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Resumen

El estudio se centr6 en la formacion de biopeliculas utlizando
microorganismos aislados de tratamientos endodoénticos fallidos (Enterococcus
faecalis, Candida albicans y Actinomyces israelii) utilizando un modelo de estudio
gue emula las condiciones clinicas de desarrollo de biopeliculas en raices dentales,
caracterizacion quimica y microbiologica de sus componentes, asi como evaluacién
un nuevo protocolo de irrigacion final para el tratamiento de dichas biopeliculas.

Se utilizaron técnicas como la espectroscopia Raman y la cromatografia
liquida de alta presion (HPLC) para identificar los componentes quimicos, asi como
microscopia electrénica de barrido (MEB) para conocer su topografia. Se evaluo la
eficacia del protocolo de irrigacion en términos de desinfeccion de los conductos

radiculares, asi como la viabilidad celular en respuesta a los agentes utilizados.

Palabras clave: substancia polimérica extracelular; biorreactor; endodoncia;
tratamiento de conductos; biopelicula; Enterococcus faecalis; Actinomyces israelii;

Candida albicans.
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Abstract

The study was centered on the formation of biofilms using microorganisms
isolated from failed endodontic treatments (Enterococcus faecalis, Candida albicans
and Actinomyces israelii) using a study model that emulates the clinical conditions
of biofilm development in dental roots, chemical and microbiological characterization
of their components, and the evaluation of a new final irrigation protocol for the
treatment of endodontic biofilms.

Techniques such as Raman spectroscopy and high pressure liquid
chromatography (HPLC) were used to identify the chemical components, and
scanning electron microscopy (SEM) to determine their topography. The efficacy of
the irrigation protocol was evaluated in terms of root canal disinfection, including the

cell viability in response to the agents used.
Keywords: extracellular polymeric substance; bioreactor; endodontics; root

canal treatment; biofilm; Enterococcus faecalis; Actinomyces israelii; Candida

albicans.
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Estudio de matriz polimérica extracelular de biopelicula multiespecie
de origen odontogénico
1. Introduccion

Las biopeliculas son comunidades de microorganismos adheridas a
superficies que se componen de una matriz polimérica extracelular (EPS) con
funciones protectoras, adhesion y resistencia. En endodoncia, las biopeliculas son
responsables de dafiar la pulpa e infectar el conducto radicular. Patbgenos como
E.faecalis, C albicans y A israelii contribuyen al desarrollo de biopeliculas complejas
de alta resistencia.

El tratamiento de las infecciones endoddnticas implica una serie de pasos de
limpieza quimio-mecanica para eliminar los tejidos necroticos y las biopeliculas,
preparando la conservacion del diente. EI NaClO es la primera para la desinfeccion
del diente debido a la compleja anatomia del conducto y biopeliculas altamente
resistentes, sin embargo, NaClO puede ser toxico y dafiino para los tejidos orales.
Multiples opciones alternas incluyen antibiéticos, acido citrico, soluciones activadas
electroquimicamente, enzimas y solucion hiperosmoética que ha mostrado
importantes efectos antimicrobianos.

2. Objetivo

El objetivo del trabajo fue caracterizar biopeliculas, asi como el estudio de la
eficacia antimicrobiana de un nuevo protocolo de irrigacion final sobre dichas
biopeliculas y su toxicidad en células humanas. Pretendiendo ofrecer una
alternativa segura y eficiente a las técnicas convencionales de desinfeccion.

3. Materiales y Métodos

3.1 Estandarizacién de biopeliculas

3.1.1Preparacion del inoculo

Se utilizaron cepas clinicas de E.faecalis, A. israelii y C.albicans aisladas de
tratamientos endodonticos fallidos. Se prepardé un inéculo, evaluando medios de
cultivo: infusién cerebro corazén (BHI), Dextrosa Sabouraud (SD) y una mezcla.

3.1.2 Desarrollo de biopeliculas en el modelo de estudio

En el estudio se seleccionaron 55 raices de primeros molares mandibulares
con criterios especificos de longitud (10 mm) y curvatura radicular (menores a 20°).

1
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Las raices se estandarizaron y limpiaron mediante conformacion, limpieza por
ultrasonido y esterilizacién. Las biopeliculas se generaron en un reactor de flujo
continuo (DFR) a condiciones de flujo continuo (0.82 L/min) y anaerobiosis.

3.2 Evaluacion de la composicidon de la biopelicula

Se desarrollaron biopeliculas durante diferentes intervalos (12, 24, 32, 48 y
60 h) y se evaluo la composicion microbiolégica de la biopelicula mediante conteo
de unidades formadoras de colonia (UFC), la caracterizacién topografica fue
realizada mediante microscopia electrénica de barrido (MEB). Ademas, se empled
espectroscopia Raman para caracterizar los grupos funcionales en biopelicula y
microorganismos en estado planctonico; asi como analisis de carbohidratos en las
biopeliculas mediante cromatografia liquida de alta resolucion (HPLC).

3.3 Evaluacion del protocolo de irrigacion

3.3.1 Preparacion de modelos de estudio

El desarrollo se llevé a cabo como lo sefialado en el punto 2.1 por 48 h.

3.3.2 Aplicacion de los protocolos de irrigacion final

Los protocolos de desinfeccion se dividieron en siete grupos, cada uno de los
cuales utiliz6 una combinacion diferente de soluciones para la irrigacion. Estas
soluciones incluian diferentes concentraciones de NaClO, una solucion
hiperosmoética (HS) y una mezcla de enzimas hidrolasas (HEM) de Trichoderma

reesei. Las secuencias de irrigacion de cada grupo fueron las siguientes:

A | Control Sin irrigacion
B | NaClO 2.25% NaClO 2.25%, NaCl 0.85%, EDTA 17% y de NacCl
0.85%
C | NaClO 1% NaClO 1%, NaCl 0.85%, EDTA 17% y NacCl
0.85%.
HS HS y NaCl 0.85%
E |HEM 100 U/mL + 1% | HEM 100 U/mL, NaCl 0.85%, NaClO 1% y NaCl
NaClO 0.85%
F | HEM 100 U/mL + HS HEM 100 U/mL, NaCl 0.85%, HS y NaCl 0.85%
HEM 100 U/mL HEM 100 U/mL y NaCl 0.85%

Velazquez Moreno S.



3.3.3 Evaluacion de desinfeccion

Para la evaluacion del recuento de UFC, se recogieron muestras de los
conductos radiculares, se determiné el nimero de UFC y se establecio la reduccion
logaritmica con respecto al control. El MEB se utiliz6 para visualizar la eliminacién
de la biopelicula de los conductos.

3.3.4 Evaluacioén de biocompatibilidad

La viabilidad celular se evalu6 mediante dos ensayos. En el ensayo
vivo/muerto se utilizé calceina y homodimero de etidio (EthD-1) para evaluar la
viabilidad celular tras la exposicion a los protocolos de irrigacion. El ensayo MTT se
realizé para determinar el efecto de los compuestos sobre la viabilidad celular.

4, Resultados

4.1 Estandarizacion de biopeliculas

Se identifico que el medio de cultivo mas adecuado para el crecimiento de
los microorganismos estudiados fue el BHI.

4.1.2 Evaluacion de la composicion de la biopelicula

La composicion microbiologica de la biopelicula multiespecie expuso que E.
faecalis tuvo un desarrollo superior a los otros microorganismos. Mientras que las
imagenes por MEB revelaron que E. faecalis se establecio primero en el conducto
radicular, seguido de la presencia de levaduras después de 32 h. A las 48 h, las
comunidades estaban cubiertas y secretaban EPS en la superficie microbiana,
indicando una biopelicula madura.

En cuanto a la caracterizacion por espectroscopia Raman, las bandas con
mayor intensidad correspondian a enlaces glucosidicos, p-galactosidasa,
polisacaridos y DNA/RNA.

La caracterizacion de carbohidratos revel6 la presencia de sacarosa, glucosa
y manosa, tras una hidrdlisis, se observé un aumento en los niveles de glucosa y
manosa, sugiriendo la presencia de polisacaridos formados por estas unidades.

4.2 Evaluacién del protocolo de irrigacion

4.2.1 Evaluacion microbioldgica de desinfeccion
El grupo A, control, mostr6 un crecimiento microbiano de 5.34 Logl0 UFC/mL,

mientras que el grupo B no mostré crecimiento microbiano, como similarmente
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sucedio en los grupos C (0.01 Log10 UFC/mL), E (0.02 Log10 UFC/mL) y F (0.01
Log10 UFC/mL). Sin embargo, los grupos D y G tuvieron un significativo desarrollo
microbiano de 3.36 Log10 UFC/mL y 4.87 Log10 UFC/mL respectivamente.

Los grupos B, C, E y F tuvieron efectos antimicrobianos cercanos al 100%,
mientras que los grupos D y G mostraron efectos antimicrobianos bajos.

Las micrografias mostraron la eficacia de los protocolos B, E y F, con una
nula carga de microorganismos como el grupo control. Por otra parte, el grupo C
presentaba disminuciéon de microorganismos, aunque el grupo D mostré cocos y
levaduras cubiertos por EPS, por ultimo, el grupo G mostr6 microorganismos
presentes en la superficie y en el interior de los tubulos.

4.2.2 Evaluacion de viabilidad celular
El ensayo vivo/muerto mostré una elevada viabilidad celular en los grupos D, Fy G,
similar a la del grupo de control. Mientras que las células irrigadas con NaClO, solo
0 en combinacion, presentaron una viabilidad baja. El ensayo MTT confirmo
diferencias significativas entre los grupos tratados con NaCIlO y el grupo no irrigado.

5. Discusion

El estudio empleé un modelo de raiz dental con cepas anaerobias en
reactores estandarizados, con el objetivo de reproducir condiciones que se
asemejen a las condiciones clinicas. Pocos estudios han investigado las
biopeliculas multiespecie anaerdbicas, por lo que la composicion y estructura de las
biopeliculas de este estudio son valiosas para futuras investigaciones.

Se identificé que E. faecalis es el microorganismo principal en la biopelicula.
Esto podria estar relacionado con los factores de patogenicidad de E. faecalis, tales
como la adhesina de colageno, ya que la dentina estd compuesta por agua,
hidroxiapatita y colageno tipo I.

Se ha sugerido que E. faecalis produce una enterocina que inhibe la
formacion de hifas de C. albicans. Esta situacion podria explicar la ausencia de hifas
y el desarrollo de levaduras en sitios donde E. faecalis tenia poco desarrollo, esto
coincide con informes que describen los diferentes nichos ecoldgicos en el conducto

radicular con evidencia de que ambas cepas cohabitan el conducto periapice.
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En cuanto a la caracterizacion quimica del EPS, se revel6 la presencia de -
galactosidasa, una enzima presente en Enterococo que cataliza la hidrdlisis de
galactésidos a monosacaridos. Ademas, se identificé la banda caracteristica del
enlace glucosidico, lo que indica la presencia importante de moléculas formadas por
dos o mas unidades de carbohidratos simples. El andlisis de carbohidratos revelé la
presencia mayoritaria de manosa y glucosa, lo que sugiere la presencia de
polisacéridos formados por ambos azucares, en su mayoria manosa. Se infiere que
la unién de manosa y glucosa es un enlace 3 (1— 4) ( punto de accion de la enzima
utilizada), lo que podria ser glucomanano, componente esencial en hongos.

Con respecto al protocolo de irrigacién propuesto, se puede decir que la
irrigacion con NaClO, solo o combinado con la mezcla de enzimas, demostro una
elevada capacidad de desinfeccion. Un estudio de Hoedke et al. también respaldo
la eficaz accidon antimicrobiana del NaClO contra las biopeliculas multiespecie.

Interesantemente, la evaluacion de desinfeccion indicé que el uso combinado
de HS y HEM (grupo F) elimind eficazmente microorganismos y barrillo dentinario,
dejando una superficie limpia y tubulos permeables. La combinacion de ambas
soluciones indujo un efecto antimicrobiano sinérgico similar al del NaClO, ya que la
disgregacion de la EPS por la enzima, permitié que los microorganismos fueran
expuestos en forma plancténica a HS, como lo descrito por Galdamez-Falla y cols
en 2019, donde dicha solucion fue efectiva eliminando a E.faecalis y C.albicans.

La evaluacion de viabilidad demostré6 que las soluciones de NaClO son
altamente toxicas para los fibroblastos, esta toxicidad podria dafar los tejidos
dentales, lo que podria conducir al fracaso de la restauracion y el tratamiento.
Mientras HS, HEM vy el protocolo combinado HS + HEM mostraron una alta
viabilidad celular, cumpliendo el requisito de preservar el érgano dental.

Las biopeliculas en los conductos radiculares son dificiles de eliminar debido
a su anatomia compleja. Los agentes que alteran la estructura del EPS ofrecen una
solucién en zonas donde la accion mecéanica es limitada.

6. Conclusion
En este estudio se estim6 la proporcion de los tres microorganismos

relacionados en los procesos infecciosos en la cavidad bucal, los cuales crecieron
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en condiciones que simulaban el canal radicular, de esta biopelicula multiespecie
se destaco la prevalencia de E. faecalis. La prevalencia de E. faecalis se reflejé en
la composicion quimica del EPS, donde la [B-galactosidasa fue descrito. Se
identificaron carbohidratos simples como constituyentes del EPS, que podrian ser
parte de glucomananos provenientes de las levaduras.

Este estudio representa un paso importante hacia la comprension de la
naturaleza de las biopeliculas multiespecie, o que podria influir en la generacion de
nuevas técnicas de desinfeccion del conducto radicular, ya que se sabe que NaCIlO
tiene un buen efecto de desinfeccion, sin embargo, es toxico.

El protocolo de irrigacion final con enzimas (HEM) vy soluciones
antimicrobianas biocompatibles (HS) propuesto mostré una eficacia de comparable
a la del protocolo convencional de NaClO y EDTA.

En consecuencia, el protocolo de irrigacion combinado ofrece una alternativa
prometedora y segura para el tratamiento del conducto radicular. Dicha evidencia
debera ser comprobada con futuros estudios para considerar el uso en humanos.
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Extracellular polymeric matrix study of multi-species-biofilm obtained

from odontogenic infection.

Abstract

The study was centered on the formation of biofilms using microorganisms
isolated from failed endodontic treatments (Enterococcus faecalis, Candida albicans
and Actinomyces israelii) using a study model that emulates the clinical conditions
of biofilm development in dental roots, chemical and microbiological characterization
of their components, and the evaluation of a new final irrigation protocol for the
treatment of endodontic biofilms.

Techniques such as Raman spectroscopy and high pressure liquid
chromatography (HPLC) were used to identify the chemical components, and
scanning electron microscopy (SEM) to determine their topography. The efficacy of
the irrigation protocol was evaluated in terms of root canal disinfection, including the

cell viability in response to the agents used.

Keywords: extracellular polymeric substance; bioreactor; endodontics; root
canal treatment; biofilm; Enterococcus faecalis; Actinomyces israelii; Candida

albicans.

1. Introduction
Biofilms are surface-attached communities of microorganisms consisting of
microorganisms embedded in an extracellular polymeric matrix (EPS) consisting of
water and components such as carbohydrates, proteins, fatty acids, and nucleic
acids. This chemical composition influences their protective function, adhesion and
resistance to environmental or antimicrobial factors. There are more than 600
microbial species in the oral cavity, while up to 20 species may be present in the root

canal. In endodontics, biofilms are an important cause of dental disease; a specific
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group of microorganisms in planktonic form are responsible for damaging the pulp,
colonizing and infecting the root canal, and forming biofilms that resist eradication.
These pathogens, dominated by strict anaerobes, facultative anaerobes and yeasts
such as Enterococcus faecalis, Candida albicans and Actinomyces israelii,
contribute to the development of complex biofilms that are resistant to immune
responses and antimicrobial agents.

The use of standardized bioreactors and anaerobic conditions makes it
possible to simulate the conditions under which microorganisms form a biofilm in the
root canal in terms of microbial species, nutrient medium, temperature and flow,
factors that may limit the replication of clinical conditions. The importance of
standardizing biofilm formation in endodontics lies in the characterization and search
for treatment alternatives. The chemical composition of the EPS of multispecies
biofilms in these infections could be used as a target for treatment of canals for their
disintegration.

Endodontic treatment involves a series of chemomechanical cleaning steps
to remove necrotic tissue and biofilm infections in preparation for tooth preservation.
In this cleaning process, sodium hypochlorite (NaClO) is the dentist's irrigation
solution of choice, and ethylenediaminetetraacetic acid (EDTA) is used to remove
inorganic smear layers in the final irrigation during root canal treatment. And while
these solutions are highly effective in controlling intracanal infections, due to
complex canal anatomy and highly resistant biofilms, it is critical to develop
alternative irrigation protocols as NaClO can be toxic and harmful to oral tissues.
Several options include antibiotics, citric acid, electrochemically activated solutions,
enzymes such as cellulases, and hyperosmotic solutions based on sodium and
potassium salts, which have shown significant antimicrobial effects against
planktonic bacteria.

The objective of the work is to produce and characterize standardized biofilms
generated in bioreactors to understand their composition and the relationship
between microorganisms in the root canal, as well as to study the antimicrobial
efficacy of a new final rinse protocol on anaerobic biofilms while ensuring low toxicity

to human cells. By investigating the efficacy of this protocol, it is intended to provide
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a safer and more efficient alternative to conventional root canal disinfection

techniques.

2. Materials and methods
2.1 Standardization of biofilms
2.1.1 Preparation of Inoculum

Clinical strains of Enterococcus faecalis, Actinomyces israelii, and Candida
albicans isolated from patients with failed endodontic treatments and apical
periodontitis were utilized for this study. The identification of strains was performed
via biochemical tests and chromogenic media.

An inoculum of microorganisms was prepared in a planktonic state, with
representative concentrations defined for each strain (mixed culture 1 and 2). Three
different culture media were evaluated, including brain heart infusion (BHI),
Sabouraud Dextrose (SD), and a BHI-SD mixture. Microbial growth was quantified
using optical density and CFU counts in specific media to determine the optimal

mixture of microorganisms and culture medium for development.

2.1.2 Development of biofilms in the study model
The study analyzed 61 mandibular first molar roots, chosen based on length
(10 mm) and root curvature (less than 20°). The roots underwent a standardized
cleaning process, including filing for shaping, ultrasonic cleaning with EDTA and

NaClO solutions, and steam pressure autoclaving.

Biofilms were produced in a continuous flow reactor (DFR) that replicated
clinical root canal conditions (0.82 L/min continuous flow and anaerobic conditions)
flowing downward towards the apex of the roots. The three microorganisms, which
were in a planktonic state, were introduced into a CDC reactor to activate the genes
responsible for the formation of biofilms 24 h prior to the development of continuous

flow biofilms.
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2.2. Evaluation of Biofilm Composition
Twenty human dental roots were utilized as substrates and biofilms were
developed for varying intervals (12, 24, 32, 48, and 60 hours). To evaluate the
microbiological composition of the biofilm at different times, serial dilutions and
cultures in specific media were conducted followed by a colony forming unit (CFU)
count. Moreover, topographical characterization was carried out through scanning
electron microscopy (SEM) on selected roots at different stages of development.

Raman spectroscopy was utilized in a HORIBA Xplora Plus equipment with a
laser spot diameter of 1197.1 nm and a wavelength of 532 nm, along with a
numerical aperture of 0.40/100x, to characterize the functional groups within
samples of three root biofilms and the planktonic state microorganism mixture. High-
performance liquid chromatography (HPLC) was also employed to analyze the
carbohydrates present in seven root canal biofilms. Prior to analysis, an extraction
was performed according to the method outlined in Strieth et al. 2021, the separation
and identification were performed using an Aligent Technologies 1260 Infinity
instrument and a BIO RAD Aminex HPX-87H column within a spectral range of 190.0
nm to 400.0 nm.

2.3 Evaluation of Irrigation Protocols
2.3.1 Study Model Preparation
Biofilm development in the root canal was carried out according to the

procedure described in section 2.1 on 28 roots for 24 h.

2.3.2 Application of Final Irrigation Protocols
After the root biofilms were formed, the root canal disinfection protocols were
divided into seven groups, and three biofilm-free control roots were used for each

group, with each group using a different protocol.

A combination of irrigation solutions was used, consisting of varying
concentrations of NaClO (1% and 2.5%), a hyperosmotic solution (HS), and a
mixture of hydrolase enzymes (HEM) derived from Trichoderma reesei. The

specifics for the irrigation sequences and volumes can be found detailed below.
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The final sequences evaluated were as follows:

Control No irrigation
B | NaCIlO 2.25% 5 mL of NaClO 2.25%, 2 mL of NaCl 0.85%, 5 mL of
EDTA 17% and 2 mL of NaCl 0.85%
C | NaClO 1% 5 mL of NaClO 1%, 2 mL of NaCl 0.85%, 5 mL of EDTA
17% and 2 mL of NaCl 0.85%.
HS 5 mL of HS and 2 mL of NaCl 0.85%
E | HEM 100 U/mL + | 5 mL of HEM 100 U/mL, 2 mL of NaCl 0.85%, 5 mL of
1% NaClO NaClO 1% and 2 mL of NaCl 0.85%
F | HEM 100 U/mL + | 5 mL of HEM 100 U/mL, 2 mL of NaCl 0.85%, 5 mL of
HS HS and 2mL of NaCl 0.85%
G | HEM 100 U/mL 5 mL of HEM 100 U/mL and 2 mL of NaCl 0.85%

NacCl refers to sodium chloride, EDTA stands for ethylenediaminetetraacetic
acid, NaClO refers to sodium hypochlorite, HEM refers to hydrolase enzyme mixture,

and HS stands for hyperosmotic solution.

2.3.3 Disinfection Evaluation
The protocols were assessed using two methods: colony forming unit (CFU)
count and scanning electron microscopy (SEM) as previously described. Samples
were obtained from the root canals using paper points for CFU count evaluation.
Subsequently, the Milles and Misra method was employed to conduct dilutions, and
the inoculated Petri dishes were cultured for 24-48 h. The CFU number was
eventually calculated and compared with that of the control group. SEM was used to

visualize biofilm removal from root canals in each irrigation group.

2.3.4 Biocompatibility Evaluation
Cell viability was evaluated using two assays: the live/dead assay and the
MTT assay. A skin fibroblast cell line was exposed to the seven irrigation groups for
a duration of 2 minutes with cell-irrigant contact. The live/dead assay was conducted
using calcein and ethidium homodimer (EthD-1) to detect cell viability after exposure

13
Velazquez Moreno S.



to the irrigation protocols. The MTT assay was performed to determine the effect of

the compounds on cell viability metabolism.A

3 Results
3.1 Biofilm standardization
BHI was identified as the most appropriate culture medium for growing the
microorganisms under study. The mixed culture 2, composed of 15% E. faecalis,
50% A. israelii, and 35% C. albicans, demonstrated the highest growth rate. A 0.5
McFarland suspension was prepared by combining 150 pL of E. faecalis (1x108
CFU/mL), 500 pL of A. israelii (1x108 CFU/mL), and 350 uL of C. albicans (1x10°
CFU/mL) in BHI. The mixture was agitated to turbulent flow in the CDC reactor to

activate biofilm-forming genes.

3.1.2 Evaluation of biofilm composition
3.1.2.1 Microbiological composition
The microbiological composition of the multispecies biofilm produced in the
root canal, as determined by CFU count, indicated that E. faecalis exhibited better
growth than other microorganisms at all stages of biofilm development. Microscopic
images obtained through SEM revealed that E. faecalis was present in the root canal
before the appearance of yeasts at the 32-hour mark. The microbial communities
were abundant and multilayered, causing the once-permeable tooth tubes to

become impermeable as development progressed. By the 48-hour mark, the
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communities were covered in a coating that secreted EPS on the microbial surface,
signaling the presence of a mature biofilm.
3.1.2.2 Chemical Composition

In the characterization via Raman spectroscopy, the bands in the biofilms
were observed to have higher intensity than in the microbial planktonic state. The
identified bands were related to proteins, lipids, nucleic acids, and carbohydrates,
with the bands showing higher intensity corresponding to glycosidic bonds, -
galactosidase, polysaccharides, and DNA/RNA.

According to carbohydrate characterization by HPLC, sucrose, glucose, and
mannose were present in the water-soluble fractions of EPS. After undergoing
enzymatic hydrolysis, there was a rise in glucose levels, signifying the existence of
compounds that resulted from the union of glucose units. In the fraction which was
insoluble in water and was subjected to the hydrolytic enzyme, notable quantities of
glucose and mannose were discovered, which indicates the occurrence of

polysaccharides composed of these simple carbohydrate units.

3.2 Evaluation of the Irrigation Protocol
3.2.1 Microbiological Evaluation of Disinfection
3.2.1.1 Evaluation of Disinfection by CFU Count
The following observations were made after analyzing the biofilm roots

following exposure to the irrigation protocols. Additionally, consistent citation and

I * % 1

! . . ! footnote style were used.
* %

I Sk 1

— 1 Finally, precise word

choice was prioritized,
and subject-specific
vocabulary was utilized

where applicable.

Log 10 CFU/mL
w

Group A (control)
exhibited a microbial
growth of 5.34 Logl0
CFU/mL.
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Group B (2.25% NaClO) demonstrated no microbial growth, whereas Group
C (1% NaClO) displayed a growth of 0.01 Log10 CFU/mL.

Group E (EMH 100 U/mL + NaClO1%) exhibited a growth of 0.02 Logl0
CFU/mL. Meanwhile, Group F (EMH 100 U/mL + HS) showed low growth (0.01
Logl10 CFU/mL).

Group D (HS) showed a growth of 3.36 Log10 CFU/mL and lastly, Group G
(HEM100 U/mL) presented a significant growth of 4.87 Log10 CFU/mL.

Groups B, C, E, and F exhibited almost complete antimicrobial effects, while
groups D and G demonstrated low antimicrobial effects.

3.2.1.2 Evaluation of disinfection by SEM

Micrographs depicted the effectiveness of different techniques in eliminating
biofilms.

The control group without intervention exhibited a biofilm-free surface,
whereas the experimental group with an undisturbed biofilm (A).

Group B (2.25% NaClO) and groups E and F (with EMH) demonstrated
surfaces devoid of microorganisms.

Group C (1% NacClO) displayed a reduction in microorganisms, and Group D
(HS) exhibited cocci and yeasts covered by EPS, potentially indicating the existence
of dead microorganisms. On the other hand, Group G (HEM100 U/mL) demonstrated

microorganisms both on the surface and inside the tubules.

3.2.2 Cell viability assessment
The live/dead assay indicated high cell viability exhibited by groups D, F, and
G, similar to that of the control group. In contrast, cells treated with NaClO alone or
in combination showed low viability.
The MTT assay demonstrated significant distinctions between the NaClO-

treated groups and the non-irrigated group.

Overall, the EMH 100 U/mL + HS combination (group F) exhibited the greatest
effectiveness in removing biofilm, while the use of NaCIO and EMH (group E) also
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displayed remarkable antimicrobial properties. The groups given HS and HEM
demonstrated limited efficacy in terms of biofilm removal. Cell viability assays
confirmed the findings, demonstrating that specific procedures preserved optimal
cell viability, whereas protocols utilizing NaCIlO exhibited detrimental effects on cell
survival.

4 Discusion

In this study, a dental root model with anaerobic strains and standardized
reactors was used to bridge the gap between the laboratory and the clinical setting.
As few studies have explored anaerobic multispecies biofilms, this study's biofilm
composition and structure are significant for future research.

E.faecalis was the predominant microbial component in the multi-species
biofilm developed, followed by C.albicans. The affinity of E.faecalis for surfaces may
be attributed to characteristics such as biofilm-associated pili (Ebp), aggregation
substance (Agg), enterococcal surface protein (Esp), and collagen adhesin (Ace).
Ace may be the most significant factor, since dentin is composed of water,
hydroxyapatite, and type | collagen, which could facilitate the invasion of dentinal
tubules.

It is suggested that E.faecalis produces Enterocin V, which inhibits the
formation of C.albicans hyphae and alters the acidic pH produced by the
enterococcus. This circumstance can clarify the absence of hyphae in the SEM
images and poor yeast development. Additionally, yeast growth was found in specific
areas of the root canal where E.faecalis exhibited minimal or no growth. This
correlates with previous studies that highlight the diverse ecological niches within
the root canal. Nonetheless, evidence suggests that both strains coexist within the
root canal and periapical region.

In terms of the chemical characterization of the EPS created by the
microorganisms, Raman spectroscopy indicated the existence of B-galactosidase,
an enzyme detected in E. faecalis that facilitates the hydrolysis of galactosides into
monosaccharides. This discovery may clarify the prevalence of the specific band
and the predominance of enterococci within the biofilm. The identified characteristic

glycosidic linkage band suggests a significant presence of molecules comprising two

17
Velazquez Moreno S.



or more single carbohydrate units. These units represent the major EPS component.
Majority of glucose and mannose were discovered via HPLC analysis of the
carbohydrate-containing samples, particularly after glycosidic bond hydrolysis in the
non-water-soluble fraction. Thus, the presence of polysaccharides formed by both
sugars, particularly mannose, is suggested. It is inferred that the enzyme used
targets the B- (1— 4) bond linkage between mannose and glucose. Glucomannan,
an essential component of fungi like C. albicans, could potentially be present in the
biofilm formed.

Properly speaking of the proposed irrigation protocol and its comparative
disinfection efficacy, irrigation with NaClO alone or in combination with the enzyme
mixture exhibited a high disinfection capacity based on CFU count and micrographic
analysis. A study conducted by Hoedke et al. also lends support to the effective
antimicrobial action of NaClO against multispecies biofilms.

The micrographs reveal that Group F, which utilized a combination of
hyperosmotic solution (HS) and hydrolase enzyme mixture (HEM), effectively
eliminated microorganisms and the smear layer, resulting in a clean surface and
permeable tubules as efficiently as the NaCIlO protocols. Furthermore, Group F (HS
+ HEM) demonstrated superior antimicrobial efficacy in comparison to independent
use of HS and HEM. HS effectively eradicated the microorganisms, however, it did
not eliminate the biofilm from the surface. Conversely, HEM disintegrated the EPS,
liberating live cells. The combination of both solutions produced a synergistic
antimicrobial effect similar to NaCIlO, as the enzyme disintegrates the extracellular
polymeric substance, releasing microorganisms and exposing them in their
planktonic form to antimicrobial substances such as HS. Galdamez-Falla et al.
(2019) reported that this solution effectively killed E.faecalis and C.albicans from
endodontic infections after exposure to the antimicrobial in its planktonic form.

Viability assessments indicate that even at low concentrations and short
exposure times, NaClO solutions can be highly toxic to human fibroblasts, potentially
damaging dental tissues and affecting their structure and elasticity. This could result

in restoration and treatment failure.
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On the other hand, HS, HEM, and the combined HS + HEM protocol
demonstrated high cell viability levels, meeting the criteria for safe preservation of
the dental organ. The use of both HS and HEM resulted in sufficient surface
cleanliness, which is a crucial aspect of an ideal irrigant as per Zehnder (2006).

Biofilms in root canals pose a challenge to eliminate due to their intricate
anatomy. Modifying the EPS structure of agents can provide a solution in scenarios
where mechanical action is restricted. Ultrasonic irrigation is a promising approach,
capable of penetrating difficult-to-reach areas and enhancing disinfection.

5 Conclusion

In this study, a multispecies biofilm composed of three representative
microorganisms of dental origin was developed. The proportion and distribution of
the microorganisms was estimated under standardized conditions simulating the
root canal. The prevalence of E. faecalis as a microbiological component over C.
albicans and A. israelii was favored in the apical third of the root canal at 48 h.
Analysis of the micrographs revealed a significant amount of C. albicans and an
increase of A. israelii in areas of the root canal with little enterococci development
after 40 h. In addition, the prevalence of E. faecalis was reflected in the chemical
composition of the EPS, where [(-galactosidase is an important metabolic
component for the survival of this microorganism. Simple carbohydrates (mannose
and glucose) were identified as constituents of EPS, which could be part of
glucomannans of the yeasts used in the study.

Although there are still unknown factors in the characterization of a
multispecies biofilm, this study represents an important step towards understanding
its nature, which could influence the generation of new root canal disinfection
techniques in endodontic pathologies. This will lead to research on new alternatives
to the high concentrations of NaOCI used in root canal treatment.

The evaluation of a final irrigation protocol with biocompatible enzymes (HEM)
and antimicrobial solutions (HS) was carried out in clinically relevant study models
such as the root canal of human first molars. These models were intended to
simulate biofilm development conditions, using human roots, anaerobic
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environments and multiple microbial species. The proposed protocol showed a
cleaning and disinfection efficacy comparable to that of the conventional NaClO and
EDTA protocol.

Importantly, the proposed protocol showed lower cytotoxicity to cells
compared to 2 min exposure of cells to NaClO in different protocols. Consequently,
the combined EMH and HS irrigation protocol offers a promising and safe alternative
for root canal treatment, demonstrating efficacy in cleaning, disinfection and cell
viability.

It is of great importance to underline the importance of finding new
antimicrobial agents and irrigation protocols in the field of endodontics due to the
complexity of infection-causing biofilms and to favor a fully effective therapy in favor
of the patient. Further investigations with different microbial species are suggested
as a possible next step to broaden the understanding of the applicability of the

protocol.
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El prolesar o investigador responsoble debers entregar ol CEID-FCQ un informe al termena
del provedtc ante la suspensice prematura del estudio © cuando de s=a requerndo. Si el
proyecto no ha sdo terminado en el lap=o de un afo debera entregarse un sifoeme anual
gue sefiasle o grado de avance. Para la entrega de este infarme se considerard un afa
transcurrio desde la fecha de emisian del dictamen de aprabacian y un Qpse ne mayor de
10 dias hdbdes. €1 incumplmiento de lo antenor impedsa ks revision de un nuevo protocoka
ded nvestgador soficitante. B informe se enviard of CEIG-FCQ con una carta de
presentacion dirgada &l Presidents, asi como o respectiva infarme.
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Abstract: Apical periodontitis is an inflammation leading to the injury and destruction of periradic-
ular tissues. It is a sequence of events that starts from root canal infection, endodontic treatment,
caries, or other dental interventions. Enterococcus faecalis is a ubiquitous oral pathogen that is chal-
lenging to eradicate because of biofilm formation during tooth infection. This study evaluated a
hydrolase (CEL) from the fungus Trichoderma reesei combined with amoxicillin/clavulanic acid as a
treatment against a clinical E. faecalis strain. Electron microscopy was used to visualize the structure
modification of the extracellular polymeric substances. Biofilms were developed on human dental
apices using standardized bioreactors to evaluate the antibiofilm activity of the treatment. Calcein
and ethidium homodimer assays were used to evaluate the cytotoxic activity in human fibroblasts. In
contrast, the human-derived monocytic cell line (THP-1) was used to evaluate the immunological
response of CEL. In addition, the secretion of the pro-inflammatory cytokines IL-6 and TNF-« and
the anti-inflammatory cytokine IL-10 were measured by ELISA. The results demonstrated that CEL
did not induce the secretion of IL-6 and TNF-a when compared with lipopolysaccharide used as
a positive control. Furthermore, the treatment combining CEL with amoxicillin/clavulanic acid
showed excellent antibiofilm activity, with a 91.4% reduction in CFU on apical biofilms and a 97.6%
reduction in the microcolonies. The results of this study could be used to develop a treatment to help
eradicate persistent E. faecalis in apical periodontitis.

Keywords: extracellular polymeric substances; bioreactor; endodontics; enzyme; root canal treatment;
biofilm; Enterococcus faecalis; cellulase; inflammatory response
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ARTICLE INFO ABSTRACT

Keywords:

Endodontic infections
Multispecies root canal biofilms
Treatment target

Objective: To evaluate the antimicrobial capacity and cell viability of a final irrigation protocol based on the use
of a hydrolases enzymes mixture (HEM) and a hyperosmotic solution (HS) as an alternative to conventional
protocols,
Methods: Root canals from 28 human first molars were used to develop multispecies anaerobic biofilms in
standard reactors and irrigated with various protocols according to the following groups. Group A: control
(sterile saline), group B: 2.25 % NaOCl, group C: 1 % NaOCl, group D: HS, group E: 100 U/mL HEM + 1 %
NaOCl, group F: 100 U/mL HEM + HS, or group G: 100 U/mL HEM. The disinfection evaluation per group was
carried out by CFU counting and Scanning Electron Microscopy (SEM). The viability was determined on
fibroblasts.
Results: The F group, which consisted in irrigating with HEM + HS, had a biofilm elimination of over 5.33 (Log
reduction), as well as the groups treated with NaOCI with eliminations of up to 5.34 (Log reduction), In addition,
the evaluation of viability reflects a biocompatibility of the F group treatment, as opposed to the groups treated
with NaOCL.
Conclusions: The irrigation protocols with HEM++HS and HEM+NaOCI turned out to be as efficient as the con-
Ip | using NaOCl; , the irrigation protocol with HEM+HS had low cell cytotoxicity in the
viability assay when compared to cell cultures exposed to NaOCL
Clinical significance: 1t is imperative that new and innovative ways are found for root canal therapy to ensure that
the root canal system can be thoroughly cleaned.

1. Introduction periodontitis, that could progress in diseases like root canal mfecuon

(Lee et al, 2021). Only the most suitable microorganisms in pl

The oral cavity has recorded several microorganisms that include
about 700 species of the so-called oral microbiota (Benn et al., 2018),
when an imbalance in the microbial composition exists, the dysbiosis
process can develop pathologies such as halitosis, caries and
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versitaria, San Luis Potosi, SLP CP 78210, Mexico.
E-mail address: fidelmicro@gmail.com (F. Martinez-Gutierrez),

! ORCID: 0000-0002-2760-8273

https://doi.org/10.1016/j.archoralbio.2024.106157

form damage the pulp and colonize and infect the root canal, developing
a biofilm resistant to eradication (Du et al., 2020). Pathogens with high
prevalence of strict anaerobic bacteria, facultative anaerobic bacteria,
and yeasts can form a complex biofilm, which is resistant to elimination
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