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RESUMO
O plasma rico em leucécitos e plaquetas (L-PRP) é um produto autélogo, no qual plaquetas,
leucdcitos e outros componentes do sangue total sdo concentrados em uma pequena fracio de
plasma. Atualmente, os concentrados de leucécitos e plaquetas sdo reconhecidos como produtos
bioldgicos versdteis e eficientes para a regeneracdo tecidual, com uma ampla gama de
aplicagdes clinicas, sendo muito utilizado em tratamentos da osteoartrite. O dcido hialurénico
(AH) é um polissacarideo endégeno presente na matriz extracelular da cartilagem articular e no
fluido sinovial. A associagdo entre L-PRP e AH exdgeno de diferentes massas molares (MM),
tem mostrado beneficios sinérgicos no tratamento de lesdes de cartilagem e 0sso, promovendo
reducdo da inflamagdo, alivio da dor e prolongamento dos efeitos individuais dos seus
componentes. Apesar da crescente inclusdo do AH com o L-PRP nos protocolos clinicos, a
literatura ainda € escassa na descricao dos protocolos de preparagdo tanto do L-PRP quanto da
mistura L-PRP-AH. Além disso, os mecanismos envolvidos, a formac¢do das novas estruturas e
o comportamento bioldgico proveniente dessa associacdo carece de caracteriza¢do. Sendo
assim, esse trabalho teve como objetivo padronizar as condi¢des de obtencdo do L-PRP e
estudar in vitro as estruturas formadas pela associacdo L-PRP e AH de baixa e alta MM, assim
como sua influéncia na liberagcdo de fatores soliveis que direcionam a diferenciacdo
condrogénica e osteogénica de células mesenquimais do tecido adiposo humano (h-AdMSCs).
Pelo delineamento de condicdes de centrifugacdo do sangue total, foi possivel obter L-PRP com
razdes plaqueta/leucdcito e linfocito/granuldcito bem definidas, que resultaram em diferentes
comportamentos biologicos. A mistura homogénea e controlada do L-PRP e AH formou redes
poliméricas semi-interpenetradas (semi-RPIs) de fibrina-AH, apds ativacdo do L-PRP com
trombina/célcio, com propriedades estruturais e reoldgicas ajustdveis dependendo da MM do
AH. A presenca dos AHs também influenciou diretamente na liberacdo de fatores de
crescimento e citocinas pelas plaquetas e leucdcitos presentes nas semi-RPIs, assim como na
adesdo, crescimento e diferenciacdo condrogénica e osteogénica das h-AdMSCs. Esses
resultados sdo relevantes para a padronizacio da producdo do L-PRP, da mistura L-PRP-AH e
dos hidrogéis fibrina-AH, visando aprimorar os protocolos clinicos. Além disso, o trabalho
contribui para o entendimento dos fendmenos envolvidos na associacdo L-PRP-AH que levam

a regeneracao tecidual.

Palavras-chave: Plaqueta; leucdcito; fibrina; dcido hialurdnico; células mesenquimais.



ABSTRACT
Leukocyte- and platelet rich plasma (L-PRP) is an autologous product, in which platelets,
leukocytes, and other blood components are concentrated in a small fraction of plasma.
Nowadays, concentrated of leukocytes and platelets are recognized as versatile biological
products that are effective for tissues regeneration, presenting a wide range of clinical
applications, and being largely used in the treatment of osteoarthritis. Hyaluronic acid (HA) is
an endogenous polysaccharide present in the extracellular matrix (ECM) of articular cartilage
and synovial fluid. The association between L-PRP and exogenous HA of different molar
masses (MM) has shown synergistic benefits in the treatment of cartilage and bone injuries,
promoting reduction of inflammation, pain relief and prolongation of the effects of the
individual components. Despite the growing inclusion of HA associated with L-PRP in clinical
protocols, there is a lack of information in the literature concerning the standardization of L-
PRP and L-PRP-HA preparation. In addition, the involved mechanisms, formation of new
structures and biological behavior resulted from this interaction lacks characterization.
Therefore, this work aimed to standardize L-PRP preparation and study the structures formed
from L-PRP-HA association, using HA of low and high MM (LMM and HMM, respectively).
Their influence on soluble factors release was investigated, and on chondrogenic and osteogenic
differentiation of human adipose-derived mesnchymal stem cells (h-AdMSCs) in vitro. By
designing the whole blood centrifugation conditions, it was possible to obtain L-PRP with well-
defined platelet/leukocyte and lymphocyte/granulocyte ratios that resulted in different
biological behavior. The homogeneous and controlled mixture of L-PRP and HA formed fibrin-
HA semi-interpenetrating polymer networks (semi-IPNs), after L-PRP activation by
thrombin/calcium, with structure and rheological properties tunable with HA MM. The
presence of HAs directly influenced the release of growth factors and cytokines by platelets and
leukocytes present in the semi-IPNs, as well as the adhesion, growth and chondrogenic and
osteogenic differentiation of h-AdMSCs. These results are relevant to standardize the
preparation of L-PRP, L-PRP-HA mixture and fibrin-HA hydrogels, aiming to improve clinical
protocols. In addition, this work contributes to the understanding of the phenomena involved in

the L-PRP-HA association that lead to tissues regeneration.

Keywords: Platelet; leukocyte; fibrin; hyaluronic acid; mesenchymal stem cells.
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1. INTRODUCAO GERAL

1.1.  Colocacao do problema

O plasma rico em plaquetas (P-PRP) é um produto aut6logo, produzido por meio da
centrifugacdo do sangue total, processo que permite separar eritrocitos e concentrar os demais
componentes do sangue em uma pequena fracao de plasma (Marx et al., 1998). Devido a alta
concentracdo de plaquetas, o PRP € frequentemente utilizado em tratamentos onde a
cicatrizacao de feridas e regeneracdo tecidual € dificultada. Isso porque as plaquetas quando
ativadas, liberam fatores de crescimento (FCs), os quais juntamente com os linfdcitos,
mondcitos, macrofagos e granuldcitos, possuem papel fundamental na cascata de cicatrizacao
e no processo de formacao de novos tecidos (Everts et al., 2006a; Zhu et al., 2013). Além disso,
a sua ativacdo desencadeia a decomposicdo do fibrinogénio em fibras de fibrina, que se
estruturam numa rede cuja arquitetura funciona como um suporte natural para a adesao,
proliferacdo e diferenciacdo das células tronco até a formagdo do novo tecido (Miron et al.,
2016; Wolberg, 2007). Dessa forma, o PRP vem sendo amplamente utilizado em tratamentos
de osteoartitre, promovendo redu¢do da inflamagdo, alivio da dor e regeneracdo dos tecidos
cartilaginoso e 6sseo (Filardo, Kon, Teresa, et al. 2012; McCarrel et al. 2012; Riboh et al. 2015).

Dentre as formula¢des mais difundidas, estdo o PRP pobre em leucécitos (P-PRP) e o
plasma rico em leucécitos e em plaquetas (L-PRP). Apesar do papel fundamental dos
leucdcitos, a literatura reporta em sua grande maioria o preparo e estudos de aplicagdes do P-
PRP, visando minimizar seu efeito catabdlico, representado principalmente pela alta secrecao
de citocinas inflamatérias (Sundman et al., 2011). Por esse motivo, ainda ha controvérsias
quanto ao uso clinico do L-PRP na medicina regenerativa. Diante da complexidade do sistema,
o efeito conjunto de plaquetas e leucdcitos promove um balango anabdlico/catabdlico cujos
mecanismos moleculares e celulares ainda ndo s@o completamente entendidos.

Durante o processo de cicatrizacdo da cartilagem, células mesenquimais (MSCs)
autdlogas sdo recrutadas para o local da lesdo pelos FCs e citocinas, e estimuladas a se
proliferar, diferenciar e produzir matriz extracelular (MEC), formando o novo tecido (Qian et
al., 2017). Devido a baixa disponibilidade local dos condrécitos, MSCs exdgenas vém sendo
muito empregadas em terapias celulares e na medicina regenerativa, pois sdo altamente
disponiveis em diferentes tecidos, e possuem grande capacidade de se diferenciar em diversos

tipos de células (Caplan, 1991). Uma das maiores fontes de MSCs € o tecido adiposo humano,
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e as MSCs derivadas desse tecido (h-AdMSCs) possuem a vantagem se serem obtidas e isoladas
ainda mais facilmente, por exemplo, durante o processo de lipoaspiracdo (Doran, 2015). Além
disso, seu uso em estudos envolvendo a regeneracdo da cartilagem tem mostrado resultados
positivos e com potencial elevado quando associadas ao PRP (Tobita et al., 2015; Van Pham et
al., 2013).

O 4cido hialurdonico (AH) € um polissacarideo natural encontrado em tecidos
conjuntivos de mamiferos, muito empregado em aplicacdes cosmética e farmacéutica. Isso
devido principalmente ao seu alto grau de hidratagdo e viscoelasticidade, caracteristicas das
quais resultam o seu uso clinico mais difundido, em aplica¢des estéticas e reparo de articulagdes
(Balazs and Denlinger, 1993; Papakonstantinou et al., 2012). A forma nativa do AH, ou seja, a
mais amplamente distribuida em tecidos conjuntivos, € a de alta massa molar (MM) (10%- 107
Da). Naturalmente, esse AH € degradado em fracoes de baixa MM e oligossacarideos por
hialuronidases e espécies reativas de oxigénio, que possuem outras fungdes fisioldgicas
especificas, como as de sinalizacdo e de estimulo a angiogénese (Slevin et al., 2002). A
aplicacdo do AH exdgeno de diferentes MM em pacientes com lesdes articulares tem mostrado
alta capacidade de estimulo para a formacdo de AH end6geno, contribuindo para a restauracao
da MEC e viscoelasticidade do microambiente (Bhandari et al., 2017; Shewale et al., 2017).

Os efeitos sinérgicos da associacdo entre o L-PRP e o AH exdgeno em aplicacdes
clinicas tem mostrado resultados promissores nos tratamentos da osteoartrite em relacdo a
ambos os materiais individualmente (Lana et al., 2016; Marmotti et al., 2012). A associagdo do
L-PRP com o AH ndo reticulado forma redes poliméricas semi-interpenetradas (semi-RPIs),
caraterizadas como redes formadas por dois ou mais polimeros, onde ao menos um deles esta
sob forma linear, ou seja, ndo reticulada (Dong et al., 2012). Apés a ativagdo do L-PRP com a
mistura trombina/cdlcio, a fibrina polimeriza na presenca de globulos emaranhados de AH, cuja
conformagdo e tamanho globular varia de acordo com a concentragdo e MM do AH, resultando
em uma rede estdvel com AH e fibrina interagidos por ligacdes eletrostiticas e hidrofébicas
(LeBoeuf et al., 1986; Vadala et al., 2017; Weigelt et al., 1986). A presenca do AH altera as
propriedades das redes, o estado de ativacdo dos leucdcitos, e a resposta celular, modulados
pela MM do AH, o que consequentemente, influencia no processo regenerativo (de la Motte,
2011; Komorowicz et al., 2016; Leboeuf et al., 1987).

Dentro desse contexto, esse trabalho de doutorado foi desenvolvido para contornar a
auséncia da padronizagdo do preparo do L-PRP e da mistura L-PRP-AH, cuja abordagem ¢é

fundamental para compreender os fendmenos envolvidos no processo de regeneracdo da
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cartilagem e do osso. Dessa forma, o trabalho envolveu aspectos que incluiu intera¢des
interdisciplinares com pesquisadores das dreas de ortopedia, hematologia e engenharia. O
estudo foi composto pelo delineamento das condi¢des de centrifugagcdo do sangue total, visando
obter diferentes formulagdes de L-PRP, onde faixas de aceleracdo centrifuga foram bem
definidas, estabelecendo-se diferentes razdes plaquetas/leucdcitos e linfécitos/granuldcitos;
pela padronizacdo das condi¢des de mistura do L-PRP e AH, visando a formagdo de misturas
homogéneas e semi-RPIs estdveis; pela caracterizacdo das propriedades estruturais e reoldgicas
das semi-RPIs; e pelo estudo da resposta bioldgica as semi-RPIs, quanto a liberacdo de fatores

soliveis e a diferenciacdo condrogénica e osteogénica das h-AdMSCs.
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1.2.  Objetivo e metas

O objetivo geral do trabalho foi a padroniza¢ido do preparo do L-PRP e da mistura L-
PRP-AH para a formacgao redes semi-interpenetradas de fibrina e AH de diferentes MM,
visando estudar os efeitos do balango anabdlico/catabdlico do L-PRP e a presenca do AH na

diferenciacdo condrogénica e osteogénica de h-AdMSCs.

Para atingir o objetivo proposto, o projeto seguiu as seguintes metas:

e Preparo e caracterizacdo das formulacdes de L-PRP em condi¢des operacionais de

centrifugacdo, padronizadas para obtencdo de razdes definidas de plaquetas e leucdcitos;

e Estudo dos efeitos das razdes plaquetas/leucdcitos e linfocitos/granuldcitos de L-PRPs no

balang¢o anabdlico/catabdlico do microambiente e na resposta de h-AdMSCs;

e Preparo de semi-RPIs formadas pela mistura entre L-PRP e AH de baixa e alta MM, sob

condig¢des controladas de preparo;

e (Caracterizagdo dos efeitos da associagdo L-PRP-AH nas propriedades reoldgicas da mistura

e das semi-RPlIs, assim como na estrutura e arquitetura das redes;

e Estudo dos efeitos das semi-RPIs na liberacdo de FCs (PDGF-BB, TGF-B1, VEGF) e
citocinas (IL-18; IL-6, IL-8 e IL10);

e Caracterizacdo do comportamento celular como adesdo, viabilidade, crescimento e

diferenciagcdo condrogénica e osteogénica das h-AdMSCs cultivadas nas semi-RPIs.
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2. REVISAO DA LITERATURA

2.1. Plasma-rico em plaquetas (PRP)

O PRP é um produto aut6logo preparado a partir do sangue total do doador ou paciente,
onde estdo concentrados plaquetas, leucdcitos (linfocitos e granuldcitos), proteinas e outros
componentes dispersos numa pequena fracdo de plasma. PRP é uma defini¢do geral, a qual
comecou a ser empregada nos anos 90, quando o mesmo passou a ser utilizado em diferentes
dreas da medicina regenerativa (Marx et al., 1998; Tayapongsak et al., 1994). Dentre as
formulacdes mais difundidas estdo o plasma predominantemente rico em plaquetas (P-PRP),
sendo a formulacdo mais reportada na literatura, e o plasma rico em leucdcitos e em plaquetas
(L-PRP), que devido a presenca de plaquetas e leucdcitos na composicdo secreta fatores
anabolicos (FCs e citocinas anti-inflamatérias) e catabdlicos (citocinas inflamatdrias,
metaloproteinas e espécies reativas de oxigénio) (Dohan Ehrenfest et al., 2009). Apesar de
deletérias para as células e MEC quando em excesso, os fatores catabdlicos possuem papel
fundamental na cascata da cicatrizagdo (Anitua et al., 2015; Yin et al., 2016). Dessa forma, a
aplicagdo clinica de formulagdes ricas em leucdceitos vem crescendo e tem mostrado resultados
efetivos no tratamento de lesdes, principalmente nas quais a regeneracao tecidual € dificultada
(Cieslik-Bielecka et al. 2009; Jia et al. 2018; Liu et al. 2018; Riboh et al. 2015a; Yerlikaya et
al. 2018). A composi¢do e concentragdo de plaquetas e leucdcitos pode variar de acordo com a
necessidade do paciente, como local, gravidade e estdgio da lesdo, podendo ser controlada no

processo de preparacdo do L-PRP.

2.1.1. Preparo do L-PRP

O método de preparo do L-PRP mais empregado ¢é a centrifugacdo, processo em que é
possivel separar as células vermelhas, ou eritrécitos, e concentrar as plaquetas e leucdcitos no
plasma. Inicialmente, o sangue total € coletado na presenca de anticoagulante para evitar a
coagulacdo e ativacdo plaquetdria. Apds a centrifugacio, trés camadas de sangue sdo formadas,
a camada superior ou sobrenadante, que é predominantemente rico em plaquetas; a camada
intermedidria ou buffy coat, onde os leucdcitos sao concentrados; e a camada inferior, onde os
eritrocitos ficam sedimentados. A coleta do sobrenadante resulta na obten¢do do P-PRP e a

coleta do sobrenadante e buffy coat resulta na obtencao do L-PRP (Figura 1).
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Figura 1. Esquema ilustrando a obten¢@o do L-PRP por centrifugacao.

A centrifugacdo, apesar da simplicidade da operacdo, € um processo complexo, onde
fatores como aceleragdo, tempo, numero de ciclos, além das propriedades estruturais dos
componentes do sangue influenciam diretamente na sua separagdo e na composicdo do L-PRP
(de Melo et al. 2018; Perez et al. 2014; Perez et al. 2013). Por isso a importancia da
padronizacdo do preparo, para que esse seja de forma reprodutivel, e que haja um consenso
sobre a composicao dos diferentes tipos de formulacdes a serem aplicadas clinicamente, embora
a concentragdo dos componentes do sangue também dependa fortemente de cada doador
(Ehrenfest et al., 2014; Weibrich et al., 2001).

Uma vez preparado, o L-PRP estd pronto para ser ativado, formar as redes de fibrina e
desencadear a liberacdo dos FCs, que juntamente com outros componentes, estimulardo o

processo de regeneracdo do tecido lesado.

2.1.2. Ativacdo e formagdo das fibras de fibrina

A ativacdo do L-PRP ¢€ feita a partir de um conjunto de reagdes que compdem a parte
final da cascata de coagulacdo do sangue, na qual a trombina, tendo o cédlcio como cofator,
decompde o fibrinogénio em fibras de fibrina. O fibrinogénio € clivado pela trombina nos
terminais N das cadeias Ao e Bf3, processo que libera os fibrinopeptideos FpA e FpB, deixando
as cadeias o e B disponiveis para reagir com os terminais C das cadeias vy, e assim, iniciar a
reacdo de polimerizacao (Figura 2A) (Scheraga, 2004). Essa reacdo forma uma rede 3D, com
fibras de fibrina interconectadas de forma aleatéria, sendo um microambiente favoravel para

garantir o suporte celular (Figura 2B).
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Figura 2. Formacdo das redes de fibras. (A) Esquema representando a formacdo de fibra de
fibrina através da ativacdo do fibrinogé€nio por trombina e célcio, que liberam fibrinopeptideos,
permitindo a reag¢do de polimerizacdo. (B) Imagem de uma rede de fibrina do L-PRP preparado

em nosso laboratério, obtida por microscopia eletronica de varredura (MEV).

Invitro, o L-PRP € usualmente ativado com uma combinacao de soro aut6logo contendo
trombina (proveniente do mesmo doador) e cloreto de calcio. Normalmente as fibras crescem
com maior velocidade na direcdo longitudinal e mais lentamente na dire¢do lateral,
caracteristicas que, assim como as propriedades fisicas e reoldgicas, podem ser alteradas de
acordo com variacdo da concentracdo de fibrinogénio, trombina, forca idnica, propor¢ao
trombina e cdlcio, ou pela presenca de outros fatores externos, como o AH (Leboeuf et al. 1987;
Komorowicz et al. 2016; Perez et al. 2014).

Muitos trabalhos da literatura dentro da engenharia de tecidos utilizam as redes de
fibrina como suporte sozinha, ou combinada com outros polimeros na forma de RPIs ou semi-
RPIs, visando o estudo da regeneracdo de diversos tipos de tecidos (Arulmoli et al., 2016;
Bensaid et al., 2003; Vadald et al., 2017; Zhang et al., 2016). Para essa finalidade, a fibrina mais
utilizada € a comercial, proveniente do plasma humano ou bovino, sendo explorada geralmente
apenas como suporte 3D para células. No entanto, a fibrina formada a partir do L-PRP garante

ndo s6 suporte, mas também um microambiente biologicamente rico, podendo garantir maior
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eficiéncia na migracdo, proliferacdo e diferenciacdo celular (Bielecki et al., 2008; Kazemi and

Fakhrjou, 2015).

2.1.3. Fatores de crescimento (FCs) e citocinas

As plaquetas sdo os menores componentes do sangue, € possuem dentro de sua estrutura
indmeras biomoléculas, como serotonina, lisossomo, glicogénio, célcio e a-granulos, que por
sua vez cont€ém FCs e outras proteinas. Quando ativadas, no momento da lesdo, as plaquetas
mudam da forma arredondada para alongada, e nesse processo, os FCs sdo liberados e comecam
a atuar no instante da injdria, sinalizando e regulando o comportamento celular (Everts et al.
2006). Os FCs mais abundantes nas plaquetas sdo o FC derivado de plaquetas (PDGF), o FC
transformador (TGF-B) e o FC vascular endotelial (VEGF). O PDGF, que existe na forma de
diferentes isdmeros, como o PDGF-BB, possui papel fundamental na cascata de cicatrizagao,
regulando o comportamento de diferentes tipos celulares e estimulando a mitose, quimiotaxia
de células (MSCs, fibroblastos, condrdcitos e ostedcitos, por exemplo), producdo de outros FCs,
e producao de MEC como coldgeno e glicosaminoglicanos (GAGs), sendo portanto, de extrema
importancia para a regeneracdo da cartilagem (Hung et al., 2015; Schmidt et al., 2006).
Juntamente com o PDGF, o TGF-f ¢ um dos primeiros FCs liberados ap6s uma lesdo. Ele existe
em trés isoformas, TGF-B1, TGF-B2 e TGF-B3, sendo o TGF-B1 um dos mais importantes para
funcdes de regeneracao do tecido conjuntivo (Chen et al., 2018; Wang et al., 2014). Esse FC
regula diversos processos bioldgicos durante a cascata de cicatrizacdo, como o estimulo a
migragdo, proliferacdo e diferenciacdo celular, sintese e preservacdo de MEC, além de possuir
efeitos imunossupressores, anti-inflamatérios e angiogénicos. O TGF-B1 possui ainda grande
atividade na regeneracdo da cartilagem e osso, regulando funcdes condrogénicas, como a
diferenciagdo das MSCs em condrdcitos, estimulando a producdo de agregam e coldgeno,
prevenindo a perda de GAGs, além de recrutar precursores de osteoclastos para formagao do
tecido 6sseo (Janssens et al., 2005; Roman-Blas et al., 2007). O VEGF ¢é o FC responsavel
principalmente pelo processo de angiogénese, mitogénese, recrutamento e proliferacdo de
células endoteliais (Shiojima and Walsh, 2004). Além disso, sdo mediadores da ossificagdo
endocondral, processo em que a cartilagem serve como uma espécie de molde para a formacao
de novo tecido 6sseo. No periodo pds-natal, o VEGF também regula a homeostase e o
desenvolvimento da cartilagem, contribuindo com a sobrevivéncia dos condrécitos em regides

de baixa concentragdo de oxigénio (Nagao et al., 2017).
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Nao existem ddvidas a respeito da importincia da presenca das plaquetas e
consequentemente, dos FCs na composicao do L-PRP, e como esses componentes favorecem
uma eficiente regeneracio da cartilagem articular. Diferentemente, a presenga dos leucdcitos
no L-PRP gera muita discuss@do na literatura, uma vez que a expressio de citocinas
inflamatorias, espécies reativas de oxigénio e proteases pode intensificar o efeito catabdlico em
relacdo ao anabdlico durante o processo regenerativo, como por exemplo, estimular a
degradacdo da MEC (Boswell et al., 2013; Zhou et al., 2015a). No entanto, os leucdcitos
também possuem fungdes especificas e fundamentais na cascata de cicatrizagao, principalmente
na fase inflamatéria, com propriedades imunolégicas, antibacterianas e de controle sobre a
migracdo, proliferacdo e diferenciacdo de diferentes tipos de células (Cieslik-Bielecka et al.,
2009; Cieslik-Bielecki et al., 2012).

Os mondcitos sdo 0os menos abundantes no sangue total e consequentemente, no L-PRP.
Eles sdo os precursores dos macréfagos, os quais ap6s a fase inflamatoéria, migram para o local
da lesdo e iniciam a remogao de detritos por fagocitose, além de secretar FCs responsdveis por
recrutar fibroblastos, promover angiogénese e organizar a nova MEC a ser formada (Das et al.,
2015). Os linfécitos, que assim como os mondcitos sdo os componentes ndo granulares dos
leucécitos, também modulam a atividade dos fibroblastos, porém, sua atuagdo € principalmente
na prevengdo da imunossupressdo durante a lesdo (Schiffer and Barbul, 1998). Os neutréfilos,
que sdao a por¢cao mais abundante dos granuldcitos, possuem papel crucial na defesa do
organismo contra infec¢des. Eles sdo os primeiros leucécitos recrutados no momento da lesao,
e logo nos primeiros estigios, sdo ativados e estimulados a liberar proteases e espécies reativas
de oxigénio, que contribuem com a limpeza do local removendo bactérias e detritos celulares
por fagocitose (Faurschou and Borregaard, 2003; Wilgus et al., 2013). Além disso, as espécies
reativas de oxigénio liberadas pelos neutréfilos também sdo relacionados ao estimulo da
atividade celular e proliferacdo, processo chamado de cellular waking up (Lyublinskaya et al.,
2015).

A maior preocupacdo a respeito da presenca dos leucdcitos € um desbalanco da razao
plaquetas/leucdcitos, e também da razdo linfécitos/granuldcitos, que pode acarretar em maior
secre¢do de citocinas inflamatoérias do que a encontrada fisiologicamente (Sundman et al.,
2011). As citocinas sao importantes mediadores da inflamacao, e sdo secretadas principalmente
pelos leucdcitos, mas também por fibroblastos e células mesenquimais autélogas durante o
processo de cicatrizagdo (Apte, 1995; Waterman et al., 2010). A interleucina IL-1 € um potente

pré-inflamatdrio, e juntamente com o TNF-a, outro mediador da inflamagao, regula a atividade
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do TGF-B durante a regeneracao da cartilagem, promovendo um balango anabdlico/catabdlico
necessdrio para bom funcionamento do processo regenerativo (Roman-Blas et al., 2007). As
citocinas IL-6 e IL-8 também sdo pré-inflamatdrias, e possuem a capacidade de regular a
homeostase ¢ssea e capacidade angiogénica (Scheller et al., 2011). Em contrapartida, a IL-10 é
uma citocina anti-inflamatéria com a funcdo de controlar a producdo de mediadores
inflamatdrios e atuar como imunorregulador contra infecgdes (Couper et al., 2008).

Diante das questdes sobre a composicao do L-PRP e sua aplicag¢do clinica, torna-se
necessario estudar os efeitos da razao plaqueta/leucécito na liberagao de fatores anabdlicos e
catabolicos, e nas vias que levam a regeneracgdo da cartilagem e 0sso, visto que uma das maiores
aplicagdes do L-PRP é no tratamento da osteoartrite. Além disso, existe a necessidade de se
estabelecer condicdes padronizadas para o preparo do L-PRP, tais como os parametros de
centrifugacao, que € muito divergente na literatura e nem sempre € especificado, principalmente
quando se utilizam kits comerciais, tornando dificil a comparacdo de resultados. Através da
padronizacdo do preparo do L-PRP, pode-se elucidar e modular os efeitos da concentragdo de
plaquetas e leucdcitos, assim como as razdes plaquetas/leucocitos e também

linfécitos/granuldceitos na atividade de MSCs e na sua capacidade de diferenciagao.

2.2.  Células mesenquimais do tecido adiposos humano (h-AdMSCs)

Terapias celulares utilizando MSCs para tratamento da osteoartrite e outras doengas vém
crescendo, pois sua aplicacao no local da lesdo sozinhas ou somadas a biomateriais de suporte
e enriquecidos biologicamente podem induzir uma reposta a regeneracao mais acelerada e
eficiente (Gao et al., 2017; lijima et al., 2018; Li et al., 2018). Devido a baixa disponibilidade
de condrocitos e o estado de quiescéncia dessas células adultas, as MSCs se tornaram uma
op¢do mais vidvel para a medicina regenerativa da cartilagem. Isso porque essas células
possuem alta disponibilidade e capacidade de se diferenciar em condrdcitos, além de outros
tipos celulares, como ostedcitos (Caplan, 1991). A alta disponibilidade das MSCs se da pelo
fato de estarem presentes em diversos tecidos, como a medula dssea, o corddo umbilical e o
tecido adiposo, sendo o processo de isolamento, expansao e diferenciagdo muito simples (Hass
et al., 2011; Rosenbaum et al., 2008). O potencial regenerativo dessas células, além da sua
capacidade de diferenciacdo, também se deve a vasta gama de biomoléculas secretadas por elas,
como diferentes FCs, além de possuir carater imunorregulatorio, contribuindo para o tratamento

de diversos tipos de doencas (Caplan, 2007; Tamama and Kerpedjieva, 2012; Zhao et al., 2016).
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As células provenientes do tecido adiposo, as h-AdMSCs, possuem a vantagem de seu
isolamento ser muito mais simples comparando-se com a extracdo das MSCs da medula 6ssea,
por exemplo. As h-AdMSCs estdo presentes no tecido adiposo subcutaneo, frequentemente
removido por processos cirdrgicos como a lipoaspiragdo, com seu isolamento da gordura feito
a partir de tratamento enzimético € mecanico, de maneira simples e sem a necessidade de

equipamentos sofisticados (Araifia et al., 2013; Manzini et al., 2015).

2.2.1. Efeito do L-PRP na atividade das h-AdMSCs

A capacidade de regeneracdo da cartilagem pode ser potencialmente aumentada pela
associacdo entre h-AdMSCs e o PRP. Diversos trabalhos na literatura tém mostrado a
capacidade do L-PRP de estimular o crescimento e diferenciacio das h-AdMSCs por diferentes
vias de sinalizacdo, gracas ao rico microambiente proporcionado pelo L-PRP usado como
suplemento ou suporte (Lai et al., 2018; Liou et al., 2018; Xie et al., 2012). Terapias as quais
as h-AdMSCs juntamente com L-PRP foram transplantadas em modelos animais induzidos a
doencas da cartilagem e 0sso, mostraram efeito regenerativo superior ao tratamento apenas com
h-AdMSCs (Barba-Recreo et al., 2015; Tajima et al., 2015). Nos estudos clinicos, a aplica¢ao
de L-PRP contendo h-AdMSCs em pacientes com doengas articulares tem mostrado resultados
positivos, com efetiva redu¢do da dor e aumento do funcionamento dos joelhos, indicando a

regeneracgdo do tecido lesionado (Koh et al., 2013; Pak et al., 2013).

2.3. Cartilagem articular

A cartilagem articular é um tecido tnico, e se diferencia dos outros tecidos pela baixa
concentracdo celular, baixa vascularizagdo, limitada presencga de vasos linfaticos e nervos. Por
1ss0, uma vez iniciado o processo de degeneracdo do tecido devido a ag¢do do tempo, esforcos
excessivos ou fatores genéticos, a cartilagem dificilmente ird se regenerar de forma natural e
espontanea (Huber et al., 2000). Dessa forma, a drea da medicina regenerativa tem buscado
alternativas para contornar o avanco de doencas articulares e a regeneracio do tecido que sejam
menos invasivas, de baixo custo, e que promovam resultado a longo prazo (Hunziker, 2001).
Sendo assim, o PRP e suas variacdes tém se mostrado eficientes no tratamento de doencas
musculoesqueléticas, dentre elas, a oateoartrite, que resulta na degeneragdo da cartilagem e do
0sso, causando rigidez e dor intensa (Sampson et al., 2010). A aplicacdo intra-articular do L-

PRP e a alta concentracdo de FCs e citocinas aceleram a regeneracdo gragas as funcdes
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especificas dessas biomoléculas, que regulam a proliferacdo celular e a producdo de MEC até
a formacdo do novo tecido, cuja composicado € bastante heterogénea e varia de acordo com cada

camada.

2.3.1. Estrutura e composi¢cdo

Apesar de avascular, alifatico e com poucos nervos, a cartilagem articular é um tecido
heterogéneo, cuja composi¢do e concentracdo varia com sua profundidade. Ele possui quatro
diferentes camadas, a superficial ou de repouso, a intermedidria ou de proliferacdo, a profunda
ou hipertréfica, e a camada da cartilagem calcificada (Figura 3). Cada camada é composta por
diferentes concentragdes de condrdcitos, que juntos correspondem a apenas de 1 a 5% do
volume total do tecido, com o restante correspondendo a MEC e agua, cuja interagdo e
organizacdo é responsdvel pela capacidade da cartilagem articular de suportar altas cargas
mecanicas (Buckwalter et al., 2001; Espinosa and Foster, 2016).

A camada superficial é a que fica em contato com o fluido sinovial e é a menor das
quatro, correspondendo em torno de 15% do tecido. Nela € encontrada a maior concentracao de
condrdcitos, que possuem formato achatado e orientacao paralela a superficie; alta concentracao
de 4gua e baixa concentracdo de GAGs. Ela possui duas camadas distintas de coldgeno, uma
paralela e outra perpendicular a superficie, o que garante resisténcia mecanica e atua como
barreira para a passagem de biomoléculas indesejaveis do fluido sinovial para o tecido (Huber
et al., 2000). A partir da camada intermedidria, a concentracdo de condrdcitos comega a
diminuir e as células possuem formato menos achatado e mais arredondado. A sua orientagdo
se faz de forma aleatoria, assim como a das fibrilas de coldgeno. A concentracdo de GAG’s
aumenta ao mesmo tempo que a de dgua diminui. Essa é a camada que corresponde a maior
porcentagem de todo o tecido, em torno de 55%, e € onde os condrdcitos estdo mais ativos a
proliferacdo (Espinosa and Foster, 2016). A camada mais profunda € a que estd em contato com
a zona calcificada, correspondendo a 35% do tecido. Nela a concentracao de condrécitos € ainda
menor e eles estdo alinhados perpendicularmente a superficie. A concentragdo de GAG’s e
coldgeno aumenta e a de 4gua diminui consideravelmente. A alta concentragdo de GAG’s e o
alinhamento perpendicular das fibrilas de coldgeno conferem a essa camada o maior médulo de
compressiao, necessdrio para suportar a alta carga mecanica exercida sobre a cartilagem
(Schinagl et al., 1997). Na ultima camada, a calcificada, os condrdcitos sdo arredondados, em

baixa concentracio, e ndo hé a presenca de GAG’s. As fibrilas de colageno sdo mais grossas e
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ancoradas pela matriz calcificada (Di Bella et al., 2015; Huber et al., 2000; Hunziker, 2001).

Femur

—> Cartilagem calcificada

P> Osso subcondral

Tibia

@ Condrécito

~—— Colageno

& GAG

Figura 3. Esquema ilustrando o microambiente da cartilagem articular, destacando a

concentragdo e orientagdo de condrdcitos, colageno e GAG’s nas diferentes camadas do tecido.

2.3.2. Regeneracao pelo uso do L-PRP

A engenharia de tecidos tem a finalidade de construir ou regenerar um tecido danificado
pela combinacdo de células, de um suporte celular 3D formado por um material ou uma
combinacdo de materiais biocompativeis e biodegraddveis, além de biomoléculas sinalizadoras,
que irdo orquestrar o comportamento celular. Esse conjunto representa o chamado tridngulo da
proliferacdo (Figura 4), o qual o L-PRP se encaixa pela formacdo de um suporte celular através
da polimerizagao e formagao das redes de fibrina, e pela rica concentracdo de FCs e citocinas

na composic¢ao (Barnett Jr and Pomeroy, 2007).
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Figura 4. Esquema representando o tridngulo da proliferacdo, o qual as células, o suporte 3D e

as biomoléculas sdo os componentes fundamentais na engenharia de tecidos.

Diferentes técnicas vem sendo empregadas para que a cartilagem articular desenvolvida
in vitro seja o mais proxima possivel do tecido nativo, em termos de composi¢ao, concentragao,
arquitetura, organizacdo e propriedades mecénicas (Klein et al., 2009; Leijten et al., 2016; Li et
al., 2017; O’Connell et al., 2017; Zhu et al., 2018). Para isso, diferentes biomateriais tem sido
utilizados, e combinag¢des desenvolvidas para garantir um suporte apropriado para as células, e
que quando inserido no organismo, se degrade no tempo suficiente da formagao do novo tecido.

Além da formacao do tecido mimético in vitro, processo mais comum na engenharia de
tecidos e que precede o implante no paciente, existem os biomateriais injetaveis, com a presenga
ou ndo de células que formardo o suporte 3D in situ, logo ap0s a aplicacdo (Gaffey et al., 2015;
Liu et al., 2017; Shimojo et al., 2016) Para isso, o biomaterial precisa apresentar propriedades
reoldgicas que permitam uma fécil fluidez pela seringa, e que permanecam no local desejado
apos a aplicagdo, ou seja, que tenha comportamento pseudopldstico, possuindo cardter de um
fluido sob alta tensdo de cisalhamento e cardter de gel sob baixa tensdo (Gaffey et al., 2015;
Lee, 2013).

O processo de regeneragdo do tecido compreende em trés fases, a da inflamagdo, da
proliferagdo celular e da remodelagdo (Zhu et al., 2013). A injec@o do L-PRP em pacientes com
osteoartrite contribui com a acelera¢do do processo de todas as fases, gracas as plaquetas e
leucdcitos que expressam os FCs e citocinas responsaveis por orquestrar O processo
inflamatorio, a proliferacdo celular e a producdo da MEC. A injecdo de PRP para tratamento da
cartilagem articular foi proposto pela primeira vez como uma alternativa de regeneragdo rapida
de joelhos de atletas, sem a necessidade de cirurgia (Sédnchez et al., 2003). Embora possua baixa

resisténcia mecénica, e portanto, ndo seja adequado para substituir o tecido, a matriz 3D
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formada pela ativagdo do L-PRP garante suporte e estimulo rapido para as células até formacao
do novo tecido e recuperacido do microambiente. Resultados clinicos tém mostrado significativa
reducdo da inflamacdo e da dor, aumento da mobilidade e fun¢do dos joelhos dos pacientes,
sugerindo a regeneracdo tecidual pelo uso do L-PRP (Filardo et al. 2011; Kon et al. 2009; Riboh
et al. 2015).

Logo apds sua aplicagdo no local da lesdo (Figura SA), o L-PRP (pré-ativado ou ativado
in situ) forma redes de fibrina, onde as plaquetas e leucdcitos iniciam o processo de liberacao
gradual dos FCs de citocinas no local, que por diversas vias de sinalizacdo orquestram a
cicatrizacao (Figura 5B). As células autélogas sdo estimuladas a migrar para o local da lesdo,
proliferar, se diferenciar e produzir MEC (Figuras 5C) até a completa regeneracao do tecido

(Figura 5D).

Cartilagem
articular

Osso
subcondral

.

® Condrdcito % Plaqueta e Citocina & GAG
® Ostedcito Q Leucécito ~—— Fibrina
f» MSC e FC ——Colageno

Figura 5. Esquema ilustrando as fases da regeneracdo da cartilagem articular. (A) Aplicacio
do L-PRP no local degenerado. (B) Formacao das redes de fibrina, onde os FCs e citocinas sdo
gradualmente liberados. (C) Migracdo das células autélogas para o local da lesdo. (D)

Regeneracio do tecido.
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24. Acido Hialuronico (AH)

Além do PRP, o AH € um biomaterial muito utilizado como suporte 3D para cultivo das
h-AdMSCs, como biotinta para impressdo 3D de osso e cartilagem, como biomaterial injetavel
para terapias celulares e como viscossuplemento para reparo de articulagdes. Suas propriedades
sdo facilmente manipuldveis variando-se a MM, concentracdo e reticulacdo, formando IPNs e
semi-IPNs pela interacio com outros polimeros. O AH também € um dos principais
componentes da MEC da cartilagem, o que contribui para a organizagdo e reestruturacido do

microambiente.

2.4.1. Estrutura e propriedades

O AH € um GAG, e portanto, um polissacarideo linear composto de repetidas unidades
dissacaridicas de dcido D-glicurdnico (GIcUA) e N-acetilglicosamina (GIcNAc), unidas
alternadamente por ligacdes glicosidicas B-1,3 e B-1,4 (Figura 6).

A ampla faixa de MM do AH, somada as suas estruturas secunddrias e tercidrias, que
possuem indmeros sitios para interacdes hidrofébicas e hidrofilicas, conferem ao AH
propriedades conformacionais, mecanicas e reoldgicas que podem ser manipuladas de acordo
com seu tamanho, com o meio em que esté inserido (pH, carga idnica) e pela reticulagcdo entre
si ou com outros polimeros (Garg and Hales, 2004; Lapcik et al., 1998). Em solucdes aquosas,
o AH se auto associa espontaneamente formando emaranhados globulares rigidos e aleatdrios,
devido as interagdes de hidrogénio, repulsdo eletrostética e interacdes hidrofébicas entre as
cadeias, que sdo altamente hidratadas, conferindo ao AH o carater de hidrogel (Blundell et al.,
2006; Garg and Hales, 2004). Em altas concentracdes ou para AH de altas MM (> 10° Da), os
dominios moleculares diminuem, restringindo o movimento das macromoléculas, conferindo

ao AH carater viscoelastico (Balazs, 1968).
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Acido D-glicurénico N-acetilglicosamina

Figura 6. Dissacarideo de AH formado pelos monossacarideos GIcUA e GlcNAc, que em

repetidas unidades formam as macromoléculas de AH.

O AH ¢ encontrado naturalmente nos tecidos conjuntivos de mamiferos, como o fluido
sinovial. Sua forma nativa ¢ a de maior MM, que somada as altas concentracdes no tecido
conjuntivo, confere propriedades viscoeldsticas ao fluido. Assim, a baixas frequéncias, ou longo
tempo de deformacdo, as macromoléculas de AH possuem tempo suficiente para se ajustar e
voltar a forma original pela quebra das liga¢des de hidrogénio, ocorrendo o desenovelamento
das cadeias, o que confere ao fluido um caréter viscoso. A altas frequéncias, quando a resposta
a deformacao € rapida, as macromoléculas se enovelam rapidamente, resultando em um carater
elastico (Balazs, 1968; Gibbs et al., 1968). Dessa forma, o AH € um dos principais responsaveis
por conferir as articulagdes a facilidade de locomogao, pois minimiza os efeitos da fric¢ao e do
desgaste das juntas.

Em casos de traumas ou doencas das articulacdes, o AH presente no fluido sinovial é
degradado por proteases e espécies reativas de oxigénio, e a sintese da macromolécula é
dificultada pelo caso grave de inflamacdo. Isso acarreta em alteragdes nas propriedades
reoldgicas do fluido, e assim, sua func@o de minimizar a friccdo e o desgaste da cartilagem e
osso € prejudicada (Balazs et al., 1967; Ghosh and Guidolin, 2002). Dessa forma, o AH ¢é
utilizado em tratamentos de doencgas articulares através da aplicacdo por injecdo local, atuando
como viscossuplemento para reposi¢do do fluido sinovial visando o alivio das dores nos

pacientes (Altman, 2000; Balazs and Denlinger, 1993; Bhandari et al., 2017).

2.4.2. Efeitos da massa molar (MM) do AH

A forma nativa do AH é a de alta MM (10° — 107 Da), sendo que o AH de baixa MM (<

10* Da) e oligossacarideos sdo encontrados in vivo como um produto da degradacdo do
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polissacarideo, mediado pelas hialuronidases e espécies reativas de oxigénio (Slevin et al.,
2002). A excecdo de condigdes patolégicas ou sob a ac¢io do tempo, onde a degradagdo do AH
nativo € acelerada resultando em perdas expressivas de fluido sinovial e MEC, a degradacao do
AH em menores moléculas leva a uma série de mecanismos benéficos para o organismo. Apesar
de ser um mediador inflamatério, o AH de baixa MM é€ relacionado como um estimulador da
angiogénese, da proliferacdo de células endoteliais e da producao de coldgeno, conferindo a ele
um importante papel no processo regenerativo (Noble, 2002a; Rooney et al., 1993; West et al.,
1985). Devido aos beneficios apontados pela atividade do AH de baixa MM, ele vem sendo
utilizado juntamente com o AH de alta MM em aplicacdes intra-articulares para regeneracao
da cartilagem (Petrella et al., 2011).

Além das aplicagdes intra-articulares, nos estudos da engenharia de tecidos e medicina
regenerativa, o AH € utilizado como biomaterial para suporte 3D de células das mais variadas
maneiras, em diferentes MM e propor¢oes, com diferentes agentes reticulantes e formando IPNs
e semi-IPNs com diversos tipos de polimero, dependendo do tipo de tecido a ser regenerado e
aplicacdo desejada (Burdick et al., 2005; Collins and Birkinshaw, 2013; Cui et al., 2015;
Kolesky et al., 2016). As vantagens da utilizacdo do AH na medicina regenerativa,
principalmente para cartilagem, se d4 pelo fato de ele ser um componente natural da MEC e
também por se ligar a receptores de membranas celulares especificos, contribuindo com as
interacOes célula-célula e célula-matriz, sendo favoravel para a adesao e proliferacdo celular

nos suportes 3D (Goodison et al., 1999; Lam et al., 2014).

2.4.3. Associacdo L-PRP e AH

Devido a todas as vantagens apresentadas sobre o L-PRP e o AH no processo da
regeneragdo da cartilagem e no tratamentos da osteoartrite, muitos estudos passaram a comparar
a aplicacdo de ambos em pacientes lesionados, e os resultados mostraram uma superior
eficiéncia do L-PRP em relacdo ao AH (Huang et al., 2019; Kon et al., 2011; Spakova et al.,
2012). Naturalmente, ambos passaram a ser utilizados em associa¢c@o nas aplicacOes clinicas,
tendo mostrado resultados positivos com relacdo ao alivio da dor e a regeneragdo do tecido
(Dallari et al., 2016; Lana et al., 2016).

Apesar dos efeitos positivos da aplicagdo conjunta do L-PRP e AH, poucos estudos se
dedicaram a compreender os efeitos moleculares e celulares provenientes dessa associagdo.

Uma vez que as matrizes possuem um papel fundamental na regeneracao, pois ddo suporte para
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as células migrarem, proliferarem e se diferenciarem, o estudo dos efeitos da associag¢do entre
L-PRP e AH nas propriedades estruturais e mecénicas das fibras sdo extremamente importantes,
porém, na literatura a maior abordagem se dd em relacdo aos hidrogéis e IPNs formados entre
a fibrina comercial e o AH reticulado (Arulmoli et al., 2016; Lee and Kurisawa, 2013; Zhang
etal., 2016), ou entre a fibrina do P-PRP e AH (Russo et al., 2016; Vadala et al., 2017). Apesar
do AH ndo reticulado resultar em menos resisténcia mecanica, sua utilizacao evita a introducao
de substancias quimicas resultantes dos agentes reticulantes no organismo.

O AH livre (ndo reticulado) misturado ao L-PRP, se emaranha por entre as fibras apds
ativacdo e se liga a fibrina por interacdes nao covalentes, o que resulta na alteracdo de suas
propriedades estruturais e reoldgicas (Komorowicz et al., 2016; LeBoeuf et al., 1986; Rinaudo,
2008). Apesar dos diversos trabalhos disponiveis que se dedicaram a reportar os efeitos das
interagdes do AH com a fibrina comercial, sua associacdo com o L-PRP carece ser estudada,
uma vez que as semi-IPNs formadas dessa associacdo possuem uma grande diversidade de
biomoléculas que podem interferir nas propriedades das fibras, assim como no comportamento
bioldgico, como a liberacido de FCs e citocinas, e resposta celular (Ehrenfest et al., 2012; Lam

et al., 2011).
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CAPITULO 3:
RESULTADOS E DISCUSSAO
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3. RESULTADOS E DISCUSSAO

Este capitulo é apresentado na forma de artigos, contendo a metodologia empregada,
resultados obtidos e discussao.

O primeiro artigo, Distribution, Recovery and Concentration of Platelets and
Leukocytes in L-PRP Prepared by Centrifugation, publicado no periddico Colloids and
Surfaces B: Biointerfaces (doi.org/10.1016/j.colsurfb.2017.10.046), trata do estudo dos efeitos
da centrifugacdo na composicdo do L-PRP, visando modular a distribui¢do, recuperacdo e
concentracdo de plaquetas e leucdcitos, assim como as razdes plaqueta/leucécito e
linfécito/granuldcito, além de padronizar protocolos de preparagdo do L-PRP.

O segundo artigo, Centrifugation Conditions in L-PRP Preparation affect Soluble
Factors Release and Mesenchymal Stem Cells Behavior, que serd submetido a periddico
internacional indexado, trata do estudo da liberacdo de fatores de crescimento e citocinas pelas
diferentes formulagcdes de L-PRP padronizadas no artigo anterior, além de estudar seus efeitos
na viabilidade e crescimento das h-AdMSCs.

O terceiro artigo, Hyaluronic Acid and Fibrin from L-PRP form Semi-IPN with Tunable
Properties Suitable for Regenerative Medicine, que serd submetido a periddico internacional
indexado, trata do estudo das interacdes entre a fibrina do L-PRP, escolhido a partir dos
resultados obtidos nos artigos anteriores, com AH de diferentes MM (baixa e alta). O artigo
teve como finalidade produzir semi-IPNs sob condi¢des controladas, e caracterizar as suas
propriedades estruturais e reoldgicas, além das respostas celulares as redes de fibrina-AH.

O quarto e tultimo artigo, Investigating the role of fibrin from L-PRP-hyaluronic acid
semi-IPNs in the release of soluble factors and in the chondrogenesis/osteogenesis of
mesenchymal stem cells, que serd submetido a periddico internacional indexado, teve como
objetivo estudar a influéncia das semi-IPNs na liberacdo de fatores soluveis e na diferenciagdao

condrogénica e osteogénica in vitro das h-AdMSCs.
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3.1. Distribution, Recovery and Concentration of Platelets and Leukocytes in L-PRP

Prepared by Centrifugation

Artigo  publicado no periddico  Colloids and  Surfaces B:  Biointerfaces
(doi.org/10.1016/j.colsurfb.2017.10.046).
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ABSTRACT
Platelet-rich plasma (PRP) is an autologous product prepared from whole blood that is widely
used in regenerative medicine. In clinical practice, discontinuous centrifugation is used for both
hand- and machine-prepared PRP. However, separation of whole blood fractions via
centrifugation is a complex process, and the lack of clear mechanisms limits the understanding
and evaluation of PRP preparation methods. This paper focuses on the distribution, recovery
and concentration factor of platelets and leukocytes in L-PRP (leukocyte and platelet-rich
plasma) to define a concentration pattern for these blood components due to centrifugation
conditions. Whole blood collected from three healthy donors was centrifuged for 10 min at 50
to 800 xg in a first step and then at 400 xg in a second step. The results from the first
centrifugation step showed most platelets to be distributed in the upper layer (UL) and the buffy
coat (BC), with approximately 14.5 + 5.2% retained in the bottom layer (BL). Most leukocytes
were present in the BL. The greatest platelet recoveries from L-PRP were obtained at up to 150
xg (88.5 £ 16.9%). The cumulative concentration factors with respect to the whole blood from
the second centrifugation step were 6 and 1.2 for platelets and leukocytes, respectively. Thus,
the concentration patterns delineated three centrifugation ranges with platelet/leukocyte ratios
of 205 + 18, 325 + 15 and 107 £ 4 and lymphocyte/granulocyte ratios of 1.54 + 0.74, 0.90 £
0.08 and 0.42 + 0.07. These findings contribute to a scientifically based standardization of L-

PRP preparations.

Keywords: Platelet-rich plasma; leukocytes; erythrocytes; centrifugation; tissue regeneration.
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3.1.1. Introduction

Platelet-rich plasma (PRP) is an autologous and non-immunogenic product from whole
blood that has been widely used as a non-surgical treatment for articular cartilage injuries and
osteoarthritis as well as in various other regenerative medical procedures (Marx, 2004;
Tayapongsak et al., 1994).

Although the common terminology refers to PRP as a platelet concentrate in a small
volume of plasma, it is known that PRP contains other healing components, such as leukocytes
(neutrophils, eosinophils, basophils, monocytes and lymphocytes), progenitor endothelial cells,
fibroblasts, and keratinocytes as well as a small number of premature stem cells. In addition to
cellular components, PRP also contains molecular components such as growth factors (GFs)
and a diverse family of immunomodulatory proteins (Anitua et al., 2012). However, as with
most preparations described in the literature, many of these components have not yet been
analyzed, thus limiting our understanding of PRP’s biological effectiveness.

In clinical practice, hand-made or machine-made PRP is prepared by discontinuous
centrifugation, whereby PRP is the supernatant from the sedimentation of erythrocytes in a first
centrifugation step, which is then further concentrated by a second or more centrifugation steps.
The supernatant comprises an upper layer (UL) that is rich in platelets only, P-PRP (pure
platelet-rich plasma); the UL in combination with the intermediate layer or buffy coat (BC)
constitutes the L-PRP (leukocyte and platelet-rich plasma) (Ehrenfest et al., 2014). Both P-PRP
and L-PRP are prepared from whole blood collected in the presence of an anticoagulant to avoid
platelet activation and degranulation.

Platelet and leukocyte-rich fibrin (L-PRF), developed by Dohan et al. (2006), is a dense
fibrin matrix containing trapped platelets and leukocytes that is also prepared by centrifugation
but does not require anticoagulant or agonists. Conceptually, platelet activation occurs via
contact with the walls of the blood collection tube, and the slow polymerization generates a
fibrin network similar to the natural one.

Ghanaati et al. (2014) performed extensive work on the effects of centrifugation
conditions on the concentration of platelets and leukocytes in L-PRF. For example, decreasing
the velocity and increasing the time (1500 rpm, 14 min) resulted in a greater amount of
neutrophilic granulocytes in the fibrin matrix compared to 2700 rpm and 12 min, conditions

under which neutrophils were largely found at the red blood cell interface. At a constant time
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(8 min), decreasing the centrifugal acceleration (710 xg, 177 xg and 44 xg) dramatically
increased the number of leukocytes and platelets (Choukroun and Ghanaati, 2017).

Presently, L-PRP preparations are primarily used in bone and cartilage repair (Lana et
al. 2014). According to Ehrenfest et al. (2014), leukocytes have a strong influence on the release
of GFs, particularly TGF-B1. Neutrophils, which are granulocytic leukocytes, have a crucial
role in an organism’s defense against infection (Carlyon et al., 2004). However, expression of
numerous inflammatory cytokines and metalloproteins, in addition to the production of reactive
oxygen species (ROS), can be deleterious to stem cell proliferation and differentiation
(Faurschou and Borregaard, 2003; Spooner and Yilmaz, 2011). In turn, some studies have
reported a positive correlation between ROS and cell proliferation, more specifically in the cell
“waking up” process (Lyublinskaya et al., 2015). Lymphocytes, the second major type of
leukocyte, produce GFs (Freeman et al., 1995) and are involved in modulating the fibroblast
activity that stimulates wound healing (Peterson et al., 1987). Nonetheless, studies have shown
that leukocytes can block stem cell differentiation and induce apoptosis (Wang et al., 2012).

Although this controversial role of leukocytes has been discussed in the literature,
questions remain concerning whether a leukocyte-rich (L-PRP) or -poor (P-PRP) preparation
is the most appropriate, depending on the specific needs (Bielecki et al. 2015; Marenzi et al.
2015; Yin et al. 2016; Zhou et al. 2015).

Sundman et al. (2011) emphasized that the effectiveness of PRP should be attributed to
an optimal balance between the anabolic effect of GFs and the catabolic effect of cytokines and
that a suitable range of platelet/leukocyte ratios would be beneficial for tissue regeneration. In
addition, Parrish et al. (2016) verified that leukocyte-rich preparations stimulated tendon cell
proliferation better than leukocyte-poor PRP preparations, attributing the effects to the
importance of components other than platelets in the proper functioning of PRP.

Recently, Dohle et al. (2017) evaluated the effects of L-PRF on wound healing in vitro,
observing a positive influence on angiogenesis via inflammatory processes, as mediated by the
leukocytes present in the preparation

PRP activation causes the release of GFs primarily from platelets, whereas a fibrin
network is generated from fibrinogen decomposition. The balance of PRP components and their
association with the fibrin network are key for the development of PRP products (Anitua et al.,
2012).

Different compositions can be obtained by varying centrifugation conditions, and

standardization of PRP preparations is claimed in the literature. Despite the operational
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simplicity, centrifugation of whole blood is a complex process (Graham, 2001; Hunter, 2009).
In addition to size and density, other factors such as structural changes in erythrocytes,
interactions among blood components, and the effects of the anticoagulant have important roles
in separation and PRP composition. Moreover, the mechanisms governing whole blood
centrifugation are not well known, and there is a paucity of research regarding this issue in the
literature. Therefore, studies that enable PRP composition modulation via centrifugation
conditions are important for the prediction, optimization and standardization of PRP
preparations. Furthermore, such modulation would provide the appropriate conditions for
preparing L-PRP with different platelet/leukocyte and lymphocyte/granulocyte ratios, which
are useful for studying the effects of anabolic and catabolic compounds released from platelets
and leukocytes, such as GFs and cytokines, on tissue regeneration.

In a previous work, we evaluated the relevant aspects of centrifugation on P-PRP
composition by centrifuging whole blood in the range of 50 to 820 xg in the first centrifugation
step, followed by further P-PRP concentration in the range of 400 to 1600 xg in a second
centrifugation step (Perez et al. 2014). Here, we extend our previous findings by determining
the distribution, recovery and concentration of platelets and leukocytes from L-PRP. We aimed
to determine a concentration pattern for blood components, as modulated by centrifugation
conditions. This approach has various purposes, such as to understand the molecular
mechanisms involved, to provide centrifugation conditions for reliably preparing L-PRP for
further studies and applications in clinical practice, and to enable mathematical modeling and
simulation for predicting L-PRP compositions over a larger range of centrifugal accelerations

and times.
3.1.2. Material and Methods

Assays using human blood were approved by the Ethics Committee of the School of
Medical Sciences of Unicamp (Campinas; CAAE: 0972.0.146.000-11). Three healthy donors
ranging in age from 30 to 40 years were selected based on the results of clinical laboratory tests.

3.1.2.1. Blood collection

Whole blood was collected by venous puncture from the three donors and placed in 8.5-

mL tubes (BD Vacutainer®, USA) containing 1.5 mL of ACD-A (Acid Citrate Dextrose
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Solution, Solution A) anticoagulant. After collection, 3.5 mL of the anticoagulated blood was
transferred to empty 5-mL tubes; the reduced volume allowed samples from the same donor to

be used for various centrifugation conditions.

3.1.2.2. Experimental design

L-PRP was prepared according to Perez et al. (2013, 2014). Briefly, whole blood in 3.5-
mL tubes was centrifuged using a ROTINA 380R centrifuge (Hettich Zentrifugen, Tuttlingen,
Germany), with the tubes positioned at 45° relative to the rotor. The first centrifugation step
was performed in the range of 50 to 800 xg (50, 100, 150, 300, 500 and 800 xg) for 10 min at
25°C. This range was chosen to protect the platelets from the intense shear stress and to
adequately separate the erythrocytes. This first centrifugation step generated three layers: the
supernatant (UL), the intermediate layer (BC) and the bottom layer (BL), which consisted
mostly of erythrocytes, as shown in Figure 3.1.1A. Each layer was collected using an automatic
pipette, and the volume was measured to quantify platelet and leukocyte (lymphocyte and
granulocyte) concentrations. Based on these data, the distribution, recovery and concentration
factor were calculated as parameters for characterizing the performance of each centrifugation
condition. The concentrations of the whole blood, three layers obtained by centrifugation, and
L-PRP (UL + BC) were determined using an ABX Micros ES 60 hematologic analyzer (Horiba
ABX Diagnostics, Montpellier, France). Sample measurements for each donor were performed
in triplicate.

The L-PRP obtained from the first centrifugation (L-PRP(1)) at 100 xg for 10 min was
centrifuged a second time at 400 xg for 10 min to determine the cumulative concentration factor
of the platelets and leukocytes with respect to the whole blood sample. Next, 70% of the
supernatant, composed of platelet-poor plasma (PPP) (Anitua et al., 2005), was discarded to
obtain L-PRP(2), as shown in Figure 3.1.1B. The conditions for the second centrifugation step

were chosen to guarantee the integrity of the platelets, as demonstrated by Perez et al. (2013).
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Figure 3.1.1. Schematic illustration of (A) whole blood centrifugation and the three layers (UL,
BC and BL) obtained. (B) The second centrifugation of UL + BC (L-PRP(1)) was performed to
obtain L-PRP(y) after PPP removal.

3.1.2.3. Distribution, recovery and concentration factor parameters

The proportions of platelets and leukocytes in the UL, BC and BL fractions as well as
their recovery and concentration factor in L-PRP were calculated using equations 3.1.1 to 3.1.3.
We defined the distribution of a component as the ratio of its count in the collected fraction

(UL, BC or BL) to its count in whole blood.

_ ([C] Pt: Leuk: Lymp: Granfraction X Vfraction)

% Distributi = x 100
%o Distributionp ek, ymp ran ([C] Pt, Leuk, Lymp, Grany,g X Viyg) Equation 3.3.1
([C] Pt, Leuk, Lymp, Gran; _prp X V;_prp)
% Recov = x 100
0 RECOVEeTYp¢ Leuk,Lymp,Gran ([C] Pt, Leuk, Lymp, Granyg X Vug) Equation 3.1.2
) [C] Pt, Leuk, Lymp, Gran ;_pgp
Concentration factorpy ek Lymp,Gran = [CTPL. Leuk, Lymp, Gramy Equation 3.1.3

where [C] is the concentration of each blood component, Viaction is the volume of the

collected fraction after centrifugation, Vi.prp is the volume of L-PRP (UL+ BC), and Vws is
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the volume of whole blood. Pt, Leuk, Lymp, Gran and WB refer to platelets, leukocytes,

lymphocytes, granulocytes and whole blood, respectively.

3.1.2.4. Statistical analysis

Unless otherwise specified, each experiment was carried out in triplicate. The results
are presented as the mean * standard deviation (SD). When relevant, one-way analysis of
variance (ANOV A) with Tukey's test was used for statistical analysis. A 95% confidence level

was considered significant (p < 0.05).

3.1.3. Results

3.1.3.1. Distribution of platelets, leukocytes, lymphocytes and granulocytes in whole blood

layers

Centrifugation of whole blood results in three layers (UL, BC and BL), as shown in
Figure 3.1.1. The component distributions in percentages with respect to whole blood in each
of the three layers are shown in Figure 3.1.2. After gentle acceleration, platelets were found to
be mainly located in the UL, with a maximum of 71.3 + 2.0% at 50 xg. Upon increasing the
acceleration, we observed a progressive decrease in the number of platelets in the UL due to
their packaging in the BC, with a maximum of 40.3 + 7.1% at 800 xg. Approximately 15% of
platelets were lost in the BL over the entire range of accelerations (Figure 3.1.2A).

As expected, leukocytes were predominantly distributed in the BC (maximum of 32.2 +
8.4%) and BL, varying at approximately 70% (Figure 3.1.2B). As shown in Figures 3.1.2C and
3.1.2D, lymphocytes and granulocytes were not equally distributed throughout the blood layers.
At the lowest acceleration, 14.7 = 1.2% of the lymphocytes and only 2.4 + 0.6% of the total
granulocytes were found in the UL. With increasing acceleration, both components appeared to
migrate from the BL to the BC, from 19.7 + 3.6% and 10.7 + 6.8 at 50 xg to 49.1 + 9.6% and
33.4 + 6.9% at 800 xg for lymphocytes and granulocytes, respectively. The remaining cells

were present in the BL.
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Figure 3.1.2. Distribution of (A) platelets, (B) leukocytes, (C) lymphocytes and (D)
granulocytes in the blood layers (UL, BC and BL) formed after centrifugation of whole blood
at 50 to 800 xg for 10 min.

3.1.3.2. Recovery of platelets, leukocytes, lymphocytes and granulocytes in L-PRP

The above distribution patterns defined the recovery of platelets and leukocytes in L-
PRP(), as shown in Figure 3.1.3. The maximum value for platelet recovery was 88.5 + 16.9%,
and that for leukocytes was between 11 and 18%. Most of the leukocytes recovered in L-PRP(1)
were lymphocytes, with a maximum of 55.4 + 10.5%. A significant increase in granulocytes
occurred at the highest accelerations, which varied from 7.5 £ 1.9% at 50 xg to 34.6 + 0.2 at
800 xg.
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Figure 3.1.3. Recovery percentage of platelets, leukocytes, lymphocytes and granulocytes in

L-PRP() at different centrifugal accelerations.
3.1.3.3. Concentration patterns

Figure 3.1.4A illustrates the concentration patterns of L-PRP(j) for the considered blood
components as a function of centrifugation for the three donors. The curves allowed us to
delineate three different ranges: the first ranged from 50 to 120 xg, the second from >120 to
300 xg, and the third from >300 to 800 xg. Platelet concentrations progressively decreased with
increasing centrifugal acceleration. In contrast, leukocyte concentrations decreased in the first
range, remained constant in the second, and increased in the third, particularly for granulocytes.
These results led to platelet/leukocyte and lymphocyte/granulocyte ratios of 205 + 18 and 1.54
+0.74; 325 + 15 and 0.90 + 0.08; and 107 = 4 and 0.42 + 0.07, for the first, second and third
ranges, respectively, as summarized in Table 3.1.1.

The L-PRP(1) volume increased with acceleration from 1.4 to 2.2 mL and decreased with
the hematocrit (range 0.31 to 0.37), as expected.

Figure 3.1.4B displays the distribution of blood components in the layers formed from

centrifugation for the three delineated acceleration ranges.
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Figure 3.1.4. (A) Platelet, leukocyte, lymphocyte and granulocyte concentrations after the first

centrifugation step (L-PRP(1)) of whole blood from three donors at different accelerations.

Three ranges were established, defining platelet/leukocyte and lymphocyte/granulocyte ratios:

range 1 of 205 + 18 and 1.54 £ 0.74, range 2 of 325 + 15 and 0.90 + 0.08, and range 3 of 107 +

4 and 0.42 £ 0.07, respectively. (B) Representation of blood cell behavior upon gentle and

intense centrifugal accelerations. At gentle accelerations (range 1), platelets were preferentially

found in the UL, whereas leukocytes were the main component of the BC. In range 2, platelets

and leukocytes were mainly in the BC due to plasma backflow through erythrocyte channels.

In range 3, granulocytes migrated from the bottom layer to the BC due to erythrocyte

compression.
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3.1.3.4. Concentration factors

With regard to L-PRP(y), variations in the concentration factor with respect to whole
blood were significant for platelets only in the range of 50 to 150 xg (1.9 * 0.2), decreasing to
1.4 £ 0.2 at 200 xg and below 1 at the highest accelerations (500 and 800 xg). The leukocyte,
lymphocyte, and granulocyte concentration factors were approximately 0.5 over the entire
range of accelerations, i.e., they did not reach the baseline (Figure 3.1.5A).

Therefore, to concentrate leukocytes, the L-PRP(;) obtained at 100 xg (the range of the highest
platelet concentration) was centrifuged a second time at 400 xg for 10 min; L-PRP() was
obtained after discarding 70% of the upper volume. Figure 3.1.5B shows the experimental (4.3
+ 0.1) and theoretical (6.8 £+ 0.7) values of the platelet concentration factor, as well as that of
the leukocytes, which were 1.4 + 0.6 for the experimental value and 1.2 + 0.4 for the theoretical

value.
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Table 3.1.1. The different blood constituent ratios in whole blood and L-PRP after the first and
second centrifugations. The ratios are presented in the three previously established spin ranges.

Values represent the average of the three donors.

Platelet/ Lymphocyte/
Leukocyte Granulocyte
Ratio Ratio
Whole Blood 42 +10 0.62 £0.12
Range 1
205+ 18 1.54 £0.74
(50 — 120 xg)
Range 2
1%t centrifugation 325+ 15 0.90 £ 0.08
(>120 - 300 xg)
Range 3
107 £ 4 0.42 +0.07
(>300 — 800 xg)
2nd
400 xg 149 + 66 1.44 £0.41
centrifugation®

*Experimental values.

3.1.4. Discussion

Distribution, recovery and concentration factor parameters characterized the separation
and concentration behavior of platelets and leukocytes upon centrifugation of whole blood, and
we were also able to delineate the concentration patterns that modulate the L-PRP composition
based on centrifugation conditions. The results showed that separation is not only driven by the
size, shape and density of blood components but is also dependent on erythrocyte association
and packing during centrifugation. Consequently, with an increase in acceleration platelet levels
in L-PRP decreased, whereas leukocyte levels increased in the BC.

Our previous studies on P-PRP revealed the velocity of platelet sedimentation as well
as the recovery efficiency, both of which were correlated with the porosity of the erythrocytes
present in the BL after sedimentation (Perez et al., 2013). Indeed, erythrocyte packing in the
BL increased with centrifugal acceleration, and their sedimentation curves exhibited a

sigmoidal shape with time. Micrographs of these erythrocytes showed a Rouleax-like
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association at the initial times of the lowest accelerations, though dense packs were formed at
the end of the centrifugation time.

Compared to the general sedimentation model described in the literature, Pribush et al.
presented a more realistic description of erythrocyte sedimentation (Pribush et al., 2010a;
Pribush et al., 2010b). The mechanism consisted of a primary linear aggregation of erythrocytes
in quiescent blood that undergoes structural transformations, resulting in branched aggregates;
a network structure is then formed, followed by their gradual collapse. The first phase of the
erythrocyte network collapse is characterized by the formation of channels through which
plasma backflow occurs. Experimental data support the assumptions that these channels
propagate from bottom to top and that their diameter increases in the same direction. The shear
generated by the flow is sufficient to break interparticle bonds and erode the walls of the
channels, resulting in their disintegration into aggregate fragments that form a dense pack. Thus,
the intensity of interparticle interactions determines the rate of network formation, the time at
which its structural integrity is maintained, and the size of the fragments after collapse.

Because centrifugation shows characteristics similar to those of gravitational
sedimentation, with the exceptions of time and intensity of force, it can be assumed that a
common mechanism governs the phase separation in both sedimentation modes. Therefore, the
proposed mechanism of gravitational erythrocyte sedimentation may shed light on knowledge
of the distribution and recovery of platelets and leukocytes in L-PRP after centrifugation.

Considering that channels form within the erythrocyte network, platelets and leukocytes
should rise from the lower layers of blood, reaching the upper volume at the interface. The total
collapse of the network, structural reorganization, and deformation of erythrocytes must be
responsible for trapping platelets and leukocytes in the bottom layer. When gentle accelerations
(50 to 150 xg) were applied, the leukocytes trapped mainly consisted of granulocytes, which
have a similar radius to but are denser than lymphocytes (Brown, 1989). Because platelets are
smaller and less dense, they rose more easily to the UL, with approximately 15% not being
carried along with the plasma backflow and remaining trapped in the BL (Figure 3.1.1A).

At higher accelerations (>300 and 800 xg), a significant number of granulocytes left the
BL and accumulated in the BC because of the velocity of the plasma backflow. However, due
to the rapid loss of integrity of the network, most of the total leukocytes remained in the BL
(primarily large cells) (Figure 3.1.2B). Leukocytes in the BC were found to be predominantly
lymphocytes (approximately 2-fold) as opposed to granulocytes (Figures 3.1.2C and D). Most
of the platelets remained in the BC, trapped with leukocytes.
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These results agree with those reported by Amable et al. (2013), who applied a range of
200 to 400 xg and observed that the lowest accelerations resulted in the highest platelet
recoveries. Such differences in recovery values can be attributed to the anticoagulant, sodium
citrate, was used in their work. Comparing the platelet behavior in L-PRP and P-PRP described
by Perez et al. (2013), we observed that the decrease in platelet concentration with
centrifugation was smoother for L-PRP due to the presence of the BC.

Despite the different nature of the preparations, our results are consistent with those of
Choukroun et al., whereby the leukocyte concentration in L-PRF increased with decreasing
centrifugal acceleration (Choukroun and Ghanaati, 2017).

The described distribution defined the recovery of blood components in L-PRP (Figure
3.1.3). The maximum concentration of platelets in L-PRP(1) was 2-fold that of whole blood at
lower accelerations, which is considered a moderate concentration factor (Anitua et al., 2008).
Similar results were obtained by Anitua et al. (2009) for the first centrifugation step at 460 xg
for 8 min.

In our study, the first centrifugation step was not able to concentrate leukocytes due to
losses in the BL, and a very similar result was obtained by Parrish et al. (2016), who used a
commercial kit to prepare L-PRP. Although the second centrifugation step provided a
preparation rich in platelets and leukocytes, there was a discrepancy between the experimental
and theoretical values considering volume reduction (Figure 3.1.5B). These differences can be
explained by incipient platelet aggregation at 400 xg, as observed by Perez et al. (2014) in the
p-selectin assay. Therefore, higher accelerations increased platelet aggregation until the
integrity was lost. This effect was observed for whole blood from each donor in our study.

The three ranges defined in the curves shown in Figure 3.1.4A describe
platelet/leukocyte and lymphocyte/granulocyte ratios, as summarized in Table 3.1.1.
Platelet/leukocyte ratios increased from the first to the second range of acceleration due to the
decrease in platelets and stability of the leukocyte concentration. In the third range, the ratios
decreased significantly due to the increase in lymphocytes and granulocytes from the BL to the
BC. Additionally, the content of granulocytes tended to be superior to that of lymphocytes, as
the lymphocyte/granulocyte ratio was < 1 (Table 3.1.1).

Various reports in the literature discuss the role of leukocytes in L-PRP preparations.
However, few studies highlight the effects of the platelet/leukocyte ratio on PRPs (Boswell et
al., 2013; McCarrel et al., 2012; Parrish et al., 2016), which may provide a balance with regard

to cell proliferation and differentiation. Parrish & Roides (2017) claimed that ratios closer to
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those found under physiological conditions may produce more effective L-PRP. They also
observed that L-PRP stimulated tendon cell proliferation, attributing this impact to the balance
between platelets and leukocytes (Parrish et al., 2016).

Despite such evidence, it should be considered that different platelet/leukocyte ratios
might be necessary for treating different injuries, with dependence on the degree of injury and
the tissue to be regenerated. Therefore, studies involving the preparation, characterization and
understanding of blood component distribution in L-PRP are great relevance to the clinical and
research areas.

Finally, the results of this study were obtained by centrifuging a whole blood volume of
3.5 mL including ACD-A anticoagulant. Thus, extension of these results to higher volumes and
other anticoagulants should be performed with caution due to the differences in centrifugal
force and electrostatic interactions with various anticoagulants. Higher volumes and ionic
forces in the medium will require higher accelerations to obtain the same distribution and

packing, and these aspects need to be determined.

3.1.5. Conclusions

The general conclusion drawn from the results reported herein is that the L-PRP
composition can be modulated by centrifugation conditions (acceleration and time). We
observed that concentration patterns delineated platelet/leukocyte and lymphocyte/granulocyte
ratios with different anabolic/catabolic balances, allowing for reliable L-PRP preparations that

will be useful for further studies and therapeutic purposes.
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3.2.  Centrifugation Conditions in L-PRP Preparation affect Soluble Factors Release

and Mesenchymal Stem Cells Behavior
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ABSTRACT
Leukocyte and platelet-rich plasma (L-PRP) is an autologous product widely used in clinical
applications to treat musculoskeletal diseases. Although the knowledge that centrifugation
parameters directly influence the composition of L-PRP, the literature still claims for
optimization and standardization of L-PRP preparations. In previous work, we delineated
concentration patterns of platelet, leukocyte, lymphocyte, and granulocyte in L-PRPs prepared
by centrifugation in the range of 100 to 800 xg. Here, we extended our findings by analyzing
the growth factors and cytokines release, as well as the in vitro proliferation of human adipose-
derived mesenchymal stem cells (h-AdMSCs) seeded in fibrin from L-PRP hydrogels. Different
L-PRPs were prepared from a first spin at 100 xg (L-PRP1¢0) and 800 xg (L-PRPsno) for 10 min,
followed by a second spin at 400 xg for 10 min and removal of 70% of the total volume (L-
PRP100-400 and L-PRPgo0-400). After thrombin/calcium activation, fibrin hydrogels were formed
(fibrinjo, fibrinigo-s00, fibringoo and fibringoo-400). Results showed that higher platelet and
leukocyte concentrations were obtained for L-PRPigo and L-PRPigo400, as compared to L-
PRPgoo and L-PRPgoo-400. Although higher levels of the inflammatory factors IL-8 and TNF-a
were secreted from fibrinio-400 than from fibringoo-400, the first favored h-AdMSCs proliferation,
whereas cells in fibringoo-400 presented the lowest proliferation rate. Therefore, instead of the
absolute concentrations, platelet/leukocyte and lymphocyte/granulocyte ratios showed to play
the major role in the anabolic/catabolic balance that modulated cell proliferation and minimized

the catabolic effects of inflammatory factors.

Keywords: Platelet; leukocyte; fibrin; mesenchymal stem cell; growth factor; cytokine.
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3.2.1. Introduction

In the past years, the benefits of the autologous leukocyte- and platelet-rich plasma (L-
PRP) has been evidenced in the treatment of cartilage and bone diseases (Filardo et al. 2012;
Lana et al. 2016; McCarrel et al. 2012; Riboh et al. 2015). Besides to growth factors (GFs),
released from platelets alpha granules, L-PRP contains inflammatory cytokines secreted from
leukocytes, which act in synergy modulating migration, proliferation, and differentiation of
autologous cells through different pathways that lead to tissues regeneration (Andia and
Maffulli, 2013; Anitua et al., 2012; Karin and Clevers, 2016). Depending on the site, the degree
of the injury (acute or chronic) and treatment phase (early or late stage of healing), the leukocyte
fraction must be adjusted from poor-leukocyte PRP (P-PRP) to L-PRP (Jubert et al. 2017;
Middleton et al. 2012; Zhou et al. 2015). Modern classifications systems take account platelets
and leucocyte levels besides other conditions such as the number of centrifugation spin,
activation, the presence of erythrocytes and guided applications (Delong et al., 2012; Ehrenfest
et al., 2014; Lana et al., 2017; Magalon et al., 2016).

Whether manual or by machine, L-PRP is prepared by centrifuging the patient’s whole
blood, in which platelets, leukocytes, proteins, and other components are concentrated in a
small fraction of plasma. Platelet and leukocyte levels in L-PRP can be adjusted by varying the
centrifugation conditions (de Melo et al. 2018; Perez et al. 2014). In a previous study, we
determined the distribution and recovery of platelets and leukocytes (lymphocytes and
granulocytes) in the supernatant, buffy coat, and erythrocyte layers, by centrifuging the whole
blood from 100 to 800 xg (10 min and 25 °C). The concentration patterns allowed identifying
specific centrifugation ranges for the obtainment of distinct platelet/leukocyte and the associate
lymphocyte/granulocyte ratios. As blood centrifugation is a separation process based on size
and density of the components, as well as on the erythrocytes packing behavior, different
recoveries of platelets and leukocytes could be obtained in L-PRP from a first spin (de Melo et
al., 2018). In turn, a second centrifugation step under accelerations higher than 400 xg could
lead to platelet aggregation and deactivation (Perez et al. 2014; Soderstrom et al. 2016).
Therefore, choosing the centrifugation conditions for L-PRP preparation is crucial to achieving
an appropriated performance.

When activated, L-PRP forms a 3D network, the fibrin clot, which acts as a scaffold for
autologous cells to migrate, proliferate and differentiate at the injury site, behavior stimulated

by the many GFs and cytokines (Ehrenfest et al., 2014; Wasterlain et al., 2012). Platelet-derived
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GF (PDGF) and transforming GF (TGF-f) are the most abundant GFs present in the platelets
alpha granules and are primarily responsible for modulating the wound healing process (Crane
and Everts, 2008). They act in the early stages of healing by creating a concentration gradient
to attract inflammatory agents, macrophages, mesenchymal stem cells (MSCs), fibroblasts and
other cells to the injury site, in addition, to stimulate the secretion of more GFs, cells
proliferation, differentiation, and production of extracellular matrix (ECM) (Caplan and Correa,
2011; Xu et al., 2018). On the other hand, activated leukocytes secrete inflammatory cytokines
such as IL-1, IL-6, IL-8, and TNF-a, and play essential roles in healing during the inflammatory
phase, acting as an immunoregulatory and antibacterial agent (Brat et al., 2005; Karin and
Clevers, 2016; Roman-Blas et al., 2007). However, the catabolic effects of leukocytes, mainly
due to neutrophils, could be harmful to cells and stimulate ECM degradation, among other
effects (Wilgus et al., 2013). Therefore an appropriated anabolic/catabolic balance, is crucial
for the regenerative process (Parrish et al., 2016; Sundman et al., 2011). Associated with
endogenous MSCs, L-PRP composes the proliferation triangle, a term previously created in
order to identify all necessary components to achieve an effective tissue regeneration (3D
matrix, signaling molecules, and progenitor cells) (Barnett Jr and Pomeroy, 2007; Crane and
Everts, 2008). Due to its high availability and great chondrogenic and osteogenic capability,
exogenous MSCs have been used in cell-therapies and cartilage and bone engineering studies,
presenting synergistic effects with L-PRP, such as increased GFs and cytokines secretion, cells
migration, proliferation, and differentiation (Holmes et al., 2018; Jia et al., 2018; Xu et al.,
2017).

In this work, we aimed to study the kinetics of GFs and cytokines release from activated
L-PRP obtained by different centrifugation conditions, in addition to evaluate the viability and
proliferation of MSCs from human adipose tissue (h-AdMSCs) seeded in the fibrin hydrogels.
Results obtained here represents an advanced step towards understanding the effects of
platelet/leukocyte ratio and catabolic/anabolic balance provided by different centrifugation
conditions on cell behavior. The standardized preparations reduce variability and advice
physicians and researchers to select appropriated parameters and operational conditions to

obtain L-PRP with optimal yield and performance.
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3.2.2. Material and Methods

3.2.2.1. Whole blood collection

The Ethics Committee of the Medical Sciences School of the University of Campinas
(UNICAMP), CAAE: 0972.0.146.000-11, approved the use of human blood in this study,
which was collected from a healthy donor in a tube containing the anticoagulant acid citrate

dextrose solution A (ACD-A) (BD Vacutainer®, USA) prior to centrifugation.

3.2.2.2. L-PRP preparation

Centrifugation of the whole blood (3.5 mL) was carried out in a ROTINA 380R
centrifuge (Hettich Zentrifugen, Tuttlingen, Germany), with the tubes positioned at 45° relative
to the rotor. Four L-PRP formulations were prepared in one or two steps of centrifugation, as
shown in the scheme of Figure 3.2.1A. In the first step, the whole blood was centrifuged at 100
xg and 800 xg for 10 min at 25 °C, followed by the collection of the upper and middle layers
using an automatic pipette, in order to obtain the L-PRP100 and L-PRPggo. In the second step, L-
PRP100 and L-PRPgoo were centrifuged at 400 xg for 10 min at 25 °C, and 70% of the supernatant
(platelet-poor plasma, PPP) was discarded, obtaining the L-PRP1¢0-400 and L-PRPgoo-400. L-PRPs
and the whole blood were taken to an ABX Micros ES 60 hematologic analyzer (Horiba ABX
Diagnostics, Montpellier, France) for blood components measurement. Three measurements of

each sample were made by the equipment.

3.2.2.3. Concentration factor calculation

The concentration factor of platelets and leukocytes (including lymphocytes and
granulocytes) were calculated relative to their concentration in the whole blood, according to

Equation 3.2.1:

Concentration factor

[Platelet, Leukocyte, Lymphocyte, Granulocyte]; _prp Equation 3.2.1

[Platelet, Leukocyte, Lymphocyte, Granulocytelywhoie biood
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3.2.2.4. Fibrin hydrogels formation from L-PRP activation

The whole blood was collected in a tube containing serum clot activator (Greiner Bio-
One Kremsmiinster, Austria) and centrifuged at 2,000 xg for 15 min at 25 °C. After
centrifugation, serum containing thrombin was collected and mixed to 10% (w/v) CaCl;
(Sigma-Aldrich, St. Louis, MO, USA) in a 9:1 ratio (serum: Ca®* v/v). This mixture was added
to the L-PRP formulations in the concentration of 20% (v/v), which was left to polymerize for

at least 30 min, forming the fibrinjoo, fibringoo, fibrinipo-400 and fibringpo-400 hydrogels.

3.2.2.5. Scanning electron microscopy (SEM) analysis

After polymerization and fibrin network formation, the hydrogels were fixed in a 4%
paraformaldehyde and 2.5 % glutaraldehyde solution, prepared in phosphate buffer (PBS), pH
7.4, for 2 h at 4 °C. Dehydration of fixed hydrogels was made by dipping them in ethanol of
different concentrations (50, 70, 95 and 100%) at 15 min intervals. Then, samples were dried
at the critical point in a dryer BAL-TEC CPD 030 (Schalksmiihle, Germany). Dried samples
were coated with gold in a Sputter Coater POLARON, SC7620 (VG Microtech, Uckfield,
England), and SEM images taken in a LEO Electron Microscopy/Oxford (Cambridge,
England). Fibers size were obtained by measuring at least 100 fibers from 3 distinct images,

using the ImagelJ software.

3.2.2.6. Kinetics of GFs and cytokines release

Fibrin hydrogels were prepared in a 48-well plate and incubated with Dulbecco’s
modified Eagle’s medium (DMEM) low-glucose medium for 72 h in a humidified incubator at
37 °C and 5% COa». At pre-determined times, the medium was collected and stored at -80 °C.
Then, the cumulative concentration of GFs (PDGF-BB, TGF-B1, and VEGF) and cytokines
(IL-1B, IL-6, IL-8, and TNF-a,) was quantified using a Bio-plex Pro Kit in an equipment Bio-
plex 200 (Bio-Rad, Hercules, USA). The experiment was performed in triplicate (n = 3) for

each group.
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3.2.2.7. h-AdMSCs isolation and culture in fibrin hydrogels

h-AdMSCs was isolated from human subcutaneous adipose tissue, and cultured
according to a previous protocol (Manzini et al., 2015). Cells from passage 5 to 8 were
trypsinized and resuspended in the L-PRP formulations at a concentration of 1 x 10* cells/
hydrogel. Fibrin was polymerized and hydrogels containing h-AdMSCs (Figure 3.2.1B)
cultured with 750 uL of DMEM for 2 weeks in a humidified incubator at 37 °C and 5% CO-,
with the medium being changed every three days. DMEM was not supplemented with FBS due
to the high capacity of L-PRP to provide nutrients for cells survival and growth.(Murphy et al.,

2012) The experiment was performed in triplicate (n = 3) for each group.
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Figure 3.2.1. Schematic illustration of the experimental design. (A) Human whole blood was
collected and centrifuged at 100 and 800 xg for 10 min to form L-PRP100 and L-PRPggo. These
L-PRPs were submitted to a second spin at 400 xg for 10 min to form L-PRPigo-400 and L-
PRPsoo400 after removal of 70% of the supernatant. (B) h-AdMSCs were resuspended in each

L-PRP, followed by fibrin network formation after activation with thrombin/Ca®*. Activated
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platelets and leukocytes secrete GFs and cytokines that in an appropriate balance, stimulates

cell proliferation.

3.2.2.8. Assessment of h-AdMSCs survival and growth

The number of viable cells in the fibrin hydrogels was assessed in the 7™ day of culture
using a Live/Dead Cell Imaging Kit (Thermo Fisher Scientific, Waltham, MA, USA). Samples
were washed with PBS (pH 7.4) incubated with the live/dead reagent for 30 min, and taken to
a confocal microscope (Leica Microscope TCS SP5 II, Wetzlar, Germany) for imaging. The
numbers of living and dead cells were counted from 3 different images using the ImageJ
software. To assess h-AdMSCs proliferation rate, at 3, 7, 10 and 14 days, fibrin hydrogels
containing the cells were incubated with 1 mg/mL dimethyl-thia-zol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St Louis, USA) for 4 hours at 37 °C,
according to previous protocol (Mosmann, 1983). Then, MTT was replaced by dimethyl
sulfoxide (DMSO) and left in a shaker for 30 min. Absorbance was measured at 595 nm, and
the results expressed as the number of cells, calculated using a calibration curve previously

prepared (R* = 0.9816). The experiment was performed in triplicate (n = 3) for each group.
3.2.2.9. Statistical analysis

Results are presented here as the mean * standard deviation. One-way analysis of
variance (ANOVA) with Tukey’s test was used, with a 95% confidence level considered (p <
0.05).

3.2.3. Results

3.2.3.1. Concentration and ratio of blood components in the different L-PRP

The concentration of platelets, total leukocytes, lymphocytes and granulocytes in the
whole blood was 149 +33,3.8 +0.9, 1.4 £ 0.9 and 2.3 £ 0.4, respectively. L-PRP was prepared

by collecting the upper and middle layers of centrifuged whole blood, presenting different
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concentration of the components according to the applied speed (Figure 3.2.2A). The slower
acceleration (100 xg) allowed the obtainment of an increased concentration of platelets,
especially after two centrifugation steps (Figure 3.2.2B), as also observed for total leukocytes
(Figure 3.2.2C). Lymphocytes represented the highest leukocytes portion, being highly
concentrated in L-PRPioo-400 (Figure 3.2.2D). On the other hand, granulocytes concentration
was higher in L-PRPgoo and L-PRPgoo-400, as compared to L-PRPs from 100 xg (Figure 3.2.2E).
As a consequence, the platelet/leukocyte and lymphocyte/granulocyte ratios were greater in

both L-PRP;gp and L-PRP100-400 in comparison to L-PRPsoo and L-PRPggo-400 (Figure 3.2.2F-G).
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Figure 3.2.2. (A) Illustration representing the different L-PRPs after one or two centrifugation

steps, demonstrating the composition changes by varying the preparation conditions.
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Concentration of (A) platelets, (B) leukocytes, (C) lymphocytes and (D) granulocytes, obtained
by measuring each L-PRP in a hematologic analyzer. The calculated ratio of (E)

platelet/leukocyte and (F) lymphocyte/granulocyte in each L-PRP. *p < 0.05.

3.2.3.2. Concentration factors

The increase of blood components concentration in L-PRP relative to the whole blood
was evaluated as concentration factors (Figure 3.2.3). The highest value was obtained for
platelets in L-PRP1go and L-PRP100-400, being 1.98 + 0.2 and 2.8 + 0.3, respectively. The high
speed significantly decreased the concentration factor of platelets, not reaching the baseline,
being ~0.15 for L-PRPsoo and L-PRPsoo400. At this speed, it was also observed for total
leukocytes, in which concentration factor was below 1 for the two formulations, due to the low
concentration of granulocytes. However, a significant increase in this component was observed
after the second centrifugation, being 0.17 + 0.02 and 0.22 + 0.03 for L-PRP00-400 and L-PRPgoo-
400, respectively. Among all formulations, the highest concentration factor of lymphocytes was

observed in L-PRP100-400 (1.35 £ 0.2).

B L-PRP,

B L-PRP 00 400

B L-PRPg,,
— B L-PRPg00.400

Concentration factor
relative to the whole blood

Platelet Leukocyte Lymphocyte Granulocyte
Figure 3.2.3. Concentration factors of platelets, total leukocytes, lymphocytes and granulocytes

in the different L-PRPs relative to the whole blood.*p < 0.05.

3.2.3.3. Fibrin networks morphology
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After activation of L-PRPs, fibrin networks were formed. The SEM images showed no
substantial changes in morphology, with the structures presenting high porosity and
interconnected fibers organization (Figure 3.2.4A). For all networks, fibers diameter varied
from 100 to 200 nm, with the mean diameter being 161 £ 45, 176 £ 47, 189 £ 47 and 160 + 34
nm for fibrinjgo, fibrinigo-400, fibringoo and fibringoo-400, respectively. We also observed less
polydispersity in fibers diameter for samples prepared from 2 centrifugation steps (Figure

3.2.4B).
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Figure 3.2.4. Characterization of the fibrin networks. (A) SEM images showing the networks
morphology. (B) Frequency of fibers diameter measured using the ImageJ software. (i) fibrinioo,

(i1) fibrinjoo-400, (iii) fibringoo and (iv) fibringoo-400.

3.2.3.4. Kinetics of GFs and cytokines release

The cumulative concentration of GFs and cytokines was measured during 72 h (Figure
3.2.5). It was observed that GFs release from fibrin increased proportionally with the increase
of platelets in L-PRP. PDGF-BB presented a fast release in the first 3 h for fibrinioo and fibrinieo-
400, reaching 4230 + 234 and 6290 + 150 pg/mL at 72 h, respectively. For fibringgo-400, the release
was slower, but concentration reached a high level at 72 h, being 3335 + 65 pg/mL. PDGF-BB
concentration released from fibringoo was the smallest and reached the equilibrium rapidly, with
values remaining below 1000 pg/mL (Figure 3.2.5A). TGF-B1 presented the highest level
among all GFs, being released gradually with time. Its maximum concentration was 8576 +
305, 11315 + 840, 1092 + 47 and 4490 + 545 pg/mL for fibrinioo, fibrinieo-400, fibringeo and
fibringoo-400, respectively (Figure 3.2.5B). For VEGF, platelets seemed to rapidly release all its
content in the first 3 hours, with values being below 150 pg/mL (Figure 3.2.5C).

The concentration of the cytokines IL-1B and IL-6 was < 10 pg/mL; therefore, its
kinetics is not represented here. On the other hand, 1L-8 was highly secreted, with concentration
increasing with the increase of leukocytes in L-PRP. In the first 24 h, fibrinio-400 and fibringoo-
400 presented a similar trend of release kinetics. Then, IL-8 secretion was sharply increased for
fibrinioo-400, reaching 3490 + 70 pg/mL at 72h, while for fibringgo-400 the value was 2382 + 136
pg/mL. For fibrinioo, IL-8 kinetics was slow up to 24 h, increasing sharply after this time,
reaching 1013 + 420 pg/mL. The concentration of this cytokine in fibringeo was below 200
pg/mL (Figure 3.2.5D). TNF-o was significantly higher released from fibrinioo400 in
comparison to the other formulations during all the times studied, being ~2.5-fold and ~4-fold
greater than fibringoo-400 and fibrinigo, respectively. Similarly to IL-8, the concentration of TNF-

a released from fibringoo presented the smallest values (< 100 pg/mL) (Figure 3.2.5E).
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Figure 3.2.5. Kinetics of the GFs (A) PDGF-BB, (B) TGF-B1, (C) VEGF and the inflammatory
cytokines (D) IL-8 and (E) TNF-a released from the hydrogels for 72 hours.

3.2.3.5. Viability and proliferation rate of h-AdMSCs in fibrin hydrogels

The h-AdMSCs were cultured in the fibrin hydrogels, and their behavior in the different
microenvironments assessed as viability and proliferation rate. Images of living and dead cells
were captured in a fluorescence confocal microscope using live/dead reagents after 7 days of
culture. Results showed that the fibrin hydrogels were suitable to maintain cells viability, with
h-AdMSCs presenting slightly elongated to rounded shape within the networks (Figure 3.2.6A).
The number of viable cells in samples prepared at gentle centrifugal acceleration was
significantly higher than in samples prepared at the higher speed, with viability being 87.2 +
2.9, 86.1 +2.8,75.6 = 0.6 and 74.3 + 3% for fibrinigo, fibrinioo-400, fibrinseo and fibringoo-400,
respectively (Figure 3.2.6B). The h-AdMSCs were kept in culture for 2 weeks, and results
showed increased growth in fibrinigo-400 for up to 7 days. Then, on the 10" day, the number of
cells in fibrinigo, fibringpo, and fibringpo-400 increased significantly, reaching their maximum
growth point. A lower proliferation rate was observed for h-AdMSC:s in fibringoo-400, with the
number of cells being significantly smaller than the other conditions on day 10, and presenting

a fastest dead phase on day 14 (Figure 3.2.6C).
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Figure 3.2.6. Assessment of h-AdMSCs behavior seeded in the four types of fibrin. (A) Cell
viability in the 7" day of incubation in (i) fibrinigo, (ii) fibrinioo-400, (iii) fibringpo and (iv)
fibringoo-400. (B) Number living and dead h-AdMSCs in the fibrins incubated for 7 days,
calculated from three different images using the ImagelJ software. (C) The proliferation rate of
h-AdMSCs seeded in the hydrogels for 2 weeks. *p < 0.05. **Significantly different from
fibringoo and fibringpo-400 (p < 0.05).

3.2.4. Discussion

In previous work, we reported the mechanisms of platelets and leukocytes recovery in
L-PRP by centrifugation, which is driven by their size, density, and erythrocytes aggregation
and sedimentation (de Melo et al., 2018). As predicted by theoretical calculations and
experimentally confirmed, low centrifugal accelerations in the first spin (50 - 100 xg)
contributes to high yields of platelets in P-PRP (upper layer) (Perez et al., 2013). If up to the
2010s, high spin ranges were used (Anitua et al., 2005; Anitua et al., 2007), nowadays, we
observe that low speeds for a first spin became a consensus (Choukroun and Ghanaati, 2018;
Ehrenfest et al., 2018; Soderstrom et al., 2016). At lower range of centrifugal accelerations, we
have also observed the highest leukocytes recovery, with increased platelet/leukocyte and
lymphocyte/granulocyte ratios in L-PRP, in comparison to accelerations ranging from 300 to

800 xg (de Melo et al., 2018). As microenvironments with distinct blood components ratios
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lead to different biological responses, the standardization of the centrifugation conditions and
the study of cell responses to different types of L-PRPs is essential to predict its behavior in
vivo. In this work, we investigated the release of GFs and cytokines, and the response of h-
AdMSCs to different fibrin microenvironments. For this, L-PRPs were prepared from two
centrifugation extremes, 100 xg and 800 xg for the first spin, followed by a second spin at 400
xg and removal of 70% of the total volume.

A gentle centrifugal acceleration is essential to maintain platelets integrity and retain
their morphological properties and activation capacity, which is crucial for their gradual content
release mechanism. Under high centrifugal forces, platelets are submitted to high shear stress
that can induce aggregation, activation and early GFs release, impairing the proper functioning
of L-PRP (Perez et al. 2014; Ehrenfest et al. 2018; Soderstrom et al. 2016). As previously
reported, platelets activation increases with the increase of centrifugation speed, resulting in
changes in their biological signature (Soderstrom et al., 2016). Here, we observed that GFs
release was proportional to platelets concentration, being higher for fibrinioo and fibrinioo-400.
For fibringoo, the concentration of released GFs was minimum. However, the first spin at 800
xg did not damage platelets, once after the second centrifugation at 400 xg, an increased and
gradual release of GFs was observed, indicating, therefore, the maintenance of platelets
integrity.

Leukocytes secrete cytokines upon activation and strongly depend on the stimulus from
the microenvironment (Chaly et al., 2000; Smyth et al., 1991). Here, we observed that IL-18
and IL-6 were not secreted even from fibrin prepared from L-PRP with the highest
concentration of leukocytes (L-PRP10o-400). On the other hand, IL-8 and TNF-a were highly
released from fibrinigo-400 and fibringoo-400, With the concentration being proportional to the
leukocytes amount. As previously reported, independent of stimulus, granulocytes are capable
of synthesizing and secreting TNF-a (Dubravec et al., 1990), corroborating our results. TNF-o
is immunostimulatory to lymphocytes, modulating the secretion of other cytokines, such as IL-
8 (Chaly et al.,, 2000). It is also a potent neutrophil chemoattractant, recruiting these
granulocytes to inflammatory sites for debridement and fight infections (Taub et al., 1996).
Therefore, the L-PRP prepared from two centrifugation steps could be beneficial for
applications in initial stages of wound healing (Spakova et al., 2012).

As different centrifugal accelerations and leukocytes concentration were related to
morphological changes in fibrin network, which could interfere with platelet adhesion and

soluble factors release (Anitua et al., 2015; Ehrenfest et al., 2018), we analyzed networks
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morphology and fibers size by SEM. Here, we observed that for all conditions, it was formed
interconnected fibers, with a random organization and networks with high porosity. The
different concentrations of blood components did not seem to affect the networks morphology,
but reduced polydispersity of fibers diameter.

Although the presence of leukocytes, especially granulocytic neutrophils, could be
harmful to cells due to their catabolic effects (Wilgus et al., 2013), by assessing h-AdMSCs
responses to the different microenvironments, we attested an opposite behavior. The highest
concentration of inflammatory cytokines released from fibrinjoo-400 did not impair h-AdMSCs
viability and growth, which showed a superior proliferation rate, probably due to the balance
provided by the high concentration of anabolic GFs. Although PDGF-BB and TGF-f$1
concentration from fibrinjgo and fibringoo were significantly lower than in fibrinioo-400, an
increase in cell growth as a response to these formulations was observed on day 10. On the
other hand, h-AdMSCs proliferation was inhibited in fibringpo-400, which released the second
highest concentration of inflammatory cytokines and lower concentration of GFs, as compared
to fibrinioo and fibrinjoo-400. Therefore, we concluded that rather than platelets and leukocytes
absolute values, the ratio platelet/leukocyte drove cell behavior through the balance between
the anabolic/catabolic effects. This balance is altered during an injury, being reconstituted by
L-PRP, in which the microenvironment returns to a beneficial balance and homeostasis.

These results are coherent with the consensus that considerate 1 million platelets/ mm?
in PRPs as a reference score in the literature because its anabolic effects are preserved (Delong
et al., 2012). However, we recommend balanced platelet/leukocyte (> 200) and the
correspondent lymphocyte/granulocyte ratios (> 1), which could present higher efficiency in

the applications of L-PRP.

3.2.5. Conclusions

This study reports the influence of the operational process of L-PRP obtainment on its
biological signature, in which cells behavior was mediated by the anabolic/catabolic balance
provided by platelets and leukocytes. L-PRPs standardized as platelet/leukocyte ratios > 200
associated with lymphocyte/granulocyte ratios > 1 represent formulations that lead to optimal
performance. Further studies must be carried out using a larger number of healthy donors, as
well as with donors with musculoskeletal diseases, in order to a better delineation of the effects

of the established platelet/leukocyte and lymphocyte/granulocyte ratios on cell behavior. We
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believe these in vitro evaluations are relevant for physicians and researchers to standardize L-

PRP preparations, as well as to understand and compare in vitro results.
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3.3. Hyaluronic acid and fibrin from L-PRP form semi-IPN with tunable properties for

regenerative medicine
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ABSTRACT
Local application of autologous platelet-rich plasma (PRP) associated with hyaluronic acid
(HA) has been widely used in sequential injections for cartilage and bone regeneration.
However, this association confers structural and rheological changes in comparison to the
individual biomaterials, which have not been investigated. In this work, L-PRP (leukocyte- and
platelet-rich PRP) was mixed under controlled conditions to non-crosslinked HA of low (~15
kDa) and high (> 2,000 kDa) MM (HMM and LMM, respectively), forming semi-
interpenetrating polymer networks (semi-IPNs) after activation with thrombin/calcium. The
polymerization time, networks morphology, swelling ratio, stability and rheological behavior
of fibrin and semi-IPNs (fibrin-LMM HA and fibrin-HMM HA) were characterized, showing
that hydrogels properties varied with the HA MM. In addition, we evaluated the response of
human adipose-derived mesenchymal stem cells (h-AdMSCs) seeded in the different hydrogels,
with results showing their superior viability in the semi-IPNs, as compared to fibrin. In
conclusion, the preparation of fibrin-HA semi-IPNs under controlled mixture assured the
formation of autologous and cell-friendly hydrogel matrices, with tunable properties according
to the HA MM. These results are relevant for the standardization of clinical protocols aiming

the use L-PRP and HA in regenerative medicine.

Keywords: Platelet; leukocyte; fibrin; hyaluronic acid; mesenchymal stem cell.
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3.3.1. Introduction

Local injections of PRP (platelet-rich plasma) has been widely used for the treatment of
cartilage and bone diseases, showing effective tissue regeneration (Gawai and Sobhana, 2015;
Guadilla et al., 2012; Jubert et al., 2017; Spakova et al., 2012). The leukocyte- and platelet-rich
plasma (L-PRP) consists of a richest PRP formulation, concentrated in platelets, leukocytes,
proteins, and other components that after activation forms fibrin hydrogel, a biologically rich
matrix suitable for cell growth (Ehrenfest et al., 2014). Fibrin from L-PRP acts as a reservoir
of growth factors and cytokines, which are gradually released and contribute to the effectiveness
of healing (Everts et al., 2007).

The efficacy of PRP, including L-PRP, in osteoarthritic patients has shown to be
potentially increased when combined with exogenous hyaluronic acid (HA), by stimulating
endogenous HA formation and contributing to signaling, restoration of joint viscoelasticity, and
reduction of pain (Kurapati et al. 2018; Lana et al. 2016; Renevier et al. 2018; Yu et al. 2018).
HA is a glycosaminoglycan present in the extracellular matrix (ECM) of joints in its high molar
mass (HMM) form, maintaining tissue integrity, by promoting organization, elasticity,
lubrication and shock absorption (Balazs et al., 1967). HMM HA is naturally degraded into
smaller fragments forming a low molar mass (LMM) HA (Aya and Stern, 2014), which presents
different biological properties, such as angiogenesis promotion and stimulation of inflammatory
cytokines expression (Noble, 2002b; West et al., 1985). Due to these characteristics, LMM HA
also plays an essential role in the healing process.

Clinical protocols report the sequential injection of L-PRP and HA, assuming that the
movement of the patient’s joint ensures an effective mixing (Andia and Abate, 2014; Kurapati
et al., 2018; Lana et al., 2016), Due to the high viscosity of HA solutions, a poor L-PRP-HA
mixture could result in nonhomogeneous hydrogels with weak interactions that may lead to
phase separation, which might be prejudicial for cell support (Abbadessa et al., 2017; Rinaudo,
2008). Considering the importance of a previously formed matrix, recently a mixture of P-PRP
(poor-leukocyte PRP) and non-crosslinked HA prepared by machine was developed (Vischer
et al., 2018).

In vivo evaluations have shown benefits in mild and moderate knee osteoarthritis using
an L-PRP-HMM HA prepared manually and applied in sequential injections (Lana et al., 2016).
Positive results were also observed from the P-PRP and HA mixture, prepared by machine in

grade II and III knee osteoarthritis (Renevier et al., 2018). However, the different preparation
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and application methods may result in the formation of different structures, which can affect
biological responses, making it difficult to compare results. Therefore, in vitro studies are
essential to standardize the production and evaluate the properties and performance of PRP-HA
hydrogel matrices.

Previous works have reported the fabrication of interpenetrating polymer networks
(IPNs) from commercial fibrin and crosslinked HA, which presented positive response of cells
to proliferation and differentiation (Arulmoli et al., 2016; Lee and Kurisawa, 2013; Zhang et
al., 2016). However, HA crosslinked agents may lead to side products that could be harmful to
the organism. An alternative to IPNs is the semi-IPN type, characterized as a network composed
of polymers in both crosslinked and non-crosslinked forms. A fibrin-HA semi-IPN structure is
formed by polymerized fibrin and non-crosslinked HA coils entangled between the fibers,
binding specific sites of fibrin through physical crosslinking without covalent bonds, with
variable packing arrangement and viscoelasticity, depending on the HA MM (Dong et al., 2012;
LeBoeuf et al., 1986; Russo et al., 2016).

The capacity of fibrin from P-PRP mixed to non-crosslinked HA to form hydrogel
matrices capable of supporting cells proliferation and differentiation was previously
demonstrated (Russo et al., 2016; Vadala et al., 2017). However, a leukocyte-rich formulation
result in a different microenvironment that affect cell stimuli and responses (Zhou et al. 2015;
Parrish et al. 2016). Therefore, a cell-friendly alternative biomaterial could be the semi-IPNs
composed of autologous L-PRP and non-crosslinked HA. Because of the greater complexity in
composition and preparation, as well as the smaller amount of works in the literature, the L-
PRP-HA matrices lacks in standardization and characterization.

In this work, we prepared fibrin-HA semi-IPNs by mixing L-PRP and HA of low (~15
kDa) and high (> 2,000 kDa) MM (HMM and LMM, respectively), under controlled conditions.
For L-PRP preparation, we used a protocol previously established by our group in order to
obtain a known concentration range of platelets and leukocytes (de Melo et al., 2018). The
fibrin-LMM HA and fibrin-HMM HA hydrogels were characterized according to their
polymerization kinetics, morphology, swelling behavior, and stability. The formation of the
semi-IPNs was attested by FTIR analysis and rheology characterization. The suitability of the
semi-IPNs to support cells was attested by evaluating using human adipose-derived
mesenchymal stem cells (h-AdMSCs) viability in the semi-IPNs. The results obtained here are

valuable for standardizing protocols to produce semi-IPNs from autologous L-PRP and HA,



77

with tunable properties according to the HA MM, being useful clinically for regenerative

medicine.

3.3.2. Material and Methods

3.3.2.1. Blood collection and L-PRP preparation

The use of human blood was approved by the Ethics Committee of the School of
Medical Sciences of Unicamp (Campinas; CAAE: 0972.0.146.000-11). L-PRP was prepared as
previously described (de Melo et al., 2018). Briefly, whole blood from a healthy donor was
collected after the venous puncture in an 8.5-mL tube containing 1.5 mL of anticoagulant acid
citrate dextrose solution A (ACD-A) (Vacutainer, BD Biosciences, Allschwil, Switzerland).
After collection, 3.5 mL of the anticoagulated blood was transferred to empty 5-mL tubes and
centrifuged at 100 xg for 10 min at 25 °C in a ROTINA 380R centrifuge (Hettich Zentrifugen,
Tuttlingen, Germany), with the tubes positioned at 45° relative to the rotor. L-PRP, composed
of the top and middle layers of centrifuged blood, was collected and transferred to an empty
tube for homogenization and quantification of components using an ABX Micros ES 60
hematologic analyzer (Horiba ABX Diagnostics, Montpellier, France). Three measurements of

each sample were made by the equipment.

3.3.2.2. L-PRP-HA mixture and semi-IPNs preparation

L-PRP was mixed with LMM HA (~15 kDa, according to the manufacturer, Lifecore
Biomedical, Chaska, MN, USA) and HMM HA (> 2000 kDa, according to the manufacturer,
Euflexxa® Ferring Pharmaceuticals, Saint-Prex, Switzerland) at a 1:1 volumetric ratio,
obtaining a final HA concentration of 1 mg/mL. L-PRP-HA combinations were homogenized
for 30 min at 8 rpm and 25 °C in a Phoenix Luferco homogenizer AP22 (Phoenix Luferco,
Araraquara, SP, Brazil). Before semi-IPN preparation, autologous serum containing thrombin
was prepared by collecting 5 mL of whole blood from the same donor in a Vacuette tube with
a serum clot activator (Greiner Bio-One, Kremsmiinster, Austria) and centrifuged for 15 min at
2,000 xg and 25 °C. Serum was separated and mixed with 10% (w/v) calcium chloride at a
volumetric ratio of 9:1 of serum to CaCly (Sigma-Aldrich, St Louis, USA). Fibrinogen

activation and semi-IPN formation were achieved by adding serum-Ca*" to the homogeneous
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mixture of L-PRP-HA at a concentration of 20% (v/v). After fibrin and semi-IPNs formation,
the concentration of platelets and leukocytes present in the remaining plasma was quantified

using the hematologic analyzer.

3.3.2.3. Polymerization time and fibers characterization

Fibrin polymerization kinetics was determined by measuring the optical densities of
gelled fibrin and fibrin-HA at a 450-nm wavelength for 60 min, with time zero corresponding
to the time of serum-Ca** addition, measured in a FilterMax F5 Multi-Mode Microplate reader
(Molecular Devices, Sunnyvale, CA, USA). From the kinetics profiles obtained, the beginning
of polymerization was established as the point where the optical density curve changed its initial
slope. Radii and the mass/length ratios of fibrin fibers were characterized using the modified

Carr’s Equation (Equation 3.3.1) (Yeromonahos et al., 2010).

2
3 dn“\44 2_184— 2..2:2
5 2m Cnu( dc )15()L 154 Tt ) .
tA° = N Equation 3.3.1

where ¢ is solution turbidity, C is the initial fibrinogen concentration (g/cm®); N is
Avogadro’s number; A is the incident wavelength (cm) (340, 450, 500, 540, 600 and 640 nm);
u =mg/L, with mg being the protein mass (Da) in a fiber of length L (cm) and radius r (cm);
and i is the refractive index (1.33). Next, 4> was plotted against A°, resulting in a straight line
whose slope yielded the mass/length ratio, and the ordinate at the origin gave the square of the
average radius. The turbidity was calculated from its relationship with the optical density (OD)

of the gelled fibrin measured as its absorbance (Equation 3.3.2):

t =1-—exp(—0D.In(10)) Equation 3.3.2

The experiment was performed in triplicate (n = 3) for each group.
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3.3.2.4. Scanning electron microscopy (SEM) analysis

Morphological and structural characterization of hydrogels was performed by fixing
fibrin and semi-IPNs in a 4% paraformaldehyde and 2.5% glutaraldehyde solution prepared in
PBS for 2 h. Then, samples were dehydrated in graded ethanol dilutions (50, 70, 95 and 100%)
at 15 min intervals and dried at the critical point. After gold-coating in a Sputter Coater
POLARON, SC7620 (VG Microtech, Uckfield, England), scanning electron microscopy
images of the samples were taken using a LEO Electron Microscopy/Oxford (Cambridge,
England). The average fibrin fibers diameter was determined by measuring 100 individual

fibers from three different images using the ImageJ software.

3.3.2.5. Determination of fibrinogen concentration

The concentration of fibrinogen in L-PRP and fibrin network was determined as
described in a previous protocol (Ratnoff and Menzie, 1951), which after polymerization, fibrin
was centrifuged at 500 xg for 5 min and the supernatant discarded. This step was repeated three
times. Then, NaOH (Sigma-Aldrich, St Louis, USA) was added to the tubes containing fibrin
and left in a water bath at 95 °C for 10 min. After this time, the sample was treated with water,
NA>CO3 and Folin-Ciocalteu’s phenol reagent (Sigma-Aldrich, St Louis, USA) for 30 min, and
absorbance measured at 650 nm. Results were expressed as fibrinogen concentration, calculated
using a calibration curve previously prepared with commercial fibrinogen from human plasma
(Sigma-Aldrich, St Louis, USA) (R? = 0.993). The experiment was performed in triplicate (n =
3) for each group.

3.3.2.6. Swelling behavior

In order to assess swelling behavior of hydrogels, dried fibrin and semi-IPNs were
weighted (W,) and dipped in phosphate buffer saline (PBS, pH 7.4, 37 °C) until they reached
the equilibrium. At predetermined times, hydrogels were weighted (W;), and the swelling ratio
calculated using Equation 3.3.3. The experiment was conducted in triplicate (n = 3) for each
group.

Ws— Wy

Swelling ratio = v Equation 3.3.3
d
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3.3.2.7. Hydrolytic degradation

The degradation profile of fibrin and semi-IPNs was determined by initially weighing
the dried hydrogels (W) followed by immersion in PBS and incubation at 37 °C. At predefined
times, samples were dried and final weight (Wy) was measured. Mass loss was calculated

according to Equation 3.3.4. The experiment was conducted in triplicate (n = 3) for each group.

We—W;

Mass loss (%) = x 100 Equation 3.3.4

i

3.3.2.8. FTIR analysis

After two weeks of incubation, the hydrogels were lyophilized in a lyophilizer L-101
(Liotop, Sao Carlos, Brazil) for two days. FTIR analyses of the dried samples were performed
in a Thermo Scientific Nicolet 6700 spectrophotometer (Thermo Fisher Scientific, Madison,
USA), using the single-reflection germanium attenuated total reflection (ATR) technique, in a
Smart OMNI-Sampler (Thermo Fisher Scientific, Madison, USA). The wavelength range of

the performance was 4000 - 750 cm™ with a resolution of 4 cm™.

3.3.2.9. Rheological characterization

The rheology of L-PRP, L-PRP-HA mixtures, fibrin, and semi-IPNs was studied in an
Anton Paar MCR-102 Modular Compact Rheometer (Anton Paar, Graz, Austria). The tests
were conducted using a cone-plate geometry (CP50-1) of 50 mm in diameter, a cone angle of
0.9815° and a truncation of 0.97 um. Steady-state shear tests were performed in the range of
0.01 to 1000 s at 25 °C. The oscillatory measurements were conducted in the linear region
with the amplitude gamma of 1% and in the angular frequency range of 0.1 to 100 rad/s. The
experiment was performed in triplicate (n = 3) for each group. Experimental data were fitted

using the power-law model, which is defined by Equation 3.3.5.

T=my" Equation 3.3.5

where 7 is the shear stress, m the consistency index, y is the shear rate and n is the power-

law index.



81

3.3.2.10. h-AdMSCs culture in fibrin and semi-IPNs

h-AdMSCs from human subcutaneous adipose tissue were acquired from abdominal
liposuction surgery of patients undergoing lipo-aspiration at the University Hospital. Then, cells
were isolated and cultured as previously described (Manzini et al., 2015). The precultured cells
were trypsinized and resuspended in L-PRP and L-PRP-HA mixtures to obtain 1 x 10* cells/
hydrogel. After homogenization, 160 uL of L-PRP and L-PRP-HA containing h-AdMSCs was
added to a 48-well plate and activated with 40 uL of the serum-Ca**. Once the gels were formed,
750 uL low-glucose DMEM (Thermo Fisher Scientific, Waltham, MA, USA) was added to the
wells, and cells were cultured for two weeks in a 37 °C incubator with 5% CO: with the medium
changes every three days. Culture medium was not supplemented with FBS due to the high
capacity of L-PRP to provide nutrients for cell survival (Murphy et al., 2012). The experiment

was performed in triplicate (n =3) for each group.

3.3.2.11. Assessment of h-AdMSCs viability

Cells viability was determined by a live/dead assay for two weeks using a Live/Dead
Cell Imaging Kit (Thermo Fisher Scientific, Waltham, MA, USA). At predetermined days, the
medium was removed from the wells, and IPNs were washed with PBS. Then, 200 uL of the
live/dead reagent was added to the wells, and samples incubated for 30 min. After this period,
samples were taken to a confocal microscope (Leica Microscope TCS SP5 II, Wetzlar,
Germany) for imaging. The numbers of living and dead cells were calculated by counting cells

from at least three different images using the ImagelJ software.

3.3.2.12. h-AdMSCs proliferation rate

Cells growth was assessed by dimethyl-thia-zol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) (Sigma-Aldrich, St Louis, USA) assay, which at predetermined days, samples were
incubated with MTT for 4 hours at 37 °C. Then, formazan formed by MTT reduction was
dissolved in dimethyl sulfoxide (DMSO), and absorbance measured at 595 nm. Results were
expressed as number of cells, estimated by a previously prepared calibration curve (R? =

0.9816). The experiment was conducted in triplicate (n = 3) for each group.
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3.3.2.13. Statistical analysis

The results are presented as the mean * standard deviation (SD). When relevant, one-
way analysis of variance (ANOVA) with Tukey's test was used for statistical analysis. A 95%

confidence level was considered significant (p < 0.05).

3.3.3. Results

3.3.3.1. Blood and L-PRP composition

Concentration of blood components in both whole blood and L-PRP is shown in Table
3.3.1. Platelet and leukocyte concentrations in L-PRP were 294 + 1 x 10°/mm? and 1.20 + 0.00
x 10%/mm?, respectively, with a platelet/leukocyte ratio of 245 + 0.8. The centrifugation
conditions allowed the recovery of a higher concentration of lymphocytes compared to
granulocytes, with a lymphocyte/granulocyte ratio of 2.60 £ 0.58. Monocytes corresponded to
only 2.3% of total leukocytes present in the whole blood and were not identified in the prepared

L-PRP.

Table 3.3.1. Concentrations of blood components in the whole blood and L-PRP.

Whole blood L-PRP*
Platelets x 10°/mm? 181 +5 294 + 1

Total leukocytes x 10°/mm? 4.30+0.10 1.20 £ 0.00
Lymphocytes x 103%/mm? 1.47 +0.06 0.87 +0.06
Monocytes x 10*/mm? 0.10+0.00 0.00 = 0.00
Granulocytes x 10°/mm’ 2.73 +0.06 0.33 +0.06
Erythrocytes x 10%mm? 3.37+0.04 0.20 £ 0.00

Platelets/leukocytes 42+ 1.1 245 +0.8
Lymphocytes/granulocytes 0.54 +0.02 2.60 +0.58

* All concentrations in L-PRP were significantly higher in comparison to the whole

blood (p < 0.05).
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3.3.3.2. Effects of LMM and HMM HA on fibrin polymerization

Initially, the addition of the HAs to L-PRP resulted in phase separation, which was more
pronounced for L-PRP-HMM HA (Figure S1). Therefore, preparation under controlled
conditions (8 rpm, 30 min and 25 °C) was crucial to assure homogeneous mixture and uniform
formation of the hydrogel structures. After fibrin polymerization, highly hydrated hydrogels
were obtained (Figure 3.3.1A), in which a reddish color was observed due to the presence of
erythrocytes residues. Fibrin (Figure 3.3.1A (i)) and fibrin-LMM HA (Figure 3.3.1A (ii))
presented a similar aspect of size and shape, while the fibrin-HMM HA hydrogel was more
viscous and elongated (Fig. 3.3.1A (iii)).

From the microstructural perspective, the effects of both HA were initially observed by
the time-dependence of the polymerization reaction (Figure 3.3.1B). Polymerization of fibrin
started very quickly, with the gel point at 3.7 £ 0.9 min. In the presence of both HAs, we
observed a significant increase in optical density values, as well as an increase in the
polymerization time, with values of 6.3 + 0.8 min for fibrin-LMM HA and 10.5 £ 1.2 min for
fibrin-HMM HA (Figure 3.3.1C).

The concentration of fibrinogen in L-PRP was determined as 4.7 + 0.4 mg/mL. After
hydrogels formation, fibrin was depolymerized with NaOH, and fibrinogen concentration was
measured as 4.6 £ 0.5, 3.2 + 0.1 and 3.5 £ 0.2 mg/mL for fibrin, fibrin-LMM HA and fibrin-
HMM HA, respectively, indicating that presence of both HA prevented total fibrinogen from
polymerizing (Figure 3.3.1D).

We also evaluated the capacity of fibrin networks to entrap platelets and leukocytes
initially present in the L-PRP. Results showed that around 90% of the total platelets were
entrapped within the three hydrogels. On the other hand, both fibrin-HA showed significantly
higher capacity to entrap leukocytes (~94%) in comparison to fibrin (87.5 + 0.5%) (Figure
3.3.1E).
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Figure 3.3.1. Fibrin and fibrin-HAs formation. (A) Images from before and after
polymerization showing (i) L-PRP and fibrin, (i1) L-PRP-LMM HA and fibrin-LMM HA and
(i11)) L-PRP-HMM HA and fibrin-HMM HA. Scale bar = 0.5 cm (B) Polymerization kinetics
monitored by optical density. (C) Gelation points obtained from the changes in the slope of
kinetic curves. (D) The concentration of fibrinogen that polymerized forming fibrin fibers. (E)

Percentage of total platelets and leukocytes entrapped within the networks. *p < 0.05.

3.3.3.3. Fibrin fibers characterization

SEM images show the fibrin networks structure and morphology, which presented an
interconnected nanofibers organization, with density and porosity varying with the HA MM
(Figure 3.3.2A). Fibers from fibrin hydrogel were thin and elongated, forming a more porous
network (Figure 3.3.2A (i)), while fibrin-LMM HA fibers were thicker and arranged in peak
and valley domains (Figure 3.3.2A (ii)). In both networks, it is possible to observe blood
components adherent to the fibers. Greater structural changes were observed in fibrin-HMM
HA fibers, in which thicker fibers formed a denser, more compact and less porous network with

increased roughness (Figure 3.3.2A (iii)). Fibers diameter measured from the SEM images
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showed mean values of 132 + 35, 202 + 40 and 205 * 45 nm for fibrin, fibrin-LMM HA and
fibrin-HMM HA, respectively (Figure 3.3.2B).

Turbidity is a useful parameter to calculate changes in fibrin fibers thickness (Carr et
al., 1977). Here, we used the modified Carr’s equation to estimate the diameter and mass/length
ratio of the fibers from fibrin and fibrin-HAs (Yeromonahos et al., 2010). Results of diameter
were consistent with those obtained from SEM images, being in the same order of magnitude,
and presenting thicker fibers in fibrin-HA hydrogels than in fibrin. However, a smaller
difference between the diameters of fibers from fibrin and fibrin-HAs was observed, as
compared to those values obtained from SEM images (Figure 3.3.2C). Results from Carr’s
Equation also showed that fibers in fibrin-HAs were shorter, indicating that both HA prevented

fiber elongation, thus favoring a lateral reaction (Figure 3.3.2D).
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Figure 3.3.2. Fibrin fibers and networks morphology characterization. (A) SEM images of (i)
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3.3.3.4. Physical and structural characterization of hydrogels

The swelling capacity and stability of fibrin and fibrin-HA hydrogels were assessed by
studying their swelling ratio and hydrolytic degradation. A rapid swell was observed for the
three hydrogels, which tended to stabilize in the second hour for fibrin, whereas both fibrin-
HAs continued to swell up to 4 hours, reaching the equilibrium. Significantly higher swelling
ratio was observed for the fibrin-HA hydrogels in comparison to fibrin, with HMM HA
influencing to higher water uptake (Figure 3.3.3A).

Hydrolytic degradation showed a gradual mass loss with time, which tended to stabilize
on day 10. No significant difference was observed between fibrin and fibrin-HAs, with the mass
loss being less than 20% in 2 weeks, confirming the hydrogel’s stability (Figure 3.3.3B).

The formation of semi-IPNs was investigated by performing FTIR analysis in dried
hydrogels after 2 weeks of incubation (Figure 3.3.3C). The characteristic HA bands are
highlighted in the spectra of LMM HA and HMM HA used as controls, and of both semi-IPNs
(Gilli et al., 1994). The broad peak at 3300 cm™! is characteristic of aqueous O-H stretching
bands and is overlapped with the peak of N-H groups at 3100 cm™!. The peaks with low intensity
at 2900 cm™! correspond to the C-H symmetrical and C-H> asymmetrical stretching. The C=0
amide stretching band at 1650 cm is overlapped with the carboxyl C-O asymmetrical
stretching at 1615 cm™. The stretching band of symmetrical carboxyl C-O is shown at 1410 cm™
!, and the peak at 1045 cm™ is attributed to the C-OH stretching. It is possible to observe a peak
around 1550 cm™! in the semi-IPNs spectra as well as one shoulder around 1270 cm’!, more
evidenced in fibrin-HMM HA, which are not present in the LMM HA and HMM HA controls,
corresponding to the N-H stretching of amide II and III of fibrin, respectively. The N-H peak
of amide I is overlapped with that of HA at 1650 cm™! (Benedetti et al., 1998).
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Figure 3.3.3. Physical characterization of fibrin and fibrin-HA hydrogels. (A) Swelling pattern
and (B) hydrolytic degradation. (C) FTIR spectra of controls LMM HA, HMM HA, and semi-
IPNs fibrin-LMM HA and fibrin-HMM HA dried after 2 weeks of incubation, showing the
characteristic bands of HA (highlighted) and bands resulted from fibrin-HA interactions. The

spectra were vertically shifted to avoid overlapping.

3.3.3.5. Rheological behavior of fibrin and semi-IPNs

We evaluated rheology of pre-hydrogels (initial mixing of L-PRP, L-PRP-LMM, and
L-PRP-HMM HA) by a steady-state shear characterization. Curves of shear stress (Figure
3.3.4A) and viscosity (Figure 3.3.4B) in function of shear rate showed no changes between L-
PRP-LMM HA and L-PRP, whereas L-PRP-HMM HA significantly increased shear stress and
viscosity values, besides an increased shear-thinning behavior. Curves parameters were
adjusted to the power law model and showed a significant increase in the consistency index ()
value for L-PRP-HMM HA compared to L-PRP-LMM HA and L-PRP. The power law index
(n) values were < 1, characterizing the non-Newtonian behavior of the pre-hydrogels (Table
3.3.4).

The elastic behavior of samples before and after fibrin polymerization was characterized

as the storage (G’) and loss (G”) moduli, determined as a function of angular frequency. For
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the pre-hydrogels, a weak elastic behavior was observed, with L-PRP-HMM HA showing an
increased fluid character (Figure 3.3.4C). After polymerization, curves confirm the elastic
behavior of the hydrogels, with G’ decreasing as MM HA increased, dropping from ~100 Pa
for fibrin, to ~40 and ~10 Pa for fibrin-LMM HA and fibrin-HMM HA, respectively (Figure
3.3.4D).
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Figure 3.3.4. Steady-state shear characterization of L-PRP and L-PRP-HA pre-hydrogels as
the (A) shear stress and (B) viscosity showing that HMM HA significantly affected rheological
behavior of L-PRP. Variation of G’ and G with angular frequency of (C) pre-hydrogels (i) L-
PRP, (i1) L-PRP-LMM HA and (iii) L-PRP-HMM HA and (D) hydrogels (i) fibrin, (i1) fibrin-
LMM HA and (iii) fibrin-HMM HA.
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Table 3.3.2. Parameters obtained from the power law model for L-PRP and L-PRP-HA

mixtures.
m (Pa.s") n
L-PRP 0.003 0.897
L-PRP-LMM HA 0.002 0.892
L-PRP-HMM HA 0.050 0.698

From our results, we can assume that new structures were formed, possessing different
viscoelasticity and network packing, due to interactions between crosslinked fibrin fibers and

HA random coils, characterized as the semi-IPNs (Figure 3.3.5C).
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Fig. 3.3.5. Schematic representation of the pre-hydrogels and hydrogels microenvironment,

showing the structural differences of fibrin and semi-IPNs networks.

3.3.3.6. h-AdMSCs viability in fibrin and semi-IPNs

As 3D cell culture and tissue formation are directly affected by a hydrogel structure and
property (Drury and Mooney, 2003), we investigated the h-AdMSCs viability when seeded in
fibrin and fibrin-HA semi-IPNs. Confocal microscopy images show cells on the 7" day of
culture, which presented a more spread phenotype in the semi-IPNs compared to fibrin, where

most cells had a round shape (Figure 3.3.6A). In addition, h-AdMSCs viability was significantly
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higher in the semi-IPNs from day 7 and up to two weeks of culture (Figure 3.3.6B). Proliferation
rate was higher for h-AdMSCs cultured in fibrin-HMM HA, as compared to cells in the other

two hydrogels, with maximum proliferation being on day 10 (Figure 3.3.6C).
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Figure 3.3.6. Assessment of h-AdMSCs behavior in fibrin and semi-IPNs. (A) Schematic
illustration of h-AdMSC:s in the three microenvironments. (B) Live/dead images taken on day
7 of cells in (i) fibrin, (i1) fibrin-LMM HA and (iii) fibrin-HMM HA. (B) Viability and (C)
Proliferation rate of h-AdMSCs cultured in fibrin and semi-IPNs for 2 weeks.
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3.3.4. Discussion

L-PRP is a concentrate of platelets and leukocytes that has been clinically applied in the
treatment of injured bone and cartilage (Filardo et al. 2012; McCarrel et al. 2012; Riboh et al.
2015). The balance between anabolic and catabolic soluble factors provided by an optimal range
of concentration of platelets and leukocytes was reported to be beneficial for the proper function
of L-PRP and regeneration mechanisms (Parrish et al., 2016; Sundman et al., 2011). Thus, in a
previous centrifugation study, we modulated the concentrations of blood components in L-PRP
with the centrifugal acceleration, aiming to standardize the protocols.

Here, we used a mild centrifugation condition that allowed us to obtain the
platelet/leukocyte and lymphocyte/granulocyte ratios within the first centrifugation range, as
previously established (de Melo et al., 2018). Although granulocytic leukocytes have an
essential role in the organism’s defense, they also express many inflammatory cytokines and
metalloproteins, in addition to producing reactive oxygen species, which in excess could be
deleterious for h-AdMSC (Faurschou and Borregaard, 2003; Spooner and Yilmaz, 2011). As
monocyte concentration in the whole blood corresponded to a minimum percentage of total
leukocytes (2.3%), it was not possible to concentrate this component in our preparation. In
further studies, we should focus on the strategies to increase monocyte concentration in L-PRP
due to their importance in homeostasis, angiogenesis, and removal of necrotic cells, in addition
to being macrophage precursors, that directly act in regeneration (Das et al., 2015).

By thrombin/calcium activation, L-PRP previously mixed to non-crosslinked HA
formed semi-IPN hydrogel through physical crosslinking between fibrin and globular HA, with
network architecture and properties that differed according to the HA MM. As known, HA
alters the rate of fibrin formation due to the specific binding between HA and fibrinogen, which
may affect the fibrinopeptide release and polymerization time (Leboeuf et al., 1987). We
observed a significant delay in fibrin polymerization with the presence of both HA types, in
addition to preventing some fibrinogen monomers from participating in the reaction. Due to the
increased chain size of HMM HA, it forms larger coils that contributed to the slower
protofibrillation process in comparison to LMM HA. The lower gelation point of fibrin-HA is
interesting for clinical use, due to the longer time available for gel formation prior to
application, which would avoid polymerization during the preparation. The presence of HA was
also able to entrap more leukocytes within the fibrin-HA structures, which could affect

biological responses (Sundman et al., 2011).
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The variation of optical density with time was measured during fibrin-HA gelation, in
which slight declines and curves oscillation were observed, indicating a possible reorganization
of the fibers with HA diffusion through the network (Komorowicz et al., 2016). The increase
in turbidity of semi-IPNs was directly associated with the increase in the fibrin fiber diameter
and mass/length ratio (Carr and Hermans, 1978). In addition to steric exclusion, HA also
stimulates lateral fibrillation due to specific binding between HA and fibrinogen, hindering
vertical alignment and inhibiting fiber elongation (Komorowicz et al., 2016; Leboeuf et al.,
1987). Carr & Gabriel (1980) have used the Carr’s Equation to evaluate changes in fibrin fibers
induced by dextran and observed that the polysaccharide led to side-to-side fibers aggregation,
which similarly to our findings, resulted in thicker fibers. Although the difference between
fibers thickness from fibrin and semi-IPNs was less sensitive by Carr’s Equation than SEM
images, the method showed to be suitable for estimating changes in fibers diameter and length.

The ability of hydrogels to swell under biological conditions makes then suitable for
regenerative medicine applications, due to the facilitated diffusion of nutrients and soluble
factors (Bajpai and Shrivastava, 2002). The greater swelling ability of HA could be attributed
to the hydrophilic domains present in its structure, and to the acidic side groups positioned on
both sides of chains that allow high access of water (Shah and Barnett, 1992). Thus,
significantly higher swelling ratio was observed for fibrin-HAs in comparison to fibrin, with
fibrin-HMM HA showing greater values due to the increased number of hydrophilic domains
in the larger molecule.

We observed that hydrolytic degradation was less than 20% after two weeks of
incubation, indicating moderate structural stability for supporting h-AdMSC for a long time. A
previous study reported the fabrication of semi-IPN composed by crosslinked PEG and non-
crosslinked HA, showing the high capacity of the HA to remain within the structure after a
long time, with minimum diffusion to the supernatant. Authors also verified that HA loss
increased by increasing its concentration (Dong et al., 2012). Here, FTIR analysis performed
after two weeks of hydrogels incubation attested HA retention within the networks. In addition,
it confirmed the formation of the semi-IPNs, with different structures formed by physical
crosslinking between fibrin and HA coils. The increased intensity of fibrin-LMM HA peaks
was probably due to the lower binding degree between fibrin-LMM HA and the smaller HA
chains, which enables a faster changing in conformation and orientation of coils in comparison

to the larger HA (Gilli et al., 1994).
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The interactions between different polymer chains can affect rheological properties of
the mixtures before and after semi-IPN formation, due to their sensitivity to changes in
structure, molecular conformation, and viscosity (Rinaudo, 2008). The rheological results
showed that L-PRP mixed with HMM HA presented an increased shear-thinning behavior. G’
and G” of pre-hydrogels were only slightly dependent on angular frequency, and showed a
weak elastic behavior, indicating structuration of the solid components such as platelets and
leukocytes in L-PRP. Due to the increased viscosity of HMM HA, a more pronounced fluid-
phase character was observed for L-PRP-HMM HA, with G” overlapping G’. These
characteristics along with longer polymerization time make L-PRP-HMM HA a more suitable
combination for clinical applications. Due to the greater shear-thinning behavior, in which it
acts as a fluid under high shear stress and as a gel under low shear stress, its injection and
polymerization in situ would be facilitated (Gaffey et al., 2015).

Hydrogels stiffening was affected by the presence of both HA, in which G’ decreased
about 0.5 order of magnitude as HA MM increased, indicating that semi-IPNs form less rigid
hydrogels in comparison to fibrin. Similar behavior was observed previously, in which the G’
of fibrin from PRP decreased from ~100 to 10 Pa in the presence of a HMM HA (Vadalj et al.,
2017). Here, we obtained similar values for a much less concentrate HA of similar MM. As
known, higher concentrations of HA contribute to the rigidity of semi-IPNs (Russo et al., 2016),
therefore, the presence of platelets and leukocytes in the networks prepared here may have
directly influenced the semi-IPNs reinforcement (Lam et al., 2011). Results obtained here
showed the structural and rheological changes that different HA types provided to fibrin
network packing, which could directly influence cell responses.

We assessed the viability of h-AdMSCs cultured in fibrin and semi-IPNs for 2 weeks.
Live/dead images showed that h-AdMSCs cultured in the semi-IPNs had significantly higher
viability compared to cells in fibrin, in addition to better cells attachment. The morphology of
h-AdMSCs was elongated and seemed to spread out along the network, while in fibrin, round-
shape cells were predominant. The same behavior was observed previously for MG63 cells,
which showed a round morphology when cultured in commercial fibrin, and a more spread
morphology when cultured in a full IPN composed of commercial fibrin-HA (Zhang et al.,
2016). This was probably due to the formation of less porous networks in fibrin-HA,
contributing to cells elongation. From ~1 kDa of MM, HA binds its specific cell membrane
receptor CD44 (Cyphert et al., 2015). The binding capacity increase as HA MM increases, due

to the larger chains and more sites available for binding, which contributes to a higher cell-cell
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and cell-matrix interactions. Therefore, this may have favored the increased h-AdMSCs
proliferation in fibrin-HMM HA in comparison to fibrin and fibrin-LMM HA.

Autologous and cell-friendly semi-IPNs were prepared here, showing that fibrin packing
and hydrogel properties were tunable with HA MM. Further studies should focus on the
chondrogenesis and osteogenesis capacity of h-AdMSC:s in the fibrin-HA semi-IPNs.

3.3.5. Conclusions

In this work, we prepared fibrin-HA semi-IPN hydrogels by mixing L-PRP and non-
crosslinked HA under controlled conditions, which showed to be a reproducible method to
prepare standardized structures. Polymerization of fibrin in the presence of HA was slower,
with time being adjusted by HA MM. In addition, rheological studies showed that L-PRP-HMM
HA pre-hydrogel possessed increased shear-thinning behavior, being favorable for injectability.
Fibers architecture and hydrogels properties were also affected by HA, and presented thicker
and shorter fibers, in addition to increasing the network water uptake capacity by increasing
HA MM. Semi-IPNs were stable with time, with HA coils remaining within the network
through physical crosslinking after a long time of incubation. The lacking of covalent bonds
contributed to the formation of less rigid and cell-friendly hydrogels, which were favorable for
h-AdMSC:s viability. This study presented the fabrication of reproducible fibrin-HA semi-IPNs,
with tunable properties according to the HA MM, that represent a standardized preparation for

clinical applications in regenerative medicine.
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Figure S1. Schematic of L-PRP preparation by centrifuging the whole blood at 100 xg for 10

min, and collecting the supernatant and the buffy coat. The addition of LMM and HMM HA in

L-PRP results in phase separation, which is more pronounced for L-PRP-HMM HA.
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3.4. Investigating the role of fibrin from L-PRP-hyaluronic acid semi-IPNs in the
release of soluble factors and in the chondrogenesis/osteogenesis of mesenchymal

stem cells
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ABSTRACT
Leukocyte and platelet-rich plasma (L-PRP) associated with hyaluronic acid (HA) has been
clinically used in the treatment of osteoarthritis, resulting in reduction of inflammation, pain
relief, and tissue regeneration. From the L-PRP-HA mixture, a wide variety of structures can
be formed, and their effects on the release of growth factors (GFs) and cytokines release, which
directly affects cell behavior, have not been studied. In this work, we produced semi-
interpenetrating polymer networks (semi-IPNs) composed by fibrin from L-PRP and HA of low
(~15 kDa) and high (> 2000 kDa) molar mass (LMM and HMM, respectively) by used a
standardized protocol. The influence of semi-IPNs on the release of soluble factors by platelets,
leukocytes and h-AdMSCs was evaluated, as well as the chondrogenesis and osteogenesis of
cells seeded in the hydrogels. We verified that the platelet/leukocyte ratio in L-PRP, and the
presence of HA in semi-IPNs resulted in an anabolic/catabolic balance provided by released
PDGF-BB and TNF-a, stimulating the secretion of TGF-f1, VEGF, IL-10, IL-1, IL-6 and IL-
8, which drove cells behavior. Despite being an inflammatory microenvironment, fibrin-HMM
HA was favorable for h-AdMSCs to grow and differentiate under stimulation. Collagen I, II
and mineralized matrix deposition were observed after 4 weeks, indicating the chondrogenesis
and osteogenesis capacity of h-AdMSCs. Gene expression analysis was performed after 3
weeks, and results showed the favorable effect of fibrin-HMM HA in earlier differentiation
capacity, with higher expression of specific markers in comparison to fibrin and fibrin-LMM

HA. This study reported unprecedent mechanisms insights on the role of fibrin-HA semi-IPNs
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in the GFs and cytokines release from L-PRP and h-AdMSCs, as well as provided a
standardized protocol for semi-IPNs preparation, being useful in clinical applications of L-PRP-

HA.

Keywords: Leukocytes; platelets; fibrin; hyaluronic acid; growth factor; cytokine.
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3.4.1. Introduction

Articular cartilage is a tissue with a limited capacity of self-repair, leading to joint
diseases that affect millions of people around the world (Klein et al., 2009). Osteoarthritis is
one of the most common cartilage diseases and contributes to the degeneration of hyaline
cartilage and subchondral bone (Krishnan and Grodzinsky, 2018). The application of leukocyte
and platelet-rich plasma (L-PRP) in patients with osteoarthritis has become a non-invasive
alternative, as compared to surgery, to repair the damaged tissues, leading to the reduction of
inflammation, pain, and cartilage and subchondral bone regeneration (Filardo et al. 2012;
McCarrel et al. 2012; Riboh et al. 2015). Among the PRP formulations, L-PRP presents the
most biologically rich composition, with a concentrate of platelets, leukocytes, proteins and
other components that act as a reservoir of growth factors (GFs) and cytokines, each presenting
different functions in the tissue regeneration process (Everts et al. 2006). These biomolecules
are entrapped and gradually released from the fibrin fibers network formed after L-PRP
activation by thrombin/calcium, which converts fibrinogen monomers into fibrin after a series
of reactions (Scheraga, 2004).

PDGFs and TGF-p are the most produced factors by activated platelets, and their
isoforms PDGF-BB and TGF-B1 are crucial molecules in the anabolic pathways of
osteoarthritis, by stimulating cells proliferation, differentiation, and formation of cartilage and
bone extracellular matrix (ECM) (Hutton et al., 2013; Roman-Blas et al., 2007). VEGF is less
present in the platelets alpha granules and known for promoting angiogenesis of growing
cartilage (Nagao et al., 2017). On the other hand, it is also related to inducing inflammatory
changes that might be detrimental to the joints (Tanaka et al., 2005). Among the interleukins,
IL-10 is an anti-inflammatory cytokine related to the immunoregulatory effects of MSCs (Putra
et al., 2018). IL-6 and IL-8 are produced in osteoarthritic environments, and although known
as a pro-inflammatory cytokine, IL-6 can act as an anabolic factor, being known to promote
bone formation through different signaling pathways (Smith, 2018). In turn, IL-8 enhances the
angiogenic potential of MSCs by increasing VEGF secretion. IL-1 and tumor necrosis factor
(TNF-a) are also two inflammatory cytokines that stimulate secretion of many factors, such as
IL-8 and VEGF by leukocytes, and in vivo, act independently or in synergy to induce articular
cartilage degradation (Anitua et al., 2007; Zwerina et al., 2007).

These signaling molecules are responsible for the inductive capacity of L-PRP, which

combined with hyaluronic acid (HA) in osteoarthritis treatments has shown synergist effects
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that led to the reduction of inflammation, pain, and bone and cartilage regeneration (Lana et al.,
2016; Marmotti et al., 2012). HA is a glycosaminoglycan (GAG) that exists in a wide range of
molar mass (MM), from < 10 to > 1000 kDa, presenting different physical, mechanical and
biological properties according to its MM (Gura et al., 1998; Wu et al., 2018). It is naturally
present in the synovial fluid and extracellular matrix (ECM) of articular cartilage in the high
MM (HMM) form, contributing to the viscoelasticity, lubrication of joints, and matrix
organization (Balazs, 1968). Low MM (LMM) HA is formed from the degradation of the larger
macromolecule and contributes to the stimulation of inflammation and the angiogenesis process
(Noble 2002; West et al. 1985). Therefore, exogenous LMM and HMM HA have been used in
different combinations with PRP in order to stimulate and improve the healing of damaged
cartilage and bone (Kili¢ & Giingdrmiis 2016; Lana et al. 2016; Yu et al. 2018).

From this association, a 3D matrix composed of entangled HA coils and fibrin fibers
network is formed, being characterized as a semi-interpenetrating polymer network (semi-IPN),
due to the mixture of free (non-crosslinked) HA and the crosslinked fibrin (Dong et al., 2012;
Vadala et al., 2017). Their conductive capacity associated with the soluble factors induction,
stimulates the genic capacity of autologous cells, completing the proliferation triangle (Barnett
Jr and Pomeroy, 2007).

As a natural component of the ECM, HA can regulate the activity of soluble factors, by
facilitating their immobilization and release, which modulates the responses of cells (Misra et
al., 2015). In addition, the non-crosslinked form of HA avoids the introduction of chemical
products into the organism. Previous works have shown the production of fibrin from PRP (poor
leukocyte) and HA semi-IPNs, demonstrating their suitability to support cells proliferation and
differentiation (Russo et al., 2016; Vadala et al., 2017). However, a diversity of structures can
be formed between fibrin and HA, which could make it difficult to compare results in vitro and
in vivo. Furthermore, leukocytes are important players in the inflammatory phase of the
regenerative process (Everts et al., 2007), and little is known about the effects of L-PRP-HA
association and pathways that lead to their synergistic effects on chondrogenesis and
osteogenesis.

In this work, we prepared fibrin-HA semi-IPNs by mixing L-PRP and HA (of LMM and
HMM) under controlled conditions of homogenization before activation, aiming to evaluate the
release kinetics of GFs (PDGF-BB, TGF-1 and VEGF) and cytokines (IL-10, IL-1p, IL-6, IL-
8 and TNF-a), in addition to evaluate the response of cell differentiation to the different fibrin-

HA microenvironments. For this, human adipose-derived mesenchymal stem cells (h-AdMSCs)
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was used, due to their high availability, easy isolation, and great chondrogenesis and
osteogenesis ability (Arafia et al., 2013).

Results obtained here showed that the semi-IPNs regulated chondrogenic and
osteogenic differentiation of h-AdMSCs, being directly influenced by the anabolic/catabolic
balance provided by the GFs and cytokines released from fibrin-HA. The superior performance
of the fibrin-HA semi-IPNs compared to fibrin represents a promising alternative for the
standardization of L-PRP-HA preparations for clinical uses. Furthermore, it elucidates the

synergistic effects of the L-PRP-HA association that lead to cartilage and bone regeneration.

3.4.2. Material and Methods

3.4.2.1. Blood collection and L-PRP preparation

This study and the use of human blood was approved by the Ethics Committee of the
School of Medical Sciences of Unicamp (Campinas; CAAE: 0972.0.146.000-11). L-PRP was
prepared according to our previous protocol (de Melo et al., 2018), by collecting the whole
blood from a healthy donor in a tube containing the anticoagulant acid citrate dextrose solution
A (ACD-A) (BD Vacutainer®, USA). Then, 3.5 mL of the anticoagulated blood was
centrifuged at 100 xg for 10 min at 25 °C in a ROTINA 380R centrifuge (Hettich Zentrifugen,
Tuttlingen, Germany). Tubes were positioned at 45° relative to the rotor. After centrifugation,
the top and middle layers were collected and transferred to an empty tube homogenization and
quantification of platelets and leukocytes using an ABX Micros ES 60 hematologic analyzer
(Horiba ABX Diagnostics, Montpellier, France). Three measurements of each sample were

made by the equipment.

3.4.2.2. Fibrin formation and semi-IPNs preparation

L-PRP was mixed to LMM HA (~15 kDa according to the fabricant, Lifecore
Biomedical, Chaska, MN, USA) and HMM HA (> 2000 kDa according to the fabricant,
Euflexxa® Ferring Pharmaceuticals, Saint-Prex, Switzerland) in a 1:1 ratio (v/v), obtaining a
final concentration of 1 mg/mL HA. The mixtures L-PRP-LMM HA and L-PRP-HMM HA
were left in a homogenizer AP22 (Phoenix Luferco, Araraquara, Brazil) for 30 min at 8 rpm

and 25 °C. Autologous serum containing thrombin was prepared by collecting the whole blood
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in a Vacuette® tube with serum clot activator (Greiner Bio-One Kremsmiinster, Austria), and
centrifuging it for 15 min at 2,000 xg and 25 °C. After centrifugation, serum was collected and
mixed to 10% (w/v) calcium chloride (Sigma-Aldrich, St. Louis, MO, USA) in a volumetric
ratio of 9:1 of serum to CaCl,. Fibrin network and semi-IPNs were formed by adding the serum-
Ca?* mixture to the homogeneous L-PRP, L-PRP-LMM HA and L-PRP-HMM HA in a

concentration of 20% (v/v).

3.4.2.3. h-AdMSCs isolation and culture

The h-AdMSCs were obtained from human subcutaneous adipose tissue, acquired from
abdominal liposuction surgery. Adipose tissue was digested by collagenase Al (Gibco Life
Technologies, Carlsbad, USA), and cells isolated and cultured as previously reported.(Manzini
et al., 2015) Briefly, cells were plated at a density of 1 x 10° per 25-cm? flask in Dulbecco’s
modified Eagle’s medium (DMEM) low-glucose medium supplemented with fetal bovine
serum (FBS) (Gibco Life Technologies, Carlsbad, USA), and incubated at 37 °C in a humidified

atmosphere containing 5% COx.

3.4.2.4. h-AdMSCs culture in fibrin and semi-IPNs

For proliferation assay, h-AdMSCs were trypsinized and resuspended in L-PRP and L-
PRP-HA mixtures in order to obtain a final concentration of 1 x 10* cells per hydrogel. After
homogenization, 160 uL of L-PRP and L-PRP-HA containing h-AdMSCs were added to a 48-
well plate and activated with 40 puL of serum-Ca?*. Once the gels were formed, 750 uL of
DMEM was added to the wells, and samples were cultured for two weeks at 37 °C in a
humidified incubator with 5% CO», with the medium being changed every three days. Culture
medium was not supplemented with FBS due to the high capacity of L-PRP to provide nutrients
for cells survival and growth (Murphy et al., 2012). Induction to chondrogenesis and
osteogenesis was made by culturing 3 x 10° cells per hydrogel for 3 or 4 weeks in 750 uL of
StemPro™ osteogenesis and chondrogenesis differentiation kit (Thermo Fisher Scientific,
Waltham, USA). Cells cultured in regular DMEM was used as the control for differentiation
assay. Media were changed every three days. The experiment was performed in triplicate (n =

3) for each condition.
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3.4.2.5. Quantification of GF's and cytokines kinetics release

Fibrin and semi-IPNs were incubated with and without 1 x 10* h-AdMSCs, and GFs and
cytokines kinetics release was quantified by collecting all the medium (DMEM) at 3, 8, 24 and
72 hours, and storage at -80 °C, with the new medium being added to the wells. The cumulative
concentration of GFs (TGF-B1, PDGF-AB, and VEGF) and cytokines (IL-1B, IL-6, IL-8 and
TNF-a,) was quantified using a Bio-plex Pro Kit in an equipment Bio-plex 200 (Bio-Rad,

Hercules, USA). The experiment was performed in triplicate (n = 3) for each condition.

3.4.2.6. Assessment of h-AdMSCs proliferation in fibrin and semi-IPNs

The activity of h-AdMSCs was evaluated by quantifying the reduction of 3-[4,5-
dimethyl-thia-zol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St Louis,
USA). On days 3, 7, 10 and 14, the medium was aspirated, and 500 pL of 1 mg/mL MTT was
added to the wells. Samples were incubated with MTT solution for 4 hours at 37 °C, according
to previous protocol (Mosmann, 1983). Then, MTT was replaced by 1 mL of dimethyl sulfoxide
(DMSO) for dilution of formazan crystals. The microplate was incubated in a shaker for 30
minutes, and the absorbance of diluted formazan measured at 595 nm, in a FilterMax F5 Multi-
Mode Microplate reader (Molecular Devices, Sunnyvale, USA). Analyses were performed in
triplicate for each group, and results were expressed as the number of cells, estimated by a
calibration curve previously prepared (R? = 0.9816). The experiment was performed in

triplicate (n = 3) for each condition.

3.4.2.7. Scanning electron microscopy (SEM) analysis

Samples were fixed for 2 h in a 4% paraformaldehyde and 2.5 % glutaraldehyde
solution, prepared in phosphate buffer (PBS), pH 7.4. Then, they were dehydrated in ethanol
for 15 min intervals using different ethanol dilutions in deionized water (50, 70, 95 and 100%),
and dried at the critical point. After gold coating in a Sputter Coater POLARON, SC7620 (VG
Microtech, Uckfield, England), SEM images were taken using a LEO Electron
Microscopy/Oxford (Cambridge, England). Elemental composition of the mineralized matrix

formed in the hydrogels was characterized by mapping samples surface using a scanning
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electron microscope-energy-dispersive X-ray spectrometry (SEM-EDS) (LEO Electron
Microscopy/Oxford, Cambridge, England).

3.4.2.8. Immunocytochemistry (ICC)

The h-AdMSCs cultured for 4 weeks in fibrin and semi-IPNs were gently washed with
PBS (pH 7.4) and fixed in a 4% paraformaldehyde solution for 2 hours at room temperature. h-
AdMSCs were permeabilized with 0.2% Triton-100 (Sigma-Aldrich, St Louis, USA) for 30
min, and non-specific binding was inhibited using a blocking solution of 5% BSA (Sigma-
Aldrich, St Louis, USA) for 1 hour at room temperature. Subsequently, samples were incubated
at 4 °C overnight with the primary polyclonal antibodies produced in mouse collagen I (1:2000)
and collagen II (1:200) (Invitrogen, Carlsbad, USA), followed by 2 hours of incubation at room
temperature with goat anti-mouse IgG secondary antibody (Alexa Fluor 488, 1:200)
(Invitrogen, Carlsbad, USA). Nuclei were stained with DAPI (Sigma-Aldrich, St Louis, USA).
Fluorescence images were taken in a confocal microscope by Z-stacking 10 to 15 images (Leica
Microscope TCS SPS 11, Wetzlar, Germany). Total collagen area was calculated by measuring

at least three different images for each condition using the ImageJ software.

3.4.2.9. Histological preparation

Fibrin and semi-IPNs containing the h-AdMSCs cultured for 4 weeks were gently
washed with PBS (pH 7.4) and fixed in a 4% paraformaldehyde solution for 2 hours at 4 °C.
Afterward, the samples were rinsed twice with PBS, dehydrated 7 sequential times in ethanol
70% for 30 min each cycle, and diaphonized 3 times in xylol for 30 min each cycle. Hydrogels
were sliced (sections of 5 um) in paraffin blocks and kept in an oven at 60 °C for 24 hours. The
slices were deparaffinized in xylol and rehydrated in graded ethanol from 100 to 75% and water.
Samples cultured under chondrogenic induction were stained with Picro-sirius red for collagen
deposition, and samples cultured under osteogenic induction were stained with Alizarin red for

calcium deposition.
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3.4.2.10. Gene expression analysis

Quantitative real-time PCR (RT-PCR) was used to analyze gene expression profiles of
h-AdMSC:s cultured in fibrin and semi-IPNs for 3 weeks. Initially, RNA from each sample was
extracted by using an RNAspin Mini Kit (GE Healthcare Life Sciences, Chicago, USA), and
cDNA was formed using a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Abingdon, RU) in a PCR thermocycler PTC-100 (MJ Research Inc, Waltham,
MA). Subsequently, RT-PCR was performed in a 7500 real-time PCR system (Applied
Biosystems, Foster City, USA) using the SYBR Green dye. The reaction volume comprising
the SYBR Green, forward and reverse primer and cDNA template was set to 12 pL. Analysis
condition was set as 55 °C for 2 min followed by 95 °C for 1 min, 45 cycles of 95 °C for 15 s
and 60 °C for 1 min. Expression of the chondrogenic specific genes Sox 9, aggrecan, collagen
I and collagen 1I, and the osteogenic specific genes, collagen I, collagen II and collagen X,
osteocalcin and osteopontin were quantified. The obtained results were analyzed through a
comparative 2"*2“T method, with the expression of genes normalized to the housekeeping gene,
Hypoxanthine-guanine phosphoribosyl transferase (HPRT) and the control (samples cultured
in regular medium). Analyses were performed in triplicate (n = 3) for each group. The primers

sequence is listed in Table S3.4.1.

3.4.2.11. Statistical analysis

Results are presented as the mean + standard deviation (SD). One-way analysis of
variance (ANOVA) with Tukey's test was used for statistical analysis, and a 95% confidence

level was considered significant (p < 0.05).
3.4.3. Results
3.4.3.1. Concentration of blood components in the L-PRP
The concentration of platelets, leukocytes, and erythrocytes in the whole blood and L-
PRP are presented in Table 3.4.1. Centrifugation of the whole blood at 100 xg for 10 min

allowed to concentrate platelets ~1.6 times, and total leukocytes ~0.25 times in L-PRP.

Lymphocytes were the leukocyte fraction with increased concentration in L-PRP, while
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monocytes were not identified due to their low initial concentration. Platelet/leukocyte and

lymphocyte/granulocyte ratios in L-PRP were 212 + 4.4 and 6.7 + 0.3, respectively.

Table 3.4.1. Concentration of blood components in the whole blood and L-PRP.

Whole blood L-PRP*

Platelets x 10°/mm’ 167 £ 11 325+6
Total leukocytes x 10°/mm? 5.13+0.15 1.53 £0.06
Lymphocytes x 103/mm? 2.03 £0.06 1.33 +£0.06
Monocytes x 10*/mm? 0.10 = 0.00 0.00 + 0.00
Granulocytes x 10°/mm’ 2.00£0.10 0.20 £ 0.00
Erythrocytes x 10°/mm? 3.27 £0.03 0.04 +0.01

Platelet/leukocyte 36.2+54 189 + 28

Lymphocyte/granulocyte 0.63 +0.07 4.7+£0.5

* All concentrations were significantly higher in comparison to the whole blood (p <

0.05).

3.4.3.2. Kinetics of GFs and cytokines release

We evaluated the gradual release of GFs (PDGF-BB, TGF-B1 and VEGF) and cytokines
(IL-10, IL-1, IL-6, IL-8 and TNF-a) from fibrin and semi-IPNs in the presence and absence of
h-AdMSCs. Results showed that semi-IPNs strongly influenced the secretion of soluble factors,
especially inflammatory cytokines by leukocytes, due to the signaling capacity of HA. As LMM
HA specifically binds to leukocytes TLR receptors, it triggered cytokines release, as well as
HMM HA, which specifically binds to CD44 receptor. However, the CD44 clustering effect

contributed to a lower secretion of cytokines (Figure 3.4.1).
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Figure 3.4.1. Schematic illustration of the fibrin and semi-IPNs microenvironments showing
the increased cytokines secretion by leukocytes in semi-IPNs, stimulated by LMM HA-TLR
binding, which contributed to an increased secretion of inflammatory cytokines by leukocytes,
and by HMM HA-CD44 receptor, which has also contributed to these soluble factors release,

but being less pronounced due to the CD44 clustering effect.

Concentration of PDGF-BB released in the presence of h-AdMSCs was lower than
without cells, which stabilized in 24 hours. In both cases, with and without h-AdMSCs, the
concentration of this GF released from fibrin was ~2-fold higher than that from semi-IPNs
(Figure 3.4.2A). The inflammatory cytokine TNF-a was strongly released from semi-IPNs
without cells, with values being 1550 + 42 and 1240 + 36 for fibrin-LMM HA and fibrin-HMM
HA, respectively, at 72 hours. On the other hand, this cytokine was poorly released from fibrin,
with concentration being < 50 pg/mL. In the presence of h-AdMSCs, the concentration of TNF-
a released from fibrin increased, while decreased for semi-IPNs. (Figure 3.4.2B).

The concentration of TGF-B1 released from the three hydrogels without cells was higher
in the first 8 hours of incubation. From this point, its concentration increased in the presence of
h-AdMSCs, reaching values significantly higher at 72 hours, being 5420 + 280, 3500 + 83 and
3165 + 80 pg/mL for fibrin, fibrin-LMM HA and fibrin-HMM HA, respectively (Figure
3.4.2C). VEGF concentration was less than 500 pg/mL for all conditions up to 24 hours of
incubation. From this point, a sharp increase was observed in the presence of h-AdMSCs, with
values reaching 3065 + 490 pg/mL for fibrin, 2144 + 240 pg/mL for fibrin-LMM HA and 1260
+ 363 pg/mL for fibrin-HMM HA (Figure 3.4.2D). Similar effects were observed for the anti-
inflammatory cytokine IL-10, which kinetics release showed a higher concentration in the
presence of h-AdMSCs from 24 hours. Overall, its final concentration was lower than 600
pg/mL (Figure 3.4.2E).

Differently from TNF-a, the release of the inflammatory cytokines IL-1p, IL-6 and IL-
8 from hydrogels containing h-AdMSCs was significantly higher than from samples without
cells. IL-1p released from fibrin-LMM HA at 72 hours was ~2- and ~4.5-fold higher than from
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fibrin and fibrin-HMM HA, respectively (Figure 3.4.2F). The concentration of IL-6 in the
presence of h-AdMSCs was about ten times greater than in hydrogels without cells, being
around 20,000 pg/mL for all three conditions at 72 hours (Figure 3.4.2G). IL-8 also showed
high released concentrations for the three hydrogels containing h-AdMSCs, reaching

approximately 40,000 pg/mL at 72 hours (Figure 3.4.2H).
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Figure 3.4.2. Kinetics of GFs and cytokines released from fibrin and semi-IPNs with and
without the presence of h-AdMSCs. (A) PDGF-BB, (B) TNF-a, (C) TGF-B1, (D) VEGF, (E)
IL-10, (F) IL-1B, (G) IL-6 and (H) IL-8.
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3.4.3.3. h-AdMSCs proliferation rate

The proliferation rate of h-AdMSCs seeded in fibrin and semi-IPNs was assessed during
two weeks by MTT reduction. Maximum proliferation was observed on days 7 and 10, with the
number of cells in fibrin-HMM HA being significantly higher than in the other two hydrogels
on the 10 day. The proliferation rate of h-AdMSCs in fibrin-LMM HA was similar to that in
fibrin (Figure 3.4.3A). After 7 days of culture, samples were fixed, and images of fibers and
cells were obtained using SEM. It is possible to observe a denser and less porous network for
semi-IPNs. Images highlight the h-AdMSCs cells and other L-PRP components within the
networks (Figure 3.4.3B).
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Figure 3.4.3. Cells behavior in fibrin and semi-IPNs. (A) Number of cells during 2 weeks of
culture. *p < 0.05. (B) SEM images showing the morphology of fibers, highlighting the h-
AdMSCs in (i) fibrin, (ii) fibrin-LMM HA and (iii) fibrin-HMM HA.

3.4.3.4. ECM deposition

Deposition of ECM by h-AdMSC:s in fibrin and semi-IPNs was evaluated after 4 weeks

of culture. Hydrogels incubated in chondrogenic medium were analyzed as collagen II

deposition by ICC, and as collagen deposition by histological analysis using Picro-sirius red
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staining. Hydrogels incubated in osteogenic medium were analyzed as collagen I deposition by
ICC, and mineralized matrix deposition was evaluated by histological analysis using Alizarin
red staining, and by SEM-EDS.

Results of chondrogenesis showed a most abundant and homogeneous distribution of
collagen II in fibrin-HMM HA (Figure 3.4.4A). Semi-quantitative results showed a
significantly higher collagen II area in fibrin-HMM HA (2.0 + 0.4 mm?) in comparison to fibrin-
LMM HA (0.9 + 0.3 mm?) and fibrin (1.0 = 0.3 mm?), while samples incubated in regular
medium showed low covered area (< 0.5 mm?) (Figure 3.4.4B and S3.4.1A). Similarly,
histological images showed an intense red staining in fibrin-HMM HA, indicating higher
collagen deposition by h-AdMSCs (Figure 3.4.4C). The mean pixel intensity of Picro-sirius red
was analyzed using the ImagelJ software, and showed a significantly higher intensity in fibrin-
HMM HA (Figure 3.4.4D). The semi-IPNs showed to be favorable to stimulate collagen
deposition compared to fibrin when cultured without stimulus, i.e., in regular medium (Figure
3.4.4D and S3.4.1B).

Fibrin-HMM HA seemed to favor the deposition of collagen I, with a strong presence
of the protein in the pericellular matrix region of cells (Figure 3.4.4E). Measured area showed
no significant difference of collagen I distribution between the three samples, with values
varying from 1 to 2 mm? (Fig. 3.4.4F). Low deposition of the protein was observed in all
samples cultured in regular medium (Figures 3.4.4F and S3.4.1C). Alizarin red staining showed
the presence of calcified material in the three hydrogels (Figure 3.4.4G), and measured area
indicated significantly higher deposition in semi-IPNs than in fibrin (Figure 3.4.4H). Fibrin-
HMM HA showed to favor the calcification under no stimulus (Figure 3.4.4H and S3.4.1D).

SEM images showed high deposition of mineralized matrix in the hydrogels cultured
with osteogenic stimulus, covering a large area of the fibrin and semi-IPNs surface. Elemental
analysis and EDS spectrograms confirmed the presence of calcium and phosphorous, the main
components of hydroxyapatite, in the produced matrix (Figure 3.4.41). We have also observed
the deposition of a few matrix vesicles in the surface of samples induced to chondrogenesis
(Figure S3.4.2). Control samples showed low matrix deposition (Fig. S3.4.3A), with elemental
analysis and Ca/P mapping indicanting a small presence of calcium and no phosphorous in the
materials surface (Fig. S3.4.3B). As shown in Table S3.4.2, concentration of calcium was

around 13 to 15%, while phosphorous was around 7 to 8% of total elemental concentration.
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Figure 3.4.4. ECM matrix deposition in fibrin and semi-IPNs after 4 weeks of h-AdMSCs
culture with chondrogenic and osteogenic stimulus. (A) ICC Images of collagen II deposition
in samples induced to chondrogenesis. (B) Total area of collagen II calculated using the ImageJ
software. (C) Histological images of Picro-sirius red staining for collagen deposition of samples
induced to chondrogenesis. (D) Mean pixel intensity of Picro-sirius red calculated using the

Imagel software. (E) ICC Images of collagen I deposition in samples induced to osteogenesis.
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(F) Total area of collagen I calculated using the Image] software. (G) Histological images of
Alizarin red staining for calcium deposition of samples induced to chondrogenesis. (H) Total
area of Alizarin red calculated using the ImageJ software. (I) SEM images of samples cultured

with osteogenic medium and EDS spectra for calcium and potassium mapping. *p < 0.05.

3.4.3.5.Gene expression analysis

Expression levels of chondrogenic and osteogenic specific genes were analyzed using
RT-PCR, in order to evaluate the h-AdMSCs response to fibrin and fibrin-HA semi-IPNs after
3 weeks of culture. Results were expressed relative to the reference gene HPRT and to the levels
expressed by each control. Cells induced to chondrogenesis showed that Sox 9 was highly
expressed by cells in fibrin-HMM HA, being 2.5 and 4 times higher than in fibrin and fibrin-
LMM HA, respectively (Figure 3.4.5A). The chondrocyte-specific gene aggrecan was
upregulated by cells in both semi-IPNs, presenting pronounced levels and showing no
significant difference between them. On the other hand, aggrecan expression by cells in fibrin
was 5-fold lower than in the semi-IPNs (Figure 3.4.5B). Differentiating cells decrease their
collagen I expression, while increase collagen II. Results showed no significant difference for
collagen I expression between fibrin and semi-IPNs (Figure 3.4.5C), whereas pronounced
expression of collagen II by h-AdMSCs in fibrin-HMM HA was observed. The level of collagen
II in fibrin-LMM HA was too low to be quantified by PCR (Figure 3.4.5D). Collagen
II/collagen I ratio was calculated and showed higher value for fibrin-HMM HA (0.78 + 0.07)
as compared to fibrin (0.34 £ 0.04) (Figure 3.4.5E).

Osteocyte-like phenotype was analyzed by detecting expression levels of collagen types
I, IT and X, osteocalcin and osteopontin. Semi-IPNs greatly stimulated collagen I expression,
as compared to fibrin, with fibrin-HMM HA showing significantly higher value than fibrin-
LMM HA (Figure 3.4.5F). Similarly to the chondrogenesis induction, upregulated level of
collagen II was observed for cells in fibrin-HMM HA, whereas levels in fibrin-LMM HA was
too low to be quantified by PCR (Figure 3.4.5G). Collagen type X expression showed the same
trend as collagen I, with significant higher values for cells cultured in semi-IPNs compared to
only in fibrin (Figure 3.4.5H). Mineralization-related genes osteocalcin and osteopontin were
quantified and showed different trends. No significant difference in osteocalcin expression was
observed between the three conditions (Figure 3.4.5I), while a pronounced expression of

osteopontin was observed for h-AdMSCs in both fibrin and fibrin-HMM HA, being
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approximately 4 times higher than the level expressed by cells in the fibrin-LMM HA semi-
IPN (Figure 3.4.5J).
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and (E) collagen Il/collagen I ratio. (F-J) Bone specific genes expression in fibrin and semi-

IPNs on day 21 relative to the HPRT gene and control. (F) Collagen I, (G) collagen II, (H)

collagen X (I) osteocalcin and (J) osteopontin.
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3.4.4. Discussion

Chondrogenesis and osteogenesis of MSCs are driven by many soluble and physical
factors that lead to differentiation (Yaylaci et al., 2016). Fibrin from activated L-PRP provides
a 3D microenvironment for cells to attach, proliferate and differentiate, and the semi-IPNs
formed from fibrin-HA possess properties that are tunable by the HA MM, which implicate in
different cell response. The semi-IPNs prepared under controlled conditions represent a more
reproducible and biologically richer structure, compared to its components (fibrin or free HA).
Therefore, as a hydrogel, the semi-IPNs are capable of supporting the proliferation and
differentiation cycle of the cells. Furthermore, their standardized preparation reduces variability
and could allow the comparison of results when applied in osteoarthritis treatments.

In this study, the prepared L-PRP showed a moderate concentration factor of platelets
(~1.6-fold) and low concentration of leukocytes (~0.25-fold), with platelet/leukocyte and
lymphocyte/granulocyte ratios presenting a predominance of platelets and lymphocytes,
respectively. This microenvironment rich in anabolic and catabolic factors regulate the
proliferation and differentiation of MSCs, so determining its effectiveness. The anabolic effects
of L-PRP are ensured by the presence of platelets that release GFs upon activation, while the
catabolic effects are due to inflammatory cytokines secreted by leucocytes. In synergy, a
balanced platelet/leukocyte ratio modulates the regeneration of cartilage and bone tissues
(Parrish and Roides, 2017; Parrish et al., 2016; Sundman et al., 2011). As many of these soluble
factors are secreted by MSCs (Ortiz et al., 2007), we evaluated the release kinetics of GFs and
cytokines from fibrin and semi-IPNs incubated with and without h-AdMSCs.

The kinetics profile showed similar trends for the released PDGF-BB and TNF-a.
Concentration was higher in the absence of h-AdMSCs, indicating they were secreted by
activated platelets and leukocytes. Previous works reported the low capacity of MSCs to secrete
PDGEF-BB and TNF-a, even under a stimulus (Berk et al., 2010; Salazar et al., 2009). As shown
here, the cells did not produce but responded to the presence of these soluble factors, with
concentrations of PDGF-BB and TNF-a being lower in the presence of h-AdMSCs. These
results suggest that they are key factors in the anabolic/catabolic balance provided by the fibrin-
HA semi-IPNs. It was corroborated by the high levels of TGF-f1, VEGF and the anti-
inflammatory cytokine IL-10 secreted by h-AdMSCs after 24 hours of incubation. TNF-a is a
potent inflammatory factor, but also activates MSCs through different signaling pathways,

stimulating them to secrete TGF-1, VEGF and IL-10, and therefore, playing an essential role
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in modulating different cell functions (Jiang et al., 2011; Nakajima et al., 2017; Yan et al.,
2018). It was interesting to note that the concentration of these biomolecules released from
semi-IPNs was significantly lower than from fibrin. Due to their denser and less porous
networks, semi-IPNs acted as a diffusive barrier, especially fibrin-HMM HA, which
contributed to a higher entrapment of VEGF and IL-10. As having the smallest size, the release
of TGF-B1 from fibrin-HMM HA was facilitated, reaching similar levels to those released from
fibrin-LMM HA.

Activated leukocytes secrete inflammatory cytokines, and our results indicated that HA,
as part of semi-IPN structures, had a crucial role in leukocytes activation. Without h-AdMSCss,
a low concentration of all cytokines was collected from fibrin supernatant, while higher
concentrations were observed for semi-IPNs, especially fibrin-LMM HA. LMM HA is known
for having an inflammatory character, which through activation of leukocytes TLR4 and TLR2
receptors, triggers the secretion of cytokines such as TNF-q, IL-1, IL-6 and IL-8 that modulate
inflammatory responses (de la Motte, 2011; Rayahin et al., 2015). On the other hand, HMM
HA is known by its anti-inflammatory capacity, due to its specific affinity with the CD44
receptor present in cells and leukocytes membrane. As HMM HA has many sites available for
binding, its large chains contribute to CD44 clustering, which protects cells against
inflammatory mediators binding (Day and De La Motte, 2005; Isa et al., 2015). However, it
was previously reported that the HMM HA-CD44 binding could also activate leukocytes and
stimulate cytokines release (Majors et al., 2003). Results obtained here showed that
inflammatory cytokines were released from fibrin-HMM HA, but at lower concentrations than
from fibrin-LMM HA, indicating that fibrin-HMM HA stimulated cytokines release, while
controlled leukocytes activation.

In the presence of h-AdMSCs, we observed a higher concentration of IL-1f, IL-6, and
IL-8, as compared to fibrin and semi-IPNs without cells. These results indicate that not only
leukocytes but also h-AdMSCs were stimulated to secrete cytokines, suggesting that an
inflammatory phenotype was acquired by the cells. A previous report proposed an MSCs
paradigm, in which they polarize into two distinct phenotypes, the inflammatory MSC1 and the
anti-inflammatory MSC?2, activated by TLR-4 and TLR-3 receptors, respectively (Waterman et
al.,, 2010). Here, the inflammatory phenotype of h-AdMSCs was activated in the three
hydrogels, secreting expressive and similar amounts of IL-6 and IL-8. In turn, IL-1f release
was around 10 to 100 times less than IL-6 and IL-8, with the concentration being more

expressive for h-AdMSCs in fibrin-LMM HA. This evidence indicated that different pathways
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might have activated and stimulated h-AdMSCs to secrete different inflammatory mediators in
the fibrin-HA semi-IPNs.

Despite being an inflammatory microenvironment, semi-IPNs was favorable for h-
AdMSCs growth, indicating that there was an essential anabolic/catabolic balance provided by
PDGF-BB and TNF-a released from platelets and leukocytes, which modulated cells response.
It was corroborated by attesting the proliferative capacity of h-AdMSCs in semi-IPNs.
Proliferation rate was similar for all conditions up to day 7, and then a sharp increase was
observed for cells in fibrin-HMM HA on the 10th day of culture. The increased concentration
of GFs entrapped within this structure, and the cell-cell and cell-matrix communication through
HMM HA-CD44 binding could have contributed to the increased proliferation of h-AdMSCs
in fibrin-HMM HA.

The chondrogenic and osteogenic differentiation capacity of h-AdMSCs also showed to
be greater in fibrin-HMM HA in comparison to fibrin and fibrin-LMM HA, as verified by ICC
and histological images. In chondrogenesis, collagen deposition is regulated by Sox 9, which
plays an essential role in the early stages of differentiation (Hardingham et al., 2006). The level
of this marker was significantly higher in fibrin-HMM HA and may have contributed to a higher
stimulus of collagen deposition. Undifferentiated MSCs phenotype is marked by the synthesis
of collagen I, whose expression decreases during differentiation, while collagen II increases,
marking the chondrocyte phenotype (Yaylaci et al., 2016). Therefore, to commit to the
chondrogenic lineage, the collagen II/collagen I ratio is expected to be higher than 1 (Lee et al.,
2004). Here, we observed that fibrin-HMM HA presented the highest ratio, close to 1 and more
than 2-fold than that of fibrin. Fibrin-LMM HA downregulated collagen II expression, with
values being too low to be quantified by RT-PCR, indicating its reduced capacity to stimulate
chondrogenesis in 3 weeks. These results suggest that fibrin-LMM HA probably delayed the
chondrogenic differentiation of h-AdMSCs, once collagen II deposition was observed after 4
weeks by ICC fluorescence images. Previous work reported that different MM HA affected the
chondrogenic response of h-AdMSCs, with HMM HA (2,000 kDa) highly stimulated
chondrogenesis as compared to LMM HA (80 kDa), via CD44 clustering and Sox 9 signaling
pathway, which is in agreement with our results (Wu et al., 2018).

Similar effects were observed for osteogenesis, with collagen I and mineralized-matrix,
the two main components of bone, being observed in fibrin and semi-IPNs after 4 weeks of
culture, indicating the successful osteogenic differentiation of h-AdMSCs. However, the gene

expression analysis performed after 3 weeks showed higher levels of specific bone markers in
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fibrin-HMM HA as compared to fibrin and fibrin-LMM HA. Collagen II and X are secreted
before calcification (Chiu et al., 2014; Mwale et al., 2011), followed by osteocalcin and
osteopontin, two mineralization-related genes expressed in the late stages of the osteogenesis
(Choi et al., 2011). We verified that collagen II was upregulated by fibrin-HMM HA, while it
was not able to be quantified in fibrin-LMM HA. No significant difference was observed for
osteocalcin level between all three conditions. On the other hand, fibrin-LMM HA showed to
downregulate expression of osteopontin, while a pronounced expression was observed for fibrin
and fibrin-HMM HA. These results suggest that fibrin-LMM HA could have delayed
osteogenesis of h-AdMSCs, while fibrin-HMM HA presented favorable microenvironment for
cells to differentiate and secrete ECM. Similarly to our findings, previous work has reported
the increased effect of HMM HA on early osteogenic markers expression by MSCs, in
comparison to LMM HA after 14 days of culture. Then, after 28 days, a mineralized matrix was
observed in the presence of both HA (Zhao et al., 2015).

Although being an inflammatory microenvironment, fibrin-HMM HA highly stimulated
h-AdMSCs response to proliferation, chondrogenic and osteogenic differentiation, through a
favorable anabolic/catabolic balance. Therefore, it represents a standardized structure that is

promising to modulate cartilage and bone regeneration in the treatment of osteoarthritis.

3.4.5. Conclusion

In this work, we prepared fibrin-HA semi-IPNs by controlled mixing L-PRP with non-
crosslinked LMM HA and HMM HA and evaluated the effects of the different
microenvironments on h-AdMSCs responses. Results showed that the anabolic/catabolic
balance was regulated by PDGF-BB and TNF-a released from platelets and leukocytes, which
modulated the secretion of TGF- 1, VEGF, IL-1p, IL-6, and IL-8 by h-AdMSCs. Despite being
the fibrin-HMM HA an inflammatory microenvironment, it was highly favorable to stimulating
h-AdMSCs proliferation, chondrogenesis and osteogenesis, in which a higher deposition of
ECM and expression of specific markers were observed. This evidence might shed light on the
results obtained clinically from the applications of L-PRP-HA in osteoarthritic patients. In
addition, our standardized structure could represent a promising biomaterial to stimulate

cartilage and bone regeneration.
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Table S3.4.1. RT-PCR primer sequences used in this study.

Gene Primer sequence (5°— 3’)
Sox 9 F: AGCGAACGCACATCAAGAC
ox R: GCTGTAGTGTGGGAGGTTGAA

F: TGCATTCCACGAAGCTAACCTT
Aggrecan

R: GACGCCTCGCCTTCTTGAA

F: CAGCCGCTTCACCTACAGC
Collagen 1

R: TTTTGTATTCAATCACTGTCTTGCC

F: GGCAATAGCAGGTTCACGTACA
Collagen 1I

R: CGATAACAGTCTTGCCCCACTT

F: CAAGGCACCATCTCCAGGAA
Collagen X

R: AAAGGGTATTTGTGGCAGCATATT

F: GAAGCCCAGCGGTGCA
Osteocalcin

R: CACTACCTCGCTGCCCTCC

F: TCGCAGACCTGACATCCAGTACCC
Osteopontin

R: CGCGTTCAGGTCCTGGGCAA
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Figure S3.4.1. ECM deposition in fibrin and semi-IPNs cultured in regular medium for 4 weeks
(A) ICC images for collagen II deposition. (B) Histological images with Picro-sirius red

staining for collagen deposition. (C) ICC images for collagen I deposition. (D) Histological

images with Alizarin red staining for calcium deposition.
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Figure S3.4.2. SEM images of h-AdMSC:s in fibrin and semi-IPNs cultured for 4 weeks under
chondrogenic induction.
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Figure S3.4.3. Evaluation of mineralized matrix deposition in control samples. (A) SEM
images of fibrin and semi-IPNs after 4 weeks of culture under regular condition, showing no
matrix on samples surface. (B) EDS spectrograms for the different samples, highlighting the

calcium and phosphorous mapping.

Table S3.4.2. Elemental composition of the mineralized matrix deposited on the surface of

fibrin and semi-IPNs, after h-AdMSCs culture for 4 weeks under osteogenic and regular

conditions.
Elemental concentration (%)

Osteogenic condition C (0] P Ca
Fibrin 39.0 37.9 7.2 13.9
Fibrin-LMM HA 37.1 38.0 7.3 15.1
Fibrin-HMM HA 31.6 43.9 7.9 14.8

Control
Fibrin 56.4 42.1 - 0.3
Fibrin-LMM HA 58.1 394 - 0.7

Fibrin-HMM HA 55.5 39.9 - 0.7
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4. CONCLUSAO GERAL

Os resultados obtidos nesse trabalho mostraram que a razdes plaquetas/leucécitos e

linfécitos/granuldcitos no L-PRP afetaram o balanco anabdlico/catabdlico do microambiente

celular, modulando o comportamento das h-AdMSCs. A associagdo de L-PRP-AH em semi-

RPIs (fibrina-AH) mostrou resultados mais favordveis a proliferacio e diferenciacdo

condrogénica e osteogénica das h-AdMSCs em fibrina-AH de alta MM, em relagdo a fibrina e

fibrina-AH de baixa MM. Esse estudo apresentou a padronizacdo tanto do preparo de L-PRP

quanto da mistura L-PRP-AH e semi-RPIs.

As conclusoes especificas desse trabalho foram:

A centrifugacdo do sangue total entre 50 e 800 xg, 10 min, mostraram os efeitos da
aceleracdo na recuperacdo dos componentes do sangue no L-PRP, onde plaquetas foram
mais concentradas sob aceleracdes mais baixas (50 — 120 xg) e granuldcitos foram mais
concentrados sob aceleragdes mais altas (300 — 800 xg), resultando em diferentes faixas de

razdes plaquetas/leucdcitos e linfécitos/granuldcitos;

As diferentes razdes em L-PRPs resultaram em perfis de liberagdao de FCs e citocinas
distintos, levando a uma variagdo no balango anabdlico/catabdlico no microambiente
celular, modulando a resposta das h-AdMSCs. Esses resultados mostraram que as razdes
plaquetas/leucécitos e linfécitos/granuléeitos conferem maior eficiéncia do L-PRP em

relagdo a concentracdo dos componentes de forma individual;

A associacdo entre o L-PRP e AH nao reticulado sob condi¢des controladas de mistura
resultou na formacao de semi-RPIs de fibrina-AH com propriedades estruturais e reolégicas

variaveis com a MM do AH;

As semi-RPIs também apresentaram respostas distintas quanto ao comportamento biolégico
do L-PRP e das h-AdMSCs, em relacdo a liberacdo de FCs e citocinas, que variaram de
acordo com a presenca das células e MM do AH. Mesmo as semi-RPIs apresentando um
microambiente inflamatdrio, a proliferacao e diferenciacdo condrogénica e osteogénica das

h-AdMSCs, sendo significativamente maior em fibrina-AH de alta MM.
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5. SUGESTOES PARA TRABALHOS FUTUROS

Os resultados obtidos nessa tese de doutorado abrem espago para uma série de trabalhos

futuros envolvendo o L-PRP e L-PRP-AH. Dentre eles, algumas sugestdes sdo citadas abaixo:

Estudo das variacdes das razdes plaquetas/leucdcitos e linfécitos granuldcitos no L-PRP,
preparado utilizando o sangue total de um nimero maior de doadores, a fim de se obter um
melhor delineamento das respostas bioldgicas, como liberacao de fatores de crescimento e

citocinas.

Como mencionado no trabalho, as condi¢des controladas de mistura L-PRP-AH permitiram
obter estruturas padronizadas e com resultados reprodutiveis. Sendo assim, existe a
possibilidade de se estudar a formacgdo de novas estruturas variando-se a velocidade e tempo
de preparo, concentracio de AH, razdo L-PRP/AH e propor¢do L-PRP-AH/trombina-

calcio.

O trabalho também abre espago para a caracterizacdo da liberagdo de um grande leque de
outros fatores soltveis e proteinas secretados ndo somente pelas plaquetas e leucdcitos, mas
também pelas células mesenquimais, tais como metaloproteinases, Wnt signaling, proteinas
morfogenéticas Osseas, dentre outras. Além disso, um estudo mais aprofundado de
diferentes vias de sinalizacdo que promovem a proliferacdo e diferenciacdo celular nas
semi-RPIs serd de grande valia para entender melhor os mecanismos de acdo do L-PRP-AH

na regeneracdo da cartilagem e osso.

Estudos pré-clinicos e clinicos das semi-RPIs padronizadas nesse trabalho, para validagao

in vivo dos resultados obtidos in vitro.
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ABSTRACT
Hyaluronic acid (HA) is a macromolecule with valuable benefits over its range of molar masses
(MM). Degradation studies are relevant to maintain the purity level of the original source, when
HA of different MM are intended to be used in biomedical studies. We degraded HA via high
pH and temperature and evaluated its MM, solution behavior and structure over time. After 24
hours, low MM HA was predominant, and the MM decreased from 753 to 36.2 kDa. Dynamic
light scattering (DLS) showed a decrease in the number of HA populations, and solution tended
to be less polydispersed. The zeta potential varied from -10 to -30 mV, close to the stable range.
FTIR showed that the primary structure of HA was affected after only 48 hours of reaction.
These results are relevant for the production of low MM HA to be used or mixed with high MM

HA, generating structured biomaterials for biomedical applications.

Keywords: Hyaluronic acid; depolymerization; low molar mass; alkaline hydrolysis; thermal

degradation.
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1. Introduction

Hyaluronic acid (HA) is a glycosaminoglycan (GAG) that exists in a wide range of
molar masses (MM) from < 10 to > 1000 kDa. It is a natural polysaccharide with repeated
disaccharides containing one D-glucuronic acid and one n-acetyl-D-glucosamine, linked by
B(1-3”) and B(1’-4) binding. In nature, HA is found in mammalian skin, eye vitreous humor and
the synovial fluid surrounding joints, promoting elasticity and lubrication (Garg and Hales,
2004). This property is due to the high MM (> 1000 kDa) of this HA (Lee and Cowman, 1994),
which gives it a high viscoelasticity.

Low MM HA (< 100 kDa) is found in vivo as a product of polysaccharide degradation,
mediated by the endoglycosidase hyaluronidase enzyme (Slevin et al., 2002). The result of this
degradation, as observed by West et al. (West et al., 1985) is a series of mechanisms that lead
to angiogenic activities. This evidence has raised many questions about the importance of low
MM HA and oligo-HA in the healing process, increasing the number of works concerning the
potential applications and use of LMM HA (Stern et al., 2006). However, this number is still
not as expressive as that of studies involving high MM HA.

The stimulation of endothelial cell proliferation and migration (Sattar et al., 1992), the
expression of inflammatory cytokines (Noble, 2002), and the production of different types of
collagen (Rooney et al., 1993) gives low MM HA the ability to stimulate wound healing and
tissue repair (Gao et al., 2010; Schlesinger and Powell, 2012; Shewale et al., 2017). In addition,
it assumes a chondroprotective role by forming a layer around chondrocytes, preventing them
from interacting with free radicals and metalloproteinases degradation (Ghosh and Guidolin,
2002). Their smaller molecules penetrate cartilage cavities that high MM HA are unable to,
preserving chondrocyte integrity (Euppayo et al., 2015). Therefore, the use of mixed HA could
be advantageous, as observed by Petrella et al. (Petrella et al., 2011), in which patients treated
with a combination of high and low MM HA showed improvements in an osteoarthritis
treatment.

Currently, commercial HA is available in different MM, with their production deriving
from different sources such as microorganism fermentation and animal extraction. However, to
obtain HA with a wide range of MM maintaining the same purity level, studies involving HA
cleavage are becoming important.

Polysaccharide can be cleaved by different mechanisms using biological, chemical and

physical agents (Stern et al., 2007). Biologically, HA is degraded by hyaluronidases enzymes,
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as mentioned above, and provide fragments and products that occurs physiologically (Cardoso
et al., 2016). The options for chemical and physical degradation are numerous and are the most
used methods in the literature. HA can be cleaved hydrolytically, as shown by Tokita &
Okamoto (Tokita and Okamoto, 1995) in pioneering work that elucidated the mechanisms for
the acidic and alkaline hydrolysis of HA. Since then, other works have studied the effects of
pH on HA degradation and rheological properties (Gatej et al., 2004; Maleki et al., 2008;
Tgmmeraas and Melander, 2008). HA can be degraded through exposition to reactive oxygen
species, which are also responsible for its physiological depolymerization and occur from
various pathways and sources, including exposition to ultraviolet (UV) light irradiation (Soltés
et al., 2006). In addition to these methods, the decrease of HA MM was observed after high
temperature treatments (Caspersen et al., 2014; Mondek et al., 2015), ultrasonication
(Dfimalova et al., 2005; Gura et al., 1998), ozone (Wu, 2012), electron bean (Choi et al., 2010),
gamma ray and microwave irradiation (Chen et al., 2015). Simulescu et al. (Simulescu et al.,
2016) reported that HA degraded only after being stored at room temperature for two months
and observed that the lower the initial MM, the greater the degradation.

Concerning the quantification of HA MM, a very common and simple method is
measuring the intrinsic viscosity ([n]) (Laurent et al., 1960; Sun et al., 2012), which assumed
that HA has a coil configuration according to the Mark—Houwink—Kuhn—Sakurada equation.
Currently, size exclusion chromatography, in tandem with multi-angle laser light scattering
(SEC-MALLS), has been the most commonly used method to determine HA MM and its
polymolecularity or polydispersity (Schiraldi et al., 2010).

In this work, we aimed to produce low MM HA from the larger polysaccharide in order
to obtain HA of different MM useful for biomedical studies and HA formulations. In addition
to the controlled degradation, the control of purity degree in high and low MM is extremely
important for the mentioned applications. Here, we combined high temperature and high pH
to cleave HA, two known methods for controlled degradation. As previously reported, at 60 °C
the chains scission can be assured, but only even higher temperatures provide faster degradation
(Mondek et al., 2015). Similarly, HA degradation under alkaline condition is significant only
at extreme pH (13) and long times, as verified by Maleki et al. (Maleki et al., 2008). Therefore,
we intended to combine both methods, high temperature (60 °C) and pH (12), to study HA
degradation kinetics, aiming to optimize the time of low MM HA production. As mentioned

above, Tokita & Okamoto (Tokita and Okamoto, 1995) first described the mechanisms for
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hydrolytic cleavage of HA at 40 and 60 °C, showing that the rate of degradation increased at
the higher temperature.

The originally of this study consists in investigating the degradation of HA with high
pH and temperature from the point of view of the decrease in its MM with time and of its
colloidal behavior during the degradation process. Thus, we intended to present to the readers
an in-depth view of the phenomena that occur in the system during degradation. For this, we
used size exclusion chromatography (SEC) to obtain the MM distribution, and dynamic light
scattering (DLS) techniques to evaluate the hydrodynamic diameter distribution, polydispersity
index (PdI) and zeta potential of the entangled HA coils. Fourier transformed infrared (FTIR)

spectroscopy was used to analyze the structure of the degraded HA over time.
2. Materials and Methods
2.1. Materials

HA (MM > 100 kDa) was purchased from Spec-Chem Ind. (Nanjing, China). All other
reagents were purchased from Merck unless otherwise specified. Ultrapure water was used

throughout all the experimental studies.
2.2. Determination of HA purity relative to the protein concentration

The purity of HA was calculated relative to the concentration of protein, as we
previously reported (Cavalcanti et al., 2018). HA concentration was determined by the
cetyltrimethylammonium bromide turbidimetric method (CTAB), as described by Chen &
Wang (Chen and Wang, 2009). For protein quantification, it was used the Bicinchoninic acid
(BCA) Protein Assay Kit, based on the method proposed by Smith et al. (Smith et al., 1985).
Experiments were performed at 25 °C. Percentage of purity was calculated according to the

Equation 1. The experiment was performed in triplicate.

Cha Equation 1

Purity (%) = (C—-I-C) 100
HA P

Where Cua and Cp are the concentrations of the HA and soluble proteins, respectively.
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2.3. HA cleavage by alkaline hydrolysis and temperature

To evaluate the effects of alkaline pH on HA cleavage, HA was dissolved in a pH 12
potassium chloride/sodium hydroxide buffer to obtain a 2 mg/mL solution. The buffer was
prepared by mixing the appropriated portions of 0.2 mol/L. KCl and 0.2 mol/L. NaOH. The
solution was placed in mechanical agitation (500 rpm) in a water bath at 60 °C, and aliquots
were collected at different times: 0 (immediately after preparation) (HA-0), 1 (HA-1), 5 (HA-
5), 8 (HA-8), 24 (HA-24), 48 (HA-48) and 72 hours (HA-72). HA prepared in phosphate-
buffered saline (PBS), pH 7.4 was used as a control (HAc). Similar ionic strength was assured

in all HA solutions.

2.4. Determination of HA MM

MM of the HAc and the degraded HA was determined by SEC in a Shimadzu
chromatography system (Shimadzu Corporation, Kyoto, Japan), using a Polysep-GFC-P
column guard (35 x 7.8 mm) (Phenomenex, Torrance, CA, USA) connected to a Poly-sep-GFC-
P6000 gel filtration column (300 x 7.8 mm) (Phenomenex, Torrance, CA, USA). HA detection
was performed by a Shimadzu RID-6A refractive index detector (Shimadzu Corporation,
Kyoto, Japan). Samples were injected (20 uL) using 0.1 mol/L. NaNOs3 as the mobile phase at
a flow rate of 1 mL/min at 25 °C. Dextran (American Polymer Standards corporation, Mentor,
USA was used as an indirect standard to estimate HA MM, as previously reported (Balke et al.,
1969; Pan et al., 2017; Pires and Eguchi, 2010). The experiment was performed in triplicate.
Retention time of protein was previously determined by injecting soy protein in the equipment

in order to exclude its interference in the chromatogram (Cavalcanti et al., 2018).

2.5. Viscosity measurements

The viscosities of the control and degraded samples were measured at 25 °C using a

A&D Vibro Viscometer SV-10 (A&D Company, Tokyo, Japan), by detecting the driving

electric current of the solutions at constant frequency of 30 Hz and amplitude < 1 mm.
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2.6. Hydrodynamic diameter, polydispersity (Pdl) and zeta potential measurements

The DLS technique was used to measure the hydrodynamic diameter, Pdl and zeta
potential of the HAc and the degraded HA, in an Autosizer 4700, Zetasizer Nano (Malvern

Instruments, Malvern, UK) at 25 °C.The equipment measured each sample ten times.

2.7. FTIR analysis

Samples were lyophilized in a lyophilizer L-101 (Liotop, Sao Carlos, Brazil) for three
days. FTIR analyses of the solid HA were performed in a Thermo Scientific Nicolet 6700
spectrophotometer (Thermo Fisher Scientific, Madison, USA), using the single-reflection
germanium attenuated total reflection (ATR) technique, in a Smart OMNI-Sampler (Thermo
Fisher Scientific, Madison, USA). The wavelength range of the performance was 4000 - 750

cm’! with a resolution of 4 cm’!.

2.8. Statistical Analysis

Data were expressed as the mean + SD obtained from three independent experiments.
When relevant, one-way analysis of variance (ANOVA) with Tukey’s Test was used for

statistical analysis. A 95% confidence level was considered significant (p < 0.05).

3. Results and Discussion

3.1. Distribution of HA MM with time reaction

Purity of HA was calculated relative to the concentration of protein (0.154 + 0.03
mg/mL), being 92.5 + 1.2%. The chromatograms of the control and aliquots from different
reaction times are presented in Fig. 1 and exhibit an elongated HA peak, between 7 and 10
minutes for HAc. This peak comprises the presence of three ranges of MM, as determined using
dextran standards (Pires and Santana, 2011) corresponding to 34.8 + 1.4% of HA 1000 kDa,
61.2 + 1.5% of HA 100 kDa and 4.0 £ 0.1% of HA 10 kDa. After approximately 11 minutes,

we observed a weak peak related to the presence of small amounts of protein.
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By dissolving HA in the pH 12 buffer, we observed a progressive degradation over time.
For sample HA-0, there was a slight displacement of the HA peak to the right, indicating a
decrease in the HA with a higher MM. Under high temperature and after 1 hour of reaction
(HA-1), the displacement of the HA peak became more pronounced, whereas the protein peak
increased in intensity. This was likely due to the formation of low MM HA and other fragments
whose retention time is located in the same region as the proteins, causing an overlapping of
the peaks. This overlapping became more intense after 24 hours of reaction (HA-24 to HA-72),
where the presence of the HA of 1000 and 100 kDa was practically nonexistent, allowing low

MM HA to dominate.
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Fig. 1. Chromatograms of the HAc (pH 7.4, 25 °C), HA degraded at pH 12 and 25 °C (HA-0),
and HA degraded at pH 12 and 60 °C under mechanical agitation for 1 (HA-1), 5 (HA-5), 8
(HA-8), 24 (HA-24), 48 (HA-48) and 72 hours (HA-72) were obtained from the SEC analysis,

showing the displacement of HA peaks with reaction time, which indicates the decrease of its

MM.

The quantitative data of the HA MM distribution is shown in Fig. 2. Significant changes
were observed in the first hour of reaction, with high MM HA showing a fast degradation, and

decreasing its content from 19.6 + 1.9% to 3.1 + 2.3%, while intermediate MM HA decreased
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from 74.3 + 0.1% to 63.3 + 6.5%, and low MM HA increased from 6.1 + 1.8 to 16.9 + 4.1%.
After 8 hours, the amount of 100 kDa HA decreased to 43.9 + 7.7% at the same time that the
low MM HA percentage increased to 54.4 + 11.2%. Therefore, 8 hours was the reaction time
where we obtained a sample with almost equal portions of HA with the two different MM types.
After 24 hours, no significant changes in the high, intermediate and high MM HA were
observed.

It was observed that MM decreased when HA was in alkaline pH, from 753.2 + 132.3
kDa (HAc) to 597.7 £ 60.0 (HA-0), however a more significant change was obtained after 1
hour of reaction at 60 °C, with MM decreasing to 43.1 + 1.1 kDa (HA-1) and reaching 25.4 +
2.6 kDa after 72 hours (HA-72), as shown in Table 1. These results evidenced the positive effect
of high temperature on a faster alkaline degradation of HA molecules. Therefore, combination
of pH 12 and 60 °C provided a synergistic effect of hydrolytic and thermal degradation,
resulting in an irreversible change in the HA MM fractions, which was more expressive than
the isolated effects of pH or temperature as usually reported in the literature (Rehdkova et al.,

1994).
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Fig. 2. Degradation kinetics of HA and its MM distribution, calculated from the SEC analysis.
High and intermediate MM HA percentage decreased with time, whereas low MM HA

increased, reaching the equilibrium in 24 hours of reaction.

Table 1. Average MM of HAc (pH 7.4, 25°C), HA degraded at pH 12 and 25 °C (HA-0), and
HA degraded at pH 12 and 60 °C under mechanical agitation for 1 (HA-1), 5 (HA-5), 8 (HA-
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8), 24 (HA-24), 48 (HA-48) and 72 hours (HA-72). Values were calculated from the SEC

analysis.
Condition MM (kDa)
HAc 753.2+132.3
HA-0 597.7 £ 60.0
HA-1 43.1+1.1
HA-5 415+ 184
HA-8 36.2+£5.6
HA-24 36.2+2.7
HA-48 36.3+14.6
HA-72 254+£2.6

According to Morris et al. (Morris et al., 1980), an alkaline condition results in reversible
decrease in viscosity, suggesting a non-covalent breakage of chains due to the reduction of
intramolecular H-bonds. This was observed by Maleki et al. (Maleki et al., 2008), which studied
the effects of a wide range of pH values on HA structure, varying from 1 to 13, and observed
that after 24 hours of reaction, only at the extreme pH values (1 and 13) an irreversible
degradation occurred, especially at pH 13. Here, results strongly suggest the irreversible
cleavage of HA chains, due to the synergistic effect of pH 12 and 60 °C, once both viscosity

and MM significantly decreased after 1 hour of reaction.

3.2. Effects of time reaction on HA viscosity

Viscosity is proportional to polymer’s MM due to the physical crosslinking from the
entanglement of their chains (Gura et al., 1998). However, degradation is a kinetic process with
initial and intermediate steps that do not affects MM immediately. As observed by Gatej et al.
(Gatej et al., 2004), even for a large decrease in the viscosity of the HA solution at pH to 12.6,
the MM was only slightly changed. From these results, the authors concluded that a reversible
decrease in HA stiffness occurred, due to intra and intermolecular cleavage of the hydrogen
bonds (Ghosh et al., 1993; Morris et al., 1980). Here, results showed the reversible behavior of

HA-O, followed by an irreversible chains cleavage from 1 hour of reaction at pH 12 and 60 °C,
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with viscosity dropping to to 1.15 + 0.01 mPa.s, and stabilizing in 24 hours around 1 mPa.s

(Fig. 3), presenting viscosity values similar to that of water (Bothner and Waaler, 1988).
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Fig. 3. Viscosity of the of HAc (pH 7.4, 25°C), HA degraded at pH 12 and 25 °C (HA-0), and
HA degraded at pH 12 and 60 °C under mechanical agitation for 1 (HA-1), 5 (HA-5), 8 (HA-
8), 24 (HA-24), 48 (HA-48) and 72 hours (HA-72), measured at 25 °C.

3.3. Hydrodynamic diameter distribution, polydispersity and zeta potential of the HA

In solutions with concentration above 1 mg/mL, HA randomly entangles forming
elongated coil structures (Laurent et al., 1996). By DLS technique, we verified the
hydrodynamic diameter of these entanglements using the intensity distribution (Fig. 4), which
is proportional to the diameter to the sixth power (Ind®).

Figure 4A (1) shows the diameter distribution of the control (HAc), where we observed
a large variety of populations, from 1 to 5,000 nm, which is likely due to the presence of HA
with different MM, as shown in Section 3.1, and added to the random aggregation of the coils.
The PdI value corroborates this result, which is close to 1 (0.88 + 0.04), indicating the sample
was highly polydispersed (Fig. 4C).

HA in the alkaline medium is shown in Figs. 4A (ii) and (iii). From time zero, we
observed a restructuration of the coil entanglements, probably due to the effects of the hydrogen
bond cleavage. According to Ghosh et al. (Ghosh et al., 1993), this cleavage leads to a
contraction of the coils, which would result in a size decrease. Here, we observed that the 5,000

nm population in HAc is not present, indicating that they may have contracted and formed
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smaller structures. At the same time, the 1 and 5 nm populations were also not observed, likely
due to aggregation. Figure 4A (ii) shows a more organized environment, with the presence of
only two populations of 10-50 nm and 100-400 nm, resulting in a decrease of PdI of almost 2-
fold, corresponding to 0.48 + 0.05 for HA-0, 0.38 + 0.05 for HA-1, 0.42 + 0.02 for HA-5, 0.51
+ 0.05 for HA-8, 0.48 + 0.04 for HA-24, and 0.52 + 0.01 for HA-48 (Fig. 4C).

The hydrodynamic diameter distribution of HA-72 is shown in Fig. 4A (iii). Different
from the lower reaction times, we observed only one large peak for the population with a 100
nm mean diameter. Similar to the sample HA-48, there was a complete degradation of the high
and intermediate MM HA, forming HA of 10 kDa. However, after only 72 hours, the coils seem
to have self-organized into one entanglement, which decreased the PdI to 0.29 + 0.02 (Fig. 4C).

When in a neutral solution, the carboxyl groups of the HA are deprotonated, which leads
to electrostatic repulsion, favoring the formation of structures with coils that are distant from
each other and have a high level of hydration (Lapcik et al., 1998; Scott and Heatley, 1999).
With the increase of pH, the net HA charge increases, which contributes to the destabilization
of the hydrogen bond network and causes aggregation (Gatej et al., 2004), as observed in
Section 3.3.

To evaluate variations in the HA net charge, we analyzed the zeta potential of the
samples. Zeta potential is commonly used to evaluate ionic charge exposition and to estimate
colloidal stability by electrostatic repulsion, preventing aggregation. Therefore, recommended
levels of zeta potential for long-term stability are higher than 30 mV or lower than -30 mV
(Hunter et al., 1981). Zeta potential is a valuable parameter for understanding HA behavior in
solution and determining stability after degradation. However, few works in the literature
describe results from this analysis. Mondek et al. (Mondek et al., 2015) observed that after 12
hours at 60 °C, the zeta potential of HA changed only slightly and remained below -30 mV,
which is stable and resistant to aggregation.

For our control, i.e., pH 7.4, the zeta potential was -31.4 £ 5.0 mV, within the stable
range, due to the polyanionic character of HA in neutral medium. The results for the diameter
distribution exhibited an aggregation of entanglements in the alkaline medium, which was
likely due to the structural changes during the degradation process. This is corroborated by our
zeta potential values, which tended to increase from 0 (-18.3 £ 3.1 mV) to 48 hours (-14.3 £5.8
mV) during the initial and intermediate steps of degradation, resulting in changes of
conformation and less exposition of the COO™ groups. After 48 hours of reaction, the

intermediate structures were modified due to the completely chains scission and more
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exposition of COO™ groups, resulting in a decrease in the zeta potential to -27.2 £ 1.7 mV for
HA-72 (Fig. 4B) (Mondek et al., 2015). These structures were electrostatically stable coils of
100 to 1000 nm with low PdI (Fig. 4C).
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Fig. 4. (A) Intensity distribution of the hydrodynamic diameter of (i) HAc (pH 7.4, 25 °C), (ii)
HA degraded at pH 12 and 25 °C (HA-0), and HA degraded at pH 12 and 60 °C for 1 (HA-1),
5 (HA-5), 8 (HA-8), 24 (HA-24) and 48 hours (HA-48) and (i11) HA degraded at 72 hours (HA-
72). (B) zeta potential and (C) PdI of HAc and degraded HAs. Results were obtained from DLS
analysis at 25 °C for 0 to 48 hours, (C) HA-72, (D) PdI and (E) zeta potential values of all the

samples.

3.4. FTIR analysis

After investigating the effects of pH, temperature and reaction time on the MM

distribution and HA entanglement behavior in solution, we performed an FTIR analysis to more
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accurately investigate the changes in the HA structure. Figure 5 shows the spectra of HAc and
the degraded samples. The transmission bands were interpreted according to Giinzler &

Gremlich (Giinzler and Gremlich, 2002).
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Fig. 5. FTIR spectra of the of HAc (pH 7.4, 25°C), HA degraded at pH 12 and 25 °C (HA-0)
and HA degraded at pH 12 and 60 °C for 1 (HA-1), 5 (HA-5), 8 (HA-8), 24 (HA-24), 48 (HA-
48) and 72 hours (HA-72). The main peaks are highlighted to a better visualization of the
displacements and intensities changes caused by degradation. Data were vertically shifted to

avoid overlapping.

For the control, it was observed characteristic bands of HA (Gilli et al., 1994), as also
observed by Choi et al. (Choi et al., 2010), in which HA purity was around 95%, a similar level
to that used in this work. Here, we observed a large peak from 3600 to 3000 cm™!, which is
characteristic of the O-H stretching band of aqueous solutions, and of C-O and N-H HA
stretching bands. A less intense peak was observed at 2904 cm™!, corresponding to the C-H
vibration. At a high pH for samples HA-0 to HA-24, there was a displacement of the hydroxyl

peak to a lower wavenumber, overlapping the alkane band. This displacement suggests the
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formation of strong O-H bonds between the water molecules and Na* cations (Madejova, 2003).
For sample HA-48, the intensity of this large peak significantly decreased, and for HA-72, it
was nonexistent, showing that long periods in high pH conditions may have caused
modifications to the primary structure of the HA molecules.

At 1604 cm!, we observed the peak corresponding to the C=0 stretching band of the
amide, which decreased in intensity after 48 hours of reaction. At 1425 cm!, the peak of the
carboxyl C-O streching band significantly increased with time, indicating the formation of
carboxylic acid groups during degradation. The shoulder at 1144 cm™ in the control is
attributted to the C-O-C stretching band, and the peak at 1042.49 cm™! was assigned to C-C-O
stretching, which significantly decreased in the HA at an alkaline pH. Finally, at 878 cm™', we
observed a peak in the degraded samples that became more intense after 24 hours,
corresponding to out-of-ring deformations (C-O-H, C-C-H and O-C-H). The results obtained
from the FTIR analysis showed that time strongly affected the HA primary structure, indicating
that to obtain low MM HA under the conditions used in this work without compromising the

molecule, the reaction time should be no longer than 24 hours.

4. Conclusions

HA progressively degraded with time when dissolved in an alkaline buffer at high
temperature. The results showed that after 8 hours of reaction, low MM HA dominated, being
the only HA present in solution after 2 days. We observed that the viscosity sharply decreased
initially. From the MM distribution, we concluded that this rheological parameter did not vary
only with the decrease of MM but also due to the intra and intermolecular cleavage of the
hydrogen bonds. This cleavage resulted in structural changes and a reorganization of coils
entanglements, as observed in the hydrodynamic diameter distribution, which contributed to a
less polydispersed solution. The zeta potential indicated that the lower the polydispersity, the
more stable the HA entanglements tended to be. Finally, from FTIR analyses, we verified that
the primary structures of the HA may have been compromised by the degradation processes
after only 48 hours. In this work, we showed the synergistic effect of high temperature and pH
on a fast degradation of HA, producing low MM HA with low polydispersity that was stable
with respect to aggregation. This method could be used for the fabrication of HA of different

MM that would maintain the same level of purity and could be applied on medical,
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pharmaceutical and cosmetic studies. Further studies should focus on the degradation kinetics

of HA using different pH and temperatures.
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ABSTRACT
Developing biomimetic cartilaginous tissues that support locomotion while maintaining
chondrogenic behavior is a major challenge in the tissue engineering field. Specifically, while
locomotive forces demand tissues with strong mechanical properties, chondrogenesis of
encapsulated cells requires a soft microenvironment. To address this challenge, three-
dimensional (3D) cartilage-like tissue was bioprinted using two biomaterials with different
mechanical properties: a hard biomaterial to reflect the macro-mechanical properties of native
cartilage, and a soft biomaterial to create a chondrogenic microenvironment. To this end, a hard
biomaterial (MPa order compressive modulus) composed of an interpenetrating polymer
network (IPN) of polyethylene glycol (PEG) and alginate hydrogel was developed as an
extracellular matrix (ECM) mimicking support bath with self-healing properties. Within this
bath supplemented with thrombin, fibrinogen containing human mesenchymal stem cell
(hMSCs) spheroids was bioprinted forming fibrin, as the soft biomaterial (kPa order
compressive modulus) to mimic cartilage’s pericellular matrix. The hMSC spheroids printed
within the hard hydrogel showed improved viability and chondrogenic behavior without
adversely affecting the macromechanical properties of the tissue. Therefore, the ability to print
locally soft and cell stimulating microenvironments inside of a mechanically robust hydrogel
was demonstrated, thereby uncoupling the micro and macro-mechanical properties of the 3D

printed tissues such as cartilage.

Keywords: Cartilage; bioprinting; spheroids; fibrin; IPN.
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1. Introduction

Articular cartilage has a limited capacity of self-repair, resulting in currently incurable
degenerative joint diseases that affect millions of people around the world (Klein et al., 2009).
Consequently, the engineering of cartilage-like tissue constructs that possess chondrogenic and
mechanical properties similar to those of native tissue represents a promising tool for effective
cartilage repair. Native articular cartilage has evolved to possess a spatially organized
mechanical heterogeneity within its architecture. Specifically, chondrocytes are localized
within a soft pericellular matrix (2 to 25 kPa) maintaining their round phenotype, being in turn
localized in a hard extracellular matrix (ECM) (0.5 to 4 MPa) (Bas et al., 2017; Buxboim et al.,
2010; Schinagl et al., 1997; Zhang et al., 2016). Therefore, biomimicry of cartilage in
engineered equivalents is challenging, as the biomaterial must be simultaneously both stiff and
soft to bear high cyclical loads and support the cell’s chondrogenic functions, respectively.

To overcome this challenge and abstractly emulate native cartilage organization, here
we have developed two different biomaterials, which mimic the mechanical properties along
with viscoelastic behavior of either the hard extracellular matrix or soft pericellular matrix. To
locally integrate soft and cell stimulating biomaterials inside of mechanically robust three-
dimensional (3D) constructs, bioprinting technology is a good candidate to create spatially
organized and functional 3D cartilage-like tissues. Prior studies have explored the bioprinting
of cartilage, which have advanced our capability to mimic anatomical shapes, cells densities,
and zonal organizations (Constantini et al., 2016; Daly et al., 2016; Klein et al., 2009).
However, a key limitation of current bioprinting technologies is the difficulty in precisely
controlling the position of biomaterials in the Z direction to create freestanding biological
architectures and multi-component structures (Highley et al., 2015). Among various bioprinting
technologies, an embedded 3D bioprinting technology using a self-healing and supporting
hydrogel was used to achieve shape-stable deposition of the desired biomaterials in the X-Y-Z
directions (Highley et al., 2015; Hinton et al., 2015; Jeon et al., 2019; Loebel et al., 2017; Song
et al., 2018).

For developing 3D bioprinted cartilage-like tissue constructs, we designed a strategy to
print a chondrogenic cells-laden soft biomaterial within a supporting bath of a stiff biomaterial
in a spatially controlled manner using the embedded bioprinting technique. For the
mechanically robust biomaterial, we used an interpenetrating polymer network (IPN) hydrogel

composed of a light-induced covalently crosslinked poly (ethylene glycol) (PEG) network and
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a cation-induced physically crosslinked alginate network. These biocompatible polymer
networks can possess high mechanical properties up to the MPa range, which mimic the native
extracellular cartilage matrix, showing great potential for applications in cartilage repair (Guo
etal., 2017; O’Connell et al., 2017). Furthermore, these IPN hydrogels take up a large amount
of water while maintaining stiff, tough and viscoelastic mechanical properties (Bootsma et al.,
2017). In contrast, fibrin gel has lower mechanical properties that are comparable to cartilage’s
pericellular matrix, and pre-gel fibrinogen was used as the soft bioink with which the printed
cells would interface. In previous studies, fibrin-based composite hydrogels showed strong
capacity to maintain the phenotype of chondrocytes and promote synthesis of cartilage ECM
(Little et al., 2014; Perka et al., 2000). By printing the fibrinogen in the PEG-alginate supporting
bath, a living construct with hierarchical mechanical properties was engineered, stiff and tough
on the tissue level yet soft and degradable at the cellular level (Janmey et al., 2009).
Mesenchymal stem cells (MSCs) were selected as the chondrogenic cell source as they
can be easily obtained from various different types of human tissues and allow for expansive
and efficient cartilage matrix production (Fu et al., 2017). Furthermore, chondrogenesis of
MSC:s can be substantially boosted via cellular micro-aggregation (Kosher et al., 1986; Leijten
etal., 2016). Accordingly, we used human bone marrow-derived MSC (hMSC) spheroids laden
within a soft fibrin gel as the chondrogenic bioink, which was printed into a mechanically robust
supporting bath using embedded bioprinting. We then demonstrated the capacity to spatially
control the mechanical properties of 3D bioprinted cartilaginous tissue, which enabled the
construct to exhibit stiffness on the tissue level, and softness around the cells to allow their

chondrogenic function.

5. Material and Methods

2.1. Material

Fibrinogen from bovine plasma, thrombin from bovine plasma, alginic acid sodium salt
from brown algae (low viscosity, 100-300 cP), calcium chloride (CaClz), photoinitiator (2-
Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone), proline, ascorbic acid, sodium
pyruvate and dexamethasone were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Polyethylene glycol (PEG) dimethacrylate (Mw = 1000 Da) was purchased from Polysciences,
Inc. (Warrington, PA, USA). Polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer
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Kit) was purchased by Dow Corning (Midland, M1, EUA). Phosphate-Buffered Saline (PBS),
Fetal Bovine Serum (FBS), Insulin-Transferrin-Selenium (ITS-Premix), Penicillin-
Streptomycin (P/S), Dulbecco’s Modified Eagle Medium (DMEM), Minimum Essential Media
a (a-MEM), Live/dead® Viability/Cytotoxicity Kit, PrestoBlue™ Kit and paraformaldehyde
ampules were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Basic fibroblast
growth factor (FGF-b) and transforming growth factor f1 (TGF-B1) were purchased from R&D
Systems (Minneapolis, MN, EUA).

2.2. Fabrication of PDMS molds

The negative for bioprinting the bath mold was fabricated by cutting (6 x 6 mm) a 6 mm
thickness PMMA sheet using a laser cutting machine (VLS 2.30 Desktop Laser, Universal
Laser Systems Inc, Richmond, VA), and the negative for the spheroids’ mold consisted of 576
wells of 200 um of height and diameter each, fabricated using standard soft photolithography
technique. PDMS was prepared at a ratio of 10:1 of base to curing agent and poured into the
negatives. After degassing in a vacuum chamber, the PDMS molds were cured at 80 °C for 1

hour, cooled to room temperature, and demolded from their negative replicate.

2.3. Microscope imaging

All bright field and fluorescent images were taken in a Nikon Eclipse Ti-S Microscope
(Nikon, Tokyo, Japan) and all confocal images were taken in a ZEISS LSM 880 with Airyscan
Microscope (Carl Zeiss, Jena, Germany). Scanning electron microscopy (SEM) images were

taken on a LEO Electron Microscopy/Oxford (Cambridge, England).

2.4. PEG-alginate hydrogels fabrication

Dimethylacrylate PEG was dissolved in deionized (DI) water at concentrations of 30,
40, and 50%. Alginate solution in DI water (5%) was mixed with each PEG solution at a 1:1
ratio in order to prepare solutions with final concentrations of PEG 15, 20, and 25% with
alginate 2.5%. After adding photoinitiator 0.25% and degassing, the mixture was carefully
poured into the cubic PDMS mold, and placed in a UV chamber under UV light (365 nm

wavelength) with a source of 200 mW cm™ (Omnicure S2000, Excelitas Technologies, Salem,
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MA, USA) for 80 s. After the covalent PEG crosslinking, the hydrogel was removed from the
mold and soaked in a 0.1 mol L' CaCl, solution for 1 hour to ionically crosslink the alginate.
After both PEG and alginate crosslinking, the hydrogels were taken to rheological and

mechanical tests.

2.5. Rheological and mechanical characterization

Rheological properties of pre-polymers and hydrogels were analyzed using an Anton
Paar MCR 702 TwinDrive rheometer (Anton Paar, Graz, Austria), operating with the top drive
only. A ten millimeter diameter parallel plate geometry was used for all measurements. For
fibrinogen and PEG-alginate pre-polymer solution, approximately 1 mL of samples was used,
and for crosslinked fibrin and PEG-alginate hydrogels, samples had approximately 1 mm
thickness; accordingly, the gap size was 1 mm in all cases. Temperature control was maintained
using the P-PTD200 (bottom plate) and H-PTD200 (hood enclosure) attachments from Anton
Paar, with cooling supplied by a Julabo circulating chiller. Results were recorded and analyzed
using Anton Paar RheoCompass software. All measurements were performed at 25 °C. Prior to
the measurement of each sample, the measuring system inertia (of the upper geometry) was
calibrated to compensate for acceleration torque, and the motor was calibrated to compensate
for residual friction. After these adjustments, the gap was recalibrated after which the samples
were loaded and allowed to equilibrate for thirty minutes or until normal force had decayed.
Mineral oil was added to the perimeter of the sample to prevent the sample from drying;
frequency sweeps performed at the start and end of the measurements suggest that sample
drying was not a significant issue. Mechanical tests were performed using a Zwick mechanical
tester (Zwick/Roell, Ulm, Germany) with custom parallel plates. Compression measurements
were recorded in the Test Xpert software by Zwick. All measurements were performed at room
temperature. Samples were cut to have a circular cross section of 10.5 mm in diameter (Lo) and
approximately 1 mm in thickness. Prior to measurement, the zero gap was determined using the
“approach” feature in the Test Xpert software. All measurements were performed at 1% Lo s™!
(0.105 mm s™). For cyclic tests, after loading each sample, five cycles from 0% to 10% were
performed sequentially; after the end of this test, the process was repeated to ensure that the
results were reproducible up until 10% strain. Next, five cycles were performed from 0% to
20% strain. The final cycles were performed with increasing strain, starting at 0% strain and

returning to 0% strain after each strain threshold: 10%, 20%, 30%, and 40%. Results from the
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final cycles, increasing strain cyclic tests at 10% and 20% were consistent with the individual
trials at these strains. Compressive modulus was calculated as the slope of the stress-strain curve

between 10 and 20% loading.

2.6. Swelling degree of IPN hydrogels

PEG-alginate IPN hydrogels were dried under vacuum, and the dry weights (W,) were
measured. Afterward, samples were immersed in PBS for 72 h, and at predetermined time
points, swollen hydrogels were weighed (W;), and swelling degrees calculated by (%) = (W;-
Wa) 1 Wa x 100.

2.7. Bioprinting fibrin in PEG-alginate bath

In order to obtain fibrin as bioink, fibrinogen was dissolved in saline solution (10 mg
mL!) by gently mixing in a 37 °C water bath. PEG 20%-alginate 2.5% solution was used as the
bath containing 0.25% photoinitiator and supplemented with 1 U per mL™! thrombin to allow
fibrin crosslinking during bioprinting. The bath was poured into the PDMS mold and left at 4
°C for at least 2 hours. The bioprinting system consisted of two needles (diameter = 500 um)
glued to each other, with one needle connected to a 1 mm Teflon tube that in turn was connected
to a 1 mL syringe containing the fibrinogen solution. The needle was placed in a syringe pump
(New Era Pump Systems Inc., Suffolk County, NY) for bioink extrusion, with a controlled flow
rate ranging from 5 to 10 pL min!. The bioprinting was performed using an INKREDIBLE 3D
Bioprinter (Cellink, Gothenburg, Sweden) with the double needle connected to the print head,
and the deposition was automatically controlled by a G-code. The nozzle speed ranged from 50
to 600 mm min’'. Fibrin fibers were printed in at 5 different densities, 36, 60, 84, 108 and 132
lines cm™. At the end of the deposition step, the constructs were exposed to UV light (200 mW
cm™) for 80 seconds and soaked in a 0.1 mol L' CaCl, solution for 1 hour. To analyze the
printed constructs, the fibrinogen was stained with pink dye during printing preparation, and

images were taken using an optical microscope.
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2.8. Cell culture

Whole bone marrow was obtained by harvesting the iliac crest of healthy patients at the
Case Comprehensive Cancer Center Hematopoietic Biorepository and Cellular Therapy Core,
previously approved by the University Hospitals of Cleveland Institutional Review Board.
Isolation of hMSCs from the marrow was via a Percoll (Sigma) gradient and the differential
cell adhesion method (Jeon et al., 2013). hMSCs were cultured in a-MEM, supplemented with
10% of FBS, 1% of P/S and 10 ng mL!' of FGF-b. Culture media was refreshed every two days.

2.9. Spheroids fabrication

The spheroids’ PDMS mold was sterilized with ethanol 70%, changed at least four times
every 30 min, and washed three times with PBS and two times with media. After trypsinization,
hMSCs from passage 3 or 5 were seeded at a concentration of 1 x 10° cells in 200 pL media
per mold, and allowed to settle in the wells for 1 h at 37 °C in a 5% CO; humidified incubator.
Media was added to 1 mL and cells were kept in incubation until spheroids had formed. After
1 day, spheroids were carefully harvested via flow agitation and collected for culture and

bioprinting. Spheroids were quantified in size distribution using the ImagelJ software.

2.10. Spheroids culture in fibrin hydrogel

In order to evaluate their viability in fibrin, harvested spheroids fabricated with hMSCs
from passage 5 were mixed in 160 pL of 10 mg mL™! fibrinogen solution and added to a 48 well
plate, followed by 36 pL of 0.1 U mL™! thrombin and 4 uL of 0.1 mol L' CaCl; to allow for
crosslinking. After gel formation, 700 puL of supplemented a.-MEM was added to the wells and
the plate was kept in incubation for 7 days, with 50% of the media changed every two days. To
evaluate the spheroids’ viability in a fibrin-hydrogel, spheroids were mixed in 50 pL of the
fibrinogen solution, and added using a micropipette to the PDMS mold filled with PEG 20%-
alginate 2.5% hydrogel containing 0.25% photoinitiator and supplemented with 1 U mL!
thrombin to allow for fast fibrin crosslinking. PEG was crosslinked by UV light exposition (200
mW cm) for 80 s, and alginate was crosslinked by soaking the hydrogel in a 0.1 mol L' CaCl,
solution for 30 minutes. Hydrogels were placed in a 48 well plate containing 700 pL of

supplemented a.-MEM, and kept in incubation for 7 days, with 50% of the media changed every
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two days. Viability and metabolic activity of the spheroids were evaluated by using PrestoBlue

reagent and live/dead kits.

2.11. Bioprinting spheroids

Spheroids fabricated from hMSCs passage 5 were mixed to the 10 mg mL™! fibrinogen
solution and added to a 1 mL syringe to be used as the bioink. Vertical constructs were
bioprinted in a PEG 20%-alginate 2.5% hydrogel containing 0.25% photoinitiator and
supplemented with 1 U mL™! thrombin, using 200 mm min™! as the flow rate and 6 uL min™! as
the extrusion speed. After bioprinting, the hydrogels were exposed to UV light (200 mW cm™)
for 2 x 40 s, followed by soaking in 0.1 mol L' CaCl, for 30 minutes. The bioprinted constructs
were placed in a 48 well plate filled with 700 pL of supplemented a-MEM, and kept in
incubation for 7 days, with 50% of the media changed every two days until an assessment of

viability.

2.12. Assessment of spheroids viability

PrestoBlue reagent was used to assess metabolic activity at days 3, 5, and 7. During each
day, media was replaced by 10% of PrestoBlue reagent in a-MEM and spheroids were
incubated for 3 h at 37 °C. An aliquot of 200 pL of the incubated reagent was transferred to a
96 well plate and absorbance read at 570 and 600 nm. The percentage of PrestoBlue reduction
was calculated and results expressed as normalized absorbance (to the first day of culture and
number of spheroids). Live/dead assay was carried out at days 3, 5, and 7 using Live/dead Kkits.
After washing the samples with PBS, samples were incubated for 30 min with an ethidium
homodimer-1 and calcein mixture, previously prepared in a ratio of 3:1 in PBS. Then, samples
were carefully washed with PBS and taken to a confocal microscope for imaging. Spheroids
were visualized by Z-stacking 10 to 15 images, and the number of live and dead cells was
calculated using the ImageJ software. For each condition, 3 spheroids containing approximately

1,700 cells were counted.
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2.12. Chondrogenic differentiation

Bioprinted spheroids fabricated using hMSCs from passage 3 were cultured in
chondrogenic medium DMEM, supplemented with 10% FBS, 1% P/S, 40 ug mL! proline, 50
ug mL! ITS-premix, 50 ug mL! ascorbic acid, 100 ug mL"! sodium pyruvate, 10 mol L
dexamethasone and 10 ng mL"! TGF-beta for 21 days. Chondrogenic media was changed every

third day.

2.13. Histological preparations

Bioprinted constructs cultured in chondrogenic and control media were washed with
PBS and fixed with 4% paraformaldehyde for 2 h. Afterward, the samples were rinsed twice
with PBS, sliced (50 um section) in paraffin blocks and kept in an oven at 65 °C for 2 hours.
The slices were deparaffinized in xylene and rehydrated in graded ethanol from 100 to 75%.
Samples were stained with Alcian blue for GAG’s, and Masson’s trichrome and Picro-sirius
red for collagen deposition. Samples were scanned by digital slides scanner (3D Histech,

MIDI).

2.14. Statistical Analysis

All data are expressed as mean * standard deviation. One-way ANOVA with Tukey

tests were performed when appropriate with p < 0.05 being viewed as significant.

6. Results and Discussion

3.1. Design of bioinks and embedded bioprinting system

To develop mechanically robust 3D cartilage-like tissue constructs, the crosslinked
supporting bath should possess stiff and tough mechanical properties that are able to withstand
high mechanical stresses and cyclic loads, while fibrin provides a soft and stimulating
environment to cells. To this end, we first designed a hydrogel-based supporting bath
possessing self-healing properties. This bath allowed successful printing of hMSC spheroid-

laden bioink, without causing any permanent cracks, via an embedded bioprinting system
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(Figure 1). Cracks lead to the weakening of the supporting hydrogel as a whole via crack
propagation under high mechanical cyclic loads; therefore, the self-healing process should
occur rapidly (within a few seconds) around the printed bioink, ideally without using any added
cytotoxic compounds or external stimuli to maintain high cell viability. To achieve these
requirements, a combination of dimethyl acrylate PEG and alginate pre-polymer mixture was
used as the self-healing supporting bath. These materials have the capability of mechanically
interlocking based on non-covalent (physical) supramolecular interactions between the two
polymers, which is generally reversible (Hong et al., 2015). In addition, the shear thinning
behavior of the non-crosslinked alginate makes it a suitable candidate for one of the supporting
bath materials (Li et al., 2016). In a previous study, the PEG-alginate mixture was used as a
bioink by Hong et al. to obtain a 3D cartilage tissue via extrusion-based bioprinting, and was
shown to be a cytocompatible material, maintaining high cell viability for several days after
printing (Hinton et al., 2015). Although the use of hard biomaterials as bioinks has proven to
be suitable for cell growth, these materials may cause cellular stress associated with the hard
mechanical microenvironments post-gelation (Hendriks et al., 2015). In addition, a direct
interface with a stiff biomaterial 1s known to adversely affect cell survival and chondrogenic
behavior after a few weeks of culture (Park et al., 2011a). Therefore, to maintain chondrogenic
function, a fibrin hydrogel was used as an appropriately soft biomaterial that is formed
following enzymatic polymerization of fibrinogen by thrombin (Park et al., 2011b;
Sheykhhasan et al., 2015). However, as fibrin is a relatively viscous material, it will associate
with poor cell viabilities when printing at high resolutions using small nozzles or high feeding
speeds due to resulting high shear and extensional forces (Colosi et al., 2016; Zhu et al., 2017).
To solve this challenge, the hMSC spheroid-laden bioink utilized was fibrinogen. The mixture
was printed in a PEG-alginate self-healing supporting bath containing thrombin, which diffused
into printed fibrinogen to form a stable fibrin hydrogel. The diffusion based crosslinking
process for the fibrin gel is ideal for locally depositing hMSC spheroid-laden soft matrices with
high cell viability and high printing resolution due to fibrinogen’s low viscoelastic properties
and fast gelation (Cui and Boland, 2009). After bioprinting and polymerization of the hMSC
spheroid-laden fibrinogen bioink, the PEG-alginate pre-polymer was dual-crosslinked to form
an IPN hydrogel that possessed macro-mechanical properties similar to that of native cartilage,
presenting high stiffness and toughness, which was assured by reversible physical crosslinks
that allows for energy dissipation, and covalent crosslinks that maintain hydrogel elasticity

under deformation (Hong et al., 2015; Jeon et al., 2017; Sun et al., 2012).
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Figure 1. Schematic of the 3D bioprinting approach for the engineering of articular cartilage.
hMSCs-laden fibrinogen was used as a bioink for printing in a self-healing supporting bath of
PEG-alginate pre-polymer mixture, supplemented with thrombin. Thrombin interacts with
fibrinogen and polymerizes during bioprinting, forming soft fibrin fibers inside the hard PEG-
alginate hydrogel, creating a suitable environment for chondrocyte differentiation within a
mechanically robust construct. This system allows for the bioengineering of 3D native-like

cartilage tissue.

3.2. Stiff and viscoelastic PEG-alginate IPN hydrogel

Using a PEG and alginate pre-polymer mixture, a multi-material IPN hydrogel was
fabricated through UV light and Ca** mediated dual-crosslinking (Figure 2A). To optimize the
polymer blend for use as a mechanically robust supporting hydrogel, PEG concentrations of 15,
20 and 25% were investigated, while the alginate concentration was fixed at 2.5%. Storage (G)
and loss (G”) moduli analysis of the three hydrogel compositions demonstrated that the IPNs
were predominatly elastic in nature as no G’ variation was observed when varying the angular
frequency from 1 rad s™! to 100 rad s™ (Figure 2B). PEG concentration directly influenced the
hydrogel mechanical properties, with G’ values around 0.15, 0.5, and 1 MPa for PEG 15, 20,
and 25%, respectively. Additionally, the phase angle was close to zero for all PEG
concentrations, indicating a high stiffness (Grillet et al., 2012). The maximum loss modulus
was on the order of 10 kPa, indicating that more energy is stored in the hydrogels than is
dissipated, which could cause cracks during compression to release energy (Fulcher et al.,

2009). However, no cracks were observed in the hydrogels, indicating that PEG chains were



179

able to stabilize the deformation (Hong et al., 2015; Sun et al., 2012). The compressive moduli
were calculated from stress-strain curves, which showed a positive correlation with PEG
concentration with values of 2.57 + 0.04 MPa, 3.08 + 0.09 MPa, and 4.43 + 0.21 MPa for 15,
20, and 25% PEG-2.5% alginate, respectively (Figure 2C). These moduli demonstrate that PEG
concentration positively correlates with material stiffness, in line with the existing literature
(Bas et al., 2017; Li et al., 2014). As articular cartilage has a compressive modulus ranging
from 0.08 to 2.5 MPa, the 15% PEG-2.5% alginate hydrogel possessed mechanical properties
similar to native cartilage tissue (Bartnikowski et al., 2015; Schinagl et al., 1997).

We also demonstrated the capacity of the PEG-alginate hydrogel to withstand mechanical
loading by applying a cyclical strain of up to 40% compression. Hydrogels could return to their
original shape without cracking at 30% compressive strain (Figure 2D; Video SI,
Supplementary information). The resilience capacity of the hydrogel was confirmed by their
ability to recover their original shape after being loaded 4 times, and each time reaching larger
values, with a maximum of 1.2, 1.7, and 2.4 MPa in the last cycle for PEG 15%, 20%, and 25%,
respectively, indicating a PEG-concentration dependent effect on the materials’ mechanical
properties (Figures 2E-G). Moreover, the pronounced and stable hysteresis after 5 cycles
confirmed the hydrogels’ ability to dissipate energy when compressed, which is assured by the
reversible alginate-Ca* crosslinking (Figure 2H).

To assess the PEG-alginate IPN hydrogel’s fluid phase, the swelling behavior of the PEG-
alginate IPN hydrogel within phosphate buffered saline (PBS) was evaluated. PBS was used
here in order to simulate the fluid phase present in the native articular cartilage tissue. After 8
hours, the degree of swelling reached equilibrium and no significant changes in time were
observed, with a maximum swelling degree of 89.1 + 12.6%, 135.5 £ 3.1%, and 130.3 + 1.7%
for PEG 15%, 20%, and 25%, respectively (Figure 2I). Consequently, the degree of swelling
significantly increased by increasing PEG concentration from 15% to 20%. This was likely due
to the increase of the hydrophilic contents such as PEG in the IPN, resulting in a greater degree
of binding of water molecules and a larger amount of water being contained in the networks.
However, at 25% PEG, the degree of swelling plateaued, likely due to the IPN’s crosslinking
density countering the osmotic pressure of additional water molecules above 20% PEG (Bajpai
and Shrivastava, 2002). As a result, the 15% PEG-alginate IPN hydrogels contain similar
amounts of water as native cartilage tissue, which is ~80% of the wet weight of the tissue.
Scanning electron microscopy (SEM) images of the freeze-dried PEG-alginate hydrogels

showed a highly dense morphology that was observed for all three compositions (Figure 2J).
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Interestingly, micro-cracks were observed with increasing PEG concentration, and cavity size
positively correlated with PEG concentration. As aforementioned, these micro-cracks may self-
heal through the reversible alginate-Ca®* ionic crosslinking networks. These results corroborate
the formation of IPNs from the intra/intermolecular interactions, resulting in stiff hydrogels
(Hild, 1997). The high stiffness and capacity to withstand mechanical loading from cyclic strain
suggested that our IPN hydrogels could have great potential for cartilage engineering and

regeneration strategies.
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Figure 2. Characterization of PEG-alginate hydrogels with different PEG concentrations. A)
Schematic illustration of the dual-crosslinking process to create the PEG-alginate IPN hydrogel.
B) Linear rheological properties and C) compressive modulus of the PEG-alginate IPN
hydrogels with various concentrations of PEG. *p < 0.05. D) Photographs of the 20% PEG-
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2.5% alginate IPN hydrogel under compressive strain at 30%. E-G) Cyclic compression test of
the PEG-alginate IPN hydrogels with increased strain by a 10% increment with each
compressive cycle from 10 to 40% for E) PEG 15%, F) PEG 20% and G) PEG 25%. H) Cyclic
compression test of the PEG-alginate IPN hydrogels with various concentrations of PEG under
five repeated cycles up to 20% strain. I) Swelling behavior of the PEG-alginate IPN hydrogels
with various concentrations of PEG within PBS. J) SEM images of the PEG-alginate hydrogels

with various concentrations of PEG within PBS.

3.3. Assessment of bioprinting conditions

In terms of compressive modulus, 15% PEG-2.5% alginate hydrogels performed
similarly to native cartilage. However, we postulated that incorporation of the soft fibrin
hydrogel within a bulk of stiff PEG-alginate hydrogels would result in a decrease in the overall
mechanical properties of the hydrogel. Here, the 20% PEG-2.5% alginate composition was
chosen for the supporting bath due to its stronger mechanical properties that might offset the
expected reduced mechanical performance of the PEG-alginate hydrogel. Fibrinogen is a bioink
with low viscosity and Newtonian behavior (Figure 3A and S1A, Supporting information) that
is difficult to bioprint via conventional extrusion-based bioprinting techniques without using
thrombin to create stable microprinted lines (Grillet et al., 2012). This limitation was overcome
by using the embedded bioprinting technique with the PEG-alginate supporting bath, which
displays a non-Newtonian, shear thinning (pseudoplastic) behavior (Figure S1B-C, Supporting
information). Pre-polymers with increased concentrations of PEG (20 and 25%) presented an
increased flow consistency index (K) and a decreased power law index (n) compared to that
with 15% of PEG, showing that higher concentrations of PEG led to increased shear thinning
(Table S1, Supporting information). Shear thinning is an ideal flow characteristic for support
baths to provide low mechanical resistance to the nozzle when bioprinting in an otherwise
viscous bath. Moreover, pseudoplastic fluids behave as a rigid body at low shear stresses,
making it possible to sustain the shape and location of the printed microstructure (Figure 3A)
(Zhu et al., 2017). The presence of thrombin increased the zero-shear viscosity of PEG-alginate
pre-polymer solution, which was 20.5 + 6.4 Pa-s as compared to the bath without the enzyme
(11.7 £ 1.9 Pa-s). This viscosity increase is likely due to the thrombin induced non-covalent
supramolecular interactions, such as the ionic interaction between negatively charged

carboxylate groups of sodium alginate and positively charged thrombin (Akkaya, 2017). As
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expected, the fibrin zero-shear viscosity was substantially higher than that of fibrinogen, 16.9
+ 3.3 Pa-s vs. 3.9 + 0.8 Pa-s, respectively (Figure 3B).

The polymerization of fibrin gel is associated with increased turbidity (Figure 3C). The
storage modulus of fibrin was significantly lower than that of the PEG-alginate hydrogels at
equivalent frequencies, as was expected, reaching a maximum of 10 Pa (Figure 3D). The fibrin
gel behaved distinctly from the tough hydrogels, showing a more prominent viscous behavior
with increasing frequency, indicating its low capacity to store energy at higher frequencies.
Mechanical analysis of fibrin showed low fracture stress (6.4 kPa) (Figure 3E), resulting in a
much lower compressive modulus than the PEG-alginate hydrogels (2.4 £+ 0.8 kPa) at the same
strain rate (10 to 20%), and confirmed the material’s softness. It is anticipated that a fibrin
hydrogel could therefore provide a softer microenvironment to encapsulated cells, which is
expected to reduce the physical constraints compared to the dense and hard PEG-alginate IPN
hydrogel for the hMSC spheroids. Moreover, fibrin hydrogels possessed a high permeability
(Moreno-Arotzena et al., 2015), which could also further improve hMSC spheroids viability
within the PEG-alginate IPN hydrogel.

To locally combine the fibrin micro hydrogel within a bulk of hard PEG-alginate IPN
hydrogel, vertically oriented fibers were printed to control the arranged direction of
chondrocytes, partially mimicking the overall native cartilage organization (Huber et al., 2000).
Bioprinting was characterized by testing the influence of the nozzle speed and bioink flow rate
on the diameter of printed fibers. A needle with a 500 pm inner diameter was used for extrusion,
and bioprinting was performed by varying bioink flow rates from 5 to 10 uL min! and nozzle
speed from 50 to 600 mm min"!. After printing, the PEG-alginate supporting bath was
subsequently dual-crosslinked using UV light and 0.1 mol L' CaCl,. By printing a fibrinogen
bioink containing pink stain, it was optically verified that the printed lines possessed diameters
between approximately 50 to 250 pum, which was tightly controlled by the printing parameters
bioink flow rate and nozzle speed (Figures 3F-G, S2 and video S2, Supporting information).
The minimum diameter of the printed lines was ~50 um, which is difficult to achieve via
conventional extrusion-based printing. The bioprinted constructs presented a very precise
alignment and high resolution deposition of fibrin, with width consistency along the construct
length (Figure 3H, i, ii, and iii). Furthermore, the printing nozzle could continuously move up
and down in the supporting bath without crack formation. Finally, the 3D printing created a
complex-structured, multi-material composite composed of a high resolution array of parallel

lines within a distinct material bulk (Figure 3H, iv and v).
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To evaluate the effects of the internal soft fibrin hydrogel patterns on the overall mechanical
properties of the PEG-alginate IPN hydrogel, the fibrinogen bioink was printed with various
densities (36, 60, 84, 108 and 132 lines cm™), as well as different orientations (Figure 3 I-K,
Figure S3, Supporting information). Results were expressed as the loss percentage of the
compressive modulus, relative to the lowest concentration of printed lines (36 lines cm™). Up
to 80 lines cm?, compressive modulus loss was below 10%, while a significant increase was
observed for 108 lines cm™ and 132 lines cm™, with the loss being higher than 50%,
demonstrating that printing density adversely affected the macro-mechanical properties of the
IPN hydrogel when exceeding a threshold value (Figure 3I). It was also demonstrated that the
printed line orientation could endow the engineered constructs with an anisotropic mechanical
behavior (Figure 3J). It is of note that, especially for low density printed constructs, a strain-
stiffening behavior was observed, which may be interesting for the engineering of cartilage
tissues that self-protect against trauma or rapid-loading induced rupture (Figure 3K) (Chen et

al., 2012).
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Figure 3. Characterization of the bioink and bioprinting conditions. A) Schematic of the 3D

printing approach. 1) Printing using fibrinogen solution as bioink stained pink, and PEG-

alginate supplemented with thrombin as bath. i1) Schematic of the polymerization reaction

between fibrinogen and thrombin forming fibrin. iii) Schematic of the fibrin printed lines in

PEG-alginate bath, after crosslinking. B) Viscosity of the supporting bath (20% PEG-2.5%
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alginate) in the presence and absence of thrombin, and of the bioink before (fibrinogen) and
after (fibrin) crosslinking. “p < 0.05. C) Images of bioink taken before and after crosslinking.
D) Rheological properties and E) stress-strain curve of fibrin gel. F) Diameter of printed fibrin
fibers as a function of bioink flow rate. G) Diameter of printed fibrin fibers with respect to
nozzle speed. H) Images of bioprinted fibrin in 20% PEG-2.5% alginate. (i) Photograph of
vertically printed fibrin. Optical images of vertically printed fibrin from ii) side and iii) top
views. (iv) Photomicrograph of horizontally printed fibrin and (v) optical image of horizontally
printed fibrin from top view. I) Relative loss of compressive modulus of hydrogels containing
different densities of printed lines. J) Relative loss of compressive modulus of IPN hydrogels
in vertical and horizontal orientation. "non-significant and “significant at p < 0.05. K) Stress-
strain curves of PEG-alginate hydrogels without printing and with printed fibers at different

densities.

2.4. hMSCs spheroids fabrication and survival in soft and stiff hydrogels

A polydimethylsiloxane (PDMS) microwell technique was used to form hMSCs
spheroids in high throughput (Figure 4A) (Bhise et al., 2016). The PDMS mold was composed
of 576 microwells with 200 um height x 200 um diameter (Figures 4B and C). Micrometer
sized hMSCs spheroids self-assembled over the course of 24 hours when seeded in the
microwells due to the significantly higher cell-cell interactions as compared to cell-substrate
interactions (Smeets et al., 2016). In addition, the poor cell-substrate interaction properties of
the PDMS microwell allowed for facile harvesting of the intact spheroids after one day of
culture (Figure 4D and E). The harvested hMSC spheroids were characterized as having a
narrow size distribution with diameters of 110 + 22 um (Figure 4F). This equated to
approximately 1,700 cells per spheroid, which correlated with the expected number of cells
based on seeding density. Live/dead analysis confirmed that hMSC spheroids remained viable
and did not form a necrotic core (Figure 4G).

To evaluate cell viability in the soft and hard hydrogels, hMSC spheroids were
encapsulated and cultured for seven days in bulk fibrin, bulk PEG-alginate, and fibrin that was
homogeneously mixed into PEG-alginate (fibrin/PEG-alginate) (Figure 4H-K). Live/dead
results revealed that there was a higher viability of hMSC spheroids in the soft fibrin (94.3 +
0.4%) hydrogel as compared to the hard PEG-alginate IPN (77.6 * 3.1%), and mixed
fibrin/PEG-alginate (77.7 + 0.4%) hydrogels, proven that fibrin gel is an excellent matrix to
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promote cell viability and growth (Figure 4H and S4, Supporting information) (Guo et al., 2010;
Murphy et al., 2014; Sakai and Nakazawa, 2007). In contrast, hMSCs spheroids within the
PEG-alginate hydrogel had become smaller than hMSC spheroids embedded in fibrin,
demonstrating lower cellular viability, and showing a less rounded shape due to the physical
constraints generated by the dense and high mechanical properties of the PEG-alginate hydrogel
(Figure 4I). Importantly, endowing hard PEG-alginate hydrogels homogeneously with fibrin
did not improve spheroid viability and growth, indicating the essential nature of spatial
separation between the soft fibrin and the hard PEG-alginate hydrogel to allow for improved

construct performance.

m Sy
e | )
QI PN ofn.  Seen
‘®.®‘ 1 day ‘ Qgé,)‘) ‘ ) 00%0
Microwell cross section ' hMSCs spheroids

Frequency M

o =~ N W H OO,

Viability (%) X
©
o

of | | [

Bulk  Bulk PEG- Fibrin/
Fibrin alginate PEG-alginate

Figure 4. hMSC spheroid fabrication and characterization. A) Schematic of hMSC spheroid
fabrication showing single cells being added to the microwell mold and forming spheroids after
1 day of culture. B) Picture of the PDMS mold. C) Optical image of a microwell mold. D)
Optical image of hMSC spheroids in the PDMS mold after 1 day. E) Optical image of harvested
spheroids after 1 day. F) Size distribution histogram of harvested spheroids. G) Confocal
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live/dead images of harvested spheroids, and spheroids cultured in H) fibrin, I) PEG-alginate
and J) fibrin-laden in PEG-alginate after 7 days. K) Viability of spheroids cultured for 7 days
in fibrin, bulk gel (PEG-alginate hydrogel) and fibrin/bulk gel (PEG-alginate hydrogel

homogeneously mixed with fibrin). *p < 0.05.

2.5. Mechanically robust 3D printed hMSC spheroid-laden cartilage-like tissue constructs

Vertically aligned fibrin lines were bioprinted, allowing for an organized deposition of
spheroids inside the PEG-alginate IPN hydrogel (Figure 5A). SEM analysis confirmed the
incorporation of hMSC spheroids within the fiber networks of the printed fibrin hydrogel
(Figures 5B). The bioprinted hMSC spheroid-laden fibrin in the PEG-alginate IPN hydrogel
showed good viability in both the core and the shell after 3, 5, and 7 days (Figure 5C). In
addition, the hMSC spheroid-laden fibrin showed higher viability (91.2 + 1.0%) on day 5
compared to hMSC spheroids that were directly encapsulated in PEG-alginate IPN hydrogel
without printed fibrin gel (79.3 = 1.8%) (Figure 5D). Furthermore, bioprinted hMSC spheroids
that had their own soft pericellular matrix with the fibrin gel showed high viability compared
with that of the simply mixed fibrin/PEG-alginate hydrogels (Figure 4K). The metabolic
activity of hMSC spheroids within fibrin fibers that were printed in the PEG-alginate IPN
hydrogel was significantly greater than that of spheroids cultured directly in the PEG-alginate
hydrogel by day 3 and this increase was maintained over 7 days (Figure SE). We assumed the
soft fibrin gel could facilitate enhanced nutrient and oxygen diffusion compared to the PEG-
alginate IPN hydrogel, resulting in higher viability and growth of spheroids and even induced
cell spreading into the soft matrix (Lee et al., 2015). Therefore, these findings show the positive
effects of a locally bioprinted soft pericellular matrix (kPa) on cell survival and metabolic
activity within the stiff PEG-alginate hydrogel (MPa), indicating a potential for enhanced
performance of hMSC spheroids.

We also assessed the chondrogenic activity of hMSC spheroids that were co-printed
with fibrin gel in the PEG-alginate IPN hydrogel, and cultured in chondrogenic and regular
media for 21 days. Chondrogenic differentiation was histologically visualized using Alcian blue
for sulfated GAG’s (Adolphe et al., 1996), and Picro-sirius red and Masson’s trichrome for
collagen (Junqueira et al., 1979). Mean pixel intensity of ECM deposition was determined using
Image] software. Chondrogenic behavior and round morphology were observed in the hMSC

spheroid-laden fibrin gel printed within the PEG-alginate IPN hydrogel under the chondrogenic
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culture medium (Figure 5F (ii)). In addition, the formation of a-smooth muscle actin was
observed in bioprinted spheroids stained with Picro-sirius red and Masson’s trichrome (Figure
S5, Supporting information). Actin is expressed by hMSCs during cell contraction, a cell-cell
mechanism that drives chondrogenesis (Shu et al., 2009). Indeed, microaggregating cells in
micrometer sized spheroids is known to favor chondrogenic differentiation (Leijten et al., 2016;
Moreira Teixeira et al., 2012).

Differently, cells present in spheroids cultured in regular medium (control) showed greater
eccentricity, or lengthening, which is characteristic of non-differentiated hMSCs (Haasters et
al., 2009). Low deposition of GAG’s and collagen were observed for bioprinted single cells-
laden fibrin gel in the PEG-alginate IPN hydrogel, cultured in a chondrogenic medium (Figure
SF (ii1)). These observations were in line with those reported in previous studies, reporting a
higher capacity of hMSCs in spheroids to differentiate into chondrocytes in both in vitro and in
vivo conditions, compared to single cells (Johnstone et al., 1998; Suzuki et al., 2012).
Measurements of mean pixel intensity showed that an ECM deposited by bioprinted spheroids
cultured in a chondrogenic medium had a significantly high color intensity compared to the two
control samples (Figure 5G).

This work showed that hMSCs spheroids were successfully co-bioprinted with fibrin in a
stiff and tough hydrogel, presenting high cell viability and a high capacity to differentiate into
chondrocytes. Results indicated that the cartilage-like tissue engineering approach used here

presents a great potential for further applications in cartilage regeneration studies.
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Figure 5. Characterization of bioprinted hMSCs spheroids in PEG-alginate hydrogel as a

bioengineered cartilage construct. A) Bioprinted line showing a schematic illustration of the

bioprinted spheroids in a tough hydrogel and a bright field image of the bioprinted line. B)

Images captured by SEM of bioprinted spheroid-laden fibrin in a PEG-alginate hydrogel after

7 days. C) Live/dead images obtained by confocal of bioprinted spheroids on days 3, 5 and 7.

D) Viability and E) Metabolic activity of spheroids in PEG-alginate and bioprinted spheroid-

laden fibrin in PEG-alginate. F) Histological images of 1) bioprinted spheroids cultured in

regular medium (control), ii) chondrogenic medium and iii) single cells cultured in

chondrogenic medium for 21 days and stained with Alcian blue for GAG’s deposition, and

Picro-sirius red and Masson’s trichrome for collagen deposition. G) Mean pixel intensity of
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stained bioprinted spheroids (in regular and chondrogenic medium) and bioprinted single cells

(in chondrogenic medium) measured using the ImageJ software. *p < 0.05.

4. Conclusion

We have developed a cartilage-like tissue by 3D bioprinting hMSC spheroid-laden
fibrin in a stiff and tough biomaterial. It was demonstrated that dual crosslinking of PEG-
alginate resulted in IPN hydrogels with mechanical properties in the MPa range, which is
comparable to that of the native tissue, indicating the ability to withstand the mechanical loads
that articular cartilage is typically exposed to. In addition, IPN hydrogels showed a great
capacity for resilience and elasticity, recovering their original shape after up to 40%
compressive cyclic loadings. A low viscosity bioink composed of fibrin was successfully
printed in vertically oriented arrays within the PEG-alginate supporting bath in a macroscale
crack-free manner, due to the shear-thinning behavior of the mixture. The colloidal bioink
composed of hMSCs spheroids embedded in fibrin was readily extruded through the nozzle
without damaging the cells, allowing the material to mimic the overall articular cartilage
organization abstractly. Bioprinted hMSCs spheroids showed significantly higher viability and
metabolic activity after 7 days of culture as compared to spheroids in bulk PEG-alginate IPNs,
demonstrating that the soft environment provided by fibrin and organized deposition
contributed to cell survival. This environment favored chondrogenic differentiation, in which
spheroids showed substantial GAG and collagen deposition after 3 weeks of culture. This
innovative approach for cartilage-like tissue fabrication may be promising for further

preclinical investigations of its utility for cartilage replacement and regeneration.
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Figure S1. A) Shear rheology of the fibrinogen bioink, exhibiting a constant viscosity with
shear that indicates Newtonian behavior. Shear rheology of pre-polymers 15, 20 and 15% PEG-
2.5% alginate. B) Viscosity and C) shear stress as a function shear rate, showing the higher

viscosity and pseudoplastic behavior for increased concentrations of PEG.

Table S1. Rheological characterization of the pre-polymers PEG-alginate by the power law

model, showing their flow consistency index (K), and power law index (n).

K (Pa.s") n
15% PEG-2.5% alginate 0.409 0.828
20% PEG-2.5% alginate 0.668 0.771

25% PEG-2.5% alginate 0.730 0.776
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Figure S2. Optical images of bioprinted fibrin at different flow rates. A) 5, B) 6, C) 7, D) 8, E)

9 and F) 10 mL min! at a constant extrusion speed of 200 mm min™.
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Figure S4. Live/dead images of A) hMSC spheroids-laden fibrin on days 3, 5, and 7 and B)
bioprinted single cells-fibrin laden in PEG-alginate hydrogel on day 7.
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50 um

Figure S5. Histological images bioprinted spheroids cultured in chondrogenic medium for 21
days. A) Picro-sirius red and B) Masson’s trichrome stain, highlighting the formation of a-

smooth muscle actin.

Video S1. Crosslinked 20% PEG-2.5% alginate hydrogel under a compressive strain of 30%

and returning to its original shape.
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Video S2. Printing of fibrinogen stained pink in a 20% PEG-2.5% alginate bath supplemented

with thrombin, allowing for fibrin crosslinking during printing.
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