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IL-17 - Interleucina — 17
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OPG - Osteoprotegerina

PBS - Salina tamponada com fosfato

PDGEF - Fator de crescimento derivado de plaquetas

PRF - Plasma rico em fibrinas

PRP - Plasma rico em plaquetas

RANKL - Receptor ativador do fator nuclear kappa B-ligante
RT-PCR - Reacgao da transcriptase reversa

Runx2 - Fator de Transcricdo Relacionado ao Runt 2

SFB - Soro fetal bovino

TGF - Fator de transformacao do crescimento

TNFa - Fator de necrose tumoral alfa

UPC - Unidade de Pesquisa Clinica
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XTT — (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide)



LisTA DE ILUSTRAGOES

Figura 1. Mercado europeu de biomateriais para regeneragao 6ssea (iData research
2023).

Figura 2. Estrutura do osso. Adaptada e traduzida de Wang et al 2017.

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

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

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).

Figura 6 - Scanning electron microscopy (SEM) micrographs of nanostructured
carbonated hydroxyapatite microspheres. Observe the morphology starting from 1
mm to 20 ym from the surface of the spheres, they are irregular and full of

indentations.

Figura 7 - Scanning electron microscopy (SEM) micrographs of 24-hour PRF
albumin membranes. Observe the morphology starting from 1 mm to 10 ym from the

membrane indicates a very robust membrane.

Figura 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 pm 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.

Figura 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 ym and the robust
structure still present, associated with cells and carbonated hydroxyapatite

microspheres.

Figura 10 - Scanning electron microscopy (SEM) micrographs of 21-day PRF
albumin membranes. Observe the morphology starting from 1 mm to 100 um of the
membrane, indicating a membrane that remains structured at 21 days after

polymerization.

Figura 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.

Figura 12 — Histological sections of an Alb-PRF membrane associated with
nanostructured carbonated hydroxyapatite microspheres.

Figura 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.

Figura 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).

Figura 15 - Cytocompatibility assessment of ALB-PRF and ALB-PRF + nCHA
membrane extracts, in different dilutions in culture medium (DMEM), measured in
MGG63 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.

Figura 16 - Proliferation of MG63 cells for up to 7 days after exposure to Alb-PREF,



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.

Figura 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.

Figura 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 differences

compared to all other groups at the same experimental time (p<0.05).



RESUMO

A fibrina rica em plaquetas (do inglés, Platelet Rich Fibrin, - PRF) € um concentrado
sanguineo de segunda geracdo utilizado na medicina regenerativa, que tem
ganhado atencdo como uma alternativa potencial para a terapia do tecido ésseo,
com a capacidade de acelerar a regeneragao 6ssea, embora 0s mecanismos
subjacentes precisos ainda nao sejam totalmente compreendidos. Além disso, o
PRF pode ser integrado com outros biomateriais para estabelecer uma estrutura
tridimensional versatil destinada a melhorar o recrutamento, proliferacédo e
diferenciacao celular na reparagdo 6ssea. Recentemente, nosso grupo propds uma
variante modificada do PRF enriquecida com albumina desnaturada (Alb-PRF,), além
de uma preparacdo de “sticky bone”, associando agregados plaquetarios a
microesferas nanoestruturadas de hidroxiapatita carbonatada (nCHA). Neste
contexto, esta tese teve como objetivo (i) identificar, através de uma revisdo
sistematica de estudos in vitro, os principais eventos biolégicos envolvidos nos
efeitos do PRF sobre células 6sseas e de tecidos mineralizados, e (ii) avaliar os
efeitos da associacao de Alb-PRF com esferas de nCHA (Alb-ncHA-PRF) sobre a
capacidade de liberacao de fatores de crescimento e moléculas imunomoduladoras
e seu impacto no comportamento de osteoblastos humanos. A revisdo sistematica
de escopo, conduzida de acordo com a declaracido PRISMA, identificou 76 estudos
que demonstram que as membranas PRF influenciam a proliferagao, diferenciagao e
mineralizagdo de células éOsseas, devido a mudangas notaveis em marcadores
cruciais do metabolismo e comportamento das células 6sseas. Por outro lado, os
resultados experimentais demonstraram que a Alb-ncHA-PRF, quando comparado a
Alb-PREF, exibiu uma liberacado reduzida de fatores de crescimento e citocinas, o que
posteriormente levou a menor proliferacdo de osteoblastos MG63, redugao de sua
atividade fosfatase alcalina e capacidade de mineralizagao in vitro. Estes achados
apontam que a incorporagado de esferas ncHA pode atenuar os efeitos biolégicos
pretendidos do Alb-PRF no comportamento dos osteoblastos. Estas descobertas
sublinham o potencial de evolu¢do do PRF na medicina regenerativa e a relevancia
de considerar a interagao dinamica com outros materiais para a eficacia terapéutica.

Palavras chave: Fibrina rica em plaquetas; gel de albumina; osteoblastos;
compositos; 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
NnCHA (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. INTRODUGAO

A bioengenharia de tecidos 6sseos tem sido usada, nas ultimas décadas, como
uma ferramenta para a regeneracao de defeitos criticos no sistema esquelético, os
quais dificilmente sofrem reparo sem uma intervencdo meédica.

O mercado de enxertos e substitutos 6sseos é categorizado com base nos
produtos disponiveis, tais como aloenxertos, substitutos de enxertos ésseos e outros
produtos. Além disso, as aplicagdes desses produtos incluem regides
craniomaxilofacial, odontoldgica, reconstrugdo articular, fusdo espinhal e outras
aplicagdes. O mercado de enxertos Osseos e substitutos estd em constante
crescimento. Ha uma projecéo de crescimento anual de 4% em termos de valor (em
milhdes de ddlares) durante o periodo de e 2022 a 2027 (Figura 1). Notavelmente,
prevé-se que a regido da Asia-Pacifico exiba a taxa de crescimento anual composta
mais elevada durante o periodo de 2023 a 2027 (iData research 2023).

mmm Mercado de substitutos de enxerto 6sseo dentdrio mmm Mercado de fator de crescimento dentdrio

me Mercado de membrana de barreira dentaria Mercado local de tratamento periodontal antimicrobiano

Mercado de regeneracdo de tecidos moles dentais = Crescimento

Valor de mercado (VM)
Crescimento (%)

2019 220 2021

2022 2023 2024 2025 2026 2027 2008 2029
Ano

Figura 1. Mercado europeu de biomateriais para regeneragéo 6ssea (iData research 2023).

Um biomaterial ideal para a utilizagdo em enxertos Osseos deve ser
biocompativel, bioativo, osteocondutor e, preferencialmente, osteoindutor, além de
ter composicao quimica semelhante a parte mineral do osso natural a fim de evitar
resposta inflamatoria exacerbada (BERNARDS et al., 2008). Existe a necessidade

em desenvolver biomateriais adequados, que devem degradar e serem substituidos



por tecidos funcionalmente integrados ou devem ter a capacidade de crescer. Assim,
€ fundamental entender a natureza quimica e a resposta bioldgica para recuperagao
O0ssea (Hook et al. 2009). As pesquisas sobre formacédo dssea sao direcionadas a
processos importantes como a composi¢cao quimica, topografia, porosidade além de
dureza, densidade e cristalinidade, estdo associadas com a degradagdo dos
biomateriais. Um desafio para regeneragcédo 6ssea € a constituigdo de um arcabougo
que possibilite uma dissolugdo controlada e cinética de liberagao, garantindo que as
concentragbes necessarias de certos ions sejam liberadas no ambiente fisioldgico
de forma predeterminada (Hoppe et al 2011).

A busca crescente por substitutos 6sseos com caracteristicas importantes
para integracao Ossea visa evitar problemas de morbidade ou rejeicdo do sitio
doador e risco de transmissdo de doencgas, que séo limitantes para o transplante de
osso. O osso autdlogo é o padrdo ouro atualmente, mas sua disponibilidade é
limitada, além da necessidade de uma segunda cirurgia necessaria para sua colheita
que esta associada a morbidade do local doador e risco de infeccdo aumentado
(Raina et al. 2016, Gupta et al. 2015). Dada a importancia da composi¢ao inorganica
do osso, a HA (hidroxiapatita) sintética vem sendo estudada a bastante tempo
devido as possiveis aplicagcbes clinicas na construcdo de implantes e enxertos
0sseos para o tratamento de danos e injurias no tecido 6sseo (Raina et al. 2016).

Em termos de composicdo, o tecido 6sseo € um tecido conjuntivo
especializado, formado por células e a matriz 6ssea. Os materiais organicos sao
principalmente fibras de colageno. Os materiais inorganicos sao principalmente
Calcio (Ca) e Fésforo (P) na forma de cristais de hidroxiapatita (HA) (Figura 2)
(Junqueira e Carneiro 2013, Gao et al 2017).

Jacido ésseo Osteons e Canais Padréesde — Fibrilas de Coldgenoe

Harvesianos fibra colageno hidroxiapatita
mineralizadas

~100um ~50pm ~5pum Escala
Didmetros dos dsteons Padrées de fibra Didmetroda fibra Didmetro da fibrila atdmica

Escala macro

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

da fase mineral de ossos e dentes, e tem atraido a atencdo como material de



substituicdo 6ssea devido a sua biocompatibilidade e osteointegragao que estimulam
o crescimento 0sseo através de uma agao direta nos osteoblastos (Zambuzzi et al.
2011, Pepla et al. 2014). Biomateriais associados a HA sao os mais utilizados em
implantes para reparagao ossea e reconstrugcao, devido a sua intensa combinagao
com o0s componentes minerais do o0sso. Sua composicdo quimica fornece
propriedades diferenciais para um biomaterial, sendo biocompativel, bioativo e
biofuncional, garantindo boa aplicabilidade em implantes (COSTA et al., 2009). Além
disso, a HA tem um arranjo sistematico de poros uniformes com interconexdes, e
tem sido usada com sucesso como material de enxerto ésseo para engenharia de
tecidos, apresentando osteocondugdo, facilitando a migracdo das células
osteogénicas e a vascularizagao do osso circundante (Doi et al. 2017).

Nesse sentido, diversas pesquisas tém desenvolvido e pesquisado materiais
como as microesferas de carbonatoapatita (cHA), as quais possuem substituicdo de
grupamentos hidroxila por carbonato, em uma alteragao que contribui para conseguir
uma estrutura altamente bioabsorvivel para a bioengenharia de tecidos 6sseos,
permitindo substituicdo 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 sdo de extrema importancia para a adequacgao, absorgao e
integracdo, de maneira que haja infiltragcdo por células, matriz organica e vasos
sanguineos (Habibovic et al. 2010). Diversos estudos comprovam que a
hidroxiapatita carbonatada nanoestruturada é um material reabsorvivel e que
desaparece algumas semanas apos o implante em defeitos criticos (Valiense et al.
2012; M. D. Calasans-Maia et al. 2015).Essa importante caracteristica € conferida
pela topografia de superficie do biomaterial para a adesao e proliferacdo de
osteoblastos (Burg, Porter, and Kellam 2000).

O osso natural € um tipo especializado de tecido que produz matriz 6ssea
formado por hidroxiapatita carbonatada (cHA), parte constituinte da matriz
mineralizada, sendo formada principalmente muitos ions inorganicos associados e
outros tracos de elementos, compondo assim a microestrutura 0ssea, dessa forma
os favorece que osteoblastos reconhegam 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 ja bem estabelecida, e a liberagdo calcio e fosfato no meio, os



ions necessarios para a formagao 6ssea quais sao associados com a formacao de
novos tecidos 6sseos (Enkel et al 2008). A topografia € um fator muito importante
para a adesao e proliferacdo de osteoblastos. Uma vez nanoestruturado como o
osso natural, durante o processo de degradacgao, ele ndo deve sofrer mudangas que
comprometam a resposta celular de maneira a reconhecer como corpo estranho
(Burg et al 2000). As células 6sseas interagem facilmente com nanomateriais e esta
interacdo pode ser crucial para o sucesso do implante, ou seja, um material
nanoestruturado pode promover a adesao, proliferagao e diferenciagcéo celular (Li et
al. 2009). Aperfeigoar a geometria e a ultraestrutura do implante €, portanto, uma
forma de fazer com que o material implantado se ajuste perfeitamente ao defeito
0sseo e possa ser infiltrado por células, matriz organica e vasos sanguineos
(Habibovic et al. 2010).

Nesse sentido, as microesferas de carbonatoapatita nanoestruturada
(cHA),que possuem substituicdo de grupamentos hidroxila por carbonato,
apresentam uma alteragdo que contribui para conseguir uma estrutura altamente
bioabsorvivel para a bioengenharia de tecidos 6sseos, permitindo substituicdo por
0sso novo regenerado (Mavropoulos et al. 2012, Calasans-Maia et al. 2015, Valiense
et al. 2016, Carmo et al. 2018).

O desenvolvimento de biomateriais 6sseos para imitar as propriedades
estruturais e uma condigdo porosa do osso natural vem sendo amplamente
investigado. As abordagens para a regeneracao 0ssea estdo mudando lentamente a
medida que novos biomateriais e novas estratégias estdo sendo desenvolvidas e a
construcdo de um microambiente celular tornou-se um foco comum de varias
disciplinas. Esse campo pode dar passos gigantescos devido ao entendimento da
importancia da convergéncia com nanotecnologia, ciéncia de células-tronco e
biologia do desenvolvimento, e talvez outros campos (Gao et al. 2017, Yu et al.
2015). Estudos combinados procuram integrar propriedades biolégicas e mecanicas
adequadas para a concepgao de biomateriais otimizados, que oferecem um
microambiente propicio para promover a diferenciagao direcionada de células-tronco
e, em sequéncia transformacao artificial de biomateriais em formas biolégicas (Gao
et al. 2017).

A bioengenharia se baseia na triade célula, arcabouco (biomaterial), e fatores

de crescimento. Esses materiais ainda demandam o acréscimo de moléculas



osteoindutoras, tais como a proteina morfogenética 6ssea (BMP 2), para uma efetiva
aplicagao clinica. 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 regeneragao tecidual tem avangado muito nos ultimos anos
com o desenvolvimento de agregados autdlogos obtidos a partir do sangue, como a
Fibrina Rica em Plaquetas (do inglés, Platelet Rich Fibrin, - PRF) e a Fibrina Rica em
Leucdcitos e Plaquetas (L-PRF), provocando consideravel interesse nas areas
médicas e odontoldgicas. A PRF destaca-se como um biomaterial natural, autélogo,
com alto potencial de compatibilidade e funcionalidade com o corpo humano. Como
concentrado de plaquetario de segunda geragcdo, a PRF passou por avangos
significativos desde o seu inicio (Choukroun, et al 2006; Miron, et al 2017). A PRF
demonstrou ser potencialmente benéfico em muitas aplicagbes ja antes realizadas
com PRP (do inglés, Platelet Rich Plasma, Plasma rico em plaquetas - PRP), como
tratamentos dermatoldgicos, implantes &sseos, reconstrucdo de articulagdes,
cirurgias plasticas e oftalmoldgicas (Pietrzak et al 2005, Dohan et al 2006a, Conde
Montero et al 2013).

A PRF descrita por Choukroun e colaboradores, € uma técnica que néo utiliza
coagulantes e parte da imediata centrifugacdo de 10 ml de sangue a 3000 rpm
(aproximadamente 400 g) por 10 min. A auséncia de anticoagulante implica a
ativagdo, em poucos minutos, da maioria das plaquetas da amostra de sangue em
contato com as paredes do tubo, ativa a liberacédo das cascatas de coagulacéo da
maioria das plaquetas, formando um coagulo de fibrina no meio do tubo, contendo
plasma acelular no topo e glébulos vermelhos no fundo (Figura 3) (Dohan et al
2006a).
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Figura 3. Preparo da PRF, plasma acelular no inicio do tubo, coagulo de PRF no meio e células vermelhas
(Lima, et al 2023).

A PRF tem sido investigada ha décadas, assim como o uso de fatores de
crescimento autdlogo do sangue do préprio paciente (Marx et al. 1998). Ela pertence
a uma nova geracgao de concentrados de plaquetas (Dohan et al 2006a), com alta
capacidade cicatricial. A polimerizagdo da membrana cria uma estrutura fisica ideal
para facilitar a cicatrizagdo, promovendo a adesao de células osteoprogenitoras. E a
presenca de plaquetas e leucdcitos garante a produgéo e liberagdo continua de
diferentes fatores de crescimento (FGF, VEGF, TGF, PDGF), sendo sua utilizagdo
caracterizada como uma técnica com custo beneficio vantajoso, pois é obtida de
unica centrifugacao de sangue humano sem adigéo de anticoagulantes (Choukroun
et al.2006a, 2006b, Dohan et al. 2006a, 2006b, 2006c). Estas membranas
permanecem significativas apos trés semanas, com um balango de citocinas
anti-inflamatérias, pro-inflamatérias e quimiocinas, apresentando equilibrio
necessario para a estabilidade em sua conformacgao (Lourenco et al 2018).

As inumeras possibilidades terapéuticas do PRF podem ser obtidas pelas
modificagcdes em seu protocolo de producédo, incluindo a associagdo com outros
biomateriais. Um exemplo € o PRF enriquecido com albumina desnaturada
(Alb-PRF) um biomaterial derivado do plasma sanguineo desenvolvido e patenteado
por nosso grupo de pesquisa (ANEXO I), que demonstrou ter interessantes
propriedades bioldgicas para terapia tecidual. O Alb-PRF é obtido pelo aquecimento
da fase liquida do PRF (fibrina rica em plaquetas) a 95°C por 5 minutos, o que

provoca a desnaturacdo da albumina e de outras proteinas. A matriz semelhante a



gel resultante contém uma alta concentracdo de fatores de crescimento, citocinas e
componentes da matriz extracelular que podem estimular a cicatrizagcdo e
regeneracgao tecidual. Alb-PRF pode ser aplicado como membrana, preenchimento
ou suporte para diversas aplicagdes clinicas, como cicatrizacdo de feridas,
regeneragao 0ssea, 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 hipotese de que a associagdo de microesferas de
cHA nanoestruturada aos fatores de crescimento presentes no Alb-PRF podem
oferecer uma alternativa de baixo custo para a obteng¢ao dos elementos da triade da
bioengenharia para tratamentos 6sseos. De fato, de acordo com um estudo clinico
prévio (Mourdo 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 plaquetéario (concentrado
de fatores de crescimento, ou CGF), foi possivel observar que o procedimento
cirurgico quando associado ao biomaterial foi otimizado e apresentou rapida
recuperacao dos tecidos 0sseos.

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

(i) quais os efeitos esperados de agregados plaquetarios como o PRF sobre
células d6sseas e de tecidos mineralizados?

(i) a adigdo do cHA a membrana de Alb-PRF afetaria suas propriedades
estruturais, bem como a liberagao de fatores de crescimento?

(i) Quais efeitos que esses componentes, em conjunto, terdo sobre a
viabilidade, proliferagao e capacidade de mineralizacdo de osteoblastos humanos?

A presente tese propds um estudo in vitro capaz de acessar por meio de
cultivo celular algumas dessas questdes, a partir de uma revisdo sistematica de
escopo, seguida de uma investigagao in vitro, que serdo apresentadas em dois

manuscritos independentes.



OBJETIVO GERAL:

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

regeneragdo Ossea e avaliar seu impacto nas respostas celulares, bem como

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

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

bioldgicos e no comportamento de osteoblastos humanos.

OBJETIVOS ESPECIFICOS:

1.

Identificar as bases biolégicas da aplicabilidade do PRF a partir de
seus efeitos em eventos como proliferacdo, diferenciacdo e
capacidade de mineralizagao de células 6sseas a partir de evidéncias
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).

Avaliar a associagao de Alb-PRF com microesferas nanoestruturadas
de hidroxiapatita carbonatada (Alb-ncHA-PRF) com relagdo a
capacidade de liberagcdo de mediadores bioldgicos (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 |

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;
LOURENCO 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
(PRF OR “platelet rich fibrin” OR L-PRF OR i-PRF OR “Sticky bone” OR
PubMed “concentrated growth factors” OR CGF) AND (Bone OR osteoblast* OR MSC
(https://pubmed.ncbi.nim.ni [OR “mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” [mh}]
h.gov/) OR “bone cell” OR preosteoblast* OR Skeleton) AND (“in vitro” OR In Vitrg

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

((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 MSG
OR “mesenchymal stem cell” OR “bone marrow” OR “Bone and bones” OR
“bone cell” OR preosteoblast OR PDL OR “periodontal ligament OR

\Web of Science

(https://www.webofscience.

com/
) mineralization) AND (“in vitro” OR “In Vitro Techniques” OR “Cell Lineage” OR
“Cells, Cultured”)) Refined by DOCTYPE: (ARTICLE)
s TITLE-ABS-KEY (prf OR “platelet rich fibrin” OR I-prf OR i-prf OR “Stickyf
copus

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




(https://www.scopus.com/se|OR osteoblast OR MSC OR “mesenchymal stem cell” OR “bone marrow” OR
arch/form.uri?display=basic [‘Bone and bones” OR “bone cell” OR preosteoblast OR pdl OR “periodonta
) ligament OR mineralization) AND TITLE-ABS-KEY ((“in vitro” OR “In Vitrg
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.
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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).




Group I: | Group II: | Group llI: | Group IV: [Group V:
test test study study plausibility
Publication substance | system design Results of  study | Total (18)
identificati | character | descripti | documen | design and
on (4) ization (3) | on (6) tation (3) | data (2)
AL-MAAWI et al, 2021 4 3 6 3 2 18
| AL-MAAWI et al, 2022 | 4 | 3 | 6 | 3 | 2 | 18 |
|BAGIOetaI, 2021 |3 |3 |6 |3 |2 |17 |
BANYATWORAKUL et al,
2021 4 3 6 3 2 18
|B|eta/,2020 |4 |3 |6 |3 |2 |18 |
|BLATTeta/, 2021 |4 |3 |5 |3 |2 |17 |
CHANG, TSAI & CHANG,
2010 4 2 5 3 2 16 ‘
|CHENetaI,2015 |4 |3 |6 |3 |2 |18 |
|CHENGeta/, 2022 |4 |3 |5 |3 |2 |17 |
|CHIetaI,2019 |4 |3 |5 |3 |2 |17 |
|CLIPETetaI,2012 |4 |3 |6 |3 |2 |18 |
DOHAN EHRENFEST et
ol 2010 4 | 1 5 3 2 15 |
|DOHLEetaI,2018 |4 |3 |6 |3 |2 |18 |
|DOUGLASetaI, 2012 |4 |1 |5 |3 |2 |15 |
|DUANeta/,2018 |4 |1 |5 |3 |2 |15 |
| EHRENFEST et al, 2009 | 4 | 1 |5 | 3 |2 | 15 |
ESMAEILNEJAD et al, |4 3 6 3 2 18
2022 ‘
FERNANDEZ-MEDINA et ‘
3 6 3 2 18
al, 2019
| 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 |
|4 |3 |5 |3 |2 I

| HE et al, 2009




HONG, CHEN & JIANG,
2018

| HUANG et al, 2010

| IRASTORZA et al, 2019

| ISOBE et al, 2017

| Jl et al, 2015

| KANG et al, 2011

| KARDOS et al, 2018

| KIM et al, 2017a

| KIM et al, 2017b

| KOSMIDIS et al, 2023

| KOYANAGI et al, 2022

| KYYAK et al, 2020

| KYYAK et al, 2021

| Ll et al, 2013

| Ll et al, 2014

| Ll et al, 2018a

| LI et al, 2018b

| LIANG et al, 2021

| LIU et al, 2019

| LIU et al, 2022

| LO MONACO et al, 2020

| MARCHETTI et al, 2020

| MORADIAN et al, 2017

| NGUYEN et al, 2022

| NIE et al, 2020

| NUGRAHA et al, 2018a

| NUGRAHA et al, 2018b

| NUGRAHA et al, 2018¢

| NUGRAHA et al, 2019

| RASTEGAR et al, 2021

| SHAH et al, 2021

| SONG et a,2018

| STELLER et al, 2019a

| STELLER et al, 2019b

| SUl et al, 2023
THANASRISUEBWONG
et al, 2020

| VERBOKET et al., 2019

| WANG et al,2015

| WANG et al, 2018

| WANG et al, 2022

4

|18
|18
|16
|18
|18
|16
|16
|17
|18
|17
|18
|18
|17
|18
|18
|18
|17
|18
|18
|18
|18
|16
|1s
|18
|16
|16
|16
|16
|18
|15
|18
|18
|18
|18

|17
|18
|18
|17



|WANG et al, 2023 | |3 |5 | |2 |17 |
|WONG etal, 2021a | |3 |6 | |2 |18 |
|WONG et al, 2021b | |3 |6 | |18 |
|WOOetal, 2016 | |1 |5 | | |15 |
|WU et al, 2012 | |3 |5 | | |16 |
|YUetal,2016 |4 |3 |6 |3 |2 |18 |
YU et al, 2023 4 3 6 3 2 18
IZHANGeta/, 2019 i4 is ie ia iz i18 i
|ZHANGetaI, 2023 |4 |3 |6 |3 |2 |18 |
|ZHAOetaI,2013 |4 |2 |5 |3 |2 |16 |
|ZHENGetaI, 2015 |4 |1 |5 |3 |2 |15 |
4 |

|ZHENG et al, 2020 |3 |6 |3 |2 |18

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



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

PRF Mineralizing Cell Exposure Exposure Biological
Publication Results
protocol type time method Parameters
PRF produced according to the Low-Speed
) VEGF; TGF-B1; PDGF, ] )
AL-MAAWI et al, Primary Human After 3 and Centrifugation Concept, associated to a
A-PRF Eluate OPG, IL-8; OPN; ALP
2021 Osteoblasts 7 days fivit polymeric scaffold, had a significant effect on
activity.
y osteogenic markers of osteoblasts.
. Osteoblasts exposed to PRF produced with
Primary human ) ) .
AL-MAAWI etal, L-PRF and ) fixed-angle rotors presented higher adhesion
osteoblasts 24h Eluate Cell adhesion.
2022 H-PRF than those exposed to PRF produced with
(pOBs) .
variable angle.
BAGIO et al, Human dental pulp 5, 12, and 5% A-PRF extracts increased VEGF-A
A-PRF Eluate VEGF-A ]
2021 stem cells 24 hours expression by hDPSCs.
PRF derived from Thai buffalo blood promoted
BANYATWORA LPRF Canine periodontal 1,3 and 7 Eluat Proliferation; migration; the proliferation, migration and increased
- uate
KUL et al, 2021 ligament cells days in vitro mineralization. mineral deposition in vitro. of canine periodontal
ligament cells.
Proliferation; migration;
Stem cells from the PRF improved the proliferation, migration, and
) ) in vitro mineralization; o o
Bl et al, 2020 L-PRF apical papilla 1,3 and 5 Eluate the osteo-/odontogenic differentiation of SCAPs
ERK; pERK; ALP; o
(SCAP) days by activating the ERK pathway.
DMP-1
The combination of PRF with bone substitute
Cell viability;
. ) . . materials increased the viability, early proliferation
BLATT et al, A-PRF and Human proliferation; migration; o ) )
) 24hs Co-culture and migration potential of human osteoblasts via
2021 iPRF Osteoblasts (HOB) ALP; Col-l; BMP2; )
R ) RUNX2, alkaline phosphatase, collagen, and
unx-2.

BMP2.



CHANG, TSAI &
CHANG, 2010
CHEN et al,
2015
CHENG et al,
2022

CHl et al, 2019

CLIPET et al,
2012

DOHAN
EHRENFEST et
al, 2010

L-PRF

L-PRF

L-PRF

Decellularize

d PRF

L-PRF

F

L-PR

Human
Osteosarcoma
osteoblast-like cells
(U20S)

Canine dental pulp
stem cells (DPSCs)

Rabbit

marrow

bone

mesenchymal
stem cells
(BMSCs)

Bone marrow stem

cells

Human
Osteosarcoma
osteoblast-like cells
(Saos-2)
Human bone
mesenchymal stem
cells (BMSC)

1,3,and 5
days

7, 14 and
21 days
Up to 28
days
every 24 h
for 9 days
1 and 2
days

7,14, 21
and 28
days

Co-culture

Co-culture

Co-culture

Cultured on
PRF

Eluate

Co-

culture

Proliferation;  p-ERK,
RANKL; OPG
Proliferation; ALP
activity; ALP; DSPP;
DMP 1; BSP

Mineralization;
adipogenic
differentiation;
aggrecan, Col-ll; Sox9;
b-catenin; P-GSK3b;
CaMKlI; PKC.

Adhesion; proliferation;
Col I; ALP; OPN; OCN;
Runx-2.

Cytotoxicity;
proliferation; Cell
Cycle; cbfa1, Colf,
OCN; OPN
Cytotoxicity;
proliferation; ALP

activity; mineralization;

morphology (SEM)

PRF

positive regulation of the expression of p-ERK,

stimulated osteoblast proliferation with

and increased the secretion of OPG.

PRF not only provides a well-organized scaffold
for cell adhesion and migration but also induces

DPSC proliferation and differentiation markers.

Co-culture with PRF reversed the activation of
Wnt/Ca2+ signaling in BMSCs under hydrostatic
with increased

pressure, expression  of

chondrogenic differentiation markers.

PRF

chitosan/gelatin scaffolds accelerate attachment,

Decellularized combined with

proliferation, and osteogenesis-related marker

expression of bone marrow stem cells.

Exposure to PRF conditioned medium increased
cell viability, proliferation, and expression of the

late and early markers of osteogenesis.

increased proliferation and differentiation of BMSC

when exposed to Choukroun's PRF.



DOHLE et al,
2018

DOUGLAS et al,
2012

DUAN et al,
2018

EHRENFEST et
al, 2009

ESMAEILNEJA
D et al, 2023

FERNANDEZ-M
EDINA et al
2019

iPRF

L-PRF

L-PRF

L-PRF

A-PRF
L-PRF

A-PRF
I-PRF

and

and

primary osteoblasts
(pOB)

Human
Osteosarcoma
osteoblast-like cells
(Saos-2)

Rat
ligament stem cells
(PDLSCs)

periodontal

Human
Maxillofacial

osteoblasts

Human
Osteosarcoma
osteoblast-like cells
(MG-63)

Primary Human

Osteoblasts

1 and 7
days
3,5and 7
days
1,2, 3, 4,
7 and 14
days
714, 21
and 28
days
24 and
72h
at 24 and
72 h

Cultured on
PRF

Co-culture

Cultured on

PRF

Co-culture

Eluate

Eluate

VEGF; ICAM-1; ALP

Cytocompatibility;

migration.

Proliferation; BSP;
OCN; Runx-2; ALP
activity

Proliferation;
mineralization; ALP

activity

Proliferation;

mineralization.

Proliferation; migration;
mineralization; cytokine

release.

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.

PRF functionalized with ALP and

mineralization was not cytotoxic and promoted

induced to

colonization by human osteoblasts.

PRF and the

expression of osteogenic markers in rat PDLSCs.

enhanced cell proliferation

PRF stimulates the proliferation of several very
different cell types, and the effects on osteoblastic

differentiation are highly significant.

L-PRF while A-PRF

increased in vitro mineralization of MG-63 cells.

increased proliferation,

Cell
demonstrated a detrimental
i-PRF demonstrated

superior induction of mineralization. A negative

viability and migration assay have
effect when the

concentration was =260.

impact of A-PRF was demonstrated at high

concentrations.



GASSLING et

al, 2009

GASSLING et

al, 2010

GASSLING et

al, 2013a

GASSLING et

al, 2013b

GIRIJA &

KAVITHA, 2020

HE et al, 2009

HONG, CHEN &

JIANG, 2018

L-PRF

L-PRF

Mg-enhanced

enzymatically
mineralized
PRF

L-PRF

PRF
(undefined

protocol)

L-PRF

freeze-dried
L-PRF

human osteoblasts
(HOB) and
osteosarcoma
(Saos-2)

10 days

Human periosteal

Human

Osteosarcoma

(Saos-2)

1, 5,7 and
36 days

Human osteoblasts

2h,
overnight

Dental pulp cells

1,

21 and 28
days

Rat calvaria
osteoblasts

Apical papilla
(SCAPs) days

10 min, 1h.
cells 1 day.

1,3 and 7
osteoblast-like cells  days

7 and 14

Co-culture

Eluate

Co-culture

Eluate

Eluate

Exudates

Membrane

dissolved in

PDGF; IGF; TGF-Beta

Cell viability;

proliferation.

Cell viability;
proliferation;
morphology

Cell viability;
proliferation, ALP
activity.

IL-6; IL-8; DMP-1,
DSPP, STRO-1;
mineralization.
Proliferation;
mineralization; ALP
activity; cytokine
release.

Proliferation; migration;
morphology;

differentiation  (CDA45,

PRF exposure led to increased secretion of

growth factors by osteoblasts.

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

as a scaffold for human periosteal cell

proliferation.

The enzymatic mineralization of PRF did not affect
osteoblast viability and proliferation on the

membrane.

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.

The addition of bioactive radiopacifiers into PRF
has a synergistic effect on the stimulation of
odontoblastic differentiation of HDPCs, hence

inducing mineralization.

PRF released autologous growth factors gradually,
and expressed stronger and more durable effects
on proliferation and differentiation of rat

osteoblasts than PRP in vitro.

Freeze-dried PRF promotes the proliferation,

migration, and differentiation of SCAPs



HUANG et al,
2010

IRASTORZA et

al, 2019
ISOBE et al,
2017

Jl et al, 2015
KANG et al,
2011

KARDOS et al,
2018

L-PRF

L-PRF

L-PRF

stored

from

(frozen) blood

L-PRF

L-PRF

Fresh, frozen,

and

Dental
(DPCs)

pulp cells

Pulp stem cells

Human periosteal
cells

Periodontal
ligament stem

cells, bone marrow
mesenchymal stem

cells

Human alveolar
bone marrow stem

cells (hABMSCs)

Mesenchymal
Stem Cells

0, 1, 3, 5
days

4 days

3 days

1,2, 3, 4,
5,6 and 7
days

0, 0,5, 3,
6, 12hs. 1,
7, 14, 21,
28, and 35
days

1, 7, and
14 days

10 mL
DMEM

Co-culture

Co-culture

Eluate

Transwell

insert

Eluate

Co-culture

CD90,

mineralization;

and CD146),
ALP:
BSP; DMP-1; DSPP

Viability;  Proliferation;

OPG; ALP Activity

Mineralization; ALP
activity; ALP; Col-l;
Osteonectin; Runx-2,
OSX.

Proliferation.

Migration; proliferation;
BSP; OCN; OPN;
Col-ll.

Proliferation;
mineralization;
migration; MMP9

activity

Viability;
adhesion.

proliferation;

PRF stimulates cell proliferation and differentiation
of DPCs by up-regulatng OPG and ALP

expression.

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.

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.

The association of PRF and TDM (treated dentin
matrix) induced cell differentiation according to

different markers.

PRF

activation

increased  proliferation,  aggregation,
of MMP9 and mineralization by

decreasing migration of the hABMSCs.

Preserved PRF membranes presented the same

biological properties as fresh samples.



KIM et al, 2017a

KIM et al, 2017b

KOYANAGI
al, 2022

et

KOSMIDIS et al,

2023

KYYAK et
2020

al,

freeze-dried
L-PRF

L-PRF

L-PRF

Arterial
blood-derived
PRF
(Ar-PRF),
venous
blood-derived
PRF
(Ve-PRF).

A-PRF, i-PRF,
L-PRF

i-PRF

Human Primary

Osteoblasts

Human dental pulp
cells (HDPCs)

primary rabbit
osteoblasts

Human
Osteosarcoma

osteoblast-like cells
(U20S)

Human
Osteoblasts (HOB)

1, 2, 3,7
days

1, 2,
days

At 1, 3,
and 5 days
Up to 28
days

3, 7 and
10 days

co-culture

Eluate

Eluate

Eluate

Eluate

Proliferation; ALP
activity.

Viability; IL-1b; IL-6,
and IL-8; VCAM-1,
DSP; DMP-1; ALP

Activity; Mineralization.

Viability; Col-1; OCN;

mineralization.

Mineralization; ALP
activity; ALP; OCN;
ON; ICAM-1; Runx2;
Col 1a

Viability; migration;
proliferation; ALP;
BMP-2; OCN.

PRF presented significantly higher data on DNA

quantification, synthesis  and proliferation,

differentiation, and bone

osteoblasts, PDGFs and TGF-b.

generation  of

PRF presents odontogenic capacity in inflamed
HDPCs.

Exposed osteoblasts presented greater

differentiation potential, including higher
osteocalcin expression and mineralization with no

difference between Ar and Ve-PRF.

The
osteogenic potential

three PRF preparations increased the
of U20S cells. A-PRF
presented the highest effect on mineralization, and
i-PRF the highest
differentiation.

potential for early cell

i-PRF in combination with allogenic biomaterials

enhances human osteoblasts activity when
compared to xenogenic bone substitute material +

i-PRF.



KYYAK et al,
2021

Ll etal, 2013

Ll et al, 2014

Ll et al, 2018a

Ll et al, 2018b

LIU et al, 2022

i-PRF

L-PRF

lyophilized
PRF

L-PRF

L-PRF

Lyophilized
L-PRF,
crosslinked

with genipin

Human
Osteoblasts (HOB)

Dental follicle (DF),
alveolar bone (AB),
periodontal
ligament (PDL)

Rat alveolar bone

cells

Human periodontal
ligament stem cells
(hPDLCs)

Human
periodontal
ligament cells
(PDLSCs)

Pulp stem cells

from human
exfoliated
deciduous teeth

(SHEDs)

3, 7, and
10 day

7, 14 and
21 days

7, 14, and
21 days

21 days

1, 2, 3, 7
and 14
days

Up to 14
days

Eluate

Co-culture

Co-culture

Exudates

Co-culture

Eluate

Viability; migration;
proliferation; ALP;
BMP-2; OCN

Proliferation; migration;

mineralization; ALP;
MGP; Runx-2.
Mineralization;
proliferation; ALP;

Runx-2.

Adhesion; Proliferation;

mineralization; ALP
activity; ALP; OCN;
0OSX; Runx2.

Proliferation; Runx-2;
MAPK; ERK1/2;
PERK1/2;  JNK1/2/3;

pJNK1/2/3; P38; OSX;
OCN; ALP activity.

Proliferation;
mineralization;
Col 1; OCN.

Runx2;

The combination of four bovine bone substitute
with  i-PRF

parameters, ALP and BMP-2 expression at earlier

materials improved all cellular
stages as well as osteonectin expression at later

stages.

PRF induced an increase in the early osteoblast
transcription factor RUNX2 and a reduction of the

mineralization inhibitor MGP.

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.

PRF hPDLC
proliferation and induces the differentiation of

exudate enhances adhesion,

hPDLC into mineralized tissue formation cells.

PRF and IGF-1 can promote the osteogenic
differentiation of PDLSCs and enhance their
osteogenic mineralization through the regulation of
the MAPK pathway.

L-PRF

proliferation and enhanced the expression of key

Genipin  crosslinked induced cell

genes in osteogenesis.



LIANG et al,
2021

LIU et al, 2019

LO MONACO et
al, 2020

MARCHETTI et
al, 2020

MORADIAN et
al, 2017

NGUYEN et al,
2022

NIE et al, 2020

NUGRAHA et al,
2018a

A-PRFe

Fresh/lyophili
zed PRF

L-PRF

L-PRF

L-PRF

A-PRF

lyophilized

L-PRF

L-PRF

Adipose-derived
stem cells (ASCs)

Bone
mesenchymal stem
cells (BMSCs)

Dental pulp stem

cells (DPSCs)

Periodontal

ligament fibroblasts

Bone marrow
mesenchymal stem

cells (BMMSCs)

Human Periodontal
ligament stem cells
(hPDLSCs)

MC3T3-E1 murine

preosteoblasts

Rat

Mesenchymal

Gingival

7 days

1-7 days
24, 48 e
72hs

24 h, 72 h
and 7
days,

1,5 7,9,
and 12
days
at1h,6h,
24 h, 3
days, 5
days, and
7 days
1,3,and 5
days

7, 14, and
21 days

Eluate

Eluate

Eluate

Eluate

Cultured on
PRF

Exudates

Eluate

Cultured on
PRF

Proliferation;
mineralization;
adipogenesis; ALP,
OPN; OCN; Runx-2.

Proliferation;

mineralization.

Chondrogenic
differentiation; TIMP-1;
proliferation.

Proliferation; viability;

morphology.

Proliferation; adhesion.

Proliferation; migration.

Proliferation;
mineralization;
OPN.

OCN;

ALP; OC.

A-PRF stimulated ASC proliferation, adipogenic

and osteogenic differentiation on a

dose-dependent manner.

fresh/lyophilized PRF (1:1) increased BMSC

proliferation and in vitro mineralization.

L-PRF induced
on.DPSCs.

differential  chondrogenesis

L-PRF stimulated the onset of the growth of the

periodontal ligament fibroblasts.

PRF significantly induced BMMSCs proliferation.
Scanning electron that
BMMSCs tightly adhered to thefibrin scaffold after

seeding.

microscopy showed

A-PRF
induced hPDLSC migration or

in combination with xenogenic bone
proliferation,
depending on the exudate concentration.

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.

PRF induced increased ALP and OCN expression
on GMSCs.



NUGRAHA et al,
2018b

NUGRAHA et al,
2018c

NUGRAHA et al,
2019

RASTEGAR et
al, 2021

SHAH et al,
2021
SONG et al,
2018

L-PRF

L-PRF

L-PRF

L-PRF

i-PRF

L-PRF

Stem Cells
(GMSCs)

Rat Gingival
somatic cells
(GSCs)

Rat Gingival
stromal progenitor

cells (GSPCs)

Rat Gingival
Mesenchymal
Stem Cells

(GMSCs)

Human
Osteosarcoma
osteoblast-like cells
(MG-63)

Human
Osteosarcoma
osteoblast-like cells
(MG-63)

Rabbit

marrow-derived

Bone

mesenchymal stem
cells (BMSCs)

7, 14 and

21 days

7
21 days

, 14 and

7, 14 and

21 days

3 days

7 days

Cultured on
PRF

Cultured on
PRF

Cultured on
PRF

Co-culture

Co-culture

Eluate

BSP-1.

Cbfa-1; sox9.

Aggrecan.

ALP

mineralization.

activity;

ALP

activity; mineralization.

Proliferation;

Adhesion; proliferation;
ALP; Col-1; OPN;
Runx-2

PRF

expression.

increases and stimulates GSCs BSP-1

GSPCs cultured

osteogenic differentiation ability as predicted by

in PRF possessed potential

the cbfa-1/sox9 expression ratio.

Rich

expression  of

Fibrin
GMSCs

Platelets increases  aggrecan

during  osteogenic

differentiation.

PRF loaded into PCL/chitosan core-shell fibers
promoted in vitro mineralization and increased
ALP activity.

Coating of titanium discs with i-PRF causes
increased proliferation, alkaline phosphatase
production, and mineralization at day 1, 7, 14, and

21.

Printed scaffolds of BCP/PVA associated to PRF
promoted the
differentiation of BMSCs.

adhesion, proliferation, and



STELLER et al,
2019a

STELLER et al,
2019b

SUl et al, 2023

THANASRISUE
BWONG et al,
2020

VERBOKET et
al, 2019

WANG et al,
2015
WANG et al,
2018

L-PRF

PRF

3D printed
L-PRF
composite
scaffolds
Subfractioned
(red and
yellow) i-PRF
High (208g)
and Low
(60g) RCF
PRF

L-PRF
i-PRF

Human osteoblasts
(HOB)

Human Primary

Osteoblasts

MC3T3-E1 murine

preosteoblasts

Periodontal

ligament stem cells

Bone marrow
mononuclear cells
(BMCs)

Rabbit
Mesenchymal stem
cells (MSCs)
Human Primary

Osteoblasts

72h

24s

1 to 3 days
0,3,and 5
days

2, 7, 14
days

1,2, 3, 4,
5,6, 7,8,
14 days

1, 3, 5, 7,
14 days

Eluate

Eluate

Cultured on
PRF
composite
scaffold

Eluate

Eluate

Eluate

Co-culture

Proliferation; migration;

viability.

Adhesion;
morphology.

viability;

Proliferation.

Proliferation; Migration;

Mineralization; ALP
activity.

Viability; Apoptosis;
VEGFA; ICAMS3;
MMP2; MMP7; MMP9;
TGF-81; BCL2; BAX;
ALP; COL-1; FGF2;
SPP1.

Proliferation; ALP;
BMP2; OCN; OPN;
Col-1.

Proliferation; migration;
adhesion;

mineralization; ALP

The use of PRF

osteoblasts treated with zoledronic acid.

improves the behavior of

Zoledronic acid decreased osteoblast adhesion on
implant surfaces. PRF increased primary adhesion
of zoledronic acid-treated osteoblasts on implant

surfaces in vitro.

The proliferation of preosteoblasts into the
scaffolds increased with the release of GFs,
indicating that L-PRF remains bioactive after 3D

printing.

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.

PRF produced with
contents and stimulatory

low RCF significantly
increased mediator
effects on BMC with regard to gene expression of

MMPs and metabolic activity/viability.

PRF significantly stimulated MSC proliferation and

osteogenesis in vitro.

i-PRF was able to influence osteoblast behavior,

including migration, proliferation, and

differentiation, at higher levels than PRP.



WANG et al,
2022
WANG et al,
2022b
WONG et al,
2021a
WONG et al,
2021b

WOO et al, 2016

WU et al, 2012

i-PRF

L-PRF

Large-pore
PRF (LPPRF)

L-PRF

L-PRF

L-PRF

Human bone
marrow stem cell

(hBMSCs)

Rabbit
mesenchymal stem
cells from the
Schneiderian
membrane

(SM-MSCs)

MC3T3-E1

preosteoblasts

Rabbit

osteoblasts

primary

Human dental pulp
cells (HDPCs)

Human
Osteosarcoma
osteoblast-like cells
(U20S)

1to 7 days

1 to 14
days

6 days

3 and 6
days

12hs. 1, 2
and 7 days

2hs. 1, 3
and 5 days

Eluate

Eluate

Eluate

Eluate

Eluate

Co-culture

activity; ALP; Col-1;
OcC.
Proliferation; survival;
migration;
mineralization; Col 1;
OCN; OPN; Runx2;

ERK 1/2; p-ERK.

Proliferation; migration;

mineralization; ALP
activity; ALP; Col 1;
Runx2; ERK 1/2;
p-ERK.

Proliferation; migration;

mineralization.

Viability; ALP activity;
Col-1; OPN; ALP.

Viability; ALP activity;
DSP; DMP1; BMP 2/4;
pSmad1/5/8

Adhesion; proliferation
p-Akt; HSP47; LOX.

i-PRF improved proliferation and migration of
hBMSCs, with increased expression of osteogenic

markers, mineralization, and activation of the ERK

pathway.
PRF stimulated proliferation, migration and
osteogenic differentiation of SM-MSCs, with

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

large-pore LPPRF combined with a Mg
ring increased preoteoblast proliferation, migration

and in vitro calcium deposition.

L-PRF positively affected primary osteoblast

behavior, and induced bone formation when

associated to TCP.

A combination of MTA and PRF synergistically
stimulated odontoblastic differentiation of HDPCs

by the modulation of the BMP/Smad pathway.

PRF increased cell attachment and proliferation by
the Akt pathway, and matrix synthesis via HSP47

and LOX accumulation.



YU et al, 2016

YU et al, 2023

ZHANG et
2019
ZHANG et
2023
ZHAO et
2013
ZHENG et
2015

al,

al,

al,

al,

L-PRF

H-PRF

L-PRF

i-PRF

L-PRF

Lyophilized
PRF

Canine deciduous

and permanent
dental pulp cells
(DPCs)

Human osteoblasts
(hFOBs)

dental pulp stem

cells (DPSCs)

Human dental pulp
stem cells

(hDPSCs)

Periodontal
ligament stem cells
(PDLSCs)

Human
Osteosarcoma
osteoblast-like cells
(MG63)

1, 4, 7,
and 11
days

3 days

1, 3, 5 and
7 days

Up to 21
days

7, 14, 21
days

1, 3 and 5
days

Co-culture

Transwell

insert

Eluate

Eluate

Co-culture

Co-culture

Cytotoxicity;
ALP
activity; mineralization;
Col-1; OCN; OPN;
Runx2, ALP

proliferation;

Migration

Migration; morphology;
ALP activity;
mineralization (SEM);
OPN; Col-1; ALP.

Proliferation;
Mineralization; ALP
activity; Runx2; DSPP;
DMP1; BSP; Notch 1;
Jagged 1; Hes 1.

Proliferation;

mineralization (SEM);
ALP  activity; BSP;
OCN; Col-I; and CP23

Viability; adhesion;

proliferation.

PRF stimulated the proliferation and differentiation
of both deciduous and permanent DPCs, with
deciduous pulp cells more responsive to the
effects of PRF.

from H-PRF bone blocks

markedly promoted the migration of osteoblasts.

Culture medium

Multifunctional triple-layered scaffolds combined
with PRF significantly increased ALP activity and

expression of differentiation markers on DPSCs.

I-PRF induce a dose dependent increase on
proliferation of hDPSCs,

osteo-/odontoblastic differentiation markers, as

and expression of

well as key proteins in the Notch signaling.

PRF

suppressing

in PDLSCs,
differentiation  of

induced proliferation while
osteoblastic
PDLSCs by decreasing ALP activity and the gene
expression of BSP and OCN while up-regulating
the mRNA expression levels of Col-l and CP23

during the testing period. T.

A combination of hydrogel and a nanostructured
scaffold loaded with PRF improved the adhesion
and proliferation of MG63 cells when compared to

controls.



Migration; proliferation;
ALP activity;

Human periodontal . o Liquid PRF promoted hPDLGC proliferation and
ZHENG et al, ) 1, 3 and 5 mineralization; Runx2; . o .
i-PRF ligament cells Eluate differentiation, and attenuated the inflammatory
2020 days Col-1; OCN; IL-1B, .
(hPDLCs) ) state induced by LPS.
TNF-a and p65 (in the
presence of 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 |; 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 PREF, 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 Sa0S2, MG-63, and
U20S (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 (Sa0S2), 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-Il, and TGF-31 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-PREF, 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 OsteoporeTM (OP), a Combination of differently centrifuged PRF matrices The presented results suggest that PRF produced according to
al, 2021 commercially available with a polymeric resorbable scaffold to influence its the Low-speed centrifugation concept exhibits autologous blood

CHI et al, 2019

DOUGLAS et
al, 2012;
GASSLING et
al, 2013
GIRIJA  AND
KAVITHA,
2020

JIBetal, 2015

PCL mesh

Chitosan/gelatin (C/G)

Calcium glycerophosphate
(CaGP), ALP

Bioactive radiopacifiers —

nanohydroxyapatite (nHA)
and dentin chips (DC)

Treated
(TDM)

dentin

matrix

biological properties on bone regeneration.

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.

Induce mineralization of PRF membranes, to achieve
mechanical reinforcement of the gel and stability as a

barrier membrane in guided bone regeneration.

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.

Associate endogenous stem cells, PRF and TDM in
the local microenvironment to contribute with the
regeneration of periodontal tissues around the tooth

root.

cells and growth factors and seems to have a significant effect
on osteogenesis, showing promising results to support bone

regeneration.

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

regeneration.

scaffold is a promising material for bone

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.

The results suggest that the addition of bioactive radiopacifiers
into PRF has a synergistic effect on the stimulation of
differentiation of HDPCs, hence

odontoblastic inducing

mineralization.

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

microenvironment,

inductive scaffold for cells of the tooth socket

involved in endogenous tooth root

regeneration.



KYYAK et al,
2020

KYYAK et al,
2021

NGUYEN et al,
2022

NIE et al, 2020

RASTEGAR et
al, 2021

SONG et al,
2018

Allogenic (ABSM) and
xenogenic bone substitute

material (XBSM)

Cerabone R (CB), Bio-Oss
R (BO), Creos Xenogain R
(CX) and MinerOSS R X
(MO)

Xenogenic bone substitute
material (XBSM)

Polyvinyl  alcohol/sodium
alginate
PCL/chitosan

Nano - biphasic calcium
phosphate (BCP), polyvinyl
alcohol (PVA)

The comparison of an allogenic and xenogenic bone
substitutes with i-PRF for the production of the more

bioactive composite material for bone treatment.

Four bovine bone substitute materials (XBSM) were

associated to i-PRF aiming to increase their

osteoinductive properties.

Advanced platelet-rich fibrin (A-PRF) and xenogenic
bone substitute material (XBSM) were associated

aiming to increase periodontal tissue regeneration.

Addition of lyophilized PRF as a component for
the

osteogenic

electrospinning  preparations to increase

proliferation and osteogenesis of

precursor cells for bioengineering purposes.

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 nanofiborous on the osteogenic
differentiation of human mesenchymal stem cells

(HMSCs).

The low-temperature 3D printing of BCP/ PVA/PRF
scaffolds would preserve the biological activity of

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.

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.

The-PRF-XBSM mixture continuously released growth factors
over 7 days and enhanced human ligament stem cells

proliferation and migration.

The resulting material presented adequate physicochemical
properties, and was able to increase osteogenic markers on

bone cells.

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
PCL/CS scaffold, a better bone cell growth on the surface of
PCL/CS-PRF scaffold was observed.

nanofibrous scaffold compared to

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



STELLER et Zoledronic acid
al, 2019a;
2019b

SUl et al, 2023 Chitosan
(CS)-hydroxyapatite (HAP)

scaffolds

WOO et al, Mineral trioxide aggregate
2016 (MTA)

WONG et al, Magnesium Rings

2021b

WONG et al, Tricalcium phosphate
2021 (TCP)

PRF and provide an innovative biomaterial for

restoring segmental bone defects.

Investigation of the effects or bone cells treated with

bisphosphonates, as a potential mitigator of
osteonecrosis associated with treatments with these

drugs.

Study aiming to identify if 3D printing of a
CS-HAP-PRF would compromise the biological

properties of the platelet aggregate.

Combined PRF as a bioactive matrix and MTA as a
root filling material beneficial for the endodontic

management of an open apex.

The freeze drying enlarges the pores of PRF to
engineer large-pore PRF (LPPRF), a type of PRF
that

Biodegradable Mg rings were used to provide

has expanded pores for cell migration.

stability to these pores, and release Mg ions during

degradation, with potential to enhance

osteoconduction and osteoinduction.

The development of a composite biomaterial

combining the osteoconductive TCP incorporated
with PRF for bone

bioactive bio-synergistic

regeneration.

promoted the adhesion, proliferation, and differentiation of
BMSCs.

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.

Based on the presented experimental results, it is possible to
infer that the 2.5%

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

P-C-H scaffold exhibits a remarkable

3D printing.

The combination of MTA and PRF was proven as an
odontogenic inducer in human dental pulp cells (HDPCs) in

vitro.

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.

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

ZHENG et al,
2015

Polycaprolactone, chitosan

and hydroxyapatite

Copolymer
poly-polyethylene
(PEG)-PLGA
(PLGA-PEG-PLGA)

glycol

Polycaprolactone/gelatin  (PG) nanofiber films by
electrospinning chitosan / poly (y-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.

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.

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.

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 U20S 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.

LOURENCO 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 CacCl,
(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 fiims made by electrospinning,
chitosan/poly (y-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
nNHA/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 PREF, 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 Sa0S, MG63, and U20S 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.
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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 U20S (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
MAPKSs 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-l 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, J| B
et al, 2015 and VERBOKET et al, 2019 did not observe a significant difference in
the expression of Col-lll, 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-31
(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 (LOURENCO et al, 2018; LOURENCO 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 | 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-beta1l 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-betal 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 (LOURENCO et al, 2021), similar to MGG63
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-lI, 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 I

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; Mourdo et al 2018; Lourenco 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;
Lourencgo 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 Mourao 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 (Mourao et
al., 2015; Gheno et al 2022). Mour&o and collaborators combined the properties of
platelet concentrates with carbonatoapatite (cHA) microspheres in a randomized
clinical study (Mourao 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 (Mourdo 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

MGG63 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 Universitario Anténio 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 um spheres contained 6% CO, by weight, with a stoichiometry of 1.6
Calp <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 75° 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 37°C, 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 -80° 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 um. 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% CO,. 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-183, 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-y,
CXCL10, CCL2, CCL3, CCL-4, PDGF, CCL5, TNFa 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% CO,. 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

MGG63 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 Il 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 150p 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 |l

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 |l 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 |l 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 um 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).
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Figure 7 - Scanning electron microscopy (SEM) micrographs of 24-hour PRF albumin membranes. Observe

the morphology starting from 1 mm to 10 ym 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 ym 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 pym 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 pm 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).
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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.
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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).
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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 MGG63 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 AIb-PRF, cells showed significant higher levels of

dehydrogenase/mitochondrial activity compared to Alb-ncHA-PRF and control
(p<0.05).
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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 AlIb-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.
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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.
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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).
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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 (Mourdo 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; Mourao 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; Mourao et al 2018; Lourengo 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-a. 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 (Mourao 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 Mouréo 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. ConSIDERAGOES FINAIS

E possivel afirmar, através dos dados levantados nesta tese, que a literatura
fornece consistentemente evidéncias in vitro de que o PRF, produzido por
diferentes protocolos ou em combinagdo com outros biomateriais, influencia a
proliferacdo, diferenciacdo e mineralizacdo de células de ossos e tecidos
mineralizados. Esses efeitos envolvem vias bem conhecidas de sobrevivéncia
celular, a ativagdo de fatores de transcrigdo (Runx2, OSX) e aumento da
expressado de varias proteinas, incluindo osteopontina, osteocalcina, colageno,
ALP, BSPs, RANKL/OPG e fatores de crescimento como TGF- beta, PDGF e
BMP2. Diferentes estudos associaram esses efeitos a fatores de crescimento
especificos liberados pelo PRF, sugerindo que este é um fator importante a ser
considerado no desenvolvimento e aprimoramento desses biomateriais autélogos

para o tratamento de tecidos mineralizados como 0 0sso.

O PRF é amplamente utilizado na medicina regenerativa e na odontologia, e
os modelos in vitro representam apenas um pequeno aspecto da cicatrizagao de
feridas e da regeneragdo 6ssea. Como tal, ndo é possivel garantir que os
resultados in vitro identificados possam ser diretamente extrapolados para
ambientes clinicos. Por outro lado, a melhoria da proliferagao, diferenciagao e
mineralizagdo in vitro dos osteoblastos pode representar uma evidéncia
interessante em apoio a atividade regenerativa aumentada, as propriedades
osteoindutoras ou a osseointegragdo melhorada. Portanto, ao reunir e analisar
informacdes relacionadas ao PRF e as células mineralizantes, podemos
compreender melhor os mecanismos por tras do impacto do PRF na regeneragao
Ossea e otimizar suas propriedades e aplicacdes. Isto inclui a determinacao de
concentragbes ideais, a exploracdo de associacbes com outros materiais de
enxerto 6sseo ou medicamentos e o desenvolvimento de novos protocolos de
producao para melhorar os resultados clinicos deste promissor material autologo.

A associagdo do PRF com a albumina desnaturada, como no caso do
Alb-PRF, tem um potencial significativo nas areas da medicina regenerativa e
odontologia. A albumina desnaturada possui propriedades bioativas que podem
aprimorar a eficacia do PRF em processos de regeneragéo tecidual, como na
reparagdo Ossea, e um papel de barreira na regeneragdo 6ssea guiada. No

entanto, os resultados apresentados na secdo experimental desta Tese apontam



que a associagcao de fibrina rica em plaquetas enriquecida com albumina
desnaturada com esferas de nano-carbohidroxiapatita diminui a estimulagéo
esperada das células dsseas pelo componente PRF, muito provavelmente atraves
de uma menor libertacdo de citocinas e fatores de crescimento. Esta hipdtese
pode tanto explicar como ser reforgada pelo estudo clinico de Mourao et al.
(2017), que relatara uma baixa estimulagdo da formacao de novos 0ssos por uma
preparagao de “sticky bone” composta por fatores de crescimento concentrados
(CGF) associados a esferas nCHA muito semelhantes as do presente trabalho. E
possivel que a diferenca entre este e outros estudos, que relatam um sucesso
clinico obtido com associagcbes de PRF e fosfatos de calcio, esteja na menor
absorcao proteica de proteinas devido as diferentes propriedades fisico-quimicas

— outra hipotese que ainda necessita de confirmagao por novos estudos.
CONCLUSAO

Os resultados demonstram que a inclusdo de esferas de carbonatoapatita
diminui a atividade biolégica do Alb-PREF, resultando em uma redugao na liberagao
de proteinas, como os fatores de crescimento. Essa diminuicdo compromete os
efeitos esperados dos derivados do PRF na proliferacdo, mineralizagao in vitro e

atividade da fosfatase alcalina dos osteoblastos.
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Apresentagio do Projeto:

A bicengenharia tem sido amplamente ulilizada como ferramenta para estratégiss terapluticas amolvando
tecidos dsseocs. Meste intuito, células humanas sBo associadas a fatores de crescimenio e & arcabougos
compostos por blomateriais compativeis para promover a regeneragio tecidual. O pesquisador tem
desanwolvido com seu grupo de pesquiss microesferas de carbonatoapatita nancestruturada (NCHA) coma
medo para obter uma estrutura altamente bioabsondvel, permitindo substitegao por osso novo regenarsdo. A
asaonciagdo 4 moléculas capazes de induzir & diferenciagdo dssea, representadas por fatores de crescimento
representa custo elevado. Por outro lado, &8 Fibrina Rica em Plagustas (FRF) & um biomaterial autdlogo
produzide a partir de sangue total humano, com comprovada capacidade de produzirfliberar fatores
ativadores do reparo tecidual. O presente projete propfe o estudo da associagio de esferas de
carbonatoapsatita & membranas de PRF. Sera coletado o sangue venoso de 20 voluntirios sewddvais. Essas
amostras passarSo por um processamento para produgao de derivados plagquetdnios autdogos, os guais
gerBo submetidos a uma séne de testes estruturats, de estabilidade e de biocompatibilidade in vitro, gersndo
dados preditvos de sua eficdcia em futuros estudos clinkcos. Para isso, investigargo: (i) se a associagio de
cHA & PRF afeta as carateristicas estruturais de ambos os mateniais, através de estudos de microscopia
eletrénica & de fluorescéncia; (ii) se o biomaterial resultante & capaz de produzirfiberar fatores de
creaciments & citocinas relevantes pare o reparo daseo, quando imerss em meio de cultura; & (i) s&
ostechlasios
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humanos s80 afetsdos positivamente por estes fatores, através de ensaios de proliferacio e diferenciacso.
Ainda, o presente projeto propdse também investigar tais efeitos bioldgicos erm membranas de PRF
produzidas por meis de um protocolo modificado que inclui 3 associacio a um gel de albumina de plasma
ativado (APAG), capaz de estabilizar o arcabougo de fibring para aplicagdes que reguerem maior
astabilidade da matriz. Esperamos gue esta pesquisa de forte viés translacional e intardisciplinar permita o
desenvolvimento de biomateriais sutdlogos de baixo custo para aplicages clinicas gue demandem a
regensracio de tecido dsseo, com alte impacte clientlfico-tecnoldgico & social, contribuindo para & melhora
na qualidede de vida da populagho.

Critéric de Inchesao:

Individuos maiores de idade, entre 18 & 69 anos. sauddveis de acordo com os critérios de doacio de
sangue do Ministério da Sadde (pesando mais de 50 kg, e declarando com sensacio de bem-estar) e fora
de condigao de risco social.

Critéric de Exclusao:

Serzo excluldos individuos: que tenham doado sangue recentemeants (60 dias para homens, 90 diss para
rrudheres); com histdrico de diabetes: que estejam sob tratamentos anticoagulantes: que tenham diagnostico
de hepatite apds o 11 anos de idade; mulheres gravidas ou gue eslejam amamentando; pessoas que
astejam expostas a doencas transmissivels pelo sangue, como aids, hepatite, slfilis & doenga de Chagas.

Objativo da Pesquisa:

U= objetives declarados da pesguisa s8o:

“Objetivo Priméno:

Awaliar in vitro 85 propriedades bioldgicas de novos arcabougos sutdlogos de fibring para aplicagtes em
terapia dsses. associados a biomateriais tais como esferas de namo carbonatoapatita (CHA) & Gel de
Albumina Plasmatica Termicamente Ativada.

Objativo Secundano:
1. Padronizar um protocolo de produgso de membranas de PRF albuminatCHA"

Avaliago dos Riscos & Beneficlos:
0 pesquisador apresenta como riscos & beneficios:
*RISCOS: “0s riscos aos participantes 580 o8 mesmoes vinculados & doagdo voluntéria de sangue, &
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ndo serd0 aumentados pela participac®o na presente pesguisa. A quebra de sigile das informagdes colhidas
no questiondrio pode se configurar como um risco para os parlicipantes. As cautelas e providéncias que
ser&o adotadas para evitar a identificacho dos participantes da pesquisa, garantindo seu anonimsato,
incluem: a) codificagio imediata das amostres no ato da coleta; antes do envio ac laboratdno; b)
arguivamento do TCLE e dados secundarios que venham & ser coletados serd realizado em uma sala de
arquivos aproprisda, com controle de acesso e vigiada por cimera, presente no local da Pesquisa (Unidade
de Pesguisa Clinica).”

*BEMEFICIOS: “A pesquisa no trard benefizdios diretos aos participantes. Os beneficios & sociedade, por
outro kedo, s& caracterizam pela possibilidade de desenvolver novos béomateriais autdlogos para tratamento
de defeitos daseos,de baixissimo custe e facil produglo, com potencial impacto na qualidade de vida de
individuos com problamas dsseos.”

Riacos e beneficios da pesquisa bem descritos.

Comentérios & Consideragdes sobre a Pesgulsa:

A proposta de pesquisa apresentada tem grande relevancia académica uma vez que pretends desensvobver
novos bdomateriais, associando malhe densa de fibrina avtdloga a albumina sérica desnaturada elou &
esferas de carbonatoapatita, que apresentem maior extensdo e alta estabilidade, capazes de atuar
postivamente sobre células deseas.

Apds cumnprimento de todas as pendéncias, este colegiado entende gue a proposta do projeto apresenta-se
adequads em todos o8 aspectos considerados e sobre os quais foram solictados esclarecimentos.

A equipe de pesquisa inserida nas informagtes bdsicas do projeto na Plataforma Brasil comesponde
axalamente Aquela apresentads no projeto.

Desanho de estudo cormetameante dafinido.
Riscos & beneficios muits bam reelaborados.

A hipdtese bem elaborada.
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Tamanho amostral adequado & proposta.

= critérios de indusio e exclusio bem definidos.

4 metodologia proposta adequada.

Metodologia de Andlise de Dados bem descrita & adequada.
(0 TCLE fol ajustado e estd bem estruturado.
() cronograma adeguado 3 proposta.

() pesquisador spresentou orgaments financeiro coerente com as anélises a seram realizadas.

Conslderagbes sobre os Termos de apresentagdo obrigatdria:

Sobre os termos de apresentagao obrigatdria, foram apresentados os documentos:
- Carta de anuéncia assinada pelo dirstor Académico HUAP/EBSERH

- Folha de rosto: devidamente assinada;

- termo de Biomepositério: devidamente apresantado;

- TCLE: adequada.

Conclusées ou Pendéncias e Lista de Inadequacbes:

() projets foi considerade aprovado por este Colegiado.
Conslderagbes Finals a critério do CEP:

Este parecer fol elaborado baseado nos documentos abalxo relaclonados:

[~ Tipo Documento Arquivo Fostagem Autor Situagio
Informagtes Basicas| PB_INFORMAGUES_BASICAS DO_P | 01/07/2019 Acaito
do Praojeto ROJETO 1117184.paf 15:00:06

Outros Carta_ao_CEP pdf 2000572018 | Guternberg Gomes | Acsito
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Outros Carta_ao_CEP pdf 21520 |Ales Acaito
Projeto Detalhado / | Projeto_Plataforma_Brasil.docx 20/052019 | Gutemberg Gomes | Acaito
Brochura 211158 |Abes
[

[ Termos de | TGLE.pdt 20052019 | Gutamberp Gomes | Aceito
Assentimanto / 21:00:04 | Abes
Justificativa de
Ausdncia
Folha de Roste Folha_de_mosto. pdf 281032018 | Guternberg Gomes | Acaito

20:14:48  |Abves

Declarapso da declaracao.pdf 141032019 | Guternberg Gomes | Acaito
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Original Article

Characterization of a New Membrane from Concentrated
Growth Factors Associated with Denaturized Albumin (Alb-CGF)
for Clinical Applications: A Preliminary Study

Carlez Fersands de Blmeida Barras Mourio™, Exin Ghene”, Emarmelle Siellet Laurenga”, Resaka de Lima Barbazo®, Greqon M. Kurioman®, Kayvea Javid®,
Elena Mewrapouloz, Sletano Benedicent’, Manica Desans Calozanz-Mam?, Rotazl Covlsho de Mello Mashade®, Gabemberg Gomes Alves:
*Deperiment of Molecular snd Cell Siolagy Instite of Biclogy, Aurminanse Fedenl University, Brezil, “Depertment of Surgical Sciences and Int=preted Disgnoshcs,
University of Genowa, Genowve, Baly, “Dapariment of Orsl Surpery, Denfstry Schoal, Fedenl Auminerse University, Mizmol, Brazd, *Privede Clinical Prachize,

Urited Stztes, "Brazlian Center Sor Physics Res=erch, Rio De Janeio, Brecil
Abstract

Backeround: (me of the main issues pertaining o the use of fbrin membranes today, & their clinical eficacy for guided bone regeneratian.
This requires the need for membrane stabality and a controlled resorpiion that enahles the barrier to remain fimctionally during a relevant clinscal
time span. Human serum alburmin is known i have an impact in the formation and stability of the fibrin networks density and permeability.
Therefore, its ineraction with fibrin aggregaies may pravide interesting features to autologows hloodsderived hicmaterials, Aim: In this context,
the present shady sought 1o characterize membranes produced through a modified protocal for concentrated grawth factors (CGF) associzted
with activated plasma albumin gel { APAG). Method: Mixirg denaturized albumin with CGF from the same hlood samples into glass cantainers
resulted in solid malleabls membranes, with a modified denser ulirastnscture as revealed by scanning electrom microscopy (SEM). Resulis:
The membranes presented a kigh density of nuclzated cells, uniformby distribuled along its length, and were able to release growth factars
such as POGE, VEGE, and FGF2 for 7 days, Conchrsion: This preliminary shady indicates that the protocol may provide autalogous maldable
amd stahble biomimterials for use as a sofi tisue barrier, offering thic basis far further research on its effectiveness for guided tissue regeneratian.

Keywurds: Activated plasma albumin gel, albumin, biolagical membrane, concentrated growth factors, i1 11T

through the interaction with the blood ube's surface. The
resulting PRF matrix consists of a fibrin framework that
includes platelets, leukocyies, and plasma proteins and may
be wsed as a membrane for prodection of soft tissues and in

INTRODUCTION

Over thee last several decades, different methods have been
developed with the purpose of promoting the regeneration
of soft and hard tissue in the dental clinic, including the use

of biomaterials ™ [n this context, blood concenirates are
promising clinscally relevant products by offering an aliemative
sowrce of minimally invasive autologous regeneration. Plateli
appregales can be generated from the patients’ own peripheral
blood and concentrated by centrifugation, thus being able 1o
rebease different growih factors (GFs P with well-docomersted
desirable effects in tissue regenermtion.

Platelet-rich fibrin (PRF) is considered the second generation
of platelet concentrates ™ being characterized as a simple and
low-cost protocol obtained from single centrifugation without
the addition of anticoagulants ™ Durng centrifugation, a
aolid-fibrin matrix 15 generated by the activation of plateleis

Wk
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guided bone regeneration 1

I almost 20 years since s proposal, different peotocols o
produce PRF kave been presented in the seientific literare
aiming to improve the bislogical properties of these autologous
biomaterials ™ Most protocols seek to increase cellulanty
within the fibran mesh, trying o improve the distribution and
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Basbosa R, Kurizsan G, Javid K, o o Characterizaibon of & new
membrane from coscentrated growth (owors associated with desstunized
Albamis { Alb-CGF) for clisies] applicationse A prelimissry siody. Int J
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production of eytokines, mainly GFs, in the receplor site.
However, while different protocols for antologous platele
concentrates ane often suitable for specific clinical applications,
lirnatations in the stability of the fibrn mesh may comprommise
their applicabality to surgacal procedures that demsand improved
anahility.

In cases where there is an attempt 1o use the biolegically
derived membrane as a protective barmer to prevent the
advancement of soft tissue in the bone grafi, the efficiency
of the fibran mesh for guided bone regeneration procedures is
not well defined ™ A recent siudy demonsieated its stability
and the ability 1o release eytokines for up to 28 days after
peoduction when in a biolegical environment ™ However, there
aTe precise estimanes neither of the acmal residence dme of this
membrane under the bome graft after the operative procedure
e of the effect of enzymes such as metalloproteinases in their
degradation, which could impact its efficacy as an autologous
barrier. This desired clinical application indicates the peed for
further development of protocols aiming to further modulate
this stability without losing the controlled release of cytokines
fronm the Blood at the site of surgery.

Thi use of serum albumin in the field of tsaue engineering is
widely reported " which is a protein abundant in the human
body and easy 1o solate, from blood plasma precipitation
with high purity and homogeneing " 1a addition to peoviding
a compatible structure for cell proliferation, biomaterals
enriched with albumin showed little reduction of their
dimensions over time (dimensional stability) suggesting
less degradation in vire " Furthermore, one study has
demonstrated that the association with albumin can
modulate the fibrin metwork wlirastructure and permeability,
inducing fibers with increased thickness and a coarse
nodular appearance.™ In view of these data, the association
with denatured seram albumin could represent a possible
improvement in the PRF -based framework, which is a totally
autologouws, Mocompatible and possibly more durable material
with a longer duration of action.

In this context, the present work proposes a protocol
for the production of an autelogous biomaterial for the
ireatment of osseous defects, presenting extension and high
stability related 1o association of a dense fibrin matrix of
concentrated growth factors (CGFs) with denaturized serum
albumin. This preliminary study additionally presenis an
assesament of the initial controlled release of GFs. The
cellulasity of such membranes offers the basis for further
research on the effectiveness of said material for guided
Tis5ue regeneration.

MareriaLs ano Methoos

The procedures were developed according to the principles
recommended for experimeniation with humans determined in
thie Declaration of Helsinki, revised in 2000. The procedures of
ihis soudy are part of the projectapproved by the Research Ethics
Commitee HUAP-UFF {CAAE 570801 16.0.0000.5243).

Production of the albumin-concenirated growth factors
membranes

Peripheral blood was collected from four bealthy donors, with
no higtoey of anticoagulant medication use, using 9 ml tubes,
without adding any additives (Vacutwbe, Biocon®, Brazl). For
the production of each membrane, two ubes were positioned
i the vertical rotor and fived angle centrifuge (Medifuge®,
Silfradent, laly), and the protocol was applied io obiain the CGF
i the liquid pleaze (LPCGF), a5 deseribed by the manufaciorer,
Afier processing, it was possible o observe plasma and the
remaining decanted blood material containing red cells.

Two milliliters of the initial portion of plasma (platelet-poor
plasma [PPP]) was collected with a syringe (Injex®, Brazil),
while the other blood portions (buffy eoat, LPCGF, and
red blood cells) were reserved 3 room temperamre | 305C).
Thz syringes containing FPF were inserted into a device for
humsan serum albumin defamration activated plasma albumin
el (APAGE, Silfradent, ltaly). After 10 min in an operating
temperature of T5°C, the syringes were stored ar room
temperature for another 10 min and peotected from ambient
light {25 recommended by the manufacturer). The denaturized
albumin was deposited into a glass container, to obiain the
desired shape.

Subsequently, using a 10 ml syringe {Injex®, Brazil) and an
150 hypodermic needle (Injex®, Brazil), the LPCGF and buily
coal portions were collected in an approxissate volusme of 4 mi,
added 1o the deaturized albumin on the glass container, and
then gently mined with tweezers. After waiting for the fibrin
pelymerization process (approximately 5 min), the membrane
was formed with the previously established format. Figuse |
demonatrates a scheme of the production of the Alb-CGF
membranes.

Ultrastructural evaluation

Immediately after production, the membrane was fixed with
Karnowsky's solution and posifized with 0.2 M sodium
cacodylate solution and 1% osmivm tetroxide solution,
finally being dehydrated in aleohol solutions (manging from
1% 1o 100%) and hexamethyl disilazine. The Alb-CGF
metrbeane had s structure analyzed throwgh scannang eleciron
microscopy [SEM). The material was metalized with gold
and observed at 13 kY with a scanning electron microscope
(JECL JSM-0420 LV, JEOL, Japan).

Assessment of cellularity

Flupfescence microscopy was utilized as a ool to evaluate the
presence of nucleated cells within the Alb-CGF membranes.
Seven days after production, three membranes were fixed
in 4% paraformaldehyde for 25 min and stained with
15000 4 p-diamidino-2-phenylindole and then diluted in
saline. Samples were observed in an inverted fluorescence
microscope (Axio Al, Feiss®), and three adjacent and
noaoverlapping flelds were photographed for three different
areas of the membrane: center, left, and right borders. The cell
density in each fleld was calculaied with the help of Image-Pro
Plus & (Media Cybernetics, Maryland, LISA) software.
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Elution and quantification of growth factors

To arsalyze the dynamics of the release of GFs over time, PRF
membranes were cultured for T days after their preparation.
Membranes were incubated in triplicate in 6-well culbire
plates (TPE, USA) in the presence of 4 ml of Dulbeceo's
modifted Eagle's medium (GIRCO, USA) without antibiotics,
in a humidified atmosphere at 37°C/5% CO,. Aliquets of
the extracts were collectad at 1 b and 7 days of culiwre and
stored i an ultra-freeser at —80°C. The elsstes were used for
the determination of GFs. For the detection of biomolecules,
conventional enzyme-linked immunosorbet asay (ELISA)
asays were used. Aliquots of 1 h and 7 days were analyzed
o the preseice of filbroblast growth factor (FGEF b, vascular
endothelial growth factor (VEGF), and platelet-derived
growth factor (PDGF)-bb by ELISA wsing commercial
kits (PeproTech®, Rocky Hills, N1, USA).

Statistical analysis

The comparisen of the cellularity i the three portions of the
membrane, 33 well as the GF release berween the two different
experimental times was performed by one-way ANOVA with
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Figure 1: Scheme for the production of abumin-concentrated growth
factor membranes. A whole blood sample i concentratsd emolaying the
concemrated growsh factor protacal. The plateles-poor plasma portion is
used in an acfiated plasma aloumin gel maching fo producs activated
plasma alownin gel. This pelis mied in 2 glass vessel wit the liguid-phase
concEnrated growth factor and buffy coat (contzining C034+ cells). The
cortact with the glass confrisutes to produce 2 stable denser fioin mesh
in the form of 2 sirong but malleable membrans (albumin-concenirated

growth actor)

postieat of Boaferroni, considering an alpha error of 3%,
Statistical analysis was performed using GraphPad Prism &
software (GraphPad Ine., California, USA)

Resuirs

The proposed association of LPCGF and denarurized albumin
by mixing on & glass vessel [Figure 1] resulied in & solid,
opaque moldable membrane [Figure 2] Ulirastructural
evaluation of the Alb-CGF membrane was perforied through
SEM as shown in Figare 3, [t 5 possible to observe a very demse
surface [Figure 3a and b], with very evident depesition of a
layyer of denaturized protein [Figure 3¢ and d], which is clearly
coating the fibrin fibers [Figure 3¢ and o] and surrounding the
trapped cells and platelets [Figure 3]

Regarding the presence and distribution of cells within
the membrane, Figure 4 demonstrates that nucleated
cells are observable at similar densities both at the center
of the membrane [Figure 4b] and in its left and right
borders [Figure 4a and ¢, respectively]. The counting of
il in three independent fields for each membrane pofion

indicates no statistical difference on cellulanity along the
inefmbrane [Figure 4d, P < 0.05].

Figure § shows that, during an elution assay, the membranes
were able to release GFs such as PDGE, VEGF, and FGF2
in considerable concentrations within the 1 h. Cunously,
similar levels of noncumulative release of VEGF and FGF2
were observed after 7 days of culture, without significant
difference from 1 h (P > 0.05), indicating a continuous
felease with time for at least | week. PDGF presented
a strong release at 1 b and a reduction on the mean GF
conceniration after 7 days of incubation, without statistical
significance (P > 0.05).

Discussion

iz of the inakn swes pertaining o the use of fibon membranes
today i their clinical efficacy for guided bone regeneration ™1
Monetheless, until the present, there are no consistent studies
that demonstrate the efficacy of menbeane-derived blood-GFs
% a barrer against the invasion of soft tissue in te bone repair
process, One intended characteristic of the fisal membrane i
contridled resorption, which is highly dependeit on the filin
imesh stability, enabling the barder o continue during a relevait
clinacal tiimespan.

X b \
Figure  Images of the final step of produrtion of the Abumin-concentratzd
growth factor membrang, being mied in 2 glass vessel (3, farming &
solid but malleable membrane (2]
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Figure 3: Seanning electron micrographs of the albumin concentraizd growsh factor membrans, obizined at 15 KV, at different magrifications (JEOL
J5M 630 L JEOL, Japan). (2 and ) Viery dense surface, with very evident depositian of a layer of the denaturized prossin {c and d), which is clearly

cozing the fibnn fibers (c and e); ) The fibers sumounding the trapped cells and platelets

Figure 4: Esimation of cellularty within the albumin-concentrased
growth factor membrane 7 days after production. Gell nuclei
were evidenced by fluorescence microscopy after staiming with
4 b-diamiding-2-ghenylindole in the left border (2], center (o), or right
bondsr of the membrane () (mages obiained with 2 =20 objective).
() The mean nucleated c2ll number (v = 3} foreach membezne partion.
Mo staizdcal difference was found (P < 0.05)

Modiftcations of the protocol for production of PREPH as
well & it associated other biomaterials ' may represent
a source of povel sirategies to impeove its chinical efficacy.
Such is the case of CGEM an alternative protocol for the
production of autologous fiban derivatives, which modifies the
original Choukroun's PRF centrifugation parameters through a
patented concentration system (Medifuge®, Silfradent, Italy).
This process results i a biomaterial that contains CD3+ calls,
releases (iFs, presents a fibrin matrix with potential 1se as
a seaffold™ provided interesting results in diverse clinical
settings, ™™ mostly employed as the injectable LFCGE. The
samme company patented a commercial device 1o produce
APAG (Silfradent, lialy), theowgh the heat-induced aggregation
of human serum albumin orginatad from PPP. According o

the manufactarer, the denaturized proteins agoregate mostly
through hydrophobic interactions and disulfide boads, resuliing
in a biocompatible polymeric material that is proposed as an
injectable filler material for esthetie interventions {hipsifamw,
silfradentasia comfapag, himl). While albumin is pomadhesive
tior leukocytes and platelets, sinee it lacks integrin-binding moti{
such as fibrn Arginyl-glyeil-aspartic aeid (RGD), sudies
suggest that platelets msay adhere to unfolded albuman through
receplor-mediated mechanisms ™ Moreover, it 5 proposed
that APAG may be mixed with LPCGF i a syringe, to produce
an injectable esthetic filler containmg CD34+ cells and GFs P
Mevertheless, the scientific literature still lacks on reporns
that describe the structural properties of this hiomsaterial, a3
well as it capability of releasing GFs and providing desared
clinical outcomes.

[y the present work, a protocol is proposed employing the
production of a denatsrized albumin gel with the use of the
APAG system and its association o LPOGFE, however, with
an important modification in its final step, 1e., the mixing of
CGF and albumin, Differing from the manufaciures's proposed
prodocol, the syrnge was substituted by a glass vessel aiming
tir (i) ersure the integrity of viable cells from the baffy coar,
which could possably suffer from the pressure imposed by
the syrnge pumping, and (i) induce fiban polymerization
through activation by contact with the glass surface, resulting
in a denser fibein network. The resulting biomaterial s a
moldable and yet resistant membrane, therefore presenting
potential characteristics for adequate use a5 a barrier on tissue
regeneration.

[indeed, the dense appearance of the material, &3 revealed
by SEM analysis, suggests that strong albumin-fibrin mesh
interactions are occwrring, modifying the usual fibrin scaffold
appearance of CGF. Previous reports in the literature indicaie
that in the presence of albumin, there was an increased
tendency for fibrin fibers 1o be aggregated mto clumps durng
polymerization™ There i a possibility that this resulting
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Figure &: Assessment of the release of growth factors from the aloumin-concentrated grawsh factor into cell culure media. Bars represent
mean = standard deviation of three binlogical and ree technical replcates. There was no statistically significant difference between expenimentd

imes [P = 0.05)

denser product could be modulated 1o provide a less clumped
network for use not as a barrier, but a5 a cell scaffold, by
eimploying lower proportions of APAG related 10 CGF, as
further studies should mvestigate. MNevertheless, while the
micrographs of the proposed membrane did aot evidence
the presence of cells in the surface of the material, the
fluorescence assay revealed that the mixing protoeol resulad
in a very uniform distribution of nucleated cells entrapped in
the membrane. [n the hypothesis that some of these cells are
leukocytes able 1o produce GFa (a5 remaing o be investigatad
with surface marker assays), this uniformity might become a
very interesting benefit, since a moldable material grafted over
a wider wound surfsce would be able to release similar levels
of regenerative mediators along the entire repair area. This
could possibly be an impeovement over the rather polanzad
concentration of nucleated and CO34+ cells in the buffy coat
distal region of PRF membranes P21

However, as stated earlier, there was no scientific evidence
in the literature assessing the ability of APAG + CGF 1w
atill producefrelease GFs. In this sense, the present report
demonstrates that the Alb-CGF, produced as proposed, is
capable of both immediate and prolonged release (after | week)
of important GFs related o tissue regeneration such as PDGF,
VEGF, and FGF2, all deseribed among the main factors
respoisible for the desired clinical outcomes of PRF therapy P9
Curipusly, the levels of released cytokines are in the same
oedier of magaitude as those found for PRF in previous reports
employing equivalent and comparable elution methodologies.

ConcLusion

While several questions remain 1o be answered by further
smdies, the present protocol proposed for the production
of an Alb-CGF membrne may represent an important step
toward the development of autologous moldable and stable
biomaterials for use & soft tsue barriers and potential for
different applications in the oral cavity, as in periodontal
regenerations, for example. Consequently, this proposal opens
the way for furher scientific efforts for i vaitee, i vive, and
clinical assessments that could confirm adequate desirable
clinical outcormes for the association of denaturized albusin
and autologows CGF,
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1 | INTRODUCTION

Abstract

This study evaluated the impact of robor angle and time of storage after centrifuga-
tion on the in vitro biological properties of platelet-rich fibrin (PRF) membranes.
Blood samples {n = %) were processed with a vertical fixed-angle (V] or 2 swing-aut
harizontal (H} centrifuge, with 20-£0 min of sample storage after centrifugation. Leu-
kocytes, platelets, and red blood cells were counted, and fibrin architecture was
observed by scanning electron microscopy (SEM) The release of FGFZ PDGFbb,
WEGF, IL-6, and IL-1 s was measured after incubation an culture media for 7-21 days.
Cell content was equivalent in all experimental groups (p » 05). The fibrin matrix was
similar for fiwed-angle and horizontsl centrifugation. Horizontal centrifugation
induced a twalold increase in POGF and 1.7« increase on FGF release x5 compared
to 'V samples, while IL-1f was significantly reduced (p < 05). No significant difference
wias observed on the release of growth factors and cytokines at different times after
centrifugation (p < 105). These data suggest that both angles of centrifugation pro-
duce PRF membranes with similar structure and cellularity, but harlzontal centrifuga-
tion induces a higher release of growth factors. Higher times of storage after
centrifugation did not impact on cell content and the release of growth factors.

KEYWORDS
blood platedets, centrifugation, fibrin, platslet-rich fibsin

Virgixa, & Mavamo, 2017; Mourao, Calasars-Maia, Mello-Machado,
Resende, & Abes 2018; Picdn et al, 2017).

The development and improvemnent of technolagies applied to tissue
regeneration have been chalenging in recent decades, with the
increasing use of hemo-components s autobogows  biomaterals.
Given its characteristics, among which the potential for bioactivity
[Ahmed, Dare, & Hincke, 2008; Anitua, Fino, & Orive, 2017; Borie
et al., 2015) platelet concenirates hove been widely applied in proce-
dures such 2 the treatment of chronic wounds, osteonecrosis, infra-
ouseous defects, plastic, and orthopedic surgeries and a5 hemastatic
agents (Dwohan Ehrenfest ef al. 2014; Jubert, Rodriguer, Reverté-

The second generation af platelet aggregates i obtained from
the processing of blood aliguots, usually by centrfugation. Initially
described by Chaoulraun and colleagues (Doban =t al, 2004a),
platedet-rich fibin [PRF) presents a fully autclogous protocol, con-
sisting of centrifugation of the peripheral blood samples, collected
in glass or slica-coated tubes without the addition of anticoagu-
lants. The resulting material consists of a three-dimensional fibrin
reetwork all owing the entrapment af cells, such as platelets and beu-
kocytes, as well as growth factors and oytokines, promating their

J Eiamed Mater Ris. 2020:1=5.
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continuous release over tame (Dohan =t al, 2008b; Dohan
et al., 2004c).

‘While PRF & recognized for its simpiifisd protocol, low cost, and
extensive description in the soentific litersture [Miron &
Choukraun, 2017), some contraversial points remain regarding the
standardization of its production. Parameters of centrifugation such
as time, g-force and angulation of the centrifuge rotor, represent
another point of conéroversy and pratocol bias, with several different
PRF protocols propesed in the Eerature, which may produce mate-
rials with possible structural and functional differences |(Coban
Ehrerifest et al. 201 8]. Recent studies [Loursngo et al., 2008; Miron
et al. A1% have reparted the production of membrares from the
adaptation of the PRF protocol through the use of varable argulation
horizantal rotor centrifuges. The aption to use this type of centrifuge
is basad on the usually easy access to this type of eqguipment, which i
widehy available in hospitals and dinics. With such protocol, it was
possible to produce a fibrin stuctured material (Lourengo et al, 2014,
presenting cellularity, fibrin coganization, and in vitro stability similar
ta that described for regular PRF membranes, and able to a consistent
time-dependent release of growth factors and cytokines. Further-
maore, a recent study has suggested several advantages of the horizon-
tal centrifugation when compared to the fiosd-angle centrifugation
(Mliran, Chai, et al., 2019). However, thers are anly scarce data avail-
ablz an the differences on the final membrane produced with thess
different types of centrifugation, induding the structure of the fibin
scaffold, the cellular composition, and the rdeass of growth factors
and cytakines.

Anpther technical aspect of PRF production is the ladk of consen-
suss regarding how much time a membrane may rest after centrifuga-
tion and before s chnical use without affecting its bickogscal
propesties and usefulress. The initially propased protocol for PRF pra-
duction |Dohan =t al, 2004a) offers an empirical recommendation of
wiaiting ~10 min before its wse, which should be suffident for poly-
merization and serum release (Bone et al, 2015) However, the soen-
tific Fterature lacks svidence of the effects of long waiting times after
centrifugation on the bickogical properties of PRF membranes.

In arder to contribute to the understanding of methodological
s in the production of platelst-rich fibrin membrares, this wark
amed to assess two differsnt bypotheses: (3] that the time after cen-
trifugation impacts an the in vitro biokogical properties of PRF mem-
branes and [b) that the use of horizontal and vertical centrifugation
protocods produce PRF membranes with similar in vito bickogscal
properties, such as cell content, fibein scaffold structure and the reten-
tion/refeass of growth factors and pro-inflammatary cytokines.

2 | MATERIALS AND METHODS

21 | Participants and research ethics

Blood samples were callected with the informed consent of nine
healtfry volurteer danars, from both seses, with ages betaeen 30 and
45 The study was appraved by the Federal Fluminense Uiniversity

Ethical Committes [CAAE number 12124919.7.0000.5243) and per-
formed following the ethical standards of the institutional ethics
research committee and with the 1964 Helsinki declaration, revised
in 2000,

22 | Membrane preparation
A DU machine (DUO®Process for PRF, Mice, France) was selact=d
ta represent the wertical, fiked angle (V] protocal for the PRF produc-
tion, while 3 local clinical swirg-cut centrifuge (B-40, RDE®, Brazil
was chosen a5 the representative of a harizontal (H) rotor centrifuge.
Two ¥ ml abiquots of blood were collected fram each danar with a
NG vein needie (B0, Brazill, from the amtecubital fossa, wsing red
caver glass collsction tubes [Vacuette, Greiner Bio-One, Brazill with-
out the addition of any substance. One aiguot was immediately con-
rifuged in the foed-angle centrifuge [DUG® Process for PRF, Hice,
France], using the L-PRF process considening RCF-clat proposed pre-
vioushy (Fujioka-Kobayashi et al, 2017, with a 413 fied angle rotor,
-8 g and 12 min dumtion. The second aliquot was immedately
centrifuged in a swing-out horizantal rator centrifuge (B-40, ROE®,
Brazil) on the same conditions of time and relative centrifugal force
{RCF) (12 min at ~T08 gl with the RCF calculated for the maximum
racius a5 desoribed previously (Miron, Choukroun, & Ghanaati, 2018].
After centrifugation, the tubes were placed vertically on a shelf
for 20, 40, or &0 min at room temperature. The maberal vas collected
from each centrifuge, and with the aid of a piece of sterile gauze,
slight compression was apolisd, producing a gelatinows structure,
identified as a fibein membrane rich in plat=dets. These procedures
were performed by the same ressarcher (CFR).

23 | Estimation of cellularity of PRF membranes
Blood Samples (n = 3) were processed as described abave, with the
twea centrifugation methods. In the referrsd times after centrifugation,
the formesd membranes were removed from the tubes, and the aress
of s=mi-coagulated thrombus were separated with the aid of surgical
scissors, 1 em below the area referring to the Buffy Coat. Subse-
quently, the membranes were taken to the PRF compressar (PRF Box,
Bighorizons, Birmingham, AL), where fioin dot eudates were cal-
lscted and placed into purple cap glass fubes containing EDTA
{Greiner Big-Oine, Brazill. During processing, the supemnatant serum
fractions (FPF) and the bottom semi-coagulatsd thrombus with red
biood cells REC) {1 om below the area referring to the Buff Caat)
were abio collected and pooled with the exudate in the EDTé-con-
taining tubes. The tubes were gently homogenized for the completz
diszalution of clots. & further ¢ ml sample was collectsd on the EOTA-
cantaining tube. representing the Whole Blood sample. To quantify
platedet= RBCx and lsubocytes, these samples evaluated with a Coun-
ber 1% CP Hematology Analyzer [Wiener Lab, Argentina). The cell con-
tent on the PRF membranes was estimated corsidering the
subtraction method, in which:
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PRF cefl count = Whole bood = Postprocessing blood froctions
[Exudate + PPP + RBCL

24 | Evaluation of the fibrin scaffold structure

The structure aof the fibin matrces of the PRF membranes was
observed through scanming electron miorascopy (SEM) The mem-
branes produced during the cell estimation assay were used for this
evaluation. After the resting times (20, 40, and &0 min). the mem-
branes were foed with a Kamovsky's solution and post-fived with
02 M sodium cacodylate and 1% csmivm tetraxide, and fnally
defrydrated in akohol sohutions jranging from 15 to 100%) and heea-
mthyldisilazane (HMDEL The samples were mounted on metallic
supports with adhesive tape, coated with a gold layer, and examined
under a JEOL J5hi £3%0LY scanning slectron microscope (Akishima,
Takyo, Japan] operated at 15 kv,

Miorographs collected at 5000 magnification were used for a
quantitative evaluation of the fibrin fiber diameter on a method
adapted from a previous protocol (Pretorius, Steyn, Engelorecht,
Swarepoel, & Oberhalzer, 2011) Two micrographs were taken from
three samples of each material abways from the surface of ther
meedial portion. & 10 x 10 grid was superimposed over each micro-
graph, ard one indtvidual primary or ste=m fiber (not originated from a
distirect brarch) was measursd by a binded obseresr [without koot
edge of the evperimental groups) using the Manual Measurements
furction af the Image Pro Pus &0 Software [Media Cybernetics Inc)
Sirce it was nof possible to identify an unrepeated primary fiber in
some squares, the evaluation generated a mean of 522 + 4% measure-
ments out of the theoretical 400 hundred for each material fexperi-
meental conditicn,

25 | Elution and quantification of growth factors
and cytokines

Far the elution of biological mediators from the membranes, ¥ ml
blizod samples were produced & described abowe, and maintained in
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& ml of DIMEM medium without antibiatics for the sxperimental times
of 1, 7, and 21 dayx, in a humid atmosphere at 3%C and 5% of CO,.
After mach incubation period, the conditioned medium was collectad
and stored in a freezer at =B0FC {=112 *F) far further evaluation ard
replacsd by an squal volume of fresh medium for the next sxpemmen-
tal time point.

Thee conditioned media samplies wers used for the evaluation of
the release of basic Flbeoblastic Growth Factor [FGF2Z), Plabelet-
Derived Growth Factor [PDGFbbL and Vascular Endotheial Grawth
Factar [VEGF], as well a5 the pro-inflammatory cytokines IL1 ) and IL-
& This assay was performisd through ELISA sandwich snzyme immu-
moassays wsing commeialy avalable kits Penratech®™, emplaying
horseradish peroddase and AETS as the reparting system. The Optical
Diereity {00 at 405 nm was measured using a Synergy Il Microplate
Reader [Biotek™). The experiments were parformed in biological quin-
tuplicates and technical triplicates, that is, each of the frve memibranes

wias evaluated three times.

26 | Statistical analysis

Results were caboulated a5 mears and the standard eror of the mean
[SEM]. The results from the cell counts, fiber diameter, and ELISA
assays abtained for harizontal and angled rator centrifuges were com-
pared with nonparametric, teo-talled Mann-Whitney U tests, corsid-
ering an alpha error of 5%, using the saftware GraphPad Prism 7.0
(GraphPad™.

3 | RESULTS

After the production of PRF membranes wsing two centrifuges with
different angles of the rofor, and sample resting times ranging from
20 to &0 min, the cell cantent of the resulting biomateriak was deter-
mired by a subtraction methad, as shown in Table 1. Platelet concen-
trations abtained from the analysis of all participangs were within the
rormal laboratory reference mangs (170-400 « 1004, Mateb=ts and
leucocytes were preferentislly concentrated on the polymerized

TABLE1 Evaluation af the mintent of c=ls an PRF membranes produced with different centrifugation angles and times after centrifugation

Reed bilood cells (REC) (10%/u)
Whale blood 48]+ 113
Wertical centrifugation
20min D £ 021
A0 min Ousd 4 (12
0 min L5654 09
Harlzontal centrifugation
20min 048 £ 0.18
A0 min 08¢ £ 0012
0 min 062+ 01

Iote: Results are expressed as mean + 50 of three biokogical replicates.

Platelets [PLT) L0} Leucocytes (LY} (107l
2305 + 1908 1711
2385+ 185% 15204
2055+102 16£03
2255+ 100 11:04
220.5+ 50 13203
2235400 14208
2385+ 120 13:03
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FIGURE 1  Electron micrographs, produced at x10.000 magnificathon, of the fibrin scaffolds produced with either vertical or horizontal rotor
centrifugation, 20, 40, or 40 min after centrifugation

HE0

FIGURE 2  Electron micragraphs, produced at x 2000 magnification, of the fibrin scaffolds produced with either vertical or horizontal rotor
centrifugation, 20, 40, or 40 min of after centrifugation

matrices, with more than 90% of the platelets retained in the biomate- difference was fourd on keukocyte, RRS, amd platslets between the
rial, while a much lower content of red blood cells was found an thess twa centrifugation pratocols, or between samples that rested for dif-
membranss, as comparsd to the whole biood samples. Ko significant ferent times after centrifugation [p = 05).
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The morphalogical pattem of the PRF dots produced with the dif-
ferent protocoks was chesrved throwgh scanning electron micrascopy
[Figures 1 and 2} All membranes pressnited a dense fibrin motn, with
apparent network porosity (Rgure 1). While these netwceks seem very
smilar comparing the centrifugation protocols (H and ), the fibrin net-
werk shows evidenos of slight diferences in the thickress and density
considering the time [Figure 2] where thicker and less compacted

Ji-WI LEYL 3

filaments are apparent with 20 min after centrifugation. The image
analyses for fibrin fiber thickress confirmed a significant reduction on
meean dizmeter fram 20 to &0 min after centrfugation in both harizon-
tal {from 358 & 7% to 205 & 57 nm, p = 0d) and ficed-angle centrifuga-
tian [from 311 & &3 to 138 & 35 nm, p = 037).

Figures 3 to 5 show the concentratiors of the growth factors
PDGFob, FGF2, and VEGF, eluted from fixe-angls PRF, and horizomtal

20 min 40 min
() .y ib) -
4 i H
&1 8
&k 5 eg ¥
0 85 w w4 @ 5 M 15 o 29
Thme: (Diays) Tima [Days)
-y
ig) ®min id) Ty
-V bt 2 days
FIGURE 3  VEGF release from 7 to LS H i ! 1
21 chays of ehution in culture meda by E; ! | [ '
PRF membranes produced by fised angle Ei 2
[, black cirde) or horizontal (H, gray E-E g
square] centrifugation and left ta rest by
200 (a], 40 fai), ar 50 min fc). Panel O shows
the same results as a function of time & . . . . . |H' 4 m!'| |H' 4 H'.
after centrifugation. Bars and symbols ] 5 10 18 Fo = v H
incicate mean % SEM Time {Days} Timst after centritugatin (min)
(g 20 min ib) 40 min

Tima [Days)

FIGURE 4 PDGFbb release fram T ta
21 days of elution in culture media by
PRF membranes produced by fised-angle
[, black cirde) or horizontal (H, gray
square] centrifugation and keft ta rest by
20 [al, 40 fal, ar &0 min o). Panel d shaws
the same results as a function of time
after centrifugation. Bars and symiols
inchicats mean & SEM. An asterisk

10

15

indicates a significant difference among
grougs [p < {5]

Tiee {Days)
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ia) 20 min ib) FIGURE § FGF2 release from 7 to
21 days of elution in culture media by PRF
mismbranis produced by foed-anghe [V,
black: cirde] ar horizontal (H, gray squars)
centrifugation and left to rest by 20 2], 40
(bl oo &0 min jc). Panel d shows the same
results 35 3 function of tme after
centrifugation. Bars and symbals indicate
mezan & SEM, A asterisk indicates a

significant difference among

40 min

10 H ] H v

@ & i 15 @ 3 T
Time: (Days) Tims: (Days) grougs (< 05)
c) 60 min (df | Wy
N Rl
-V 21 days
i+ H T
FE 1 T
o [ —1  REfp 0
wf 5
] T T L 1
¢ 0§ W 15 M % v H
Time (Days) Timse attor centrifugation imin
EY 20 min (B 40 min FIGURE &  IL-é release from 7 to
50K+ 21 days of elution in culture media by
- - PRF membranes produced by foxed-angle
v [V, black circle) ar horizantal (H, gray
—T A square] centrifugatian and left to rest by
: 20 [a), 40 {b, or &0 min (. Panel d shows
=g 20 the same results as a function of time
108 18 after centrifugation. Bars and symboks
indicate mean + SEM
B R B
' B & W 18 = ®
Tine: (Days) Time {Diays)
.
- T

ic) &0 min

F ]
L

B X% 4 @
1 ]

[ ] -3 il ] 15 o = ¥

Time {Dys)

centrifugation membranes, according to the time of inoubation in cul-
ture media and time after centrifugation. Al analytes presented a
sustainesd release from 7 to 21 days. Figure 3 shows 2 similar pattemn
of VEGF release between centrifugation protocals (o = 5] Figure 4
shiows a peak of PDGFbb release at day 7 in all storage fimes for the
horizontal centrifugatian, which attained a significant [p < 5] 15-2x
increase a5 compared to vertical centrifugation. Figure 5 indicates a

H

Time aftesr centriugaticn {min)

very similar pattemn of FGF2 release by the two centrifugation proto-
cals, except for a sigraficantly higher release (1.7, p < 05) from hori-
zontad centrifugation at day 21 in the 40 min resting samples. 25
compared with the vertical centrifugation

Regarding the release of inflammatory cytoldnes, Figurs & shows
a similar pattem of release for IL-é for all centrifugation and sammle
resting pratocals (o = 05), which ssemed to decrease with time of
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FIGURE 7  IL-1} release from 7 ta ia)
21 days of ehutian in culture media by
PRF membranes produced by fised-angle
[, black cirde) or horizontal [, gray
square) centrifugation and left to rest by
20 [a], 40 (5], ar &0 min {c). Panel d shaws
the zame results a5 a function of time

20 min

| Y LEyl 2

after centrifugation. Bars and symbols
incicabe mean + SEM. An asterisk
indicates a significant difference among ] - - - : | v
e g ] ] L] 1] n Fi] [] L] 1] 1] mn =
: ' Time [Tays| Tirssa (D)
ic) 0 min (d) -y
I T das

incubation. Far IL-1ji, however, different dynamics were observed,
where the vertical centrifugation resulted in a higher releass of the
cytokine in different incubation times, depending on the post-centri-
fugatian resting proocod (Figure 7). Regarding the time after centrifu-
gatian, the 2} min samples centrifuged by the fied-angle vertical
protocol presented a reease of IL-1f) anund Fx higher (p < 05) than
the other resting times.

4 | DISCUSSION

The profusion of PRF production protocols avallablie in literature led
to the formulation and test of two hypathesss regarding PRF biclog-
cal properties that could be assessed inwitro. Cur results suggest that,
while the choice betwesn horizontal and fed-anghe rotor centrifuga-
tion may produce membranes with similar propertiss, some interest-
ing differsnces are also induced, that may be corsidered when
applying/‘designing PRF production protocols.

Recently, our research groun has demaonstrated that bioad-
desived fibrin membranes with high structural stability and cell con-
tent can be geneated by horzontal centrifugation, which are capable
of sustained productionsrelease of growth factors and anti-nflamma-
tory cytokines (Lourerso et al, 2018). The present study compared
this made of centrifugation with a commerdially avilable centrifuge
designed to produce PRF using a fied-angle rotor. The results shaw
that these protomls produce: similar membranes regarding the appar-
ent fibnn netesark structure, as observed by SEM, and cell retention,
a5 shawn by the equivalent counts of kEukocytes, platelets, and RBC
However, these results are in contrast with the observation of Minon
et all {Miran, Chai, et al, 201%), reporting increased beukocyte reten-
tion, and a mare homogeneous cell distribution on PRF produced

L)
Tirna: afar cantrifugation jrmin}

through hoeizantal centrifugation as compared to fived-angle rotors.
Hovwever, both studies differ in the tested centrifuge models, 2 well
s the PRF production proocol and method for celularity determina-
tion. In this regad, that previous study propased the wse of antiooag-
ulants during centrifugation to simulate the PRF production. alawing
the immediate cell counting in different collected sample fractions
[Miron, Chai, et al, 2019). However, it might have imited the abservar
tian of the sffects of fibrin polymenzation on o=l ret=ntian/distriou-
tiar. On the ather hand, the subtraction method employed in this
study remains 3 currsntly acoepbed method for determination af cellu-
larity on platedet aggregates, even though several Bmitations: have
besn dscussed inorecent years (Kitamura et al, 2008, such as low
accuracy, and the inability to account for aggregated platelets or cells
lost during compression steps. Therefore, the present results may be
affected by such Emitations, which could be the source of the differ-
enwces from the previous report. In this context, the wark by Eitamura
etal (Watanabe et al, 2017) provides an interssting method for dirsct
counting of polymenzed membranes by digestion with tisue-plsmin-
open activatar, which may solve such discrepancies in further studies.

The results from the sution assays show that the initial relszse of
FGF, YEGF, and PDGF was sustained by both materiaks for weeks in
the i vitro test system. This data suggests that mare than just
retaining soluble growth factors from blood or platelets, both mem-
branes were able to produce these mediators through the presence of
lymphocytes, a5 welHmown and docwmented for PRF [Dohan
Ehrenfest et al, 2018). It is interesting to note, howeves, that for
PDGF and FGF2 significantly higher levels of release could be identi-
fizd for the H-PRF membranes, 2 well 25 a lower rebezze of IL-1be=ta
[p = 03] indicating the existence: of differences on the resulting bic-
logically actiee membranes. Minan et al (binan, Chai, et al, 2019) the-
orized that the horizontal centrifugation provides a means to better



Ll WiLEY-Ti

LOUREMICD 67 .

separate cels based on density, a5 saing-out rotors allow for an
increased difference betwessn RCF-min and RCF-max produced within a
tube, facilitating the separation af ool layers. In addition, they hypothe-
sized that horizontal centrifugation might cawss less damage to cells, all-
owing direct flow with less friction against the tube walls. In the present
wark, the differences observed in the release of some growth factors
and cytokines at longer elution times sugpest that the phenomenon may
be at least to some extent reated to production by platelet/fymphooytes
after centrifusgation, which conflicts with the absence of differences
obszrved in the coll content. Therefore, such differences suggest the
posshility that the subtraction method has been unable fo detect
changes on plabelet and or ymphocyte relabed to the cenivifugation pro-
tosced. This brypathsesis reinforces the need for further asssssments of the
hortzontal protocod through a direct coll counting approach.

A second hypothesis for the differences in cytokine and grovth
factar redease betwesn horizontal and fixed-angle centrifugation is
refated o the possility of differential sntrapment of growth factors!
cytokines, While such a hypothesss is not tested on the present work,
ther= is evidence on the iterature that the centrifugation step affects
the entrapment of growth factars on the fibein bttice and its distribu-
tian along the PRF membrane (Bai, Wang, Wang. Lin, & Chan, 2017).
Furthermone, studies have also shown that PDGF, VEGF, and FGF
bind to specific sites of fibrin/fibrinagen, such as the heparin domain,
with diverss affinities and, consequently, present differsntial cumula-
tive refeases from fibrin madrices at up to 7 days [Martino, Briguez,
Ranga, Lutolf, & Hubbell. 2013) IL-1j} was also demonsirated as pre-
senting a hinding site ta fibrin (Sahni, Guo, Sahni. & Francis, 2004],
influzncing dot fomation, and even competing/displacing growth fac-
tars such as FGF-2. Such complex interactions might help justify, if
niot =xplain, the singular changes observed for PDGF or IL-fi, a5 com-
pared to IL-& and VEGF.

The present study also Bsued a question relevant to the clinical
use af PRF membranes, related to dhangss in PRF biological properties
after extended times of storage after centrifugation. Answers to thess
guestiors may be of paramount importance to urdesrstand the best
moment of application of the PRF membrane. In cases involving more
extersive surgenes, a5 blood may be collecied and immediately
processed, alierations on the material properties with time become a
justifiable surgeon's concern. & recent study has already shown that
the time between blood extraction and the start of centrifugation @n
impact the biological properties of PRF [Miron et al, 2019), causing
intesferences in the sie of PRF membranes. Regarding stormge after
centrifsgatian, Peck, Hiss, Stephen, Satt and Majeed (2015) reported a
small [1.5%) increase in platel=t count in PRF membranes &0 min after
cenirifugation. Dohan Ehrenfest (Ehrenfest, 2010} advised against the
penmanence in silicacoated plastic centrifugation tubes for more than
15min, at risk of clot shrinkage, and merging with the red blood cell
base, lzading to an unusable material loaded with red bipod calls.

‘Whils such shrinkage and menging were not observed in the pre-
sent study emplaying glass tubes, our findings suggest that resting
samples inside glass tubes for longer times after centrifugation [20 fo
&0 min} do not affect platelet or leukocyte retention, or the overall
formation of a dense fibrin matric. However, the data also suggest

that increasing times of storage might result in changes in some prog-
erties af these fibers, with a significant reduction in the diameter of
fibsers {p = 05} It is important to notice that such observation came
from SEM examination followed by a quantitative assessment through
image aralysis often used to estimate fibrin fiber thidmess [Pretonius
et al, 3011) However, whils considered adequate for qualitative mar-
phological assessments, the guantitative use of SEM is subject to sev-
eral limitatons which, in the case of fibin matrices, may imclude
artifacts from manipulation or fixing steps, and differences in fiber
thickness depending on the evaluated region [core or surface], the ori-
gin of fiber {stem or branch), and the difficulty of calibration with an
adequate resolution at the submioon scale. Therefore, despite meth-
odalogical care on blinding and standardization of regions and fiber-
type, this finding based only on a imited number of surface obsena-
tions must be considered carsfully. Nevertheless, the result gives pre-
liminary evidence that some phenomena might coour with the PRF
fibrin neteark at mare extended times of storage. Previous reports
indicate the presence: of in vitro flbrinolysis on blood dots provided by
fmited activation of plasma proteins with time (Elnager ot al, 2014],
which may cause a reduction in mean fiber dismeter (Hudson, 2017).
Furthermore, there i svidence on the ltemturs that posttraresistional
dhanges on fibinogen (de Vries, Snoek, Rijen, & de Mazt, 2020) cau-
sed by low levels of axidation and photooddation results in more denss
fibrin clats with thinner fibers. Thersfore, this is an intriguing finding
which remains to be confirmed with other quantitative appraaches in
order to understand better the effects of storage of PRF membranes
after centrifugation and its possile dinical mplications.

5 | COMNCLUSION

The use of hoontal centrifugation produces: PRF memibranes with eguiv-
dent cell content and similar fibrin scaffold monphalogy, but with signifi-
cantly increased in vitra relezee of POGF, FGR2, and decressed releass of
IL-1, a5 compared io: foesd-angle vertical centrfugation. Higher times of
resting after centrifugation, regardless of the angle of rotor, did not impact
on its ool content and in vitr nelease: of growth factors, but evidence g-
gests minar changes on structural features. of the fibon matric of PRF.
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Abstract: This study assessed the effects of leukocyte=plateleterich fibrin (L=FEF) on soft tissue
healing and the corredation with the local concentration of growth factors (CF) and cytokines in the
dental socket of lower third molars. Forty lowersthird molars {20 Flartin:i'luntﬁ were included in
this randomized, double-blinded, splitsmouth stody. After extractions, randomized sides received
alveolar filling with L=PRF on one side and 2 natural blood clot on the other side. The pain was
assessed for up to seven days and soft Hissue healing (Landry index) for 14 days posteextraction.
Swabe were oollected from the surgical sites for GF and cytokine assessment by flow luminometry.
Farticipants reparted lower pestoperative pain on the sides grafted with L=PRE, which also presented
imcreased tissue healing scores (p < 0U05). There were increased levels of all GFs and several cybkdnes
at the L=PRF sibe at day one, while vascular endothelial growth factor (VEGF), IL=10, and [L1=RA
remained higher throughout for seven days (p < 0115, VEGF concentrabion at L=PRF sites carrelated
positively with the participants’ blood plabelet content {p = 0.769). FDGF correlabed negatively with
pain experience an days 2 and 3, and positively with saft bissue healing scomes, while FGFb presented
a weak correlation with a reduction of pain on day 3 The use of L=FRF improves the soft tissue
healing process and decreases postoperative pain after the third molar extractions, which cornelates
with an increase in the lomal concendration of growth factors such as PDGF and FGHb.

Keywords: platelet-rich fibrin; third modar; clinical trial; groswth factors; cytokines

L Introduction

Lower third molar tooth extraction is one of the mest common surgenes performeed
b}' dental surg:um:-inﬂ'l: dai]}' clinic. However, some postoperative oo lications, such as
pain, trismus, swelling, and alveolitis, are possible after this procedure [1-3]. Therefore,
different strategies have been developed to reduce the risk of these complications and
improve tissue healing.

Appl. Sci, 1021, 17, 1666, btipesc/ choi corg 11 3390 faprp 11041666
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One of the curment strategies is the implantation of the leukocyte-platelet-rich fibrin
(L-FEF) immediately after noth extraction. Prior studies have demonstrated the effec-
tiveness of this autologous biomaterial in reducing pestoperative complications in third
modars [4,5). This second-generation autologous blood-derived biomaterial contains a
dense fibrin mesh with increased contents of platelets and leukocytes, as well as increased
concentrations of essential growth Factors and cytokines that will assist in Hessue repair,
expecially concerning soft Hssue healing [6,7]. Among thess, the Transforming Growth
Factor Beta (TGF—), the Flatelet-Derived Growth Factor (PDGE), the Vascular Endothelial
Growith Factor (VEGF), and the basic Fibroblast Growth Factor (FGF-2) are considered
sxme of the: essential mediators produced by leukocytes and platelets in L-FRF membranes.
There i strong in vitro evidence of continuous production and rebease of these mediators
by the new autologous biomaterials [7=].

Several studies om post-extraction sockets assessing the contribution of L-PEF have
shown evaluations that indicated better postoperative and substantial improvements in
soft tissue ]'u:ul.inﬁ amd pain reducton, E‘I‘I.]:Il.i!}l’.il'lg tonls such as the ]_.u'ldr}' index for soft
tissue repair, and the Visual Analogue Scale (VAS) for pain [4,5,10,11]. These analyses
coniribute bo a qualitative assessment related b the patients recovery in the postoperative
period. It may be supposed that these effects ane mainly related to the continuous release
nfg;nm‘l‘h factors, ]:lm':iru.l:l}'-dﬂcﬁ'bnd h}rdifﬁermt in vitro studies [49,12]. However, there
& a lack of clinical evidence on the bocal release of growth factors and cytokines by grafted
L-PEF membranes in this model and their correlation with the improvement in pain
amd tissue healing on the management of third maolar extractions. Even though the local
relexe assesment is challenging o transpose from in vitro to clinical settings, surface
profein extraction methods using tapes and swabs have been successfully used in clinical
studies [13,14]. In this context, the present study aimed to evaluate the tssue repair and
postoperative pain in lowrer third molar extraction sockets treated with L-FEE asmessing
the correlation between these outcomes and the presence of growth factors and cytokines
quaniified at the surface of the surgical sibe by using a swab extraction method.

2. Materials and Methods
L1 Shudy Dewigm avid Ouicomss

The present prospective study was conducted in a randomized, double-blind, and split-
mouth design. The study was conducted at the Associate Laboratory of Clinical Eesearch
in Dentistry I:].FED]- of the Dentistry Schood at Fluminenses Federal Univeraty, Miberoi,
Rio de Janeino, Brazil, betwesn March and ju]}' 209, The slud}- adhered to the Fri:'r:i.]:llﬂ
described in the Declaration of Helsinki and approved by the Ethical Committes of the
Antomio Pedrs University Hospital under the registration no. 2.721.351. All participants
were informesd rrl:lhexh.:l:l}r ]:lmcrdurﬁ,u"nl:ljeﬂitu and were inclheded ml].' Hj'tETPTﬁ'Lde
written informed consent. The Consolidated Standards of Reporting Trials (CONSORT)
statement [15] guiddines were followed to ensure the quality and transparency of this trial.

The primary outcomse was represented by postoperative pain and soft tssue healing,
For tha pain assessments, tha primary dubcome mieasures included the pain l‘.‘:l.PE'ilEl'bDI'.'l:l
until the Tth day after surgery according to VAS scores (days 1, 2, 3, and 7) and the Saum of
FPain Intensity Differences (SPID) from 24 hoto 48 b, 72 h, or 196 h after surgical procedures,
while for soft tissue healing the measures were the Landry indexes at the 7th and 1dth day
after surgery. The secondary outooeme was the content of tissue-healing and inflammatory
mediators present in the mucosa at 24 h and seven days after surgery.

22, Sannprle Calesedation arad Ravadomization

This rh:d}r’s x-a.rnp]e sire caloulation was Pﬂ'frmnd using thie softweane SPSS, version
22.0{1BM Corporation, Armaonk, NY, USA)L The primary outcomes (pain and tissue healing)
were chosen o calculate the sample size based on the availability of supporting data from
the literature. The data from previous studies related to third melars extraction and L-PEF
placement [5,10] and a pilot study with 5 patients (included in the present ressarch) shows
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that a sample size of at least 16 extractions in each group is required by achieve 80% power
at a significance level of 5% (a = 0.05) [16). Therehore, a sample size of 20 extractions
for each group was adopted (bwo extractions per patient, for a total of 20 participants).
Randomization was pesformed through the flipping of a coin, where each side represented
an experimental group. The sides—the right or left dental sockets—wene distributed into
two groups: L-PRF i = 20) and Clot (r = 20). The allocation sequence was concealed until
participants were enrolled and assigned to interventions.

23 Iinctiestont and Exclusion Criterid

The complete medical and dental history of each participant was obtained. Partici-
pants between 18 to 30 years old requiring lower third molar extractions with Level A and
Class |, acoording to the Pell-Gregory classification [17], were included. Participants were
excluded from the study if they were smokers, presented bocal infection (e, percoronitis),
had motor difficulties that impeded or hampered hygiene, had prior pain in the orofacial
region (g.g., jnts and for masticatory muscles issues), were pregnant, had dmmpzm'.ah:l
metabolic diseases or F!n'nd-lml:a] disease without previous treatment, o had a hjsh:r:,rd
radiotherapy or use of bisphosphonates.

All research participants were previously informed of the physical and paychelogical
criteria regquired bo participate in this progect. The psychological criteria for project partici-
pation included no history of anxiety, mood, eating, and for psychotic disorderss that could
conmpromise participation and collaboration in the study.

24, Parbicipant Selection

Recruitrment of research participants was carried outlby a tramed investigator (..MM,
who diagmosed the indscation of the lower third melar extractions after the admission of the
patients to the School of Dentzstry. The mitial evaluation and diagnesis of the teeth indicated
for extraction was confirmed by bwvo other trained professionals who were not a part of this
research fteam. All the participants were masked to the studied groups.

25, Pre-Surgual Procedures

'l"ﬂ'li.]:luﬂ:hn'e WAL ]:Ierfl:lrrne:l prioe to any treatment (median basilica vein, median
cubital vein, median I:E]:lhali.: vein). Blood was drawn inbo bwo sterile red cover 10 mL fubes
without an‘linua.a'ulanl{EIJ Vacutainer®, Becton Serum Blood Collection Tubes, Dickinson
ik CdeaM}'. Franklin Lakes, M, USA)L This proces was Pﬂ'fnm'led at room kemperature
{20 5.

L-PRF clots were produced using tubes according to the fabricant (IntraSpin™,
Biohorizons®, Birmingham, AL, USA), and immediately centrifuged at 2200 rpm for 12 min
(~708 g) using a vertical Mfixed-angle centrifuge (IntraSpin™, Biohorizons™, Birmingham,
Alabama, AL, UsSA) This -:\enh'i.f'uEatim ]:lmblnﬂ consadersd the g—l’nme value referenced
at the bottom of the centrifugation tubes (RCF-max) [15]. After centrifugation, each L-PREF
clot was removed from the tube and separated from the red element phase at the base
using cotton pliers.

A further blood sample was collected in a4 mL EDTA tube (BD Vacubainer Lavendes
K2-EDTA Blood Collection Tubes, Dickinson and Company, USA) for hematological
analysis. The analysis was performed using the Wiener lab. Counter 19/1% CF (Labinbraz
Comercial Lid.a, Sao Faulo, Brazil), obtaining the platelet and white blood cells (WEBC)
cornts of each participant.

6. Surgical Procedures

Panoramic radiographs were taken by the same professional operator and with the
ueser of the same machine (-CAT, Kave, Brazil). The participants were informed to avedd
the use of any anti-inflammatory drugs before the surgery, or any other medication to
prevent the influence on the healing process. All surgeries were performed by the same
operator (C.EML) with the same pre-, trans-, and postoperative protocol. The examines



Appl. 5ol 2021, 17, 1666

4of 20

respomsible for postopesative evaluations (M.T5.) was not present in any surgery, blinding
the _\‘l'u|:|}- for the evaluation. The ]:la.'rl'i.cipanlx were abio not informed about the bocation aof
the sockets that received the L-FRF or the sockets that were clot-filled.

Local asepsis was performed by rinsing with 0L12% chlorhexidine digluconate (Periogard®
Caolgate, 530 Faulo, Brazil) for one minute and with extraoral use of 4% chlodhessdine soap
(Ricrhve Bioequimica®, Rio de Janein, Braeil). The local anesthesia was administered wsing
a Carpule syringe (Chuimelato®, Schobell Industrial Ltd.a., S50 Faulo, SE Brazil) to block the
mbersor alvesdar Engual and buccal nerves, using 2% alphacaine with 100,000 epinephrine
(DFL Induistria & Comércio®, Rio de Janeio, K], Braeil). Both sides were blocked before the
third molar extractions. Soft tisuwe ndeasse around the tooth was performed wing a no. 3
scalpel handle (Bard Park, Cheinelato®, Sao Faubko, 5F Brazil) and a no. 15 blade (Solidur,
Lamelicf®, SaoPauls, Brazil) to test the suoces of deep anesthesia and for better apical po-
sitioning of the elevators and forceps. Tissue detachment was performed wang a Molt no.
9 detacher ['[}.Lim:lahr’, Sa0 Paulo, 5P Hra.'.':il:l arcamid the tooth, follomved l:r:_l.- elevator and
forceps dislocation I:'[:_Iuiru:hh'ju! Paula, 5F, Brazl) for later removal. After the extraction
was completed, the dental socket was gently explored with & Lucas no. 4 Curebte {Quinelato®,
Sao Paulks, SE Brazil) and irrigated with 0.9% physsological saline solution (~20 mL).

For each Fa.rl'i.ci.]:la:ll, one dental socket was beft as is to be filled with blood as a
physiological condition after tooth removal. A few minutes after extraction, the clot could
be noticed at the level of the alveolar border. In the absence of a blood clot, a gentle
curettage of the alveolar socket was performed to cause slight bleeding. For the sockets
receiving the L-PRF, after nemoving the third molar, four L-FRF clots were placed directly
in the dental socket with the aid of an alveslar curette. The tssue was sutured wsing
the traditional single stitch suturing technique with a Johnson 4-0 slk thread (Johnson
& Johnson, Ethicon®, 530 Paulo, Brazil). The number of stitches was determined by the

‘5 cril'm'i.a,whu]:lerﬁ:nrﬂd a |:u'i|:|1.a.r].' closure in all cases. It is essential o menbion
that after tooth extraction, thers was a simulated manipuolation of the Hesoe to hide to the
research participant the side in which the L-PRF grafting occurred.

Parscetamol (500 mg, Tylenaol, jJohnson & Johnson, Brazil) was prescribed every six
b for Fain_ In the case of sevens ]:lai.n rlz]:lm'btﬂ:lr & ]:lnrh:lcul was al:lu]:lhﬂ, indud.'i.ng
an emergency medication (Ibuprofen 400 mg, Advil, Pfiger, USA) every eight hours for
three days. Oral hygiens instructions wese provided to avoid the accumulation of bacterial
plaque above the suture. Participants were instructed to use (112% chlorhexidine digls-
conate rinse (Persogard®, Colgate, 530 Paulo, Brazil) twice daily for seven davs, All sutures

were removed after seventy days.

2.7 Climical Megsuremeints

The participants were scheduled for postoperative evaluation after 1, 2, 3, 7, and
14 days. During those appointments, the evaluation of dinical measurements was per-
formed by the same examiner masked to the study, including parameters such as soft tesue
healing, pam, and the number of analgesics consumed. Postoperative pain was measured
i all ]:laJ'Il.El.Fa.'rrls an :In}r: 1,23 uﬁ?,wllileﬂwlma]ingirdﬂ was measured on l:h}':-'.l'
and 14 (even though the routine clinical examination was performed on the first dayvs).

The assessment of sodt tissue healing around the sockets was performed using the
healing index systemn described by Landry et al. [19]. The following parameters were used
o asmerss the leved of healing: the color of tissues, epithelialization of wound margins, the
presence of bleading om palpation, granulation, and suppuration. The level of healing
was scored 2 1-very poos, 2-poor, F—good, d-very good, or S-excellent. As an example,
very poor healing was attributed to sibes with Bssue color that was more than 50% red,
and the presence of bleeding, tissue granulation, and suppuration. On the other hand,
excellent Iu:a]ingwu attributed bo sibes with a "Iiﬂ.l“‘l}l’ pi.nk-cnlur and without I:rleud.mg_,
tzsue grranulation, or exposed connective tissue.

Pain analysis was performed according to the VAS on a 0-10 scale, where 0 indicates
the absence of ]:la.in and 10 was attributed #o the rn.l:n:l:m‘ut-pa.in ever Pelt, il]l:l.'lE with the
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graphic dassification scale [20]. The participants were previously oriented negarding the pain
sssemsment and asked to report any difficulty in distimguishing betwesn sites. The mumber
of painkillers consumed was also recorded. In this study, a score = 5 was considened as an
madicator of severe pain afber the third molar extraction [21], resulting in the use of emergency
medication for the patients. A derived ime-weighted endpoint, the Sum of Fain Intensity
Dhfferences (3P, was als caleulated from the available times of data eollection, conssdering
the first measure (24 by as a baseline, and its difference score caleulated at each subsequent
time paint, in hmers (SPID24-48, SPID2-72, and SPID24-19).

28 Quanthificetion of Cytokmes and Growth Factors

On the first and seventh postoperative days, the particpants submitted to a swab
collscHon in ﬂ'l:_-.'urg;lu] region on both sides in order to collect the surface rylnkiru:san:l
Eruw-ﬂ'l factors Fu'zn:'nlin the site. The alvealar ri.dg;l: was isolated with cotbon rollers to
avoid saliva collection, and after that it was dried with an air jet for 10 5. The samples
ware collechisd H‘II.'I:II.IEI.'I friction in the central proartion af the socket, in addition to the
basceal, |i.11|51.|.1|r distal, and masial portion of the ging;ival border of the :lpemh:l regiom.
Sterile swabs were wsed for this procedune (Mlastic-Cotton Tipped Applicators, MedLine
Industries, IL, USA). The swabs were then placed om 15 mL falcon tubes containing 15ml
phosphate-buffered salime solution (FES) with 0.2% sodium dodecy] sulfate (305) and 0.5%
propylens glyeol and senicated for 30 min on an ultrasonic bath maintained at 4 °C with
ice, for the extraction of proteins. The liquid was collected and stored in different aliquots
in eryovials and kept in an ultra-freezer at —80 °C until the quantification assays. The
quantification was performed by a masked operator.

For the detection of the biomolecules, a multiparametric immunoassay based on
XMap-labeled magnetic microbeads (LuminexCorp, Blvd Austin, TX, USA) was used,
through a commercial kit (27-plex panel, Biorad Inc., USA) capable of quantitying IL-
1@, IL1-KA, ILA, IL-6, ILE, [L-10, IL-12 (pA), IL-13, IL-15, IL-17, OCL11, FGF-b, OSF3,
CSF2, IFM—y, CXCLID, CCL2, CCL3, OCLA, PDGE, CCLS, TMFa and VEGE, and a I—FL:‘x
kit containing TGF-$1 beads. Quantification of the magnetic beads and dosages was
pertormed with a BioFlex MAGPIX system (Biorad Inc., Hercules, CA, USA). Results were
analy zed using the Xponent v. 3.0 software {Luminexcorp, LSA).

29 Shebishical Anlysis

Wilcoxon nmpar.:melri.c two-tailed tests were used for Ihrmm]:la:i:umd the clinical
data in the postoperative period. Data from the cytokine and growth factor asessment
for the contml and L-FEF sites wers ﬂn‘.ll.}ﬂ'.ﬂd I:l}r n:u\]:lammzh'ic,]:lajmd Mam'n-'l-'l'hih'he:,'
U tests. The correlation between the molecule concentrations and the clinical parame-
ters or the blood cell count (WBC and ]:ILIHEE:I wWas in\'l‘.‘il‘i.?"ﬂd Ihmush a twortailed
Spearman’s rank correlation matrix, where cefficients between 0.3-0.5 indicated weak
correlations, (1.5-0.7 indicated moderate cormelations, and coefficients above 0.7 indicated
strongy correlations, according to a rule of thumb proposed previously [22]. The data was
also evaluated through multiple regression analyses: using the least squares method, where
each outcome measure (VAS, C1, SFID) was considered to be the ndependent variable on
a test. The normality of residuals was assessed by the ¥ Agosting-Fearson omnibus and
Kolmesporow-Smimay tests. For all tests, an alpha error of 5% was considered, The tests
were performed with the help of the GraphPad Prism 8.0 {GraphPad Software Inc., San

Diegn, CA, USA).

3. Resulis
3.1, Climical Eolumtion

The sample of recruited participants (March—|uly 2019) was composed of fourteen
females and six males, with a mean age of =23 years old (range 15-24) (Table 1). The
follow-up during the postoperative period indicated a good recovery in all cases without
m‘iuus-cump]ir_aﬁ:m intolerance to the medication used, or side affects. There was no
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alveolar osteitis, tissue necrosis, abscess, or delayed healing. The CONSORT chart of
participant flow is shown in Figure 1.

Table 1. Socio-demographic data of the patients induded in the study.

Gender r & M (Participants)
Male B
Female 14
Age (years], mean £ 5D B3R
Education Level
High school diploma 14 (% female and 5 male)
Bachelor's degree f {5 female and 1 male)
Exiraction imdication r & 4 (dental extractions)
Previows pericoranitis 17
Dental caries q
Orrthadontic treatment 14

Sl Slandard devvialiom

[

{n w23 paricinante )

+ Mol meeling wohimon oias B e El

E wey ‘

Randistited b =205 |

| = |
& w=m | ASoakion | " e 1l
Snckyl §led wih PRE | | Snckal wih sponisnecus hesing
Lot i i b = ) Fesllierme-Lips Losi b fodoweug. B0
Disconbrased nbarapriion =2} Désconbrassdl riprvanion =0

L
Asmansed for chisckes 0= 100 Anatysis Aemassed I cbisciew = LDO

Figure 1. Flowchart illustrating the procedure of the clinical trial {CONSORT) [15].

Mo Parl'i:ipﬂ.nhep:rhd difficulties in d.i.f:l::rml'i.alinﬁ the F.uin between both m.'rﬁ'i.cal
sites. O the finst postoperative day, a total of 7% of the participants reported severe pain
on the site without the wse of L-FEF, while 3% experienced severe pain in the L-FRF
site. On the second day, the results were 30% and 10%, respectively. Only 10% of the
l:nal'i.l:nh rrl:lurbrd e BT Fai.n in the clot site on the third da}-, while no severe lei.'n Wias
reported in both groups on the seventh day. Figure A shows that the mean scone on VAS
was sigmiticantly lower on the L-FRF sites in all the assessed days (p < 0.05). Overall, the
average wse of Paracetamol per participant was 1.4 tablets per day in the first three days.
Odf thee 20 participants, six made use of emergency medication (Ibuprofen) for three days
in the same period and the pain was controlled after that. When the pain was compared
l.n:ins the l'IJTH\l.‘:IE"ﬂHd uﬂipui.'nl SPID, there was no !iﬁni&ml differenios {P = ﬂ.EISj
between control and L-FRF groups from 24 h after surgery to sither 48 h (26 + 26 for
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L-FRF versus 39 £ 36 for Control), 72 h (84 = 46 for L-FEF versus 90 £ 56 for Control), or
196 b (439 £ 150 for L-FRF versus 565 + 160 for Control). Figure 2B shows the assessments
for the cicatrization ndex.

A
L i G0
0.000 — # L-FPRF
1 . =0,0001 u Ao
== —
6 = == s EE "
E - i L ] - n
qE= U2 .3
2 - - e =
. w -
0 . r ; - il
Diany 1 Day 2 Diay 3 Day 7
B
.ol 0.0215 ® L-PRF
s CLOT
- === EE -_ —
!-E-n]- — T
E 35'
3.0 - — ]
2.5 1 1
Dy 7 Day 14

Figure 2. {A} Fain evaluation by Viswl Analog Scale (VAS) for 1, 2, 3, and 7 days in the postoperative
period. (B] Comparizon of the soft tissue healing, as measured by the Landry “s indiex, at seven and
14 days of ﬂ'h‘."Pﬂilﬂ'Pﬂ'.ﬂl:il'\E pcrind. 5-:|1uu':r. indicate the score for thie clot site of ndlpm'l:icip.anl;,
while circles indicate the scores for the leukocytesplateleterich fibrin (L=PRF) sites. Lines indicate the
mean = S0, Connecting lines indicate statistical difference (p value indicated on the fgure).

O the seventh du}', it was PJﬂbh." to fimd a I'lcig;]'lly :-iErl:iﬁ:anl: difference after the
comnparison o the Clot group (p < 00001). After 14 days, a significant difference was also
observed, showing a better healing process to the L-PRF group (p = (00215). It is possible
fo observe the healing follow-up in Figune 3.

32, Brochemical Aralysis

Figure 4 shows the mean content of growth Bactors and cytokines messured on the
surface of the surgical sites {controd and L-FRF), on the first and seventh days after the
procedure. From the 28 analytes initially assessed, twelve had detectable Tevels after
extraction from the swabs. From those, all growth factors (VEGE, FGE=2, PDGFbb, TGE-f1)
and the majority of the inflammatory cytokines (IL-19, IL-, TNF-a, IL1-BA, [L-10, and
IFN—gamma) were present at significantly higher levels in the L-PRF sites, as compared to
Clot at day 1 i < (05). However, by the end of one week most of the analyies were present
at similar bevels at the L-FRF and Clot sites, with the exceptions of VEGF, which attained a
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tworfold increase as compared t control, and the anti-inflammatory cytokines [L-10 and
IL-1EA, which were around 1.5 = increased at the L-FEF sites (p < 0005).

Figure 1[A}L—P‘EFplaEd.atﬂtdmh]ﬂhd; [B) Immaediate P:ﬂupmﬁvtmﬂ,aﬂrr l'LLh.Iri.ﬂﬂ;l:CI
Evaluation of soft tisswe healing after seven days, socket showing good healing (Landry's Index 5}
(D) After 14th day with excellent healing (Landry’s Index 5} of soft bssues.
1 day T days
L-PRF  Clot L-PRF  Clot

po/mi
VEGF 50
FGF-2
POGF-BB 40
TGF-1

g o
L6

w4

L& r 120

THF-x
IL-10 -
Py |

Figure 4. Heatmap of the cytokines extracted from swabs of the L=FRF and Clot sites at 1 and 7 days
after surgery. The intensity of the blue color indicates the mean concentration {n = 30} of each analyte,
as detected by flow luminometry. An asterisk indicates a significant difference between L=PRF and
Cloit at the same experimental fime {p < 0U05).

In order o observe if the content of growth factors and evtokines could correlate
with hematological parameters (WBC and platelets) of each participant, an analysis was
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pertormed with blood samples collected befose the production of L-PRE. The hematolegical
anﬂ]}'!:i.\'.- showed that the WBC (.99 £ 130) and Flalﬂd! (2627 £ 14.90). The WBC
conant {2 103/ microl.) were within normal ranges in all parficipants. A Spearman’s rank
correlation test was performed between the WBC and platelet contents, and the values
of analytes detected for each participant (Table 2). From all interactions, a significant
positive correlation was detected between the blood platelet count of the participants and
the: surface concentration of VEGF (p = UM, tho = 0.769). TGF-1 presented a coetficient
comparable to a modesate correlation with platelet content, even with a non-significant
borderline p value (p = (105, the = 0.63).

In erder to identify relationships between the outoome measurements and the detected
biul-l:lgi.:al mediators, several rnu]l:ip]z regression a.na]}':u e perEun'nrd, ax showen in

Table 3 for the comtrol group and Table | for the L-PRF sites. The |:|'||.1H:i|:.|]rri from the tests

varied from 0.5% to 0.741, and the retduals Fu&ud mm.a]il:}' in all tests {pf < [L05). How-
ever, no significant association was identified between any pain or cicatrization index and
the: comcentrations of growth factors and cyvtokines in both surgical sites {p > 005). How-
ever, when a correlation matrix was produced between the local growth factor/cytokine
concentrations and the clinical evaluation scores through a two-tailed analysis, significant
correlations were observed between some endpoints and growth factoss, as shown in

Table 5. FGFb presented a weak negative correlation with the pain scose on the third day

(Bho = —0.479, g = 0.033), while FDGF negatively correlated with pain scones on both the
second and third da}rs {Fha = 0524, p=0.018 and Bho = —0704, p = I:I.I:ﬂil,rs]:-erﬁvzl}rj
and with the cicatrization indexes on the seventh (Rho = 0516, pr = (LO21) and 1dth da}rx
[Iﬂ'll.'l-: ﬂ_ﬂlp: (LO18).
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L Mscussion

The purpase of the present study was to assess the effects of L-PRF on the healing
process of the lower third molars extraction socket and its relationship with the local
concentration of growth factors and cybokines. For this, a rand omization unit was employed
consisting of the parficipant’s extraction socket and not that of a different participant. Sucha
study design, besides reducing inter-individual and demographic variables such as age and
gender, usually provides relevant data without the necessary use of larger samples [13,14].
Ancther important fact about the present study design was the double blinding, at the
bevels of both participants and data evaluation [clinical and laboratory parameters). These
are essential steps to reduce the risk of bias and improve the quality of data from dinical
trials. Blinding was a topic of particular concem in the study design in order to ensure
that both participants and ressarchers wheo assessed the outcomes remained unawane of
the treatment on each surgical site. Special care was faken in the dental socket's primary
closure, and the local anesthesia by regional block was performed so the participants
wiould not fsel the intreducton of the L-PEF membranes. Furthermore, the membraneas”
COHTIpTESSing and n.uhml.:]'u.'.in]uge contribabed I'I:II'EE"IJL'il'IE differences between sites, ag
showmn in Figure 4. With such a meded, the present findings indicate that the use of L-FEF
impal:hﬂ'u.-ll:nlsu:fu:\e comcenitration of En:rwlh factors, with PeperCUSSions on clindcal
paramieters of recovery, such 2 the perception of pain and the quality of soft tissue repair.

Regarding the local concentration of cytokines and growth factors, the present study
emploved a method of extraction based on previous reports for epithelial surfaces [23,24].

The current findings show that the use of surface swabs may provide an alternative

approach to compare the local release of growth factors by L-PRE However, the data
should also be consadered with care, as the method may also be suhiﬂ:lnd tor diverss
sources of bias, since some methodological steps may interfere with the final amount of
collected analytes, including the tme of pressing, area of collection, and previous removal
of saliva, which represents another well-known source of cytokines [15]. Besides, the
examiner s experience was essential to aveid contamimation, e.g., saliva and food debris in
the suture regrion. Thersfore, careful steps were taken in this study during sample collection,
and the examiner guided the oral hygiene of all study participants bo reduce the risk of
bias during the evaluations performed. The description of this cane may help to increase
reproducibility and minimize the risk of bias on this kind of clinical fmolecular ssessment.

The results show that the method of collection was adequate to detect significant
differences betwmen Enﬁu:l amid control sites for at least fine molscules, i.'lﬂl.dil'lﬁ all four
gruw-ﬂ'l factors investigated. FGF-2 or basic FGF (FGFB) is a potent mitogen, promoting

is and induding connective tissue emodeling by the production of the extracel-

hlarmal'nx{l:ﬂ"-‘l}h}rﬁbrrﬂ:llarblgﬁ] VEGE, besiides |I5'm:|]-l'.nn‘m1 angiogenic properties,
also induces collagen deposition and epithelization through mitogenic and chemotactic
actions [27]. PDGE is another GF that promotes mitogenesis, mgﬁaﬁrrﬁis,uﬂluh: dif-
ferentiation, and even the u.przguhti:rn of other En:m‘ll'l factors that promote fibroblastic
function [25]. TGE-A1 is a multifunctional mediator that acts mainly by chemotaxis and
mitogenesis of fibroblasts and macrophages, 2 well as stmulation of collagen deposition
for conmective Hssue wound healing [29]. Through thess mechanisms, these growth facbers
are expected to be directly associated with the regenerative properties of L-PRF [12,30].
Remarkably, the data indicate that the presence of L-PEF may also be linked to increased
kocal levels of some pro-inflammatory mediators such as IFN-gamma and [L-1beta, which
have already been reported as produced and released by L-PREF preparations [4]. While
thise t].lnlunﬂ mediate inflammatory changes of the gingival tissues, including angiogen-
esis and sdema [31] that coubd affect the sodt tissue healing improvement, the present data
suggest that the supraphysiolegical concentrations released by L-FRF on dental sockets of
the third molars are not sufficient to increase postoperative discomfort. On the other hand,
the concentrations of most cytokines decreased fo bevels similar ko the control sides within
seven days, with the persistent difference found only to VEGF and the anti-inflammatory
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cytokines IL-10 and the antagonist of the receptor of [L-1 ([L-1RA}), which might contribute
to an immunemadulatory role for L-PRF, as previously proposed by Dohan etal. [5]).

Another interesting finding was the identification of a strong positive correlation
between the platelet count of the samples used to produce L-FRF and the local content of
WEGF and, to a lower extent, TGF-F1. The relatively small sample from the present study
may have impaired the identification of pessible correlations for other analytes present
at smaller concentrations. Sall, thix E.nd:ing ix in agreement with the idea that individual
fraits may impact I:r:il:llugi.:al factors related fo the materials EHH.'H.‘U’H}I’; in this case, the
Iocal release of growth factors, reinforcing the need for point-of-care quality assurance of
individual L-PRF preparations, i.11|:l1.1|:|i.1'||5 ]:ll.a.itlel: corunts of whole blood and ]:lruParE:I
membranes [32,33).

Concerning the analysis of pain and healing of soft tisue, the present findings are in
agreement with previous reports on good cutcomes related to the use of L-FRF on extracted
dental sockets [5,10,31). L—l’l!l‘irnpla.n'hﬂd im the third maolar socket impﬂwed postoperative
discamfiort (p < 0.05) and significantly enhanced soft tissue healing on the seventh and
fourteenth day, a timeframe where several other studies also report good dlinical results of
L-FRF [5,10,34]. Furthermaore, the Prﬂ:nl:rl'ud_y ]:lrm-'i.di:s direct evidence of the connection
hastvreen. released Enm‘l:h factors and clinical improvement b-]. different oulcome measuras,
represented mamnly by the strong correlation of FDGE-bb concentration at the L-PRF site
with the reduction of pain on the thind day after surgery, and the modesate correbation with
the cicatrization index at the 7th and the 14th days after surgery. [t is essential to notice
that PDGE is considered one of the esential mediators released by platelet aggregates.
Its prowen efficacy in the regeneration of both soft and hard tissue has even led to its
approval by the FDA for clinical uses, such as periodontal therapy [31]. Together with the
wak-to-moderate negative covrelation of FGFb with pain scones on the third d:].',ﬂ'uﬂ:
fndings should encourage further studies on the release of this growth factor by L-PRF,
iru:lu.ding; la.rE:r .'ﬂ.'l'l'l]:lll.'.i- and other biomolecular, hi:-lnluEiHJ, and l'l.isturnl:u'l:lmn'n-.'h'i.:
analyses at different Himes of Hssue repair.

One of the main limitations of the present study is related to the fact that the sample
size was caloulated based on the primary clinical outcomes. While the resulting small
sample indeed has proven sufficient for the detection of differences between L-PRF and
bload clot, a% well as a cormelation between PDGE and clinical hn]:nmmtalﬂm L-PRF
site, it might have been insufficient for the identification of direct relationships between the
clinical and biochemical outcomes through the multiple regression analysis. We wene also
unable to identify L-FRF treatment’s effects through the ime-weighted endpoint of pain
assessment SPID, emploved mamnly in dindcal frials of analgesics. In this case, rather than a
small sample, the very nature of L-PEF mechanisms, which are possibly anti-inflammatory
rather than a.naJE:Eir, may |=1P|.ain the results. Therefore, the participants znpﬂ'iutne:l
lower pain from the baseline (24 h) to the last time of follow-up (7 davs). On the other
hand, they reported high levels of pain at the baseline, with a significant reduction until
the Tth :I.a}r afber SUrgeTy, thus prud.u:ing better Iirn:-w:ig}lbr:l scomes,  Therefore, the
comparison of the pain scores at each fime of follow-up proved mone sensitive to the effects
of L-PEF treatment, as shown in the present results using VAS, a reliable, valid, sensitive,
and appropriate scale commonly used i dendal, oral, and maxillofacial surgery [35].

Finally, another important limitation of the study was the choice for a split-mouth
dﬂ:ign,whir_]'l rmakes it difficult b compare some variables such as trismus and the number
of painkillers consumed and increased the difficulty of achieving symmetrical patterns of
dental position, Furthermone, there is a]wa.}': the risk of the patients experiencing difficul-
hﬁduhnguu}ung bebween the left and ri.g}llxid.ﬂ when aisaing pain. Mevartheloss, wea
chose o employ this widely used methodokegy simce it avoids other biases, such as in mem-
ory of pain, and avoids the need to submit the control group to a venipuncture (fo simulate
L-FPRF Fu1.1d.1.1|:h4.'r|:| In this research, the participanks were Frﬂiuud}' oriented I'I:FI:IIHE
the pain assessment, and none of them rep-m'hd difficulties djffzrﬂ'll'i.aling the source of
pain. This ocourned maost likely because the pain affer surgical removal of the mandibular
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third maelar could eriginate from the persodontal ligament or the adjacent tooth's boneand
wsually dees not surpass the midsagittal plan [35]. Split-mouth designs also have been
successfully emploved on oral pain assesments with low risk of “carry-acros" effects [36].

Fegardles of these limitations, the present study adds to the body of evidence on the
effectivenes of L-P'RF in the recovery of third molar extractions by indicating that clinical
parameters may improve after L-FRF implantations and provide finsthand dlinical evidence
that these effects are correlated with the local increase on growth facter concentration. These
results suggest that the collection of local growth factors and mediators from the surface of
surgical sites may be generalized for other clinical studies of platelet aggregates and may
encourage further studies of the correlation between clinical and melecular parameters to
enhance the understanding of the mechanisms of action of this autologous biomaterial on
the recovery of soft Hssues.

5 Conclusions

The use of L-PEF improves the soft tissue healing process and decreases postopera-
tive pain after the third molar extractions, which correlates with an increase in the local
comcentration of growth factors such as PDGE and FGFb.
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Abstract: Good laboratory practices (GLF) increase the quality and traceability of results in health
sciences research. However, factors such as high staff turnover, insufficient resources, and a lack of
training for managers may limit their implementation in research and aczdemic kboratories. This
Scoping Review aimed to identify digital tools for managing academic health schences and engperis
mental medicine laboratories and their relationship with good practices. Following the PRISMA-ScR
20S criteria, a search strategy was conducted until April 2021 inthe databases FUBMED, Web of
Scences, and Health Virtual Library:. A critical appraisal of the selected references wias conducted,
follpwwed by data charting. The search identified twenty-one eligible articles, mainly originated from
l'Ligh-inn:m'u: couritries, dﬂn‘il:ilq_‘ hednvch.pmnm and fior implcmh'h'-:m of thirty=two clectronic
management systems. Maost studies described software funchionalities, while nine evaluated and
di.u:l.ﬂau:l:impa:l‘smmmaﬁmrrt. mparl.‘i.nﬁ h:ﬂlth:mvmnthﬂtwkﬂwa:d svsiem limdtas
tions during implementaticn. In general, the studies paint i a contributicn te different management
msues related o GLP Fu'i.nciplc:. In comclusion, this review dentified cl.rnh'i.ngﬂ'idm I}utd:ig'm]
laboratory management systems may represent important tools in compliance with the prnciples of
good practices in experimental medicine and health sciences research.

Keywords: :m:pinﬁ review; academic health cenbers; software; laboratory management

L Introduction

Laboratory research plays an essential role in providing evidence for translational
medicine and sustainable solutions to healtheare [1]. However, the reliance on experi-
mental medicing demands increased traceability and data integrity, ensuring the quality
of transterrable resulis to the clinical setting. In recent vears, the scientific community

i awareness regarcing a reproducibility crisis related to Factors such as the
pressure for publication, low statistical power, and insufficient supervision [2]. On the
other hand, adequate management, training, and good practices may increase data quality
by improving workilow, a.w!ld:ln.g errors, and providing 'h'a:u]nllrv [2]-

Gasond laboratory practices (GLIY) may be defined as a quality :-].:-bemmmn]:!a.ﬁing
organizational processes and conditions under which studies are planned, executed, moni-
tored, regisztensd, and reported [3]. The Principles of Good Laboratory Practice were first
developed by a group of GLP experts bed by the USA, established in 1978 under the Special
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Program o the Controd of Chemicals, based on the FDAs mgul.ntimu for nom-clindcal
baboratory studies. The Organization for Economic Cooperation and Development (OECD)
published the Principles of Good Laboratory Practice and Compliance Maonitoring in Jan-
uary 1998 [3]. Since then, it represents the primary set of standards available worldwide to
ersure quality, reliability, and integrity, providing a solid approach to the mansgement of
research laboratories [1].

However, academic baboratories experience several critical barriers to developing and
implementing a GLP-compliant infrastructure [5]. These limitations include poor training
o management, lack of ELIJ'ICL‘I.I'lE for -:u:l:mpli.ann.- costs, and l'|.i|5h. stalf turmover due o a
dependence on students as temporary personnel [6]. Therefore, laboratory managers at
academic centers should explore tools that facilitate supervision and identify critical steps
in the laboratory workflow. In this context, digital systems are among the most important
toods available for efficient management, ranging from dedicated computer programs
hiﬂ'l'lﬂl'l?l'il:ll.'l.l: app]il:a.ti:m Lab:rl'a.hn? information management systems (LIMS) affer
databases and sutomation [7] that allow experimental data tracking and storage [5]. Other
software and digital services that fall sutside of the ariginal LIMS dassification provide
a broader offer of solutions to laboratory management [6,9), coping with other aspects
of quality assurance related to communication, staff, multivser equipment schedule and
maintenance, standard procedures, and inventory control, which are fundamental in the
full spectrum of a laboratory's workflow [10,11].

Despite the potential effectivensss of these digital tools in mesting specific aspects of
laboratory management, it remains unclear how these systems may directly or indirectly
contribute to adherence to the GLE principles. In this contest, the Flwmt meview aimed bo
provide evidence on the theme by scoping the scientific literature for the available digital
toeds designied to manage health sciences and experimental medicine laboratories and
discuss the sssessments of effechvensss, acceptance, and their Pul:mti.al fru'numpli.a.m:z tia
different aspects of good laboratory practices.

1. Materials and Methods
21. Protocel and Regratritton

This review followed the PRISMA recommendations for scoping reviews (FRISMA-
Sch) [12], as shown in the Supplementary Table 51, The study profocol was registered in the
me Seience Framework database under the [h.a:tal L'ﬂ:pct [dentifier dioi-10.1 7605/ OSE 0/
KPC30) en 15 July 2020,

L2 Sourrces of Infermatom nd Research Strategy

The: broad question that guided the review was “Are there available digital tools
for the management of academic health sciences. laboratories?™ Strategies were devel-
oped to search for data sources in three different databases: FUBMED (www.nebinlm,
nih.p;l.n'.l'Fubrnr.d [accessed om 26 ﬂ]:Ir.il 2021)), Web of Science (WoS) (danvatecom)
webobsciencegroup (accessed on 26 April 2021)), and the Virtual Health Library (VHL)
(bvsalud org faccessed on 26 April 2021)). The research was carvied unéil April 2021, Grey lit-
erature was consulted through the OpenCirey Databose (available at http:/ fwww.opengreyen/
(accessed on 24 May 2021)). The search kevs are described in Table 1, with various combi-
nations of Medical Subject Headings (MeSH) descripbors sebected to cover as many articles

as possible coping with management software approaches in academic or research settings.
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Table 1. Search keys applied to the theee consulted databases.

Database Search Key

{labarator[tizh] OF Laboratares mh]) AND {management[tiab]
OR "Organization and Administration”[mh] OR “Information
Management”[mh]) AND {software]tiab] OF computer]tiab] OR.
PUBMED virtual[tiab] OR Software|mh] OR “Mobile Applications*Jmh[y
AN {academic OR Undversities[mh] OR research|tiab] OF
researchmh| O *Biomedical Research®|mh) OR “Translaticnal
Medical Research"[mh]) AND (health O clinic®)
TOPIC: ({laboratary) AND {management OB *Organization and
Administration” OR “Information Management”) AND (software
(R computer OF, virtual OF “Maobile Applicatians") AND
Web of Science {mrademic OR University OR research OF, “Bimedical Ressarch”
OF “Translational Medical Ressarch®) AND (health OR clinic]h.
Time ﬂipul.md: all vears. Indices: SCLEXPANDED, 5501,
A&HCL, CPCRS, CPCLESH, ESCL
(labaratary) AND {management OB, organization) AND {software
Virtual Health Library (R computer OF, virtual OF “Maobile Applicatians") AND
{mrademic OR University OF ressarch) AND (health OF clinic)

23, Sefection of Sources of Epidenice

The eligibility criteria were determined on a PIO {Population, Infervention, Cubcome)
variant of the PICO framewerk for the selection of stedies, more adequate for qualitative
reviews [13].

A structured question was produced, in which, Population (I): academic health sci-
ences laboratories, Infervention (I): the e of digital tools, and Outeomes {{Y): management
for quality. After the references were retrieved from the database search, a group of five
trained and calibrated reviewers read all titles and abstracts, applying the eligibility criberia,
which included complete works on digital tools that aid in the administration of labora-
towries in academic or research envirenments, in health or biomedical sciences, including
collections and biorepositories. Studies were excluded if they (i) were enfirely out of the
subject, (i) did not address laboratory management, (i) did not deal with software or
digital tools, and {iv) were not proposed or discussed for health sciences or biomedical
resparch, Ad.dil'i.ima]l].', articles om software that ﬂ.:lusi.wl].' | expur.im:nh] data
management were considersd outside the scope of this review. The inter-examiner reli-
ability was assessed through simultaneous assessment of references by five evaluators,
obtaining a Cohen's Kappa coefficient of 0193, Doubts and disagreements were resolved in
weekly meetings conducted during this stage.

24 Crrtical Appraisal

A crifical appraisal was conducted with the selected references, applying an instru-
mient described by Whittemore and Knafl [14], considering twe relevant criteria: (i) method-
okgrical and theoretical soundness and (i) relevance of the data to the proposed question
of the review. The methodoksgical assessment considered whether studies presented ade-
quate identification and h'.lmahil.il}' of the W&I\'Ml.‘,ﬂl]llﬂhﬁ effectivenes, 1]:!p|i:.1bi]il"|,r,
or acceptance. The adherence o the review's question was considered according to the de-
seription of management funciions, barget ueers and environment, and software limitations.
Each present parameter was scored with 1 point, to a masimum of 4 points. No study was
exchuded based on this assessment classification, even though the score was induded as 2
variable in the data ﬂnﬂl}r:is stage. In Eu'mra], studies of lower scores contributed less b

the analytical process,
25, Synthesis of Results and Data Charting

Thi main characteristios of the selected studies were collectsd and tabulated, includ-
ing year and country of conduction, name and type of digital tool, topics of laboratory
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management issusd by the software, target public and environment of application, acoessi-
bility, and whether the software was free or paid. The data extraction was performed in
conjunction with five authors in regular meetings. A specific table was produced solely
with the studies that Perﬁmd. evaluations of eﬂnd:ivmm'mpm. with H'IE'I‘&FE‘-
tive outcomes. A chart was produced connecting the management topics isswed by the
different toods and the respective sections/chapters from the Organization for Economic
Comsperation and Development (OECD) GLP Principles [3].

%, Results

Figure 1 shows the results for the search strategy and screening of databases. The
PUBMED database provided 855 entries, while 183 entries wene identified in WS and
550 in the VHL. After l:\lm'lbi.'l'liJ'IE the 3 rﬁu.]h.,lﬁldupliuir artiches were identified and
excluded. After appl}ri.ng the exclusion criteria, 323 arbides wene comsidensd I:IH:‘-'IIFi.:,
appearing in searches because of commeon words and often dealing with clinical fhospital-
related issues, but not with experimental medicine. OF the tofal articles identified, 160
were excluded because they did not deal with software or digital systems, and 534 did not
spuak abiak management. Frim ﬂ'l:::n:uu'n,g ressult, 19 articles were selected o compose
thix Snupi.ng Beview, and 2 additional articles were identified ma.nuall:,r upsm I'!l.di.‘l'lﬁ the
selected references. The twenty-one elected references induded studies proposing new
software or revisiting already available tools for novel management applications. Some
authors also evaluated ﬂwimpuctufrlungu durinE and a.i"h:rirr||:l]:1'n:'r|l'i.111.;I the systems,
either qualitatively or quantitatively.

| Hecors sesibes trough detabass ssarch
Pubidisd VHL | [ vaes
GEER pson) (550 recerds) 153 recoeds)

l

| Rigcords aier duplcals semdgual (n= 1736)

1317 Record sociuded

B O

e | THO Wil i sl

584 Mol showd bsh mansgereeni
Dy PR OF el
cals

|| screesns [ VN R T I B A TR0 ]

ELSILITY

Al sespassand for eligisiny (= 19 |

¢_| Warual Erlas in =2}

21 atickis inclidad i
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[ wowe=n | [

Figure 1. FRISMA flowchart of study screening and selection.

Table 2 shows a critical appraisal performed for the selected articles at the methodolog-
ical level and relevance to our broad question. OF the 21 articles selected, 9 evaluated the
effectivencss and pointed out the limitations. Another gight did not evaluate but described
limdtations, and four studies did not evaluate or pint out the limitations of the systems
marl,dml}- durribinsﬂu iu‘l]:lhmeni:l'i.im or dﬂdnfu'n:ninl:'ﬂu sysberms in an expository
manner. Nevertheless, all articles adequately identified the investigated software, their
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management purposes, and the environment/ professionals served by its functionalities
were considered relevant and contributed to some extent b the qualitative discwssson on
the theme.

Table 2. Critical appraisal of the sources of evidence.

Adequacy to the Research Question Methodological Soundness

Reference

Description of Description of Evaluation of Adequate
Software Functions and Applicability, ar  Identification and
Limitations Users/Enviromment Acceplanoe Traceability

wl
E
|-

Delorme and Cournpver [15]
Godmann et al. [16]
Mayler and Stamm [17]
Selenick et al. [15]
Anderson et al. [19]
Viksna et al. [20]
Milisavlevicet al. [5]
Yousef et al. [21]
Machina and Wild [22]
Allweood et al, [23]
Calabria et al. [24]
Perkel [4]
Boutin et al. [Z5]
Catena et al. [25])
Dirnag] et al. [27]
Bdanca et al. [25]
Paul e al. [29]
Caffney etal [11)

Denniert Friedrich and Kumar [1]

Timateo et al. 5]

Caoper et al. [31]

1
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Table 3 describes the main characteristics of the twenty-one selected studies related to
the present research question. It can be observed that the selection ranged from studies
of the earlier days of the use of personal computers in labaratories [15,16] bo current
choud computing and mobile appli.:al:imu [25,249]. In addition, some references studied
the complexities of the concomitant use of several integrated tools [11,30]. In accordance
with the search criteria, the studied environments consisted of academic, health-related
laboratories, as well as biorepositories and biobanks. Consistently, the target uwsers were
managers and staff common fo these laboratories, inl:lu.ding; technicians, ressarchers,
dosctors, and students.

Thirty-three programs /svstems were identified in the twenty-one studies, with eight
mirlu:.ivd}' available for installation on dzik‘h:l]:! computers and the rest available online,
induding doud-based systems, that is, with storage on online servers and availability
on demand. Twentv-one of the studied systems were commercially available, charged
puuﬁramfmm while twelve wers ﬁu:-ﬂf-ch.ﬂrge for some of 'E|'n.-||.' functionalities.
Aming the non-charged software, two were custom systemns designed exclusively for the
studied laboratory {Biskank Porfal and CCLMS).

Table 4 summarizes the results of the nine studies that asessed the impact of imple-
menting computerized management systems. All of them reported positive results with
the use of :Ii.glhl—m-ishr:l management. However, ]:lni:.l:ms were identified related to
technical constraints (either hardware or software) and limited acceptance of users whao
reasisct th:ng;ing a]n-.a.d}' axtablished Pruuudu:ﬁ-.. thues impairing the use of simme systems
o their full pnll:nlial. Furthermore, the need for statf training and participative manage-
ment was also recognized to achieve engagement of wsers to digital-assisted laboratory
administration.



Hewlibogsr 1021, 8, 739

aod 20

Table 3. Main charactenistics of the selected studies.

Reference  Country Software Availability  Managed Activity Envirpnment  Target Users Ciosls
Tax and administrative
taks.qua]ilg,rmmml
Crmompe of data and technigues, .
Dielarme Information epideminlogica Medical
and Control Sys- . i laboratory at Dinctors,
Coamoyer UK e Virtual Lhesktap a;:d.:;e,u.ndm aumiversity  researchers, Charged
115 quifs mmﬁ djﬁ’ﬂ"-’ hospital  and students
Qv subspecialties of
microbiolog):
. Researchirs
Wiorkflow: in
Caodmann p Ressarch and
ctal [15] A LabFlow Desktop  lmeschleNOWEY | horatory  laboratory Fone:
LTS
Mayler and ScienceLab glﬁn;mm;f Malecular o eatory
Samm[17] O™ Dambase (DI UMP ool library l".‘“‘:ﬁy professionals PR
vendor information.
Ceell culture labaratory
Ceell Cualture msana : modules
A Researchers
Selmick ey prooratory formegisteringeell Ol e andwsersof  Custom
etal. |LE] Sepiem Digrkicp mmﬁ::ﬂ:“ cell Laharatary cell culture  protatype
{CCLMS) and culture vessel laboeatorics
specifications.
Experimental
wnrkﬂm-.-,:i.rm-ﬁ:ral:iun , Researchers,
Andeson with laboatory Genetic ~labaratory
etal, [20] s MGEA Desktap Jﬂ"‘iF’“m’mmﬂq’ rﬁﬂ;{;th}' Elh::'::r-ﬂmak., Charged
statistical analysis ; ml “mh:'
of experimental data.
Patient and Bi
Viksna et al. sample SyStem 1 i/ Study participants nd Researchers 1o and
UK for Information ; participan, , e open
0] — anling samples, and results. ]mm-m.:l.-nilzjlz"lI and students sonrce
(PASSIM)
Laboratary
Milisay ljevic . Management of mouwse :
etal. [£] Mpogemgnt  Cialioe colomnies. Bty Ry P
[LAMA)
All i ) Maintenance and )
etal [27] Canada Lennie Seartphone mmd Vivarium. Researchers Free
) Malecular Miedical
Track collections of p
Yousef et al . . . Innh:m' Danctors,
12 LUSi LIMA Desktap hmﬂ::‘lwm academic I |:1.: Free
Automation of Lib
ki e md e oy R
A Ty
arwiljl:qi'ﬂd LA ored Diesktap d.aﬂt;]E:uc,m;:l. i lboratory  Charged
(ELN) e ‘m"“‘q' LEers
imveninmes.
Biokomical -
mirtadata from Flﬂl'i.mt Cmeti Rosearchiors
Cabbria ooy AdLIMS line : experimental o . andusersof oo
etal. [24] L Fnr.:durﬁ_ workflow, Iabaratosies. JaCIng cell culture
and data for DA laboeatories

samples.
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Table 3. Cont.
Reference  Country Software Availability  Managed Activity Envirenment  Target Users Costs
Cuartry;
il labworatoes All lewels of Free and
LINA; i ackin forics
Pekel[s) ~ USA  StrainControl; ‘:'“"E' Srnple tonchking wd and labaratory dﬁd
smartphone myveniory Academic staff
mLDdIE-; Instifubions
OpenFreezer
Genomic data transte
STARLIMS; : " Research . A combina.
GIGPAD; e Lboralnries, - UoTdinators,
) [ / ) ing, sample ! ries, resseanch tion of
Boutinetal .o, Crimsan; Onliney ~ FEPOOYPIE biohaniks, ; customf
=l ; inventory, warkflow, subjects,
5] Constrack; senartphone DI e BRIA collection freef
EMSI; Biobank ; clinics, ’”ﬁ“'ﬂm"’“- dmd
partal iﬁ!epmnﬂﬂrﬂ haspitals staff.
ing: pathent data.
Research Researchers
. Reagent and sample
Catena et al. : : Ol : laboratories, and
1261 Switzerland  Alrlab m'l.artplurt n\'cm:u'g!l:da:lnbmnf mainly labaratory Free
antibodies. molecular. students
LabiCIRS Research
{Labsratory i Fisk ferror Ressarch TAUps,
etal. I%‘j ¥ critical incidert ~ P"® management Labosatories  1aboratories,  Free
report) irstitutions
. u Anitibacterial
anca ot al. Laborabory : . .
125 UsSA Center {LC) Cnline Wirtual binrepcsitory. Laboe. . Ressarchers Charged
BlazeLIMS;
Paul et al. FreezerPro; . - Dictors and
12 UsA WehLIME; Cloud Bichanking. Biobanks - Charged
BioTracer
:E:I:ssmii'nl data
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Gafiney iy w1 e il v
! USA CEM-NET Onling tearmwark, in Laborainr i
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mwmmt,md nfspucimeru'. students
biarepasitories.
Staff and workfow
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. Researchers
acxdemic research lab Academic r
E:n.]mm] Braail Quartzy Online inchading Research ~  And - Free/charged
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oq1.|.1pu'n-cn1 mventary,
and communication.
Denniert, Research Researchers
o I T Inventory Lahoratories; and
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11 ¥e af specimens staff
Manages experimental
Oinbine: daka and i Research B '
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Table 4. Results of the studics that assessed the impact of implementing computerced management systems.

Sysiem/Sallware Relerence Objective Test Groups Blethod Hesults
Techmical Enuitatiors
me e de
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evaluation of the .
Cualitative and Ln‘:ﬁ_rmh:d‘ ent af :‘wmnwm d::.m o
quantitative Cabtu atid modules, software-related
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Pt Conma syt limitations epe the thi woekdlow was. Wore accurate patient
Spsherm, Yirtaal s and impact o H"m'“I| Lak accessed by the and sample reports;
Soeage (CICSVS) workils and Dy e e puimlowrthe
o
relationships results of sample and requestod tests; casler
data processing, and contred of billing:
the final reparts. fagter dellvery and
retrieval of resulis.
Craalitative and CTLMS imyproed
Sabmick ot al Imm:m Cnﬂ:ﬂm&n;“ qmﬁlg“;' thee labaratory's
- ieketal. L ity N arganization set,
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collections. ?umm Hd ey and relisbility
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Table 4. Cont.

Systim/Saltware Reference Obfective Test Groups Method Hesulis
[recreasind
responsibil ity and

Stateeical amd maturity o deal with
Assess the qualitative analysis of and prevent errars,
acceptability, the data before and Differerses in the
usability of a after the f digital
LabCIRS Dimaghetal  coftware of risk Lab stadf implcmentation of froquency of digita
1= assessment for (=} the foel. Cnlire = P‘pﬁ;ﬂ:‘ F
traceability of cu::l:ﬂmn.ﬂ:m with Iy,
reported cases. o uestions o safety, and
e bcation.
softwase usabdlity [nprovemsent of
prevention policles.
The: saftware
Cualitative prowided sound
LC Assiess the Impact evaluation of the technical and
Vet il the Cust o CHcency of the scinilific suppart to
Biorepesitory of the imvplemnentation of mm“ﬁib‘ primer bank diagnestic compankes
Antihachert Mancaetal.  avirtual repesitory ST and
Reslstance i thi management mﬂﬂimﬂﬂt Cruankitaive Moee than 200
Leadership Croup of data and {B.00y L samples fyear were
(ARLE) bilogical S st of fowr research
collectinns. ImEpacts on services atories and
providid. dilagnioestic
COMmpanles.
Thie was a
tative analysis reeption of
?ﬂm“wm&e f;:P“"“""""'“"""'"‘ i thae
wu;fnwmrehﬂnn
Assess the m ﬂﬂﬂ- o fhe gegandzation,
aithe T cluding a data
implemnentation in struchared traceabality,
Chuartzy Timotenetal  the workflow and Lab staff questicnnalne (and and
: the peroeption of EET focus group overall war ]
oS At an asscssmeis). Constant training ard
academdc ama
laboratoey: o ane essentlal if
indicatoes were also potential u of
compared befoee and saftvware
after Implementation. b explolted to the
full
Inmersinn in the The effickncy,
wark ensironenent: traceability, and cost
Evalaate e i ; Thee cycles of all savings led ba
resouiFres have bien slemificani
Derne SLps fram different developed and tocted gl
SDLC Frisdrich, and of a database of fields af User and Imiprovements in the
Kumar [1) biological sample bl mmﬁ waekflow and
v (RN EN] conducted b amsoss consolidated
the a ity and ervnieies, npiging
! shorage needs.

identify user's moeds.

BLOL eedetermined member of pasieipants.

Fegarding the management subjects issued according to each laboratory, digital
systems were emploved for several different uses, from purchases and administrative tasks
to control of cell collections, imventories in general, as well as data storage and management

of animal colomies.

All the thirty-two described software issued one or more bopics of managerment recom-
miended by documents of good biboratory practices [2], induding experimental workflow,
data thl'ﬂF, inh:E'ral:iun with lal:umlh.'lq,r nquil:m'u-:nt, statistcal aml}r:is-..c:mpa:i.um af
experimental data, animal colondes, biorepositories, inventory, and dsks. The integration
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of work demands of academic health sciences laboratories and items of compliance with

the GLP puidelines are identified in the chart presented in Figure 2.

GEMMET,COLNG;
HGEA: Gigpad;
Sclencalablis: adlING

2. Oual ity Assaranc Program;
3. Facirties
B, Purformance of the study

Coot vt i Bkl peotal
ILINE; Alr sl MOEL;
ELM; EMSI; PASSIM
VLl b e et BTy
Sz (LN
[HoE ]

34, Archive Faclifies:
7. B0Ps;
7.4, Records Shorage and
Retrieyal;

8.3, Conduction of the study

0. Riead Bbormge snd Retenlicn

4, Apparabus, Materials wed
Reagents:

8, Test Systom;

T. 80P

3, Facilie
5. Test sysiem
5.2 Biokogicals

GEW-NET; Bickark portal;
Shardinm Crimson: Aldab
AdL IWE; i rual Blampadilory;
CCLWE; LINA;EMEL CICBIVE;
PREBSIN BemnoaLab D
BicTracer CloualING:
WabLIME

8,1, Reialt, Handling, Samglieg
and Sterage;
6.2, Charactenzatian

2. Quality assurance program;
6. Test and Reference Hems;
&3 Characinrsation;

&, Perfermance af B Sbudy

LabCiRS

Sacience LahDE;dirlab;mi INS:

FreecsrPm; Quartoy; S0LE;
SErainCioninod; G5 P o LasDin;
Labfzun; Qpnrfrencer

&. Tast and Referance Bems;
B2, Charactenralion

Figure 2 The main applications of the identified software on the different sections and chapters of
the OECTHGLP Principles [3].
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L Discussion

4.1 Conbributions te Adherence to GLP Principles

While the search strategy from the present review identified several different labora-
tory management systems, few of the eligible studies provided a focused discussion on this
topic. The lack of direct scentific evidence limits the present review o quantitatively assess
to what extent digital systems can collectively contribute to accreditation achies ement. On
the other hand, all the identified software accounted for management issues related to at
least one of the GLI principles, and, in some studies, more than one softwane was used to
meet the different demands related to quality systems.

In this zense, the approach proposed by Timoteo et al. [6] could be applied to the
present sources of data to chart the main topics of management affected by these programs
and systems related to good practice guidelines. The chart presented in Figure 2 shows
how the types of management supported by the software in academic laboratories are
related bo several items from Section I of the OECD GLF Principles [3]. Such relationship
& reveabed by an emphasis on the responsibilities of staff and facilities management, work
planning, availability of standard operational procedures (S0Ps) that cover all study activi-
ties, procedure analysis, use and maintenance of equipment, as well as the application of
standards for receiving best samples, its chain of custody and kegistics, contral of inventory,
and the traceability of reagents and validation of methods.

For a better understanding of the functions of these systems, a brief presentation of
them will be made, with an emphasis on meeting the computerized systems to the GLP
principles listed in Figure 2,

1.1 Workflow

The GLF principles require precise definitions of the different steps during the per-
formance of the study, as described in item # of the OECD document [3], incleding the
responsibilities of the personnel involved, the facilities and status of equipment employed
(item #3), among other factors. Furthermone, quality assurance (iberm #2) requines identify-
ing and monitoring critical steps, checkpoints, and possible sources of erons. Among the
diffesent systems identified in the present review, some described digital tools dedicated to
managing such workflow of study performance in a systernatized fashion.

I thee late 19905, Goodman and colleagues [16] presented Labflow, a software dedi-
cated to genetics and mapping studies. Work flow management was not recognized as a
study topic at that ime and, while LIMS already existed, there was no commercial LIMS
product that supporied workflow management in a specific sense. In this scenario, LabFlow
appeared among the first digital solutions, with a workflow model in which objects fow
different laboratory tasks (such as DNA extraction, selection of clones, ssquence analysis)
under programmatic control. An essential point of this software was already allowing the
programmer to customize their worklows to different laboratory nesds.

Anderson et al. [19] described, in 2007, the implementation of the Microarray Gene
Expression Analysis (MGEA), a software package developed by Rosstta Biosoftware (a
subsidiary of Merck Inc.), that helped to integrate workflow information related fo experi-
mental design, data collection, and bioinformatic analysis of genomic results. Despite the
high costs of the license and its renewals, the suthors expected that implementing a com-
meercially available service would bring advantages such as security in terms of support for
operation and uniformity between different research centers, thus facilitating communica-
tion between emplovess. However, their qualitative analysis observed that the system was
not used o its full potential, and its acceptance by staff would demand ongoing training
and even an evolution of academic curricula towards the use of bioinformatics tools.

In 2019, Gaffney et al. [11] described the design and implementation of GEM-NET, a
software that allowed members of the C-GEM (Center for Genetically Enceded Materials,
LSA) to integrate research efforts connecting six laboratories spread across three university
campuses. GEM-NET was designed to support science and communication by mbegrating
tasck management, scheduling, data sharing, and internal communications. A set of more
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than 20 tools was organized, including bwo applications customized for the Institution’s
:Pﬂ:iﬁr needs of workflow management. The tools ame hig;h]}- intercomnected, but the
set can be divided info access control, data storage, data navigation, project monitoring,
teamwaork, internal communication, and public engagement. The authors conclude that
GEM-NET provides a high level of security and reliability in workflow management.

412 Data Management

In different tems of the GLI principles, a need is described for the secure storage,
filing, and retrieval of research data (item #7.4), including study plans, rew data, final
repirts, bestsystem samples, and specimens (item #8.3), and their related archiving facilities
(itemn #3.4). Furthermore, item #7 (standard operating procedures) requines the preparation
aned observance of documents that guarantse the quality and integrity of the data generated
by the studies. Sub-item #7.4, for example, describes that in the case of computerized
systems, validation, operation, maintenance, security, change control, and the backup
system must be observed,

Within the selected studies, we found the report of computerized systems to manage
data from various laboratory envicomments and how they were made available to the
research groups. In the early 19805, Delorme and Cournover [15], in a microbiclogy
laboratory of a University Hospital, tested the CCIS/V5 (Customer Information Control
Syestern Virtual Storage), consisting of customer data repository, using a central computer
shared with medical records databases, admission offices, patient accounting, and other
medical-administrative services. The system also sorved ag a virkual storage system,
including data from microbiokogical samples. [t performed activities such as repost printing,
data quality contred, epidemiological assstance, germ identification, teaching, and research
in the different subspecialties of microbiology. The authors carried out a qualitative and
quantitative assessment identifying an improvement of workflow without increasing
persmonnel, together with a reduction in the ime for the production of reports, system
downtime, and other parameters.

Viksma etal. [20] focused on collecting, storing, and retrieving data on research partici-
pants and biomedical samples through electronic management. For this, they proposed
the FASSIM (Fatient and Sample System for Information Management), a web-based cus-
tomizable system that could be used for sending, managing, and retrieving samples and
data from the research subject, ensuring the confidentiality of the records. This tool was
mstrumental in managing information in clinkcal research studies involving human beings
and replaced the more expensive LIMS, which requires investments of time, effort, and
resources that were not always available.

Electromic laboratory nodebooks (ELN are programs designed to replace traditional
research notebooks. These electronic tools may register protocols, field /lab observations,
nates, and other data inserted I'l'|.|1:l|.|.5]'| a computer or maobile device, nl:l"zrinE several
advantages over paper notebooks [19]. Machina and Wild [22] investigated the impartance
of ELNs when integrated with other compater tools, such as laboratory information
management systems, analytical instrumentation, data management systems, and scientific
data, They observed that the type of laboratory (analytical, synthesis, dinical, research)
was a primary source of differences when trying to integrate ELN with the available
tools. Therefore, based on the observation that there was no well-established path for the
effective integration of these tools, the authors decided to review and evaluate some of the
sdopted approaches.

Calabria et al. [24], in 2015, introduced adLIMS, a software for managing biological
samples {primarily DNA) and metadata for patient samples and experimental procedures.
The authors described how it was possible fo produce this system by customizing a
previows open-source software, ADempiere ERE First, they collected the requirements
of the end-users, verifying the desired functionalities of the system and Graphical User
Interface (GLUL), and then evaluated the available tools that met the desined requirements,
ranging from pure LIMS to content management and corporate information systems.
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The authors report that the systemn mp]:-urhe:l critical isues of nmp]z I:ra.r.'J-:i.nE, data
standardization, and automation related to NGS (next-genesation sequencing).

By 2021, Cooper et al. [3] reported using integrated systems that ensure the sharing
of essential data for current research. The authors followed the 15 years of development
and implementation of the LabDE system, initially projected to manage structural biology
experiments, which could be improved into a sophisticated system that mbegrates a range
of experimental binchemical, biophysical, and crystallographic data. The LabDE central
software module handles data from the management of laboratory personnel, chemical
stocks, and sbunlEe]:::ﬁmu. Itis I.'lln'l:'l'Lﬂ}' used 'b].' thee American fCanadian consortium
CSGID (Center for Structural Genomics of Infectious Diseases) and several prominent
research centers. The authors identified the difficulties and resistance of some researchers
in ad.upﬁngﬂﬂx},rsrﬂm 2 the main limitation, often due to the m}'dhu't to imprt
data from electronic notebooks or laboratory spreadsheets, with which most researchers
are already familiar. Mevertheless, the authors consider that this effort is worth it since
these older approaches do not remaove or even track inconsistencies and deo not adapt well
tor the requirements of medern research,

It i% msen il o nobice that, for accreditation PurpiEes, hosbed services (cloud an:h:ivi:ls_,
bﬂcku]:l, O processes) require written agreements I:hﬂl.'l'i.l:li.‘l'lE thi nu]:lunsibi]il'iﬂ of the
informatics services. Test facility management must be aware of potential risks on data
inbegrity resulting from third-party storage.

413 Equipment
Adherence o the GLP principles speaks to the adequate management of research
equipment (OECT itern #4), including their adequate calibration, maintenance, scheduling,
and responsible staff in the test faclity. Several commercially available systems, such as
QRESERVE, cited I:r}' Perkel [4], ane Erll.'i:l:l:,.' dedicated to these functions, with inl'egnbed
reservation calendars, administration of equipment status and availability, a repository of
maintenance documentation, and a registry of use ime. Other all-purpose management
systems such as Labguru have most of these functions on a specific equipment maodule.
That was also the case of the freely available (for individual researchers) Chuartey until
N6, as reported by Timoteo et al. [5]. This study described how the implementation of the
software optimized the shared use of equipment on a multiuser clinical research unit and
the advantages of allowing equipment scheduling, check-in, and check-out remotely, even
using mabile phones.
14, Animal Facilities

Several procedures related to pre-clinical studies conducted with animals are issued in
the GLI principles, maostly in itemn #5 of the OECD document {fest system) and subsection
#5.2 (Baologicals). These include a proper registry of housing, handling, and care of animal
test systemns to ensure th quali.t‘l,r of the data. .‘\.l:l:l.iliun.aU}', records of source, date of
arrival, and arrival condition of test systems should be maintained. Two selected studies
described the use of vivarium monitering software to ensure the remote control of stocking,
accommodation, handling and cane of animals, identification of colonies, and inventory
of supplies.

Mil.iswliwit et al. [4] deseribed, in 2010, the L.1|:||:||'a‘b|11:|.I Animal Management As-
sistant (LAMA), a software modified from the LIMS proposal to optimize small animal
research management. [t was initially developed to manage hundreds of new mouse
strains generated by an extensive functional genomics program in Canada. The authors
realized that they needed greater availability of suitable, easy-to-use systems and software
interfaces. LAMA was implemented for a broad community of users, allowing individual
research labs to track their colonies in a larger faclity, independently. This open-access
software is still available to the research community.

Allwroosd et al. [23] described, in 2015, how smartphones could help researchers in
the remote management of animal colonies. The authors proposed Lenmie, an app that
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introduced a new method for managing small fo medium-sized animal colonies, allowing
wsers fo remotely access the faclities, and create and edit several functions virtually
from anywhere. 1ts use contributes to the optimization of workflow and planning of
experiments, :rl:fﬂ'inga um"-ﬁ'irn:ll}r ExpeTience. Possible u]:u:hiu b thie functionalities
were also suggested, such as camera integration with the calendar, permission for data
sharing, and permanent storage.

15, Hi.d:runh‘lizpm-ihry

In arder to comply with the GLI standards, samples that arrive at a laboratory must
have records that inclede the characterization and reference, date of receipt, expiration
d.al:,quanﬁﬁes,and. shorage data, H.]n'm'ng itemn #6.1 {receiving, ]'l.a.mlling, samp]ing, and
storage). This issue is of whmost hrlp:ﬂmh:rmm%bh:bmh and 'biurz]:!m-ih:lr.ia,
creating a need for specific software for successtul management.

Boutin et al. [25] carried out a study on a complex system of various software that
contributed o the management of a Biobank. The core object of management was an
extensive repository of samples and data available to researchers. The platform raquires
robust sofbware and hardware, as they work with large amounts of data stored and trans-
ferred to research groups. In the study, the authors described each of the five custom
and commercially available information systems integrated info the existing clinical and
r&a.r:]'lx:,r:ir:'m.. and discuss ui:l:u,:f:ﬁ:i:rt].‘. and :]'u.llmﬂes mherent in the comstruction
and maintenance of this infrastructure. Constrack was used to manage patient data. The
Enterprise Master Specimen Index (EMS) is a sample indexing system, STAELIMS man-
ages inventory, GIGPAD manages data and integrates equipment, and the Biohank Fortal
is the customized application that connects all the systems.

Manca et al. [28] assessed the structure of a central laboratory of the Antibacterial
Resistance Leadership Group (ARLG) in the USA. This group leads the evaluation, de-
\'dnprrn.-nt, and irnplemenl'.a.l:il:m of hl:urah.ir}r—bmcl research and supports standard or
specialized laboratory services. The laboratory induded both a physical and a virtual
baoreposatory. They developed digital procedures for reviewing and approving strain
requests, providing guidance during the selection process, and monitoring the transfer of
strains from the distribubion laboratories to the requesting investigators,

Paul et al. [29] alzo deseribe a Biobank management system, with great emphasis en
data storage in clouds. The authors evaluated that biobanks have become an essential
resource for health research and drug discovery. However, collecting and managing large
wolumes of data (bis-specimens and associated clinical daba) requires biokanks to use more
advanced data management solutions. Faul and Chatterjee [27] point out that in the current
COVID-19 pandemic scenario, that requires global and quick actions, virtual bichanks
present a crucial role in several different fronts, from diagnosis to research. Without the
nesed Irrpll}r:i:a.ll}ruu'bi.illuﬁin] sacmp]n..'ﬂﬂ:]:la.n]u may allow :]'lar.i.ns_ml.-d.i.n] data and
networks for better cooperation between biobanks at the national and inbernational levels.

Fecently, Dennert, Friedrich, and Kumar [1] explained the variows implications of
the inventory management of biolegical samples from various research areas, employing
different cryopreservation methods. Such management must ensure the availability of
ibems, easy Ira.ddng, and the optimization of shared space among the various research
groups. For this, the authors presented the various stages of developing an inventory data
model using the Microsoft Access database, after several ]:Ih.uﬂ that included training,
PJm'l.ru.nE, impll:rm.-nizliun, and maintenance, as well az the establishment of manuals
and profocols for standardized data entry. Using the software development lifecyele
(SDLC), the authors attained a database construction model. This model requires frequent
communication with users to provide transparency and quality improvement.

4146, Risk Management

Identifying incidents and risk assessment is an essential part of the GLP standards
that requires an adequate work plan and a quality assurance program (OECD decument
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itern #2). Itern #5.3 of the GLF states that all data changes during the conduction of a study
must always be registered and responsible for the change to ensure traceability, enabling a
complete audit trail to show all changes without masking the original data,

The work of Dimnagl et al. [27] discusses how error management is fundamental to
nmpl}' with international standards while .\‘l‘l.'ll:l}'iIlE the implu'nrnh'l:itm of the LabCIRS
|:L.1|:u:|raia|:|1'?|.I Critical Incident Reporting S}Iﬂ‘m‘nj a ::iml:lle, accessible, and Open-SoErTe
critical incident reporting system for pre-clinical and basic academic research groups. The
software was implemented by establishing an electronic quality management system,
which allowed accessibility through any laboratory computes, enabling incident reposts
that included photo uploads and automatic alerts for new reports and archiving.

417, Inventory

lbern #6.2 of the GLF principles clearly states that all material from a study must be
adequately identified, including the batch numbser, purity, compesition, concentrations, or
other characteristics, to define each item or reference item properly. It also indicates the
need o keep the receipt and expiration dates, quantities recetved fused in the studies, and
storage instructions for the stock of materials. In this review, several articles emphasized
this need to monitor inventories with the help of computerized systemns.

NH}I".EL’ and Stamm [17], in 1999, described a labtm‘hm-__v mma.gﬂnﬂ'll‘m.f'h\lare,ﬂ:i-
encelab Database (SLD), which offered a management platform for molecular biodogy
research laboratories. The program primanly manages the stock of biological samples,
iru:lu.ding PJurni.ds., antibodies, call lines, and thu:nh:, and included an tu'dzrinﬁ and
grants management system. The authors considered that this system met the specific nesds
of a small o medium-sized research laboratory, helpimg bo organize mventories of valuable
reagents, storing, and maintaining infermation about these items, and simplifying orders
and proceses.

By 2016, Catena et al. [26] developed the AirLab, a cloud-based tool with web and
mobile interfaces, b organize antibody repositonies and their multiple conjugates. Due to
the large number of data generated by these collections, the authors recognized the need
for dedicated software. The work demonstrated that Airlab simplifies the purchases, onga-
nization, and storage of antibodies, creating a panel to record results and share antibody
validation data.

Yousef et al. [21] described the LINA {Laboratory Inventory Network Application) as a
st of Windows-based inventory management softwane configured to work on a computer
nebwork with rnuJIiPle USETS. L?Hl.gﬂ.-d forr small molecular bi.u]iw laboratories, it uses
Access databases toassign a new identifier to each new neagent, providing a library that
heelps with research and comparing DNA sequences. It later faced several features, such
as expanding the types of tables available, compatibility with other operating systems,
barcoding, and improvement of security issues. According to the authors, the resources
provided by LINA are comparable to those available in commercial databases, with the
advantage of providing a free database maintenance application for academic laboratories.

I an epinion article published in Natures section “Toolbex”, Perkel [%] describes sev-
eral low-cost computerized electronic inventory systems as a means bo overcoms bortuous
searches, old notebooks, out-of-date spreadshests, and “frost-encrusted freezer boxes™ to
sdentify laboratory samples and resources. Besides programs discussed by other awthors in
this review, such as LINA and l}ua.rl:.l:}', the article cites ofher :].'rh:nu_-.ud'l aul}]:lenfmeu:,
a free web-based system to register sample data such as location, origin, and biological
properties, the cloud-based StrainControl (D3 A Globe, Sweden), a softwane free for in-
dividual researchers that iniﬂu:u.ppun‘fhn’numm different lal:l-urg.lnism sirains,
modecules, and chemicals, the mLIMS, developed by BiolnfoRx (Madison, WI, USA), de-
signed to track rodent colonies, LabGuru (BioData, Cambridge, MA, USA), a widely known
paid cloud-based all-in-one Electronic Notebook, and C15Pro (BioVia, Waltham, MA, USA),
described as a functional Institute-wide tracking system for shared resources. Despite
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differences in mhlu}- and several retources, all nl:ll'uﬂb:.}'slﬂ'n: share similar search
enggines linked to customizable databases.

Timoteo et al. [6] evaluated, by 2020, the impact of implementing a mult-module,
free-of-charge online management system (Craartey, Chuartey Inc., Santa Clara, CA, USA)
in the workflow of a Brazilian academic dinical research laboratory on the perception of
users, Unitil 2016, the software modules could assist in various aspects and demands of the
la.b:u'ahn?,indud.ing user communications, multiuser exquipmeit manugernml:,rnabu'i.al
inventory, research documents, and tracking of supply orders. Unfortunately, Quartzy
was recently updated to a simpler version, consisting only of an inventory and puschase
tracking system that conmects researchers to hundreds of life sciences brands and suppliers.

4.2, Evalumtterg Inpacts and Limitations

Effectiveness & a fundamental point b be considered in the potential role of software
for laboratory manasgement. However, most of the eligible studies identified in our search
did not investigate the reported systems® impact either through qualitative or quantitative
assessmients. Moreover, despite the performance of evaluations, few shudies identified
or dizcussed the limitations and drawbacks of the studied information systems. The
studies with evaluations reported, among sevesal aspects, improvement of the onganization,
workflow, tracesbility, reliability, acceptability, and good use of the software. Decreased
PROCESS STTONS Were rz]:lurhﬂd that were made mmual.]}', 'I'J'lu':'l:!}' paining F-:ruduch\".ll:u and
ned.ul:ing work. In some :-Feriﬁc AL, I'hz}r F:uil:i\rt-l} evaluated the control of Frosen
cells, generating efficiency and better results in partner laboratories. On the other hand,
regarding limitations, older articles (before 2000) identified problems that were more
related to system performance, which was sometimes slow and needed adjustments at
a time when information technology was still incipient. The limitations from the most
current systemns are more related to a selechive satisfaction and scceptance of software
toals, specific according to the function and objective of each group and, in some cases, the
resistance by researchers and staff to abandon old ways and migrate to digital tools, which
were not used to thear full potential within the laboratory.

Ty al:li.-qua'hel}' um'l‘h.-:impa.ct of these alactronic management systems, different
methodelogical approaches are available, such as prefpost-tests evaluating quantitative in-
dicators of performance and provision of services. However, as Timoteo et al. [6] discussed,
the complex nature of the provided services of mulfiuser, academic research facilities
may impair the obtention of feadback 'I']'lnn.lEh quantitative indicators. In this sense, the
percepiion and atbitudes of stabf bowards the management system may contribute to under-
standing its impact on the workflow and the search for quality at academic clinical reseanch
laboratories, as well as provide data for the development or improvement of actions and
strategies toward quality and compliance [31-32]. In this sense, validated tools may pro-
vide a means o standardize the evaluation nﬂa.hnhsu‘}' management mﬁwm,allmvi:lg
commparisons on the effectiveness and adequacy of these systems in different applications.
Twor studies [15,21] propesed the use of an important tool to investigate the effectiveness
and efficiency of the software, the system usability scabe (SUS). This tool, developed by
Juhn Brooke at Redhatch Consulting (UK), consists of a simple, ten-item attitude question-
naire using a Likert scale to provide a global view of subjective assessments of usability,
which was validated as providing reliable results even with small samples fstudy groups,
which was the case of most identified studses in this review. Therefore, it may represent a
potential tool (although underestimated until the present moment) for further studies on
implementing laboratory management systems,

Different studies point out that staff training is one of the most important factors of
success of the implementation of these systems and a key part in acceptance and adapting
toa new management model. Dirmagl et al. [27] evaluated the impact on staff attitudes
toward incident Teparting after one }reuruf imp]m'henhlilm,ubwn'ing that training liacdl
to greater adherence to the goal of complying with international quality standards and
mature culture of error management. Timoteo et al, [6] performed a qualifative evaluation
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of the staff perception on software implementation, where most users stated that constant
training and leadership were pivotal for the successful use of the software, On the other
hand, Anderson et al. [19] reported that limited access to training was a barrier to software
e during the implementation of MGEA, and that the lack of ongoing training might
have contributed to a progressive de-emphasizing of the system use among the laboratory
staff. These data point to the need of carefull planning by the Fls to ensure confinuouws and
inclusive training on the implementation program of management systems.

43, Softure Avilability

Regarding availability and accessibility, until 2000, most of the identified programs had
to be downloaded finstalled to specific laboratory computers [19,30], but wene sometimes
able to integrate local area networks (LANS), as described by Delorme and Cournoyer
in 1980 [15]. In the past decade, technology has advanced to online software, expanding
even to applications (apps) on mobile phones, reflecting the current expectations of users
and consumers. With app technology permeating all fields of our daily lives, it would
be natural for this technological paradigm fo reach laboratory and ressarch technologies.
Indeed, a big leap was identified towards the proper integration between lab management
sy stems and the new mobile universe. Real-time communication makes it Enm"l:llr, for
Euaun]:!le. that inventory chacks, exquipment :.l:l'l.ﬂdu]ing, and data verification of an animal
::llun}- I:E]:-erﬁrrn'led while in transit. Multicenter studies can share data in real-ime, as
recently observed in the fast development studies of vaccines against SARS-CoV-2 since
2030, relying heavily on technological development and efficient data management [4].

Begg et al. [35] discussed how computer systems are of particular importance in the
process of GLP certification in low- and middle-incoms countries, even I:huugh thair rode is
not always emphasized on accreditation systems around the world, This review identified
that the ]u'lm'lcdg;e on lahml:r‘l,r management sofftware i:.:m.li:l]}- 1m.5:||1.a|t1:| a:.exl:ucbed,,
froen -:lE"I.'E]IJPE\d, ]'ligh—inm coumitries, with advanced mformation Irdnm]ng}' industrias
and significant investment in technology and support for universities and study centers
(USA, Germany, Canada, United Kingdom, Switzerland). In a critical view, it may indicate
an exomemmic bias in the technological development on the theme, as developing countries
maintain a roleas consumers of echnodogy and not as producers and developers, reflecting
litthe investment in this (and other) technokogical aneas.

The costs of implementing computerized systems may represent one of the main
challenges for public Academic Health Centers smce these Institutions, in general, face tight
budgets to support several laboratories, researchers, and research lines. Such limdtations
are expected to be potentialized when considering kw- to middle-income countries, which
comld benetit from low-cost or cost-free initiabves.

In general, the development and maintenance of information systems ane made pos-
sible by providing subscription services to ensure the fool's sustainability. The present
review identified some systems that addressed a full spectrum of fundamental issues in
the management of academic laboratories, such as inventory control and organization and
eqquipment scheduling, on a free-of-charge basis, as it incorporated catalogs from various
sponsors (reagent suppliers) and suggests these products when orders are placed [9]. How-
ever, such a business model probably did not match the maintenanas omts of the platform,
uQ.l.arh:}' hias shut down all funchons not related o M\'mhnr}rfpurdm ]:!].' 2016, and
recently included a fee for Institutional users. It is also possible that users from outside
the USA and EI.ITI.'FEMJH ik use the vendior-related functionalities, as customer services
and representatives in regions such as South America would not connect directly to the
system [6]. On the other hand, LINA is an example of a system that could remain free-of-
:haujge,eﬂ:nﬂ'lmﬁh limited o the needs of small molecular Hulug_}' laboratories [21], with
much simpler functionalities compared to well-known commencial applications such as
].a'bﬁ'unl. Oitheer services, such as (eserve, have both free and Pa.id versions with increased
functionalities, alluwinﬁ hwrhhu:lspt academic laborabories fo e some fres resources, such
a5 equipment reservation and management, H'II.'L'H.IE'.'I a mrle'miﬁ]'ll:hmaﬂl inferface.
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A usual profile among entirely free software originates from in-house academic soft-
ware, such as Bichank Portal deCLME customized for the personal use of the developer
group, usually without widespread use in other institutions. Even though they may present
advantages on issuing specific demands of developers, the lack of a profound, system-
atic evaluation of performance on most selected studies does not allow to infer whether
these: are more or less effective than commerdal software, In this sense, Boutin et al. [25]
report that the labosatory [T framework may face challenges commeon to industry settings,
where cost-overmun is prevented by planning the cost-effectivensss of purchasing commer-
caally available vs. designing in-house custom applications. An inberesting way o achieve
broader applicability for such software 15 to use open-source codes, such as Boutinet all [25],
paving the way for other programmess to adapt the tool to different laboratory specificities.
It is important to notice that investments from government bodies worldwide could also
contribute b the development of freedy available tools as part of public policies focused on
increasing overall quality and adherence to good practices in health sciences research. In
this sense, the encouragement of stastups invelving interdisciplinary initiatives can fum
universities and academic centers into important stakeholders in covering technological
gaps in bow- or middle-income countries [36].

d.d. Review Limthabons

The present Scoping Review has limitations mainly related to the impossibility of
exhausting the literature on laboratory software, reflected in the choice of not including pro-
grams that dealt only with the transmission and handling of analysis results and laboratory
data, such as pure LIMS oo anal}rl:ica] binmnformatics softwane. Despite their fundamental
rode, these by pes of software have already been widely dsoused [37-80], and most of these
:-}'sl:ﬂm-\\mmldﬂi.gnud bia :i-l.l.]:lFﬂ:I"‘HE mﬂnﬂgﬂnmtufﬂaﬁ and shared ressources, for
example. Additionally, the scientific literature probably does not reflect the abundanee of
available softwane since developers and the scientific community usually treat them as a
commmercial tool rather than a research topic. Nevertheless, regardless of such mitations,
the present review was able to map a framework that points to the great applicability
o these systems in the search for quality and good practices in academic experimental
medicine laboratories, where restrictions regarding the availability of resources and statf
and limited management experience are commaon restrictions. Therefore, the gaps iden-
tified here can serve as an indication for new studies that seek to assess, quantitatively
or quallhﬁwl}r,ﬂhe impact :ll‘imp]ﬂmnlingﬂmhm]mm H.'IEbﬂl‘Fl'ﬂfﬁﬂ‘j at academic
health Institutions.

5. Conclusions

'ﬂ'l.*]:!raml: literature: peyvieow map-ped several studies i the last four decades, props-
ing, and evaluating the impact of digital tools in the management of health sciencs research
laboratories to several different applications, ranging from administrative wodkflow man-
agemient and data traceability to virtual biobanking. These functions have the potential to
comtribute to the adherence to different GLE principles. However, the evidence for their
effectiveness is still limited and requires further investigative efforts.

Supplementary Materials: The ln-]l.nwingm available online at httpe/ Swwwomedpi.com farticle
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