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ABSTRACT

Aim: To characterise and evaluate mucoadhesive strength and antibacterial properties of a nanotechnological formulation for
endodontic disinfection based on biodegradable nanoparticles dispersed in a thermosensitive gel containing calcium hydroxide
(Ca(OH),-NPs-gel).

Methodology: Morphology of Ca(OH),-NPs-gel was studied using transmission electron microscopy. Moreover, Ca(OH),-NPs-
gel was sterilised using gamma irradiation (25kGy), and the stability after the sterilisation process was studied by measuring
Ca(OH),-NPs-gel average size, polydispersity index, zeta potential and encapsulation efficiency. To assess the ex vivo mucoad-
hesive strength, extracted single-rooted human teeth were used to measure the force necessary to separate the formulation
from the teeth. In addition, the short-time stability of Ca(OH),-NPs-gel was evaluated monthly, analysing entrapment efficacy,
backscattering and transmittance of Ca(OH),-NPs-gel stored at different temperatures (4°C, 25°C and 37°C). Furthermore, the
antibacterial analysis of Ca(OH),-NPs-gel was performed against Enterococcus faecalis inoculated in extracted human single-
root teeth and evaluated by confocal and scanning electron microscopy. Finally, the metabolic activity of bacteria was studied
through a resazurin assay to evaluate bacterial survival after treatment.

Results: Ca(OH),-NPs-gel owned a round shape and a smooth surface without particle aggregation. Sterilisation did not induce
an alteration in Ca(OH),-NPs-gel physicochemical properties and Ca(OH),-NPs-gel presented a high adhesion strength. In addi-
tion, 4°C was the best temperature to store Ca(OH),-NPs-gel. Regarding the antibacterial therapeutic efficacy, Ca(OH),-NPs-gel
possesses suitable antibacterial properties, indicating that it efficiently reduces bacterial biofilms.

Conclusion: Calcium hydroxide-loaded PLGA nanoparticles dispersed in a thermosensitive gel have been developed, optimised
and characterised, obtaining excellent antibacterial properties and achieving bacterial disinfection levels similar to those of
commercial formulations.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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1 | Introduction

Calcium hydroxide (Ca(OH),) is a strong base that dissoci-
ates into calcium and hydroxyl ions upon contact with aque-
ous fluids. It is a white, odourless powder (Mohammadi and
Dummer 2011). Ca(OH), possesses remarkable antibacterial
properties and the ability to repair tissues (Freeman et al. 1994;
Mohammadi and Dummer 2011; Panzarini et al. 2007). Due
to its ability to block bacterial enzymes and facilitate miner-
alisation in dentine, Ca(OH), is one of the most employed in-
tracanal medicaments in endodontics and dental traumatology
(Mohammadi and Dummer 2011). However, various studies
that evaluated bacterial reduction through microbiological cul-
ture demonstrated a decrease in bacterial count, yet a limited
therapeutic efficacy was found after administering Ca(OH), as
intracanal medication since 30% of the canals still contained
a viable bacterial population (Qrstavik et al. 1991; Sathorn
et al. 2007).

In this sense, bacteria may persist following intracanal treat-
ment for several reasons, such as their confinement within
anatomical variations of the canal space that are impervious
to debridement attempts. Bacteria may penetrate up to 200 um
into the dentinal tubules (Love 1996); they may form biofilms or
they may be inherently resistant to the medication (Siqueira and
Lopes 1999). The properties of intraradicular bacteria and their
propensity to form biofilms imply that the compound mecha-
nism of action and its capacity to reach the target are crucial.
It is of utmost importance to retain intracanal medications in
the root canal for the necessary time to eliminate bacteria and
their metabolic by-products (Pedrinha et al. 2022). In this area,
the most popular Ca(OH), is marketed in paste form, supple-
mented with other compounds to enhance its properties, includ-
ing stronger antibacterial and dissociation capabilities (Valverde
et al. 2017). The primary effect relies on the high pH of calcium
hydroxide (12.5), which can alter enzymatic activity, thereby
disrupting cellular metabolism. However, the pH of Ca(OH),
can be buffered by dentine, organic debris and tissue fluids, im-
pacting its efficacy.

Moreover, in addition to ionic dissociation, the ability of
Ca(OH), to effectively penetrate into the interior of the den-
tinal tubules before dissociating is crucial for its antibacterial
efficacy since direct contact between the bacteria and Ca(OH),
is required. Therefore, one of Ca(OH), main drawbacks could
be the lack of direct interaction due to dental tubule anatomi-
cal complexities (Elmsmari et al. 2021). Moreover, it has been
demonstrated that bacteria can penetrate up to 400 um into
the dentinal tubules while the average penetration of Ca(OH),
is between 28 and 126um in the coronal section (Zand
et al. 2017). Furthermore, some studies have demonstrated
that the buffering effect that dentine exerts on Ca(OH), pastes
must be considered. This effect can counteract the antibacte-
rial properties of Ca(OH), and neutralise the pH increase. In
this area, several authors investigated the vehicle impact on
several Ca(OH), pastes and found that the vehicle is essential
for the diffusion and dissociation of Ca(OH), (Gomes Camdes
et al. 2004; Pacios et al. 2003; Pedrinha et al. 2022). Some
studies suggest that ionic dissociation is higher in low vis-
cosity media causing a rapid effect, whereas the high molec-
ular weight of currently marketed vehicles reduces Ca(OH),

dispersion into the tissues and maintains the paste for ex-
tended periods of time (Athanassiadis et al. 2007). In order
to address all these problems, a medication where the active
ingredient is released gradually and continuously preventing
pH saturation may constitute a suitable solution.

For this purpose, new advancements in intracanal medica-
tions have been attempted following different approaches.
Some strategies involve integrating antimicrobial medicines
along with delivery systems, such as antimicrobial peptides
and nanoparticles, as they could substantially reduce the inci-
dence of bacterial resistance (Ordinola-Zapata et al. 2022). The
limitation in Ca(OH), capacity to achieve contact with patho-
gens has been overcome by encapsulating it inside nanopar-
ticles (NPs) (Elmsmari et al. 2021). By using NPs, we have
increased the ability of Ca(OH), to penetrate into dentinal
tubules and achieve a prolonged and more constant release
of Ca(OH),, reducing the required therapeutic dose and side
effects (Khan et al. 2015; Yetisgin et al. 2020). Furthermore,
Ca(OH), encapsulation (Ca(OH),-NPs) also contributes to
maintaining a high alkaline pH, enhancing its antibacte-
rial capacity (Moodley and Ibrahim 2021; Sirén et al. 2014).
Therefore, by using NPs made of poly(lactic-co-glycolic acid)
(PLGA) and encapsulating Ca(OH),, the limitations have been
reduced. According to the literature, the efficacy of triclosan-
loaded PLGA and PLA nanoparticles for the treatment of peri-
odontal disease has been assessed. Triclosan was used because
it is an antimicrobial agent with high efficacy against plaque-
forming bacteria (Weatherly and Gosse 2017). Significant
penetration into the dentinal tubules was achieved with both
formulations, but PLGA nanoparticles provided better results.
In this application, a reduction in gingival inflammation was
achieved due to the rapid release of triclosan (Pifion-Segundo
et al. 2005). Moreover, Leelapornpisid et al. (2024) also in-
vestigated the efficacy of biodegradable PLGA nanoparticles
loaded with calcium hydroxide as an intracanal medication
against endodontopathogenic microorganisms in a multi-
species biofilm model, demonstrating a significantly lower
viable cell density than Ca(OH)),.

Moreover, NPs average size below 200nm allows NPs to enter
the dentinal tubules (Lenzi et al. 2013), achieving direct contact
between bacteria and active compounds, eliminating pathogens
and their by-products. Furthermore, NPs dispersed in gelling
forms may increase their adhesion to infected zones, allowing
an increased contact between the Ca(OH),-NPs and bacteria
(Folle et al. 2024).

Despite their main advantages, Ca(OH),-NPs are produced in
a liquid form, which is suitable for their clinical application
but lacks mucoadhesive properties that may enhance tissue
retention. Therefore, the production of thermosensitive hy-
drogels constitutes a suitable solution (Li and Guan 2011).
These gels present a fluid constitution until they reach 37°C;
at this temperature, the interaction between their hydropho-
bic and hydrophilic segments alters, transitioning towards a
gel-like structure (Dumortier et al. 2006). In this area, a poly-
mer widely used for the production of thermosensitive gels is
Poloxamer 407 (PA 407), which would enable Ca(OH),-NPs
to be administered in a fluid form, facilitating its entry into
the root canal system and subsequent gel formation, avoiding
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subsequent infections. Calcium hydroxide nanoparticle gel
(Ca(OH),-NPs-gel) represents an innovative advancement
over previous nanoparticle-based formulations developed for
intracanal disinfection by offering a synergistic combination
of enhanced antimicrobial activity, improved drug delivery
and prolonged therapeutic effects, all within a biocompat-
ible and easy-to-use gel matrix (Song and Ge 2019; Forier
et al. 2014; Gholami et al. 2018).

On a previous study, we have examined the rheological proper-
ties of Ca(OH),-NPs dispersed in a smart gel (Ca(OH),-NPs-gel)
as well as demonstrate that it provides a prolonged release and
a high penetration into the dentinal tubules (Roig et al. 2024).
Therefore, the main hypothesis of this study was to observe the
morphological features of the Ca(OH),-NPs-gel, confirm that
physicochemical parameters were maintained after sterilisation
and test whether Ca(OH),-NPs-gel will improve mucoadhesive
strength and antibacterial activity against Enterococcus faecalis
biofilms.

2 | Materials and Methods

For the mucoadhesive and antibacterial assessments, ethical
approval was obtained from the Universitat Internacional de
Catalunya with ethical code (END-INVI-2022-02). Additionally,
the manuscript of this laboratory study has been written ac-
cording to Preferred Reporting Items for Laboratory Studies
in Endodontology (PRILE) 2021 guidelines (Nagendrababu
et al. 2021).

2.1 | Materials

Poly-D,L-lactic-co-glycolic acid (PLGA) Resomer RG 503 H
was purchased from Evonik Industries (Essen, Germany);
Ca(OH), 98% extra pure was from ACROS Organics (Fisher
Scientific, Waltham, Massachusetts, USA). Poloxamer 188
(P188), Poloxamer 407 (PA407) and dimethyl sulfoxide
(DMSO) were supplied by Sigma-Aldrich (St. Louis, Missouri,
USA). Acetone was from Fisher Scientific. All formula-
tions were produced using Milli-Q water (Millipore Sigma,
Burlington, Massachusetts, USA). All other reagents were of
analytical grade.

2.2 | Preparation of Ca(OH),-NPs-Gel

Preparation of the Ca(OH),-NPs was performed using the sol-
vent displacement method (Elmsmari et al. 2021; Sanchez-
Lopez, Gomes, et al. 2020). In this method, the drug, Ca(OH),,
was dissolved in the organic phase, constituted by DMSO and
PLGA. The aqueous phase was formed by a surfactant solution
(P188) in Mili-Q water. Once both phases were obtained, the or-
ganic phase was added drop by drop over the aqueous phase,
under magnetic stirring. Finally, the organic solvents were elim-
inated using a Rotavapor R-210/215 (Buchi, Flawil, Switzerland)
(Elmsmari et al. 2021).

Thermosensitive gels containing Ca(OH),-NPs were prepared
using PA 407. In order to prepare them, 1.8g PA 407 (18%) was

dissolved in Ca(OH),-NPs. The mixture was stirred at 1290 rpm
for 5min and left to stand overnight at 4°C (Arafa et al. 2018;
Gonzalez-Pizarro et al. 2019).

2.3 | Ca(OH),-NPs-Gel Morphology

The study of the Ca(OH),-NPs-gel morphology was carried out
by preparing a pool of three samples and using negative stain-
ing, for which uranyl acetate (2%) was used. The staining was
performed by placing Ca(OH),-NPs-gel on copper grids that
were activated by UV light. Transmission electron microscopy
(TEM) was used to observe the morphology of Ca(OH),-NPs-gel
by means of a JEOL 1010 microscope (Akishima, Japan), and
several images from different grid sections were undertaken
(Llorente et al. 2023; Thiruchenthooran et al. 2022). In addi-
tion, using ImageJ processing software (GNU General Public
License, USA), the average size (Z,,) of Ca(OH),-NPs-gel was
also calculated (Galindo et al. 2022).

2.4 | Sterilisation Assays

Ca(OH),-NPs-gel sterilisation was performed using a 25kGy
irradiation source (Aragogamma, Spain). According to the
European Pharmacopoeia, in the case of the sterilisation
of pharmaceutical products, 25kGy is the suitable dose to
achieve, as it allows maintaining around 10-° sterility as-
surance level (SAL) (Esteruelas et al. 2023; Ramos Yacasi
et al. 2016; Thiruchenthooran et al. 2022). To evaluate the
stability of Ca(OH),-NPs-gel during sterilisation, their phys-
icochemical parameters were studied. Therefore, physi-
cochemical variables (Z,, polydispersity index [PI] and
zeta potential [ZP]) were analysed before and after irradi-
ation using Zetasizer Nano ZS (Malvern Instruments, UK)
(Elmsmari et al. 2021). Encapsulation efficiency (EE) was also
indirectly analysed before and after sterilisation using an in-
ductively coupled plasma optical emission spectroscope (ICP-
OES) (Optima 8300; PerkinElmer, USA) to quantify Ca(OH),
(Elmsmari et al. 2021).

2.5 | ExVivo Mucoadhesive Strength

The mucoadhesion force is defined as the force necessary to
separate the formulation from a mucosal layer (Esteruelas
et al. 2022). For this study, a modified balance was used, in
which a falcon with a Teflon cylinder was placed on one of the
arms, and on the other, an empty falcon was added to evaluate
the mucoadhesion force required to separate the sample from
the Teflon cylinder (Koffie et al. 2011). As a model for the bio-
adhesion tests, extracted single-rooted human teeth were used.
After developing the test using Teflon in contact with one tooth
(area of 11.58 mm?), mucoadhesion was also measured using a
second tooth (area of 8.62mm?). For this, both tissues and sam-
ples were placed in the thermostatic glass at 32°C and 10pL
of samples were added. Phosphate-buffered saline (PBS) was
used as a blank, since it does not possess mucoadhesive prop-
erties (Takeuchi et al. 2005). Both samples, Ca(OH),-NPs and
Ca(OH),-NPs-gel, were left in contact for 5min so adhesion
forces could be established. Subsequently, water was added
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drop by drop in the falcon hawk of the opposite arm of the scale.
Finally, when the limit force was separated from the muco-
sal formulation, the weight of the water added was quantified
(Salunke and Patil 2016).

Mucoadhesive strength (dyne/cm?) was obtained by applying
the following equation, where m is the mass required for de-
tachment in grams, g is the acceleration due to gravity (980cm/
s?), and A is the surface area of mucosa exposed to the formula-
tion (cm?):

mA -
Mucoadhesive strength = Tg

2.6 | Short-Term Stability Test of Ca(OH),-NPs-Gel

Stability of Ca(OH),-NPs-gel was evaluated by analysing the
properties of three individual samples of Ca(OH),-NPs-gel,
and several aliquots were stored at three different tempera-
tures (4°C, 25°C and 37°C). Physicochemical parameters (Z,,,
PI, ZP and EE) were monthly analysed by triplicate, as speci-
fied elsewhere (Elmsmari et al. 2021). Additionally, backscat-
tering (BS) and transmittance (T) profiles were measured each
month using the Turbiscan Lab instrument (Formulaction,
France), which enables the identification of destabilisation
processes such as creaming, sedimentation, flocculation or
coalescence (Celia et al. 2009). This equipment owns a light
source capable of emitting near-infrared light and T and BS
detectors at angles of 45° and 180° from the incident beam, re-
spectively. In this case, a total volume of 10 mL of sample was
placed in a glass measurement cell. BS and T measurements
were performed once a month for 24h at intervals of 1h (Du
et al. 2020; Galindo et al. 2022).

2.7 | Antibacterial Assay

For the antibacterial analysis, an ex vivo model was per-
formed using a method previously described (Teulé-Trull
et al. 2024). Teeth extracted for reasons unrelated to this study
were used after all patients accepted and signed the informed
consent for tooth donation. For the preparation of the teeth,
they were cut using a milling machine (Buehler, USA) and a
teeth-specific cutting guide, allowing high precision and flat
cuts without defects and 5mm height blocks from the teeth
apex. Then, teeth were instrumented with a single file recip-
rocating system (Reciproc R25; VDW, Munich) according to
the manufacturer's instructions up to the working length, and
irrigated with 4mL of NaOCl 4.2% (Heinkel Iberica, Spain).
Subsequently, the teeth were splinted by their axial axis
(n=24) and the blocks were reassembled and coated with nail
polish to seal the block unions. Finally, these teeth were steril-
ised using gas plasma (Sterrad Plasma, Johnson and Johnson,
USA). In order to guarantee sterility of samples, all teeth were
rehydrated on Brain Heart Infusion (BHI) medium (Fisher
Scientific, Waltham, Massachusetts, USA) and incubated at
37°C for 2days, also validating the sterility of all samples by
medium turbidity. Moreover, internal sterility controls were
included to ensure sterility throughout the entire experiment:
an untreated tooth was incubated in BHI and three falcon
tubes containing only with BHI media alone were included.

The media in these controls was replaced in the same manner
and frequency as the experimental groups.

Strains of E. faecalis (CECT 795) were thawed and placed in BHI
for 24h at 37°C, in an anaerobic atmosphere. For bacterial in-
oculation, dentine blocks were placed in wells and allowed to
rehydrate in BHI for 30min. Subsequently, the contents of the
wells were aspirated, and BHI previously mixed with E. faecalis
at an optical density of 0.1 at 600nm was inoculated into each
well. The plate was placed in the incubator at 37°C for 21 days (to
have a mature E. faecalis biofilm), with BHI replacement every
3days. After this time, the dentine blocks were moved to other
clean wells and treatments were applied.

A total of 23 samples were prepared for antibacterial assays. Of
these, 20 samples were randomly assigned to two experimental
groups, while the remaining three served as untreated controls.
Each experimental group received 0.5mL of a specific med-
ication placed in the canal: Group 1 (n=10) was treated with
Ca(OH),-NPs-gel (0.23% Ca(OH),), and Group 2 (n=10) with
Calcicur, a commercially available calcium hydroxide product
with a stated concentration of 45% Ca(OH),. Following a 24-h
incubation period, the samples were rinsed with 1x PBS using
the gravity mode of a pipette controller to avoid turbulent flows.
The samples from each group were then distributed for specific
analyses, with half of the samples from each group allocated to
each analysis type: six for confocal laser scanning microscopy
(CLSM), six for bacterial metabolic activity and eight for scan-
ning electron microscopy (SEM).

For CLMS, six samples (Group 1, n=3; Group 2, n = 3) were an-
alysed by observing three sections of each tooth (coronal, mid-
dle and apical sections) at 3, 6 and 9mm from the apex. Live/
dead staining (Sigma-Aldrich, St. Louis, Missouri, USA) was
used to visualise the samples, which were then studied with a
confocal microscope (Leica Microsystems, USA) at 10X and 63X
magnifications (Teulé-Trull et al. 2024). Images were processed
using LAS X Life Sciences software (Leica Microsystems, USA)
(Tawakoli et al. 2013).

The metabolic activity of bacteria was assessed in six samples
(Group 1, n= 3; Group 2, n=3) using a 7ug/mL resazurin solu-
tion (Sigma-Aldrich, St. Louis, Missouri, USA). Bacteria convert
resazurin into resorufin in the presence of metabolic activity,
inducing colour and fluorescence modification that can be de-
tected by fluorometric and/or UV-Vis absorbance. Then, tooth
samples were rinsed externally with sterile PBS; tooth blocks
were disassembled, covered with 1mL resazurin solution and
incubated for 10min under orbital agitation at 150rpm to en-
hance the solubility of resorufin salt within the dentinal tubules.
Subsequently, the absorbance at 570 and 600nm was measured
using a plate reader (Infinite M Nano+, Tecan). Metabolic activ-
ity was normalised against the untreated bacteria group, which
was considered 100% (Dinh et al. 2023).

Subsequently, eight samples (Group 1, n=4; Group 2, n =4) were
studied using a scanning electron microscope (SEM, JEOL JSM
5410, Tokyo, Japan) at a voltage acceleration of 10kV. To carry
out this study, the specimens were previously coated with a layer
of gold by means of sputtering coating equipment (AGB7340,
Essex, UK).
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2.8 | Statistical Analysis

Statistical analysis of the results was performed using either
Student's t-test or one-way ANOVA, previously confirming
normal distribution (Anderson-Darling test). In the sterili-
sation assays, statistics were performed comparing each pa-
rameter before and after sterilisation using Student's t-test
(overall significance level was set at 0.05, unless otherwise
stated). In the same way, in the EE quantification, expressed
in % of Ca(OH),-NPs-gel evaluated monthly during storage at
4°C, 25°C and 37°C, statistics of the results were performed
comparing each value against the initial timepoint by means
of Student's ¢-test. In the ex vivo mucoadhesive strength, dif-
ferences between groups were analysed by one-way ANOVA.
Sterilisation assays, EE quantifications and ex vivo muco-
adhesive strength were performed by triplicate. Finally, an-
tibacterial assay differences between groups were analysed
by one-way ANOVA. Subsequently, to assess whether there
were significant differences between the different groups in
the ex vivo mucoadhesive strength and antibacterial assay, a
statistical Tukey post-test was carried out (GraphPad Prisma
8.0, Boston, USA). Sample size was calculated using Minitab
v17 (State College, Pennsylvania, USA), data from a previous
publication (Elmsmari et al. 2021) and considering a margin
of error of 10%.

3 | Results
3.1 | Ca(OH),-NPs-Gel Morphology
The developed Ca(OH),-NPs-gel was observed by TEM after

negative staining. In that sense, the visualisation of the NPs
(Figure 1) revealed that Ca(OH),-NPs-gel presented a uniform

spherical shape dispersed in the amorphous thermosensitive gel
without any signs of aggregation or compaction. Furthermore,
NPs Z , was below 200nm, as previously reported using dy-
namic light scattering (DLS). In addition, Z,, of Ca(OH),-NPs-
gel obtained from the images was also analysed, obtaininga Z,,
of 137.3+4.26 nm.

3.2 | Sterilisation Assays

To confirm that the physicochemical properties of Ca(OH),-
NPs-gel were preserved, Z, , PI, ZP and EE were assessed before
and after y- radiation. As it can be observed in Table 1, no sig-
nificant differences were obtained before and after sterilisation.
Therefore, sterilisation did not have a detrimental effect on the
characteristics of the Ca(OH),-NPs-gel, remaining within the

accepted limits.

3.3 | ExVivo Mucoadhesive Strength

Mucoadhesive strength of Ca(OH),-NPs and Ca(OH),-NPs-gel
was also studied and compared. Mucoadhesivity was evalu-
ated either with the formulation in contact with dentine and
Teflon or between two dentine samples (Figure 2). For each
experiment, Ca(OH),-NPs presented values of 691.33 and
920.48dyne/cm?, tooth-teflon and tooth-tooth respectively.
These mucoadhesion strength results were similar to those
obtained in the blank since no mucoadhesion was found. In

the case of Ca(OH),-NPs-gel a mucoadhesive force of 13028.06
tooth-teflon and 19860.31dyne/cm? tooth-tooth was ob-
served. These results indicate that Ca(OH),-NPs-gel produces
a significant increase in mucoadhesive strength (p <0.0001)
against Ca(OH),-NPs.

FIGURE1 | TEM images of Ca(OH),-NPs-gel. Scale bar of 200 and 100 nm respectively.

TABLE1 | Comparison between physicochemical parameters after and before y-radiation.

Z,,*SD (nm) PI+SD ZP +SD (mV) EE+SD (%)
Before sterilisation 157.5+2.7 0.067 £0.015 -31.1+0.4 91.96+3.1
After sterilisation 156.3+1.2 0.087+0.004 —29.2+0.3 83.79+4.2
Statistics ns ns ns ns

Note: Z

av’

PI, ZP and EE are shown. Results correspond to mean +standard deviation (SD). Statistics were performed comparing each parameter before and after

sterilisation using Student's ¢-test (p <0.05). The differences are presented as statistically non-significant (ns) or statistically significant (s).
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FIGURE2 | Comparison of mucoadhesive strength of Ca(OH),-NPs-gel, Ca(OH),-NPs and Blank using (A) Tooth-teflon contact or (B) Tooth-to-
tooth contact. Differences between groups were analysed by one-way ANOVA (****p <0.0001) followed by Tukey post hoc test.

3.4 | Short-Term Stability Test of Ca(OH),-NPs-Gel

The short-term stability of Ca(OH),-NPs-gel was stud-
ied at three storage temperatures, and BS profile, T pro-
file and EE were monthly measured (Galindo et al. 2022;
Thiruchenthooran et al. 2022). As can be observed in
Figure 3A, Ca(OH),-NPs-gel stored at 4°C did not show differ-
ences above 10% in the BS nor T profile even after 8 months of
storage (Figure S1). This indicates that at 4°C, Ca(OH),-NPs-
gel was stable for at least 8 months.

After being stored at 25°C, it was also observed that neither T
nor the BS show an increase of more than 10% during the first
6 months. However, after 6 months, a destabilisation phenome-
non was observed. Therefore, Ca(OH),-NPs-gel may be stored at
this temperature during a limited period of time, being prefera-
ble 4°C as storage temperature. Finally, Ca(OH),-NPs-gel stored
at 37°C showed to be unstable after the first month.

Moreover, as shown in Table 2, in accordance with BS and
T results, EE values at 4°C did not show differences after
8 months of storage. In the case of 25°C, a relevant decrease
in the EE occurs at 5months. Finally, after being stored at
37°C, an important decrease in the EE was observed at the
second month.

3.5 | Antibacterial Assay

To evaluate the antibacterial effect of Ca(OH),-NPs-gel, a live/
dead staining assay was performed. It was analysed with the
combination of FITC (fluorescein isothiocyanate)/Texas Red
interference filter and then was studied with a confocal micro-
scope. FITC was used to distinguish between live and dead cells
in the dental tissue samples observed under a confocal micro-
scope. This technique provides valuable information about cell
viability and the health of the tissue under study. The FITC study

shows strong fluorescence (green), indicating a large number of
bacterial aggregates. As can be observed in Figure 4, the merge
of live/dead staining in the control group is predominantly green
(live) compared to red (damaged cells). Conversely, in the case of
both Ca(OH),-NPs-gel and Calcicur, red staining prevails over
green, indicating an increased concentration of damaged bacte-
ria membranes.

These results can also be observed in Figure 5A, where this
live/dead bacterial staining is reported at higher magnification
and separated by tooth sections. The three tooth sections of the
control groups show a predominance of live bacteria, while in
both Calcicur and Ca(OH),-NPs-Gel there is a predominance
of bacterial death. Comparing these results with those obtained
through the metabolic activity analysis, which would quantita-
tively indicate bacterial inactivation, the results are consistent.
Metabolic activity (Figure 5B) shown by the marketed Ca(OH),
and Ca(OH),-NPs-gel was about 50%, being statistically signif-
icant compared to the control (p <0.001), but there was no sig-
nificant difference between both Ca(OH), groups. However, it
is worth noting that the marketed Ca(OH), concentration was
5% whereas the optimised Ca(OH), NPs-gel contained 0.23% of
Ca(OH),.

Finally, an analysis of bacterial presence was carried out by
SEM 72h after treatment application. According to the data ob-
tained (Figure 6), all groups were covered by a dense E. faecalis
biofilm. The cracks observed in all biofilms are attributed to the
dehydration process required for SEM analysis.

4 | Discussion

Ca(OH),-NPs-gel stands out from other nanoparticle-based
formulations due to its unique combination of enhanced an-
timicrobial activity, improved drug delivery, prolonged thera-
peutic effects and biocompatibility, all within an easy-to-use
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FIGURE3 | Backscattering profiles measured monthly of Ca(OH),-NPs-gel at (A) 4°C, (B) 25°C and (C) 37°C.

gel matrix (Carrélo et al. 2022; Hamidi et al. 2008). NPs were
formed by PLGA polymer since it is a biocompatible and bio-
degradable polymer accepted by regulatory agencies, and the
gel matrix helps to prolong the release of the calcium hydrox-
ide nanoparticles, providing a sustained antibacterial effect
(Haseeb et al. 2016). In addition, the viscosity and density of
the preparation, as well as the type of vehicle used, are deter-
mining factors. Gel-type formulations, due to their increased
viscosity, enable denser and more controlled canal fillings,
thereby reducing the risk of accidental extrusion. Furthermore,
the vehicle employed in commercial calcium hydroxide pastes
may influence their biological safety profile. Recently, Alnaes

et al. (2024) reported that polyethylene glycol, used as a vehi-
cle in commercial calcium hydroxide formulations, may in-
duce anaphylactic shock. To characterise Ca(OH),-NPs-gel, it
was measured by TEM, confirming an NPs average size below
200nm. Ca(OH),-NPs-gel showed a smooth surface and an
average size similar to that acquired by DLS. In fact, the size
obtained by DLS was slightly higher than the size measured
by TEM (157.5+2.7nm and 137.3 +4.26 nm, respectively). This
may be due to the fact that DLS measures the hydrodynamic
radius of the NPs, whereas TEM measures the observed NPs
size (Karow et al. 2015). This is of special importance since NPs
possess a large surface area-to-volume ratio, potentially leading
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TABLE2 | Encapsulation efficiency (EE) expressed in % of Ca(OH),-
NPs-gel evaluated monthly during storage at 4°C, 25°C and 37°C.

Time EE (%)

(months) 4°C 25°C 37°C

0 86.72+£0.27 80.93+£0.11 84.23+0.41
1 80.39£0.28 80.70x0.17 81.09£0.45
2 89.19+0.40 78.30+0.56 75.05+0.45*
3 84.45+£0.12 79.78 £0.10 77.50 £0.14*
4 89.48 £0.38 81.14£0.21 73.84+0.28*
5 87.97+0.5 71.79 £0.12* 58.38 £0.11%**
6 87.32£0.16 69.46 +0.50* —

7 91.61+0.38 74.82+0.10* —

8 87.78+0.11  45.36+0.22%** —

Note: Statistics of the results were performed comparing each value against the
initial timepoint by means of Student's t-test (*p <0.05, ***p < 0.001).

Live

Ca(OH),-NPs-Gel Control

Calcicur ®

200 ym

to a more rapid and extensive release of calcium and hydroxyl
ions, which accelerates the disinfection process (Lungkapinth
and Louwakul 2019). The higher charge density and surface
areas of nanoparticles can also enable greater antibacterial effi-
cacy (Lungkapinth and Louwakul 2019).

Furthermore, sterilisation is a safe and cost-effective method
frequently used in the medical industry to eliminate micro-
organisms and is also a requirement for endodontic medi-
cations (Hasanain et al. 2014; Nasim and Hemmanur 2021;
Ramos Yacasi et al. 2016). However, PLGA is a thermosensi-
tive polymer and cannot be sterilised using autoclave or eth-
ylene oxide; Ca(OH),-NPs-gel was sterilised using y-radiation.
To confirm that physicochemical properties are not affected
by radiation, Ca(OH),-NPs-gel was evaluated before and after
this process. No significant differences were obtained in the
main physicochemical parameters before and after the ster-
ilisation, confirming that Ca(OH),-NPs-gel was suitable for
y-irradiation, preserving their physicochemical properties
(Hasanain et al. 2014).

Dead Merge

FIGURE4 | Antibacterial capacity. Confocal microscopy images taken at 10x of live/dead stained dentine blocks 24 h after placing Ca(OH),-NPs-

gel, Calcicur and control, split between live, dead and the merge of the both stains.
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| Antibacterial capacity. (A) Confocal microscopy images at 63x magnifications of live/dead stained dentine blocks 24 h after placing

Ca(OH),-NPs-gel, Calcicur or control at 63X magnification. (B) Metabolic activity on dentine blocks 24 h after placing Ca(OH),-NPs-gel, Calcicur or
control. Differences between groups were analysed by one-way ANOVA (**p <0.001) followed by Tukey post hoc test.

Mucoadhesive strength of sterile Ca(OH),-NPs-gel was also
evaluated. In this regard, there were no significant differ-
ences between Ca(OH),-NPs and the blank control. This was
expected since Ca(OH),-NPs in liquid form do not possess
mucoadhesive properties (Dumortier et al. 2006; Rahman
et al. 2014). In fact, the mucoadhesion strength obtained by
the blank may be a result of the force produced by the surface
tension of the liquid (Kleinheins et al. 2023). Upon contact
inside the tooth at body temperature (37°C), the Ca(OH),-
NPs-gel undergoes thermal gelation due to the aggregation

of PA 407 copolymer chains into micellar structures (Folle
et al. 2021; Giuliano et al. 2020)—initiated by the dehydra-
tion of its polypropylene oxide units—thereby significantly
enhancing mucoadhesive strength and improving retention
(Fakhari et al. 2017). Moreover, a slight increase in mucoad-
hesion strength is observed in the case of the assay carried out
with the tooth-tooth contact surface. This could be due to the
fact that the tooth is a more porous surface than the teflon, so
that the Ca(OH),-NPs-gel would increase its adhesion when
introduced into these pores. Ca(OH),-NPs-gel showed a high
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FIGURE 6 | Scanning electron microscopy (SEM) analysis of bacteria on the root canal surface, 72h after treatment.

mucoadhesion compared with Ca(OH),-NPs, but at the same
time, not as high as other gels (Morsi et al. 2017), allowing
the Ca(OH),-NPs-gel to flow and distribute into the tooth and
reach deeper into the canals (Giuliano et al. 2018). In addition,
the formulation's thermosensitive properties allow the irriga-
tion in liquid form inside the root canal, only increasing its
viscosity in contact with body tissues (Husain 2018).

Short-term stability was also evaluated at three different tem-
peratures, thus demonstrating that at 4°C, Ca(OH),-NPs-gel
was stable for 8 months after its production. This temperature
is commonly used to preserve NPs for a long period of time
(Abdelwahed et al. 2006). These results agree with other studies
carried out with PLGA NPs, where 4°C is the preferable storage
temperature (Dong et al. 2006; Esteruelas et al. 2023; Galindo
et al. 2022; Sanchez-Lopez et al. 2016). Moreover, at 25°C the
results show that Ca(OH),-NPs-gel remains stable for 5months.
This is especially relevant since Ca(OH),-NPs-gel may be trans-
ported at 25°C but afterwards stored for long periods at 4°C.
Finally, it is worth noting that at 37°C, Ca(OH),-NPs-gel was
not stable. This may be due to PLGA's thermosensitive profile,
since, as demonstrated in other studies, this storage temperature
may cause its degradation (Kumar et al. 2012).

Since the present formulation is aimed to act as antibacterial, its
therapeutic efficacy was assessed ex vivo. It has been previously

elucidated that the antibacterial effect of Ca(OH), occurs through
the release of oxidising hydroxyl ions (Wang et al. 2012). These
free radicals act on bacteria where they denature proteins, dam-
age the cytoplasmic membrane and damage DNA (Dizdaroglu
and Jaruga 2012). However, a possible complication in the action
of hydroxyl ions is the buffering effect of dentine and hydroxy-
apatite against alkaline substances such as Ca(OH),, leading to
a substantial decrease in the antibacterial capacity of Ca(OH),
(Mohammadi and Dummer 2011; Sathorn et al. 2007; Teoh
et al. 2018). The studies performed showed that Ca(OH),-NPs-
gel preserves the effect of Calcicur without showing signifi-
cant differences between both formulations. These results are
in line with the results obtained using the live/dead staining,
thus demonstrating that Ca(OH),-NPs-gel showed similar anti-
bacterial properties to Calcicur but, as previously demonstrated,
Ca(OH),-NPs-gel was able to achieve a prolonged release and
increased penetration (Roig et al. 2024). In previous studies de-
veloped by Leelapornpisid et al. (2024), Ca(OH),-NPs showed
superior bacterial reduction against free Ca(OH),. However, the
formulation assessed contained 6.5 times higher concentration
of Ca(OH),, and different bacterial strains (including Candida
albicans and Streptococcus gordonii) were tested, which hinders
the direct comparison with our results. These differences high-
light the need for future studies to include a broader spectrum of
endodontic pathogens to fully evaluate the antibacterial poten-
tial of Ca(OH),-NPs-gel.
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Moreover, the activity against biofilms was also assessed by
SEM. After 72h of the treatment application (either Calcicur and
Ca(OH),-NPs-gel), qualitative observation through SEM showed
a decrease in the number of colonies and aggregates compared
to the control, but some stable and mature biofilms were still
observed. The dentine buffer may be preventing its effect from
being complete, seeing this remaining biofilm in places such
as the apical section (Mohammadi and Dummer 2011; Sathorn
et al. 2007; Teoh et al. 2018). In addition, in a previous publi-
cation, it was demonstrated that Ca(OH),-NPs-gel was able to
penetrate further than Ca(OH),-NPs (Roig et al. 2024) and this
fact may increase the potential antibacterial effect. However, fu-
ture studies should focus on validating these findings in more
clinically relevant models, such as in vivo settings.

Ca(OH),-NPs-gel formulation represents a nanotechnological
advancement in intracanal medication. The main limitation of
conventional Ca(OH), is its limited penetration into dentine tu-
bules and bacterial niches (Wang et al. 2012). In this sense, our
previous study demonstrated that nanoparticles exhibited sig-
nificantly greater penetration into the tubules (Roig et al. 2024).
Direct contact with bacteria inside their habitats is crucial.
Additionally, the thermosensitive gel dispersion allows for pro-
longed and controlled release, thereby maintaining a therapeutic
concentration for a longer period. The gel formulation contained
only 0.23% Ca(OH),, whereas the commercial formulation used
contained 45% of the active compound. Achieving comparable
antibacterial efficacy with approximately 200 times less active
ingredient represents a significant benefit, as it could reduce
systemic exposure and the likelihood of adverse effects. Notably,
Ca(OH),-NPs-gel achieved similar antibacterial effects to the
commercial formulation despite using approximately 200 times
lower Ca(OH), concentration (0.23% vs. 45%). This sustained
and controlled release (Roig et al. 2024) may reduce the need for
retreatment and minimise potential side effects, offering prac-
tical advantages for both clinicians and patients (Heng 2018;
Jain 2020; Roig et al. 2024). Besides, the formulation exhibits a
greater penetration capacity than the free drug in the innermost
areas of the tooth, where root canals are smaller. The fact that
the Ca(OH),-NPs gel reaches the deeper areas is crucial, as this
is one of the main drawbacks of current Ca(OH), drugs, as they
are unable to eliminate bacteria in this area due to their inabil-
ity to access to the most apical sections of root canals (Song and
Ge 2019; Yohan and Chithrani 2014).

According to literature (Hauman and Love 2003; De Moor and
De Witte 2002; Nelson Filho et al. 1999), the periapical extru-
sion of conventional calcium hydroxide carries serious and un-
predictable clinical risks. Reported consequences may include
tissue necrosis (Kim et al. 2009), significant neurological injury
(Ahlgren et al. 2003), foreign body granuloma or cyst formation
and antrolith development (Bramante et al. 2008). The severity
of these lesions is attributed to the direct contact of the highly al-
kaline material with vital tissues, which in turn affects the local
concentration and activity of the compound.

In the evaluation of a new intracanal medication, it would be
important to investigate its removability due to its unique prop-
erties. The novel thermosensitive gel formulation differs from tra-
ditional pastes, and the vehicle may affect Ca(OH), removal. The

greater penetration of the gel into the dentinal tubules, reaching
deeper areas, is beneficial for disinfection, but can also make it
difficult to completely remove the material. While enhanced mu-
coadhesion may favour intracanal retention, it may also hinder
removal. Therefore, future studies should thoroughly investigate
the removal of new intracanal medicaments, and a deep analysis
of removability is therefore essential before clinical use.

Therefore, in this article, the development and characterisation
of a novel formulation based on gel-dispersed biodegradable
nanoparticles able to encapsulate Ca(OH), was performed, and its
antimicrobial performance was assessed ex vivo. Ca(OH),-NPs-
gel constitutes not only a novel paradigm in endodontic disin-
fection but also provides a smart approach to obtain a prolonged
Ca(OH), release with increased mucoadhesivity, which enhances
nanoparticles’ penetration into dentinal tubules, providing suit-
able antimicrobial performance with a formulation containing
around 200-fold less amount of active compound than the mar-
keted available pastes. Additionally, it is worth noting that al-
though Ca(OH),-NPs-gel requires a multi-step production as well
as extensive physicochemical characterisation, their cost is rel-
atively low compared with other types of nanoparticles. Despite
the results obtained, the present research is limited to the study of
the physicochemical parameters of the formulation and its ex vivo
antimicrobial capacity. In this area, further experiments using ad-
ditional timepoints, removal of intracanal medication, biocompat-
ibility and cytotoxicity studies, and in vivo models of endodontic
infection compared with the current marketed available products
will be required in order to corroborate the disinfection capacity
performance of Ca(OH),-NPs-gel.

5 | Conclusion

A nanotechnological formulation for endodontic disinfection
based on biodegradable nanoparticles dispersed in a thermo-
sensitive gel containing calcium hydroxide (Ca(OH),-NPs-
gel) was developed and characterised. Morphological studies
showed that Ca(OH),-NPs-gel owned a nanometric particle size
below 200nm with a smooth surface and no aggregation signs.
Moreover, Ca(OH),-NPs-gel presented enhanced mucoadhe-
sive strength against Ca(OH),-NPs. Furthermore, even though
Ca(OH),-NPs-gel contains less Ca(OH), amount than the mar-
keted formulation, it exhibits an ex vivo antibacterial effect sim-
ilar to the commercial Ca(OH),.
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