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RESUMO

Collino L. Efeito do campo eletromagnético pulsado na osseointegracdo de
implantes: estudo histomorfométrico em ratos [trabalho de conclusdo de curso]. Séo
José dos Campos (SP): Universidade Estadual Paulista (Unesp), Instituto de Ciéncia
e Tecnologia; 2022.

Introducédo: a terapia com implantes osseointegrados € uma abordagem clinica
dependente do processo de osseointegragcdo. Com a necessidade de uma
reabilitacdo em menor tempo, a aplicacdo do campo eletromagnético pulsado
(CEMP) na osseointegracdo tem sido alvo de estudos. Esta € uma terapia ndo
invasiva capaz de promover uma efetiva formacéo e quantidade de osso em contato
com a superficie do implante em menor tempo, aumento no grau de mineralizacdo e
maturacdo 0ssea. Entretanto, essa terapia ndo resultou em melhora significativa do
processo de osseointegracdo. Com isso, questiona-se a utilizag&o de protocolos que
envolvem diferentes parametros do CEMP nos resultados disponiveis. Objetivo:
verificar a possibilidade de um protocolo que aborde, a partir de parametros fixos do
CEMP, duracéo ideal para a otimizacdo da osseointegracdo. Materiais e métodos:
foram utilizados 60 animais (Rattus norvegicus, variagcdo albinus, Wistar)
randomizados em 3 grupos experimentais: grupo controle (GC), grupo teste A (GTA)
e grupo teste B (GTB). Todos os animais receberam implantes na tibia esquerda,
porém apenas 0s dos grupos testes (GTA e GTB) receberam aplicacdo do CEMP
com parametros fixos de = 1mT, 15 Hz, com 25 ciclos repetidos por 200
microssegundos. Em cada um dos trés grupos, os animais foram subdivididos em 4
subgrupos de acordo com os periodos de eutanésia de 03, 07, 21 e 45 dias. No GC
foi apenas instalado o implante na tibia esquerda dos animais; no GTA e GTB, apos
a instalacdo do implante na tibia esquerda, os animais foram expostos por 3h e
1h/dia ao CEMP, respectivamente, até o periodo de eutandsia dos subgrupos. As
pecas foram separadas e preparadas sem descalcificacdo para as analises
histomorfométricas que sera realizada através do software Image J (NIH Image J
1.34) dos parametros: porcentagem de contato osso-implante (bone implant contact
- BIC); e porcentagem de é&rea de fracdo Ossea (bone area fraction occupied -
BAFO). Os dados foram tabulados e aplicados testes estatisticos apropriados, com
nivel de significancia de 5%. Resultados: revelaram, na avaliacdo intergrupos da
BIC, que em 03 dias houve maior quantidade de osso em contato com o implante
nos grupos GTA e GTB em comparagao ao GC (p=0.044 e 0.017, respectivamente).
Em 07 dias, o GTB apresentou maior BIC em comparacédo ao GC (p=0.017). Nos
demais periodos ndo houve diferencas intergrupos para este parametro
histomorfométrico. Na avaliacéo intergrupos do BAFO constatou-se que nao houve
diferencas estatisticas em nenhum dos periodos avaliados. Conclusao: a utilizacao
do CEMP como um bioestimulador ao processo de osseointegracdo mostrou maior
guantidade de osso em contato com o implante nos grupos GTA e GTB em
comparacao ao GC nos periodos iniciais do estudo.

Palavras-chave: campo eletromagnético; osseointegracao; ratos.



ABSTRACT

Collino L. Effect of pulsed electromagnetic field on implants osseointegration: study
histomorfométric in rats [graduation final work]. Sdo José dos Campos (SP): Sao
Paulo State University (Unesp), Institute of Science and Technology; 2022.

Introduction: therapy with osseointegrated implants is a clinical approach
dependent on the osseointegration process. With the need for rehabilitation in less
time, the application of pulsed electromagnetic field (PEMF) in osseointegration has
been the subject of studies. This is a non-invasive therapy capable of promoting an
effective formation and amount of bone in contact with the implant surface in a
shorter time, increasing the degree of mineralization and bone maturation. However,
this therapy did not result in a significant improvement in the osseointegration
process. Thus, the use of protocols involving different PEMF parameters in the
available results is questioned. Objective: to verify the possibility of a protocol that
addresses, from fixed parameters of the PEMF, the ideal duration for the optimization
of osseointegration. Materials and methods: 60 animals (Rattus norvegicus, albinus
variation, Wistar) were randomized into 3 experimental groups: control group (CG),
test group A (TGA) and test group B (TGB). All animals received implants in the left
tibia, but only those in the test groups (TGA and TGB) received PEMF application
with fixed parameters of £ 1mT, 15 Hz, with 25 cycles repeated for 200
microseconds. In each of the three groups, the animals were subdivided into 4
subgroups according to the euthanasia periods of 03, 07, 21 and 45 days. In the CG,
the implant was only installed in the animals' left tibia; in the TGA and TGB, after
implant placement in the left tibia, the animals were exposed for 3h and 1h/day to
PEMF, respectively, until the subgroups were euthanized. The pieces were
separated and prepared without decalcification for the histomorphometric analysis
that will be performed using the Image J software (NIH Image J 1.34) of the
parameters: percentage of bone-implant contact (BIC); and bone area fraction
occupied (BAFO). Data were tabulated and appropriate statistical tests were applied,
with a significance level of 5%. Results: they revealed, in the intergroup evaluation
of the BIC, that in 03 days there was a greater amount of bone in contact with the
implant in the TGA and TGB groups compared to the CG (p=0.044 and 0.017,
respectively). In 07 days, the TGB had a higher BIC compared to the CG (p=0.017).
In the other periods there were no intergroup differences for this histomorphometric
parameter. In the BAFO intergroup evaluation, it was found that there were no
statistical differences in any of the periods evaluated. Conclusion: the use of PEMF
as a biostimulator for the osseointegration process showed a greater amount of bone
in contact with the implant in the TGA and TGB groups compared to the CG in the
initial periods of the study.

Keywords: electromagnetic felds; osseointegration; rats.
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1 INTRODUCAO

Ha mais de quatro décadas a terapia com implantes osseointegrados tem
sido utilizada e desde entdo inimeros estudos in vivo e in vitro foram publicados,
evidenciando sua previsibilidade e seguranca na aplicacéo clinica [1-3]. Inicialmente,
seu uso ficou restrito a reabilitacdo de pacientes com arcada mandibular totalmente
edéntula, associado a prétese total superior mucossuportada, o chamado protocolo
de Branemark [4,5]. Posteriormente, a técnica foi sendo expandida também para a
reabilitacdo de pacientes desdentados parciais e para casos unitarios [5,6].

O uso de implantes dentarios na reabilitacdo oral tem sido aprimorado a
cada dia, visando a melhoria nos resultados estéticos e funcionais, diminuindo o
tempo para a conclusao dos casos e aumentando o indice de sucesso a longo prazo
[7,8]. Entre os diversos fatores relacionados ao sucesso do tratamento com
implantes como: estabilidade mecéanica, macroestrutura do implante, protocolo
cirargico utilizado entre outros fatores, a osseointegracédo, também denominada de
estabilidade secundéria, € um dos fatores biol6gicos de maior peso para o éxito da
terapia a longo prazo [9,10].

Os estudos realizados por Branemark, nas décadas de 50 e 60 sobre a
microcirculacdo Ossea, caracterizou o tithnio como material capaz de sofrer
osseointegracao [9,11,12]. O termo osseointegracdo refere ao contato direto entre o
tecido 6sseo e a superficie do titanio, sendo capaz de receber cargas funcionais sem
gue haja movimento relativo progressivo entre eles. Portanto ndo deve haver tecido
conjuntivo ou qualquer tecido nao-0sseo na interface osso-implante a nivel de
microscopia 6ptica, pois os implantes requerem uma fixacao fisica (estabilidade
primaria) e bioldgica (estabilidade secundéria) por aposicdo 0ssea, com contato
direto entre 0sso e o metal [10,13,14].

A osseointegracdo € um processo complexo envolvendo diversos
mecanismos celulares e moleculares que desencadeiam a ativacdo das sequéncias
osteogénica, vascular e imunoldgica, constituindo as fases da osseointegracao [15-
18]. Estudos demonstram que a cicatrizacdo 6ssea em torno do implante € um
processo lento que demora entre 3 e 6 meses, tanto em humanos quanto nos

modelos animais [19-21].
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Na busca pela otimizagdo da osseointegracdo, diversas metodologias tém
sido descritas na literatura, dentre elas o uso de terapias adjuvantes na
biomodulacdo d¢ssea peri-implantar. Essas terapias visam aumentar a
vascularizagcdo sanguinea, regular a expressao dos genes de proteinas estruturais
da matriz extracelular e consequentemente acelerar o processo de regeneracao
0ssea, resultando na formacédo de um osso de melhor qualidade para a instalacdo
do implante, ou seja, de maior densidade e melhor estabilizacdo do implante [22-24].

O uso de estimulos fisicos, tais como ultrassom, terapia com laser de baixa
poténcia e o campo eletromagnético, para promover cicatrizacdo de fraturas, reparo
de feridas e de diferenciacao tecidual na interface osso-implante [25-27] se baseia
no fato de que o 0sso € um material piezoelétrico, que gera polarizacdo quando
deformado e transforma a energia mecanica em energia elétrica [28]. A
piezoeletricidade vém sendo apontada como responsavel no controle do reparo e
remodelacdo 6ssea por meio da movimentacdo do fluido extracelular que transporta
fons da matriz 6ssea, 0 que valida a capacidade do campo eletromagnético (CEM)
em permear o plasma e as membranas celulares [29-33]. Estudos mostraram ainda
a capacidade dos CEM em regular a expressdo dos genes de proteinas estruturais
da matriz extracelular, resultando em aceleragéo do reparo 6sseo [34-36].

Segundo Funk et al. [37], o CEM atua diretamente nas organelas celulares
[35], influenciando reacdes quimicas e bioquimicas nas células [37,38]. A
penetracdo do CEM ocasiona o0 aumento e reducdo nos fluxos ibnicos gerando
corrente elétrica [39,40] e alteracdo do potencial de membrana, tornando-a
permedvel, especialmente para o ion célcio (Ca?*), importante sinalizador intracelular
[41-43] na inducdo da diferenciacdo celular em osteoblastos [32,33,42,44,45].
Portanto, o CEMP influencia as correntes moleculares, levando a sinalizagéo
transmembrana especifica que promove a diferenciagdo osteogénica [42,46,47] a
partir da estimulacéo da sintese de proteinas da matriz extracelular éssea [43,48].

Os relatos de Fukada et al. [49] impulsionaram os estudos in vivo e in vitro
na busca de explicacdes para o efeito de corrente elétrica no reparo 6sseo, surgiram
ideias que estimulacéo elétrica fraca, aplicada de forma exdgena, poderia agir como
estimulo para o 0sso. Assim, a estimulagdo elétrica surgiu como uma forma de

reparar fraturas 6sseas sem a necessidade de cirurgia.
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A aplicacdo do campo eletromagnético pulsado (CEMP) em tecido 6sseo
com implante osseointegrado é uma terapia ndo invasiva e que, em muitos estudos
in vivo, mostrou-se efetiva na aposicado 0ssea direta na superficie do implante [7,26],
na osseointegracdo com aumento no grau de mineralizagdo e maturacdo Ossea
[50,51], e no aumento da fixacdo mecanica [25].

Ainda com a utlizacdo do CEMP, estudos observaram um aumento na
guantidade de osso neoformado em menor tempo ao redor de implantes colocados
imediatamente apds a exodontia [52,20].

Entretanto a literatura também revela que terapia com a aplicagdo do CEMP
no tecido d&sseo, nao resultou em melhora significativa do processo de
osseointegracao [53,54] e na cicatrizacdo 0ssea [19] entre 0s grupos tratados e
controle in vivo, uma vez que, o campo eletromagnético ndo afeta o turnover ésseo
nas trabéculas 0sseas pré-existentes [20].

A variabilidade de protocolos de tratamento do CEMP nos resultados in vitro
e in vivo na osseointegracdo dos trabalhos disponiveis na literatura, especialmente
em relacéo a duracédo de sua aplicacdo no tecido 6sseo [7,10,19,26,28,55] também
dificulta uma melhor interpretacao dos resultados.

Dessa maneira, torna-se importante verificar a possibilidade de um
protocolo de utilizacdo do CEMP que aborde parametros ideais para sua utilizacao
na Odontologia, principalmente na otimizacdo do processo da osseointegracao de

implantes.

2 MATERIAL E METODOS

O presente estudo faz parte do trabalho “EFEITO DO CAMPO
ELETROMAGNETICO PULSADO NA OSSEOINTEGRAC}AO DE IMPLANTES
INSERIDOS EM TIBIAS DE RATOS: estudo in vivo e in vitro”, projeto de doutorado
da aluna Camilla Magnoni Moretto Nunes, sob orientacdo da Prof.2 Dra. Maria
Aparecida Neves Jardini, o qual foi submetido ao Comité de Etica em animais
(CEUA) e aprovado com protocolo n0-17/2016, CEUA/ICT CJSC - UNESP.
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2.1 Distribuicdo da amostra

Foram utilizados 60 ratos machos adultos da linhagem Wistar (Rattus
norvegicus, albinus), com 90 dias de idade e pesando em média 300g, obtidos do
biotério da UNESP, campus de Botucatu. Os animais foram randomizados em 3
grupos experimentais, segundo uma tabela gerada em computador: grupo controle
(GC, n=20), grupo teste A (GTA, n=20) e grupo teste B (GTB, n=20). Todos os
grupos apresentaram 4 subgrupos referentes aos periodos de eutanasia de 03, 07,
21 e 45 dias). Todos os animais receberam a instalacdo do implante na tibia
esquerda, porém apenas 0s dos grupos testes (GTA e GTB) receberam aplicacdo do
CEMP. Os animais do GTA e GTB foram expostos por 3h e 1lh/dia (por 5 dias na
semana), respectivamente, ao CEMP até o periodo de eutanasia dos subgrupos
(Figura 1).

EUTANASIAS

DIA 03 DIA 21
GC _ _ _ -
n=20 n=05 n=05 n=05 n=05
Animais GTA _ _ s -
n=20 n=20 n=05 n=05 n=05 n=05
GTB n=05 n=05 n=05 n=05
n=20

Figura 1 - Randomizac&o dos animais em grupos e subgrupos.
Fonte: Elaborado pelo autor.

O ensaio teve duracdo de 60 dias no total, divididos em 5 periodos
experimentais e 1 de adaptacéo dos animais (Figura 2). A adaptacéo dos animais ao
biotério foi de 15 dias, e apds esse periodo os animais de cada grupo foram

submetidos a instalacdo de um implante na tibia esquerda.
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Adaptacgao
dos animais

! ! | [ | [~ DIAS

0 15 18 22 36 60
Cirurgia para Eutanasia Eutanasia Eutanasia Eutanasia
instalagao DiaC + 03 Dia C + 07 Dia C + 21 Dia C +45
do implante
(Dia C)

Figura 2 — Fluxograma dos procedimentos experimentais.
Fonte: Elaborado pelo autor

Os animais operados foram sendo expostos ao CEMP (n=5 animais por
vez), de acordo com o grupo experimental (GTA e GTB) até a realizacdo da
eutanasia (subgrupos 3, 7, 21 e 45 dias); ou simulado sua exposicdo ao CEMP
(GC). Esses periodos experimentais foram estabelecidos para avaliar o efeito da
aplicacdo do CEMP nas fases iniciais e tardias da osseointegracdo, através dos

parametros histomorfométricos BIC e BAFO [7,16].

2.2 Procedimento cirurgico parainstalagcdo do implante osseointegrado

Apoés realizar a anestesia geral utilizando a solucdo de 13 mg/Kg de
cloridrato de 2- (2,6-xilidino) -5-6-dihidro-4H-1,3 tiazina (Rompum - Bayer® do
Brasil), associado ao relaxante muscular 33 mg/Kg de ketamina base (Dopalen —
Agribands® do Brasil) aplicado por via intramuscular, 0s animais foram
tricotomizados na regido interna da pata esquerda e desinfeccionada a regido com
digluconato de clorexidina a 0,2%.

O procedimento cirargico de colocacao do implante foi baseado no trabalho
de Molon et al. [56] que consistiu em uma incisdo de 2 cm na regido interna da
porcao posterior da pata, logo abaixo do joelho, para a exposicdo da metafise da

tibia, seguida de divulsdo do tecido muscular, osteotomia com auxilio de brocas e
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irrigacdo com solucao salina estéril para entdo realizar a instalacdo do implante.

Os implantes utilizados no trabalho foram de titdnio puro, de superficie
usinada, osseointegravel, rosqueavel, com 4,0 mm de comprimento por 2,2 mm de
didmetro (Titanium Fix, AS Technlogy Ltda, S&o José dos Campos, SP, Brasil) e
foram instalados na pata esquerda de todos os animais, a 7 mm da jun¢ao do joelho,
até que todas as roscas do parafuso estivessem inteiramente inseridas no 0sso
cortical.

O tecido muscular foi suturado com fios de sutura reabsorviveis (Vicryl
Ethicon 5.0, Johnson Prod., Sdo José dos Campos, Brasil) e a pele com fio de seda
4.0 (Ethicon Johnson Prod., Sdo José dos Campos, Brasil). Os animais receberam,
imediatamente apOs a cirurgia, uma dose Unica de Ketoprofen 10mg/kg por via

subcutanea para o controle de dor pés-operatéria (Figura 3).

Figura 3 - a) tricotomia, b) divulsdo do tecido muscular, c) implante de titanio inserido na tibia, d)
sutura.
Fonte: Elaborado pelo autor.
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2.3 Exposicdo ao CEMP

Para realizar a exposicao dos animais ao campo eletromagnético pulsado
(CEMP) foi utilizado um dispositivo composto por um gerador de corrente elétrica
pulsétil e a bobina de Helmholtz, utilizada para gerar o campo eletromagnético
(Figura 4). Os ratos dos grupos testes (A e B) foram submetidos a exposicdo do
CEMP com os seguintes parametros fixos: 25 ciclos de -1mTesla a + 1mTesla em
200 microssegundos que se repetiu a taxa de 15 Hz.

Figura 4 - a) bobinas de Helmholtz; b) fonte de energia; c) caixa acrilica para acondicionamento dos
animais; d) conjunto formado pelas bobinas, fonte e caixa acrilica.

Fonte: Elaborado pelo autor.

O GTA ficou exposto ao CEMP por 3 horas ao dia [57], enquanto a
exposicdo do GTB foi de 1 hora ao dia, ambos por 5 dias da semana, até chegar o
periodo para a realizacdo da eutanasia dos subgrupos [58,59].

Na gaiola foram colocados os 5 animais de cada subgrupo dos grupos teste,
e posicionada bem no centro do campo eletromagnético gerado pelas bobinas de
Helmholtz. Os animais dos subgrupos do CG também foram colocados na gaiola e
posicionados no centro do CEMP, porém o dispositivo ndo foi ligado. Esse
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procedimento foi realizado com a intengdao apenas de simular a estimulagéo sofrida
pelos animais dos grupos testes [60].

2.4 Eutanésia dos animais

A eutanasia foi sendo realizada de acordo com cada periodo estabelecido
dos subgrupos (3, 7, 21 e 45 dias). Utilizou-se solugédo anestésica em alta dosagem
para realizar o procedimento de eutanasia, em seguida foram removidas as tibias da
pata esquerda de todos os animais e armazenadas em formol a 10% tamponado,
por 48 horas, para o processo de fixacdo das pecas.

2.5 Confeccéo das laminas histolégicas

As pecas foram lavadas em agua corrente por aproximadamente 15 minutos
e depois desidratadas em concentracdes crescentes de alcool (Alcool 80%; Alcool
90% e Alcool absoluto). Em seguida, as pecas foram imersas no xilol 98%, onde
permaneceram durante 24 horas. Apés esse periodo, foram removidas e imersas
novamente em uma nova solucéo de xilol por mais 48 horas, etapa necesséria para
a clarificacéo da peca (diafanizacéo).

Finalizado o periodo de 48h no xilol, as pecas foram entdo transferidas para
a solucao A, composta por 85mL de metilmetacrilato e 15mL de dibutilftalato (Sigma
Aldrich®, Merck KGaA, Darmstadt, Alemanha) onde permaneceu imersa por 4 dias.
No quinto dia, as pecas foram removidas da solucdo A e imersas na solugéo B,
composta pela solucdo A e 1g de peroxido de benzoila (VETEC quimica, Rio de
Janeiro, Brasil). Na solugéo B, as pecas foram imersas e mantidas em geladeira por
4 dias. Esse procedimento foi realizado para a impregnacéo das pecas.

Para a incluséo, foi feita uma nova solucao A acrescida de 3g de perdxido de
benzoila e, em pequenos vidros ambar (6x4 mm), foi colocada uma pré-base desta
mistura. Em seguida, as pecas foram coladas nesta pré-base com cola instantanea
(Super Bonder®, Loctite, Henkel Ltda., S&o Paulo, Brasil) e a solucédo foi vertida
sobre o conjunto, dentro do vidro, até que ultrapassasse 1 cm da peca. O vidro foi
entdo tampado (figura 3-A) e colocado na estufa (37°C) até que a solugdo tomasse
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presa e entdo realizou-se a quebra do vido e o bloco obtido foi cortado no aparelho
Labcut (Labcut® 1010 — Extec, Erios, Enfield, Connecticut, Estados Unidos) com
disco de corte diamantado (Buehler® IsoMet® Chicago, lllinois, Estados Unidos) e
realizado o polimento dos cortes com uma suspenséo de polimento (Extec® colloidal
silica- Erios, Enfield, Connecticut, Estados Unidos) em um disco de feltro na politriz
(Labpol® 8-12 Extec, Erios, Enfield, Connecticut, Estados Unidos). Os cortes,
devidamente polidos foram colados em laminas histolégicas de plaxiglass com cola
instantanea de cianoacrilato (Super Bonder®, Loctite, Henkel Ltda., S&do Paulo,
Brasil) e prensados com uma prensa manual. Em seguida, os cortes foram
desgastados em uma politriz (Labpol® 8-12 Extec, Erios, Enfield, Connecticut,
Estados Unidos), usando lixas d’agua (800 a 1200), até que atingissem uma
espessura de aproximadamente 0,25 mm, sendo suficiente para visualizacdo de
estruturas em microscopio de luz. As laminas foram entdo novamente polidas e
coradas com azul de toluidina 2%, armazenadas em estufa 37°C por 20 minutos e
lavadas em agua corrente. Ao final do processamento, foram capturadas as imagens
histol6gicas para analises histomorfométricas (Figura 5).

Figura 5 - Imagens da confeccéo das laminas. a) peca incluida em resina, b e c) posicionamento na Labcut,
d) corte sendo realizado, €) desgaste do fragmento e f) lamina para a andlise.
Fonte: Elaborado pelo autora.
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2.6 Captura das imagens e analise histomorfométrica

As imagens obtidas através da andlise microscépica foram feitas pela
captura de imagens das laminas a partir do microscopio de luz Axiophot® 2 (Carl
Zeiss, Oberkdchen, Alemanha) acoplado a camera digital AxioCam MRc® 5 (Carl
Zeiss Oberkodchen, Alemanha) e com transmissdo para o programa computacional
AxioVision® Release 4.7.2. Foram obtidas duas capturas de imagem da lamina (lado
direito e esquerdo do implante) para a analise histomorfométrica (Figura 6).

GC

GTA

GTB

Figura 6 - Figura representativa de um dos lados das laminas histolégicas utilizadas para a avaliacdo
histomorfométrica de BIC e BAFO. Aumento de 100x.
Fonte: Elaborado pelo autor.

A analise histomorfométrica foi realizada com o auxilio do programa
computacional NIH Image J 1.34 (National Institutes of Health, Bethesda, Estados
Unidos), de dominio publico e os dados obtidos foram tabulados e submetidos a
analise estatistica.

Com o objetivo de avaliar a osseointegracdao do implante, foram analisadas
duas variaveis histomorfométricas: a extensao linear do tecido 6sseo em contato
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com as espiras do implante (bone implant contact - BIC) nas regibes mesial e distal
da tibia e a porcentagem de area entre as espiras ocupadas por tecido 6sseo (bone
area fraction occupied - BAFO) [56]. Para as analises foram selecionadas as duas
regibes mais centrais e calibracdo da régua de aumento (100x1) com um scale de
1848 pixels/pm, estabelecendo-se assim uma padronizagéo (Figura 7).
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Figura 7 - Tela do software Image J, com calibragdo da régua de aumento e escala.
Fonte: Elaborado pelo autor.

Para o calculo da BIC foi analisada a extenséo linear do tecido 6sseo em
contato com o implante entre as espiras do implante nas regiées mesial e distal da
tibia e realizada a porcentagem de BIC através do calculo da extensao linear das
espiras analisadas pela extenséo linear de contato osso-implante.

O BAFO foi calculado obtendo previamente a area total das espiras
avaliadas e a éarea ocupada por um espagco ou auséncia Ossea, e depois
determinada a porcentagem da area total de espiras ocupadas por tecido 4sseo.



22

2.6.1 Detalhamento da metodologia para obtencao da BIC

Para determinar a BIC, as imagens obtidas, através do escaneamento das
laminas (Panoramic Desk 3D — Histech, Ltd.), foram exportadas para o software e
com auxilio da ferramenta “segmente line” foi contornado todo tecido ésseo que se
encontrava em intimo contato com a espira do implante. No trabalho, foi usado como
base as duas espiras mais centrais, assim foi realizado a leitura de 2 cristas e 1 vale.
ApOs determinado o contorno, foi realizada com a ferramenta “Measure”, a obtengéo
dos valores de “length” — a medida linear em ym. Calculado os “lenght”, os mesmos
foram tabulados e posteriormente realizada a soma das quantidades de length de
cada imagem, para obter a BIC correspondente a cada lamina (Figura 8).
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Figura 8: Tela do software Image J, exibindo a ferramenta “Analyze” e “Measure”, que foi utilizada para
determinar a BIC.
Fonte: Elaborado pelo autor.

2.6.2 Detalhamento da metodologia para obtencdo do BAFO
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Para determinar o BAFO, as imagens obtidas, através do escaneamento das
laminas (Panoramic Desk 3D — Histech, Ltd.), foram exportadas para o software e
com auxilio da ferramenta ‘polygon” foi contornada a primeira espira em sua
totalidade. Apds selecionar todo o contorno da primeira espira, foi realizada com a
ferramenta “Measure”, a obtencédo do valor da “area”, que corresponde ao valor da
area total da primeira espira, esse valor foi tabulado. Apos a determinacdo da area
total, foi obtido o valor da area de fracdo 6ssea presente na primeira espira. Com
auxilio da ferramenta ‘polygon” foi contornada toda a fragcdo Ossea presente na
primeira espira, tanto a fragdo que se encontrava em contato ou ndo com a
superficie do implante, e com auxilio da ferramenta “Measure”, obtivemos o valor da
‘area”, que corresponde ao valor da area ocupada pela fracdo 6ssea da primeira
espira, e esse valor foi tabulado. Para a determinacédo do BAFO dividimos o valor da
area de fracdo Ossea dividido pelo valor da area total da espira. As medicdes
também foram realizadas para a segunda espira e com os valores obtidos
devidamente tabulados, foi determinado os valores de BAFO para cada espira
(Figura 9).
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Ossea da primeira espira; C) contorno da area total da segunda espira; D) contorno da fragdo 6ssea da segunda
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Fonte: Elaborado pelo autor.
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3 ANALISE ESTATISTICA

O tamanho da amostra foi realizado a partir das variaveis BIC e BAFO,
utilizando valores de média e desvio padrdo obtidos na literatura [7,20,51]. Para um
poder maior que 80% seria necessdria uma amostra minima de 42 animais, foram
utilizados 60.

Apoés realizada a andlise, os resultados foram submetidos a analise
estatistica através dos programas computacionais: MINITAB (Minitab®, version 18.1,
2017) e GraphPad Prism (version 7, GraphPad® Software, La Jolla, California,
Estados Unidos).

A estatistica descritiva consistiu no calculo de médias e desvio padrdo e a
estatistica inferencial foi realizada primeiramente através do teste de Shapiro-Wilk,
para a verificacdo da normalidade dos dados, seguido pela andlise de variancia
(ANOVA) dois fatores e teste de Tukey Post hoc para as comparacdes multiplas,
ambos com nivel de significancia convencional de 5%, para avaliar o efeito dos

niveis de tratamento em relacédo aos periodos de eutanasia.
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4 RESULTADOS

Na avaliagéo intergrupos da BIC, os dados revelaram que em 03 dias houve
maior quantidade de osso em contato com o implante nos grupos GTA e GTB em
comparacdo ao GC (p=0.044 e 0.017, respectivamente). Em 07 dias, o GTB
apresentou maior BIC em comparacdo ao GC (p=0.017). Nos demais periodos néo

houve diferencas intergrupos para este parametro histomorfométrico (Figura 10).
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Figura 10 — Gréfico da comparacéo intergrupos de BIC
Fonte: Elaborado pelo autor.

Na avaliagdo intergrupos da area de fracdo 6ssea nas espiras (BAFO)
constatou-se que ndo houve diferencas estatistica em nenhum dos periodos

avaliados (Figura 11).
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4 DISCUSSAO

Atualmente, diversos estudos vém sendo desenvolvidos com o intuito de
analisar os efeitos biolégicos do CEMP [61] sob diferentes parametros (formas de
onda, frequéncia e intensidade), em diferentes tecidos e situa¢des clinicas diversas
[36,47,48], porém ndo ha um consenso de quais seriam 0s parametros ideias para a
aplicacado do CEMP na otimizacdo da osseointegracao.

Sabendo da importancia da compreensédo da interagdo do CEMP com a
osseointegracao, este estudo avaliou, através de andlises histomorfométricas, a
hipotese de que a utilizacdo do CEMP como terapia adjuvante otimizaria o processo
de osseointegracdo de implantes de titanio. Para tanto, foram utilizados como
parametros do CEMP valores evidenciados na literatura como sendo responsaveis
pelo aumento da diferencia¢do osteogénica in vitro [32,53,61-63], que sdo: 15 Hz de
frequéncia e £ 1 mT para a forca do campo eletromagnético.

Os parametros de BIC e BAFO foram utilizados na avaliacdo dos dados
obtidos da andlise histomorfométrica, por se tratar de medidas consolidadas na
literatura para avaliacdo da osseointegracéo.

Ao analisar os resultados encontrados neste estudo, observamos que nao
houve diferenca quanto a otimizacdo da osseointegracao entre 0S grupos expostos
ao CEMP (grupos GTA e GTB) quando utilizado o paradmetro de BIC para a
avaliacdo. Com tudo, esses grupos se mostraram superiores quando comparados ao
grupo controle (GC) e foi observado maior valor de BIC na comparacédo do GTB e
GC nos periodos iniciais da cicatrizacdo 0ssea. Esses resultados estdo de acordo
com o estudo de Jing et al. [51], no qual é observado que a aplicagcdo do CEMP (na
frequéncia de 15 Hz e de 2 mT de forga do campo eletromagnético) promoveu
maiores valores para BIC e para BAFO quando comparamos 0S grupos expostos ao
CEMP e o controle. No entanto, apesar do CEMP promover maior quantidade de
BAFO quando comparado ao GC nos periodos iniciais, os resultados encontrados
neste estudo ndo revelaram diferengas estatisticas entre os grupos experimentais.

A pesquisa desenvolvida pelo grupo de Barak et al. [20], que utilizou como
parametros do CEMP de 10 Hz de frequéncia e 0,2 e 0,4 mT de forca do campo

eletromagnético, revelou um aumento no valor de BIC apenas em 14 dias de
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avaliacdo, o que diferiu do nosso estudo em que, a partir do terceiro dia, ja foi
possivel notar o aumento deste parametro nos grupos expostos ao CEMP em
comparacgao ao GC.

Quando comparamos os resultados dos estudos de Matsumoto et al. [7],
Ozen at al. [64] e Akca et al. [26], que utilizaram como parametros do CEMP 100 Hz
de frequéncia, por 4 horas diarias e 0,2 mT de forca do campo eletromagnético,
observamos que apés 14 dias de exposicdo ao CEMP é observado um aumento
significativo nos valores de BIC e BAFO quando comparados ao GC, sendo que 0s
resultados encontrados para BIC s&o semelhantes aos observados no presente
estudo. Essa diferenca observada entre BIC e BAFO pode ser justificada pela
dificuldade do coagulo em preencher toda a area de cicatrizacdo, ou seja, 0 espaco
existente entre a parede dssea do leito receptor e as espiras do implante, o que leva
a um comprometimento na formacéo 6ssea proxima ao centro do implante [65], que
pode ser consequéncia do tipo de protocolo de perfuracdo utilizada que, de acordo
com Baires-Campos et al. [66], resulta em diferentes respostas bioldgicas com
valores mais altos de BIC e BAFO para perfuracdes intermediarias [67]. Outro ponto
relevante € que estudos relatam que o CEMP nédo afeta o turnover 6sseo de
trabéculas Osseas pré existentes. Portanto, no periodo inicial do reparo ésseo a
diferenciacdo osteogénica é maior, levando um aumento do nimero de trabéculas
0sseas. ApOs esse periodo inicial ja existe um numero muito grande de trabéculas
0sseas, que nao serdo afetadas pelo CEMP [20].

Segundo Soares et al. [67], fatores como, o design do implante, as
dimensdes da area de cicatrizacdo e o tipo de o0sso, sao fatores que também
influenciam no processo de osseointegracdo, resultando em diferentes respostas
biologicas que influenciam as medidas histomorfométricas.

Respeitando as limitacdes técnicas e o modelo de estudo utilizado, o
presente estudo alcancou resultados satisfatorios na otimizagdo da cicatrizacéo
0ssea em ensaios preé-clinicos, contribuindo assim para a validagdo do uso do
CEMP como uma terapia coadjuvante a instalacédo de implantes, além de favorecer
outras pesquisas para o melhor entendimento dos mecanismos de agao no reparo

6sseo.
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5 CONCLUSAO

A utilizacdo do CEMP como um bioestimulador para o processo de
osseointegracdo mostrou um aumento na quantidade de osso em contato com o
implante nos grupos GTA e GTB quando comparados ao GC nos periodos iniciais

do estudo (3 e 7 dias) e por menor tempo de exposicao (1h diaria).
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Abstract

Objectives The present study aims to evaluate two protocols of pulsed electromagnetic field (PEMF) on osseointegration and establish
one that addresses ideal parameters for its use in dentistry, especially in the optimization of the implants osseointegration process.
Materials and methods Sixty male rats (Wistar) were allocated into three experimental groups: control (GC), test A (GTA, 3 h
exposed), and test B (GTB, 1 h exposed). All animals received titanium implants in both tibias, and PEMF application (15 Hz, &+ | mT,
5 days/week) occurred only in the test groups. They were euthanized at 03, 07, 21, and 45 days after PEMF therapy. Removal torque,
histomorphometric measurements, three-dimensional radiographic evaluation, and in vitro biological assay analyses were performed.
Results GTB showed better results compared with GTA in removal torque tests, in bone volume and bone mineral density, cell
viability, total protein content, and mineralization nodules (p <0.05). GTA showed better performance in trabecular bone
thickness and cell proliferation compared with GTB (p <0.05), especially at osseointegration early periods. In the
histomorphometric analysis and number of trabeculae, there were no differences in the test groups.

Conclusion PEMF as a biostimulator was effective in optimizing the events in bone tissue that lead to osseointegration, especially
when applied for a shorter time and in the initial periods of bone healing.

Clinical relevance The PEMF therapy is an effective alternative method for optimizing bone healing.

Keywords Osseointegration - Electromagnetic fields - Bone-anchored implants - Rats

Introduction

It is well-established that titanium implants have excellent
mechanical properties and biocompatibility with bone tissue
[1-3]. The bone condition of the recipient bed and at the
implant interface are factors which affect the primary implant
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stability. In addition, the time for functional loading will still
be necessary for the most dental implants available, and all
these factors are critical in the osseointegration process [2-4],
which can consume more time to promote the bone growth in
dental biomaterial and orthopedic treatments, especially in
systemically compromised patients [4-6].

Optimizing the osseointegration process in prosthetic reha-
bilitation, adjuvant therapies such as biophysical stimulation
have been studied to accelerate and improve bone regenera-
tion [2, 3, 7-9].

Because bone tissue has piezoelectric properties, i.e., it
produces electrical polarization when subjected to mechanical
deformation, human clinical trials and animal experiments
have emerged associating bone repair through the therapeutic
use of electricity [7, 10]. Due to its action on various cell types
and tissues [9, 11-15], it becomes a safe and non-invasive
treatment for various conditions such as ulcers and chronic
inflammatory diseases, especially those affecting the bone tis-
sue[7,9, 11, 16-18].
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There are small electrical currents produced from the nor-
mal functions of the body’s reactions to generate electrically
charged particles [19]. Ionic movements can cause membrane
potentials changing across the cell membrane generating en-
dogenous electromagnetic fields. The piezoelectricity of bone
tissue has been suggested to be responsible for the repair of
control and bone remodeling by moving the extracellular fluid
that transports ions in the bone matrix [19, 20].

With the exogenous application of pulsed electromagnetic
field (PEMF), the intracellular and extracellular mechanisms
are activated, demonstrating their ability to permeate plasma
and cell membranes [20, 21]. By pulsing the electromagnetic
field, the increase causes a reduction in ion fluxes generating
electric current [5, 22], and the membrane potential is changed
making it permeable, especially for calcium ion (Ca®*), an
important intracellular signaling [23, 24] in inducing cell dif-
ferentiation in osteoblasts [15, 19, 20, 24, 25].

PEMF affects the molecular chains causing specific trans-
membrane signaling that promotes osteogenic differentiation
[24, 26, 27] from the stimulation of protein synthesis of the
extracellular bone matrix [9, 23]. Therefore, bone tissue be-
comes a favorable target for PEMF treatment [19].

The animal experimental model for the bone healing pro-
cess in preclinical studies has an important role in tissue engi-
neering allowing to evaluate the conditions that affect bone
tissue and osseointegration with positive results for PEMF
therapy [19].

There are many PEMF treatment protocols in
osseointegration studies available in the literature, especially
about the duration of its application [10, 28], but due to the
variability of available results, it is difficult to choose the best
option for the therapy application.

The present study aims to evaluate two protocols of pulsed
electromagnetic field (PEMF) at different osseointegration pe-
riods and establish one that addresses ideal parameters for its
use in dentistry, especially in the optimization of the implant
osseointegration process.

Materials and methods

This study was approved by the Animal Studies Review
Board of the Institute of Science and Technology, UNESP—
Univ. Estadual Paulista, Sdo José dos Campos, Brazil (17/
2016)—and followed the ARRIVE guidelines for reporting
in vivo animal experiments. Sixty male Wistar (Rattus
norvegicus, Albinus) rats (weighing 250 to 300 g and 3 months
old) were randomly divided into 5 animals per cage and kept
at room temperature with a 12-h daylight cycle, fed with
GuabiNutrilabor® (Mogiana Alimentos; Sdo Paulo, SP,
Brazil) and water ad libitum, supplied by qualified staff, at
the animal house of Institute of Science and Technology,

UNESP—Univ. Estadual Paulista, Sdo José dos Campos,
throughout the experimental period.

The animals were randomized and allocated into 3 experi-
mental groups according to a computer-generated table: con-
trol group (GC; n=20), test A group (GTA; n=20) with
exposure to PEMF for 3 h, and test B Group (GTB; n=20)
with exposure to PEMF for 1 h. All animals in the three
groups received 3 titanium implants in the tibia (2 in the right
tibia and 1 in the left tibia). The experiment lasted 60 days
divided into S intervention periods in which the procedures
were performed.

Sample size calculation

The sample size to assure a power test up to 80%, and alpha of
0.05%, in this study was calculated considering differences of
0.5% for bone-implant contact (BIC) between exposed and
non-exposed groups to the electromagnetic field and a stan-
dard deviation of 0.52% [5]. Based on G*Power (version
3.1.9.2) calculation, it was determined that 5 animals per
group would be necessary for this study.

Surgical procedure

For the surgical procedure, the animals were anesthetized by
intramuscular injection of xylazine (13 mg/kg—Rompun®,
Bayer; Sdo Paulo, SP, Brazil) and ketamine (33 mg/kg—
Dopalen®, Agribands do Brasil Ltda; Paulinia, SP, Brazil).
The inner region of the left and right paws were trichotomized
and disinfected, and a linear incision was performed in the
internal region of the posterior portion of the paw, below the
knee for exposure of the tibial metaphysis [29].

The muscle tissue disruption and osteotomy were per-
formed with the aid of drills and irrigation with sterile saline
solution. In the study, we used 180 pure titanium implants,
surface machined, osseointegrated, threaded with 4.0-mm
length by 2.2-mm diameter (Titanium Fix®, The
Technology Inc., Sdo José dos Campos, SP, Brazil) inserted
in both paws of each animal of the experimental groups. In the
right paw, the first implant was inserted 7 mm away from the
knee joint and the second placed 5 mm distally from the first.
In the left paw, an implant was inserted 7 mm from the knee
joint until all the screw threads were inside the cortical bone.
Muscle tissue was sutured with resorbable sutures (Vicryl
Ethicon® 5.0, Johnson Prod., Sdo José dos Campos, SP,
Brazil) and skin with 4.0 silk thread (Ethicon® Johnson
Prod., Sdo José dos Campos, SP, Brazil).

After surgery, the animals received a single dose of
5 mg/kg of ketoprofen (Laboratorio Teuto Brasileiro S.A.;
Anapolis, GO, Brazil) by the subcutaneous route for postop-
erative pain control.
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PEMF therapy

The PEMF device was composed of a pulsed signal generator
and Helmholtz coils. The rats were subjected to PEMF expo-
sure with the following fixed parameters: 25 cycles of —
I milliTesla to + 1 milliTesla in 200 ps repeated at 15 Hz
The exposure to PEMF in GTA was 3 h for 5 days a week
[30], whereas for GTB, it was | h per week, 5 days a week
until the euthanasia [31]. The control group animals were
placed in the cage to simulate the stimulation and stress to
which the other animals were submitted [32] but the PEMF
device was shut off.

Histological processing

After euthanasia by decapitation, the left tibias of all animals
were removed and immersed in a 10% paraformaldehyde
buffered solution for 48 h and were immersed in 70% alcohol
until the moment of the three-dimensional radiographic anal-
ysis (Micro-CT) followed by histological slide preparation
and subsequent histomorphometric analysis. The right tibias
were immersed in ringer lactate solution in —80 °C freezer
until the implant removal torque measurements were
performed.

Removal torque

The right tibias were thawed at room temperature to measure
the implant removal torques of the experimental groups.

For this, a vise was used to stabilize the bone and, through a
digital torque wrench (MGT 12; Mark-10 Corp., Copiague,
NY, USA), a counter torque was applied to the implant until
there was movement.

Three-dimensional radiographic evaluation (microCT)

The left tibias were scanned by the SkyScan®
microtomograph (SkyScan 1176 Bruker MicroCT,
Aatselaar, Belgium) using 18-pum-thick (89 kV and 275 pA)
sections, with rotation and 0.1-mm copper and aluminum fil-
ter. The obtained images were reconstituted determining the
region of interest (ROI) using the NRecon® software
(SkyScan, Bruker MicroCT, Aatselaar, Belgium) and recon-
structed with the Data Viewer® software (SkyScan, Bruker
MicroCT, Aatselaar, Belgium). The samples were standard-
ized in a longitudinal position, which was more appropriate
for the evaluation, and an area around the implant delimited by
0.5 mm around the entire implant was defined using the
CTAnalyser-CTAn® software (SkyScan, Bruker MicroCT,
Aatselaar, Belgium). It was possible to analyze the bone vol-
ume percentage (BV/TV), trabecular bone thickness (Tb.Th),
and number (Tb.N) and bone mineral density (BMD) [33].

Histological procedures

The samples were washed in water and dehydrated in increas-
ing concentrations of alcohol. The samples were immersed in
xylol 98% and transferred to the methyl methacrylate (Sigma
Aldrich®, Merck KGaA, Darmstadt, Germany) and dibutyl
phthalate (Sigma Aldrich®, Merck KGaA, Darmstadt,
Germany) solution. For inclusion, the samples were soaked
in a new solution with 3 g of benzoyl peroxide, and in small
amber glasses (6 x 4 mm), where a pre-base of this mixture
was placed. The block obtained was cut in the Labcut appa-
ratus (Labcut® 1010-Extec, Erios, Enfield, Connecticut,
USA) with a diamond cutting disc (Buehler® IsoMet®
Chicago, Illinois, USA). The polishing of the slices was per-
formed with a polishing suspension (Extec® colloidal silica-
Erios, Enfield, Connecticut, United States) with a felt disc on
the polishing (Labpol® 8-12 Extec, Erios, Enfield,
Connecticut, United States), to then be glued on plexiglass
histological slides. The slices were wom on a polishing ma-
chine (Labpol® 8-12 Extec, Erios, Enfield, Connecticut,
USA) using sandpaper (800 to 1200) until a thickness of ap-
proximately 0.25 mm. The slides were stained with 2% tolu-
idine blue.

Histomorphometric analysis
BIC

The histomorphometric variables analyzed were the linear ex-
tension of the bone tissue in contact with the titanium (bone
implant contact—BIC) between the implant threads in the
mesial and distal regions of the tibia through which it was
possible to observe the amount and type of the newly formed
bone around the implant [29].

BAFO

For the occupied bone area fraction (BAFO) calculation, the
total area of the evaluated threads and the area occupied by a
bone space or absence were previously obtained, and then the
percentage of the total area of threads occupied by bone tissue
was determined in um”’.

For the standardization of measurements, a single examiner
calibrated two more central regions selected through a x 100
magnification in microscopy Axiophot® (Carl Zeiss,
Oberkdchen, Germany) coupled to an AxioCam MRc® 5
digital camera (Carl Zeiss Oberkdchen, Germany) and trans-
mission to the computer program AxioVision® Release
4.7.2., allowing better visualization of the region of interest
and calibration of 1840 pixels/um by another examiner
CMMN. Two slide image captures (right and left side of the
implant) measured the histomorphometric variables. The
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images were coded by another examiner MANJ, blinded to
the groups so that an unbiased analysis of the data was
performed.

Histomorphometric analysis was performed using the pub-
lic domain NIH ImageJ 1.34 (National Institutes of Health,
Bethesda, Maryland, USA).

In vitro biological assays
Cellular culture

Briefly, the bone marrow cells of the femurs of both animal
paws were separated according to the experimental groups,
isolated and inserted into 250-mL and 75-cm” cell culture
flasks (TPP, Biosystems, Curitiba, PR, Brazil) with alpha
MEM minimum essential culture medium (Gibco®—Life
Technologies, Baltimore, USA) supplemented with 10% fetal
bovine serum (SBF) (Cultilab Ltda, Campinas, Brazil) and
gentamicin (500 pug/mL) (Gibco®—Life Technologies,
Baltimore, USA). They were incubated at 37 °C, with atmo-
spheric humidity containing 5% CO’. Mesenchymal cells
were selected for adherence to polystyrene and expanded until
they reached confluence for subsequent cell plating. The cells
were washed with PBS and 3 mL of 0.25% trypsin solution
(Cultilab Ltda, Campinas, Brazil). The trypsin was neutral-
ized, and the pool was transferred to a 15-mL Falcon tube
(TTP, Biosystems, Curitiba, Brazil). After centrifugation at
5000 rpm for 5 min at 25 °C (Labnet-HERMLE Z 300K
Centrifuge, NJ, USA), pellet formation was observed. The
cells were distributed to the wells of the 24-well plates, and
cell plating was performed at approximately 20,000 cells/well,
and cells were counted using the Countess® automatic coun-
ter (Invitrogen®, Baltimore, USA). The osteogenic plaque
culture medium (5 mg/mL ascorbic acid (Neon®, Neon
Comercial, Suzano, SP, Brazil) and 2.16 g beta glycerophos-
phate (Sigma-Aldrich® ref 50020, Merck KGaA, Darmstadt,
Germany) was changed every 2 days, and the development of
the cells was evaluated by reversed-phase microscopy (Carl
Zeiss® Microlimaging GmbH—Axiovert 40C, Germany).

Cell proliferation

Briefly, after 4 days of cell culture, the culture medium was
aspirated and the samples washed with PBS (Gibco®-Life
Technologies, Baltimore, USA) and fixed with 4% parafor-
maldehyde for 15 min. The samples received the DAPI dye
(Fluorshield with DAPI—Sigma Aldrich®) and incubated at
room temperature for 5 min. Ten fields from each group were
randomly captured using the Axio HBO® 100 microscope
(Carl Zeiss® Microlimaging GmbH—Axiovert 40C,
Germany) with a 20-fold magnification, and the nuclei present
on the samples were quantified using ImageJ software version
6.0 (National Institutes of Health, Bethesda, Maryland, USA).

Cell viability

Briefly, after 5 days of cell culture, a quantitative assessment
of living cells was performed following exposure to the toxic
agent by incubation with the MTT [3-4,5-dimethylthiozo bro-
mide] dye (Sigma Aldrich®, Merck KGaA, Darmstadt,
Germany) and spectrophotometric analysis of the incorporat-
ed dye. Aliquots of 0.5 mg/mL MTT in PBS were prepared,
and the primary cultures were incubated with this solution for
4 hat37°Cina5% CO® oven. After this, the MTT solution
was removed, and 500 uL of the DMSO (Dimethyl Sulfoxide
Gibco®—Life Technologies, Baltimore, USA) solution was
added to the wells for 10 min in a 37 °C and CO® oven. The
aliquots were transferred to a 96-well plate (Greiner
CELLSTAR®, Merck KGaA, Darmstadt, Germany) for col-
orimetric measurement on a 570-nm wavelength microplate
reader (Biotek® EL808IU, BioTek Instruments, Inc.,
Winooski, VT, USA).

Total protein content

Total protein content was calculated after 7 days of culture
with the removal of the culture medium, and the wells were
washed three times with PBS at 37 °C and filled with 2 mL of
0.1% sodium lauryl sulfate (Sigma-Aldrich®, Merck KGaA,
Darmstadt, Germany) to protein extraction. After 30 min,
1 mL of the solution from each well was mixed with 1 mL
of Lowry’s solution (Sigma-Aldrich®, Merck KGaA,
Darmstadt, Germany) and left for 20 min at room temperature.
Then, 1 mL of Folin and Ciocalteau reagent (Sigma-
Aldrich®, Merck KGaA, Darmstadt, Germany) was added
to the mixture for 30 min at room temperature. The absor-
bance was measured at 680 nm on a spectrophotometer
(Micronal® AJX 1900, Micronal, SA, Sido Paulo, Brazil),
and the total protein content was calculated from a standard
curve determined by bovine albumin and expressed as pg/mL.

Alkaline phosphatase activity

Alkaline phosphatase activity was determined after 7 days of cell
culture by using a commercial kit according to the manufac-
turer’s instructions (Labtest Diagnéstica®, Labtest Diagnostic
SA, Lagoa Santa, Minas Gerais Brazil). Initially, 50 puL of
thymolphthalein monophosphate was mixed with 0.5 mL of
0.3 M diethanolamine buffer, pH 10.1. To the solution was added
50 pL aliquot of the lysates obtained from each well, remaining
for 10 min at 37 °C in a water bath. For color development, 2 mL
0f 0.09 M Na2CO3 and 0.25 M NaOH were added. Absorbance
was measured on a spectrophotometer (Micronal® AJX 1900,
Micronal, SA, Séo Paulo, Brazil) using a wavelength of 590 nm,
dard curve using thymolphthalein on a scale 0f 0.012 to 0.4 umol
thymolphthalein/h/pg protein.

41



Clin Oral Invest (2021) 25:2925-2937

Mineralization nodule formation and quantification

The formation of mineralization nodules was evaluated after
14 days of culture. The adhered cells were fixed in 10% for-
malin solution for 2 h at room temperature. The samples were
dehydrated with a gradual series of alcohol and stained with
2% Alizarin S red (Sigma-Aldrich®, Merck KGaA,
Darmstadt, Germany), pH 4.2 for 10 min. Plate wells were
photographed under Axio HBO 100 light microscopy (Carl
Zeiss® Microlimaging GmbH—Axiovert 40C, Germany) at
200-fold magnification.

For the quantification of mineralized formations, 800 uL of
10% acetic acid was added to each well containing the sam-
ples and incubated at room temperature under shaking for
30 min. The entire contents of each well were transferred to
1.5-mL centrifuge microtubes and vortexed (Vortex QL-901,
Biomex Biotecnologia, Ribeirdo Preto, SP, Brazil) for 30 s.
The microtubes were taken to the water bath (Dubnoff
Metabolic Bath—MA-095/CF, Marconi Equipamentos Para
Laboratorios Ltda, Piracicaba, SP, Brazil) and heated for
10 min at 85 °C and transferred to an ice beaker for 5 min.
They were centrifuged (Labnet-HERMLE Z 300K
Centrifuge, HERMLE Labortechnik GmbH, Wehingen,
Germany) for 20 min, and 100 uL of the supernatants was
transferred to a 96-well plate. To each well was added 40 puL
of 10% ammonium hydroxide. The reading was performed in
a microplate reader (Biotek—EL808IU, BioTek Instruments,
Inc., Winooski, VT, USA) under a wavelength of 405 nm.

Statistical analysis

The data obtained after the evaluations were submitted to sta-
tistical analysis through the computer programs: MINITAB
(Minitab®, version 18.1, 2017) and GraphPad Prism (version
7, GraphPad® Software, La Jolla, California, USA).

Descriptive statistics consisted of the calculation of means
and standard deviation, and inferential statistics were first per-
formed using the Shapiro-Wilk test to verify data normality,
followed by a two-way analysis of variance (ANOVA) and
Tukey post hoc test for multiple comparisons, both with a 5%
conventional significance level, to assess the effect of treat-
ment levels on euthanasia periods.

Results

Removal torque

The evaluation of implant removal torque revealed that in the
intergroup analysis, GTB obtained statistically significant re-
sults compared to GTA at 7 days (GTB x GTA, p=0.02). In
other periods, there were no differences between the groups
(Fig. 1a).

Histomorphometric analysis

The evaluation results of the histomorphometric analysis are
disclosed by the following graphs (Figs. 1b and ¢ and 2). In
the intergroup evaluation of BAFO (Fig. 1b), it was found that
there were no statistically significant differences in any of the
periods evaluated. In the intergroup evaluation of the BIC
(Fig. Ic), data revealed that in 03 days, there was a greater
amount of bone in contact with the implant in GTA and GTB
groups compared with CG (p =0.04 and 0.01, respectively).
At 07 days, the GTB presented higher BIC compared with the
control group (p =0.01). In the other periods, there were no
intergroup differences for this parameter.

MicroCT analysis
Bone volume percentage (BV/TV)

There was a statistically significant difference in the inter-
group comparison for all periods, and GTB presented a higher
percentage of bone volume compared with the CG in 3 days
(p=0.0002), at 7 days comparing GC (p=0.0002) and GTA
(p<0.0001), and at 21 days comparing GC (p=0.007) and
GTA (p=0.0002). At 45 days, the statistical difference was
between GTA and GTB (p = 0.02), where again the GTB pre-
sented a higher percentage of bone volume (Fig. 3a).

Trabecular bone thickness (Tb.Th)

CG presented statistically significant differences between the
test groups in all periods. GTA presented greater trabecular
thickness than GTB only in 03 days (p <0.0001) (Fig. 3b).

Trabeculae number (Tb.N)

GTA (p=0.0002) and GTB (p = 0.005) presented larger num-
ber of trabeculae compared with the control group CG at
07 days. At 21 days, GTB presented higher number of trabec-
ulae compared with CG (p=0.01) and at 45 days, GTA had
better results compared with CG (p = 0.02) (Fig. 3c).

BMD

GTB presented higher BMD than GC and GTA at 07, 21, and
45 days with p <0.0001, in both groups, in the period of
07 days. Similarly, it was observed at 21 days, when compar-
ing the groups GC (p=0.0004) and GTA (p=0.0002), and at
45 days with p <0.0001, for both GC and GTA. In the period
of 03 days, there were no statistically significant differences
between the groups (Fig. 3d).
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In vitro assays
Cell proliferation

In intergroup comparison, GTA showed higher number of
stained nuclei than CG and GTB in 3 days (p <0.0001; p=
0.003, respectively) and 45 days (p = 0.003; p = 0.003 respec-
tively). GTB had higher expression of stained nuclei com-
pared to CG at 03 and 21 days (p=0.001 and p=0.003, re-
spectively) and compared with GC (p=0.003) and GTA (p=
0.003) at 21 days (Figs. 4a and 5).

Cell viability

There was no statistically significant difference among the
groups. Comparing the treatment groups, GTB showed more
number of viable cells than GTA at 07 (» <0.0001) and 45
(p=0.003) days (Fig. 4b).

ALP

GTB expressed higher amount of alkaline phosphatase com-
pared to the CG in the 7 days (p =0.0005), 21 days (p=0.02),
and 45 days (p=0.01). The GTA expressed a higher amount
of alkaline phosphatase compared with the CG (p =0.005).
However, between the groups treated with PEMF, there was

p comparisons for GTA (*) and GTB (#) groups. (ANOVA, Tukey's test, p < 0.05)

no statistically significant difference for alkaline phosphatase
expression (Fig. 4c).

Total protein content

GTB presented more amount than GTA at 7 days
(»<0.0001), and CG at 7 (p<0.0001), 21, (p <0.0001) and
in 45 days (p=0.0001) (Fig. 4d).

Mineralization nodule quantification

GTA expressed less mineralization nodules compared with
GTB and GC at 3 days (p <0.0001; p <0.0001, respectively).
At 7 days, GTB (p=0.01) and GC (p=0.03) expressed a
higher number of mineralization nodules compared with
GTA. In the other periods evaluated, there were no differences
between the groups (Figs. 4e and 6).

Discussion

Recently, much research has been developed targeting the
biological effects of PEMF on different parameters (wave-
forms, frequency, and intensity), in different tissues [28],
and in different clinical situations [9, 21, 27], but without a
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07

21

Fig. 2 Photomicrography of histomorphometric analysis on the experimental periods (3, 7, 21, and 45 days) of groups (GC, GTA, and GTB). Scale

500 um and * 10 magnification

consensus on the ideal parameters for their use in
osseointegration.

For this, we considered the 15 Hz frequency and = | mT
parameters for the electromagnetic field strength, which are
trends evidenced in the literature responsible for the increase
of in vitro osteogenic differentiation [19, 20, 34]. The removal
torque results revealed higher removal torque values for the
GTB than GTA at 7 days, and studies [35, 36] demonstrate
that statistical differences in removal torque occur at early
osseointegration periods, corroborating the results of this
work.

For the histomorphometric analysis, there was no differ-
ence between GTB and GTA in BIC assays. However, these
groups showed more BIC compared with the control. Higher
BIC was observed in the comparison of GTB and control in
the early periods of bone healing. These results are in agree-
ment with the study by Jing et al. [37], in which the applica-
tion of PEMF (15 Hz and 2 mT) promoted higher values for
BIC and BAFO compared with the control group. However,
although PEMF promotes a higher amount of BAFO

compared with control in the early periods, the results of the
present study revealed no statistical differences between the
experimental groups. A 10 Hz PEMF application (0.2 and
0.4 mT) [38] showed an increase in BIC only in 14 days of
evaluation, different from our study where, from the third day,
this difference was observed.

It is possible to notice the increase of this parameter in the
exposed groups compared with the control. Comparing the re-
sults of different studies using 100 Hz, 4 h daily, and 0.2 mT
parameters [1, 10, 39], it is noted that after 14 days of PEMF,
there is an increase in BIC and BAFO compared with control,
and the results for BIC are similar to those found in the present
study. One of the possible reasons for this difference in BIC and
BAFO would be the inability of the clot to fill the entire healing
area, that is, the space between the recipient bed bone wall and
the implant threads. Consequently, there is a compromised bone
formation near the implant center [40]. This may be due to the
drilling protocol which results in different biological responses
with higher BIC and BAFO values [41] for intermediate drilling
[42]. Also, implant design, healing area dimensions, and bone
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type influence the osseointegration process of the implant
resulting in different biological responses that affect
histomorphometric measurements [42].

Micro-CT allows the analysis of bone tissue morphological
parameters after exposure to a given treatment, indirectly
representing tissue health status [33, 42]. The results revealed
that the GTB promoted the highest proportion of (BV/TV) in
all the periods analyzed. This finding is controversial to the
application of PEMF (15 Hz, 2 mT 3 h daily) which promoted
a subtle increase in bone volume compared to control [43].
However, in our study to trabecular thickness (Tb.Th), GTA
showed better results at 3 days, and there was no difference in
the number of trabeculae (Tb.N) evaluation between the
groups exposed to PEMF in the periods. These findings cor-
roborate the study in which with the use of PEMF (15 Hz and
2 mT) improved the bone architecture parameters compared
with the control group [37].

Despite using different PEMF parameters, in a study with
titanium implants inserted into tibias of ovariectomized ani-
mals, it was found that 50 Hz and 0.2 mT PEMF for 4 h daily
also promoted higher bone volume rates [39]. Corroborating
the present study, however, contrary to our findings, they no-
ticed an increase in the number of bone trabeculae. Regarding
BMD, the GTB promoted higher values than the GTA and
control groups, just as in the study where 1 mT PEMF

and GTB (#) groups. (ANOVA, Tukey's test, p < 0.05)

promoted better effects on BMD and bone structural integrity
[44] compared with 2 mT PEMF intensity [27]. With similar
results, the application of PEMF (15 Hz, 0.8 mT) promoted
higher BMD compared with the control [45].

The phenomena observed in vivo can be elucidated by
in vitro analysis of cellular behavior after exposure to
PEMF. Mesenchymal cells remain in an undifferentiated stage
until they receive appropriate activation signals and begin the
process of differentiation into specific strains according to the
type of stimulus received [26] and the application of a bio-
physical stimulus assists in this process [19].

This finding can also be observed by Bagheri et al. [46] in
which the role of PEMF occurs in osteogenic differentiation of
mesenchymal cells, assisting in different cellular stages, pro-
viding an increase in cell proliferation. In the present study, a
significant increase in cell proliferation was also observed in
the groups exposed to PEMF compared with the control in the
initial evaluation period. The results found by studies with
15 Hz and 0.9 mT [6] and 0.1 mT [47] of PEMF also corrob-
orate this study. However, we also noticed the same behavior
in the late periods, unlike the findings in cell culture with
15 Hz and 7 mT PEMF [48].

The osteoblastic proliferation is a critical indicator of the
activities of these cells, because, from this event, there is in-
creased cellular differentiation and mineralization [16]. In the
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evaluation of cell viability after exposure to MTT, the PEMF
groups presented a higher amount of viable osteoblasts com-
pared with the control; however, in the initial and final stages,
GTB revealed better results compared with GTA. The appli-
cation of PEMF significantly influences osteogenesis by in-
creasing gene expression, bone matrix deposition, cell prolif-
eration, and differentiation of these cells [28], as observed in
our study.

There is also the production of alkaline phosphatase activity
(ALP), an important extracellular protein that marks osteoblastic
differentiation. Detection of this exoenzyme is initially expressed
in early periods of mineralization induction and can be used as a
precedent marker of osteogenesis [49]. As the time to induce cell
proliferation increases and osteogenic differentiation of cells pro-
gresses, ALP activity gradually increases [50].

Our results revealed that the quantification of ALP was
higher in the PEMF groups compared with the control since
the initial evaluation periods, corroborating the literature [20,
28, 47, 51]; however, no difference was observed in the
expressed amount of this protein between exposure times. In
contrast, another study showed that ALP activity was lower
after exposure to PEMF [47], although they found increased
proliferation and cell viability. Also, according to the authors,
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for the 15 Hz and 0.1 mT PEMF parameters, the effect was
restricted to proliferation and did not cause cell differentiation.

The final stage after osteoblast cell differentiation is the
extracellular matrix mineralization. The differentiation capac-
ity of these cells can be identified from the deposition of cal-
cium salt in the cell matrix by staining with alizarin red [50].
Alteration of calcium salt levels is a marker of bone cell pro-
liferation and differentiation and osteogenic potential of bone
tissue. In our results regarding the mineralization nodules,
quantification was statistically higher in the early periods, in
the GTB and according to the literature [20].

These results suggest that shorter exposure time to PEMF
may promote better osseointegration response of implants.
Although it is difficult to compare all evaluated parameters
among different protocol studies due to the variability of the
models used in the PEMF [49], it is generally noted that PEMF
therapy adjunct improves the outcomes for osseointegration both
in vitro and in vivo [25].

The reason for this discrepancy in the literature is the dif-
ferent cell phenotypes used, the different frequencies and in-
tensities of PEMF, and the different experimental periods se-
lected for analysis [52]. Moreover, the authors point out that
while controversy remains about the exact effects on
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Fig.5 Photomicrography of cell proliferation on the experimental periods (3, 7, 21, and 45 days) and groups (GC, GTA, and GTB). Scale 20 um and * 2

magnification

21 45
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and * 5 magnification

phy of mineralization nodules on the experimental periods (3, 7, 21, and 45 days) and groups (GC, GTA, and GTB). Scale 20 um
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