findings following REPs are variable, the complete elimination of bacteria from the
canal system is mandatory to promote the ingrowth of any vital tissue [3,8,9]. A remarkable number
of microorganisms are able to invade the root canal space, forming a biofilm and infiltrating the
dentinal walls [35]. Therefore, REPs require a high-level, wide-spectrum disinfection, deep into
the dentinal tubules, that does not disrupt the remaining dentin, or negatively affect stem cell
viability [12,13,17,24]. The American Association of Endodontists’ Regenerative Committee has
established a recent protocol which includes the use of either calcium hydroxide or DAP and TAP [11].
Therefore, the use of effective antibiotic mixtures is a current subject of interest [36]. Due to the
complexity of infection, a combination of different antibiotics is recommended to overcome root canal
microbial flora [14,15,37]. Previous studies have assessed the antibacterial efficacy of the 3-MIX deep
in the dentinal tubules of immature teeth [12,37,38]. One negative characteristic of the 3-MIX is the
persistent tooth discoloration that may occur due to the presence of minocycline [19,23]. However,
root staining was reported even when minocycline was replaced with doxycycline [18]. A further
drawback is TAP toxicity, with concentrations above 1 mg/mL deemed to be toxic for stem cells from
the apical papilla (SCAP) in vitro [24]. Previous studies have suggested that TAP toxicity may occur
at even lower concentrations [38]. Based on current data, regenerative protocols using DAP or TAP
at a concentration of 0.1 mg/mL are recommended [11], despite their variable efficacy [24,38–41].
A study from Mandras et al. demonstrated that TAP-containing clarithromycin showed high efficacy
against cultures of E. faecalis, without any staining effect in vitro [26]. The objective of the cited
study was to evaluate the incidence of potential discoloration of 3-MIXC and 3-MICF (a mixture of
ciprofloxacin, metronidazole and fosfomycine) as possible alternatives to minocycline-based TAPs.
The root canals were randomly divided into five groups and brought into contact with the different
antibiotic mixtures for 3 weeks. Within the study conditions, the discoloration effect was avoided with
the use of clarithromycin instead of minocycline in TAPs and a dark green-brown shade appeared
only for the 3-MIX samples containing minocycline. In the other groups and in the control group,
the root stain remained unchanged. Moreover, clarithromycin showed a higher ability to kill the
endodontic pathogens in vitro compared to fosfomycine. Clarithromycin is an advanced generation
macrolide with a wide spectrum of activity and excellent inflammatory-dependent activity, both intra
and extracellular [27–29]. Moreover, it has been shown to exhibit anti-inflammatory properties and the
associated side effects are typically mild [26,42]. In the present study, the root samples were infected
with E. faecalis, a Gram-positive facultative anaerobe, in order to test the antibacterial efficacy and
depth of action of the antibiotic mixtures on dentin.

As suggested by previous epidemiological studies, E. faecalis is commonly present in persistent
endodontic infections, with a prevalence of 24% to 77%. It is able to compete with other microorganisms,
invade the dentinal tubules and resist nutritional deprivation. It is believed to be a major cause for the
failure of root canal treatment. It can penetrate the dentinal tubules and it is able to create biofilm [35].
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E. faecalis develops strong resistance to extremely harsh environments, including a highly alkaline pH,
nutritional deficiency and many current clinical intra-canal medications, and it is resistant to most root
canal disinfectants [35,43]. Therefore, the continuous study of E. faecalis and its elimination from the
dental apparatus can define the future of the endodontic specialty and this resistance has made the
control of E. faecalis infection a great challenge for dentists worldwide.

Moreover, it is widely used in endodontic disinfecting agents in vitro testing, as well as in the
only study that has tested 3MIX-C in vitro [26,44,45]. The dentin infection model was selected due to
the need to assess the antibacterial effect on a heavy infection in the dentin tubules being more related
to clinical reality [33]. The CLSM analysis, combined with viability staining, was proposed as a reliable
method to assess the formation of a bacterial biofilm in the dentinal tubules after incubation [46].
Moreover, the quantitative analysis of bacterial viability after the disinfection was achieved through
CLSM, which has been previously described as an accurate method to visualize the remaining bacteria
in the dentinal tubules [33,34]. The division of the samples with a scalpel on the previously prepared
grooves is still proposed to obtain a clear and flat surface without artifacts and debris for the CLSM
analysis [46]. Three weeks’ aerobic incubation and centrifugation were used to ensure an adequate
penetration of bacteria into the dentinal tubules [24,33,34]. The mean depth of action is a surrogate
marker of the penetration ability of the tested antibiotic mixture into the dentinal tubules. For all
groups, this parameter was comparable with existing reports in the literature [47]. The ratio of red
fluorescence was slightly higher for the TAP groups compared with the DAP specimens, probably due
to the higher antimicrobial action of TAPs [24,26]. These values cannot be easily compared to previous
studies due to the variety of infection protocols and solutions that were tested, which may influence the
penetration ability and depth of action [24,33]. Moreover, the absolute ratio of red fluorescence could
be influenced by the threshold scale used for the green channel, due to the slight green fluorescence of
the natural dentin structure observed with CLSM. However, the positive control specimens showed
bright fluorescent staining, whereas negative samples did not stain with either dye. Interestingly,
enhanced antimicrobial effects were reported when the antibiotic mixtures were conveyed with HA,
possibly due to its well-described bacteriostatic effect [30,48,49], even if MG also displayed slight
antibacterial properties [50]. HA displays unique structural and physiological functions within tissues,
including extracellular and intracellular interactions, and growth factor modulation [51]. A recent
study described a positive correlation between the HA scaffold and SCAP survival during REPs [52].
Moreover, HA-conveyed DAPs and TAPs appear more fluid and applicable inside the root canal.
In conclusion, within the limitations of this in vitro study, the 3-MIXC mixed with the HA appeared
to be a possible alternative for root canal disinfection during REPs. Both the antibacterial efficacy
and the depth of action of the 3-MIXC are comparable to the traditional TAPs used for dental pulp
regeneration, without the risk of tooth discoloration, and the use of HA to convey the TAPs could
enhance the antibacterial properties.
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