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THESIS SUMMARY 

“Validation of an in situ model for the formation of non-disturbed 

biofilm” 

The evolutionary process of the devices used to develop Plaque-

Like Biofilm (PL-Biofilm) left many different devices without any 

standardization or control. A well designed apparatus, with an appropriate 

validation of the PL-Biofilm characteristics, will help to assess if the 

protocol during the experiment or the methodology of the application in 

situ of a given antiseptic is an important factor which may condition the 

results on oral antiseptic effectiveness at reducing bacterial viability. 

A systematic review of the literature was conducted to identify all in 

situ studies using a specific oral device and analysed microbiologically 

oral biofilm in adults. Volunteers wore the device from 2 to 4 days. The 

characteristics (thickness, bacterial viability, covering grade and structure) 

of the PL-Biofilm formed in the device were analysed using the Confocal 

Laser Scanning Microscope (CLSM) in combination with LIVE/DEAD® 

BacLight™ staining solution and complemented with the Scanning 

Electron Microscope (SEM). The CLSM methodology was used to 

compare the PL-Biofilm vs. the tooth-formed biofilm, as well as the 

antimicrobial activity of two oral antiseptics, 0.2 % of Chlorhexidine 

solution (0.2% CHX) or Essential Oils (EO), applied by two different 

methodologies (immersion vs. mouthwash). The 2-day PL-Biofilm and 

tooth-formed biofilm were also analysed by pyrosequencing of the 16S 

rDNA gene, assessing and comparing the diversity of the oral biofilm 

samples. The influence of the tooth-brushing protocol during the 

experiment was analysed with both methodologies (CLSM and 16S 

pyrosequencing). 

In relation to the systematic review, the search provided 787 

abstracts, of which 111 papers were included. The devices used in these 

studies were classified as palatal, lingual or buccal. The last group was 

sub-classified in six groups based on the material of the device. 

Considering the analysed characteristics, the thermoplastic devices and 

the Intraoral Device of Overlaid Disk-holding Splints (IDODS) presented 

more advantages than limitations. 
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The thicknesses of the PL-Biofilm after 2 and 4 days were not 

significantly different. The bacterial vitality changed significantly from 

72.50 ± 15.50% to 57.54 ± 15.66% as the time passed, which was in 

contrast to the covering grade (53.08 ± 18.03% and 70.74 ± 19.11%). The 

structure changed from an irregular surface and compact deepest layer 

with a high predominance of the coccus-shape to a complex structure with 

voids in the deepest layer and a great proportion of bacillus-shape 

bacteria. 

The type of substrate and the position of the disk did not condition 

the thickness and bacterial viability of PL-Biofilm, the latter being more 

preserved feature in the non-disturbed biofilm (Bacterial viability: PL-

Biofilm vs. tooth-formed biofilm = 71% to 79% vs. 59%). However, the 

tooth-brushing protocol is a more determining factor to consider in studies 

of the oral biofilm in situ being slightly higher the achieved bacterial 

viability in case of absence of tooth-brushing (74% vs. 68%, p = 0.059). 

The bacterial composition of the tooth-formed biofilm was similar to that 

identified in the PL-Biofilm, regardless the type of artificial substrate. Both 

PL-Biofilm and tooth-formed biofilm were composed mainly by 

Fusobacterium and Streptoccocus followed by Veillonella, Neisseria, 

Prevotella and Porphyromonas. The bacterial composition of the samples 

was subject-dependent rather than substrate-dependent.  

The method of application conditioned the antibacterial activity of 

the 0.2% CHX and EO solutions on the in situ oral biofilm. The in vivo 

active mouthwash was more effective than the ex vivo passive immersion 

in both antiseptic solutions (26.93 ± 13.11%, EO vs. 15.17 ± 6.14%, 0.2% 

CHX). There was more penetration of the antiseptic inside the biofilm with 

an active mouthwash, especially with the EO. 

Based on the results from this Thesis, the IDODS seems to be a 

good oral biofilm model to analyse the evolution in situ of the supragingival 

plaque biofilm de novo and test intraorally the immediate effect and 

antiplaque effect of antimicrobial solutions. 
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RESUMEN DE LA TESIS 

“Validación de un modelo in situ para la formación de biofilm oral no 

desestructurado” 

INTRODUCCIÓN 

Las bacterias en la naturaleza existen principalmente como 

miembros de comunidades de biofilms y no como células aisladas [1]. Los 

biofilms se han descrito como auténticas “Ciudades de Microbios” dónde 

las bacterias viven en comunidad y se relacionan entre ellas. Esta 

compleja asociación hace que las bacterias sean de 10 a 1000 veces más 

resistentes frente a antisépticos que las células bacterianas en fase 

planctónica [2]. 

Las bacterias siempre están presentes en el ecosistema oral, tanto 

en situaciones de salud como de enfermedad. El estudio de este biofilm 

es de gran importancia ya que algunas especies contribuyen a mantener 

la salud y otras son causa potencial de enfermedad. El biofilm oral afecta 

a la mayoría de las enfermedades y procesos que tienen lugar en la 

cavidad oral, tales como caries, halitosis, enfermedad periodontal y 

también en procesos de cicatrización después de manipulaciones 

odontológicas [3]. 

Los modelos para el estudio de biofilm in vitro han sido muy 

importantes en la historia del biofilm oral. Sin embargo la comunidad 

científica ha reconocido sus limitaciones, recomendando la interpretación 

cautelosa de sus resultados [4-6]. Se establece así la necesidad de 

desarrollar modelos de biofilm de formación in situ, que a su vez, permitan 

su análisis sin distorsión de su estructura [4, 6-8]. 

De este modo, surgen en la literatura científica diversos 

dispositivos intraorales para conseguir la formación de un biofilm similar a 

la placa dental que se ha denominado “Biofilm de placa dental” (“Plaque-

Like Biofilm, PL-Biofilm). En estos dispositivos se han incorporado 

diversos sustratos como base para la formación del PL-Biofilm, tales 

como el esmalte humano, esmalte bovino, hidroxiapatita, vidrio pulido, 

dentina bovina, raíces de dientes humanos o incluso materiales de 

restauración e implantes.  
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Las técnicas de microscopía basadas en fluorescencia permiten 

analizar el biofilm sin someterlo a agresivos protocolos que modifican su 

estructura y características. Entre los microscopios de fluorescencia 

destaca el Microscopio de Barrido Láser Confocal (CLSM), el cual permite 

obtener imágenes de la muestra realizando un barrido plano a plano en la 

profundidad del espécimen. Esto permite obtener una serie de secciones 

del grosor del espécimen. En la literatura se han utilizado múltiples 

tinciones para el estudio del biofilm oral, desde la hibridación in situ, que 

utiliza sondas específicas para ADN, hasta otras que con la combinación 

de fluorocromos, permiten estudiar la viabilidad bacteriana global 

presente en la muestra aunque no sepamos de que bacteria se trate. 

Entre los más utilizados destacan el Di-acetato de Fluoresceína (FDA) 

combinado con Bromuro de Etidio (EtBr) y el SYTO 9 combinado con 

Ioduro de Propidio (PI). Este último, en el formato Live/Dead® BacLight™ 

Kit de viabilidad bacterina, (Molecular Probes Inc) ha sido utilizado por 

nuestro grupo de investigación en múltiples ocasiones, así como por otros 

expertos [9-27] consiguiendo unos resultados coherentes y demostrando 

su idoneidad para el estudio del biofilm oral. 

Las nuevas técnicas de biología molecular, abanderadas por el 

“Proyecto Microbioma Humano” [28, 29] han supuesto un gran avance en 

el estudio del biofilm. Estas técnicas han refinado y redefinido nuestro 

conocimiento sobre la diversidad microbiana presente en la cavidad oral. 

Las nuevas técnicas de secuenciación bacteriana, entre las que se 

encuentra la pirosecuenciación del gen 16S ADNr, han permitido la 

secuenciación masiva de las muestras bacterianas. De esta manera se 

consigue un resultado con mayor número de secuencias y, por lo tanto, 

más profundo, permitiendo también la detección de las comunidades 

bacterianas que se encuentran en menor proporción y no sólo de aquellas 

más abundantes [30, 31]. 

La plataforma 454 de Roche es una de las más utilizadas hasta la 

fecha para el estudio del microbioma humano. Esta técnica incluye la 

combinación de una PCR en emulsión y de la pirosecuenciación. 

La bioinformática es un componente esencial y herramienta clave 

para interpretar los resultados que surgen del pirosecuenciador. En la 

actualidad, se han desarrollado múltiples protocolos con diferentes pasos 
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para realizar en diversos programas y plataformas informáticas. 

Básicamente en todos ellos se busca separar la muestras por unos 

códigos específicos, controlar la calidad y longitud de las secuencias, 

eliminar zonas quiméricas que pueden contener errores del secuenciador, 

realizar la asignación taxonómica (agrupar dentro de una misma Unidad 

Taxonómica Operacional, “Operational Taxonomic Units, OTUs”, con la 

utilización de una base de datos previa). En el caso del microbioma oral 

existen bases de datos especializadas que permiten una clasificación más 

precisa al nivel especie y género, como son CORE [32] o la Base de 

Datos del Microbioma Oral Humano (HOMD) [33].  

Para el análisis y comparación entre muestras se utilizan diversos 

estimadores de biodiversidad bacteriana. Entre los más representativos 

se encuentran el Chao1 [34], “Abundance-based Coverage Estimator” 

[35], Shannon [36] y Simpson [37]. Para la representación gráfica 

multivariante de los datos se utilizan generalmente, curvas de rarefacción 

[37], curvas de rango-abundancia, los análisis de coordenadas principales 

–“Principal Coordinates Analysis, PCoA”- [38] o los gráficos Volcano. 

Numerosos estudios sobre biofilm oral han utilizado la 

pirosecuenciación del gen ADNr 16S para identificar la microbiota 

asociada a salud [39, 40] y a patología, como caries [41] o periodontitis 

[42-44]. Otro punto interesante en el que también se ha aplicado la 

pirosecuenciación 16S es en el análisis del biofilm durante su maduración 

[45, 46]. 

El control del biofilm oral es un punto clave en la clínica dental en 

todas las ramas de la odontología, tanto en la periodoncia, cirugía, 

operatoria e incluso ortodoncia. Dentro del control químico de la placa 

dental destacan los antisépticos de uso oral, que son considerados un 

importante complemento a las medidas de higiene mecánicas como el 

cepillado dental. La mayoría de los clínicos prescriben antisépticos que 

contienen en su formulación Clorhexidina (CHX) [47] o Aceites Esenciales 

(“Essential Oils, EO”) [48]. En la literatura científica se ha demostrado la 

eficacia de ambos antisépticos sobre el biofilm formado in vivo [14, 15, 22, 

23, 49, 50].  
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JUSTIFICACIÓN Y OBJETIVOS 

El proceso de evolución de los dispositivos utilizados para la 

formación de PL-Biofilm ha dejado múltiples diseños sin estandarización 

ni control. De la misma forma, hasta la fecha, no se ha realizado ninguna 

revisión de la calidad o funcionalidad de los principales modelos de 

aparatos descritos hasta el momento. 

En la literatura previa se han medido algunos factores como la 

influencia de la posición del sustrato en la formación del PL-Biofilm [4, 51]. 

Sin embargo, no se ha efectuado la estandarización de ningún dispositivo 

intraoral, mediante el análisis de las características del biofilm “natural” 

que crece sobre los dientes. 

Recientemente, algunos autores han cuestionado la metodología 

de aplicación del antiséptico como un factor determinante en los 

resultados de efectividad antimicrobiana [23].  

Por estas razones, en esta Tesis se plantean los siguientes 

objetivos: 

1. Analizar en la población general, los tipos de dispositivos 

intraorales utilizados para la formación de biofilm in situ para 

su posterior análisis microbiológico. 

2. Analizar la evolución de la viabilidad bacteriana, el grosor y la 

estructura de un biofilm oral no-desestructurado formado in situ 

durante periodos de 2 días (para análisis de la actividad 

antimicrobiana y sustantividad) y de 4 días (para estudios de 

efecto antiplaca).  

3. Analizar la viabilidad bacteriana, el grosor y la diversidad 

bacteriana de un PL-Biofilm formado en diferentes sustratos en 

comparación con el biofilm formado sobre el diente natural. 

Además, se evaluó cómo se ven afectadas estas 

características por los protocolos de cepillado dental durante 

su formación. 

4. Analizar si la metodología de aplicación de soluciones 

antisépticas condiciona los resultados obtenidos en términos 

de viabilidad bacteriana del PL-Biofilm. Para ello se comparó el 

efecto inmediato de dos métodos de aplicación (inmersión 
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pasiva vs. enjuague activo), utilizándose separadamente 0,2% 

CHX y EO. 

OBJETIVO 1: TIPOS DE DISPOSITIVOS UTILIZADOS PARA LA 

FORMACIÓN IN SITU DE BIOFILM ORAL NO-DESESTRUCTURADO 

PARA SU ANÁLISIS MICROBIOLÓGICO. 

MATERIAL Y MÉTODOS: 

Para responder al primer objetivo se planteó la realización de una 

búsqueda sistemática en la literatura mediante dos bases de datos 

electrónicas, Ovid MEDLINE y Ovid EMBASE.  Para ello se realizó un 

protocolo siguiendo las directrices PRISMA y planteándose la siguiente 

pregunta PICO:  

Población: Todos los voluntarios adultos (> 18 años) que lleven un 

dispositivo intraoral. 

Intervención: Tipo de dispositivo intraoral utilizado para la 

formación de biofilm in situ. 

Comparación: Entre tipos de dispositivos. 

Resultados (“Outcomes”): Ventajas y desventajas de cada uno de 

los diferentes dispositivos. 

Se incluyeron todos los artículos que hubieran utilizado un 

dispositivo específico (se excluyeron aquéllos que utilizasen prótesis o 

aparatos de ortodoncia propios del paciente) para la formación de biofilm 

in situ y cuyo objetivo fuera estudiar sus características sin 

desestructurarlo, analizando diversos aspectos microbiológicos (como 

viabilidad, grosor, estructura o presencia e identificación bacteriana). Se 

excluyeron aquellos que analizaban una acción específica del biofilm 

como desmineralización o caries, un biofilm con un tiempo de evolución 

inferior a 4 horas, al igual que los que estudiaban aspectos bioquímicos 

(como pH, concentración de flúor…). Se limitó a humanos y estudios in 

vivo o in situ, sin restricciones en el idioma de publicación. 
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La última actualización se realizó con fecha 16 de Junio de 2015 y 

la estrategia de búsqueda para Ovid MEDLINE incluyó las siguientes 

palabras: 

- Encabezamientos Médicos incluyendo todos los árboles y 

subencabezamientos: “dental plaque”, “biofilms” y “splints”. 

- Palabras clave para completar “dental plaque” y “biofilm”: “dental 

plaque”, “dental deposit*”, “biofilm*”, “biofouling” y “oral ADJ bacteria”. 

- Palabras clave para completar “splints”: “appliance*”, “stent*”, 

“splint*”, “ferule*”, “device*”, “apparatus”, “mechanism*” y “gadget*”. 

La estrategia de búsqueda se adaptó a los encabezados médicos 

de la base de datos EMBASE. La revisión se completó con búsqueda 

manual por parte de los revisores comprobando la bibliografía de los 

estudios más relevantes. 

El proceso de extracción de datos se llevó a cabo de forma 

independiente por dos revisores (IP-L y VQ) siguiendo los pasos 

establecidos. Un primer cribado de artículos potencialmente elegibles 

revisando título y resumen. Posteriormente se realizó un segundo cribado 

revisando el texto completo de los artículos seleccionados en la primera 

etapa. Se recurrió a traductores para los estudios que no estaban en 

inglés o español. 

Se utilizaron unos formularios predefinidos para la extracción de 

datos, que incluían datos sobre localización del dispositivo, tipo de 

dispositivo y de sustrato, número de participantes, tiempo de formación 

del biofilm, técnica microbiológica utilizada para analizar el biofilm, 

experiencia del voluntario y metodología de remoción y fijación del 

sustrato en el dispositivo. 

 Los artículos seleccionados se clasificaron de acuerdo al tipo de 

dispositivo utilizado. Los aparatos se dividieron de acuerdo a su diseño y 

localización dentro de la cavidad oral en tres categorías: dispositivos 

palatinos, linguales y dispositivos vestibulares. Dentro de los dispositivos 

vestibulares se realizó una segunda división de acuerdo con el material 

utilizado en su fabricación, surgiendo seis grupos: acrílicos (AcD), Leeds 

in situ device (LiD), acrílicos con metal (AcMD), metálicos (MD), 
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termoplásticos (TPD) y los dispositivos intraorales de férulas 

superpuestas (IDODS). 

Los autores, establecieron 14 cualidades y características ideales 

para un dispositivo intraoral que favorece la formación de un biofilm oral 

“no-desestructurado” in situ. Los primeros ocho ítems se centraron en 

características técnicas, los siguientes tres en la influencia del dispositivo 

en la comodidad del voluntario y los tres últimos ítems valoraron la 

fabricación, la facilidad para individualizar el dispositivo y el coste 

económico que supone para el investigador. 

RESULTADOS: 

La búsqueda inicial en las bases de datos electrónicas identificó 

1027 artículos, después de eliminar duplicados y añadir artículos 

identificados por otras fuentes (17 de búsqueda manual) el número de 

artículos para el primer cribado fue de 787. En la selección por título y 

resumen se eliminaron 660 artículos, consiguiendo 127 para lectura 

completa. En este paso no se pudo identificar el dispositivo en 4, no se 

realizó análisis microbiológico en 10 y 1 incluía población menor de edad 

(<18 años). Finalmente, 111 artículos se utilizaron para la extracción de 

datos, todos en inglés excepto uno en chino. 

Todas las características de cada uno de los 111 artículos se 

detallan en el Apéndice 1. El sustrato más utilizado fue el esmalte 

humano, seguido de esmalte bovino. El número de sustratos por 

dispositivo varió de 1 a 16. La técnica más utilizada para analizar el 

biofilm fue la microscopia de fluorescencia (en 45 artículos). Otra técnica 

comúnmente utilizada es el recuento en cultivo de las Unidades 

Formadoras de Colonias (“Colony Forming Units, CFUs”) presente en 40 

estudios. El tiempo de formación del biofilm varió desde  las 4 horas hasta 

las 8 semanas. 

En la evaluación de los dispositivos vestibulares de acuerdo a las 

características ideales prefijadas en la metodología, los dispositivos con 

menos puntuación fueron aquellos que seguían el sistema del “Leeds in 

situ device”, seguidos de los fabricados en acrílico. Las puntuaciones más 

altas y por tanto con unas características más cercanas a las ideales 

fueron los de las férulas superpuestas y los termoplásticos. 
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DISCUSIÓN: 

No se ha encontrado ningún artículo previo que ofrezca a la 

comunidad científica las características ideales de los dispositivos 

intraorales utilizados para la formación del biofilm in situ “no-

desestructurado”. Por este motivo en esta Tesis se establecieron catorce 

características o cualidades entendidas cómo útiles para estos 

dispositivos. Los ítems se eligieron basándose en la experiencia previa 

del grupo en el uso de dispositivos intraorales. La revisión se centró 

principalmente en los dispositivos vestibulares, más extendidos, 

posiblemente debido a las limitaciones de uso que los palatinos y 

linguales presentan. Los artículos que utilizan estos dispositivos deberían 

describir su fabricación en profundidad, validar microbiológicamente la 

idoneidad del dispositivo y evaluar el impacto sobre el confort del 

voluntario.  

OBJETIVO 2: CARACTERÍSTICAS DE UN BIOFILM ORAL FORMADO 

IN SITU EN UN DISPOSITIVO INTRAORAL DESPUÉS DE DOS Y 

CUATRO DÍAS DE EVOLUCIÓN. 

MATERIAL Y MÉTODOS: 

Iniciando el proceso de la validación del dispositivo intraoral se 

planteó realizar un estudio clínico observacional aleatorizado en el que 20 
voluntarios adultos sanos cumplieron los siguientes criterios de inclusión: 

edad entre 20 y 45 años, con un mínimo de 24 dientes permanentes, sin 

caries activas, sin signos de gingivitis o periodontitis, sin prótesis ni 

dispositivos ortodóncicos, no fumadores, que no hubieran tomado 

antibióticos al menos durante los tres meses previos al inicio del estudio, 

que no usaran antisépticos de forma rutinaria, que no presentaran 

enfermedades sistemáticas que afectaran la formación o composición de 

la saliva) llevaran durante un total de cuatro días un dispositivo de férulas 

superpuestas creado de forma individualizada y con seis discos cada uno. 

Tres de los discos se retiraron después de dos días de evolución de PL-

Biofilm y los otros tres después de cuatro días. Los discos se analizaron 

con microscopio electrónico de barrido (SEM), previa preparación de las 

muestras, y con CLSM, después de la tinción con SYTO 9 y PI. Al final del 

experimento 10 de los voluntarios cubrieron una encuesta tipo Likert con 

ítems sobre la repercusión del uso del dispositivo en su vida diaria. Se 
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analizó grosor, viabilidad bacteriana, porcentaje de área ocupada por el 

biofilm y estructura del mismo con el CLSM y se realizó un análisis visual 

con SEM. 

Para el análisis estadístico de los datos de grosor, viabilidad 

bacteriana y área ocupada se verificó la distribución normal mediante el 

test de Kolmogorov-Smirnov. En relación al grosor y el área ocupada se 

utilizó el test de la t de Student para la comparación inter-periodo. En 

cuanto a la viabilidad bacteriana, se utilizó el test ANOVA de un factor con 

medidas repetidas para las comparaciones intra-periodo. Para las 

comparaciones inter-periodo se utilizó test ANOVA de dos factores para 

medidas repetidas. En las comparaciones por pares se aplicó el ajuste de 

Bonferroni tanto para el análisis intra- como inter-periodo. La diferencia 

significativa se estableció con un valor de p menor de 0.05. 

Los datos de la estructura del PL-Biofilm no presentaron 

distribución normal después de utilizar el test de Kolmogorov-Smirnov. 

Por ello se utilizó el test de Friedman para las comparaciones en capas 

intra-periodo y seguidas por el test de Wilcoxon cuando fueron 

estadísticamente significativas. En las comparaciones por pares se aplicó 

la corrección de Bonferroni en el análisis intra-periodo diferenciando entre 

las tres capas del biofilm. Se estableció como estadísticamente 

significativo un valor de p menor de 0,016. El test de la U de Mann 

Whitney se utilizó para las comparaciones inter-periodo y se estableció 

una significancia estadística cuando el valor de p era menor de 0,05. 

RESULTADOS: 

La viabilidad bacteriana media a los dos días fue de 72,50 ± 

15,50% y 57,54 ± 16,66% después de cuatro días, encontrándose 

diferencias significativas entre ambos valores (p = 0,015). Cuando se 

diferenció entre las tres capas del biofilm, la prevalencia de bacterias 

viables fue significativamente mayor en las capas superficiales con 

respecto a las capas profundas en ambos periodos de tiempo (p<0,05). 

De igual modo, la viabilidad fue significativamente menor en todas las 

capas en las muestras tomadas a los cuatro días de evolución en 

En cuanto al grosor del biofilm después de dos días de formación 

fue 20,99 ± 4,04 µm y 22,94 ± 4,96 µm después de cuatro días, sin

 encontrarse diferencias significativas entre ambos valores. 
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comparación con las muestras tomadas a los dos días (p<0,05 en todas 

las comparaciones). 

El área ocupada por el biofilm después de dos días de evolución 

fue de 53,08 ± 18,03%, aumentando hasta el 70,74 ± 19,11% después de 

cuatro días. Esta diferencia resultó estadísticamente significativa con un 

valor de p = 0,009. Estos resultados fueron contrastados con los 

hallazgos en SEM, en el que a los dos días se apreciaban más espacios 

vacíos que a los cuatro. 

Después de dos días de formación se encontró una predominancia 

de canales en las capas 1 y 2 (presentes en un porcentaje entre el 52 y 

56% de las muestras), siendo las burbujas más comunes en la capa 2 y 3 

(50% al 58%). Después de cuatro días, los canales fueron encontrados en 

mayor porcentaje en la capa 1 (el 84% de las muestras presentaban 

canales en esa capa), mientras las burbujas fueron predominantes en la 

capa 3 (69%) e incluso extendiéndose hasta la capa intermedia (78%). 

Parece existir una tendencia significativa a que a medida que el 

biofilm madura los canales son más comunes en las capas superficiales 

(p = 0,022) y las burbujas más propensas a encontrarse en las capas más 

profundas (p = 0,024). Por otra parte, la capa intermedia permanece sin 

cambios significativos entre los dos periodos de tiempo. La densidad de 

todas las capas entre periodos fue estable, variando entre 25% y 40%, 

siendo más compacto, pero no significativamente, después de cuatro días 

de maduración. La presencia de estructuras similares a champiñones y 

superficie irregular del biofilm fue mayor en las muestras de dos días de 

evolución, no estando presente en ninguna de las muestras de cuatro 

días. Estos hallazgos fueron corroborados con el análisis de las muestras 

con SEM, ofreciendo a su vez una visión de mayor prevalencia de 

bacterias cocoides a los dos días que cambia hacia una predominancia 

de bacterias con forma de bacilos a los cuatro días de evolución. 

El dispositivo tipo IDODS influyó poco en la estética de los 

voluntarios, la sensación de confort percibida por los voluntarios fue 

media alta, alcanzando la puntuación máxima en el apartado de facilidad 

para mantener la higiene oral y retirarlo de forma sencilla. 

DISCUSIÓN: 

Los resultados obtenidos tanto en grosor, como en viabilidad 

bacteriana, área ocupada y estructura del biofilm están en concordancia 
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con la literatura previa, constatándose los dos últimos parámetros también 

con el SEM. En cuanto a la experiencia del voluntario, no encontramos 

ningún artículo previo que evalúe ese parámetro con una encuesta. 

Solamente en dos artículos recogen en el texto una frase en la que 

aseguran que los voluntarios no tuvieron problemas para mantener una 

higiene oral óptima [4, 52].  

OBJETIVO 3: INFLUENCIA DE FACTORES METODOLÓGICOS EN LA 

VIABILIDAD BACTERIANA, GROSOR Y DIVERSIDAD BACTERIANA 

EN EL BIOFILM ORAL FORMADO IN SITU. 

MATERIAL Y MÉTODOS: 

En el primer experimento durante los dos días de formación del 

biofilm el voluntario no realizó ninguna medida de higiene oral. En este 

caso, se tomaron muestras de los tres materiales y de los dientes 

contralaterales del voluntario que se analizaron con CLSM previa tinción 

con solución dual de fluorescencia. En cinco de los sujetos, la mitad del 

biofilm presente en el disco y en el diente contralateral se recogió con una 

cureta y se pirosecuenció el gen bacteriano 16S ADNr previa PCR. En el 

segundo experimento, se siguió el mismo protocolo pero, los voluntarios 

pudieron cepillar sus dientes sin pasta y retirando el dispositivo intraoral 

de la boca. 

El análisis bioinformático siguió un protocolo en el que se utilizó el 

software de Mothur [53] y que se aplicó previamente en el Proyecto 

Microbioma Humano [28]. 

Para responder a este objetivo se propuso realizar un estudio 

clínico observacional cruzado y con el observador ciego basado en dos

 experimentos. Quince voluntarios adultos sanos cumplieron los siguientes

 criterios de inclusión: edad entre 20 y 45 años, con un mínimo de 24

 dientes permanentes, sin caries activas, sin signos de gingivitis o 

periodontitis, sin prótesis ni dispositivos ortodóncicos, no fumadores, que 

no hubieran tomado antibióticos al menos durante los tres meses previos 

al inicio del estudio, que no usaran antisépticos de forma rutinaria, que no 

presentaran enfermedades sistemáticas que afecten a la formación o 

composición de la saliva). Estos voluntarios llevaron durante dos días dos 

IDODS (modelo partido) con tres discos de distintos materiales (esmalte, 

vidrio e hidroxiapatita) cada una. 
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En el análisis estadístico para los resultados del CLSM 

primeramente se determinó el tipo de distribución de las variables 

utilizando el test de Kolmogorov-Smirnov, obteniendo una distribución 

normal de los valores. Se aplicaron los test de ANOVA para medidas 

repetidas y comparación por pares, con el ajuste de Bonferroni, en las 

comparaciones intra-PL-Biofilm, comparaciones inter-experimento 

(experimento 1 sin cepillado vs. experimento 2 con cepillado), incluyendo 

la comparación entre capas. Se consideró estadísticamente significativo 

valores de p menores a 0,05. 

El análisis estadístico para los datos de la pirosecuenciación del 

16S ADNr se realizó siguiendo el protocolo recientemente propuesto por 

MacMurdie y Holmes [54] utilizando en R los paquetes Phyloseq y 

DESeq2 [55, 56]. 

Se calcularon varios parámetros de diversidad bacteriana. El 

índice Chao1 y el estimador ACE como estimadores de riqueza [34, 57]. 

Los índices Shannon y Simpson se utilizaron para ilustrar la abundancia y 

distribución de los taxones presentes [58, 59]. 

 Para el análisis de la estructura global de los diferentes tipos de 

biofilm, se realizó un análisis multivariante basado en gráficos de PCoA 

realizados con Fast UniFrac y un algoritmo ponderado [38, 60]. Los 

resultados gráficos fueron corroborados mediante un análisis 

multivariante de la varianza con permutaciones PERMANOVA. 

 Para el análisis de la composición bacteriana en los diferentes 

tipos de biofilm, se utilizó DESeq2 [56]. Antes de testar la abundancia 

diferencial a nivel género, se usó un filtro independiente para excluir los 

OTUs con una abundancia inferior al 0,01% [61]. Los resultados fueron 

expresados en “Log2foldchange”, que significa la diferencia media de la 

abundancia en una base logarítmica. Por ejemplo, un Log2foldchange = 0 

es 20 = 1 x 100 = 100%, lo que significa igual abundancia de OTU entre 

dos variables, un Log2foldchange = 1 significa doble de abundancia (21 = 

2 x 100= 200%). Se utilizaron los test de LRT y de Wald con la corrección 

de Benjamini-Hochberg parámetro Q de 0,1 [62] para comparar los tipos 

de biofilm y obtener el valor de la p ajustada. Para la representación de la 

abundancia diferencial se realizaron diagramas Volcano y se consideró 

significativo un valor de p ajustado menor de 0,05 (-log10 ajustado p = 

1.3). 
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RESULTADOS:  

Las características del PL-Biofilm (grosor y viabilidad bacteriana) 

no mostraron diferencias significativas en las comparaciones intra- e inter-

arcada, intra- e inter-sustrato.  La viabilidad bacteriana del PL-Biofilm fue 

significativamente más alta que la encontrada en el biofilm formado sobre 

el diente natural (de 71 a 79% vs. 59%). 

La aplicación de un protocolo de cepillado durante el experimento 

redujo significativamente el grosor y la viabilidad bacteriana del PL-Biofilm 

(de 22,2 µm a 19,5 µm y de un 77% a un 66% en la posición medial 

superior, respectivamente).  

El biofilm formado sobre el diente fue ligeramente más diverso, en 

términos de riqueza bacteriana, que aquel formado sobre los sustratos 

artificiales. Las muestras del biofilm del mismo individuo mostraron una 

tendencia a la agrupación atendiendo a su estructura composicional, 

constatándose que la variable “tipo de paciente” mostró un efecto 

significativo en la composición de la microbiota del biofilm. Esta 

agrupación no se apreció a la hora de estudiar otras variables como el 

tipo de material o la posición del sustrato. Tanto el PL-Biofilm como el 

biofilm formado sobre el diente estuvieron compuestos fundamentalmente 

por Fusobacterium y Streptoccocus, seguidos de Veillonella, Neisseria, 

Prevotella y Porphyromonas. No se detectaron demasiados resultados 

significativos en la abundancia diferencial entre los distintos PL-Biofilm y 

el biofilm sobre diente natural, estando éstos en su mayoría centrados tan 

solo en bacterias poco abundantes (Abiotrophia y Granulicatella, p<0,05 y 

Capnocytophaga, p<0,001). 

DISCUSIÓN: 

 No se ha encontrado en la literatura ningún artículo en el que se 

investigue simultáneamente la viabilidad bacteriana del PL-Biofilm y del 

biofilm formado sobre el diente natural. La menor viabilidad bacteriana 

observada en el biofilm formado sobre diente, podría deberse al método 

de recogida mediante cureta. Esta metodología puede dañar la 

membrana bacteriana, ocasionando que el biofilm que estudiamos tenga 

una menor viabilidad, lo cual puede no corresponderse con la realidad 

biológica. Arweiler et al. [63] y Pan et al. [64] utilizaron una cureta para 

recoger el biofilm de la cavidad oral, observando viabilidades bacterianas 

del 72% y 82%, respectivamente. Los niveles conseguidos por estos 
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autores son mayores a los conseguidos en la presente Tesis, 

probablemente debido  a que analizaron un biofilm más joven, de apenas 

24 horas y, como hemos visto en el Objetivo 2, la viabilidad bacteriana 

disminuye a medida que madura el biofilm. 

 En la literatura aparecen múltiples sustratos para la formación del 

PL-Biofilm, en un intento de conseguir una situación lo más cercana 

posible a la situación clínica.  En la presente Tesis, ni el grosor ni la 

viabilidad bacteriana se vieron influenciados por el tipo de sustrato, 

resultados que concuerdan con los obtenidos por Netuschil et al. [65] al 

comparar el PL-Biofilm formado durante tres días sobre vidrio y esmalte. 

Posteriormente, Al Ahmad et al. [66] realizaron otro interesante 

descubrimiento, la rugosidad del material se compensa por el fenómeno  

de maduración del biofilm, lo que sugiere que las características del PL-

Biofilm pueden estar condicionadas por otros factores como las fuerzas 

intraorales originadas por los músculos, la lengua o el flujo salival [66, 67].  

 En la literatura algunos estudios evalúan el PL-Biofilm formado en 

diferentes partes de la cavidad oral [4, 67]. En el estudio de Hannig [67], 

se evaluó la posición del sustrato en vestibular y en lingual: como era de 

esperar en el sustrato desprotegido de los movimientos directos de la 

lengua la adherencia bacteriana fue muy limitada. En la presente Tesis 

los sustratos se posicionaron en vestibular, para que el biofilm creciera sin 

la influencia de la lengua. En el caso de Auschill et al. [4], los sustratos 

posicionados en vestibular no presentaron grandes diferencias entre ellos 

en términos de grosor y viabilidad bacteriana, en concordancia con los 

resultados obtenidos en la presente Tesis.  

En cuanto a la composición bacteriana del PL-Biofilm, los autores 

únicamente encontraron el artículo de Creanor et al. [68], en el cual se 

estudió mediante CFUs el biofilm que se formaba sobre el dispositivo 

comparándolo con el que se formaba sobre diente natural, en un único 

voluntario después de siete días de maduración. Encontraron un 

predominio de Streptococcus y bacilos gram-positivos (principalmente 

Actinomyces), Veillonella y Fusobacterium en ambos biofilms. 

Concluyendo que las diferencias entre el PL-Biofilm y el biofilm formado 

sobre el diente presentaban unas diferencias cualitativa y 

cuantitativamente aceptables. Los resultados expuestos en esta Tesis 

reafirman los hallazgos de Creanor et al. [68]. Sin embargo, nuestros 
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hallazgos confirmaron la hipótesis previamente establecida de que la 

composición bacteriana del biofilm oral es sujeto-dependiente. 

No se ha encontrado en la literatura ningún estudio que analice la 

influencia del protocolo de cepillado dental durante el experimento, por lo 

que no se ha estandarizado este factor metodológico. Se han publicado 

estudios que permiten el cepillado dental durante la formación del PL-

Biofilm [5, 16, 22, 23, 69-80] y otros que no [15, 81-85]. Únicamente, 

Sreenivasan et al. [86] observaron que el cepillado del dispositivo (no de 

los dientes) no influía en la formación del biofilm. En la presente Tesis, se 

encontraron diferencias tanto en el grosor como en la viabilidad 

bacteriana del PL-Biofilm por lo que el protocolo de cepillado dental 

debería ser considerado a la hora de plantear un estudio sobre el  biofilm 

oral formado in situ.  

OBJETIVO 4: INFLUENCIA DEL METODO DE APLICACIÓN (EX VIVO 

VS. IN VIVO) EN LA ACTIVIDAD ANTIBACTERIANA DE DOS 

ANTISÉPTICOS ORALES SOBRE EL BIOFILM ORAL. 

MATERIAL Y MÉTODOS: 

Para responder a este objetivo se propuso realizar un estudio 

clínico aleatorizado, cruzado y con el observador ciego. Se evaluó el 

efecto inmediato de dos soluciones antisépticas, Clorhexidina al 0,2% 

(0,2% CHX) y Aceites Esenciales (“Essential Oils, EO”), aplicadas de dos 

maneras diferentes, mediante inmersión del disco con biofilm en la 

solución y mediante el enjuague activo dentro de la boca del voluntario. 

Para ello se utilizó una muestra de 15 voluntarios adultos sanos que 

cumplieron los siguientes criterios de inclusión: edad entre 20 y 45 años, 

con un mínimo de 24 dientes permanentes, sin caries activas, sin signos 

de gingivitis o periodontitis, sin prótesis ni dispositivos ortodóncicos, no 

fumadores, que no hubieran tomado antibióticos al menos durante los tres 

meses previos al inicio del estudio, que no usaran antisépticos de forma 

rutinaria, que no presentaran enfermedades sistemáticas que afecten a la 

formación o composición de la saliva. Estos voluntarios llevaron durante 

dos días un dispositivo de férulas superpuestas creado de forma 

individualizada y con tres discos de vidrio cada uno. Cada voluntario 

realizó el experimento en dos ocasiones, separadas por un periodo de 

lavado de 15 días. En cada ocasión se testó uno de los antisépticos. Uno 

de los discos del IDODS se tomó como muestra basal, el otro se 
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sumergió 30 segundos en 1 mL de 0,2% CHX o de EO y el último se 

mantuvo en la cavidad oral durante los 30 segundos del enjuague con 10 

mL de 0,2% CHX o con los 20 mL de EO (siguiendo en ambos casos las 

recomendaciones del fabricante). 

En todas las muestras se analizó el grosor y la viabilidad 

bacteriana utilizando el CLSM previa tinción con SYTO 9/PI. En cuanto al 

análisis estadístico, primeramente se verificó la distribución de las 

variables mediante el test de Kolmogorov-Smirnov, obteniéndose una 

distribución normal. Posteriormente se aplicó el test de ANOVA de 

medidas repetidas y las comparaciones por pares con el ajuste de 

Bonferroni para las comparaciones intra- e inter-aplicación para cada 

solución y para inter-solución antiséptica, incluyendo la diferenciación por 

capas. Se estableció como significativo un valor de p menor a 0,05. 

RESULTADOS: 

El grosor obtenido tanto en basal como después de la inmersión o 

enjuague con cualquiera de los antisépticos no presentó diferencias 

significativas. 

La viabilidad bacteriana se redujo significativamente después de la 

inmersión en 0,2% CHX (15,17 ± 6,14%, lo que se asoció a un valor de 

p<0,001), pero después del enjuague con la misma solución la viabilidad 

bajo significativamente (5,08 ± 5.79%, p = 0,001). La misma situación se 

produjo tras la inmersión en EO (26,93 ± 13,11%, p<0,001) consiguiendo 

reducir significativamente la viabilidad con respecto al valor basal. En el 

caso de la aplicación mediante enjuague activo de EO dentro de la 

cavidad oral del voluntario la viabilidad bacteriana disminuyó a valores de 

1,16 ± 1,00%, lo que supuso una p<0,001, si lo comparamos con los 

valores después de la inmersión. 

Si comparamos ambas soluciones antisépticas, la inmersión en 

0,2% CHX consiguió reducir más la viabilidad que la inmersión en EO 

(15,17 ± 6,14% CHX vs. 26,93 ± 13,11% EO, p<0,05). Por el contrario, 

cuando se aplicó la solución mediante enjuague activo los EO redujeron 

en mayor medida que la 0,2% CHX la viabilidad bacteriana (1,16 ± 1,00% 

EO vs. 5,08 ± 5,79% 0,2% CHX, p<0,05). 

Cuando analizamos el efecto del antiséptico por capas, vemos que 

los discos analizados después de la inmersión en 0,2% CHX, muestran 

una disminución homogénea de la viabilidad con respecto a la situación 
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basal (Inmersión 0,2% CHX, capa 1 = 17,90 ± 9,16%, capa 2 = 16,23 ± 

7,14%, capa 3 = 11,38 ± 5,81%, p<0,001 en todos los casos). La 

aplicación de 0,2% CHX mediante enjuague redujo mucho más la 

viabilidad que la inmersión (Enjuague 0,2% CHX, capa 1 = 5,22 ± 6,16%, 

capa 2 = 5,04 ± 6,40%, capa 3 = 4,97 ± 5,00%, p<0,05 comparado con 

inmersión 0,2% CHX y sus basales). 

Por otra parte, en el caso de la inmersión en EO, la viabilidad 

disminuyó en las capas superficiales, pero no en la capa más profunda 

(Inmersión-EO, capa 1 = 16,18 ± 12,38%; capa 2 = 25,60 ± 14,51%, 

p<0,001; capa 3 = 39,02 ± 17,50%). Cuando la aplicación de los EO fue 

mediante enjuague, se evidenció una mayor reducción de la viabilidad en 

todas las capas en comparación con la inmersión (Enjuague EO, capa 1 = 

1,62 ± 1,54%, capa 2 = 1,12 ± 1,16% y capa 3 = 0,72 ± 0,56%; p<0,05  

comparado con inmersión EO y sus basales). 

Si comparamos ambas soluciones antisépticas en las diferentes 

capas del PL-Biofilm, las dos mostraron una reducción significativa en la 

viabilidad bacteriana después de la inmersión en todas las capas. En la 

capa más profunda, la solución de 0,2% CHX alcanzó mayor reducción 

que la inmersión en EO. Contrariamente, cuando la aplicación fue 

mediante enjuague, los EO obtuvieron una mayor reducción de la 

viabilidad bacteriana que la 0,2% CHX en todas las capas (p<0,05). 

DISCUSIÓN: 

No se ha encontrado, hasta la fecha, ningún artículo en la 

literatura que compare el efecto antibacteriano inmediato de los 

antisépticos orales aplicando dos metodologías (ex vivo con una 

inmersión pasiva e in vivo con un enjuague activo) en el mismo 

experimento (utilizando el mismo voluntario y biofilms formados en un 

mismo periodo de tiempo). 

El grosor del biofilm se mantuvo sin diferencias significativas en 

todos los casos, de acuerdo a lo recogido en la literatura previa [14, 15, 

22, 23, 49]. Una aplicación puntal de un antiséptico no afecta al grosor de 

un biofilm maduro. 

La viabilidad bacteriana después de la inmersión en CHX varió de 

0,7 a 35,16% en la literatura previa  [15, 49, 50]. Este gran rango puede 

ser debido a las diferentes metodologías utilizadas en los estudios, como 

por ejemplo, la diferente concentración de la CHX utilizada (0,1 vs. 0,2%) 
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o el tiempo de aplicación (1 vs. 10 minutos). En la presente Tesis los 

valores obtenidos fueron cercanos al 15%. 

Solamente se han encontrado dos estudios en la literatura que 

analicen con esta técnica el efecto inmediato después de un enjuague 

con CHX [22, 23], ambos de nuestro grupo de investigación. En ambos 

casos la viabilidad se encontró cercana al 5%, al igual que en la presente 

Tesis. 

La literatura recoge valores de viabilidad bacteriana después de la 

inmersión en EO entre 23 y 31% [14, 15]. La serie presentada en esta 

Tesis consigue valores cercanos al 27%, en concordancia con la 

literatura. 

Hasta la fecha, solo se ha encontrado un artículo en la literatura 

que analice el efecto inmediato de un enjuague con EO con esta 

metodología y pertenece a nuestro grupo de investigación. Los resultados 

de viabilidad bacteriana son próximos al 1%, en concordancia con los 

mostrados en la presente Tesis. 

La literatura recoge afirmaciones de que no existen diferencias 

entre hacer una inmersión y un enjuague activo intraoral [52, 75] en el 

caso de la CHX. Esta afirmación se basa en la comparación de resultados 

de dos estudios realizados en voluntarios diferentes, en momentos 

diferentes y en biofilms de distinto tiempo de formación (2 días vs. 5 días) 

[52, 87]. Contrariamente, el propio grupo de Auschill y Arweiler en 2005 

[87] justificaron la importancia de hacer un enjuague intraoral citando un 

estudio de Pratten et al. [88], en el cual se sometía a un biofilm formado in 

vitro a una solución de 0,2% CHX durante 5 minutos consiguiendo 

mínimos efectos sobre la viabilidad bacteriana. 

La actividad potenciada de los antisépticos cuando se aplican 

mediante un enjuague oral, se podría deber a las fuerzas hidrodinámicas 

que aparecen en la boca gracias a la acción de la lengua, las mejillas y 

otros músculos que contribuyen al movimiento del antiséptico sobre todas 

las superficies orales. Este movimiento puede romper las fuerzas de 

tensión superficial típicas de los líquidos y permitir la penetración del 

antiséptico en toda la estructura del biofilm. Esta es la misma teoría que 

se aplica en endodoncia con la agitación del irrigante dentro del canal 

radicular para mejorar su penetración, acción conocida como “activación 

hidrodinámica” [89, 90].  
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CONCLUSIONES 

1. Los dispositivos vestibulares son los más comúnmente utilizados 

en el estudio del biofilm in situ. Los artículos deberían incluir más 

información sobre el proceso de fabricación del dispositivo. Los nuevos 

dispositivos deberían tener en cuenta las limitaciones de los dispositivos 

previos y prestar atención a las necesidades de los voluntarios. Del 

mismo modo, se debería testar la experiencia del voluntario y las 

diferencias en las características del biofilm que se forma sobre el 

dispositivo con respecto a aquellas presentes en el biofilm sobre el diente.  

2. El IDODS permite el desarrollo de un biofilm in situ de dos y cuatro 

días con unos valores óptimos de grosor y viabilidad bacteriana, así como 

características estructurales adecuadas, lo cual valida su uso en estudios 

sobre el biofilm de novo. El grosor se mantiene prácticamente constante 

entre los dos periodos. La viabilidad bacteriana disminuye a medida que 

pasa el tiempo, lo contrario sucede con el área ocupada que aumenta a 

los cuatro días. La estructura difiere principalmente en la superficie y en la 

forma de las bacterias: a los cuatro días tiene más canales, burbujas y 

superficie irregular con predominio de bacterias con forma de bacilo. El 

uso del IDODS altera poco la estética de los voluntarios y facilita el 

mantenimiento de la higiene oral. 

3. El IDODS permite el desarrollo de un biofilm in situ de dos días, en 

el cual el tipo de sustrato y la posición del disco en el dispositivo intraoral 

no condicionan el grosor y la viabilidad bacteriana del biofilm, estando 

este último parámetro más conservado en el biofilm no desestructurado 

(en el biofilm sobre el substrato). Sin embargo, el protocolo de cepillado 

durante el experimento es un factor más determinante a considerar en 

estudios de biofilm oral in situ. La composición bacteriana del biofilm 

formado sobre los distintos sustratos es similar a la del biofilm formado 

sobre la superficie del diente. La composición bacteriana del biofilm 

supragingival es sujeto-dependiente y no sustrato-dependiente. 

4. El IDODS permite el desarrollo de un biofilm in situ de dos días en 

el cual el método de aplicación del antiséptico condiciona la actividad 

antimicrobiana del mismo. El protocolo de aplicación mediante enjuague 

activo in vivo es más efectivo que la inmersión pasiva ex vivo tanto en la 
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Clorhexidina al 0,2% como en los Aceites Esenciales. Se detecta más 

penetración del antiséptico con la aplicación mediante enjuague activo, 

especialmente en el caso de los Aceites Esenciales. Teniendo en cuenta 

lo anterior, futuras investigaciones sobre antisépticos orales deberían 

tener en cuenta la metodología de aplicación. Para obtener una situación 

lo más cercana posible a la realidad clínica, la aplicación del antiséptico 

debe ser in situ, con un enjuague activo, o al menos considerar el papel 

que ejerce el movimiento de la solución en la actividad antimicrobiana del 

antiséptico. 
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GLOSSARY OF ABBREVIATIONS 

3-D: 3 Dimensional 

AcD: Acrylic Device 

ACE: Abundance-based Coverage Estimator 

AcMD: Acrylic and Metal Device 

APS: Adenosine 5’ Phosphosulfate 

ATP: Adenosin Triphosphate 

Bp: Base Pairs 

C: Canine 

CFUs: Colony Forming Units 

CHX: Chlorhexidine 

CLSM: Confocal Laser Scanning Microscope 

DAPI: 4’6-Diamidino-2-Phenylidole, Diacetate 

DNA: Deoxyribonucleic Acid 

dNTPs: Deoxynucleotides 

DPSS: Diode-Pumped Solid-State 

EO: Essential Oils 

ESEM: Environmental Scanning Electron Microscope 

EtBr: Ethidium Bromide 

FDA: Fluorescein Di-Acetate 

FISH: Fluorescent in situ Hybridization 

GUSTA ME: GUide to STatistical Analysis in Microbial Ecology 

HOMD: Human Oral Microbiome Database 

IDODS: Intraoral Device of Overlaid Disk-holding Splints 

Im-0.2% CHX: Immersion in 1 mL of 0.2% Chlorhexidine 

Im-EO: Immersion in 1mL of Essential Oils 

LiD: Leeds in situ Device 

LRT: Likelihood-Ratio Test 
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M: Molar 

MD: Metal Device 

Mw-0.2% CHX: Mouthwash with 10 mL of 0.2% Chlorhexidine 

Mw-EO: Mouthwash with 20 mL of Essential Oils 

NGS: Next Generation Sequencing 

OTUs: Operational Taxonomic Units 

PCoA: Principal Coordinates Analysis 

PCR: Polymerase Chain Reaction 

PI: Propidium Iodide 

PICO: Population Intervention Comparisons Outcomes 

PL-Biofilm: Plaque-Like Biofilm 

PM: Premolar 

PMT: Photomultiplier 

PPi: Pyrophosphate 

rDNA: Ribosomal Deoxyribonucleic Acid 

RDP: Ribosomal Database Project 

RNA: Ribonucleic Acid 

rRNA: Ribosomal Ribonucleic acid 

SEM: Scanning Electron Microscopy 

T-B: Tooth-brushing 

TEM: Transmission Electron Microscopy 

TPD: Thermoplastic Device 

VAW-Unifrac: Variance-Adjusted Weighted Unifrac: 

VBNC: Viable But Non-Culturable
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I.1 BACTERIA AND BIOFILM 

Bacteria are examples of the prokaryotic cell type; “Under any 

possible, reasonable or honest approach, bacteria are, and always have 

been, the dominant form of life on Earth” (Stephen J. Gould). 

According to modern concepts, bacteria exist principally as 

members of biofilm communities -95-99%- [1] and not as planktonic cells 

[2]. Taken to the extreme, the planktonic or free-swimming microbial 

phase might be considered as a mechanism for translocation from one 

surface to another [3] and not as a normal or comfortable state.  

Biofilm was defined as a “microbial derived sessile community, 

characterized by cells that are irreversibly attached to a substratum or 

interface or to each other. These cells are embedded in a matrix of 

extracellular polymeric substances that they have produced, and exhibit 

an altered phenotype with respect to growth rate and gene transcription” 

[4]. 

Genetic studies of one-species biofilm show a multistep process, 

need intercellular signalling and demonstrate a profile of gene 

transcription which is different from that of planktonic cells [3]. 

Extrapolating this finding to the situation in natural environments, biofilm is 

a multispecies microbial community which share its genetic material and 

fill distinct niches [3]. Therefore, the natural biofilm is like a complex, 

highly differentiated, multicultural community much like a “City of 

Microbes” where bacteria live in community and in relation to one another. 

Finally, the three-dimensional (3-D) biofilm may be seen as the buildings 

drawing the skyline (Figure 1).  
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Figure 1. Comparison between a photograph of the Chicago skyline (image taken from 

Pixabay) and the section of an oral biofilm grown on a glass disk (image captured by Scanning 

Electron Microscope, SEM). 

These “cities” predominate in all aquatic systems with enough 

nutrients, independently of the kind of the ecosystem [5]. As a rule, 

biofilms are formed in flow systems in the presence of the necessary 

growth substrates. Biofilms can grow over artificial and natural surfaces, 

from the surface of rolling stones to the boat hull in direct contact with the 

water, through the contact lenses or the dental plaque [6]. 

Formation of a biofilm may also provide protection from toxic 

compounds, which are present in the environment. As a result, biofilm 

formation may therefore be a survival mechanism for bacteria and other 

microbes living in an aquatic environment [7]. This complex association 

make the biofilm bacteria from 10 to 1000 times more resistant to an 

antiseptic [8] than the planktonic cells.  

 

Last decade studies have demonstrated the existence of a 

communication between bacteria inside the biofilm community. This 

communication has been established by chemical signals [9] or genetic 

material exchange [10]. The main representative of this communication 

mechanism is the quorum sensing. 

 

Quorum sensing helps bacteria to adapt and survive various 

environmental stresses in a cell-density-dependent manner and regulate 

the expression of genes that also influence their ability to cause disease.  



Introduction 

 

41 
 

I.2 IMPORTANCE OF BIOFILMS IN ORAL HEALTH 

It is universally known that biofilms are involved in many infectious 

processes that share clinic characteristics: they are chronic, with a torpid 

evolution, show gradual symptoms and are difficult to eradicate with 

conventional antibiotic treatment.   

These infections are so resistant, that some individuals with 

unaffected cell and humoral immunological response mechanism are 

unable to solve it. The antibiotic treatment normally reverts the symptoms 

caused by planktonic cells, but fails to destroy biofilms. As a 

consequence, these infections have a recurrent nature and need different 

therapeutic periods with antibiotics, until the complete elimination of the 

bacterial biofilm [11]. 

Many infections are attributable to bacterial biofilms: otitis, 

conjunctivitis, osteomyelitis, cystic fibrosis, infective endocarditis and a big 

group of nosocomial infections that are related to dialysis catheters, 

prosthetic heart valves, tracheal intubation or internal devices.  

In the oral environment, bacteria are always present, both in health 

and disease. Thus, biofilms are important because some resident species 

contribute to the maintenance of oral health and other species have the 

potential to cause local or systemic disease [12]. They impact directly on 

oral health and are involved in the appearance or evolution of the majority 

of oral diseases, such as caries and decalcifications, periodontal diseases 

or halitosis [13] and also in the regeneration, healing and cicatrisation of 

the tissues after oral manipulations [14] (Figure 2).  

Accordingly, a better knowledge of the oral biofilm characteristics 

results in the development of better strategies which are more effective in 
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oral disease management [15]. Apart from this, a study of the biofilm in 

individuals with systemic disease could help with the establishment of 

cause-effect relationships between dental plaque and the specific general 

pathology [16]. 

  

Figure 2. Intraoral image of: (A) Biofilm over a surgical wound leading to alveolitis (image 

taken from: http://www.bordonclinic.com/alveolitis-seca) (B) Biofilm over anterior teeth near 

to the gingiva producing gingivitis and periodontitis (image taken from: 

https://blog.uchceu.es/odontologia/diabetes-y-enfermedad-periodontal/) (C) Biofilm over a canine 

producing a decay (image from Commons Wikimedia, Author: Suyash.dwivedi) (D) Biofilm over 

the posterior-central zone of the tongue producing halitosis (image taken from Pyxabay). 

I.3 ORAL BIOFILM AND DENTAL PLAQUE 

The oral cavity contains hard as well as soft tissue surfaces, all of 

which are potentially available as substrates for the development of 

adherent oral biofilms [12]. All surfaces of the oral cavity are kept 

lubricated by major or minor salivary glands that provide a nutritious 
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aqueous environment suitable for maintenance of a resident bacterial 

population. The saliva itself contains approximately 107-108 bacteria/mL, 

mostly derived from colonized intraoral surfaces (Figure 3). 

 

Figure 3. Saliva sample (image captured by Epifluorescence Microscope). Bacteria with intact 

membrane emitting in green and bacteria with degraded membrane emitting in red. Big 

circles in red are the nuclei of epithelial cells. 

In 1683, Antony van Leeuwenhoek first observed soft microbe-

containing deposits on the teeth, with the first prototype of microscope. 

These soft deposits were referred in many terms, and it was generally 

believed they consisted mostly of food debris. In 1898, Black described 

these deposits as “gelatinous microbial plaques” on teeth and this term 

include all soft material developing on/or adhering to tooth surface. 

Nowadays, this has been widely known to be a specialized model of oral 

biofilm, named dental plaque. This has been defined as a community of 

microorganisms found on the tooth surface as a biofilm, embedded in a 

matrix of polymers of salivary and bacterial origin [17].  

I.4 STUDY OF THE ORAL BIOFILM 

 The history of the biofilm study probably started in 1684, when 

Anthony van Leewenhoek reported to the Royal Society of London “the 
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number of these animalcules in the scurf of a man’s teeth is so many that I 

believe they exceed the number of men in a kingdom.” 

 In the mid-1800s, Robert Koch developed methods to create a 

solid nutrient medium in order to grow and isolate pure cultures of 

microorganisms. This development led to huge advances in the study of 

bacteria.  

 It was in 1940 when the Journal of Bacteriology published: 

“Surfaces enable bacteria to develop in substrates otherwise too dilute for 

growth. Development takes place either as bacterial slime or colonial 

growth attached to surfaces” [18]. 

 It was not until 1975 when the word “biofilm” first appeared in a 

scientific publication [19]. Years later, in 1990, the United States National 

Science Foundation founded the Centre for Biofilm Engineering at 

Montana State University in Bozeman. Since that time, the field of biofilm 

research has exploded. New tools and techniques are continually 

pioneered to help understand the secrets of microbial community 

interactions. 

I.4.1 MODELS FOR THE IN VITRO STUDY OF THE ORAL BIOFILM 

 The first step in the study of complex oral bacterial communities 

was in vitro and simple models. These simple models were used to 

analyse the structure and function of the biofilm [20]. Besides, they were 

used to evaluate the effect of different antimicrobials [21].  

It seems interesting to briefly remember the most used in vitro 

models in the literature: 
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I.4.1.1 GROWING IN AGAR PLATES 

Probably the simplest model, bacteria grow in an agar plate. The 

result is a biofilm that consists of an accumulation of cells firmly packaged 

and embedded in an extracellular matrix, but only representative of the 

biofilm in a solid-gas interphase.  

I.4.1.2 FILTER-MEMBRANE BASED MODELS 

Microorganisms grow in a filter of membrane. After the biofilm 

growth, it can be withdrawn in an intact form [22, 23]. 

I.4.1.3 CHEMOSTAT BASED MODELS 

These systems have a bioreactor to which fresh medium is 

continuously added. At the same time, culture liquid containing nutrients, 

metabolic products and microorganisms is continuously removed at the 

same rate to keep the culture volume constant. In the oral biofilm study, it 

has been used for creating communities from up to 10 species of oral 

bacteria [24]. Afterwards, hydroxyapatite disks were used for multispecies 

biofilm grows over them [25]. 

I.4.1.4 CONSTANT DEPTH FILM FERMENTER 

The most used model to generate reproducible biofilms that 

simulate dental plaque is composed by a glass recipient with stainless 

steel plaques, which are the holder of 15 wells. Each well has six 

cylindrical holds with plugs. These plugs can incorporate hydroxyapatite or 

enamel disks over which the biofilm grows. This allows harvesting the 

biofilm without distorting its structure.   
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This system has been used by numerous authors to study the oral 

biofilm [26-32], to evaluate the susceptibility to oral antiseptics of specific 

oral bacteria [23] and to generate a multispecies biofilm in similar 

conditions to the dental plaque [33]. 

I.4.1.5 ARTIFICIAL MOUTHS 

Multiple artificial mouth system could be employed for the long-

term growth of multispecies plaque samples within a standardized, 

simulated oral environment generated with computer-controlled facilities. 

The basic purpose of artificial mouth is to imitate the oral environment with 

the help of “saliva substitutes”. The artificial mouth (Figure 4) allows 

monitoring with precision the biofilm physical, chemical, biological and 

molecular characteristics [34]. In addition, this system has been used to 

analyse the microbial interactions in dental plaque. 

Figure 4. Artificial Mouth design. (A) Cross-section of biofilm growth station. (B) 

Longitudinal section of culture chamber. Images taken from Tang et al. 2003 [34]. 

The creation of in vitro biofilm models has contributed significant 

breakthroughs in the study of oral diseases [35-39]. 

However, their known limitations have caused the scientific 

community recognises that the in vitro models might not generate a 

comparable biofilm to those found in situ [40-44]. For this reason, in vitro 
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results must be interpreted cautiously [41, 44, 45]. This affirmation 

establishes the need to develop models of biofilm in situ which could be 

analysed ex vivo without distortion [11, 41, 45, 46]. 

I.4.2. MODELS FOR THE IN VIVO STUDY OF THE ORAL BIOFILM 

 In several in situ biofilm studies, the sample is recollected from the 

tooth surface for analysis with paper points [47], cotton swabs or rolls [48] 

or scalers [49-56] (Figure 5). These procedures potentially disturb the 

delicate 3-D relationship between cells, the extracellular matrix and the 

substrate [40, 57, 58]. This disturbance directly influences the biofilm 

behaviour [57], which implies that a “non-disturbing” methodology must be 

applied in the study of the efficacy of any antimicrobial agent [57, 59]. 

 

Figure 5. Intraoral view of samples withdrawn with a cotton swab (image taken from Mooyla 

et al. 2014  [60]) and with a scaler (image taken from Thesis of Hazem Al Ahbad, Prof. Dr. Soren 

Jepsen and Prof. Dr. Andreas Jäger [61]). 

A “non-disturbing” methodology means that the biofilm is not 

altered during its formation, recollection, processing or analysis. In the 

literature, numerous artificial substrates have been used instead of the 

natural surface of the teeth in order to not disturb the dental plaque at any 
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stage of analysis; the resultant biofilm is known as “Plaque-Like” Biofilm 

(PL-Biofilm) [62-65].  

In this type of studies, the biofilm is formed on disks of different 

materials that are introduced inside the oral cavity supported by specially 

designed devices. 

I.4.2.1 DEVICES FOR IN SITU DEVELOPMENT OF NON-DISTURBED 

PLAQUE-LIKE BIOFILM 

The literature defines several specific devices which were 

designed to form a PL-Biofilm in situ. In history, the first papers involving 

the use of devices for the formation of PL-Biofilm studied the decay, 

analysing the demineralization effect [66-69]. Some of these studies used 

the own prosthesis of the volunteers [67, 69] or their orthodontic 

appliances [68] as artificial substrates in order to study the oral biofilm 

activity.  

On the contrary, Ahrens [66] designed a specific device in order to 

study this phenomenon. They designed a model based on acrylic splints 

on which enamel slides were positioned (Figure 6). Later, in 1987, Nyvad 

et al. [70-72] analysed the characteristics of the biofilm formed in situ on 

the device designed by Ahrens.  

 

 

 

 

Figure 6. Ahrens model. Image taken from Ahrens, 1976 [66]. 
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Another popular model has been the “Leeds in situ device” (Figure 

7), which is a ring that includes a substrate of human enamel [57, 73-75] 

and it adheres to buccal of first and second molars using a composite 

resin. 

 

 

 

Figure 7. “Leeds in situ device” scheme. Image taken from Wood et al., 2002 [76]. 

Several years ago, Auschill et al. [41] described a new device 

consisting of a metal and acrylic apparatus similar to a retainer, 

surrounding the outline of the teeth, linking the vestibular and palatal 

parts, and fixing the disks with wax (Figure 8).  

 

 

 

 

Figure 8. Auschill device. Image taken from Arweiler et al. 2008 [77]. 

More recently, Burgers et al. [78] used an apparatus consisting of 

individualized thermoplastic splints, on which disks were fixed. This same 

model, with minor variations, was used by Hannig et al. [79] with disks 

fixed by silicone (Figure 9). Subsequently, Gu et al. [80] used a metal to 

reinforce  the thermoplastic soft splint where they positioned disks.  
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Figure 9. Hannig device. Image taken from Jung et al. 2010 [81]. 

One of the last devices to be designed was the “Intraoral Device of 

Overlaid Disk-holding Splints” (IDODS) (Figure 10) [63, 64, 82], in which a 

thermoplastic material is used with the aim of interfering as little as 

possible with the normal life of the volunteers. 

Figure 10. IDODS scheme and over a cast. Images taken from García-Caballero et al. 2013 

[63]. 

Although they all seem valid to achieve the success of reproducing 

a good quality in situ oral biofilm, after their careful study, all of them show 

limitations at some point, such as at the aesthetic and hygienic levels or 

the biofilm growth environment. Some of them need specific teeth for 

retention or a specific pre-treatment of the tooth surface (etching and 

bonding) with the associated problem of its potential accidental unsticking. 

I.4.2.1.1 SUBSTRATES 

 In the previous literature, authors have searched for a solid 

substrate with similar characteristics to natural tooth surface. Therefore, 

authors have experimented with different materials, as human enamel [57, 
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83-86] (Figure 11) or bovine enamel [44, 87, 88]. Other authors have used 

hydroxyapatite (Figure 11) for being the principal component in the human 

enamel, thinking that way the biofilm might be more similar to that grown 

on teeth surface [89-92]. The polished glass (Figure 11) appeared as the 

perfect substitute to human enamel, avoiding the known autofluorescence 

and showing no major differences in terms of bacterial viability or 

thickness in young oral biofilm [15, 41, 42, 58, 62-65, 82-84, 93-95]. 

Figure 11. Photographs taken by SEM of: Enamel (A and D), Hydroxiapatite (B and E) and 

Glass (C and F) disks surfaces. (A, B and C under 1 Kx; D, E and F view by SEM A, B and 

C under 1 Kx and D, E, and F under 25 Kx). 

Other authors have conducted their research in seeing the biofilm 

on a dentine substrate and using bovine dentine [81, 96] or human root 

surface [72]. Thanks to that, the scientific community could see dentinal 

tubes colonized by bacteria (Figure 12).  

A B C 
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Figure 12. Dentinal tubules colonized by bacteria. Images taken from Jung et al., 2010 [81]. 

 The use of composites and ceramic crowns in the oral cavity 

makes important the study of specific biofilm which grows over them. 

Some authors have also analysed this biofilm [97-99]. 

 In the implants era, the importance of knowing what grows over the 

implants have provoked that many authors used titanium disks in their 

investigations [78, 100, 101]. The important increase in the incidence of 

the peri-implantitis disease, becomes these studies about biofilm on the 

implant surface very relevant to the dentistry community (Figure 13).  

 

Figure 13. Dental implant (Image from public domain), and intraoral image of titanium disks in 

an intraoral splint (image taken from Burgers et al., 2010 [78]). 

I.4.3 TECHNIQUES FOR THE ANALYSIS OF THE ORAL BIOFILM 

I.4.3.1 PLATE CULTURING AND COLONY FORMING UNITS 

 

Plating is a common quantification method that allows the 

determination of the number of culturable cells [102]. This technique has 
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been widely used in the scientific literature as a method of measurement 

of viability or composition of oral biofilm. 

Though this technique has the advantage of determining the 

number of active bacteria, there are some disadvantages which could lead 

to inaccurate conclusions and which can, at least, question its 

consideration as the “Gold Standard” (Table 1).  

The traditional method of determining the number of 

microorganisms is the measurement of viability by prior desorption. This is 

done through the use of ultrasonication or vigorous agitation, and followed 

by subsequent plating on different agar plates. This plating may influence 

the results considerably [103], producing an underestimation in the 

number of cells if the dispersing is not done accurately. Moreover, cells 

will not grow and form visible colonies if they are in a state of starvation or 

under stress [104, 105]. Furthermore, since this technique is both labour- 

and time-intensive, it is not suitable for high-throughput screening [102]. 

Besides, it needs the selection for certain species when studying 

multispecies biofilms from natural niches [4]. In addition, more than 700 

bacterial species or phylotypes, of which over 50% have not been 

cultivated, have been detected in the oral cavity [106].  

Table 1. Summary of the main problems of the plate culturing techniques. 

MAIN DISADVANTAGES OF PLATE CULTURING 

- Desorption by ultrasonication, vortex, etc. 

- Impossibility of viability assessment without disrupting the biofilm structure. 

- Cells do not grow if they are in starvation or under stress. 

- Laborious and time consuming technique. 

- Necessity of selection of certain species. 

- 50% of the bacterial species present in the oral cavity are not culturable. 
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All the limitations of the plate culturing techniques illustrate the 

necessity of alternative or complementary methods other than culture 

plates for the visualization, quantification and identification of bacteria 

[107].  

I.4.3.2 HIGH-RESOLUTION MICROSCOPIC TECHNIQUES 

To analyse in detail the ultrastructure of the bacteria and the 

surrounding matrix is required high-resolution techniques. The scientific 

literature regards the electron microscopic methods as the “Gold 

Standard” to analyse the detailed insight into the ultrastructure of bacteria 

and their environment [107]. However, the quantification of the adherent 

microorganisms is difficult. 

I.4.3.2.1 SCANNING ELECTRON MICROSCOPY 

 Scanning Electron Microscopy (SEM) is considered the “Gold 

Standard” in the study of the biofilm structure [87, 108, 109]. This 

technique allows visualization of the surface structures of the biofilm with a 

3-D appearance at very different resolutions [107]. However, the samples 

require for their evaluation high vacuum conditions. Furthermore, 

biological samples have non-conductive properties. For this reason, 

fixation, dehydration and coating with a conductive material are 

necessary.   

First of all, the sample is fixed with aldehydes in phosphate or 

cacodylate buffer. After that, the dehydration is carried out with a series of 

ascending concentrations of acetone or ethanol. Meanwhile, the water is 

gradually replaced by the organic solvents. Later, the samples are dried 

without destruction of the structures using the critical point drying. 

Afterwards, the ethanol is replaced by transitional fluid, usually consisting 
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of carbon dioxide. In the end, the samples have to be coated with a 

conductive material, such as gold. 

Some authors have studied the oral biofilm using this technique [78, 

79]. However, the sample preparation implies that specimens do not 

preserve their native state. As a result, biofilms cannot be observed in situ.  

To overcome the limitations of the conventional SEM, a second 

type of SEM called the Environmental Scanning Electron Microscope 

(ESEM) has been developed. The major advantage of ESEM is that 

hydrated and non-conducting samples, such as biological tissues and 

cells, can be imaged without prior dehydration or conductive coating.  

 The sample in ESEM remains under a gaseous pressure 

maintained in the specimen chamber. In this technique, water vapour is 

contained in the chamber as a gas (instead of vacuum), so samples will 

be hydrated as in their “native” state. In addition, coating with metallic 

layer is not necessary because gas is present in the chamber. However, 

the main drawback of this technique is the poor quality obtained in some 

biofilm samples not providing the necessary information (Figure 14).  
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Figure 14.  (A) ESEM image of dentin tubules with bacteria (image taken from Bergams et al. 

2005 [110]). (B) Conventional SEM image of dentine tubules with bacteria (image taken from 

Bergams et al. 2005 [110]). (C) ESEM image of biofilm over an enamel disk. (D) Conventional 

SEM image of biofilm over an enamel disk. 

In both techniques, evaluation of bacterial species is not possible. 

In addition, the differentiation of cocci, rods and filaments according to the 

appearance of the bacteria is sometimes difficult [111]. However, SEM 

can be combined with gold immunolabelling techniques for visualization 

and quantification of certain proteins [103].  

 In the study of the oral biofilm the SEM has been widely used by 

many authors from eighties to our days to analyse the in situ oral biofilm 

[59, 65, 71, 78, 79, 98, 112-125].  
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I.4.3.2.2 TRANSMISSION ELECTRON MICROSCOPY 

Transmission Electron Microscopy (TEM) is used to evaluate 

ultrathin sections of the biofilm. It provides a very high resolution of down 

to 0.1 nm [110]. The indispensable fixation is typically carried out with 

glutaraldehyde. Alternatively, cryo-fixation at -135ºC may be used in order 

to help avoiding artefacts and preserving the appearance of the sample in 

its soluble state. However, this approach requires extensive preparation, 

as well as highly specialized equipment. 

Other important step in preparation for TEM is dehydration in a 

series of ascending concentrations of ethanol or acetone, as well as 

embedding in acrylic resin as a prerequisite for ultrathin sectioning.  

The sample preparation may cause disruptive shrinkage and loss 

of the biofilm matrix that can affect 73-98% of the in vivo biofilm mass 

[126]. Furthermore, the time-consuming and tedious nature of the 

sectioning process for TEM constitutes a big drawback for this technique 

[127].  

Nevertheless, TEM has been used in the study of the acquired 

pellicle [79] and when the objective was to evaluate the effect of 

antimicrobials over the cell structure [128, 129] (Figure 15).   
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Figure 15. (A) Acquired pellicle (image taken from Hannig et al. 2008 [79]). (B)  and (C) 

Bacterial ultrastructure after a single application of mouthwash. 

I.4.3.3 FLUORESCENCE-BASED MICROSCOPY 

Fluorescence is the property of some atoms and molecules to 

absorb light at a particular wavelength and to subsequently emit light of 

longer wavelength after a brief interval. This concept has been of capital 

importance in the development of techniques for visualizing different 

processes that occur naturally in biology. The first report of fluorescence 

was in 1845 [130], when it was noted that a quinine solution, although 

colourless and transparent, exhibited a ‘‘vivid and beautiful celestial blue 

colour’’, when it was illuminated and observed under certain incidences of 

sunlight. In 1929, for the examination of living organisms (sometimes large 

and opaque), ‘‘intra-vital microscopes’’ were devised [131] using incident 
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light instead of transmitted light. Living organisms were treated with 

fluorescent substances in order to place a source of light in the organism 

itself. UV-light was used for illumination and interposed filters were placed 

between the objective and the eyepiece, which reflected the exciting rays 

and transmitted the red-shifted fluorescent light. Later, between the 1930s 

and 1940s, the use of fluorochromes began in biology to stain tissue 

components, bacteria, or other pathogens. Some of these stains such as 

the antibody labelling [132] were highly specific and they stimulated the 

rapid development of the fluorescence microscope. 

Fluorescence microscopy has become an essential tool in biology, 

particularly in the study of bacteria and their interactions in biofilms, owing 

to it has attributes that are not readily available in other optical microscopy 

techniques.  

Fluorescence illumination and observation is one the most rapidly 

expanding microscopy techniques employed today, both in medical and 

biological sciences, which has encouraged the development of more 

sophisticated microscopes and numerous fluorescence accessories. In the 

next table (Table 2), advantages and disadvantages of the fluorescence 

microscopy are shown.  
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Table 2. Advantages and disadvantages of the fluorescence microscopy. 

FLUORESCENCE MICROSCOPY 

Advantages Disadvantages 

- Study of live samples in their natural 

hydrated state. 

- No fixation necessary- lower probability 

of artefacts. 

- Correction of the out-of-focus image.* 

- Possibility of observing micro-sections.* 

- 3-D images generation.* 

- Images suitable for storage, display and 

processing. 

- Lower power resolution than the SEM or TEM. 

- Problems with fluorescence in deep regions of 

thick specimens. 

- Restricted conditions of the objective lenses. 

- Fading and bleaching of fluorochromes. 

- Laser intensity must be controlled. 

*Only applicable to the Confocal Laser Scanning Microscope. 

Between fluorescent microscopes, the Confocal Laser Scanning 

microscope (CLSM) is the one that provides more advantages over 

conventional optical and electronic microscopies, representing an 

evolution of epifluorescence or incident-light fluorescence. The most 

important feature of the CLSM is the capability of isolating and collecting a 

plane of focus from within a sample. This is achieved by spatial filtering to 

eliminate out-of-focus light or flare in specimens that are thicker than the 

plane of focus [133]. In a fluorescent microscope, a small part of a sample 

may be in focus, but you look at the entire object (i.e. what is in focus is 

viewed as well as what is out of focus). The confocal microscope has a 

stepper motor attached to the fine focus; owing to this, it is possible to 

have a controllable depth of field, which provides the possibility to collect 

serial optical sections from thick specimens [44, 58, 77, 95, 134].  

The possibility of measuring serial optical sections allows for 

further capabilities of the system, such as the generation of 3-D images of 



Introduction 

 

61 
 

living cells with submicron resolution. These possibilities are unique 

insofar as such spatial information can only be obtained from hydrated 

material using the confocal technique [127]. These 3-D images are 

correlated, as far as possible, with data obtained by the serial sectioning 

technique of hydrated biological specimen. 

CLSM, with its various imaging modes, will prove invaluable for 

applications in the field of biology, both for its 3-D imaging capabilities and 

its possibility to observe live objects in their natural environment. In 

addition, the existence of sophisticated fluorescent probes permits the 

visualization of the spatial organization of specific substances inside live 

biological material [135]. 

Although still lower than traditional electronic microscopes, the 

CLSM has improved the resolving power in regard to other fluorescent 

microscopes, both transverse as well as along the optical axis. 

Furthermore, the manner in which data are collected in this instrument is 

suitable for storage, display, and subsequent data processing using a 

digital computer. 

On the other hand, in case of fluorescence emitted by the deeper 

regions of the material, the incident and emitted photons have to travel 

through the more superficial layers of the sample. The thickness and the 

occasional heterogeneity of the crossed layers can act upon the value of 

the recorded signal, according to the two following processes. Firstly, the 

reflection, refraction and scattering of the incident beam by parts of the 

specimen located between the focal plane and the objective lens can, in 

principle, reduce the intensity of incident radiation (inner-filter effect). 

Secondly, the fluorescence photons can be attenuated by the same upper 

structures on their way back [136, 137]. Furthermore, an additional 
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problem, in case of thick biofilms is the risk of underestimating bacterial 

numbers, owing to the degree of fading of the fluorophore when multiple 

optical sections are acquired [95, 138].  

Another limitation that should be taken into account relates to the 

optimal parameters of objective lenses. These are designed to be 

operated under a very restricted set of conditions (refraction index of the 

immersion oil/water, thickness of the cover glass, etc.). Deviations from 

the optimum nominal parameters can dramatically degrade the objective 

performance, resulting in some loss of image definition.  

A further inconvenience is the bleaching of fluorochromes, which 

constitutes one of the most troublesome problems that counteract a 

quantitative fluorescence approach. Photobleaching is especially 

important in CLSM, because the optical slices are performed sequentially. 

As a consequence, each slice has not received the same amount of 

irradiation as its scan began [135]. 

The influence of laser power is associated with the 

photodestruction quantum yield, which directly depends on the intensity of 

the incident light. A laser power that is too high should not be used, as it 

can give rise to a bad signal-to-noise ratio. Additionally, an illumination 

that is too strong might damage the biological structures, causing 

unwanted distortions in samples [135]. 

Other disadvantages that may be associated with the fluorescence 

staining include: the existence of people (8-12% of males and almost 1% 

of females), that are green/red colour blind, who cannot extract any 

meaningful information from the images [29]; the influence of the type of 

bacteria (i.e. Actinomyces spp. often results in an irregular distribution of 
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fluorescent signals, possibly because of insufficient permeability of the 

bacterial cell walls) and of its physiological state (exponential-growth 

phase vs. stationary phase) about the staining properties [81, 139]; some 

fluorochromes showed a significant non-specific binding to the matrix and 

great background fluorescence [140], or the detection of intermediate 

colours, the interpretation of which remains unclear [139]. 

I.4.3.3.1 FLUORESCENCE IN SITU HYBRIDIZATION 

Nowadays, fluorescence microscopic methods, such as 

fluorescence in situ hybridization (FISH), offer the opportunity to mark 

selected bacterial species or to stain all cells. This implies an overcoming 

of some limitations that plate culture techniques showed about 

visualization, quantification and identification of bacteria [107]. 

It has been shown that FISH, a technique that employs 

fluorescence-labelled species-specific DNA probes, is a useful method for 

the detection of bacteria without too much disruption to their natural 

environment [44, 58, 94, 95, 141, 142] (Figure 16). Several authors have 

used FISH in combination with CLSM to obtain images of 3-D 

reconstructions of the natural microbiological environments of in vivo oral 

biofilms, evaluating the levels of up to four different microorganisms in the 

biofilm formation after different periods of time [38, 44, 58, 141]. The FISH 

permits the identification of non-culturable bacteria and the faster 

development of new probes compared with the production and 

characterization of antibodies [44]. However, one of the limitations of FISH 

is that it uses ribosomal RNA-targeted probes. This implies that its 

sensitivity is, therefore, limited by the metabolic state of the bacteria 

present in the biofilm, being this a problem in metabolically inactive 

microorganisms, which are generally considered to have a lower cellular 
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ribosomal content [143]. Furthermore, FISH requires specimen fixation, 

including dehydration, potentially leading to similar problems to those 

observed with TEM and SEM, making it impossible to study the dynamic 

changes occurring in live biofilms [143, 144]. 

Figure 16. FISH stained samples. A. Sample after 12 hours of exposition to oral fluids, 

eubacteria are shown in green, Streptococcus spp. in magenta, Fusobacterium nucleatum 

in yellow and Actinomyces naeslundii in blue (image taken from Al-ahmad et al. 2009 [87]). B. 

Sample of supragingival biofilm, Streptococcus spp. in green and Lactobacillus spp. in red 

(image taken from Zijnge et al. 2010 [145]). 

I.4.3.3.2 COMBINATION OF FLUOROCHROMES 

Many combinations of fluorochromes have been used to study oral 

biofilm since in 1983, Netuschil et al. first used fluorescence to visualise 

dental plaque [146]. The combinations of both Fluorescein Di-Acetate/ 

Ethidium Bromide (FDA/EtBr) [42, 77, 83, 84, 147] and SYTO 9/Propidium 

Iodide (PI) [29, 55, 62-64, 80, 89, 107, 117, 148-157] have been the most 

employed, in addition to some studies that employed acridine orange 

[158], fluorescein alone [57] or DAPI (4’6-Diamino-2-Phenylindole, Di-

acetate) [81].  

A B 
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- FLUORESCEIN DI-ACETATE/ ETHIDIUM BROMIDE  

 Despite being the first and traditional combination used for this 

purpose, some problems have been found regarding the safety of FDA 

and EtBr as well as their ability to stain bacteria present in an oral biofilm 

in a reliable manner. 

After the application of FDA, theoretically, only vital cells become 

fluorescent, although it has been shown to be rather unstable and it 

rapidly leaks from all cells whether or not vital [159]. Loss of fluorescein 

occurs in intact cells quickly as a result of photobleaching and the diffusion 

of fluorescein across the cell membrane [160]. The use of FDA is, 

therefore, restricted to samples where it is not required to resolve cells in 

close proximity, and the time of exposure to illumination and overall 

experiment must be short [160]. In comparison, carboxyfluorescein 

diacetate shows a longer intracellular accumulation, owing to its negative 

charge [159, 161]. Calcein acetoxymethyl, another fluorescent dye for vital 

cells, is readily cleaved by intracellular esterases to fluorescent calcein. 

Once in this fluorescent state, calcein is distributed throughout the whole 

cell, nuclei, and mitochondria [162]. Another valid alternative to FDA could 

be the SYTO 9, which stains vital bacteria green without the problems of 

leakage and photobleaching that FDA has, despite its staining mechanism 

being based on intercalation of DNA and RNA rather than the action of 

intracellular esterases [160]. 

The main problem of the EtBr, however, is its well-known toxicity, 

which has led to the development of alternative reagents [107]. The 

results obtained with PI are superior to EtBr; PI only penetrates damaged 

cells whereas EtBr may also stain vital bacteria [159]. Furthermore, EtBr is 
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less reliable than PI, as the latter has a lower charge and, therefore, a 

higher affinity for DNA [163, 164]. 

When comparing different techniques, poor correlation was found 

between FDA/EtBr staining and CFU (plate-culture technique) when 

investigating typical strains of oral streptococci [159]. However, this 

fluorescence method has been described as being able to successfully 

differentiate vital and avital bacteria in oral biofilms by Netuschil’s group 

[165, 166]. The combination of SYTO 9 with PI seems to be appropriate 

for oral streptococcal strains [159, 167] and has been successfully used 

for staining of PL-Biofilms by the working group of the author of the 

present Thesis [62-64, 155-157, 168] and many other groups [55, 80, 89, 

117, 148-152]. 

- SYTO 9/ PROPIDIUM IODIDE 

  Stains SYTO 9 and PI are found in the Live/Dead® BacLight™ 

Bacterial Viability Kit, developed by Molecular Probes Inc. [153]. This 

combination has been widely used in the study of oral bacteria and 

biofilms, both in vivo and in vitro, for the last 15 years [29, 55, 62-64, 80, 

89, 107, 117, 148-157]. 

The stain package is composed of a mixture of two nucleic-acid-

binding stains, SYTO 9 and PI. These stains differ both in their spectral 

characteristics and in their ability to penetrate vital bacterial cells. SYTO 9 

stains all cells green (vital and non-vital), whereas PI penetrates cells in 

which the membrane has been compromised or damaged, staining them 

red and stopping the emission of green fluorescence by SYTO 9 in these 

cells [169] (Figure 17). BacLight™ staining has several advantages: the 

intensity of fluorescence is high, with a strong contrast between the red 
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and green cells, which makes the preparations easy to read with minimal 

background fluorescence. Furthermore, it is a reliable, rapid and easy-to-

use test that yields both vital counts and total counts in one step [153]. 

Figure 17. Confocal image of PL-Biofilm in basal conditions (A) and after antimicrobial 

application (B). Viable bacteria emitting in green and bacteria with damaged membrane 

emitting in red. 

The detection of vital cells using BacLight™ is based on the 

difference between total cells and dead cells. SYTO 9 fluorescence is 

sensitive to pH value, with the maximum fluorescence at a low pH (5.5 to 

6.5) (Molecular Probes communication). As SYTO 9 penetrates all cell 

membranes, its efficiency can be limited either by decreased membrane 

permeability to this stain or by insufficient accumulation of the stain so that 

it does not become detectable. These same limitations can be applied to 

PI. 

Depletion of cellular reserves, low cellular-protein content and 

degradation of macromolecules such as RNA and DNA will occur in 

starved cells, declining their concentrations [170-172]. Theoretically, as 

SYTO 9 and PI are nucleic-acid-binding stains it could be supported that, 

in starved cells, smaller amounts of nucleic acids may influence the ability 

to accumulate sufficient amounts of the stains to detect fluorescence. 

A B 
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However, Boulos et al. [153] showed that, by comparing with other 

techniques, this hypothesis was wrong and the staining was correctly 

produced. 

As it has been previously presented, both the CLSM in 

combination with fluorochromes are an essential tool in the oral biofilm 

study. This has been mainly due to the fact that the samples could be 

analysed in their natural hydrated state. These techniques complemented 

by the design of in situ models for the biofilm development have allowed 

significant advances in the knowledge about oral biofilm characteristics 

related to thickness, structure, bacterial viability and topography [15, 41, 

42, 59, 62-65, 75-78, 80-86, 88, 89, 93, 96-99, 103, 117, 150, 151, 173-

179]. 

I.4.3.3.3 DETERMINING THE BACTERIAL CELLULAR STATE 

In addition to the identification of species, the viability of the 

bacteria present in a biofilm is also of considerable interest. Several 

stages of viability are discussed and described in previous published 

reports: viable and culturable, viable but non-culturable (VBNC), dormant, 

nonviable and pre-lytic, and avital dead bacteria [159]. The exact 

differentiation of these stages remains one of the greatest challenges in 

modern microbiology [159]. Different bacterial phases like starvation or 

dormancy, where the bacteria may be in a reversible intermediate state 

leading to active metabolism, death or lysis, do not help with this 

differentiation. As the evaluation of the bacterial viability is done in a single 

moment (when the microscopical analysis is done), there will be bacteria 

which are in a determinate phase of their living cycle in the moment that 

investigators do the assessment. Live/dead systems based on the 
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membrane permeability assume that a bacterium which has its cell 

membrane damaged is a cell which cannot replicate for any longer, which 

in bacterial biology means in fact the bacterial dead [180]. For this reason, 

dual live/dead solutions may produce a theoretical artificial rise in the 

bacterial viability, since bacteria with their membrane in perfect conditions 

may be bacteria which are non-viable, culturable or dormant (Table 3) 

[135]. In the discussion section of the Objective 2 there will be further 

information on this issue and the presentation of the eternal argument 

between the use of the terms “viability” and “vitality” for the evaluation of 

the bacterial condition in the oral biofilm. In the present Thesis, the term 

“viability” has been preferred simply because of the type of solution used 

(Live/Dead Viability Kit).  

Table 3. Stages of viability described in previously published reports, with their associated 

characteristics regarding their ability to form Colony Forming Units (CFUs) and the 

presence of metabolic activity and membrane integrity. Table taken from Quintas et al. 2014 

[135]. 

 

BACTERIAL STATE CFU 
METABOLIC 

ACTIVITY 
MEMBRANE 
INTEGRITY 

Viable-vital and culturable Yes Yes Yes 

VBNC dormant No Yes Yes 

Non-viable and pre-lytic No No Yes 

Dead-avital No No No 

I.4.3.4 MOLECULAR BIOLOGIC TECHNIQUES  

The United States National Institutes of Health initiated the “Human 

Microbiome Project” in 2008, with the objective of generating resources 

that would enable the comprehensive characterization of the human 

microbiome, determining its role in human health and disease. Advances 

in DNA sequencing technologies have created a new field of research, 
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called metagenomics, which allows the comprehensive examination of 

microbial communities, without the need for cultivation. The 

metagenomics techniques have been used to determine the complexity of 

microbial diversity in the main sites of the human body: the skin, oral 

cavity, gastrointestinal tract and vagina [181, 182] (Figures 18 and 19). 

 

Figure 18. Microbial diversity studied by the Human Microbiome Project in nine sites of the 

human body. Image taken from Lasken et al. 2014 [183].  
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Figure 19. Overview of bioinformatic methods for different omics techniques. In this Thesis 

only the first arm will be used, we will be asking, “which organisms are present?” The 

emerging fields of metatranscriptomics, metaproteomics, and metabolomics will help to 

build an integrated picture of transcripts, proteins and metabolites expression and their 

interactions in the microbial communities. Image taken from Morgan et al. 2013 [184]. 

A metagenomic approach has been used to study the microbial 

diversity present in the biofilm community that sticks to the teeth and 

gums. In 2010, The National Institute of Dental and Craniofacial Research, 

which is part of the United States National Institutes of Health, sponsored 

a project to find and examine all the microbes present in oral cavity [185]. 

Culture-independent molecular biology methods have refined and 

redefined the knowledge of the microbial diversity in the oral cavity and 

expanded the list of candidate pathogens associated with oral infectious 

diseases [186, 187]. Recent technical improvements allow nearly 

complete genome assembly from individual microbes directly from 

environmental samples or clinical specimens. With the next generation of 

sequencing (NGS) technology, it is no surprise that metagenomics has 

become one of the fastest growing scientific disciplines.  
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However, metagenomics (“shotgun metagenomics”) measures only 

what a community is capable of doing, but developing functional assays 

will better assess how it dynamically responds to its environment. 

Metatranscriptomics presents additional technical challenges such as 

depletion of ribosomal RNA. Metaproteomics implies the quantification of 

community peptides and metametabolomics, the quantification of 

community small-molecule metabolites. The immense computational 

challenge of assembling these vast and diverse meta’omic data to 

describe entire ecosystems, identifying how the genes interact with one 

another within and between bacteria to produce metabolites, and 

quantifying and understanding how these processes change over time and 

in response to the environment, is the goal of the emerging field of 

molecular ecosystems biology [188]. Synthetic communities offer a 

particularly promising avenue for systematically adding or removing 

organisms, or (in genetically tractable systems) adding or removing single 

microbial genes. In combination with innovative computational models and 

culture-based approaches, metagenomics, in such environments and in 

vivo, will continue to improve our understanding of the relationship with 

our microbiome [184] (Figure 20). 

Figure 20. Open biological questions in microbial community biology and emerging 

technologies and models for their exploration. Image taken from Segata et al, 2013 [189]. 
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I.4.3.4.1 16S rDNA GENE “FIRST-GENERATION” TECHNOLOGY 

 The 16S ribosomal RNA (16S rRNA) is a component of the 30S 

small subunit of prokaryotic ribosomes (Figure 21). The genes coding for 

this RNA are referred to as 16S rDNA and using universal primers it is 

possible to reconstruct phylogenies and describe the species present in a 

given sample even if they have not been identified previously. This is due 

to the slow rates of evolution of this region of the gene. [190]. 

Figure 21. Image of the structure of a prokaryote ribosome. The 30S subunit is composed 

by the 16S rRNA and 21 proteins. Image taken from 3dciencia.com. 

 The 16S rDNA gene amplification by polymerase chain reaction 

(PCR), followed by cloning and Sanger sequencing, allowed an even more 

comprehensive investigation of oral bacterial communities. Studies using 

this approach have revealed that 40-60% of the bacterial taxa found in the 
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mouth have not yet been cultivated and validly named [186, 187, 191-

194]. Despite recent advances, technical difficulties and high cost 

associated with the cloning and Sanger sequencing approach make it to 

be used only to reveal the dominant members of the bacterial community. 

In oral microbiology, numerous studies have used broad-range 

PCR, following by cloning and Sanger sequencing to identify the 

microbiota associated with healthy [106, 141, 195] and disease conditions, 

as caries [187, 196-198], periodontitis [186, 193, 199-201] and peri-

implantitis [202-206]. 

I.4.3.4.2 16S rDNA GENE PYROSEQUENCING: “NEXT GENERATION 

SEQUENCING” 

 In order to reach a further step in the knowledge of the microbiota 

diversity, NGS technologies appeared. These techniques permit the 

massive sequencing with much higher throughput than Sanger method. 

One of the NGS techniques, the pyrosequencing method has been widely 

used in medical microbiology. Pyrosequencing technology provides a 

large number of sequencing reads in a single run, resulting in very large 

sampling depth and allowing detection not only of the most dominant 

microbial community members but also of the low-abundance taxa, the so-

called rare biosphere [207, 208]. 

 In 2005, the first commercially available NGS platform was 

introduced and then the field of genomic analysis suffered a revolution 

[209].  The four NGS platforms most currently used are:  

- 454 pyrosequencing by Roche Applied Science Basel, Switzerland. 

- Illumina/Solexa Genome Analyzer by Ilumina, San Diego, CA, USA. 



Introduction 

 

75 
 

- SOLiD by Applied Biosystems, Foster City, CA, USA. 

- HeliScope Single Molecule Sequencer by Helicos BioSciences, 

Cambridge, MA, USA. 

 These platforms perform massive parallel sequencing, either of 

PCR-amplified products or a single DNA molecule. 

 The 454 pyrosequencing is one of the most used platforms to 

study the human microbiome. This technology is method that involves a 

combination of emulsion PCR and pyrosequencing. Pyrosequencing relies 

on light generation after the incorporation of nucleotides in a growing 

chain of DNA. The 454 pyrosequencing process follows the next steps 

[210]: (Figure 22)  

Figure 22. Scheme of the emulsion PCR and 454 pyrosequencing process. Image taken 

from www.Medscape.com; Future Virol 2011, Future Medicine Ltd. 
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- DNA is fragmented and ligated to special adapters and separated 

into single strands. 

- DNA amplification: Emulsion PCR is carried out for clonal 

amplification. The emulsion contains the PCR reagents and the DNA 

template to be sequenced. Capture beads containing one of the 

oligonucleotide primers attached to them are also included. This primer is 

complementary to one of the adapter sequences used in the library 

construction. The other PCR primer is placed in the solution. 

- After controlled and vigorous agitation, emulsification takes place 

and millions of aqueous droplets are formed, within which PCR 

amplification takes place. Then million copies of a unique DNA template 

are generated on each bead in a clonal PCR amplification. Then DNA is 

denatured, and beads carrying single-stranded DNA are transferred to the 

wells of a picotiter plate. This permits a single bead to occur in each of the 

several hundred thousand wells. Beads containing the enzymes are used 

in the pyrosequencing reaction step. 

- DNA sequencing. A mixture of single-stranded DNA template, the 

sequencing primer and the enzymes DNA polymerase, ATP sulfurylase, 

luciferase and apyrase are used. Two substrates are also included in the 

reaction: adenosine 5’ Phosphosulfate (APS) and luciferin. Foremost, the 

first one of the 4 Deoxynucleotides (dNTPs) is added to the sequencing 

reaction and the DNA polymerase catalyses its incorporation into the DNA 

strand in case there is complementarity. During this incorporation event, a 

phosphodiester bond between the dNTPs is formed, releasing 

Pyrophosphate (PPi) in a quantity equivalent to the amount of 

incorporated nucleotide. In sequence, the enzyme ATP sulfurylase 

converts PPi to ATP in the presence of APS. ATP is used by the enzyme 
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luciferase in the conversion of luciferin to oxyluciferin. This gives rise to 

light in intensity that is proportional to the amount of ATP used. Light is 

detected by a camera and registered as a peak in a pyrogram. The height 

of the peak is proportional to the number of nucleotides incorporated. The 

addition of dNTPs is performed one at a time. Generation of a signal 

indicates which nucleotide is the next one occurring in the sequence. As 

the process goes on, the complementary DNA strands grow and the 

nucleotide sequence is determined according to the signal peaks in the 

pyrogram [210]. 

 One of the greatest advantages of the pyrosequencing approach 

over the Sanger sequencing is that hundreds of thousands of sequencing 

reads can be obtained in a single run [211]. As a result, cost per base is 

much lower. Another advantage of pyrosequencing is that it also avoids 

the cloning procedure, excluding the biases inherent to the technique. The 

total time in pyrosequencing with Roche 454 is approximate 5 hours for 

processing 96 samples a clear advantage if it is compared with the 24-55 

hours needed for processing 96 samples with traditional sequencing 

(Figure 23).   
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Figure 23. Time consuming in different sequencing techniques: Traditional vs. new 

techniques. Image taken from https://www.qiagen.com/es/resources/technologies/pyrosequencing-

resource-center/pyrosequencing-applications/microbial-id-and-drug-resistance-typing/ (author Jeanne 

A. Jordan). 

  In pyrosequencing, sequences from different samples can be 

mixed in the same run thanks to the using of the barcoding multiplex 

approach, in which the sequences of a specific sample are labelled with a 

unique identifier [212]. This increases the efficiency and throughput, 
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reducing costs [207, 213]. In fact, Roche 454 analyses 500M Base Pairs 

(bp) per run vs. 800 bp obtained with Sanger. This has direct impact in the 

sampling depth which allows a better coverage of one individual sample, 

increasing the chances of detecting rare species. This characteristic is of 

extreme importance for ecological studies [214]. 

 When comparing microbial communities from different sites, 

pyrosequencing can be used to study more samples rather than more 

sequences per sample [215]. However, if the samples to be compared 

come from the same or closely related sites, deeper sequencing may be 

necessary to reveal minor differences in the community composition [216]. 

 On the other hand, pyrosequencing has also limitations. One of 

them is the detection of long homopolymers (repeated nucleotides), which 

can result in sequencing errors and artificially rising richness estimates (in 

the bioinformatics section of this introduction and in the discussion section 

of Objective 3, strategies to deal with this problem are proposed).  

 Sometimes, the reads generated by pyrosequencing are not as 

long as desired. This makes difficult the bacterial identification due to lack 

of phylogenetic information. Because of the short sequencing reads, 

bacterial identification has focused on the hypervariable regions of the 

16S rDNA gene. The reads of this particular gene can be highly 

informative and a taxonomic assignment at species level can be done 

without requiring the sequencing of the entire gene [210]. 

The human oral microbiome is the most studied human 

microbiome, due to the fact that it is easily sampled and is strongly 

associated with important oral infectious diseases such as tooth decay 

(dental caries) and gum disease (periodontitis). 
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The investigation of such complex oral biofilms is confronted by 

two issues: to properly identify which bacteria are in the biofilm, and to 

understand their genetic potential in human health and disease [185]. 

 

- APPLYING BIOINFORMATICS TO ANALYSE ORAL 

SAMPLES PROCESSED BY PYROSEQUENCING 

Bioinformatics is an essential component for the studies of 

pyrosequencing. This is the tool through which the results that come up 

from the pyrosequencer get sense. The sequencer generates a sff binary 

file (presence/absence vectors), which basically contains information from 

the different images taken during the pyrosequencing run. The first lines of 

this file describe general information about the pyrosequencing run, as the 

number of flows, the order of the nucleotides in flows, the key length and 

sequence (this is a sequence of the four nucleotides which is used by the 

instrument to calibrate the light intensity for single nucleotide 

incorporation). Then, there is a description for each sequence of the run, 

with positioning information of the well where the sequence was 

generated, the processing pipeline that was used, the total number of 

bases and the quality clips applied to the final sequence. Then it continues 

with information about the relative intensities (relative to the key 

sequence) of each flowgram, the flows with a positive signal, the bases 

incorporated and the quality assigned to each base.  

After obtaining these amplicon sequences (raw sequences), a 

standard series of bioinformatic and statistical analyses are used to 

evaluate these data: filtering out low quality sequences and samples, 

constructing a phylogenetic tree and taxonomic table of observations from 

each sample, incorporating the sample metadata and additional info, 
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transforming and normalising the metadata, and performing exploratory 

and inferential analyses (Figure 24).  

Figure 24. Diagram of the reproducible workflow including denoising, data integration and 

statistical analyses. Image taken from Callahan et al. 2016 [217] and modified by the author of the 

present Thesis. 

The raw sequences of bacterial DNA contain errors introduced by 

the PCR and sequencing processes which complicate the interpretation of 

amplicon data, and present different challenges. When amplicon 

sequencing of microbial communities, the number of variants in every 

position of the genome and their associated frequencies are unknown, this 

fundamentally changes the inference problem. When increasing sampling 

depth reveals new sequence variants, these might represent rare errors or 

rare members of the community. In addition, the PCR amplification step 

introduces chimeras and additional errors with a different structure than 

sequencing errors. Most current studies use two methods to deal with 

amplicon errors, reducing their incidence by filtering out low quality reads, 

and lumping similar sequences together in groups (Operational 
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Taxonomic Units –OTUs- this term will be defined later). However, there 

are a significant number of choices made during this process: the type and 

stringency of quality filtering, the minimum abundance threshold, the size 

of the OTUs, the OTU construction method, etc. All of these choices can 

have significant downstream consequences for later analysis [218]. In the 

present Thesis, for the first phase of data processing a pipeline based in 

Mothur software was used. This pipeline is the one recommended by the 

Human Microbiome Project [181] and all its steps have been followed. 

With Mothur software, the initial phases of the analysis can be performed 

with crucial filtering and sample inference steps turning a set of raw 

amplicon sequences into a feature table of the types observed in each 

sample (e.g., an OTU table). Following, there is a description of the main 

steps done in this phase: 

Splitting samples by barcode 

Before doing the analysis, the first step is to separate the 

sequences in the different samples. The separation of sequences is done 

by the information contained in the barcode sequences and present in 

primers used for PCR reaction. 

Quality trimming 

Although the base calling algorithm from the pyrosequencer filters 

out the low quality sequences, there are some sequences that should be 

filtered out because of its low quality. Presence of low quality bases in our 

sequence increases artificially the number of species to be defined, 

producing errors during taxonomy assignation. 454 pyrosequencing has 

two main error sources which account for most of the miscalled bases, the 

right end of sequences and homopolymeric regions (for instance, 
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ACGCTTTTTTTTTTCG). Quality values tend to be lower at the end of the 

sequences, as the intensity of the signals gradually drops [219]. 

Homopolymeric regions are generated because the light intensity is not 

exactly linear when incorporating several nucleotides in a single flow, and 

the signal tends to saturate [220]. So, it is difficult for the software to 

distinguish between over eight consecutive nucleotides of the same type. 

Length trimming 

The length of the sequences should be taken into account as well. 

The reason is that short sequences will not give significant information on 

what is being studied. In addition, short sequences should not be mixed 

with longer ones in order not to include biases in the results. It has been 

estimated that sequences longer than 200-250 bp guarantee a good 

approximation in taxonomic assignment [219].  

 Chimera checking 

During PCR amplification, chimeric amplicons may arise due to 

amplicons that have not completed the extension step, becoming shorter 

than the expected amplicons. These short amplicons may act in the next 

step as primers, therefore amplifying other DNA templates and resulting 

into chimeric amplicons. Furthermore, these chimeric amplicons can be 

over-amplified in subsequent steps, then creating a not real taxa and 

distorting the results of our samples [221]. Programs used for this process 

rely on two basic principles: a) chimeric sequences are composed by at 

least two parent sequences, b) parent sequences must have underwent 

one extra amplification round than the chimeric sequences (double 

abundance) [222].  
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Taxonomic assignment 

In the absence of a unifying bacterial species concept [223], a 

pragmatic approach is usually taken in practice, establishing the concept  

“Operational Taxonomic Units” (OTUs). An OTU is a set of sequences that 

are grouped according to a given sequence similarity threshold (e.g. 

>97%). At 97% similarity, these OTUs represent ‘species’ [224]. After pre-

clustering and clustering, the OTUs need to be named. For this process, 

databases are essential due to the fact that the sequences of the samples 

which are being analysed are compared to the information found in 16S 

rDNA databases. However, many of the sequences in the large public 

databases are of questionable quality [225-227], or are inaccurately 

classified. The truth is that the majority of rDNA gene sequences in large 

databases such as GenBank, the Ribosomal Database Project (RDP), 

SILVA or Greengenes are incompletely characterized [228]. 

On the other hand, databases specialized in oral microbiome such 

as CORE [228] or the Human Oral Microbiome Database (HOMD) [185] 

have appeared. The intent of these specialized databases was to include 

a comprehensive, minimally redundant representation of the bacteria that 

regularly reside in the human oral cavity with a computationally robust 

classification at the level of species and genus.  

In a recent study [228], highly curated 16S rDNA databases 

performed better for the taxonomic assignments of oral clinical samples 

than larger public databases. Although the two larger databases, 

GenBank and RDP, returned named matches for a slightly higher fraction 

of the sequences, the focused databases, CORE and HOMD, were much 

more likely to accurately identify sequences. However, despite these 

results, larger databases are still important supplements to the specialized 
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databases for identification of rare sequences. On the other hand, Werner 

et al. [229] compared classification results obtained using three different 

publicly available databases as training sets, applied to five different 

bacterial 16S rRNA gene pyrosequencing data sets generated (from 

human body, mouse gut, python gut, soil and anaerobic digester 

samples). The authors demonstrated that trimming the reference 

sequences to the primer region resulted in systematic improvements in 

classification depth, and greatest gains at higher confidence thresholds. 

- RICHNESS AND DIVERSITY OF A BACTERIAL 

ECOSYSTEM 

Two central themes in human microbiome studies are to identify 

potential biological and environmental factors that are associated with 

microbiome composition, and to define the relationship between 

microbiome features and biological or clinical outcomes [230].  

-  Metagenomic analysis tools: performing exploratory and 

inferential analysis  

A number of methods have been developed for comparison in 

metagenomic data, such as MEGAN [231], STAMP [231], Uni-Frac [232], 

MGRAST [233], ShotgunFunctionalizeR [234], Mothur [235], QIIME [236], 

CloVR [237] and METAREP [238]. 

Most methods for bacterial community analysis can successfully 

detect groups of related samples, but they fail to include prior knowledge 

of phenotypes or environmental conditions associated with the groups, 

and they generally do not identify the biological features responsible for 

bacterial group relationships [189]. Metastats [239] is the only current 

method that explicitly couples statistical analysis (to assess whether 
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metagenomes differ) with biomarker discovery (to detect features 

characterising the differences). 

In 2011, Segata et al. [189] developed LEfSe, which is an algorithm 

for high-dimensional biomarker discovery. LEfSe determines the features 

(organisms, clades, OTUs, genes or functions) most likely to explain 

differences between two or more biological conditions (classes) by 

coupling standard tests for statistical significance with additional tests 

encoding biological consistency and relevance effect. The determination 

of the effect size provides an estimation of the magnitude of the observed 

phenomenon due to each feature and it is thus a valuable tool for ranking 

the relevance of different biological aspects and for addressing further 

investigations and analyses. 

In 2013, McMurdie & Holmes [240] developed a software package 

for the R language, Phyloseq (from “phylogenetic sequencing”), dedicated 

to the object-oriented representation and analysis of microbiome census 

data. One of the originally stated goals of phyloseq was to leverage R-

based resources for reproducible research, and thereby, improve the 

reproducibility and portability of published microbiome analyses. 

The phyloseq package includes tools for representation and 

analysis of phylogenetic sequencing data [241]. Most common output 

formats of the most common OTU-clustering applications can be imported 

into the phyloseq package, including QIIME [236], Mothur [235], the RDP-

pipeline [242], Pyrotagger [243], and the Biom-format [244] (Figures 24, 

25 and 26). 
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Figure 25. Phylogenetic sequencing workflow. Image taken from McMurdie et al. 2013 [240]. 

The Phyloseq package allows the user to integrate the OTU table, 

the taxonomy table, the phylogenetic tree and the data frame (including 

the different biological conditions) into a single \phyloseq-class" R object. 

The researcher can then harness all the statistical and graphical tools 

available in R (knitr, ggplot2, etc.) to generate reproducible research 

reports with beautiful graphics. Combining this environment with a number 

of other important R packages (e.g., dada2 vegan, ade4, DESeq2, 

multtest...) allows for powerful and specific analyses to be performed on 

amplicon-sequenced microbiome data [217]. 

 

Figure 26. Diagram of the new reproducible workflow for the analysis of amplicon data 

within the R environment. Image taken from Callahan et al. 2016 [217]. 
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Recently, McMurdie and Holmes [245] created a Shiny-based Web 

application, called Shiny-phyloseq, for dynamic interaction with 

microbiome data. This application requires no programming, increasing 

the accessibility and decreasing the entrance requirement to using 

phyloseq and related R tools. 

- Biodiversity of the microbial community: alpha diversity and beta 

diversity 

An important concept when dealing with OTUs or other taxonomic 

bins is the population diversity; meaning the number of distinct bins in a 

sample or in the originating population. Several measures exist for 

calculating alpha diversity, the number (richness) and distribution 

(evenness) of taxa expected within a single population. Additionally, when 

comparing multiple populations, beta diversity measures including 

absolute or relative overlap describe how many taxa are shared between 

them [221]. 

An alpha diversity measure acts like a summary statistic of a single 

population and it can be quantified in many different ways. The two main 

factors taken into account when measuring diversity are richness and 

evenness. These measures are strongly dependent on sampling size and, 

in pyrosequencing, on the sequencing effort [246]. 

A common problem found when sampling natural communities is 

the fact of how well a sample reflects a community's “true” diversity. Even 

without knowing the “truth,” with the help of mathematical estimators, it is 

possible to rigorously compare different diversity parameters among 

communities [247]. 
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A beta diversity measure acts like a similarity score between 

populations, allowing analysis by sample clustering or, again, by 

dimensionality reductions such as Principal Coordinates Analysis (PCoA). 

Other beta diversity measure includes the univariate analysis of the 

differential abundance of same bacterial taxa between populations.  

 Alpha diversity: microbial richness 

The number of species per sample is a measure of richness. The 

more species present in a sample, the 'richer' the sample. Species 

richness as a measure on its own takes no account of the number of 

individuals of each species present. It gives equal weight to those species 

that have very few individuals with respect to those which have many of 

them [246]. 

In any community, the number of types of organisms observed 

increases with sampling effort until all types are observed. The 

relationship between the number of types observed and sampling effort 

gives information about the total diversity of the sampled community. This 

pattern can be visualized by plotting an accumulation (Figure 27) or a 

rank-abundance curve [247] (Figure 28). 

 

Figure 27. An accumulation curve is a plot of the cumulative number of OTUs observed vs. 

sampling effort. Image taken from Sato et al. 2015 [248]. 
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Thus, the curves contain information about how well the 

communities have been sampled (i.e., what fraction of the species in the 

community have been detected). The more concave-downward the curve, 

the better sampled the community.  

The idea that microbial richness cannot be estimated comes from 

the fact that many microbial accumulation curves are linear or close to 

linear (Figure 27, the black curve) because of high diversity, small sample 

sizes, or both [247].  

Another way to compare how well communities have been 

sampled is to plot their rank-abundance curves. The species are ordered 

from most to least abundant on the x axis, and the abundance of each 

type observed is plotted on the y axis (Figure 28).  

Figure 28. Example of a rank-abundance curve. Another way to express richness. 

Sample 1 
Sample 2 
Sample 3 
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Therefore, both accumulation and rank-abundance curves are 

measures of diversity but they need to be accompanied with other more 

robust diversity measurements. To determine the richness of a sample, 

other calculators should be employed as a complement. 

o Other richness estimators  

A variety of statistical approaches have been developed to 

compare and estimate species richness from bacterial samples. 

The rarefaction method compares observed richness among sites, 

treatments, or habitats that have been unequally sampled [247]. A rarefied 

curve results from averaging randomizations of the observed 

accumulation curve [249]. The variance around the repeated 

randomizations allows the comparison of the observed richness among 

samples, but it is distinct from a measure of confidence about the actual 

richness in the communities [247]. Although adopted by a great number of 

scientists [250, 251], rarefaction has recently been reported as a biased 

process which will be object of discussion in the named section of the 

Objective 3. 

In contrast to rarefaction, richness estimators appraise the total 

diversity of a community from a sample, and the estimates can then be 

compared across samples [247]. These estimators fall into three main 

classes: extrapolation from accumulation curves (previously commented), 

parametric estimators, and non-parametric estimators [252, 253]. 

The non-parametric estimators are the most useful for microbial 

studies. Non-parametric estimators consider the proportion of species that 

have been observed before to those that are observed only once. In a 

theoretical conception of these estimators, it is expected that in a very 



Isabel Prada López 

 

92 
 

diverse community, the probability that a species will be observed more 

than once will be low, and most species will only be represented by one 

individual in a sample. On the other hand, in a less developed community, 

the probability that a species will be observed more than once will be 

higher, and many species will be observed multiple times in a sample 

[247]. 

Classically, one major species richness index is used to explain 

diversity richness: Margalef’s diversity index (D = (Sobs-1) / N) where N 

corresponds to the total number of individuals in the sample and Sobs will 

be the number of observed species. Nowadays, other indexes have been 

implemented as more reliable methods to estimate richness in ecological 

communities such as the Chao1 index [254] and the Abundance-based 

Coverage Estimator (ACE) [255]. Both of them estimate richness by 

adding a correction factor to the observed number of species [254, 256]. 

Specifically, the Chao1, augments the number of species observed (Sobs) 

by a term that depends only on the observed number of singletons (a, 

species each represented by only a single individual) and doubletons (b, 

species each represented by exactly two individuals). The formula is as 

follows [254]: 

  

 

The ACE takes the form [255]: 
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Where Scommon are the species that occur more than 10 times in the 

sampling, Srare are those species which occur 10 times or less, Cace is the 

sample abundance coverage estimator, and finally γace is the estimated 

coefficient of variation for singletons (F1) for rare species. In simpler 

terms, the formula uses the number of rare species (≤10) and the number 

of F1 to estimate how many more undiscovered species there might be. 

 Microbial evenness 

Evenness is a measure of the relative abundance of the different 

species making up the richness of an area [246]. To a better 

understanding, we give an example in the Table 4. 

Table 4. Example for the explanation of the microbial evenness. These two samples have 

the same richness but different evenness. 

BACTERIAL GENUS 
SAMPLE 1 
(NUMBER) 

SAMPLE 2 
(NUMBER) 

Streptococcus 

Actinomyces 

Lactobacillus 

176 

174 

150 

489 

5 

6 

TOTAL NUMBER OF 
BACTERIA 

500 500 

Both samples have the same richness (three types of bacteria) and 

the same total number of bacteria (500). However, the first sample has 

more evenness than the second. This is because the total number of 

bacteria in the sample is quite evenly distributed between the three 

species. In the second sample, most of the bacteria are streptococci, with 

only a few Actinomyces and Lactobacillus present. Sample 2 is therefore 

considered to be less diverse than sample 1.  
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In case of estimate the community evenness, the Shannon and 

Simpson indexes are widely used for this aim. These indexes combine 

richness and evenness in a single measure, although usually not explicitly 

[257].   

The Shannon index is an information statistic index (level of 

uncertainty or information content), which assumes that all species are 

represented in a sample and that they are randomly sampled. If species i 

comprises proportion pi of the total individuals in a community of S 

species, the Shannon diversity is [258]. 

 

 

and Simpson diversity is [259]: 

 

Both Shannon and Simpson diversities increase as richness 

increases, for a given pattern of evenness, and increase as evenness 

increases, for a given richness, but they do not always rank communities 

in the same order. Shannon diversity is more sensitive to evenness than is 

a simple count of species. On the contrary, Simpson diversity is less 

sensitive to richness and more sensitive to evenness [257].  
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- Beta diversity: multivariate analysis 

The use of multivariate analyses is supplanting ‘simple’ descriptive 

analyses of bacteria and has become common in microbial ecology, 

where complex, multidimensional data sets abound. However, these 

analyses are statistically challenging to analyse due to their high 

dimensionality, phylogenetic constraints among species/OTUs, 

overdispersion and excessive zeros [230].  

For this multivariate analysis, a test statistic is obtained directly 

from distances calculated among sampling units. Thus, a distance 

measure may be used as the basis of the analysis. Also, the p value 

associated with these tests is calculated by permutation using 

PERMANOVA test (i.e., shuffling of the sampling units across treatments 

and recalculating the test statistic to obtain its distribution under a true null 

hypothesis). This calculus avoids any need to comply with the assumption 

of multivariate normality [260]. 

Testing association of microbiome composition with environmental 

covariates is performed using the distance matrix. A distance measure is 

defined-between any two microbiome samples and these can be 

quantified by OTU-based methods, such as the well-known Bray-Curtis 

dissimilarity method [261]. The calculation is performed with the following 

formula: BCij = Si +Sj 2Cij/ Si + Sj , where Si and Sj are the number of 

species in populations i and j, and Cij is the total number of species at the 

location with the fewest species.  

Like the OTU-based distance estimators, several standard metrics 

such as UniFrac exist for quantifying phylogenetic distance measures. 

These can be treated as single-sample descriptors or as multiple-sample 
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similarity measures [221]. Both methods, OTU-based and phylogenetic 

methods, tend to be complementary, revealing different aspects of 

community structure.  

There are three versions of UniFrac distances: an unweighted 

UniFrac distance, that considers only species presence and absence 

information and counts the fraction of branch length unique to either 

community; and a weighted UniFrac distance, that uses species 

abundance information and weights the branch length with abundance 

difference [232, 262]. In 2012, Chen et al. [230] developed the third 

version of Unifrac distance, a Variance-Adjusted Weighted UniFrac 

distance (VAW-UniFrac). This analysis moderates the branch proportion 

difference by its variance, increasing the power over weighted UniFrac 

distance for detecting the difference between two microbial communities. 

There are different multivariate ordination analyses which will help 

in the study of the global structure of bacterial communities. One of the 

most used is the PCoA, which can be used for visualization of the data 

present in a distance matrix in the form of 2-D or 3-D plots. These plots 

are known as PCoA plots. PCoA transforms the distance matrix into a new 

set of orthogonal axes where the first axis (usually called PC1) can be 

used to explain the maximum amount of variation present in the dataset, 

followed by the second axis (PC2), and so on (Figure 29).  
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Figure 29. 3-D PCoA representing seven different samples. See how the representation 

shows the similarity between the same group samples presenting them closer [263]. 

A PCoA shows how data contribute to explaining variance by 

providing a grouping of the samples based on the bacterial composition. 

For the interpretation of a PCoA we must take into account that a sample 

occupies a specific position in a multifactorial space according to its 

bacterial composition; here, the samples with similar composition appear 

closer together [264]. PCoA often reveals patterns of similarity that are 

difficult to see in other representations such as phylogenetic trees [265]. 

In 2014, Buttigieg and Ramette [266] developed the GUide to 

STatistical Analysis in Microbial Ecology (GUSTA ME), which consists of a 

dynamic, web-based resource providing accessible descriptions of 

numerous multivariate techniques relevant to scientists, who study 

polymicrobial communities. 

 Beta diversity: analysis of differential abundance 

Beta diversity can be measured by simple taxa overlap. Recently, 

McMurdie and Holmes [267] adopted the coined term differential 

abundance as a direct analogy to differential expression from RNA-Seq. 



Isabel Prada López 

 

98 
 

Like differentially expressed genes, a species/OTU is considered 

differentially abundant if its mean proportion is significantly different 

between two or more sample classes in the experimental design. 

McMurdie and Holmes [267] demonstrated that the rate of false 

positives from tests based on rarefied counts or proportions is 

unacceptably high, and increases with the effect size, even after 

correcting for multiple-hypotheses. As an alternative, these authors 

recommended using statistical normalization methods based on variance 

stabilization to control the noise (overdispersion) and evaluate extra 

species. In particular, an analysis that models counts with the Negative 

Binomial – as implemented in DESeq2 [268] or in edgeR [269] with RLE 

normalization, as well as a mixture model based on the zero-inflated 

Gaussian, as implemented in the metagenomeSeq package [270]. 

In the study of the oral biofilm, numerous studies have used 

pyrosequencing to identify the microbiota associated with healthy [271, 

272] and disease conditions as decay [273] or periodontitis [274-276]. 

Other interesting issue of pyrosequencing application is to analyse biofilm 

over time maturation [277, 278]. 

Pyrosequencing has been used also to study the microbiota 

formed on the implant’s surface in health [279, 280], as well as in 

diseased situations such as peri-implantitis [281, 282]. Other application of 

this technique has been the field of endodontics, analysing the apical 

microbiota after a root canal treatment [283].  

 The applicability of the pyrosequencing techniques in dentistry is 

more than contrasted. Besides, it has allowed changes in some of the 

paradigms about the scientific knowledge of oral microbiota. In the future, 
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it is expected that different metagenomic techniques will play a major role 

at improving and establishing new strategies in the treatment of oral 

diseases caused by biofilms. 

I.4.4 CHARACTERISTICS OF THE DENTAL PLAQUE AS AN ORAL 

BIOFILM 

I.4.4.1 DENTAL PLAQUE FORMATION AND MATURATION 

-   FORMATION 

Dental plaque, as a biofilm, develops in a multistep and complex 

process (Figure 30). 

Figure 30. Dental plaque formation process. Image taken from Svensäter and Bergenholtz 2004 

[284]. 

The earliest proteins adhered in seconds on all solid substrata 

exposed to the oral fluids are named as acquired pellicle in the literature. 

This pellicle possesses protective properties and specific receptors for 

bacterial adherence and serves as the starting point of plaque formation 

[79]. This initial and conditional film is formed immediately after eruption or 



Isabel Prada López 

 

100 
 

cleaning the teeth in the human mouth [285]. This is essential for the later 

stages of adhesion and bacterial colonization of the surface tooth [286]. 

In the PL-Biofilm in vivo there is no direct attachment of 

microorganisms to the surfaces of dentin and enamel [81]. The adhesion 

of the initial colonizers is mediated through a variety of structures which 

molecular component is predominantly adhesins [287, 288]. The first 

colonizers are very important because they will be the new substrate of 

union with the next colonizers. They modify the environmental conditions 

which will determine the subsequent formation phases of the biofilm. Due 

to this affirmation, first colonizers seem to be the “keystone” in the 

evolution of the biofilm to a healthy or unhealthy situation [289].  

Oral bacteria generally possess more than one type of adhesin on 

their cell surface and can participate in multiple interactions with both host 

molecules and similar receptors on other bacteria. Because of this 

characteristic, the co-adhesion of later colonizers has been possible. This 

stage involves specific inter-bacterial adhesion-receptor interactions and 

also facilitates the functional organization of dental plaque [289]. 

In a 30 minutes biofilm, Jung et al. [81] found that bacteria 

deposited on the enamel and dentin were distributed randomly, although 

dentin specimens were preferentially localized in the openings of dentinal 

tubules. In the first 2 hours of oral exposure, many isolated bacteria and 

small aggregates are observed, while from 6 hours accumulation of 

bacterial colonies and monolayer chains are detected. Dige et al. [95], 

after studying a 6 hours of PL-Biofilm maturation, described three different 

patterns of bacterial colonization: isolated bacteria, paired bacteria and 

bacterial groups of varying size. 
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Palmer et al. [85] noted that in an 8-hour PL-Biofilm, although 

some isolated cells existed, most biomass comprised of heterogeneous 

cell aggregates (probably formed by several cell types), unlike the 

prevalence of bacteria isolated detected in the 4-hour PL-Biofilm. They 

estimated that between 4 and 8 hours of biofilm maturation, cell number 

could multiply by 40 (2 x 102 to 6.8 x 103 / 250,000 µm2 at 4 hours and 4.5 

x 103 - 1.4 x 104 / 250,000 µm2 at 8 hours). Consequently, they suggested 

that multispecies microcolonies observed at 8 hours were constituted by a 

combination of planktonic bacteria hold to other previously adherent cells 

and the cells multiplying in the microcolony [85]. On the other hand, it has 

been noted that the co-adhesion of bacteria from saliva is a process that 

uninterruptedly incorporate biomass to biofilm formation, which is 

confirmed by checking the genotypic diversity of bacteria that colonize the 

outer layer of the PL-Biofilm [94]. The involvement of a "mechanism of 

bacterial growth" has been verified in other series of 6 and 12 hours of PL-

Biofilm maturation in vivo, since many bacteria are detected during the 

process of cell division, as reflected in its own morphology [95]. Therefore, 

cell division contributes significantly to the increase in biomass [94]. This, 

together with the exponential growth of bacteria during the first 2 days of 

biofilm formation [72], support the hypothesis that the growth of biomass 

initial PL-Biofilm occurs primarily by cell division [290, 291]. 

The rate of plaque growth appears to grow exponentially for the 

first few days, with a decreased rate thereafter [292]. As the bacterial layer 

becomes thicker, compromised diffusion of nutrients and waste products 

may result in a slowing down of the rate of growth within microcolonies. 

Thus, the initial growth phase is characterized by adhesion of bacterial 

cells and its proliferation. This leads to a secondary growth phase 

characterized by bacterial successions where existing bacterial species 
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and genera are replaced by others. To this extent, the initial predominantly 

coccoid bacterial population is replaced by a stable population of 

filamentous bacteria aligned perpendicularly to the tooth surface [65, 145, 

293] (Figure 31).  

 

Figure 31. (A) Oral biofilm image formed after 2 days with predominance of cocci-shape 

bacteria. (B) Oral biofilm image formed after 4 days with predominance of bacilli-shape 

bacteria. (Photographs taken by SEM). 

- STRUCTURE  

In several in vivo studies about PL-Biofilm of at least 24 hours of 

evolution, the images provided by the electron microscope suggested that 

the biofilm had a compact architecture [72, 293, 294]. Over the last 

decades, a fundamental change in the way how the scientific community 

conceptualises the biofilm structure has occurred; from the simplified 

planar layer [295] to the spatially complex heterogeneous system (Figure 

32). Based on the observations made by CLSM subsequently, many 

authors agree that the PL-Biofilm has an open and heterogeneous 

architecture, characterized by the presence of a complex system of 

channels and cavities, which are part of the structure of the biofilm [15, 41, 

57, 84, 147]. 
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This change on the appreciation of the oral biofilm structure 

resulted in oxygen depleted regions in the centre of the cell clusters away 

from the substratum [296], not in an anaerobic layer parallel to the solid 

surface as predicted by the old model. 

Figure 32. Comparisons between the simple planar layered biofilm depicted in the last 80s 

(A) and the complex three-dimensional arrangement of cell clusters separated by water 

channels (B).  

The first descriptions of the architecture of PL-Biofilm in vivo are 

due to Wood et al. [57], who confirmed the structural heterogeneity of a 4-

day PL-Biofilm in terms of distribution of cell-matrix and hollows. 

Surprisingly, all samples contained pores and channels filled with fluid, 

sometimes occupying the entire thickness of biofilm. These channels were 

surrounded by aggregates of cells and extracellular matrix, and colonized 

by small number of bacteria, as demonstrated Dige et al. [95] using high 

magnification techniques. Auschill et al. [84] located some cavities with 

"bubbles" morphology in the biofilm thickness that did not stain with 

conventional fluorochromes, suggesting they could be filled with biological 

substances such as exopolysaccharides and glycoproteins. Furthermore, 

Dige et al. [95] recognized that more in vivo studies using fluorescent 
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probes for specific matrix components were necessary in order to finally 

clarify the structure of these channels and cavities. 

In 2006, Robinson et al. [297] reported two interesting aspects of 

the architecture of a 7-day of evolution PL-Biofilm: the presence of a fairly 

consistent pattern in the distribution of biomass (biomass density 

increased into the interface plaque-saliva) and frequency of channels in 

this direction also decreased. This open architecture of the PL-Biofilm, 

with channels and holes, presumably provides direct communication 

between the environment of the oral cavity and the enamel surface [57]. 

This particular "circulatory system" could have important implications for 

moving the organic acids that damage the enamel, bacterial toxins and 

other antigens and for the release of antimicrobial agents on selected 

targets within the biofilm [57], although the function of this network of 

channels has not yet been definitively clarified [95]. 

In the same line of these findings described in young biofilm of 12 

hours [95], some researchers have said that the pattern and extent of 

bacterial repopulation in PL-Biofilm with 1 and 2 days of evolution varies 

greatly not only between individuals but also between surfaces in the 

same individual [94, 95, 147]. Furthermore, Zaura-Arite et al. [147] and 

Dige et al. [95] demonstrated that complexity of biofilm increased with 

maturation time and thickness. In the thick specimens it is possible to 

identify certain structural patterns, as clusters of elongated cells, 

positioned perpendicular to the outer surface of the plaque and acellular 

areas separated by small spaces between adjacent connections [147]. 

Moreover, Dige et al. [95] described the progressive bacterial colonization 

substrate, in which there are monolayer areas interspersed with other 

multilayer ones. They estimated that the 2-day PL-Biofilm could have 
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inter-individual differences -up to 12.5 times- in the number of total 

bacteria that colonize surfaces [58]. 

- THICKNESS 

In 1998, Netuschil et al. [83] first observed that the thickness of the 

PL-Biofilm formed on enamel and glass disks mounted in an acrylic 

device, depended on the "age" of the biofilm and varied significantly from 

one individual to another (1 day = 0-10 µm; 2 days = 8-35 µm; 3 days = 6-

45 µm). Subsequently, other authors confirmed this great inter-individual 

thickness variability in the PL-Biofilm [41, 58, 63, 64, 84]. Quintas et al [64] 

in a 2-day PL-Biofilm obtained a mean of 22.1 µm confirming this inter-

individual variability with a range of 12-28 µm, similar results to those 

achieved by García-Caballero et al. [63] (mean of 20 µm and range of 12-

33 µm). On the other hand, other authors found a higher thickness in a 2-

day PL-Biofilm, reaching a mean value of 76.7 µm with a range of 24-120 

µm (Figure 33).   

 

Figure 33. Sectional images of PL-Biofilm taken by CLSM. Note the irregular thickness of 

the PL-Biofilm.  

Auschill et al. [84] stated that "the height of the biofilms formed 

depended on the plaque-forming rate of the individual donors”. 

Nevertheless, Zaura-Arite et al. [147] found no difference in the thickness 
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of a 2-day PL-Biofilm among heavy and light-plaque-formers (based on 

the average protein accumulation in samples of young plaque from 

smooth surfaces), although these authors used a grooved pattern model 

to ease the biofilm growing.  

In other in vivo studies on PL-Biofilm, the impact of local factors on 

the thickness of the biofilm in the same individual was evaluated, including 

the type of substrate [83, 99, 101], different zones of the same substrate 

[57] or even different zones in the oral cavity [41]. On the other hand, Al-

Ahmad et al. [44] found that the thickness of the PL-Biofilm, which was 

formed on bovine enamel fragments fixed on an acrylic device increased 

from 14.9 ± 5.0 µm on the first day, to 49.3 ± 11.6 µm at 7 days. However, 

paradoxically, it has been shown that this increase in thickness of the 

biofilm is not daily progressive [44, 56]. In fact, Quintas et al. [82] found 

that 4-day PL-Biofilm reached a mean thickness near to 23 µm, which is 

similar to the 24 µm and 25 µm found in a 5-day PL-Biofilm [77, 84]. The 

significant influence of the "age" factor in the plaque has been 

corroborated by other studies, in which short periods of oral exposure 

were analysed, such as those published by Dige et al. (PL-Biofilm 6 hours, 

12 hours, 1 day and 2 days), Dong et al. (PL-Biofilm 6 hours, 1 day and 2 

days) and Jung et al. (PL-Biofilm 30 minutes, 2 hours and 6 hours) [58, 

81, 89]. However, it has been observed that microbial deposits at 2 days 

do not have a uniform thickness [95].  

- BACTERIAL VIABILITY 

In the 90´s some authors recognized that young and sparse dental 

plaque consisted of more dead material than living microorganisms [298-

300]. However, more recent in situ studies show more presence of living 

microorganisms in 2 and 3 days oral biofilm (around 60 to 77% of bacterial 
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viability) [15, 42, 63, 64, 80, 175]. Besides, Zaura-Arite et al. [147], in a 

study that examined the biofilm from 6 to 48 hours, suggested that 

bacterial viability increased as it matured. Nevertheless, other studies 

which analysed older biofilms obtained that the proportion of viable 

bacteria decreased with time [77, 83, 84]. 

Studies using CLSM combined with live/dead stains have 

suggested that bacterial viability may vary throughout the biofilm. As a 

result, three patterns of bacterial viability were described (Figure 34). In 

the first and less commonly found pattern, the biofilm exhibits high levels 

of bacterial viability in the layer near the substrate, decreasing 

progressively outwards [15]. In the second pattern, the accumulation of 

live bacteria was present in the central part of plaque, and lining voids and 

channels. This was found in samples of 2-day PL-Biofilm [15, 147] and 

corroborated in more mature samples of 5 days [84]. By contrast, some 

authors analysing specimens of PL-Biofilm in vivo of 1, 2 and 3 days, 

located live bacteria mainly on top of a dense layer of dead material [15, 

63, 64, 83]. This rising in the density of the lower layer in the biofilm may 

produce that the bacteria appear as dormant or in metabolically inactive 

[77, 301]. In this pattern the bacterial viability is lower near the substrate 

and higher as the bacteria get near the surface; besides, as in the second 

pattern, there is also presence of live bacteria surrounding voids and 

channels. It seems reasonable to think that bacteria with an easy access 

to the nutrients (in contact with the fluid) are more likely to be in a viable 

state.  
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Figure 34. (A) Pattern of bacteria viability; more viable bacteria in central part. Image taken 

from Auschill et al. 2001 [84]. (B) Pattern of bacteria viability; more viable bacteria in the upper 

part.  

It has been described large inter-individual differences in the 

provision of live and dead bacteria [147], so not a single pattern of 

bacterial distribution can be generalized [147, 175]. Conversely, Arweiler 

et al [15] suggested that in each participant in these studies there is a 

relatively constant ecological environment, which obviously leads to a 

personal pattern of microbial identity, which may be different from other 

individuals. 

- COMPOSITION AND DIVERSITY: TOPOGRAPHY 

Studies on dental plaque have shown the microbiota to be diverse, 

and up to 700 different species, from a broad range of genera, have been 

isolated. However, only around 50% of the microorganisms present can 

currently be cultivated [106]. The application of molecular techniques (e.g. 

by the determination of 16S rDNA sequences) allows the identification of 

an even more diverse plaque microbiota.  

The PL-Biofilm is a complex microbial ecosystem that is 

characterized by its temporal and spatial variability in the composition of 

bacterial species. Despite this versatility, it has been agreed that the PL-

Biofilm both supra and subgingival develops a sequential and reproducible 

pattern [85]. Microbial colonization of the tooth surface is a selective 

process in which, as previously noted, the initial biofilm predominate in 
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certain bacterial species, to which secondary colonizers are added [302, 

303]. 

Diaz et al. [141] noted that the characterization of the initial 

microbiota constitutes the first step in understanding the interactions 

between members of the community that shape the further development 

of the biofilm. These authors, using methods of molecular biology (16S 

rDNA) in a sample of enamel, determined in vivo the microbial diversity of 

a young PL-Biofilm (ages 4 and 8 hours). In all the three participants the 

predominant microorganisms were Streptococcus spp., mainly the group 

Streptococcus oralis/ Streptococcus mitis; other genera frequently 

observed were Actinomyces, Gemella, Granulicatella, Neisseria, 

Prevotella, Veillonella and Rothia. 

Dige et al. [58], using a stereological method for quantification of 

bacteria on PL-Biofilm in vivo in function of time (6 hours, 12 hours, 1 and 

2 days), found that during the observation period, in the majority of study, 

participants was relatively constant relationship between concentration of 

Streptococcus and other bacterial genera (Streptococcus number was 

about 15 times higher than that of other bacteria). Consequently, these 

authors stated that Streptococcus spp. play an important role in increasing 

the total mass of young biofilms during their development. According to 

Jung et al. [81], Streptococcus spp. exhibit two remarkable properties 

especially in this context: firstly, the doubling time is only 1.4 hours, 

considerably shorter than that of other bacterial species [304]; moreover, 

they express numerous adhesins with affinity for the acquired pellicle that 

covers the enamel  [288, 305-308]. The presence of other aerobic bacteria 

such as Neisseria spp. or aero-tolerant as Gemella spp., can provide a 

favourable niche for subsequent or concomitant colonization of facultative 
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and obligate anaerobes, which usually complete the transition from 

aerobic to anaerobic culminating the development of oral bacterial biofilm 

[309]. 

Previously, in the “formation of the biofilm” section, it was stated 

that the ability of the bacteria to bind to the acquired pellicle was mainly 

mediated by their adhesins. It is considered that this property favours the 

prevalence of Streptococcus spp. on other primary colonizers. This has 

been recently reaffirmed by molecular techniques [278]. These 

streptococci, once bonded, act as a new substrate to adhere to other 

Streptococcus spp. bacteria and other genera [310], favouring the 

development of polymicrobial communities. For this reason, in most of the 

work done in vivo, investigations have focused on the interactions of 

streptococci with each other and with other bacterial genera, during the 

initial stages of formation of PL-Biofilm [85, 86, 95, 311] (Figure 35). 

Figure 35. Scheme of the topography of bacteria present in the oral biofilm. Image taken 

from Kolenbrander et al.  2002 [310]. 
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Dige et al. [95], using CLSM and FISH performed a systematic 

description of the initial pattern biofilm formation on glass surfaces. They 

found that, after periods of 6 and 12 hours, the bacteria formed monolayer 

aggregate compounds formed only by small Streptococcus spp., only by 

other bacteria or mixed. In fact, Actinomyces spp. are also involved in the 

initial colonization of tooth surfaces, representing up to 27% of the 

pioneers bacteria [72, 289, 312]. These bacteria are primarily located in 

the deepest part of the multilayer PL-Biofilm, indicating that this species is 

one of those which adheres directly to the pellicle [94]. Based on this, 

Palmer et al. [85] evaluated the role of co-aggregation between 

Streptococcus spp. and Actinomyces spp. in the formation of a PL-Biofilm 

for 4-8 hours on enamel disks. Their results clearly indicated the 

omnipresence of interactions between different coccoid cells and to a less 

extent, between Streptococcus spp. and Actinomyces spp. [85]. 

It has been speculated that the intercellular recognition among 

Streptococcus spp. and Veillonella spp. may be particularly important for 

the formation of supragingival plaque, so some authors have analysed this 

hypothesis in a human model in vivo [86, 311]. When considering a PL-

Biofilm of 6 hours of maturation, Chalmers et al. [86] detected cells 

labelled with anti-Veillonella antibodies in aggregates of streptococci 

labelled with anti-SRP, which was interpreted as the coexistence of mixed 

bacterial communities. Palmer et al. [311], demonstrated that the 

phenotype (co-aggregation and reactivity to specific antibodies) and 

genotypic characteristics (16S rDNA gene sequences and genetic profile 

to species level) of the dominant strains in PL-Biofilm 4 and 8 hours were 

variable, confirming that the micro-diversity in the population of Veillonella 

was individual-dependent. In conclusion, these authors suggested that this 

microbiota customization resulted from the great evolutionary pressure 
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that exists for the formation of a multispecies PL-Biofilm, conditioned by 

the limited nutritional resources of the saliva [311]. 

Regarding the PL-Biofilm of more than 24 hours of maturation, Gu 

et al. [144] found in a 2-day PL-Biofilm that S. mutans was the 

predominant species, while L. casei and A. naeslundii mingled with 

streptococci in the same locations. Subsequently, Dige et al. [94] 

described the dynamic colonization pattern displayed by A. naeslundii in 

the initial stages of formation of the PL-Biofilm (6 hours-2 days), compared 

with Streptococcus spp. and other bacteria. Although as the biofilm 

matured a noticeable increase in the number of Streptococcus spp. and A. 

naeslundii was observed, the growth rate of the latter decreased as a 

result of a slowdown in cell division and the formation of filamentous 

extensions (colonies spider-like). In this paper, A. naeslundii presented a 

variety of morphs, including coccoid forms (predominant in the early 

stages), or elongated and filamentous shapes (more common after 1 or 2 

days).  

In 2007, Al-Ahmad et al. [44] applied CLSM and FISH to analyse in 

vivo the levels of the most important bacterial genera (Eubacterium spp., 

Streptococcus spp., Actinomyces naeslundii, Fusobacterium nucleatum 

and Veillonella spp.) in a PL-Biofilm of 1, 2, 3, 5 and 7 days. These 

bacteria were identified in the course of the 7 days of biofilm formation and 

accounted for 35.5 to 59.8% of the total bacterial mass. Co-aggregations 

of Streptococcus spp., Actinomyces naeslundii, Fusobacterium nucleatum 

and Veillonella spp. were detected, confirming the role of the oral 

streptococci particularly in the initial stages of formation of the PL-Biofilm 

(representing 41% of the bacteria on day 1, compared to 13% on day 7); 

A. naeslundii constituted the 18% of the microbiota in the early days, 
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decreasing significantly afterwards. However, levels of Veillonella spp. did 

not change significantly during the biofilm formation and, paradoxically, a 

gradual increase in F. nucleatum was found in the thicker and mature 

biofilm (10% of all bacteria on day 1, compared with 22% at day 7). 

In a recent study [278], the evolution of the PL-Biofilm until 7 days 

was analysed using pyrosequencing of the 16S rDNA. This paper showed 

that Porphyromonas species might play a dominant role as a middle 

colonizer. These authors described a change in the bacterial taxonomy at 

4 days of maturation. As a result, they concluded that the study of early 

colonizers should be done before that time point. Additionally, the process 

of maturation extents after the 7th day, when plaque becomes more and 

more complex and the final composition has not been reached yet [278]. 

Diaz et al. [141] indicated that the PL-Biofilm of each individual is 

unique in terms of diversity and composition, suggesting that the space-

time interactions and ecological changes inherent to the maturation of 

biofilm are individual-dependent [141]. In this way, Dige et al. [58] found 

inter-individual differences of up to 12.5 times in the total number of 

Streptococcus spp. present in 2-day biofilms. These findings were recently 

corroborated by the pyrosequencing of biofilm samples showing high 

microbial diversity in healthy individuals [277, 278]. 

It has been postulated that members of a specific bacterial 

community have adapted to each other and with the host, creating 

relationships between members of the community to ensure 

spatiotemporal reproducibility and stability in terms of bacterial 

composition [141]. Recently, Langfeldt et al., [277] analysed the bacterial 

community of oral biofilm in 32 young healthy adults after 1, 3, 5, 9 and 14 

days. A total of 160 biofilm samples were analysed and the results 
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showed no significant microbial diversity time-related response. Opposite 

to this affirmation, Takeshita et al. [278] found a gradual change in plaque 

composition after the study of PL-Biofilm during a maturation period of 7 

days, affirming that plaque is a dynamic microbial community.  

Other studies analysed the microbiota in human saliva with 16S 

rDNA techniques confirming the predominance of Streptococcus species 

in healthy mouths [195], similar to previous microscopy [313] and 

molecular methods [314]. In a molecular study [106], the most 

predominant bacterial genera in the oral cavity were Streptococcus, 

Gemella, Abiotrophia, Granulicatella, Rothia, Neisseria and Prevotella. 

These results were confirmed in a posterior study [195], adding the 

Proteobacteria as an abundant bacteria in the oral cavity as well.  

In 2008, Keijser et al., [271] used the Genome Pyrosequencer 20 

to analyse saliva and plaque samples from 71 individuals.  As a result, at 

the genus level, the sequences from saliva and plaque represented 318 

different genera. The saliva comprised 185 genera and dental plaque 267 

genera. In saliva three genera, Prevotella, Streptococcus and Veillonella 

constituted about 50% of the microbiota. On the other hand, in dental 

plaque samples the 50% of all sequences were occupied by six genera: 

Streptococcus, Veillonella, Corynebacterium, Actinomyces, 

Fusobacterium and Rothia. Following with pyrosequencing in saliva and 

dental plaque, Mason et al. [272] analysed samples of 192 healthy 

volunteers from four ethnic groups. After the study, the authors 

demonstrated the existence of ethnicity-specific subgingival microbiomes. 

Additionally, they affirmed that ethnicity, more than the environment, 

exerts a “selection pressure” on the oral microbiome. Comparing two 

ethnicities that shared common feed habits, nutritional state and lifestyle, 
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they observed significant microbial divergence. On the other hand, 

supragingival plaque was shown to be more influenced by environment, 

overcoming the effects of the host genotype. 

I.5 CONTROL OF ORAL BIOFILMS 

The prevention and treatment of tooth and gum disease is based 

on two fundamental goals: the elimination or control of oral biofilm and 

correction of inappropriate habits (promoting regular oral hygiene 

performed at home and a diet poor in refined sugars). The control of oral 

biofilms can be done mechanically and/or chemically. Mechanical 

techniques are those performed daily at home (tooth brushing and 

flossing) and, where necessary, in a professional setting (professional oral 

prophylaxis). Chemical techniques are based on the application of both 

antiseptics and antibiotics locally as well as systemically (Figure 36). 

 

Figure 36. Scheme of strategies to control oral biofilm. 

The use of adjuvant chemical antibacterial agents is considered an 

important complement to mechanical oral hygiene techniques, especially 

in case where the patient is unable to maintain an acceptable standard of 

oral hygiene. The use of oral antiseptics is a recognized procedure for the 

chemical control of the oral biofilms. These oral antiseptics may kill the 
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microorganisms, reduce bacteria virulence, and retard the dental plaque 

formation. Due to this action on the bacteria forming dental biofilms, a 

reduction of the oral disease is expected after their application [315].  

Among dental practitioners, the most commonly prescribed oral 

antiseptics have been those including in their formulation Chlorhexidine 

(CHX) [316] or Essential Oils (EO) [317]. The antimicrobial effectiveness 

of both has been shown in the literature [63, 64, 77, 318]. 

I.5.1 CHLORHEXIDINE HISTORY AND ANTIMICROBIAL 

EFFECTIVENESS 

In 1947, a complex study to synthesise new antimicrobial agents 

led to the development of the poly-bisguanides [319, 320]. These 

compounds showed a significant antimicrobial potential, particularly the 

compound 10,040, a cationic detergent later called CHX [321] (Figure 37). 

One of the main advantages of CHX, besides being a powerful 

antimicrobial, is its ability to bind to a wide variety of substrates while 

maintaining its antibacterial activity. It is then slowly released, leading to 

persistence of effective concentrations; this property is known as 

substantivity [168]. 

 

Figure 37.  Molecular representation of the Chlorhexidine compound (image of Universal 

Public Domain). 
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To the best of the author’s knowledge, there are only four in situ 

studies [63, 64, 147, 175] in which the antimicrobial effect of CHX on PL-

Biofilm derived from a single application has been studied in two of them 

the treatment was practised ex vivo [147, 175] and in the other two the 

application was in situ [63, 64]. 

In 2001, Zaura-Arite et al. [147] were the first authors to visualise 

the antimicrobial effect of a single ex vivo CHX treatment on PL-Biofilm 

remaining on bovine dentin disks. These disks were removed at 6 hours, 1 

and 2 days and then broken into halves along a middle previously done 

groove. One of the halves was covered with 50 μL of 0.2% CHX 

digluconate and treated for 1 minute; the other half served as a control 

covered with 50 μL of saline. This experiment showed that the 0.12% of 

CHX reduced the bacterial viability of the PL-Biofilm. However, this 

antimicrobial effect was only relevant in the superficial layer of the PL-

Biofilm.  

In 2010, von Ohle et al. [175] examined the CHX antimicrobial 

effect on the physiology of the PL-Biofilms during exposure to sucrose, 

using a 0.2% CHX formulation and biofilms were ex vivo exposed to 10 

mL of the CHX solution for either 1 or 10 minutes. In contrast to the results 

reported by Zaura-Arite et al. [147], CHX treatment significantly reduced 

the bacterial viability.  

Recently, García-Caballero et al. [63] and Quintas et al. [64] 

analysed the antimicrobial effect of a single in situ 30 seconds mouthwash 

with 10 mL of 0.2% CHX. Six glass disks were carried in an intraoral 

device and withdrawn after 2 days of exposition to the oral environment. 

First disk was removed before treatment and the others were removed 

after 30 seconds, 1, 3, 5 and 7 hours. The results showed a significant 
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reduction of the bacterial viability of the 0.2% CHX throughout all PL-

Biofilm layers.  

I.5.2 ESSENTIAL OILS HISTORY AND ANTIMICROBIAL 

EFFECTIVENESS 

Since ancient times, the EO have been used for the treatment of a 

large variety of diseases all over the world, from the Egyptians to the 

Mayans or Aztecs [322]. In 1879, Dr. Josep Lawrence and the pharmacist 

Jordan Wheat Lambert developed a phenolic compound [323] whose 

antimicrobial activity was enhanced by the combination with some EO 

(Thyme, Eucalyptus, Baptisia, Gahulteria and Mentha Arvensis) (Figure 

38); this formula was called Listerine®. The EO are natural products that 

plants produce for their own needs. Different types of techniques are used 

to extract them which include: microwaves, liquid carbon dioxide or steam 

distillation [322, 324]. At present, the pharmaceutical industry has 

replaced plant extraction by chemical synthesis in case its natural 

production is difficult [325]. 

 

Figure 38. Images of the Listerine® Essential Oils compounds. Image taken from 

http://listerine.bamboostick.com/about-science.html, Johnson & Johnson Pte. Ltd. 2014. 

To the best of author’s knowledge, there are only three studies in 

the literature which analyse the in situ antimicrobial activity of the EO in 

the “non-disturbed” PL-Biofilm after a single application [64, 89, 117]. 

However, the antiseptic was applied ex vivo, except in Quintas et al. [64].  
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Gosau et al. [117] evaluated the antimicrobial activity of the EO in 

the 12 hour PL-Biofilm formed on the surface of titanium disks hold in an 

upper splint in a total of four volunteers. The application of the mouthwash 

was done ex vivo for 1 minute. After the using of the fluorescence staining 

solution LIVE/DEAD® BacLightTM and the CLSM for the visualization of 

the PL-Biofilm in situ, the dead bacteria rate was 76.8% (range = 65.09-

95.87%). 

Dong et al. [89] tried to establish a new in situ model to recollect 

intact PL-Biofilm for the evaluation of its structure, the extent of immediate 

penetration and the antibacterial effect of a single EO mouthwash. For 

this, they used hydroxyapatite disks in which they made 500 μm deep 

grooves. A total of six volunteers wore these disks for 6, 24 and 48 hours. 

Disks were subsequently divided in two halves. One of them was 

submerged (ex vivo) in an EO solution for 1 minute and the plaque was 

visualized 5, 15 and 30 minutes after. They obtained a significant 

reduction in the bacterial viability in comparison to the control group. 

One interesting point that should be remarked about these two 

studies is the fact that having developed a model which permits the growth 

of the biofilm in the oral cavity, it seems surprising that they applied the 

EO mouthwash ex vivo; what they did was just take the disks from the 

mouth and immerse them in the EO solution for a certain period of time 

(60 seconds). By doing this, they were assuming that this immersion was 

the same as doing an active mouthwash, obviating the intrinsic factors of 

the rinse itself such as the washing effect and the strength applied by the 

muscle movement. 

Recently, Quintas et al. [6464] analysed the effect of an in situ 30 

second mouthwash with 20 mL of EO in PL-Biofilm. The bacterial viability 
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results were analysed after 30 seconds, 1, 3, 5 and 7 hours. In all 

situations the reduction was significant in comparison to the control and 

the basal samples. In addition, this effect was maintained over all of the 

PL-Biofilm layers.  
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The evolutionary process of the apparatus used to develop Paque-

Like Biofilm left many different devices without any standardization or 

control. In the same way, no review of the quality or functionality of them 

has been performed to date.  

In previous literature, some factors such as the influence of the 

position of the substrate may have on the growing PL-Biofilm have been 

measured [1, 2]. Nevertheless, these were not done with the intention of 

produce a standard of an intraoral apparatus for the growing PL-Biofilm. In 

fact, some others designs have come up until our days.  

To the best of author’s knowledge, no clear attempt has been done 

in the literature to standardize a PL-Biofilm model with a specific 

substrate, studying the characteristics of the biofilm comparing them at the 

same time with the naturally formed dental plaque itself.  

Recently, some authors have stated that the methodology of the 

application of a given antiseptic could be an important factor which might 

condition the results on oral antiseptic effectiveness [3]. Commonly, in 

studies with non-disturbed Paque-Like Biofilm, the application of the 

antiseptic has been an ex vivo immersion of the sample into the solution 

[4-7]. However, in recent series about the bacterial effect of Chlorhexidine 

and Essential Oils, the participants have undergone an active mouthwash 

with the antiseptic in vivo [3, 8], differing from the previously described 

results for both antiseptics, but mainly in the case of the Essential Oils 

activity.  

For these reasons, in this Thesis the following objectives were 

proposed: 
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Objective 1: to assess, in general population, the types of devices 

used for in situ development of oral biofilm analysed microbiologically. 

Objective 2: to analyse the evolution of a non-disturbed oral biofilm 

in terms of thickness, bacterial viability, covering grade and structure both 

at 2 days (for antimicrobial activity studies and substantivity) and 4 days 

(for studies of antiplaque activity). 

Objective 3: to study in situ the thickness, bacterial viability and 

bacterial diversity of a Plaque-Like Biofilm formed on different substrates 

in comparison to a naturally tooth-formed oral biofilm. In addition, it will be 

evaluated whether the restraint of oral hygiene measures may influence 

the development of the Plaque-Like Biofilm. 

Objective 4: to assess if the methodology of the antiseptic 

application conditions the obtained results in terms of bacterial viability of 

the PL-Biofilm. Therefore, the proposed objective was to compare the 

immediate effect of two antiseptic application methods, using separate 

solutions of 0.2% Chlorhexidine and Essential Oils applied either by a 

passive immersion or an active mouthwash (ex vivo vs. in vivo exposure). 
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OBJECTIVE 1. TYPES OF DEVICES USED FOR IN SITU 

DEVELOPMENT OF NON-DISTURBED ORAL BIOFILM 

ANALYSED MICROBIOLOGICALLY 

1.1 ABSTRACT 

Aim: To assess the types of devices used for in situ development of oral 

biofilm analysed microbiologically. 

Material and Methods: A systematic search of the literature was 

conducted to identify all in situ studies of oral biofilm which used an oral device; 

the Ovid MEDLINE and EMBASE databases complemented with manual search 

were used. Specific devices used to microbiologically analyse oral biofilm in 

adults were included. After reading of the selected full texts, devices were 

identified and classified according to the oral cavity zone and manufacturing 

material. The “ideal” characteristics were analysed in every group.  

Results: The search provided 787 abstracts, of which 111 papers were 

included. The devices used in these studies were classified as palatal, lingual or 

buccal. The last group was sub-classified in six groups based on the material of 

the device. Considering the analysed characteristics, the thermoplastic devices 

and the Intraoral Device of Overlaid Disk-holding Splints (IDODS) presented more 

advantages than limitations. 

Conclusions: Buccal devices were the most commonly used for the study 

of in situ biofilm. The majority of buccal devices seemed to slightly affect the 

volunteer’s comfort, the IDODS being the closest to the “ideal” model. 
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1.2 INTRODUCTION 

The literature defines several specific devices that were designed 

to produce a Plaque-Like Biofilm (PL-Biofilm) in situ. In history, the first 

papers involving the use of devices for the formation of PL-Biofilm studied 

the decay, analysing the demineralization effect [1-4]. Some of these 

studies used the volunteer’s own prosthesis [1, 4] or their orthodontic 

appliances [2, 5] as artificial substrates in order to evaluate the oral biofilm 

activity. On the contrary, Ahrens [3] designed a specific device in order to 

study this phenomenon. Later, Nyvad et al. [6-8] analysed the 

characteristics of the in situ biofilm, formed on the device designed by 

Ahrens. Since then, the development of these devices has not stopped, 

but the format has changed from a bulky and poor aesthetic to a discreet 

and comfortable one. One of the last devices to be designed was the 

“Intraoral Device of Overlaid Disk-holding Splints” (IDODS) [9-11], which 

used a thermoplastic material with the intention of interfering as little as 

possible with the normal life of the volunteers. This evolutionary process 

left many different devices without any standardisation or control. A deep 

analysis of the characteristics of each type of apparatus could help 

investigators in the field to choose one or another, depending on the aim 

of their study. In addition, the presentation of the data as advantages and 

disadvantages of each device could encourage the scientific community in 

the development of new devices, eventually reaching the “ideal” model. 

For these reasons, a systematic review of the quality and functionality of 

the different devices is proposed. The aim of this review was to assess, in 

adult population, the types of devices used for in situ development of oral 

biofilm analysed microbiologically.  
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1.3 MATERIAL AND METHODS 

A systematic review protocol was made in the planning stages 

according to the PRISMA checklist. This review is reported according to 

the PRISMA statement [12]. 

1.3.1 FOCUSED QUESTION 

The Patient/Population Intervention Comparison Outcome (PICO) 

question was formulated as follows: In adult population, what are the 

advantages and disadvantages of the different types of devices that have 

been used for the growing of in situ oral biofilm? 

The components of the PICO were: 

Population: all adult volunteers (over 18 years old) wearing 

intraoral devices. 

Intervention: type of device used for the growing of in situ oral 

biofilm. 

Comparisons: between different types of devices. 

Outcomes: advantages and disadvantages of each of the different 

devices. 

1.3.2 ELIGIBILITY CRITERIA 

All types of in situ studies on oral biofilm using a specific device 

(excluding prosthesis or orthodontic appliances) for its growth were 

considered eligible. The objective was to evaluate studies that took into 

account the characteristics of a non-disturbed biofilm of more than 4 hours 

of maturation, analysing its microbiological aspects (such as viability, 
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thickness, structure or bacterial composition). Because of this, any studies 

which used devices to analyse specific actions of the biofilm, such as 

demineralisations or decay, were excluded. Additionally, those which 

measured only biochemical aspects (fluoride concentration, pH, etc) in the 

oral biofilm were also excluded. The search was limited to humans and in 

vivo or in situ studies. No language restrictions were included. 

1.3.3 INFORMATION SOURCES AND SEARCH STRATEGY 

The literature search for relevant articles was conducted using the 

electronic databases OVID MEDLINE and OVID EMBASE, the date of the 

last update was June, 16th 2015. The search strategy included the 

following search words: 

 MeSH terms in all trees/subheadings: “dental plaque”, 

“biofilms” and “splints”. 

 Keywords for dental plaque and biofilm: “dental plaque”, “dental 

deposit*”, “biofilm*”, “biofouling” and “oral ADJ bacteria”. 

 Keywords for splints: “appliance*”, “stent*”, “splint*”, “ferule*”, 

“device*”, “apparatus”, “mechanism*” and “gadget*”. 

The same search strategy was used in the OVID EMBASE 

database, adapting the MeSH terms. Manual search was done by the 

reviewers after checking the reference lists of the relevant studies. 

1.3.4 STUDY SELECTION, DATA COLLECTION PROCESS AND DATA 

ITEMS 

Study selection was conducted independently by two reviewers 

(IP-L and VQ) in the following stages: 1) initial screening of potentially 

suitable titles and abstracts meeting the inclusion criteria (excluding those 
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whose aim was to study demineralisations, decay or measuring only 

biochemical aspects in the oral biofilm) and 2) screening of the full texts 

identified as possibly relevant in the initial screen. The assistance of 

translators was sought for studies that were not in English. 

Data were extracted using predefined data extraction forms 

including type of device, localisation, substrate, number of participants, 

biofilm age, microbiological technique to analyse the biofilm, volunteer 

experience and removal and retention of the substrate. 

Disagreements between reviewers were solved through 

discussion. Consensus Kappa index at the first stage was 0.93 and 0.9 at 

the second stage. A difficulty in the systematic review was the poor 

description of a device or the absence of correlation between the 

description and the photographs presented. When doubts appeared, 

author contact was required. In studies where author contact was not 

successful and it was not possible to achieve an agreement in the type of 

device used, the decision was the exclusion. 

1.3.5 SUMMARY MEASURES AND SYNTHESIS RESULTS 

After reading the full text, descriptive summary analyses were 

reported, following systematic review guidelines [13]. Because of the 

nature of this review a meta-analysis was not performed. The selected 

papers were classified in regard to the type of device used. The different 

apparatus found were divided into three categories, according to their 

design: palatal devices, lingual devices and buccal devices. This 

classification responds to the zone in which the device was placed within 

the oral cavity. In buccal devices, a second subdivision was made 

according to their material. As a result, six buccal device groups were 



Isabel Prada López 

 

156 
 

obtained: Acrylic Device (AcD), Leeds in situ Device (LiD), Acrylic and 

Metal Device (AcMD), Metal Device (MD), Thermoplastic Device (TPD) 

and Intraoral Device of Disk-holding Splints (IDODS). All of the papers 

which used a device made completely from acrylic were classified in the 

“AcD group”. Papers which used a device bonded directly to the tooth 

formed the “LiD group”; those which used a device made of metal and 

acrylic were classified into the “AcMD group”; when a device made 

completely of metal was used, they were grouped as “MD group”. Studies 

including a device made of one thermoplastic sheet were classified in the 

“TPD group” and, finally, those devices made of two sheets of 

thermoplastic material formed the “IDODS group”. 

Fourteen important qualities and characteristics of the ideal device 

were standardized by the authors for the analysis of each apparatus. The 

first eight questions were focused on the technical characteristics, the next 

three questions investigated the influence of the device on the volunteer’s 

comfort and the final three questions were about manufacturing, 

placement and economic cost (Table 1).  
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Table 1. The fourteen characteristics of the ideal “biofilm in situ device” classified in three 

main dimensions: technical, volunteer’s comfort and economic. 

Technical Dimension 

1 Teeth pre-treatment is not necessary 

2 Specific teeth are not necessary 

3 No accidental unsticking 

4 Allows eating 

5 Easy withdrawal by the volunteer 

6 Easy withdrawal of the sample 

7 No contact with cheek /tongue 

8 Allows salivary flow through the splint 

Volunteer’s Comfort 

Dimension 

9 Allows good oral hygiene 

10 Good aesthetic 

11 Little bulky 

Economic Dimension 

12 Adaptable on the 1
st
 appointment 

13 Easy placement at 1
st
 time 

14 Inexpensive material 

1.4 RESULTS 

1.4.1 STUDY SELECTION 

The degree of agreement between reviewers was more than 97% 

at the first and second stages. After the initial search and removing 

duplications, 787 papers were found. When the titles and abstracts were 

read, the reviewers selected 127 papers. Following text screening, 16 

papers were excluded due to the use of the patient‘s prosthesis or 

orthodontic devices, lack of information about the device or other factors, 

such as not analysing the biofilm microbiologically or including population 

of less than 18 years of age. Finally, 111 papers were selected for full text 

assessment (Figure 1 PRISMA flow Diagram). 
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Figure 1. Prisma Diagram 2009. 

All of these were written in English, with the exception of one which 

was in Chinese. 

1.4.2 STUDY CHARACTERISTICS 

All characteristics of the selected studies are in the Annex 1. 

Following, there is a description of the most noticeable characteristics. 

127

111

660

n = 4

n = 1

n = 2

n = 9
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1.4.3 TYPES AND NUMBER OF SUBSTRATES 

The most commonly used substrates for the development of in situ 

oral biofilm have been the human [6-8, 14-44] and bovine enamels [43, 

45-68] (in this order). Moreover, the number of substrates used in the 

different devices varied between one [50] and 16 [55, 63, 64]. 

1.4.4 MICROBIOLOGICAL TECHNIQUE USED FOR IN SITU PLAQUE-

LIKE BIOFILM ANALYSIS  

The most commonly used techniques in this type of studies are 

those based on visualising the oral biofilm with fluorescence microscopes 

(both epifluorescence and Confocal Laser Scanning Microscope -CLSM-) 

[9-11, 16, 24, 28-31, 45-50, 53, 56-58, 65-90] (45 studies), mainly 

combined with Fluorescence in situ Hybridisation (FISH) and 4',6-

Diamidino-2-Phenylindole (DAPI) for bacterial identification. In the case of 

studies aiming for the analysis of bacterial viability, fluorescence 

microscopes have usually been combined with staining dyes for live/dead 

bacterial identification such as Syto 9/Propidium Iodide and Fluorescein 

Diacetate/Etidium Bromide. 

Another common technique has been the Colony Forming Units 

(CFUs) counting [8, 17, 18, 20-22, 25-28, 33-37, 40, 43, 44, 52, 53, 57-60, 

62, 66, 68, 74, 91-102] (40 studies).  

1.4.5 BIOFILM AGE 

This went from 4 hours [6-8, 38, 56, 72, 97, 98, 103, 104] to 8 

weeks [74, 87].  
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1.4.6 CLASSIFICATION OF THE PAPERS ACCORDING TO THE 

DEVICES 

Palatal devices (Figure 2A and 2B) [14, 17, 20, 23, 25, 27, 33-36, 

44, 51, 52, 59, 60, 62, 72, 74, 90, 92-94, 99, 100, 105] were always 

exposed to contact with the tongue. To avoid this situation some authors 

included a plastic mesh [17].  

 

Figure 2. (A) Model of acrylic palatal device. (B) Model of acrylic and metal palatal 

device. 

In lingual devices (Figure 3) [18, 21, 22, 37, 98, 106, 107], the 

biofilm grew between the device and the lingual gingiva. This protection 

against tongue contact produced a biofilm that grew in a different 

environment from the normal lingual biofilm attached to the surface of the 

teeth. The use of these devices has not been very extensive (only seven 

studies used them). 

 

Figure 3. Lingual Device. Model of an acrylic lingual device. 
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On the other hand, buccal devices have been used extensively, 

allowing the definition of six different groups: AcD (Figure 4A and 4B) [6-8, 

16, 24, 38, 42, 50, 54, 55, 61, 63, 64, 69, 85, 95, 96, 108-115], LiD (Figure 

5A and 5B) [15, 19, 26, 29-31, 39-41, 43, 86, 87], AcMD (Figure 6A and 

6B) [28, 45, 46, 48, 49, 53, 67, 68, 71, 79-84, 103, 116, 117], MD (Figure 

7) [102, 118], TPD (Figure 8) [32, 47, 56-58, 65, 66, 70, 73, 75, 88, 89, 91, 

97, 101] and IDODS (Figure 9A and 9B) [9-11, 76-78]. In the review 

process, another device was found, a device made completely of silicone 

used in only one paper [119]. 

 

Figure 4. Acrylic Device: (A) Lateral view. (B) Frontal view. 

 

Figure 5. Leeds in situ Device: (A) Intraoral image taken from Pessan et al. 2008 [120]. (B) 

Scheme of design taken from Wood et al. 2002 [30]. 
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Figure 6. Acrylic and Metal Device: A. Oclusal view. B. Oclusal detail view. 

 

Figure 7. Metal Device. Image taken from Simion et al. 1997 [118].  

 

Figure 8. Thermoplastic Device. Model of a thermoplastic and polysiloxane splint. 
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Figure 9. Intraoral Device of Disk-holding Splints (A) Frontal view. (B) Detail of the pocket 

where the disks are placed. 

In summary, Tables 2, 3A, 3B and 3C show all of the papers which 

studied in situ biofilm, classified according to the type of device used. 

However, this classification was limited by the scant information some 

authors provided about the devices they used.  

Table 2. Main papers which used palatal and lingual devices for the study of in situ biofilm. 

            PALATAL DEVICES       LINGUAL DEVICES 

Benelli et al. (1993) [74] 

Cury et al. (2001) [17] 

Hara et al. (2003) [93] 

Tenuta et al. (2003) [62] 

Auschill et al. (2004) [80]* 

Paes Leme et al. (2004) [60] 

Pecharki et al. (2005) [25] 

Ribeiro et al. (2005) [36] 

Korytnicki et al. (2006) [20] 

Schwarz et al. (2006) [99] 

Arthur et al. (2007) [44] 

Schwarz et al. (2007) [105] 

Scotti et al. (2007) [110]* 

Paes Leme et al. (2008) [23] 

Gameiro et al. (2009) [34] 

Lima et al. (2009) [94] 

Schwarz et al. (2009) [100] 

Sousa et al. (2009) [92] 

Beyth et al. (2010) [72] 

de Mazer Papa et al. (2010) [33] 

Brighenti et al. (2012) [52] 

Cochrane et al. (2012) [14] 

Teixeira et al. (2012) [27] 

Melo et al. (2013) [59] 

Pierro et al. (201) [35] 

Bittar et al. (2014) [51] 

Padovani et al. (2015) [90] 

 

Creanor et al. (1986) [37] 

Macpherson et al. (1990) [21] 

Macpherson et al. (1991) [22] 

Jenkins et al. (1998) [18] 

Rasperini et al. (1998) [106] 

Sreenivasan et al. (2004) [98] 

Re et al. (2011) [107] 

 

* palatal and buccal devices were used. 
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Table 3. Main papers which used buccal devices for the study of in situ biofilm, classified 

by material. 

Table 3A. Main papers which used acrylic devices. 

BUCCAL 
DEVICES 

Acrylic Devices 

Author 
(year) 
[ref.] 

Nyvad and Fejerskov (1987) [6] 

Nyvad and Fejerskov (1987) [7] 

Nyvad and Kilian (1987) [8] 

Nyvad and Fejerskov (1989) [42] 

Hannig M. (1997) [55] 

Netuschil et al. (1998) [85] 

Hannig M. (1999) [64] 

Hannig M. (1999) [63] 

Fine et al. (2000) [95] 

Auschill et al. (2001) [50] 

Auschill et al. (2002) [69] 

Jentsch et al. (2002) [61] 

Palmer et al. (2003) [24] 

Scarano et al. (2003) [108] 

Groessner-Schreiber et al. (2004) [109] 

Diaz et al. (2006) [38] 

Chalmers et al. (2007) [16] 

Hannig  et al. (2007) [54] 

Scotti et al. (2007)* [110] 

Groessner-Schreiber et al. (2009) [111] 

Sreenivasan et al. (2009) [96] 

Azevedo et al. (2012) [112] 

Rehman et al. (2012) [113] 

Do Nascimento et al. (2013) [114] 

Nascimento et al. (2014) [115] 

*Palatal and Buccal devices were used.  
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Table 3B. Main papers which used Leeds in situ and Acrylic and Metal devices. 

BUCCAL 
DEVICES 

Leeds in situ 

device 
Acrylic + Metal Devices 

Author, 
(year) 
[ref.] 

Strassler et al. (1986) [43]  

Robinson et al. (1997) [40] 

Wood et al. (1999) [29] 

Arai et al. (2000) [15] 

Wood et al. (2000) [30] 

Shore et al. (2001) [26] 

Wood et al. (2002) [31] 

Kato et al. (2004) [39] 

Robinson et al. (2006) [41] 

Dong et al. (2010) [86] 

Kato et al. (2012) [19] 

He et al. (2013) [87] 

Rimondini et al. (1997) [117] 

Zucchelli et al. (1998) [116] 

Giertsen et al. (2000) [53] 

Zucchelli et al. (2000) [103] 

Arweiler et al. (2004) [79] 

Auschill et al. (2004) [80]* 

Auschill et al. (2005) [81] 

Al-Ahmad et al. (2007) [45] 

Dige et al. (2007) [82] 

Arweiler et al. (2008) [48] 

Dige et al. (2009) [83] 

Dige et al. (2009) [84] 

Al-Ahmad et al. (2010) [68] 

Al-Ahmad et al. (2010) [46] 

Von Ohle et al. (2010) [28] 

Bremer et al. (2011) [71] 

Al-Ahmad et al. (2013) [67] 

Arweiler et al. (2014) [49] 

*Palatal and Buccal devices were used.  
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Table 3C. Main papers which used metal, thermoplastic devices and IDODS. 

BUCCAL 
DEVICES 

Metal Devices 
Thermoplastic 

Devices 
IDODS 

Author 
(year) 
[ref.] 

Leonhardt et al. 

(1995) [102] 

Simion et al. (1997) 

[118] 

Sennhenn-Kirchner et al. 

(2007) [101] 

Al-Ahmad et al. (2009) [47] 

Sennhenn-Kirchner et al. 

(2009) [91] 

Burgers et al. (2010) [89] 

Gosau et al. (2010) [88] 

Jung et al. (2010) [57] 

Claro-Pereira et al. (2011) 

[97] 

Brambilla et al. (2012) [32] 

Gu et al. (2012) [75] 

Rupf et al. (2012) [73] 

Hannig et al. (2013) [70] 

Hannig et al. (2013) [65] 

Hannig et al. (2013) [66] 

Kensche et al. (2013) [56] 

Grychtol et al. (2014) [58] 

García-Caballero et al. (2013) [11] 

Tomás et al. (2013) [10] 

Prada-López et al. (2015) [76] 

Prada-López et al. (2015) [77] 

Quintas et al. (2015) [9] 

Quintas et al. (2015) [78] 

 

A Silicone device was used by Giordano et al. (2011) [119]. 

1.4.6.1 CHARACTERISTICS OF BUCCAL DEVICES 

The evaluations of each buccal device group according to the ideal 

characteristics they should meet are presented in Table 4. The AcD and 

LiD were the buccal devices that showed more limitations than 

advantages. On the contrary, the TPD and IDODS presented more 

advantages than limitations.  
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Table 4. Evaluation of the characteristics of buccal devices, as well as the total number of 

advantages and disadvantages. 

Devices 

 

A
c
D

 

L
iD

 

A
c
M

D
 

M
D

 

T
P

D
 

ID
O

D
S

 TOTAL 

advantages/ 

limitations Characteristics 

Teeth pre-treatment is not 

necessary 
            5/1 

Specific teeth are not 

necessary 
            5/1 

No accidental unsticking             2/4 

Allows eating             3/3 

Easy withdrawal by the 

volunteer 
            5/1 

Easy withdrawal of the 

sample 
            2/4 

No contact with cheek 

/tongue 
            2/4 

Allows salivary flow 

through the splint 
            1/5 

Allows good oral hygiene             5/1 

Good aesthetic             3/3 

Little bulky             5/1 

Adaptable on the 1
st

 

appointment 
            1/5 

Easy placement at 1
st

 time             5/1 

Price of the material + ++ ++++ 
++++

+ 
+++ ++++  

TOTAL advantages/ 

limitations 
5/8 4/9 8/5 8/5 10/3 11/2  

 = The device meets this characteristic. 

 = The device does not meet this characteristic. 

+      = Relative cost of the manufacturing. 
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- PRE-TREATMENT OF SPECIFIC TEETH  

The pre-treatment of teeth is only necessary in the LiD group; it 

needs from etching, bonding and a composite to be glued onto specific 

teeth (first and second molar).  

- ACCIDENTAL UNSTICKING  

Accidental losses of samples have been found in the LiD, AcD, 

AcMD and MD groups. Conversely in TPD and IDODS groups no loss of 

specimens has been reported. 

- EATING AND CHEWING WITH THE DEVICE 

The LiD allows the user to eat whilst wearing it, without the need 

for its withdrawal, as happens with AcMD and MD. The AcD, TPD and 

IDODS do not permit chewing, because they cover the occlusal zone of 

the molars.  

- WITHDRAWAL BY THE VOLUNTEER 

All of the apparatus, with the exception of the LiD, can easily be 

withdrawn by the volunteer in order to perform their oral hygiene 

measures normally (according to the protocol of the study). 

 

- WITHDRAWAL OF THE SAMPLE BY THE INVESTIGATOR 

The withdrawal of the sample from the LiD, AcD and AcMD by the 

investigator is done with a forceps or a bracket-removing plier. On the 

other hand, in the TPD, the investigator must take the sample by its 

backside with tweezers [88, 89] or remove the silicone and take the disk 

by the lateral sides [57]. In the same way, the IDODS has a specific gap 
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between the two sheets which permits the withdrawal of the disk by the 

lateral sides 

- CONTACT WITH CHEEK AND TONGUE  

The TPD, MD and IDODS have a special framework (with 

composite in MD) which protects the substrate from making contact with 

anything other than from the saliva or any other liquids inside the mouth 

(antiseptic agent). In the AcMD, the disk is located in a sheltered space 

between the tooth and the device, which protects the biofilm from contact 

with the cheek and tongue.  

- SALIVARY FLOW THROUGH THE SPLINT  

Only the IDODS allows salivary flow through it, leaving both sides 

of the disk exposed.  

- VOLUNTEER’S COMFORT  

AcD are very voluminous, dramatically affecting the phonetics and 

the aesthetics of the volunteers; the same is true for the metal used in the 

AcMD. Conversely, the LiD (located in the posterior molar), the TPD and 

the IDODS (both made of transparent material) are less voluminous. For 

these reasons, they slightly affect the phonetics and the aesthetics.  

- ADAPTABILITY, PLACEMENT AND MANUFACTURING 

COST 

  Manufacturing processes for these devices are very diverse. All 

devices except the LiD need a plaster model of the volunteer to be made 

in order for the device to fit properly. The LiD, being a standard apparatus, 

does not need any type of individualisation prior to placement. Other 
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devices such as AcD and TPD or the IDODS need a laboratory process, 

but their fabrication is simple and not too expensive. However, the AcMD 

and overall the MD (made of Cobalt and Chrome) requires a more 

complex laboratory process which increases the cost of the device.  

In regard to the placement in mouth, there are also differences 

between the LiD and other devices, due to the fact that it must be placed 

in the clinic with the proper isolation and specific protocols, similar to those 

used in bracket bonding. However, all of the other devices are given to 

volunteers with the instructions for correct use, in the same way as if they 

were removable orthodontic retainers. 

1.5 DISCUSSION 

No previous reference was found to give the authors a base to 

work with the characteristics of the different devices. Given this 

circumstance, a list of fourteen important qualities and characteristics was 

standardized. The fact that the authors have also designed one of the 

apparatus reviewed could be a potential source of bias. When the list of 

items was devised, the authors tried to abstract from their own design 

trying to be as “objective” as possible. The items were chosen, based on 

the authors’ experience, for being of capital importance in an “ideal” 

device. Later, this checklist was modified after completely reading the 

selected articles in the present review. 

The classification of the apparatus was designed prior to the start 

of the study and subsequently modified in order to clarify its presentation. 

As the group has previous experience in the field, a first classification 

based on the material of the device was devised. After the data extraction, 

this classification was extended introducing the position of the substrates. 
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The review was focused mainly on buccal devices due to fact that 

both palatal and lingual devices have been less used in the existing 

literature. In the latter types of devices, the PL-Biofilm was always 

exposed to contact with the tongue; for this reason, the biofilm would be 

very disturbed. To prevent this from happening, authors devised 

protections such as a plastic mesh (in palatal devices) or an artificial gap 

between the device and the lingual gingiva (in lingual devices). These 

protections would surely modify the growing environment of the PL-

Biofilm, causing possibly, a lack of representativeness of the dental biofilm 

attached to the enamel surface. On the contrary, these devices permit the 

development of PL-Biofilm in absence of contact with the oral environment 

and poor renovation of saliva on its interior, allowing for the growing of 

biofilm covered with stagnated saliva. This particularity makes them to be 

useful for the replication of dental caries models. In any case, their use in 

PL-Biofilm studies is scarce (10 times less than buccal devices). A 

possible reason for this might be the big influence in phonetics that these 

devices have. 

1.5.1 UTILITY OF THE DEVICES TAKING INTO ACCOUNT THE 

MICROBIOLOGICAL OBJECTIVE OF THE STUDY 

As previously stated, the intraoral devices for the development of 

PL-Biofilm have been faced to obtain very different results. These range 

from analysing the covering grade of the biofilm, its thickness, bacterial 

viability or composition before and after applying several antimicrobial 

agents to the analysis of the effects that the PL-Biofilm itself may have 

onto a specific substrate. As stated in the material and methods section, 

the present review was only focused on the use of these devices in order 

to obtain a PL-Biofilm for a posterior microbiological evaluation. This 
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evaluation has been done by CFUs, electronic microscopes (SEM or 

TEM), CLSM (after previous staining with dual live/dead fluorochromes or 

FISH and DAPI for bacterial identification and differentiation). All devices 

presented good properties in order to use one or another technique. In 

some cases the necessity of using one or another technique is going to be 

more related with the type of substrate that it is being used. For CFUs 

analysis, no troubles were found in any study in terms of collection of the 

sample, since the sample is harvested normally by vortexing the PL-

Biofilm with the substrate [102] or by collecting the PL-Biofilm with a cotton 

pellet directly from the substrate [20]. For CLSM analysis with previous 

staining, problems regarding substrates have been referred by some 

authors [82, 85]. The use of enamel, and sometimes hydroxyapatite has 

been related to episodes of autofluorescence of the substrate, increasing 

the difficulty of differentiation of the background and the sample itself [85]. 

This can be corrected at the capture time with specialised software. In any 

case, substrates that do not produce autofluorescence, such as glass, are 

preferred when possible, since the less the investigator has to “correct” 

the image the less biased the technique will be. In the case of using SEM, 

no troubles were found; with this technique, the sample is prepared for 

visualization within the substrate. Although no troubles were referred in 

any study using TEM, some problems may arise when doing the micro-

cuts. This may be related to the excess of fragility of some materials. 

Hydroxyapatite disks due to their conglomerate structure, may shatter 

when the cut is done. Maybe for this reason, no study using TEM chose 

this material as a substrate.  
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1.5.2 CHARACTERISTICS OF BUCCAL DEVICES 

Probably, in an effort to search the most similar substrate to the 

natural tooth surface, the most commonly used substrate has been the 

human enamel. Nowadays, other substrates such as titanium [88, 114, 

119] or membranes [103, 116, 118] are used more frequently in these 

devices for the study of peri-implantitis or the bacterial colonization in 

regenerative procedures. 

The quantity of the substrates depended on the design of the 

apparatus and the specific requirements for the aim of each of the studies. 

Depending on the latter, some devices are not eligible due to the 

impossibility of inclusion of enough samples (i.e.: a study needing from 

more than four different samples from the same volunteer cannot be 

conducted using an LiD).  

Scanning and Transmission Electronic Microscopy techniques, 

traditionally considered as the “Gold Standard” for the visualization of the 

biofilm [47], are not the most commonly used techniques in the selected 

studies. This is probably because of the necessity of altering the biofilm 3-

D structure and the limitation of the analysis, needed for the combination 

with other techniques [121]. Because of this need of keeping the biofilm 

unaltered, fluorescence based microscopes, such as the epifluorescence 

and the CLSM, combined with FISH and DAPI for bacterial identification 

have been the preferred options. Another technique that has been widely 

used has been CFUs counting, nowadays still considered the “Gold 

Standard” in bacterial identification. Despite this, over the last decade, 

CFUs counting has coexisted with other molecular techniques based on 

the identification of the bacteria by their genome that have questioned the 
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CFUs accuracy [122], since more than 50% of the bacteria present in the 

oral cavity are not culturable [123]. 

A wide range of biofilm maturation has been found in this review. 

Of course, this is a characteristic which is directly related to the aim of the 

studies. As the devices may be used for long periods of time, the 

apparatus should be properly designed, not affecting the volunteer’s 

comfort. In the present review, the authors have taken into account that 

dental biofilm in terms of maturation may be generally considered after 4 

hours. Before this time, there may possibly exist bacteria adhered to the 

acquired pellicle. In fact, Hannig et al. [124] found bacteria adhered to the 

acquired pellicle at 3 minutes; in any case, they were only first colonizers 

and cannot be considered as a bacterial aggregate which will define a 

biofilm itself. In the present systematic review, papers analysing biofilm 

after 4 hours have been considered although in their measures have 

included any measure before this interval. Nevertheless, we have found 

authors that analysed acquired pellicle at 2 hours [125, 126] and other 

authors that analysed CFUs since the very first 10 minutes [102], even 

applying FISH techniques at 30 mins [67]. 

The pre-treatment of the teeth with etching, bonding/de-bonding 

procedures and the posterior composite removal could damage enamel. 

This could result in the production of white-lesions or demineralisations 

similar to those caused by fixed orthodontia [127]. As the general rule 

should be to harm the volunteer’s integrity as little as possible, devices 

retained without being adhered to the tooth surface are preferred. 

Accidental loss of samples is a problem that has been found in 

those apparatus (LiD) where disks are attached to the tooth surface. The 

same situation has been reported in the AcD, AcMD and MD groups, 
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where specimens are glued or fixed to the device with wax. TPD and 

IDODS have specific zones where the disks are perfectly retained. 

Accidentally dropping samples is an important issue, not only for the 

study, which will lose a specimen, but for medical reasons, due to the 

potential bronchial aspiration of the disk, which would cause an 

emergency situation. 

A common limitation that applies to most devices is the inability to 

eat with the apparatus while wearing it. This characteristic would allow the 

analysis of the biofilm growing in the presence of nutrients coming directly 

from food. Although the withdrawal period during meals is brief (15-30 

minutes) and the devices are generally kept in a humid environment, this 

action implies that the biofilm is not exposed to nutrients or the self-

cleansing action of chewing.  

The volunteer’s inability to remove the LiD by the volunteer hinders 

the oral hygiene level in the vicinity of the device. Other devices can be 

removed by the volunteer in order to perform their oral hygiene measures 

normally (according to the protocol of the study). The ability to brush the 

teeth makes the use of these devices suitable for volunteers with specific 

oral diseases, who need to maintain good oral hygiene, such as patients 

with periodontitis. The study of this biofilm in situ could be the ideal 

method to achieve better knowledge and control of the disease [128]. 

The withdrawal of the sample from the LiD by the investigator with 

a forceps or bracket-removing pliers might disturb the in situ biofilm. The 

same situation is reported when the investigator withdraws the disk from 

an AcD or AcMD. The design of both TPD and IDODS permits an easy 

removal of the specimen from the device with tweezers, without disturbing 

the biofilm. 
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Another important factor which could disturb the biofilm is contact 

with the cheeks and tongue during the period when the device is inside 

the oral cavity. In most apparatus, this issue has been solved with the 

design of a specific framework that protects the substrate. In the case of 

the AcMD, the disk is located facing the teeth, avoiding contact with the 

cheeks. In this specific situation, the growing conditions of the PL-Biofilm 

are completely different from the real situation given in the buccal teeth 

surface. 

During the oral biofilm formation, the flow of saliva supplies the 

disk with nutrients [129]. For this reason, if the device encounters a correct 

salivary flow, the biofilm on the disk will have sufficient nutrients, even 

though it is contained within the splint. The IDODS was the only device 

that enabled this salivary flow with a perforation located under every 

specimen. This salivary flow would not be desirable when studying certain 

types of biofilms found in places with difficult access, where this flow is 

limited or even absent. To the analysis of that biofilm, it would be 

necessary to design another type of device which does not permit any 

salivary flow through the specimen. In the present review, only some 

palatal and lingual devices [17, 62] and one modification of the LiD [87], 

could be used for this purpose. 

Another important criterion that should be taken into account when 

designing a biofilm device is its effect on the volunteer’s comfort. The 

normal life of subjects is altered by all devices, especially by the bulk of 

the device and the type of material used, both aesthetically and 

phonetically. If the volunteer’s comfort is not affected or is affected as little 

as possible by the wearing of the device, the volunteer will better fulfil the 

protocol. If the device is uncomfortable or not aesthetic, the volunteers 
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might change their diet or reduce the duration for which the device is 

placed inside the oral cavity. Every change in their normal life will produce 

a bias in the growing biofilm. Despite the importance of these parameters, 

only one study which discussed the volunteer’s experience with the device 

was found after this review [77]. On the other hand, some papers have 

registered dropouts by the volunteers during the experiment, because of 

discomfort [32] or unclear reasons [49]. 

1.5.3 DEVICE MODIFICATIONS 

Finally, it is important to highlight that some authors made small 

variations from the prototype. For instance, in 2012, Gu et al. [75] added 

an orthodontic wire to the TPD with the aim of making it more resistant. In 

the same way, and in order to improve the LiD design, He et al. [87] used 

an additional metal sheet to protect the biofilm from contact with the cheek 

(Figure 10A and 10B); eventually, this modification meant that the biofilm 

grew between two metals, without taking into account the electric covalent 

flows produced between two face-to-face metal sheets, which would 

undoubtedly affect the development of the biofilm. 

 

Figure 10. Modification of the Leeds in situ device (by He et al. (2013) [87]. (A) Intraoral 

buccal view. (B) Detail of the gap between the two metal slides where the biofilm grows.  
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1.5.4 IDEAL MODEL FOR PLAQUE-LIKE BIOFILM DEVELOPMENT 

After this deep review of the existent literature, the authors would 

like to show their own perspective of the “ideal” in situ model for PL-Biofilm 

development. In the authors’ opinion, the ideal device should meet at least 

all the previously stated ideal characteristics (Table 1). After their analysis, 

it seems clear that it should be made of a transparent material 

(polyethylene, silicone…) for aesthetic reasons. It should not be glued on 

the surface of the teeth in order not to damage them in any extent. In 

addition, the device should be designed for disk accommodation without 

gluing; this will avoid accidental loss of specimens. Moreover, the device 

should permit removal from the oral cavity to allow the volunteer to 

perform their daily oral hygiene measures. Furthermore, it would be 

desirable that the apparatus was designed to allow the salivary flow 

through it, simulating the interproximal spaces. All these, and other 

characteristics, are only fulfilled by the IDODS, being the one that is 

closest to the “ideal” model. On the other hand, there are other aspects 

that should be improved in its design: the impossibility to eat with it and 

the need of more than one appointment for its adaptation. Its design 

should evolve into a model which does not cover the occlusal faces of the 

teeth (permitting eating while wearing it). The vestibular band of the 

IDODS could be used instead of all apparatus. This would allow that the 

occlusal surfaces of the teeth would not be covered anymore. Other ways 

of retention, apart from self-retention of the teeth or gluing would be 

possible. Using orthodontic wires or rubbers may help with this. At the 

same time, this would permit device removal from the mouth by the 

volunteer for oral hygiene measures, but also the possibility to eat with 

them to get closer to the clinical reality of the tooth surfaces. This 

modification could also help in their adaptability due to the fact that only 
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the vestibular part of the hemi-arch would be used. Consequently, it might 

allow the design of a standard vestibular part of the apparatus (maybe 

three different sizes) avoiding the need of more than one appointment for 

its adaptation.  

1.5.5 FUTURE INVESTIGATIONS 

The majority of the published papers have not described the device 

or the manufacturing methodology properly. In these cases, reproduction 

of any device would be more difficult, and standardization would be 

impossible. Consequently, the potential to compare results between 

studies or to apply the same methodology would be a utopian situation. 

For this reason, a specific description would be very useful when any 

groups subsequently design new devices, as previously included by some 

authors [9, 10, 40, 77, 96].  

In addition, no papers could be identified which have compared the 

characteristics of the device-formed-biofilm positioned at buccal (PL-

Biofilm) with the tooth-formed-biofilm (dental plaque). From the authors’ 

point of view, the quality or the relevance of the PL-Biofilm should be the 

primary issue of every study on oral biofilm. When using a device in order 

to assess ex vivo the biofilm formed in situ, the first question that a 

researcher should pose would be if the biofilm formed in the artificial 

substrate is representative of that characteristic to be studied (biofilm in a 

caries lesion, biofilm in the interproximal area, biofilm in the vestibular 

area…). Unfortunately, not a single study has proved this until the 

moment. To overcome this limitation, our group has designed a study for 

testing the viability and composition of the PL-Biofilm, comparing at the 

same time with the contralateral teeth in a split-mouth design. This will 

permit to evaluate and validate the biofilm formed on the substrates 
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carried in the IDODS compared to that naturally formed in the surface of 

the teeth (Objective 3 of this Thesis). This comparison would confirm the 

correct validation of the device and provide more evidence of its 

applicability to the study of the oral biofilm in situ. Previously, following this 

idea, Creanor et al. in 1986 [37] analysed the CFUs on a lingual device 

and compared them to those found in natural dental surface, but only in 

one volunteer. They found that the microbial composition of their PL-

Biofilm was relatively consistent compared the natural plaque, although 

the latter showed more variation. 

Testing the bacterial viability and composition of the PL-Biofilm and 

its comparison with the contralateral teeth in a split-mouth designed study 

would be of interest (Objective 3). This comparison would permit the 

correct validation of the device and provide more evidence of their 

applicability to the study of the oral biofilm in situ. 

In conclusion, buccal devices were most commonly used for the 

study of in situ biofilm. The majority of buccal devices seemed to slightly 

affect the volunteer’s comfort, the IDODS being the closest to the “ideal” 

model. However, there are other aspects that should be improved in its 

design: the impossibility to eat with it and the need of more than one 

appointment for its adaptation. Papers should include more information 

about manufacturing their devices. Therefore, any new devices must 

consider the limitations of the previous ones, paying particular attention to 

the needs of the volunteer and the biofilm formation. In addition, all of the 

devices must test the volunteer’s experience and the differences between 

device-formed biofilm and tooth-formed biofilm and studies should include 

a feedback exercise.  
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OBJECTIVE 2. CHARACTERISTICS OF IN SITU ORAL BIOFILM 

AFTER 2 AND 4 DAYS OF EVOLUTION. 

2.1 ABSTRACT 

Aim: To analyse the evolution of the thickness, bacterial viability, covering 

grade and the structure after 2 and 4 days of aged in “non-disturbed” Plaque-Like 

Biofilm (PL-Biofilm). 

Material and Methods: Twenty healthy volunteers wore a specific 

appliance. After 2 days half of the samples were removed from the appliance. 

Posteriorly, after bacterial vital staining, samples were analysed using a Confocal 

Laser Scanning Microscope. In the first volunteer, one of the disks was analysed 

using a Scanning Electronic Microscope. The same process was realised on the 

remaining disks after 4 days.  

Results: The thicknesses of the PL-biofilm after 2 and 4 days were not 

significantly different. The bacterial viability changed significantly from 72.50 ± 

15.50% to 57.54 ± 15.66% as the time passed, which was in contrast to the 

covering grade (53.08 ± 18.03% and 70.74 ± 19.11%). The structure changed 

from an irregular surface and compact deepest layer with a high predominance of 

the coccus-shape to a complex structure with voids in the deepest layer and a 

great proportion of bacillus-shape bacteria. 

Conclusions: The PL-Biofilm thickness remained practically constant, 

decreasing the bacterial viability and increasing the covering grade as time 

passed by. Regarding the structure, differences affected principally to bacterial 

disposition in the surface and bacterial shape. 
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2.2 INTRODUCTION 

The delicate three-dimensional (3-D) relationship existing between 

the cells, the extracellular matrix and the substrate influences directly 

biofilm behaviour [1]. It means that for example, when an antimicrobial 

agent is to be studied, it is necessary to apply a method in which the 3-D 

structure of the biofilm is not distorted during the growth, the collection or 

analysis itself [1, 2].  

Given this need, the concept of “non-disturbed” plaque appeared. 

In this type of studies, the biofilm is formed on disks of different materials 

that are introduced inside the oral cavity supported by specially designed 

devices. In the literature, several models which enable the development of 

non-disturbed oral biofilm are found. They all seem valid to achieve the 

success of reproducing a good quality in situ oral biofilm. However, after 

their careful study, all of them show limitations at some point, such as at 

the aesthetic and hygienic levels or the biofilm growth environment. Some 

of them need specific teeth for retention or a specific pre-treatment of the 

tooth surface (etching and bonding) with the associated problem of its 

potential accidental unsticking. These characteristics have been already 

studied in the previous objective of the present Thesis.  

The study of the Plaque-Like Biofilm (PL-Biofilm) characteristics 

allows better knowledge of the environmental conditions and metabolic 

properties. In addition, it helps with the development of more effective 

strategies for the control of oral infectious diseases that affect both soft 

and hard tissues [3]. Among the strategies to control of oral biofilms, it is 

important to highlight the role of oral antiseptics. In the literature, the 
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authors have studied the antimicrobial activity and their substantivity on in 

situ formed PL-Biofilm. In most of in situ biofilm papers analysing 

antiseptic substantivity, the removable device is in the oral cavity, in 

general, for 1-2 days [3-7].  

On the other hand, antiplaque activity is another important 

characteristic for studying the antiseptic effect on the biofilm. The study of 

the antiplaque effect of an antimicrobial agent can be performed in long 

and short term clinical studies. Among the latter, 4-day models have 

particular importance. This model can be described as an established 

method for assessing the inhibitory activity against dental plaque that 

mouthwashes have, per se, and determines the relative effectiveness of 

the different formulations [8, 9]. Thereby, they have been widely used by 

different research groups to study various antiplaque agents that are 

commonly used in the oral cavity [8-13]. 

The biofilm architecture was studied by different microscopy 

techniques [1, 5, 14-20]. In terms of methodology, the Scanning Electron 

Microscope (SEM) is considered the “Gold Standard” in the study of the 

biofilm structure [17, 19, 20]. A disadvantage of this technique is that it 

needs a previous sample preparation with fixation, dehydration and 

metallisation protocols, all of which change the delicate biofilm structure. 

Other important limitations are the inability to know the bacterial viability or 

difficulty with bacterial identification. 

The Confocal Laser Scanning Microscope (CLSM) combined with 

a fluorescent solution allows the study of bacterial viability and 

identification depending on the staining solution used. Furthermore, this 

technique does not require any pre-processing of the samples; therefore, 
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the structure is not disturbed and the 3-D view is more realistic. The 

discussion among the authors about the reliability of this technique [21, 

22] has not prevented the widespread use for analysing the structure [1, 4] 

and the spatial distribution of vital and non-vital bacteria in the biofilm [5, 

7, 18, 23, 24]. The CLSM in combination with a live/dead staining 

fluorescence solution has been recognized as an appropriate technique 

for studying the effect of oral antiseptics on the bacterial viability of the 

biofilm [21, 22]. 

Other important parameters in the study of a PL-Biofilm apart from 

its structure and viability are both the thickness and the percentage of 

surface covered by microorganism, which has been called the covering 

grade [25]. These two characteristics are of capital importance when 

analysing the maturation of a PL-Biofilm and its resistance to the 

application of different regimes of mouthwashes. Different types of CLSM 

Software [14, 17, 25, 26] have been used to analyse this biofilm 

parameter.  

Few studies have been published that have compared the oral 

biofilm maturation over time using CLSM in combination with fluorescence 

solution studying comprehensively all parameters in a PL-Biofilm. In 

addition, few studies have analysed the bacterial viability, thickness or 

structure of the biofilm which grows on a device for periods of 2 days 

(method used for the study of antimicrobial activity and substantivity) and 

4 days (for antiplaque activity studies). For these reasons, the aim of the 

present study was to analyse the evolution of a non-disturbed oral biofilm 

in terms of bacterial viability, thickness, covering grade and structure both 

at 2 days and 4 days. 
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2.3 MATERIAL AND METHODS 

This was a randomized, double blind, crossover study of the biofilm 

characteristics on an in situ model of PL-Biofilm growth. 

2.3.1 SELECTION OF THE STUDY GROUP 

The participants were recruited among dental students at the 

Faculty of Medicine and Dentistry of Santiago de Compostela (Spain), 

where volunteer enrolment was asked by responding to advertisements 

for the participation in a research study at the faculty hall. The study group 

was composed of 20 adult volunteers. All of these volunteers were revised 

by the same trained clinician to ensure they fulfilled all inclusion and 

exclusion criteria. The inclusion criteria were the following: being 

systemically healthy adult volunteers between 20 and 45 years old, who 

presented a good oral health status: a minimum of 24 permanent teeth 

with no evidence of gingivitis or periodontitis (Community Periodontal 

Index score = 0) [27] and an absence of untreated caries at the beginning 

of the study. The following exclusion criteria were applied: smoker or 

former smoker, presence of dental prostheses or orthodontic devices, 

antibiotic treatment or routine use of oral antiseptics in the previous three 

months, and presence of any systemic disease that could alter the 

production or composition of saliva. Before the start of each study, a full 

mouth scaling with ultrasonic instruments and teeth polishing with rubber 

cup after dental disclosure was performed by the same trained clinician on 

all selected participants. Written informed consent was obtained from all 

participants in the study.  
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This project was approved by the Clinical Research Ethics 

Committee of Galicia (number 2012/393). Written informed consent was 

obtained from all participants in the study. 

2.3.2 PRODUCTION OF THE INTRAORAL DEVICE OF OVERLAID 

DISK-HOLDING SPLINTS 

The fabricated device was called the Intraoral Device of Overlaid 

Disk-holding Splints (IDODS, registered patent number: ES 2380252 B2). 

In Figure 1 the IDODS manufacturing sequence is represented. 

Initially, a plaster model of the lower dental arch of each of the volunteers 

was needed. A first splint (inner sleeve) of ethylene-vinyl acetate 

copolymers (type Drufosoft, Dreve-Dentamid GmbH, Germany) that was 

soft, flexible and 1 mm thick was made on each of these models. On this 

splint six circular cavities of 2 mm in diameter were made; they were 

located in the vestibular area, between the canine-first premolar, second 

premolar-first molar and first molar-second molar in both hemi-arches. 

Figure 1. Sequence of fabrication of the Intraoral Device of Overlaid Disk-holding Splints 

(IDODS). 
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On the inner splint, after trimming and perforations, six 

manufacturing or guide disks, 6 mm in diameter and 1 mm thick, each 

placed over a perforation. After that, on the plaster model with the splint 

and the placed disks, a second splint (outer sleeve) of polyethylene 

terephthalate (type Biolon, CAS RN: 25038-59-9, from Dreve-Dentamid 

GmbH, Germany) that was rigid 1 mm thick was prepared. Thus, the outer 

covered the inner splint and the guide disks were housed in between 

them. 

Subsequently, both splints were withdrawn from the plaster model 

to allow the removal of the guide disks and to clean up the excess of 

material fixing them. On the external splint, six circular cavities of 5 mm in 

diameter each were prepared. They were located in the same position as 

the perforations of the soft splint. Finally, the glass disks (on which the 

biofilm develops) were placed in their respective cavities, and both splints 

were joined with the application of heat in order to prevent any undesirable 

mobility during biofilm formation time. 

The glass disks were lodged between the two splints, but with a 

surface of 5 mm exposed to buccal. This surface was protected from the 

action of the cheeks by an external splint frame surrounding the disk. 

The IDODS design was modified during its use in this research. 

The most significant change was the ‘split-up design’ (Figure 2). With this 

enhancement, the splints were more comfortable for volunteers in their 

normal life because their lower incisors were not covered. At the same 

time, this design facilitated the removal of the disks on the day of the 
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sample analysis, preventing the unnecessary removal of the homologous 

splint. 

Figure 2. (A) and (B). Clinical images of the “split-mouth” design of the IDODS. C. Scheme 

of the “split-mouth” design of the IDODS. Note that the lower incisors are kept uncovered 

to improve aesthetics and comfort.  

The splint was subjected to the following disinfection protocol 

before giving to the subjects: immersion in 3% NaCl solution for 1 minute 

in the ultrasonic cleaner, then 10 minutes in the ultrasonic cleaner in a 

70% ethanol solution and finally, 10 minutes in distilled water. The splints 

were stored in distilled water for 24 hours the day before the start of the 

study with the objective of hydrating the materials [28]. 

2.3.3 PROTOCOL OF PLAQUE-LIKE BIOFILM SAMPLES  

The splints with the glass disks were worn by the volunteers for 4 

days to favour the growth of the PL-Biofilm, removing three disks from the 

oral cavity after 2 days and the other three at the end of the 4 days. In one 

of the volunteers, two of the six glass disks were pre-cut (they had a 0.5 
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mm groove made with a diamond disk on the side where the PL-Biofilm 

was not analysed), in order to ease its fracture, and to use them for the 

SEM sectional analysis. The volunteers could only withdraw the device 

during meals (it was stored in an opaque container in humid conditions) 

and to perform oral hygiene procedures, using only mechanical removal of 

bacterial plaque with water without the use of any toothpaste or 

mouthwash.  

At the end of both experiments, 10 volunteers filled up a Likert-type 

questionnaire in which the influence of IDODS was estimated for 

aesthetics, the overall feeling of comfort, how easy it was to maintain an 

optimal oral hygiene and the withdrawal of the device (Figure 3). 

Figure 3. Likert-type questionnaire.  
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2.3.4 PROCESSING OF THE SAMPLES OF PLAQUE-LIKE BIOFILM 

FOR CLSM 

In all of the volunteers, three disks (except in the SEM volunteer, in 

this case only two disks) were removed from the oral cavity after 2 days 

and the other three disks (two of them in the SEM volunteer) after 4 days. 

All of the disks were immersed in 100 µL of LIVE/DEAD® BacLightTM 

fluorescence solution (Molecular Probes®, Leiden, The Netherlands) for 

15 minutes in a dark chamber at room temperature. Microscopic 

observation was performed by a single investigator who was unaware of 

the study design, using a Leica TCS SP2 Laser Scanning Spectral 

Confocal Microscope (Leica Microsystems Heidelberg GmbH, Mannheim, 

Germany) (CLSM) with an HCX APOL 63x/0.9 water-immersion lens. 

Four selected fields or XYZ series in the central part of each disk 

were evaluated. These fields were considered representative of the whole 

sample after the masked observer’s general examination. In the samples, 

parameters such as, biofilm thickness, bacterial viability, covering grade 

and structure were analysed. 

Fluorescence emission was determined in a series of XY images in 

which each image corresponded to each of the Z positions (depth). The 

optical sections were scanned in 1 μm sections from the surface of the 

biofilm to its base, measuring the maximum thickness of the field and 

subsequently the mean thickness of the biofilm of the corresponding 

sample. The maximum thickness of biofilm field was defined as the 

distance between the substrate (in perpendicular) and the peaks of the 

highest cell clusters [29]. The maximum biofilm thickness of each field was 

divided into three zones or equivalent layers: outer layer (layer 1), middle 

layer (layer 2) and inner layer (layer 3). 
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The capture of the data was done with the same settings in all 

cases. The spatial scan mode (XYZ) and the 1024x1024 pixels scan 

format resolution were used. The Argon-ion and DPSS laser were used at 

a 13% and 78% of maximum intensity, respectively. The values for the 

pinhole, zoom and scan speed were 121.58 microns, 1 and 400Hz, 

respectively. The only values that were different depending on the sample 

were the offset (range between -1% to 1%) and PMT gain which was 

different for channel red and green, being in general terms, higher for 

green than for red (test and positive control), due to the fact that there was 

more presence of red than green signal, being for the negative control the 

opposite. These values were always adjusted to get a good quality 

capture without background noise, avoiding excessive saturation of the 

brightest pixels of the image. As the technician was blinded to the 

experiment, they were advised to make the adjustments always consistent 

with what was seeing by the objective of the microscope, obtaining an 

image which was the closest as possible to reality. 

Quantification of bacterial viability in the series of XY images was 

determined using cytofluorographic analysis (Leica Confocal Software). In 

this analysis, the images of each fluorochrome were defined as “channels” 

(SYTO 9 occupies the green channel and PI the red channel). Square 

capture masks were used to measure the area occupied (μm2) by the 

pixels in each channel, determining the total area occupied by the biofilm 

and the corresponding percentage of viability. The intensity ranges that 

were considered as positive signal were between 100 and 255. 

Determination of the mean percentage of bacterial viability in each field 

required sections with a minimum area of biofilm of 250 μm2, and the 

mean percentage of bacterial viability of the biofilm was calculated for the 

corresponding sample and for each biofilm layer.  
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Quantification of the covering grade by the biofilm was done using 

the cytofluorographic analysis (Leica Confocal Software SP2) from the 

maximum projection (superposition of a stack of planes captured) of each 

of the analysed fields. The percentage of surface covered was obtained by 

the sum of the viable and non-viable microorganisms with regard to the 

total surface of the field.                                  

The structural analysis was performed using the Leica Confocal 

Software SP2, scanning all four fields of each sample showing 

simultaneously the three planes relation XYZ (Figure 4). The same 

investigator registered the presence of mushroom-shaped structures 

(Figure 4 A) and irregularities (Figure 4B) on the surface of the outer layer 

[1], as well as channels (Figure 4C) [1], voids (Figure 4D) [30] and 

compact structures (Figure 4E) [31] in each of the three different biofilm 

layers. This was represented as the presence/absence in each of the four 

fields on the three layers. If the structure was present in the layer, 25% 

was added and if it was not, 0% was added. As a result, the dichotomous 

variable was changed into a numerical variable. 

Figure 4. Biofilm structure images acquired by Confocal Laser Scanning Microscopy. (A) 

Mushroom shape; (B) Irregular; (C) Channels; (D) Voids; (E) Compact. 
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2.3.5 PROCESSING OF THE SAMPLES OF PAQUE-LIKE BIOFILM 

FOR SCANNING ELECTRON MICROSCOPE 

In one of the volunteers, two of the disks were withdrawn from the 

splints (one after 2 days and another after 4 days) and fixed in 2.5% 

glutaraldehyde and 0.1 mol/L buffer for 1 day. Subsequently, the samples 

were dehydrated with serial transfers in ascending concentrations of 

acetone (50% to 100%), and infiltrated with liquid carbon dioxide before 

reaching the critical drying point. Finally, the samples were made 

electrically conductive by mounting on an aluminium slab with a silver 

point, followed by sputter coating iridium to a thickness of approximately 5 

nm. Microscopic observation was performed by a single investigator who 

was unaware of the study design, using a SEM (FESEM Ultra Plus, 

ZEISS, Germany) between 3 KV and 20 KV. After superficial visualization, 

the disks were cut in two halves with a diamond saw allowing a sectional 

vision of the PL-Biofilm.  

2.3.6 STATISTICAL ANALYSIS 

The results were analysed using the PASW® Statistics Base 20 

package for Windows (IBM, Madrid, Spain). All values from the 

quantitative variables analysed (“biofilm thickness”, “bacterial viability 

percentage” and “covering grade”) presented a normal distribution, which 

was determined using the Kolmogorov-Smirnov test. 

In relation to “biofilm thickness” and “covering grade”, the paired 

Student t test was used for inter-period time comparisons. In relation to 

“bacterial viability percentage”, one-way ANOVA with repeated measures 

was used for intra-period time (differentiating between the three biofilm 

layers) comparisons using all of the PL-Biofilm samples. Two-way ANOVA 
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with repeated measures was used for inter-period time (differentiating 

between the three biofilm layers) comparisons using all of the PL-Biofilm 

samples. Pairwise comparisons (with Bonferroni adjustment) were used 

for the analysis of intra- and inter-period time results (including 

differentiating between the three biofilm layers). Statistical significance 

was taken as a p value less than 0.05. 

The structure data did not present a normal distribution, which was 

determined using the Kolmogorov-Smirnov test. In relation to the different 

structures studied (mushroom-shaped structures and irregularities, 

channels and voids and compact structures), the Friedman test was used 

to intra-period layer comparison and was followed by the Wilcoxon signed-

rank test when it was statistically significant. Pairwise comparisons (with 

the Bonferroni adjustment) were used for analysis of intra-period time 

results (differentiating between the three biofilm layers). Statistical 

significance was taken as a p value less than 0.016. The Mann Whitney U 

test was used for inter-period time comparisons (differentiating between 

the three biofilm layers). Statistical significance was taken as a p value 

less than 0.05.  

2.4 RESULTS 

2.4.1 PLAQUE-LIKE BIOFILM THICKNESS AFTER 2 AND 4 DAYS 

The mean PL-Biofilm thickness at 2 days was 20.99 ± 4.04 µm and 

22.94 ± 4.96 µm after 4 days. Significant differences were not found 

between the thickness of the PL-Biofilm after 2 and 4 days of maturation (-

1.95 ± 5.93 µm) (Figure 5). 
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Figure 5. Biofilm maximum projection images acquired by Confocal Laser Scanning 

Microscopy. (A) Maximum projection on the Z plane of a 2-day biofilm sample. (B) 

Maximum projection on the Y plane representing the mean biofilm thickness value after 2 

days. (C) Maximum projection on the Z plane of a 4-day biofilm sample. (D) Maximum 

projection on the Y plane representing the mean biofilm thickness after 4 days. 

2.4.2 PL-BIOFILM BACTERIAL VIABILITY AFTER 2 AND 4 DAYS 

The mean of the bacterial viability in PL-Biofilm after 2 days was 

72.50 ± 15.50% and 57.54 ± 16.66% after 4 days. The results after 2 days 

showed significant differences compared to the bacterial viability after 4 

days (14.96 ± 25.10%; p = 0.015) (Figure 6). 

Differentiating between the three biofilm layers, the prevalence of 

viable bacteria after 2 or 4 days was higher in the outer layers with respect 

to the deeper layers, reaching statistical significance in the comparisons 

(p<0.05 in all the comparisons) (Figure 5). 

In comparison with the 2-day PL-Biofilm, the prevalence of viable 
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bacteria was significantly lower in the three biofilm layers, in all of the 

biofilm samples taken after 4 days of maturation (p<0.05 in all 

comparisons) (Figure 6).  

Figure 6. Total and by layers bacterial viability. PL-Biofilm after 2 and 4 days of maturation. 

Mean ± Standard Deviation. Pairwise comparisons with significant differences (with 

p<0.05) were: Layer 1 vs. Layer 3 and Layer 2 vs. Layer 3 from 2 and 4 days (intra-period 

comparisons); Total, Layer 1, Layer 2 and Layer 3 from 2 days vs. 4 days (inter-period 

comparisons). 

2.4.3 COVERING GRADE BY PLAQUE-LIKE BIOFILM AFTER 2 AND 4 

DAYS 

The mean covering grade of the disk by PL-Biofilm after 2 days 

was 53.08 ± 18.03%; after 4 days, the mean increased until 70.74 ± 

19.11% (Figure 7). The results after 2 and 4 days showed significant 

differences (-17.66 ± 26.91%; p = 0.009) (Figure 7).  
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Figure 7. Mean of covering grade by PL-Biofilm in disks after 2 and 4 days in the 

oral cavity. 

After 2 days, the SEM showed some parts of the disks which were 

free of PL-Biofilm or with a few isolated bacteria (Figure 8A). After 4 days, 

the SEM showed a disk which was more densely occupied by PL-Biofilm 

and most of the bacteria were grouped (Figure 8B). 

Figure 8. PL-Biofilm images acquired by Scanning Electron Microscopy. (A) Visualization 

of the empty spaces among bacteria forming the 2-day biofilm; (B) Substrate full of bacteria 

after 4 days of maturation; (C) Predominance of coccus-shaped bacteria in the 2-day 

biofilm; (D) Predominance of bacillus-shaped bacteria in the 4-day biofilm. 
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2.4.4 PLAQUE-LIKE-BIOFILM STRUCTURE AFTER 2 AND 4 DAYS  

The study with the CLSM Software yielded the data shown in 

Figure 4 and Tables 1 and 2. 

After 2-days, channels were predominant in layers 1 and 2 (they 

were present in the 52% to 56% of the samples), with the voids being 

more common in layers 2 and 3 (50% to 58%) (Table 1). 

In the 4-day period, channels were predominately found in layer 1 

(84% of the samples had channels in these layers), while voids were 

mostly present in layers 3 (69%) and more extensively (78%) in layer 2 

(Table 1). 

Table 1. Mean percentage of presence of the different structures in the 3 layers of 2-day 

and 4-day biofilms. 

Structures found in the PL-Biofilm by layers 
Mean ± Standard Deviation (%) 

Structure 
 

Layer 

Mushrooms Irregular Channels Voids Compact 

2 days 

Surface 45.8 ± 33.5 21.7 ± 37.6 
   

Layer 1 
  

55.8 ± 43.4 23.3 ± 30.8 29.2 ± 40.0 

Layer 2 
  

51.7 ± 38.2 57.50 ± 38.4 25.0 ± 40.4 

Layer 3 
  

28.3 ± 38.1 50.00 ± 43.1 34.2 ± 40.7 

4 days 

Surface 18.8 ± 25.5 0.0 ± 0.0 
   

Layer 1 
  

83.8 ± 33.7 26.3 ± 27.5 35.0 ± 41.7 

Layer 2 
  

51.3 ± 30.9 77.5 ± 32.3 33.8 ± 41.6 

Layer 3 
  

12.5 ± 20.7 68.8 ± 36.2  40.0 ± 40.1 

In regard to the comparison between both periods, the general 

tendency that could be seen was that as time passed, the channels were 



Objective 2 

211 
 

more common in the outer layer (p = 0.022) and voids were more likely to 

appear in the layer which was nearer the substrate (p = 0.024). However, 

the middle layer remained without any significant differences among both 

periods (Table 2). 

The density of all layers in both periods was stable ranging from 

25% to 40%, but was slightly more compact in the 4-day period, although 

it did not achieve significance (Table 2). 

Table 2. Intra-period and inter-period (2-day vs. 4-day) comparisons of the different 

structures by layers. 

Statistically significant p<0.016 

Inter-period analysis 

Structure 
Layer 

Mushrooms Irregular Channels Voids Compact 

2 days 
vs. 

4 days 

Surface vs. Surface p = 0.012 p = 0.017 
   

Layer 1 vs. Layer 1 
 

 p = 0.022 --- --- 

Layer 2 vs. Layer 2 
 

 --- --- --- 

Layer 3 vs. Layer 3 
 

 --- p = 0.024 --- 

Statistically significant p<0.05 

The presence of mushroom-shaped structures and irregularity of 

Intra-period analysis 

Structure 
Layer 

Channels Voids Compact 

2 days 

Layer 1 vs. Layer 2 --- p = 0.0005 --- 

Layer 1 vs. Layer 3 p = 0.005 p = 0.006 --- 

Layer 2 vs. Layer 3 p = 0.009 --- --- 

4 days 

Layer 1 vs. Layer 2 p = 0.001 p = 0.0005 --- 

Layer 1 vs. Layer 3 p = 0.0005 p = 0.001 --- 

Layer 2 vs. Layer 3 p = 0.0005 --- --- 
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the surface were higher after the 2-day period, but this last parameter was 

not present at all in the 4-day assay. 

After 2 days of maturation, the SEM gave images in which 

mushroom-shaped structures could be seen on the surface. In layers 1 

and 2, structures like channels and voids (Figure 9) were predominant. 

Layer 3 looked like a compact structure elevated over the disk surface. In 

the 2-day PL-Biofilm, the coccus-shape was the most frequent bacteria 

shape (Figure 8C). After 4 days of maturation, the SEM showed a 

complex structure of PL-Biofilm with more bacteria, especially bacillus-

shaped bacteria (Figure 8D) and voids in layer 3 (Figure 9). 

 

Figure 9. Image of PL-Biofilm acquired by Scanning Electron Microscopy after the sample 

section. Note the typical architecture of the biofilm, with channels and voids (white arrows).  

2.4.5 EVALUATION OF THE VOLUNTEERS EXPERIENCE  

With regard to the questionnaire, the influence of IDODS in 

aesthetics was low (2 out of 5) (1 is better). With regard to the overall 

feeling of comfort, the score was average-high (3.4 out of 5) (5 is better). 
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IDODS scored top marks by all volunteers (5 out of 5) (5 is better) when 

the ease to maintain oral hygiene and withdrawal from the oral cavity were 

evaluated. 

2.5 DISCUSSION 

2.5.1 METHODOLOGICAL APPROACH 

In the majority of in situ biofilm papers, the time during which the 

removable device is held in the oral cavity is generally 1-2 days [3-7]; 

however, depending on the biofilm to be analysed, there is a wide 

maturation range from 4 hours [32-35] up to 7 days [15, 36, 37]. In the 

present study, the design of the 2 and 4-day models was chosen in order 

to cover the time required which was previously standardized for 

antibacterial efficacy analysis (substantivity) and the short-term anti-

plaque effect of oral antiseptics.  

It has been shown that more than 50% of oral bacteria are 

unculturable [21, 38] and as such, culture techniques may no longer be 

the “Gold Standard” for bacterial viability analysis. Despite this, Hannig et 

al. [39] found some concordance between the number of viable bacteria 

detected by plate culture and fluorescence techniques after a CHX 

mouthwash. As a result, Hannig et al. [21] considered that live/dead 

staining methods were a reliable alternative when analysing antimicrobial 

agents’ activity. In the same study, Hannig et al. [21] continued to ask the 

question “how dead is dead?” due to several stages of viability which have 

been discussed and described in the literature. As reported in the general 

introduction section, several stages of viability have been described in the 

literature (viable and culturable, viable but non-culturable (VBNC), 
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dormant, non-viable and pre-lytic, and avital dead bacteria) [40]. Typically, 

a combination of different dyes for vital and avital bacteria are used for this 

purpose. Nowadays, there is still discussion about the limitations of this 

technique, and the exact differentiation of bacterial stages remains one of 

the greatest challenges in modern microbiology [22]. Many live/dead 

stains test the membrane integrity of the respective bacteria. Most DNA-

binding dyes are excluded by viable cells and can be used as viability 

dyes [41]. Many dyes used for the staining of non-viable bacteria enter 

cells passively and rapidly with damaged plasmatic membranes and bind 

to nucleic acids, yielding an enhancement in fluorescence [21]. 

Cell viability determined by dye exclusion can give false 

information about real health status of cells, especially when cells can 

exclude viability dyes but cannot proliferate or grow. To make sure cells 

are viable and can proliferate, a functionality assay is necessary [41].  

Lately, there has been some discussion about the suitability of 

Live/Dead® BacLightTM in the study of natural multispecies bacterial 

environments [42]. It has been stated that this specific solution has the 

general tendency to artificially increase the levels of non-viable bacteria 

[42]. Conversely, our group has previously demonstrated that 

epifluorescence microscopy and CLSM combined with SYTO 9/PI dual 

stain is an effective method for quantifying the antibacterial activity of CHX 

on salivary flora and PL-Biofilm in real time [18, 43-45]. In addition, 

another previous study [46] has shown a correlation between the 

immediate effect and the plate cultures; however, this correlation was lost 

as time passed, with the effect of CHX being overestimated by plate 

cultures [46], indicating that either the bacterial viability is underestimated 
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with plate culture or overestimated with fluorescence techniques, which is 

in contrast to what has been recently stated [42]. In addition, the use of 12 

different measures (four measures per sample) in every volunteer in each 

of the two periods, making it a crossover study at the same time, 

considerably reduced the potential bias that could exist by the 

determination of the bacterial viability using this technique. 

Another object of discussion on this issue has been the 

terminology. Some authors [47] have claimed that the literature is full of 

studies in which authors mislead terms such as viable and vital, reaching 

eventually to completely interchange them [47]. In the next following lines, 

the author of the present Thesis tries to give her opinion on this issue by 

stating what is known and what is not.  

Firstly, this issue should be started with a definition of the two 

terms. When we say that a bacterium is viable we are saying that the cell 

is capable of division, it will form a colony on an agar plate [48]. In this 

state a bacteria is always vital. When we say that a bacteria is vital we are 

saying that the cell is metabolically active or dormant. In this state a cell 

may be viable or not [40]. The problem comes when assessing the 

bacterial viability/vitality with fluorescent dyes based in the membrane 

integrity. These products are not designed to mark bacteria as viable/vital 

or non-viable/non-vital. They are designed to mark a bacterium as a cell 

with an integer membrane or a cell with a damaged one. If the cell stains 

in red, it is known that the cell is non-viable (the cell has no longer 

capacity of replication). We can assure that a bacterium with an altered 

membrane has no capacity of reproduction (growing) which will mean that 

it is for sure a non-viable cell. If the cell stains in red, it is not known if that 
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cell is vital or non-vital in that exact moment, because it can present 

cellular activity until the cytoplasm is completely degenerated. If the cell 

stains in green, it is known that the membrane is integer. If the cell stains 

in green, it is not known if the cell is vital, non-vital, viable or non-viable 

since an integer membrane in a cell is compatible with all these bacterial 

states [40].  

To sum up, with live/dead techniques based on membrane integrity 

we can only assure that a cell is non-viable or it has an integer membrane. 

Taking this issue into account, we might consider the use of the term non-

viability in order to avoid confusion between the terms vitality and viability. 

In the present Thesis, the author used the term viability based on 

the fact that a live/dead viability kit has been used. In any case, based on 

the existing discussion on this issue, the author of the present Thesis 

considers that this is a microbiological aspect that may not have a clear 

response and honestly thinks that both can be “correct” depending on the 

optics used for its assessment (like the bottle half full or half empty). 

The “Gold Standard” to analyse the architecture and covering 

grade by PL-Biofilm is the SEM. However, this technique needs pre-

processing, which alters the biofilm. In addition, the technique does not 

offer numerical data in terms of covering grade. In general, the 

combination of different techniques is recommended when investigating 

the biofilm [21, 49], which is why CLSM and SEM were used to study the 

biofilm characteristics in the present investigation. 

2.5.2 PLAQUE-LIKE BIOFILM THICKNESS AFTER 2 AND 4 DAYS 

In the previous literature, the thickness of the 2-day-old PL-Biofilm 

ranged from 14 µm to 37 µm [4, 5, 16, 18, 37, 45, 50, 51], in concordance 
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with the mean value of 21 µm and the wide range (10 µm to 33 µm) 

obtained in this study. However, other authors have obtained thicknesses 

varying between 14 µm and 150 µm [3, 6, 7].  

These differences may be due to the method used to quantify 

biofilm thickness, as some authors considered the number of layers 

analysed with CLSM as the maximum thickness of the biofilm. The 

thickness measured by this technique can be conditioned by the 

inclination of the substrate itself or by the position thereof in the slide, 

which can produce a diagonal measurement of the biofilm, producing an 

overestimation of the thickness. As a result, the use of the distance in 

microns from the substrate to the highest point of the biofilm 

perpendicularly seems to give a more accurate measure of the biological 

reality [13]. 

Although the literature does not show any study where the 

thickness of the biofilm formed after 4 days has been analysed, there are 

similar studies at 3 days which obtained values ranging between 7 µm and 

34 µm [4, 37]. Other studies found that after 5 days, the biofilm thickness 

varied between 15 µm and 45 µm [23, 37]. These results are in agreement 

with those obtained with the device used in this study, which were a mean 

of 22.94 µm (11.5 µm to 31 µm). 

Regarding the increase in thickness over time, Al-Ahmad et al. [37] 

observed that the thickness of the biofilm increased during the process of 

maturation, from 14.9 µm on the first day to 49.3 µm at 7 days. However, 

Netuschil et al. [4] showed that this increase in thickness is individual-

dependent and not progressive or regular over time. These findings are in 
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accordance with the present study, where the thickness increased slightly 

(from 21 µm at 2 days to 23 µm at 4 days), but not significantly.  

2.5.3 PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY AFTER 2 AND 4 

DAYS 

In previous in situ studies, the mean value of bacterial viability after 

2 and 3 days ranged between 60% and 77% [3, 5, 7, 18, 45, 51, 52]. 

These results are in agreement with those obtained in the present study 

(72.5%). 

Zaura-Arite et al., in a study which examined the biofilm from 6 to 

48 hours, suggested that bacterial viability increased as it matured [5]. 

However, this must not be considered predictive of the behaviour in a 

biofilm of more than 2 days of maturation. When the biofilm is more 

mature, it acquires higher density [1] which is why the bacteria that are 

located in the middle of the major bacterial aggregates in deeper layers 

have less oxygen [53] and less nutrients available. For this reason, the 

proportion of viable bacteria decreases with time [4, 23], in accordance 

with the results obtained in the present series at 2 and 4 days (72.5% vs. 

57.5%). 

In the present series, despite the great variability in the distribution 

of bacterial viability, a characteristic pattern could be identified, with a low 

percentage of viable bacteria in layers close to the substrate, increasing 

as more superficial layers were found. This corresponds to one of the 

patterns described by Arweiler et al. [3], in which viable bacteria overlaid 

non-viable bacteria of the basal layer. 
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The results of this study, showing lower viability in the deepest 

layer after 2 and 4 days, coincides with the theory that the bacteria located 

in the deepest part of a biofilm are in an inactive metabolic state [1, 4]. 

The differences between viability after 2 and 4 days are influenced by the 

thickness of the biofilm. As a result, the older it is, the more non-viable 

bacteria there will be in layer 3. 

2.5.4 PLAQUE-LIKE BIOFILM COVERING GRADE AFTER 2 AND 4 

DAYS 

To the best of author’s knowledge, there is only one study that has 

analysed the covering grade in a 2-day in situ biofilm [1] and another one 

[26] that studied a 4-day in vitro biofilm. The results from Wood et al. 

showed that, after 2 days of maturation, the covering grade ranged 

between 50% and 60% [1], similar to that reported in the current study 

(53%). The results obtained in the present series after 4 days of 

maturation (71%) were similar to the in vitro results of Al-Ahmad et al. 

(77.3%) [26]. Posteriorly, Wood et al. [14] observed that the density of the 

biofilm (directly related to the covering grade in the previous paper by 

Wood et al. [1] increased with the maturation; this tendency was also 

found in the present series. 

In regard to the concordance between data obtained from CLSM 

with SEM images, in the present series a great parallelism was observed; 

this same situation was previously described by Al-Ahmad et al. [17] after 

the study of initial biofilm stages. 

2.5.5 PLAQUE-LIKE BIOFILM STRUCTURE AFTER 2 AND 4 DAYS 
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The literature shows that the biofilm architecture becomes more 

complex as time passes [5, 16, 17], and the bacteria change from mainly 

coccus-shaped to bacillus-shaped [1, 16, 37], a situation that was 

corroborated by SEM images in the current series (Figure 8C and 8D).  

The presence of voids, channels and mushroom-shapes were 

described in a number of previous articles [1, 14, 15, 18, 20, 31]; however, 

no study reported their presence in the different layers. 

In 2002, Wood et al. described that the density was lower in the 

deepest layers as the time passed [14]. This was probably because the 

compact structure in the middle of the biofilm was lost with time as a 

consequence of the decrease in nutrients in internal layers [14] and the 

bacteria dispersion [31]. This would be the reason why the voids appeared 

in layer 3 after 4 days in a greater proportion than in the 2-day biofilm. The 

mushroom shapes were not common in the 4-day biofilm; the evolution of 

this shape presumably caused a detachment or rupture, producing the 

internal dispersion of the bacteria, transforming the mushroom or void into 

a channel [54]. A pattern could be described in the 4-day period, where 

there were more channels in the upper layers and more voids in the 

deeper ones. This pattern was also found in the 2-day period, but the 

differences in this case were less marked. It seems that this pattern is 

confirmed as the biofilm gets older.  

2.5.6 EVALUATION OF THE IDODS BY VOLUNTEERS 

After reviewing the literature, no studies have been found in which 

the sensations of the volunteers at wearing the device (on which biofilm 

grows) were evaluated. In only two studies [6, 55], the authors made sure 

that the volunteers did not have any problems at maintaining optimal oral 
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hygiene when wearing acrylic splints with metal. However, it seems 

important to test the feel of the volunteer with the device on, in order to 

adapt the protocols and enhance intraoral devices. 

Regarding the assessment of comfort by the volunteer, IDODS 

was comfortable both while in mouth and during removal. As subjects in 

studies which used acrylic splints with metal reported [6, 55], in the 

present series, all volunteers were able to maintain optimal oral hygiene 

during experiments. However, in the case of the Leeds in situ device [15], 

due to the impossibility of withdrawal from inside the oral cavity by the 

volunteer, the oral hygiene level maintained during the study was 

negatively affected in the vicinity of the device, so as to keep a non-

disturbed biofilm. 

Since the oral biofilm is present in the surface of all tissues inside 

the oral cavity, being the main cause of oral diseases [1, 56], a better 

knowledge of its properties and maturation changes is essential for the 

control of infectious conditions. The PL-Biofilm that has been obtained in 

the present study could be used for testing in situ the antimicrobial activity 

of the current oral agents, or even, being helpful in the development of 

new effective strategies for combating the oral biofilm. 

In the present study, as the PL-Biofilm matured up to 4 days, it has 

been seen an increased presence of bacilli, a stability of the thickness, a 

decrease in the bacterial viability but a more open structure and covering 

grade. The prescription by dental practitioners of known antiplaque agents 

such as CHX or EO, as a complement to traditional mechanical hygiene 

measures, can maximize the biofilm reduction. Clinically, our findings 

show that new control strategies for combating the oral biofilm should be 
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focalized on inhibiting bacterial adhesion to tooth surfaces, which would 

reduce biofilm formation.  

In conclusion, the results of the present study confirm that the 

structural differences between the maturation grades of the in situ PL-

Biofilm may be analysed by CLSM with a dual live/dead fluorescence 

solution and complemented with SEM images. The IDODS allows the 

development of an in situ biofilm at 2 and 4 days with optimum thickness, 

bacterial viability and structure characteristics, which confirms the 

appropriateness efficacy in the short term. Biofilm thickness remains 

practically constant between 2 and 4 days of evolution. In addition, the 

bacterial viability decreased as time progressed. However, covering grade 

after 4 days was higher than after two days. Regarding the in situ biofilm 

structure, the differences between 2 and 4 days principally affected the 

surface disposition of bacteria and bacterial shape. After 4 days, the 

biofilm had more channels in the surface and voids in deepness and it was 

more regular in surface with a predominance of bacillus-shape. The 

application of IDODS is associated with good aesthetic and comfort 

optimal oral hygiene without altering the structure of the in situ oral biofilm. 
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OBJECTIVE 3: INFLUENCE OF METHODOLOGICAL FACTORS 

IN THE THICKNESS, BACTERIAL VIABILITY AND BACTERIAL 

DIVERSITY OF THE IN SITU ORAL BIOFILM  

3.1 ABSTRACT 

Aim: To analyse how several methodological factors (such as the location of 

the device in the oral cavity, the type of substrate and its location in the device itself, 

as well as the practice of tooth-brushing during the experiment) may influence 

thickness, bacterial viability and bacterial diversity of the oral biofilm in situ. 

Material and Methods: The experiment was divided in two tests. In test 1, for 

2 days, 15 healthy adult volunteers wore two hemi-splints carrying three disks of 

different materials (human enamel, glass and hydroxyapatite) each of them. During 

this period they were not allowed to perform any kind of oral hygiene measure. 

Samples were collected from the artificial substrates and from the contralateral tooth 

surface and, after bacterial vital staining, they were analysed using a Confocal Laser 

Scanning Microscope. In addition, in five subjects half of the biofilm present on the 

surface of the disks and their contralateral tooth surfaces were scraped. These 

samples were analysed by pyrosequencing of the 16S rDNA gene and posterior 

bioinformatics analysis. In test 2, the protocol was repeated again allowing the 

volunteers to brush their teeth without toothpaste. 

Results: The characteristics of the Plaque-Like Biofilm (PL-Biofilm) in the 

intra- and inter-arch, intra-substrate and inter-substrate comparisons were similar, 

although PL-Biofilm viability was significantly higher than that detected in tooth-formed 

biofilm (71% to 79% vs. 59%). The absence of tooth-brushing significantly increased 

the thickness and viability of the PL-Biofilm (from 19.5 to 22.2 µm and from 66% to 

77% in the medial-superior position respectively). The tooth-formed biofilm showed 

slightly more bacterial richness than artificial substrates. Independently of the type of 

substrate, samples from the same individual tended to be closer in the Principal 

Coordiantes Analysis (PCoA), revealing that the variable “type of patient” had a 

significant effect on the composition of the biofilm microbiota. Both PL-Biofilm and 

tooth-formed biofilm were composed mainly by Fusobacterium and Streptoccocus 

followed by Veillonella, Neisseria, Prevotella and Porphyromonas. There were not 

many differences in the bacterial composition among artificial substrates and natural 

surfaces. 

Conclusions: The type of substrate and the position of the device or disk did 

not condition the thickness and bacterial viability of PL-Biofilm, the latter being more 

preserved feature in the non-disturbed biofilm. However, the tooth-brushing protocol is 

a more determining factor to consider in studies of the oral biofilm in situ. The global 

structure of the biofilm samples was subject-dependent rather than substrate-

dependent. The bacterial composition of the device-formed biofilm was similar to the 

tooth-formed biofilm regardless the type of artificial substrate. 
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3.2 INTRODUCTION 

Several factors can affect the formation of Plaque-Like Biofilm 

(PL-Biofilm) over an intraoral device. The type of device is one of the 

biggest factors that may influence the PL-Biofilm development. There are 

many different device designs with different characteristics depending on 

the aim of the study; this issue has been already discussed in Objective 1.  

Another important factor could be the type of artificial substrate 

where the biofilm grows. That might determine the PL-Biofilm 

characteristics. Nevertheless, in the literature, the artificial substrates, 

where the PL-Biofilm is developed, have been made of different materials 

(glass, hydroxyapatite, enamel, titanium...) hold in different positions 

inside the oral cavity [1-4]. From these artificial substrates, none of them 

has showed clear advantages in comparison with the others, taking in 

consideration factors such as the capacity of formation of biofilm on its 

surface, posterior visualization of the biofilm, easiness of manipulation and 

other logistic factors such as the availability of materials. 

Another variable that can influence in the PL-Biofilm characteristics 

is the position of the disk inside the device. This is referred to both the 

position within the arch and position in the oral cavity (upper or lower 

arch). The influence of the position of the substrate in the oral cavity has 

been previously measured [5, 6]. In these studies, the authors 

demonstrated that the PL-Biofilm was different from one subject to 

another, having little influence other factors such as the position of the 

substrate in the mouth.  

Finally, the protocol followed by the volunteer during PL-Biofilm 

formation could be a determining factor of the characteristics of the 
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biofilm. The volunteers’ oral hygiene routine in their normal life could affect 

the biofilm. Although many authors recommended performing the tooth-

brushing without wearing the device and without toothpaste [1, 6, 7], the 

influence of this oral hygiene habit has never been investigated before in 

the literature. This mechanical removal of biofilm formed on the dental 

surface could condition the characteristics of the PL-Biofilm formed on the 

intraoral device.  

For the visualization of this biofilm without distortion, a widely 

applied technique has been the one which uses the combination of the 

Confocal Laser Scanning Microscope (CLSM) with dual live/dead staining 

solutions [1, 8-15]. These indicate the viable or non-viable bacteria, based 

on the metabolic state of the bacteria or the permeability of their 

membrane [16]. Thank to this combination, parameters considered 

predictive of the efficacy of an antiseptic such as the bacterial viability, the 

reduction of the thickness and the covering grade by the PL-Biofilm as 

well as its structure have been assessed. This has made possible the 

evaluation of the antibacterial activity of daily used antiseptics such as 

Chlorhexidine (CHX) [17], Essential Oils (EO) [12] or Zinc Chloride [14]. 

Other essential and frequently unexplored aspect is the bacterial 

diversity of the PL-Biofilm. Until some years, most of the studies assessed 

the bacterial composition of the in situ formed biofilms only by 

conventional plate culture techniques. The limitations of plate culture 

techniques are all well-known [18]. There is an impossibility to detect the 

great variety of bacteria present in the oral cavity, due to the fact that less 

than half of the oral bacteria are culturable [19]. For these reasons new 

techniques based in the identification of bacteria by molecular 

mechanisms at ribonucleic acid levels are being applied in the research 
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field of the oral microbiology. Techniques such as the sequencing of the 

16S ribosomal DNA (16S rDNA) gene have been used successfully. The 

16S rDNA gene is universally present in all bacterial species, with 

differences in its sequences giving the possibility to distinguish between 

bacteria at different taxa levels [20]. The bacterial identification is easily 

done by comparing the obtained sequences from a given sample with a 

database where the 16S rDNA genes of known species are loaded [21-

24]. These methods have limited the necessity of plate culture techniques 

for bacterial isolation, allowing, at the same time, the identification of 

unculturable species [25]. 

Some studies evaluating both supragingival and subgingival oral 

biofilm in patients with oral health using the 16S rDNA pyrosequencing 

have been published [26-30]. Of these studies, only two analysed the PL-

Biofilm formed on intraoral devices by 16S rDNA pyrosequencing [28, 29]. 

Langfeldt et al. [28] used membranes as substrate and Takeshita et al. 

[29] hydroxyapatite disks. Nevertheless, none of them aimed to compare 

the results of bacterial diversity obtained on the artificial substrate with the 

findings detected in the natural tooth. In these studies, authors assumed 

that the bacterial diversity of microbiota of the biofilm formed on the device 

was the same as that formed on the tooth surface. 

To the best of author’s knowledge, no clear attempt has been done 

in the literature to standardise a PL-Biofilm model with a specific 

substrate, studying the characteristics of the biofilm comparing them, at 

the same time, with the naturally formed dental plaque itself. This analysis 

would permit the correct validation of the intraoral device. Previously, 

following this idea, Creanor et al. [31] quantified the Colony Forming Units 

(CFUs) on the lingual device and compared with those found in natural 
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dental surface, but only in one volunteer. For this reason, the aim of the 

present study was to evaluate the thickness, bacterial viability and 

bacterial diversity of a PL-Biofilm formed on different substrates in situ in 

comparison to a naturally tooth-formed biofilm, evaluating the influence of 

the intraoral device and substrate positions. In addition, it will be study 

whether the restraint of oral hygiene measures may influence the 

development of the PL-Biofilm. 

3.3 MATERIAL AND METHODS 

The present study was a randomized, observer-masked, cross 

over study on the validation of a model for the in situ development of oral 

biofilm. This project got the approval of the Clinical Research Ethics 

Committee of Galicia 2014/008 and was registered in clinicaltrials.gov with 

the number NCT02769260. URL: 

https://clinicaltrials.gov/ct2/show/NCT02769260. 

3.3.1 SELECTION OF THE STUDY GROUP  

To calculate an a priori sample size, the following statistical criteria 

were established: an effect size of 0.35, an alpha error of 0.05 and a 

statistical power of 87%. Assuming these criteria and using the repeated 

measures ANOVA test, a sample size of 15 subjects was required. The 

sample size calculation was performed using the program G*Power 3.1.5. 

The participants were recruited among dental students at the Faculty of 

Medicine and Dentistry of Santiago de Compostela (Spain). Volunteers’ 

enrolment was asked by responding to advertisements for the participation 

in a research study at the faculty hall. All of these volunteers were revised 

by the same trained clinician to ensure they fulfilled all inclusion and 

exclusion criteria. The volunteers chosen met the same inclusion and 
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exclusion criteria reported in the previous objective (Objective 2) [1, 11, 

12, 32]. The inclusion criteria were the following: being systemically 

healthy adult volunteers between 20 and 45 years old, who presented a 

good oral health status (a minimum of 24 permanent teeth with no 

evidence of gingivitis or periodontitis -Community Periodontal Index 

score= 0- [33] and an absence of untreated caries at the beginning of the 

study). The following exclusion criteria were applied: smoker or former 

smoker, presence of dental prostheses or orthodontic devices, antibiotic 

treatment or routine use of oral antiseptics in the previous 3 months, and 

presence of any systemic disease that could alter the production or 

composition of saliva.  

3.3.2 EXPERIMENT’S DESIGN 

The afternoon before the start of the study, a full mouth scaling 

with ultrasonic instruments and teeth polishing with rubber cup after dental 

disclosure was performed by the same trained clinician on all the 15 

selected participants. Of the total number of volunteers, five of them were 

randomly selected for the pyrosequencing experiment (Figure 1). Written 

informed consent was obtained from all participants in the study. The 

study protocol was as follows:  
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Figure 1. Protocol of the study. In test 1: 90 samples (45 from artificial substrates and 45 

from dental surfaces) were analysed by CLSM and 60 samples (30 of them from PL-Biofilm 

and 30 from teeth-formed biofilm) were analysed by 16S rDNA gene pyrosequencing. In 

the test 2: 45 samples were analysed by CSLM, all of them from artificial substrates.  
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Two Intraoral Device of Overlaid Disk-holding Splints (IDODS) 

were designed for each participant (Figure 1 and 2). These IDODS were 

produced applying the same protocol given in the previous objective 

(Objective 2). In the present series, a modification in the position of one of 

the splints was included. One of them was located in the left or the right 

lower hemi-arch (randomly) and the other one was positioned in the 

contralateral side of the mouth but in the upper arch. The two IDODS worn 

by the volunteers held three disks each one (6 mm in diameter, 1 mm 

thickness). These disks were made of three different materials: human 

enamel, glass (polished at 800 grit) and hydroxyapatite. The disks were 

positioned sequentially in distal (between the first molar and the second 

molar), medial (between the first molar and second premolar) and mesial 

(between the first premolar and the canine). With the intention that each 

substrate occupied a different position (distal, medial and mesial) in each 

experiment, three substrate combinations were established (combination 

1: enamel, hydroxyapatite, glass; combination 2: glass, enamel, 

hydroxyapatite; combination 3: hydroxyapatite, glass, enamel). Patients 

were assigned to a substrate combination by a procedure of balanced 

randomization.  
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Figure 2. Frontal and lateral views of the IDODS. 

The volunteers were asked to do a detailed tooth-brushing, with 

the aid of dental disclosure, the previous night to the start of the study and 

another one the morning of the experiment before wearing the splints. The 

IDODS with the different substrates were worn by the subjects for 48 

hours (2 days) to favour growth of the PL-Biofilm. Each volunteer wore the 

IDODS in two 48-hour periods between which a two-week washout 

interval was established. In the test 1, the volunteers were asked to refrain 

from any type of oral hygiene measures during the whole 48 hours. The 

IDODS could be withdrawn from the oral cavity only during meals. During 

these short intervals the splints were kept in a provided opaque container 

in humid conditions. In the test 2, each volunteer wore the IDODS with the 

same substrate combination than that applied in the test 1. The volunteers 

were allowed to perform their oral hygiene measures but they could not 

use any type of mouthwash or toothpaste, in order to disturb as less as 

possible the development of the PL-Biofilm. In this period, the IDODS 

were kept in the provided humid opaque container, apart from while 

eating, during the performance of the oral hygiene measures too. 

3.3.3 COLLECTION OF THE SAMPLES OF ORAL BIOFILM 

On the day of the experiment, the volunteers were not allowed to 

eat or drink during the course of the tests. Oral biofilm samples collection 
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was done individually (samples were taken from just one volunteer per 

day), starting at 8.30 AM. 

 

3.3.3.1 TEST 1 (WITHOUT TOOTH-BRUSHING DURING THE BIOFILM 

FORMATION) 

The position of the disk marked the position of contralateral tooth 

surface to be scraped, being the disks withdrawn sequentially from distal 

to mesial starting by the upper splint. 

- PLAQUE-LIKE BIOFILM COLLECTION FOR CLSM AND 16S 

rDNA ANALYSIS 

In five subjects, immediately after a disk was withdrawn from the 

splints, one of the halves of the surface exposed to the oral cavity was 

scraped once with a sterile newly sharpened curette. The harvested 

biofilm was suspended in 300 µL of phosphate buffer contained in a 1.5 

mL microcentrifuge tube. This was kept frozen at -80°C until further 

analysis by pyrosequencing.  

The disk (with the half of the PL-Biofilm on its surface, in the case 

of the five subjects) was submerged in 100 µL of fluorescence solution 

LIVE/DEAD® BacLight™ and kept in a dark chamber at room temperature 

for 15 minutes, before de CLSM analysis. 

- TOOTH-FORMED BIOFILM COLLECTION FOR CLSM AND 

16S rDNA ANALYSIS 

In the case of the five subjects, the contralateral position to the 

withdrawn disk of the same arch of the mouth was sought to obtain with 

another sterile newly sharpened curette, in a single stroke, a sample of 
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dental plaque formed in vestibular-distal of the first molar (in case it was a 

distal disk), in vestibular-distal of the second premolar (in case it was a 

medial disk) or in vestibular-distal of the canine (in case it was a mesial 

disk). The investigator in charge of doing this process was instructed of 

not reaching the interproximal area of the teeth. After this, the harvested 

dental plaque was submerged in 100 µL of fluorescence solution 

LIVE/DEAD® BacLight™ and kept in a dark chamber at room temperature 

for 15 minutes.   

In the same five subjects, coinciding with the procedure of taking 

the sample of dental plaque for the CLSM analysis, the contralateral 

position to the withdrawn disk of the same arch of the mouth was sought 

to obtain with another sterile newly sharpened curette, in a single stroke, a 

sample of dental plaque formed on the dental surface. In this case the 

soughed surfaces were vestibular-mesial of the second molar (in case it 

was a distal disk), in vestibular-mesial of the first molar (in case it was a 

medial disk) or in vestibular-mesial of the first premolar (in case it was a 

mesial disk) (Figure 1). The samples obtained from the surface of the 

teeth were kept in a 1.5 mL microcentrifuge tube with 300 µL of phosphate 

buffer frozen at -80ºC until further analysis. 

3.3.3.2 TEST 2 (WITH TOOTH-BRUSHING DURING THE BIOFILM 

FORMATION) 

- PLAQUE-LIKE BIOFILM COLLECTION FOR CLSM 

ANALYSIS 

Immediately after the disks were withdrawn from the splints, they 

were submerged in 100 µL of fluorescence solution LIVE/DEAD® 
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BacLight™ and kept in a dark chamber at room temperature for 15 

minutes.  

3.3.4 CLSM ANALYSIS OF PLAQUE-LIKE BIOFILM AND TOOTH-

FORMED BIOFILM  

A single investigator, masked to the study design, performed the 

microscopic observation using a Leica TCS SP2 laser scanning spectral 

confocal microscope (Leica Microsystems Heidelberg GmbH, Mannheim, 

Germany) with an HCX APOL 63x/0.9 water-immersion lens. 

In the present series, the same protocol described by Quintas et al. 

[1] and Objective 2 was followed to evaluate the different fields within the 

disks. Four selected fields (considered as representative of the whole 

sample), which were in the central part of each disk (central part of the PL-

Biofilm in case it was halved scraped one -Test 1-) were evaluated; their 

mean measures of the thickness and bacterial viability represented the 

whole sample thickness and bacterial viability, respectively. The maximum 

biofilm thickness of each field was divided into three equivalent zones or 

same sized layers: outer layer (layer 1), middle layer (layer 2) and inner 

layer (layer 3).  

The dental plaque samples were individually set in a slide and 

smoothly covered with a coverslip. The field was analysed to seek for 

presence of bacterial accumulation. Four fields were selected as 

representative by a masked observer. Their mean measures of bacterial 

viability represented the whole sample bacterial viability. The thickness 

sample was not evaluated due to the fact that it was a non-structured 

sample. 
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 The capture of the data was done with the same settings in all 

cases, according to previously presented parameters in the precedent 

objective (Objective 2). There were only slight variations in the offset 

settings for the hydroxyapatite and enamel, in order to reduce the existing 

background fluorescence.  

 Quantification of bacterial viability was also done as previously 

presented using the cytofluorographic analysis (Leica Confocal Software) 

of XY images. In this analysis, the images of each fluorochrome were 

defined as “channels” (SYTO 9 occupies the green channel and propidium 

iodide the red channel). Square capture masks were used to measure the 

area occupied (µm2) by the pixels in each channel, determining the total 

area occupied by the biofilm and the corresponding percentage of viability. 

The intensity range was considered a positive signal if it was between 100 

and 255. Determination of the mean percentage of bacterial viability in 

each field required sections with a minimum area of biofilm of 250 µm2; 

the mean percentage of bacterial viability of the biofilm was calculated for 

the corresponding sample and for each biofilm layer.  
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3.3.5 16S rDNA PYROSEQUENCING OF PLAQUE-LIKE BIOFILM AND 

TOOTH-FORMED BIOFILM  

All samples followed the same steps from the mouth to the 

bioinformatics analysis (Figure 3): 

Figure 3. Protocol followed since the PL-Biofilm and dental plaque samples are collected 

to the bioinformatics analysis. 

3.3.5.1. DNA EXTRACTION  

DNA was extracted separately from each sample using the 

MasterPure Complete DNA and RNA Purification Kit (Epicentre 

Biotechnologies, Madison, WI, USA), following the manufacturer’s 
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instructions, with the addition of a lysozyme treatment (5 mg ml-1 , at 37 ºC 

for 30 min) [34].  

3.3.5.2. PCR AMPLIFICATION AND PYROSEQUENCING 

 PCR amplification of the 16S rDNA gene was performed with the 

high-fidelity ABGene DNA polymerase (Thermo Scientific, Empson, 

Surrey, United Kingdom) by the universal bacterial primers for the  V1-V2-

V3 hypervariable regions of the 16S RNA gene, 8F (5’-

AGAGTTTGATCMTGGCTCAG-3’) and 533R (5’-

TTACCGCGGCKGCTGGCACG-3’) using an annealing temperature of 52 

ºC and 20 amplification cycles, to minimize PCR amplification bias. The 

primers used for sequencing have been previously described [30]. Two 

PCRs were performed per sample to amplify the 16S rDNA genes as well 

as to introduce adaptor sequences and sample-specific bar-code 

oligonucleotide tags into the DNA. In five samples, a PCR product could 

not be obtained and a nested-PCR was performed. In these samples the 

PCR product was purified and used as a template for a secondary PCR in 

which the primers were shifted 3 bp towards the 3’ end and included the 

pyrosequencing adaptors A and B, and 8 bp ‘‘barcode’’ specific to each 

sample following Benítez-Paez et al. [35]. 

 The 500 bp PCR products were purified with the Nucleofast PCR 

purification kit (Macherey-Nagel, Macherey-Nagel, Düren, Germany) and 

further cleaned by AMPure XP beads (Roche, Basel, Switzerland) before 

pyrosequencing. The final DNA per sample was measured by picogreen 

fluorescence in a Modulus 9200 fluorimeter (Turner Biosystems) so 

samples could be mixed in equimolar amounts. PCR products were 

pyrosequenced from the forward primer end only by using a GS-FLX 

sequencer with Titanium-plus chemistry (Roche) at the Center for Public 
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Health Research in Valencia, Spain. One-eighth of a plate was used for 

each pool of 30 samples, which were amplified with a different forward 

primer containing a unique 8-bp “barcode”. “Barcode” primer allowed 

multiple amplified samples to be mixed in a single pyrosequencing 

reaction on eighths of a plate [36].   

3.3.5.3. BIOINFORMATIC ANALYSIS 

 A 16S data processing pipeline was established using the Mothur 

software package [37], including the high stringency approach with slight 

modifications. This pipeline was applied in the Human Microbiome Project 

[38]. 

 The sequences were separated using the samples-specific 

“barcodes”. A 40-bp sliding window was used and when the average 

quality score dropped below 30, the sequence was trimmed. If any 

sequence had an ambiguous base call, a homopolymer longer than 8 bp, 

one or more mismatches to the barcode, or more than 4 mismatches to 

the primer, the sequence was trimmed. Only reads longer than 200 bp 

were considered.  

 The unique sequences were then aligned to the appropriate 

SILVA-based reference alignment [39]. Chimeras were identified using a 

Mothur--‐based implementation of the chimera.slayer program. The 6.8% 

of reads were filtered out as potential chimeras. Singletons were not 

excluded from the analysis. 

 Sequences were clustered into Operational Taxonomic Units 

(OTUs) at 97% sequence similarity and assigned a taxonomic identity 

using the mothur-based implementation of the Human Oral Microbiome 
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Database (HOMD) [24]. Each read was taxonomically assigned down to 

the genus level using an 80% confidence threshold. 

 From a unique sequences fasta file, a phylogenetic tree was 

generated using Megan software, resulting in a newick tree format [40]. 

3.3.6 STATISTICAL ANALYSIS 

 In the CLSM analysis, the data on thickness and bacterial viability 

in the biofilm samples were expressed as mean and standard deviation of 

the mean. The type of distribution of the quantitative variables analysed 

was determined using the Kolmogorov-Smirnov test, obtaining a normal 

distribution for all values. Repeated measures ANOVA test and pairwise 

comparisons (with the Bonferroni correction) were used for several 

analysis: comparison of inter-biofilm results (PL-Biofilm vs. tooth-formed 

biofilm); comparison of intra-PL-Biofilm results taking in account the 

position of the IDODS and position/ material of the substrate (including 

differentiating between the three biofilm layers); comparison of inter-test 

results (test 1 without tooth-brushing vs. test 2 with tooth-brushing, 

including differentiating between the three biofilm layers). Measurements 

were statistically significant if the p value was less than 0.05. The 

statistical analysis was performed by the PASW® Statistics Base 20 

package for Windows (IBM, Madrid, Spain). 

 The statistical analysis of 16S rDNA sequencing data was 

performed according to the protocol recently proposed by McMurdie and 

Holmes [41], using implementations in R, such as Phyloseq and DESeq2 

packages [42, 43].  



Isabel Prada López 

 

246 
 

 Several bacterial diversity parameters were calculated at genus-

level in the Phyloseq package [42]. The Chao1 index and the Abundance-

based Coverage Estimator (ACE) as estimators of taxa richness [44, 45]. 

The Shannon and Simpson indexes, both indexes take into account both 

the abundance and evenness of the taxa present [46, 47].  

 For analysing of the global structure of the different types of 

biofilm, a multivariate analysis, based on the Principal Coordinates 

Analysis (PCoA) graphics, was performed with Fast UniFrac using a 

weighted algorithm [48, 49]. Permutational multivariate analysis of 

variance (PERMANOVA) was used to assess the influence of variables 

“types of biofilm: substrate vs. tooth” and “type of patient” on biofilm 

composition using Adonis function in vegan library based on 9,999 

permutations. 

 For analysing of the bacterial composition of the different types of 

biofilm, an univariate analysis based on the differential abundance of 

counts at genus-level was performed using DESeq2 [43]. Prior to testing 

for differential abundance, an independent filter was used to exclude 

genera OTUs with less than 0.01% of relative abundance in the samples 

[50]. Calculating the differential abundance modelled uncertainty using a 

Negative Binomial model and normalization was done using variance-

stabilizing transformations. The results were expressed in 

“Log2foldchange” which is the mean of the difference of the abundance of 

counts in a logarithmic base. Thus, for example, a Log2foldchange = 0 is 

20 = 1 x 100 = 100%, which means equal abundance of a given OTU 

between two classes, a Log2foldchange = 1 means twice abundance of 

first class with respect to the second class (21 = 2 x 100 = 200%) and a 

Log2foldchange = 2, four times more abundance (22 = 4 x 100 = 400%). 
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The LRT and Wald tests with the correction of Benjamini-Hochberg [51] 

were applied for comparing different types of biofilm and obtaining the 

adjusted p. In the Benjamini-Hochberg’s correction, a Q parameter of 0.1 

was established, which corresponds with a False Discovery Rate <10%). 

For representing these comparisons of differential abundance, several 

volcano plots were done. Measurements on differential abundance were 

statistically significant if the adjusted p value was less than 0.05 (-log10 

adjusted p = 1.3).  

3.4 RESULTS 

3.4.1 TEST 1: WITHOUT TOOTH-BRUSHING 

3.4.1.1 PLAQUE-LIKE BIOFILM THICKNESS 

-   Influence of the material of the substrate, position of the IDODS 

and the situation of the disks in the PL-Biofilm thickness 

There were not any significant differences in the obtained mean 

thickness in all PL-Biofilm samples, no matter the material the substrate 

was made of, the position of the IDODS or the substrate to be distal, 

medial or mesial. The achieved mean values for thickness ranged 

between 20.8 ± 5.2 µm and 23.6 ± 4.5 µm.  
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3.4.1.2 PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY 

-  PLAQUE-LIKE BIOFILM TOTAL BACTERIAL VIABILITY 

-  Influence of the material of the substrate in the PL-Biofilm 

bacterial viability: enamel, glass or hydroxyapatite. 

There were not any significant differences in the mean bacterial 

viability of the samples of PL-Biofilm for enamel, glass and hydroxyapatite 

(76.9 ± 13.5% vs. 71.5 ± 14.5% vs. 78.8 ± 11.2%., respectively). 

-  Influence of the position of the IDODS in the PL-Biofilm bacterial 

viability: upper or lower arch. 

There were not any significant differences in the mean bacterial 

viability of the PL-Biofilm samples in the upper and the lower IDODS (75.3 

± 13.2% vs. 73.5 ± 16.6%). 

-  Influence of the situation of the substrate in the PL-Biofilm 

bacterial viability: distal, medial or mesial. 

There were not any significant differences in the mean bacterial 

viability of the samples of PL-Biofilm from the distal, medial and mesial 

situation of the substrate (77.0 ± 13.0% vs. 74.6 ± 12.9% vs. 71.6 ± 

18.8%, respectively) (Figure 4).  



Objective 3 

 

249 
 

Figure 4. Representation of the mean total bacterial viability of the PL-Biofilm formed on 

artificial substrates in different positions without tooth-brushing. 

- PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY BY 

LAYERS 

-   Influence of the material of the substrate, position of the 

IDODS and the situation of the disks in the PL-Biofilm viability 

by layer (inter-layers comparisons) 

Layers 1 and 2 had similar bacterial viability and layer 3 was 

significantly less viable than outer layers in almost all samples taking into 

account the material of the substrate, the position of the IDODS and the 

situation of the disks (Figure 5). The only exceptions occurred in the 

samples positioned medially, both upper and lower. In this cases layer 1 

was significantly more viable than layer 2 (upper-medial disk bacterial 
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viability: 88.7 ± 6.1% vs. 82.3 ± 9.2%, p<0.001, respectively; lower-medial 

bacterial viability: 80.5 ± 11.7% vs. 76.0 ± 15.2%, p<0.05, respectively).   

Figure 5. Representation of the bacterial viability by layers taking into account the different 

artificial substrates used in the experiment without tooth-brushing. 

-  Influence of the material of the substrate, position of the IDODS 

and the situation of the disks in the PL-Biofilm viability by layer 

(intra-layer comparisons) 

There were not differences in the bacterial viability of the PL-

Biofilm between the same layers taking into account the material of the 

substrate, the position of the IDODS and the situation of the disks. The 

only exception was found between the layers 1 of the distal and medial 

upper samples, being lower the distal than the medial (78.7 ± 14.1% vs. 

88.7 ± 6.1%; p<0.05).  
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- PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY VS. 

TOOTH-FORMED BIOFILM BACTERIAL VIABILITY  

The obtained bacterial viability of the PL-Biofilm was significantly 

more viable than that detected in the tooth-formed biofilm, no matter the 

material of the substrate used (enamel 76.9 ± 13.5% vs. tooth 58.5 ± 

7.9%, p<0.001; glass. 71.5 ± 14.5% vs. tooth 58.5 ± 7.9%, p<0.05; 

hydroxyapatite 78.8 ± 11.2% vs. tooth 58.5 ± 7.9%, p<0.001.) (Figure 6). 

Figure 6. Representation of the mean total bacterial viability of the PL-Biofilm formed on 

different artificial substrates (enamel, glass and hydroxyapatite) without tooth-brushing, in 

comparison to the natural dental plaque.  
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3.4.2 TEST 2: WITH TOOTH-BRUSHING 

3.4.2.1 PLAQUE-LIKE BIOFILM THICKNESS 

- Influence of the material of the substrate, the position of the 

IDODS and the situation of the disks in the PL-Biofilm thickness 

There were not any significant differences in the obtained mean 

thickness in all PL-Biofilm samples, no matter the material of the 

substrate, the IDODS was positioned in the upper and lower arch or the 

substrate was distal, medial or mesial. The achieved mean values for 

thickness ranged between 18.7 ± 5.6 µm and 20.5 ± 6.1 µm. 

3.4.2.2 PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY 

-  PLAQUE-LIKE BIOFILM TOTAL BACTERIAL VIABILITY  

-  Influence of the material of the substrate in the PL-Biofilm 

bacterial viability: enamel, glass or hydroxyapatite 

There were not any significant differences in the mean bacterial 

viability of the samples of PL-Biofilm for enamel, glass and hydroxyapatite 

(69.5 ± 17.5% vs. 70.7 ± 7.3% vs. 70.1 ± 12.8%, respectively). 

- Influence of the position of the IDODS in the PL-Biofilm bacterial 

viability: upper or lower arch 

There were not any significant differences in the mean bacterial 

viability of the samples of PL-Biofilm from the upper and the lower IDODS 

(67.9 ± 16.2% and 68.5 ± 12.14%, respectively).  
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-  Influence of the situation of the substrate in the PL-Biofilm 

bacterial viability: distal, medial or mesial 

There were not any significant differences in the mean bacterial 

viability of the samples of PL-Biofilm from the distal, medial and mesial 

situation of the substrate (71.7 ± 12.4% vs. 67.4 ± 15.7% vs. 65.7 ± 

15.5%, respectively) (Figure 7). 

 

Figure 7. Representation of the mean total bacterial viability of the PL-Biofilm formed on 

artificial substrates in different positions with tooth-brushing. 

The material of the substrate, the position of the IDODS, as well as 

the situation of the disks did not condition the bacterial viability of the PL-

Biofilm obtained with tooth-brushing.  
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- PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY BY 

LAYERS 

-  Influence of the material of the substrate, the position of the 

IDODS and the situation of the disks in the PL-Biofilm viability 

by layer (inter-layers comparisons) 

The bacterial viability of the PL-Biofilm was lower as the layer 

analysed was deeper down in the PL-Biofilm. Layer 2 was significantly 

less vital than layer 1 and layer 3 was significantly less vital than layer 2 in 

all samples except in the samples positioned upper-distally and the 

enamel’s. In the first samples there were not any significant differences in 

the mean bacterial viability between layers, ranging from 60.1 ± 27.5% to 

78.0 ± 19.1%. In enamel’s samples there were not significant differences 

between layers 1 and 2 (73.6 ± 18.2% vs. 70.9 ± 19.0%, respectively) 

(Figure 8).  

Figure 8. Representation of the bacterial viability by layers taking into account the different 

artificial substrates used in the experiment with tooth-brushing. 
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-  Influence of the material of the substrate, the position of the 

IDODS and the situation of the disks in the PL-Biofilm viability 

by layer (inter-layer comparison) 

In terms of material of the substrate, there were only significant 

differences in the bacterial viability between the layers 1 of the enamel 

and the hydroxyapatite (p<0.05). The bacterial viability of the outer layer of 

the enamel was lower than the hydroxyapatite’s (73.6 ± 18.2% vs. 84.5 ± 

11.2%; p<0.05) (Figure 8).There were not differences in the bacterial 

viability of the PL-Biofilm between the same layers taking into account the 

position of the IDODS and the situation of the disks. 

3.4.3 TEST 1 VS. TEST 2: INFLUENCE OF THE TOOTH-BRUSHING ON 

THE PLAQUE-LIKE BIOFILM THICKNESS 

The obtained PL-Biofilm was significantly thicker in the Test 1 (22.2 

± 4.7 µm vs. 19.5 ± 5.4 µm, p<0.05) (Figure 10). These differences were 

mainly in medial and mesial positions (medial, 23.0 ± 5.0 µm vs. 19.2 ± 

5.3 µm, p<0.05; mesial, 22.4 ± 4.7 µm vs. 19.7 ± 5.0 µm, p<0.05). Taking 

into account also the position of the IDODS, these differences remained 

marked in the lower medial and upper mesial substrates (L-M, 23.3 ± 5.6 

µm vs. 19.0 ± 4.9 µm, p<0.05, for test 1 and 2, respectively; U-Ms, 23.6 ± 

4.5 µm vs. 19.5 ± 5.2 µm, p<0.05, for test 1 and 2, respectively).  
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Figure 10. Representation of the mean thickness comparing PL-Biofilms grown with and 

without tooth-brushing. Sectional image of the PL-Biofilm taken by Confocal Laser 

Scanning Microscope.  

3.4.4 TEST 1 VS. TEST 2: INFLUENCE OF THE TOOTH-BRUSHING ON 

THE PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY 

The bacterial viability of PL-Biofilm samples obtained without tooth-

brushing (test 1) was higher than those obtained with tooth-brushing (test 

2), the results showed a trend to statistical significance (74.4 ± 14.9% vs. 

68.2 ± 14.5 %, p = 0.059). Both of them were higher (p<0.001 and p<0.05, 

respectively) than the obtained in the tooth-formed biofilm (Figure 9).  
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Figure 9. Representation of the mean total bacterial viability of the PL-Biofilm with and 

without tooth-brushing in comparison to the tooth-formed biofilm. 

There were not significant differences in terms of position of the 

IDODS and situation of the substrate taking into account the tooth-

brushing, with the only exception of the upper medial position, where the 

bacterial viability of the PL-Biofilm was lower in the case of the test 2 (77.4 

± 10.3% vs. 66.2 ± 16.6%, p<0.05). 

In terms of PL-Biofilm viability taking into account the type of 

substrate and the presence or absence of tooth-brushing in the protocol, 

there were not differences in any layers between substrates. The only 

exception occurred in the deepest layer of the hydroxyapatite, which was 

significantly higher in the test 1 with regard to the test 2 (68.9 ± 16.4% vs. 

50.1 ± 24.6%, p<0.05).  

Comparison p value 

No tooth-brushing 
vs. Tooth-brushing 

p = 0.059 

No tooth-brushing 
vs. Tooth 

p<0.001 

Tooth-brushing vs. 
Tooth 

p<0.05 
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3.4.5 PLAQUE-LIKE BIOFILM AND TOOTH-FORMED BIOFILM 16S 

rDNA SEQUENCING 

3.4.5.1 α-DIVERSITY 

In dental plaque 72 OTUs at genus-level were found, being lower 

for artificial substrates (enamel: 50 OTUs; glass: 56 OTUs; hydroxyapatite: 

40 OTUs). The Chao1 and ACE. 

Figure 11. α-diversity representation by Chao1, ACE, Shannon and Simpson estimators. 
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revealed that tooth biofilm showed more bacterial richness than in the PL-

Biofilm (Figure 11) (Table 1). However, both the Simpson and Shannon 

indexes revealed that the samples obtained from the natural tooth were as 

evenly distributed as those from the artificial substrates, except those from 

enamel (Figure 11) (Table 1). 

Table 1. Different α-diversity indexes for the oral biofilm samples harvested from enamel, 

glass, hydroxyapatite and tooth. 

SUBSTRATE OBSERVED OTUs CHAO1 ACE SHANNON SIMPSON 

Enamel 50 65.167 71.332 1.004 0.459 

Glass 56 62.875 63.818 1.847 0.749 

Hydroxyapatite 40 55.6 63.94 2.027 0.811 

Tooth 72 79.8 83.952 1.853 0.753 

3.4.5.2 β-DIVERSITY: MULTIVARIATE ANALYSIS  

When PCoAs were performed taking into account the type of 

substrate (artificial vs. natural) no graphical differences in the bacterial 

composition could be found since all samples occupied different positions 

in all the PCoA space (Figure 12). However, when representing the 

different samples only differentiated by subjects or subjects and different 

biofilm’s substrates, samples belonging to the same subject tended to 

group closer, regardless of the type of substrate (Figures 13 and 14).  

Permutational multivariate analysis of variance (PERMANOVA) confirmed 

that only the variable “type of patient” had a significant effect on the 

composition of the biofilm microbiota (p<0.0001).  
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Figure 12. PCoA comparing the composition of the biofilm formed over the different 

substrates and the tooth itself. Note that there are not any visual differences. 

Figure 13. PCoA comparing the composition of the samples per patient differing between 

artificial substrates and tooth. Note that samples from the same patient tend to be closer 

no matter the type of substrate (artificial or natural). 
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Figure 14. PCoA comparing the composition of the samples per patient. Note that samples 

from the same patient tend to be closer. 

When PCoAs were performed taking into account the position of 

the artificial substrates both in the intra-arch (distal, medial and mesial) 

and inter-arch (upper and lower), no differences were found between the 

samples (Figure 15).  
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Figure 15. PCoA representing the composition of the samples taking into account the 

intra- and inter-arch position of the substrate. Note that no aggrupation of samples could 

be done. 

3.4.4.3 β-DIVERSITY: UNIVARIATE ANALYSIS 

-TAXONOMY 

The average and median of sequences per sample were 6351 and 

2201, respectively. The percentages of unclassified sequences in each 

substrate group ranged from 3.34%-7.33%. In all samples, 80 different 

bacterial genera were identified. Of these genera, 49 with more than 

0.01% of abundance were selected. The more abundant genera in all 

samples were Fusobacterium, Streptococcus, Veillonella, Neisseria, 

Prevotella and Porphyromonas (Figure 16). The Fusobacterium was the 

most abundant genus for enamel, glass and tooth (71, 40 and 41%, 

respectively) and Streptococcus the next group in abundance (20, 29 and 

24%, respectively). In the case of the hydroxyapatite substrates the most 

abundant group was that from the streptococci (31%) followed by the 

Fusobacterium (21%) (Figure 16) (Annex 2 Table 1). 

Intra.arch.Position.Substrate 

Raw Samples PCoA Intra Arch Position Substrate 
Raw Samples PCoA Inter Arch Position Substrate 

Inter.arch.Position.Substrate 
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Figure 16. Graphic representation of the relative abundance of bacterial genera present in 

the artificial and natural substrates (genera with more than 0.01% of abundance were 

included). The more abundant genera were the Fusobacterium and the Streptococcus.  

Four OTUs at genus-level were significantly different between the 

different types of biofilm (adjusted p = 0.05; -long10 adjusted p = 1.3). In 
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pairwise comparisons, the largest number of different genera was 

detected in the enamel with respect to the natural tooth. Six bacterial 

genera were significantly different between the tooth and enamel 

(Kingella, Bergeyella, Abiotrophia, Veillonella, Leptotrichia and 

Capnocytophaga), (Figure 17) (tooth vs. enamel: Kingella = 0.107% vs. 

0.002%, p<0.05; Bergeyella = 0.260% vs. 0.017%, p<0.05; Abiotrophia = 

0.691% vs. 0.043%, p<0.05; Veillonella = 12.523% vs. 0.394%, p<0.001; 

Leptotrichia = 1.711% vs. 0.082%; p<0.001; Capnocytophaga = 2.228% 

vs. 0.0737%, p<0.001). On the other hand, three bacterial genera were 

significantly different between the tooth and glass (Rothia, Abiotrophia and 

Capnocytophaga) (Figure 17) (tooth vs. glass: Rothia = 0.1771% vs. 

0.0282%, p<0.05; Abiotrophia = 0.6909% vs. 0.0433%, p<0.05; 

Capnocytophaga = 2.2275% vs. 0.0737%, p<0.05). For hydroxyapatite, 

there was not any bacterial genus significantly different from the tooth 

(Figure 17). No significant differences in the differential abundance at 

genus-level were detected between several substrates.  
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Figure 17. Volcano plots representing the differential abundance of bacteria genera 

through the log2FoldChange and –log10 (p adjusted). These graphics show that the 

samples were quite similar in terms of abundance of genera taking into account the 

different studied biofilms. There were only differences in very few genera which were not 
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the most abundant (relative abundance <2.5%, except Veillonella). The largest number of 

different genera was detected in the enamel with respect to the natural tooth. 

3.5 DISCUSSION  

In the present series a full microbiological validation of the IDODS 

has been made, considering the bacterial viability and composition of the 

naturally formed oral biofilm. Also, other parameters that might influence in 

the development of the PL-Biofilm such as the position of the device or the 

situation or the material of the substrate have been evaluated, as well as 

the oral hygiene protocol applied.  

3.5.1 METHODOLOGICAL APPROACH 

The utility and validity of the combination of the CLSM and the dual 

staining solution Live/Dead® BaclightTM has been object of explanation 

and justification in the discussion section of the Objective 2. For this 

reason, the author of the present Thesis considers that this issue is clear 

at this point. 

In the present objective, the 16S pyrosequencing of oral biofilm 

samples has been used for the evaluation of their bacterial composition. 

Massive sequencing of the 16S rDNA gene has been proved as a 

valuable tool for the better knowledge of microbial diversity of complex 

communities [52]. 

After the pyrosequencing process, the sequencer generates 

specialized files which, without the correct bioinformatic analysis, would be 

useless. Multiple processes have been designed in order to transform the 

files generated by the sequencer into results which are presentable to the 

scientific community [53]. In the present Thesis, a reproducible pipeline, 

based in the mother and package from the R environment, has been 
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preferred in order to reduce as much as possible biases and errors 

inherent to the bioinformatic methods. These biases are produced 

sometimes because of an absence of a standardized protocol for 

bioinformatic analysis [53], which means that the reproducibility of the 

research is compromised [53]. Another common mistake that affects the 

reproducibility is what has been called rarefying of the samples. When the 

number of OTUs per sample is obtained, it is usually different from one 

sample to another. Most of researchers, in order to compare their results, 

normalise their sample size by random subsampling [41]. For example, we 

have two samples for doing a comparison between one another. The first 

one has 600 sequences and the second 1800. By rarefying, researchers 

“take” randomly 600 from the second sample in order to have the same 

number of sequences. This randomization cannot be reproduced due to 

the fact of being random itself. In addition, a lot of information is missed by 

doing this. Furthermore, it has been proved that rarefying is statistically 

inadmissible due to the fact that affects the variance, having direct 

influence on the statistical power [41]. In order to solve this, some experts 

such as McMurdie and Holmes recently recommended a specific 

mathematical treatment of data, which models uncertainty using a 

Negative-Binomial model normalises using variance stabilizing 

transformations. These recommendations have been applied in the 

analysis of the 16S metagenomic data of the present Thesis.  

In this Thesis, a specialized database on oral microbiota has been 

used instead of the large general databases such as Greengenes [21], 

Silva or the RDP [22]. This is justified in the fact that it is not intended to 

find new bacterial species resident in the oral cavity, but to describe and 

compare with the greatest possible accuracy those found in normal 

conditions. Nevertheless, it should not be forgotten that the oral 
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microbiome of humans has been studied extensively, and nearly half of 

the species-level taxa detectable by 16S rDNA analysis have been 

cultured, characterized and named. Based on this, the Human Oral 

Microbiome Database (HOMD) [24] has been selected in the present 

Thesis. 

This apparatus has previously been proved as useful for the 

development of PL-Biofilm in the previous objective of this Thesis 

(Objective 2). This was a study in which 20 volunteers wore the IDODS 

comparing the results of the PL-Biofilm of 2 and 4 days. In that series the 

biofilm was developed on glass disks and assessed in thickness and 

viability using the CLSM. In the present study, a full validation of PL-

Biofilm based on comparison of the bacterial viability and composition 

results has been done in regard with the tooth, analysing the influence of 

different methodological factors on the PL-Biofilm development.  

3.5.2 INFLUENCE OF THE MATERIAL OF THE SUBSTRATE IN THE 

BIOFILM THICKNESS AND VIABILITY 

With respect to the obtained bacterial viability between the artificial 

substrates, not major differences were found neither in the test 1 (without 

tooth-brushing) or test 2 (with tooth-brushing). Nevertheless, the viability 

of the dental plaque harvested in the test 1 was rather lower than that from 

artificial substrates (a viability difference around 15-20%). A possible 

reason for these notable differences could be the fact of obtaining the 

biofilm using a curette. This procedure, although done with maximum 

caution, may probably disrupt the cellular membrane of bacteria causing 

the effect that the naturally formed oral biofilm has a lower viability than 

that formed on an artificial substrate. Arweiler et al. [54] and Pan et al. [55] 

using a curette for removing the natural oral biofilm, found 72% and 82% 
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of bacterial viability, respectively. Although these are higher levels of 

bacterial viability than those found in the present series, the results are not 

fully comparable because Arweiler’s and Pan’s biofilms were 24-hour old 

and as the biofilm gets more mature the bacterial viability decreases (see 

Objective 2). In the Figure 19 the naturally formed dental biofilm is shown. 

This biofilm presents a stacked and destructured shape; this is caused 

undoubtedly by the scraping with the curette at harvesting. This was the 

reason why neither the thickness nor the bacterial viability by layers was 

measured in the naturally formed biofilm. There was no way to know if 

what was harvested from the outer part of the biofilm was in this outer part 

or in the deepest one. The same happens with the thickness, since the 

biofilm appears stacked the thickness measure would be an artificial one. 

For this reason, nowadays, a valid option is collecting the biofilm from an 

artificial substrate that can be withdrawn from the oral cavity easily. 

Afterwards, the biofilm will be able to be seen and analysed without 

collapsing its original structure.  

Figure 19. (A) Tooth-formed biofilm harvested directly from the dental surface with a 

curette. Note the complete absence of canals and the abruption of the biofilm limits. (B) 

PL-Biofilm analysed without distortion (Both images are the maximum projection of a field 

stacked in the Z plane. Images taken by CLSM. 

A B 



Isabel Prada López 

 

272 
 

In the literature, multiple substrates could be found where the PL-

Biofilm has grown. If what the researcher is trying to obtain is a biofilm 

which is as close as possible to the biofilm grown on the dental surface, 

the chosen substrate, might be a pretty important factor. In the 90s, it was 

stated that the physico-chemical properties of a material played an 

important role in the bacterial adherence [56]. However, Hannig et al. [7] 

found that early phases of the bacterial adherence were not conditioned, 

at ultrastructural level, by the physico-chemical properties of the different 

materials. In the present series, the PL-Biofilm thickness or bacterial 

viability was not conditioned by the type of substrate used, ranging in all 

cases from 19 µm to 24 µm and 69% to 79%, respectively. This finding 

highlights that the physico-chemical properties of a material may not be as 

important in a more matured PL-Biofilm. Accordingly, Netuschil et al. 1998 

[57] did not find differences in terms of biofilm thickness between the glass 

and enamel disks in PL-Biofilms until 3 days of maturation. Besides, 

another interesting discovery was the one of Al Ahmad et al. [58] in which 

they concluded that the roughness of a material is compensated by the 

maturation proceeding of the biofilm. These findings suggest that the PL-

Biofilm characteristics may be conditioned by some other factors such as 

the intraoral shear forces originating from the muscles, tongue or salivary 

flow [7, 58]. 

Provided that no differences were found between the substrates, 

the authors recommend the use of glass disks in the PL-Biofilm 

development. The main reasons of this choice are the disadvantages that 

both hydroxyapatite and enamel disks have. The major drawback of the 

hydroxyapatite and enamel disks are their fragility, mainly the 

hydroxyapatite due to its artificial composition based on a conglomerate 

(Figure 17).  
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Figure 17. Photographs of the surface of the three artificial substrates: Enamel (A. and B.), 

Glass (C. and D.) and Hydroxyapatite (E. and F.). (Images taken by SEM: A., C., and E. 

under 1 Kx; B., D. and F. under 25 kx). Note that in F. the conglomerate structure of the 

hydroxyapatite disk is patent; this is the reason why the hydroxyapatite disks are more 

fragile than glass or enamel disks. 

D 

A 

C 

B 

E F 
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To avoid the excess of bulkiness in the design of the apparatus, 

the substrates must have 1 mm or less in thickness. The two materials 

(enamel and hydroxyapatite) are very fragile at this thickness with the 

possibility of splitting in two halves in the interior of the apparatus. Another 

inconvenience that affects to both materials is their auto-fluorescence 

which complicates considerably the differentiation between the 

background of the material and the sample at the CLSM. Besides, the cost 

of enamel and hydroxyapatite disks is rather higher. Finally, another 

disadvantage of the enamel would be the absence of flatness which 

hampers to measure the biofilm thickness (Table 1)  

 Table 1. Disadvantages that hydroxyapatite and enamel disks have in comparison to the 

glass disks. 

DISADVANTAGES OF HYDROXYAPATITE AND ENAMEL IN COMPARISON 
TO GLASS 

Hydroxyapatite Enamel 

- Very fragile at 1 mm - Fragile at 1 mm 

- Difficult differentiation between background 
and sample 

- Difficult differentiation between 
background and sample 

- High cost - Medium cost 

 
- Difficult to assess biofilm thickness due to 
non-planar surface 

 
- Implication of ethical issues (prionic 
diseases?) 

3.5.3 INFLUENCE OF THE POSITION OF THE IDODS AND SITUATION 

OF THE SUBSTRATE IN THE BIOFILM’S THICKNESS AND VIABILITY 

In the present series, thickness, bacterial viability and composition 

were not conditioned by the position of the IDODS and the situation of the 

substrate. This means that the IDODS may be used both in the upper or 

the lower arches, representing well the dental plaque. The position of the 

IDODS will depend on the aim of the objective, since for example, in the 



Objective 3 

 

275 
 

upper arch there is normally more space for disk placing, allowing to wear 

more samples in the same device. 

In the literature, some studies evaluating the PL-Biofilm formed in 

different parts of the oral cavity have been done [6, 7]. In Hannig’s 

experiment [7], the substrates were positioned either buccally or lingually. 

As expected, in a substrate unprotected from the tongue movements, the 

bacterial adherence was very limited lingually; this is why they claimed 

that the position of the substrates may have high influence in the bacterial 

adherence. In the present series, we focused on the buccal aspect of the 

teeth, since we already knew that the biofilm growing was limited lingually. 

In another study, Auschill et al. [6], compared the thickness of the PL-

Biofilm formed on different sites in the oral cavity. They reached the 

conclusion that buccally positioned substrates did not differ too much in 

terms of PL-Biofilm thickness taking into account they were in the upper or 

in the lower jaw. This affirmation is corroborated with the results of the 

present series. However, something that should be highlighted here is the 

fact that they obtained a much thicker PL-Biofilm in comparison with that 

from the present series 19-23 µm vs. 62-85 µm. This may be due to the 

different position of the substrates. While in the present series the 

substrates were positioned facing the cheeks (with the 1 mm small frame 

of the hard splint as protection), in Auschill’s study, the substrates were 

positioned towards the teeth in order to not to have contact with the 

cheeks. This position produces a PL-Biofilm which may grow, at least, in 

different conditions (no contact with the cheeks) than the dental buccal 

plaque.  



Isabel Prada López 

 

276 
 

3.5.4 DIFFERENCES IN THE COMPOSITION OF PLAQUE-LIKE 

BIOFILM AND TOOTH-FORMED BIOFILM 

The PL-Biofilm had between 40 and 56 OTUs. These numbers 

were inferior to the tooth-formed biofilm with 70. Despite these results may 

resemble that the PL-Biofilm was not as diverse as the tooth-formed 

biofilm, when evenness was measured, the results were quite similar 

between hydroxyapatite, glass and tooth, being the enamel less evenly 

distributed. Although no major differences were found between PL-Biofilm 

and tooth-formed biofilm, the PL-Biofilm which was nearer to the tooth-

formed biofilm was the represented by the glass. This finding could be an 

additional reason to those previously presented for the use of glass as a 

substrate instead of enamel or hydroxyapatite. Although in this study, 

some factors such as the type of substrate, the position of the IDODS 

inside the mouth or even the situation of the disks inside the apparatus, 

none of these factors was found to be important in the biofilm’s 

compositional structure after performing the multivariate analysis. 

However, differences could be noted in the PCoA after the samples were 

represented differentiating between individuals. Samples belonging to the 

same subject tended to be closer than those from other subject and the 

variable “type of patient” showed a significant effect on the composition of 

the biofilm microbiota This finding would confirm the theory that the 

bacterial composition of the biofilm is individual dependent [5]. Mason et 

al. [27] demonstrated that the subgingival plaque was conditioned by the 

host being individual dependent and ethnically related. They also stated 

that supragingival plaque was less dependent on the host and more 

conditioned on external factors, such as diet. In this case, the selected 

subjects were all Caucasians from the same city with a similar culinary 

tradition; for this reason, it was considered that the volunteers had a 
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similar diet. In case of having volunteers from different origins and 

therefore with a different culinary tradition, this would be an interesting 

parameter that should be controlled. 

In the present series, the more abundant genera were mainly 

Fusobacterium, Streptococcus and Veillonella. These results are partially 

consistent with previous results, in which Streptococcus is the most 

common genus [26, 29]. In our series, although Streptococcus had a 

noticeable presence (20-31%) (it was the most common in the 

hydroxyapatite) the most commonly found genus was Fusobacterium in 

enamel, glass and dental plaque. 

To the best of author’s knowledge, there is only one study which 

compares the dental plaque itself with the PL-Biofilm. Creanor et al. [31] 

compared by CFUs the PL-Biofilm formed in one patient for 7 days in an 

intraoral device with dental plaque samples from the interproximal zone. 

The microbial composition of the dental plaque was consistent with the 

PL-Biofilm. These authors found a predominance of Streptococcus and 

gram-positive rods (mainly Actinomyces), Veillonella and Fusobacterium 

both in PL-Biofilm and dental plaque. He concluded that differences 

between the PL-Biofilm and the dental plaque itself were qualitatively and 

quantitatively similar and acceptable. These results are partially consistent 

with those from the present series, since more abundant genera are 

similar between both biofilms (tooth-Biofilm vs. PL-Biofilm). However, the 

percentages for Fusobacterium in our results were higher than those 

presented by Creanor. On the other hand, the fact that Creanor et al. used 

only a subject (it is not stated systemic and oral condition) and CFUs for 

bacterial identification makes this comparison to be limited. 
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There were little significant differences in the compositional results 

between the tooth-formed biofilm and the biofilm formed on the different 

substrates, being identified as different only species found in a proportion 

of less than a 2.5% (Abiotrophia, Granulicatella and Capnocytophaga). 

Only in the enamel disks, the abundance of Veillonella, an important 

genus in the early stages of oral biofilm development, was infraestimated 

(relative abundance of 12.5% in the tooth-formed biofilm vs. 0.4% in the 

PL-Biofilm). 

Other groups studied the evolution of the oral biofilm as time 

passed by. Takeshita et al. [29] studied with the help of an intraoral device 

and 16S rDNA techniques, the biofilm formed from 1 to 7 days. As time 

passed by, they found that obligate anaerobes such as Porphyromonas, 

Prevotella, Fusobacterium, Veillonella and Capnocytophaga gain more 

presence in the bacterial biofilm at the expense of facultative anaerobes 

(Streptococcus, Abiotrophia…). Another group [28] studied the PL-Biofilm 

formed from 1 to 14 days by 16S rDNA sequencing and contrary to results 

reported by Takeshita et al. [29], they could not find a specific pattern in 

the evolution of the biofilm’s composition. 

3.5.4 INFLUENCE OF TOOTHBRUSHING IN THE PLAQUE-LIKE 

BIOFILM FORMATION 

This is the first study which tests the necessity (or not) of tooth-

brushing in this type of experiments, due to the fact that this factor has not 

been standardized, finding studies in which the volunteers did not brush 

their teeth [59-64] and others in which they did [1, 9, 12, 14, 65-76].  

The bacterial viability of the PL-Biofilm formed after 48 hours 

without tooth-brushing was slightly higher (74% vs. 68%, p = 0.059). This 
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difference was more patent in the upper-medial position (77% vs. 66%, 

p<0.05). The reason why the upper-medial PL-Biofilm formed without 

tooth-brushing was more viable than the same position of that formed with 

tooth-brushing may be because of the exit of the parotid salivary duct. It is 

widely known that one of the critical points where the calculus is more 

commonly formed is in the buccal aspect of the upper molars and 

premolars [77]. This is caused because of the presence of the Stensen 

duct exit which produces a higher concentration of Ca which implies a 

higher calcification of the dental plaque in this zone [78]. This may be a 

possible explanation to the fact of the achieved differences in terms of 

bacterial viability in this specific position.  

PL-Biofilm thickness, as well as bacterial viability, were slightly 

affected by the tooth-brushing, being higher in the test 1 (without tooth-

brushing). The factor “tooth-brushing” is probably an important factor in 

the development of the PL-Biofilm, since thanks to the tooth-brushing the 

volunteers can eliminate leftovers that might be potential source of 

nutrients for the oral biofilm. In a previous paper, Sreenivasan et al. [79] 

showed that the tooth-brushing did not influence the biofilm development 

although in this case they also brushed the apparatus and not only the 

teeth as in the present series. 

This study has showed that the IDODS with several artificial 

substrates is capable of represent successfully the bacterial composition 

of natural dental biofilm. Nowadays, there is no other intraoral device that 

has been validated. 

In conclusion, the IDODS allowed the development of an in situ 

biofilm at two days. The type of substrate and the position of the device or 

disk did not condition the thickness and bacterial viability of Plaque-Like 
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Biofilm, the latter being more preserved feature in the non-disturbed 

biofilm. However, the tooth-brushing protocol is a more determining factor 

to consider in studies of the oral biofilm in situ. The global structure of the 

biofilm samples was subject-dependent rather than substrate-dependent. 

The bacterial composition of the device-formed biofilm was similar to the 

tooth-formed biofilm, regardless the type of artificial substrate.  
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OBJECTIVE 4. INFLUENCE OF THE APPLICATION METHODS 

(EX VIVO VS. IN VIVO) IN THE ANTIBACTERIAL ACTIVITY OF 

TWO ORAL ANTISEPTICS ON THE ORAL BIOFILM. 

4.1 ABSTRACT 

Aim: To compare the immediate antibacterial effect of two application 

methods (passive immersion and active mouthwash) of two antiseptic solutions 

on the in situ oral biofilm. 

Material and Methods: A randomized observer-masked crossover study 

was conducted. Fifteen healthy volunteers wore a specific intraoral device for 48 

hours to form a biofilm in three glass disks. One of these disks was used as a 

baseline; another one was immersed in a solution of 0.2% Chlorhexidine (0.2% 

CHX), remaining the third in the device, placed in the oral cavity, during the 0.2% 

CHX mouthwash application. After a two-week washout period, the protocol was 

repeated using a solution of Essential Oils (EO). Samples were analysed for 

bacterial viability with the Confocal Laser Scanning Microscope after previous 

staining with LIVE/DEAD® BacLight™. 

Results: The EO showed a better antibacterial effect compared to the 

0.2% CHX after the mouthwash application (% of bacterial viability= 1.16 ± 1.00% 

vs. 5.08 ± 5.79%, respectively), and was more effective in all layers (p<0.05). In 

the immersion, both antiseptics were significantly less effective (% of bacterial 

viability = 26.93 ± 13.11%, EO vs. 15.17 ± 6.14%, 0.2% CHX); in the case of EO 

immersion, there were no significant changes in the bacterial viability of the 

deepest layer in comparison with the baseline.  

Conclusions: The method of application conditioned the antibacterial 

activity of the 0.2% CHX and EO solutions on the in situ oral biofilm. The in vivo 

active mouthwash was more effective than the ex vivo passive immersion in both 

antiseptic solutions. There was more penetration of the antiseptic inside the 

biofilm with an active mouthwash, especially with the EO. 
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4.2 INTRODUCTION 

The use of oral antiseptics is a recommended procedure for the 

chemical control of the oral biofilms. These oral antiseptics may kill the 

microorganisms, reduce bacteria virulence, and retard the dental plaque 

formation. Due to this action on the bacteria forming dental biofilms, a 

reduction of the oral disease is expected after their application [1].  

Among dental practitioners, the most commonly prescribed oral 

antiseptics have been those including in their formulation Chlorhexidine 

(CHX) [2] or Essential Oils (EO) [3]. Although the antimicrobial 

effectiveness of both has been shown in previous studies [4, 5], they 

exhibit different traits when certain methodologies are followed, which, in 

some cases, may limit the reliability of the results. Some of these 

differences have been recognized by the scientific community, who 

cautiously interpret the results of the studies that have used an in vitro-

formed biofilm [6]. The use of determinate bacteria to create a biofilm in an 

artificial environment may result in a measure of antiseptic effectiveness 

that may not be representative of the in situ situation [7].  

Recently, some authors have stated that the methodology of the 

application of a given antiseptic could be an important factor which might 

condition the results on oral antiseptic effectiveness [4]. Commonly, in 

studies with undisturbed biofilm, the application of the antiseptic has been 

an ex vivo immersion of the sample into the solution [8-11]. However, in 

recent studies about the antibacterial effect of CHX and EO the 

participants have undergone an active mouthwash with the antiseptic in 

vivo [4, 12], differing from the previous described studies results, mainly in 

regard to the EO activity.  
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Based on these previous findings, in the present Thesis it was 

intended to assess if the methodology of the antiseptic application might 

condition the obtained results in terms of bacterial viability of the Plaque-

Like Biofilm (PL-Biofilm). Therefore, the objective of the present study was 

to compare the immediate effect of two antiseptics application methods, 

using separate solutions of 0.2% CHX and EO applied either by a passive 

immersion or an active mouthwash method (ex vivo vs. in vivo exposure).  

4.3 MATERIAL AND METHODS 

The present study was designed as a randomized, observer-

masked, crossover study. The immediate effect of 0.2% CHX and EO 

solutions was tested using them separately in immersion and mouthwash 

application on an in situ model of PL-Biofilm growth. This project got the 

approval of the Clinical Research Ethics Committee of Galicia (number 

2012/393) and registered in clinicaltrials.gov with accession number 

NCT02267239. URL: https://clinicaltrials.gov/ct2/show/NCT02267239.  

4.3.1 SELECTION OF THE STUDY GROUP  

To calculate an a priori sample size, the following statistical criteria 

were established: an effect size of 0.35, an alpha error of 0.05 and a 

statistical power of 87%. Assuming these criteria and using the repeated 

measures ANOVA test, a sample size of 15 subjects was required. The 

sample size calculation was performed using the program G*Power 3.1.5. 

The participants were recruited among dental students at the Faculty of 

Medicine and Dentistry of Santiago de Compostela (Spain), where 

volunteer enrolment was asked by responding to advertisements for the 

participation in a research study at the faculty hall. All of these volunteers 

were revised by the same trained clinician to ensure they fulfilled all 

inclusion and exclusion criteria. These were the same as the selected for 
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the Objective 2. Before the start of each study, a full mouth scaling with 

ultrasonic instruments and teeth polishing with rubber cup after dental 

disclosure was performed by the same trained clinician on all selected 

participants (Figure 1). Written informed consent was obtained from all 

participants in the study. 

 Figure 1. Protocol of the study. 
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As in this study only three samples were needed per test, one 

hemi-arch of the IDODS “split-up design” (Figure 2) was selected for been 

more comfortable for volunteers in their normal life because their lower 

incisors were not covered. 

Figure 2. Intraoral image of the IDODS split-up design. 

The IDODS with the glass disks was worn by the subjects for 48 

hours (2 days) to favour growth of the PL-Biofilm. They were allowed to 

withdraw it from the oral cavity only during meals and to perform oral 

hygiene measures (while it had to be stored in a previously provided 

opaque container in humid conditions). In order to not to disturb the 

growing of the PL-Biofilm, volunteers could not use any toothpaste or 

mouthwash as a complement for the mechanical removal of bacterial 

plaque. 

4.3.2 APPLICATION OF THE 0.2% CHLORHEXIDINE AND ESSENTIAL 

OILS TO PLAQUE-LIKE BIOFILM 

The sample analysis was divided into two phases, each of 

following the application protocol of the antiseptic. The first consisted of 

withdrawing the glass disks one by one from the splint (Figure 1) after the 
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volunteer had worn it for 48 hours. The distal of these disks was used as a 

baseline sample. The second disk underwent one of two protocols: 

A single, 30-second immersion in 1 mL of 0.2% Chlorhexidine 

(Oraldine Perio®, Johnson and Johnson, Madrid, Spain) (Im-0.2% CHX). 

-OR- 

A single, 30-second immersion in 1 mL of Essential Oils in a 

hydroalcoholic solution (Listerine Mentol, Listerine®, Johnson & Johnson, 

Madrid, Spain) (Im-EO). 

Next, the second phase of the study was conducted. The last disk 

in the splint, placed in the oral cavity, was withdrawn after the volunteer 

performed the following under supervision:  

A single, 30-second mouthwash with 10 mL of 0.2% Chlorhexidine 

(Oraldine Perio®, Johnson and Johnson, Madrid, Spain) (Mw-0.2% CHX), 

following the instructions of the manufacturer. 

-OR- 

A single, 30-second mouthwash with 20 mL of Essential Oils in a 

hydroalcoholic solution (Listerine Mentol, Listerine®, Johnson & Johnson, 

Madrid, Spain) (Mw-EO), following the instructions of the manufacturer. 

Using an internet-based balanced randomization system 

(www.randomization.com) that indicated the antiseptic each subject would 

use first and second, as well as the hemi-arch (left or right) selected for 

the immersion and mouthwash. All subjects performed the two tests with a 

rest period of 14 days in-between (Figure 1).  
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4.3.3 COLLECTION OF THE SAMPLES OF PLAQUE-LIKE BIOFILM  

On the day of the experiment, the volunteers were not allowed to 

eat or drink during the course of the tests. PL-Biofilm sample collection 

was done individually (samples were taken from just one volunteer per 

day), starting at 8.30 AM (first baseline sample and immersions) and 

finished at 9.30 AM (mouthwash). 

Immediately after the glass disks were withdrawn from the splints, 

they were submerged in 100 µL of fluorescence solution LIVE/DEAD® 

BacLight™ and kept in a dark chamber at room temperature for 15 

minutes. A single investigator, masked to the study design, performed the 

microscopic observation using a Leica TCS SP2 laser scanning spectral 

confocal microscope (Leica Microsystems Heidelberg GmbH, Mannheim, 

Germany) with an HCX APOL 63x/0.9 water-immersion lens. 

4.3.4 PROCESSING OF THE PLAQUE-LIKE BIOFILM SAMPLES 

Four selected fields or XYZ series in the central part of each disk 

were evaluated. These fields were considered representative of the whole 

sample after the masked observer’s general examination. 

Fluorescence emission was determined in a series of XY images in 

which each image corresponded to each of the Z positions (depth). The 

optical sections were scanned in 1 μm sections from the surface of the 

biofilm to its base, measuring the maximum thickness of the field and 

subsequently the mean thickness of the biofilm of the corresponding 

sample. The maximum thickness of biofilm field was defined as the 

distance between the substrate (in perpendicular) and the peaks of the 

highest cell clusters [13]. The maximum biofilm thickness of each field was 
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divided into three zones or equivalent layers: outer layer (layer 1), middle 

layer (layer 2) and inner layer (layer 3). 

The capture of the data was done with the same settings in all 

cases. The spatial scan mode (XYZ) and the 1024x1024 pixels scan 

format resolution were used. The Argon-ion and DPSS laser were used at 

a 13% and 78% of maximum intensity, respectively. The values for the 

pinhole, zoom and scan speed were 121.58 microns, 1 and 400Hz, 

respectively. The only values that were different depending on the sample 

were the offset (range between -1% to 1%) and PMT gain which was 

different for channel red and green, being in general terms, higher for 

green than for red (test and positive control), due to the fact that there was 

more presence of red than green signal, being for the negative control the 

opposite. These values were always adjusted to get a good quality 

capture without background noise, avoiding excessive saturation of the 

brightest pixels of the image. As the technician was blinded to the 

experiment, they were advised to make the adjustments always consistent 

with what was seeing by the objective of the microscope, obtaining an 

image which was the closest as possible to reality. 

Quantification of bacterial viability in the series of XY images was 

determined using cytofluorographic analysis (Leica Confocal Software). In 

this analysis, the images of each fluorochrome were defined as “channels” 

(SYTO 9 occupies the green channel and PI the red channel). Square 

capture masks were used to measure the area occupied (μm2) by the 

pixels in each channel, determining the total area occupied by the biofilm 

and the corresponding percentage of viability. The intensity ranges that 

were considered as positive signal were between 100 and 255. 

Determination of the mean percentage of bacterial viability in each field 
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required sections with a minimum area of biofilm of 250 μm2, and the 

mean percentage of bacterial viability of the biofilm was calculated for the 

corresponding sample and for each biofilm layer.  

4.3.5 STATISTICAL ANALYSIS 

The data on thickness and bacterial viability in the PL-Biofilm, were 

expressed as mean and standard deviation of the mean. The type of 

distribution of the quantitative variables analysed was determined using 

the Kolmogorov-Smirnov test, obtaining a normal distribution for all values. 

Repeated measures ANOVA test and pairwise comparisons (with the 

Bonferroni correction) were used for the analysis of intra- and inter-

application results for 0.2% CHX and EO and inter-antiseptic solution 

results (including differentiating between the three biofilm layers). 

Measurements were statistical significant if the p value less than 0.05. The 

statistical analysis was performed by the PASW® Statistics Base 20 

package for Windows (IBM, Madrid, Spain). 

4.4 RESULTS 

4.4.1 INFLUENCE OF THE APPLICATION OF METHODS OF 0.2% 

CHLORHEXIDINE AND ESSENTIAL OILS ON THE PLAQUE-LIKE 

BIOFILM THICKNESS 

The thicknesses obtained in both baseline disks were 19.17 µm 

and 20.33 µm, before applying either 0.2% CHX or EO, respectively. After 

the Im-0.2% CHX, the thickness was 17.64 µm and 15.77 µm after the 

mouthwash. When the applied antiseptic was the EO, the obtained 

thicknesses were 17.97 µm and 20.82 µm, after immersion and 
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mouthwash, respectively. No significant differences were found in either 

case.  

4.4.2 INFLUENCE OF THE APPLICATION METHODS OF 0.2% 

CHLORHEXIDINE AND ESSENTIAL OILS ON THE PLAQUE-LIKE 

BIOFILM BACTERIAL VIABILITY 

The bacterial viability in the baseline disks was not significantly 

different between the two series of 0.2% CHX and the EO (72.21 ± 

10.48% vs. 75.73 ± 14.34%) (Figure 2).  

Figure 2. Representative images of the PL-Biofilm (stacked projection in the “Z” axis) 

bacterial viability under basal conditions, after immersion and after mouthwash with 0.2% 

Chlorhexidine and Essential Oils. 

After the Im-0.2% CHX, the bacterial viability was significantly 

reduced to 15.17 ± 6.14%. In contrast, the bacterial viability after the Mw-

0.2% CHX was 5.08 ± 5.79% (Figure 3), which was significantly lower 



Objective 4 

 

299 
 

than the Im-0.2% CHX (p = 0.001). In addition, both results differed 

significantly from their baseline values (p<0.001) (Table 1). 

Figure 3. Total bacterial viability and by PL-Biofilm layers in the 0.2% CHX series. 

In the same way, the Im-EO significantly reduced the bacterial 

viability to 26.93 ± 13.11%. However, after Mw-EO, the bacterial viability 

was reduced to 1.16 ± 1.00% (Figure 4), which was significantly lower 

than the Im-EO (p<0.001). Besides, both results differed significantly from 

their baseline values (p<0.001) (Table 1).  

Figure 4. Total bacterial viability and by PL-Biofilm layers in the EO series.  
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Table 1. Inter-application analysis for 0.2% of Chlorhexidine and Essential Oils by layers. 

APPLICATION 
METHOD (Inter-

Application) 

0.2% 
CHLORHEXIDINE 

ESSENTIAL OILS 

TOTAL   

Baseline vs. Immersion p<0.001 p<0.001 

Baseline vs. Mouthwash p<0.001 p<0.001 

Immersion vs. Mouthwash p = 0.001 p<0.001 

LAYER 1   

Baseline vs. Immersion p<0.001 p<0.001 

Baseline vs. Mouthwash p<0.001 p<0.001 

Immersion vs. Mouthwash p = 0.001 p = 0.002 

LAYER 2   

Baseline vs. Immersion p<0.001 p<0.001 

Baseline vs. Mouthwash p<0.001 p<0.001 

Immersion vs. Mouthwash p = 0.001 p<0.001 

LAYER 3   

Baseline vs. Immersion p<0.001 - 

Baseline vs. Mouthwash p<0.001 p<0.001 

Immersion vs. Mouthwash p = 0.046 p<0.001 

In the comparison of the two antiseptics, the Im-0.2% CHX 

obtained significantly lower values of bacterial viability compared with the 

Im-EO (15.17 ± 6.14% CHX vs. 26.93 ± 13.11% EO, p<0.05). On the other 

hand, the Mw-EO achieved significantly lower bacterial viability in 

comparison with the Mw-0.2% CHX (1.16 ± 1.00% vs. 5.08 ± 5.79%, 

p<0.05) (Table 2).  



Objective 4 

 

301 
 

Table 2. Inter-antiseptic solution analysis between 0.2% of Chlorhexidine and Essential 

Oils by layers. 

APPLICATION METHOD 
(Inter-Antiseptic Solution) 

0.2% CHLORHEXIDINE vs. 
ESSENTIAL OILS 

BASELINE  

Total - 

Layer 1 - 

Layer 2 - 

Layer 3 - 

IMMERSION  

Total p = 0.007 

Layer 1 - 

Layer 2 - 

Layer 3 p<0.001 

MOUTHWASH  

Total p = 0.020 

Layer 1 p = 0.041 

Layer 2 p = 0.034 

Layer 3 p = 0.006 

4.4.3 INFLUENCE OF THE APPLICATION METHODS OF 0.2% 

CHLORHEXIDINE AND ESSENTIAL OILS ON THE PLAQUE-LIKE 

BIOFILM BACTERIAL VIABILITY BY LAYERS  

When accounting for the different layers, the values for baseline 

bacterial viability decreased progressively for deeper layers (baseline 

sample prior to 0.2% CHX application in layer 1 = 83.91 ± 9.51%, layer 2 = 

78.26 ± 9.93% and layer 3 = 54.46 ± 25.43% (Figure 3); baseline sample 

prior to EO application in layer 1 = 89.53 ± 8.34%, layer 2 = 82.12 ± 

13.26% and layer 3 = 55.53 ± 28.19%) (Figure 4 and Table 3).  
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Table 3. Intra-application analysis for 0.2% of Chlorhexidine and Essential Oils by layers. 

APPLICATION  METHOD 
(Intra-Application) 

0.2% 
CHLORHEXIDINE 

ESSENTIAL OILS 

BASELINE   

Layer 1 vs. Layer 2 p = 0.038 p = 0.021 

Layer 1 vs. Layer 3 p = 0.005 p = 0.001 

Layer 2 vs. Layer 3 p = 0.006 p = 0.001 

IMMERSION   

Layer 1 vs. Layer 2 - p = 0.004 

Layer 1 vs. Layer 3 - p<0.001 

Layer 2 vs. Layer 3 - p<0.001 

MOUTHWASH   

Layer 1 vs. Layer 2 - p = 0.021 

Layer 1 vs. Layer 3 - - 

Layer 2 vs. Layer 3 - - 

After the Im-0.2% CHX protocol, the sample showed a 

homogeneous decrease in value from the baseline situation in all layers 

(Im-0.2% CHX, layer 1 = 17.90 ± 9.16%, layer 2 = 16.23 ± 7.14% and 

layer 3 = 11.38 ± 5.81%, p<0.001 in all cases). In addition, after the Mw-

0.2% CHX protocol, the bacterial viability was more reduced compared to 

the immersion protocol (Mw-0.2% CHX, layer 1 = 5.22 ± 6.16%, layer 2 = 

5.04 ± 6.40%, layer 3 = 4.97 ± 5.00%, p<0.05 comparing Im-0.2% CHX 

and its baseline) (Figure 3 and Table 1). 

After the Im-EO protocol, the sample showed a general decrease 

from the baseline disk in the superficial layers (Im-EO, layer 1 = 16.18 ± 

12.38% and layer 2 = 25.60 ± 14.51%, p<0.001 in layers 1 and 2) but not 

in the deepest layer (Im-EO, layer 3 = 39.02 ± 17.50%). In contrast, the 

results after the Mw-EO showed a highly reduced bacterial viability in all 

layers of the PL-Biofilm, thus it was significantly more effective at reducing 
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bacterial viability than the immersion protocol (Mw-EO, layer 1 = 1.62 ± 

1.54%, layer 2 = 1.12 ± 1.16% and layer 3 = 0.72 ± 0.56%; p<0.05  

comparing Im-EO and its baseline) (Figure 4 and Table 1). 

Comparing the two antiseptics, although both showed a significant 

reduction of bacterial viability after immersion in all layers, in layer 3 the 

0.2% CHX solution showed more reduced bacterial viability than did the 

EO (layer 3, Im-0.2% CHX vs. Im-EO, 11.38 ± 5.81% vs. 39.02 ± 17.50%;  

p<0.001). In contrast, in comparison with the mouthwash application, the 

Mw-EO obtained lower bacterial viability than the Mw-0.2% CHX, in all 

layers (p<0.05) (Table 2). 

4.5 DISCUSSION 

To the best of author´s knowledge, there are no published studies 

which compare the immediate antibacterial effect of an oral antiseptic 

applied using the two methods referred to in much of the literature (ex vivo 

passive immersion and in vivo active mouthwash) within the same 

experiment (using the same volunteer and PL-Biofilm within one growth 

period).  

4.5.1 PLAQUE-LIKE BIOFILM THICKNESS  

The present series showed a constant thickness of the PL-Biofilm 

after all applied situations. The application of the antiseptic, either by 

immersion or mouthwash, did not change the basal thickness. The 

previous literature support this situation, no matter the antiseptic solution 

or the methodology of application used in the studies [4, 9-12], so that a 
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single application of 0.2% CHX or EO does not affect the thickness of a 

mature biofilm. 

4.5.2 PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY 

In the literature, the mean bacterial viability in a 2-day PL-Biofilm 

varied from 60 to 77% [4, 9, 12, 14, 15], the present series showed results 

in this range (72.21% and 75.73% in both baseline situations, before CHX 

and EO applications, respectively).  

The mean bacterial viability after an immersion in CHX ranged 

from 0.7% to 35.16% in the previous scientific literature [8, 9, 11]. Such 

wide variations might be caused by the different methodologies used in 

the studies. These differences mainly arise because of a range of factors, 

such as the antiseptic concentration or the time lapse of application. In 

their study on PL-Biofilm, Von Ohle et al. [9] chose a 0.1% CHX 

concentration and their immersion times varied between 1 and 10 

minutes. This protocol contrasts with that followed by Zaura-Arite et al. [8] 

and Gosau et al. [11], who evaluated a commercial 0.2% CHX 

concentration, and selected an immersion time lapse of 1 minute. Despite 

the obvious methodological differences with other series (time of exposure 

and concentration), the results of the present study in terms of bacterial 

viability of the PL-Biofilm after an Im-0.2% CHX (approximately a 15%) are 

in accordance with the results reported in the previous literature [8, 9, 11]. 

Respect to the applied CHX protocol, the manufacturer recommendations 

in terms of time of application were followed (30 seconds). 

Regarding the Mw-0.2% CHX, there are few evaluations of the 

bacterial viability of the PL-Biofilm after an active mouthwash with this 
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antiseptic [4, 12]. In the present series, the bacterial viability was near to 

5% which is consistent with that reported in previous studies [4, 12]. 

Concerning the mean bacterial viability after an Im-EO, the results 

found in the literature ranged from 23% to 31% [10, 11]. In these cases, 

the antiseptic concentration did not vary from one study to another. This is 

probably one of the reasons why the range is narrower for the EO than for 

the 0.2% CHX. Gosau et al. [11] and Dong et al. [10] immersed a 12h- and 

48h-PL-Biofilm in EO for 1 minute, respectively. The present series 

showed a mean bacterial viability within the named range (approximately 

a 27%). 

In regard to the assessment of the efficacy of an active Mw-EO, to 

the best of author’s knowledge, there is only one study in which the 

bacterial viability of the PL-Biofilm has been evaluated [4]. This study 

showed a very low bacterial viability 30 seconds after the Mw-EO, near to 

1%, which is similar to the present results.  

Arweiler’s group in 2008 and, again, in 2014 stated that there were 

not significant differences between doing a mouthwash or dipping in 0.2% 

CHX [16, 17]. This was justified by two previous studies from them [17, 

18]. In the first one from 2005 [18], the volunteers performed 

mouthwashes with 0.2% CHX twice a day for 2 days with an AcMD and in 

the second [17] they did immersion in the same solution twice a day for 5 

days. Although it was true that they obtained similar results in terms of 

bacterial viability reduction we think that their results are not comparable. 

Under the author experience from the Objective 2 [15] and more others 

groups [19, 20], we cannot compare the results obtained for a 2-day 

developing PL-Biofilm with an older one. For this reason, we think that 
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their results are not comparable. In addition, it is curious that in the first 

study, Auschill et al. [18] highlighted the importance of doing an intraoral 

mouthwash, justifying it by citing a study from Pratten et al. [21] in which 

they exposed an in vitro formed biofilm to a solution of 0.2% CHX for 5 

minutes, observing just minimal effects on the biofilm. 

Despite the visible lack of previous confident literature, the results 

of the present series, in terms of bacterial viability, have a clear 

interpretation, according to the authors: doing an active mouthwash 

greatly reduces the bacterial viability of the PL-Biofilm, more so than doing 

an immersion with the same antiseptic. When differentiating between 

0.2% CHX and EO, we found doing an Im-0.2% CHX was more effective 

than doing an Im-EO.  

On the other hand, when a mouthwash was done, the EO solution 

was more effective than the 0.2% CHX. The bacterial viability was more 

reduced when an EO mouthwash was done with regard to the 0.2% CHX. 

The results of the present series are consistent with previous literature on 

in situ PL-Biofilm. Quintas et al. [4] compared the efficacy of a single 

mouthwash with EO vs. 0.2% CHX. In this study, the authors found that 

the EO obtained less bacterial viability than the 0.2% CHX, but it did not 

reach statistical difference. The author has not found any other study 

which compares in PL-Biofilm in situ the EO and 0.2% CHX activity. In any 

case, these results must not be taken as predictive of the clinical reality of 

the mouthwash performance. There are also other factors such as the 

antiplaque activity that play an important role in the antiseptic efficacy.  
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4.5.3 PLAQUE-LIKE BIOFILM BACTERIAL VIABILITY BY LAYERS 

The distribution of the bacterial viability into the PL-Biofilm in the 

baseline disks was significantly lower in the deepest layers. This 

distribution pattern of viability, in which vital bacteria overlay non-vital 

bacteria, has been previously described in other in vivo biofilm studies that 

analysed bacterial viability in layers [4, 12, 15, 22]. 

After the Im-0.2% CHX, the bacterial viability decreased 

significantly in all layers. However, there were no differences among the 

layers (18% outer, 16% middle and 11% inner layer). Zaura-Arite et al. [8] 

analysed the bacterial viability in the different layers after a 1 minute 

immersion in 0.2% CHX showing its efficacy as well, but with wide ranges 

of values (outer layer = 16-42%, middle layer = 19-55% and inner layer = 

21-58%). These data were probably obtained due to the small sample size 

and the characteristics of the volunteers (three heavy plaque-formers and 

three light plaque-formers). 

On the other hand, the Mw-0.2% CHX reduced the bacterial 

viability similarly in all layers, being these findings in accordance with 

those previously described in situ studies [4, 12]. This reduction in 

bacterial viability obtained by mouthwash, as recorded by layers, was 

higher than the obtained from the immersion method. 

In the present series, when applying the EO antiseptic, the 

bacterial viability of the PL-Biofilm was reduced in all layers after the 

immersion. The outer layer showed significant less viability than the other 

two (16% in the outer layer vs. 26% in the middle and 39% in the deepest 

layer). In the same manner, Dong et al. [10], after a 1-minute Im-EO found 

less bacterial viability in the outer layer (outer layer = 22% vs. middle layer 
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= 34% and inner layer = 37%). In both studies, a reduction in the bacterial 

viability was shown, but a different spatial distribution in the bacterial 

viability compared to their baselines could be seen (Figure 4). While in the 

baseline sample the bacterial viability decreased from the outer to the 

inner layers, after an Im-EO, this distribution was inverted, showing an 

increase in the bacterial viability from the outer to the inner layers. This 

fact could be explained by the low capacity of the EO solution to penetrate 

mature biofilms, resulting in a loss of efficacy in the deepest layers of the 

PL-Biofilm. In the contrast, this effect seen after the Im-EO was completely 

lost after the Mw-EO. The EO applied following the manufacturer’s 

instructions (a single mouthwash with 20 mL for 30 seconds) was clearly 

more effective in all layers than the simple immersion, achieving bacterial 

viability results near to 0% in the three layers. 

The results of the present series confirmed that, to properly assess 

the immediate antibacterial effect of 0.2% CHX and EO, an in vivo active 

mouthwash following the manufacturer’s recommendations should be 

done. This series has also shown that an active mouthwash helped to 

maximize the efficacy of the 0.2% CHX solution and, mainly, the EO 

solution compared to a single immersion. In addition, the findings of this 

investigation suggest cautious interpretation of the results of studies that 

followed an ex vivo antiseptic application (immersion) in PL-Biofilm. This 

previous literature about antimicrobial activity of both 0.2% CHX and EO 

relies on in vitro and in situ studies that do not follow proper 

methodologies, pretending to equate a simple immersion (ex vivo) with an 

active mouthwash (in vivo). To some extent, this equation could be 

considered valid when isolated bacteria are studied. However, when 

talking about bacteria associated in a more complex structure such as a 

naturally-formed biofilm (that is 10-1000 times more resistant than bacteria 
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in planktonic phase) [23], something more than the simple contact with the 

antiseptic is needed. This higher activity of the antiseptic when applied as 

a mouthwash could be due to the hydrodynamic forces that appear in the 

mouth thank to the action of the tongue, cheeks and other muscles of the 

oral cavity that contribute to the movement of the mouthwash throughout 

all the surfaces of the mouth. This movement could achieve something 

that the passive immersion could not, which is breaking of the surface 

force of the PL-Biofilm, being this crucial for the antiseptic penetration. 

This is the same theory followed in endodontics with the “hydrodynamic 

activation” of the antiseptic in the interior of the radicular canal by agitation 

[24, 25]. This movement achieves to break the surface force of small root 

canals contributing to maximize the chemical action of the antiseptic [25].  

Finally, the author would like to point out another possible 

differentiating variable which may condition the antiseptic effectiveness: 

the temperature. In the ex vivo experiment, the antiseptic was at room 

temperature (between 18 and 20ºC). However, when the application was 

in vivo, the temperature of the antiseptic solution rose by several degrees. 

In future investigations, it would be interesting to study the role that the 

temperature might play in the antimicrobial effect of the antiseptic. 

The author would like to conclude that the IDODS allows the 

development of an in situ biofilm at two days, in which the method of 

application conditioned the antibacterial activity of the 0.2% CHX and the 

EO on the Plaque-Like Biofilm. The in vivo active mouthwash protocol was 

more effective than the ex vivo passive immersion in both antiseptic 

solutions, conditioning the obtained results. There was more penetration 

of the antiseptic inside the biofilm with an active mouthwash, especially 

when the EO were used. Future investigations on oral antiseptics should 
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take into account the methodology of the application. To obtain a situation 

as close as possible to the clinical reality, the Plaque-Like Biofilm should 

be formed in vivo. In addition, the antiseptic application should be in situ, 

with an active mouthwash or, at least, take into consideration the role that 

the movement of the solution may have in the antiseptic antimicrobial 

activity. 
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 In answer to the raised objectives, the current PhD Thesis has 

found the following specific conclusions: 

1. Buccal devices were most commonly used for the study of in situ 

biofilm, because lingual and palatal devices were found to have limitations 

with regard to developing a non-disturbed biofilm. Papers should include 

more information about manufacturing their devices. Therefore, any new 

devices must consider the limitations of the previous ones, paying 

particular attention to the needs of the volunteer and the biofilm formation. 

In addition, all of the devices should test the volunteer’s experience and 

the differences between device-formed-biofilm and tooth-formed-biofilm. 

Furthermore, studies should include a feedback exercise. 

2. The IDODS allows the development of an in situ biofilm at two and 

four days with optimum thickness, bacterial viability and structure 

characteristics, which confirms the appropriateness efficacy in the short 

term. Biofilm thickness remains practically constant between two and four 

days of evolution. In addition, the bacterial viability decreased as time 

progressed. However, covering grade after four days was higher than after 

two days. Regarding the in situ biofilm structure, the differences between 

two and four days principally affected the surface disposition of bacteria 

and bacterial shape. After four days, the biofilm had more channels in the 

surface and voids in deepness and it was more regular in surface with a 

predominance of bacillus-shape. The application of IDODS is associated 

with good aesthetic, comfort and optimal oral hygiene without altering the 

structure of the in situ oral biofilm. 

3. The IDODS allows the development of an in situ biofilm at two 

days, in which the position of the disk in the intraoral device and the type 

of substrate does not condition the thickness and bacterial viability of 
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Plaque-Like Biofilm, the latter being a more preserved feature in the non-

disturbed biofilm. However, the tooth-brushing protocol is a more 

determining factor to consider in studies of the oral biofilm in situ. The 

bacterial composition of the samples was subject-dependent rather than 

substrate-dependent. The bacterial composition of the tooth-formed 

biofilm was similar to the device-formed biofilm, regardless the type of 

artificial substrate. 

4. The IDODS allows the development of an in situ biofilm at two 

days, in which the method of application conditioned the antibacterial 

activity of the 0.2% Chlorhexidine and the Essential Oils on the Plaque-

Like Biofilm. The in vivo active mouthwash protocol was more effective 

than the ex vivo passive immersion in both antiseptic solutions, 

conditioning the obtained results. There was more penetration of the 

antiseptic inside the biofilm with an active mouthwash, especially when the 

Essential Oils were used. Future investigations on oral antiseptics should 

take into account the methodology of the application. To obtain a situation 

as close as possible to the clinical reality, the Plaque-Like Biofilm should 

be formed in vivo. In addition, the antiseptic application should be in situ, 

with an active mouthwash or, at least, take into consideration the role that 

the movement of the antiseptic solution may have in the antiseptic 

antimicrobial activity. 
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ANNEX 1. TABLE WITH ALL STUDIES WITH DETAILED INFORMATION THAT MET THE INCLUSION CRITERIA 

TO ENTER IN THE SYSTEMATIC REVIEW.  

Authors 
(year) [ref] 

Device Design 
(material) 

Localization 
Substrate 
Material 

Substrates: nº 
per device 

(dimensions) 

Substrate 
Fixation 

Participants 
number (mean, 

range yrs) 

Biofilm 
age 

When was the 
device 

withdrawn? 

Specimen 
extraction 

and/or 
Sample 

collection 

Technique to 
analyse biofilm 

Volunteer 
experience 

Other 
comments 

Giordano et 
al. (2011) 

[119] 

Silicone  Buccal Titanium 6 (10x10x1 mm) Heat 8 (20-25 yrs) 24 h Meals (stop oral 
hygiene) 

ø SEM ø ø 

Nyvad et al. 
(1989) [42] 

Acrylic Buccal Enamel 5 (4x4 mm) ø 5 (ø) 2 and 3 
weeks 

Meals and oral 
hygiene 

ø TEM ø ø 

Netuschil et 
al. (1998) [85] 

Acrylic Buccal Glass and 
Enamel 

ø ø 6 (ø) 1, 2 and 3 
days 

ø ø FDA/EB + CLSM ø ø 

Hannig M 
(1997) [55] 

Acrylic Buccal and 
Lingual, Upper 

Jaw 

Bovine enamel, 
Amalgam (x2), 

Titanium, 
Procelain, 

Feldspathic 
ceramic 

16 (2x2 mm
2
) Light-curing resin 3 (28-35 yrs) 2 and 6 h Never ø TEM ø ø 

Hannig M 
(1999) [63] 

Acrylic Buccal and 
Lingual, Upper 
Jaw, 2nd PM to 

2nd M 

Bovine Enamel, 
3 amalgam, 3 

casting alloys, 1 
glass 

polyalkenoate 
cement, 1 silver-
reinforced glass 
polyalkenoate 

cement, 2 
feldspathic 

ceramics, 1 glass 
ceramic, 5 

composite resin, 
2 unfilled resin 

and polyurethane 
dimethacrylate 

16  (2x2 mm
2
) Light-curing resin 3 (29-36 yrs) 24 h Meals and daily 

tooth-brushing 
ø TEM ø ø 

Hannig M 
(1999) [64] 

Acrylic Buccal and 
Lingual, Upper 
Jaw, 2nd PM to 

2nd M 

Bovine Enamel 16 (2x2 mm
2
) Light-curing resin 3 (28-35 yrs) 24 h Meals and daily 

tooth-brushing 
ø TEM ø Removal the 

device during 
meals. Without 
diet influences 



Auschill et 
al. (2004) [80] 

Acrylic and 
Metal 

Buccal and 
Palatal, Upper 
and Lower Jaw 

Glass  9 upper and 6 
lower (3x2 mm) 

Wax 8 (26.5; 23-
30yrs) 

48 h Daily tooth-
brushing 

ø FDA/EB + CLSM ø Biofilm was not 
disturbed during 

removal or 
repositioning 

Brambilla et 
al. (2012) [32] 

Thermoplastic  Buccal, 1st PM 
to 2nd M 

Human Enamel 
and 

Methacrylate-
based composite 

8 Light-curing resin 15 (ø) 24 h ø ø Viable biomass 1 volunteer  
gave up after 

20 h of 
wearing the 

device 
(experienced 
discomfort) 

ø 

Diaz et al. 
(2006) [38] 

Acrylic Buccal, Lower 
Jaw 

Enamel 4 (1.5x1.5x1 mm) ø 3 (ø) 4 or 8 h Meals ø 16S rRNA and 
FISH 

ø ø 

Palmer et al. 
(2003) [24] 

Acrylic Buccal, Lower 
Jaw 

Human Enamel 6 (bilateral) 
(2x2x1 mm) 

Wax 2 (ø) 4, 8 h Meals ø CLSM (Acridine 
orange + anti-RPS 

+ antitype 1; anti DL 
1 + antiRPS +SYTO 

59; antitype 2 + 
antiRPS + antitype 

1) 

ø ø 

Sennhenn-
Kirchner et 
al. (2007) 

[101] 

Thermoplastic Buccal, Lower 
Jaw 

Titanium ø light-curing resin 22 (ø) 10 days Meals and daily 
tooth-brushing 

ø CFUs ø ø 

Tomás et al. 
(2013) [10] 

IDODS Buccal, Lower 
Jaw 

Glass 6 (6x1 mm) ø 10 (20-45 yrs) 48 h Meals and daily 
tooth-brushing 

ø SYTO 9/PI + CLSM ø ø 

García-
Caballero et 

al. (2013) 
[11] 

IDODS Buccal, Lower 
Jaw 

Glass  6 (6x1.5 mm) Self-retained 15 (20-45 yrs) 48 h Meals and daily 
tooth-brushing 

ø SYTO 9/PI + CLSM ø This particular 
design ensured 
that the biofilm 

was not touched 
or disturbed 

during device 
removal or 
reposition 

Dige et al. 
(2009) [84] 

Acrylic and 
Metal 

Buccal, Lower 
Jaw 

Glass  6 (4x4x1 mm) ø 10 (25, 23-36 
yrs) 

6, 12, 24 
and 48 h 

Meals, drink 
and tooth-
brushing 

ø FISH + CLSM ø ø 

Dige et al. 
(2007) [82] 

Acrylic and 
Metal 

Buccal, Lower 
Jaw 

Glass  6 (4x4x1 mm) ø 10 (24, 21-35 
yrs) 

6, 12, 24 
and 48 h 

Meals, drink 
and tooth-
brushing 

ø FISH + CLSM; 
Stereological 

analysis 

ø ø 

Dige et al. 
(2009) [83] 

Acrylic and 
Metal 

Buccal, Lower 
Jaw 

Glass  6 (4x4x1 mm) ø 10 (25, 23-36 
yrs) 

6, 12, 24 
and 48 h 

Meals, drink 
and tooth-
brushing 

ø FISH + CLSM; 
Stereological 

analysis 

ø ø 



Sennhenn-
Kirchner et 

al. (2009) [91] 

Thermoplastic Buccal, Lower 
Jaw 

‐ 4 (3 mm outer 
and 2.35 mm 

inner) 

Light-curing resin 20 (21-28 yrs) 10 days ø ø CFUs ø ø 

Chalmers et 
al. (2007) [16] 

Acrylic Buccal, Lower 
Jaw 

Human Enamel  ø (2x2x1) Wax 1 (ø) 6 and 8 h ø ø SYTO 9 + PBS-
BSA +CLSM 

ø ø 

Jentsch et al. 
(2002) [61] 

Acrylic Buccal, Lower 
Jaw, 1st M 

Bovine Enamel 3 (3x3 mm) ø 21 (18-66 yrs) 24, 48 and 
72 h 

Never ø TEM ø ø 

Fine et al. 
(2000) [95] 

Acrylic Buccal, Lower 
Jaw, C to 2nd M 

Hydroxyapatite 12 (3x3x1 mm) Wax 12 (28-52 yrs) 30 min, 1, 
2, 3, 4, 5 
and 6 h 

Never ø CFUs Comfortably 
fitted (authors' 

words) 

ø 

Prada-López 
et al. (2015) 

[76] 

IDODS Buccal, Lower 
Jaw, C to M 

Glass 6 (bilateral) (6x1 
mm) 

Self-retained 20 (20-45 yrs) 2 and 4 
days 

Meals and daily 
tooth-brushing 

ø SEM; SYTO 9/PI + 
CLSM 

ø ø 

Prada-López 
et al. (2015) 

[77] 

IDODS Buccal, Lower 
Jaw, C to M 

Glass 6 (bilateral) (6x1 
mm) 

Self-retained 5 (ø) 2 and 4 
days 

Meals and daily 
tooth-brushing 

ø SYTO 9/PI + CLSM Questionnaire 
to the 

volunteers 
asking for their 

experience 

ø 

Quintas et al. 
(2015) [78] 

IDODS Buccal, Lower 
Jaw, C to M 

Glass 6 (bilateral) (6x1 
mm) 

Self-retained 15 (ø) 4 days Meals and daily 
tooth-brushing 

ø  SYTO9/PI+CLSM ø ø 

Quintas et al. 
(2015) [9] 

IDODS Buccal, Lower 
Jaw, C to M 

Glass 6 (bilateral) (6x1 
mm) 

Self-retained 15 (ø) 48 h Meals and daily 
tooth-brushing 

ø  SYTO 9/PI + CLSM Design taking 
into account 

the comfort of 
the 

participants 
(author's 
words) 

Device easy to 
remove and to 

reposition. Easy 
extraction of the 

substrate. 
Biofilm was not 
disturbed during 

removal or 
repositioning. 

Biofilm 
protected from 

tongue and 
cheeks. Flow 
saliva around 

Nyvad et al. 
(1987) [8] 

Acrylic Buccal, Lower 
Jaw, PM to M 

Human Enamel 
and Root surface 

ø (4x6 mm) ø 4 (ø) 4, 8, 12, 
24 and 48 

h 

Meals (stop oral 
hygiene) 

ø CFUs ø ø 

Giertsen et 
al. (2000) [53] 

Acrylic and 
Metal 

Buccal, Lower 
Jaw, PM to M 

Bovine Enamel 2 (6.8x1.5 mm) Polyvinylsiloxane 
impression 

material 

11 (21-28 yrs) 1 week Meals and daily 
tooth-brushing 

Scraping the 
disk with 

sterile curettes 

CFUs, SYTO9/PI + 
CLSM, DNA-stain 

SYTOX 

ø Device easy to 
remove and to 

reposition. 
Substrates 

protected from 
shear forces of 

cheeks. 



Rimondini et 
al. (1997) 

[117] 

Acrylic and 
Metal 

Buccal, Lower 
Jaw, PM to M 

Titanium 6 (bilateral) (4 
mm diameter) 

ø 8 (20-22yrs) 24 h Never (stop oral 
hygiene) 

ø Biomass 
determination and 

SEM 

ø ø 

Nyvad et al. 
(1987) [7] 

Acrylic Buccal, Lower 
Jaw, PM to M 

Human Enamel 
and Root surface 

ø (4x6 mm) ø 6 (22-30 yrs) 4, 8, 12 
and 24 h 

Never (stop oral 
hygiene) 

ø SEM ø ø 

Nyvad et al. 
(1987) [6] 

Acrylic Buccal, Lower 
Jaw, PM to M 

Human Enamel 
and Root surface 

ø ø 6 (ø) 4, 8, 12 
and 24 h 

Never (stop oral 
hygiene) 

ø TEM ø ø 

Sreenivasan 
et al. (2009) 

[96] 

Acrylic  Buccal, Lower 
Jaw, PM to M 

Hydroxyapatite 4x2 (3x3 mm) Wax 30 (39, SD=8.8 
yrs) 

14 days ø Sterile 
Columbia 

13/14 scaler 

CFUs ø ø 

He et al. 
(2013) [87] 

Leeds in situ 
device 

Buccal, Upper 
1st M 

Stainless steel 
316 

1 (base= 5x3x2 
mm, 

cover=4x3x0.2 
mm) 

Glued 5 (26-29 yrs) 8 weeks Never Dental 
explorer 

SYTO 9/PI + CLSM ø ø 

Scarano et 
al. (2003) 

[108] 

Acrylic Buccal, Upper 
and Lower Jaw 

ø ø (1x 4 mm) Glued 6 (ø) 24 h ø ø SEM ø ø 

Arweiler et 
al. (2004) [79] 

Acrylic and 
Metal 

Buccal, Upper 
and Lower Jaw  

(2 devices) 

Glass  6 (3x2 mm) ø 8 (26.5; 23-
31yr) 

48 h Daily tooth-
brushing 

ø FDA/EB + CLSM ø ø 

Leonhardt et 
al. (1995) 

[102] 

Metal Buccal, Upper 
and Lower Jaw  

(2 devices) 

Titanium, 
Hydroxyapatite 
and Amalgam 

6 (0.6x0.6x0.1 
mm) 

ø 6 (31-48 yrs) 10 min, 1, 
3, 6, 24 
and 72 h 

Meals ø CFUs ø ø 

Al-Ahmad et 
al. (2007) [45] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Bovine Enamel 6 Wax 1 (27 yrs) 1, 2, 3, 5 
and 7 
days 

Daily tooth-
brushing 

ø FISH + CLSM ø ø 

Al-Ahmad et 
al. (2010) [46] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Bovine Enamel & 
implant materials 

7 (1.5x5 mm) Wax 12 (24-55 yrs) 3 & 5 days Daily tooth-
brushing 

ø FISH + CLSM ø ø 

Arweiler et 
al. (2014) [49] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Bovine Enamel 6 (3.4x2 mm) ø 19 (25.7, SD=2 
yrs) 

14 days Meals and daily 
tooth-brushing 

ø FDA/EB + CLSM Very good 
acceptance of 

the device 

1  volunteer 
gave up before 

ending the 
experiment 

Nascimento 
et al. (2014) 

[115] 

Acrylic Buccal, Upper 
Jaw 

Pure Titanium, 
Zirconia and 

Titanium 

4 ø 6 (24, 21-27 
yrs) 

24 h Meals and daily 
tooth-brushing 

ø DNA checkerboard 
microbiological 

assessment 

ø ø 

Do 
Nascimento 
et al. (2013) 

[114] 

Acrylic Buccal, Upper 
Jaw 

Titanium and 
ceramic 

4 (10x2 mm) ø 6 (24, 21-27yrs) 24 h Meals and daily 
tooth-brushing 

ø topographic and 
DNA hybridization 

ø ø 

Von Ohle et 
al. (2010) [28] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Human Enamel 8 ø 1 (ø) 3 days Meals and daily 
tooth-brushing 

ø SYTO 9/PI + CLSM; 
CFUs 

ø ø 



Auschill et 
al. (2005) [81] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Glass  6 (3 mm) Wax 7 (26.9; 25-
29yrs) 

48 h Meals and daily 
tooth-brushing 

ø FDA/EB + CLSM ø ø 

Auschill et 
al. (2001) [50] 

Acrylic  Buccal, Upper 
Jaw 

Bovine Enamel 1 (5x1.5 mm) ø 3 (ø) 5 days Meals and daily 
tooth-brushing 

ø FDA/EB + CLSM ø ø 

Arweiler et 
al. (2008) [48] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Bovine Enamel 6 (3.4x2 mm) ø 24 (26.4, 23-36 
yrs) 

5 days Meals and daily 
tooth-brushing 

ø FDA/EB + CLSM ø ø 

Auschill et 
al. (2002) [69] 

Acrylic  Buccal, Upper 
Jaw 

Amalgam, gold, 
ceramic, resin 

composite, 
compomer 

5 (5x1.5 mm) ø 3 (26-30 yrs) 6 days Meals and daily 
tooth-brushing 

ø FDA/EB + CLSM ø ø 

Al-Ahmad et 
al. (2013) [67] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw 

Bovine Enamel & 
implant materials 

8 (1.5x5 mm) Wax 6 (23-54 yrs) 30 and 
120 min 

Never ø DAPI; FISH + 
CLSM 

ø Biofilm was not 
disturbed by 

tongue or cheek 
movements 
Flow saliva 

around 

Dong et al. 
(2010) [86] 

Leeds in situ 
device 

Buccal, Upper 
Jaw 

Hydroxyapatite 2 (6x1 mm) ø 20 (20-25 yrs) 6, 24, 48 h Never ø SYTO 9/PI + CLSM ø ø 

Azevedo et 
al. (2012) 

[112] 

Acrylic Buccal, Upper 
Jaw 

Ceramic 12 (5x1.5 mm) ø 10 (ø) 8 h Never ø SEM ø ø 

Jung et al. 
(2010) [57] 

Thermoplastic Buccal, Upper 
Jaw 

Bovine Enamel 
and Dentine 

6 (5x1.5 mm) Silicone 6 (ø) 30, 60 and 
360 min 

ø ø DAPI 
(epifluorescence), 

FISH + CLSM, 
CFUs, SEM, TEM 

ø ø 

Kato et al. 
(2004) [39] 

Leeds in situ 
device 

Buccal, Upper 
Jaw,  M 

Enamel  ø (2x0.8-1 mm) ø 10 (21-45 yrs) 3 days Never ø PCR ø No brushing or 
device removal 

Groessner-
Schreiber et 

al. (2009) 
[111] 

Acrylic Buccal, Upper 
Jaw, 1st and 

2nd M 

Glass and 
Titanium 

6 ø 5 (24-31 yrs) 24 h Meals and daily 
tooth-brushing 

ø Total DNA+ 16S 
PCR 

ø ø 

Shore et al. 
(2001) [26] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, 1st and 

2nd M 

Human Enamel 2 (3 mm outer 
and 2 mm inner 

x1 mm) 

ø 22 (ø) 28 days Never ø CFUs ø ø 

Robinson et 
al. (1997) [40] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, 1st and 

2nd M 

Enamel 1 (6x0.5 mm) Bonded 2 (ø) 7 days Never 
(performed oral 

hygiene) 

Orthodontic 
bracket 

remover and a 
sterile 

endodontic 
instrument 

CFUs Minimum 
discomfort and 
no suspension 
of normal oral 

hygiene 

Brushing the 
vicinity of the 

device as far as 
possible 

Strassler et Leeds in situ Buccal, Upper Bovine and 2 (1.5 mm
3
) Glued 13 (ø) 21 days Never ø CFUs ø ø 



al. (1986) [43] device Jaw, 1st M Human Enamel 

Wood et al. 
(2002) [31] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, 1st or 2nd 

M 

Human Enamel 4 Bonded 4 (ø) 2 days, 1, 
2 and 4 
weeks 

Never Orthodontic 
bracket 
remover 

CLSM ø ø 

Wood et al. 
(2000) [30] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, 1st or 2nd 

M 

Human Enamel 2 (6 mm 
diameter) 

Bonded 8 (ø) 4 days Never Orthodontic 
bracket 
remover 

CLSM ø ø 

Wood et al. 
(1999)  [29] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, 1st or 2nd 

M 

Human Enamel 2 (6 mm 
diameter) 

Bonded 8 (ø) 7 days Never Orthodontic 
bracket 
remover 

CLSM; TEM ø ø 

Claro-Pereira 
et al. (2011) 

[97] 

Thermoplastic Buccal, Upper 
Jaw, 1st PM to 

2nd M 

Methacrylate-
based composite 

4 (10x2 mm) ø 10 (22-24 yrs) 4 h ø ø DAPI; CFUs ø ø 

Gosau et al. 
(2010) [88] 

Thermoplastic Buccal, Upper 
Jaw, LI to M 

Titanium 14 (9x2 mm) ø 4 (ø) 12 h Never (stop 
eating and oral 

hygiene) 

ø SEM, SYTO 9/PI + 
CLSM 

ø ø 

Kato et al. 
(2012) [19] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, M 

Human Enamel 2x2 mm
2
 Bonded 30 (18-25 yrs) 2 days Never ø SEM ø No brushing or 

device removal 

Arai et al. 
(2000) [15] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, M 

Human Enamel 2 (2x2x1 mm) Bonded 8 (20-32yr) 7 days Never Orthodontic 
instrument: 
"pin cutter" 

Image analyser 
VIDAS 

ø ø 

Robinson et 
al. (2006) [41] 

Leeds in situ 
device 

Buccal, Upper 
Jaw, PM and M 

Enamel ø ø ø 7 days Never 
(performed oral 

hygiene) 

ø CLSM in reflecting 
light mode 
(biomass) 

ø ø 

Zucchelli et 
al. (2000) 

[103] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw, PM and M 

Periodontal 
Membranes 

6 (10x5 mm) Glued 8 (ø) 4 and 24 h ø Cutting away 
the glued area 

which 
remained 

attatched to 
device 

SEM ø ø 

Al-Ahmad et 
al. (2010) [68] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw, PM to 1st 

M 

Bovine Enamel 8 ø 6 (25-26yrs) 8 days Meals and daily 
tooth-brushing 

ø CFUs; 
FISH+CLSM; DNA 

fingerprinting 

ø ø 

Hannig et al. 
(2013) [65] 

Thermoplastic Buccal, Upper 
Jaw, PM to 1st 

M 

Bovine Enamel 
and Dentine 

ø (1.5x5 mm) ø 9 (24-42 yrs) 1 min (and 
8 h post-

treatment) 

Never ø DAPI, FISH and 
SYTO 9/PI + CLSM, 
TEM, lipid staining 

ø ø 

Hannig et al. 
(2013) [66] 

Thermoplastic Buccal, Upper 
Jaw, PM to 1st 

M 

Bovine Enamel 6 (1.5x5 mm) Polyvinylsiloxane 
impression 

material 

8 (23-37yrs) 1 min (and 
8 h post-

treatment) 

Never ø DAPI, SYTO 9/PI + 
CLSM, CFUs, 

Enzyme activities, 
TEM 

ø ø 

Hannig et al. 
(2013) [70] 

Thermoplastic Buccal, Upper 
Jaw, PM to 1st 

M 

Bovine Enamel 6 (1.5x5 mm) Polyvinylsiloxane 
impression 

material 

6 (ø) 1 min (6 
and 12 h 

post-

ø ø DAPI, SYTO 9/P I+ 
CLSM, TEM 

ø ø 



treatment) 

Hannig  et al. 
(2007) [54] 

Acrylic Buccal, Upper 
Jaw, PM to M 

Bovine Enamel 
and Titanium 

(with 
nanocomposite) 

4 (2x2 mm) Polyvinylsiloxane 
impression 

material 

5 (23-33 yrs) 6 and 24 h Meals (stop oral 
hygiene) 

ø TEM and SEM ø ø 

Rehman et 
al. (2012) 

[113] 

Acrylic Buccal, Upper 
Jaw, PM to M 

Titanium and 
Glass coated 

ø ø 1 (24 yrs) 24 h and 
14 days 

Meals and daily 
tooth-brushing 

ø DNA/RNA mini-Kit, 
16S RNA gene 

ø ø 

Gu et al. 
(2012) [75] 

Thermoplastic  Buccal, Upper 
Jaw, PM to M 

Glass 3 (3x1.5 mm) Selfcuring resin 9 (29.7, 25-
42yrs) 

48 h Meals and daily 
toothbrushing 

ø SYTO 9/PI + CLSM ø ø 

Groessner-
Schreiber et 

al. (2004) 
[109] 

Acrylic Buccal, Upper 
Jaw, PM to M 

Glass coated 
Titanium, 

Zirconia and pure 
Titanium 

4 (thickness 1 
mm, area 0.7-0.9 

cm2 

ø 2 (ø) 60 h Meals and daily 
tooth-brushing 

ø Cell count, DNA 
and RNA extraction, 

16S PCR 

ø ø 

Bremer et al. 
(2011) [71] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw, PM to M 

Ceramic 
materials (5 

types) 

5 (3x3x1.5 mm) Wax 5 (23-31 yrs) 24 h Meals and 
drinks (stop oral 

hygiene) 

ø SYTO 9/PI + CLSM ø Easy removal of 
the substrate 

Rupf et al. 
(2012) [73] 

Thermoplastic Buccal, Upper 
Jaw, PM to M 

Composite resin ø (5x5x1.5 mm) Polyvinylsiloxane 
impression 

material 

3 (29-40 yrs) 3 and 7 
days 

Meals and oral 
hygiene 

ø SEM, SYTO 9/PI + 
CLSM 

ø ø 

Al-Ahmad et 
al. (2009) [47] 

Thermoplastic Buccal, Upper 
jaw, PM to M 

Bovine Enamel 6 (5x1.5 mm) Polyvinylsiloxane 
impression 

material 

6 (ø) 2, 6, 12 h Never ø FISH + CLSM; 
TEM; SEM 

ø ø 

Kensche et 
al. (2013) [56]

 
Thermoplastic Buccal, Upper 

Jaw, PM to M 
Bovine Enamel 

and Dentine 
8 Polyvinylsiloxane 

impression 
material 

5 (ø) 30 min, 2, 
4, 6 or 8 h 

Never ø DAPI 
(epifluorescence), 

Glucan visualization 

ø ø 

Burgers et 
al. (2009) [89] 

Thermoplastic Buccal, Upper 
Jaw, PM to M 

Titanium and root 
cement 

2 (9x2 mm) ø 6 (28, 22-38 
yrs) 

12 h Never ø SEM; SYTO 9/PI + 
CLSM 

ø ø 

Grychtol et 
al. (2014) [58] 

Thermoplastic Buccal, Upper 
Jaw, PM to M 

Bovine enamel 
and dentine 

2 (5x1 mm) Polyvinylsiloxane 
impression 

material 

8 (24-42 yrs) 1 min (and 
8 h post-

treatment) 

ø ø Epifluorescence, 
DAPI, SYTO9/PI + 

CLSM, CFUs 

ø ø 

Zucchelli et 
al. (1998) 

[116] 

Acrylic and 
Metal 

Buccal, Upper 
Jaw, PM to M 

Periodontal 
Membranes 

(Vicryl, Gore-Tex 
and Guidor) 

6 (10x5 mm) Glued 8 (23; 21-25 
yrs) 

4 and 24 h ø ø SEM ø ø 

Simion et al. 
(1997) [118] 

Metal Buccal, Upper 
Jaw, PM to M 

Bioresorbable 
Membrane 

8 ø 5 (25-32 yrs) 4 weeks ø Small forceps Macro-vision, SEM 
and Light 

Microscopy 

ø ø 



Re et al. 
(2011) [107] 

Acrylic and 
Metal 

Lingual, Lower 
Jaw 

Zirconia and 
Feldspathic 

ceramic 

8 (2x1x0.5 mm) ø 4 (20-30 yrs) 6, 12, 24 
and 36 h 

Meals and daily 
tooth-brushing 

Small forceps SEM + cell count ø ø 

Macpherson 
et al. (1991) 

[22] 

Acrylic and 
Metal  

Lingual, Lower 
Jaw 

Human Enamel ø ø (ø) 7 days ø ø CFUs ø ø 

Creanor et 
al. (1986) [37] 

Acrylic Lingual, Lower 
Jaw 

Enamel 2 (thickness 100-
120 µm) 

ø 1 (ø) 7 days Once/day tooth-
brushing 

ø CFUs ø Data from 
natural tooth vs. 

Substrate 

Jenkins et al. 
(1998) [18] 

Acrylic and 
Metal 

Lingual, Lower 
Jaw 

Human Enamel ø(3x3x1 mm) Wax 3(26,25,39 yrs) 7 and 14 
days 

Tooth-brushing 
and protocol 

ø SEM, CFUs and 
Clinical Index 

ø ø 

Macpherson 
et al. (1990) 

[21] 

Acrylic and 
Metal  

Lingual, Lower 
Jaw 

Human Enamel 4 ø 5 (ø) 3 weeks Twice/day 
tooth-brushing 

ø CFUs ø 6 substrates 
were lost during 

experimental 
periods 

Rasperini et 
al. (1998) 

[106] 

Acrylic Lingual, Lower 
Jaw 

Titanium and 
novel ceramic 

8 (4x3x1 mm) ø 4 (30.2, 28-35 
yrs) 

6, 24 h, 7 
and 14 
days 

Twice/day 
tooth-brushing 

Small forceps SEM and 
Luciferase LUMAC 

Lingually 
designed to 

improve 
volunteer´s 

comfort 

Scraping effect 

Sreenivasan 
et al. (2004) 

[98] 

Acrylic Lingual, Lower 
Jaw, Front teeth 

None, only the 
splint 

ø ø 13, 12 and 15 
subj (18-65 yrs) 

2 and 4 h Never ø CFUs Visited the 
dental clinic to 

ensure 
comfortable 
fitting of the 

device  

ø 

Arthur et al. 
(2007) [44] 

Acrylic Palatal Human Enamel 6 (4x4x2 mm) ø 7 (18-28yr) 3, 7 and 
14 days 

Protocol 
procedures 

ø CFUs, PCR and 
AP-PCR 

ø ø 

Scotti et al. 
(2007) [110] 

Acrylic Palatal and 
Buccal, Upper 

Jaw 

Ceramic 8 (5x1.5 mm) ø 2 (ø) 1 and 6 h ø ø SEM ø ø 

Schwarz et 
al. (2007) 

[105] 

Acrylic and 
Metal 

Palatal, Upper 
Jaw 

Titanium 4 Wax 3(30.7, SD=2.1 
yrs) 

12, 24 and 
48 h 

Daily tooth-
brushing 

ø Measurement of 
biofilm areas 

ø ø 

Schwarz et 
al. (2006) [99] 

Acrylic and 
Metal 

Palatal, Upper 
Jaw 

Titanium 8 (diameter 2 
mm, area=0.7 

cm
2
) 

Wax 3(30.7, SD=2.1 
yrs) 

24 h Daily tooth-
brushing 

ø Measurement of 
plaque; SEM; 
CFUs; ATP 

quantification 

ø ø 

Schwarz et 
al. (2009) 

[100] 

Acrylic Palatal, Upper 
Jaw 

Titanium 4 (5x1.5 mm) Wax 6 (ø) 48 h Daily tooth-
brushing 

ø SEM; CFUs; ATP 
quantification 

ø ø 

Cury et al. 
(2001) [17] 

Acrylic Palatal, Upper 
Jaw 

Human Enamel 4 (3x3x2 mm) ø 12 (ø) 12 h Meals ø CFUs, 
Stereomicroscope 

ø ø 



Gameiro et 
al. (2009) [34] 

Acrylic Palatal, Upper 
Jaw 

Human Enamel 
with Brackets 

6 (5x5x2 mm) Bonded 4 (27yrs) 14 days Meals ø CFUs ø ø 

Padovani et 
al. (2015) [90] 

Acrylic Palatal, Upper 
Jaw 

ø  ø (4x1.5 mm) Wax and 
polyethylene 

mesh 

15 (21-30 yrs) 7 days Meals and 
beverages 

ø SYTO 9/PI + CLSM ø Device brushed 
(not the 

substrates) 

Tenuta et al. 
(2003) [62] 

Acrylic Palatal, Upper 
Jaw 

Bovine Enamel 4 (4x4x2 mm) ø 13 (19-28 yrs) 4, 7 and 
10 days 

Meals and 
consuming 
beverages 

ø CFUs ø  

de Mazer et 
al. (2010) [33] 

Acrylic Palatal, Upper 
Jaw 

Human primary 
Enamel 

6 (3x3x2 mm) Wax and plastic 
mesh 

11 (18-31 yrs) 10 days Meals and daily 
tooth-brushing 

ø CFUs ø ø 

Sousa et al. 
(2009) [92] 

Acrylic Palatal, Upper 
Jaw 

Composite resin, 
Amalgam, FujiII, 
Vitremer, Ketac 

Molar 

5 Wax and plastic 
mesh 

20 (19-36 yrs) 14 days Meals and daily 
tooth-brushing 

ø CFUs 1 volunteer 
gave up after 

24 h of 
wearing the 

device 

ø 

Brighenti et 
al. (2012) [52] 

Acrylic Palatal, Upper 
Jaw 

Bovine Enamel 4 Wax and plastic 
mesh 

10 (23-34 yrs) 14 days Meals and daily 
tooth-brushing 

ø CFUs ø ø 

Korytnicki et 
al. (2006) [20] 

Acrylic Palatal, Upper 
Jaw 

Human Enamel 8 (4x4x2 mm) Wax and nylon 
mesh 

8 (24-44 yrs) 28 days Meals and daily 
tooth-brushing 

Sterile pre-
weighted 

cotton pellets 

CFUs ø ø 

Bittar et al. 
(2014) [51] 

Acrylic Palatal, Upper 
Jaw 

Bovine Enamel 8 (4x4x2 mm) Wax and plastic 
mesh 

18 (27.2, 
SD=4.7; 20-40 

yrs) 

4, 7, 10 
and 14 
days 

Meals and daily 
tooth-brushing 

ø Quantitative Light-
Induced 

Fluorescence  

ø ø 

Hara et al. 
(2003) [93] 

Acrylic and 
Metal 

Palatal, Upper 
Jaw 

Human and 
Bovine Dentine 

4 Wax and plastic 
mesh 

11 (ø) 14 days Meals and 
protocol 

Sterile plastic 
curettes 

CFUs ø ø 

Teixeira et al. 
(2012) [27] 

Acrylic Palatal, Upper 
Jaw 

Human Enamel 2 (4x4x2 mm) Wax and plastic 
mesh 

21 (19-38 yrs) 36 h Meals, acid 
drinks and 

tooth-brushing 

ø CFUs ø Compared 
results in vivo 

and in vitro 

Lima et al. 
(2009) [94] 

Acrylic Palatal, Upper 
Jaw 

Human Dentine 6 (5x5x2 mm) Wax and plastic 
mesh 

20 (ø) 7 days Meals, acid 
drinks and 

tooth-brushing 

ø CFUs ø ø 

Pierro et al. 
(2013) [35] 

Acrylic Palatal, Upper 
Jaw 

Human primary 
Enamel 

6 (3x3x2 mm) ø 11 (19-31 yrs) 14 days Meals, 
beverage and 
tooth-brushing 

ø CFUs, DNA+DGGE ø ø 

Melo et al. 
(2013) [59] 

Acrylic Palatal, Upper 
Jaw 

Bovine Enamel 
(with composite 

and 
nanocomposite) 

4 (5x5x2 mm) Wax and plastic 
mesh 

25 (ø) 14 days ø ø CFUs ø ø 

Ribeiro et al. 
(2005) [36] 

Acrylic Palatal, Upper 
Jaw 

Human primary 
Enamel 

 ø (3x3x2 mm) ø 15 (18-33 yrs) 14 days ø ø CFUs ø ø 



Pecharki et 
al. (2005) [25] 

Acrylic Palatal, Upper 
Jaw 

Human Enamel 6 Wax and plastic 
mesh 

16 (23-28 yrs) 14 days ø ø CFUs ø ø 

Beyth et al. 
(2010) [72] 

Acrylic Palatal, Upper 
Jaw 

Composite resin 4 ø 10 (ø) 4 h ø ø SYTO 9/PI + CLSM; 
SEM 

Mucosa 
without sings 
of redness, 

warmth, 
tenderness or 
swelling. No 
Inflammation 

or allergic 
reaction 

ø 

Paes Leme 
et al. (2004) 

[60] 

Acrylic Palatal, Upper 
Jaw 

Bovine Enamel 4 (3x3x2 mm) ø 16 (ø) 14 days Protocol 
procedures 

ø CFUs, biochemical ø ø 

Paes Leme 
et al. (2008) 

[23] 

Acrylic Palatal, Upper 
Jaw 

Human Enamel 8 ø 1 (26 yrs) 14 days Protocol 
procedures 

ø Electrophoresis-
Image analysis, 

Protein Digestion 
and Mass 

Spectometry 

ø ø 

Benelli et al. 
(1993) [74] 

Acrylic Palatal, Upper 
Jaw 

Enamel (with 
ionomer and 
composite) 

4 ø 10 (20-25 yrs) 8 weeks Protocol 
procedures 

ø CFUs ø ø 

Cochrane et 
al. (2012) [14] 

Acrylic and 
Metal 

Palatal, Upper 
Jaw, 1st PM 

Human Enamel 6 (4x4 mm) Polyvinylsiloxane 
impression 

material 

9 (38, 21-52 
yrs) 

14 days Twice/day 
tooth-brushing 

ø RT-PCR Test the 
comfort of the 
device before 
the start of the 

experiment 

4 volunteers 
were excluded 

because of 
uncomfortability 

LI: Lateral Incisor; C: Canine; PM: Premolar and M: Molar. 
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ANNEX 2 

Table 1. Type and percentage of OTUs at genus level (with more than 0.01% of 

abundance) found in the oral biofilm samples harvested from enamel, glass, 

hydroxyapatite and tooth. 

GENUS\SUBSTRATE ENAMEL GLASS HYDROXYAPATITE TOOTH 

Fusobacterium 70.85862 39.6731 21.4888 40.94151 

Streptococcus 19.528 28.53182 30.88107 23.72468 

Veillonella 0.394417 6.907705 4.972376 12.52291 

Unclassified 3.285368 2.385353 2.355336 6.613095 

Neisseria 0.719487 3.292134 16.77813 4.658016 

Capnocytophaga 0.073682 0.617997 1.482989 2.227478 

Leptotrichia 0.082351 1.495899 1.948241 1.711158 

Aggregatibacter 0.03034 0.265681 0.407095 1.224555 

Porphyromonas 1.122573 3.39032 1.657459 1.199792 

Prevotella 1.100902 4.470371 12.6781 0.927393 

Gemella 0.357576 1.524778 0.756034 0.755287 

Abiotrophia 0.043343 0.179046 0.49433 0.690902 

Alloprevotella 0.18854 5.348273 1.163129 0.435838 

Unclassified 0.290395 0.375419 0.639721 0.38012 

Bergeyella 0.017337 0.080859 0.290782 0.262493 

Granulicatella 0.169036 0.092411 0.029078 0.260017 

Haemophilus 0.123526 0.109738 0.261704 0.208013 

Rothia 0.028173 0.023103 0.029078 0.177059 

Unclassified 0.023838 0.202149 0.029078 0.121341 

Lautropia 0.002167 0.011551 0.378017 0.117627 

Comamonas 0 0.028878 0 0.116388 

Kingella 0.002167 0.028878 0 0.106483 

Unclassified 0.019504 0.306111 0.31986 0.079243 

Unclassified 0 0.005776 0.029078 0.079243 

Actinomyces 0 0.017327 0.029078 0.065623 

Eubacterium_[XI][G-7] 0 0 0.058156 0.048289 

Campylobacter 0.010836 0.04043 0.029078 0.045812 

Lachnoanaerobaculum 0.013003 0.028878 0.116313 0.044574 

Unclassified 0.004334 0.017327 0.174469 0.033431 

SR1_[G-1] 1.32845 0.150167 0 0.032193 

Corynebacterium 0 0.005776 0 0.026002 



GENUS\SUBSTRATE ENAMEL GLASS HYDROXYAPATITE TOOTH 

Unclassified 0.028173 0.023103 0.029078 0.026002 

Eikenella 0.010836 0.04043 0.116313 0.023525 

Unclassified 0.069348 0.046205 0 0.019811 

Unclassified 0 0 0.087235 0.012382 

Unclassified 0 0.011551 0.087235 0.012382 

Unclassified 0.004334 0.023103 0 0.011144 

Unclassified 0.002167 0 0 0.009905 

TM7_[G-1] 0.021671 0.005776 0.029078 0.009905 

Propionibacterium 0.002167 0.005776 0 0.008667 

Unclassified 0.006501 0 0 0.007429 

Selenomonas 0 0.028878 0 0.007429 

Cardiobacterium 0 0.005776 0 0.004953 

Parvimonas 0.023838 0.086635 0.058156 0.003715 

Eubacterium_[XI][G-1] 0.002167 0 0 0.002476 

Peptostreptococcus 0 0.051981 0.058156 0.002476 

Megasphaera 0.004334 0.034654 0.029078 0.001238 

Staphylococcus 0.002167 0.005776 0 0 

Filifactor 0.004334 0.023103 0.029078 0 

 

Table 2. Differential abundance (log2FoldChange) for the different genus (with more than 

0.01% of abundance) found among enamel, glass, hydroxyapatite and tooth. 

Representation of the p value and the p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Capnocytophaga 3.474174 0.000023 0.001128 

Abiotrophia 2.839796 0.001402 0.034339 

Granulicatella -1.36445 0.002632 0.037839 

Unclassified -2.16343 0.003089 0.037839 

Rothia 2.472557 0.005518 0.054081 

Leptotrichia 3.035188 0.010683 0.074784 

Kingella 4.305417 0.00952 0.074784 

Bergeyella 2.635783 0.013843 0.075366 

Veillonella 2.851383 0.013405 0.075366 

Alloprevotella -2.29259 0.021086 0.103322 

Lautropia 3.764765 0.05266 0.234577 

Unclassified 1.63411 0.058695 0.239673 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Corynebacterium 4.696679 0.097504 0.367515 

Haemophilus -1.60309 0.125076 0.411031 

Eubacterium_[XI][G-7] 4.91402 0.125826 0.411031 

Unclassified 1.485705 0.166806 0.510843 

Neisseria 1.432405 0.1950153333 0.562101 

Actinomyces 4.395153 0.228376 0.621689 

Unclassified -1.51886 0.273654 0.705739 

Porphyromonas -0.85551 0.306167 0.750109 

Fusobacterium 0.797025 0.532297 0.767134 

Prevotella -0.87109 0.338525 0.767134 

Unclassified 1.800957 0.524358 0.767134 

Parvimonas -2.6607 0.381019 0.767134 

Selenomonas 2.66941 0.482324 0.767134 

Megasphaera -2.59435 0.500486 0.767134 

Unclassified -0.94192 0.439148 0.767134 

Campylobacter 2.053328 0.510821 0.767134 

Unclassified -0.11612 0.466619 0.767134 

Aggregatibacter 1.821994 0.375208 0.767134 

Unclassified 1.913117 0.43041 0.767134 

Unclassified 2.837955 0.40242 0.767134 

Unclassified 3.441422 0.480885 0.767134 

Peptostreptococcus 0.862628 0.48903 0.767134 

Unclassified 1.204713 0.674303 0.888991 

Gemella -0.14553 0.683837 0.888991 

Lachnoanaerobaculum 0.711442 0.640428 0.888991 

Filifactor -2.09415 0.689422 0.888991 

Staphylococcus -3.5233 0.715831 0.899377 

Unclassified 0.505627 0.805708 0.956463 

Propionibacterium -0.31011 0.917447 0.956463 

TM7_[G-1] -0.80413 0.895766 0.956463 

Streptococcus -0.1854 0.898741 0.956463 

Eubacterium_[XI][G-1] -0.42758 0.931355 0.956463 

SR1_[G-1] -1.11493 0.947724 0.956463 

Cardiobacterium 1.95635 0.900322 0.956463 

Unclassified 2.756411 0.925046 0.956463 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Comamonas 3.245381 0.792043 0.956463 

Eikenella -0.00244 0.956463 0.956463 

 

Table 2A. Differential abundance (log2FoldChange) for the different genus (with more than 

0.01% of abundance) found among enamel and tooth. Representation of the p value and 

the p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Capnocytophaga -3.29269 0.0000015 0.000059 

Leptotrichia -2.81838 0.000145 0.002962 

Veillonella -2.6511 0.000514 0.007027 

Abiotrophia -2.65075 0.001194 0.012236 

Bergeyella -2.4332 0.002118 0.017368 

Kingella -3.37337 0.004346 0.029698 

Alloprevotella 2.136865 0.009252 0.054192 

Corynebacterium -3.26029 0.01774 0.090915 

Rothia -2.30617 0.025509 0.097736 

Haemophilus 1.515539 0.026222 0.097736 

Lautropia -2.65547 0.02153 0.097736 

Actinomyces -2.86475 0.029115 0.099475 

Aggregatibacter -1.61762 0.062974 0.198611 

Neisseria -1.33036 0.072164 0.211337 

Unclassified -1.5286 0.078282 0.213971 

Granulicatella 1.205477 0.107231 0.274781 

Parvimonas 2.017258 0.13866 0.318787 

Unclassified -1.28153 0.139955 0.318787 

Fusobacterium -0.76277 0.187733 0.366527 

Campylobacter -1.65705 0.175224 0.366527 

Unclassified -1.83972 0.186896 0.366527 

Unclassified -1.45448 0.214868 0.400435 

Megasphaera 1.689307 0.250123 0.445872 

Porphyromonas 0.775081 0.294629 0.503325 

Unclassified 0.560313 0.324706 0.512036 

Unclassified -1.44801 0.322112 0.512036 

Prevotella 0.829036 0.355275 0.524044 

Selenomonas -1.3294 0.357884 0.524044 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Unclassified 0.793108 0.396697 0.560848 

Comamonas -1.22212 0.415626 0.568023 

Unclassified -0.90024 0.48985 0.627621 

Unclassified -0.87633 0.475815 0.627621 

Lachnoanaerobaculum -0.65228 0.519203 0.64507 

SR1_[G-1] 0.821554 0.566984 0.683716 

TM7_[G-1] 0.589376 0.658828 0.771769 

Propionibacterium -0.23739 0.87312 0.92386 

Gemella 0.136439 0.842542 0.92386 

Streptococcus 0.159549 0.833138 0.92386 

Unclassified 0.095304 0.878794 0.92386 

Eikenella 0.028688 0.979011 0.993208 

Peptostreptococcus 0.012651 0.993208 0.993208 

Unclassified -0.45292 0.764123 #N/A 

Unclassified -1.36235 0.346845 #N/A 

Staphylococcus 0.908943 0.531434 #N/A 

Eubacterium_[XI][G-1] 0.143426 0.921278 #N/A 

Cardiobacterium -0.84836 0.573803 #N/A 

Unclassified -0.91865 0.537695 #N/A 

Eubacterium_[XI][G-7] -1.4494 0.329257 #N/A 

Filifactor 1.139761 0.446008 #N/A 

 

Table 2B. Differential abundance (log2FoldChange) for the different genus (with more than 

0.01% of abundance) found among glass and tooth. Representation of the p value and the 

p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Capnocytophaga -2.08401 0.000694 0.018578 

Abiotrophia -2.55183 0.000758 0.018578 

Rothia -3.17326 0.0018 0.029406 

Bergeyella -1.56251 0.022398 0.159482 

Unclassified 1.193961 0.022171 0.159482 

Lautropia -2.58516 0.018844 0.159482 

Kingella -2.40399 0.022783 0.159482 

Alloprevotella 1.445646 0.062289 0.314512 

Parvimonas 2.433557 0.063516 0.314512 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Corynebacterium -2.36977 0.072219 0.314512 

Granulicatella -1.37453 0.07119 0.314512 

SR1_[G-1] 2.410356 0.077023 0.314512 

Megasphaera 2.451059 0.086639 0.326561 

Neisseria -1.00594 0.141789 0.496262 

Prevotella 1.125012 0.178635 0.508503 

Unclassified -1.97581 0.168045 0.508503 

Unclassified -0.97973 0.21793 0.508503 

Lachnoanaerobaculum -1.32534 0.189909 0.508503 

Unclassified -0.75159 0.203237 0.508503 

Peptostreptococcus 1.857166 0.198618 0.508503 

Filifactor 1.891782 0.213198 0.508503 

Leptotrichia -0.67831 0.307924 0.592682 

Veillonella -0.70762 0.314484 0.592682 

Unclassified -1.18876 0.281431 0.592682 

Unclassified -1.52702 0.291693 0.592682 

Eubacterium_[XI][G-7] -1.52677 0.301519 0.592682 

Fusobacterium -0.45496 0.393412 0.650899 

Unclassified -1.36252 0.368267 0.650899 

Gemella 0.542712 0.391227 0.650899 

Unclassified -0.85007 0.39851 0.650899 

Campylobacter -0.89765 0.427406 0.675578 

Actinomyces -0.85915 0.449292 0.687979 

Selenomonas 0.899899 0.508751 0.755418 

Streptococcus -0.42978 0.540541 0.779014 

Staphylococcus 0.841588 0.570671 0.798939 

TM7_[G-1] -0.69977 0.603988 0.822095 

Unclassified 0.536086 0.628209 0.831952 

Unclassified -0.53129 0.685744 0.884249 

Propionibacterium -0.48692 0.741732 0.908622 

Unclassified -0.26596 0.727312 0.908622 

Eubacterium_[XI][G-1] -0.42314 0.775298 0.917316 

Unclassified -0.41069 0.786271 0.917316 

Unclassified -0.04501 0.970242 0.980103 

Porphyromonas 0.020581 0.976105 0.980103 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Cardiobacterium -0.13677 0.928018 0.980103 

Haemophilus 0.025034 0.971009 0.980103 

Aggregatibacter -0.12187 0.871982 0.980103 

Comamonas -0.03788 0.980103 0.980103 

Eikenella -0.02758 0.978882 0.980103 

Table 2C. Differential abundance (log2FoldChange) for the different genus found (with 

more than 0.01% of abundance) among hydroxyapatite and tooth. Representation of the p 

value and the p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Rothia -3.55369 0.003592 0.088011 

Kingella -3.89099 0.003352 0.088011 

Capnocytophaga -2.05609 0.006087 0.099416 

Unclassified -2.92405 0.009185 0.112512 

Granulicatella -2.663 0.011531 0.113002 

Alloprevotella 2.212566 0.014994 0.12245 

Veillonella -1.9158 0.023452 0.164165 

Abiotrophia -1.85607 0.038454 0.235533 

Corynebacterium -2.84265 0.04438 0.241626 

Leptotrichia -1.31423 0.104216 0.501018 

Prevotella 1.56047 0.112473 0.501018 

Porphyromonas -1.13653 0.173306 0.644182 

Unclassified -1.86766 0.171504 0.644182 

Campylobacter -1.75843 0.184052 0.644182 

Unclassified -1.53642 0.271875 0.679673 

Bergeyella -0.84517 0.297059 0.679673 

Unclassified -1.62108 0.266797 0.679673 

Parvimonas 1.604902 0.260364 0.679673 

Actinomyces -1.3228 0.31903 0.679673 

Megasphaera 1.544808 0.298182 0.679673 

Unclassified -0.79305 0.278516 0.679673 

Peptostreptococcus 1.779358 0.231818 0.679673 

Filifactor 1.449188 0.316524 0.679673 

Unclassified -1.06397 0.467021 0.850576 

Propionibacterium -0.98185 0.504508 0.850576 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Selenomonas -0.97017 0.504706 0.850576 

Gemella -0.50032 0.520761 0.850576 

Unclassified -0.98767 0.416789 0.850576 

Haemophilus 0.557326 0.496792 0.850576 

Comamonas -0.99069 0.496198 0.850576 

Fusobacterium 0.125862 0.846169 0.925871 

TM7_[G-1] -0.21877 0.877397 0.925871 

Streptococcus -0.27071 0.747287 0.925871 

Eubacterium_[XI][G-1] -0.25311 0.854779 0.925871 

Unclassified 0.328001 0.711791 0.925871 

Lachnoanaerobaculum -0.20962 0.850014 0.925871 

Cardiobacterium -0.62215 0.672798 0.925871 

Aggregatibacter -0.21268 0.816785 0.925871 

Unclassified 0.243076 0.706168 0.925871 

Lautropia 0.181026 0.871261 0.925871 

Unclassified -0.20335 0.88808 0.925871 

Eikenella 0.633324 0.588488 0.925871 

Neisseria 0.266377 0.74511 0.925871 

Unclassified 0.53992 0.642936 0.925871 

Unclassified 0.754584 0.606601 0.925871 

Unclassified 0.537383 0.697678 0.925871 

Eubacterium_[XI][G-7] 0.221252 0.881535 0.925871 

Staphylococcus 0 1 1 

SR1_[G-1] 0.026473 0.985561 1 

 

Table 2D. Differential abundance (log2FoldChange) for the different genus found (with 

more than 0.01% of abundance) among hydroxyapatite and enamel. Representation of the 

p value and the p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Granulicatella -3.86848 0.000672 0.032912 

Leptotrichia 1.504146 0.11178 0.701944 

Capnocytophaga 1.236597 0.160276 0.701944 

Bergeyella 1.588023 0.11163 0.701944 

Porphyromonas -1.91161 0.045378 0.701944 

Unclassified -1.78078 0.171905 0.701944 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Unclassified 1.60953 0.133139 0.701944 

Lautropia 2.836496 0.034645 0.701944 

Neisseria 1.596734 0.090884 0.701944 

Unclassified 1.994402 0.144165 0.701944 

Unclassified 2.202599 0.149002 0.701944 

Unclassified 2.377104 0.117519 0.701944 

Aggregatibacter 1.40494 0.196387 0.740229 

Fusobacterium 0.888628 0.237691 0.750202 

Actinomyces 1.541943 0.306205 0.750202 

Unclassified -1.39545 0.261326 0.750202 

Unclassified -0.88835 0.288506 0.750202 

Haemophilus -0.95821 0.292418 0.750202 

Peptostreptococcus 1.766707 0.245769 0.750202 

Eubacterium_[XI][G-7] 1.670654 0.268156 0.750202 

Rothia -1.24752 0.35584 0.830293 

Unclassified -0.63618 0.67209 0.940925 

Unclassified -0.61106 0.668057 0.940925 

Prevotella 0.731435 0.513545 0.940925 

Propionibacterium -0.74446 0.616384 0.940925 

Veillonella 0.735305 0.45014 0.940925 

TM7_[G-1] -0.80815 0.590415 0.940925 

Gemella -0.63676 0.476645 0.940925 

Unclassified -0.99133 0.502935 0.940925 

Abiotrophia 0.794686 0.447674 0.940925 

Streptococcus -0.43026 0.655842 0.940925 

SR1_[G-1] -0.79508 0.598905 0.940925 

Unclassified -0.31724 0.670218 0.940925 

Unclassified 0.7153 0.600388 0.940925 

Eikenella 0.604637 0.645884 0.940925 

Staphylococcus -0.42395 0.740529 0.949758 

Eubacterium_[XI][G-1] -0.39654 0.75593 0.949758 

Lachnoanaerobaculum 0.442667 0.726233 0.949758 

Kingella -0.51762 0.725313 0.949758 

Parvimonas -0.41236 0.782519 0.958586 

Filifactor 0.309427 0.822502 0.98299 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Alloprevotella 0.075701 0.941081 1 

Unclassified -0.25873 0.864006 1 

Corynebacterium 0 1 1 

Selenomonas 0 1 1 

Megasphaera -0.1445 0.924303 1 

Campylobacter -0.10138 0.944734 1 

Cardiobacterium 0 1 1 

Comamonas 0 1 1 

Table 2E. Differential abundance (log2FoldChange) for the different genus found (with 

more than 0.01% of abundance) among hydroxyapatite and glass. Representation of the p 

value and the p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Unclassified -2.65809 0.025553 0.841125 

Lautropia 2.766186 0.034332 0.841125 

Porphyromonas -1.15711 0.20822 0.844116 

Selenomonas -1.87007 0.210415 0.844116 

Veillonella -1.20818 0.19508 0.844116 

Gemella -1.04303 0.223949 0.844116 

Unclassified -2.40375 0.092652 0.844116 

Unclassified 1.307732 0.200163 0.844116 

SR1_[G-1] -2.38388 0.109008 0.844116 

Unclassified -0.95088 0.181581 0.844116 

Neisseria 1.272318 0.160221 0.844116 

Unclassified 1.728676 0.191 0.844116 

Unclassified 2.281606 0.134975 0.844116 

Granulicatella -1.28848 0.260214 0.850031 

Eubacterium_[XI][G-7] 1.748027 0.248465 0.850031 

Unclassified -1.49141 0.309502 0.892094 

Kingella -1.487 0.295708 0.892094 

Fusobacterium 0.580826 0.419761 0.966719 

Leptotrichia -0.63592 0.476423 0.966719 

Alloprevotella 0.76692 0.439543 0.966719 

Bergeyella 0.71734 0.437783 0.966719 

Parvimonas -0.82865 0.57214 0.966719 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Megasphaera -0.90625 0.547935 0.966719 

Abiotrophia 0.695768 0.48929 0.966719 

Lachnoanaerobaculum 1.115725 0.377286 0.966719 

Campylobacter -0.86078 0.544108 0.966719 

Haemophilus 0.532292 0.560701 0.966719 

Comamonas -0.95282 0.505376 0.966719 

Unclassified 1.068673 0.471324 0.966719 

Prevotella 0.435458 0.686503 0.987389 

Rothia -0.38043 0.776972 0.987389 

Actinomyces -0.46366 0.745656 0.987389 

Corynebacterium -0.47288 0.753511 0.987389 

Propionibacterium -0.49493 0.739666 0.987389 

TM7_[G-1] 0.481005 0.749639 0.987389 

Staphylococcus -0.3566 0.785881 0.987389 

Cardiobacterium -0.48537 0.739341 0.987389 

Eikenella 0.660907 0.607225 0.987389 

Filifactor -0.44259 0.753796 0.987389 

Unclassified 0 1 1 

Capnocytophaga 0.027919 0.973255 1 

Unclassified 0 1 1 

Streptococcus 0.159073 0.863795 1 

Unclassified -0.1376 0.918158 1 

Eubacterium_[XI][G-1] 0 1 1 

Unclassified -0.04146 0.959365 1 

Aggregatibacter -0.09081 0.928437 1 

Unclassified 0.207344 0.881919 1 

Peptostreptococcus -0.07781 0.959044 1 

 

Table 2F. Differential abundance (log2FoldChange) for the different genus found (with 

more than 0.01% of abundance) among enamel and glass. Representation of the p value 

and the p adjusted value. 

GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Granulicatella 2.580002 0.003886 0.190417 

Leptotrichia -2.14007 0.010397 0.254729 

Veillonella -1.94348 0.024186 0.39504 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Haemophilus 1.490505 0.062252 0.762591 

Capnocytophaga -1.20868 0.119295 0.859152 

Actinomyces -2.0056 0.157803 0.859152 

Selenomonas -2.22929 0.137182 0.859152 

Unclassified 1.643176 0.147511 0.859152 

Aggregatibacter -1.49575 0.123192 0.859152 

Fusobacterium -0.3078 0.640633 0.918817 

Unclassified -0.85523 0.544256 0.918817 

Unclassified 0.909599 0.542963 0.918817 

Alloprevotella 0.691219 0.450419 0.918817 

Prevotella -0.29598 0.768687 0.918817 

Bergeyella -0.87068 0.338157 0.918817 

Unclassified 0.613462 0.687661 0.918817 

Porphyromonas 0.7545 0.367917 0.918817 

Rothia 0.867091 0.47188 0.918817 

Parvimonas -0.4163 0.768806 0.918817 

Corynebacterium -0.89052 0.552994 0.918817 

Unclassified -1.26263 0.193732 0.918817 

Megasphaera -0.76175 0.612146 0.918817 

TM7_[G-1] 1.289151 0.378867 0.918817 

Gemella -0.40627 0.601521 0.918817 

Unclassified -1.41242 0.286935 0.918817 

Streptococcus 0.589329 0.491406 0.918817 

Eubacterium_[XI][G-1] 0.566568 0.680563 0.918817 

Unclassified -0.3018 0.764005 0.918817 

Lachnoanaerobaculum 0.673058 0.572869 0.918817 

SR1_[G-1] -1.5888 0.281034 0.918817 

Campylobacter -0.7594 0.572737 0.918817 

Cardiobacterium -0.71158 0.636061 0.918817 

Unclassified 0.846892 0.241182 0.918817 

Unclassified -0.63365 0.326334 0.918817 

Unclassified -0.50796 0.725362 0.918817 

Comamonas -1.18425 0.424621 0.918817 

Neisseria -0.32442 0.698656 0.918817 

Kingella -0.96938 0.463654 0.918817 



GENUS LOG2FOLDCHANGE p VALUE p ADJ 

Unclassified -1.30843 0.379582 0.918817 

Peptostreptococcus -1.84452 0.224014 0.918817 

Filifactor -0.75202 0.607511 0.918817 

Unclassified -0.26573 0.841366 0.981594 

Propionibacterium 0.249528 0.870243 0.991672 

Staphylococcus 0.067354 0.961084 1 

Abiotrophia -0.09892 0.916333 1 

Lautropia -0.07031 0.957928 1 

Eikenella 0.056271 0.963316 1 

Unclassified 0 1 1 

Eubacterium_[XI][G-7] 0 1 1 
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