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RESUMO

A fibrina rica em plaquetas (do inglês, Platelet Rich Fibrin, - PRF) é um concentrado
sanguíneo de segunda geração utilizado na medicina regenerativa, que tem
ganhado atenção como uma alternativa potencial para a terapia do tecido ósseo,
com a capacidade de acelerar a regeneração óssea, embora os mecanismos
subjacentes precisos ainda não sejam totalmente compreendidos. Além disso, o
PRF pode ser integrado com outros biomateriais para estabelecer uma estrutura
tridimensional versátil destinada a melhorar o recrutamento, proliferação e
diferenciação celular na reparação óssea. Recentemente, nosso grupo propôs uma
variante modificada do PRF enriquecida com albumina desnaturada (Alb-PRF,), além
de uma preparação de “sticky bone”, associando agregados plaquetários a
microesferas nanoestruturadas de hidroxiapatita carbonatada (nCHA). Neste
contexto, esta tese teve como objetivo (i) identificar, através de uma revisão
sistemática de estudos in vitro, os principais eventos biológicos envolvidos nos
efeitos do PRF sobre células ósseas e de tecidos mineralizados, e (ii) avaliar os
efeitos da associação de Alb-PRF com esferas de nCHA (Alb-ncHA-PRF) sobre a
capacidade de liberação de fatores de crescimento e moléculas imunomoduladoras
e seu impacto no comportamento de osteoblastos humanos. A revisão sistemática
de escopo, conduzida de acordo com a declaração PRISMA, identificou 76 estudos
que demonstram que as membranas PRF influenciam a proliferação, diferenciação e
mineralização de células ósseas, devido a mudanças notáveis em marcadores
cruciais do metabolismo e comportamento das células ósseas. Por outro lado, os
resultados experimentais demonstraram que a Alb-ncHA-PRF, quando comparado a
Alb-PRF, exibiu uma liberação reduzida de fatores de crescimento e citocinas, o que
posteriormente levou a menor proliferação de osteoblastos MG63, redução de sua
atividade fosfatase alcalina e capacidade de mineralização in vitro. Estes achados
apontam que a incorporação de esferas ncHA pode atenuar os efeitos biológicos
pretendidos do Alb-PRF no comportamento dos osteoblastos. Estas descobertas
sublinham o potencial de evolução do PRF na medicina regenerativa e a relevância
de considerar a interação dinâmica com outros materiais para a eficácia terapêutica.

Palavras chave: Fibrina rica em plaquetas; gel de albumina; osteoblastos;
compósitos; biomateriais.



ABSTRACT

Platelet-rich fibrin (PRF) is a second-generation blood concentrate used in
regenerative medicine, that has gained attention as a potential alternative for bone
tissue therapy, with the capacity to expedite wound healing and bone regeneration,
although the precise underlying mechanisms remain incompletely understood.
Additionally, PRF may be integrated with other biomaterials to establish a versatile
three-dimensional framework aimed at enhancing cell recruitment, proliferation, and
differentiation in bone repair. Recently, our group proposed Alb-PRF, a modified PRF
variant enriched with denatured albumin, and a “sticky bone” preparation, associating
platelet aggregates with nanostructured carbonated hydroxyapatite microspheres
(nCHA). In this context, this thesis aimed to (i) identify, through a systematic review of
in vitro studies, the main biological events involved in the effects of PRF on bone and
mineralized tissue cells, and (ii) evaluate the effects of associating Alb-PRF with
nCHA (Alb-ncHA-PRF) on the release capacity of growth factors and
immunomodulatory molecules and their impact on the behavior of human
osteoblasts. The comprehensive review, conducted according to the PRISMA
Statement identified 76 studies that collectively demonstrate that PRF membranes
influence the proliferation, differentiation, and mineralization of bone cells, due to
notable changes in crucial markers of bone cell metabolism and behavior. On the
other hand, the experimental results demonstrated that Alb-ncHA-PRF, when
compared to Alb-PRF, exhibited a reduced release of growth factors and cytokines,
which subsequently led to lower MG63 osteoblasts proliferation, alkaline
phosphatase activity, and in vitro mineralization. These findings underscore that the
incorporation of ncHA spheres may attenuate the intended biological effects of
Alb-PRF on osteoblast behavior. Collectively, these findings underscore the evolving
potential of PRF in regenerative medicine and the relevance of considering the
dynamic interplay with other materials for therapeutic efficacy.

Keywords: Platelet-rich Fibrin; albumin gel; osteoblasts; sticky-bone; biomaterials.



1. INTRODUÇÃO

A bioengenharia de tecidos ósseos tem sido usada, nas últimas décadas, como

uma ferramenta para a regeneração de defeitos críticos no sistema esquelético, os

quais dificilmente sofrem reparo sem uma intervenção médica.

O mercado de enxertos e substitutos ósseos é categorizado com base nos

produtos disponíveis, tais como aloenxertos, substitutos de enxertos ósseos e outros

produtos. Além disso, as aplicações desses produtos incluem regiões

craniomaxilofacial, odontológica, reconstrução articular, fusão espinhal e outras

aplicações. O mercado de enxertos ósseos e substitutos está em constante

crescimento. Há uma projeção de crescimento anual de 4% em termos de valor (em

milhões de dólares) durante o período de e 2022 a 2027 (Figura 1). Notavelmente,

prevê-se que a região da Ásia-Pacífico exiba a taxa de crescimento anual composta

mais elevada durante o período de 2023 a 2027 (iData research 2023).

Figura 1. Mercado europeu de biomateriais para regeneração óssea (iData research 2023).

Um biomaterial ideal para a utilização em enxertos ósseos deve ser

biocompatível, bioativo, osteocondutor e, preferencialmente, osteoindutor, além de

ter composição química semelhante à parte mineral do osso natural a fim de evitar

resposta inflamatória exacerbada (BERNARDS et al., 2008). Existe a necessidade

em desenvolver biomateriais adequados, que devem degradar e serem substituídos



por tecidos funcionalmente integrados ou devem ter a capacidade de crescer. Assim,

é fundamental entender a natureza química e a resposta biológica para recuperação

óssea (Hook et al. 2009). As pesquisas sobre formação óssea são direcionadas a

processos importantes como a composição química, topografia, porosidade além de

dureza, densidade e cristalinidade, estão associadas com a degradação dos

biomateriais. Um desafio para regeneração óssea é a constituição de um arcabouço

que possibilite uma dissolução controlada e cinética de liberação, garantindo que as

concentrações necessárias de certos íons sejam liberadas no ambiente fisiológico

de forma predeterminada (Hoppe et al 2011).

A busca crescente por substitutos ósseos com características importantes

para integração óssea visa evitar problemas de morbidade ou rejeição do sítio

doador e risco de transmissão de doenças, que são limitantes para o transplante de

osso. O osso autólogo é o padrão ouro atualmente, mas sua disponibilidade é

limitada, além da necessidade de uma segunda cirurgia necessária para sua colheita

que está associada à morbidade do local doador e risco de infecção aumentado

(Raina et al. 2016, Gupta et al. 2015). Dada a importância da composição inorgânica

do osso, a HA (hidroxiapatita) sintética vem sendo estudada a bastante tempo

devido às possíveis aplicações clínicas na construção de implantes e enxertos

ósseos para o tratamento de danos e injúrias no tecido ósseo (Raina et al. 2016).

Em termos de composição, o tecido ósseo é um tecido conjuntivo

especializado, formado por células e a matriz óssea. Os materiais orgânicos são

principalmente fibras de colágeno. Os materiais inorgânicos são principalmente

Cálcio (Ca) e Fósforo (P) na forma de cristais de hidroxiapatita (HA) (Figura 2)

(Junqueira e Carneiro 2013, Gao et al 2017).

Figura 2. Estrutura do osso. Traduzida de Wang et al 2017.
A hidroxiapatita [Ca10 (PO4) 6 (OH) 2] (HA) é um dos principais componentes

da fase mineral de ossos e dentes, e tem atraído a atenção como material de



substituição óssea devido à sua biocompatibilidade e osteointegração que estimulam

o crescimento ósseo através de uma ação direta nos osteoblastos (Zambuzzi et al.

2011, Pepla et al. 2014). Biomateriais associados a HA são os mais utilizados em

implantes para reparação óssea e reconstrução, devido a sua intensa combinação

com os componentes minerais do osso. Sua composição química fornece

propriedades diferenciais para um biomaterial, sendo biocompatível, bioativo e

biofuncional, garantindo boa aplicabilidade em implantes (COSTA et al., 2009). Além

disso, a HA tem um arranjo sistemático de poros uniformes com interconexões, e

tem sido usada com sucesso como material de enxerto ósseo para engenharia de

tecidos, apresentando osteocondução, facilitando a migração das células

osteogênicas e a vascularização do osso circundante (Doi et al. 2017).

Nesse sentido, diversas pesquisas têm desenvolvido e pesquisado materiais

como as microesferas de carbonatoapatita (cHA), as quais possuem substituição de

grupamentos hidroxila por carbonato, em uma alteração que contribui para conseguir

uma estrutura altamente bioabsorvível para a bioengenharia de tecidos ósseos,

permitindo substituição por osso novo regenerado (Mavropoulos et al. 2012,

Calasans-Maia et al. 2015, Valiense et al. 2016, Carmo et al. 2018). A geometria e a

ultraestrutura do material são de extrema importância para a adequação, absorção e

integração, de maneira que haja infiltração por células, matriz orgânica e vasos

sanguíneos (Habibovic et al. 2010). Diversos estudos comprovam que a

hidroxiapatita carbonatada nanoestruturada é um material reabsorvível e que

desaparece algumas semanas após o implante em defeitos críticos (Valiense et al.

2012; M. D. Calasans-Maia et al. 2015).Essa importante característica é conferida

pela topografia de superfície do biomaterial para a adesão e proliferação de

osteoblastos (Burg, Porter, and Kellam 2000).

O osso natural é um tipo especializado de tecido que produz matriz óssea

formado por hidroxiapatita carbonatada (cHA), parte constituinte da matriz

mineralizada, sendo formada principalmente muitos íons inorgânicos associados e

outros traços de elementos, compondo assim a microestrutura óssea, dessa forma

os favorece que osteoblastos reconheçam o implante desse material (Adams et al.

2014, Yao et al 2009).

Diversos estudos investigam a similaridade do osso, o tecido natural e a

biocompatibilidade já bem estabelecida, e a liberação cálcio e fosfato no meio, os



íons necessários para a formação óssea quais são associados com a formação de

novos tecidos ósseos (Enkel et al 2008). A topografia é um fator muito importante

para a adesão e proliferação de osteoblastos. Uma vez nanoestruturado como o

osso natural, durante o processo de degradação, ele não deve sofrer mudanças que

comprometam a resposta celular de maneira a reconhecer como corpo estranho

(Burg et al 2000). As células ósseas interagem facilmente com nanomateriais e esta

interação pode ser crucial para o sucesso do implante, ou seja, um material

nanoestruturado pode promover a adesão, proliferação e diferenciação celular (Li et

al. 2009). Aperfeiçoar a geometria e a ultraestrutura do implante é, portanto, uma

forma de fazer com que o material implantado se ajuste perfeitamente ao defeito

ósseo e possa ser infiltrado por células, matriz orgânica e vasos sanguíneos

(Habibovic et al. 2010).

Nesse sentido, as microesferas de carbonatoapatita nanoestruturada

(cHA),que possuem substituição de grupamentos hidroxila por carbonato,

apresentam uma alteração que contribui para conseguir uma estrutura altamente

bioabsorvível para a bioengenharia de tecidos ósseos, permitindo substituição por

osso novo regenerado (Mavropoulos et al. 2012, Calasans-Maia et al. 2015, Valiense

et al. 2016, Carmo et al. 2018).

O desenvolvimento de biomateriais ósseos para imitar as propriedades

estruturais e uma condição porosa do osso natural vem sendo amplamente

investigado. As abordagens para a regeneração óssea estão mudando lentamente à

medida que novos biomateriais e novas estratégias estão sendo desenvolvidas e a

construção de um microambiente celular tornou-se um foco comum de várias

disciplinas. Esse campo pode dar passos gigantescos devido ao entendimento da

importância da convergência com nanotecnologia, ciência de células-tronco e

biologia do desenvolvimento, e talvez outros campos (Gao et al. 2017, Yu et al.

2015). Estudos combinados procuram integrar propriedades biológicas e mecânicas

adequadas para a concepção de biomateriais otimizados, que oferecem um

microambiente propício para promover a diferenciação direcionada de células-tronco

e, em sequência transformação artificial de biomateriais em formas biológicas (Gao

et al. 2017).

A bioengenharia se baseia na tríade célula, arcabouço (biomaterial), e fatores

de crescimento. Esses materiais ainda demandam o acréscimo de moléculas



osteoindutoras, tais como a proteína morfogenética óssea (BMP 2), para uma efetiva

aplicação clínica. Isso representa um significativo aumento no custo do tratamento,

uma vez que necessita de grandes doses para serem efetivas, ainda com o

decréscimo na resposta com o aumento da idade do paciente (Carreira et al. 2014).

Nesse sentido, a regeneração tecidual tem avançado muito nos últimos anos

com o desenvolvimento de agregados autólogos obtidos a partir do sangue, como a

Fibrina Rica em Plaquetas (do inglês, Platelet Rich Fibrin, - PRF) e a Fibrina Rica em

Leucócitos e Plaquetas (L-PRF), provocando considerável interesse nas áreas

médicas e odontológicas. A PRF destaca-se como um biomaterial natural, autólogo,

com alto potencial de compatibilidade e funcionalidade com o corpo humano. Como

concentrado de plaquetário de segunda geração, a PRF passou por avanços

significativos desde o seu início (Choukroun, et al 2006; Miron, et al 2017). A PRF

demonstrou ser potencialmente benéfico em muitas aplicações já antes realizadas

com PRP (do inglês, Platelet Rich Plasma, Plasma rico em plaquetas - PRP), como

tratamentos dermatológicos, implantes ósseos, reconstrução de articulações,

cirurgias plásticas e oftalmológicas (Pietrzak et al 2005, Dohan et al 2006a, Conde

Montero et al 2013).

A PRF descrita por Choukroun e colaboradores, é uma técnica que não utiliza

coagulantes e parte da imediata centrifugação de 10 ml de sangue a 3000 rpm

(aproximadamente 400 g) por 10 min. A ausência de anticoagulante implica a

ativação, em poucos minutos, da maioria das plaquetas da amostra de sangue em

contato com as paredes do tubo, ativa a liberação das cascatas de coagulação da

maioria das plaquetas, formando um coágulo de fibrina no meio do tubo, contendo

plasma acelular no topo e glóbulos vermelhos no fundo (Figura 3) (Dohan et al

2006a).



Figura 3. Preparo da PRF, plasma acelular no início do tubo, coágulo de PRF no meio e células vermelhas
(Lima, et al 2023).

A PRF tem sido investigada há décadas, assim como o uso de fatores de

crescimento autólogo do sangue do próprio paciente (Marx et al. 1998). Ela pertence

a uma nova geração de concentrados de plaquetas (Dohan et al 2006a), com alta

capacidade cicatricial. A polimerização da membrana cria uma estrutura física ideal

para facilitar a cicatrização, promovendo a adesão de células osteoprogenitoras. E a

presença de plaquetas e leucócitos garante a produção e liberação contínua de

diferentes fatores de crescimento (FGF, VEGF, TGF, PDGF), sendo sua utilização

caracterizada como uma técnica com custo benefício vantajoso, pois é obtida de

única centrifugação de sangue humano sem adição de anticoagulantes (Choukroun

et al.2006a, 2006b, Dohan et al. 2006a, 2006b, 2006c). Estas membranas

permanecem significativas após três semanas, com um balanço de citocinas

anti-inflamatórias, pró-inflamatórias e quimiocinas, apresentando equilíbrio

necessário para a estabilidade em sua conformação (Lourenço et al 2018).

As inúmeras possibilidades terapêuticas do PRF podem ser obtidas pelas

modificações em seu protocolo de produção, incluindo a associação com outros

biomateriais. Um exemplo é o PRF enriquecido com albumina desnaturada

(Alb-PRF) um biomaterial derivado do plasma sanguíneo desenvolvido e patenteado

por nosso grupo de pesquisa (ANEXO I), que demonstrou ter interessantes

propriedades biológicas para terapia tecidual. O Alb-PRF é obtido pelo aquecimento

da fase líquida do PRF (fibrina rica em plaquetas) a 95°C por 5 minutos, o que

provoca a desnaturação da albumina e de outras proteínas. A matriz semelhante a



gel resultante contém uma alta concentração de fatores de crescimento, citocinas e

componentes da matriz extracelular que podem estimular a cicatrização e

regeneração tecidual. Alb-PRF pode ser aplicado como membrana, preenchimento

ou suporte para diversas aplicações clínicas, como cicatrização de feridas,

regeneração óssea, aumento de tecidos moles e terapia periodontal. Alb-PRF tem

diversas vantagens sobre o PRF convencional, como maior estabilidade,

biocompatibilidade e bioatividade.

Nesse contexto, surge a hipótese de que a associação de microesferas de

cHA nanoestruturada aos fatores de crescimento presentes no Alb-PRF podem

oferecer uma alternativa de baixo custo para a obtenção dos elementos da tríade da

bioengenharia para tratamentos ósseos. De fato, de acordo com um estudo clínico

prévio (Mourão et al 2018b) com pacientes submetidos a procedimento para

aumento do assoalho do seio maxilar, utilizando microesferas de hidroxiapatita

carbonatada nanoestruturada associadas a um agregado plaquetário (concentrado

de fatores de crescimento, ou CGF), foi possível observar que o procedimento

cirúrgico quando associado ao biomaterial foi otimizado e apresentou rápida

recuperação dos tecidos ósseos.

No entanto, diversas questões relevantes permanecem em aberto, tais como:

(i) quais os efeitos esperados de agregados plaquetários como o PRF sobre

células ósseas e de tecidos mineralizados?

(i) a adição do cHA a membrana de Alb-PRF afetaria suas propriedades

estruturais, bem como a liberação de fatores de crescimento?

(ii) Quais efeitos que esses componentes, em conjunto, terão sobre a

viabilidade, proliferação e capacidade de mineralização de osteoblastos humanos?

A presente tese propôs um estudo in vitro capaz de acessar por meio de

cultivo celular algumas dessas questões, a partir de uma revisão sistemática de

escopo, seguida de uma investigação in vitro, que serão apresentadas em dois

manuscritos independentes.



OBJETIVO GERAL:

Investigar as propriedades e aplicações do Plasma Rico em Fibrina (PRF) na

regeneração óssea e avaliar seu impacto nas respostas celulares, bem como

explorar os efeitos da associação de Alb-PRF com microesferas nanoestruturadas

de hidroxiapatita carbonatada (Alb-ncHA-PRF) na liberação de mediadores

biológicos e no comportamento de osteoblastos humanos.

OBJETIVOS ESPECÍFICOS:

1. Identificar as bases biológicas da aplicabilidade do PRF a partir de

seus efeitos em eventos como proliferação, diferenciação e

capacidade de mineralização de células ósseas a partir de evidências

fornecidas por estudos controlados in vitro (Manuscrito 1 - Effects of

platelet-rich fibrin in the behavior of mineralizing cells related to bone

tissue regeneration. A scoping review of in vitro evidence).

2. Avaliar a associação de Alb-PRF com microesferas nanoestruturadas

de hidroxiapatita carbonatada (Alb-ncHA-PRF) com relação a

capacidade de liberação de mediadores biológicos (citocinas, fatores

de crescimento) e seu impacto no comportamento de osteoblastos

humanos (Manuscrito 2 - The association of nanostructured

carbonated hydroxyapatite with denatured albumin and platetet-rich

fibrin: impacts on growth factor release and osteoblast behavior).



MANUSCRITO I

Effects of platelet-rich fibrin in the behavior of mineralizing cells related to bone tissue
regeneration. A scoping review of in vitro evidence



1. INTRODUCTION

In recent years, there has been significant advancement in bone tissue

engineering, where damaged or diseased bones are repaired using materials that

closely replicate the properties of natural bone while being safe for the body. A wide

range of both synthetic and natural biomaterials have been extensively studied, each

with its unique strengths and limitations. Being aware of the differences between

these materials is vital for harnessing their respective benefits and pushing the

boundaries of this field (DIMITRIOU et al, 2011; Miron et al, 2017 and Choukroun et

al,2006).

Various artificially crafted (alloplastic) materials can be customized to meet

spe-cific medical requirements nowadays. These synthetic biomaterials made from

metals, ceramics, and polymers can be manufactured reproducibly on a large scale,

with tuna-ble physical and chemical properties. Nevertheless, these materials usually

lack the in-tricate structure and biological components found in natural materials of

biological origin, such as xenografts, allografts, and autografts (DIMITRIOU et al,

2011; MIRON et al, 2017 and CHOUKROUN et al, 2006).

As a result, these materials of natural origin often have some advantages over

synthetic biomaterials, such as in-creased biocompatibility, biodegradability, and

biological activity.

In this context, the development of autologous blood-derived aggregates, such

as Platelet-Rich Fibrin (PRF) or leukocyte- and platelet-rich fibrin (L-PRF), has

garnered significant interest in the medical and dental fields for its importance in

tissue regeneration (MIRON et al, 2017). PRF stands out as a promising choice for

natural biomaterial due to its re-markable compatibility with the human body. As a

second-generation blood concentrate, PRF has undergone significant advancements

since its inception. It has built up-on the foundations of platelet-rich plasma (PRP)

from the late 1990s and boasts enhanced attributes that make it valuable in

numerous surgical procedures (CHOUKROUN et al, 2006; DOHAN, et al, 2006c;

DOHAN, et al, 2006a; WONG, et al, 2021). Its concentration of essential cytokines

and growth factors facilitates cell growth, migration, proliferation, and differentiation,

allowing for smooth integration with native tissues (DIMITRIOU et al, 2011; MIRON et

al, 2017 and CHOUKROUN et al, 2006).



Produced through the straightforward centrifugation of a patient's blood without

the need for anticoagulants or activating agents, PRF manifests as a dense fibrin

ma-trix rich in leukocytes, platelets, and a myriad of proteins pivotal for wound

healing. This autologous biomaterial has been hailed for fostering angiogenesis,

promoting cell specialization and differentiation, and serving as a supportive scaffold

for bone cells, thereby expediting the bone healing and formation process

(CHOUKROUN et al, 2006). Furthermore, the polymerization of PRF results in a

membrane with a favorable physiological structure, offering a robust framework for

osteoprogenitor cells to adhere to and facilitating the continuous release of vital

growth factors such as Fibroblast Growth Factor (FGF) Vascular Endothelial Growth

Factor (VEGF), Transforming Growth Factor (TGF), and Platelet-Derived Growth

Factor (PDGF) (BORIE et al, 2015; PATEL et al, 2017; SHIVASHANKAR et al, 2013)

(Figure 1). These are important cytokines that regulate various aspects of bone

regeneration. While VEGF stimulates angiogenesis and osteogenesis, PDGF

promotes chemotaxis and proliferation of mesenchymal stem cells and osteoblasts,

FGF enhances osteoblast differentiation and bone matrix formation, and TGF

modulates inflammation and immune response. These cytokines act synergistically to

enhance bone healing and repair, and their delivery to bone defects can improve the

outcome of bone regeneration therapies (CHEN et al, 2016; HAN et al, 2018;

LOURENÇO et al, 2018; ZOU et al, 2021).

Despite the promising attributes of PRF, the scientific community continues to

explore and debate its clinical efficacy compared to other biomaterials or

conventional techniques. Particularly, inquiries concerning its direct positive influence

on mineralizing cells such as osteoblasts have spurred numerous in vitro studies

aimed at unraveling the biological mechanisms and impacts of PRF on mineralized

tissues (BORIE et al, 2015; PATEL et al, 2017; SHIVASHANKAR et al, 2013). This

scoping review aimed to elucidate the understanding of the biological basis of the

applicability of different PRF derivations with potential use in bone therapy, compiling

and comparing their effects on events such as proliferation, differentiation, and

mineralization capacity of bone cells from evidence provided by controlled in vitro

studies.

MATERIALS AND METHODS



Protocol and Registry

This scoping review was conducted based on the Preferred Reporting Items for

Systematic Reviews and Meta-Analysis (PRISMA) Statement and its extension for

Scoping Reviews (PRISMA-ScR) (MCGOWAN et al, 2020). The present research

protocol is registered in the Open Science Framework database

(https://doi.org/10.17605/OSF.IO/M6PE2).

Information sources and search strategy

The search strategy was developed based on a PICOS framework, where the

following aspects were considered: Population: cell lines involved in bone

regeneration; Intervention: exposure to second-generation autologous platelet

aggregates (PRF); Comparison: cells not exposed to PRF; Outcome: positive effect

on parameters related to regeneration (proliferation, differentiation, mineralization);

Setting: in vitro assessments.

The search was conducted up to August 2023 in three different electronic

databases: PubMed, Web of Science, and Scopus. The search key employed on

each database is described in Figure 1. Adaptations were performed to fit the same

terms into the different search engines and in combination with specific database

filters when available. The entries were sent to Mendeley Desktop (Elsevier) software

to eliminate replicas and thus consolidate the list of references for subsequent

analysis.

Chart 1. The search key employed in the three consulted Databases.
DATABASE Search Key

PubMed

(https://pubmed.ncbi.nlm.ni

h.gov/)

(PRF OR “platelet rich fibrin” OR L-PRF OR i-PRF OR “Sticky bone” OR

“concentrated growth factors” OR CGF) AND (Bone OR osteoblast* OR MSC

OR “mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” [mh]

OR “bone cell” OR preosteoblast* OR Skeleton) AND (“in vitro” OR In Vitro

Techniques” [mh] OR “Cell Lineage” [mh] OR “Cells, Cultured” [mh).

Web of Science

(https://www.webofscience.

com/)

((PRF OR “platelet rich fibrin” OR L-PRF OR i-PRF OR “Sticky bone” OR

“concentrated growth factors” OR CGF) AND (Bone OR osteoblast OR MSC

OR “mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” OR

“bone cell” OR preosteoblast OR PDL OR “periodontal ligament OR

mineralization) AND (“in vitro” OR “In Vitro Techniques” OR “Cell Lineage” OR

“Cells, Cultured”)) Refined by DOCTYPE: (ARTICLE)

Scopus
TITLE-ABS-KEY (prf OR “platelet rich fibrin” OR l-prf OR i-prf OR “Sticky

bone” OR “concentrated growth factors” OR cgf) AND TITLE-ABS-KEY (bone



(https://www.scopus.com/se

arch/form.uri?display=basic

)

OR osteoblast OR MSC OR “mesenchymal stem cell” OR “bone marrow” OR

“Bone and bones” OR “bone cell” OR preosteoblast OR pdl OR “periodontal

ligament OR mineralization) AND TITLE-ABS-KEY ((“in vitro” OR “In Vitro

Techniques” OR “Cell Lineage” OR “Cell Culture”) AND (LIMIT TO (

DOCTYPE, “ar”))

Study selection

The eligibility criteria for the studies included the use of cell lines for bone

regeneration, second-generation autologous platelet aggregate (PRF) exposure to

cells, and a positive effect on parameters related to regeneration in vitro. Exclusion

criteria comprised study designs and publication types that used other autologous

materials that did not involve cell exposure or were case reports, exposure limited to

non-mineralizing cells, such as fibroblasts and osteoclasts, articles that did not

represented complete primary sources of evidence (abstracts, reviews, editorial

letters, opinion letters, commentary articles), and in vivo or clinical studies. Subjects

related to other research topics, such as meniscus, cartilage, cancer treatments, drug

studies, and in vitro delivery, were considered "off-topic." There was no restriction on

the publication date or language of publication.

Two reviewers (R.L.B. and E.S.L.) read all the titles and abstracts of the

articles retrieved from the search, after performing a piloting and calibrating on data

collection with a Cohen Kappa of 0,97 concordance. They analyzed and selected

articles according to the eligibility criteria described above, eliminating duplicates.

Any disagreement on study eligibility was resolved through discussion and

consensus, or a third reviewer (G.G.A) made the final decision.

Critical Appraisal

The selected studies were evaluated by 3 reviewers (R.L.B., N.R.S.R, and

G.G.A.), using the ToxRTool (Toxicological Data Reliability Assessment Tool) to

assess the quality and reliability of in vitro data at the methodological level

(SCHNEIDER et al, 2009). This tool includes 18 criteria that describe important

aspects for developing reliable articles regarding the methodology applied and how

the study was conducted. The checklist includes a description of the methodological

aspects of each study, such as substance identification, test system, study design,

and documentation of results. Each criterion corresponds to one point, where the

article receives one point if it meets the criterion and zero points if it does not. Finally,



the scores are summed, generating a final score. Articles with scores less than 11

are considered unreliable, studies with scores between 11 and 14 are considered

reliable with possible restrictions, and studies with scores between 15 and 18 are

considered reliable without restrictions.

Data extraction

For data extraction, scientific and technical information were tabulated and

analyzed using Microsoft Office Excel 2013. The data extracted included the authors

and year of publication, cell type, growth factors detected, the presence of

association/modification/addition with the PRF membranes, conditions of exposure of

cells to PRF (time, volume), biological parameters evaluated, and main findings for

the outcomes. These data were used for a qualitative evaluation and synthesis of

evidence.

RESULTS

From the search key developed according to each database, 1157 articles

were retrieved, and 429 duplicate records were excluded. Thus, 728 articles were

evaluated for eligibility, applying the inclusion and exclusion criteria. Of these, 652

articles were excluded from the review because they did not meet the eligibility

criteria (Figure 1). Therefore, 76 articles were evaluated in detail and used in the

qualitative analysis of this review.



Figure 4. The screening process, selection, and systematic steps according to the

PRISMA Statement

The ToxRTool was employed to assess the inherent quality of the selected

studies of toxicological data as reported in a publication or a test report, with a

reliability categorization performed as shown in Table 1. Among the 76 selected

articles, around half (52%) achieved the maximum score (18 points), while further

48% (36 studies) presented only a few reporting limitations, with scores ranging from

15 to 17, rending a total of 100% of studies classified as reliable without restrictions

(Table 1).

Table 1 - Critical appraisal of the selected studies, performed according to the
ToxRTool (SCHNEIDER et al, 2009).



Publication

Group I:
test
substance
identificati
on (4)

Group II:
test
system
character
ization (3)

Group III:
study
design
descripti
on (6)

Group IV:
study
Results
documen
tation (3)

Group V:
plausibility
of study
design and
data (2)

Total (18)

AL-MAAWI et al, 2021 4 3 6 3 2 18

AL-MAAWI et al, 2022 4 3 6 3 2 18

BAGIO et al, 2021 3 3 6 3 2 17

BANYATWORAKUL et al,

2021
4 3 6 3 2 18

BI et al, 2020 4 3 6 3 2 18

BLATT et al, 2021 4 3 5 3 2 17

CHANG, TSAI & CHANG,

2010
4 2 5 3 2 16

CHEN et al, 2015 4 3 6 3 2 18

CHENG et al, 2022 4 3 5 3 2 17

CHI et al, 2019 4 3 5 3 2 17

CLIPET et al, 2012 4 3 6 3 2 18

DOHAN EHRENFEST et

al, 2010
4 1 5 3 2 15

DOHLE et al, 2018 4 3 6 3 2 18

DOUGLAS et al, 2012 4 1 5 3 2 15

DUAN et al, 2018 4 1 5 3 2 15

EHRENFEST et al, 2009 4 1 5 3 2 15

ESMAEILNEJAD et al,

2022

4 3 6 3 2 18

FERNANDEZ-MEDINA et

al, 2019
4 3 6 3 2 18

GASSLING et al, 2009 4 1 5 3 2 15

GASSLING et al, 2010 4 3 5 3 2 17

GASSLING et al, 2013a 4 3 6 3 2 18

GASSLING et al, 2013b 4 3 5 3 2 17

GIRIJA & KAVITHA, 2020 2 3 5 2 1 13

HE et al, 2009 4 3 5 3 2 17



HONG, CHEN & JIANG,

2018
4 3 6 3 2 18

HUANG et al, 2010 4 3 6 3 2 18

IRASTORZA et al, 2019 4 3 6 3 2 18

ISOBE et al, 2017 4 1 6 3 2 16

JI et al, 2015 4 3 6 3 2 18

KANG et al, 2011 4 3 6 3 2 18

KARDOS et al, 2018 4 2 5 3 2 16

KIM et al, 2017a 4 2 5 3 2 16

KIM et al, 2017b 4 3 5 3 2 17

KOSMIDIS et al, 2023 4 3 6 3 2 18

KOYANAGI et al, 2022 4 3 5 3 2 17

KYYAK et al, 2020 4 3 6 3 2 18

KYYAK et al, 2021 4 3 6 3 2 18

LI et al, 2013 4 2 6 3 2 17

LI et al, 2014 4 3 6 3 2 18

LI et al, 2018a 4 3 6 3 2 18

LI et al, 2018b 4 3 6 3 2 18

LIANG et al, 2021 3 3 6 3 2 17

LIU et al, 2019 4 3 6 3 2 18

LIU et al, 2022 4 3 6 3 2 18

LO MONACO et al, 2020 4 3 6 3 2 18

MARCHETTI et al, 2020 4 3 6 3 2 18

MORADIAN et al, 2017 4 2 5 3 2 16

NGUYEN et al, 2022 4 3 6 3 2 18

NIE et al, 2020 4 3 6 3 2 18

NUGRAHA et al, 2018a 4 2 5 3 2 16

NUGRAHA et al, 2018b 4 2 5 3 2 16

NUGRAHA et al, 2018c 4 2 5 3 2 16

NUGRAHA et al, 2019 4 2 5 3 2 16

RASTEGAR et al, 2021 4 3 6 3 2 18

SHAH et al, 2021 4 2 4 3 2 15

SONG et al,2018 4 3 6 3 2 18

STELLER et al, 2019a 4 3 6 3 2 18

STELLER et al, 2019b 4 3 6 3 2 18

SUI et al, 2023 4 3 6 3 2 18

THANASRISUEBWONG

et al, 2020
4 2 6 3 2 16

VERBOKET et al., 2019 4 2 6 3 2 17

WANG et al,2015 4 3 6 3 2 18

WANG et al, 2018 4 3 6 3 2 18

WANG et al, 2022 4 3 5 3 2 17



Of those, many articles did not specify the amount of medium used for

membrane cultivation/extraction of PRF membranes, the number of replicates, or the

passage of cells used in the experiments. These factors can influence the

interpretation of the biological response, as the time of cultivation and sequential

passages can affect the behavior of cells, changing their morphological, functional,

and molecular characteristics, which may compromise the quality and reliability of the

results obtained with in vitro cultured cells.

Table 2 shows the main data extracted from the selected studies regarding the

effects of different protocols of PRF production on bone-related cells. Various studies

propose ways to obtain and use PRF to optimize its handling characteristics storage

and develop new application possibilities. These include the tube type, time and

speed of centrifugation, mode of application, and even association with other

materials.

More than half (56%) of the studies investigated the classical L-PRF protocol

proposed by Choukrun, which forms a thick clotted yellow, jello-like moldable

scaffold. Advanced PRF (A-PRF) is another type of platelet concentrate produced by

centrifuging blood at a low speed and for a longer time, which results in a fibrin clot

with a rich content of platelets, growth factors, and other bioactive molecules, which

was studied in 9 (12%) of the selected studies. Further 9 studies investigated the

effects of exposure to Injectable PRF (i-PRF), which is usually prepared by

centrifuging blood samples at 1060 rpm for 14 minutes, forming a thinner unclotted

liquid that can be injected into various sites where bone grafts have been placed or

where infections have occurred. Two other studies assessed the biological properties

WANG et al, 2023 4 3 5 3 2 17

WONG et al, 2021a 4 3 6 3 2 18

WONG et al, 2021b 4 3 6 3 2 18

WOO et al, 2016 4 1 5 3 2 15

WU et al, 2012 4 3 5 3 2 16

YU et al, 2016 4 3 6 3 2 18

YU et al, 2023 4 3 6 3 2 18

ZHANG et al, 2019 4 3 6 3 2 18

ZHANG et al, 2023 4 3 6 3 2 18

ZHAO et al, 2013 4 2 5 3 2 16

ZHENG et al, 2015 4 1 5 3 2 15

ZHENG et al, 2020 4 3 6 3 2 18



of H-PRF, which is produced by horizontal centrifugation. Finally, nine studies (12%)

investigated the impact of freezing or lyophilizing L-PRF membranes on the effects of

these materials over mineralizing cells. A few of the selected studies (six) compared

the biological properties of two or more of these protocols, as will be discussed in the

next section of this review.

One of the challenges in studying the effects of PRF on cell behavior is to

choose the appropriate method of exposure. About half (51%) of the selected studies

employed indirect exposure of cells to eluates, while other 42% (32 studies)

cultivated cells in co-culture or directly seeded into the PRF matrices. The difference

of direct or indirect in vitro exposure of cells to PRF eluates or co-culture is that the

former simulates the initial contact of cells with PRF, while the latter mimics the

long-term interaction of cells with PRF. Direct exposure of cells to PRF eluates can

assess the cytotoxicity, inflammation, and differentiation potential of PRF, while

co-culture of cells with PRF can evaluate the proliferation, migration, and

mineralization ability of cells in the presence of PRF.



Table 2. The main biological information of the selected studies

Publication
PRF
protocol

Mineralizing Cell
type

Exposure
time

Exposure
method

Biological
Parameters

Results

AL-MAAWI et al,

2021
A-PRF

Primary Human

Osteoblasts

After 3 and

7 days
Eluate

VEGF; TGF-β1; PDGF,

OPG, IL-8; OPN; ALP

activity.

PRF produced according to the Low-Speed

Centrifugation Concept, associated to a

polymeric scaffold, had a significant effect on

osteogenic markers of osteoblasts.

AL-MAAWI et al,

2022

L-PRF and

H-PRF

Primary human

osteoblasts

(pOBs)

24h Eluate Cell adhesion.

Osteoblasts exposed to PRF produced with

fixed-angle rotors presented higher adhesion

than those exposed to PRF produced with

variable angle.

BAGIO et al,

2021
A-PRF

Human dental pulp

stem cells

5, 12, and

24 hours
Eluate VEGF-A

5% A-PRF extracts increased VEGF-A

expression by hDPSCs.

BANYATWORA

KUL et al, 2021
L-PRF

Canine periodontal

ligament cells

1,3 and 7

days
Eluate

Proliferation; migration;

in vitro mineralization.

PRF derived from Thai buffalo blood promoted

the proliferation, migration and increased

mineral deposition in vitro. of canine periodontal

ligament cells.

BI et al, 2020 L-PRF

Stem cells from the

apical papilla

(SCAP)

1,3 and 5

days

Eluate

Proliferation; migration;

in vitro mineralization;

ERK; pERK; ALP;

DMP-1

PRF improved the proliferation, migration, and

the osteo-/odontogenic differentiation of SCAPs

by activating the ERK pathway.

BLATT et al,

2021

A-PRF and

iPRF

Human

Osteoblasts (HOB)
24hs Co-culture

Cell viability;

proliferation; migration;

ALP; Col-I; BMP2;

Runx-2.

The combination of PRF with bone substitute

materials increased the viability, early proliferation

and migration potential of human osteoblasts via

RUNX2, alkaline phosphatase, collagen, and

BMP2.



CHANG, TSAI &

CHANG, 2010
L-PRF

Human

Osteosarcoma

osteoblast-like cells

(U2OS)

1, 3, and 5

days
Co-culture

Proliferation; p-ERK,

RANKL; OPG

PRF stimulated osteoblast proliferation with

positive regulation of the expression of p-ERK,

and increased the secretion of OPG.

CHEN et al,

2015
L-PRF

Canine dental pulp

stem cells (DPSCs)

7, 14 and

21 days
Co-culture

Proliferation; ALP

activity; ALP; DSPP;

DMP 1; BSP

PRF not only provides a well-organized scaffold

for cell adhesion and migration but also induces

DPSC proliferation and differentiation markers.

CHENG et al,

2022
L-PRF

Rabbit bone

marrow

mesenchymal

stem cells

(BMSCs)

Up to 28

days
Co-culture

Mineralization;

adipogenic

differentiation;

aggrecan, Col-II; Sox9;

b-catenin; P-GSK3b;

CaMKII; PKC.

Co-culture with PRF reversed the activation of

Wnt/Ca2+ signaling in BMSCs under hydrostatic

pressure, with increased expression of

chondrogenic differentiation markers.

CHI et al, 2019
Decellularize

d PRF

Bone marrow stem

cells

every 24 h

for 9 days

Cultured on

PRF

Adhesion; proliferation;

Col I; ALP; OPN; OCN;

Runx-2.

Decellularized PRF combined with

chitosan/gelatin scaffolds accelerate attachment,

proliferation, and osteogenesis-related marker

expression of bone marrow stem cells.

CLIPET et al,

2012
L-PRF

Human

Osteosarcoma

osteoblast-like cells

(Saos-2)

1 and 2

days
Eluate

Cytotoxicity;

proliferation; Cell

Cycle; cbfa1, Col1,

OCN; OPN

Exposure to PRF conditioned medium increased

cell viability, proliferation, and expression of the

late and early markers of osteogenesis.

DOHAN

EHRENFEST et

al, 2010

L-PR

F

Human bone

mesenchymal stem

cells (BMSC)

7,14, 21

and 28

days

Co-

culture

Cytotoxicity;

proliferation; ALP

activity; mineralization;

morphology (SEM)

increased proliferation and differentiation of BMSC

when exposed to Choukroun's PRF.



DOHLE et al,

2018
iPRF

primary osteoblasts

(pOB)

1 and 7

days

Cultured on

PRF
VEGF; ICAM-1; ALP

The expression of E-selectin, ICAM-1, VEGF and

ALP was significantly higher in co-culture of

primary osteoblasts and outgrowth endothelial

cells cultured in PRF in vitro, in addition to

improving the angiogenesis process.

DOUGLAS et al,

2012
L-PRF

Human

Osteosarcoma

osteoblast-like cells

(Saos-2)

3, 5 and 7

days
Co-culture

Cytocompatibility;

migration.

PRF functionalized with ALP and induced to

mineralization was not cytotoxic and promoted

colonization by human osteoblasts.

DUAN et al,

2018
L-PRF

Rat periodontal

ligament stem cells

(PDLSCs)

1, 2, 3, 4,

7 and 14

days

Cultured on

PRF

Proliferation; BSP;

OCN; Runx-2; ALP

activity

PRF enhanced cell proliferation and the

expression of osteogenic markers in rat PDLSCs.

EHRENFEST et

al, 2009
L-PRF

Human

Maxillofacial

osteoblasts

7,14, 21

and 28

days

Co-culture

Proliferation;

mineralization; ALP

activity

PRF stimulates the proliferation of several very

different cell types, and the effects on osteoblastic

differentiation are highly significant.

ESMAEILNEJA

D et al, 2023

A-PRF and

L-PRF

Human

Osteosarcoma

osteoblast-like cells

(MG-63)

24 and

72h
Eluate

Proliferation;

mineralization.

L-PRF increased proliferation, while A-PRF

increased in vitro mineralization of MG-63 cells.

FERNANDEZ-M

EDINA et al,

2019

A-PRF and

I-PRF

Primary Human

Osteoblasts

at 24 and

72 h
Eluate

Proliferation; migration;

mineralization; cytokine

release.

Cell viability and migration assay have

demonstrated a detrimental effect when the

concentration was ≥60. i-PRF demonstrated

superior induction of mineralization. A negative

impact of A-PRF was demonstrated at high

concentrations.



GASSLING et

al, 2009
L-PRF

human osteoblasts

(HOB) and

osteosarcoma

(Saos-2)

10 days Co-culture PDGF; IGF; TGF-Beta
PRF exposure led to increased secretion of

growth factors by osteoblasts.

GASSLING et

al, 2010
L-PRF

Human periosteal

cells

10 min, 1h.

1 day.
Eluate

Cell viability;

proliferation.

PRF appears to be superior to collagen (Bio-Gide)

as a scaffold for human periosteal cell

proliferation.

GASSLING et

al, 2013a

Mg-enhanced

,

enzymatically

mineralized

PRF

Human

Osteosarcoma

osteoblast-like cells

(Saos-2)

1, 3 and 7

days
Co-culture

Cell viability;

proliferation;

morphology

The enzymatic mineralization of PRF did not affect

osteoblast viability and proliferation on the

membrane.

GASSLING et

al, 2013b
L-PRF Human osteoblasts

1, 5, 7 and

36 days
Eluate

Cell viability;

proliferation, ALP

activity.

The PRF membrane supports the proliferation of

human osteoblast cells, in addition to being an

adequate support for the cultivation of human

osteoblasts in vitro.

GIRIJA &

KAVITHA, 2020

PRF

(undefined

protocol)

Dental pulp cells
2h,

overnight
Eluate

IL-6; IL-8; DMP-1,

DSPP, STRO-1;

mineralization.

The addition of bioactive radiopacifiers into PRF

has a synergistic effect on the stimulation of

odontoblastic differentiation of HDPCs, hence

inducing mineralization.

HE et al, 2009 L-PRF
Rat calvaria

osteoblasts

1, 7, 14,

21 and 28

days

Exudates

Proliferation;

mineralization; ALP

activity; cytokine

release.

PRF released autologous growth factors gradually,

and expressed stronger and more durable effects

on proliferation and differentiation of rat

osteoblasts than PRP in vitro.

HONG, CHEN &

JIANG, 2018

freeze-dried

L-PRF

Apical papilla

(SCAPs)

7 and 14

days

Membrane

dissolved in

Proliferation; migration;

morphology;

differentiation (CD45,

Freeze-dried PRF promotes the proliferation,

migration, and differentiation of SCAPs



10 mL

DMEM

CD90, and CD146),

mineralization; ALP;

BSP; DMP-1; DSPP

HUANG et al,

2010
L-PRF

Dental pulp cells

(DPCs)

0, 1, 3, 5

days
Co-culture

Viability; Proliferation;

OPG; ALP Activity

PRF stimulates cell proliferation and differentiation

of DPCs by up-regulating OPG and ALP

expression.

IRASTORZA et

al, 2019
L-PRF Pulp stem cells 4 days Co-culture

Mineralization; ALP

activity; ALP; Col-I;

Osteonectin; Runx-2,

OSX.

Osteoblastic differentiation from human pulp stem

cells was achieved with a combination of

biomimetic rough titanium surfaces (BASTM) with

autologous plasma-derived fibrin-clot membranes.

ISOBE et al,

2017

L-PRF from

stored

(frozen) blood

Human periosteal

cells
3 days Eluate Proliferation.

The quality of PRF clots prepared from stored

whole blood samples is not significantly reduced

and induced similar proliferation of periosteal cells

as fresh PRF.

JI et al, 2015 L-PRF

Periodontal

ligament stem

cells, bone marrow

mesenchymal stem

cells

1, 2, 3, 4,

5, 6 and 7

days

Transwell

insert

Migration; proliferation;

BSP; OCN; OPN;

Col-III.

The association of PRF and TDM (treated dentin

matrix) induced cell differentiation according to

different markers.

KANG et al,

2011
L-PRF

Human alveolar

bone marrow stem

cells (hABMSCs)

0, 0,5, 3,

6, 12hs. 1,

7, 14, 21,

28, and 35

days

Eluate

Proliferation;

mineralization;

migration; MMP9

activity

PRF increased proliferation, aggregation,

activation of MMP9 and mineralization by

decreasing migration of the hABMSCs.

KARDOS et al,

2018

Fresh, frozen,

and

Mesenchymal

Stem Cells

1, 7, and

14 days
Co-culture

Viability; proliferation;

adhesion.

Preserved PRF membranes presented the same

biological properties as fresh samples.



freeze-dried

L-PRF

KIM et al, 2017a L-PRF
Human Primary

Osteoblasts

1, 2, 3, 7

days
co-culture

Proliferation; ALP

activity.

PRF presented significantly higher data on DNA

quantification, synthesis and proliferation,

differentiation, and bone generation of

osteoblasts, PDGFs and TGF-b.

KIM et al, 2017b L-PRF
Human dental pulp

cells (HDPCs)

1, 2, 3

days
Eluate

Viability; IL-1b; IL-6,

and IL-8; VCAM-1,

DSP; DMP-1; ALP

Activity; Mineralization.

PRF presents odontogenic capacity in inflamed

HDPCs.

KOYANAGI et

al, 2022

Arterial

blood-derived

PRF

(Ar-PRF),

venous

blood-derived

PRF

(Ve-PRF).

primary rabbit

osteoblasts

At 1, 3,

and 5 days
Eluate

Viability; Col-1; OCN;

mineralization.

Exposed osteoblasts presented greater

differentiation potential, including higher

osteocalcin expression and mineralization with no

difference between Ar and Ve-PRF.

KOSMIDIS et al,

2023

A-PRF, i-PRF,

L-PRF

Human

Osteosarcoma

osteoblast-like cells

(U2OS)

Up to 28

days
Eluate

Mineralization; ALP

activity; ALP; OCN;

ON; ICAM-1; Runx2;

Col 1a

The three PRF preparations increased the

osteogenic potential of U2OS cells. A-PRF

presented the highest effect on mineralization, and

i-PRF the highest potential for early cell

differentiation.

KYYAK et al,

2020
i-PRF

Human

Osteoblasts (HOB)

3, 7 and

10 days
Eluate

Viability; migration;

proliferation; ALP;

BMP-2; OCN.

i-PRF in combination with allogenic biomaterials

enhances human osteoblasts activity when

compared to xenogenic bone substitute material +

i-PRF.



KYYAK et al,

2021
i-PRF

Human

Osteoblasts (HOB)

3, 7, and

10 day
Eluate

Viability; migration;

proliferation; ALP;

BMP-2; OCN

The combination of four bovine bone substitute

materials with i-PRF improved all cellular

parameters, ALP and BMP-2 expression at earlier

stages as well as osteonectin expression at later

stages.

LI et al, 2013 L-PRF

Dental follicle (DF),

alveolar bone (AB),

periodontal

ligament (PDL)

7, 14 and

21 days
Co-culture

Proliferation; migration;

mineralization; ALP;

MGP; Runx-2.

PRF induced an increase in the early osteoblast

transcription factor RUNX2 and a reduction of the

mineralization inhibitor MGP.

LI et al, 2014
lyophilized

PRF

Rat alveolar bone

cells

7, 14, and

21 days
Co-culture

Mineralization;

proliferation; ALP;

Runx-2.

Lyophilized PRF caused greater proliferation and

elevation in the Runx2 expression in alveolar bone

cells, compared to fresh PRF, and a more than

10-fold rise of ALP and in vitro mineralization.

LI et al, 2018a L-PRF

Human periodontal

ligament stem cells

(hPDLCs)

21 days Exudates

Adhesion; Proliferation;

mineralization; ALP

activity; ALP; OCN;

OSX; Runx2.

PRF exudate enhances hPDLC adhesion,

proliferation and induces the differentiation of

hPDLC into mineralized tissue formation cells.

LI et al, 2018b L-PRF

Human

periodontal

ligament cells

(PDLSCs)

1, 2, 3, 7

and 14

days

Co-culture

Proliferation; Runx-2;

MAPK; ERK1/2;

pERK1/2; JNK1/2/3;

pJNK1/2/3; P38; OSX;

OCN; ALP activity.

PRF and IGF-1 can promote the osteogenic

differentiation of PDLSCs and enhance their

osteogenic mineralization through the regulation of

the MAPK pathway.

LIU et al, 2022

Lyophilized

L-PRF,

crosslinked

with genipin

Pulp stem cells

from human

exfoliated

deciduous teeth

(SHEDs)

Up to 14

days
Eluate

Proliferation;

mineralization; Runx2;

Col 1; OCN.

Genipin crosslinked L-PRF induced cell

proliferation and enhanced the expression of key

genes in osteogenesis.



LIANG et al,

2021
A-PRFe

Adipose-derived

stem cells (ASCs)
7 days Eluate

Proliferation;

mineralization;

adipogenesis; ALP,

OPN; OCN; Runx-2.

A-PRF stimulated ASC proliferation, adipogenic

and osteogenic differentiation on a

dose-dependent manner.

LIU et al, 2019
Fresh/lyophili

zed PRF

Bone

mesenchymal stem

cells (BMSCs)

1-7 days Eluate
Proliferation;

mineralization.

fresh/lyophilized PRF (1:1) increased BMSC

proliferation and in vitro mineralization.

LO MONACO et

al, 2020
L-PRF

Dental pulp stem

cells (DPSCs)

24, 48 e

72hs
Eluate

Chondrogenic

differentiation; TIMP-1;

proliferation.

L-PRF induced differential chondrogenesis

on.DPSCs.

MARCHETTI et

al, 2020
L-PRF

Periodontal

ligament fibroblasts

24 h, 72 h

and 7

days,

Eluate
Proliferation; viability;

morphology.

L-PRF stimulated the onset of the growth of the

periodontal ligament fibroblasts.

MORADIAN et

al, 2017
L-PRF

Bone marrow

mesenchymal stem

cells (BMMSCs)

1, 5, 7, 9,

and 12

days

Cultured on

PRF
Proliferation; adhesion.

PRF significantly induced BMMSCs proliferation.

Scanning electron microscopy showed that

BMMSCs tightly adhered to thefibrin scaffold after

seeding.

NGUYEN et al,

2022
A-PRF

Human Periodontal

ligament stem cells

(hPDLSCs)

at 1 h, 6 h,

24 h, 3

days, 5

days, and

7 days

Exudates Proliferation; migration.

A-PRF in combination with xenogenic bone

induced hPDLSC migration or proliferation,

depending on the exudate concentration.

NIE et al, 2020
lyophilized

L-PRF

MC3T3-E1 murine

preosteoblasts

1, 3, and 5

days
Eluate

Proliferation;

mineralization; OCN;

OPN.

Eluates from lyophilized PRF added as a

component for electrospinning preparation

enhanced the proliferation, mineralization and

expression of OCN and OPN of MEC3T3-E1 cells.

NUGRAHA et al,

2018a
L-PRF

Rat Gingival

Mesenchymal

7, 14, and

21 days

Cultured on

PRF
ALP; OC.

PRF induced increased ALP and OCN expression

on GMSCs.



Stem Cells

(GMSCs)

NUGRAHA et al,

2018b
L-PRF

Rat Gingival

somatic cells

(GSCs)

7, 14 and

21 days

Cultured on

PRF
BSP-1.

PRF increases and stimulates GSCs BSP-1

expression.

NUGRAHA et al,

2018c
L-PRF

Rat Gingival

stromal progenitor

cells (GSPCs)

7, 14 and

21 days

Cultured on

PRF
Cbfa-1; sox9.

GSPCs cultured in PRF possessed potential

osteogenic differentiation ability as predicted by

the cbfa-1/sox9 expression ratio.

NUGRAHA et al,

2019
L-PRF

Rat Gingival

Mesenchymal

Stem Cells

(GMSCs)

7, 14 and

21 days

Cultured on

PRF
Aggrecan.

Platelets Rich Fibrin increases aggrecan

expression of GMSCs during osteogenic

differentiation.

RASTEGAR et

al, 2021
L-PRF

Human

Osteosarcoma

osteoblast-like cells

(MG-63)

3 days Co-culture
ALP activity;

mineralization.

PRF loaded into PCL/chitosan core-shell fibers

promoted in vitro mineralization and increased

ALP activity.

SHAH et al,

2021
i-PRF

Human

Osteosarcoma

osteoblast-like cells

(MG-63)

1, 7, 14,

and 21

days

Co-culture
Proliferation; ALP

activity; mineralization.

Coating of titanium discs with i-PRF causes

increased proliferation, alkaline phosphatase

production, and mineralization at day 1, 7, 14, and

21.

SONG et al,

2018
L-PRF

Rabbit Bone

marrow-derived

mesenchymal stem

cells (BMSCs)

7 days Eluate

Adhesion; proliferation;

ALP; Col-1; OPN;

Runx-2

Printed scaffolds of BCP/PVA associated to PRF

promoted the adhesion, proliferation, and

differentiation of BMSCs.



STELLER et al,

2019a
L-PRF

Human osteoblasts

(HOB)
72h Eluate

Proliferation; migration;

viability.

The use of PRF improves the behavior of

osteoblasts treated with zoledronic acid.

STELLER et al,

2019b
PRF

Human Primary

Osteoblasts
24s Eluate

Adhesion; viability;

morphology.

Zoledronic acid decreased osteoblast adhesion on

implant surfaces. PRF increased primary adhesion

of zoledronic acid-treated osteoblasts on implant

surfaces in vitro.

SUI et al, 2023

3D printed

L-PRF

composite

scaffolds

MC3T3-E1 murine

preosteoblasts
1 to 3 days

Cultured on

PRF

composite

scaffold

Proliferation.

The proliferation of preosteoblasts into the

scaffolds increased with the release of GFs,

indicating that L-PRF remains bioactive after 3D

printing.

THANASRISUE

BWONG et al,

2020

Subfractioned

(red and

yellow) i-PRF

Periodontal

ligament stem cells

0, 3, and 5

days
Eluate

Proliferation; Migration;

Mineralization; ALP

activity.

The factors released from the red i-PRF had a

greater effect on cell proliferation and cell

migration, while yellow i-PRF stimulated earlier

osteogenic differentiation of periodontal ligament

stem cells.

VERBOKET et

al, 2019

High (208g)

and Low

(60g) RCF

PRF

Bone marrow

mononuclear cells

(BMCs)

2, 7, 14

days
Eluate

Viability; Apoptosis;

VEGFA; ICAM3;

MMP2; MMP7; MMP9;

TGF-β1; BCL2; BAX;

ALP; COL-1; FGF2;

SPP1.

PRF produced with low RCF significantly

increased mediator contents and stimulatory

effects on BMC with regard to gene expression of

MMPs and metabolic activity/viability.

WANG et al,

2015
L-PRF

Rabbit

Mesenchymal stem

cells (MSCs)

1, 2, 3, 4,

5, 6, 7, 8,

14 days

Eluate

Proliferation; ALP;

BMP2; OCN; OPN;

Col-1.

PRF significantly stimulated MSC proliferation and

osteogenesis in vitro.

WANG et al,

2018
i-PRF

Human Primary

Osteoblasts

1, 3, 5, 7,

14 days
Co-culture

Proliferation; migration;

adhesion;

mineralization; ALP

i-PRF was able to influence osteoblast behavior,

including migration, proliferation, and

differentiation, at higher levels than PRP.



activity; ALP; Col-1;

OC.

WANG et al,

2022
i-PRF

Human bone

marrow stem cell

(hBMSCs)

1 to 7 days Eluate

Proliferation; survival;

migration;

mineralization; Col 1;

OCN; OPN; Runx2;

ERK 1/2; p-ERK.

i-PRF improved proliferation and migration of

hBMSCs, with increased expression of osteogenic

markers, mineralization, and activation of the ERK

pathway.

WANG et al,

2022b
L-PRF

Rabbit

mesenchymal stem

cells from the

Schneiderian

membrane

(SM-MSCs)

1 to 14

days
Eluate

Proliferation; migration;

mineralization; ALP

activity; ALP; Col 1;

Runx2; ERK 1/2;

p-ERK.

PRF stimulated proliferation, migration and

osteogenic differentiation of SM-MSCs, with

up-regulation of the ERK 1/2 signaling pathway.

WONG et al,

2021a

Large-pore

PRF (LPPRF)

MC3T3-E1

preosteoblasts
6 days Eluate

Proliferation; migration;

mineralization.

large-pore LPPRF combined with a Mg

ring increased preoteoblast proliferation, migration

and in vitro calcium deposition.

WONG et al,

2021b
L-PRF

Rabbit primary

osteoblasts

3 and 6

days
Eluate

Viability; ALP activity;

Col-1; OPN; ALP.

L-PRF positively affected primary osteoblast

behavior, and induced bone formation when

associated to TCP.

WOO et al, 2016 L-PRF
Human dental pulp

cells (HDPCs)

12hs. 1, 2

and 7 days
Eluate

Viability; ALP activity;

DSP; DMP1; BMP 2/4;

pSmad1/5/8

A combination of MTA and PRF synergistically

stimulated odontoblastic differentiation of HDPCs

by the modulation of the BMP/Smad pathway.

WU et al, 2012 L-PRF

Human

Osteosarcoma

osteoblast-like cells

(U2OS)

2hs. 1, 3

and 5 days
Co-culture

Adhesion; proliferation

p-Akt; HSP47; LOX.

PRF increased cell attachment and proliferation by

the Akt pathway, and matrix synthesis via HSP47

and LOX accumulation.



YU et al, 2016 L-PRF

Canine deciduous

and permanent

dental pulp cells

(DPCs)

1, 4, 7,

and 11

days

Co-culture

Cytotoxicity;

proliferation; ALP

activity; mineralization;

Col-1; OCN; OPN;

Runx2, ALP

PRF stimulated the proliferation and differentiation

of both deciduous and permanent DPCs, with

deciduous pulp cells more responsive to the

effects of PRF.

YU et al, 2023 H-PRF
Human osteoblasts

(hFOBs)
3 days

Transwell

insert
Migration

Culture medium from H-PRF bone blocks

markedly promoted the migration of osteoblasts.

ZHANG et al,

2019
L-PRF

dental pulp stem

cells (DPSCs)

1, 3, 5 and

7 days
Eluate

Migration; morphology;

ALP activity;

mineralization (SEM);

OPN; Col-1; ALP.

Multifunctional triple-layered scaffolds combined

with PRF significantly increased ALP activity and

expression of differentiation markers on DPSCs.

ZHANG et al,

2023
i-PRF

Human dental pulp

stem cells

(hDPSCs)

Up to 21

days
Eluate

Proliferation;

Mineralization; ALP

activity; Runx2; DSPP;

DMP1; BSP; Notch 1;

Jagged 1; Hes 1.

I-PRF induce a dose dependent increase on

proliferation of hDPSCs, and expression of

osteo-/odontoblastic differentiation markers, as

well as key proteins in the Notch signaling.

ZHAO et al,

2013
L-PRF

Periodontal

ligament stem cells

(PDLSCs)

7, 14, 21

days
Co-culture

Proliferation;

mineralization (SEM);

ALP activity; BSP;

OCN; Col-I; and CP23

PRF induced proliferation in PDLSCs, while

suppressing osteoblastic differentiation of

PDLSCs by decreasing ALP activity and the gene

expression of BSP and OCN while up-regulating

the mRNA expression levels of Col-I and CP23

during the testing period. T.

ZHENG et al,

2015

Lyophilized

PRF

Human

Osteosarcoma

osteoblast-like cells

(MG63)

1, 3 and 5

days
Co-culture

Viability; adhesion;

proliferation.

A combination of hydrogel and a nanostructured

scaffold loaded with PRF improved the adhesion

and proliferation of MG63 cells when compared to

controls.



ZHENG et al,

2020
i-PRF

Human periodontal

ligament cells

(hPDLCs)

1, 3 and 5

days
Eluate

Migration; proliferation;

ALP activity;

mineralization; Runx2;

Col-1; OCN; IL-1β,

TNF-α and p65 (in the

presence of LPS)

Liquid PRF promoted hPDLÇ proliferation and

differentiation, and attenuated the inflammatory

state induced by LPS.

The name of a protein indicates the assessment of its expression. L-PRF: Fibrin Rich in Platelets and Leukocytes produced by

Choukrun´s protocol; i-PRF: liquid, injectable PRF; A-PRF: advanced PRF, produced with intermediary centrifugation forces; H-PRF:

produced through horizontal centrifugation. RCF: Relative centrifugal force; ALP: Alkaline Phosphatase; OPN: Osteopontin; OPG:

Osteoprotegerin; DMP-1: Dentin matrix protein 1; DSPP: Dentin Sialophosphoprotein; DSP: Dentin Sialoprotein; SPP:

Sialophosphoprotein; BSP: Bone Sialoprotein; OCN: Osteocalcin; Col-1: Collagen type I; OSX: Osterix; MMP: Matrix

Metalloproteinase; VCAM-1: Vascular cell adhesion molecule 1; BMP-2: Bone Morphogenetic Protein 2; MGP: Matrix Gla protein; LOX:

Lysyl oxidase; LPS: Lipopolysaccharide; P-GSK3b: phosphorylated glycogen synthase kinase-3-beta.



Regarding the cell types employed in the studies, several different models

were identified, from diverse mineralizing tissues of both human and animal origin.

More than half of the studies (n=44, 58%) employed human cells, while the other

half investigated cells from animal sources (42%), including cells from rabbits,

canine and murine models. None of the selected studies performed a comparison

between human or animal cells, in order to provide direct evidence of different

responses to PRF between these origins. All studies that performed assessments

of cell viability and proliferation after exposure of either human or animal cells to

PRF presented similar descriptive results, even though with incomparable size

effects, as the methodological settings were very heterogeneous (data not shown).

Furthermore, very similar regulatory pathways are reported as activated by

exposure to PRF, including the Cbfa-1/runx2, MAPK and Wnt signaling pathways,

regardless of the human or animal origin of cells, as will be further described and

discussed in the next section of this review. Nevertheless, it is important to notice

that data resulting from human cells are usually considered more relevant and

representative of human physiology and pathology than animal cells, which may

have different molecular and cellular mechanisms, responses, and interactions.

Furthermore, their obtention may reduce ethical and practical issues associated

with the use of animals for research, such as animal welfare, availability, cost, and

regulatory approval.

Several of the selected studies utilized primary cells, such as osteoblasts,

dental pulp stem cells (hDPSCs), periodontal ligament cells (cPDLs), and bone

marrow stem cells (BMSCs) (Table 2). Primary cells are isolated directly from living

tissues or organs and offer several advantages over immortalized cell lines. They

retain the physiological functions of their tissue of origin, such as gene expression,

metabolism, and responsiveness to stimuli. They provide a more realistic model

system, making them more suitable for studying complex biological processes.

However, immortalized cell lines, which have been modified to proliferate

indefinitely in culture, offer some benefits over primary cells. They are more

homogeneous and consistent, easier to maintain and manipulate, and more

readily available and cost-effective. Some of the selected studies utilized

immortalized cell lines, including the well-established preosteoblasts from rat

calvaria MC3T3-E1 and the human osteosarcoma cell lines SaOS2, MG-63, and

U2OS (Table 2).



The majority of the selected articles investigated cells in monoculture. A

single exception is the study by DOHLE et al, 2018, which employed a co-culture

of outgrowth endothelial cells (OECs) and primary osteoblasts (pOBs), exposed

together to injectable PRF. The authors presented evidence that i-PRF may have a

positive effect on wound healing processes and angiogenic activation of

endothelial cells, as the expression of E-selectin, ICAM-1, VEGF, and ALP were

significantly higher in the exposed cells. OECs are a subpopulation of endothelial

progenitor cells (EPCs) that have high proliferative and angiogenic potential, which

have been already shown to interact with osteoblasts in a positive manner,

enhancing osteogenic differentiation and increased mineralization. Additionally,

osteoblasts secrete IL-8 which enhances their migration, survival, and expression

of angiogenic factors and matrix metalloproteinases (FUCHS et al, 2010). In this

context, identifying that PRF may enhance these interactions may provide an

interesting tool for bone tissue engineering.

Five studies investigated more than one cell type with the same

methodology, even though not in co-culture, providing data that allow to identify

some cell type-specific differences on the response to PRF preparations. The

study by DOHAN EHRENFEST et al, 2010 was one of the first identified assessing

different responses to L-PRF, by exposing gingival fibroblasts, dermal

prekeratinocytes, preadipocytes, and maxillofacial osteoblasts. The results

showed that PRF continually stimulates proliferation in all studied cell types, but

this stimulation was stronger and dose-dependent in osteoblasts, while it was

observed only at day 14 with fibroblasts. Adipocytes and prekeratinocytes also

differed by presenting increased metabolic activity (as detected by mitochondrial

activity), probably related to different regulations of metabolism in these cells.

CLIPET et al, 2012 also compared human osteoblasts (SaOS2), fibroblasts

(MRC5), and epithelial (KB) cell lines. Similar to the findings of Dohan et al., while

PRF increased the proliferation of all cell types, the effects were more evident in

osteoblasts at shorter experimental times. GASSLING et al, 2009, also compared

the exposure of human osteoblasts, human fibroblasts, as well as human

osteoblast-derived osteosarcoma cells (Saos-2) to PRF, assessing its effects not

on proliferation but on the induction of the release of growth factors by these cells.

While growth factors could be detected in all of the samples, fibroblasts secreted

lower levels of PDGF-AB, PDGF-BB, IGF-I, and TGF-ß1 than osteoblasts,



especially those derived from osteossarcoma, suggesting increased paracrine

activation by PRF in transformed cells. A similar pattern was also observed in the

study by KARDOS et al, 2018, where mesenchymal stem cells presented higher

rates of proliferation when exposed to fresh or lyophilized PRF samples, as

compared to gingival fibroblasts. However, a recent study by AL-MAAWI et al,

2022, comparing different centrifugation protocols for PRF production, including

L-PRF and H-PRF, reported relatively higher effects on the viability, proliferation,

and adhesion of primary human dermal fibroblasts, when compared to

osteoblasts. The very different methodologies employed impair the comparisons of

these studies, but it is possible that the size of the effects of PRF on fibroblasts

may be rather influenced by their tissue of origin, as fibroblasts from different

anatomical sites may have distinct phenotypic and functional characteristics.

In the selected studies, different biological markers were observed that point

to the molecular effects of PRF in cell differentiation and mineralization events

(Table 1), depending on the cell type, including expression and secretion of

alkaline phosphatase, sialoproteins and sialophosphoproteins, type 1 collagen,

osteocalcin, ostepontin, bone morphogenetic protein-2 (BMP-2), and the

regulation of the transcription factors Osterix and Runx2, that will be further

discussed below.

Table 3 shows that a considerable proportion of the selected studies (n=19,

25%) investigated the association of PRF with other compounds or materials, in

order to produce bioactive composites for different applications, which is a trend in

the development of advanced, smart materials. These associations, which will be

further discussed, include polymers (polycaprolactone meshes, chitosan/gelatin,

polyvinyl alcohol/sodium alginate composites, PEG/PLGA copolymers), cements

(MTA), calcium phosphates (nHA radiopacifiers, BCP, TCP) and allogenic or

xenogeneic materials, including dentin chips and bovine bone substitutes. The

myriad of methodologies and proposals impair the comparison of the relative

performance of these materials between studies, and only a few of them included

intra-study comparisons. Most of the studies indicated that the associations

contribute to achieve the specific expected outcome, with increased cell response

to the PRF-containing composites, either by increased attachment, proliferation, or

differentiation. As an exception, the study by KYYAK et al, 2020, presented

comparative evidence that the association of i-PRF with a xenogenic bone



substitute material (XBSM) is less bioactive, promoting lower osteoblastic activity

than Allogenic bone substitute material (ABSM) associated to i-PRF. Nevertheless,

further studies by KYYAK et al, 2021 indicated that sintering XBSM samples under

high temperature could increase osteoblast viability and metabolic activity.

Furthermore, NGUYEN et al, 2022 described that XBSM associated to other PRF

type (A-PRF) enhanced human ligament stem cells proliferation and migration,

even without sintering.



Table 3. The main data extracted from the studies with PRF associated to other materials and/or compounds.

References Associated Material Relevance Results

AL-MAAWI et

al, 2021

OsteoporeTM (OP), a

commercially available

PCL mesh

Combination of differently centrifuged PRF matrices

with a polymeric resorbable scaffold to influence its

biological properties on bone regeneration.

The presented results suggest that PRF produced according to

the Low-speed centrifugation concept exhibits autologous blood

cells and growth factors and seems to have a significant effect

on osteogenesis, showing promising results to support bone

regeneration.

CHI et al, 2019 Chitosan/gelatin (C/G) Test whether decellularized PRF (DPRF) maintains

its bioactive effects to improve chitosan/gelatin(C/G)

base scaffolds, which display appropriate

biocompatibility and mechanical properties, but lack

biological activity to promote soft and hard tissue

repair.

C/G/DPRF scaffolds accelerated attachment, proliferation, and

osteogenesis-related marker expression of bone marrow stem

cells. In vivo, C/G/DPRF scaffolds led to enhanced bone healing

and defect closure in a rat calvarial defect model. Thus, it was

concluded that DPRF remains bioactive and the prepared

C/G/DPRF scaffold is a promising material for bone

regeneration.

DOUGLAS et

al, 2012;

GASSLING et

al, 2013

Calcium glycerophosphate

(CaGP), ALP

Induce mineralization of PRF membranes, to achieve

mechanical reinforcement of the gel and stability as a

barrier membrane in guided bone regeneration.

The mineralization was confirmed, and WST test results

showed that cell proliferation was inferior on PRF after addition

of ALP, confirming its properties as a barrier.

GIRIJA AND

KAVITHA,

2020

Bioactive radiopacifiers –

nanohydroxyapatite (nHA)

and dentin chips (DC)

Combine bioactive radiopacifiers –

nanohydroxyapatite (nHA) and dentin chips (DC) to

PRF, aiming to produce a traceable material for

endodontic procedures, while still inducing adequate

biological responses.

The results suggest that the addition of bioactive radiopacifiers

into PRF has a synergistic effect on the stimulation of

odontoblastic differentiation of HDPCs, hence inducing

mineralization.

JI B et al, 2015 Treated dentin matrix

(TDM)

Associate endogenous stem cells, PRF and TDM in

the local microenvironment to contribute with the

regeneration of periodontal tissues around the tooth

root.

The study confirmed the roles of PRF as a bioactive agent with

TDM as inductive scaffold for cells of the tooth socket

microenvironment, involved in endogenous tooth root

regeneration.



KYYAK et al,

2020

Allogenic (ABSM) and

xenogenic bone substitute

material (XBSM)

The comparison of an allogenic and xenogenic bone

substitutes with i-PRF for the production of the more

bioactive composite material for bone treatment.

i-PRF in combination with ABSM enhances HOB activity when

compared to XBSM-i-PRF or untreated BSM in vitro. Therefore,

addition of i-PRF to ABSM and – to a lower extent – to XBSM

may influence osteoblast activity in vivo in an interesting way for

bone therapy.

KYYAK et al,

2021

Cerabone R (CB), Bio-Oss

R (BO), Creos Xenogain R

(CX) and MinerOSS R X

(MO)

Four bovine bone substitute materials (XBSM) were

associated to i-PRF aiming to increase their

osteoinductive properties.

XBSM sintered under high temperature showed increased HOB

viability and metabolic activity through the whole period when

compared to XBSM manufactured at lower temperatures.

Overall, the combination of XBSM with i-PRF improved all

cellular parameters, related to osteogenesis.

NGUYEN et al,

2022

Xenogenic bone substitute

material (XBSM)

Advanced platelet-rich fibrin (A-PRF) and xenogenic

bone substitute material (XBSM) were associated

aiming to increase periodontal tissue regeneration.

The-PRF-XBSM mixture continuously released growth factors

over 7 days and enhanced human ligament stem cells

proliferation and migration.

NIE et al, 2020 Polyvinyl alcohol/sodium

alginate

Addition of lyophilized PRF as a component for

electrospinning preparations to increase the

proliferation and osteogenesis of osteogenic

precursor cells for bioengineering purposes.

The resulting material presented adequate physicochemical

properties, and was able to increase osteogenic markers on

bone cells.

RASTEGAR et

al, 2021

PCL/chitosan Platelet-rich fibrin (PRF)-loaded PCL/chitosan

(PCL/CS-PRF) core-shell nanofibrous scaffold was

made through a coaxial electrospinning method. The

goal was to evaluate the effect of CS-RPF in the core

layer of the nanofibrous on the osteogenic

differentiation of human mesenchymal stem cells

(HMSCs).

The formation of Ca-P on the surface of scaffold immersed in

simulated body fluid solution indicated the suitable

osteoconductivity of PCL/CS-PRF core-shell nanofibrous

scaffold. Due to higher hydrophilicity and porosity of

PCL/CS-PRF core-shell nanofibrous scaffold compared to

PCL/CS scaffold, a better bone cell growth on the surface of

PCL/CS-PRF scaffold was observed.

SONG et al,

2018

Nano - biphasic calcium

phosphate (BCP), polyvinyl

alcohol (PVA)

The low-temperature 3D printing of BCP/ PVA/PRF

scaffolds would preserve the biological activity of

The biological activity of PRF was retained during the 3D

printing process, and the presence of PRF in the biocompatible

microenvironment of the scaffold provided cell binding sites and



PRF and provide an innovative biomaterial for

restoring segmental bone defects.

promoted the adhesion, proliferation, and differentiation of

BMSCs.

STELLER et

al, 2019a;

2019b

Zoledronic acid Investigation of the effects or bone cells treated with

bisphosphonates, as a potential mitigator of

osteonecrosis associated with treatments with these

drugs.

The negative effects of ZA on osteoblast survival and behavior

(proliferation, morphology, adhesion to implant surface) was

especially reduced when using PRF, indicating that the

autologous material may have positive effects in the therapy of

Bisphosphonate-Related Osteonecrosis of the Jaw.

SUI et al, 2023 Chitosan

(CS)–hydroxyapatite (HAP)

scaffolds

Study aiming to identify if 3D printing of a

CS-HAP-PRF would compromise the biological

properties of the platelet aggregate.

Based on the presented experimental results, it is possible to

infer that the 2.5% P-C-H scaffold exhibits a remarkable

biological activity. and, therefore, it is not negatively affected by

3D printing.

WOO et al,

2016

Mineral trioxide aggregate

(MTA)

Combined PRF as a bioactive matrix and MTA as a

root filling material beneficial for the endodontic

management of an open apex.

The combination of MTA and PRF was proven as an

odontogenic inducer in human dental pulp cells (HDPCs) in

vitro.

WONG et al,

2021b

Magnesium Rings The freeze drying enlarges the pores of PRF to

engineer large-pore PRF (LPPRF), a type of PRF

that has expanded pores for cell migration.

Biodegradable Mg rings were used to provide

stability to these pores, and release Mg ions during

degradation, with potential to enhance

osteoconduction and osteoinduction.

The results revealed that cell migration was more extensive

when LPPRF was used rather than PRF. Moreover, the Mg ions

released from the Mg rings significantly enhanced the calcium

deposition by preosteoblasts, evidencing in vitro osteoinduction.

WONG et al,

2021

Tricalcium phosphate

(TCP)

The development of a composite biomaterial

combining the osteoconductive TCP incorporated

with bioactive PRF for bio-synergistic bone

regeneration.

The in vitro results showed that PRF plus TCP had excellent

biosafety and was favorable for increasing osteoblast activity

related to bone repair.



ZHANG et al,

2019

Polycaprolactone, chitosan

and hydroxyapatite

Polycaprolactone/gelatin (PG) nanofiber films by

electrospinning chitosan / poly (γ-glutamic acid) /

hydroxyapatite (CPH) hydrogels were formed by

electrostatic interaction and lyophilization, to exert

osteoconduction; and platelet-rich fibrin (PRF) was

added to promote bone induction through the release

of growth factors.

This study provided evidence that the composite biomaterial

positively affects dental pulp stem cells, with great potential for

endodontics, but also in wider applications such as calvarial

repair and oral alveolar bone regeneration.

ZHENG et al,

2015

Copolymer

poly-polyethylene glycol

(PEG)-PLGA

(PLGA-PEG-PLGA)

A combination PRF with PLGA and

nano-hydroxyapatite (nHA/PLGA) might produce a

scaffold with high porosity, controlled pore size to

better mimic natural bone; and improved osteogenic

ability.

The resulting scaffold provided a good substrate for osteoblast

proliferation, with sustained-release growth factors, producing a

promising therapeutic agent for local applications in bone tissue

engineering.



2. DISCUSSION

Protocols for PRF production and preservation

As indicated in Table 2, apart from the classical Choukrun´s L-PRF, other

production protocols were also identified in the selected studies. These platelet

concentrates differ not only in their preparation methods, but also mechanical

properties, degradation rates and growth factor release profiles, resulting in

possible differences in the response of mineralizing cells after exposure. In this

regard, a few studies compared such differences, with interesting findings that will

be discussed below.

The study by MARCHETTI et al, 2020 compared L-PRF with two other

autologous biomaterials: concentrated Growth Factors (CGF) and autologous

platelet gel (APG). The authors reported stronger stimulation of the proliferation of

human periodontal ligament fibroblasts (HPLF) by CGF, compared to L-PRF, and

correlated these effects with the different secretion profiles of growth factors by

these materials.

VERBOKET et al, 2019 used the Low-Speed Centrifugation Concept,

reducing the centrifugal force in the production of L-PRF to produce a membrane

with a higher concentration of cells and growth factors. The study compared the

protocols of PRF medium-RCF (1300 RPM for 8 minutes) and PRF low-RCF (700

RPM for 3 minutes). Although there was significant heterogeneity between the

protocols to produce platelet aggregates and experimental design, the positive

effects observed on proliferation, differentiation, and mineralization were rather

similar between the protocols.

FERNANDEZ-MEDINA et al, 2019 compared the biological activity of A-PRF

and i-PRF, along with two PRP protocols. After 21 days, i-PRF induced superior

mineralization by human primary osteoblasts, as compared to the other materials,

while A-PRF presented a negative impact at high concentrations, related to

increased cytotoxicity. Despite its low content in growth factors, the author

concluded that i-PRF was the best candidate for bone tissue engineering

applications, probably related to the prolonged release of BMP-2 by this material.

ESMAEILNEJAD et al, 2023 also investigated the effects of A-PRF, this time

compared to classic L-PRF, on the cellular activity of MG-63

osteosarcoma-derived osteoblasts. Their findings indicate that L-PRF induced



higher proliferation than A-PRF, while the latter was only capable of inducing in

vitro mineralization at the employed experimental conditions, suggesting positive

but very different effects of these materials. The study by KOSMIDIS et al, 2023,

on the other hand, investigated the effects of A-PRF, L-PRF, and i-PRF on the

osteogenesis of the human osteoblast-like U2OS cell line. Similar to the findings

by ESMAEILNEJAD et al, 2023, A-PRF induced more mineralization and calcium

production. The i-PRF induced more ALP activity, suggesting it has the potential to

enhance early cell differentiation.

LOURENÇO et al, 2018 suggested using swing-out rotors instead of

fixed-angle centrifugation to produce a product similar to L-PRF. According to

some authors, the process known as H-PRF (platelet-rich fibrin produced through

horizontal centrifugation), allows for a greater number of live cells and growth

factors to be distributed more evenly in the final product. AL-MAAWI et al, 2022

compared the effects of PRF products produced by fixed-angle and horizontal

centrifugation over osteoblast behavior, identifying very similar effects on

proliferation and viability, with increased cell adhesion in the fixed-angle group.

These results indicate that very similar materials may be produced with different

centrifuge types, as long as the g-force is standardized.

The study by LI Q et al, 2014 included physical modifications in the PRF

protocol to increase shelf-life, such as freeze-drying membranes. Their results

indicated that proliferation and migration of periodontal progenitors were increased

with exposure to lyophilized PRF, compared to fresh PRF, probably due to

increased porosity and release of growth factors from the processed membranes.

KARDOS et al, 2018 also analyzed PRF membranes in different presentations

(fresh, frozen, and freeze-dried), compared different centrifugation protocols (1700

RCF in 5 min and 8 min) and the use of modified tubes (single-syringe closed

system - hypACT Inject Auto). Living cells were observed only in fresh PRF

membranes, while freezing induced, as expected, the disruption of leukocytes

embedded in the PRF membrane. However, MSCs were reported as proliferating

even faster over freeze-thawed PRF than over fresh samples, suggesting the

adequacy of such procedure.

LIU et al, 2019 proposed the combination of fresh and lyophilized PRF at

different ratios, tailored for different delivery rates of GFs in tissue healing. Their

findings indicate a significant increase in proliferation and differentiation of BMSCs



exposed to eluates of different combinations, with the best results achieved with

the fresh/lyophilized PRF ratio of 1:1. A subsequent study by the same group (LIU,

X et al, 2022) proposed the use of a natural crosslinker agent, genipin, derived

from gardenia flowers, to increase the stability and controlled release of growth

factors by lyophilized PRF. Genipin-modified lyophilized PRF presented better

biomechanical properties, slower biodegradation, and sustained release of growth

factors, promoting the proliferation of pulp stem cells from human exfoliated

deciduous teeth (SHEDs).

ISOBE et al, 2017 added the anticoagulant formulation acid citrate dextrose

solution-A (ACD-A) in blood samples, with the objective of enabling its storage for

later production of PRF, with its coagulation obtained by the addition of CaCl2
(showing similarities with the protocol of PRP production), without significant

reduction of its bioactivity. This method tends to improve the flexibility of successful

PRF preparations and the quality of membranes prepared from whole blood

samples stored until 2 days.

Association of PRF and other materials/compounds

Several of the selected studies investigated the association of PRF with

other agents, including biomaterials, scaffolds, bioactive compounds, and ions, as

described in Table 3. IRASTORZA et al, 2019 investigated the use of L-PRF as a

biomimetic coat of titanium implant surfaces, aiming for improved osteointegration.

When combined with hDPSCs (human dental pulp stem cells), the material

induced both proliferation and osteogenic differentiation of stem cells. The study

by STELLER et al, 2019 also assessed the use of PRF coating over titanium

implants, this time to reverse the negative effects of a bisphosphonate (zoledronic

acid) over osteoblast attachment to the implant surfaces. Indeed, zoledronic acid

led to a decrease of osteoblast adherence onto the implant surface, but it was

reversed by previous coating with L-PRF, suggesting that PRF may contribute to

bone apposition in dental patients undergoing bisphosphonate treatment.

Furthermore, L-PRF acted directly on the viability, migration, and proliferation of

osteoblasts and fibroblasts treated with zoledronic acid (STELLER et al, 2019).

SONG et al, 2018 explored the effectiveness of 3D-printed Biphasic Calcium

Phosphate/PVA scaffolds combined with PRF using a straightforward

low-temperature method. These scaffolds demonstrated impressive biological



activity and biocompatibility in vitro. When implanted into critical bone defects in a

rabbit's radius, the inclusion of PRF encouraged proper bone regeneration and

repair by providing osteoconductive and osteoinductive stimuli (SONG et al, 2018).

Similarly, SUI et al, 2023 proposed the production of 3D-printed L-PRF scaffolds

composed by chitosan (CS)–hydroxyapatite (HAP) associated to lyophilized PRF.

MC3T3-E1 murine preosteoblasts presented increased proliferation over the

composite scaffold after association with PRF. The proliferation of preosteoblasts

into the scaffolds increased with the release of GFs, indicating that L-PRF remains

bioactive even after 3D printing. ZHANG et al, 2019 fabricated a complex,

multifunctional triple-layered composite scaffolds including

polycaprolactone/gelatin (PG) nanofiber films made by electrospinning,

chitosan/poly (γ-glutamic acid)/hydroxyapatite (CPH) hydrogels, and platelet-rich

fibrin (PRF). The resulting scaffold presented induced the proliferation of both

fibroblasts and bone mesenchymal stem cells (BMSCs), also inducing osteogenic

differentiation of the latter. Other calcium phosphates, such as tricalcium

phosphate (TCP) also presented interesting outcomes after association with PRF,

as reported by WONG et al, 2023, where the composite presented a controlled

release of bioactive factors, with the increase in osteoblast attachment, cell

proliferation, migration, and ECM formation.

Dentin, known for its bone-inducing properties, fuses and is gradually

replaced by bone when grafted into it. This is likely due to its osteoinductive

properties, biocompatibility, and BMP content (NIU et al, 2017). In a study by JI et

al, 2015, after seven days of coculture with PRF and treated dentin matrix, BMSCs

exhibited increased expression of BSP and OPN mRNA, while PDLSCs showed

higher expression of BSP, OPN, and OCN. MAHENDRAN et al, 2019 combined

PRF with dentin chips and nanohydroxyapatite to enhance radiopacity, creating a

biocompatible structure that promoted cell proliferation as a mitogen. GIRIJA &

KAVITHA 2020 compared the combination of PRF with 50 wt% of radiopacifier

nanohydroxyapatite (nHA), or with 50 wt% dentin chips and their effects on

odontoblastic differentiation. While both materials increased the expression of

dentin sialophosphoprotein (DSP) and dentin matrix protein-1 (DMP-1), two

important extracellular matrix proteins involved in the differentiation and

mineralization of human dental pulp cells (HDPCs), exposure to PRF + 50 wt%

nHA induced more mineralization nodules in these cells.



ZHENG et al. 2013 found that when developing a combination of PRF with

a poly-polyethylene glycol (PEG)-PLGA copolymer, the hydrogel was evenly

distributed on the inner surface of the PRF scaffolds. The hydrogel did not impact

the inherently high porosity of the PRF scaffolds. A system containing

nHA/PLGA/Gel/PRF allowed for slow and sustained release of PRF-derived

growth factors, leading to increased adhesion and proliferation of MG63 human

osteoblasts.

HDPCs treated with mineral trioxide aggregate (MTA) and PRF extracts

exhibited significantly increased expression of dentin sialoprotein and dentin

matrix protein-1, along with enhanced ALP activity and mineralization compared to

MTA or PRF treatment alone. The MTA and PRF extracts together activated bone

morphogenic proteins (BMP), while the BMP inhibitor LDN193189 diminished

dentin sialophosphoprotein and dentin matrix protein-1 expression, ALP activity,

and mineralization enhanced by MTA and PRF treatment (WOO et al, 2016).

In the study by BLATT et al, 2021, four different bone substitute materials

(allogeneic, alloplastic, and two of xenogeneic origin) were associated with a

combination of A-PRF and i-PRF. The addition of PRF increased cell proliferation

and migration for all bone substitutes, but only the allogeneic and alloplastic

materials significantly increased RUNX2 expression in human osteoblasts. On the

other hand, bone morphogenic protein was expressed significantly higher when

xenogeneic material was combined with PRF, suggesting that the

biofunctionalization of bone substitutes with PRF might improve their performance,

even for materials of different origins.

Cell-type related effects of PRF

PRF possesses significant proliferative potential due to its fibrin structure,

which contains live leukocytes and activated platelets. This promotes the

continuous release of growth factors such as FGF, PDGF, TGF-beta1, and VEGF.

These factors act through specific signaling pathways, including MAPK and

PI3K/Akt, which modulate gene expression and osteoblast proliferation and

survival (CHEN et al, 2012).

Gingival stromal progenitor cells (GSPCs) are a population of mesenchymal

stem cells derived from the gingival connective tissue that have been shown to

possess multipotent differentiation capacity, including osteogenic, adipogenic, and



chondrogenic lineages. The study by NUGRAHA et al, 2018 investigated the

effects of PRF on the osteogenic differentiation of GSPCs, identifying a role of

Cbfa1/Sox9 expression ratio in this process, as it positively correlated with the

osteogenic markers and mineralization of GSPCs. Later, another study by this

group (NUGRAHA et al, 2019) showed that PRF also increased the expression of

aggrecan, a chondrogenic differentiation marker that has a significant role in the

early stage of osteogenic differentiation of gingival stem cells, which may

contribute to accelerating the bone remodeling, with increased expression of

alkaline phosphatase and osteocalcin (NUGRAHA et al, 2018; NUGRAHA et al,

2018).

Bone marrow stem cells (BMSCs) are multipotent progenitor cells with

regenerative potential for various tissues, including bone (POLYMERI et al, 2016.

In the selected studies, these cells exhibited increased proliferation when

combined with PRF, irrespective of direct or indirect exposure (HAN et al, 2018;

EHRENFEST et al, 2010; DOUGLAS et al, 2012; GASSLING et al, 2013;

KARDOS et al, 2018; LIU et al, 2022). These results not only provide evidence for

the potential clinical success of PRF but also lay the foundation for its further use

in bone tissue engineering. Although BMSCs are widely used in cell therapy, one

of the main challenges is ensuring their efficient migration and homing to target

tissues following systemic or local administration. The proliferative effects of PRF

on BMSCs, combined with its other properties such as biocompatibility,

biodegradability, mechanical strength, porosity, and potential for vascularization

(CANCEILL et al, 2023), could help overcome the limitations of conventional

injection-based delivery of BMSC single-cell suspensions and enhance their

retention and engraftment in injured tissues. The results by CHENG et al, 2022

with the exposure of BMSCs to L-PRF also provided some insights on its effects

when combined to environmental factors, such as exposure to hydrostatic

pressure, a mechanical stimulus that plays an important role in bone formation. In

this sense, the co-culture of BMSCs with L-PRF reversed the activation of

Wnt/Ca2+ signaling in BMSCs under hydrostatic pressure, with increased

expression of chondrogenic differentiation markers, suggesting a modulation of the

differentiation pathways by the released growth factors from PRF.

Human adipose stem cells (hASCs) are a type of mesenchymal stem cells

(MSCs) that can be isolated from adipose tissue and have the potential to



differentiate into various cell types, including osteoblasts. This complex process

involves multiple factors such as growth factors, signaling pathways, transcription

factors, and epigenetic modifications (ZANETTI et al, 2013). hASCs are attractive

for regenerative medicine applications because they are autologous, abundant,

and easily accessible. However, various factors like age, disease, and culture

conditions can influence the proliferation and differentiation capacities of hASCs.

Consequently, enhancing hASC proliferation is crucial for their clinical use. Human

ASCs exhibited increased proliferation when exposed to different concentrations of

PRF eluates (LI et al, 2013). Platelet-derived growth factor (PDGF-BB), one of the

main growth factors secreted by PRF, has been shown to be a potent mitogen for

hASCs (LAI et al, 2018). It induces multiple signaling pathways such as ERK1/2,

PI3K/Akt, and JNK, which regulate various cellular processes, including cell cycle

progression through the expression of cyclins D1 and E. Previous studies have

demonstrated that hASC proliferation may be blocked by inhibitors of PDGF

receptor tyrosine kinase, ERK1/2, Akt, but not by a p38 inhibitor. These results

suggest that the proliferation of hASCs through platelet concentrates like PRF may

be mediated by PDGF-BB-induced activation of ERK1/2, PI3K/Akt, and JNK

signaling pathways.

Apical papilla stem cells (SCAPs) are mesenchymal stem cells found at the

root tip of developing teeth. They play a crucial role in root formation and

dentin-pulp complex regeneration. SCAPs secrete various bioactive factors that

can modulate their microenvironment and influence tissue repair and regeneration

(ZHANG et al, 2019), including some involved in forming bone-like tissue. The

present search revealed that SCAPs exhibited increased proliferation when

exposed to PRF eluates (CHANG et al, 2010; GASSLING et al, 2013). These

findings are promising for developing stem cell-based bone therapies combining

PRF and SCAPs, with the feasibility of transplantation in treating bone defects

already demonstrated in animal models.

Another type of mesenchymal stem cells investigated in association with

PRF are those residing in the periodontal ligament, a connective tissue that

anchors the tooth to the alveolar bone. Periodontal ligament stem cells (PDLSCs)

have demonstrated osteogenic potential, meaning they can differentiate into

osteoblasts and produce bone matrix, playing a vital role in periodontal tissue

regeneration and bone repair (LEI et al, 2022). These cells exhibited proliferation



when co-cultured with PRF (NUGRAHA et al, 2018; WANG et al, 2022) or after

exposure to eluates (RASTEGAR et al, 2021; WANG et al, 2022). These effects

may contribute to the reported success in improving the regenerative potential and

healing of PDL tissues presented by PRF in cases of late dental replantation or

intraosseous defects.

Dental pulp stem cells (DPSCs) are also mesenchymal stem cells present

in the dental pulp tissue of human teeth, which have the potential to differentiate

into osteoblasts, odontoblasts, adipocytes, and neural cells. DPSCs have been

shown to promote wound healing, bone regeneration, nerve regeneration, and

pulp regeneration in animal models and clinical trials. DPSCs offer a promising

source of autologous stem cells that can be used for tissue engineering and cell

therapy of dental and oral diseases. In this sense, several selected studies

assessed the exposure or association of DPSCs with PRF. HUANG et al, 2010

showed that L-PRF increases the proliferation and differentiation of human DPSCs

(GASSLING et al, 2013). The study by BAGIO et al, 2021 evidenced that A-PRF

induces an increase in the expression of VEGF-A by these cells, an important

factor in the angiogenesis process in dental pulp regeneration. More recently,

ZHANG et al, 2023 have shown that i-PRF eluates induce a dose-dependent

increase in the proliferation of hDPSCs, and expression of osteo-/odontoblastic

differentiation markers, as well as key proteins in the Notch signaling. This is a key

pathway that regulates the fate and function of DPSCs, modulating the balance

between self-renewal and differentiation, along with their angiogenic properties for

tissue regeneration and repair. LO MONACO et al, 2020 exploited these effects by

proposing the association of DPSCs with L-PRF for the treatment of osteoarthritis,

as these cells can undergo chondrogenic differentiation and secrete growth factors

associated with tissue repair. Indeed, the association with PRF promoted in vitro

chondrogenesis and stimulated the survival of articular chondrocytes.

Osteoblasts are bone-forming cells that secrete extracellular matrix proteins

supporting bone tissue formation and mineralization. These cells are derived from

various progenitor populations, such as mesenchymal stromal/stem cells (MSCs),

with their differentiation influenced by molecular mechanisms including signaling

pathways, transcription factors, and epigenetic events[11]. Osteoblasts produce

and respond to the main growth factors stimulating bone formation, typically

released by PRF and its derivatives. The present search found evidence that



primary human osteoblasts and murine MC3T3-E1 preosteoblasts exhibit strong

proliferative responses to PRF (HAN, et al, 2018; BLATT et al, 2021;

ESMAEILNEJAD et al, 2023; GASSLING et al, 2009; IRASTORZA et al, 2019; JI

et al, 2015; KIM et al, 2017; KIM et al, 2017; THANASRISUEBWONG et al, 2020;

WANG et al, 2022). However, it is important to note that human osteosarcoma cell

lines SaOS, MG63, and U2OS also showed consistent proliferative behavior after

exposure to PRF (AL-MAAWI et al, 2021; CHANG et al, 2010; CLIPET et al, 2012;

DOHLE et al, 2018; LI et al, 2014; LIU et al, 2022; LO MONACO et al, 2020;

SONG et al, 2018; VERBOKET et al, 2019; WOO et al, 2016). This finding

warrants further assessment and should be considered by clinicians for its

potential risk of stimulating cancer cell growth and dissemination by creating a

favorable niche for tumor development.

Due to the good cell response to PRF, some authors proposed the use of this

material as a scaffold for bone cell therapy. It includes the proposal by GASSLING

et al, 2009 and GASSLING et al, 2013 the use of PRF for periosteal tissue

engineering, reporting an increased proliferation of periosteal cells (GASSLING et

al, 2009) and human osteoblasts (GASSLING et al, 2013) over PRF, as compared

to collagen scaffolds (Bio-Gides). As expected, PRF also promoted increased

expression of osteogenic markers in osteoblasts, as compared to commercial

collagen scaffolds.

In summary, the in vitro evidence from the selected studies highlights a

robust effect on the proliferation of different cell types as an essential aspect of the

clinical potential of PRF in treating bone and other mineralized tissues.

Molecular effects of PRF on differentiation and mineralization

Bone regeneration is a complex process involving the interaction of cells,

growth factors, and extracellular matrix. Clinical studies have described PRF as

effective in oral and maxillofacial bone regeneration, increasing the amount of

bone formation following procedures such as sinus floor elevation (CHO et al,

2020). The molecular effects of PRF on the differentiation and mineralization of

bone cells may involve various intracellular signaling pathways, as evidenced by

the selected studies in this review and summarized in Figure 3.



Figure 5. Main biological events involved in the response of mineralizing cells to PRF, according to the literature evidence.

Several growth factors and important mediators are released in the medium by PRF (1), many of which are able to activate

mitogen-induced signaling pathways (2), known to modulate the expression of transcription factors, such as RunX2 and

Osterix, directly involved on bone cell differentiation (3). These transcription factors are responsible for the altered

expression and secretion of different proteins responsible for the formation of the mineralized matrix and the control of

osteoclastogenesis (4). Furthermore, the exposure to PRF may induce increased secretion of growth factors, such as

BMP-2, VEGF or IGF (5), indicating that exposed cells may also be activated by paracrine regulation in response to PRF. All

of these processes result in increased nodule formation and, therefore, biological mineralization (6).

The mitogen-activated protein kinase (MAPK) pathway is a cell signaling

route that regulates numerous biological processes, including cell differentiation.

Among the MAPKs, ERK1/2 plays a crucial role in osteoblast differentiation by

regulating the expression of osteogenesis-related genes (ZHENG et al, 2020). The

phosphorylation of ERK was increased by exposure to PRF in the

osteosarcoma-derived osteoblast cell line U2OS (CHANG et al, 2010; CHANG et

al, 2011). Consequently, the expression of osteoprotegerin (OPG) was upregulated

by PRF, while the expression of the receptor activator of NFkB ligand (RANKL)

was not significantly altered. These results suggest that PRF could inhibit

osteolytic activity by modulating osteoclastogenesis through the control of the

OPG/RANKL ratio in osteoblasts (CHANG et al, 2010; CHANG et al, 2011).

The Runt-related transcription factor 2 (Runx2) is a key transcription factor

that regulates the expression of genes involved in osteoblast differentiation and

function. Research has demonstrated that various members of the MAPK family,

including ERK1/2 and p38, can phosphorylate Runx2 at specific serine residues,

enhancing its transcriptional activity and promoting osteogenic gene expression

(JO et al, 2018). As a result, ERK1/2 and Runx2 are connected by a positive

feedback loop that stimulates osteoblast differentiation and bone formation. In

selected studies, a significant increase in the expression and/or phosphorylation of

Runx2 was detected after exposure to platelet-rich fibrin (PRF) in different cell

types (DOUGLAS et al, 2012; KOYANAGI et al, 2022; KYYAK et al, 2020; KYYAK

et al, 2021; NUGRAHA et al, 2018; STELLER et al, 2019; ZHANG et al, 2019).

The studies by WANG et al, 2022 and WANG et al, 2023) confirmed, with both

human bone marrow and rabbit mesenchymal stem cells, that exposure to PRF

preparations increases proliferation, expression of osteogenic markers, and in vitro

mineralization concomitant to the up-regulation of the ERK 1/2 signaling pathway.



Additional evidence of these regulatory pathways comes from investigations

of Osterix (Osx), a zinc-finger transcription factor essential for osteoblast

differentiation and bone formation in bone homeostasis (LIU et al, 2020). Osx is a

downstream target of Runx2 and regulates several target genes involved in

osteoblast differentiation, such as Col5a1, Col5a3, and connexin43 (Cx43). Osx is

controlled by multiple signaling pathways, including BMP, Wnt, FGF, and ERK1/2,

which modulate its transcriptional activity and stability (NIU et al, 2017). Data from

a study by LI et al, 2018 suggest that osterix levels significantly increase in

periodontal ligament stem cells treated with PRF and IGF-1 at 14 days compared

to the control group (P < 0.01). Furthermore, by the third day of exposure, the

expression of genes controlled by Osx was upregulated in the PRF-exposed

group. These findings imply that these transcription factors contribute to the

stimulation of osteoblast differentiation by PRF, potentially through the activation of

MAPKs in response to growth factors released by this autologous biomaterial.

The overexpression of Osx and Runx2 after exposure to PRF could

potentially impact several essential proteins for osteoblast maturation and

mineralization, whose expression is regulated by these factors, including collagen

type-I a1 (Col1a1), osteonectin, osteopontin, bone sialoprotein, and osteocalcin.

Osteocalcin is responsible for fixing calcium and hydroxyapatite in the extracellular

matrix, contributing to the effective mineralization that occurs in bone tissue

(CHEN et al, 2012). Molecular analyses through real-time PCR have shown a

significant increase in RNA expression for osteocalcin in various mineralizing cells

exposed to PRF (CHI et al, 2019; IRASTORZA et al, 2019; MORADIAN et al,

2017; NUGRAHA et al, 2018; STELLER et al, 2019; WANG et al, 2018). These

findings were reinforced by a functional assessment through western blot,

indicating increased levels of this protein in periodontal ligament stem cells,

associated with increased bone formation in a rat in vivo model (DOUGLAS et al,

2012).

Different studies have reported that PRF also induces increased expression

of dentin sialoprotein (DSP) and dentin sialophosphoprotein (DSPP) (CHEN et al,

2015; VERBOKET et al, 2019), which is enhanced in the presence of

lipopolysaccharide (KARDOS et al, 2018). The results by HONG et al, 2018

suggest that this effect is dependent on the duration of exposure, as the

expression level of DSPP was downregulated after incubation in PRF for seven



days and then significantly increased after 14 days of incubation. Bone

sialoprotein (BSP) is also reported to increase when cells are exposed to PRF,

primarily around 14 to 21 days (CHEN et al, 2015; DOUGLAS et al, 2012; GIRIJA,

K. and KAVITHA, 2020; IRASTORZA et al, 2019; MORADIAN et al, 2017). Only

human periodontal ligament stem cells had DSPP downregulated when

co-cultured with PRF over extended experimental periods (WANG et al, 2023).

These results are important since this non-collagenous protein plays a crucial role

in the biomineralization of hard tissues such as bone and teeth, inducing the

formation and growth of hydroxyapatite crystals in the extracellular matrix (LIU et

al, 2021).

Osteopontin is another phosphorylated glycoprotein secreted into the

mineralizing extracellular matrix by osteoblasts during bone development.

Although osteopontin is an osteogenic marker that does not affect the cellular

development of osteoblasts in vitro, it impacts the mineralization of bone tissue

(WANG et al, 2019). Various studies have shown that this osteogenic marker is

present and highly expressed after exposure to PRF in osteoblasts

(BANYATWORAKUL et al, 2021), dental pulp cells (WANG et al, 2018), and

mesenchymal stem cells (MSCs) (STELLER et al, 2019). Real-time PCR revealed

that bone marrow-derived mesenchymal stem cells (BMSCs) cultured on printed

BCP/PVA/PRF scaffolds expressed significantly higher levels of osteopontin on

days 7 and 14 compared to those cultured on other scaffolds (P < 0.05)

(NUGRAHA et al, 2018). VERBOKET et al, 2019 observed higher expression in

bone marrow cells exposed to medium and low RCF PRF, indicating that these

protocols did not affect the expected effects of the material on the expression of

matrix proteins.

The increase in collagen gene expression induced by PRF was reported in

several studies (CLIPET et al, 2012; NUGRAHA et al, 2019; SUI et al, 2023;

WANG et al, 2015; WANG et al, 2018), typically around the 14th to the 21st day of

exposure. ZHAO et al, 2013 still observed slight upregulation by PRF in a

dose-dependent manner after 14 or 21 days of culture (P < 0.01). In contrast, JI B

et al, 2015 and VERBOKET et al, 2019 did not observe a significant difference in

the expression of Col-III, the primary type of collagen in bone, between the control

group and the test group.



ICAM-1 (intercellular adhesion molecule 1) is a protein that mediates

cell-cell interactions and plays a role in inflammation and immune responses.

ICAM-1 is expressed by various cell types, including osteoblasts, in which it may

have different effects depending on the context (ZANETTI et al, 2013). In healthy

individuals, ICAM-1 may facilitate osteoblast contact with lymphocytes, enhancing

mineralization and bone formation through the downregulation of TGF-β1

(transforming growth factor beta 1), a negative regulator of osteogenesis. In

pathological conditions such as osteoarthritis and osteoporosis, ICAM-1

expression by osteoblasts may be increased by proinflammatory cytokines and

contribute to bone resorption and loss of bone mass. ICAM-1-positive osteoblasts

can adhere to osteoclast precursors and stimulate their differentiation and

activation through the osteoclastogenic factor RANKL (TANAKA et al, 2005).

Moreover, ICAM-1-positive osteoblasts may have impaired proliferation and

differentiation potential due to cell cycle arrest (LEI et al, 2022). When exposed to

both regular and low-speed PRF, KANG et al, 2011 and VERBOKET et al, 2019,

respectively, observed high expression of ICAM-1 in mesenchymal stem cells,

including in the presence of lipopolysaccharide to simulate inflammation. On the

other hand, DOHLE et al, 2018 reported that PRF appears to have no effect on the

expression of the ICAM-1 protein by exposed primary human osteoblasts. This is

an important finding since PRF is described as releasing considerable amounts of

proinflammatory cytokines (LOURENÇO et al, 2018; LOURENÇO et al, 2021).

Alkaline phosphatase (ALP) is located on the outer surface of the cell

membrane of osteoblasts. ALP is an early marker of osteoblast differentiation that

indicates the transition of osteoprogenitor stem cells to immature pre-osteoblasts

(JO et al, 2018). It plays an essential role in osteoid formation and mineralization

and is recognized as a nonspecific marker of bone formation and osteoblast

activity. ALP also regulates RUNX2, a master transcription factor in osteoblasts,

through a positive feedback loop that modulates osteoblast differentiation. The

present review identified several different studies assessing the effects of

exposure to PRF on the expression of ALP, with increased levels evidenced from

14 to 21 days of culture (CHENG et al, 2022; CHI et al, 2019; DOHLE et al, 2018;

GIRIJA, K. AND KAVITHA, M. 2020; KYYAK et al, 2020; LI et al, 2018; NGUYEN

et al, 2022; WOO et al, 2016; YU et al, 2016). The study by WOO et al, 2016

observed that the effects of PRF associated with MTA on ALP and in vitro



mineralization of human dental pulp cells were impaired by pretreatment with a

BMP inhibitor (LDN193189), indicating the participation of specific growth factors

in the effects of PRF on ALP.

Osteoblast and bone cell activity are regulated by various growth factors,

many of which are released by platelet-rich fibrin (PRF) membranes. Examples of

these growth factors include transforming growth factor-beta (TGF-beta) and

fibroblast growth factors (FGF). Osteoblasts themselves can produce and release

growth factors that regulate the differentiation and activity of other bone cells, such

as osteoclasts and osteocytes. These factors include RANKL/OPG, M-CSF, VEGF,

PDGF, and BMP (HAN et al, 2018). These growth factors can act in paracrine or

endocrine manners, influencing bone and systemic metabolism by promoting or

inhibiting the differentiation and function of various bone cells. When exposed to

PRF, osteoblasts engage in a complex cellular communication system involving

both the exposure and secretion of growth factors that impact bone tissue, as

evidenced by selected studies.

TGF-beta, a member of the TGF-beta superfamily of cytokines, regulates

numerous cellular processes such as proliferation, differentiation, migration, and

apoptosis. TGF-beta plays a significant role in bone formation and remodeling by

influencing the balance between bone-forming cells (osteoblasts) and

bone-resorbing cells (osteoclasts) (JANN et al, 2020). TGF-beta stimulates

osteoblastic differentiation and activity by activating canonical and non-canonical

signaling pathways and increasing the expression of osteogenic genes like Runx2,

Osterix, and Collagen I in osteoblasts. Conversely, TGF-beta inhibits

osteoclastogenesis and osteoclastic activity by modulating the interaction between

osteoblasts and osteoclasts through OPG/RANKL, BMPs, and Wnt proteins,

thereby affecting both aspects of the bone remodeling cycle.

Studies have shown that osteoblasts exposed to PRF demonstrate

increased production of TGF-beta1. For instance, Saos-2 osteosarcoma-derived

osteoblasts exposed to PRF exhibited significantly higher TGF-beta1 production

(WANG et al, 2019). Rat calvaria osteoblasts exposed to PRF showed a

time-dependent increase in TGF-beta1 production [48]. Human alveolar bone

marrow stem cells treated with PRF extracts exhibited increased TGF-beta1 levels

at 24 hours (KANG et al, 2011). A study by KIM et al, 2017 compared the release

of TGF-beta1 associated with PRF in osteoblast cultures exposed to PRF



membranes produced by different protocols. The results indicated that the

secreted levels of the growth factor were significantly higher in low-RCF PRF than

in medium-RCF PRF (p < 0.05) (THANASRISUEBWONG et al, 2020). However,

lyophilized PRF samples only slightly increased the release rate of TGF-beta1 in

another osteosarcoma cell line, MG63 (YU et al, 2016).

Bone morphogenetic protein 2 (BMP-2) is a multifunctional protein belonging

to the TGF-beta superfamily. It plays a crucial role in bone formation by stimulating

the differentiation of mesenchymal stem cells (MSCs) into osteoblasts.

Osteoblasts and osteocytes constitutively secrete BMP-2, which has been used as

a therapy for bone fractures and diseases such as osteoporosis due to its

osteogenic potential (ZOU et al, 2021). Rabbit mesenchymal stem cells exposed

to PRF demonstrated a significant upregulation of BMP-2 mRNA expression,

reaching levels that stimulate in vitro osteogenic differentiation (CANCEILL et al,

2023). Combining 1 mg/mL MTA with 1.25% PRF extracts increased BMP-2

expression in human dental pulp cells compared to PRF extracts alone, while MTA

treatment alone showed no release (WOO et al, 2016). BMP-2 expression was

also higher in co-cultures of i-PRF and primary osteoblasts (DOHLE et al, 2018).

Saos-2 cells exposed to PRF exhibited noticeably higher peaks of insulin-like

growth factor-1 (IGF-1), especially compared to fibroblast cultures (WANG et al,

2019). Human alveolar bone marrow stem cells exposed to PRF extracts showed

high expression of IGF-1 (LOURENÇO et al, 2021), similar to MG63

osteosarcoma cells and primary osteoblasts (NUGRAHA et al, 2018;

THANASRISUEBWONG et al, 2020). These findings are significant since IGF-1

plays a crucial role in regulating osteoblast function and development (JANN et al,

2020). IGF-1 initiates a complex signaling pathway involving the PI3-K/PDK-1/Akt

and Ras/Raf/MAPK pathways, which stimulate cell function and/or survival. IGF-1

also influences osteoclastogenesis by regulating RANKL and RANK expression.

The available data suggest that most of PRF's effects on bone and

mineralizing cells may be attributed to the release of specific biological mediators

that activate signaling pathways related to cell proliferation, survival, and

differentiation. Investigating the release of growth factors, cytokines, and

chemokines by PRF membranes could help understand these effects. However,

only a few selected studies have detected such release in their in vitro

assessments. ZHAO Y-H et al, 2013 observed a time-dependent decrease in



VEGF, IGF-1, and EGF release from PRF membranes within five days. In contrast,

DOHLE et al, 2018 found the highest concentration of VEGF in osteoblast

supernatants mixed with PRF and cultured for seven days, confirmed by relative

gene expression of VEGF after 24 hours of osteoblast monocultures. ISOBE et al,

2017 observed that PDGF-BB concentration was significantly reduced in extracts

from PRF membranes made from stored blood compared to fresh samples,

indicating a potential drawback of long storage. ZHENG et al, 2015 observed a

sustained release of PDGF, IGF-I, and TGF-B1 for up to four weeks when

combining nHA/PLGA/Gel with lyophilized PRF, which positively affected MG63

cell mineralization. Studies evaluating platelet-derived growth factor (PDGF AA,

AB, or BB) reported variations in the day of the highest in vitro release (CLIPET et

al, 2012; GASSLING et al, 2013; IRASTORZA et al, 2019), ranging from the 1st to

the 14th days of exposure. This suggests that the choice of extraction time may

impact the observed effects of PRF treatment.



3. FINAL CONSIDERATIONS

Due to the considerable relevance of the theme for regenerative medicine

and dentistry, several narrative and systematic reviews have been published

issuing the clinical and biological effects of PRF. Many of these reviews are

focused on the level of evidence supporting the use of PRF in regenerative

dentistry and oral and maxillofacial surgery by assessing Randomized Clinical

Trials (MIRON et al, 2017), including data indicating that PRF significantly

improves bone tissue regeneration (GHANAATI et al, 2018), regardless of recent

reviews on preclinical studies that failed to identify such effects on animal models

(REIS et al, 2022). Despite any clinical controversies, only a few literature reviews

visited the molecular and cellular evidence of PRF effects and are usually

restricted to smaller groups of in vitro studies focusing on specific protocols, such

as i-PRF (FARSHIDFAR et al, 2022). An exception is the interesting review by

STRAUSS et al, 2020 assessed in vitro evidence of the biological effects of PRF in

cells from different tissues, published up to 2018. However, unlike the present

review, that study was not focused on bone and mineralized tissues and had a

limited reach, as it was based on data retrieved from a single database (Medline).

Therefore, more than an update on the literature, the present scoping review

represents the most comprehensive mapping of the available evidence supporting

the molecular mechanisms that set the basis of the PRF effects in the behavior of

cells of bone and mineralized tissue.

While this approach provided valuable insights, it also introduced some

limitations. By focusing exclusively on PRF, we ensured the feasibility and

comparability of the review but may have overlooked data on other similar platelet

aggregates or protocols, such as Concentrate of Growth Factors (CGF).

Additionally, the scope of this review may be limited by the interpretation or

reporting of the data, as some studies may have omitted important information

necessary for a comprehensive understanding of the results. Nevertheless, it is

possible to state, through the raised data, that the literature consistently provides

in vitro evidence that PRF, produced by different protocols or in combination with

other biomaterials, influences the proliferation, differentiation, and mineralization of

cells from bone and mineralized tissue. These effects involve well-known

pathways of cell survival, the activation of transcription factors (Runx2, OSX), and



increased expression of various proteins, including osteopontin, osteocalcin,

collagen, ALP, BSPs, RANKL/OPG, and growth factors like TGF-beta, PDGF, and

BMP2. Different studies have associated these effects with specific growth factors

released by PRF, suggesting that this is an important factor to consider in the

development and improvement of these autologous biomaterials for the treatment

of mineralized tissue such as bone.

PRF is widely used in regenerative medicine and dentistry, and in vitro

models represent only a small aspect of wound healing and bone regeneration. As

such, it is not possible to guarantee that the reported results can be directly

extrapolated to clinical settings. On the other hand, improved in vitro proliferation,

differentiation and mineralization of osteoblasts may represent interesting

evidence in support of enhanced regenerative activity, osteoinductive properties or

enhanced osseointegration. Therefore, by gathering and analyzing information

related to PRF and mineralizing cells, we can gain a better understanding of the

mechanisms behind PRF's impact on bone regeneration and optimize its

properties and applications. This includes determining optimal concentrations,

exploring associations with other bone graft materials or drugs, and developing

new production protocols to improve clinical outcomes of this promising

autologous material.



MANUSCRITO II

The association of nanostructured carbonated hydroxyapatite with denatured

albumin and platetet-rich fibrin: impacts on growth factor release and osteoblast

behavior



ABSTRACT
Platelet Rich Fibrin (PRF), a second-generation blood concentrate, offers a

versatile structure for bone regeneration due to its composition of fibrin, growth

factors, and cytokines, with adaptations like denatured albumin-enriched PRF

(Alb-PRF), showing potential for enhanced stability and growth factor dynamics.

Researchers have also explored the combination of PRF with other biomaterials

aiming to create a three-dimensional framework for enhanced cell recruitment,

proliferation, and differentiation in bone repair studies. This study aimed to

evaluate a combination of Alb-PRF with nanostructured carbonated hydroxyapatite

microspheres (Alb-ncHA-PRF), and how this association affects the release

capacity of growth factors and immunomodulatory molecules, and its impact on

the behavior of MG63 human osteoblast-like cells. Alb-PRF membranes were

prepared and associated to nanocarboapatite (ncHA) microspheres during

polymerization. MG63 cells were exposed to eluates of both membranes to assess

cell viability, proliferation, mineralization, and alkaline phosphatase (ALP) activity.

The ultrastructural analysis has shown that the spheres were shattered, and

fragments were incorporated into both the fibrin mesh and the albumin gel of

Alb-PRF. Alb-ncHA-PRF presented reduced release of growth factors and

cytokines, when compared to Alb-PRF (p<0.05). Alb-ncHA-PRF was able to

stimulate osteoblast proliferation and ALP activity at lower levels than those

observed by Alb-PRF, and was unable to positively affect in vitro mineralization by

MG63 cells. These findings indicate that the addition of ncHA spheres reduces the

biological activity of Alb-PRF, impairing its expected effects on osteoblast behavior.

Keywords: Platelet-rich Fibrin; albumin gel; osteoblasts; sticky-bone; biomaterials.



INTRODUCTION
In recent decades, several materials and techniques have been developed

with the aim of optimizing the bone regeneration process. Blood-based materials

have become the target of studies and improvements, giving rise to a range of

different blood concentrates, featuring a three-dimensional constitution based on

fibrin and regenerative potential. The first blood concentrate to gain prominence in

the literature was Platelet Rich Plasma (PRP) (Use of platelet-rich fibrin in

regenerative dentistry: a systematic review), obtained from the sequence of

centrifuges and addition of chemical substances, such as sodium citrate. It is

presented as a concentrate of platelets and growth factors higher than normal

levels, which trigger cascades with different functions in the tissue regeneration

environment, such as proliferation, migration, cell differentiation and angiogenesis.

essential in tissue regeneration (Pietrzak et al 2005, Dohan et al 2006a, Conde

Montero et al 2013).

The second generation of blood concentrates is established by Platelet Rich

Fibrin (PRF), obtained through a single centrifugation of a blood aliquot and free

from the addition of any substance (Dohan et al 2006a). Its structure is made up of

fibrin, large concentrations of growth factors and cytokines. The benefits of using

PRF for bone regeneration include the formation of a very versatile structure that

provides a framework for the population of cells recruited to the site of its

implantation, in addition to being a continuous reservoir of growth factors, such as

growth factor platelet derivative (PDGF) and vascular endothelial growth factor

(VEGF); activated platelets and cytokines that favor the tissue regeneration

process (Choukroun et al. 2006; Mourão et al 2018; Lourenço et al 2019;

Thanasrisuebwong et al 2020). Miscellaneous adaptations to the protocol for

obtaining the PRF were described at literature with the aim of optimizing the

composition biochemistry and stability of the PRF membrane (Dohan et al, 2018;

Lourenço et al 2020). Such changes were made in the parameters of speed, time,

angulation of the centrifuge rotor and three-dimensional structure, as presented in

the membrane enriched with denatured albumin (Alb -PRF). In relation to Alb

-PRF, the processing by denaturation of a portion of the blood centrifuge and its

subsequent inclusion in the fibrin mesh causes relevant three-dimensional



changes, increasing its degradation time in vivo (In vivo evaluation of the

biocompatibility and biodegradation of a new denatured plasma membrane

combined with liquid PRF (Alb -PRF) and modifying the cellular distribution and

release dynamics of growth factors and cytokines (Barros Mourão et al 2018).

In addition to production protocol adaptations, combinations of other

biomaterials, such as bone and calcium phosphate, to blood concentrates were

proposed in several studies, including the concept of the Sticky bone (Mourão et

al., 2015; Gheno et al 2022). Mourão and collaborators combined the properties of

platelet concentrates with carbonatoapatite (cHA) microspheres in a randomized

clinical study (Mourão et al, 2017). This is a biomaterial with suitable properties to

be used as a scaffold for cell migration and colonization, and feature the

replacement of hydroxyl groups by carbonate, which contributes to the

establishment of a highly resorbable three-dimensional structure, allowing its

replacement with new regenerated bone (Mavropoulos et al. 2012, Calasans-Maia

et al. 2015, Valiense et al. 2016, Carmo et al. 2018). The reabsorption capacity of

nanostructured carbonated hydroxyapatite after a few weeks of its implantation in

critical defects has been proven by several studies (Valiense et al. 2012; MD

Calasans-Maia et al. 2015), this important characteristic being conferred by the

surface topography of the biomaterial for the adhesion and proliferation of

osteoblasts (Burg, Porter, and Kellam 2000). Although the association of platelet

concentrate with cHA allows better manipulation of the spheres, there was no

indication of acceleration of bone repair (Mourão et al 2017). Considering that

several pieces of evidence point to a potential effect of PRF on bone tissue,

contributing to its regeneration, it is not clear how its association with a biomaterial

could affect the performance of this autologous product and its effects on bone

cells.

In this context, the objective of this study was to evaluate the association of

the membrane enriched with denatured albumin (Alb-PRF) with nanostructured

carbonated hydroxyapatite microspheres, and to establish a comparison with the

albumin membrane without the spheres. The researchers raised the hypothesis

that the association of the biomaterial with albumin concentrates would produce a

good three-dimensional framework, promoting a better response through cell

recruitment, proliferation and differentiation, due to the availability of a structure

based on calcium phosphate and important growth factors for the bone repair.



The specific objectives of the study were (i) to evaluate the three-dimensional

structure of albumin membranes with and without cHA microspheres, (ii) to

evaluate the in vitro release capacity of growth factors and immunomodulatory

molecules and (iii) to evaluate cell viability, proliferation and mineralization of

MG63 cells after exposure to membrane eluates.

METHODS

Ethical aspects

This project was conducted following the guidelines established by the 1975

international Helsinki agreement, after evaluation and approval by the ethics

committee of the Hospital Universitário Antônio Pedro, approval number

3.432.068.

Preparation of nanocarboapatite spheres

The nanocarboapatite (cHA) microspheres were synthesized and

characterized in the Biomaterial’s Laboratory of the Brazilian Center for Research

in Physics (Labiomat, CBPF, Rio de Janeiro) by the wet precipitation method at

37°C, without sintering, thus maintaining the nano-microscopic characteristics. The

425-600 μm spheres contained 6% CO2 by weight, with a stoichiometry of 1.6

Ca/p <2.0. The biomaterial was characterized by scanning electron microscopy

(SEM: JEOL FEG 250, JEOL®, Tokyo, Japan) to examine the morphology and

surface of the spheres. The biomaterial was weighed (0.5g/vial) on a precision

scale (UniblocAUY220, Shimadzu®, Kyoto, Japan) and then packaged and

sterilized by gamma radiation (Gammacell 220, Nordion®, Ottawa, Canada) at 15

kGy/sample - a cobalt-60 irradiator at a dose rate of 19.72 Gy/min for 760 min.

Preparation of Alb-PRF and Alb-ncHA-PRF membranes

Peripheral blood samples were collected from 10 participants, of both sexes,

aged between 20 and 46 years. Donors were healthy, with no history of recent use

of anticoagulant medications. For collection, additive-free 9 mL tubes (Vacutube

Seco, Biocon®, Brazil), adapters and 21G scalps were used. The protocol for

Alb-PRF obtention (Gheno et al., 2020) was applied, which briefly consists of a

single centrifugation at 700 RCF-max lasting 8 minutes in a horizontal rotor

centrifuge (Bio-PRF, Venice , Florida, USA).



After centrifugation, the blood components settled, forming distinct layers

depending on their respective densities. Therefore, for the production of activated

albumin gel, the first two milliliters of the portion of platelet-poor plasma (PPP),

located at the upper end of the tube, were collected with a 1 ml syringe (Injex®,

Brazil). The albumin-rich serum underwent an activation cycle at 75º C lasting 10

minutes in the APAG equipment (Silfradent, Italy). Soon after the end of the

process, the syringes containing the gel were stored at room temperature,

protected from light, until use.

After the time required for the albumin gel to reach a temperature of

approximately 37ºC, it was added to 6-well polystyrene plates (brand,

manufacturer). For the production of Alb-PRF membranes, the entire available

fraction of the liquid phase of the growth factor concentrate and the buffy coat was

collected, added to the wells containing the activated albumin gel and carefully

homogenized.

When preparing the Alb-ncHA-PRF membranes, in addition to the liquid

phase of growth factor concentrate and buffy coat, carbonatoapatite microspheres

(0.5 g per vial) were also added. In both cases, polymerization time varied

between 5 and 10 minutes. After that, 4 mL of DMEM culture medium with 1%

antibiotic (Penicillin–Streptomycin) was added.

Production of the membrane eluates

After polymerization, the Alb-PRF and Alb-nCHA-PRF membranes (n=5 per

experimental group) were incubated in DMEM culture medium with 1% antibiotic

for 24h. At the end of the period, the conditioned media were collected and stored

in a -80º C freezer.

Scanning electron microscopy

In order to evaluate the ultrastructural characteristics of the Alb-PRF and

Alb-nCHA-PRF membranes, scanning electron microscopy (SEM) was performed

on samples from both groups, at experimental times of 24h, to evaluate their initial

conformation, and at the time of 21 days to ascertain its ultrastructural stability

over time. Processing for SEM began by washing the membranes with

phosphate-saline buffer (PBS) pH 7.4. Afterwards, the samples were fixed with

Karnovsky's solution (2.5% glutaraldehyde and 4% paraformaldehyde) for 1 hour.

https://www.sigmaaldrich.com/BR/pt/substance/lglutaminepenicillinstreptomycinsolution1234598765


Sequentially, post-fixation was performed with 1% osmium tetroxide, in a 0.2 M

sodium cacodylate buffer solution, pH 7.4 in a 1:1 ratio. Soon after, samples from

both experimental groups were dehydrated in ethyl alcohol at increasing

concentrations ranging from 50% to 100%, and hexamethyldisilazane (HMDS).

The materials were metallized with gold and observed at 15 kV with a scanning

electron microscope (JEOL JSM-6490 LV, JEOL, Japan).

Histological analysis

Histological slides were produced to evaluate the organization of the platelet

aggregates, their interaction with the biomaterial, in addition to the distribution of

cells in the membranes. Two samples from each experimental group were fixed

with 4% paraformaldehyde 24 hours after the end of their polymerization. The

samples were embedded in paraffin and cut to a thickness of 7 μm. Subsequently,

the histological sections were stained with hematoxylin and eosin (HE) and

observed at 20X and 40X magnifications with an optical microscope (Axio

Observer.A1, Zeiss, Germany).

Observation of viable cells in the membranes

Aiming to evaluate the viability of mononucleated blood cells trapped inside

the membranes, a Live/Dead assay was performed. The membranes were

maintained in cultures 7 days in 6-well polystyrene plates, in 4 mL of DMEM

culture medium, without FBS and 1% antibiotics (Penicillin + streptomycin), with

regular changes every 7 days at 37°C and 5% CO2. A commercial cell imaging kit

LIVE/DEAD® (Invitrogen), according to manufacturer’s directions was employed,

whose staining is based on the permeability of cytoplasmic membranes. Viable

cells are stained in green by Fluorescein isothiocyanate (FITC), and non-viable

cells are stained in red (Texas Red), with fluorescence in the wavelength ranges of

488 nm/515 nm and 570 nm/602 nm, respectively. Images were collected in a

fluorescence microscope (Axio Observer.A1, Zeiss, Germany).

Quantification of cytokines and growth factor release

The concentrations of cytokines and growth factors released by the

membranes were measured through the analysis of conditioned media at a

concentration of 100%. For the detection of biomolecules, a multiparametric

immunoassay based on magnetic microbeads labeled with XMap technology



(LuminexCorp, USA) was used, using a commercial kit (27-plex panel, Biorad Inc.,

USA) capable of quantifying IL-1β, IL-1RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8 IL-9,

IL-10, IL-12 (p70), IL-13, IL-15, IL-17, CCL11, FGF-b, CSF3, CSF2, IFN-γ,

CXCL10, CCL2, CCL3, CCL-4, PDGF, CCL5, TNFα and VEGF. Quantification of

magnetic beads and dosages was performed with a Bio-Plex MAGPIX system

(Biorad Inc., USA). Results were analyzed using Xponent v. 3.0 software

(Luminexcorp, USA).

Culture of human osteoblasts

The human osteosarcoma-derived MG-63 cell line was chosen in this study,

due to its similarity with normal osteoblasts. The cells were obtained from the Rio

de Janeiro Cell Bank (BCRJ) at the #104 passage and cultivated in DMEM

(Dulbecco's Modified Eagle's Medium), supplemented with 10% fetal bovine serum

(FBS) and 1% antibiotic (streptomycin/penicillin). Cultures were maintained in an

incubator at 37°C and an atmosphere with 5% CO2. Total changes of the culture

medium were carried out at regular intervals of 72 hours, and subcultures occurred

in a 1:4 ratio.

Evaluation of cell viability and proliferation

MG63 cells were subcultured for 24 hours on 96-well plates at a density of

10.000 cells/well (n=5 per experimental group), and then exposed for 24h to five

concentrations of the Alb-PRF and Alb-ncAH-PRF eluates, diluted at 100%, 75%,

50%, 25% or 12.5% in DMEM. After the exposure, the cell viability was determined

through the XTT (2,3-bis-(2-methoxy-4-nitro-5-sulphenyl) - (2H) –

(tetrazolium-5-carboxanilide) assay by using a commercial kit (In Cytotox,

Xenometrics, Germany). A group of cells were exposed to unconditioned media

(n=5), as the experimental control. The Optical Density (O.D.) at 480nm was

measured with a Sinergy II microplate reader (Biotek Inst., USA).

In order to evaluate the effects of the eluate on the cell proliferation, MG-63

cells were seeded in 96-well plates at a density of 1,000 cells/well, and treated

with 150µ of culture medium conditioned with either 25% or 50% of the eluate from

the membranes of both experimental groups. The experiment was carried out in

quintuplicates, with each replicate treated with membrane eluate from a different

donor. The conditioned medium was renewed every 72 hours, maintaining the



original eluate concentrations. A Crystal Violet Dye Exclusion assay (In Cytotox,

Xenometrix, Germany) was performed to estimate cell density relative to the

control group (cells exposed to unconditioned media), at 24h, 3, 5, and 7 days of

treatment, by the measurement of the Optical Density at 540nm with a Sinergy II

microplate reader (Biotek Inst., USA).

Determination of in vitro mineralization

To compare the osteoinductive potential of the Alb-PRF and Alb-PRF+nCHA

membranes, an in vitro biomineralization assay was performed. MG-63 cells at

passage 119 were seeded at a density of 20,000 cells/well in 48-well plates and

treated with DMEM conditioned with 25% of the membrane eluates, supplemented

with 5% FBS and 1% antibiotic (penicillin+streptomycin). Independent

experiments were carried out with five technical replicates and five pooled

biological replicates, employing cells exposed to unconditioned media as a control

group. After the initial treatment, partial changes of the culture medium were

carried out every 72 hours, equivalent to 50% of the final volume, always keeping

the concentrations of conditioned medium unchanged throughout the entire

experimental time.

At 1, 7, 14 and 21 days, the cell supernatant was collected and stored in a

-80°C freezer, and the samples from each group were fixed in 4%

paraformaldehyde and subsequently stained with 40mM alizarin in aqueous

solution, to stain the deposits of calcium. After extraction with xxxx, the O.D. at

405 nm was read using a Sinergy II microplate reader (Biotek Inst., USA).

The collected cell supernatants were used to determine the alkaline

phosphatase activity, using a p-nitrofenilphosphate (PNPP) based commercial kit

(Labtest, Brazil), following the manufacturer's guidelines. To determine the enzyme

activity by the hydrolysis of PNPP as a function of time, the optical density at 405

nm was monitored for 2 hours in kinetic mode on a Sinergy II microplate reader

(Biotek Inst. USA). Three independent experiments were performed in

quintuplicates.

Statistical analysis

Comparisons were performed between groups at different eluate

concentrations and experimental times. The normality was assessed through the



Shapiro-Wilk test, and non-parametric analysis of variance was carried out using

Kruskal-Wallis with Dunn post-hoc test, considering an alpha error of 5%. The

statistical analysis was performed using GraphPad Prism 8 software (Graphpad

inc., USA).

RESULTS

Soon after the synthesis, the ultrastructure of the carbonated hydroxyapatite

spheres was evaluated, as shown in Figure 1. At higher magnification, it was

possible to observe the roughness of the surface of the spheres, increasing their

contact area.

Figure 6 - Scanning electron microscopy (SEM) micrographs of nanostructured carbonated hydroxyapatite

microspheres. Observe the morphology starting from 1 mm to 20 µm from the surface of the spheres, they are

irregular and full of indentations.

The images obtained 24 hours after the synthesis of the Alb-PRF

membranes demonstrate the structural robustness of the membrane, substantially

different from other types of platelet aggregates (Figure 2).



Figure 7 - Scanning electron microscopy (SEM) micrographs of 24-hour PRF albumin membranes. Observe

the morphology starting from 1 mm to 10 µm from the membrane indicates a very robust membrane.

One day after integrating the spheres on the autologous material, producing

the Alb-ncHA-PRF membranes, it is possible to observe the dense appearance

resulting from the presence of denatured albumin (Figure 3), and a notable

interaction between the fibrin network and the carbonated hydroxyapatite spheres.



Figure 8 - Scanning electron microscopy (SEM) micrographs of PRF albumin membranes associated with

24-hour nanostructured carbonated hydroxyapatite microspheres. Observe the morphology starting from 1

mm to 20 µm from the membrane with cells wrapped in the fibrin network. It is possible to observe a different

appearance, with cells trapped in the membrane and a sandy appearance. It is possible to observe two

phases, one full of plots and the other very robust and dense.

After 21 days of the synthesis of the Alb-ncHA-PRF membranes, the

micrographs show that the initial characteristics of the fibrin-albumin scaffold were

maintained (Figure 4). Although slightly degraded, the carbonated hydroxyapatite

spheres continue to adhere to the membrane, and a evident interaction with the

fibrin network remains observable.

The micrographs of the Alb-PRF membranes at the experimental time of 21

days point to the integrity of the membrane over time (Figure 5).



Figure 9 - Scanning electron microscopy (SEM) micrographs of PRF albumin membranes associated with

21-day nanostructured carbonated hydroxyapatite microspheres. Note the morphology starting from 1 mm to

100 µm and the robust structure still present, associated with cells and carbonated hydroxyapatite

microspheres.

Figure 10 - Scanning electron microscopy (SEM) micrographs of 21-day PRF albumin membranes. Observe

the morphology starting from 1 mm to 100 µm of the membrane, indicating a membrane that remains

structured at 21 days after polymerization.



Figure 6 shows the ultrastructure of the Alb-PRF membranes, evidencing

the characteristics of biphasic material, with a portion predominantly fibrous and

rich in cells, and another dense phase composed by the denatured albumin. The

addition of nanostructured cHA spheres did not seem to change this pattern, but

the spheres were shattered in smaller pieces that often integrated in both albumin

and fibrin phases (Figure 7).

Figure 11 – Histological sections of the Alb-PRF membranes. Note that he concentration of cells on the fibrin

portion, in comparison with a dense denatured albumin portion.



Figure 12 – Histological sections of an Alb-PRF membrane associated with nanostructured carbonated

hydroxyapatite microspheres.

A live/dead assay was carried out either one seven days after the

production of the membranes, to monitor the presence of living blood cells in the

Alb-PRF and Alb-ncHA-PRF membranes over time (Figure 8). Both membranes

were characterized by abundant calcein staining indicating the presence of viable

cells. After seven days, cell density decreased as expected, but viable cells were

still noticeable throughout the experimental period.



Figure 13 – Microscope image of the Live/Dead assay of cells present in the membranes. Green

(calcein) staining for live cells, red (EthD) for dead cells.

The release of cytokines, chemokines and growth factors by the Alb-PRF and

Alb-ncHA-PRF membranes was assessed in culture media within 24 hours. While

both membranes were able to release biological mediators (Figure 9), 68% of the

25 assessed molecules were reduced in Alb-ncHA-PRF membranes when

compared to Alb-PRF membranes (p<0.05), including all growth factors

investigated (PDGF, VEGF, GM-CSF, G-CSF).



Figure 14 - Heatmap of the release of cytokines and growth factors from Alb-ncHA-PRF and

Alb-PRF membranes after 24 hours of elution in culture medium. An asterisk indicates significant

difference between groups (p<0.05).

The cytocompatibility of Alb-PRF and Alb-ncHA-PRF membranes with human

bone cells was investigated through an XTT assay, carried out 24h after treatment

of MG63 cells with different concentrations of membrane eluates. Both the

Alb-PRF and Alb-ncHA-PRF membranes were biocompatible with cells at all



concentrations tested (Figure 10), as they induced similar viability to the

unexposed control group (p>0.05). As an exception, when exposed to 100%

eluates of Alb-PRF, cells showed significant higher levels of

dehydrogenase/mitochondrial activity compared to Alb-ncHA-PRF and control

(p<0.05).

Figure 15. Cytocompatibility assessment of ALB-PRF and ALB-PRF + nCHA membrane extracts,

in different dilutions in culture medium (DMEM), measured in MG63 cells, after 24 hours of

exposure, using the XTT test. The bars show the mean and standard deviation of 3 independent

experiments, in quintuplicates, represented as a percentage of the control group (cells exposed to

culture medium). The line indicates a significant difference between groups (p<0.05). A positive

cytotoxicity control was produced with latex extracts, showing 20.7% average survival.

The effects of Alb-PRF and Alb-ncHA-PRF membranes on bone cell

proliferation was estimated in samples treated with conditioned media diluted at

25% or 50% (Figure 11). At day 1, only the Alb-PRF membranes significantly

stimulated proliferation, without difference in performance between concentrations

of 25% or 50%. On day 3, all experimental groups were effective in stimulating

proliferation when compared to the control, but Alb-PRF membranes at a

concentration of 50% were more effective than Alb-ncHA-PRF at the same

concentration. On the remaining days, both membranes continued to perform

better than the control, but without significant difference between them or between

the different concentrations used.



Figure 16. Proliferation of MG63 cells for up to 7 days after exposure to Alb-PRF, Alb-nCHA-PRF extracts, or

culture medium (control). Cell density was assessed thoruth the crystal violet dye exclusion test, with results

expressed by the optical density at 540 nm. The letter (a) indicates a significant difference in relation to the

control (p<0.05). The bars indicate mean ± standard deviation (n=5). Asterisks indicate a significant difference

(p<0.05) in relation to all other experimental groups.

The potential of the Alb-PRF and Alb-ncHA-PRF membranes to induce in

vitro mineralization was evaluated by labeling extracellular calcium deposits with

Alizarin Red (Figure 12). One day after exposure to 25% eluates, there was no

variation between the experimental groups and the control. From day 7, and

throughout days 14 and 21, it is possible to notice a consistent and progressive

increase in mineralization induced by the Alb-PRF membrane (p<0.05). The

Alb-ncHA-PRF membrane does not show signs of significantly favoring

calcification (when compared to control) at any of the experimental times.



Figure 17. In vitro calcification by MG63 cells exposed for up to 3 weeks to ALB-PRF or ALB-PRF +

nCHA eluates. Bars indicate mean ± standard deviation (n=3) of alizarin-S labeling, expressed by

optical density at 450nm. An asterisk indicates a significant difference (p<0.05) from the control

group, exposed to culture medium.

Alkaline phosphatase (ALP) enzyme activity was estimated in culture media

over the three weeks of exposure to the eluates. At 24 hours, both the Alb-PRF

and Alb-ncHA-PRF membranes showed the highest peaks of enzymatic activity,

more than seventy times greater than the control group (Figure 13). From day 7 to

day 21, cells stimulated with the Alb-PRF membrane showed increasing enzyme

activity, although lower than the peak observed on day 1. The trend of progressive

increase in enzyme activity was also seen on days 14 and 21 in cells treated with

the Alb-ncHA-PRF membrane eluate, when compared to the control, but

significantly lower than Alb-PRF (p<0.05).



Figure 18. Assessment of alkaline phosphatase ezyme activity in the culture medium over 3 weeks,

by MG63 osteoblasts exposed to extracts (25%) of ALB-PRF and ALB-PRF + nCHA membranes,

or DMEM culture medium (control). The bars show the mean and standard deviation of 3

independent experiments, in quintuplicate, represented as the optical density of the medium,

relative to the breakdown of the PNPP substrate. Asterisks indicate significant difference compared

to all other groups at the same experimental time (p<0.05).

DISCUSSION

The present study aimed to contribute to the development of novel

biomaterials by testing the hypothesis that the association of a nanostructured

calcium phosphate allograft with Alb-PRF, in addition to representing a potential

three-dimensional biodegradable barrier, would improve the behavior of bone

cells, since the material provides both calcium phosphate and growth factors, all of

which are important aspects for bone repair.

Due to its osteoconductive and biocompatible properties, hydroxyapatite

(HA) is widely used as a bioceramic for bone replacement applications. The

incorporation of carbonate into nanostructured HA causes significant changes in

its physicochemical properties, resulting in increased in vivo dissolution rates, and

enabling the production of bone substitutes with greater resorption (Anjos et al

2018). In this study, the ultrastructure of nCHA spheres was evaluated by

scanning electron microscopy (SEM), enabling to observe a highly porous surface

topography. The porosity of carbonated nanostructured hydroxyapatite spheres is



an important parameter that affects their performance as biomaterials for bone

tissue engineering. It can be controlled by varying the synthesis parameters, such

as temperature, time, pH, and concentration of the reactants, and usually range

from 20% to 60% (Calasans-Maia et al 2015). The porosity of nanostructured cHA

spheres affects their mechanical properties, biodegradability, bioactivity, and

surface area, usually resulting in increased protein adsorption form biological

media - a key factor that influences the cellular response and tissue integration of

biomaterials (Mourão et al., 2018; Anjos et al 2019). According to the work of

Anjos et al (2019), nutrients are consistently adsorbed from biological media by

nanostructured nanohydroxyapatite, however without impact on cell growth or

survival on the in vitro assessments performed by the authors.

The membranes produced by the Alb-PRF protocol were observed in detail

by scanning electron microscopy and histology, identifying a very similar pattern

form previous reports of the fibrin membrane enriched with denatured albumin

(Gheno et al., 2020; Mourão et al., 2018), exhibiting a dense surface, in which the

deposition of a layer of denatured protein was evident that entirely surrounded the

fibrin fibers, as well as the retention of leucocytes and platelets. This structural

configuration can be considered advantageous for guided-bone regeneration

(GBR) purposes, where resorbable membranes facilitate the growth of new bone

tissue, providing mechanical stability but preventing the invasion of soft tissue cells

into the defect area, while allowing the passage of nutrients and oxygen.

The addition of nCHA spheres produced membranes with a similar pattern,

however with the presence of smaller shards of biomaterial resulting from the

disintegration of the spheres, which could be observed in both phases. It is

important to notice, however, that some spheres that interacted with the fibrin

portion (wrapped inside fibrils, as observed by SEM) remained relatively integrous

along at least 21 days, suggesting that this combination might reduce the solubility

of this material and may potentially modulate its solubility. It is an interesting factor

to be considered and investigated in future studies, as controlling bioresorption

may optimize the bioavailability of calcium and phosphate ions, which are

essential for bone mineralization and osteogenesis. Conversely, by decreasing the

solubility of CHS, it is possible to prolong their retention time in the bone defect

site and provide a sustained release of therapeutic ions (S. Bose et al, 2017; A.

Bigi et al, 2018).



The release of cytokines and growth factors by PRF membrane has been

widely known since studies in the early 2000s (Choukroun et al. 2006; Dohan et al

2009; Mourão et al 2018; Lourenço et al 2019; Thanasrisuebwong et al 2020),

resulting in effects on the promotion of angiogenesis, migration, proliferation and

differentiation of mesenchymal cells, fibroblasts, and osteoblasts, among others

(Barbosa et al, 2023). In this study, high levels of growth factors such as PDGF,

VEGF and FGF2 were released by Alb-PRF within 24 hours. However, with the

addition of the nanostructured cHA spheres, the release was significantly reduced

for all these molecules, along with several cytokines and chemokines. This finding

suggests that the spheres may be trapping different proteins contained within the

fibrin scaffold, a feature with great potential of impact on the biological effects of

PRF during tissue regeneration. Indeed, hydroxyapatite and other calcium

phosphates are well known for their ability to adsorb proteins, including growth

factors from biological media, such as blood plasma, serum, and cell culture media

(Dorozhkin, 2013). While such interactions may be interesting for controlled

delivery of biological mediators in some settings (Dorozhkin, 2013; Chen et al.,

2015), the insufficient control over the release profile of GFs may be an issue in

the applicability of composite materials such as alb-ncHA-PRF, as they could

cause the loss of expected effects.

To identify the potential impact of these changes observed in the properties

of Alb-PRF caused by the association with ncHA on the behavior of bone cells, we

have performed an in vitro assessment employing human osteoblast-like cells

derived from osteossarcoma, from the cell line MG63. This is a cell type commonly

used as an experimental bone cell model due to their similarity to primary human

osteoblasts: although there are variations in terms of morphology and shorter

duplication time, these cells express the main biological markers of osteoblast

behavior, are regulated by the same differentiation regulatory pathways, and can

produce a mineralized matrix when adequately stimulated. In this way, they

present important characteristics for testing biomaterials in medical applications

(Czekanska et al 2013; Staehlke et al 2018; ATCC, 2023).

The cytotoxicity of platelet-rich fibrin (PRF) on osteoblasts is a topic of

interest for tissue engineering and regenerative medicine since the optimal

concentration of PRF and its cytokines for osteoblast viability and function is still

under debate. Silva et al (2020) investigated the effects of different concentrations



of PRF and its cytokines on the cytotoxicity of osteoblasts, reporting that higher

doses of PRF elutes induced significant cell death and reduced cell viability. These

effects were mainly correlated with the concentration of cytokines such as IL-6 and

TNF-α. In the present study, Alb-PRF membranes (added or not with cHA)

presented a good cytocompatibility in all tested concentrations, and regardless of

the high release of cytokines already identified after 24 hours elution. These

results are in accordance with previous in vitro assessments of alb-PRF with other

cell types, such as fibroblasts (Al- Maawi S et al 2021; Shirakata Y et al 2021).

Nevertheless, since the cumulative production and release of cytokines by

alb-PRF membranes has already been reported in the literature (Mourão et al.,

2019), we decided to perform the subsequent biological assessments with diluted

membrane eluates (50% or 25%), in order to avoid potential cytotoxicity in longer

experimental times.

Cell proliferation is a very important phenomenon in tissue regeneration, and

one of the most positively affected by the growth factors usually released by PRF

(such as VEGF, PDGF and TGF-Beta). The present results confirm that alb-PRF is

able to stimulate proliferation of human osteoblasts, and its effects at the first 1 to

3 days are significantly stronger than those of Alb-ncHA-PRF. This result provides

a first glance at the potential impact of the lower release of biological mediators

induced by the addition of ncHA to the platelet aggregate. PDGF, FGF2 and VEGF

are important cytokines that contribute on the regulation of the proliferation of

osteoblasts, as they bind to specific receptors and activate intracellular signaling

pathways that regulate gene expression, cell cycle progression, and survival.

PDGF and VEGF also modulate the expression of other factors that influence

osteoblast function, such as osteoprotegerin, osteocalcin, and bone

morphogenetic proteins (Wang et al., 2019). The balance between these growth

factors, which was strongly affected on the eluates of determines the rate and

extent of osteoblast proliferation and differentiation, as well as their interactions

with other cells in the bone microenvironment (Chen et al., 2012).

In vitro mineralization is another of the main parameters investigated to

predict the impacts of platelet aggregates and PRF derivatives, as it is a marker of

the osteogenic potential of these materials, and fundamental for bone

regeneration. This mineralization involves osteoblast differentiation pathways,

such as the cbfa-1/runx2 pathway, activated, in the case of PRF, by growth factors



released by the autologous biomaterial (Lima et al 2023). The presence of calcium

phosphate (hydroxyapatite) in osteoblastic cell cultures is commonly quantified by

the alizarin red staining method, an established approach to characterize a

mineralized matrix resulting from osteogenic cell differentiation (Palmieri et al.,

2018; Bernar et al., 2022). Through these methods, a significant difference was

observed in the calcification induced by alb-PRF and alb-ncHA-PRF: while the

exposure to Alb-PRF eluates greatly induced in vitro mineralization, this effect was

reversed by the presence of ncHA spheres, since the Alb-ncHA-PRF eluates were

statistically equivalent to the control group (p>0.05). This is yet another indication

that the presence of the spheres affected the biological properties of Alb -PRF, by

impairing behaviors that are often modulated by growth factor stimulation.

Alkaline phosphatase (ALP) is widely expressed in mineralized tissue cells

and plays a crucial role in the formation of hard tissue, being considered an early

marker of osteogenic differentiation (Vimalraj et al, 2020). Alkaline phosphatase

secretion by osteoblasts increases during early differentiation, as cells are

preparing for bone matrix synthesis. In the extracellular matrix formation phase,

ALP facilitates the mineralization of the newly formed bone matrix. The most

significant peak in alkaline phosphatase activity occurs during mineralization and

deposition of hydroxyapatite crystals onto the bone matrix, followed by a decrease

in ALP levels, reflecting a reduction in active osteoblasts, with some transitioning

into osteocytes embedded within the bone matrix, or undergoing apoptosis. In this

study, ALP activity presented two peaks, at days #1 and #21 for both stimulated

groups, without relevant ALP secretion by unstimulated cells (control). As recently

reviewed by Lima et al. (2023), this is one of the most common responses of

bone/mineralized tissue cells to stimulation by L-PRF (and its derivative protocols),

that was once again, in our study, strongly reduced by the addition of

nanostructured cHA spheres into the platelet aggregate scaffold.

Altogether, these findings suggest that the association of denatured

albumin-enriched platelet-rich fibrin with nano-carbo hydroxyapatite spheres

decrease the expected stimulation of bone cells by the PRF component, most

probably through a lower release of cytokines and growth factors. This hypothesis

may both explain and be reinforced by the clinical study by Mourão et al. (2017),

which reported a lack of stimulation of novel bone formation by a “sticky bone”

preparation composed by concentrated growth factors (CGF) associated to nCHA



spheres very similar to those of the present work. It is possible that the difference

between this and other studies, reporting a clinical success obtained with

associations of PRF and calcium phosphates, lies in a lower protein absorption of

proteins due to different physicochemical properties – another hypothesis that still

demands confirmation by further studies.

CONCLUSION

The results indicate that the addition of carbonatoapatite spheres reduces the

biological activity of Alb-PRF, associated to a lower release of proteins such as

growth factors, which impairs its expected effects on proliferation, in vitro

mineralization, and alkaline phosphatase activity of osteoblasts.



4. CONSIDERAÇÕES FINAIS

É possível afirmar, através dos dados levantados nesta tese, que a literatura

fornece consistentemente evidências in vitro de que o PRF, produzido por

diferentes protocolos ou em combinação com outros biomateriais, influencia a

proliferação, diferenciação e mineralização de células de ossos e tecidos

mineralizados. Esses efeitos envolvem vias bem conhecidas de sobrevivência

celular, a ativação de fatores de transcrição (Runx2, OSX) e aumento da

expressão de várias proteínas, incluindo osteopontina, osteocalcina, colágeno,

ALP, BSPs, RANKL/OPG e fatores de crescimento como TGF- beta, PDGF e

BMP2. Diferentes estudos associaram esses efeitos a fatores de crescimento

específicos liberados pelo PRF, sugerindo que este é um fator importante a ser

considerado no desenvolvimento e aprimoramento desses biomateriais autólogos

para o tratamento de tecidos mineralizados como o osso.

O PRF é amplamente utilizado na medicina regenerativa e na odontologia, e

os modelos in vitro representam apenas um pequeno aspecto da cicatrização de

feridas e da regeneração óssea. Como tal, não é possível garantir que os

resultados in vitro identificados possam ser diretamente extrapolados para

ambientes clínicos. Por outro lado, a melhoria da proliferação, diferenciação e

mineralização in vitro dos osteoblastos pode representar uma evidência

interessante em apoio à atividade regenerativa aumentada, às propriedades

osteoindutoras ou à osseointegração melhorada. Portanto, ao reunir e analisar

informações relacionadas ao PRF e às células mineralizantes, podemos

compreender melhor os mecanismos por trás do impacto do PRF na regeneração

óssea e otimizar suas propriedades e aplicações. Isto inclui a determinação de

concentrações ideais, a exploração de associações com outros materiais de

enxerto ósseo ou medicamentos e o desenvolvimento de novos protocolos de

produção para melhorar os resultados clínicos deste promissor material autólogo.

A associação do PRF com a albumina desnaturada, como no caso do

Alb-PRF, tem um potencial significativo nas áreas da medicina regenerativa e

odontologia. A albumina desnaturada possui propriedades bioativas que podem

aprimorar a eficácia do PRF em processos de regeneração tecidual, como na

reparação óssea, e um papel de barreira na regeneração óssea guiada. No

entanto, os resultados apresentados na seção experimental desta Tese apontam



que a associação de fibrina rica em plaquetas enriquecida com albumina

desnaturada com esferas de nano-carbohidroxiapatita diminui a estimulação

esperada das células ósseas pelo componente PRF, muito provavelmente através

de uma menor libertação de citocinas e fatores de crescimento. Esta hipótese

pode tanto explicar como ser reforçada pelo estudo clínico de Mourão et al.

(2017), que relatara uma baixa estimulação da formação de novos ossos por uma

preparação de “sticky bone” composta por fatores de crescimento concentrados

(CGF) associados a esferas nCHA muito semelhantes às do presente trabalho. É

possível que a diferença entre este e outros estudos, que relatam um sucesso

clínico obtido com associações de PRF e fosfatos de cálcio, esteja na menor

absorção proteica de proteínas devido às diferentes propriedades físico-químicas

– outra hipótese que ainda necessita de confirmação por novos estudos.

CONCLUSÃO

Os resultados demonstram que a inclusão de esferas de carbonatoapatita

diminui a atividade biológica do Alb-PRF, resultando em uma redução na liberação

de proteínas, como os fatores de crescimento. Essa diminuição compromete os

efeitos esperados dos derivados do PRF na proliferação, mineralização in vitro e

atividade da fosfatase alcalina dos osteoblastos.
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