
1 
 

 

 

Universidad Miguel Hernández de Elche 
Instituto de Bioingeniería 

 
 

Biomateriales para injertos e implantes óseos: 
obtención, caracterización y biocompatibilidad in vivo 

 
 

Memoria de Tesis Doctoral 
Sergio Alexandre Gehrke 

 

Directora: Dra. Piedad N. De Aza 

Co-directora: Dra. Patricia Mazón Canales 

 
 
 

Elche, 2020 
Programa de Doctorado en Bioingeniería 

  



2 
 

 

  



3 
 

Programa de Doctorado en Bioingeniería 

 

 

 

INDICIOS DE CALIDAD 

La tesis doctoral titulada “Biomateriales para injertos e implantes óseos: obtención, caracterización 

y biocompatibilidad in vivo”, realizada por D. SERGIO ALEXANDRE GEHRKE, bajo la 

dirección de las profesoras Piedad N. De Aza Moya y Patricia Mazón Canales, se presenta bajo la 

modalidad de Tesis Internacional por compendio de publicaciones con los siguientes índices de 

calidad según el Campo de la ANEP de Ciencia y Tecnología de Materiales. 

Publicaciones Científicas: 

1 – Sergio Alexandre Gehrke, Berenice Anina Dedavid, Jaime Sardá Aramburú-Júnior, Leticia 
Pérez-Díaz, Jose Luis Calvo Guirado, Patricia Mazn Canales, Piedad N. De Aza. Effect of 
different morphology of titanium surface on the bone healing in defects filled only with blood 
clot: a new animal study design. BioMed Research International 2018, Article ID 4265474, 9 
pages. DOI: 10.1155/2018/4265474 
Factor de Impacto (2018): 2.197 
Puesto que ocupa / Nº de revistas en su área (2018): biotechnology & applied microbiology 94/162 
 
2 – Sergio Alexandre Gehrke, Patricia Mazón, Leticia Pérez-Díaz, Jose Luis Calvo Guirado, Pablo 
Velásquez, Juan Manuel Aragoneses, Manuel Fernández-Domínguez, Piedad N. De Aza. Study 
of Two Bovine Bone Blocks (Sintered and Not-Sintered) Used for Bone Grafts: Physico-
Chemical Characterization and In Vitro bioactivity and Cellular Analysis. Materials (Basel) 
2019,12(3), 452; (2019). DOI: 10.3390/ma12030452 
Factor de Impacto (2019): 3.057 
Puesto que ocupa / Nº de revistas en su área (2019): Material science:multidisciplinary 132/314 
 
3 – Sergio Alexandre Gehrke, Juan Carlos Prados-Frutos, Maria Prados-Privado, Jose Luis Calvo-
Guirado, Jaime Aramburú Junior, Leticia Pérez-Díaz, Patricia Mazón, Juan Manuel Aragoneses, 
Piedad N. De Aza. Biomechanical and histological analysis of titanium (machined and treated 
surface) versus zirconia implant materials: An in vivo animal study. Materials (Basel) 2019, 
12(6),856, (2019). DOI: 10.3390/ma12060856 
Factor de Impacto (2019): 3.057 
Puesto que ocupa / Nº de revistas en su área (2019): Material science:multidisciplinary 132/314 
 



4 
 

4 – Sergio Alexandre Gehrke, Jose Henrique Cavalcanti de Lima, Fernando Rodriguez, Jose Luis 
Calvo-Guirado, Jaime Aramburú Júnior, Leticia Pérez-Díaz, Patricia Mazón, Juan Manuel 
Aragoneses, Piedad N. De Aza. Microgrooves and Microrugosities in Titanium Implant 
Surface: An in vitro and in vivo evaluation. Materials (Basel) 2019, 12, 1287 (2019). DOI: 
10.3390/ma12081287 
Factor de Impacto (2019): 3.057 
Puesto que ocupa / Nº de revistas en su área (2019): Material science:multidisciplinary 132/314 
 
5 - Sergio Alexandre Gehrke; Patricia Mazón; Massimo Del Fabbro; Margherita Tumedei; Jaime 
Aramburú Júnior; Leticia Pérez-Díaz; Piedad N. De Aza. Histological and histomorphometric 
analysis of two bovine bone blocks implanted in rabbits calvaria. Symmetry 2019,11(5),641 
(2019) DOI: 10.3390/sym11050641 
Factor de Impacto (2019): 2.645 
Puesto que ocupa / Nº de revistas en su área (2019): Multidisciplinary sciences: 29/71 
 
6 - Sergio Alexandre Gehrke; Tiago Luis Eliers-Treichel, Leticia Pérez-Díaz, Jose Luis Calvo-
Guirado, Jaime Aramburú Junior, Patricia Mazón, Piedad N. De Aza. Impact of different 
titanium implant thread designs on bone healing: a biomechanical and histometric study in 
animal model. Journal of Clinical Medicine. 2019, 8(6), 777; (2019). DOI:10.3390/jcm8060777 
Factor de Impacto (2019): 3.303 
Puesto que ocupa / Nº de revistas en su área (2019): Medicine, general &internal: 36/165   
 
7 – Sergio Alexandre Gehrke, Jaime Aramburu Junior, Leticia Perez-Diaz, Tiago Luis Eirles 
Treichel, Berenice Anina Dedavid, Piedad N. De Aza, Juan Carlos Prados Frutos. New implant 
macrogeometry to improve and accelerate the osseointegration: An in vivo experimental 
study. Applied Sciences 9, 3181, (2019). DOI:10.3390/app9153181 
Factor de Impacto (2019): 2.474 
Puesto que ocupa / Nº de revistas en su área (2019): Engineering Multidisciplinary:32/91   
 
8 - Sergio Alexandre Gehrke, Leticia Pérez-Díaz, Patricia Mazón, Piedad N. De Aza. 
Biomechanical effects of a new macrogeometry design of dental implants: an in vitro 
experimental analysis. Journal of Functional Biomaterials 2019, 10(4), 47; (2019). 
DOI:10.3390/jfb10040047 
 
9 - Maria Prados-Privado, Sergio Alexandre Gehrke, Lucia Kurokawa Tozaki, Luis Carlos Silveira 
Zanatta, Paulo Cruz, Patricia Mazón, Piedad N. De Aza, Juan Carlos Prados-Frutos. The effect on 
bone stress in oral prosthetic rehabilitation supported by different number of dental 
implants: a numerical analysis. Applied Sciences 2019, 9, 4920; (2019). DOI: 
10.3390/app9224920 
Factor de Impacto (2019): 2.474 



5 
 

Puesto que ocupa / Nº de revistas en su área (2019): Engineering Multidisciplinary:32/91   
 
10 - Sergio Alexandre Gehrke, Jaime Aramburu Junior, Leticia Perez-Diaz, Tales do Prado TD, 
Berenice Anina Dedavid, Patrícia Mazón, Piedad N De Aza. Can changes in implant 
macrogeometry accelerate the osseointegration process?: An in vivo experimental 
biomechanical and histological evaluations. PLoS One 2020, 14;15(5):e0233304.  
DOI: 10.1371/journal.pone.0233304. eCollection 2020. 
Factor de Impacto (2019): 2.740 
Puesto que ocupa / Nº de revistas en su área Multidisciplinary sciences: 27/71 
 

 

 

 

 

 

 

 

 

  



6 
 

  



7 
 

 

Programa de Doctorado en Bioingeniería 

 

 

 

Los abajo firmantes, Piedad N. De Aza Moya, Catedrática de Ciencia de Materiales e Ingeniería 

Metalúrgica y Directora del Grupo Ciencia de Materiales de la Universidad Miguel Hernández de 

Elche, y Patricia Mazón Canales, Profesora Contratada Doctor de Ciencia de Materiales e 

Ingeniería Metalúrgica de la misma Universidad. 

 

INFORMAN: 

Que la memoria presentada para optar al grado de Doctor por la Universidad Miguel Hernández 
de Elche por D. SERGIO ALEXANDRE GEHRKE, titulada “Biomateriales para injertos e 
implantes óseos: obtención, caracterización y biocompatibilidad in vivo”, ha sido realizada bajo 
nuestra dirección. 

 

Que han revisado los contenidos científicos y los aspectos formales del trabajo y dan su 
conformidad para su presentación a la Comisión de Doctorado de la Universidad Miguel 
Hernández de Elche. 

Y para que así conste, y a los efectos oportunos, firmamos el presente documento en Elche a    de 
julio de 2020 

 

 

 

 

Fdo. Piedad N. De Aza Moya    Fdo. Patricia Mazón Canales 

  



8 
 

  



9 
 

 

 

Programa de Doctorado en Bioingeniería 

 

 

Piedad N. De Aza Moya, Coordinadora del Programa de Doctorado en Bioingeniería de la 

Universidad Miguel Hernández de Elche por Resolución Rectoral 3120/19, de 09 de diciembre de 

2019 

 

INFORMA 

 

Que la tesis doctoral titulada “Biomateriales para injertos e implantes óseos: obtención, 

caracterización y biocompatibilidad in vivo”, ha sido realizada por D. SERGIO ALEXANDRE 

GEHRKE, bajo la dirección de las profesoras Piedad N. De Aza Moya y Patricia Mazón Canales, 

y da su conformidad para que sea presentada a la Comisión de Doctorado de la Universidad Miguel 

Hernández. 

 

Y para que así conste, y a los efectos oportunos, firma el presente documento en Elche a   de julio 

de 2020 

 

 

 

Profesora Piedad N. De Aza Moya. 

Coordinadora del Programa de Doctorado en Bioingeniería 

  



10 
 

 

  



11 
 

AGRADECIMIENTOS 

En primero lugar quiero agradecer a la Profesora Piedad N. De Aza, mi tutora en ese 

trabajo, por la confianza y por haber me aceptado como alumno en esa prestigiosa 

Institución. Sus consejos y estimulo fueron fundamentales para poder terminar y avanzar 

en los temas propuestos. 

Por otro lado, agradecer as personas que estuvieron conmigo en ese camino, directa o 

indirectamente: 

- Mi gran compañera Leticia, que además de siempre me apoyar, tuvo paciencia en los 

momentos difíciles y me dio un gran regalo durante ese periodo que fue nuestro hijo 

CAMILO; 

- Mis hijos Arthur, Luisa, Henrique y Camilo, que divinamente, mismo algunos estando 

lejos, siempre confiaron en mi trabajo; 

- Mis padres (Elson y Nair) que siempre están presentes para apoyarme y darme cariño; 

- Mi gran compañero de investigación (Jaime) por su dedicación y buena voluntad 

siempre; 

- A Profesora Patricia por la colaboración y la co-tutoría de mi tesis; 

- A todos los compañeros (colegas e investigadores) que de alguna manera participaron 

durante la ejecución de ese trabajo. 

 

 

 

 

  



12 
 

  



13 
 

ÍNDICE 
Abstract 15 

Resumen 16 

1. Introducción 19 

1.1 Estructura ósea 19 

1.2 Materiales para injerto óseo  19 

1.3 Estudio de los materiales implantables 21 

1.4 Implantes dentales 23 

1.5 Materiales para la fabricación de implantes 24 

1.6 Microestructura superficial de los implantes 25 

1.7 Macrogeometria de los implantes 28 

1.8 Oseointegración 29 

2. Objetivos 33 

3. Materiales y métodos 35 

3.1 Análisis estadístico 38 

4. Resultados 39 

4.1 Bloques de hueso bovino 39 

4.2 Análisis de superficies de diferentes implantes 40 

4.3 Análisis de diferentes macrogeometrías de implantes 40 

4.4 Análisis de implantes fabricados con diferentes materiales 41 

4.5 Distribución de cargas al hueso por los implantes 42 

5. Discusión 43 

5.1 Biomateriales para injerto óseo 43 

5.2 Implantes endóseos 44 

6. Conclusions/Conclusiones 49 

Bibliografía 51 

7. Anexo: Publicaciones 65 

  



14 
 

  



15 
 

 

Abstract/Resumen 
 

Abstract  
Rehabilitation treatment for dental losses through osseointegrable implants has changed 

the way of planning this type of rehabilitation. Many patients who, before the arrival of this 

technique, were condemned to spend their lives "mutilated" or rehabilitated with 

uncomfortable and non-functional prostheses, can now be treated with greater quality 

and satisfaction. For this purpose, many materials and innovations have been presented 

on the world market, both graft materials and different implant models. Every time a 

patient needs to replace a missing tooth through implants, they must have a suitable bone 

base to allow a secure fixation. In this sense, in this thesis, it was proposed to study 

various materials available for the graft, such as the implants used for bone fixation as a 

support (abutment) for rehabilitation prostheses. The different dental materials and 

implants had different types of surface treatments in order to improve and/or accelerate 

osseointegration. In this sense, several studies related to the physical-chemical and 

mineralogical characterization of the same were carried out after the different proposed 

surface treatments, in vitro tests on cell cultures and, finally, the implantation in animal 

models to analyze their behavior when implanted in bone tissue. For this, histological 

analyzes were performed and the variations found in each proposed surface model were 

verified and described. The data found demonstrated that there is a difference in the 

healing response of bone tissue when the implant surface is physically and chemically 

modified, sometimes accelerating and sometimes improving the quality of the newly 

formed tissue. However, in the last studies that we carried out, where changes were made 

in the macro geometric shape of the implants, it was observed that these changes 

accelerated and benefited osseointegration more effectively than the changes in the 

roughness made on the surface of the implants. Regarding the type of material used for 

implant preparation, titanium, compared to zirconium, was shown to have superior 

ossification results. At the same time, two materials used to recover bone defects (grafts) 
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that are already commercially available, made from bovine bone, were analyzed, where 

we can verify, both in vitro and in vivo analyzes, that the results were not adequate. With 

this, we open a new field for the realization and search for new materials that can more 

effectively replace this need. 

Resumen  
El tratamiento de rehabilitación para pérdidas dentales a través de implantes 

oseointegrables ha cambiado la forma de planificar este tipo de rehabilitación. Muchos 

pacientes que, antes de la llegada de esta técnica, fueron condenados a pasar su vida 

"mutilados" o rehabilitados con prótesis incómodas y no funcionales, actualmente pueden 

ser tratados con mayor calidad y satisfacción. Para este propósito, se han presentado 

muchos materiales e innovaciones en el mercado mundial, tanto materiales de injerto 

como diferentes modelos de implantes. Cada vez que un paciente necesita reemplazar 

un diente perdido a través de implantes, debe tener una adecuada base ósea para 

permitir una fijación segura. En este sentido, en la presente tesis, se propuso estudiar 

diversos materiales disponibles para el injerto como los implantes utilizados para la 

fijación ósea como soporte (pilar) para las prótesis de rehabilitación. Los distintos 

materiales e implantes dentales tuvieron diferentes tipos de tratamientos superficiales 

con el objetivo de mejorar y/o acelerar la osteointegración. En este sentido, se realizaron 

varios estudios relativos a la caracterización físico-química y mineralógica de los mismos 

tras los distintos tratamientos superficiales propuestos, ensayos in vitro de en cultivos 

celulares y, finalmente, la implantación en modelos animales para analizar su 

comportamiento cuando se implanta en tejido óseo. Para esto, se realizaron análisis 

histológicos y se verificaron y describieron las variaciones encontradas en cada modelo 

de superficie propuesto. Los datos encontrados demostraron que hay una diferencia en 

la respuesta de curación del tejido óseo cuando la superficie del implante se modifica 

fisicoquímicamente, a veces acelerando y otras mejorando la calidad del tejido recién 

formado. Sin embargo, en los últimos estudios que realizamos, donde se provocaron 

cambios en la forma macro geométrica de los implantes, se observó que estos cambios 

aceleraron y beneficiaron la osteointegración de manera más efectiva que los cambios 

en la rugosidad realizados en la superficie de los implantes. Con respecto al tipo de 
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material utilizado para la preparación del implante, se demostró que el titanio, en 

comparación con el zirconia, presenta resultados de osificación superiores. Al mismo 

tiempo, se analizaron dos materiales utilizados para recuperar defectos óseos (injertos) 

que ya se comercializan en el mercado, hechos de hueso bovino, donde podemos 

verificar, tanto análisis in vitro como in vivo, que los resultados no fueron adecuados. Con 

esto, abrimos un nuevo campo para la realización y búsqueda de nuevos materiales que 

puedan reemplazar más efectivamente esta necesidad. 
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1. Introducción 
 

 

1.1 Estructura ósea 

Para llevar a cabo tratamientos de rehabilitación con implantes dentales, es esencial 

tener una cantidad mínima de tejido óseo, tanto en grosor como en altura. En la mayoría 

de las pérdidas dentales, especialmente aquellas en las que el implante no se instala 

inmediatamente después de la extracción de la raíz, puede existir una falta de estructura 

ósea adecuada para la colocación del implante. Por lo tanto, el profesional necesitará 

recuperar este volumen y / o altura ósea insuficiente, lo que debe hacerse mediante el 

uso de injerto óseo. 

1.2 Materiales para injerto óseo 
Un material de injerto óseo debe cumplir tres funciones principales, es decir, restaurar la 

integridad del defecto óseo, proporcionar soporte mecánico para su crecimiento y 

promover la regeneración de este tejido. Los injertos se pueden clasificar de acuerdo con 

varios parámetros, de los cuales se destacan los mecanismos para promover la 

neoformación ósea, su origen y el grado de resorción de este material. La promoción de 

la formación de hueso en el sitio injertado incluye tres mecanismos básicos: 

osteogénesis, osteoconducción y osteoinducción. La osteogénesis ocurre cuando las 

células precursoras de osteoblastos viables se trasplantan al material del injerto, lo que 

puede establecer centros de formación ósea. Sin embargo, este fenómeno ocurre solo 

en injertos autólogos [1]. La osteoinducción es un proceso químico a través del cual las 

moléculas en el injerto convierten las células mesenquimales indiferenciadas en 

osteoblastos, lo que lleva a la formación de hueso nuevo en sitios heterotópicos y 

ortopédicos [2]. La osteoconducción ocurre cuando un material de injerto poroso inerte 

sirve como marco para el crecimiento de células precursoras de osteoblastos que 
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colonizarán el defecto. Es necesario tener porosidad e interconectividad entre los poros 

(como existe entre los huecos óseos que promueven la comunicación intercelular) para 

el crecimiento óseo [3].  

Idealmente, hay una reabsorción gradual del material injertado en el paciente, que debe 

ser reemplazado por hueso nuevo. En materiales no reabsorbibles, la incorporación 

ocurre solo por aposición ósea en la superficie del material. En cuanto a su origen, los 

materiales se pueden clasificar como autólogos (del individuo tomado de un lecho 

donante), aloinjertos (de seres de la misma especie), xenoinjertos (de seres de diferentes 

especies) y materiales aloplásticos (sintéticos). 

Los injertos autólogos se consideran ideales, ya que son los únicos con células viables 

que tienen la capacidad de osteoconducción, osteogénesis y osteoinducción. Se pueden 

extraer de los sitios intraorales o extraorales, según la cantidad y la calidad del hueso 

necesario en el sitio receptor. Los injertos autólogos tienen la desventaja de la morbilidad 

asociada con el sitio donante, una tasa de reabsorción impredecible y una cantidad 

limitada [4,5].  

Los aloinjertos u homoinjertos se obtienen del hueso de cadáver y se preparan en un 

banco de huesos, generalmente en forma de aloinjerto óseo liofilizado (FDBA), aloinjerto 

óseo liofilizado desmineralizado (DFDBA) o bloques congelados. El tamaño de las 

partículas de este hueso (si son muy pequeñas se reabsorben rápidamente), la 

variabilidad también puede explicarse por los diferentes métodos de preparación 

utilizados en diferentes bancos de huesos que son variables importantes [6]. Sus 

principales ventajas son la disponibilidad, poder tener diferentes tamaños y formas y no 

requerir una segunda cirugía (sitio donador). Las desventajas están relacionadas con la 

preparación compleja necesaria, la no aceptación del paciente y el riesgo siempre 

presente, incluso cuando es muy bajo, de posible transmisión de enfermedades [7-9].  

Los xenoinjertos son materiales de una especie diferente. Existen algunas formas 

naturales de obtener este material que predominan en la industria, es decir, coral natural 

y hueso de origen animal (bovino y porcino). En la preparación de estos materiales, los 

componentes orgánicos se eliminan para producir mineral óseo natural con una 
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estructura similar al hueso humano. Las grandes ventajas que presentan los xenoinjertos 

son: disponibilidad en grandes cantidades, evitan una segunda cirugía, la falta de 

morbilidad y de complicaciones asociadas con el sitio del donante. En cuanto a las 

desventajas, se puede resaltar el riesgo de transmisión de enfermedades, que, aunque 

prácticamente nulo, siempre puede existir, y la calidad del material [8,9].  

Finalmente, los materiales aloplásticos, que tienen como mayor ventaja la de poder 

controlar completamente la arquitectura de este injerto, de estar libres de reacciones 

inmunológicas, de no transmitir ninguna enfermedad (sin objeción de los pacientes), de 

ser biocompatibles y de estar disponibles en cantidade ilimitada. Básicamente, existen 

tres grupos disponibles en el mercado: cerámicas a base de fosfato de calcio, 

policristales bioactivos y polímeros (biodegradables o no). Entre las cerámicas a base de 

fosfato de calcio, destacan las hidroxiapatitas, que pueden ser porosas (de degradación 

lenta) o no porosas (no reabsorbibles) y beta fosfato tricálcico (totalmente reabsorbible) 

[10,11]. 

1.3 Estudio de los materiales implantables 

Un biomaterial tiene como objetivo reemplazar órganos o tejidos en el cuerpo humano, y 

para eso, antes de aplicarse clínicamente, es necesario llevar a cabo una investigación 

exhaustiva sobre la biocompatibilidad y seguridad biológica. Hay características 

principales que deben considerarse en los materiales, es decir, la biocompatibilidad, la 

ausencia de efectos tóxicos o dañinos para el organismo y la eficiencia de respuesta de 

las propiedades biomecánicas frente a las necesidades dinámicas y estáticas a las que 

puede estar sujeto dicho material. Estos materiales también deben permitir la interacción 

con el tejido óseo donde se implanta, manteniendo sus propiedades y estructura, sin 

interferir o alterar la integridad del entorno fisiológico. 

La biocompatibilidad es la capacidad de un material para estimular una respuesta 

biológica adecuada en una aplicación dada en el organismo, teniendo en cuenta una 

serie de factores que están relacionados con las condiciones ofrecidas por el huésped, 

las propiedades del material a aplicar, así como la ubicación anatómica de ese material. 

El concepto de biocompatibilidad se basa en las interacciones entre el material y el 
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entorno biológico donde se implantará, y uno de los factores centrales de esta 

biocompatibilidad es la respuesta tisular, que permitirá alcanzar una indicación clínica y 

el éxito del tratamiento [12]. En esta secuencia, verificamos que los biomateriales antes 

de ser aplicados al cuerpo humano deben someterse a una serie de pruebas y análisis 

de biocompatibilidad, a fin de evaluar los diversos niveles necesarios en esta verificación. 

En este sentido, la biocompatibilidad se puede evaluar en diferentes modelos de estudio, 

es decir, in vitro, in vivo (estudios preclínicos) o in vivo (estudios clínicos). Para la 

aplicación clínica de un biomaterial, se requiere una serie rigurosa de pruebas para 

garantizar su seguridad biológica, niveles de toxicidad, carcinogenicidad y 

biocompatibilidad. Estos factores de análisis exigen un conjunto de ensayos específicos 

in vitro e in vivo. Las pruebas o análisis realizados con humanos evalúan el 

comportamiento local del implante y sus efectos sistémicos. Las propiedades 

fisicoquímicas intrínsecas del biomaterial afectan el éxito de un implante dado que están 

fundamentalmente relacionadas con el área de interfaz creada entre el tejido óseo y el 

material implantado. Por lo tanto, destacamos que el análisis de la respuesta tisular a la 

implantación de un biomaterial se impone como un factor muy importante entre todas las 

pruebas de biocompatibilidad. 

El análisis del entorno biológico y los biomateriales implantados en una zona 

determinada, en la interfaz entre las células y la superficie de los materiales, es 

fundamental para la evaluación y cuantificación de su biocompatibilidad [13]. Los 

estudios in vitro indicados para la evaluación de la biocompatibilidad de los materiales 

tienen algunas ventajas importantes, de las cuales destacamos, la velocidad con la que 

presentan resultados, su sensibilidad y reproducibilidad y bajo costo en comparación con 

las pruebas in vivo; el aislamiento de las condiciones inherentes al proceso en estudio; 

la eliminación de materiales que no son biocompatiblrd, ahorrando tiempo e inversión y 

minimizando el número de experimentos aplicados a animales. 

Sin embargo, en el análisis de la biocompatibilidad de los materiales, existen factores 

limitantes en la ejecución de estos estudios, ya que la dificultad de la reproducción in 

vitro, el entorno fisiológico de los tejidos orgánicos, no cubren todas las posibles 

interacciones entre los factores involucrados en los mecanismos de defensa y de la 
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reparación del organismo después de la implantación de un biomaterial [14]. Aunque se 

establece como una metodología válida, la realización de una selección anticipada de 

varios materiales destinados a uso médico, los resultados obtenidos no pueden 

extrapolarse directamente a situaciones clínicas, sin considerar las limitaciones de las 

pruebas. Sin embargo, debe tenerse en cuenta que las pruebas y experimentos in vitro, 

en su totalidad y tamaño, no reemplazan las pruebas in vivo. En el campo de los estudios 

in vitro el uso de diferentes células humanas obtenidas del tejido donde se van a 

implantar los biomateriales es un factor relevante para ello, ya que de esta manera la 

reacción del tejido es más representativa de la que ocurre en estudios in vivo 

tradicionales. El análisis histológico por microscopía óptica, por ejemplo, permitirá 

demostrar el tipo de adhesión del implante a los tejidos circundantes, ya que su 

capacidad de resolución permite caracterizar esta interfaz, así como la intervención de 

células de tejidos blandos. Sin embargo, este análisis solo permite el desarrollo de una 

visión amplia y general de los tejidos que se forman, en el área que rodea los implantes, 

y la descripción de la naturaleza de la respuesta del tejido óseo, dada la colocación de 

los implantes, debe analizarse a fondo. 

1.4 Implantes dentales 
Los implantes dentales se han utilizado con mucha frecuencia en los últimos años para 

la rehabilitación de los dientes perdidos, principalmente debido a la alta previsibilidad que 

ha logrado esta técnica, con resultados de éxito supuestamente altos. Por lo tanto, el uso 

de implantes dentales ha asumido una gran importancia en la restauración de la función 

masticatoria, estética y fonética del paciente edéntulo, contribuyendo a la mejora de su 

salud oral y calidad de vida. El aumento continuo en la esperanza de vida de la población 

ha aumentado el número de pacientes que eligen este tipo de tratamiento. Por lo tanto, 

la importancia de realizar estudios profundos de los materiales y sus características 

aumenta aún más las posibilidades de prolongar longevidad y el éxito de este tratamiento 

[15]. 

Seguramente el material más utilizado para la fabricación de implantes es el titanio, ya 

sea en su forma comercialmente pura o en aleaciones específicas. El titanio es 

reconocido por ser un material bioinerte utilizado en numerosas áreas, como la cirugía 
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ortopédica y la odontología. Es un material reactivo que, en contacto con el aire, el agua 

o cualquier otro electrolito, forma espontáneamente una capa densa de dióxido de titanio 

en su superficie, dejándola con propiedades hidrófobas [16,17]. El éxito de la 

rehabilitación con implante depende de la interacción directa entre el hueso y la superficie 

del implante sin interposición de tejido conectivo, signos y síntomas de infección o 

inflamación. Este proceso de interacción directa entre el hueso y el implante se llama 

osteointegración. 

1.5 Materiales para la fabricación de implantes 

Actualmente, se están estudiando y utilizando varios materiales para la fabricación de 

piezas implantables, ya sea a nivel endóseo o subperióstico. Históricamente, los 

primeros tipos de implantes usaban metales nobles como el oro, la plata y el platino, ya 

que se creía que estos metales serían mejor tolerados por los tejidos. Sin embargo, el 

uso de estos metales no tuvo éxito, porque cuando estaban en contacto con fluidos 

orales, a menudo causaban la aparición de una corriente galvánica, debido a una 

reacción electrolítica, que puede inhibir la formación de tejido óseo [18]. 

En ell reemplazo de componentes estructurales del cuerpo humano por metales debe 

tenerse en cuenta la resistencia a la corrosión. El titanio es un elemento químico bien 

conocido, este interés se debe al hecho de que este material tiene una excelente 

resistencia a la corrosión en contacto con fluidos biológicos y alta biocompatibilidad, 

siendo bioinerte [15]. El titanio es ampliamente utilizado en odontología como material 

de implante y en ortopedia médica. Esta capa de óxido de titanio superficial, se ve 

químicamente como un óxido cerámico y es biológicamente interesante debido a su 

contribución favorable a las propiedades del material en términos de interacción con los 

tejidos adyacentes [19].  

Por otro lado, los materiales cerámicos se utilizaron por primera vez como biomateriales 

a partir de los años sesenta. Inicialmente, la atención se centró en los materiales 

cerámicos que causaron una reacción mínima o nula a los tejidos (cerámicas inertes 

como la alumina y la zirconia). Pero, poco después, se hicieron propuestas 

conceptualmente opuestas: la biocerámica debía reaccionar con el tejido creando un 
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tejido nuevo (cerámicas bioactivas como la hidroxiapatita) o bien degradándose a medida 

que el tejido circundante se regeneraba (cerámicas biodegradables como el fosfato 

tricalcico). Luego hubo un cambio en los objetivos de la investigación y las biocerámicas 

ahora atraen la atención mundial en un intento por resolver varios problemas que no se 

consigue con otro tipo de materiales [17]. Los materiales cerámicos tienen buena 

resistencia a la corrosión, baja conductividad térmica y un módulo elástico similar al del 

hueso. Por otro lado, no tienen suficiente resistencia mecánica a los esfuerzos de 

tracción o al impacto. Otra propiedad que los hace difíciles de usar es su técnica de 

fabricación, que es muy compleja en comparación con la fabricación de implantes 

metálicos. 

En general, las interacciones entre los materiales implantados y los tejidos pueden 

causar cuatro tipos de reacciones: 1) tóxica: muerte del tejido circundante al implante; 2) 

no tóxico - degradable – reemplazo del implante por tejido neoformado; 3) no tóxico - 

inerte - formación de una cápsula fibrosa delgada no adherente que circunda al implante; 

4) no tóxico - bioactivo - formación de un enlace interfacial con el tejido circundante y 

generación de tejido nuevo [20].  

1.6 Microestrutura superficial de los implantes  
Los cambios en la morfología y en la microestructura de la superficie de los implantes 

influyen en la respuesta celular, ya que las superficies tratadas promueven una mejor 

adhesión celular en comparación con las superficies no tratadas [21]. Además, las 

superficies hidrofílicas tienen una mejor afinidad por la estabilización y la formación de 

coágulos en comparación con las superficies hidrofóbicas [22]. Algunos autores 

describen que la rugosidad de la superficie promueve la osteoconducción al aumentar el 

área de superficie disponible para la adhesión de fibrina durante la fase de migración 

celular [23]. Por lo tanto, el tratamiento de la superficie puede favorecer la migración de 

células indiferenciadas que alcanzan la superficie del implante, aumentando la formación 

de hueso [22,24,25]. La osteogénesis en la superficie del implante está influenciada por 

varios mecanismos, y una serie de eventos coordinados, como la proliferación celular, la 

transformación de los osteoblastos y la formación de tejido óseo pueden verse afectados 

según la topografía de la superficie [26]. 
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El éxito del proceso de rehabilitación con implantes osteointegrados depende de varios 

factores, entre los cuales podemos destacar las propiedades fisicoquímicas de la 

superficie del implante que interacciona con las soluciones biológicas y, posteriormente, 

en la neoformación ósea de la interfaz hueso/implante. Por lo tanto, es posible afirmar 

que el tratamiento de la superficie de los implantes tiene un papel importante en el 

aumento del área superficial [27-29]. 

Las superficies con morfología macro-estructural se obtienen mediante un tratamiento 

superficial que puede ser de adicción o de sustracción. Existen diversos métodos de 

texturizado por adición, como puede ser: (I) sumergir el implante en soluciones que 

contienen partículas de dimensiones controladas que, junto con las estructuras presentes 

en la superficie, determinarán la dimensión final. (II) la utilización de un aerosol como, 

pueden ser el spray de plasma de titanio (SPT), el spray de plasma de hidroxiapatita 

(SPH) o fosfato de calcio, con espesores que pueden diferir entre 10 y 40 μm para SPT 

y entre 50 y 70 μm para SPH [30]. El spray de plasma de hidroxiapatita tiene 

características osteoconductoras y, por lo tanto, también produce una superficie bioactiva 

[31]. Sin embargo, estos métodos han caído en desuso porque tienen algunas 

desventajas, como el alto costo de fabricación en el caso de SPT y, debido al hecho de 

que algunos estudios in vivo han demostrado que hay una disolución o fractura de la 

capa de HA adherida a la superficie del implante en el caso de SPH, a pesar de la interfaz 

de hueso/HA está firmemente adherida antes de la implantación [32,33]. 

Entre los métodos de sustracción cabe destacar: (I) el arenado con partículas de 

diferentes diámetros y diferentes materiales, siendo este uno de los métodos más 

antiguos utilizados. Este método es una alternativa efectiva y de bajo coste entre los 

procesos para macro texturizar superficies. En este método, la superficie del implante es 

arenada con partículas de silicio, óxido de aluminio (Al2O3), óxido de titanio (TiO2) o 

vidrio, generando, a través del proceso de abrasión, una superficie rugosa, que puede 

variar según el tamaño y la forma de las partículas, la distancia y la presión aplicada, así 

como el tiempo de arenado utilizado en este proceso [30,34]. Varios autores han 

demostrado en estudios experimentales que la rugosidad producida mejora 

significativamente el contacto entre el hueso y el implante en comparación con los 
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implantes sin tratamiento de superficie [35,36]. (II) mediante un tratamiento de 

acondicionamiento que utiliza ácidos específicos que pueden atacar al titanio, como el 

ácido clorhídrico (HCl), el ácido sulfúrico (H2SO4), el ácido nítrico (HNO3) o el ácido 

fluorhidrico (HF) [30,37]. Este acondicionamiento se realiza en tiempo, temperatura y 

concentraciones específicas. El ácido produce microugosidades que pueden variar de 

0.5 µm a 2 µm de diámetro, suavizando algunos picos más altos [38,39]. Además, el 

ataque ácido además de proporcionar una topografía de la superficie del implante capaz 

de estimular la aposición ósea también funciona como descontaminante [40]. Este tipo 

de superficie acondicionada con ácido ha mostrado mejores parámetros de 

osteointegración en comparación con los implantes de superficie lisa y arenada [41,42]. 

Actualmente, uno de los modelos de tratamiento de superficies más utilizado por las 

industrias de implantes es el proceso que une los dos métodos mencionados 

anteriormente, es decir, el arenado más el acondicionamiento ácido. Este tipo de 

superficie se llama SLA (sandblasted, large grit, acid etched) [24,43]. Este modelo de 

superficie tiene una microestructura compleja de cavidades de aproximadamente 20 a 

40 μm de ancho producidas por el proceso de granallado y, superpuestas por microporos 

producidos por grabado ácido, alrededor de 0.5 a 3 μm de diámetro. Según algunos 

autores, esta superficie tiene mejores niveles de expresión para los genes responsables 

de la diferenciación de los osteoblastos [44]. Sin embargo, también se utilizan e 

investigan otros métodos de sustracción, como el tratamiento de superficie con láser 

[45,46]. 

Finalmente, estan las superficies nanotexturizadas sujetas a oxidación anódica, que 

muestran un aumento progresivo en el grosor de la capa de óxido en la dirección apical, 

haciéndola más biocompatible [47]. El proceso da como resultado una superficie 

isotrópica, caracterizada por la presencia de una estructura en forma de cráter capaz de 

aumentar el área de superficie [48]. Este es un proceso complejo que depende de varios 

parámetros, como son la densidad de corriente, la concentración de ácido, la 

composición y la temperatura del electrolito [47].  
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1.7 Macrogeometria de los implantes 
La macrogeometría incluye la forma del implante, las características del cuello y la 

geometría de las roscas (forma, ángulo, distancia y profundidad). Esos factores 

desempeñan un papel importante en la estabilidad primaria, al influir en la interconexión 

mecánica entre el implante y el hueso circundante [49,50]. El implante puede tener una 

forma cónica, cilíndrica o mixta (cilíndrica-cónica). La forma presentada por el implante 

influye en el tipo de fuerzas generadas en la interfaz hueso-implante y su disipación en 

el hueso. Por lo tanto, la forma ideal debería conducir a un equilibrio entre las fuerzas de 

compresión y tensión, minimizando las fuerzas de corte, que son las más dañinas y 

maximizando así la resistencia del implante a las cargas. Según algunos estudios, la 

forma cónica da lugar a más fuerzas de compresión, que se dirigen hacia el hueso 

trabecular, que es más resistente. Sin embargo, el implante cilíndrico genera más fuerzas 

de corte [49,51]. Algunos estudios han encontrado que la acumulación de fuerzas en el 

hueso cortical fue superior a la forma cilíndrica, mientras que otros no encontraron 

diferencias estadísticamente significativas en el hueso cortical y trabecular [51,52]. 

Con respecto a la inserción del implante, se han observado tiempos de inserción más 

bajos con la forma cónica. Otros estudios demuestran que con estos implantes los 

valores de torque de inserción son más altos, así como una estabilidad primaria más alta 

[53,54]. Debido a esto, varios autores proponen la utilización de este diseño en lugares 

de menor densidad y calidad ósea, como la región anterior del maxilar [55-60]. 

Las roscas de los implantes hacen aumentar el área de superficie en contacto con el 

tejido, aumentando la interfaz hueso-implante, y en consecuencia aumentando la 

estabilidad primaria. Al mismo tiempo, hay una mejor transmisión de fuerzas entre el 

implante y el hueso, distribuyendo mejor la carga entre las dos estructuras. La geometría 

de las roscas incluye la forma, el ángulo, la distancia, la profundidad y el ancho 

[51,61,62]. 

La capacidad de disipar fuerzas hacia el hueso circundante es un factor clave en el éxito 

del implante, ya que la interfaz hueso-implante puede verse fácilmente comprometida si 

se produce una alta concentración de cargas. La forma de las roscas afecta el tipo de 
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fuerzas existentes en esta interfaz y su disipación al hueso circundante [49,63]. Se ha 

sugerido que las fuerzas de compresión actúan como un estímulo para mantener el 

hueso alrededor del implante. Del mismo modo, hay estudios que indican que las fuerzas 

de cizallamiento elevadas en la interfaz hueso-implante y la estimulación mecánica 

insuficiente son factores etiológicos en la pérdida ósea marginal [62,64]. Por lo tanto, la 

forma de los pasos de rosca debe maximizar la disipación de las fuerzas favorables al 

hueso y minimizar la cantidad de fuerzas adversas, aumentando el área de contacto 

entre el implante y el hueso y, por lo tanto, permitiendo una mejor estabilidad primaria. 

Ciertas formas están asociadas con un mayor contacto hueso / implante, mientras que 

otras permiten una colocación más rápida del implante [49,63]. 

En cuanto a la forma de las roscas disponibles, los más frecuentes son triangulares, 

cuadrados, trapezoidales y espirales [49,62].  Así por ejemplo el implante Branemark 

original tenía vueltas triangulares, siendo esta la forma más estudiada. Esto se ha 

cambiado a lo largo de los años para permitir una mejor distribución de las cargas y 

reducir el desarrollo de fuerzas de corte en la interfaz hueso-implante [61,65]. Otros 

autores sugirieron que esta forma originó más fuerzas de corte que la forma cuadrada, 

que tenía los valores más bajos de estas fuerzas [63,66]. Al mismo tiempo, se descubrió 

que, a través de las formas cuadradas y trapezoidales, la carga axial se disipa a través 

de las fuerzas de compresión, mientras que, con las vueltas triangulares, la misma carga 

se transfiere a través de las fuerzas de compresión, tracción y corte [63]. Steigenga y 

colaboradores [61], en su estudio histológico en conejos, donde se compararon implantes 

con diferentes roscas, encontraron que existen diferencias estadísticamente 

significativas entre el par de extracción de los implantes con roscas triangulares y / o 

trapezoidales, en comparación con forma cuadrada, que mostró valores más altos. 

Varios otros estudios confirmaron que los implantes con roscas cuadradas obtuvieron 

mayor BIC (contacto hueso implante) y torque de remoción en comparación con la forma 

trapezoidal y triangular [49,62,63,66].  

1.8 Oseointegración 
El concepto de osteointegración fue desarrollado y estudiado por Per-Ingvar Brånemark 

y sus colaboradores [67], definiéndose como la presencia de contacto directo entre el 
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hueso y el implante. Otros autores describieron que la osteointegración se puede 

comparar fácilmente con el proceso de curación y consolidación de una fractura, en el 

cual los fragmentos de hueso fracturados se unen, sin la interposición de tejido fibroso o 

la formación de fibrocartílago [68]. 

La osteointegración de los implantes depende directamente de la estabilidad primaria y 

secundaria del implante y, se constituyen como dos etapas que están relacionadas entre 

sí, lo que influye inevitablemente en el tiempo para que ocurra este proceso. La 

estabilidad primaria se caracteriza por la estabilidad que el implante adquiere durante su 

instalación en el tejido óseo, mientras que la estabilidad secundaria del implante se 

asocia con la regeneración y remodelación ósea durante el período de curación. De 

acuerdo con Javed y colaboradores [69], la estabilidad secundaria depende de la 

cantidad y calidad del hueso, la geometría del implante y la técnica quirúrgica utilizada. 

En las diferentes marcas comerciales de implantes, podemos ver que una de las 

estrategias de los fabricantes ha sido utilizar estos conceptos como propiedades para 

minimizar el tiempo de osteointegración, modificando el diseño del implante [70].  

Según otros autores [71], estos cambios en la micro y macrogeometría de los implantes 

han sido ampliamente estudiados e implementados, con el objetivo de promover una 

mejor y más rápida migración y adhesión y aposición celular del tejido óseo. En este 

sentido, las características superficiales del implante, como la hidrofilia, la aspereza, la 

morfología y la tensión superficial, pueden alterar el comportamiento celular de la 

adhesión, la proliferación, los cambios morfológicos y funcionales [72]. Sin embargo, 

algunos factores de riesgo locales y generales relacionados con el huésped (paciente) 

pueden estar asociados con este proceso de curación, como el tabaquismo, la 

enfermedad periodontal y las enfermedades metabólicas. Es importante tener en cuenta 

que estos factores de riesgo están inherentemente relacionados con el proceso de 

curación ósea y, en consecuencia, con la osteointegración. Aun así, hay otros factores 

que pueden afectar este proceso, uno de ellos es la biocompatibilidad de los materiales 

utilizados en la composición de los implantes [21]. 

Varios estudios in vivo han demostrado que las superficies de implante tratadas (con 

rugosidad controlada) tienen una mejor interfaz de contacto entre el implante y el tejido 
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óseo, con un mejor anclaje, en comparación con las superficies no tratadas [21-25]. La 

superficie rugosa garantiza una mejor estabilidad mecánica entre el implante y el hueso 

inmediatamente después de su colocación, respaldada por la mayor área de contacto 

hueso-implante (BIC); La configuración de la superficie asegura el mantenimiento del 

coágulo y estimula el proceso de curación [73,74]. De acuerdo con otros autores [75], en 

la prueba de torque de remoción de implantes, los implantes de superficie tratados tienen 

valores más altos en comparación con los implantes de superficie no tratados. Las 

superficies de los implantes arruinados parecen tener cambios micrométricos ásperos, 

mientras que los tratados químicamente con ácidos tienen cambios submicrométricos 

ásperos. Sin embargo, la combinación de superficies arenadas y tratadas químicamente 

tienen como resultado una condición topográfica tridimensional [43,44]. Teniendo en 

cuenta la alta biocompatibilidad, así como sus excelentes propiedades mecánicas y 

físicas, la aleación base de titanio ha sido un material ampliamente utilizado en la 

industria de los implantes dentales. 
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2. Objetivos 
 

El objetivo principal de esta Tesis fue investigar la influencia de las características 

fisicoquímicas de los materiales de fosfato de calcio tanto de origen sintético como 

natural e implantes osteointegrables (de titanio y zirconia), utilizando métodos in vitro e 

in vivo, con miras a su posible aplicación clínica para la rehabilitación de tejidos y órganos 

dañados o perdidos. 

Para desarrollar el objetivo principal de la tesis se plantean varios objetivos parciales: 

-  Síntesis y caracterización física, química y mineralógica de materiales de fosfato 

cálcico de origen sintético y natural. 

- Caracterización físico química y mecánica de implantes óseos sintéticos de titanio y 

zirconia. 

- Evaluar el comportamiento in vitro e in vivo de diferentes materiales y superficies de 

implantes óseos. 

- Estudiar los cambios fisicoquímicos experimentados en los materiales y determinar el 

grado de reabsorción de los implantes después de la implantación in vivo, así como los 

acontecimientos biológicos que se presentan tanto en la interfase hueso huésped-

material, como en el interior de los mismos. 

- Evaluar la cantidad y calidad de la regeneración ósea (neoformación ósea) conseguida 

por los materiales implantados. 
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3. Materiales y métodos 
 

En este capítulo, se resume los materiales e implantes ensayados, así como los 

procedimientos experimentales realizados durante esta Tesis. 

Como materiales para injertos óseos se ensayaron dos materiales cerámicos 

comerciales: Orthogen Bone® (Baumer SA, Mogi-Mirim, Brazil) y Lumina Bone® (Critéria 

Indústria e Comércio de Produtos Medicinais e Odontologicos Ltda., São Carlos, Brazil). 

Los cuales se compararon con fosfato tricalcico sintetizado en el laboratorio mediante 

reacción en estado sólido. Los detalles de la síntesis y de las técnicas instrumentales 

empleadas para su caracterización se pueden encontrar en el artículo 2. 

Como implantes óseos se ensayaron implantes comerciales de titanio:  

- Implacil De Bortoli Company (São Paulo, Brazil). 

- Derig Produtos Odontológicos Ltda (São Paulo, Brazil). 

A los implantes de titanio se les realizó una modificación de su morfología superficial 

mediante un procesado de sustracción consistente en un ataque ácido, arenado con 

óxido de aluminio más ataque ácido y arenado con óxido de titanio más ataque ácido 

(artículos 1 y 4). También se les realizó análisis de diferentes diseños de roscas en los 

implantes (artículo 6) y, un cambio en el diseño del implante, que se comparó con 

implantes de diseño tradicional (artículos 7, 8 y 10). Los detalles de los distintos métodos 

ataque superficial, así como los detalles de cambio de diseño de los mismos se pueden 

encontrar en los artículos arriba mencionados.  

Una vez caracterizados todos los materiales e implantes se procedieron al estudio in vitro 

de los mismos. Para ello se realizaron ensayos de crecimiento y viabilidad celular en 

cultivos celulares para determinar si los materiales son citotóxicos o no y, para verificar 

el crecimiento celular. Detalles de estos análisis se puede encontrar en los artículos 1 y 

4 
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Finalmente se ensayó un nuevo implante a base de zirconia y se comparó con los 

implantes tradicionales de titanio (Implacil De Bortoli Company (São Paulo, Brazil).  

Todos los estudios contaron con la aprobación de los comités de ética de cada centro. A 

continuación, se detallan las referencias de las aprobaciones de dichos comités: 

- Aprobación número (#004‐09‐2015), Facultad de Itapiranga (Itapiranga, Brasil). 

(Artículos 1, 3, 4) 

- Aprobación número (#002‐09‐2015), Facultad de Itapiranga (Itapiranga, Brasil). 

(Artículo 5) 

- Aprobación número 02-17/UnRV, Universdad de Rio Verde (Rio Verde, Brasil) 

(Articulo 6, 7 y 10) 

En las pruebas con animales in vivo, se utilizaron en todos los estudios conejos de Nueva 

Zelanda con un peso de entre 4 y 5 kg. En la mayoría de los estudios se realizaron 

implantaciones en ambas tibias de los animales, excepto en el artículo 5, que se realizó 

en el hueso craneal. Para todas las cirugías realizadas, el protocolo quirúrgico y el 

cuidado de los animales fueron los mismos y se mencionan en los artículos. La 

recolección de muestras, el tratamiento y los procedimientos histológicos también fueron 

los mismos en todos los estudios. Los análisis realizados en los diferentes estudios 

fueron los siguientes: 

Porcentaje del contacto hueso - implante (BIC %- bone implant contact): En los estudios 

reportados en los artículos 3, 4, 6, 7 y 10, después de la adquisición de la imagen, se 

midió la cantidad de contacto entre el tejido óseo y la superficie del implante en cada 

muestra y se estableció una relación porcentual entre esta medición y la medición de 

todo el perímetro del implante. 

Porcentaje de ocupación de área ósea (BAFO % Bone area fraction occupancy): En los 

estudios reportados en los artículos 4, 6 y 7, en cada imagen adquirida de cada muestra, 

se midió el área ocupada por el tejido óseo dentro de cada espira. Por lo tanto, 

considerando el área total de cada espira, se calculó el porcentaje ocupado por el tejido 

óseo. 
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Coeficiente de estabilidad del implante (ISQ Implant stability quotient): Para realizar estas 

mediciones, se utilizó el dispositivo Osstell (Osstell Integration Diagnosis AB, 

Gotemburgo, Suecia), con un sensor magnético Smart Peg instalado previamente en 

cada implante, que permite que el dispositivo mida la estabilidad del implante por 

frecuencia magnética. En los estudios reportados en los artículos 6, 7 y 10, se utilizó esta 

prueba. En todas las implantaciones, las mediciones se realizaron inmediatamente 

después de la inserción del implante en el tejido óseo e inmediatamente después de 

extraer la muestra de los animales. Esta prueba también se utilizó en un estudio in vitro 

(artículo 9). 

Torque de remoción de los implantes (RTv): en los estudios reportados en los artículos 

3, 6, 7 y 10, se utilizó esta prueba, la cual consiste en la extracción en contra-torque 

(movimiento antirrotación) del implante que ya está osteointegrado, midiendo el valor 

máximo durante esta extracción. Este valor determina y, en consecuencia, evalúa la 

calidad del tejido óseo recién formado en la superficie del implante. 

Número de osteocitos presentes en un área determinada de neoformación ósea: esta 

medida se utilizó en el artículo 1, ya que el número de osteocitos presentes en un área 

determinada donde se produjo la neoformación de tejido óseo puede estar relacionado 

con una mayor o menor actividad celular. 

Área de formación de hueso nuevo: Esta medida se usó en el estudio reportado en el 

artículo 5, donde los injertos en bloques de hueso bovino se fijaron en el casquete de los 

animales y se evaluó el potencial de formación de hueso en estos bloques. 

Para medir los parámetros previamente informados fue utilizado el programa ImageJ 

(National Institute of Health, Bethesda, USA). 

En los estudios in vitro realizados, además del ISQ descrito anteriormente, se realizaron 

otras pruebas y análisis que se citan a continuación: 

Microscopía electrónica de barrido (SEM): este análisis se utilizó en la mayoría de los 

estudios para demostrar la superficie de los implantes estudiados y sus características 

topográficas, así como en la evaluación estructural de los huesos bovinos en bloques 
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probados. Los estudios donde utilizamos este análisis fueron reportados en los artículos 

1, 2, 3, 4, 5, 6, 7, 8 y 10. 

Microscopía de fuerza atómica (AFM): este análisis se utilizó para mostrar a través de 

imágenes la topografía de la superficie de los implantes dentales estudiados, utilizándose 

en los estudios reportados en los artículos 4 y 8. 

Ensayo de humectabilidad: este análisis, que consiste en colocar una gota de agua en 

una superficie y verificar su flujo o no, mide el ángulo formado entre la gota y la superficie 

plana, determinando así la energía de la superficie, se utilizó en el estudio reportado en 

el artículo 4. 

 

3.1 Análisis estadístico 
Los estudios tuvieron diferentes análisis estadísticos de acuerdo con la necesidad y la 

indicación de cada situación. Sin embargo, en todos los estudios, se utilizó el programa 

GraphPad Prism versión 5.01 para Windows (GraphPad Software, San Diego, California, 

USA). 
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4. Resultados 
 

4.1 Bloques de hueso bovino 

Los resultados de los estudios de hueso bovino tanto natural como sintéticos revelaron 

que las variaciones en las propiedades físicas, como las fases, la cristalinidad y la 

porosidad de los materiales dependen en gran medida de los procedimientos de 

fabricación. Los materiales de hueso bovino son monofásicos con alta porosidad y 

cristalinidad media-alta, a excepción del hueso bovino Lumina Bone, cuya cristalinidad 

es menor debido a la presencia de una mayor cantidad de colágeno mezclado con la 

matriz de hidroxiapatita. Como se esperaba, la mejor cristalinidad corresponde al material 

sintético. El tamaño de poro es similar para los materiales estudiados de origen natural, 

con ciertas ventajas para el material TCP sintético en relación con la interconexión de 

poros externos y microporos. La viabilidad y la proliferación de las células que crecen en 

contacto directo con los bloques de hueso bovino naturales son relativamente bajas en 

comparación con el material sintético. Estos resultados están presentados más 

detalladamente en el artículo 2. 

Los mismos bloques de hueso, Orthogen Bone® y Lumina Bone®, fueron implantados 

en el hueso craneal de conejos. A pesar de algunas limitaciones, este estudio mostró 

diferencias importantes entre ambos bloques de hueso bovino. Ambos bloques 

mostraron una baja neoformación de tejido óseo y, aun así, mostraron poca resorción en 

su estructura, corroborando los hallazgos celulares in vitro. La poca disolución de las 

muestras presentada en los ensayos realizados in vitro (artículo 2) fueron las probables 

causas de la poca neoformación de nuevo hueso o la sustitución del material injertado, 

pues las células responsables por la reabsorción de esas estructuras no lograron hacerlo 

por la dureza de los materiales. Esto se evidencia porque las estructuras implantadas no 

presentaron muchos cambios con respecto a su forma original después de los tiempos 

propuestos para los análisis. Estos resultados se presentan en detalle en el artículo 5.  
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En base a estos resultados, el tipo de proceso de sinterización puede ser crítico para la 

respuesta del tejido a los materiales de injerto y debe considerarse con precaución al 

elegir un material sinterizado (Orthogen Bone®) como alternativa a los injertos óseos 

autógenos para aplicación clínica.  

4.2 Análisis de superficies de diferentes implantes 

Se analizaron diferentes tipos de superficies de implantes durante esta Tesis. El análisis 

de las superficies de diferentes implantes mostró que ciertos cambios pueden beneficiar 

el proceso de osteointegración. En el artículo 1, donde se estudiaron diversas superficies 

obtenidas por el proceso de sustracción, es decir, ataque ácido, arenado con óxido de 

aluminio más ataque ácido y arenado con óxido de titanio más ataque ácido, se 

encontraron diferentes niveles de osteointegración en cantidad y calidad. Como grupo 

control se utilizó la superficie sin tratamiento (lisa). El tratamiento superficial con arenado 

con óxido de titanio más ataque ácido mostró los mejores resultados, seguido del 

tratamiento por arenado con óxido de aluminio más ataque ácido, ataque ácido y, 

finalmente, el grupo control sin tratamiento superficial. Los parámetros medidos 

mostraron claramente que además de la cantidad de hueso neoformado, la calidad 

medida por la cantidad de osteocitos presente en las áreas de neoformación, los cuales 

resultan directamente de la actividad celular, se han visto influenciados por las 

características fisicoquímicas de la superficie del titanio. En otro estudio (artículo 4), 

donde se analizaron las superficies de implantes tratados por condicionamiento ácido 

con y sin la realización de microsurcos en esta superficie, teniendo como grupo control 

una superficie lisa, los resultados mostraron un gran potencial para acelerar la 

osteointegración en los implantes que fueron tratados con condicionamiento ácido más 

microsurcos, en comparación con los implantes tratados con ácidos sin microsurcos y 

con superficies lisas. 

4.3 Análisis de diferentes macrogeometrías de implantes 

Así como ha quedado demostrados en los artículos 1 y 4 que las distintas alteraciones 

fisicoquímicas superficiales (microgeometria), promocionaron una mejor 
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osteointegración de los implantes de titanio. No ha quedado claro, el efecto de la 

macrogeometria (diseño) en la aceleración del proceso de osteointegración.  

En este sentido, y con objeto de aclarar este punto, en el artículo 6, se compararon in 

vivo, tres diferentes diseños de roscas de implantes con diferentes macrogeometrias. (un 

diseño de implante con forma de rosca en "v"; un diseño con hilos de roca cuadrados; un 

diseño con hilos más largos (cámara de curación)); y en los artículos 7, 8 y 10 se 

compararon cada nuevo diseño con implantes de diseño tradicional. Los resultados 

mostraron que el diseño del implante influye directamente en los parámetros de 

osteointegración. Así, la propuesta de un cambio y creación de una nueva 

macrogeometria para los implantes, junto a superficies tratadas como superficies lisas, 

mostraron una aceleración del proceso de osteointegración de los implantes en 

comparación con los implantes que tenían un diseño convencional, independientemente 

si la superficie presentaba o no tratamiento superficial (rugosidad).  

Esos resultados mostraron que para obtener una aceleración en el proceso de 

osteointegración la macrogeometria (diseño) es más importante que la superficie del 

implante (microgeometria). Por otro lado, estos resultados obtenidos demostraron que 

existe una correlación entre la no compresión del tejido óseo y la velocidad de 

osteointegración de los implantes. Las evaluaciones de esa nueva macrogeometría para 

implantes, donde se crearon cámaras de curación, se presentan en detalle en los 

artículos 7, 8 y 10.  

4.4 Análisis de implantes fabricados con diferentes materiales 

Con el objeto de ver no solo la influencia de la macro y microgeometria de los implantes 

en su comportamiento in vivo, sino estudiar también la influencia del tipo de material, se 

realizó un estudio de titanio versus zirconia (artículo 3).  

Los resultados mostraron que estos implantes de zirconia no presentan los mismos 

parámetros de osteointegración que los implantes fabricados en titanio, tanto histológica 

como biomecánicamente. Los análisis realizados mostraron que los valores del torque 

de remoción de los implantes fabricados en zirconia fueron inferiores a los implantes de 

titanio sin tratamiento de superficie y bastante inferiores a los implantes de titanio con 
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superficie tratada. Además, los valores de porcentaje de contacto entre hueso e implante 

(BIC%) y del porcentaje de área de formación de hueso adentro de las espiras (BAFO%) 

fueron inferiores a los implantes de titanio. Los datos para estas comparaciones se 

presentan con detalle en el artículo 3. 

4.5 Distribución de cargas al hueso por los implantes 

Finalmente, se realizó un estudio de distribución de carga mediante elementos finitos en 

la rehabilitación de una mandíbula completamente desdentada, para la cual los implantes 

dentales fueron  colocados en un caso a 14 mm de distancia y en otro caso a 9.7 mm de 

distancia  con lo que se colocaron 4 y 6 implantes totales Se utilizaron además dos tipos 

de carga: una carga axial de 100 N distribuida en todo el voladizo la región desde el 

implante distal y una carga axial de 30 N sobre los implantes en la región inter-foramen, 

Los resultaron indicaron que cuando son instalados 6 implantes hay una mejor 

distribución de cargas en comparación con el modelo donde se colocaron 4 implantes. 

En el artículo 9 se presentan en detalle todos los resultados obtenidos en ese estudio in 

vitro. 
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5. Discusión 
 

En este capítulo, se discute los resultados obtenidos en la presente Tesis. 

Entre los diversos estudios desarrollados durante esta Tesis se obtuvieron resultados 

que, muy probablemente, serán de gran importancia para el futuro de los materiales 

utilizados para injerto óseo y para la implantación endósea.  

5.1 Biomateriales para injerto óseo 

La característica principal que se buscaba en los primeros biomateriales era que estos 

fueran materiales bioinertes. Con el tiempo, el objetivo se ha convertido en buscar 

biomateriales bioactivos y, más recientemente, el objetivo ha sido la regeneración de un 

tejido funcional, con énfasis en el aspecto biológico, por lo que se buscan materiales 

bioactivos y biodegradables [76].  Todos ellos tienes en común que han de ser materiales 

biocompatibles que pudieran reemplazar el tejido dañado y proporcionar soporte 

mecánico, con una respuesta biológica mínima del paciente. Sin embargo, para 

aumentar la vida útil del implante, se han desarrollado materiales biodegradables, con la 

capacidad de ser incorporados o absorbidos (después de la disolución) por el tejido del 

huésped. Más recientemente, se ha estado trabajando con el concepto de biomimética, 

buscando materiales que participen activamente en el proceso de recuperación, 

actuando sobre el tejido de una manera específica, con estimulación a nivel celular. Los 

materiales que más se usan clínicamente en la actualidad son principalmente 

biocompatibles, bioactivos y biodegradables, y los más investigados son además 

biomiméticos [77]. En ese sentido, la caracterización fisicoquímica de los materiales 

disponibles para la reconstrucción ósea es fundamental para determinar sus propiedades 

y prever sus posibles reacciones cuando son implantados en organismos vivos. 

Con respecto a los biomateriales ensayados y publicados en los artículos 2 y 5, ambos 

bloques sintéticos de origen bovino, no funcionaron tan bien como se esperaba de ellos 

en las condiciones del estudio. El hueso bovino es un material ampliamente utilizado en 

ortopedia, con informes de buenos y malos resultados. Evaluando algunas publicaciones 
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y, a través de la experiencia de tantos años trabajando con estos materiales en animales 

y en humanos, he observado que los informes y publicaciones que presentan buenos 

resultados suelen ser estudios realizados en animales [78-82], que presentan 

condiciones ideales de salud sistémica y condiciones locales ideal, libre de 

contaminación, cuando se prueba en lugares extraorales. 

En cuanto a los informes de malos resultados con este tipo de material (hueso bovino), 

estos generalmente están vinculados a estudios clínicos en pacientes, es decir, dentro 

de las condiciones en las que estos materiales realmente deberían funcionar bien y 

presentan resultados variados, con un rendimiento dudoso [83,84]. Por lo tanto, la 

búsqueda de sustitutos óseos (materiales para injerto) sigue siendo un desafío para los 

investigadores y los médicos.  

5.2 Implantes endóseos 

Los implantes endóseos, han demostrado mucha previsibilidad en su uso clínico. A pesar 

de esto, todavía se están llevando a cabo estudios para mejorar algunas condiciones, 

como la pérdida de soporte óseo con el tiempo cuando está en funcionamiento, la 

aceleración de la osteointegración (reducción del tiempo para la colocación del implante 

en función), mayor previsibilidad cuando se usa en áreas pos-injerto y, la mejora de la 

calidad del tejido óseo recién formado alrededor de los implantes. En este sentido, la 

serie de estudios que realizamos con diferentes modelos de implantes y tratamientos de 

la superficie mostró diferentes comportamientos cuando se ensayaron in vitro (artículos 

8 y 9) e in vivo (artículos 1, 3, 4, 6, 7 y 10). 

Primero, observando las diferentes superficies de los implantes y haciendo diferentes 

análisis de implantes con diferentes superficies, concluimos que la morfología de la 

superficie del implante influye en la cicatrización del tejido óseo, y especialmente en la 

calidad final del tejido óseo recién formado en esa superficie, conforme se ha presentado 

en los artículos 1, 4 y 6. Existen diferentes formas de producir distintas morfologías 

superficiales, agregando o substrayendo material, siendo este último el más utilizado por 

la industria. Para hacer la sustracción, se utilizan diferentes materiales y técnicas, como 

arenado, oxidación y ataque de ácido. Los resultados informados en varios estudios han 
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demostrado que este tipo de morfología obtenido por el método de sustracción, 

independientemente del método y el material utilizado, presenta una respuesta de 

cicatrización en un tiempo similar para todos los modelos, con algunas diferencias en la 

calidad de este hueso neoformado [21-27]. En ese sentido, para los estudios y los análisis 

de las diferencias entre los distintos modelos de superficies e implantes, normalmente 

son utilizados ensayos biomecánicos (medición de la estabilidad inicial y ensayos de 

contra torque o torque de remoción) y análisis histomorfometricas (mediciones de 

diferentes parámetros histológicos). 

La medición de la estabilidad inicial de los implantes, actualmente, es realizada por medio 

de frecuencia de ondas magnéticas, las cuales determinan o nivel de anclaje inicial del 

implante al hueso y, posteriormente, indica el aumento o no de la calidad del hueso en 

diferentes periodos de la osteointegración. Con respecto al dispositivo utilizado en 

nuestros análisis (Osstell), cuando el implante vibra, como consecuencia de una fuente 

de excitación, se analiza su movimiento. Posteriormente, el software convierte las ondas 

de Hertz recibidas en un valor numérico llamado ISQ, en una escala que va de 1 a 100. 

Los aumentos en ISQ ocurren en proporción a la rigidez de la interfaz hueso-implante y, 

en consecuencia, a la estabilidad del implante [85-87]. 

Con relación al ensayo de torque de remoción de los implantes (artículos 3, 6, 7 y 10), 

que implica la aplicación de una fuerza rotatoria en el implante en sentido antihorario, el 

cual es realizado en diferentes períodos de tiempo a lo largo de la instalación del implante 

en el hueso. Este puede presentar valores distintos, dependiendo del tipo de hueso 

donde se está analizando. Sin embargo, cuando son analizados diferentes implantes o 

tiempos distintos, los valores nos determinan si hubo o no una mejora de la densidad del 

hueso al redor del implante. La prueba de torque de remoción es un método muy útil para 

medir el nivel de coherencia entre los implantes y el hueso. Ivanoff y colaboradores [88], 

informaron que el ensayo de torque de remoción está estrechamente relacionado con el 

contacto hueso-implante y la cantidad de hueso dentro de la espira. Sin embargo, la 

prueba de torque de extracción se basa principalmente en la medición de las fuerzas de 

corte de la interfaz entre el implante y el hueso, por lo que no siempre muestra una 

relación directa con la respuesta ósea o la cantidad de hueso unido a la superficie del 
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implante [89] En los casos en que los bordes cortantes de un implante se insertan en el 

hueso cortical y los dispositivos se colocan bicorticalmente, el RTQ puede ser muy alto 

sin una correlación directa con el crecimiento óseo alrededor del implante [90]. Sin 

embargo, ese método de análisis destruye las muestras. Nuestros resultados mostraron 

que en todos los modelos de implantes donde hubo una mejor respuesta de cicatrización, 

sea más rápida o en más cantidad, los valores de torque de remoción de los implantes 

fueron más alto, corroborando el concepto de que ese ensayo sirve como indicador de 

la calidad y unión del hueso al implante. 

Por último, los análisis histomorfometricos, las cuales son más comúnmente utilizados 

en esos tipos de estudios muestran las alteraciones morfológicas de los tejidos que 

ocurren alrededor del implante [91]. Esos parámetros sirven para comparar más 

precisamente el resultado de las variaciones de los implantes e/o materiales testados in 

vivo (artículos 1, 2, 3, 4, 6, 9 y 10). Hay básicamente dos indicadores considerados para 

la osteointegración: la relación de contacto entre el hueso y el implante, más conocido 

por BIC, que mide el grado de contacto entre el hueso y el implante en la muestra de 

tejido, y el área de la superficie del hueso, más conocido por BAFO, que mide 

cuantitativamente la cantidad de formación de hueso nuevo dentro de las espiras del 

implante. 

En otro estudio, cuando evaluamos la adición de sustratos en las superficies del implante 

comenzamos a observar la posibilidad de acelerar el proceso de osteointegración, 

porque dependiendo del material utilizado, estimula el proceso celular, como observamos 

en el estudio donde depositamos calcio-magnesio en la superficie de los implantes [92]. 

Otros autores, evaluaron la deposición de hidroxiapatita sobre la superficie de implantes 

y, también observaron una aceleración del proceso de osteointegración [25,93]. Sin 

embargo, este tipo de proceso (adición de sustratos) no es ampliamente utilizado por la 

industria debido a sus costes de producción y la dificultad de registro de este tipo de 

implantes. 

Más recientemente, nuevos conceptos con relación a los cuidados quirúrgicos que 

podrían beneficiar el proceso de osteointegración surgieron y, así, otra forma de cambiar 

los parámetros de osteointegración controlando el trauma quirúrgico durante la ejecución 
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de los procedimientos para instalar los implantes. En ese sentido, algunos autores [94-

96] han demostrado que la compresión del tejido óseo causada por la colocación de los 

implantes puede aumentar el trauma local y, en consecuencia, la inflamación causada 

en esa área, aumentando el tiempo necesario para que ocurra la osteointegración. Así, 

se demostró que, a través de un hueso sobre-fresado, es decir, aumentando el tamaño 

de la perforación ósea, dejándolo más cerca del diámetro externo del implante, el tejido 

óseo no se comprimiría durante su instalación y, por lo tanto, los espacios generados 

dentro de las espiras de estos implantes se llenan de coágulo y se reemplazan más 

rápidamente por tejido óseo [97,98]. Algo similar, o sea, presencia de cámaras de 

curación, fue mostrado también en el artículo 1, donde el espacio generado después del 

fresado quedo rellenado por coagulo y se notó una mejor osteointegración. Con esta 

filosofía, surgió el diseño de una nueva macrogeometría del implante, donde los 

espacios, llamados la cámara de curación, se elaboraron dentro del cuerpo del implante, 

por lo que no requiere el uso de fresado excesivo para poder instalar un implante sin 

comprimir el tejido óseo. Nuestro grupo de investigación tuvo el privilegio de participar 

en todo el proceso de análisis de esta nueva macrogeometría y utilizarla como parte del 

trabajo de esta tesis, que dio como resultado 3 publicaciones sobre este tema (Artículos 

7, 8 y 10). Los resultados demostraron que es realmente posible acelerar el proceso de 

osteointegración y que el tratamiento de la superficie (rugosidad) mediante el método de 

sustracción no acelera los eventos relacionados con la curación ósea. 

Otro punto actual y bastante discutido en la implantología es el reemplazo del titanio, lo 

cual ha sido propuesto por algunos autores [99-101]. Para esa sustitución del titanio, 

actualmente lo que más se ha probado es la zirconia. La zirconia presenta características 

mecánicas que pueden soportar adecuadamente las exigencias mecánicas de la función 

masticatoria y, principalmente, mejoran la estética en los sectores anteriores de la 

cavidad oral. Sin embargo, además de los problemas presentados para la fabricación de 

un sistema de implante en zirconia en dos piezas separadas (pilar e implante), existen 

dudas sobre su real comportamiento biológico, desde la osteointegración inicial, así 

como su mantenimiento a largo plazo [102]. En este sentido, realizamos en esta Tesis, 

un estudio para verificar y comparar el proceso de osteointegración de estos nuevos 

implantes (artículo 3). Los resultados que obtuvimos demostraron que los implantes 
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fabricados en zirconia son biocompatibles, sin embargo, la osteointegración fue menos 

efectiva en comparación con los implantes fabricados en titanio y con morfología 

superficial modificada. Sin embargo, otros autores mostraron un mejor comportamiento 

de la zirconia cuando su superficie fue tratada [103-106]. Es importante decir que en 

nuestro estudio los implantes de zirconia utilizados fueron con superficie sin tratamiento. 

Finalmente, después de todas esas comprobaciones y relatos sobre el comportamiento 

biológico de los implantes, nos faltaba algún detalle sobre su funcionamiento 

biomecánico. Los implantes fueron inicialmente desarrollados para el funcionamiento en 

conjunto (varios implantes), 5 o 6 implantes instalados en mandíbula para sostener una 

prótesis fija completa en pacientes desdentados completo [107]. Sin embargo, algunos 

autores han propuesto a disminución de la cantidad de implantes para esa misma 

finalidad [108,109]. Así, probamos a través de un ensayo de elementos finitos, la 

diferencia en la distribución de cargas utilizando 4 y 6 implantes. Los resultados 

mostraron que con 6 implantes las cargas se distribuyen mucho mejor (Articulo 9). 

 

  



49 
 

6. Conclusions 
With the results obtained in the different studies carried out, we conclude that: 

- The bovine bone blocks studied (both synthetic and commercial) did not produce the 

desired effect and did not show adequate ossification when tested in vivo; 

- The modifications you make in the superficial morphology of the implants, meant an 

improvement in their behavior, given that they improved the quality of the newly formed 

bone tissue; 

- The macrogeometry of the implants with healing chambers accelerated the 

osseointegration of the implants and generated less compression of the bone tissue 

during their installation; 

- Implants made of zirconium had a lower osseointegration rate compared to implants 

manufactured of titanium. 

 

Conclusiones 
Con los resultados obtenidos en los diferentes estudios realizados, concluimos que: 

- Los bloques de hueso bovino estudiados (tanto los sintéticos como los comerciales) no 

produjeron el efecto deseado y no mostraron una osificación adecuada cuando se 

ensayaron in vivo; 

- Las modificaciones realizas en la morfología superficial de los implantes, supusieron 

una mejoría en el comportamiento de éstos, dado que mejoraron la calidad del tejido 

óseo recién formado; 

- La macrogeometría de los implantes con cámaras de curación aceleró la 

osteointegración de los implantes y generó menos compresión del tejido óseo durante su 

instalación; 
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- Los implantes fabricados en zirconia tuvieron una tasa más baja de osteointegración en 

comparación con los implantes fabricados en titanio. 
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Background. The objective of the present histologic animal study was to analyze whether roughness of the titanium surface can
influence and/or stimulate the bone growth in defects filled with the blood using a rabbit tibia model. Materials and Methods.
Forty sets (implant and abutment), dental implant (3.5mm in diameter and 7mm in length) plus healing abutment (2.5mm in
diameter), were inserted in the tibiae of 10 rabbits. Moreover, twenty titanium discs were prepared. The abutment and discs were
treated by 4 different methods and divided into 4 groups: (group A) machined abutments (smooth); (group B) double acid etching
treatment; (group C) treatment with blasting with particles of aluminum oxide blasted plus acid conditioning; (group D) treatment
with thorough blasting with particles of titanium oxide plus acid conditioning. The discs were used to characterize the surfaces by
a profilometer and scanning electronic microscopy. Results. After 8 weeks, the new bone formation around the sets of the samples
was analyzed qualitatively and quantitatively in relation to bone height from the base of the implant and presence of osteocytes.
Group C (1.50±0.20mm) and group D (1.62±0.18mm) showed bone growth on the abutment with higher values compared to
group A (0.94±0.30mm) and group B (1.19±0.23mm), with significant difference between the groups (P < 0.05). In addition,
osteocyte presence was higher in groups with surface treatment related to machined (P < 0.05).Conclusions.Within the limitations
of the present study, it was possible to observe that there is a direct relationship between the roughness present on the titanium
surface and the stimulus for bone formation, since the presence of larger amounts of osteocytes on SLA surfaces evidenced this
fact. Furthermore, the increased formation of bone tissue in height demonstrates that there is an important difference between the
physical and chemical methods used for surface treatment.

1. Introduction

Studies have demonstrated different superior survival rates
of dental implants in the anterior mandible area (higher

bone density) compared to the posterior maxilla (lower bone
density) [1, 2]. Specific areas where there is a lower density
of bone tissue that requires implants, such as the posterior
maxilla region, where the predictability of osseointegration is
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lower, have been the subject of numerous researches in the
sense of seeking new macro and micro structural drawings
of the implant for increasing the predictability and the
possibility of applying loads as early as possible [3–5]. Among
the modifications in the sense of improving tissue response,
surface treatment of implants has receivedmore attention and
is one of the most researched topics. Since the first portion of
an implant to interact with the patient’s tissues after implanta-
tion is the surface of the implant where direct contact occurs
with the blood and consequently with its cellular components
and growth factors, its morphological structure (roughness
pattern) and/or physical-chemical characteristics are widely
analyzed [6, 7]. The first step for the bone healing on the
titanium implant (osseointegration) is forming a blood clot
at the surface. The initial contact of blood with biomaterials
and subsequent recruitment of inflammatory and marrow-
derived stromal cells is among the first phases of bone
regeneration [8]. Other authors related that they believe that
the early blood cell/implant interactions may play a key role
in the osteoconduction stage of peri-implant bone healing in
response to micro-roughened implants [9].

Several studies have demonstrated that the surface rough-
ness in titanium in comparison to smooth surfaces presents
a result of osseointegration better after its placement in func-
tion supporting themasticatory loads [10–14]. Although it has
been established that bone/implant contact can be accelerated
by surfaces with moderate roughness when compared to
smooth surfaces [15], recent studies have shown that the
physical-chemical composition at nanometer scale can posi-
tively alter the cellular response and, consequently, accelerate
the osseointegration process [16–18]. This morphology in
nanometric parameters apparently allows a pattern of cellular
activity and protein absorption easier. Moreover, most of
the cellular components responsible and/or involved in the
healing process of the bone tissue have a nanometric pattern
[19]. All of these observations at the different scales (micro-
or nanometric) on the relationship between the surface mor-
phology of the implants and the cellular reactions increase
the evidence that the physical-chemical modifications of the
surface can alter the cellular activity and response during
the healing process of the implants of tissues in contact with
titanium treated [11, 13, 20].

The characterization of the surface of the materials is vital
to know the structure and the biologic reaction. The cellular
activities (adhesion and growth) on a surface is influenced
directly by its morphological characteristics and its chemical
composition [21]. Then, the purpose of this histological
animal study was to analyze the effect of titanium surface
with different roughness patterns on bone tissue formation
in small defects (as a healing chamber) filled only with blood
clot in the tibia of rabbits.

2. Materials and Method

2.1. Materials and Groups Presentation. Forty healing abut-
ments, fabricated in commercially pure titanium (grade IV),
with a 2.5mmdiameter and 4.5mm transmucosal height and
20 titanium discs measuring 6mm in diameter and 2mm in
length were prepared (Figure 1).

Figure 1: Image of the healing abutment used in this study, which
received the surface treatment in the transmucosal portion.

Alterations in the surface were obtained using 4 dif-
ferent treatments generating the groups: machined surface
(Group A); surface conditioned by double acid etching using
hydrofluoric acid (HF), following of sulfuric acid (H

2
SO
4
)

solutions (Group B); surface blasted with aluminum oxide
(Al
2
O
3
) microparticles (100𝜇m) and passivated with nitric

acid (HNO
3
) solution (Group C); surface blasted with tita-

nium oxide (TiO2) particles (50-100𝜇m) and passivated with
maleic acid (HO

2
CCH
2
CHOHCO

2
H). Ten abutments and 5

discs were used in each group. All the samples used in the
present study received the same care and treatments applied
and required for the final commercialization of implantable
products.

For the present study were used 40 Morse taper dental
implants with the surface treatment equal as described for the
treatment applied in the abutment of group D. The dimen-
sions of the implants were 3.5mm in diameter and 7mm
in length. All implantable materials used were produced by
Implacil DeBortoli (São Paulo, Brazil).

2.2. Morphological Characterization of the Samples. The 5
discs of each group were characterized in scanning electron
microscopy (Philips XL30, Eindhoven, The Netherlands) at
×1,000 to record a series of images based on secondary
electrons (SEs) and submitted to the optical laser profilometer
(Mahr GmbH, Gottingen, Germany) to evaluate the rough-
ness of the surface of the sample of each group, measuring
the high variation of the valleys (Z), the absolute values of all
profile points (Ra), the root-mean-square of the values of all
points (Rq), and the value of the absolute heights of the five
highest peaks and the depths of the five deepest valleys (Rz).

2.3. Animal Surgery and Care. For the present in vivo analy-
sis, ten rabbits (Oryctolagus cuniculus) that weigh 4 ± 0.5 kg
were included. The protocol was evaluated and approved in
the ethical committee of the Itapiranga Faculty, Itapiranga,
Santa Catarina, Brazil (#004-09-2015). The anesthesia of the
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0.5 mm

1.5 mm

Figure 2: Schematic images showed the difference between the implant diameter and abutment diameter generating a bone gap of 0.5 ×
1.5mm around of all sets.

animals was performed by intramuscular (IM) injection of
ketamine (35mg/kg; Agener Pharmaceutical, Brazil). Subse-
quently, a muscle relaxant (Rompum 5mg / kg, Bayer, Brazil)
and a tranquilizer (Acepran 0.75mg / kg, Univet, Brazil) were
intramuscularly injected. To increase the control of pain and
reduce bleeding, local anesthetic (3% Prilocaine-Felypressin,
Astra, São Paulo, Brazil) was administered in the area corre-
sponding to the surgical sites. Then, an incision was made by
planes (external and internal) to access the bone tissue of each
tibia. The bone bed to install the set (implant and abutment)
was performed using a drill sequence recommended for this
implant model under copious saline irrigation. Each animal
received 1 set (implant + abutment) from each group, 2
implants per tibia (4 per animal). The position was defined
by randomization (www.randomization.com) prior to the
surgeries. All implants were installed 1.5mm below the level
of the cortical bone, being stabilized in the inferior cortical
portion, and subsequently, the abutment was positioned. So,
the difference between the implant diameter and abutment
diameter generated a bone gap of 0.5 × 1.5mm around of all
sets, in accordance with the scheme of Figure 2.

The rabbit represents a test system commonly used in
orthopedics, and the tibia was selected as the implant site
because of the simplicity of the surgical access [22]. During
the implants placement, the implant initial stability was
controlled by surgeon experience (SAG). The suture was
performed by planes (internal and external) with catgut
and nylon sutures, respectively. Postoperatively, 600,000 IU
Benzetacil was administered by IM injection (single dose).
Postsurgically, each animal was placed in individual cages
with 12-hour cycles of light, temperature controlled in ∼
21∘C, and the diet ad libitum. During the postoperative
period, no complications were observed with any of the
animals included in the present study. The euthanasia of
the animals was performed by ketamine (2ml) and xylazine
(1ml) overdose 8 weeks after implantation. Osseointegration
of the implants is considered to be completed after the 8-
week period in this animal model [23]. After removing all

tibias of the animals, these were immediately immersed in
formaldehyde-based fixative.

2.4. Histologic Procedures. The specimens collected from the
animals (implant + abutment) integrated into the tibia bone
were fixed (10% formaldehyde) for 10 days, after which the
pieces were cut in small blocks and immersed in different
concentrations of ethanol (60%, 70%, 80%, and 99%) for
24-56h for dehydration [24]. Then, these dehydrated small
blocks were embedded in Technovit 7200 VLC resin (Kultzer
& Co., Wehrhein, Germany) and, after the polymerization,
were sectioned using a metallographic cutter (Isomet 1000;
Buehler, Germany). The cut slices were abraded in a bench
polisher (Metaserv 3000; Buehler, Germany) using progres-
sive (180, 220, 360, 600, and 1200 mesh) abrasive papers
to achieve a thickness of ∼30𝜇m. After completion of the
preparation of the slides, they were taken by light microscopy
(Nikon E200, Tokyo, Japan) to analyze and obtain the images.
The new bone formation in height, taking into account the
implant platform to the highest point of the bone tissue in
contact with the healing abutment, is shown in Figure 3.
The count of osteocytes was made in a predetermined area
of 0.25mm2 conforming with Figure 4, where the more
internal area of the bone chamber is used, i.e., between
the base of the implant platform and the abutment wall.
All measurements and count were performed using Image
Tool software, version 5.02 for Microsoft Windows�. The
measurements were performed by two authors (SAG and
MPGR), and amean of these measured values was elaborated
and considered for evaluation. However, the measurements
were redone by the examiners every time the measured
values were discrepant. The cell count was performed in
2 sides of each sample and a mean was made for each
implant.

2.5. Statistical Analyses. The data measured for each group
were analyzed longitudinally using the one-way analysis of
variance (ANOVA) for repeated measures. The comparative

http://www.randomization.com
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Table 1: Mean and standard deviation of the surface groups profilometry (in 𝜇m).

Rugosity parameters Z Rq Ra Rz
Group A 0.91 ± 0.11 0.15 ± 0.01 0.12 ± 0.02 0.94 ± 0.10
Group B 1.96 ± 0.13 0.42 ± 0.06 0.29 ± 0.03 1.26 ± 0.09
Group C 3.84 ± 1.18 0.93 ± 0.07 0.70 ± 0.05 3.12 ± 0.91
Group D 2.93 ± 1.02 0.82 ± 0.19 0.56 ± 0.10 2.59 ± 0.89
Z indicates longest distance recorded between the peak and the valley, high variation of the valleys; Ra, arithmetic average of the absolute values of all profile
points; Rq, the root-mean square of the values of all points; Rz, the average value of the absolute heights of the 5 highest peaks and the depths of the 5 deepest
valleys.

Table 2: Statistical t-test comparing the data among the 4 proposed groups.

Group A Group B Group C Group D
Group A - - - 0.0005∗ < 0.0001∗ < 0.0001∗
Group B 0.0005∗ - - - 0.0588 0.0051
Group C < 0.0001∗ 0.0588 - - - 0.1202
Group D < 0.0001∗ 0.0051 0.1202 - - -
∗Statistical significative difference with p < 0.05.

Figure 3: Image showed the height bone growth wasmeasured with
respect to the implant platform at the bone contact with the healing
abutment.

analysis between groups was performed using the paired t-
test. These statistical comparisons were made through the
software GraphPad Prism 5.0 for Windows (GraphPad Soft-
ware Inc., San Diego, CA, USA). In all analyses, significant
differences were considered when p <0.05.

3. Results

All sets (implant + abutment) showed a strong stability after
8 weeks, showing that they are osseointegrated. No signs of
infection were detected during the 8 weeks at any surgical
site.

3.1. Disks Analysis of the Surface Morphology. The obser-
vation of the images obtained in SEM showed different

configuration in groups C and D, which presented more
roughness than groups A and B (Figure 5).

The mean and standard deviation data of roughness
parameters Z, Rq, Ra, and Rz are presented in Table 1 for each
group.

3.2. Histologic Observations and Histomorphometry. Com-
plete bone neoformation was observed around all sets
(implants + abutments) of all groups. The characteristics of
the growth of bone tissue around the abutments were similar
between the groups, with qualitative difference in the samples
of group A (Figure 6).

The mean of the bone measured for each group
and the standard deviation were 0.94 ± 0.30mm (range:
0.55–1.80mm; length variation (ΔL) = 1.25mm) for group
A; 1.19 ± 0.23mm (range: 0.60–1.55mm; ΔL = 0.95mm) for
groupB; 1.50± 0.20mm(range: 1.01–1.90mm;ΔL=0.89mm)
for group C; and 1.62 ± 0.18mm (range: 1.30–1.99mm; ΔL =
0.69mm) for group D. The measured values for each group
are presented comparatively in the graph of Figure 7.

Significant difference by applying the ANOVA test was
observed among data measured for the 4 groups studied (p<
0.001). In all cases, Fcal = 34.2104 was greater than F-crit =
2.7249, with significance set at p = 4.24−14.

The osteocytes counts in the predetermined area for each
group were 70.4 ± 12.2 for group A, 96.5 ± 10.4 for group B,
106.1 ± 9.9 for group C, and 110.7 ± 7.4 for group D. These
data are presented comparatively among the 4 groups in the
graph of Figure 8, where a significant difference was observed
using a one-way ANOVA test (p = 0.009). Table 2 showed
the statistical results of the comparison between each of the 2
groups.

4. Discussion

The objective of the present histologic animal study was
to analyze whether roughness of the titanium surface can
influence and/or stimulate the bone growth in defects filled
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Figure 4: Scheme of the area predetermined (0.25mm2) to count the osteocytes. In (D), the osteocytes are counted in the ImageJ program.

Figure 5: SEM of the surfaces after the treatment on the titanium discs of group A, group B, group C, and group D.

with the blood using a rabbit tibia model. The present study
developed the hypothesis presented in vitro by Yang et al.
[8], which showed that the roughness presented on the
titanium surface influences positively the formation of new
bone tissue in the presence of blood (clot), which induces
cellular settlement and, consequently, stimulates tissue heal-
ing. After previous study to determine if the surface treatment
of the abutments could increase influence, the response
of peri-implant tissues [14], using the platform reduction
concept (switching platform) shown inMorse taper implants,
glimpses the possibility of creating a new model to evaluate
in vivo different surface only in the presence of the blood clot,
simulating the healing chamber recently proposed for dental
implants [25–27]. The calls healing chambers (empty space
between the implant and the bone tissue) are immediately
filled with blood clot that evolves towards the osteogenic
tissue subsequent ossification through a pathway similar to
intramembranous ossification [28], as was observed in the
histological findings of the present study [28].

Various physical and chemical modifications on implant
surfaces have been developed and presented commercially by
the various manufacturers of these materials [29]. However,

regarding the ideal condition for the growth of bone tissue on
the titanium surface, there is no consensus so far. However,
the surface morphology of the implants, which has been
studied and worked at the micro- and nanometric level,
can positively alter the activity and response of the peri-
implant tissues. Currently, the mechanisms involved in the
processes of bone healing, when in contact with a surface
(treated or not), are not fully discovered and/or detailed.
The modifications performed on the surface altering the
physical and chemical characteristics directly affect the cel-
lular activities (adhesion, proliferation, division, cell matrix
production, among others) involved in the process of bone
healing at the interface with the implant [30–32]. Currently,
a large part of the implant-producing industry uses sand-
blasting and acid conditioning (SLA) for surface treatment
of implants, in which sandblasting is performed by an
abrasive particle (e.g., aluminum oxide, titanium oxide) with
predetermined size, and then acid etching with a solution
prepared at controlled temperature and time, as it is heavily
backed and documented in the world literature [33, 34].
This type of treatment involving two processes (sandblasting
and acid etching) is characterized by producing a surface
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Figure 6: Histological images 8 weeks after healing of group A, group B, group C, and group D, respectively.
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Figure 7: Box plots graph of the bone height measured in accor-
dance with the scheme of Figure 3 in each group.
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Figure 8: Point graph with the mean and standard deviation of the
osteocytes count in accordance with the scheme of Figure 4 for each
group.

with moderate roughness (2-4𝜇m) by the acid attack on a
rougher surface produced by blasting. Even if this surface
treatment model is well documented, during the blasting
process, when made with aluminum oxide, debris from this
material can become impregnated at the surface [35] and
can cause complications for long-term osseointegration [11,
20, 36]. In view of this possibility of surface contamination,

other abrasive agents have been proposed and studied, with
biocompatibility characteristics, such as bioactive calcium
phosphate ceramics [37] and titaniumoxide [38, 39]. For such
materials cited as an alternative to aluminum oxide blasting,
calcium phosphate is a resorbable material and, titanium
oxide, has the same properties as the titanium implant,
which demonstrated an excellent biologic response. In the
present study were tested surfaces prepared using chemical
(acids) and physical (blasting) processes, and qualitative and
quantitative important differences were found. Even if group
C presented higher roughness values than group D (Table 1),
it is possible that the superior result found in group D of
height measuring and cell count is related to the chemical
composition resulting from the blasting medium used.

Some studies associate the high torque for the primary
stabilization of the implant, at the moment of its insertion
in the bone tissue, to the success in obtaining the osseoin-
tegration [39, 40]. However, this high torque is obtained
at the expense of the structure presented by the cortical
bone, which has a lower cellular response activity due to the
low vascularization. Based on this concept, our experimental
study aimed to evaluate the healing of cortical bone tissue,
which is considered to be a slow response power to trauma,
in a condition where there is no compression of the implant
to this tissue and only contact with the blood present on
the surface of the implant (Figure 4); however, to obtain
the initial stability of the implants, and in this case to allow
osseointegration, milling and fixation were achieved in the
contralateral cortical of the tibia. In this sense, it has been
previously demonstrated by other authors that bone defects
of approximately 1mm between the implant and the bone
tissue can obtain the formation of a new bone in that place
without the filling of this space by some type of material [41].
The results of the present study showed that concept (healing
chambers) can be improved in the bone tissue healing around
the titanium surface.

Shiu et al. (2014) [42] reported in the study that the clot
formation mode determines its behavior in the neoformation
of the bone tissue, and all the chemical modifications of
the surface of the materials that make contact like the
blood (during clot formation) can affect these processes in
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some way (positive or negative). In this way, new directions
can be seen where the change of the clot is in contact
with the surface of the materials, which could be another
factor to be controlled and used positively in the search
for the greater predictability possible for the biomaterials
implanted in the human body. In this study, the data collected
showed a significant difference between the groups proposed
with different surface roughness, confirming the hypothesis
suggested by Parke & Davis (2000) [9], where the initial
contact between blood cells and the surface of the implant
plays a fundamental stage in osteoconduction of the peri-
implant repair bone tissue when there is roughness on the
titanium surface.

Osteocytes are considered highly active multifunctional
cells, being able to conduct virtually a large part of the
metabolic processes of the skeleton, from the modeling and
remodeling of the bone tissue as well as the substitution
of minerals of the bone surfaces [43]. During development,
proliferating cells can produce a predictable amount of
extracellular matrix per cell and thereby control the mass
of tissue formation directly by control of cell number [40].
Bonewald in 2006 [44] related that the osteocytes are the
gatekeepers of bone formation and remodeling. Other studies
related that cells are able to translate mechanical shear
strain into biochemical signals that can communicate with
other cells to affect remodeling [45–48]. In this sense, our
quantitative metric of bone healing of the 4 different tita-
nium surfaces was the cellular number, specifically, osteocyte
count. The results showed different cells number in the
proposed groups (A<B<C<D); however, significant statistical
difference among the groups was observed in the comparison
of group A versus the other 3 groups (B-C).

The limitations of the present study are mainly related
to the amount of samples tested for each surface model
and the conditions of the place where they were implanted,
which are completely different from the conditions of use in
humans (oral cavity). Then, other studies are fundamental
to evaluate the effects after the application of functional
loads on the implants and/or materials where the bone
tissue was newly formed from the clot only, different from
where the bone tissue already had its structure formed and
it passes through a remodeling only. In addition, this in
vivo study model to verify the potential of bone healing
stimulation by the different surface can be very helpful. In this
way, to examine the inflammatory responses, for example,
several proinflammatory mediators including cytokines and
prostanoid mediators should be examined and compared
using different titanium surfaces. Furthermore, the osteo-
cytes could be analyzed with several antibodies to distinguish
the bone resorption status.

5. Conclusions

Within the limitations of the present study, it was possible
to observe that there is a direct relationship between the
roughness present on the titanium surface and the stimulus
for bone formation, since the presence of larger amounts of
osteocytes on SLA surfaces evidenced this fact. Furthermore,
the increased formation of bone tissue in height demonstrates

that there is an important difference between the physical and
chemical methods used for surface treatment.
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M. Barbosa Salles, M. Del Fabbro, and J. L. Calvo Guirado,
“A comparative evaluation between aluminium and titanium
dioxide microparticles for blasting the surface titanium dental
implants: an experimental study in rabbits,” Clinical Oral
Implants Research, vol. 29, no. 7, pp. 802–807, 2018.

[36] L. Nimb, J. S. Jensen, and K. Gotfredsen, “Interface mechanics
and histomorphometric analysis of hydroxyapatite-coated and
porous glass-ceramic implants in canine bone,” Journal of
Biomedical Materials Research Part B: Applied Biomaterials, vol.
29, no. 12, pp. 1477–1482, 1995.

[37] M. Piattelli, A. Scarano, M. Paolantonio, G. Iezzi, G. Petrone,
and A. Piattelli, “Bone response to machined and resorbable
blast material titanium implants: an experimental study in
rabbits,” Journal of Oral Implantology, vol. 28, no. 1, pp. 2–8,
2002.

[38] A. L. Rosa and M. M. Beloti, “Effect of cpTi surface roughness
on human bone marrow cell attachment, proliferation, and
differentiation.,” Brazilian Dental Journal, vol. 14, no. 1, pp. 16–
21, 2003.

[39] O. Zinger, K. Anselme, A. Denzer et al., “Time-dependentmor-
phology and adhesion of osteoblastic cells on titanium model
surfaces featuring scale-resolved topography,” Biomaterials, vol.
25, no. 14, pp. 2695–2711, 2004.



BioMed Research International 9

[40] M. Degidi and A. Piattelli, “7-year follow-up of 93 immediately
loaded titanium dental implants,” Journal of Oral Implantology,
vol. 31, no. 1, pp. 25–31, 2005.

[41] D. Botticelli, T. Berglundh, and J. Lindhe, “Resolution of bone
defects of varying dimension and configuration in the marginal
portion of the peri-implant bone. An experimental study in the
dog,” Journal of Clinical Periodontology, vol. 31, no. 4, pp. 309–
317, 2004.

[42] H. T. Shiu, B. Goss, C. Lutton, R. Crawford, and Y. Xiao,
“Formation of blood clot on biomaterial implants influences
bone healing,” Tissue Engineering Part B: Reviews, vol. 20, no.
6, pp. 697–712, 2014.

[43] M. B. Schaffler, W.-Y. Cheung, R. Majeska, and O. Kennedy,
“Osteocytes: master orchestrators of bone,” Calcified Tissue
International, vol. 94, no. 1, pp. 5–24, 2014.

[44] D. Vashishth, G. Gibson, J. Kimura, M. B. Schaffler, and
D. P. Fyhrie, “Determination of bone volume by osteocyte
population,” Anatomical Record, vol. 267, no. 4, pp. 292–295,
2002.

[45] L. F. Bonewald, “Osteocytes as multifunctional cells,” Journal of
Musculoskeletal and Neuronal Interactions, vol. 6, no. 4, pp. 331–
333, 2006.

[46] E. H. Burger and J. Klein-Nulend, “Mechanotransduction in
bone—role of the lacuno-canalicular network,” The FASEB
Journal, vol. 13, no. 8, pp. S101–S112, 1999.

[47] L. F. Bonewald, “Osteocytes as dynamic multifunctional cells,”
Annals of the New York Academy of Sciences, vol. 1116, pp. 281–
290, 2007.

[48] E. M. Aarden, E. H. Burger, and P. J. Nijweide, “Function of
osteocytes in bone,” Journal of Cellular Biochemistry, vol. 55, no.
3, pp. 287–299, 1994.



7.2. Articulo 2 

Sergio Alexandre Gehrke, Patricia Mazón, Leticia Pérez-Díaz, Jose Luis Calvo Guirado, Pablo 

Velásquez, Juan Manuel Aragoneses, Manuel Fernández-Domínguez, Piedad N. De Aza. Study 

of Two Bovine Bone Blocks (Sintered and Not-Sintered) Used for Bone Grafts: 

Physico-Chemical Characterization and In Vitro bioactivity and Cellular Analysis. 

Materials (Basel) 2019,12(3), 452; (2019). DOI: 10.3390/ma12030452



materials

Article

Study of Two Bovine Bone Blocks (Sintered
and Non-Sintered) Used for Bone Grafts:
Physico-Chemical Characterization and In Vitro
Bioactivity and Cellular Analysis

Sergio Alexandre Gehrke 1 , Patricia Mazón 2 , Leticia Pérez-Díaz 3,
José Luis Calvo-Guirado 4 , Pablo Velásquez 5 , Juan Manuel Aragoneses 6,
Manuel Fernández-Domínguez 7 and Piedad N. De Aza 5,*

1 Department of Research, Biotecnos, Cuareim 1483, CP 11100 Montevideo, Uruguay;
sergio.gehrke@hotmail.com

2 Department of Materiales, Óptica y Tecnología Electrónica, Universidad Miguel Hernández, Avda,
Universidad s/n, 03202 Elche (Alicante), Spain; pmazon@umh.es

3 Laboratorio de Interacciones Molecular, Facultad de Ciencias, Universidad de la Republica, Calle Iguá 4225,
11400 Montevideo, Uruguay; letperez@gmail.com

4 Department of Oral and Implant Surgery, Faculty of Health Sciences, Universidad Católica de
Murcia (UCAM), 30107 Murcia, Spain; jlcalvo@ucam.edu

5 Instituto de Bioingenieria, Universidad Miguel Hernández, Avda, Ferrocarril s/n, 03202 Elche (Alicante),
Spain; pavelasquez@umh.es

6 Department of Dental Research in Universidad Federico Henriquez y Carvajal (UFHEC),
Santo Domingo 10107, Dominican Republic; jaragoneses@ufhec.edu.do

7 Department of Translational Medicine, CEU San Pablo University, 28223 Madrid, Spain; clinferfun@yahoo.es
* Correspondence: piedad@umh.es; Tel./Fax: +34-966-658-485

Received: 19 December 2018; Accepted: 29 January 2019; Published: 1 February 2019
����������
�������

Abstract: In this work, the physicochemical properties and in vitro bioactivity and cellular viability
of two commercially available bovine bone blocks (allografts materials) with different fabrication
processes (sintered and not) used for bone reconstruction were evaluated in order to study the
effect of the microstructure in the in vitro behavior. Scanning electron microscopy, X-ray diffraction,
Fourier transform infrared spectrometry, mechanical resistance of blocks, mercury porosimetry
analysis, in vitro bioactivity, and cell viability and proliferation were performed to compare the
characteristics of both allograft materials against a synthetic calcium phosphate block used as a
negative control. The herein presented results revealed a very dense structure of the low-porosity
bovine bone blocks, which conferred the materials’ high resistance. Moreover, relatively low gas, fluid
intrusion, and cell adhesion were observed in both the tested materials. The structural characteristics
and physicochemical properties of both ceramic blocks (sintered and not) were similar. Finally,
the bioactivity, biodegradability, and also the viability and proliferation of the cells was directly
related to the physicochemical properties of the scaffolds.

Keywords: ceramic blocks; bone graft; bovine bone; biomaterials; cellular analysis

1. Introduction

In severely atrophic jaws, reconstructive bone surgery needs block grafting, especially in cases
where the resorption of the edentulous maxilla can create a reverse maxillomandibular relation or an
increased vertical distance between the jaws [1]. In these situations, the main advantages presented by
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the technique using blocks are the possibility of confirming the grafted material to the receptor bed
and the fact that it can be fixed by screws (generating greater stability to the graft).

Given the morbidity associated with using autografts, there is growing interest in developing
animal or synthetic bone graft substitutes [1–3]. Although other kinds of a homologous graft (cadaver
bone) have been proposed, concerns about the risk of contamination are substantial [4,5]. Efforts are
being invested to develop alternative synthetic materials to recover or replace damaged tissues [6,7].
In this context, xenogenous and synthetic allogenic bone substitutes have been proposed as an
alternative to autogenous grafts [8].

A good bone substitute should exhibit a similar morphology to a lost bone by displaying an
internal architecture that allows the perfusion, adhesion, growth, and maturation of cells. It should
also be highly hydratable to maintain an isosmotic environment that allows suitable mobility and
growth of angiogenic factors, as well as low immunogenicity and being able to be fixed surgically
with screws or wires. Besides that, the bone substitute should also be absorbed during a time that is
compatible with bone formation [9–11]. Features that allow good cell intrusion and infusion (porosity
and interconnectivity), as well as the chemical composition and mechanical properties resembling the
lost bone characteristics, are desirable. Thus, scaffolds can be defined with a provisional matrix for
bone growth by providing a suitable environment. The anatomy and macrostructure of the defect
(receptor site) strongly influence biomaterial stimulation for new bone formation [1,2,7,12,13].

Hydroxyapatite ceramics manufactured from natural materials, such as coral or bone, shows the
advantage that they inherit some properties of the raw materials such as the pore structure [14–16].
The xenogeneic cancellous bone of bovine origin with a structural and chemical composition
comparable to human bone constitutes an alternative to meet many patients’ demands for grafts [2,7,10].
The manufacturing process of lyophilized bovine bone grafts should maintain the morphological
structure and chemical nature of bone to produce a final product with excellent biomechanical
characteristics. In this context, the bovine bone material should preserve the bone chemical structure
(mineral–collagenous) and physical characteristics (porous trabecular) to provide successful bone
deposition that promotes cell proliferation with osteogenic potential and new bone formation [17,18].
Bone substitutes materials should possess properties that allow the migration, differentiation,
and proliferation of the cells involved in the repair process by producing the extracellular matrix
required to regenerate lost or damaged tissue. Therefore, the biological activities of these synthetic
materials are directly related to their physicochemical properties, such as ions composition, crystallinity,
particle size, surface characteristics, and porosity architecture [2,19,20].

However, the process of treating materials for bone grafts, and their ideal composition, have
been discussed and are subject to discrepancies. For example, the sintering process can either be
used or not when preparing bone grafting substitutes to promote physicochemical effects in these
materials [2,16,21]. Calcium phosphates (bioceramics) have been extensively researched and used as
bone substitutes for their unique bioactive property and biocompatibility [7,22–24], which was why it
was selected as the negative control. The degradation of materials derived from calcium phosphate
takes place in vivo via dissolution and osteoclastic reabsorption process [25–27].

Some authors studied five commercially available bone graft blocks, DIZG (Advancing the world
of tissue transplantation) Human-Spongiosa, Tutobone, Puros Allograft Spongiosa, OsteoBiol Sp,
and Bio-Oss were histologically studied. Three out of the five bone blocks contained organic/cellular
remnants, as revealed by histology stated that their blocks were free of such remnants. These
remnants could result in an unexpected and undesired immune response, inducing a foreign body
reaction, and thus compromise the safety, biocompatibility and function of these three bone substitute
materials [28]. Tutobone has an excellent biocompatibility, good osteoconductive characteristics,
and can be used for horizontal and vertical bone augmentation [29–32].

We compared these materials with a synthetic tricalcium-phosphate (TCP), evaluated as a negative
control of the analysis process, by analyzing the porosity, chemical, and mineralogical composition
and sample microstructure. Hence, the objective of the present study was to evaluate the effect of
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the microstructure (i.e., porosity, grain size, and phase composition), on the in vitro behavior of the
two commercially available mineralized bovine bone blocks prepared by two different processes:
sintered and not sintered, in a simulated body fluid, and the differential cell proliferation of a mouse
preosteoblastic cell line (MC3T3 cells) growing on these surfaces.

2. Materials and Methods

2.1. Materials

The analyzed implantable materials are two commercial bone blocks graft substitutes of bovine
origin: Orthogen Bone® (Baumer SA, Mogi-Mirim, Brazil) called bovine bone 1, treated by a
physicochemical process, e.g., the material was subjected to high-temperature deproteinization for
sintering (950 ◦C), treated with organic solvent, and sterilized [27]. This processing removes the organic
elements contained in intratrabecular spaces; and Lumina Bone® (Critéria Indústria e Comércio de
Produtos Medicinais e Odontologicos Ltda., São Carlos, Brazil), called bovine bone 2, treated by
chemical processing to remove the vascular elements and adipose tissue contained in intratrabecular
spaces, and to maintain the content of collagenous proteins (20–25%), and the mineral part composed
of calcium and phosphorus. This product did not undergo the sintering step. All the samples were
characterized with no previous treatment.

In addition, laboratory synthetic TCP was examined to compare it with those of the commercial
samples, taken as a kind of negative control of the evaluation process proposed to present the
completely different structures and origins of the tested commercial materials.

The laboratory synthesis of TCP was performed by a solid-state reaction from a stoichiometric
mixture of anhydrous calcium hydrogen phosphate (CaHPO4, Panreac, Barcelona, Spain) and calcium
carbonate (CaCO3, Fluka, Bucharest, Romania), which resulted in a granule of ~30 µm and a Ca/P
ratio of 1.5. The CaHPO4 and CaCO3 mixture was prepared at high temperature (1000 ◦C) for 12 h
before being slowly cooled. Finally, the structures obtained in the process were particulated and
characterized by XRD (x-ray diffraction).

2.2. Materials Characterization.

The materials were first characterized by the mercury porosimetry analysis in the Poremaster-60
GT machine (Quantachrome Instruments, Boyton Beach, FL, USA) at a pressure between 6.600 KPa
and 411,248.500 KPa to measure the porosity and pore size distribution, which resulted in the porosity
having diameters ranging from 225 µm to 3.58 nm. Three samples of ~0.45 g with a 0.28 cc volume were
analyzed by this technique. Other particles of the same group were used to measure if the porosity
values presented differences above 5%.

To determine the exact density of granules, excluding the existing spaces (mass/volume) in
each material in the solid state, helium gas picnometry was used (Multi-pycnometer, Quantachrome
corporation, Bayton Beach, FL, USA). A minimum sequence of five series was tested for each material,
and a minimum of four samples was tested per group. The mean values were compared with a
significance level of 5%.

The physicochemical characteristics of the studied materials were evaluated by scanning electron
microscopy (SEM, Hitachi S-3500N, Tokyo, Japan). Samples were quantitatively evaluated by the
Electronic Dispersive X-ray Spectroscopy (EDX) model INCA 300 EDX Analytical System with
detectors for the EDS analysis in SEM (Oxford Instruments, Abingdon, Oxfordshire, UK), which
generated separate factors for an atomic number, absorption, and fluorescence. The microanalysis
data were obtained from the mean of 10 independent determinations. Samples of all materials were
triple-coated and metalized (Polaron K550X Sputter Coater, Darmstadt, Germany) because they were
non-conductive materials.

The crystallinity and composition phase characteristics of each studied material were determined
by X-ray diffraction (XRD-Bruker-AXS D8Advance, Bruker, Karlsruhe, Germany).



Materials 2019, 12, 452 4 of 18

To determine the size of the crystals present in each material, the Scherrer formula was used
by taking the XRD standard as a reference. The lattice strains were disregarded because they were
relatively small for the magnification corrections of the instruments.

Dhkl =
kλ

B1/2 cos θhkl

Description factors: k is 0.89; λ is the wavelength of Cu Kα1 (λ = 1.54056 Å); B1/2 is the full width
at a half maximum (rad) for (hkl) reflection; θhkl is the diffraction angle (◦). The line broadening of the
(211) reflection that corresponded to the maximum intensity peak was used to evaluate crystal size.

The following equation was applied for the crystallinity degree of the materials. The crystallinity
degree of the as-dried samples (XC) equaled the fraction of the crystalline phase present in the
examined volume, which was evaluated by the relation [33]:

XC ≈ 1 − (V x/y/Iz)

where Iz represents the reflection of hydroxyapatite in 300 and the tricalcium phosphate in 101 and V
x/y is the reflection of empty spaces value between 112 and 300, which completely disappeared in the
non-crystalline samples for HA (hydroxyapatite) in 128, and in 101 for TCP.

Another check was made of crystal size, applied using the following method:

Bx (Xc)1/3 = K

where K represents the constant found (0.24) used for the majority of the different calcium phosphate
powders, and Bx is the full-width at a half maximum (FWHM) (in degrees) of the reflection (002) for
HA and (101) for TCP.

The cell parameters of the HA and TCP phases were determined using the FPM fit algorithm
form Bruker EVA 2 software (Bruker Corporation, Billerica, MA, USA) for each ceramic. The reference
for HA was JCPDS no. 09-0432 (a = b = 9.418 Å, c = 6.884 Å, space group P63/m, theoretical density
3.156 g/cm3, Z = 1). The reference for TCP was JCPDS no. 55-0898 (a = b = 10.426 Å, c = 37.376 Å,
space group R-3c, theoretical density 3.466 g/cm3, Z = 1).

To determine the chemical composition and major functional groups, Fourier transforms infrared
spectroscopy was used (FTIR-ThermoNicolet IR200, Waltham, MA, USA). The FTIR spectra were
recorded between 400 and 4000 cm−1 at 2 cm−1 resolution. The particles of each sample were prepared
by adding the KBr matrix at a level of 1 wt%. The background data were collected for the KBr matrix
and subtracted from each spectrum, which was recorded at ambient temperature. The collagen for
laboratory use (Sigma–Aldrich, Steinheim, Germany) was used to compare its spectra with those of
the graft materials.

The strength analysis was performed only on the blocks samples because the TCP samples had a
very different size and were too small to be compared to the blocks in this type of test. To guide this
test, the Brazilian test, the diametric compression of discs test (DCDT) [34,35], and the standard ASTM
F1538-03(2017) [36] were used. Testing was conducted on cut cylindrical blocks (n = 10 per group),
7 mm in diameter × 10 mm long (Figure 1). Samples were positioned between the load application
axis and a base plate by emitting axial forces in a universal test machine (model AME-5 kN, Técnica
Industrial Oswaldo Filizola Ltda., São Paulo, Brazil) at a speed of 1 mm/min. Ten samples per group
were analyzed and mean strength was performed. To statistically compare the data of this analysis,
the t-test was used (p < 0.05). The power analysis of samples was 0.95 and the effect size was 2.66.
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Figure 1. The mechanical test used in this work: (a) the block dimension after the cut; (b) the Diametric
Compression of Block Test (DCBT).

2.3. In Vitro Assays

The in vitro bioactivity of materials disc was assessed by soaking samples in SBF solution, which
was prepared according to the procedure described by Kokubo et al. [37]. Discs, which measured
6 mm in diameter and 2 mm in thickness, were cut and washed with pure acetone before being hanged
with a nylon thread in polystyrene tubes that contained 100 mL of SBF (pH 7.25). The solution was
refreshed with 25% of fresh SBF every 24 h. The tubes with SBF and samples were incubated at 37
± 0.5 ◦C in a shaking water bath for predetermined intervals. After different soaking periods that
lasted from 3 days to 14 days, discs were removed from the SBF solution, gently washed 3 times with
double-distilled water and dried for 24 h at room temperature. Any morphological variations in the
disc surface were analyzed by SEM-EDS.

To evaluate the dissolution of the scaffolds, materials were soaked in 100 mL Tris-HCl solution
(pH 7.40) at 37 ◦C for 14 days, and the solution was refreshed with 25% of fresh Tris-HCl every 24 h.
Tris-HCl was selected because it does not contain inorganic ions (e.g., Ca, P, and Si). The weight of
the discs before soaking was ~0.245 g. After the set soaking time, ceramics were dried at 120 ◦C for 1
day, and the final weight of each sample was accurately recorded. Weight loss was expressed as the
percentage of initial weight. Ten samples of each material were used for this test.

For the cell viability and proliferation analyses, ten blocks of each test group and ten 0.10 g TCP
granules were deposited into 96-well plates (one block/granules per well). Moreover, ten empty wells
were reserved for control assays. For proliferation assays, the Pre-osteoblastic MC3T3-E1 Subclone
4 cell line (American Type Culture Collection, Manassas, VA, USA) was used. Cells were cultured
in α-modified minimum essential medium (α-MEM, Nutricell, São Paulo, Brazil) supplemented
with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) and 1% antibiotic/antifungal
(PSA, Cultilab, São Paulo, Brazil) at 37 ◦C in 5% CO2 atmosphere. Confluent cells were trypsinized,
washed with α-MEM, and counted. Afterward, MC3T3 cells were incubated at a density of 1 ×
104 cells/mL on each sample surface for 3 days at 37 ◦C in 5% CO2 atmosphere, and culture medium
was changed daily. Cell proliferation was assessed by the MTT colorimetric assay after 3 days of
culture as previously described [38]. Briefly, adhered cells were washed with phosphate-buffered
saline (PBS) and 20 microliters of MTT (3-(4,5- dimethylthiazol-2yl)-2,5 diphenyl tetrazolium bromide,
Sigma–Aldrich, St. Louis, MO, USA) were added to each well in a 5 mg/mL concentration. After 3 h of
incubation at 37 ◦C, at 5% CO2 the supernatant was removed and 150 ml of dimethyl sulfoxide (DMSO,
Sigma–Aldrich, St. Louis, MO, USA) were added to each well to release the formazan produced inside
the cells by mitochondrial dehydrogenases. The absorbance of the resulting colored solution in each
well, which represented the number of viable cells, was measured in a spectrophotometer (EL800,
Bio-Tek, Winooski, VT, USA) at a wavelength of 570 nm.
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3. Results

3.1. Results of the SEM and EDS Analyses

The microstructural characterization of the grafting materials assessed by electron microscopy is
shown in Figure 2. The synthesized TCP was prepared in the laboratory and was formed almost by
spherical particles (500–1000 µm in size). The TCP surface was characterized by a rough morphology.
With larger increments, the material showed an open microstructure with the stretching of pores
(Figure 2A). The bovine bone 1 scaffolds were highly porous with a large pore size of ~500–700 µm
(Figure 2B). The bovine bone 2 scaffold also presents porosity, although pore size was approximately
half that of bovine bone 1 (~200–400 µm) (Figure 2C). With larger increments, the material presents a
smooth surface with no porosity at the SEM magnification level. In the higher magnification images,
the tested bovine bones do not show as much porosity as the TCP structure, which agrees with the
results in Table 1, where the total porosity is around 20%.Materials 2019, 12, x FOR PEER REVIEW 6 of 17 
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Figure 2. SEM micrographs of the different grafting materials: (A) synthetic TCP used as the control
material; (B) bovine bone 1 (sintered material); and (C) bovine bone 2 (material not sintered).

Table 1. Mercury-intruded volume, mode (most frequent diameter) of intraparticle pores, total porosity,
and intraparticle porosity of the commercial samples.

Biomaterial Intruded
Volume (cc/g) Total Porosity (%) Intraparticle

Porosity (%) a
Interparticle

Porosity (%) b

Bovine bone 1 0.1127 20.21 15.013 5.1969
Bovine bone 2 0.1119 19.28 16.29 2.9902

Synthetic β-TCP 0.3544 53.24 37.45 15.79
a Corresponding to 3.5 nm < pores < 5 µm; b Corresponding to 5 µm < pores < 225 µm.

The chemical surface composition of the three materials (TCP, bovine bone 1, and bovine bone 2)
was analyzed by EDS in different areas of the same sample. In the TCP samples, CaO was 54.22 ±
7% and 45.64 ± 7% of P2O5, with Mg as the major impurity, which is commonly found in commercial
calcium phosphate compositions. Bovine bone 1 presented 25.66 ± 5% of CaO and 27.51 ± 5% of P2O5,
whereas bovine bone 2 presented 26.37 ± 4% of CaO and 26.93 ± 5% of P2O5. In both tested samples,
the major impurity was Al, with 45.32% for bovine bone 1 and 44.76% for bovine bone 2.
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3.2. Results of the Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared spectroscopy is an ideal technique to analyze the chemical structural
properties of natural materials since the frequencies of several vibrational modes of organic and
inorganic molecules are active in infrared. This analysis confirmed the similarity in the composition of
both the tested bovine bone models, with no differences due to them being sintered or not. As expected,
the bovine bone samples gave lower values due to the collagen content in the material. Predictably,
the commercial biomaterials showed the typical bands caused by hydroxyapatite, which was the major
portion of the components in bovine bone: 1125–1040 cm−1 (ν3); 963 cm−1 (ν1), and between 550 and
610 cm−1 (ν4). More intense phosphate stretching bands can be observed at around 1043 cm−1 and
1092 cm−1. Both the commercial bovine bones also present a double band at 1420–1460 cm−1 (ν3) and
a low-intensity band at 882 cm−1 (ν2), which represent the stretching vibrations of CO3

2− by replacing
the PO in the apatite lattice. The FTIR spectra of both the bovine bone blocks and the TCP material
(control), as well as the spectrum of collagen used as a comparative control, are shown in Figure 3.
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2), plus a collagen matrix.

3.3. Results of the X-ray Diffraction (XRD) Analysis

X-ray diffraction was used to characterize the structural properties, crystalline phases, crystal size,
and crystallinity of the three materials. Based on the X-ray diffraction (XRD) patterns, the crystal size
of the bovine bone 2 ceramic resulted in 181 Å, with an estimated crystallinity degree value of about
30% and calculated cell parameters of a = b = 9.410 Å, c = 6.888 Å. Bovine bone 1 presented higher and
better-resolved peaks, which indicate a material with 41% crystallinity, calculated cell parameters of a
= b = 9.399 Å, c = 6.874 Å, and a crystal size of 217 Å. The XRD of the synthesized TCP powder showed
sharp and well-resolved peaks compared to the natural ceramics, which corresponded to a highly
polycrystalline material with 59% crystallinity and a crystal size of 1091 Å. The calcium phosphate
used as the control material (TCP) had calculated cell parameters of a = b = 10.431 Å, c = 37.345 Å. No
other phases were found. Figure 4 shows the X-ray diffraction patterns of both the bovine bones and
the TCP material.
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3.4. Results of the Mercury Intrusion Analysis

The mercury intrusion porosimetry measurement showed that pores were interconnected, and that
pore sizes ranged from several microns to hundreds of microns. The values measured for the synthetic
TCP particles (Figure 5) demonstrated that, by increasing pressure, Hg intruded even where porosities
were very small. The cumulative curve (Figure 5A) showed slight intrusion in the porosities between
225 µm (highest detected limit) and 72.5 µm, accompanied by a level between 72.5 and 5.6 µm with
no intrusion at all. In the latter part of the curve, minor Hg intrusion took place with pores smaller
than 0.008 µm. There was a correspondence between the initial increase in the curve and the filling of
the porosities between particles, and the final increase stage was linked to the porosity of particles
individually. In Figure 5B we can more easily observe the variation in intraparticle porosities, where
a more intense peak of approximately 4.5 µm is clearly noted, which represents the majority of
intraparticle porosities. The dimensions of these porosities, linked to the way in which these particles
were involved, would surely depend on the dimensions and distribution of particles.

Both the bovine bone scaffolds presented high porosity (see Figure 2B,C), which exceeded the
upper limit of detection of mercury porosimetry. The mercury intrusion curves revealed the presence
of interparticle and intraparticle pores (Figure 6A). Bovine bone 1 showed a minor intrusion in pores
from 225 µm to 5.90 µm, followed by a plateau to 0.31 µm in which no intrusion was detected. This
was, in turn, followed by a significant intrusion of Hg up to 3.5 nm (under the detected limit). Bovine
bone 2 showed three gas intrusions, 225 µm–0.65 µm, 0.22–0.12 µm, and 0.05–0.0035 µm, where the first
corresponded to interparticle and the last two corresponded to intraparticle. The behavior noted within
the intraparticle pores range was similar in both materials (Figure 6B), with different gas intrusion
peaks unlike the synthetic TCP material (Figure 5B).
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3.5. Results of the Helium Gas Pycnometry Analysis

The real density of particles (sample mass/volume of the solid; excluding empty spaces) was
determined by He gas pycnometry. This measuring method excludes sample interstices and most
pores since the small volume of gas molecules (He) enables their intrusion in almost all empty spaces.
By helium gas pycnometry (Table 2), major density values were observed for the synthesized TCP
compared to the bovine bone blocks. This value came close to the theoretical density of the tricalcium
phosphate crystal (Ca3(PO4)2), reported to be 3.14 g/cm3.
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Table 2. Real density measured by helium pycnometry and apparent density measured by
mercury porosimetry.

Biomaterial Real Density (g/cm3) Apparent Density (g/cm3)

Bovine bone 1 2.25 1.79
Bovine bone 2 2.13 1.72
Synthetic TCP 3.22 1.50

3.6. Results of the Compressive Strength Analysis

The property that is most often used to characterize the mechanical behavior of bone substitutes
is their compressive strength. Failure occurs by the rupture and fragmentation of blocks into small
pieces. The maximum load value supported by each sample was recorded and is shown in the
graph of Figure 7. The collected values did not show any significant statistical intergroup differences
(p = 0.8797).Materials 2019, 12, x FOR PEER REVIEW 10 of 17 
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3.7. Results of Bioactivity and Biodegradability Assays.

Figures 2 and 8 respectively show what the surface of the scaffold looked like before and after SBF
testing. After the experiment, the surface of the TCP was covered by a layer of globular particles of
about 3–5 µm in diameter (day 14), and the layer covered the entire surface of the specimen after 7 days.
The EDS analysis of the layer revealed Ca/P ratios to be ~1.86, which were higher than that in the HA
stoichiometric. The bioactivity of both bovine bones was not as obvious as the TCP scaffold. Bovine
bone 1 present at third-day small globular precipitate scattered on the surface of the scaffold. As time
passed, the globular deposits grew somewhat in size (~2–3 µm) forming small clusters scattered on
the surface of the material that never came to form a compact layer (day 14). The EDS analysis of the
precipitate give a Ca/P ratio of 1.94. This fact suggested that a Ca-deficient hydroxyapatite (CDHA)
formed on the scaffolds’ surface. For the same period of time, no precipitate was observed for the
bovine bone 2 material. It is worth noting that both bovine bones have in common a crumbling of the
3D structure, being more evident in bovine bone 2 at day 14.

On the other hand, both bovine materials had a high dissolution rate: bovine bone 1 had at the
end of the experiment a weight loss of 1.2%, while bovine bone 2 had a weight loss of 3.7 %. This loss
of weight can be correlated with the dissolution or disintegration of the 3D structure presented by both
bovine bones at the end of the experiment (Figure 8, day 14).
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3.8. Results of the Viability and Proliferation of Cells

After 3 incubation days, the MTT assay showed low cell proliferation (Figure 9) for the MC3T3-E1
cells in both the bovine blocks groups compared to the control groups. After 3 days, no difference was
noted between the two test groups (p = 0.6983).
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Figure 9. Viability assay of the cells growing in both test materials (bovine bone 1 and 2), TCP,
and control plate assessed by the MTT bioassay. The mean values of absorbance at 570 nm are
represented. The mean values are expressed as a percentage ± standard deviation.

4. Discussion

Tissue engineering strategies include the introduction of a natural or synthetic biomaterial
developed in an attempt to replace parts of tissues lost for different reasons, mainly in accidents
or due to degenerative diseases. When used as a delivery vehicle for cells, biomaterials must provide
a suitable microenvironment for cell survival, tissue regeneration, and host tissue integration. This
potential biological capacity is related directly to the physicochemical properties presented by the
material. The particulate materials for bone grafts, in many cases, are favored because they fill
sufficiently irregular intraosseous defects [1]. However, these particulate materials may escape from
the grafted site, and thus additional materials and methods such as a barrier membrane are needed to
place the grafted materials in the proper position and avoid a collapse of the grafted site. The use of
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a barrier membrane involves additional expenses and prolonged surgical time, exposing patients to
greater discomfort. Thus, bone substitutes with a good space maintenance capacity (in blocks form)
without any additional materials are more appropriate for better clinical outcomes [39]. Although
these materials are marketed in some parts of the world, few independent scientific studies are found
in the literature on bone grafts in blocks. In this sense, different laboratory tests were performed on two
bovine bone blocks manufactured for bone regeneration in humans, where the basic difference between
these tested materials lies in the sintering process. Our results revealed that a sintering temperature
of 950 ◦C (bovine bone 1) did not modify phase stability, densification behavior, fluid intrusion,
and porosity compared to the similar bovine bone block that had not been sintered (bovine bone 2).
Other studies have shown that high-temperature sintered biomaterials can lead to non-absorbable
products [40,41].

The chemical characteristics of the tested materials were associated directly with the XRD
results, in which the commercial samples of bovine bones presented a pattern that corresponded
to hydroxyapatite, with the moments of peak and relative intensities coinciding. The tested samples
of the different materials showed varying degrees of crystallinity, as indicated by different peak
widths. The diffraction analysis demonstrated wide peaks for bovine bone 2 (not sintered), with a
low signal-to-noise ratio. Low crystallinity and crystallinity degree of about 30% were determined for
this material, whereas bovine bone 1 (sintered at 950 ◦C) presented more marked and better-resolved
peaks, which indicates a material with 41% crystallinity. The XRD of the synthesized TCP powder
showed sharp well-resolved peaks compared to the natural ceramics, which corresponded to a
highly polycrystalline material with 59% crystallinity. Crystallinity is highly dependent on sintering
temperature because a high sintering temperature results in a more perfect crystal, thus the degradation
rate lowers [42–44].

The commercial bone substitutes showed the typical bands caused by hydroxyapatite, which
constituted the major portion of the components in the bovine bone: 1125–1040 cm−1 (ν3); 963 cm−1

(ν1) and between 550 and 610 cm−1 (ν4). More intense phosphate stretching bands appeared at around
1043 cm−1 and 1092 cm−1. Also stretching vibrations of CO3

2− when replacing PO in the apatite
lattice [45]: double band at 1420–1460 cm−1 (ν3) and a low-intensity band at 882 cm−1 (ν2). Values
above 1300 cm−1 represented the bands that are most often referred to as collagen vibrations, except
for those that came about from CO3

2− at 1423 cm−1 and 1456 cm−1 [46], and the broad bands present
at 3500 and 1657 cm−1, thus designated by the present OH structural groups; i.e., by the sequence of
the flexing mode of the H–O–H groups and by the elongation mode between the O–H groups [47].

The spectra of TCP only showed bands related to PO42-groups. All the bands found in the TCP
spectrum were associated with phosphate, and no carbonate or hydroxyl groups appeared. In this
context, the symmetric and antisymmetric stretching modes of the phosphate group were highlighted
by the following bands: the band from 963 cm−1 was attributed to symmetric stretching mode ν1 [48],
while the band from 1092 cm−1 was attributed to asymmetric stretching mode ν3 [48]. The bending
modes of the phosphate group were evidenced by the bands from 565 cm−1 and 605 cm−1, respectively.
Both were attributed to mode ν4. Furthermore, the band from around 1043 cm−1 was associated with
bending mode ν3.

Distinguishing the porosities between and within particles can sometimes be difficult.
The purpose of this information is to determine and/or interpret the signals obtained on the distribution
curves of porosity size to be able to specify the amplitude of measured porosity. In the present study,
the limit between intra- and inter-porosity was established at about 5 µm. The mercury intrusion
porosity analysis particularly showed porosity within particles and was less suitable for measuring
large spaces such as interparticle spaces (225 µm).

Regards to the resistance of the blocks, the high strength values presented by the two tested
materials (bovine bone 1 and bovine bone 2), as generally found for highly dense structures, resulted
from the low porosity in these materials, which was corroborated by the results obtained in the present
study. Other authors have reported that large porosities certainly reduce a material’s mechanical
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strength and may alter the cellular processes involved in tissue healing, e.g., in new bone formation in
this case [49,50]. Then, a larger pore can affect the stability of the scaffold and its ability to provide
physical support for the seeded cells [51,52]. Regarding mechanical proprieties for biomaterials, in
2011 Scarano et al. [53] demonstrated that the rigidity of the block was able to maintain adequate space
for bone regeneration and did away with using mini-screws and mini-plates for stabilization purposes.

Although the structural arrangement of biomaterials may have control during the technological
manufacturing process and subsequent physicochemical treatments [50,51], such as sintering,
the properties, and morphology of these materials can be considerably modified, which is directly
related to the treatments and/or products applied to the materials. Both pore morphology and
size are affected by high temperatures when applied to sintering. Moreover, with a change in the
specific surface area, density and porosity, the material metabolism properties (dissolution and/or
resorption) during the subtraction process can be strongly affected. When high temperatures are
used, physical properties such as density, particle size, compressive, strength, and torsional force can
significantly alter [2,15,19,20]. However, the results obtained in our study showed that there was no
significant difference in any of the parameters tested between bovine bone blocks sintered at 950 ◦C
and not sintered.

The rate of the formation of HA-like layer is a measure of bioactivity and the HA-like formation
ability is thought to be a critical factor in facilitating the chemical fixation of biomaterials to bone tissue,
and ultimately the in vivo success of the bone grafting material. The mechanism of HA-like phase can
be explained in terms of a chemical reaction taking place between the Ca–P materials and the solution.

When immersed Ca–P material in SBF solution, both dissolution, and HA-like precipitation occur
on the surface on the materials. At an early stage, the dissolution of Ca–P generally proceeds faster than
precipitation. When the materials get in contact with the SBF a partial dissolution occurs producing an
ionic exchange of Ca2+ for 2H+ within the material network leading to the formation of crystallization
nuclei for the Ca–P phase which can be formed from the high concentration of Ca and P present in
the medium.

In the beginning, the TCP dissolves slightly, so at day 1 we can better see the edges of the TCP
grains (Figure 8). Over time the TCP reacts with the Ca and OH ions present in the medium which
becomes HA-like according to: 3[Ca3(PO4)2] + Ca2+ + 2OH− → Ca10(PO4)6(OH)2, and leads the
nucleation on the surface of the globular particles of Ca–P powders that by that time transforms into a
new Ca–P rich layer. This precipitate was growing with exposure time (Figure 8, 14th day), developing
a continued layer.

On the other hand, in bovine bone 2, the dissolution of the material was the dominant process
throughout the experiment and no precipitation took place (3.7% of the weight was lost at the end
of the assay). The bovine bone 1 with an intermediate behavior showed some precipitation, but the
dissolution of the material was still the dominant process (1.2% of the weight was lost). This behavior
can be correlated with the crystallinity of the materials.

The precipitation process was dominant in high crystalline a material and the dissolution process
will be dominant in materials with poor crystallinity. The mechanism of bioactivity is a competitive
process of dissolution–precipitation where it is possible to model the behavior of the materials changing
the physicochemical characteristic of the graft materials through the manufacturing conditions, so we
can design materials with specific needs.

The biological behavior of the materials can be studied by cells cultures over your surface.
In this way, several researches have been carried out to investigate the interaction between cells and
biomaterials [51,52]. In this sense, the surface morphology is also an important factor to affect the cell
behaviors [54,55]. To date, cell seeding on 2D scaffold, surfaces have been shown to be easy to perform
but the preparation of 3D cell-scaffold constructs for regeneration of organs is far more complex.
For example, pores of adequate size allow cells to migrate or adhere to the surface of a material,
but interconnecting pores are necessary to permit cell growth into the scaffold interior. A common
problem encountered when using scaffolds in tissue engineering is the attachment and proliferation of
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the rapid cells on the outer edge of the scaffold which restrict cell penetration to the scaffold center,
resulting in a necrotic core [56]. In our study, the penetration of cells into the blocks was not tested,
however, because of the results obtained with respect to the penetration of fluids, which were quite
low; it is very probable that the cellular proliferation in these materials will be quite low. The low cell
viability presented by the samples from both test groups (bovine blocks) corroborated these previous
statements because as shown, both blocks have low porosity and low fluid penetration. A strategy
to improve the results of these materials would be to cell seeding in the center of the scaffold [57];
however, the feeding the inner surfaces of the scaffolds are limited by the pores that are too small. After
clinical evaluation of five bone blocks containing organic/cellular matrix demonstrated an excellent
biocompatibility, good osteoconductive characteristics, and can be used for horizontal and vertical
bone augmentation by the degradation and replacement less accelerated in patients than the animal
study indicated [28–32].

Within the limitations of this study and in view of the results obtained, we cannot say which of
the two materials (sintered or not sintered) is better. Each material can be used in a specific clinical
application in reconstructive surgery of bone pathology. Bovine bone 1 (sintered), which represents
the moderate dissolution pattern, allows implementation in situations requiring partial replacement
by autologous bone with a matrix in place over the longer time. Bovine bone 2 (not sintered) with a
faster dissolution rate allows its use in situations requiring rapid replacement by autogenous bone.
The control material with of slow resorption pattern is suitable in the situation where dimensional
stability of the implant is required.

5. Conclusions

In conclusion, the data from this study reveal that variations in physical properties, like phases,
crystallinity, and porosity of calcium phosphate-based materials of either a natural or synthetic origin,
strongly depend on manufacturing procedures. The bovine bone materials are monophasic with high
porosity and medium-high crystallinity, except for bovine bone 2, whose crystallinity is lower due
to the presence of a bigger quantity of collagen mixed with the hydroxyapatite matrix. As expected,
the best crystallinity corresponds to the synthetic material. Pore size is similar for the studied materials
of a natural origin, with certain advantages for the synthetic TCP material in relation to external pores
and micropores interconnection. The viability and proliferation of the cells growing in direct contact
with the bovine bone blocks are relatively low in comparison to the control group.
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Abstract: Objectives: The aim of this study was to perform an in vivo histological comparative evaluation
of bone formation around titanium (machined and treated surface) and zirconia implants. For the
present study were used 50 commercially pure titanium implants grade IV, being that 25 implants
with a machined surface (TiM group), 25 implants with a treated surface (TiT group) and, 25 implants
were manufactured in pure zirconia (Zr group). The implants (n = 20 per group) were installed in the
tibia of 10 rabbits. The implants distribution was randomized (n = 3 implants per tibia). Five implants
of each group were analyzed by scanning electron microscopy and an optical laser profilometer for
surface roughness characterization. Six weeks after the implantation, 10 implants for each group
were removed in counter-torque for analysis of maximum torque value. The remaining samples
were processed, included in historesin and cut to obtain non-decalcified slides for histomorphological
analyses and histomorphometric measurement of the percentage of bone-implant contact (BIC%).
Comparisons were made between the groups using a 5% level of significance (p < 0.05) to assess
statistical differences. The results of removal torque values (mean ± standard deviation) showed for
the TiM group 15.9 ± 4.18 N cm, for TiT group 27.9 ± 5.15 N cm and for Zr group 11.5 ± 2.92 N cm,
with significant statistical difference between the groups (p < 0.0001). However, the BIC% presented
similar values for all groups (35.4 ± 4.54 for TiM group, 37.8 ± 4.84 for TiT group and 34.0 ± 6.82 for
Zr group), with no statistical differences (p = 0.2171). Within the limitations of the present study, the
findings suggest that the quality of the new bone tissue formed around the titanium implants present a
superior density (maturation) in comparison to the zirconia implants.

Keywords: osseointegration; bone healing; bone quality; zirconia implants; titanium implants
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1. Introduction

Titanium implants have become a common practice for replacing missing teeth. Although zirconia
implants are gaining ground in clinical practice. They are not yet a clinical routine due to the lack of
scientific and mechanical studies [1,2], although in the last few years, zirconia implants have been
studied in detail as alternative biomaterials for replacement of missing teeth [3].

A large percentage of zirconium implants are formed by a tetragonal zirconium polycrystalline
3 molar (3Y-TZP). It has been demonstrated that this configuration does not cause an inflammatory
reaction, no adhesion of proteins, adherence of cells oteoblásticas, cell adhesion, cell differentiation
binding occurs implant and especially titanium [2].

Titanium and zirconia differ in many aspects and have their own advantages and disadvantages.
Zirconia (ZrO2) is a polycrystalline ceramic dioxide of the transition metal zirconium (Zr) [4].
The advantages of zirconia are its low modulus of elasticity and thermal conductivity, low affinity to
plaque, low corrosion and high biocompatibility [5], in addition to its white color. Many studies have
found zirconia Young’s modulus between 200 and 210 GPa [6]. Zirconia has also less bacterial adhesion
in the surface than titanium, therefore, biologic complications should be reduced [7]. However, the
main disadvantage of zirconia implants is the low-temperature degradation (ageing) which results
in degradation of the mechanical properties (strength, toughness and density of the material) [8,9].
Another important factor is that zirconia is more brittle and more vulnerable by bending and crack
growth [10], so fracture resistance of zirconia dental implants is worse than titanium implants [11].
Due to its advantages, zirconia is becoming a material of great interest for dentistry, particularly where
aesthetics are required [3].

Several in vitro studies have investigated the biocompatibility of zirconia and its osseointegration
with the conclusion that it promotes proliferation of osteoblasts at levels greater than aluminum
oxide [4,12]. Other studies have shown that zirconia implants reduce bacterial colonization, and
therefore, the risk of periimplantitis [13]. Biocompatibility has been also proven in several animal
investigations [14,15]. Osseointegration of zirconia implants has been demonstrated in several in vivo
experiments where the conclusion was that that osseointegration is comparable to the level achieved
with titanium alloys [16,17].

Ceramic materials, as zirconia, have an important sensitivity to surface defects which may
generate cracks. These cracks can penalty the mechanical properties of zirconia dental implants [18].
Due to the mechanical properties of titanium and zirconia are different, usual geometries employed in
titanium implants cannot be transferred to zirconia designs [19]. Zirconia is sensitive to subcritical
crack growth and bending, so sharp edges, as common in titanium implants, should be avoided [19,20].
For this reason, most zirconia dental implants are one-piece or two-piece systems with a bonded
abutment [5].

The main inconvenience of employing a two-piece implant with the abutment bonded to the
implant is that, in case of failure, the entire implant must be removed. Some screwed implant-abutment
connections have been developed with the aim of reducing these limitations [5,21]. Some in vitro
studies have concluded that the geometry of implant-abutment connection has a crucial influence of
zirconia abutments behavior [22]. Failures in two-piece systems always involve the connecting screw
because zirconia does not tolerate tensile forces, which appear around the screw [23]. In addition,
zirconia is sensitive to ageing in the presence of water, which is an oral environment is crucial because
this ceramic will become a brittle behavior [1].

There is an interest in the use of zirconia in dental implants due to the increase in the number
of published studies in the last few years on this topic [24]. However, limited in vivo and in vitro
research data are available regarding the performance of zirconia for dental applications.

Thus, the aim of this study was to compare the performance of aspects related to osseointegration
(biomechanics and histologic aspects) of titanium (machined and treated surface) versus zirconia
implants inserted in tibias of rabbits after a period of 6 weeks.
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2. Materials and Methods

Animals and experimental groups: Ten New Zealand adult female rabbits with a mean weight of
4.0 kg, were used in this study. The experiment was performed in accordance with the Brazilian
guidelines and regulations, i.e., followed the standards of animal welfare in accordance to the
Sociedade Brasileira de Ciência de Animal de Laboratório”, SBCal (http://www.cobea.org.br) and the
Brazilian federal law regulating the issues related to animal research that was published in October
2008 (http://www.planalto.gov.br/ccivil_03/_Ato2007-2010/2008/Lei/L11794.htm). The study was
approved by the ethics committee of the Veterinary Medicine of the Faculty of Itapiranga (Itapiranga,
Brazil-#004-09-2015), and the animals received all the care stipulated by the institution.

Sixty special mini-implants with 2.2 mm in diameter and 4 mm in length were manufactured
specially for this study by Implacil De Bortoli Company (São Paulo, Brazil) in two different materials.
The implants were divided into three groups (n = 25 per group): two titanium groups, where the
implants manufactured in commercially pure titanium grade IV, which 25 implants were machined
(TiM group) and a smooth surface was obtained (Figure 1a), and 25 implants were the surface
was treated (TiT group) with sandblasted acid-etched using TiO2 particles with 100 µm to blasting
and maleic acid to the conditioning (Figure 1b); Zr group, where the implants were produced in
yttrium-stabilized tetragonal zirconia polycrystal (Y-TZP), which was standardized from CAD-CAM
blocks (Figure 1c). Then, the specimens were treated, sterilized and packed using the same protocol
standardized by the implants commercialized in the market.
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Figure 1. Scanning Electronic Microscopy images of the implant surface of (a): TiM group, (b): TiT
group and (c): Zr group, respectively. The increase of 1.500×.

Implants characterization: A profiler software (Leica DCM 3D Dual Core, version for Windows,
Leica Microsystems Ltd., Heerbrugg, Switzerland) calculated the surface roughness parameters Sa

and Ra. Sa measurement was performed in the total area (254.64 × 190.90 µm2) and Ra was measured
in a length of 254.64 µm. The mean of roughness values of Sa and Ra and standard deviation were
calculated from the five profiles of each specimen group. The meaning of the surface roughness
parameters Sa and Ra.

A roughness value can either be calculated on a profile (line) or on a surface (area). Ra is the
parameter of the profile roughness parameter, which is the most employed, and Sa is a measure of area
roughness. Ra means the value obtained by the following formula and expressed in micrometer (µm)
when sampling only the reference length from the roughness curve in the direction of the mean line,
taking x-axis in the direction of mean line and y-axis in the direction of longitudinal magnification of
this sampled part and the roughness curve is expressed by y = f (x) (Figure 2):
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Figure 2. Representative scheme of the parameters measurement (Sa, Ra and Z) on the surface samples
and the arithmetic average roughness calculation of the Ra.

Sa is the extension of Ra (arithmetical mean height of a line) to a surface. It expresses, as an
absolute value, the difference in height of each point compared to the arithmetical mean of the surface.
This parameter is used generally to evaluate surface roughness. Moreover, the longest distance
recorded among the peak and valley, high variation of the valleys (Z parameter) was analyzed.

After the surface analysis, they were coated with a gold sputter (SCD 050; Bal-Tec RG, Balzers,
Liechtenstein, Germany) and the surface morphology was observed on SEM (XL30 FEG; Philips,
Eindhoven, The Netherlands) with the magnification of 1500×.

Surgical procedure: Initially the animals were pre-anesthetized intramuscularly with a dose
of acepromazine maleate (0.2 mg/kg) and morphine sulfate (2 mg/kg and, then, ketamine chloride
(10 mg/kg) and 1 mg midazolam (1 mg/kg) were administered intravenously under general anesthesia.
Additionally, 1 mL of local anesthetic (3% Prilocaine-felypressin, Astra, Mexico) was subcutaneously
injected at the site of surgery to improve analgesia and control bleeding. The trichotomy in both tibias
and antisepsis with topical iodopovidone were performed.

The incision was 10 mm below the articulation in the skin and posteriorly in the fascia in the
proximal-distal direction. Three perforations were made using a pilot spade drill with 2 mm in
diameter and 5 mm in length with copious irrigation using saline solution. A distance of 10 mm
between the three perforations was maintained. Then, the implants were manually installed at the
bone level, with the hexagonal portion of the implant head out of the bone (Figure 3), controlled by an
experienced surgeon (SAG). The animals were divided into 2 groups of 5 animals, for biomechanical
test and histological analysis. Then, the implants were distributed by a randomized protocol (www.
randomization.com) inside of the two lots (n = 3 implants per tibia). The suture was performed in two
planes (muscular and subcutaneous) using a simple point, with nylon 4–0 (Johnson & Johnson/Ethicon,
New Brunswick, NJ, USA).
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A single dose of 600,000 IU Benzetacil (Eurofarma, São Paulo, Brazil) was used in animals related
to the weight of animals. After the surgeries, the animals were housed in their own cages, with special
care from a veterinarian, with diet ad libitum, soft glucose-free and kept at a temperature of 21 ◦C
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inside the cage. Six weeks after the implantations, all animals were sacrificed through an intravenous
overdose of ketamine 2 mL (Agener Pharmaceutica, São Paulo, Brazil) and xylazine 1 mL (Bayer, São
Paulo, Brazil). The tibias were removed and placed in 10% formalin solution and kept for one week
for fixation.

Removal torque test: Both tibias of the lot of five animals, previously designed for the
biomechanics test, were removed and processed immediately after the euthanasia for the measurement
of the maximum removal torque of each implant to conserve the mechanical proprieties of the bone [25].
A similar procedure compared to other studies was performed by our group [26]. The removal torque
test was performed using a computerized torque machine (CME, Técnica Industrial Oswaldo Filizola,
São Paulo, Brazil), and the mean of maximum removal torque value was calculated for each group.

Histomorphological and histomorphometric procedures: The tibia bone blocks of another five
animals containing the implants were dehydrated gradually in successive concentrations of alcohol
(50%–100%) and embedded in glycol methacrylate resin (Technovit 9100 VLC, Kulzer, Germany) to
produce the slice sections, which cut and ground sections that contained the central part of each
implant and had a final thickness of 30 µm were produced using a macro cutting and grinding system
(Isomet 2000, Buehler, Germany). Then, the sections were stained with picrosirius hematoxylin,
and histomorphometric analysis was carried out. Finally, the sample was stained with picrosirius
hematoxylin and analyzed under an optical microscope (Nikon Eclipse E200, Nikon Corporation,
Tokyo, Japan).

The histomorphologic analysis was performed around all implants in order to establish
the descriptive characteristics of the new bone present after the bone healing (osseointegration).
The histomorphometric measurement of bone to implant contact percentage (BIC%) was performed
at images with 50–200 times magnification using specific software (ImageJ for Windows, version 6,
Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA). The BIC% was
calculated after the measurements of the points with the direct bone to implant contact around the
implant and subtracted from the total implant perimeter. Moreover, another quantitative parameter
measured was the bone volume percentage (BV%), which was determined using the methodology
described in other studies [27,28], where the bone around the implant was divided into two zones: the
first zone 1 (0–500 µm) and the second zone 2 (500–1000 µm). Figure 4 shows the two zones analyzed.
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2 zones determined for histomorphometric analysis, which the first zone (0–500 µm) and the second
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Statistical analysis: The ANOVA One-Way test was used to verify statistical differences among
the groups. The comparison between the three groups in the same test was performed using the
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Mann-Whitney U-test. These statistical analyses were performed using the software GraphPad Prism
5.01 (GraphPad Software Inc., San Diego, CA, USA). The level of significance was set at α = 0.05.

3. Results

3.1. Surface Characterization Analysis

SEM images showed a different surface morphology between the titanium machined surface,
titanium treated surface and zirconia implants surface (Figure 1a–c). Table 1 shows the data of
roughness parameters (Sa, Ra and Z) of the groups. A highly significant difference in the surface
roughness for the TiT group in compare to the TiM and Zr groups for all parameters (p < 0.0001).

Table 1. Mean of roughness values Sa and Ra (± standard deviation) of both groups.

Parameters TiM Group TiT Group Zr Group

Sa 0.18 (± 0.2) 0.77 (± 0.2) 0.17 (± 0.1)
Ra 0.17 (± 0.1) 0.66 (± 0.3) 0.14 (± 0.2)
Z 0.92 (± 0.8) 2.61 (± 0.8) 0.77 (± 2.0)

Sa = average height of the analyzed area; Ra = arithmetic mean of absolute values of all profile points; Z = longest
distance recorded among the peak and valley, high variation of the valleys.

3.2. Removal Torque Test

Table 2 shows the maximum removal torque values measured in the Ti and Zr groups. The values
in the Zr group were, on average, half those in the Ti group (p < 0.0001). All values measured are
presented with the dispersion and median in the graph of Figure 5.

Table 2. Comparison of the maximum removal torque (N cm) between the groups.

Group Mean SD Median Min Max n

TiM 15.9 4.18 16.1 8.4 22.1 10
TiT 27.9 5.15 27.9 15.1 35.3 10
Zr 11.5 2.92 11.1 7.3 16.0 10

SD, standard deviation. Min, minimum value. Max, maximum value. n, number of samples.
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3.3. Histomorphological Analysis

Qualitative evaluation of the histological slides demonstrated that the most cervical portion of all
implants passed through the tibial cortical bone, and the apical portion was in contact with medullary
bone (Figure 6).Materials 2019, 12, x FOR PEER REVIEW 7 of 13 
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Figure 6. Images of the implants installed in the tibia of the three groups, (a) TiM group, (b) TiT and
(c) Zr group.

In the TiM group, a new bone formation was founded in different areas close to the implant surface,
with regions of bone remodeling, similar to lamellar bone close to the implant, a large number of
voluminous osteocytes was observed located within wide gaps. Moreover, immature bone trabeculae
with large remodeling areas were observed. The difference in color staining (more intensely stained
areas) showed more new formed bone, founded particularly in between the implant threads (Figure 7).
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Figure 7. Representative histological images of the TiM group shows the bone to implant contact and a
great quantity of bone matrix formation (red staining) around the surface (green arrows).

Whereas, in the TiT group, similar to the TiM group, the histological analysis showed bone
neoformation in the areas adjacent to the implant surfaces, with regions of bone remodeling, showing
evidence of a structural arrangement similar to that of the lamellar region. Around the implants, a
superior bone density was observed and a minimum gap in the interface between bone and implant,
with a smaller amount of collagen matrix present in these areas (Figure 8).

However, in the histological analysis of Zr group samples, showed a presence of bone
neoformation in the areas adjacent to the implant surfaces, with sites of bone remodeling close
to the tops of the spirals and in the more cervical portion of the implant. In some samples, extensive
areas of collagen non-mineralized tissue were observed in contact with the implant surface (Figure 9).



Materials 2019, 12, 856 8 of 13

Materials 2019, 12, x FOR PEER REVIEW 8 of 13 

 

 
Figure 8. Histological images of the TiT group shows the bone to implant contact and a great quantity 
of bone matrix formation (red staining) around the surface (green arrows). 

 
Figure 9. Histological images of the Zr group shows the bone to implant contact and the presence of 
collagen fibers and less intense density of the bone tissue around the surface (green arrows). 

3.4. Histomorphometric Analysis 

The mean BIC% values in the Ti group were similar to the values of Zr group, showing no 
statistically significant difference among the groups (Table 3). The distribution of the BIC% values 
measured is presented in the box plots graph of Figure 10. 

Table 3. Comparison of the bone-implant contact (%) between the groups. 

Group Mean SD Median Min Max N 

TiM 35.4 4.54 37.1 28.9 41.3 10 
TiT 37.8 4.84 39.9 29.8 46.1 10 
Zr 34.0 6.82 36.8 23.6 44.0 10 

SD, standard deviation. Min, minimum value. Max, maximum value. n, number of samples. 

Figure 8. Histological images of the TiT group shows the bone to implant contact and a great quantity
of bone matrix formation (red staining) around the surface (green arrows).

Materials 2019, 12, x FOR PEER REVIEW 8 of 13 

 

 
Figure 8. Histological images of the TiT group shows the bone to implant contact and a great quantity 
of bone matrix formation (red staining) around the surface (green arrows). 

 
Figure 9. Histological images of the Zr group shows the bone to implant contact and the presence of 
collagen fibers and less intense density of the bone tissue around the surface (green arrows). 

3.4. Histomorphometric Analysis 

The mean BIC% values in the Ti group were similar to the values of Zr group, showing no 
statistically significant difference among the groups (Table 3). The distribution of the BIC% values 
measured is presented in the box plots graph of Figure 10. 

Table 3. Comparison of the bone-implant contact (%) between the groups. 

Group Mean SD Median Min Max N 

TiM 35.4 4.54 37.1 28.9 41.3 10 
TiT 37.8 4.84 39.9 29.8 46.1 10 
Zr 34.0 6.82 36.8 23.6 44.0 10 

SD, standard deviation. Min, minimum value. Max, maximum value. n, number of samples. 

Figure 9. Histological images of the Zr group shows the bone to implant contact and the presence of
collagen fibers and less intense density of the bone tissue around the surface (green arrows).

3.4. Histomorphometric Analysis

The mean BIC% values in the Ti group were similar to the values of Zr group, showing no
statistically significant difference among the groups (Table 3). The distribution of the BIC% values
measured is presented in the box plots graph of Figure 10.

Table 3. Comparison of the bone-implant contact (%) between the groups.

Group Mean SD Median Min Max N

TiM 35.4 4.54 37.1 28.9 41.3 10
TiT 37.8 4.84 39.9 29.8 46.1 10
Zr 34.0 6.82 36.8 23.6 44.0 10

SD, standard deviation. Min, minimum value. Max, maximum value. n, number of samples.

The groups showed significant differences in BV% (p = 0.0012) for the first zone evaluated
(0–500 µm): 51% ± 6% for TiM group, 77% ± 5% for TiT group and 42% ± 5% for Zr group. In the
second zone analyzed (500–1000 µm) all samples of the three groups showed a similar BV% with a
mean superior to 90%, with no statistical differences (p > 0.05).
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4. Discussion

The goal of this study was to compare the performance of aspects related to osseointegration
of titanium (treated and not) and zirconia implants inserted in tibias of rabbits after a period of
6 weeks. This study analyzed the surface roughness (five implants per group), tested the biomechanical
proprieties through the resistance to removal torque (10 implants per group) and, finally, measured the
percentage of bone-implant contact and bone volume in two determinate areas (0 to 500 µm and 500 to
1000 µm) by a histomorphological analysis (10 implants per group). The results showed an important
difference in the biomechanical test (torque removal) and in the bone volume at the measured area
from 0 to 500 µm, but no statistical difference in the bone-implant-contact.

The physic-chemical composition and topography of the material surface implanted in the bone
are directly related with the response of this tissue and, consequently, with the characteristics of the
new tissue formation around of the material surface [28,29]. The present study showed a strong
dense bone tissue response to titanium implants in comparison to zirconia implants after 6 weeks of
healing in rabbit bone. Furthermore, the treated surface of the titanium implants showed resistance
to removal torque forces superior to smooth surface and zirconia implants. These results can have a
direct relationship with the fact related in other studies that showed the lower capacity of adhesion of
osteoblasts cells on the zirconia structures in comparison with titanium structures [30].

The measurement of the percentage of bone to implant contact (BIC%) around the implants is
considered as a parameter to evaluate the potential of osseointegration and it has been used to compare
different implants with different macro- and micro-designs, materials or surface modifications [31,32].
The data obtained in our measurements, with respect to BIC%, showed very similar values between the
groups, without statistical differences between the three groups, similar with other studies performed
on animals comparing zirconia implants with titanium implants [33]. In this case, when we use only
this parameter to determine the osseointegration of a material, it can be affirmed that zirconia is a good
material to be used as an implant.

Another important parameter to evaluate the osseointegration is the test of torque removal of
implants after different times of waiting for healing. In this way, the higher value on the removal
torque can be interpreted as an increase in the bone-implant contact [34]. However, the measured
value of the torque to remove the implant is directly related by the bone density (maturation and
mineralization). This fact was described by Tabassum et al. (2014), showing that the implants evaluated
in a period of 3 weeks after their implantation, even presenting high BIC% values, did not show great
implant stability. This fact led the authors to propose the probability that this occurred due to the low
calcification of the new bone formed at the interface with the implants [28]. During osseointegration of
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the implants, one of the phases is the formation of the bone matrix, which can be observed histologically
and considered as “new bone” formed. However, in order for this scar tissue to have the necessary
mechanical strength to withstand functional needs, proper mineralization is required, which will
determine the strength (strength) of the tissue. Thus, through the difference presented between the
histological and biomechanical results, we can deduce that titanium implants produce a much superior
stimulus for bone matrix mineralization compared to zirconia implants. Correlating with a clinical
scenario, early loads should be avoided on zirconia implants.

Removal torque is a common test for in vivo analysis to measure the quality of the bone
in contact with the implant surface (osseointegration). Therefore, with the removal torque, it is
possible to evaluate the strength of the interaction between the bone and implant surface [35].
Good osseointegration is characterized by high values of removal torques [34]. In view of the results
obtained in this study, titanium implants obtained a better osteointegration than zirconia implants
after 6 weeks. These results were highly significant, and it is thus concluded that there is an important
effect among the groups. This is in accordance with other studies [35]. Results detailed in Table 1
show a bigger average in the removal torque values of 38.3% for the TiM group and 142.6% for the
TiT group in comparison with the zirconia implants. Similarly, in the study presented by Gahlert et
al. which compared the removal torque values of zirconia implants with titanium implants treated
by sandblasted acid technique, the machined zirconia implants showed statistically significant lower
values than the titanium implant after 8 weeks, being that the treated titanium implant showing values
approximately four times bigger than the machined zirconia implants [36].

The time defeminated at 6 weeks in our study was based on previous studies reported in the
revised literature [37–39], which concluded that the remodeling process of the bone-to-implant interface
is complete in this time for the rabbit animal model. However, Halldin and coworkers demonstrated
that the osseointegration of the implants is directly related to the type of bone, that is, it is distinct in
trabecular bone than in cortical bone [40,41]. For this reason, and because of the size of the implants
prepared for this experiment, the tibia model was selected where the implants, due to their size, were
inserted in cortical bone almost half of their total length.

In accordance with Davies [42], the evaluation of the bone healing around the implant surface
can be considered in two directions: (1) contact ossification, where the new bone formed evaluated is
in direct contact to the implant surface after the cellular events, which was discussed previously as
the bone to implant contact (BIC%); (2) ossification in distance, where the process of bone healing is
evaluated since of the implant surface to the native bone of the implanted area, in this study called as
bone volume (BV%). To determine the bone volume, in the peri-implant area was performed two lines
equidistant (since of the implant to the native bone), in accordance to previous studies [27,28]: zone 1
(0–500 µm) representing the area of contact osteogenesis and, zone 2 (500–1000 µm) representing the
transition zone for the native bone. Histomorphometric measurements of the samples revealed that for
all three groups, the BV% was smaller in zone 1 as compared to zone 2. This can be explained by areas
of bone neoformation where we found several zones with the presence of the collagen matrix. In this
sense, the TiT group showed the bigger values of BV% in comparison with the TiM and Zr groups.
These results are similar to Scarano et al., that demonstrated in their study that zirconia implants
can form a great quantity of newly formed bone as the titanium implants [43]. This means that
zirconia implants are highly biocompatible and osteoconductive. However, Hoffman et al. However,
demonstrated that the zirconia implants obtained a similar rate of bone formation on zirconia and
modified titanium surface with a high amount of bone apposition in all implants at 2 and 4 weeks in
New Zealand white rabbits [44].

Moreover, when we evaluated the percentages of the neoformed bone area in the zone 1 and
compared quantitatively, the results showed a present bone volume of 21.4% for the TiM group and
83.3% for the TiT group in relation to the Zr group. The highest percentage differences were found
when comparing the removal torque between the groups, but they followed the same pattern (TiT
group > Ti group), demonstrating a relationship between these two measured parameters.
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5. Conclusions

Within the limitations of the present animal study, the bone reaction (healing) around the titanium
implants showed a more adequate interaction in comparison with the zirconia implants. In this way,
the BIC% measured was very similar between the three groups; however, the torque removal values
were superior for the titanium implants, which is related to faster bone mineralization on the titanium
surface when compared to the zirconia surface for the proposed time period (6 weeks).
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Abstract: The physical characteristics of an implant surface can determine and/or facilitate
osseointegration processes. In this sense, a new implant surface with microgrooves associated with
plus double acid treatment to generate roughness was evaluated and compared in vitro and in vivo
with a non-treated (smooth) and double acid surface treatment. Thirty disks and thirty-six conical
implants manufactured from commercially pure titanium (grade IV) were prepared for this study.
Three groups were determined, as described below: Group 1 (G1), where the samples were only
machined; group 2 (G2), where the samples were machined and had their surface treated to generate
roughness; and test group 3 (G3), where the samples were machined with microgrooves and the
surface was treated to generate the roughness. For the in vitro analysis, the samples were submitted
to scanning microscopy (SEM), surface profilometry, the atomic force microscope (MFA) and the
surface energy test. For the in vivo analyses, thirty-six implants were placed in the tibia of 9 New
Zealand rabbits in a randomized manner, after histological and histomorphometric analysis, to
determine the level of contact between the bone and implant (BIC%) and the bone area fraction
occupancy (BAFO%) inside of the threads. The data collected were statistically analyzed between
groups (p < 0.05). The in vitro evaluations showed different roughness patterns between the groups,
and the G3 group had the highest values. In vivo evaluations of the BIC% showed 50.45 ± 9.57% for
the G1 group, 55.32 ± 10.31% for the G2 group and 68.65 ± 9.98% for the G3 group, with significant
statistical difference between the groups (p < 0.0001). In the BAFO% values, the G1 group presented
54.97 ± 9.56%, the G2 group 59.09 ± 10.13% and the G3 group 70.12 ± 11.07%, with statistical
difference between the groups (p < 0.001). The results obtained in the evaluations show that the
surface with microgrooves stimulates the process of osseointegration, accelerating the healing process,
increasing the contact between the bone and the implant and the area of new bone formation.
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1. Introduction

The rehabilitation of dental losses through osseointegrated implants has reached a fairly high
level of confidence and has been used as a frequent treatment option in dentistry. For implantology
concepts, the process of osseointegration for titanium implants is defined by the union between the
implanted material and the bone tissue. The adequate union between them depends on the physical
and chemical characteristics presented by the material, the surgical technique used and the patient’s
conditions (general and local) [1–4]. Regarding the composition of the material, titanium is now used
due to its excellent biological and mechanical properties [5,6], even when special treatments are not
made on its surface (implants with smooth surfaces).

However, to improve the events required by the osseointegration process and to increase the
quantity and quality of the union between the bone tissue and the surface of the implant, in view of
possible adverse conditions, numerous propositions of implant surface changes were proposed [7].
Several studies have shown that physical changes (roughness) and chemical changes (adhesion of
substrates) can improve and/or accelerate the osseointegration process. Among these modifications
of the surface characteristics of titanium implants, this may be carried out by additive methods
(titanium or hydroxyapatite deposition) [8,9] or by subtractive methods (chemical attack, blasting or
laser) [7,10,11].

Some in vitro assays, such as surface microscopy, rugosity and wettability (surface energy), should
be used to describe the proposed modifications and/or changes and thus be able to compare the results
with other publications. Of these tests, surface wettability is the assay that may help to understand the
behavior and ease (or not) of cell adhesion on the surface of the implant. Several studies have shown
that there is a relationship between surface energy and cell adhesion on the surface [12–14].

The events related to optimal bone tissue healing using a treated implant surface are still unclear.
The first stages of the osseointegration of implants involve some biological phases, such as protein
adsorption, cell-surface interaction, progenitor cell recruitment and differentiation, and tissue formation
at the interface between the body and the implanted material, which can be directly influenced by the
physical-chemical characteristics of the material surface [15–17].

Although many findings on the behavior of different surfaces of titanium implants have already
been made, there are still several points that need further scientific evidence, such as the relationship
between cell culture results and the responses of these materials after being implanted in living
organisms. In this way, based on cellular studies (in vitro), in which the benefits and the possibility
of directing (guiding) the cellular growth with the elaboration of microgrooves on the surface of
the implants were demonstrated [15,18,19], we proposed the present animal study to evaluate and
compare in vivo the influence of a surface with the microgrooves modification plus micorugosities on
the osseointegration, when compared to that of machined and treated implants without microgrooves.
Previously, analyses were carried out to characterize and compare the three surfaces studied.

2. Materials and Methods

Materials and groups division: Thirty disks and thirty-six conical implants, manufactured from
commercially pure grade IV titanium (Derig Produtos Odontológicos Ltd.a, São Paulo, SP, Brazil)
were used in this study. The prepared disks were 5 mm in diameter and 2 mm in thickness (n = 10
per group) and the implants were 8.5 mm in length, 3.50 mm in diameter and used a conical design
(dynamic implant, Derig, São Paulo, Brazil) (n = 12 per group). All the implants used presented the
same macrogeometric design (Figure 1), varying only the surface treatment per implant.
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Figure 1. Representative image of the titanium disk (a) and the titanium implant; (b) macrodesign used
for all sample groups.

The samples were divided into three groups in accordance with the surface treatment applied,
which are as follows: Group 1 (G1), where the samples were only machined; group 2 (G2), where the
samples were machined and had their surface treated to generate roughness; and group 3 (G3), where
the samples were machined with microgrooves and the surface was treated to generate the roughness.
The microgrooves (lines) of the G3 group had a maximum depth of 10 µm and a 10 µm distance
between them during the machining of the implants in a CNC (Computer Numerical Control)machine
(Traub TNL 12, Rostock, Germany). The treatment of the surface of the G2 and G3 groups was
performed with double acid conditioning, using hydrofluoric acid (HF) plus sulfuric acid (H2SO4),
with controlled time and temperature, as determined by the manufacturing company (Derig, São Paulo,
Brazil), as described below: The implants were immersed in an 9.0 wt.% HF solution at ambient
temperature for 45 s. The second immersion was made for 30 min at ambient temperature in a 30 wt.%
H2SO4 solution containing 0.09 wt.% HF. Then, all samples were treated (washed, decontaminated,
sterilized and packaged) in accordance with the sanitary standards required for the commercialization
of the implantable products.

Surface morphology analysis: Five titanium disks from each group were evaluated through SEM
analysis (model JSM 5200, JEOL Ltd., Tokyo, Japan) to obtain images and compare the morphological
characteristics of the surfaces with different increases. Five other titanium disk samples from each
group were used to determinate the roughness characteristics of the surface using a series of 3D images
through AFM (Atomic Force Microscopy) analysis (Agilent Technologies, AFM 5500, Chandler, AZ,
USA). These same samples disks were used to measure the surface roughness parameters (Ra, Rq, Rz
and Rmax) using an optical laser profilometer (Perthometer S2, Mahr GmbH, Göttingen, Germany),
where Ra is the absolute value of all profile points, Rq is the root-mean-square of the values of all points,
Rz is the value of the absolute heights of the five highest peaks and the depths of the five deepest
valleys and Rmax is the value between the maximum valley and maximum peak. These parameters
are shown in the scheme in Figure 2.
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Figure 2. Scheme of the measured roughness parameters from the samples of each group.

Surface wettability analysis: Surface wettability analysis was performed using a contact angle
goniometer (Ramé-Hart Instrument Co., Succasunna, NJ, USA), which analyzes the static contact
angles after the application of a drop of 5 µL of distilled water on the surface of the titanium disks,
determining their hydrophilicity. Five disks from each group were used to make these measurements.
The surface tension was calculated by measuring the contact angle formed between the drop and
the disk surface (Figure 3). Images of the drop and the surface were taken at 0, 15, 30 and 60 s after
application to analyze the stability of the drop [20]. The images were analyzed using the software
DSA3 (Krüss GmbH, Hamburg, Germany).
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Figure 3. Image of the drop deposition on the surface of the disk (a) and a schematic image showing
the measuring of the contact angle formed between the drop and the disk surface (b).

Animal selection, surgical management and care: Nine white rabbits (New Zealand), weighing
between 4 and 4.5 kg, were used for the in vivo analysis. The animals received the standard care and
management applied in previous studies performed by our research group [1–3]. The international
guidelines of animal studies were applied. The study was approved by the Animal Experimentation
Committee (#004-09-2015), Faculty of Itapiranga (Itapiranga, Brazil). Thirty-six conical titanium
implants (n = 12 per group) were installed in both tibias (n = 2 per tibia). The randomized distribution
of the implants was performed using the site www.randomization.com. For the surgical procedures,
the animals were anesthetized through the intramuscular injection of a combination of 0.35 mg/kg
of ketamine (Ketamina Agener®; Agener União Ltd.a., São Paulo, Brazil) and 0.5 mg/kg of xylazine
(Rompum® Bayer S.A., São Paulo, Brazil). In both medial area of the tibias, the hairs were scraped
to facilitate surgical procedures and to avoid contamination. These areas were cleaned with a
povidone-iodine solution. Then, the incision was performed with an extension of ~30 mm in length in
each tibia and from 10 mm of the knee position to the distal direction. The soft tissues were separated
and the bone was exposed. The beds to insert the titanium implants were prepared using the drill
sequence and speed, determined by the manufacturer of the implant system, under intense distilled

www.randomization.com
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water cooling. The implants were manually inserted with ~15 N of torque and 10 mm between them
(the first implant was installed ~10 mm from the articulation). The suture was made using a simple point
with nylon 4-0 (Ethicon, Johnson & Johnson Medical, New Brunswick, USA). A single postoperative
dose of 0.1 mL/kg of Benzetacil (Bayer, São Paulo, Brazil) was administered intramuscularly (I/M) in
each animal. For the control of pain, the animals received three I/M anti-inflammatory doses (one
per day) of 3 mg/kg of ketoprofen (Ketoflex, Mundo Animal, São Paulo, Brazil). All animals were
euthanized 6 weeks after the implantation surgeries using an overdose of anesthesia. Then, the bone
blocks of both tibias were removed and immediately immersed in a formaldehyde solution.

Histomorphometric and histological analysis: Three days after fixation in formaldehyde solution,
the samples were washed in running tap water every 12 h and then gradually dehydrated in a
progressive series of ethanol solution (60% to 100%). After dehydration, the blocks (bones with the
implant) were embedded in historesin (Technovit 7200 VLC, Kultzer and Co., Wehrhein, Germany),
polymerized and cut in the central region of the implants using a metallographical cutter (Isomet
1000; Buehler, Germany). Then, the samples were polished using a sequence of abrasive paper (180
to 1200 mesh) in a polishing machine (Polipan-U, Panambra Zwick, São Paulo, Brazil). The samples
were stained using a picrosirius hematoxylin staining technique, as described below: First, the slides
were dipped through either a methanol or ethanol gradient series (100%, 90%, 80%, 70%, 60%, 50%
and, a mixture of 50% ethanol and hydrogenated 10 volumes, D/W 5 min each). Second, 10 drops of
Picrosirius were applied and left for 1 h. Third, the blades were washed and dried. Fourth, we applied
10 drops of hematoxilin which was left for 4 min. Finally, the blades were washed and dried once
more. Images were taken using optical microscopy (Nykon E200, Tokyo, Japan) and obtained for all
samples. The percentage of bone-to-implant contact (BIC%) and the bone area fraction occupancy
(BAFO%) inside of the threads were measured using the ImageJ program (National Institute of Health,
Bethesda, DC, USA). For the BIC% calculation, the total perimeter around the implant was considered
as 100%, and then the areas where the bone was in contact with the implant surface were measured.
Whereas for the BAFO% calculation, the total area of threads was measured for the implant model
used, and then the percentage of this area of threads occupied by the bone was used.

Statistical analysis: A one-way ANOVA test was used to analyze the statistical differences between
the groups. The comparison between the three groups in the same test was performed using the
Mann–Whitney U test. These statistical analyses were performed using the software GraphPad Prism
5.01 (GraphPad Software Inc., San Diego, CA, USA). The level of significance was set at α = 0.05.

3. Results

3.1. In Vitro Characterization of the Surfaces

The SEM images in different increases (500, 1000, 5000 and 10,000×) of the three groups samples
analyzed showed microscopic differences in the surface characteristics. However, the EDS (Energy
Dispersive Spectroscopy) analysis of all groups showed a surface with high levels of titanium, without
identification and/or the presence of other metal ions or contaminants.

The G1 group (no treated surface) showed a small superficial undulation in the large magnification
images produced by the cutting tools. In the G2 group, the surface showed a regular small porosity
with a homogeneous distribution. The G3 group showed regularly distributed microgrooves and a
similar rugosity to the G2 group samples, due to the same double acid treatment, with a deep and
regular morphological pattern with small pores. Representative SEM images of the surface of each
group are show in Figure 4.
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The characteristics of the surface of each group can be observed in the AFM images (Figure 5).
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The measured surface roughness showed different values of the analyzed parameters, which are
summarized in Table 1.

Table 1. Mean value and standard deviation (±SD) of the measured roughness and surface parameters
in micrometers (µm).

Group
Parameters Ra (µm) Rq (µm) Rz (µm) Rmax (µm)

G1 0.56 ± 0.02 0.75 ± 0.12 5.96 ± 0.42 7.91 ± 0.95
G2 0.66 ± 0.05 0.78 ± 0.10 4.77 ± 0.58 6.77 ± 0.52
G3 0.67 ± 0.05 0.81 ± 0.07 11.02 ± 0.59 19.02 ± 0.88

p-value (ANOVA) 0.0081 0.7318 0.0022 0.0045

Ra = Mean roughness. Rq = Quadratic average roughness. Rz = Average peak value of the absolute heights of the
3 highest peaks and the depths of the 3 deepest valleys in terms of roughness. Rmax = Peak maximum of roughness.

The wettability analysis revealed the mean value of the contact angle over different periods
time, which are presented in the comparative line graph and demonstrated in the schematic image
in Figure 6, showing the behavior of the drop on the surface of each group. The G1 group showed a
greater wettability of the surface in comparison with the G2 and G3 groups, possibly by the absence of
the porosity on the surface.
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Figure 6. Scheme of the drop behavior on the surface of each group (a) and the bar graph of the drop
dispersion after the four observation times (b).

3.2. Histomorphological Analysis and Measurements

After the period determined by the osseointegration (6 weeks), all implant samples presented
a good stability, without sample loss or failure of osseointegration. Then, all the implants could be
evaluated histologically.

In the G1 group, a few areas of new bone formation were visible close to the implant surface
after the full time period, with poor new bone organization. In the G2 group, a large quantity of
new bone formation was observed in comparison with the G1 group, with good organization of new
tissue around the implant surface. In the G3 group, a great quantity of new bone formation was
observed in comparison with the other two groups, with a good organization and a more advanced
bone filling inside the threads in comparison to the other groups. Figure 7 shows a representative
image of each group.
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Figure 7. Survey of optical micrograph implant samples placed in different locations. An increase
of connective tissue can be observed between (a,d) group G1, (b,e) group G2, and (c,f) group G3.
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Regards to the bone to implant contact (BIC%) and bone area fraction occupancy (BAFO%),
the measurement and data analyses are summarized in Table 2.

Table 2. Comparison of measured values of bone to implant contact (BIC%) and bone area fraction
occupancy (BAFO%) between the three groups. The data shows the mean, SD, medians and statistical
analysis values.

Variables BIC (%) BAFO (%)

Group Mean ± SD Median Mean ± SD Median
G1 50.45 ± 9.67 50.60 54.87 ± 9.56 54.86
G2 55.32 ± 10.31 55.51 59.09 ± 10.13 59.15
G3 68.65 ± 9.98 68.83 70.12 ± 11.07 70.33

Statistic p-value – p-value –
G1 × G2 0.2438 – 0.3078 –
G1 × G3 <0.0001 * – 0.0005 * –
G2 × G3 0.0033 * – 0.0109 * –

* Statistically significant difference between the group (p < 0.05).

4. Discussion

The treatment to replace fully or partially edentulous patients using titanium implants has
been applied with great frequency in dentistry practice, presenting good results and predictability.
The production of these implants using titanium as a raw material has shown excellent results from a
biological and mechanical point of view. However, the search for new knowledge and the improvement
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in the behavior of these materials in function, supporting the masticatory loads and the physiological
reactions resulting from the medium where they are inserted (buccal medium), continues to challenge
science. In this sense, the topographical changes in the surface of the implants have received special
attention and are the main area of focus of research in the sense of improving and accelerating the
processes of healing of the bone tissue. Thus, the present study had the purpose of comparing
differently treated samples, through in vitro and in vivo assays, always using structures with the same
macrodesign (disks and implants), but with different surface treatments. Similar with other studies
about this subject [1,2,7,14,15,20], the results demonstrated different behavior, both in vitro and in vivo,
for the surface treatment models studied, showing that these small changes may modify the host’s
biological response.

In the evaluation of the surface of the samples of each group by SEM, different morphological
characteristics could be demonstrated, mainly in the G3 group, where the microgrooves were present
and distributed in a regular and homogeneous way. As in other studies [21–24], these microgrooves can
be obtained by physical means, such as through the application of a laser, and help to direct cell growth,
thus facilitating their organization. However, in the surface model presented here with microgrooves,
these microgrooves were produced during the machining of the implants, and consequently, they do
not present the possibility of altering the superficial chemical composition, unlike the use of a laser
for this purpose [25,26]. The EDS analysis of the samples showed the same surficial composition of
all groups tested in the present experiment. The chemical characteristics of the implant surface can
directly influence the osteogenic phase that occurs at the interface between the bone tissue and the
implant, acting in a number of steps, such as protein adsorption, cell proliferation and differentiation,
and bone matrix formation [27–29].

The determination of surface roughness parameters of implantable biomaterials samples is an
important point for the morphological characterization, considering that this condition will directly
influence the adhesion, proliferation, differentiation and other cellular events resulting from the
installation of the implant into the bone tissue. Several authors have demonstrated that an adequately
machined titanium surface shows a Ra roughness parameter between 0.5 and 1.0 µm [30,31]. However,
when the surface receives a treatment by different methods, other values of Ra are to be expected,
for example, surfaces treated by acid (Ra variation of 0.54 and 1.97 µm), sandblasted surfaces (Ra
variation of 0.84 to 2.12 µm) and in oxidized surfaces (Ra above 2.0 µm). The three different surfaces
that were evaluated in this study showed roughness parameter (Ra) values coincidental to the above
described values, i.e., for the G1 group, Ra 0.56 ± 0.02 µm, for the G2 group, 0.66 ± 0.05 µm and for
the G3 group, 0.67 ± 0.05 µm. However, in G3 group, which presents microgrooves on its surface,
the value representing the maximum peak (Rmax) had a much higher value (19.02 ± 3.05 µm) in
comparison with the others two groups (7.91 ± 1.48 µm, 6.77 ± 1.63 µm), and consequently, the value
of Rz (average of maximum length of peaks and valleys) also had a higher value. These higher peak
values (microgrooves) are most likely responsible for the drop behavior in the wettability analysis
shown in Figure 6.

Studies on the wettability of surfaces are commonly applied in materials engineering, as there
is an influence of the roughness on the wetting properties, which are evaluated by the contact angle
measured after the application of fluid on this surface. These studies could be used in many practical
applications to adjust surface-fluid interactions [32]. In implantology, the increase of the surface energy
and hydrophilicity demonstrates that the examined modifications can accelerate healing between
bone tissue and the implant, both in pre-clinical in vivo studies [33–35] and in clinical trials [36,37].
In regards to the wettability evaluation of the three groups proposed, the most hydrophilic surface
(smaller contact angle) was the G1 group (machined surface), followed by the G2 group, with a porous
surface and without microgrooves. The biggest value of the contact angle was presented by the G3
group (with porous and microgrooves in the surface). Interpreting these results, we show in this
study that the increase of the rugosity parameters values of Rz and Rmax have a specific influence
on the interaction between the water droplet and the surface. To some extent, this makes the droplet
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behavior on the microgrooves surface different from what is expected on the microscale structured
surfaces, based on the validity of either Wenzel’s or Cassie’s law. In this sense, a drop on a rough
and hydrophobic surface can adopt two configurations: A Wenzel (complete wetting) and a Cassie
configuration (partial wetting) [38,39], as presented in the scheme in Figure 8. In both cases, even if
locally, the contact angle does not change (angle of Young) and an increase in the apparent contact
angle of the drop is observed. For a superhydrophobic surface, the fundamental difference between
the two models is the hysteresis value. For a low roughness, a strong hysteresis value able to reach
100◦ (Wenzel) is observed and can attributed to an increase in the substrate surface in contact with the
drop. It is possible that this characteristic stabilizes faster and more strongly the clot at the surface,
consequently favoring the healing of adjacent tissues.
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Figure 8. Illustrative scheme of the wettability behavior of a water drop on a rough surface. (a) Wenzel’s
law of wetting, where the water is in close contact with the surface and (b) Cassie’s law of wetting,
where air is trapped between parts of the surface and the drop.

Other studies have shown that surfaces with rugosities have a spreading pattern of slower drop
in comparison with less rough surfaces [20,40], with similar results presented in our present study.
Regarding the time of observation after the application of the drop on the different surfaces, the present
study used a maximum time of 60 s. However, Kulkarni and collaborators [40] observed that the
wettability of surfaces with different degrees of roughness for a longer time obtained the same result,
that is, the dissipation of the applied drop was inversely proportional to the drop size dropped on the
surface. Still, when the drop applied on the surface was observed from a superior view, the G3 group
samples show a different orientation of the liquid because of the microgroove lines, where they formed
an elliptical form in comparison with the cylindrical form of the G1 and G2 groups.

Studies have shown that the surface topography of an implantable biomaterial can alter the local
osteogenic response [41], depending on its roughness, surface energy and chemical characteristics.
The osteogenic response can be measured histologically through the evaluation of the bone to implant
contact percentage (BIC%) and the bone area fraction occupancy percentage (BAFO%). In this regard,
the evaluations of the three titanium implant surfaces after osseointegration in rabbit tibias (6 weeks)
showed superior BIC% and BAFO% values for the G3 group, where the principal difference in the
surface morphology is the presence of the microgrooves. In this way, Soboyejo et al. [15] presented a
study analyzing the cellular behavior on microgrooves, elaborating on the surface of titanium and
demonstrating that these grooves guide the adhesion of osteoblastic cells, also inhibiting the growth
and migration of fibroblast cells. Moreover, other authors have shown that this type of superficial
condition (with microgrooves) can accelerate and increase the growth of bone tissue on the surface of
the implant, increasing the retention of the implants [19,21].

5. Conclusions

Within the limitations of the present study, the results show that the implants with surfaces
modified with microgrooves plus double acid treatment produced a significant enhancement in the
process of osseointegration, accelerating healing, increasing the contact between the bone and the
implant and the area of new bone formation.
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Abstract: This study compared the osteogenic potential of two types of bovine bone blocks. Blocks
were obtained by either sintered or a nonsintered process. Calvaria were surgically exposed in
20 rabbits. In each animal, six 0.5-mm-diameter cortical microperforations were drilled with a carbide
bur before grafting to promote graft irrigation. The sintered (group 1) and nonsintered (group 2)
bovine bone blocks (6 mm diameter, 5 mm high) were bilaterally screwed onto calvarial bone. Blocks
were previously prepared from a larger block using a trephine bur. Rabbits were sacrificed after
6 and 8 weeks for the histological and histomorphometric analyses. Samples were processed using
the historesin technique. The quantitative and qualitative analyses of the newly formed bone were
undertaken using light microscopy. Both groups showed modest new bone formation and remodeling.
At the 8-week follow-up, the sintered group displayed significantly lower bone resorption (average of
10% in group 1 and 25% in group 2) and neo-formation (12.86 ± 1.52%) compared to the nonsintered
group (16.10 ± 1.29%) at both follow-ups (p < 0.05). One limitation of the present animal model is
that the study demonstrates that variations in the physico-chemical properties of the bone substitute
material clearly influence the in vivo behavior.

Keywords: bovine bone block; sintered ceramic; nonsintered ceramic; animal study; rabbit calvaria;
histomorphometric analysis

1. Introduction

Bone grafting procedures to correct defects that result from trauma or diseases often require
using materials in the block form, which can be shaped and fixed to the receiving defect site [1,2].
Although an autologous graft is considered the gold standard [3,4], certain disadvantages are involved,
such as quantity limitation, morbidity, and double surgical intervention, among others [5,6]. In order to
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address such drawbacks, materials of different origins (allogenic, xenogeneic, or synthetic) have been
investigated and used as bone substitutes [7–10].

These alternative materials have been increasingly used for bone reconstruction, especially for
their osteoconductive properties as they provide mechanical support to the bone formation process [11].
Bone substitutes should exhibit a similar macromorphology to the recipient bone structure in terms of
internal trabecular architecture, porosity and surface chemistry to provide an adequate environment
for osteogenesis-related cellular activity [12]. The material can simply osseointegrate and undergo
minimal or no resorption, or can be totally absorbed and replaced with new vital bone tissue. The latter,
in addition to adequate mechanical characteristics, offers a microvascular network capable of supplying
oxygen and nutrients for tissue metabolism, and also warrants effective immune defense [13,14].

A frequently used alternative for bone grafts is bone of bovine origin. Its structure and chemical
composition are similar to human bone tissue, and it also offers the possibility of being produced in
large quantities at a relatively low cost [15]. Bovine bone effectively supports new bone formation
by achieving osseointegration, although it undergoes very limited resorption. There have been
several attempts taken to improve the osteogenic potential of graft materials from biological origin
for clinical use [13,16–18]. The biological reactions produced using biological graft materials depend,
to a significant extent, on its chemical composition, phase purity, and morphology (e.g., particle size,
shape, and porosity). Thus, phase modulation of biological graft materials has been attempted through
various techniques, e.g., solid state sintering or electrospun [19–21].

Though some sintering protocols for bovine bone can preserve the morphology and improve
hydrophilicity of the grafts [22], some protocols of production exclude the use of high temperatures
(sintering) [23,24]. High-temperature sintering has been demonstrated to increase the density and
to reduce the nanoporosity of materials [19,25]. After sintering, a solid scaffold remains and all the
remaining proteins are denatured. Sintering bovine bone is a chemico-physical process through which
the crystalline size of the material particles can increase, which may further improve the volume
stability at the implantation site [13,26].

This study aimed to compare sintered and nonsintered bovine bone blocks by means of histological
and histomorphmetrical analyses after 6 and 8 weeks of implantation. The used model was an
appositional graft in rabbit calvaria.

2. Materials and Methods

Materials: Two bovine bone blocks were utilized for the appositional bone graft. Group 1 (sintered):
the material was submitted to a high temperature for sintering (950 ◦C), and was then treated with
organic solvent and sterilized [20] (Orthogen Bone®, Baumer SA, Mogi-Mirim, Brazil). Specifically,
this process removes the organic elements contained in intratrabecular spaces (deproteinization).
Group 2 (nonsintered): the material was treated via chemical processing, which removed the vascular
elements and adipose tissue contained in intratrabecular spaces, and maintained the content of
collagenous proteins (20–25%), and in the mineral part composed of calcium and phosphorus (Lumina
Bone®, Critéria Indústria e Comércio de Produtos Medicinais e Odontologicos Ltda, São Carlos, Brazil).
Both graft materials were obtained from the femoral epiphysis.

Figure 1a shows the samples’ original form. After opening the blister of each sample, blocks were
prepared using a trephine bur, 6 mm in diameter and 5 mm high (Figure 1b). The images obtained
using scanning electronic microscopy show how similar the structures of the sintered and nonsintered
bone blocks were (Figure 1c,d). The physical characteristics of both materials were evaluated using
scanning electron microscopy (SEM, Hitachi S-3500N, Tokyo, Japan). Regarding the physico-chemical
structural features, crystallinity, chemical composition, mechanical resistance, porosity, trabecular
density, gas and fluid intrusion, cell adhesion, viability, and proliferation of the two employed materials
were similar, as a previous study published by our group has shown [25]. The biodegradability test
suggested a higher dissolution rate of the nonsintered versus the sintered bovine blocks by day 14.



Symmetry 2019, 11, 641 3 of 13

Symmetry 2018, 10, x FOR PEER REVIEW  3 of 13 

 

Regarding the physico-chemical structural features, crystallinity, chemical composition, mechanical 
resistance, porosity, trabecular density, gas and fluid intrusion, cell adhesion, viability, and 
proliferation of the two employed materials were similar, as a previous study published by our 
group has shown [25]. The biodegradability test suggested a higher dissolution rate of the 
nonsintered versus the sintered bovine blocks by day 14. 

 
 

  

 

Figure 1. (a) The original form of the used samples, and (b) block preparation using a trephine bur (6 
mm in diameter). Scanning electronic microscopy shows the similar structure of the two bone blocks: 
(c) group 1 (sintered) and (d) group 2 (nonsintered). 

 

Animals: Twenty adult white New Zealand (Oryctolagus cuniculus) female rabbits weighing 
between 3.5 and 4 kg were used. The experiment was performed in accordance with the relevant 
guidelines and regulations of the Brazilian College of Animal Experimentation (COBEA). The 
routine management of the Department of Surgery of Small Animals was applied to the animals. 
This study was approved by the Research Committee at the Faculty of Medicine Veterinary of the 
University of Itapiranga, Itapiranga, Brazil (#002-09-2015). 

Animal surgical management: Before surgery commenced, an intramuscular injection of 
ketamine (35 mg/kg; Agener Pharmaceutica, São Paulo, Brazil) was utilized as general anesthesia. 
Rompum muscle relaxant (5 mg/kg; Bayer, Leverkusen, Germany), the Acepran tranquilizer (0.75 
mg/kg, Univet, São Paulo, Brazil) and local anesthetic (3% Prilocaine-Felipressine, Astra, Mexico 
D.F., Mexico) were subcutaneously injected at the surgery site to diminish bleeding. A single dose of 
(600 000 IU Benzetacil, Bayer, São Paulo, Brazil) was postoperatively administered. In order to 
control both postoperative swelling and pain, 0.1 mL of ketoprofen was administered daily for 3 
days running. Following surgery, animals were individually housed at 21 °C in a 12-h light/dark 
cycle. They were fed ad libitum standard laboratory diet.  

Insertion of graft material: The graft material was positioned on the calvaria bone of each 
animal. A periosteal elevator was used to elevate subcutaneous and skin tissues. Using an 
appropriate angled handpiece motor and a 0.5-mm-diameter carbide bur under external irrigation 
with normal saline solution, in each local block insertion at the receptor site of the calvaria, six 
cortical microperforations were made (Figure 2) to promote the blood irrigation of grafts.  

 
 

Figure 1. (a) The original form of the used samples, and (b) block preparation using a trephine bur
(6 mm in diameter). Scanning electronic microscopy shows the similar structure of the two bone blocks:
(c) group 1 (sintered) and (d) group 2 (nonsintered).

Animals: Twenty adult white New Zealand (Oryctolagus cuniculus) female rabbits weighing
between 3.5 and 4 kg were used. The experiment was performed in accordance with the relevant
guidelines and regulations of the Brazilian College of Animal Experimentation (COBEA). The routine
management of the Department of Surgery of Small Animals was applied to the animals. This study
was approved by the Research Committee at the Faculty of Medicine Veterinary of the University of
Itapiranga, Itapiranga, Brazil (#002-09-2015).

Animal surgical management: Before surgery commenced, an intramuscular injection of ketamine
(35 mg/kg; Agener Pharmaceutica, São Paulo, Brazil) was utilized as general anesthesia. Rompum
muscle relaxant (5 mg/kg; Bayer, Leverkusen, Germany), the Acepran tranquilizer (0.75 mg/kg, Univet,
São Paulo, Brazil) and local anesthetic (3% Prilocaine-Felipressine, Astra, Mexico D.F., Mexico) were
subcutaneously injected at the surgery site to diminish bleeding. A single dose of (600 000 IU Benzetacil,
Bayer, São Paulo, Brazil) was postoperatively administered. In order to control both postoperative
swelling and pain, 0.1 mL of ketoprofen was administered daily for 3 days running. Following surgery,
animals were individually housed at 21 ◦C in a 12-h light/dark cycle. They were fed ad libitum standard
laboratory diet.

Insertion of graft material: The graft material was positioned on the calvaria bone of each animal.
A periosteal elevator was used to elevate subcutaneous and skin tissues. Using an appropriate angled
handpiece motor and a 0.5-mm-diameter carbide bur under external irrigation with normal saline
solution, in each local block insertion at the receptor site of the calvaria, six cortical microperforations
were made (Figure 2) to promote the blood irrigation of grafts.
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Each animal received one sintered bovine bone block on the right side and one nonsintered block
on the left side of calvaria. After positioning blocks on the perforated calvaria regions, they were fixed
(Figure 3a) with a graft screw, which was 7 mm long and 1.5 mm in diameter (Fixation Screw Kit, Salvin
Dental Specialties, Charlotte, NC, USA). Then an absorbable collagen membrane, 20 x 30 mm (R.T.R.
(resorbable tissue replacement) Membrane, Septodont Inc., Louisville, KY, USA), was used to cover the
blocks (Figure 3b). According to the manufacturer, the resorption time of this membrane is 4–8 weeks.
Skin was sutured with a 5-0 nylon monofilament. For each group, 20 blocks were positioned (10 blocks
per evaluation time). Ten rabbits were sacrificed 6 weeks after surgery, and the other 10 after 8 weeks,
with an intravenous injection of a ketamine overdose (2 mL). The block sections of grafts were then
taken and immediately processed.
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Figure 3. (a) Fixation of blocks in calvaria, and (b) the absorbable collagen membrane positioned to
cover blocks.

Histological preparation: First, samples were processed after excision for the histological analyses.
They were photographed at high resolution using a digital camera (DSC H7, Sony, Tokyo, Japan)
for the macroscopic visual bone formation analysis. Then, samples were fixed in 10% formaldehyde
solution (72 h), washed under tap water (12 h), and progressively dehydrated in a series of increasing
ethanol solution concentrations (60%, 70%, 80%, and 99%) for 24–56 h. Historesin Technovit 7200 VLC
(Kultzer & Co, Wehrhein, city, Germany) was used to embed the dehydrated samples, which is a glycol
methacrylate solution. Following the polymerization step, a sawing and grinding technique was used
to process samples, as previously reported [1]. A cut from each sample (one per block sample) was made
in the central region of blocks that corresponded to the center of the screw using a metallographical
cutter (Isomet 1000; Buehler, Esslingen am Neckar, Germany) (Figure 4). Then, samples were polished
with an abrasive paper (180 to 1200 mesh) sequence (Metaserv 3000; Buehler, Esslingen am Neckar,
Germany). Samples were stained using the Toluidine blue staining technique to analyze the new bone
formation. Then, the samples 8-week slides were discolored (ethanol solution 99%–50%) and stained
again with picrosirius-hematoxylin to analyze the collagen and the vacuolization signals.

Microscopy images (bone tissue sections of ≈30 µm thickness) were visualized using light
microscopy (E200, Nikon, Tokyo, Japan,) to investigate the material resorption, bone formation, and
bone organization in the cortical portion. The digital image obtained using a camera connected directly
to the microscope (Nikon, Tokyo, Japan) was analyzed using version 5.02 of the software Image Tool
for Microsoft Windows™. Two authors (SAG and JAJ) took measurements at several times. Next,
the average of these values was computed. If measured values were very different from each other in
the same slide (difference > 20%), measurements were repeated by both examiners to confirm data.
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Figure 4. Image of the sample after making a cut in the center of the screw, which corresponded to the
center of the block.

Histometric analysis: The measured target defect area was located in the center of bone blocks,
at a height corresponding to the apical half of the screw, as shown in Figure 5a. The following
histomorphometric measurements were taken of the new bone area: the percentage of the newly
formed bone area in relation to the block original area (≈30 mm2) and the height of new bone in relation
to the screw (Figure 5b).
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Figure 5. Images of the new bone area (a) and the new bone growth height measurement in relation to
the screw (b).

Finally, a total area of the blocks 30 mm2 (blocks were 5 mm in height and 6 mm in diameter)
was considered as 100%, and then, the residual block area after the 8-week period was measured and
calculated proportionally from this value.

Histological observations were performed regarding the bone coming into contact with the
graft material.

Statistical analysis: The statistical analysis was undertaken using the software GraphPad Prism
5.0 for Windows (GraphPad Software Inc., San Diego, CA, USA). Differences among groups were
assessed using Student’s t-test. Differences were considered significant when p < 0.05. The results are
expressed as the mean ± one standard deviation.
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3. Results

During the postoperative period, no animal presented complications or infection in the operated
region. The grafted biomaterials were not exposed in any animal during the healing period until
their euthanasia. The periosteum, connective tissue, and musculature were firmly attached to the
grafted blocks.

Descriptive histological analysis: An analysis of the histological sections in both groups showed a
low resorption of blocks during the 6-week period, and moderate resorption after 8 weeks, by examining
from the receptor bed toward the coronal portion of the block. In all the samples, bone regeneration
was more intense at the sites where the receptor bed perforations were made (Figure 6).
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Figure 6. Images of the group samples at 6 weeks showing the more intense bone reaction in the areas
where perforations (yellow arrows) were made in cortical bone (CB) to promote irrigation to bone
blocks (BB).

Analysis of samples after 6 weeks: In the samples from group 1, the osteogenesis process was
identified at the edges of the grafted block that came into contact with the receptor bed where the bone
matrix was deposited between the trabecular spaces of blocks (Figure 7a). In the samples from group 2,
a slightly more intense intra-trabecular filling by the bone matrix was observed compared to group 1,
but its proportion was still small in relation to the block size (Figure 7b). On average, the nonsintered
material structure showed greater resorption compared to the sintered blocks.
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(b) group 2, somewhat greater block structure resorption is present versus group 1.
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Analysis of samples after 8 weeks: In the samples of group 1, the intra-trabecular bone filling of
approximately half the grafted blocks was observed, but the resorption of the original structure of the
grafted material was slight (Figure 8a). Conversely in the group 2 samples, the intra-trabecular bone
filling of approximately half the grafted block was observed, although the resorption of the original
structure of the grafted material was greater compared to the group 1 samples (Figure 8b).

Symmetry 2018, 10, x FOR PEER REVIEW  7 of 13 

 

the grafted material was slight (Figure 8a). Conversely in the group 2 samples, the intra-trabecular 
bone filling of approximately half the grafted block was observed, although the resorption of the 
original structure of the grafted material was greater compared to the group 1 samples (Figure 8b). 

 
Figure 8. Images of samples at 8 weeks: (a) group 1, the image shows minor bone neoformation and 
resorption of the block structure; and (b) group 2, the image displays more intense new bone 
formation and resorption of the block structure.  

The analyses of the collagen and graft vascularization with the second staining slides in the 
samples at 8 weeks showed a low presence of these components (collagen and vassels) inside bone 
blocks in both groups (Figure 9).  

 
Figure 9. Images of samples at 8 weeks: (a) group 1 and (b) group 2. Both images showing a low 
quantity of collagen, and consequently, poor vascularization. S = screw; NB = native bone; GP = graft 
material; Cl = collagen. 

Histomorphometric results: The box plot in Figure 10 shows the values measured for the 
neoformation area measured in both groups at the two follow-up times, and the comparative 
p-values of the statistical analysis. The box plot in Figure 11 shows the values measured for the bone 
neoformation height in relation to the fixation screw used to stabilize blocks.  

B 

Figure 8. Images of samples at 8 weeks: (a) group 1, the image shows minor bone neoformation and
resorption of the block structure; and (b) group 2, the image displays more intense new bone formation
and resorption of the block structure.

The analyses of the collagen and graft vascularization with the second staining slides in the
samples at 8 weeks showed a low presence of these components (collagen and vassels) inside bone
blocks in both groups (Figure 9).
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Figure 9. Images of samples at 8 weeks: (a) group 1 and (b) group 2. Both images showing a low
quantity of collagen, and consequently, poor vascularization. S = screw; NB = native bone; GP = graft
material; Cl = collagen.

Histomorphometric results: The box plot in Figure 10 shows the values measured for the
neoformation area measured in both groups at the two follow-up times, and the comparative p-values
of the statistical analysis. The box plot in Figure 11 shows the values measured for the bone neoformation
height in relation to the fixation screw used to stabilize blocks.
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Table 1 reports the mean values, standard deviations, and statistical comparisons between both 
groups at each time point. Significantly greater new bone formation was observed in the group 2 
samples at each follow-up time.  

Table 1. Collected data of the area and height of the new bone formation in both groups at the two 
times points. 

 
hNBg mANBf 

6 Weeks 8 Weeks 6 Weeks 8 Weeks 
Group 1 1.12 ± 0.13 2.07 ± 0.33 10.42 ± 1.02 12.86 ± 1.52 
Group 2 1.48 ± 0.29 2.76 ± 0.61 12.06 ± 1.67 16.10 ± 1.29 
p value 0.0097* 0.0007* 0.0013* 0.0043* 
CI 95%  −0.6 to −0.2 −1.1 to −0.3 −2.8 to −0.5 −4.7 to −1.8 
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Figure 11. Comparative graph of the measured height of the new bone formation around the screw,
with the p-value of the comparison made between both groups at 6 and 8 weeks, respectively. The limits
of the boxes correspond to the 25th and 75th percentiles, and the horizontal line in the box represents
the mean value. The minimum and maximum values are also indicated by horizontal bars.

Table 1 reports the mean values, standard deviations, and statistical comparisons between both
groups at each time point. Significantly greater new bone formation was observed in the group 2
samples at each follow-up time.

Table 1. Collected data of the area and height of the new bone formation in both groups at the two
times points.

hNBg mANBf

6 Weeks 8 Weeks 6 Weeks 8 Weeks

Group 1 1.12 ± 0.13 2.07 ± 0.33 10.42 ± 1.02 12.86 ± 1.52
Group 2 1.48 ± 0.29 2.76 ± 0.61 12.06 ± 1.67 16.10 ± 1.29
p value 0.0097 * 0.0007 * 0.0013 * 0.0043 *
CI 95% −0.6 to −0.2 −1.1 to −0.3 −2.8 to −0.5 −4.7 to −1.8

mANBf = measured new bone formation area; hNBg = height of new bone growth; CI = confidence interval;
* = statistically significant (p < 0.05).
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At the end of the study (8 weeks), there was more bone resorption in group 2 with an area
mean and standard deviation of 22.5 ± 2.19 mm2 (reduction average of 25%) than in group 1 with
27.0 ± 1.87 mm2 (reduction average of 10%), showing a significative difference between the groups
(p = 0.0254). The values measured of the total area of the blocks after 8 weeks are summarized in the
graph bar of Figure 12.
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4. Discussion

Alternative materials of different origins (allogenic, xenogeneic, and synthetic) have been used in
reconstructive surgery [1–3]. Bone substitutes overcome the main autogenous grafting drawback, i.e.,
morbidity. Unless treated properly, they face the potential risks of inducing an immune response and
transmitting infectious diseases to patients [27–29]. Most bone substitute materials undergo preparation
processes to optimize physico-chemical features and to improve biocompatibility. Deproteinization in
xenografts is the most important factor for eliminating immunogenic components (organic elements)
by thereby reducing the risk of pro-inflammatory reactions.

In veterinary orthopedic surgery, the follow-up clinical evaluations are generally recommended
6 to 8 weeks after surgery [28]. Other authors showed that the period of eight weeks was appropriate to
assess late repair, including new bone tissue formation, resorption of the graft material, bone remodeling
and bone regeneration [30]. Then, in our study, two times were used (6 and 8 weeks) to verify the
evolution of the healing between the different periods. However, other evaluations with greater time
periods are necessary for these materials.

The use of xenogeneic bone block grafts for treating atrophic areas has emerged to overcome
the complications associated with autologous bone graft surgery [31,32]. Xenografts are obtained
from nonhuman species and have osteoconductive properties and limited resorption over time [33,34].
Most organic/antigenic components are removed from xenografts by heating and chemical processes.
After these treatments, the inorganic bovine bone phase is comprised chiefly of hydroxyapatite
(HA), which retains the porous architecture [19,35]. Sinterization is a process during which the
application of higher temperatures than in the chemical process for purification can provide distinct
material characteristics (porosity, grain size, mechanical behavior), which might influence both tissue’s
reactions to these materials and the associated bone healing process [13,27,29]. However, we underline
that not all sintering processes developed by different manufacturers give rise to products with
similar features. Therefore, the tissue response to sintering products may differ according to the
physico-chemical features of the product itself. In other words, the clinical success depends on many
factors (the amount of newly formed bone being only one of them), and can be better, worse, or the
same as nonsintered products
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The sintered bovine biomaterial regenerative properties in different clinical situations, such
as sinus augmentation and containment bone defects, have been extensively investigated in recent
years [35,36]. Creating a critical-size defect in healthy bone and then filling it with biomaterial is a
conventional model to evaluate the osteogenic potential [37–40]. The extensive bleeding induced
by defect creation causes the graft to be embedded with blood, which is an excellent way to trigger
the healing process [41]. A study by Rocha and coworkers evaluated the expressions of both ascular
endothelial growth factor (VEGF) and metalloproteinase (MMP-2 and MMP-9) during the healing
period of critical-bone size defects that had been treated with sintered anorganic bone (sAB). Sintered
anorganic bone generated continuous bone formation among particles throughout all the periods as
the peaks of MMP-9, MMP-2, and VEGF took place at 7 and 14 days in fibroblasts and osteoblasts.
The physico-chemical properties of sAB enhanced the autocrine expressions of MMP-9, MMP-2, and
VEGF, led to bone formation/remodeling, and cranial defects healed well [42].

In the present study, sintered and nonsintered bovine bone grafts were compared by placing the
block directly on the cortical bone surface in a rabbit calvaria model without creating a defect at the
receiving site, but simply making small cortical microperforations to stimulate blood irrigation to the
graft. With this model, which can simulate appositional block grafts in atrophic jaws, the performances
of two materials of the same origin were compared, but which underwent different preparation
processes. The present results suggest that the type of sinterization process of xenogeneic bone graft
used in this study caused relatively modest graft resorption and new bone formation during the study
period compared to nonsintered material.

Bovine blocks have a low degradation rate, and therefore, they are osseointegrated by new bone
formation, which takes a long time compared to allografts that degrade faster via complete remodeling
into patients’ own bones because variations in the production process of bovine bone can cause
morphological, chemical, crystallinity, and impurity differences [43].

This fact was confirmed in the present study, where samples displayed low reabsorption during
the evaluated time in both groups. However, the sintered group demonstrated lower bone reabsorption
(a mean of 10%) and neoformation compared to nonsintered bovine bone (a mean of 25%). Other authors
have evidenced the lesser osteogenic capacity of xenogeneic bovine blocks and have also reported
articles scientific with evidence for short follow-up times and diversified methodologies, which makes
comparing their results difficult [32].

A similar study to the present one, which compared both nonsintered and sintered bovine bone
substitute materials in the sinuses of 33 patients, gave comparable new bone formation results [36].
Six months after healing, the new bone area was larger (30.57± 16.07) in the non-sintered group versus
the sintered group (29.71± 13.67). Differences between groups were statistically significant (p = 0.0137).
Both the bovine bone substitute materials gave comparable new bone formation results. Another
similar study by Panagiotou et al. obtained comparable new bone formation results in the sinuses of
eight patients after 8 months of healing [43]. These studies suggest the potential of nonsintered bovine
biomaterial as a scaffold in sinus lift surgery. In fact, the new bone area was bigger (29.13 ± 13.81) in
the sintered bovine group than in the nonsintered group (24.63 ± 19.76).

The temperatures applied during the sintering process can alter a material’s physical properties,
such as pore morphology and size, density, particle size, compressive strength, and torsional force [12].
Moreover, with the change in specific surface area, density, and porosity, a material’s metabolic features
(e.g., dissolution and/or resorption) can also be affected [20,25].

In line with Pripatnanont et al.’s study, it is possible to hypothesize that a minimum temperature
during the sintering process is needed to improve a material’s features. The lower amount of newly
formed bone observed with sintered material compared to nonsintered material in the present study
can be attributed to an insufficient temperature used to process the material. In the aforementioned
studies, in which the sintered material proved superior or the equivalent to the nonsintered control,
the temperatures used for sintering were >1200 ◦C [36] and 1250 ◦C [44], while the material used in the
present study was sintered at 950 ◦C. However, more studies are needed to clarify this theme.
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The results of this study demonstrate that bone formation inside both the tested bovine bone
blocks was lower than expected for the healing time in this animal model. Thus, in a clinical scenario,
the professional who would use these materials should wait longer before placing such materials
after grafting.

5. Conclusions

Despite some limitations, this study displayed major differences between sintered and nonsintered
bovine bone blocks as sintered blocks showed less bone regeneration than nonsintered blocks, although
the sintered blocks had higher volume stability. Based on this result, the type of sintering process
can be critical for the tissue response to graft materials and needs to be cautiously considered when
choosing a sintered material as an alternative to autogenous bone grafts for clinical application
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Abstract: Threads of dental implants with healing chamber configurations have become a target
to improve osseointegration. This biomechanical and histometric study aimed to evaluate the
influence of implant healing chamber configurations on the torque removal value (RTv), percentage of
bone-to-implant contact (BIC%), bone fraction occupancy inside the thread area (BAFO%), and bone
and osteocyte density (Ost) in the rabbit tibia after two months of healing. Titanium implants
with three different thread configurations were evaluated: Group 1 (G1), with a conventional “v”
thread-shaped implant design; Group 2 (G2), with square threads; and Group 3 (G3), the experimental
group with longer threads (healing chamber). Ten rabbits (4.5 ± 0.5 kg) received three implants in each
tibia (one per group), distributed in a randomized manner. After a period of two months, the tibia
blocks (implants and the surrounding tissue) were removed and processed for ground sectioning
to evaluate BIC%, BAFO%, and osteocyte density. The ANOVA one-way statistical test was used
followed by the Bonferoni’s multiple comparison test to determine individual difference among
groups, considering a statistical difference when p < 0.05. Histometric evaluation showed a higher
BAFO% values and Ost density for G3 in comparison with the other two groups (G1 and G2), with
p < 0.05. However, the RTv and BIC% parameters were not significantly different between groups
(p > 0.05). The histological data suggest that the healing chambers in the implant macrogeometry can
improve the bone reaction in comparison with the conventional thread design.

Keywords: animal study; dental implants; implant design; healing chamber; thread design

1. Introduction

Long-term investigations have documented the high predictability of implant-supported
restorations for fully and partially edentulous patients [1,2]. However, the survival of implant-supported
restorations placed in bone with low density (posterior maxilla) present inferior rates when compared to
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dental implants placed in areas with higher bone density, as in the anterior mandible [3,4]. The demand
for improved predictability of dental implants in sites with lower bone density has led researchers and
industry to develop new implant designs to improve response in these areas. In this sense, different
surface treatments models [5,6] and different macrogeometric designs were developed [7,8].

The initial implant stability is a fundamental requirement to obtain osseointegration. Thus, the selection
of an implant that will provide adequate stability in bone of poor quality is important. A conical implant
macrogeometry can provide adequate stability because it creates pressure on cortical bone in areas of
reduced bone quality [9]. Preclinical animal and clinical human studies have showed that the conical
implant design can affect the primary stability and the osseointegration events [10,11]. In addition to the
shape of the implant body, the thread design should provide for improved stability and implant to bone
contact. An ideal implant scheme should provide a balance between compressive and tensile forces while
minimizing shear force generation during the installation [12].

Previous animal studies [13,14] have demonstrated that alterations in the proportion between the
osteotomy and the implant diameter to promote spaces filling with blood (healing chambers) could
improve the osseointegration process. Initially, the surgical technique to install the implants advocated
a close fit between the bone and implant after the osteotomy. All spaces of the threads were filled by
the bone tissue, and often the bone became compacted. However, other recent studies have shown that
the formation of spaces between the implant body and the bone tissue (healing chambers), which are
generated by the final dimension of the osteotomy and the implant design, lead to bone formation from
the blood clot that occupies these empty spaces [15,16]. The potential for bone formation in different
configurations of healing chambers was studied by Marin and colleagues [17] to better understand the
bone repair behavior in healing chambers of different sizes and configurations.

As previously shown, several controlled animal studies report a relationship between implant
design and osseointegration. However, the literature concerning the effect of healing chambers is sparse
and rare in bone with low density (rabbit tibia). The rabbit tibia is formed by a very compact cortical
layer surrounding a large medullary canal, which determines an absolute low density. Thus, the aim of
this animal biomechanical and histologic study was to evaluate the early host-to-implant parameters
(removal torque value (RTv), bone-to-implant contact (BIC%), bone fraction occupancy inside the
threads (BAFO%), and osteocyte count inside the threads (Ost)) in different implant designs in the
rabbit tibia after a healing period of two months.

2. Experimental Section

Materials and Methods

Implant Models and Group Distribution:
Sixty titanium implants manufactured using commercially pure titanium grade IV (Derig Produtos

Odontológicos Ltda, São Paulo, SP, Brazil) were used in this study. All implants used in this study
were 8.5 mm in length and 3.50 mm in diameter, with a conical macrogeometry. Titanium implants
with three different thread configurations were evaluated (Figure 1): Group 1 (G1) had a conventional
“v” thread-shaped implant design; Group 2 (G2) had square threads; and Group 3 (G3) was the
experimental group, with longer threads (healing chamber). The surface treatment of all titanium
implants was performed with double-acid conditioning using hydrofluoric acid plus sulfuric acid with
controlled time and temperature determined by the Company (Derig, São Paulo, Brazil), as shown in
Figure 2. The surface treatment resulted in rugosity with Ra values around 0.75 µm, in accordance
with the information provided by the manufacturer. All implants samples were prepared (washed,
decontaminated, sterilized, and packaged) in accordance with the sanitary standards required for the
commercialization of these materials.
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Animal Selection and Care:
Ten white New Zealand rabbits with a height of 4.5 ± 0.5 kg were included in this randomized

study. The animals received the standards care and management applied in the previous studies
performed by our research group [9]. International guidelines of the animal studies were applied.
The study was approved by the Animal Experimentation Committee (# 02-17UniRV), Faculty of
Veterinary of University of Rio Verde (Rio Verde, Brazil). Sixty titanium implants (n = 20 per group)
were installed in both tibias (n = 3 per tibia). The randomized distribution of the implants was
performed using the site www.randomization.com. For the surgical procedures the animals were
anesthetized through intramuscular injection of a combination of 0.35 mg/kg of ketamine (Vetanarcol,
König S.A, Buenos Aires, Argentina) and 0.5 mg/kg of xylazine (Rompum® Bayer S.A., São Paulo,
Brazil). In both medial areas of the tibias the hairs were scraped to facilitate surgical procedures and
to avoid contamination, and were cleaned with povidone–iodine solution. Then, the incision was
performed with an extension of ~30 mm in length in each tibia and from 10 mm of the knee position to
the distal direction. The soft tissues were separated, and the bone was exposed. The beds to insert the
titanium implants were prepared using the drill sequence and speed determined by the manufactured
of the implant system, under intense distilled water cooling. The implants were manually inserted with
~15 N of torque, with 10 mm between them. The first implant was installed a ~10 mm distance from
the articulation, seeking to obtain a more uniform bone, and all implants were stabilized bicortically.
The suture was made using a simple point with nylon 4-0 (Ethicon, Johnson & Johnson Medical, New
Brunswick, NJ, USA). A single postoperative dose of 0.1 ml/kg of Benzetacil (Bayer, São Paulo, Brazil)
was administered through the intramuscular (I/M) route in each animal. For the control of the pain,
three I/M anti-inflammatory doses (one per day) of 3 mg/kg of ketoprofen (Ketoflex, Mundo Animal,
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São Paulo, Brazil) were administered. All animals were euthanized 2 months after the implantation
surgeries using an overdose of anesthesia. Then, the bone blocks of both tibias were removed and
the tibias of five animals were used for the torque removal test; the other five animal samples were
immediately fixed by immersion in neutral formalin at 4%.

Removal Torque Analysis:
A total of 10 implants of each group were retrieved immediately after removal of the animals.

Using a torque testing machine (CME, Técnica Industrial Oswaldo Filizola, São Paulo, Brazil), which
is fully controlled by software DynaView Torque Standard/Pro M (Basingstoke, Hampshire, United
Kingdom) (Figure 3), the measurements of the maxima force to removal the implants in reverse rotation
and the mean of removal torque values were calculated for each group.
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Specimen Processing and Histomorphometric Analyses:
All the samples were immediately immersed in 10% buffered formalin and maintained in this solution

for 7 days. Then they were dehydrated in an ethanol solution sequence and included in a historesin
(Technovit 7200 VLC, Kulzer, Wehrheim, Germany). Sections were performed using a machine IsoMet 1000
(Buehler, Lake Bluff, IL, USA). One slide was obtained for each specimen. The slides were stained using the
picrosirius–hematoxylin technique for staining. Histomorphometry was carried out using a transmitted
light microscope (E200, Nikon, Tokyo, Japan). For the histometry, the software ImageTool for Microsoft
Windows™ (version 5.02, University of Texas Health Science Center, San Antonio, CA, USA) was used.

Percentage of BIC (BIC%) was defined as the amount of bone tissue in contact to the titanium
surface. The measurements were made throughout the entire extent of the implant. The BAFO% was
defined as the fraction of occupancy bone tissue within the threaded area. All threads were measured
and included in the statistical analysis.

The osteocyte density was conducted at 200×, similar to other studies [18,19]; osteocyte density was
obtained using the ratio of the osteocytes number, counted manually for each specimen in 10 different
fields, to the bone tissue area (mm2), with the above-mentioned software package. The mean
and standard deviation of histomorphometric variables were calculated for each implant, then for
each group.

Descriptive histological observations were made in the center area of the implants, corresponding
to the side where the implants stayed near the cortical bone (side 1) and the side where the implants
stayed in contact with the medullar portion, as shown in the scheme of Figure 4.
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Figure 4. Schematic image to show the areas in the center of the implants that were evaluated by
descriptive method. The blue rectangle represents side 1 (implant near the cortical bone), and the green
rectangle represents side 2 (implant in contact with the medullar bone portion).

Statistical Analysis:
The ANOVA one-way statistical test was used followed by Bonferoni’s multiple comparison test

to determine individual difference among groups. Calculations were performed using GraphPad
Prism version 5.01 for Windows (GraphPad Software, San Diego California USA, www.graphpad.com).
All analyses considered the 5% level of significance.

3. Results

Clinical Observations:
After 2 months, all implants presented osseointegration, tested clinically at the time of retrieval,

and did not present clinical evidence of inflammation or infection. Therefore, a total of 60 experimental
implants (n = 20 implants per group) were evaluated.

Removal Torque Analysis:
The three groups presented very similar mean RTv values, without statistical differences between

them (p > 0.05). The data are summarized in the Table 1.

Table 1. Mean, standard deviation (SD) and median of removal torque values measured for each group
in Newton per centimetre (Ncm). G: group.

Parameter G1 G2 G3

Mean ± SD 73.9 ± 3.51 71.5 ± 4.33 73.3 ± 4.15
Median (range) 73.5 (60–81) 72.0 (63–80) 73.4 (59–80)

Histological and Histomorphometric Results:
The histologic analysis demonstrated a healthy peri-implant bone tissue surrounding all

experimental implants. Neither epithelial downgrowth nor inflammatory cell infiltrate were observed
in all evaluated groups. In a closer view, the interface between implants and bone tissue was filled by
new bone at different levels. A newly formed peri-implant bone was observed in close contact with the
implant surface, especially in the coronal area. In some portions of the bone–implant interface, in the
coronal and apical portions of the implants, osteoblasts were depositing osteoid matrix directly onto
the titanium implant surface of all groups (Figure 5).
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Figure 5. Representative histological images of samples: (a) Group 1, (b) Group 2, and (c) Group 3.

In the central portion of the implants corresponding to side 2 (bone marrow tissue), as shown in
the scheme of Figure 4, different levels of bone formation were observed in the three groups. A thin
layer of newly formed bone tissue was interposed on the surface of the implant in this area in G2 and
G3, while in G1 a few signs of neoformation were found (Figure 6).
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Figure 6. Representative histological images of samples: (a) Group 1, (b) Group 2, and (c) Group 3.
The green arrows indicate the areas with new bone formation inside of the implant threads.

In the side that was in contact with the portion of the cortical bone (side 1), the implants of
all groups showed a different behavior of the bone-to-implant contact (Figure 7). The histological
characteristics observed in the bone tissue showed that the amount of bone reaction and/or stimulation
from the body of the implant to the native bone presents a signal of proportionality of the size (depth)
presented by the implant threads and the extension of these events.
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Figure 7. Representative histological images of samples: (a) Group 1, (b) Group 2, and (c) Group
3. The space between the lines showed the different amount of bone reaction (stimulation) from the
implant body (green line) to the native bone tissue (yellow line) of each group.

Detailed observation of the bone in proximity to the V threads (G1) and squared threads (G2)
revealed bone tissue with more collagen areas compared to bone inside the healing chambers of the
G3 implants (Figure 8).
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In general, the newly formed bone surrounding around all implants showed early stages of
remodeling. Although there were no significant differences in the BIC% among the three groups (p =

0.2935), a higher tendency for BIC% median was observed for the G3 implant group. BIC% values
for G1 ranged between 38.5 and 60.2%, while for G2 these values ranged between 39.6 and 62.7%,
and for the G3 thread the values ranged from 44.0 to 66.8%. The data of measured values are presented
in Table 2 and the distribution shown in the graph attached of Figure 9. The statistical test analysis
between groups are presented in Table 3.

Table 2. Table data (mean, standard deviation, and median) and graph values distribution of the
bone-to-implant contact percentage (BIC%) measured around of the surface of each sample.

Group BIC% ± SD Median

G1 51.8 ± 9.39 55.7
G2 52.6 ± 8.12 51.6
G3 57.4 ± 7.58 58.5
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Table 3. Bonferroni’s multiple comparison test to compare the BIC% values between the groups.

Group
Comparison

Mean of
Difference t Significant

p < 0.05
95% Confidence

Interval of Difference

G1 vs. G2 −0.8400 0.2237 No −10.43 to 8.747
G1 vs. G3 −5.580 1.486 No −15.17 to 4.007
G2 vs. G3 −4.740 1.262 No −14.33 to 4.847

One-way ANOVA showed significant changes, with a higher bone fraction occupancy (BAFO%)
for G3. The mean BAFO% observed for G1 was 49.07 ± 8.18%, while for G2 it was 52.21 ± 8.34%,
and for G3 it was 63.28 ± 7.94%. The statistical differences between groups are presented in Table 4
and the bar graph of Figure 10 shows the data for visual comparison between the groups.

Table 4. Bonferroni’s multiple comparison test to compare the bone fraction occupancy inside the
threads (BAFO%) values between the groups.

Group
Comparison

Mean of
Difference t Significant

p < 0.05
95% Confidence

Interval of Difference

G1 vs. G2 −3.140 0.8608 No −12.45 to 6.170
G1 vs. G3 −14.21 3.896 Yes −23.52 to −4.900
G2 vs. G3 −11.07 3.035 Yes −20.38 to −1.760
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The osteocyte count at distance and near to implant surface was also measured. Although a
tendency to display higher mean value was observed for G3 implants compared with G2 and G1,
this difference was statistically significant between Group 3 and Group 1. The Ost count mean value
adjacent for G1 was 34.31 ± 4.37 /mm2, for G2 it was 35.94 ± 5.09 /mm2, and for G3 it was 40.28 ±
4.36/mm2. The statistical differences between groups are presented in Table 5, and the bar graph of
Figure 11 shows the data to visual comparison between the groups.

Table 5. Bonferroni’s multiple comparison test to compare the osteocyte count values between
the groups.

Group
Comparison

Mean of
Difference t Significant

p < 0.05
95% Confidence

Interval of Difference

G1 vs. G2 −1.630 0.7889 No −6.904 to 3.644
G1 vs. G3 −5.970 2.889 Yes −11.24 to −0.6963
G2 vs. G3 −4.340 2.101 No −9.614 to 0.9337

J. Clin. Med. 2019, 8, x FOR PEER REVIEW 9 of 13 

 

G1 vs. G2 −3.140 0.8608 No −12.45 to 6.170 
G1 vs. G3 −14.21 3.896 Yes −23.52 to −4.900 
G2 vs. G3 −11.07 3.035 Yes −20.38 to −1.760 

G1 G2 G3
0

20

40

60

80

Groups
BA

FO
%

 v
al

ue
s.

 
Figure 10. Bar graph of the BAFO% mean and standard deviation. 

The osteocyte count at distance and near to implant surface was also measured. Although a 
tendency to display higher mean value was observed for G3 implants compared with G2 and G1, 
this difference was statistically significant between Group 3 and Group 1. The Ost count mean value 
adjacent for G1 was 34.31 ± 4.37 /mm2, for G2 it was 35.94 ± 5.09 /mm2, and for G3 it was 40.28 ± 
4.36/mm2. The statistical differences between groups are presented in Table 5, and the bar graph of 
Figure 11 shows the data to visual comparison between the groups. 

Table 5. Bonferroni's multiple comparison test to compare the osteocyte count values between the 
groups. 

Group 
Comparison 

Mean of 
Difference 

t 
Significant 

p <0.05 
95% Confidence Interval 

of Difference 
G1 vs. G2 −1.630 0.7889 No −6.904 to 3.644 
G1 vs. G3 −5.970 2.889 Yes −11.24 to −0.6963 
G2 vs. G3 −4.340 2.101 No −9.614 to 0.9337 

G1 G2 G3
0

10

20

30

40

50

Groups

O
st

eo
cy

te
 c

ou
nt

 /m
m

2.

 
Figure 11. Bar graph of the osteocyte count per mm2 mean and standard deviation. 

4. Discussion 

This study demonstrated increased bone density values to implants with healing chambers 
compared to implants with squared and conventional thread design. Recently, several studies have 

Figure 11. Bar graph of the osteocyte count per mm2 mean and standard deviation.

4. Discussion

This study demonstrated increased bone density values to implants with healing chambers
compared to implants with squared and conventional thread design. Recently, several studies have
shown that macrogeometry of the implant could influence early bone healing at the tissue/implant,
interface increasing bone formation [15–18,20]. However, our results showed that these processes did
not influence the bone-to-implant contact, at least at two months follow-up. The authors speculated
that healing chambers influenced the bone tissue response at the new bone tissue formation into
the threads and not at the bone interface. The healing chamber design has a particular blood clot
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apposition during both implant placement and bone healing, as previously demonstrated in pre-clinical
studies [15,17]. In this sense, the newly formed bone filled a large portion of the thread chambers in
G3, presenting higher values of bone fraction occupancy and presence of osteocytes in comparison
with the other two groups. Complementary, some histological sections showed osteoblasts lining the
newly formed bone, although this feature was less evident in the other groups.

Removal torque measurement is a frequent method of in vivo biomechanical analysis used to
evaluate the interaction force of the bone and implant contact [21,22]. The data obtained in the reverse
torque test of implants that are osseointegrated can indicate the levels of contact between bone and
the surface of the implant, as well as the quality of this new bone formed (degree of mineralization)
after its healing [23]. In the present study, three implants groups had different thread configurations
after implantation; the test results showed similar RTv between the groups and it is concluded that
there is no significant effect between groups on the maturation of bone tissue around the implants,
with non-significance set at p > 0.05. High removal torque values were obtained in the implants in all
groups, which probably is related surface treatment characteristics presented by the implants used in
these studies, as this variable (surface roughness) is directly related to the values obtained in this type
of analysis (RTv test) [24]. Ivanoff et al. (1996) [25] reported that removal torque was closely related to
the bone–implant contact and the amount of bone inside the threads. In the present study, a special
apparatus that allows for computer-controlled torque was used, which decreased the possibility of
introducing operator error.

The healing chamber of G3 presented higher amount of BAFO%, indicating that the cellular
reaction differed between the implant thread configurations. Previous studies in animal models have
shown that longer threads (healing chambers) inserted in the cortical bone did not increase the BIC%,
but increased implant biomechanical fixation at early times when compared to the conventional thread
design [26]. This occurrence may be explained based on bone quality and quantity. The cortical bone
offers a more organized vital structure when compared with the type IV bone present in the trabecular
portion. Our results depicted higher BIC% for all groups in areas even of low bone density (rabbit
tibia), suggesting that the implant surface topography played a pivotal role in early host-to-implant
interaction in bone presenting low-density levels, as recently suggested by Soto-Peñaloza et. al. [27].
However, the abundant presence of osteogenic tissue throughout the chamber area and closer interaction
with the implant surface observed for the two-month period possibly resulted in the significantly
higher degrees of BAFO%, ratifying a previous animal study that showed that surface wettability is
beneficial in hastening osseointegration in healing chambers at early periods [28].

Osteogenesis at the bone-to-implant interface is influenced by several biological and physical
mechanisms. In turn, each of these events is affected by physicochemical interaction between the
molecules and cells in the implant environment [29]. The implant surface topography characteristics,
as well as the specific properties of individual proteins, determine the organization of the adsorbed
protein layer. Earlier studies on dental implant surface topography and chemistry have shown
that the implant surface topography itself can affect both the osteoblast gene expression and cell
differentiation [30]. In addition, the results of the present study have shown a higher mean without
significant difference for osteocyte density at bone regions in close proximity with the implant.
Although the role of the osteocytes is not totally clear, an important role in the regulation of bone
skeleton remodeling has been shown [16]. Modifications in the osteocyte environment release growth
factors and cytokines that affect osteoblasts and osteoclasts. Woven bone has been found to have
a greater number of osteocytes than lamellar bone [31]. Osteocyte density has been reported to be
inversely proportional to bony mass and the osteocytes seem to be involved in the maintenance of the
functional bone matrix [19]. Consequently, it may be suggested that the healing chamber configuration
as presented in G3 could influence also osteocyte index. Still, G3 depicted a tendency to have a higher
density of osteocytes, with a statistical difference among the groups, showing higher quantities of new
bone rates inside of the threads areas. Further characterization and correlation between the osteocyte
index and other histomorphometric parameters must be done to clarify this process.
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5. Conclusions

Within the limitations of this animal study, with regard to the biomechanical and histometric
analysis the histological data obtained in rabbit tibia confirmed that the healing chamber design could
positively influence/modulate early bone tissue response after the two-month healing period evaluated.
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Abstract: A new implant design with healing chambers in the threads was analyzed and compared
with a conventional implant macrogeometry, both implants models with and without surface
treatment. Eighty conical implants were prepared using commercially pure titanium (grade IV) by
the company Implacil De Bortoli (São Paulo, Brazil). Four groups were performed, as described
below: Group 1 (G1), traditional conical implants with surface treatment; group 2 (G2), traditional
conical implants without surface treatment (machined surface); group 3 (G3), new conical implant
design with surface treatment; group 4 (G4), new conical implant design without surface treatment.
The implants were placed in the two tibias (n = 2 implants per tibia) of twenty New Zealand rabbits
determined by randomization. The animals were euthanized after 15 days (Time 1) and 30 days (Time
2). The parameters evaluated were the implant stability quotient (ISQ), removal torque values (RTv),
and histomorphometric evaluation to determine the bone to implant contact (%BIC) and bone area
fraction occupancy (BAFO%). The results showed that the implants with the macrogeometry modified
with healing chambers in the threads produced a significant enhancement in the osseointegration,
accelerating this process. The statistical analyses of ISQ and RTv showed a significative statistical
difference between the groups in both time periods of evaluation (p ≤ 0.0001). Moreover, an important
increase in the histological parameters were found for groups G3 and G4, with significant statistical
differences to the BIC% (in the Time 1 p = 0.0406 and in the Time 2 p < 0.0001) and the BAFO% ((in the
Time 1 p = 0.0002 and in the Time 2 p = 0.0045). In conclusion, the result data showed that the implants
with the new macrogeometry, presenting the healing chambers in the threads, produced a significant
enhancement in the osseointegration, accelerating the process.

Keywords: dental implants; implant macrogeometry; implant stability; osseointegration; removal
torque
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1. Introduction

According to statistics from the American Association of Oral and Maxillofacial Surgeons,
approximately 70% of adults between the ages of 35 and 44 can lose at least one permanent tooth due
to trauma, periodontal, or endodontic complications [1]. Approximately 5 million dental implants are
being placed every year in the United States of America as per the American Dental Association, with a
elevated rate of success (<90%), with low risk and/or complication [2]. Currently, dental implants are
used as an alternative in rehabilitative treatments with a good degree of predictability. Several clinical
studies have shown good results in treatments in long-term follow-up patients of unitary, partial,
or totally edentulous areas [3–5]. Despite this, several companies and research centers have invested in
the improvement of implants mainly seeking to reduce the time and/or improve the healing of the
bone tissue around the implanted surface. However, many events involved in the osseointegration
process have not yet been completely elucidated.

Several investigations to improve or accelerate the process of osseointegration have been studied,
as well worked on to elaborate new treatments for the surface of the implants (micro topography) with
different physical and chemical characteristics [5–9]. These modifications have shown good results,
mainly in pre-clinical studies, as reported in the literature [10–13].

The surgical technique used to elaborate the osteotomy and the macrogeometry of the implant is
also a factor considered of great importance in the process of osseointegration. Several models with
different macrogeometries and surface treatment have been proposed and are commercialized [14–16],
with each design following its specific recommendations as to the type of bone where it should
be used and the specific surgical technique for its installation [17]. Conventionally, osteotomy is
performed with the last drill having a smaller diameter in relation to the implant diameter, so that
it is inserted with a high degree of torque. Obviously, the more sub-dimensioned the bed receiving
the implant is, the greater the insertion torque. However, it is speculated that high levels of torque
can cause a high compression in the bone tissue, which can lead to extensive bone remodeling over
time [18]. Several other studies have shown that depending on the insertion torque of the implant and
whether it is beyond the physiological tolerance limit, it may present microfractures or osteonecrosis
by compression [19–21].

Recently, studies have proposed that approaching the diameter of the drilling (during the
osteotomy) with the diameter of the implant that will be inserted into the bone, can facilitate and
improve osseointegration [22,23]. This fact was demonstrated by Jimbo and collaborators in a study
using a dog animal model, where, in the implants placed with high torque, the samples presented a
certain amount of necrotic bone inside the implant threads, whereas in the samples where a larger
drilling was used, the samples presented a substantial formation of new bone [23]. In this case, the free
space created inside the implant threads, resulting from the drill-implant diameter ratio, is called the
healing chambers (Figure 1).

Within the consistence of these concepts of the “no bone compression” during the implant
installation in the bone tissue, a new implant design with decompression chambers in the threads to
improve and accelerate the osseointegration process, was analyzed and compared with a conventional
implant macrogeometry, both implants models with and without surface treatment. Histological and
biomechanical analyses were performed using the rabbit tibia experimental model. The hypothesis was
that the chambers created in the threads can promote decompression of the bone during introduction
in the osteotomy and, then, a positive effect on the osseointegration.
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2. Materials and Methods

Implants and groups formation: Eighty conical implants were prepared in pure titanium grade
IV (Implacil De Bortoli Ltd.a, São Paulo, Brazil) which were 9 mm in length and 4 mm in diameter.
The macrogeometry of the implants used presented the traditional design and threads configuration
(Figure 2a) and, the new macrogeometry implant with the presence of decompression chambers in the
threads design (Figure 2b).

 

Within the consistence of these concepts of the “no bone compression” during the implant 
installation in the bone tissue, a new implant design with decompression chambers in the threads to 
improve and accelerate the osseointegration process, was analyzed and compared with a 
conventional implant macrogeometry, both implants models with and without surface treatment. 
Histological and biomechanical analyses were performed using the rabbit tibia experimental model. 
The hypothesis was that the chambers created in the threads can promote decompression of the bone 
during introduction in the osteotomy and, then, a positive effect on the osseointegration.  

2. Materials and Methods 

Implants and groups formation: Eighty conical implants were prepared in pure titanium grade IV 
(Implacil De Bortoli Ltd.a, São Paulo, Brazil) which were 9 mm in length and 4 mm in diameter. The 
macrogeometry of the implants used presented the traditional design and threads configuration 
(Figure 2a) and, the new macrogeometry implant with the presence of decompression chambers in 
the threads design (Figure 2b).  

 
(a) (b) 

Figure 2. Representative image of the implants and thread closed: (a) Traditional conical implant 
macrogeometry and (b) new conical implant macrogeometry. 

Based on the initial proposed hypothesis, both implant macrogeometries were prepared with 
and without (machined only) surface treatment. The surface treatment used was performed by 
blasting with microparticles (~100 µm) of titanium oxide and followed by application of maleic acid, 
showing a roughness with Ra = 0.56 ± 0.10 µm [8]. Figure 3 shows the scanning electronic 
microscopy (SEM) of the two surfaces used for the comparison. 
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Figure 2. Representative image of the implants and thread closed: (a) Traditional conical implant
macrogeometry and (b) new conical implant macrogeometry.

Based on the initial proposed hypothesis, both implant macrogeometries were prepared with and
without (machined only) surface treatment. The surface treatment used was performed by blasting
with microparticles (~100 µm) of titanium oxide and followed by application of maleic acid, showing a
roughness with Ra = 0.56 ± 0.10 µm [8]. Figure 3 shows the scanning electronic microscopy (SEM) of
the two surfaces used for the comparison.
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Ltd.a., São Paulo, Brazil) and 0.5 mg/kg of xylazine (Rompum® Bayer S.A., São Paulo, Brazil), with 
intramuscular application. Both tibias were scraped of hairs and cleansed with antiseptic solutions 
before the surgical procedures to avoid a contamination. Then, an incision was performed initiating 
~10 mm from the knee at distal direction with a length of ~30 mm. The bone tissue was exposed and 
the osteotomy to install the implant was performed using a predeterminate drilling sequence 
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(a) Without treatment (machined surface) and (b) with surface treatment.

Then, the implants were divided into four groups in accordance with the macrogeometry
and the surface condition (with or without treatment), as the following: Group 1 (G1), traditional
conical implants with surface treatment; group 2 (G2), traditional conical implants without surface
treatment (machined surface); group 3 (G3), new conical implant design with surface treatment;
group 4 (G4), new conical implant design without surface treatment. All implants were subjected
to washing, decontamination, sterilization, and packaging in accordance with the requirements for
commercialization of these materials.

Animal procedures: Twenty New Zealand white rabbits, weighing 4 ± 0.5 kg, were used for the
present experimental study. The animals received the standards care and management applied in the
previous studies performed and described by our research group [10,11]. The international guidelines
of animal studies were applied. The study was approved by the Animal Experimentation Committee
(Number 02-17UnRV), University of Rio Verde (Rio Verde, Brazil). A total of eighty implants (n = 20
per group) were installed in both tibias (n = 2 per tibia). The implants distribution was made by the
randomization program (www.randomization.com). Initially, the animals were anesthetized using a
combination of 0.35 mg/kg of ketamine (Ketamina Agener®; Agener União Ltd.a., São Paulo, Brazil)
and 0.5 mg/kg of xylazine (Rompum® Bayer S.A., São Paulo, Brazil), with intramuscular application.
Both tibias were scraped of hairs and cleansed with antiseptic solutions before the surgical procedures
to avoid a contamination. Then, an incision was performed initiating ~10 mm from the knee at
distal direction with a length of ~30 mm. The bone tissue was exposed and the osteotomy to install
the implant was performed using a predeterminate drilling sequence propria of the implant system
(Figure 4), under intense irrigation with saline solution.

The implant introduction in the bone site was made with manual technique, ending with a torque
of ~20 N. Distances of 10 mm between the implants and from the knee articulation were maintained.
Finally, a simple point suture was performed using an Ethicon nylon 4-0 (Johnson & Johnson Medical,
New Brunswick, NJ, USA). After the surgeries, all medication was administered intramuscularly as
follows: A single dose of 0.1 ml/kg of Benzetacil (Bayer, São Paulo, Brazil); three doses (one per day) of
3 mg/kg of ketoprofen (Ketoflex, Mundo Animal, São Paulo, Brazil). Euthanization was performed
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using an overdose of anesthesia two times after the implantations, at 15 and 30 days. All tibias with
the implants (Figure 5) were removed and immediately immersed in a 4% formaldehyde solution.
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Removal torque measurement: Five samples of each group and each time (15 and 30 days) were used
to measure the removal torque value (RTv). The analysis was performed in a computed torquimeter
machine (Torque BioPDI, São Paulo, Brazil). The blocks (bone and implant) were fixed in the apparatus
and the maximum value of removal torque was measured and tabulated. Figure 7 shows the machine
during the assay realization.

 

 

Figure 7. Image of the torque machine used for the torque removal measurements. 
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machine (Isomet 1000; Buehler, Germany). Then, the samples were polished using a sequence of 
abrasive paper (180 to 1200 mesh) in a polishing machine (Polipan-U, Panambra Zwick, São Paulo, 
Brazil). The samples were stained using the picrosirus hematoxylin staining technique. Images using 
an optical microscopy (Nykon E200, Tokyo, Japan) were obtained around all samples and, the 
percentage of bone-to-implant contact (BIC%) and bone area fraction occupancy (BAFO%) inside of 
the threads were measured using the ImageJ program (National Institute of Health, Bethesda, MD, 
USA). For the BIC% calculation, the total perimeter around the implant was considered 100% and, 
then, the areas where the bone is in contact with the implant surface were measured. Whereas, for 
the BAFO% calculation, the total area of threads was measured for the implant model used, and, 
then, the percentage of this area of threads occupied by the bone.  

Statistical analysis: The ANOVA one-way statistical test was used following Bonferoni’s 
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USA). When p < 0.05, the differences were considered significant. 
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Figure 7. Image of the torque machine used for the torque removal measurements.

Histomorphometric and histological analysis: Three days after fixation in formaldehyde solution,
the samples were washed in running tap water per 12 hours and then gradually dehydrated in a
progressive series of ethanol solution (60% to 100%). After the dehydration, the blocks (bone with
the implant) were embedded in historesin (Technovit 7200 VLC, Kultzer & Co, Wehrhein, Germany),
polymerized, and cut in the central region of the implants using a metallographic cutter machine
(Isomet 1000; Buehler, Germany). Then, the samples were polished using a sequence of abrasive
paper (180 to 1200 mesh) in a polishing machine (Polipan-U, Panambra Zwick, São Paulo, Brazil).
The samples were stained using the picrosirus hematoxylin staining technique. Images using an optical
microscopy (Nykon E200, Tokyo, Japan) were obtained around all samples and, the percentage of
bone-to-implant contact (BIC%) and bone area fraction occupancy (BAFO%) inside of the threads were
measured using the ImageJ program (National Institute of Health, Bethesda, MD, USA). For the BIC%
calculation, the total perimeter around the implant was considered 100% and, then, the areas where
the bone is in contact with the implant surface were measured. Whereas, for the BAFO% calculation,
the total area of threads was measured for the implant model used, and, then, the percentage of this
area of threads occupied by the bone.

Statistical analysis: The ANOVA one-way statistical test was used following Bonferoni’s multiple
comparison test to determine individual difference among groups. All analyses were performed using
GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, CA, USA). When p < 0.05,
the differences were considered significant.

3. Results

3.1. Clinical Oservations

In both evaluations (15 and 30 days after the implantations), all implants showed a good stability
(signal of osseointegration), tested clinically. No clinical evidence of inflammation or infection were
detected. Therefore, a total of 80 experimental samples (n = 20 implants per group) were evaluated.

3.2. Implant Stability Measurement

The implant stability was measured in all samples (total of 80 implants) in the three times. Details
of values for the groups are depicted in Table 1. In Time 1, the implant stability quotient (ISQ) values
measured for all groups do not show statistical difference (p = 0.7668). However, in Times 2 and 3
statistical differences between the groups were detected, which are summarized in Table 2. The line
graph of Figure 8 shows the ISQ evolution on the time of each group.
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Table 1. Table data (mean and standard deviation) of implant stability quotient (ISQ) values measured
of each group for each time.

9 Time 1 Time 2 Time 3

G1 39.7 ± 3.54 40.9 ± 4.39 49.7 ± 4.89
G2 38.6 ± 4.02 39.4 ± 4.12 46.9 ± 4.65
G3 39.9 ± 3.46 49.1 ± 4.52 61.1 ± 4.72
G4 39.9 ± 3.10 46.6 ± 4.58 58.8 ± 4.58

Table 2. Bonferroni’s multiple comparison test to compare the ISQ values between the two times with
statistically significant difference (at 15 and 30 days).

Time 2 Time 3

Group
Comparison

Mean of
Diff. p-Value 95% CI Mean of

Diff. p-Value 95% CI

G1 vs G2 1.500 0.3559 −2.599 to 5.599 2.722 0.0946 −1.389 to 6.833
G1 vs G3 −8.111 <0.0001 * −12.21 to −4.012 −11.39 <0.0001 * −15.50 to −7.278
G1 vs G4 −5.667 0.0026 * −9.766 to −1.567 −9.167 <0.0001 * −13.28 to −5.056
G2 vs G3 −9.611 <0.0001 * −13.71 to −5.512 −14.11 <0.0001 * −18.22 to −10.00
G2 vs G4 −7.167 0.0002 * −11.27 to −3.067 −11.89 <0.0001 * −16.00 to −7.778
G3 vs G4 2.444 0.1714 −1.655 to 6.544 2.222 0.1764 −1.889 to 6.333

Diff. = Differences; * with difference statistical (p < 0.005); CI = Confidence Interval.
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the installation.

3.3. Removal Torque Measurement

The four groups showed a different mean of RTv values, with statistical difference between them
(p < 0.05). The data are summarized in Table 3. Table 4 shows the Bonferroni test and p-values of the
comparison between the groups in each time. The bar graph of Figure 9 showed the RTv values to
compare the difference between the groups in the two times.

Table 3. Table data (mean and standard deviation) of the removal torque values (RTv) measured of
each sample.

Group 15 days 30 days

G1 36.8 ± 4.02 44.8 ± 3.63
G2 33.4 ± 3.91 40.7 ± 3.57
G3 44.0 ± 4.50 65.2 ± 3.63
G4 42.3 ± 4.21 61.0 ± 3.81
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Table 4. Bonferroni’s multiple comparison test to compare the RTv values between the two times with
statistically significant difference.

15 days 30 days

Group
Comparison

Mean of
Diff. p-Value 95% CI Mean of

Diff. p-Value 95% CI

G1 vs G2 3.333 0.1020 −2.192 to 8.858 4.111 0.0372 * −0.7437 to 8.966
G1 vs G3 −7.222 0.0022 * −12.75 to −1.697 −20.44 0.0004 * −25.30 to −15.59
G1 vs G4 −5.556 0.0230 * −11.08 to −0.030 −16.22 0.0004 * −21.08 to −11.37
G2 vs G3 −10.56 0.0007 * −16.08 to −5.030 −24.56 0.0004 * −29.41 to −19.70
G2 vs G4 −8.889 0.0014 * −14.41 to −3.364 −20.33 0.0004 * −25.19 to −15.48
G3 vs G4 1.667 0.1840 −3.858 to 7.192 4.222 0.0147 * −0.6326 to 9.077

Diff. = Differences; * with difference statistical (p < 0.005); CI = Confidence Interval.
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3.4. Histomorphological Analysis and Measurements

After the period determined by the analysis of the bone tissue around the implants (15 and 30 days),
all implants samples presented a good stability, without samples signal of loss or not-osseointegration.
Therefore, all implants intended for histological analyses were prepared and evaluated. Representative
histological section images of the implant behavior of each group and time are presented in Figures 10
and 11.
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group, (c) G3 group, (d) G4 group. Images obtained by light microscopy with magnification of 10x. 
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G1 34.0 ± 3.88 39.5 ± 4.97 
G2 33.1 ± 4.83 36.4 ± 4.36 
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G4 36.8 ± 3.99 50.3 ± 5.74 
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G1 vs G4 −2.744 0.1702 −8.377 to 2.888 −10.83 0.0008* −17.65 to −4.017 
G2 vs G3 −5.522 0.0133* −11.15 to 0.1101 −17.00 0.0004* −23.82 to −10.18 
G2 vs G4 −3.678 0.1323 −9.310 to 1.955 −13.93 0.0004* −20.75 to −7.117 
G3 vs G4 1.844 0.3059 −3.788 to 7.477 3.067 0.5067 −3.750 to 9.883 

Diff. = Differences; * with difference statistical (p < 0.005); CI = Confidence Interval. 
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Figure 11. Representative images of the groups 30 days after the implantations. (a) G1 group, (b) G2
group, (c) G3 group, (d) G4 group. Images obtained by light microscopy with magnification of 10×.

In general, in the first time of the 15 days, a significant difference in the BIC% was observed
between the group G1 X G3 and G2 X G3, with a higher value for the group G3. While in the second
time (30 days) there were no statistical differences, only in the comparison between the same implant
macrogeometry (G1 X G2 and G3 X G4). The data of measured values are presented in Table 5 and the
distribution is shown in the graph attached. The statistical test analysis between groups is presented in
Table 6.

Table 5. Table data (mean and standard deviation) of bone-to-implant contact percentage (BIC%)
measured around the surface of each sample.

Group 15 days 30 days

G1 34.0 ± 3.88 39.5 ± 4.97
G2 33.1 ± 4.83 36.4 ± 4.36
G3 38.6 ± 4.23 53.4 ± 5.39
G4 36.8 ± 3.99 50.3 ± 5.74

Table 6. Bonferroni’s multiple comparison test to compare the BIC% values between the groups.

15 days 30 days

Group
Comparison

Mean of
Diff. p-Value 95% CI Mean of

Diff. p-Value 95% CI

G1 vs G2 0.9333 1.000 −4.699 to 6.566 3.100 0.3086 −3.716 to 9.916
G1 vs G3 −4.589 0.0417 * −10.22 to 1.043 −13.90 0.0003 * −20.72 to −7.084
G1 vs G4 −2.744 0.1702 −8.377 to 2.888 −10.83 0.0008 * −17.65 to −4.017
G2 vs G3 −5.522 0.0133 * −11.15 to 0.1101 −17.00 0.0004 * −23.82 to −10.18
G2 vs G4 −3.678 0.1323 −9.310 to 1.955 −13.93 0.0004 * −20.75 to −7.117
G3 vs G4 1.844 0.3059 −3.788 to 7.477 3.067 0.5067 −3.750 to 9.883

Diff. = Differences; * with difference statistical (p < 0.005); CI = Confidence Interval.

The bar graph in Figure 12 shows the BIC% values to compare the difference between the groups
in the two time periods.

The mean and standard deviation of BAFO% measured are showed in Table 7. The statistical
differences between groups are presented in Table 8 and the bar graph in Figure 13 shows the data to
visually compare the groups.
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4. Discussion

The search for the development of new micro- and macro-geometries of implants which aim
to improve and/or accelerate osseointegration has been a constant research topic in implantology
worldwide. However, biological factors involved in the process are poorly considered, such as the
intensity of the trauma generated during the surgical maneuvers resulting from each event, especially
the steps of drilling and implant installation. It is known that the primary stability of the implants is
considered fundamental for osseointegration [25–27] and, that there is a high probability of failure in
implants (~32%) presenting inadequate initial stability [28]. The achievement of adequate primary
stability is directly influenced by bone tissue strength (density), macrogeometry of the implant,
and the surgical technique used [26–29]. Recent studies have shown that decompression of bone
tissue by creating healing chambers with the use of an undersized drilling technique may improve
the osseointegration process, however, this technique may compromise the implant’s fixation force
(stability) on the bone. Then, a new implant macrogeometry was developed where healing chambers
were created in the threads, and the purpose of this study was to compare different variables (ISQ, BIC%,
BAFO%, and RTv). For this, we compared the conventional implant macrogeometry with the new
implant macrogeometry during the initial phase of osseointegration, at 15 and 30 days after the
installation in the bone.

The initial hypothesis, that this implant design does not change the values of initial stability,
was proven and, the increase of the torque removal, BIC%, and BAFO% values in the tested samples,
regardless of whether the surface is treated, showed that this macrogeometry with healing chambers
generates a positive influence on the osseointegration process during the early time tested. Other
studies have demonstrated the efficacy of healing chambers, however, most of them reported the
possibility that there was a decrease in the primary stability of the implants by the technique (undersized
drilling) of these spaces (healing chambers) inside the implants’ threads [22,23]. In the measurements
obtained in our study there were no statistical differences (p < 0.05) between the two models of implants
tested regarding the primary stability values.

The intensity of surgical trauma during implant procedures maneuvers may vary during the
drilling or insertion of the implant, as was demonstrated in our previous studies where NF-kB, which is
a transcription factor involved in controlling the expression of several genes linked to the inflammatory
response, was measured [30]. The excess trauma caused by the inadequate drilling process or the excess
compression of the bone tissue during implant installation was reported in some studies [20,31,32].
The bone tissue has its elasticity limitation according to its density, which can dissipate the stress
caused by the insertion torque of the implant [33], which indicates that the bone can withstand a certain
amount of compression. Thus, this justifies the possibility of applying a high torque with great initial
stability until the implant obtains its biological stability. On the other hand, it was demonstrated that
in case the bone tissue is damaged by excessive compression, excessive trauma during osteotomy,
the bone may undergo necrosis, causing the implant to lose its stability. In this sense, the new implant
design proposed and analyzed in the present study considered the possibility of obtaining an adequate
primary stability without generating and/or decreasing the degree of bone compression after its
insertion, as shown schematically by the image in Figure 14. In implants with conventional threads,
condensation of bone tissue will always occur, whereas in the implant model with healing cameras,
these bone particles take place to lodge thereby decreasing compression.

Moreover, certain implant design features allow peri-implant osteocytes to retain a less aged
phenotype, despite highly advanced extracellular matrix maturation. Then, the physicochemical
properties of the material can stimulate bone formation and remodeling by regulating the expression
of RANKL (receptor activator of nuclear factor–κB ligand), RANK, and OPG (osteoprotegerin) from
implant-adherent cells. Modulation of certain osteocyte-related molecular signaling mechanisms (e.g.,
sclerostin blockade) may enhance the biomechanical anchorage of implants [34].
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Several studies have proposed that the morphological alterations on the implant surface
characteristics can improve and accelerate the processes of healing of the bone tissue [10–12]. Thus,
the present study had the aim to evaluate both implant models (conventional and new implant
design) using the same conditions of the surface treatment, with and without treatment, to verify
the importance of this factor in the early time period of osseointegration. The results showed that
the macrogeometry of the implant had a much higher importance than the surface treatment at the
proposed evaluation times (15 and 30 days). Regarding implant stability (ISQ), the G3 and G4 implants
had a significant increase in relation to the implants of the G1 and G2 groups, i.e., at 15 days in the
general average 19% higher and at 30 days, 25% bigger. In addition, comparing the evolution of ISQ
within the same implant model between the 3 measured times, the groups G1 and G2 showed only a
time 3 evolution in relation to time 1 (21%), whereas in the G3 and G4 groups the increase was 20%
between time 1 and 2, and 25% between time 2 and 3, totaling a 45% increase between time 1 and 3.
These data clearly demonstrate the benefit of healing chambers created in the new implant design.

The removal torque measurement is a biomechanical analysis used to analyze the force of
the interaction between the implant and bone tissue [35,36], where the higher values to implant
removal indicate a good interaction between the bone and implant surface [36], and a signal of good
mineralization of the new bone formed. We compared the four groups proposed based on the two time
points (15 and 30 days) after implantation, which was highly significant, and it is thus concluded that
there is an important effect among the groups (p < 0.05). Thus, as in the comparison made to ISQ values,
when comparing the mean values of groups G1 and G2 with the groups G3 and G4, the latter presented
a mean value 23% higher after 15 days and 48% higher after 30 days. When comparing the same groups
between the times, the groups G1 and G2 had an increase of 21%, while the G3 and G4 groups showed
a 47% increase in the removal torque of the implants. Again, the values indicate an acceleration in the
process of osseointegration of the implants with the new design. Furthermore, the values compared
statistically between the groups (G1 X G2 and G3 X G4) showed no statistically significant differences
when evaluated implants were treated and not treated with the same macrogeometry for the time of
15 days and, showed no significant difference after 30 days.
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Other studies have shown that implant design can present different osseointegration levels [36,37],
depending on its variables presented in the micro- and macrogeometry. Histologically, the values
related to the quantity and quality of the bone healing around the implants are evaluated by the
percentage of contact of bone to implant (BIC%) and percentage of occupation of the bone area fraction
(BAFO%). In the present study, these both analyses showed similar values and evolution on the tested
times (15 and 30 days) in all groups. However, the comparison between the groups showed a higher
value for the groups with the new implant macrogeometry (G3 and G4 groups) in comparison to
the conventional implant macrogeometry (G1 and G2 groups). In the group G3, where the implants
presented a new design associated with the surface treatment, the samples showed an important
increase in the values of BIC% and BAFO% in the time of 30 days. Still, the healing chamber of group
G3 presented a higher amount of BAFO%, indicating that the cellular reaction differed between the
implant thread configurations. Other animal studies, where the healing chambers were examined
in a longer time period (2 months), showed that healing chambers inserted in the cortical bone did
not increase the BIC%, but increased implant biomechanical fixation at early times when compared
to the conventional thread design [38]. This data sought in the literature helps to reinforce the initial
hypothesis that the new implant design with the healing chambers elaborated in the implant threads
more strongly in the initial stages of osseointegration of the implants. However, new in vivo studies
are necessary to prove these findings.

Osteocytes are important indicators of bone tissue quality and are also important structural
markers of osseointegration. In addition, osteocytes are exceptionally valuable in characterizing bone
tissue response to implanted materials [34,39]. Thus, we can cite, one of the limitations of the present
study was to evaluate through immunohistochemical assay the amount of osteocytes around the
different groups of implants used. This information would be of great importance because in the bone
tissue surrounding the implants, osteocytes physically communicate with implant surfaces through the
canaliculi and respond to mechanical loading (e.g., bone compression during the implant insertion),
leading to changes in osteocyte numbers and morphology [34].

5. Conclusions

Within the limitations of the present study, the results showed that the implants with the
macrogeometry modified with healing chambers in the threads produced a significant enhancement
in the osseointegration, accelerating this process. The results showed an important increase of the
histological parameters (bone-to-implant contact and occupation of the bone area fraction) and the
biomechanical parameters (implant stability and torque removal values) for the new implant design.
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Abstract: The purpose of the present study was to measure and compare the insertion torque, removal
torque, and the implant stability quotient by resonance frequency analysis in different polyurethane
block densities of two implant macrogeometries. Four different polyurethane synthetic bone blocks
were used with three cortical thickness: Bone 1 with a cortical thickness of 1 mm, Bone 2 with a
cortical thickness of 2 mm, Bone 3 with a cortical thickness of 3 mm, and Bone 4, which was totally
cortical. Four groups were created in accordance with the implant macrogeometry (n = 10 per
group) and surface treatment: G1—regular implant design without surface treatment; G2—regular
implant design with surface treatment; G3—new implant design without surface treatment; G4—new
implant design with surface treatment. All implants used were 4 mm in diameter and 10 mm in
length and manufactured in commercially pure titanium (grade IV) by Implacil De Bortoli (São Paulo,
Brazil). The implants were installed using a computed torque machine, and following installation
of the implant, the stability quotient (implant stability quotient, ISQ) values were measured in two
directions using Osstell devices. The data were analyzed by considering the 5% level of significance.
All implant groups showed similar mean ISQ values without statistical differences (p > 0.05), for the
same synthetic bone block: for Bone 1, the value was 57.7 ± 3.0; for Bone 2, it was 58.6 ± 2.2; for
Bone 3, it was 60.6 ± 2.3; and for Bone 4, it was 68.5 ± 2.8. However, the insertion torque showed
similar higher values for the regular macrogeometry (G1 and G2 groups) in comparison with the new
implant macrogeometry (G3 and G4 groups). The analysis of the results found that primary stability
does not simply depend on the insertion torque but also on the bone quality. In comparison with
the regular implant macrogeometry, the new implant macrogeometry decreased the insertion torque
without affecting the implant stability quotient values.

Keywords: bone density; dental implants; healing chambers; initial stability; insertion torque; new
implant macrogeometry

1. Introduction

The initial implant stability is a fundamental requisite to obtain osseointegration [1,2]. The main
parameters that are involved are the bone condition (quality and quantity), the implant macrogeometry
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(design of the body and surface roughness), the osteotomy design, and the precise fit in the bone
(friction coefficient) [3]. Thus, to achieve adequate osseointegration of the implant, it is of fundamental
importance that a good primary stability of the implant is achieved after its installation into the bed
prepared in the bone tissue. This is crucial for the long-term success of the implant [4,5].

The force for insertion of the implant into the bone tissue is related to the quality of the bone
(density) and to the osteotomy performed (orifice size), generating compressive stresses at this contact
interface between bone tissue and implant [6]. These obtained levels of compression determine the
initial stability of the implant; sufficiently high values result in local ischemia of the bone and necrosis
at the implant–tissue interface [7–9]. In this sense, several studies have proposed that approaching
the diameter of the drilling (during the osteotomy) with the diameter of the implant that will be
inserted into the bone can facilitate and improve osseointegration through a decrease in the bone
compression [10,11]. Jimbo et al. (2014) showed, in a study using a dog model, that in the implants
placed with high torque, the samples presented a certain amount of necrotic bone inside the implants
threads, whereas in the samples where a larger amount of drilling was used, the samples presented
substantial formation of new bone [11]. The free space created inside the implant threads, resulting
from the drill–implant diameter ratio, was called healing chambers. Obviously, that procedure to
create this healing chambers (over-drilling protocol) generate a sensible decrease of the final insertion
torque level in the implant.

A low initial stability may allow micromovement of the implant during the healing period, and
fibrous tissue may form at the interface between the bone and the implant and lead to failure [12].
However, when the implants have good primary stability values, the healing time may be shorter, as
when the implants present low values of primary stability, they require longer waiting times to obtain
adequate bone healing and consequent secondary stability [13]. This acquired information about the
stability of the implants can help in determining the waiting time to obtain the healing of bone tissue
around the implant for each case and in an individualized way, increasing the safety of the treatments,
the effectiveness, and, in some cases, decreasing the time taken to complete the treatment [14].

In this sense, a new macrogeometry was developed with these concepts and the idea of “no bone
compression” during the implant insertion without the loss of initial stability after implant installation.
Healing chambers for the bone decompression were created in the implant thread body, generating
spaces to deposit the bone during the implant insertion. However, the concept of higher insertion
torque (IT), which translates into greater primary stability, cannot always be applied because bone
quantity and quality vary significantly between patients [13].

Continuous monitoring in an objective and quantitative manner is important to determine the
status of implant stability. Historically, the gold standard method used to evaluate the degree of
osseointegration was microscopic or histologic analysis. However, due to the invasiveness of this
method and related ethical issues, various other methods of analysis have been proposed: Radiographs,
cutting torque resistance, reverse torque, modal analysis, and resonance frequency analysis [15,16].
Thus, the purpose of the present study was to measure and compare the insertion torque, removal
torque, and the implant stability quotient by resonance frequency analysis in different polyurethane
block densities of two implant macrogeometries. Moreover, we analyze the effect of the threads
passage of both implant models during their insertion and after removed into the polyurethane block
totally cortical.

2. Materials and Methods

2.1. Synthetic Bone Characteristics

Synthetic bone blocks of polyurethane (Nacional Ossos, São Paulo, Brazil) with cortical and
medullar portions were used. The cortical portion was fabricated in a density of 40 pounds per cubic
foot (PCF) or 0.64 g/cm3, and the cancellous bone portion of all blocks presented a density of 15 PCF or
0.24 g/cm3 (Figure 1). In humans, the mean bone mineral density of the posterior maxilla is 0.31 g/cm3
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and that of the anterior maxilla is 0.55 g/cm3 [17]. The block configurations used presented a height of
2 cm, a width of 2 cm, a length of 13 cm, and four different cortical thicknesses at 1, 2, and 3 mm and
totally cortical (Figure 2). Polyurethane blocks were used at different densities to simulate bone in an
in vitro setting. Polyurethane is considered to be the standard material for performing mechanical
tests on orthopedic implants [18–21].
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totally cortical bone block.

2.2. Implant Characteristics and Group Distribution

The conical regular design shows progressive trapezoidal threads, a cervical portion with 1 mm
of plane configuration in the final cervical area, and a Morse taper connection, whereas the new
conical implant design shows progressive trapezoidal threads, a cervical portion with 1 mm of plane
configuration in the final cervical area, healing chambers in the threads, and a Morse taper connection.
Figure 3 show a schematic image of both implant designs.
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macrogeometry, respectively.

Both models were tested with a surface treated with a blasting process plus acid conditioning and
an untreated (machined) surface. The surface-treated implants were blasted with 50 to 100 µm of TiO2

microparticles, cleaned ultrasonically with alkaline solution, washed in distilled water, and conditioned
with maleic acid (HO2CCHCHCO2H). After these treatments, three implants from each group were
used to determine the roughness parameters using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The surface morphology of the samples in both groups was examined under
SEM (JEOL, model JSM 6490-LV, Tokyo, Japan) using the secondary electron (SE) detection mode with
an acceleration of 20 kV and a spot size of 4.0. For a direct comparison of the surface morphology, the
same magnification (1000×) was selected for all samples. Then, the samples were used to generate
a series of 3D images using a scanning probe microscope (AFM) (Bruker, Santa Barbara, CA, USA).
To measure the surface roughness parameters, an optical laser profilometer (Perthometer S2, Mahr
GmbH, Göttingen, Germany) was used, where Ra is the absolute value of all profile points, and Rz is
the value of the absolute heights of the five highest peaks and the depths of the five deepest valleys.

Four groups (n = 10 per group) were formed according to the implant design (Figure 2): Group 1
(G1)—regular conical design without surface treatment; group 2 (G2)—regular conical design with
surface treatment; group 3 (G3)—new conical design without surface treatment; and group 4 (G4)—new
conical design with surface treatment. The dimension of all implants used were 4 mm in diameter and
10 mm in length. The implants were manufactured by Implacil De Bortoli (São Paulo, Brazil).

2.3. Implant Management and Biomechanical Analysis

The drilling was done in accordance with the manufacturer’s designation for each implant model.
All osteotomies were prepared using a bench drill with 20 N of force using a surgical drill at a rotational
speed of 1200 rpm under intense external irrigation with saline solution, using a predeterminate
drilling sequence of the implant system (Figure 4): initially a Ø2 mm drill, Ø3.5 mm conical drill, and
Ø4.0 mm conical drill.

The implant installation was done using a computed torquimeter machine (Torque BioPDI, São
Paulo, Brazil), as shown in Figure 5.
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Figure 5. Image of the torque machine used to install and remove the implants into the synthetic
bone blocks.

All implants were installed at the bone level. The maximal insertion torque value was recorded
for each sample, and then the implants were removed, and the maximal removal torque was recorded.
To analyze and compare the viscoelastic properties of each bone model, an equation (the rule of three)
was used which used these data (insertion and removal torque values) to calculate the torque reduction
(TR) as a percentage:

Torque reduction =
insertion torque
removal torque

=
100%

X
(1)

Following each installation, the implant stability quotient (ISQ) was measured using the Osstell
Mentor device (Osstell, Göteborg, Sweden). The smart peg was screwed in the implant, and a torque of
10 N·cm was applied [22]. The ISQ values were represented on a scale from 1 to 100. The measurement
was performed in 2 directions for each sample (Figure 6), and an average value was determined for
each implant.
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2.4. Analysis of the Effect of the Threads Passage

The effect promoted by the threads passage in the polyurethane block of both implant models
(regular and new macrogeometry) was evaluated and described using photographic images obtained
after the implant insertion and removal in a fully cortical block model (Bone 4). This model was selected,
since it is among all, which is more evident the effect (scars) promoted during the implant passage.

2.5. Statistical Analysis

The IT and ISQ values were summarized using means and standard deviations. One-way analysis
of variance was used to compare the mean IT and ISQ values. The Shapiro–Wilk test was used to test
the normality. The Pearson’s correlation coefficient was used to evaluate the correlation between the IT
and the ISQ at implant placement. All analyses were done using GraphPad Prism version 5.01 for
Windows (GraphPad Software, San Diego, CA, USA). When the p-value was <0.05, the differences
were considered significant.

3. Results

No morphological and roughness differences were observed between samples from groups G1
and G3 and between groups G2 and G4. The images shown in Figure 7 represent the smooth surface
groups (G1 and G3 groups), and the images in Figure 8 represent the rough surface groups (G2 and G4
groups). The profilometer analysis showed the means and standard deviations of the absolute values
of all profile points (Ra): 0.11 ± 0.05 µm for the smooth surface implants and 0.85 ± 0.13 µm for the
rough surface implants. The root-mean-square of the values of all points (Rq) was 0.22 ± 0.09 µm for
the smooth surface implants and 1.14 ± 0.09 µm for the rough surface implants, and the average value
of the absolute heights of the five highest peaks and the depths of the five deepest valleys (Rz) was
1.12 ± 0.18 µm for the smooth surface implants and 5.11 ± 0.54 µm for the rough surface implants.
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The ISQ values showed similar values for both implant macrogeometries with the same treatment.
However, the G2 and G4 groups, in which the implants received surface treatment (rough surface),
showed values slightly higher than those of the G1 and G3 groups (without treatment on the implant
surface) in all bone models. The data values (mean and standard deviation) and statistical comparison
are summarized in Table 1 and demonstrated in the line graph shown in Figure 9.

Table 1. Mean, standard deviation, and statistical analysis of the measured values of ISQ for each
group in the different synthetic bone blocks.

Parameter Group G1 Group G2 Group G3 Group G4 p-Value

Bone 1 56.2 ± 3.71 58.5 ± 2.17 57.0 ± 3.79 59.2 ± 2.32 0.4093
Bone 2 57.2 ± 1.60 59.5 ± 1.87 58.0 ± 2.28 59.5 ± 2.88 0.4842
Bone 3 59.3 ± 2.34 60.7 ± 2.17 60.2 ± 2.48 62.0 ± 2.10 0.2105
Bone 4 66.8 ± 3.25 69.2 ± 2.79 68.7 ± 2.42 69.3 ± 2.66 0.2551
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Figure 9. Bar graph of the distribution of ISQ values for each model of synthetic bone block in each
group proposed.

The torque caused by the insertion and removal of the implants presented similar values for the
same macrogeometry; however, different values were shown between the two macrogeometries, where
the regular macrogeometry showed superior values (a mean of ~17% higher) for both groups (G1 and
G2 group) in comparison with the G3 and G4 groups, independent of the bone density. The data values
(mean and standard deviation) are summarized in Table 2.

Table 2. Means and standard deviations of the measured values of insertion torque for each group in
the different synthetic bone blocks.

Parameter Group G1 Group G2 Group G3 Group G4

Bone 1 13.4 ± 2.04 13.8 ± 2.55 11.0 ± 2.06 11.2 ± 2.19

Bone 2 16.0 ± 1.93 16.4 ± 1.98 13.1 ± 2.58 13.8 ± 2.03

Bone 3 19.5 ± 2.39 20.2 ± 2.89 15.7 ± 3.99 16.2 ± 3.36

Bone 4 29.6 ± 2.33 30.4 ± 2.85 25.8 ± 3.89 26.2 ± 3.32

The insertion torque values obtained from the groups with the same macrogeometry were
compared statistically to determine possible differences (G1 and G2 versus G3 and G4) considering
that the surface treatment did not change the torque values in this test for the samples evaluated in our
study. The bar graph in Figure 10 show the comparative values of the insertion torques of the two
macrogeometries tested and the statistical analysis, which showed statistical differences between both
implant macrogeometries (p < 0.05).
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implant macrogeometries in each synthetic bone block model.

Regarding the overall mean of the bone models, the values of removal torque were 44.6% smaller
than the insertion torque for the groups with regular macrogeometry (G1 and G2 groups) and 39.4%
for the groups with the new implant macrogeometry (G3 and G4 groups). The data collected on the
removal torque of all bone models and groups are summarized in Table 3.

Table 3. Means and standard deviations of the measured values of removal torque for each group in
the different synthetic bone blocks.

Parameter Group G1 Group G2 Group G3 Group G4

Bone 1 6.72 ± 1.43 6.92 ± 1.44 6.50 ± 1.52 6.94 ± 1.32
Bone 2 7.46 ± 1.52 7.84 ± 1.46 7.10 ± 1.57 7.48 ± 1.54
Bone 3 8.46 ± 1.50 9.78 ± 1.70 8.34 ± 1.97 8.58 ± 1.72
Bone 4 20.22 ± 1.86 20.78 ± 2.05 17.14 ± 1.85 18.38 ± 1.40

Overall, the calculated reduction torque was 50% for the G1 and G2 groups and 39% for G3 and
G4 groups in Bone 1; for the Bone 2, the reduction torque was 53% in the G1 and G2 groups and 45% in
the G3 and G4; for the Bone 3, it was 55% for the G1 and G2 groups and 47% for the G3 and G4 groups;
and for the Bone 4, the mean value was 32% for all groups.

No correlation was detected between the insertion torque and stability (ISQ) values for the groups.
The correlation analysis between the insertion torque and initial stability quotient is shown in Table 4.

Table 4. Pearson correlation analysis and p values of the insertion torque and initial stability quotient
of all groups in all bone models.

Group Bone 1 Bone 2 Bone 3 Bone 4

G1 r = 0.334/p = 0.497 r = −0.395/p = 0.419 r = −0.348/p = 0.497 r = −0.486/p = 0.053

G2 r = 0.358/p = 0.497 r = 0.086/p = 0.919 r = −0.717/p = 0.136 r = −0.152/p = 0.803

G3 r = 0.029/p = 1.000 r = −0.541/p = 0.058 r = −0.429/p = 0.419 r = 0.435/p = 0.419

G4 r = 0.086/p = 0.919 r = 0.486/p = 0.356 r = −0.058/p = 0.919 r = −0.395/p = 0.419

r = correlation coefficient; p = value of the statistical difference.

By analyzing the effect of the threads passage of both implant models during their insertion into the
polyurethane blocks, it was possible to observe that the samples with regular macrogeometry (groups
G1 and G2) promoted a few cuts of the bone during the passage of the threads, while in the model with
the new macrogeometry, we observed that the bone tissue was cut and carried by the threads, as shown
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in the images of Figure 11. Moreover, the quantity of bone particles that was observed to be deposited
on the surface of the new macrogeometry was higher than that on the regular macrogeometry. After
removing the implant, we observed that the bone of the new macrogeometry site showed a greater
marking produced by the passage of the threads in comparison with the regular macrogeometry.

9 of 14 

 

observed to be deposited on the surface of the new macrogeometry was higher than that on the 

regular macrogeometry. After removing the implant, we observed that the bone of the new 

macrogeometry site showed a greater marking produced by the passage of the threads in comparison 

with the regular macrogeometry. 

 

Figure 11. Representative image of the effect (scars promoted) of threads passage of the two implant 

macrogeometries used. The atop image sequence shows the regular macrogeometry, and the bottom 

image sequence shows the new macrogeometry during the implant insertion and after the implant 

removal. 

4. Discussion 

The present study evaluated the insertion and removal torque of two implants with different 

macrogeometries (regular and a new design), with and without surface treatment. We also measured 

the primary stability through a resonance frequency analysis in different bone densities. The primary 

stability of the implants during installation was determined by the bone quality, bone quantity, 

implant geometry, and installation technique. Several authors have shown the importance of primary 

stability in obtaining osseointegration of dental implants [23–25], and failure to obtain efficient 

primary stability can lead to early implant loss [26]. In addition to these factors, it has been 

demonstrated in other studies that treatment of the implant surface can influence the results of 

primary stability [23–25].  

The implants of groups G3 and G4 with the new macrogeometry were developed to improve 

and accelerate osseointegration based on the hypothesis that no bone compression would occur 

during installation [27]. This concept has been demonstrated in several recent studies [11,27], which 

tested an undersized osteotomy to decrease the bone compression during the implant insertion. The 

histological results showed that the maneuver improves and accelerates the osseointegration of the 

implants. However, the authors stated that the technique can promote a decrease in the initial 

stability of the implants. In this sense, the idea of a new macrogeometry with healing chambers 

incorporated into the implant body does not alter the size of the osteotomy but generates spaces to 

make the bone decompress. Then, we proposed a comparison of this new macrogeometry with a 

regular macrogeometry to evaluate the relationship between less bone compression during the 

implant installation with the obtention of the insertion torque and the initial stability. The results 

show that, in comparison with the regular macrogeometry, the insertion torque of the new 

macrogeometry was less than 16% (overall of the mean), while the initial stability was not affected.  

Figure 11. Representative image of the effect (scars promoted) of threads passage of the two
implant macrogeometries used. The atop image sequence shows the regular macrogeometry, and the
bottom image sequence shows the new macrogeometry during the implant insertion and after the
implant removal.

4. Discussion

The present study evaluated the insertion and removal torque of two implants with different
macrogeometries (regular and a new design), with and without surface treatment. We also measured
the primary stability through a resonance frequency analysis in different bone densities. The primary
stability of the implants during installation was determined by the bone quality, bone quantity, implant
geometry, and installation technique. Several authors have shown the importance of primary stability
in obtaining osseointegration of dental implants [23–25], and failure to obtain efficient primary stability
can lead to early implant loss [26]. In addition to these factors, it has been demonstrated in other
studies that treatment of the implant surface can influence the results of primary stability [23–25].

The implants of groups G3 and G4 with the new macrogeometry were developed to improve and
accelerate osseointegration based on the hypothesis that no bone compression would occur during
installation [27]. This concept has been demonstrated in several recent studies [11,27], which tested an
undersized osteotomy to decrease the bone compression during the implant insertion. The histological
results showed that the maneuver improves and accelerates the osseointegration of the implants.
However, the authors stated that the technique can promote a decrease in the initial stability of the
implants. In this sense, the idea of a new macrogeometry with healing chambers incorporated into the
implant body does not alter the size of the osteotomy but generates spaces to make the bone decompress.
Then, we proposed a comparison of this new macrogeometry with a regular macrogeometry to evaluate
the relationship between less bone compression during the implant installation with the obtention of
the insertion torque and the initial stability. The results show that, in comparison with the regular
macrogeometry, the insertion torque of the new macrogeometry was less than 16% (overall of the
mean), while the initial stability was not affected.
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In all groups the torque removal was significatively less than the insertion torque. However, the
implant groups with the new macrogeometry (G3 and G4 groups) showed a smaller reduction torque
change than the implant groups with the regular macrogeometry (G1 and G2 groups), except for the
fully cortical bone model (Bone 4), where the reduction torque was equal for both tested implant
macrogeometries. The lower values of reduction torque suggest that the presence of decompression
chambers decreased the stresses over the bone where the implants were inserted. According to Ahn
et al. [28], the difference between insertion torque and removal torque is due to the restricted viscoelastic
properties of the surrounding artificial bone, which results in less resistance during removal. Bone
3 (with a cortical thickness of 3 mm) showed a higher reduction in torque, which presented more
viscosity in relation to the other bone models tested, whereas Bone 4 showed less viscosity.

Regarding the synthetic bone blocks used for in vitro analysis, the rigid polyurethane foam with
homogeneous and good characteristics is considered an ideal material and is in accordance with the
ASTM standard F1839-08 (1997) [29]. Thus, we used a polyurethane foam density of 0.48 g/cm3 in the
cortical portion, considering that the mean of cortical bone density in human maxilla is 0.31 g/cm3 for
the posterior area and 0.45 g/cm3 for the anterior area [29]. The densities of polyurethane foam used
in the present study was of 15 pounds per cubic foot (pcf), corresponding to a density of 0.24 g/cm3

(similar to the D3 bone type by Mish [30,31]); and 40 pcf, corresponding to 0.55 g/cm3 (similar to D1
bone by Mish [30,31]). Cancellous bone receives and dissipates the forces generated by mastication
after implant osseointegration more efficiently; however, to obtain the initial stability, cortical bone is
more important because it has high density and resistance (~40% more) in comparison to medullary
bone [10].

Resonance frequency analysis (RFA) measurement using Osstell Mentor is frequently used to
evaluate the implant stability in preclinical and clinical studies [32–34]. This technique has been widely
used because it is not invasive and does not require extra procedures to obtain the data. However,
this method revealed the absence of mobility of the installed implant and not the bone quantity at
the implant–bone interface [35,36]. The determination of good osseointegration is directly related to
the absence of movement at the bone–implant interface in the different types of bone density [31].
Therefore, the lack of micromovement determined by a rigid primary stability and healing period free
from external stimuli is originally a prerequisite for obtaining a satisfactory clinical result [37]. However,
for implants placed in low density bone, the stability indices (RFA) at the end of the osseointegration
process will be similar to those of medium- and high-density bone implants [38]. Different from this
result, we did not find a correlation between the values of the RFA at the moment of implant installation
and the torque in the fixation of the implants, which was also reported in another study [39]. These
results indicate that we must use greater caution when conferring the analysis of frequency of dental
implants, because the limits of height and width of the implants, as well as factors of bone density, can
influence its result.

The results showed that the insertion torque increased in accordance to the bone density increase,
whereas the implant stability (ISQ) showed no variation in Bone 1–3 models. The results found in
our study showed that there is no correlation between the two parameters tested. Therefore, the only
factors that showed a positive correlation between the IT and the ISQ value were the bone density and
thickness of the cortical bone. This result is in accordance with other publications [12,40]. Moreover,
Lages et al. reported that the clinician should choose only one of the methods to determine the primary
stability of implants, as these are independent and incomparable methods [12].

The interaction between the implant and the adjacent bone immediately after its insertion
depends mainly on the macrogeometry of the implant and the topography of its surface [41,42].
However, some studies in the literature still question the influence of surface treatment on the primary
stability [12,43–46] corroborated the results obtained in the present study, where the two implant
designs did not present a statistical difference in the insertion torque values between the treated and
non-treated surfaces.
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Several authors evaluated the strength and stiffness of the shear bone–implant interface
through resonance frequency analysis to search for information about the degree of contact in
this interface [2,3,6,47,48]. In the present study, when evaluating the initial stability of the implants
inserted in the synthetic cortical bone (40 PCF), it was verified that all implants obtained the highest
values. However, the implants with regular macrogeometry showed superior values due to having
greater contact and friction surface between the screw and the material [43,49].

In the resonance frequency analysis, larger values were observed in implants that underwent
surface treatment (G2 and G3 groups) compared to the machined ones (G1 and G3 groups), corroborating
findings described by other authors [50]. Despite these data, the presence of surface treatment was
not associated with a significant difference between machined and treated implants on all substrates.
These results corroborate with studies in the literature [43,51] and suggest that RFA is not sensitive
enough to detect minor alterations, such as the surface treatment of the implants.

Some studies have shown that, due to lateral cortical compression of low quality bone sites,
conical implants have a higher IT than cylindrical implants [52–55]. These studies show that the conical
implants present higher IT values when compared to cylindrical ones when inserted in the swine
bone and artificial polyurethane bone of 15 PCF, suggesting that the use of this type of screw in low
density bones is appropriate [53]. The conical implant design was selected and used in the present
study because it presents a higher insertion torque when compared to a cylindrical implant design,
as shown in other studies [26,53–56].

The absence of correlation between RFA and IT has been reported in several studies [39,41,57].
However, an important finding was the reduction in the insertion torque values found, especially in
the groups of the regular implant macrogeometry (G1 and G2), which can be considered as a loss of
primary stability, even in the presence of high ISQ values. As previously described, the higher bone
density values generate a greater the possibility of reducing the initial torque measured by the viscosity
of this tissue. Certainly, new studies that evaluate and corroborate these findings should be performed.

Regarding the limitations of the present study, we can report that only the mechanical aspects
of the effect of surface format and treatment were evaluated, that is, biological factors such as bone
response, individual characteristics, local variations in human bone, and the surgical technique, which
also influence primary stability in a clinical situation. Regarding the material (synthetic bone blocks)
used, inhomogeneity due to the presence of fat, bone marrow, and blood inside the real human bone is
challenging to model in a foam model. It was assumed that the contributions of these components
are negligible. The current results apply to the implants of dimensions as described. Hence, caution
should be exercised while extrapolating the results to other implant types. However, it has been
demonstrated that the surface treatment, shape, and difference in implant threads depends on the
correlation between shape and bone density in order to promote an optimal biomechanical condition
for osseointegration. Another important observation is that, in our study, the foam was destroyed by
the threads. However, we compared implants on the basis that the bone would be damaged in the
same way as foam. Therefore, it is important to note that a bone of the same density may be much
more or less resistant to the cut, and the result of the thread crossing may be completely different.

5. Conclusions

Within the limitations of the present in vitro study, it can be concluded that, in comparison with
the regular implant macrogeometry, the new implant macrogeometry presented low insertion torque
values without affecting the implant stability quotient (ISQ) values. In addition, the insertion torque
and ISQ values did not differ in relation to the surface treatment of the tested implants. Finally,
no correlation was found between the insertion torque and ISQ values measured by the Osstell device.
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Abstract: The aim of this study was to compare the mechanical behavior of two types of prosthesis 
as well as the stress distribution on the prostheses’ components and the bone. Two groups were 
analyzed: in the first group (M1), the prothesis was composed of two implants placed at a distance 
of 14 mm; in the second group (M2), the prothesis was composed of three implants installed at a 
distance of 9.7 mm from each other. An axial load of 100 N distributed on the cantilever throughout 
the region from the distal implant and a 30 N axial load on the implants in the inter-foramen region, 
were applied in both model 1 and model 2. In both models, the stress was concentrated in the region 
near the neck of the implant, resulting in a maximum value of 143 MPa in M1 and of 131MPa in M2. 
In M1, the stress along the bone varied from of -4.7 MPa to 13,57 MPa, whereas in M2, it varied from 
-10 to 12 MPa. According to the results obtained, the model corresponding to six implants presented 
a better distribution of bone stress around the implants. 

Keywords: finite elements; four implants; six implants; prosthesis; rehabilitation 
 

1. Introduction 

In fully edentulous patients who do not adapt to the use of mandibular total prostheses, the 
widely accepted clinical solution is a prosthesis supported by four to six implants placed in the 
interphalangeal region, which demonstrates according to both clinical accompaniment and in vitro 
analysis, high success rates [1–3]. 
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Factors such as mandibular curvature, cortical and trabecular bone density, length and number 
of implants, surface, cantilever length, and stiffness of the metal structure have great influence on the 
distribution of stresses to the bone tissue and have been the subject of many studies. Failure 
prevention requires testing and stress analysis in vitro as well as in vivo [4,5]. 

Detecting stress on implant-supported prostheses and analyzing its distribution to the implants 
have a fundamental importance for the evaluation of both the stresses applied on the implants and 
the design of the structure. It is important to evaluate different stresses generated on the implants by 
different loads [6,7]. 

The evolution of science and technology has motivated the realization of simulations and 
mechanical analysis of biological structures by advanced computational systems. The finite element 
method (FEM) is an analytical technique that currently represents one of the most complete 
computational tools for the study of stress distribution in dentistry.  

This study analyzed, using the finite element method, the importance of the number of implants 
in the stress distribution transmitted to the implants and to the supporting bone tissue. The stresses 
generated in this type of rehabilitation were also evaluated and compared. 

2. Materials and Methods  

The three-dimensional models were composed of a human mandible, implants, and their 
prosthetic components. The human mandible was obtained from the Renato Archer Information 
Technology Center database (Campinas, SP, Brazil), and the Rhinoceros 4.0 NURBS Modeling for 
Windows program (Robert McNell & Associates, Seattle, WA) was used for the construction of two 
three-dimensional models. The images in the CTI database, acquired from computerized 
tomographies, were previously approved by the Ethics Committee (#183/2015 (10 April 2015)).  

Two groups were analyzed: in the first group (M1), two implants were implanted in the inter-
foramen region separated from each other by 14 mm. The second group (M2) was composed of three 
implants placed at a distance of 9.7 mm from each other. On the implants in both groups were 
installed aesthetic conical abutments and a metallic crown in NiCr. 

Figure 1 details the mandible with the holes where the implants were placed in each model.  
 

 

(a) 

 

(b) 

Figure 1. Image of the arrangement of the implants in the two models studied: (a) group M1 with two 
implants; (b) group M2 with three implants. 

The implant employed in this study was an internal conical hexagon, 13 mm of length and 3.5 
mm of diameter, while the aesthetic conical abutment had a length of 1 mm; both were manufactured 
by Implacil De Bortoli (São Paulo, SP, Brazil). 

To simulate teeth, an acrylic resin platform was developed, which was used to apply the loads 
on the model. The assembly of the model was done on Biocad Philosophy, simplifying the 
morphology of the mandible (Figure 2). 
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(a) 

 

(b) 

Figure 2. Assemblies employed in this study: (a) group M1; (b) group M2. 

Regarding the bar, the height was 7 mm, with a cantilever length of 14 mm. The assembly of 
both models were exported to ANSYS software version 12.1 (Houston, USA). The material properties 
employed are detailed in Table 1 [8].  

Table 1. Material properties. 

Component Poisson’s ratio Young's Module [GPa] 
Cortical bone 0,3 14.7 

Trabecular bone 0,3 0,49 
Implants and abutments (titanium alloy) 0,33 117 

Acrylic 0,3 3,8 
Bar 0,33 205 

 
A complete osseointegration was added to both the trabecular and the cortical bone with the 

implant [9]. The models were subjected to an axial load of 100 N distributed throughout the region 
on the cantilever from the distal implant with reference to the midline and to a 30 N axial load on the 
implants in the inter-foramen region, both in model 1 and in model 2, as shown in Figure 3. [10,11].  
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Figure 3. Loading configuration. 

A symmetry in the median sagittal plane and a fixed support in the posterior surface were 
considered as boundary conditions in both models.  

Tetrahedral elements with 10 nodes were employed in both models (Figure 4); we obtained the 
following elements and nodes for models 1 and 2, respectively: 106218 and 116688 elements; 170513 
and 189695 nodes.   

 

 

(a) 

 

(b) 

Figure 4. von Mises stress on the implant, abutment, and metallic structure: (a) group M1; (b) group 
M2. 

3. Results 

3.1. Distribution Stress in Dental Implants 

In the M1 group, corresponding to four implants, the highest values of von Mises stress 
appeared around the bar where the implants were more rigid. The maximum stress on the implant 
was 148,92 MPa, while that on the bar was 70,5 MPa, as detailed in Figure 5. 
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(a) 
(b) 

Figure 5. Von Mises stress on the implant, abutment, and metallic structure in MPa: (a) group M1; (b) 
group M2. 

In the M2 group, as shown in Figure 6, the highest von Mises stresses appeared in the more 
distal implant, with the same distribution as in group M1. Regarding to the metallic structure, the 
highest stress appeared in the cantilever region, specifically at the fixation point of the metallic 
structure on the most distal implant, while a low level of stress was recorded in the anterior region. 
Analyzing the implants in both groups, the distal implant showed a greater stress in comparison with 
the other implants. 

 

 

Figure 6. von Mises stress in the implant, abutment and metallic structure in group M2 in MPa. 

3.2. Distribution Stress in Bone 

The maximum principal stresses were obtained on the bone. As Figure 7 details, the area 
corresponding to the distal implant presented a compression of -4.7 MPa. These forces were more 
evident in the portion corresponding to the cortical bone (Figure 7). 
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(a) 

 
(b)  

Figure 7. Maximum principal stress [MPa] in the M1 group: (a) three-dimensional view; (b) 
transversal cut of the bone. 

In M2, the maximum compression principal stress on the bone was -3.05MPa and it appeared at 
the most distal edge of the hole corresponding to the most distal implant. A compression stress of -
0.42 MPa appeared in the second hole, and considering a perpendicular cut, a compression stress that 
concentrated on the cortical bone and a small traction toward the trabecular bone appeared in the 
most distal hole, as Figure 8 details.  

(a) 

 (b)  

Figure 8. Maximum principal stress [MPa] in the M2 group: (a) three-dimensional view; (b) 
transversal cut of the bone. 

Table 2 reports the stress obtained in each group and the percentage difference between them. 

Table 2. von Mises stress measured in each group. 

 
Distal section of the 
distal implant (MPa)  

Screw  
(MPa) 

Abutment  
(MPa) 

Implant/Abutment 
contact (MPa) 

M1 group 148.92 22.0  22.2  51.1  
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M2 group 139.51  19.9  23.9  46  
Difference 

between models  6.74% 10.55% 7.65% 11.08% 

 

4. Discussion 

This finite element study analyzed the effect of the number of implants on the distribution of 
stress transmitted to the implants and to the supporting bone tissue and the stress obtained in 
different types of rehabilitation. 

Three-dimensional finite element analysis has proven to be the ideal technique for stress, 
deformation, and structural displacement analyses, enabling more accurate simulations without 
being an invasive technique [12]. We initially tried to generate a tridimensional geometric model of 
the object to be studied as faithful as possible, in order to obtain the most reliable results.  

However, there are limitations in this kind of studies. First of all, bone is a complex structure 
without definite patterns and has distinctive characteristics in each person; therefore, its geometry 
does not have defined properties. Also, the model corresponded to only one half of the mandible 
which did not compromise the study. Finally, all materials were modelled as linear, elastic, isotropic, 
and homogeneous. These assumptions have been accepted and verified in several studies [13,14].  

Meijer and Liu concluded that it is not necessary to construct a model of the entire mandible in 
order to compare the distribution of stress around implants [15,16]. This simplification has the 
advantage of reducing the modeling time of the structure and the computational cost.  

Although some authors [17–19] report that the stress values found in their work are smaller than 
the fracture limits of materials such as bone and titanium, these statements must be made with some 
warnings so that they can be translated to the clinical field, since the simplifications assumed in the 
models can generate values that do not correspond to real clinical situations. In this study, in both 
models, the highest values of the stress for both compression (4.7 MPa in M1 and 3.05 MPa in M2) 
and traction (9.09 MPa in M1 and 10.7 MPa in M2) on the cortical bone did not exceed the maximum 
limits of physiological stress which the bone can support, corroborating other scientific studies [20], 
according to which when the maximum main compression stress exceeds 170–190 MPa and the main 
tensile stress exceeds 100–130 MPa bone fracture and/or the onset of bone resorption occur. 

Regardless of the number of implants, it was observed that the maximum stress occurred on the 
surface of the cortical bone near the cervical area of the most distal implant, corroborating several 
results found by other studies [16,21]. The maximum stress values at the border between the cortical 
bone and the trabecular bone were evident during the study, demonstrating the difference in 
mechanical resistance between the two bones, agreeing with Reference [22]. There was compression 
stress across the surface of the implant, but it virtually disappeared when compared to the 
compression effect on the outermost surface of the cortical bone and traction on the border between 
the cortical and the trabecular bone. The stress was shown to be much more evident in the cortical 
bone because it had greater mechanical resistance and greater modulus of elasticity, and thus was 
able to accumulate greater stress, a conclusion similar to that of another study [23]. We measured a 
great difference between the compression stresses on the surface of the cortical bone in the distal 
region of the distal implants in the two models studied. The difference indicated a 54.69% higher 
compression stresses in model 1, a result similar to that of another study [24]. However, once again, 
considering the physiological limit acceptable for the bone, the compression stresses in both models 
were quite small, being -3.05MPa (model 2) and -4.73 (model 1), and thus acceptable in both 
situations. 

Regarding the number of implants, in both models, the stress was concentrated in the region 
near the neck of the implant. In model 1, a stress of 143 MPa was observed, whereas in model 2, a 
stress of 131 MPa was measured, indicating a difference of 6.74%, very small in quantitative terms 
because Model 1 had two implants less than Model 2. Just as in this work, Davis et al. [25] 
demonstrated that the increase of only one implant over five supporting a prosthesis did not result 
in a significant impact on the load supported by the implant closer to the force application. 
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The maximum stresses on the implant appeared near the end in its distal area in both models, 
in agreement with several finite element studies [16,21,26,27].  

The similar mechanical behavior of the two models corresponds to the rates close to clinical 
success in longitudinal clinical follow-ups of implant-supported prostheses. A large part of the 
clinical follow-ups performed on both the maxilla and the mandible [27–29] obtained above 95% 
success, on the basis of the analysis of number of fixations, implant lengths, losses and fractures of 
the implants and/or prostheses and their components, degree of resorption, repairs, length of the 
cantilever, type of materials, and type of antagonist. Long-term studies (10 years) as in Reference [29] 
did not find significant differences in the survival of implants when comparing prostheses supported 
by four or six implants. 

Other variables can influence the results of the present study, such as implant diameter and 
length. Moreover, the prosthesis construction technique can be performed with bulk [30] or fiber-
reinforced materials [31], thus resulting in different mechanical behaviors. Finally, also the cantilever 
between the bone and the point of force application should be considered. Therefore, further reports 
are needed to complete the information here reported. Randomized controlled clinical trials would 
be welcomed too. 

5. Conclusions 

According to the results obtained, it can be concluded that the stress distribution at the bone–
implant interface was similar in the two models. The distal implant showed a greater stress in relation 
to the other implants in both models. The model with six implants presented a better stress 
distribution on the bone around the implants. 
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Abstract

Objectives

The propose was to compare this new implant macrogeometry with a control implant with a

conventional macrogeometry.

Materials and methods

Eighty-six conical implants were divided in two groups (n = 43 per group): group control

(group CON) that were used conical implants with a conventional macrogeometry and,

group test (group TEST) that were used implants with the new macrogeometry. The new

implant macrogeometry show several circular healing cambers between the threads, distrib-

uted in the implant body. Three implants of each group were used to scanning electronic

microscopy (SEM) analysis and, other eighty samples (n = 40 per group) were inserted the

tibia of ten rabbit (n = 2 per tibia), determined by randomization. The animals were sacrificed

(n = 5 per time) at 3-weeks (Time 1) and at 4-weeks after the implantations (Time 2). The

biomechanical evaluation proposed was the measurement of the implant stability quotient

(ISQ) and the removal torque values (RTv). The microscopical analysis was a histomorpho-

metric measurement of the bone to implant contact (%BIC) and the SEM evaluation of the

bone adhered on the removed implants.

Results

The results showed that the implants of the group TEST produced a significant enhance-

ment in the osseointegration in comparison with the group CON. The ISQ and RTv tests

showed superior values for the group TEST in the both measured times (3- and 4-weeks),
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with significant differences (p < 0.05). More residual bone in quantity and quality was

observed in the samples of the group TEST on the surface of the removed implants. More-

over, the %BIC demonstrated an important increasing for the group TEST in both times,

with statistical differences (in Time 1 p = 0.0103 and in Time 2 p < 0.0003).

Conclusions

Then, we can conclude that the alterations in the implant macrogeometry promote several

benefits on the osseointegration process.

Introduction

Osseointegrated titanium implant is frequently used for rehabilitation of loss organs due dif-

ferent causes, mainly trauma or diseases. It has been shown that titanium has properties that

stimulate its interaction with bone tissue [1,2], presenting mechanical characteristics that ade-

quately support the physiological stimuli (loads) received when in masticatory function [3].

Moreover, titanium implants show a good degree of predictability and durability, which are

demonstrated by clinical studies [4,5].

Even with the high success rates achieved by implants, studies have been made to accelerate

the osseointegration with different technologies and manufactures methods. In this sense,

alterations in the micro- and macrogeometry of the implant design are presented [6–8]. New

surface treatments (micro topography), changing the physical and/or chemical characteristics

[6,9,10], and new macrogeometries changing the implant design [11–13], are created by the

researchers and, posteriorly, manufactured by the industry. These changes have resulted in

better biological performance, as demonstrated in previous preclinical studies [14–16].

The surgical technique used to elaborate the osteotomy and the macrogeometry of the

implant are also factors considered of great importance in the process of osseointegration [17].

Currently, different implant designs with varying topographies on their surface are industrial-

ized and marketed worldwide [18–20], and each implant model follows specific recommenda-

tions determined by the manufacturer for its installation [21]. Surgically, the drilling step to

prepare the site to install the implant utilizes an elaborate drill sequence system for implants to

reach a high final insertion torque. However, depending on the bone density at the implant

site, these high torque levels may cause an increased inflammatory response and, in some

cases, necrosis in areas around the implant [22–24].

Taking these concepts into account, recent new studies have proposed changes in the rela-

tionship between the size of the osteotomy for implant placement, ie, a drilling where the bed

size is closer to the outside diameter of the implant threads, thus, decreasing the insertion tor-

que of the implant and, consequently, the compression of bone tissue around of the implant

[25,26]. Recently, Jimbo et al. demonstrated in their studies in dogs, where they compared the

osteotomy with conventional drilling with over-drilling, that high torque levels promoting, in

some areas of contact between bone and implant, a formation of necrotic bone tissue; while in

implants where a over-drilling for the osteotomy was performed, a larger formation of new

bone was observed [26]. Overweight in this case provided less compression and free spaces,

which functioned as healing chambers.

The new implant macrogeometry was developed with a healing chambers on their body in

order to decrease the compression on the bone tissue without changing the drilling system

sequence. Then, the propose of this preclinical study was to evaluate and compare, thought
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biomechanical and microscopical analysis, the behavior of this new implant macrogeometry

using conventional commercialized implant macrogeometry as a control. The hypothesis was

that this changes in the implant macrogeometry can accelerate the osseointegration process.

Materials and methods

Eighty-six titanium implants manufactured in commercially grade IV titanium were used in

the present study. Forty-three implants with the conventional macrogeometry (Due Cone

Implant) and 43 implants with a new macrogeometry (Maestro Implant), both manufactured

by Implacil De Bortoli Ltda (São Paulo, Brazil) with 9-mm in length and 4-mm in diameter,

forming the group CON and group TEST, respectively. The conventional macrogeometry

(group CON) showed a conical implant body and trapezoidal threads design; whereas, the new

implant macrogeometry (group TEST) showed a similar conical body and trapezoidal threads

plus the creation of circular healing chambers between the threads. All implants presented sur-

face treatment (rugosities) made by blasting with microparticles of titanium oxide (~150 μm)

plus acid conditioning (maleic acid). All implant samples were prepared to commercialization.

The Fig 1 show a representative image of both implants used.

Three samples of each group were evaluated using a scanning electronic microscopy (SEM,

Philips XL30, Eindhoven, The Netherlands) to describe some morphological characteristics.

For this experimental animal study, twenty laboratorial rabbits (white New Zealand

model), with weight between 4 and 5 Kg, were used. Previously, the study protocol was ana-

lyzed and approved by the animal committee of the University of Rio Verde (Rio Verde, Bra-

zil) with the number 02-17/UnRV. All animals were care and management in accordance with

our traditional protocol applied in other studies [14,15]. International guidelines for animal

studies were followed. All titanium implants (n = 40 per group) were implanted in the rabbit

tibias (n = 2 per tibia). The localization of the implants in each tibia (proximal or distal) was

Fig 1. Schematic image of the implant models evaluated: The conventional implant macrogeometry (Group CON) and the new

implant macrogeometry (Group TEST).

https://doi.org/10.1371/journal.pone.0233304.g001
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made using a website (www.randomization.com). Moreover, due to the difference between the

proximal portion of the joint, where the bone tissue is much more medullary and of lower den-

sity, all implants were installed in a more central area of the tibia, which is schematically

shown in the Fig 2.

For the intramuscular anesthesia were used 0.35 mg/kg of ketamine (Ketamina Agener1;

Agener União Ltda., São Paulo, Brazil) plus 0.5 mg/kg of xylazine (Rompum1 Bayer S.A., São

Paulo, Brazil). The incision was made at ~10 mm from the proximal articulation to distal

direction, totalizing of ~30 mm. The bone was acceded, and the perforations were proceed

using a drilling sequence preconized for this implant system (2 mm, 3.5 mm and 4.0 mm coni-

cal drills). All osteotomies were performed under irrigation with distillate water at 20 ± 2 ˚C.

The implants were installed in the bone manually, with a torque of ~20 N. Approximately

10 mm of distance were observed between the implants. Then, the suture was performed using

a simple point with Ethicon nylon 4–0 (Johnson & Johnson Medical, New Brunswick, USA).

After the implantation, all animals received an intramuscularly injection with a single dose of

0.1 ml/kg of Benzetacil (Bayer, São Paulo, Brazil) plus three doses (one per day) of 3 mg/kg of

ketoprofen (Ketoflex, Mundo Animal, São Paulo, Brazil). The sacrifice was made with an over-

dose of anesthesia at 3- and 4-weeks after the implantations. Both tibias with the implant sam-

ples were removed and immediately immersed in a 4% formaldehyde solution.

Implant Stability Quotient (ISQ) measurement

The measurement of the implant stability was performed thought the Osstell device (Osstell

AB, Gothenburg, Sweden). The smartpeg magnetic sensor was positioned, screwed and tor-

qued for each implant at 10 Ncm, as preconized in a recent study [27]. The measurements

were performed in two directions (Fig 3): proximo-distal and antero-posterior; and, a mean

was made for each implant sample. The ISQ analysis was performed in 3 times: immediately

after the implant insertion (T1), in the sacrifice of the first animal lot 3 weeks after the implan-

tations (T2) and, in the sacrifice of the second animal lot 4 weeks after the implantations (T3).

Removal torque measurement

Ten implants of each group at each proposal period (3- and 4-weeks) were used to measure the

removal torque value (RTv). The analysis was performed in a computed torquimeter machine

Fig 2. Representative image of the position predeterminate to install the implants (between the red lines),

avoiding the most proximal position where bone tissue is less dense.

https://doi.org/10.1371/journal.pone.0233304.g002
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(Torque BioPDI, São Paulo, Brazil). All block samples (bone and implant) were positioned in

the apparatus and the maximum RTv was measured and registered.

Scanning Electronic Microscopy (SEM) analysis

All removed implants in the torque removal test were care packaged, dried and prepared for

the SEM analysis. Initially the samples were metalized by a sputtering machine (Emitech K

550, Emitech Ltd, Ashford, Kent, UK). Then, a sequence of image with different increases

were obtained using a SEM apparatus (Philips XL30, Eindhoven, The Netherlands). The char-

acteristic of the residual bone founds on the implant surface was analyzed and described.

Histomorphometric and histological analysis

After one week, all samples that were fixed in the formaldehyde solution were subjected to

treatment with an alcohol sequence for dehydration of these pieces, which followed a progres-

sive increase from 50 to 100% ethanol. After the dehydration, the sample blocks with the bone

plus implant, were inserted in historesin (Technovit 7200 VLC, Kultzer & Co, Wehrhein, Ger-

many). After the polymerization, the pieces were cut on the centre of the implants using a

metallographic machine (Isomet 1000; Buehler, Germany). Then, the slices obtained were

fixed and submitted to a polishing treatment with a sequence of abrasive paper (180 to 1200

mesh) in a polishing machine (Polipan-U, Panambra Zwick, São Paulo, Brazil). All slices were

stained with picrosirus hematoxylin staining technique [28]. A sequential series of images

were obtained in a light optical microscopy (Nykon E200, Tokyo, Japan) of the contact

between the bone and implant (%BIC) and, these images were analyzed. The measurements

were performed using the ImageJ program (National Institute of Health, Bethesda, USA). The

Fig 3. Schematic illustration of the implant stability quotient (ISQ) measurement in 2 directions: (A) disto-

proximal and (B) antero-posterior.

https://doi.org/10.1371/journal.pone.0233304.g003
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total perimeter of the implant was considered 100% and, with the values of the areas where

contact was found, the percentage of BIC was determined for each sample.

Descriptive analysis of the findings found in the histological sections was performed sepa-

rately from the cortical and medullary portion of the bone, as shown schematically in the

Fig 4.

Morphological analysis

The measure of new bone formed, osteoid matrix and medullary spaces were performed on

the histological image of each sample. Initially, was used an area of 2 mm2 (1 mm from the

implant towards the bone and 2 mm on the long axis of the implant) of the tissues around of

the implant in the cortical and medullar portion separately (Fig 5) and, considerate as 100%.

Then, the area of each parameter was measured and the percentual calculated proportionally

the total area, the native bone present in the images was not computed. These measurements

were performed using the ImageJ program (National Institute of Health, Bethesda, USA).

Statistical analysis

The ANOVA one-way statistical test was used to determine difference among three times of

the ISQ in the same group. Moreover, the t-test was used for evaluating statistical differences

of ISQ values collected between both groups in the same time. For the RTv, %BIC and

Fig 4. Schematic image to demonstrate the areas analyzed separately in the descriptive histologic analysis: The

cortical portion corresponding to the yellow square and the medullar portion corresponding to the green square.

https://doi.org/10.1371/journal.pone.0233304.g004
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morphologic parameters (New bone formation, osteoid matrix and medullary spaces) analysis

was used the t-test to evaluate the statistical differences between the groups in each time. More-

over, a descriptive analysis using the percentual of ISQ and RT values increase between the

groups and inside of each group between each time of evaluation was calculated. All analyzes

were made in the GraphPad Prism program in the version 5.01 (GraphPad Software, San

Diego, California, USA). In all analysis was considered significative when p< 0.05.

Results

The SEM analysis of both implant macrogeometry showed the differences made in the TEST

group, that present circular healing chambers made between the threads. The sequence of

images in different increases of the Fig 6 demonstrate the characteristics of each implant. As

expected, the topography of the implant surface not present differences between the groups.

In both times proposed for the evaluation (3- and 4-weeks after the implantations), all

implants presented clinically good signal of osseointegration, without mobility. Moreover, no

inflammation or infection signals were observed in any sample. Then, the 80 implant samples

could be analyzed (n = 40 implants per group).

Implant Stability Quotient (ISQ) results

The stability measurement of each implant could be performed in the 80 implant samples and

at the three predetermined moments. The measured values for each group in each time period

are presented in the Table 1. In the Time 1, the mean of the ISQ values measured for both

groups do not show statistical difference. Whereas, in the Times 2 and 3 were found statistical

differences between the 2 groups. The group TEST showed an average of 13.5% higher at 3

Fig 5. Representative images showing the area of 2 mm2 (1 mm from the implant towards the bone and 2 mm on

the long axis of the implant) used for measure the parameters of new bone formed (●), osteoid matrix (�) and

medullary spaces (#). (a) cortical portion and (b) medullary portion.

https://doi.org/10.1371/journal.pone.0233304.g005
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weeks and 14.3% bigger at 4 weeks in comparison to the samples of the group CON. When the

evolution within the same group was evaluated, the implants of the TEST group increased the

ISQ values by 12.5% for time T1 to T2 and, on average, 35% of time T1 to T3, while in the

CON group, 1% and 20% of ISQ increased, respectively, for the same comparison parameters.

The line graph of the Fig 7 showed the ISQ evolution on the time for both groups.

Removal torque results

The data of the measured values showed differences in the RTv values of the groups for the

same period were in the CON group at 37.9 ± 3.70 Newtons (N) for 3 weeks and 48.3 ± 3.43 N

for 4 weeks, whereas in the TEST group was 45.3 ± 3.80 N for 3 weeks and 65.1 ± 3.45 N for 4

weeks, with a statistical difference between them (p<0.05). The bar graph of Fig 8 shows the

values of RTv, standard deviation and statistical comparison between groups at both times.

Still, comparing the mean values of CON group and TEST group, the latter presented a mean

value 19.5% higher after 3 weeks and 34.8% higher after 4 weeks. In the same group, the

implants of CON group increased the RTv between the measured time (from 3 to 4 weeks) at

27.4% and, the TEST group the increase in this period was of 43.7%.

Fig 6. Sequence of SEM images of the two implant macrogeometries used. (a-c) implant of the CON group and (d-f)

implant of the new macrogeometry of the TEST group.

https://doi.org/10.1371/journal.pone.0233304.g006

Table 1. Implant stability quotient mean values, standard deviation and statistical comparison between the groups in each time of the evaluation.

Time Group CON Group TEST p-value (t-test)

T1 47.8 ± 3.49 ISQ 48.5 ± 3.63 ISQ 0.6483

T2 48.2 ± 3.43 ISQ 54.7 ± 3.65 ISQ 0.0019�

T3 57.3 ± 3.65 ISQ 65.5 ± 3.37 ISQ 0.0010�

p-value (ANOVA) 0.0001� < 0.0001�

�statistically significative (P < 0.05).

https://doi.org/10.1371/journal.pone.0233304.t001
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Scanning Electronic Microscopy (SEM) results

SEM images of both groups clearly showed residual bone adherence on the implants exam-

ined. In the samples evaluated after 3 weeks, the group CON showed the presence of a thin

layer of bone tissue present on the surface in some areas of the implant (Fig 9), while in the

Fig 7. Line graph presenting the ISQ progression on the three times: T1 = immediately after the installation; T2 = 3

weeks; T3 = 4 weeks. �statistically significative (P< 0.05).

https://doi.org/10.1371/journal.pone.0233304.g007

Fig 8. Bar graph showing the RTv values, standard deviation and statistical comparison on the two times of both groups.

https://doi.org/10.1371/journal.pone.0233304.g008
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group TEST it covered the entire implant surface with a very thin layer (Fig 10). In addition,

larger bone quantities were found in the healing chambers present in the group TEST

implants, suggesting that a bone rupture occurred during reverse torque to removal of the

implant, probably due to a strong connection between this area of new bone and bone tissue.

In the samples evaluated after 4 weeks, the group CON showed the presence of a more uni-

form and consistent thin layer (in comparison with the samples of this same group with 3

weeks) of bone tissue present on the surface in all areas of the implant (Fig 11). While in the

TEST group it covered the entire implant surface with a larger quantity and a thicker layer (Fig

12), the visual observation of the images shows a bone layer with larger bone quantities, a good

organization and with characteristics of a very consistent tissue compared to the CON group

shown in the previous figure.

Histomorphological results

After the period predeterminate at 3- and 4-weeks, all implants showed a good stability and all

signals of osseointegration. Ten implants of each groups and times were analyzed regards to

Fig 9. In (a) an image of low magnification of the implant showing the deposition of a thin layer of bone tissue over the entire surface. In (b) an image

with more increase showing the bone tissue is deposited on the implant surface. In (c) an image with great increase showing the deposition of bone

tissue on the surface, but with spaces between the lumps of bone tissue.

https://doi.org/10.1371/journal.pone.0233304.g009

Fig 10. In (a) an image of low magnification of the implant showing the deposition of bone tissue over the entire surface and the presence of larger

lumps of bone tissue in several areas of the implant body. In (b) an image with more increase showing the bone tissue is deposited on the implant surface

and the big quantity of bone tissue. In (c) an image with great increase showing the deposition of bone tissue on the implant with signs of consistent and

even layer on the surface.

https://doi.org/10.1371/journal.pone.0233304.g010
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the bone-to-implant contact (%BIC). In the group CON, the images demonstrate an initial

process of neoformation of the bone, showing no signs of formation within the medullar por-

tion. Representative histological section images of the implant after 3- and 4-weeks for both

groups are showed in the Fig 13.

However, in the group TEST, the images demonstrate a more advanced healing process

and some areas in the medullar bone portion showing a new bone formation. Representative

histological section images of the implant after 3- and 4-weeks for both groups are showed in

the Fig 14.

Significant difference in the %BIC were observed between the both groups in the two times

analyzed at 3- and 4-weeks after the implantations. The mean, standard deviation and statisti-

cal analysis of measured values are summarized in the Table 2.

Morphological results

The morphological parameters measured of the organization of the healing bone tissue showed

a different quantities of new bone formation, osteoid matrix and medullary spaces for the both

Fig 11. In (a) an image of low magnification of the implant showing the bone tissue deposition over the entire surface. In (b) an image with more

increase showing the presence of bone tissue deposited on the implant surface with a uniform and consistent thick layer. In (c) an image with great

increase showing that the bone tissue deposition with a more consistent layer.

https://doi.org/10.1371/journal.pone.0233304.g011

Fig 12. In (a) an image of low magnification of the implant showing great quantity of bone tissue deposition over the entire surface. In (b) an image

with more increase showing the presence of bone tissue deposited on the implant surface with a thick layer. In (c) an image with great increase showing

that the bone tissue deposition.

https://doi.org/10.1371/journal.pone.0233304.g012
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groups in the two times proposed, are present in the graphs of the Figs 15 and 16. The group

TEST showed a higher areas of new bone formation in both times and in both portions exam-

ined (cortical and medullary portions), with significant statistical difference (p< 0.05).

Discussion

In the present study a new implant macrogeometry was evaluated and compared with a con-

ventional commercialized implant regarding its osseointegration potential in early healing

Fig 14. Representative images of the TEST group. (a) cortical portion with 3-weeks, (b) medullar portion with 3-weeks, (c) cortical portion with

4-weeks, (d) medullar portion with 4-weeks. Images obtained by light microscopy. New bone formed (●), osteoid matrix (�), medullary spaces (#),

implant (Imp) and native bone (Nat).

https://doi.org/10.1371/journal.pone.0233304.g014

Fig 13. Representative images of the CON group. (a) cortical portion with 3-weeks, (b) medullar portion with 3-weeks, (c) cortical portion with

4-weeks, (d) medullar portion with 4-weeks. Images obtained by light microscopy. New bone formed (●), osteoid matrix (�), medullary spaces (#),

implant (Imp) and native bone (Nat).

https://doi.org/10.1371/journal.pone.0233304.g013

Table 2. %BIC mean values, standard deviation and statistical analysis between the groups in the two times

proposed.

3-weeks 4-weeks p-value

Group CON 34.7 ± 3.36 40.4 ± 4.06 0.0103

Group TEST 40.1 ± 3.19 54.0 ± 4.09 0.0003

https://doi.org/10.1371/journal.pone.0233304.t002
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periods (3- and 4-weeks). The results demonstrated that this new implant promotes an acceler-

ation in the osseointegration process compared to the conventional implant. The development

of this new macrogeometry was based on recent studies that demonstrated that the presence of

healing chamber and non-compression of bone tissue during implant installation benefit and

accelerate the osseointegration [25,26]. However, the topic of ideal and/or adequate insertion

torque, high or low, during implant installation is still a controversial topic in the literature

[29]. Furthermore, the possible deleterious effects that could be caused by the high degree of

bone compression from the high insertion torque, such as bone resorption, have not been con-

firmed in the literature [30]. In this sense, Aldahlawi and Collaborates published that implants

inserted with high insertion torque (>55 Ncm) showed more peri-implant bone loss than

implants inserted with a less assertive insertion torque (<55 Ncm) [29]. Whereas, Bidgoli and

collaborates related that the high insertion torques (up to 70 Ncm) did not generate a signifi-

cant increase in periimplant bone resorption [31]. However, in our present study, the analysis

of the influence regarding the value of insertion torque refers to its effects on cellular events

during bone tissue healing around the implant surface (osseointegration phase) and, most of

the articles above, relate the effects of torque degree on already integrated implants.

The search for reduction in lead times for osseointegration of implants has received much

attention from researchers and industry worldwide. In this sense, different micro- and macro-

Fig 15. Bar graphs of the morphological parameters analysis of new bone formation (Nb), osteoid matrix (Ost) and medullary spaces (Ms) for

both groups and in the two portions analyzed (cortical and medullary) at 3 weeks after the implantations. �statistically significative (P< 0.05).

https://doi.org/10.1371/journal.pone.0233304.g015

Fig 16. Bar graphs of the morphological parameters analysis of new bone formation (Nb), osteoid matrix (Ost) and medullary spaces (Ms) for

both groups and in the two portions analyzed (cortical and medullary) at 4 weeks after the implantations. �statistically significative (P< 0.05).

https://doi.org/10.1371/journal.pone.0233304.g016
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changes in implant design were studied and proposed. On the other hand, there is the patient,

with his biology and physiological individualities, which are a fundamental part of obtaining

osseointegration of implants. When implants are inserted using high torque values, the physio-

logical limit to absorb this excessive trauma may be exceeded and may cause a higher than

expected inflammatory reaction, which may lead to necrosis of the bone tissue [23,32,33].

Other authors have described that high implant insertion torque can compress and/or alter

(damage) the peri-implant bone tissue. They also note that this induces deleterious effects on

local microcirculation, possibly leading to bone necrosis and possibly implant failure. To

achieve good primary stability without causing excessive compression in the peri-implant

bone tissue, it was suggested that the implants be installed with a torque of approximately 30

Ncm [34,35].

Events related to implant installation, such as milling and implant insertion, promote dif-

ferent intensities of bone tissue trauma, which affect the inflammatory reaction. This intensity

of the inflammatory response, promoted during the implant implantation surgery, was mea-

sured by the expression of the transcription factor NF-kB in previous studies performed by

our group [36]. Other studies on the same theme have also shown that the excess trauma

caused during milling or bone compression during implant insertion can negatively interfere

with the healing process of this tissue [23,32,33]. Bone tissue density is determinant for its elas-

ticity limit and, consequently, for the dissipation of the forces generated (stress) during

implant placement in its bed [37]. Thus, it is possible to state that the bone can withstand a cer-

tain compression limit, which varies depending on its conditions. The high insertion torque

generates a strong compression and distortion in the peri-implant bone tissue. When this

applied torque is greater than 40–45 Ncm there is a disturbance in the local microcirculation,

which can lead to osteocyte necrosis and, consequently, generate bone resorption [38–40].

However, even if this hypothesis has been reported in several other studies, there is no scien-

tific evidence [30]. In our present study, the hypothesis presented was that the new implant

macrogeometry can accelerate the osseointegration process. The results confirmed that this

hypothesis is true.

Several studies had proposed that the morphological alterations on the implant surface

characteristics can improving and accelerating the osseointegration process (healing of bone

around the implant) [7–10]. Thus, the present study had the aim of evaluated both implant

models (regular and new implant mcrogeometry) with the same surface treatment, to verify

the importance of this factor (the macrogeometry) in the early time period of osseointegration.

Primary stability is a prerequisite for achieving osseointegration of implants [1,12,13,21,25,26].

This results from the mechanical union between the bone and the implant that minimizes

micromovements between the two structures and prevents the formation of fibrous tissue at

its interface. When micromovements are greater than 50–150 μm, osteoblast activity may be

affected and therefore compromised osteointegration [3,14]. Primary stability essentially

depends on surgical technique, implant geometry and bone characteristics [11–13], and can be

assessed by frequency resonance analysis or insertion torque. In the present study, primary sta-

bility was measured only by frequency resonance analysis (using the Osstell device), consider-

ing that the animal model used does not allow the installation of implants with high insertion

torque.

Moreover, the results obtained of the secondary stability measured showed that the new

implant macrogeometry (group TEST) presented higher values in the two times (3- and

4-weeks) after the implantation, in comparison with the control group (group CON). Regard-

ing implant stability (ISQ) measured by the Osstell device, the TEST group showed a signifi-

cant increase in relation to the implants of the CON group, ie, at 3 weeks in the general

average 13.5% higher and at 4 weeks 14.3% bigger. When the evolution within the same group
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was evaluated, the implants of the TEST group increased the ISQ values by 12.5% of the time

T1 to T2 and, on average 35% of the time T1 to T3, while in the CON group, it was 1% and

20% of ISQ increase respectively for the same comparison parameters. These results clearly

demonstrate the benefit of the new implant macrogeometry with healing chambers.

Another biomechanical assay to assess implant osseointegration is the removal torque value

(RTv), which provides values on the joint force between bone and implant [1,12,13]. Although

this type of test is little used for destroying the sample, it is impossible to perform histology of

these pieces, these higher measured values are indicative of a good bone-implant interaction

[1], and are also indicative of whether or not mineralization of the newly formed bone

occurred on the implant surface. We compare the both groups proposed based on the two

time points (3- and 4-weeks) after implantation, with a highly significant and it is thus con-

cluded that there is an important effect between the groups (p< 0.05). Thus, as in the compar-

ison made to RTv, when comparing the mean values of the CON group with the TEST group,

the latter presented a mean value 19.5% higher after 3 weeks and 34.8% higher after 4 weeks.

When the evolution within the same group was evaluated, the implants of the CON group

increased the RTv between the measured time (from 3 to 4 weeks) at 27.4% and, in the TEST

group the increase in this period was of 43.7%. Again, the values indicate an acceleration in the

process of osseointegration of the implants with the new implant macrogeometry. These

implants removed in the removal torque test were evaluated by scanning electronic micros-

copy to verify the residual adhered bone on the surface. The results of this visual comparative

analysis confirmed higher amounts of residual adhered bone on the TEST group implants

compared with the CON group implants. In addition, the bone tissue quality observed on the

TEST group samples was superior to the CON group at both times evaluated. The higher RTv

value observed in the TEST group could be also a consequence of the bone growth within the

healing chambers that improve the implant stability. As reported by other authors, the cham-

ber significantly alters the biological healing pattern, compared to it in the case of the tradi-

tional screw root shape implants [41,42]. Furthermore, the healing chambers have been

regarded as a key contributor to secondary implant stability [42,43]. Moreover, the data col-

lected in the morphological analysis showed a higher new bone formation values for the group

TEST, demonstrating an acceleration of bone formation and corroborating the results found

in the removal torque test.

Initially, it was hypothesized that the new implant design presented would not alter the ini-

tial stability values, as evidenced by the results obtained. Moreover, we observed an increase in

torque removal and %BIC values for samples of the group TEST, showing that this new macro-

geometry promotes a positive effect for osseointegration, especially in the initial tested period

of 3 and 4 weeks after implantation and, in comparison with the group CON. The efficiency of

elaborating healing chambers has been demonstrated in other previous studies, which reported

a lower primary implant stability due to the technique used for the elaboration of these free

spaces, ie, an oversized perforation that creates these spaces (healing chambers) between the

implant and the bone tissue [25,26]. In our study, the initial stability values measured with

Osstell showed no statistical differences (p<0.05) immediately after the installation of both

implant designs used. However, after 3 and 4 weeks, significantly higher values were observed

for implants of the group TEST, in comparison to the group CON.

As reported in other studies [11–13], changes in implant morphology (micro- or macro-

geometry) may alter the osseointegration pattern. To measure the amount of osseointegration,

the most frequently used assessment is the measurement of the percentage of contact between

the bone and the implant to the total implant area (%BIC). The results found in our study

showed higher values for TEST implants at both times tested (3 and 4 weeks), with a statisti-

cally significant difference when compared to the values obtained for the CON group (p

PLOS ONE Implant macrogeometry to accelerate the osseointegration

PLOS ONE | https://doi.org/10.1371/journal.pone.0233304 May 14, 2020 15 / 19

https://doi.org/10.1371/journal.pone.0233304


<0.05). Implants with new macrogeometry (TEST group) showed a significant increase in %

BIC values, especially within 4 weeks after implantation. A similar study in the same animal

model (rabbit tibia) but with a longer follow-up period (2 months) showed that the healed

bone did not increase the %BIC values, but increased the biomechanical test values (ISQ and

RTv) in compared to the conventional implant design [12]. The results obtained demonstrated

that changes in implant design may be a new alternative for stimulation and acceleration of

the healing process during the early stages of implant osseointegration, even though the

implants received the same surface treatment. However, further in vivo research should be

conducted to substantiate these results.

There are some limitations to the present animal study. First of all, the results of studies

with animal models cannot be directly translated to human models, because even among

rodent species, correlations of only 70% are generally found [44]. On the other hand, there is a

limitation on the number of animals used and, consequently, the amount of samples tested for

each implant model. Still, the conditions of the place where they were implanted, which are

completely different from the conditions of use in humans (oral cavity). Thus, other studies

using animal models (dogs, for example), as well as, in humans, it is essential to evaluate the

effects of this new implant model and, also, its behavior after the application of functional

loads.

Conclusions

Within the limitations of the present study, the results found showed that changes in implant

macro-design can produce a significant increase for the acceleration of the bone healing pro-

cess around the implants (osseointegration). Higher bone-to-implant contact, primary stability

and torque removal values, as well as greater quantity and quality in bone adhered to the sur-

face of the implants with new macro-design, corroborate the importance of implant macrogeo-

metry in the osseointegration process.
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