S

HMIEAMP  UNIVERSIDADE ESTADUAL DE CAMPINAS
Faculdade de Engenharia Mecanica

ISABELLA CAROLINE PEREIRA RODRIGUES

Desenvolvimento de scaffolds farmacologicos
e osteocondutivos processados por
manufatura aditiva e rotofiacao

CAMPINAS
2024



ISABELLA CAROLINE PEREIRA RODRIGUES

Desenvolvimento de scaffolds farmacologicos
e osteocondutivos processados por
manufatura aditiva e rotofiacao

Tese apresentada a Faculdade de Engenharia
Mecanica da Universidade Estadual de Campinas
como parte dos requisitos exigidos para obtencao
do titulo de Doutora em Engenharia Mecanica, na
Area de Materiais e Processos de Fabricagio.

Orientador: Prof. Dr. Eder Sécrates Najar Lopes
Coorientador: Profa. Dra. Lais Pellizzer Gabriel

ESTE TRABALHO CORRESPONDE A VERSAO
FINAL DA TESE DEFENDIDA PELA ALUNA
ISABELLA CAROLINE PEREIRA RODRIGUES, E
ORIENTADA PELO PROF. DR. EDER SOCRATES
NAJAR LOPES

CAMPINAS
2024



Ficha catalografica
Liniversidade Estadual de Campinas
Biblioteca da Area de Engenharia e Arquitetura
Rosze Meire da Silva - CRB 8/5%74

Fodrgues, Isabella Caroline Pereira, 1995-

RG18r Desenvolvimento de scaffolds farmacologicos e osteocondutivos
processados por manufatura aditiva e rofofiacdo / Isabella Caroline Pereira
Rodrigues. — Campinas, SP : [s.n.], 2024.

Orientador: Eder Socrates Majar Lopes.

Coorientador: Lais Pellizzer Gabriel.

Tese {(doutorado) — Universidade Estadual de Campinas, Faculdade de
Engenharia Mecanica.

1. Antibidticos. 2. Engenharia Tecidual. 3. Liberac3do controlada de
farmacos. 4. Impressao tridimensional. 5. Membranas poliméricas. |. Lopes,
Eder Socrates Najar, 1982-. ||. Gabriel, Lais Pellizzer, 1987-. lll. Universidade
Estadual de Campinas. Faculdade de Engenharia Mecanica. IV. Titulo.

Informaciies Complementares

Titulo em outro idioma: Development of pharmacological and osteoconductive scaffolds
processed by additive manufacturing and rotary jet spinning
Palavras-chave em inglés:

Antibiofics

Regenerative Medicine/Tissue Engineering

Dirugs - Controlled release

Three-dimensional printing

Membranes {Technology) - Materials

Area de concentracio: Materiais e Processos de Fabricago
Titulagao: Doutora em Engenharia Mecanica

Banca examinadora;

Eder Socrates Majar Lopes [Orientador]

Amedea Barozzi Seabra

Anderson de Oliveira Lobo

Cecilia Amelia de Carvalho Zavaglia

Marcos Akira D'Avila

Data de defesa; 08-03-2024

Programa de Pos-Graduagao: Engenharia Mecanica

= Informagbec académioac dolal Alunca)
= (DRCID do st rips Uortkd onpD000-0003-3274- 1387
=-{aariculo Latkes do autor: Aiip.iaies oo e TEIO T TY30E6L



UNIVERSIDADE ESTADUAL DE CAMPINAS
FACULDADE DE ENGENHARIA MECANICA

TESE DE DOUTORADO ACADEMICO

Desenvolvimento de scaffolds farmacologicos
e osteocondutivos processados por
manufatura aditiva e rotofiacao

Autor: Isabella Caroline Pereira Rodrigues

Orientador: Prof. Dr. Eder Sécrates Najar Lopes
Coorientador: Profa. Dra. Lais Pellizzer Gabriel

A Banca Examinadora composta pelos membros abaixo aprovou esta Tese:

Prof. Dr. Eder Sécrates Najar Lopes (Presidente)
Faculdade de Engenharia Mecanica/ Universidade Estadual de Campinas

Profa. Dra. Amedea Barozzi Seabra
Centro de Ciéncias Naturais e Humanas/ Universidade Federal do ABC

Prof. Dr. Anderson De Oliveira Lobo
Campus Universitario Ministro Petronio Portella/ Universidade Federal do Piaui

Profa. Dra. Cecilia Amélia de Carvalho Zavaglia
Faculdade de Engenharia Mecanica/ Universidade Estadual de Campinas

Prof. Dr. Marcos Akira D’Avila
Faculdade de Engenharia Mecanica/ Universidade Estadual de Campinas

A Ata de Qualificacdo com as respectivas assinaturas dos membros encontra-se no
SIGA/Sistema de Fluxo de Tese e na Secretaria do Programa da Unidade.

Campinas, 08 de margo de 2024.



Dedicatoria

Dedico essa tese de doutorado a minha familia que sempre acreditou nos meus sonhos,
celebrou minhas conquistas € me apoiou nos momentos dificeis.



Agradecimentos

Ao longo deste trabalho, diversas pessoas, institui¢des e agéncias de fomento ofereceram
apoio. Por isso, gostaria de agradecer:

A Deus, por ser minha luz e for¢a, por me guiar para que eu possa trazer um pouco de
Sua luz comigo.

Aos meus pais, Vinicius e Débora, que me ensinaram a lutar com ética e garra, a sempre
buscar ser uma melhor versdao de mim e que acolheram meus sonhos e angustias.

Aos meus irmaos, Guilherme e Alexandre, por todo carinho, alegria e parceria de sempre.

Ao meu noivo, Alessandro Bigoni, pelo amor, companherismo e apoio. Pelas discussoes
sobre o mundo, por acreditar em mim e me fazer querer ser melhor na vida e na ciéncia.

Ao Prof. Eder Lopes e a Profa. Lafs Gabriel pela orientagiio, confianga e por desde o
inicio acreditarem no meu potencial, me dando as ferramentas e apoio necessario para que eu
pudesse me desenvolver como pesquisadora e profissional.

Aos meus tios, Alessandra e Rodrigo, que foram exemplos e muito importantes ao longo
da minha trajetoria na pesquisa € como pessoa.

A outras pessoas tdo queridas da minha familia, como minhas avés Luzia e Jamila, meus
tios, entre eles Cynthia e Mikio e primos, por todo carinho.

Aos meus grandes amigos, entre eles Anne, Renan e Karina, que ouviram meus desabafos,
celebraram comigo e sempre se fizeram tdo presentes, independentemente da distancia.

Aos amigos e grandes pesquisadores que a Fulbright me permitiu conhecer, Barbara,
Victor, André e familia, James, Nathdlia e familia, Jéssica entre outros que tornaram esse
periodo ainda mais enriquecedor.

Aos meus colegas e amigos pesquisadores da UNICAMP, Karina Voigt, Camila Sartori,
Mbnica Granusso, Ingrid Casalle, Gustavo Granjeia, Mateus Franco, Mateus Pozzibon,
Guilherme Queiroz, Jéssica Ferreira, Bruno, Eduardo Fonseca, André Gabriel e Prof. Augusto
Luchessi, por todo conhecimento compartilhado, ajuda nos experimentos, discussdes e artigos
desenvolvidos ao longo desse periodo.

Aos professores e amigos que me inspiraram e apoiaram nessa profissdo, Marcelo
Matsudo, Guilherme Rodriguez, Juliana Fedoce, Susan Duarte, Dirceu da Silva e tantos outros.
Aos meus alunos e orientados, pela confianga e oportunidade de aprender e ensinar.

A Fulbright pela oportunidade de expandir meus horizontes, me conectar e trazer mais

conhecimento para 0 meu pais.



To my advisor at Harvard Medical School, Prof. Yu Shrike Zhang, for welcoming me
into his lab, making sure that I had what I needed for the projects, and for all the guidance.

To my colleagues at Shrike’s lab, Camila, Thiago, Luis Orrantia, Xiao, Luis Ferreira,
Sushila, Liam, Carlos, Federico, Sonia, and Regina, among others, who are so amazing and
humble, and taught me so much about bioprinting, cells, and science.

To the friends who made me feel at home while I was in a different country, Annie, Katie,
and Elyse, and for our scientific discussions with a lot of tea.

To the kind hearts I met all over the world during this journey, Monika, Mikayla, Alex,
Don, Mel, and Raffi, and so many others that I was lucky enough to cross paths with.

Pesquisa apoiada pelos Laboratérios Abertos do Centro de Tecnologia da Informacgdo
Renato Archer (CTI), Unidade de Pesquisa do MCTI, pelo Laboratério Central de Tecnologias
de Alto Desempenho (LaCTAD - UNICAMP), Instituto Nacional de Fotdnica Aplicada a
Biologia Celular (INFABIC- UNICAMP), Centro Pluridisciplinar de Pesquisas Quimicas,
Bioldgicas e Agricolas (CPQBA — UNICAMP) e Laboratério de Biotecnologia InPhyto.

Também gostaria de agradecer a Dra. Fabiana Garboggini e Dra. Marta Duarte da Divisao
de Recursos Microbianos (DRM — CPQBA) por disponibilizarem a infraestrutura e bactérias
necessdrias para o estudo.

Ao Sr. Luis e Mércia Taipina por todo apoio na realizacdo das atividades de pesquisa.

Aos pesquisadores do CTI que apoiaram esse trabalho, Michele Odnicki, Laureana
Fontolan, Pedro Noritomi e Marcelo Oliveira.

O presente trabalho foi realizado com apoio da Fundagao de Amparo a Pesquisa do Estado
de Sao Paulo (FAPESP), processo #2020/14679-9, do Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq), processo #140997/2020-2 e da Fulbright Brasil.



Resumo

As cirurgias no sistema musculoesquelético tém um impacto significativo no sistema de sadde,
exigindo frequentemente o uso de implantes para reabilitacdo. Entretanto os implantes
utilizados atualmente apresentam limitacdes que podem levar a baixa osseointegracdo e
contaminagdo, conhecida como osteomielite. Implantes combinados com scaffolds
farmacoldgicos e osteocondutivos surgem como alternativas promissoras para minimizar as
falhas dos implantes existentes. O uso de ligas de titdnio, como Ti6Al4V, é comum em
implantes devido a sua resisténcia mecanica, mas modificacdes estruturais sao necessdrias para
reduzir sua rigidez e evitar a reabsorcdo 6ssea. Aditivos, como hidroxiapatita (HA) e coldgeno
(COL), podem ser utilizados para melhorar a osteoconducio e consequente osseointegracao, e
antibioticos, como a rifampicina (RIF), para prevenir a osteomielite. O polimero
biorreabsorvivel poli (dcido latico-co-dcido glicdlico) (PLGA) é amplamente utilizado como
matriz para aditivos e farmacos para produgdo de scaffolds. As técnicas de manufatura aditiva,
incluindo fusdo em leito de po e (bio)impressdo 3D, tem grande potencial na producio de
implantes e scaffolds, permitindo customizacdo e adequando suas propriedades mecanicas e
estruturais. A rotofiacdo também € uma técnica promissora e permite a produgdo de scaffolds
poliméricos fibrosas que mimetizam a matriz extracelular. Este estudo demonstra o potencial
da combinagdo dessas técnicas e materiais para promover a osseointegracao € a atividade
antibacteriana, apresentando novos scaffolds e implantes com grande aplicabilidade na
regeneracdo Ossea. Para isso, scaffolds e implantes compdsitos baseados em PLGA-HA,
PLGA-COL-HA, PLGA-HA-RIF e Ti6Al4V foram desenvolvidos e caracterizados. Os
implantes produzidos por meio de manufatura aditiva e os scaffolds fabricados por rotofiacao
apresentaram caracteristicas desejdveis, como estabilidade dos materiais envolvidos,
morfologia homogénea, distribuicdo uniforme de aditivos, propriedade osteocondutiva,
liberacdo controlada de antibidtico e biocompatibilidade. Além disso, os scaffolds produzidos
por (bio)impressdo 3D utilizando coextrusio multimaterial demonstraram propriedades
mecanicas aprimoradas comparada a outros materiais (bio)impressos e capacidade de promover
a viabilidade, proliferacdo e diferenciacdo de células-tronco mesenquimais para facilitar a
regeneracdo Ossea. Esses resultados oferecem uma visdo otimista para o futuro do tratamento
de lesdes no aparelho locomotor, indicando que os implantes desenvolvidos neste estudo t€ém o
potencial de superar as limitagdes dos implantes atuais, melhorando assim os resultados clinicos

e a qualidade de vida dos pacientes. No entanto, € importante ressaltar a necessidade de estudos



adicionais para otimizar as condi¢des de processamento e validar a eficicia da regeneracao
dssea in vivo, garantindo assim a tradu¢ao bem-sucedida desses avancgos para a pratica clinica.
Com isso, este trabalho contribui significativamente para o avango da engenharia de tecidos
Osseos e oferece uma base sélida para pesquisas futuras nessa drea crucial da medicina

regenerativa.

Palavras Chave: Antibidtico; Engenharia Tecidual; Impressdao tridimensional; Liberacio

controlada de farmacos; Membranas Poliméricas.



Abstract

Skeletal system surgeries have a significant impact on the healthcare system in Brazil and
globally. Orthopedic implants are usually essential for patient rehabilitation. However, current
implants have limitations that can lead to low osseointegration and contamination, known as
osteomyelitis. Implants combined with pharmacological and osteoconductive scaffolds emerge
as promising alternatives to minimize the failures of existing implants. The use of titanium
alloys, such as Ti6Al4V, is common in implants due to their mechanical strength, but structural
modifications are necessary to reduce their stiffness and avoid bone resorption. Additives, such
as hydroxyapatite (HA) and collagen (COL), can be used to improve osteoconduction and
subsequent osseointegration, and antibiotics, such as rifampicin (RIF), to prevent osteomyelitis.
The biodegradable polymer poly(lactic-co-glycolic acid) (PLGA) is widely used as a matrix for
additives and drugs for scaffold production. Additive manufacturing techniques, including
powder bed fusion and 3D (bio)printing, have great potential in producing implants and
scaffolds, allowing customization and tailoring of their mechanical and structural properties.
Rotary jet spinning is also a promising technique and enables the production of fibrous
polymeric scaffolds that mimic the extracellular matrix. This study demonstrates the potential
of combining these techniques and materials to promote osseointegration and antibacterial
activity, presenting new scaffolds and implants with great applicability in bone regeneration.
For this purpose, composite scaffolds and implants based on PLGA-HA, PLGA-COL-HA,
PLGA-HA-RIF, and Ti6Al4V were developed and characterized. Implants produced through
additive manufacturing and scaffolds manufactured by rotary jet spinning showed desirable
characteristics, such as stability of the involved materials, homogeneous morphology, uniform
distribution of additives, osteoconductive property, controlled antibiotic release, and
biocompatibility. Furthermore, scaffolds produced by 3D (bio)printing using multimaterial
coextrusion demonstrated enhanced mechanical properties compared to other (bio)printed
materials and the ability to promote the viability, proliferation, and differentiation of
mesenchymal stem cells to facilitate bone regeneration. These results offer an optimistic view
for the future of locomotor system injury treatment, indicating that the implants developed in
this study have the potential to overcome the limitations of current implants, thus improving
clinical outcomes and patients' quality of life. However, it is important to emphasize the need
for additional studies to optimize processing conditions and validate the effectiveness of in vivo

bone regeneration, thus ensuring the successful translation of these advancements into clinical



practice. Therefore, this work significantly contributes to advancing bone tissue engineering

and provides a solid foundation for future research in this crucial area of regenerative medicine.

Keywords: Antibiotics; Controlled Release; Membranes; Three-dimensional printing; Tissue

Engineering.
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1 INTRODUCAO

Lesdes no aparelho locomotor sao comuns e normalmente provém de acidentes de
alto impacto ou doengas, incluindo danos no joelho, quadril e coluna vertebral. Doengas na
coluna, por exemplo, t€ém afetado mais pessoas ao longo dos anos, comprometendo a
qualidade de vida dos pacientes e podendo levar a incapacitacio (FATOYE; GEBRYE;
ODEYEMLI, 2019). Implantes como proteses € enxertos 0sseos sdo necessdrios em casos de
lesdes e outras doencas relacionadas aos 0ssos, como tumores, osteoartrite € osteoporose.
Nos dltimos cinco anos (2019-2023), mais de 1,5 milhdo de préteses, Orteses e outros
materiais especiais relacionados ao ato cirtrgico, com um valor equivalente a mais de 900
milhdes de reais, foram aprovados para utilizagio pelo Sistema Unico de Sadde no Brasil
(DATASUS, 2023).

O desenvolvimento de implantes inovadores para aumentar a qualidade de vida e
sobrevida de pessoas sujeitas a utilizacdo desses materiais é fundamental. Técnicas de
engenharia de tecidos sdo promissoras para o desenvolvimento de implantes, uma vez que
focam na substitui¢do, regeneracdo ou manutencdo de tecidos ou 6rgdos danificados
(LANGER; VACANTI, 1993). Os implantes desenvolvidos por essas técnicas, conhecidos
como scaffolds, sao estruturas tempordrias (biorreabsorviveis) e porosas que podem conter
células, fatores de crescimento ou outros aditivos. Diferentes técnicas de fabricagcdo e
materiais metdlicos, poliméricos e ceramicos sdo utilizados na produgdo de implantes e
scaffolds para aplicacdes Osseas, trazendo distintas funcionalidades. Entretanto, a alta
quantidade de cirurgias de revisdo necessdria para substituicdo do implante revela que ainda
ha muito a ser desenvolvido para a obten¢do de um implante adequado.

A necessidade de cirurgias de revisdo estd principalmente relacionada a falta de
osseointegracdo e compatibilidade mecanica (ZHANG; CHEN, 2019), e a ocorréncia de
osteomielite (KURTZ et al., 2008) nos implantes dsseos. Portanto, o desenvolvimento de
novos implantes 6sseos que fornecam a resisténcia mecanica necessdria, promovam a
osteoconduc¢do ideal e previnam infec¢des locais por microrganismos € uma alternativa
promissora para mitigar o impacto na satde e na economia das falhas de implantes atuais.
Entretanto, apesar do foco de alguns estudos nesta temética (JAHANMARD et al., 2020;
RYU et al, 2019), ainda hd muito a ser explorado em técnicas de processamento,

combinagdo de materiais e analises para um implante ou scaffold ideal.
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Esta tese aborda esses desafios por meio de trés projetos inovadores (Figura 1). O
primeiro projeto envolveu a produgdo e caracterizacdo de membranas osteocondutivas de
poli (4cido latico-co-dcido glic6lico) (PLGA) contendo nanoparticulas bioativas de
hidroxiapatita (HA) pelo potente método de rotofiagdo. Este projeto apresenta uma
combinacao inédita de técnica e materiais, resultando na fabricacdo eficiente de membranas
fibrosas que promovem osteoconducgdo. Os outros dois projetos da tese se destacam por sua
abordagem multifuncional, expandindo o campo da osseointegracdo. O segundo projeto
visou o desenvolvimento de implantes compdsitos inovadores que oferecessem ndo apenas
compatibilidade mecanica com o tecido dsseo, através da modelagem de estruturas porosas
e complexas de Ti6Al4V por manufatura aditiva, mas também osseointegracio superior e
prevencao local de infec¢Oes bacterianas, através de membranas osteocondutivas rotofiadas
com rifampicina.

Por fim, o terceiro projeto aborda a fabricacdo de scaffolds compdsitos
(bio)impressos com HA para regeneracao 0ssea. Esses scaffolds foram projetados para serem
capazes de suportar o crescimento, proliferacdo e diferenciacio de células-tronco
mesenquimais (MSCs), oferecendo um ambiente favordvel para a osseointegracao eficiente
e duradoura. Com essa abordagem integrada e multifacetada, esta tese ndo s6 contribui para
0 avanco tecnoldgico na area de implantes, scaffolds e osseointegracao, mas também propoe

solucdes praticas para os desafios clinicos existentes.

Rodufagha A Mpmifaiurs s Rotofa i 5 B E'_"“m_’” H C

E A ¥
SeaPiski e
PLIGR G L, i PRLIY
AW e

k.. -
g
Dsso :; '5j=%§
ﬁr'.b-l‘
B s FLUGA R i ps
@ Bty e bk - WS

Figura 1. Projetos desenvolvidos na tese. A) Producdo e caracterizacio de membranas
osteocondutivas produzidas por rotofiacdo. B) Desenvolvimento de novos implantes que
permitam osseointegracdo, compatibilidade mecanica e prevencdo local de bactérias; C)
Fabricacgdo de scaffolds compdsitos (bio)impressos para regeneragdo 6ssea, com capacidade
de suportar o crescimento, proliferacdo e diferenciacdo de MSCs.
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2 OBJETIVOS

Este estudo visa a produ¢ao de novos implantes, baseados em manufatura aditiva,
(bio)impressao 3D e membranas fibrosas produzidas por rotofiacdo de forma a obter
scaffolds 6sseos com propriedades de osteoconducdo e prevencdo local de infeccdo
bacteriana, para aplica¢des 6sseas. Os objetivos especificos deste estudo sao:

e Desenvolver a solu¢do polimérica com a concentracdo necessdria para a
rotofiacdo dos scaffolds contendo nanoparticulas;

e Definir os parametros de processo da rotofiagdo para obtencao dos scaffolds;

e Avaliar se os scaffolds cont€m os diferentes polimeros e aditivos adicionados;

e Projetar e definir os pardmetros para producdo da estrutura porosa de
Ti6Al14V por MA/EBM com diferentes tamanhos de poros;

e Avaliar se os scaffolds e implantes apresentam bioatividade relacionada a
osteocondug¢do, biocompatibilidade, adesdo e proliferacdo celular e atividade
antibacteriana;

e Analisar as propriedades estruturais, mecanicas e morfoldgicas da estrutura
de Ti6Al4V para avaliar sua aplicacdo Ossea;

e Desenvolver uma técnica que permita a (bio)impressio 3D de biotinta
contendo células-tronco mesenquimais (MSCs) co-extrudada
simultaneamente com polimero contendo nanoparticulas;

e Avaliar as propriedades microestruturais e mecénicas dos scaffolds
bioimpressos para garantir funcionalidade em aplicacdes dsseas;

e Analisar a atividade celular de MSCs no que tange sua viabilidade,
proliferagdo, morfologia e diferenciagdo para promover mecanismos de

osseointegracao.
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3 REVISAO DA LITERATURA

3.1 Ossos e Implantes: Entre solucionar e aumentar o problema

Os ossos s@o 6rgdos que constituem o sistema esquelético, formados de tecido
conjuntivo especializado, com uma matriz composta por elementos inorganicos (célcio,
magnésio, potdssio, fosfatos, entre outros) e organicos (como coldgenos e glicoproteinas),
em uma proporcdo em massa de 60% e 30%, respectivamente, e o restante equivalente a
agua (FENG, 2009; WALSH; OHNO; GUZELSU, 1994). As principais células presentes no
0SSO0 sao o0s osteoblastos, ostedcitos e osteoclastos. Os osteoblastos se diferenciam em
ostedcitos e produzem material organico como proteinas da matriz extracelular. Os
ostedcitos formam o tecido Gsseo e os osteoclastos sdo responsdveis pela absorcdo e
remodela¢do do osso (AGARWAL; GARCfA, 2015; REDDI, 1981). O osso é formado por
duas estruturas principais, o tecido compacto (ou denso) e o trabeculado (ou esponjoso), que
equivalem a 80% e 20% de um osso saudavel, respectivamente (JAHAN; TABRIZIAN,
2016). A camada de tecido compacto € externa e de tecido trabeculado € interna ao 0sso.
Além disso, o osso € irrigado por vasos sanguineos, apresenta uma medula no seu interior,
onde podem ser produzidas células-tronco, e possui uma membrana externa chamada
periosteo (SAWANT e SHEGOKAR, 2016).

A formacdo do osso no organismo ocorre principalmente pelos processos de
osteogénese e ossificacdo, que consistem na producdo das células e na mineralizacdo do
tecido dsseo, respectivamente (JAHAN e TABRIZIAN, 2016). Apds sua formagdo, o 0sso
passa por dois mecanismos principais de desenvolvimento durante toda vida, a modelagao e
a remodelacao 6ssea (DITTMER e FIRTH, 2017). A modelacdo éssea estd associada ao
crescimento e sua fungdo principal € gerar um aumento na massa Ossea e alteragdes no
formato do osso. Ja a remodelacdo 6ssea ocorre ao longo da vida com a fung¢do de substituir
tecido 6sseo antigo ou danificado por um novo tecido 6sseo (ALLEN e BURR, 2014). Em
ambos 0s mecanismos, 0s osteoclastos e osteoblastos sdo os responsdveis por coordenar a
reabsor¢do e formacgdo do tecido Osseo, respectivamente. Na remodelacdo Ossea, as duas
células devem trabalhar em equilibrio, de forma que o tecido reabsorvido seja totalmente
substituido, caso contrdrio pode levar ao enfraquecimento do osso (STEFFI et al., 2018).
Esse enfraquecimento causado pelo desbalanco na reabsorcio éssea é o principal causador

de doencas como a osteoporose e de falha ou subsidéncia de implantes. Além de fatores
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genéticos e hormonais, sabe-se que estimulo mecanico pode influenciar nesses mecanismos
(DITTMER e FIRTH, 2017).

Considerando a estrutura e fisiologia do osso, as primeiras estruturas utilizadas para
reabilitar a fun¢cdo 6ssea em muitos procedimentos cirtrgicos, como fusdo intervertebral,
foram o préprio osso na forma de enxertos dsseos, principalmente autégenos (do préprio
paciente) (JAKOI; IORIO; CAHILL, 2015). Entretanto, esses tipos de enxertos tém
limitacdo de volume a ser doado e envolvem mais de um procedimento cirdrgico e muitas
complicagdes associadas, enquanto enxertos alégenos (de outros doadores) ou xendgenos
(de outras espécies) podem causar infec¢Oes e respostas imunes (WANG; YEUNG, 2017).
Dessa forma, o desenvolvimento de implantes se tornou necessdrio para superar tais
desvantagens.

Entretanto, alguns problemas dsseos relacionados com implantes ainda sdo muito
frequentes como a baixa osseointegracdo e a infec¢do. A osseointegracio se refere a unido
eficiente entre o 0sso e implante e esta associada a trés mecanismos principais: osteogénese,
osteoinducdo e osteocondugdo. O mecanismo da osteogénese € a sintese de 0sso novo por
elementos especificos no implante, como células incorporadas ou compostos que estimulam
as células hospedeiras a sintetizar osso novo (D’SOUZA et al., 2019). A osteoinducao
envolve o recrutamento de células-tronco mesenquimais (MSCs) para se diferenciar em
outras células Osseas, como os osteoblastos (D’SOUZA et al., 2019). Finalmente, o
mecanismo de osteoconducio estd associado a angiogénese e a conducdo de células para
dentro do implante para o crescimento 6sseo (D’SOUZA et al., 2019). A osseointegracao
insuficiente do implante com o osso € um problema considerdvel que pode levar a
movimentac¢ao do implante, falha e necessidade de cirurgias de revisao (Figura 2).

As infec¢des no 0sso, conhecidas como osteomielite, também s@o problemas graves
e recorrentes nos procedimentos cirirgicos com implantes (MASTERS et al., 2019). Nos
ultimos 5 anos (2019-2023), quase 5 mil internacOes foram registradas por osteomielite,
envolvendo um gasto de mais de 6 milhoes de reais (DATASUS, 2023). A principal infec¢ao
Ossea € comumente causada por bactérias do gé€nero Staphylococcus (gram positivas)
(MASTERS et al., 2019). Estas bactérias sao capazes de se proliferar facilmente na
superficie do implante gerando inflamagdo local. Para a prevencdo e tratamento da
osteomielite, recorre-se primeiramente a administracdo de farmacos (antibiticos), como a
rifampicina (RIF) e vancomicina (ARAGON et al., 2019). Entretanto, como esta

administracio ocorre principalmente por via oral, a dosagem tende a ser muito alta e com
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baixa eficidcia (HASAN et al., 2018). Por esse motivo, a remog¢do do tecido contaminado e
as cirurgias de revisdo, ou até mesmo a amputacdo, se tornam muitas vezes necessarias
(KURTZ et al., 2008) ou morte do paciente em mais de 5% dos casos (ALBUHAIRN;
HIND; HUTCHINSON, 2008). A osteomielite representa, portanto, um grande impacto
econdmico na saude, sendo estimado um gasto de 16,2 bilhdes de ddlares apenas nos Estados

Unidos no ano de 2020 (KURTZ et al., 2012).
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Figura 2. Sucesso e falha na osseointegracao.
Fonte: Modificada de ALBREKTSSON et al., 2017

3.2 Propriedades Necessarias aos Novos Implantes

Considerando a estrutura do osso, o funcionamento do tecido 6sseo e os principais
problemas causados por implantes, é de suma importancia que o implantes 6sseos sejam
desenvolvidos com propriedades melhoradas. As principais propriedades a serem
consideradas sdo: a biocompatibilidade dos materiais e aditivos, as propriedades mecanicas

do implante e a bioatividade.



19

O conceito de biocompatibilidade para implantes dsseos pode ser definido como sua
habilidade de interagir adequadamente com o tecido adjacente e o organismo sem causar
reacio negativa, como resposta inflamatéria (CVRCEK; HORAKOVA, 2019). A
biocompatibilidade estd relacionada com a bioatividade, funcionalidade e estabilidade dos
materiais (CVRCEK; HORAKOVA, 2019). Os materiais e aditivos utilizados para o
desenvolvimento dos scaffolds devem ser biocompativeis ou, a0 menos, bioinertes (que nao
interagem com o tecido/organismo) para garantir que ndo haja rejeicdo do implante
(WARBURTON et al., 2020). Ensaios in vitro que avaliem a citotoxicidade, in vivo para
avaliar a interacao sistémica com o organismo e clinicos sdo necessarios para efetivamente
avaliar a biocompatibilidade

A influéncia do estimulo mecéanico na adaptacdo e remodelacdo dssea foi abordado
previamente e é principalmente descrita na Lei de Wolff, na qual correlacionou-se a baixa
solicitacdo mecanica com o aumento na reabsor¢ao do osso (MCNEILL INGHAM et al.,
2017). Dessa maneira, sabe-se que implantes precisam resistir ao esfor¢o mecanico exigido
a sua aplicacdo. Por outro lado, propriedades mecanicas, como rigidez do implante, muito
superiores as do osso (0,05 a 30 GPa) (WU et al., 2013) podem centralizar o estimulo
mecanico, efeito chamado “stress shielding”, causando a remodela¢do dssea, que leva a
reabsorcdo, enfraquecimento do osso e consequente falha do implante (MONDAL; GHOSH,
2019). Dependendo do local onde o osso se encontra, possui diferentes estruturas e fungdes
e € sujeito a diferentes estimulos mecanicos. As vértebras da coluna, por exemplo, sdo
formadas por um ntcleo maior de osso trabecular com uma “parede” externa mais fina de
0sso compacto e tém a funcdo de sustentacdo (RAWLS; FISHER, 2018). Dessa maneira,
grande parte dos estudos de propriedades biomecanicas das vértebras, devem considerar a
sua estrutura, movimentagao e propriedades, como rigidez e resisténcia mais proximos do
osso trabecular, para desenvolver implantes (CESAR et al., 2020). Portanto, caracteristicas
mecanicas de implantes proximas as do osso em que estdo sendo aplicados sdo muito
importantes no fornecimento de suporte estrutural e na fisiologia do osso.

Além da biocompatibilidade e caracteristicas mecanicas, a bioatividade € essencial
para implantes. A bioatividade estd relacionada com o estimulo de resposta bioldgica pelo
organismo, favorecendo os mecanismos de osseointegracao, por exemplo. Portanto, algumas
estratégias para aumentar a bioatividade dos implantes sdo a adi¢ao de células, como MSC:s,
que promovem osteogénese e osteoindu¢do (KURODA et al., 2011) e a adi¢cao de materiais

inspirados nos componentes organicos e inorganicos dos o0ssos, normalmente como
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recobrimento superficial, para promover a osteoconducao (BUSER et al., 2016). A alta
porosidade e poros interconectados também sao utilizados para facilitar a ades@o celular,
crescimento Osseo e vascularizacdo através do implante, propiciando o mecanismo
osteocondutivo do implante (GHAYOR; WEBER, 2018). Tamanhos de poros também
podem afetar a regeneracdo dssea e estudos mostram que o tamanho de poros ideal para estas
aplicacdoes seria com diametros entre 200 e 500 wm (PENK et al., 2013;
THAVORNYUTIKARN; CHANTARAPANICH; CHEN, 2014).

3.3 Materiais e Processos de Fabricacao dos Implantes

Como abordado anteriormente, os implantes apresentam limitacdes e diversas
oportunidades de melhoria em suas propriedades que devem ser exploradas para atingir a
regeneracdo Ossea ideal e aumentar a qualidade de vida dos pacientes. Essas melhorias
podem ser alcancadas através da utiliza¢do de novos materiais e processos de fabricagdo e/ou
modificacgao.

Polimeros, ceramicas e metais t€ém sido usados para criar implantes e scaffolds
(ABRAHAM; VENKATESAN, 2023). Materiais biorreabsorviveis em cada grupo se
destacam, pois sdo absorvidos pelo organismo apds atenderem as necessidades temporarias
da aplicacdo, prevenindo complica¢des de longo prazo. Além disso, muitos aditivos e
enxertos diferentes podem ser usados com todos os materiais estruturais para melhorar suas
propriedades. Neste contexto, os principais materiais e aditivos estudados nos ultimos anos

serdo abordados a seguir.

3.3.1. Metais

Biomateriais metélicos, principalmente de ligas de titanio, cobalto ou aco inoxidavel,
sa0 os mais utilizados para aplicagdes com suporte de carga, sendo biocompativeis e capazes
de fornecer resisténcia mecanica. Ligas de cobalto e aco foram as primeiras a serem
utilizadas, entre 1920 e 1940 (GIBON et al., 2017). As ligas de cobalto-cromo sao utilizadas
em implantes de articulagcdes, sendo bioinertes, resistentes a corrosdo e desgaste e

apresentando rigidez e alta dureza (GOHARIAN; ABDULLAH, 2017), todavia, t€m baixa
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osseointegra¢do, quando comparadas as outras ligas (BABIS; MAVROGENIS, 2014) e
verificou-se que residuos do desgaste desses implantes podem levar a inflamac¢do no
organismo (SAMELKO et al., 2016).

Ja as ligas cirdrgicas de ago inoxidavel sdo muito utilizadas em placas e outros
implantes 6sseos. O ago inoxiddvel 316L (ASTM F138) € o mais utilizado para aplicagcdes
biomédicas, dentre as ligas de ago, e consiste em uma liga contendo ferro (Fe), cromo (Cr),
niquel (Ni), molibdénio (Mo), entre outros metais, com pouca adi¢ao de carbono, levando a
formacdo da microestrutura da austenita (DUX, 2019). As ligas austeniticas de ago
inoxidavel ndo sdo magnéticas e apresentam propriedades interessantes como a resisténcia a
corrosdo e boa ductilidade (LI et al., 2020a). Todavia, o mdédulo de Young e a dureza do
aco inoxidéavel 316L sdo incompativeis com o 0sso, podendo gerar fratura, reabsorcao dssea
e reducdo na taxa de regeneracdo (GANESH; RAMAKRISHNA; GHISTA, 2005). Além
disso, apesar da resisténcia dessa liga, alguns processos de corrosdo, como corrosao por Pite
(punctiforme) e corrosao intersticial, podem ocorrer, levando a falhas na fixacdo do implante
(LIetal., 2020a). A longo prazo verificou-se que ocorre a liberacdo de ions metélicos, como
cromo e niquel, que se acumulam no tecido, podendo ser alergénicos, tdxicos ou
carcinogénicos (KANERVA; FORSTROM, 2001). Algumas alternativas tém sido estudadas
para evitar a utilizacdo de niquel como a sua substituicdo por manganés e por alta
concentracdo de nitrogénio para estabilizacdo da liga austenitica (TALHA; BEHERA;
SINHA, 2013).

As ligas de titanio (Ti) sdo muito utilizadas em implantes no geral, devido as suas
excelentes propriedades de biocompatibilidade, resisténcia a corrosdo e modulo de
elasticidade mais baixo do que de outras ligas metélicas (~110 GPa) (CHEN; THOUAS,
2015). Além disso, as ligas de titanio s@o capazes de formar um filme de 6xido de titanio
quando em contato com o ambiente oxidativo do corpo, o que protege o implante de corrosio
e melhora a sua biocompatibilidade (CASALETTO et al., 2001). As ligas de titnio podem
ser classificadas de acordo com sua microestrutura, em o, quase-a, o+f e 3, sendo que a fase
a corresponde a estrutura cristalina hexagonal compacta e a fase  a estrutura ctibica de corpo
centrado (ZHANG; CHEN, 2019). A primeira geracdo de ligas de titinio comegou a ser
utilizada por volta de 1940, principalmente com titanio puro comercial (a) e ligas de
Ti6Al4V (a+p) (HUANG et al., 2020).

O titanio puro comercial (ASTM F1341) tem aplicacdes mais restritas considerando a

baixa resisténcia mecanica (LI et al., 2020b). Com a estabilizacdo da fase B a temperatura
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ambiente nas ligas de Ti, por meio da adi¢do de estabilizadores da fase f como o vanédio, é
possivel melhorar propriedades como a resisténcia mecanica e a processabilidade das ligas
(LI et al., 2020b). As ligas de Titanio-6Aluminio-4Vandadio (Ti6Al4V) (ASTM F136) sdo
versateis e muito utilizadas na industria aeroespacial (SAMUEL; MISHRA; MISHRA,
2018). Entretanto, também foram verificadas como 6timas alternativas para implantes
biomédicos, sendo biocompativeis, com capacidade de osseointegracdo e apresentando
maior resisténcia mecanica, comparadas ao Ti puro (ZHANG; CHEN, 2019).

A osseointegracdo de ligas de Ti sdo importantes vantagens desses biomateriais.
Nemoto et al. (2014) mostraram que implantes de Ti6Al4V preenchidas com enxerto
autologo local apresentaram taxa de fusdo intervertebral de 100% em 24 meses em estudos
clinicos e radioldégicos, o que foi estatisticamente superior aos implantes poliméricos de
poli(éter-éter-cetona) (PEEK) nas mesmas condi¢des (NEMOTO et al., 2014). Além disso,
o Ti6Al4V também apresentou melhor adesdo, diferenciacdo de osteoblastos e maior
atividade de fosfatase alcalina (ALP) e niveis de proteina morfogenética 6ssea (BMP),
quando comparado ao PEEK in vitro (OLIVARES-NAVARRETE et al., 2012). Por outro
lado, algumas desvantagens das ligas de Ti sdo a rigidez, que pode estar associada a uma
maior possibilidade de subsidéncia (CHEN et al.,, 2013; NEMOTO et al., 2014), e a
possibilidade de que vanadio e aluminio possam estar relacionados a reacdes alérgicas e
Alzheimer, respectivamente (KAUR; GHADIRINEJAD; OSKOUEI, 2019).

N3ao obstante, as ligas de Ti6Al4V sdo bem estabelecidas e muito utilizadas como
implantes 6sseos até hoje. Utilizando os cages interertebrais como exemplo, ja existem
muitas op¢des comerciais, como a VLIFT™ (Stryker, EUA) e a ENDOSKELETON™ TT
(Medtronic, EUA). Entretanto, melhorias no processamento desse material, como
modificagdes na porosidade, no desenho do implante e na superficie, com alteracdo na
rugosidadde e adi¢do de revestimentos, tém sido estudados para evitar a liberacdo de fons
metalicos no organismo, reduzir a rigidez do implante e aumentar a osseointegracdo e adesao
celular (DUX, 2019; RAO et al., 2014; WU et al., 2013). Tais melhorias ainda fazem da liga
Ti6Al4V uma das alternativas mais promissoras.

O tantalo (Ta) também tem sido usado na producdo de implantes com bons resultados
clinicos de médio e longo prazo (FERNANDEZ—FAIREN; ALVARADO; TORRES, 2019).
Embora o Ta puro apresente um moddulo de Young de 186GPa, este material € utilizado em
sua forma porosa para aplicacdes em implantes, conhecido como "metal trabecular". O Ta

poroso tem menor rigidez (3GPa) (WARBURTON et al., 2020) e alta porosidade (80%), se
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assemelhando ao osso trabecular, e apresenta boa biocompatibilidade, osteocompatibilidade
e osseointegracdo (LEBHAR et al., 2020; LU et al., 2019). No entanto, o alto custo do tantalo
¢ um fator limitante para sua aplicacio (WARBURTON et al., 2020). Além disso, a
suscetibilidade magnética do tantalo, ligas de titanio e outros metais pode criar artefatos de
imagem que dificultam a visualizagdo (ELLIOTT et al., 2016; RAO et al., 2014). Novas
ligas que possam superar esse problema tém sido estudadas, mas ainda estdo em fases
experimentais (KODAMA et al., 2017).

Metais biorreabsorviveis para aplicacdes na coluna vertebral focam principalmente em
ligas de magnésio (Mg). As ligas de Mg sdo biocompativeis, radioliicidas, osteocondutoras
(STAIGER et al., 2006), apresentam moddulo de Young menor (= 45GPa) e podem se
degradar completamente liberando ions de Mg que sao naturalmente encontrados nos 0ssos
(AGARWAL et al., 2016). Poucos estudos experimentais foram realizados com ligas de Mg,
como Mg-Zn (XU et al., 2018) e ligas de magnésio AZ31 (DAENTZER et al., 2013, 2014;
ZHANG et al., 2018a). No entanto, as altas taxas de corrosdo das ligas de magnésio podem
levar ao acimulo de Mg, causando falha (ZHANG et al., 2018a). No entanto, mais estudos
com outros revestimentos de polimeros podem ser conduzidos para superar esse problema.
Ligas a base de zinco, manganés e ferro também sdo metais biorreabsorviveis interessantes

para aplicacOes ortopédicas (AGARWAL et al., 2016).

3.3.2. Polimeros

Biomateriais poliméricos, tanto os permanentes quanto os biorreabsorviveis, tém
sido explorados para aplicagcdes 6sseas devido a sua biocompatibilidade e versatilidade de
estruturas e propriedades. Entretanto, poucos sdo capazes de fornecer o suporte mecanico
necessario € normalmente sdo empregados no tratamento de pequenos ossos da mao, do pé
ou da face. O poli(éter-éter-cetona) (PEEK) € um dos polimeros permanentes mais utilizados
para implantes, por serem radiolucentes, biocompativeis, bioinertes e apresentarem rigidez
préxima ao médulo de Young do osso (3,6 GPa) (KERSTEN et al., 2015). Todavia, estudos
mostraram que, enquanto o Ti favorece a osseointegracdo, o PEEK pode causar o
desenvolvimento de tecido fibroso, que € prejudicial para o implante (OLIVARES-
NAVARRETE et al., 2015). Desse modo, alternativas com polimeros biorreabsorviveis

contendo diferentes aditivos e atuando como preenchimentos, combinados com o titanio e
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suas ligas como material estrutural, podem ser exploradas para trazer melhor funcionalidade
ao implante.

Polimeros biorreabsorviveis sdo os materiais mais usados como scaffolds para
promover regeneracdo tecidual na forma de enxertos, revestimentos ou hidrogéis para
biotintas, devido a sua biocompatibilidade, processabilidade e biorreabsor¢do. Scaffolds
poliméricos biorreabsorviveis podem ser processados com diferentes polimeros, técnicas,
aditivos e taxas de degradacdo. Os polimeros biorreabsorviveis aplicados como scaffolds
podem ser polimeros naturais ou sintéticos.

Os polimeros naturais mais utilizados sdo as proteinas, com destaque para o
colageno. O coldgeno (COL) € a proteina mais abundante que constitui a matriz organica
dos ossos e tem sido muito estudada e comercializada para aplicagdes no osso (WANG;
YEUNG, 2017; YANG et al., 2016), assim como a gelatina, derivada da desnaturacdo do
coldgeno (ECHAVE et al., 2019). A boa interacdo com as células e a bioatividade, sao
caracteristicas importantes destas proteinas (SORUSHANOVA et al., 2019). Ozawa et al.
(2018) comparou a aplicacdo de esponjas absorviveis de coldgeno com compositos de
coldgeno e HA in vivo utilizando ratos. Ambos apresentaram bons resultados de formacgao
de osso, com melhor regeneracao obtida pelos compdsitos de coldgeno/HA (OZAWA et al.,
2018).

Alguns exemplos de polimeros utilizados para regeneragdo dssea sao os polidcidos
lacticos (PLAs), poliuretanos (PU) e policaprolactonas (PCLs) (KNUTSEN et al., 2015). Os
PLAs sdo poliésteres biodegraddveis que podem ser facilmente metabolizados e assumir
diferentes taxas de degradacdo e propriedades fisicas e mecanicas, de acordo com sua
composi¢ao quimica (WUISMAN; SMIT, 2006). Alguns exemplos de PLAs sdo o 4cido
poli-L-l4ctico (PLLA) (KIM et al., 2017) e o poli (4cido latico-co-acido glicélico) (PLGA),
copolimero entre o PLA e o dcido poliglicélico (PGA). O PLGA € um polimero amorfo,
biocompativel, biodegraddvel, que permite a adesao celular e com excelentes propriedades
mecanicas, aprovado pela Food and Drug Administration (FDA) para aplicacdes médicas
(GENTILE et al., 2014; LIN et al., 2019). Além disso, o PLGA apresenta ripida taxa de
degradacdo, quando comparado a outros polimeros sintéticos, sendo completamente
absorvido em um a seis meses, dependendo da razdo de monomeros (ANSARY; AWANG;
RAHMAN, 2014). Polimeros biorreabsorviveis como o PLGA também podem facilmente
incorporar aditivos (ZAMANI et al., 2020) como particulas osteocondutoras ou farmacos

durante seu processamento.
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3.3.3. Ceramicos

Alguns materiais ceramicos também foram estudados para o desenvolvimento de
implantes estruturais. Nitretos de silicio (Si3N4) sdo ceramicas estdveis com alta resisténcia
a compressao, osteocondutivas (KERSTEN et al., 2014), resistentes a atividade bacteriana e
corrosdao (BOCK et al., 2015; WEBSTER et al., 2012), radiolicidas, hidrofilicas e com carga
negativa (suportando a adesdo celular) (ARTS; WOLFS; CORBIN, 2013). Embora mais
estudos sejam necessdrios, ensaios in vivo e clinicos utilizando nitretos de silicio preenchidos
com enxertos mostraram resultados comparaveis ao PEEK (ARTS; WOLFS; CORBIN,
2017, 2013; KERSTEN et al., 2019, 2014). Modificacdes em nitretos de silicio com aditivos
também foram propostas para melhorar suas propriedades, fornecendo até mecanismos
biodegraddveis (BOCK et al., 2015; FU et al., 2018). Outras ceramicas também tém sido
estudadas para aplicacdes dsseas, como alumina (MOSTOFI et al., 2018), vidros bioativos
(LEE et al., 2020), apatita-wollastonita (BOZKURT et al., 2018), alumina (ABRAHAM;
VENKATESAN, 2023) e zirconia (SIVASANKAR; CHINTA; SREENIVASA RAO,
2024).

Entretanto, as propriedades mecéanicas dos materiais ceramicos dificultam sua
aplicacdo estrutural. Dessa maneira, a principal aplicagdo de ceramicas em implantes 6sseos
€ como aditivos, recobrimentos e enxertos para promoverem maior osteoconducao. Fosfatos
de célcio, como hidroxiapatita (HA) e beta-trifosfato de calcio (B-TCP) sdo os principais
materiais inorganicos osteocondutivos inspirados nos minerais dos ossos e utilizados como
aditivos ou recobrimentos (CHAU et al., 2014; ZADEGAN et al.,, 2017). HAs
(Cai0(PO4)s(OH)2) sdo ceramicas biorreabsorviveis com boas propriedades mecanicas e
extensivamente usadas para aplicagdes Osseas devido aos seus bons resultados de

osseointegracdo e biocompatibilidade (ZADEGAN et al., 2017).

3.3.4. Outros aditivos

Os implantes podem ser preenchidos ou revestidos por aditivos ou enxertos para
melhor osseointegracdo. Os enxertos autdlogos sdo interessantes, pois sdo 0s Unicos
materiais que apresentam todos os mecanismos de osseointegracao, e nao apresentam tantas
complicagdes quanto os autdlogos estruturais (MOBBS; CHUNG; RAO, 2013). Esses

autdlogos podem ser obtidos por coleta local durante o procedimento cirurgico (MOBBS;
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CHUNG; RAO, 2013). Outra possibilidade, coletada do local cirtirgico do paciente, sdo as
aspiracdes de medula 6ssea (BMAs), que contém células tronco-mesenquimais (MSCs) e
sdo osteogénicas e osteoindutivas (KURODA et al.,, 2011). Diferentes maneiras de
incorporar as MSCs nos implantes também devem ser avaliadas para melhorar a
osteogénese. Enxertos alégenos e xendgenos também foram tratados quimicamente para
produzir versdes comercializadas de enxertos com mecanismos de osteoindugdo e
osteocondu¢do (D’SOUZA et al., 2019; FISCHER et al.,, 2013). Os xendlogos sao
principalmente descelularizados e utilizados como Matriz Ossea Desmineralizada (DBMs)
(BRACEY et al., 2018).

Os scaffolds ou revestimentos sintéticos também s3o promissores para a
osseointegracdo de implantes e sdo principalmente baseados em polimeros biorreabsorviveis
contendo aditivos osteocondutivos, farmacos ou composto ansitmicrobianos. Os principais
aditivos osteocondutivos, como abordado anteriormente, sdo inspirados pelos compostos
inorganicos € organicos mais presentes nos ossos (BUSER et al., 2016), como a HA
(ZADEGAN et al., 2017) e o colageno (WANG; YEUNG, 2017; YANG et al., 2016),
respectivamente. Fatores de crescimento, como o fator de crescimento transformador-beta
(TGF-B) e as proteinas morfogenéticas osseas (BMPs) (CHEN; DENG; LI, 2012; VO;
KASPER; MIKOS, 2012) também podem ser utilizados. As BMPs aprovadas para a
osseointegracdo 0ssea sao a BMP-2 e a BMP-7, que sdo fatores de crescimento osteogénicos
e osteoindutivos e podem ser produzidos em versdes humanas recombinantes (LIU et al.,
2020b). A BMP-2 pode promover a diferenciacdo celular (CHEN; DENG; LI, 2012),
enquanto a BMP-7 estd relacionada a vascularizacdo (BOON et al., 2011). Entretanto, esses
fatores de crescimento possuem um preco muito elevado, limitando suas aplicagdes.

Particulas antimicrobianas, como quitosana e nanoparticulas de prata ou zinco,
(RODRIGUES et al., 2021a) e farmacos sdo outros aditivos interessantes para evitar
infec¢des pos-operatorias (DELANEY et al., 2019), um dos maiores problemas relacionados
a cirurgias com implantes. Firmacos sdo alternativas interessantes, uma vez que tém seu
mecanismo de acdo e eficicia bem definidos e aprovados. Entretanto, € necessario investigar
como fazer sua aplicacdo efetiva em implantes ou scaffolds para liberacio local. Portanto,
alguns estudos tém focado na liberacdo de farmacos dos implantes como uma solucao
possivel. A RIF é um exemplo de farmaco que pode ser adicionado ao scaffold para liberacao
local. Gilchrist et al. (2013) produziram membranas eletrofiadas de PLGA e 4cido fusidico

contendo diferentes concentracdes de RIF. Neste estudo verificaram que com 5% m/m de
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RIF ocorria uma liberagao local controlada do farmaco e eficiente contra a adesdo de

bactérias do género Staphylococcus em implantes de Ti (GILCHRIST et al., 2013).

3.3.5. Processos de Fabricacao

A estrutura de implantes Osseos, principalmente metélicos, pode ser fabricada
utilizando diferentes técnicas de manufatura tradicionais, como metalurgia do p6 e usinagem
(KELLY et al., 2018). Entretanto, essas técnicas apresentam controle macro e
microestrutural limitado. Técnicas de manufatura aditiva (MA) tém sido extensivamente
estudadas para o desenvolvimento de implantes que apresentem melhor desempenho. A MA
consiste na fabricacdo de objetos tridimensionais (3D) com a adi¢cdo de camadas de material.
Apesar de ser considerada uma técnica com custo mais elevado para produgdo em larga
escala comparado a técnicas tradicionais (PEREIRA; KENNEDY; POTGIETER, 2019), a
MA permite a construg¢do de estruturas porosas, que podem ser customizadas e complexas
(CHEN et al., 2019). Alguns exemplos de técnicas de MA muito utilizadas para a fabricacdo
de estruturas metélicas sdo a Sinterizacdo Seletiva a Laser (SLS) (KNUTSEN et al., 2015;
MCGILVRAY et al., 2018), Fusao Seletiva a Laser (SLM ou PBF-LB) (CHEN et al., 2019)
e a Fusido por Feixe de Elétrons (EBM ou PBF-EB) (LI et al., 2020b; TAKAHASHI et al.,
2019). As técnicas de SLS, SLM e EBM sdo similares, uma vez que produzem sélidos 3D
metalicos a partir da fusdo parcial (SLS) ou total (SLM e EBM) de p6s, utilizando laser (SLS
e SLM) ou feixe de elétrons (EBM). O processo EBM € uma técnica de MA muito
importante para o processamento de uma variedade de ligas metélicas e que possibilita maior
produtividade e distribui¢do do campo térmico uniforme, que mitiga problemas com tensao
residual e trincas (BIKAS; STAVROPOULOS; CHRYSSOLOURIS, 2016).

A fabricacdo das estruturas porosas através das técnicas de MA € muito importante
para reduzir a rigidez do implante 0sseo e melhorar sua osseointegracdo. Wu et al. (2013)
produziram implantes de Ti6Al4V com alta porosidade e poros interconectados usando EBM
(Figura 3). A rigidez do implante encontrada foi préxima ao médulo de Young do osso
trabecular (~2,5 GPa). O desempenho in vivo dos implantes porosos foi avaliado e
apresentou maior estabilidade mecanica e osseointegracdo quando comparadas aos
implantes de PEEK preenchidos com enxertos autégenos (WU et al., 2013). Com relagdo ao

tamanho de poros, alguns estudos com diferentes técnicas de MA buscaram comparar



28

algumas possibilidades para aplicacdes dsseas (Tabela 1), considerando que as células mais
utilizadas para esses estudos sdo os osteoblastos que medem em torno de 20 a 50 pm (QIU;

CUIL; WANG, 2019).

Fabricacdo do implante

Modelagem 3D - CAD

Manufatura aditiva camada por camada

Implante poroso de Ti

Figura 3. Processo de manufatura aditiva de liga de Ti.
Fonte: Modificada de WU et al., 2013

A MA também tém sido aplicada para a fabricacdo de scaffolds poliméricos,
principalmente através de técnicas de (bio)impressao 3D. A (bio)impressao 3D, permite a
fabricacdo de estruturas com alta complexidade, a partir de modelos 3D projetados em
computador, utilizando biotintas (polimeros, principalmente hidrogéis) contendo células de
interesse, para a funcionalidade necessaria ao tecido (SHAHREZALIE et al., 2024). Além
disso, as técnicas de processamento de membranas fibrosas tém se destacado para a
fabricacdo de scaffolds poliméricos ao longo dos anos. Membranas fibrosas apresentam
similaridade com a matrix extracelular, com grande drea superficial, porosidade e permitem
o transporte de nutrientes para a viabilidade e proliferacdo celular, promovendo a
regeneracdo tecidual (DEFRATES et al., 2018). Algumas técnicas utilizadas sdo a
eletrofiacdo, o blow spinning, a rotofiacdo e a fiacdo por fusdo (MU et al., 2024). A
eletrofiacdo produz fibras através da aplicacdo de uma diferenca de potencial elétrico na
solucdo polimérica (SHAHRIAR et al., 2019). Entretanto, o uso de altas tensdes, risco a

seguranca, baixa produtividade, sensibilidade da solu¢do a condutividade (ZHANG et al.,
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2018b) e a possibilidade de desnaturacao de proteinas no processo devido ao uso de altas

tensdes (ZEUGOLIS et al., 2008) sdo algumas desvantagens da eletrofiacao.

Tabela 1. Técnicas e tamanho de poros na produ¢do de implantes de titdnio

Material zzc;[lza Tamanho de Poros Referéncia
Titanio puro SLM 300, 600 € 900 um (TANIGUCHI et al., 2016)
Titanio puro SLM 200 e 500 pm (WYSOCKI et al., 2016)

Ti6Al4V/ BMP-2 EBM 300, 600, 900 pm (NUNE et al., 2016)
Ti6Al4V SLM 200, 350, 500 pm (YANG et al., 2017)
Ti6Al4V EBM 200, 400, 600 pm (NUNE et al., 2017)

DUMAS; TERRIAULT;

Ti6Al4V SLM >300 um ( BRALL (’)V SKI, 2017) ’

Ti6Al4V SLM 600 um (RAN et al., 2018)

Ti6Al4V SLM >500 um (ZHANG et al., 2019)

Ti6Al4V SLM 200 a 500 um (AL?;;C];RDT;(I?SI;BA’

Ti6Al4V EBM 500 um (GAl et al., 2020)

Ti6Al4V SLM >450 pm (LIU et al., 2020a)

Ti6Al4V SLM 600 um (BERGER et al., 2020)

Considerando tais limitagdes, a rotofiacdo foi desenvolvida e se destaca pela alta

produtividade de fibras em escala micro e nanométrica (LI et al., 2018). A rotofiacado € uma

técnica relativamente simples que utiliza a forca centrifuga de um reservatério com orificios

girando em alta velocidade para a extrusdo da soluc@o polimérica e formacdo de fibras

(MINDRU et al., 2013) (Figura 4). A morfologia das fibras obtidas utilizando a rotofiacao

€ influenciada por diferentes parametros como a viscosidade da solucdo e a velocidade de

rotacao do equipamento (LU et al., 2013).

= Coletor

= Fibras poliméricas

= Orificio

* Reservatorio rotativo

= Motor

_“_'f

Figura 4. Representacdo do equipamento de rotofiacdo utilizado para fabricacdo de
membranas fibrosas. Modificada de RODRIGUES et al., 2020a.
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A possibilidade de producdo de membranas fibrosas em larga escala, com diferentes
materiais e baixo custo sdo algumas vantagens que tornam esta técnica atrativa para
fabricacdo de scaffolds (ROGALSKI; BASTIAANSEN; PEIIS, 2017). Comparada a
eletrofiacdo, a rotofiacdo pode permitir a producao de fibras com uma taxa 500 vezes maior
do que a eletrofiacio (RODRIGUES et al., 2020b). A rotofiacdo tem sido especialmente
estudada em trabalhos recentes para produzir scaffolds para regeneragdo Ossea com
diferentes tipos de polimeros contendo fatores de crescimento (RAMPICHOVA et al.,
2017), particulas antimicrobianas (PADILLA-GAINZA et al., 2020) e materiais
osteocondutivos (ANDRADE et al., 2019; LOORDHUSWAMY; THINAKARAN;
VENKATESHWAPURAM RANGASWAMY, 2020; VASCONCELLOS et al., 2020).
Vasconcellos et al. (2020) mostraram que membranas fibrosas de PCL contendo 20% m/m
de HA podem ser produzidas por rotofiacio com bons resultados in vivo, promovendo a
regeneragdo 6ssea sem resposta inflamatéria (VASCONCELLOS et al., 2020).

Entretanto, até o momento, ndo foram realizados estudos sobre a produgdo de
membranas fibrosas de PLGA contendo HA, que sdo materiais altamente desejaveis para
promover a osteoconducdo, utilizando a técnica de rotofiacdo. Além disso, a aplicagdo da
rotofiacdo para combinar esses materiais com antibidticos para uso local ainda ndo foi
explorada. Essa drea de pesquisa representa uma oportunidade valiosa no campo da

engenharia de tecidos 6sseos, com potencial para produgdo em larga escala.
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4 ANALISE BIBLIOMETRICA

As tendéncias no desenvolvimento de implantes e scaffolds podem ser melhor
visualizadas por meio de andlise bibliométrica. Para a visualizagdo bibliométrica,
documentos do banco de dados SciVerse Scopus foram coletados em 15 de maio de 2023.
Os termos "implant OR scaffold" foram combinados com "osseointegration" para recuperar
os dados. Os tipos de documentos foram limitados a "artigos" publicados em revistas em
inglés de 2018 a 2022, recuperando 4173 documentos. O mapa de rede foi criado usando o
software VOSViewer (Universidade de Leiden, Leiden, Holanda) e foi baseado na co-
ocorréncia de palavras-chave extraidas dos dados bibliograficos, com pelo menos cinquenta
ocorréncias. O software extraiu um total de 213 palavras-chave que foram filtradas
manualmente em 100 termos relevantes para o desenvolvimento de implantes (Apéndice A).

O mapa de rede representa as ocorréncias de palavras-chave com circulos e co-
ocorréncias com cores (Figura 5). O mapa de rede obtido mostra as principais tendéncias
para implantes nos ultimos 5 anos. O cluster laranja esta relacionado aos efeitos dos materiais
em células e estudos in vitro, com termos como "osteogenesis", "cell proliferation” e
"mesenchymal stem cell". O cluster azul envolve propriedades importantes, como

n "

"biocompatibility", "antibacterial activity" e "bioactivity", e materiais relacionados a essas
propriedades, como ‘“hydroxyapatite”, “collagen” e “polymer”. Por fim, o cluster roxo esta
mais relacionado as aplicacOes clinicas e in vivo dos implantes, como "osseointegration”,
"prosthesis complication", "dental implants", "mechanical stress", entre outros.
Considerando o estado da arte em implantes e scaffolds, obtidos através dessa anélise,
foi possivel avaliar as principais tendéncias atuais para osseointegracdo. As ligas de titanio
se destacam como materiais, seguido de hidroxiapatita e polimeros. Algumas das
propriedades mais evidentes na visualizacdo sdo biocompatibilidade, bioatividade,
hidrofilicidade, biomecanica, propriedades de superficie e atividade antibacteriana. A
manufatura aditiva (impressao 3D) também destaca-se como uma importante técnica nos
ultimos 5 anos. Ndo obstante, este projeto investigou a integracdo das tendéncias
mencionadas, que anteriormente eram abordadas de forma independente, além de combina-
las com métodos inovadores de processamento, como rotofiagdo e (bio)impressdo 3D.
Assim, o projeto assume uma relevancia significativa no contexto da osseointegracdo de

implantes e scaffolds, contribuindo para o avang¢o do estado da arte e para o desenvolvimento

de produtos inovadores para aplicacdes médicas.
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Figura 5. Mapa de visualizacdo de rede de ocorréncia de palavras-chave no

desenvolvimento de implantes obtido pelo software VosViewer.
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5 ANALISE EXPERIMENTAL
5.1. Preparo e Analise de Viscosidade da solucdo polimérica e
Rotofiacao dos scaffolds

As solugdes poliméricas foram preparadas solubilizando PLGA (RESOMER® LG
8248, Evonik Brasil LTDA.) em cloroférmio ou hexafluorisopropanol (HFIP; #105228) e
adicionando uma concentracdo em massa relativa do polimero de 10% e 20% m/m de HA
(#677418, com tamanho de particula <200 nm), 5% m/m de RIF (#R3501) e 1:3 de COL
(colageno bovino tipo I; #C9879), adquiridos na Sigma-Aldrich Brasil LTDA. As
concentragdes de HA e RIF foram definidas com base em outros estudos considerando,
principalmente, a processabilidade em métodos de extrusdo e bioatividade (HUANG et al.,
2015; RUCKH; OLDINSKI, 2012; SENATOV et al., 2016). A viscosidade das solucdes foi
medida para diferentes concentracdes de polimero usando um viscosimetro Brookfield
LVDV1 com um spindle conico SC4-34 e adaptador UL. O cisalhamento oscilatério foi de
60 rpm, e a temperatura foi de 25 °C.

Os scaffolds foram fabricados como membranas a uma velocidade de 6000 a 12000
rpm utilizando o equipamento de rotofia¢do presente no Laboratdrio de Ciéncia e Tecnologia
de Polimeros (LPol) da Universidade Estadual de Campinas (UNICAMP). O equipamento
de rotofiagdo consiste em um reservatério com quatro orificios de Imm de diametro,

centralizado a uma distancia de 17 cm do coletor (RODRIGUES et al., 2020a).

5.2. Preparo das tintas e biotintas e (bio)impressao

O GelMA fo1 sintetizado dissolvendo gelatina em PBS e posteriormente adicionando
anidrido metacrilico para reagir com a gelatina, conforme protocolo estabelecido
(LOESSNER et al., 2016). As moléculas de anidrido metacrilico ndo reagido foram
removidas por didlise, e a solugdo final foi liofilizada e armazenada a -20 °C até o uso
posterior. Antes da bioimpressdo, o GeIMA liofilizado foi dissolvido em PBS, misturado
com 0,3% v/v de fotoiniciador LAP e microfiltrado para esterilizacdo para preparar o
hidrogel. As células previamente cultivadas foram tripsinizadas, ressuspendidas em soro
fetal bovino (FBS; #10437) contendo 1% v/v de Antibidtico-Antimicético (#15240062),
ambos da ThermoFisher Scientific, e misturadas com GelMA a uma concentragio de 5x10°

células mL"! para obter a biotinta.
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Para as tintas poliméricas, o PLGA foi dissolvido em DMSO a uma concentracdo de
10% w/v, e a solugdo foi continuamente misturada a 90 °C até ficar homogénea para preparar
a tinta de PLGA. Para a tinta de PLGA-HA, 10% w/w de HA foram homogeneizados na
solug@o. Apos isso, a seringa foi preenchida com a tinta de PLGA ou PLGA-HA, mantida a
50 °C e extrudado a 15 psi, de acordo com os cddigos-G projetados usando o software
Repetier-Host (uma tdnica camada de grades quadradas de 15 mm com nove poros quadrados
de aproximadamente 4 mm cada) a 3 mm s™. Os scaffolds foram impressos usando uma
bioimpressora de extrusdao Allevi 2 (3D Systems, Rock Hill, SC, EUA).

Para coextrusdo, a outra seringa na bioimpressora foi preenchida com a biotinta de
GelMA, preparada a 37 °C com um passo de resfriamento a 4 °C por 5 minutos, e extrudado
a 30 psi, simultaneamente com a tinta a base de PLGA. Os scaffolds (bio)impressos finais
foram expostos a luz ultravioleta (UV) (13,0 W cm—2 por 30 s) para serem foto-reticulados
para as porcdes de GelMA. Posteriormente, os scaffolds (bio)impressos foram lavados com
DPBS e meio MSC para troca de solvente/ndo solvente, e incubados com meio MSC por 1,
3,7 e 14 dias. . A biotinta de GeIMA também foi extrudada sozinha, formando scaffolds de

GelMA puro que foram incubados para comparacdo com os scaffolds coextrudados.

5.3. Caracterizacao reoldgica das tintas e biotinta

A viscosidade aparente e a viscoelasticidade dependente da temperatura das tintas a
base de PLGA foram medidas em um reémetro DHR-3 (TA Instruments) com geometria de
placa de 40 mm de didmetro (placa Peltier de aco). A altura foi ajustada para 1 mm para as
amostras. As viscosidades aparentes das solugdes de tinta foram medidas de 0,1 a 100 s™!
usando uma varredura de fluxo em estado estaciondrio a uma temperatura constante.
Varreduras de temperatura oscilatorias foram realizadas de 60 a 30 °C para o PLGA e de 15
a 37 °C para o GelMA a uma taxa de rampa de 2-3 °C min! a uma deformacio de

cisalhamento de 1% e uma frequéncia de 1 Hz.

5.4. Modelagem e fabricacao das estruturas metalicas

Os modelos de estrutura metdlica para este estudo foram projetados a partir de células
unitdrias cubicas centradas no corpo (CCC) utilizando o software nTopology (nTopology
Inc., NY, EUA). Estruturas tubulares com dimensdes de 6 mm de didmetro externo, 3 mm

de didmetro interno ¢ 9 mm ou 3 mm de comprimento, e diferentes tamanhos de poros (300,
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450 e 600 um) foram fabricadas. As estruturas de manufatura aditiva (AM) foram produzidas
utilizando a tecnologia de fusdo de leito de p6 por feixe de elétrons (PBF-EB) com o modelo
Q10 da Arcam EBM (Arcam EBM, GE Additive Company). Um p6 de liga de Ti6Al4V
(Spectra H Ti6Al4V Grade 5, fornecido pela Ge Additive Company) foi utilizado para
produzir as estruturas. A plataforma foi pré-aquecida a 495 °C em uma atmosfera de trabalho
de 1x10-3 mbar de hélio e alto vacuo, uma velocidade de varredura de 4530 mm/s com um
deslocamento de foco de 36 mA e uma espessura de camada de 50 um foram empregadas
no processo. O pd metalico utilizado apresentou particulas de 45 a 106 um (MOURA et al.,
2020).

5.5. Caracterizacao de propriedades morfologicas, quimicas, térmicas
e estruturais

A caracterizagdo morfoldgica dos scaffolds foi realizada por microscopia eletronica
de varredura (MEV). Primeiramente, as amostras foram metalizadas com ouro utilizando o
metalizador Quorum SC7620 antes da andlise por MEV. Posteriormente, um microscépio
modelo ZEISS EVO® MA 15 com tensdo de operacao de 10 kV foi utilizado para observar
as amostras. O diametro de 50 fibras dos scaffolds produzidos foram medidas utilizando o
software ImagelJ para obter os histogramas. A morfologia das particulas de nHA e RIF foi
analisada utilizando Microscopia Eletronica de Transmissdo (TEM). As micrografias foram
obtidas com o Microscépio Eletronico de Transmissdo JEOL JEM-1400 (Téquio, Japao),
operando com uma voltagem de aceleragdo de 120 k'V.

A composi¢do quimica dos scaffolds foi caracterizada por espectroscopia de infra-
vermelho (FTIR) utilizando um espectrometro de infra-vermelho modelo PerkinElmer
Spectrum 100 de reflectancia total atenuada (ATR). O espectro foi obtido utilizando um
comprimento de onda de 650 a 4000 cm™', com 16 varreduras e 4 cm™' de resolucdo. A andlise
foi realizada no Centro de Tecnologia da Informagdo “Renato Archer” (CTI). A
caracterizagcdo térmica do scaffold foi realizada por termogravimetria (TGA) em um
equipamento 2950 thermogravimetric analyzer (TA Instruments, USA) presente na Central
Analitica do Instituto de Quimica da UNICAMP. Para a caracterizacdo utilizou-se
aproximadamente 5 mg de amostras, atmosfera inerte de argdnio com fluxo de 60 mL/min e
temperatura de 25 °C até 600 °C com taxa de aquecimento de 10 °C/min. A avaliacdo

microestrutural dos scaffolds foi realizada por difracio de raios-X (DRX) em um
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difratometro modelo X’Pert (Panalytical) presente no laboratério multiusuario da engenharia
na Faculdade de Ciéncias Aplicadas (FCA) da UNICAMP. A difracdo de raios-X foi
realizada com radiacdo de Cu-Ka, tensdo de 40 kV e corrente de 30 mA, com intervalo
angular de 5° a 80° e passo angular de 0,016°.

As microestruturas dos scaffolds impressos foram avaliadas usando um microscopio
de fluorescéncia (Axio observer, Carl Zeiss, Oberkochen, Alemanha). Rodamina B, um
corante fluorescente (#83689; Sigma-Aldrich), foi adicionada aos polimeros. As
microestruturas foram analisadas, e 40 tamanhos de poros foram medidos usando o software
ImageJ para plotar os histogramas. Os valores de porosidade foram avaliados usando
densidade aparente e densidade global. A densidade aparente foi determinada medindo a
massa e o volume dos scaffolds impressos apds secagem a vicuo. A densidade global foi
determinada medindo a massa e o volume dos scaffolds apds injecdo em um molde com
volume conhecido.

Ja para os implantes de Ti6Al4V, a densidade e porosidade das estruturas de Ti6Al4V
foram avaliadas usando um picnometro de gés hélio (Micromeritics AccuPyc 1330) apos
limpeza ultrassdnica com etanol e secagem. Além disso, imagens de MEV foram analisadas,
e as dimensdes de 5 poros das estruturas de Ti6Al4V foram medidas usando o ImageJ. Para
os testes, foram utilizados quatro corpos de prova tubulares para cada tamanho de poro, todos

com altura de 9 mm, didmetro externo de 6 mm e didmetro interno de 3 mm.

5.6. Avaliacao da hidrofilicidade e degradacao in vitro

A hidrofilicidade do scaffold foi avaliada através do ensaio de angulo de contato,
conforme a ASTM D7334. O equipamento Dataphysics modelo OCA15 presente no CTI foi
utilizado para as medi¢des de angulo de contato estitico, no qual uma gota de 4gua
deionizada foi adicionada a superficie dos scaffold. O experimento foi realizado usando
quatro replicatas para cada scaffold e os ngulos entre a gota e a superficie do scaffold foram
obtidos utilizando o software ImageJ. A degradacdo hidrolitica dos scaffolds foi avaliada in
vitro de acordo com a norma ASTM F1635-11. Os scaffolds foram inicialmente pesados e
imersos em PBS com pH de 7,4 e mantidos a uma temperatura de 37 °C. Apds intervalos de
tempo especificos, as amostras foram retiradas da solugdo, secadas a viacuo e pesadas

novamente para avaliar as alteracdes de peso ao longo do tempo.
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5.7. Avaliacdo da eficiéncia de encapsulamento e liberacdo de
farmaco do scaffold

A andlise de encapsulamento e liberacio de RIF foi conduzida utilizando
espectroscopia ultravioleta-visivel (UV-Vis) a um comprimento de onda de 483 nm com o
equipamento FilterMax F5 Multimode. Primeiramente, a eficiéncia de encapsulamento, no
caso de incorporagdo da RIF ao polimero, foi determinada dissolvendo-se os scaffolds de
PLGA-HA-RIF em 5 mL de cloroférmio por meio de agita¢do ultrassOnica e subsequente
centrifugacdo por 5 minutos. Os scaffolds pesando aproximadamente 10 mg foram
incubados em 10 mL de PBS (pH 7,4) a 37 °C e 100 rpm. A liberacdo foi medida de 0 a 720
horas, com 4 mL da solugdo retirados em intervalos de tempo especificos para andlise
espectrométrica. O volume retirado foi substituido por um volume equivalente de PBS
fresco. Os experimentos foram realizados com quatro replicatas. A liberacao foi avaliada
empregando diversos modelos cinéticos, incluindo ordem zer, primeira ordem, Higuchi,

Hixson-Crowell, Korsmeyer-Peppas e Weibull.

5.8. Ensaios de atividade antibacteriana

A atividade antibacteriana foi avaliada por meio do teste de difusdo em disco de
acordo com a norma MO02-A8 da ANVISA. Para o ensaio, bactérias gram-positivas
(Staphylococcus aureus, ATCC 6538) e gram-negativas (Escherichia coli, cepa K-12) foram
inoculadas em meio LB até atingir uma turbidez 6ptica de 0,5 e, em seguida, incubadas em
placas de dgar. Os scaffolds e implantes de Ti6Al4V contendo 7 ng de PLGA-HA-RIF foram
adicionados as placas de dgar para avaliar a zona de inibicdo. Os didmetros dos halos foram
medidos usando o Imagel. Os scaffolds de PLGA-HA e as estruturas de Ti6Al4V foram
usados como controle para comparar com os implantes de Ti6Al4V contendo scaffolds de
PLGA-HA-RIF e PLGA-HA-RIF. Os ensaios foram realizados no Centro Pluridisciplinar
de Pesquisas Quimicas, Biol6gicas e Agricolas (CPQBA)

5.9. Ensaios Mecanicos de Compressao

As propriedades mecanicas das estruturas de Ti6Al4V foram avaliadas por meio de
testes de compressdo de acordo com a ASTM E9-19. Os testes de compressdo foram

realizados usando uma maquina de ensaio universal (WDW-100E) com uma célula de carga
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de 100kN e uma velocidade de 1mm/min. A rigidez foi calculada como a inclina¢do da
por¢ao linear das curvas tensdo-deformagao obtidas.

As propriedades de tracdo dos scaffolds poliméricos impressos foram medidas
usando uma mdaquina de ensaio mecanico (Instron série 6800, Norwood, MA, EUA) com
uma célula de carga de 100 N. Para isso, os insumos de PLGA e PLGA-HA foram moldados
em moldes retangulares de PDMS de 30x10 mm?. As amostras foram submetidas a um
processo de troca de solvente em dgua por 15 minutos, 24, 48, 96, 168 e 336 horas para as
andlises. Apds secagem superficial, as amostras foram fixadas nas garras e submetidas a um
teste de tragcdo (ASTM D638-14), onde o comprimento de medi¢do (~15 mm), espessura
(~0,5 mm) e largura (~10 mm) foram determinados, e a taxa de deformacao foi fixada em 5
mm/min. As resisténcias e deformagdes na ruptura, e os mddulos foram determinados
calculando as inclinacdes da por¢ado eléstica linear das curvas tensao-deformacao.

O teste de cisalhamento foi realizado em um sistema de teste mecanico (célula de
carga de 100 N, Instron 3342). Amostras retangulares em bicamada (16 mm por 15 mm por
1,5 mm, comprimento por largura por espessura) foram preparadas adicionando o GelMA
sobre a tinta de PLGA. Apds fotoendurecimento e imersdo em PBS, as amostras foram
fixadas entre duas laminas de vidro com supercola. Os dois lados dos vidros foram fixados
nos dispositivos inferior e superior para alongamento a 10 mm/min. A tensdo de
cisalhamento foi calculada pela forca medida dividida pela area de sobreposi¢do (ou drea da
amostra).

Além disso, as propriedades compressivas dos scaffolds bioimpressos foram
examinadas de acordo com a ASTM D695-15. Para isso, os mesmos volumes de tinta
polimérica e biotinta de GeIMA foram adicionados, um sobre o outro, em um molde ctbico
de PDMS de 10x10x10 mm?. Os testes de compressdo foram realizados a uma taxa fixa de
0,5 mm/min. A resisténcia a compressao e deformacgdo foram determinadas no momento da
falha ou na compressdo total. O modulo de elasticidade compressivo foi calculado como a

inclinacdo da regido linear das curvas tensao-deformacao.

5.10 Ensaio de osteoconducao

A osteoconducdo foi avaliada através da formagdo in vitro de apatita no implante
utilizando fluido corpdreo simulado (SBF), conforme a norma especifica da ABNT NBR

ISO 23317:2017. Para o experimento, amostras do scaffold foram cortadas em quadrados
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com 15 mm de lado e imersas em 40 mL de solu¢do SBF a uma temperatura de 37 °C. Ap6s
quatro semanas, as amostras foram retiradas, enxaguadas com dgua destilada e secadas. A
apatita foi detectada na superficie dos scaffolds utilizando MEV e DRX. Além disso,
Espectroscopia de Raios-X por Energia Dispersiva (EDS) foi utilizada para andlise da

composi¢ao elementar dos implantes apds a formagao de apatita.

5.11. Analise de viabilidade, proliferacao, morfologia e diferenciacao
celular

5.11.1. Pré-Osteoblastos MC3T3

A viabilidade dos scaffolds foi analisada por meio de ensaio de brometo de 3(4,5-
dimetiltiazol-2-i1)-2,5-difeniltetraz6lio (MTT), utilizando células pré-osteoblastos (MC3T3-
El). As células foram cultivadas em meio minimo essencial alfa (a-MEM) suplementado
com soro fetal bovino, penicilina e estreptomicina a 37 °C e 5% COa. A atividade metabdlica
das células foi medida por absorbancia a 570 nm apds 24, 48 e 72h em contato com as
membranas e comparadas com o controle (células na placa de 96 pocos). Ja para a analise de
morfologia e adesao celular, as células foram cultivadas na superficie dos scaffolds por 72 h
e fixadas com 3,7% (v/v) de formaldeido por 5 min. Apés lavagem com PBS, 50 ug mL™!
de faloidina foram adicionados a temperatura ambiente. Lavou-se novamente com PBS e
adicionou-se 0.1 pg mL ™' de DAPI por 15 min a 37 °C. A microscopia confocal foi realizada
com um microscopio Leica TCS SP5 II no Laboratério Central de Tecnologias de Alto
Desempenho (LACTAD) e no Instituto Nacional de Fotonica Aplicada a Biologia Celular
(INFABIC). Os ensaios com as células foram realizados no Laboratério de Biotecnologia da

FCA-UNICAMP.

5.11.2. Células-Tronco Mesenquimais

A viabilidade das células nos scaffolds (bio)impressos foi avaliada em 1, 3, 7 e 14
dias usando o ensaio Live/Dead. O kit contendo calceina-AM (C3100MP), para colorir
células vivas, e etidio homodimero-1 (E1169), para colorir células mortas, foi adquirido na
ThermoFisher Scientific, e os experimentos foram conduzidos seguindo o protocolo do
fabricante. As imagens foram capturadas usando o microscopio de fluorescéncia. O niimero
de células vivas e mortas em 6 imagens aleatdrias para cada scaffold foi contado usando o

software ImageJ com o plugin Analyze particles.
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O ensaio de [3-(4,5-dimetiltiazol-2-il)-5-(3-carboximetoxifenil)-2-(4-sulfonfenil)-
2H-tetrazolium] (MTS) foi usado para medir a absorbancia do formazan para quantificacao
da proliferacdo celular em 1, 3, 7 e 14 dias nos scaffolds (bio)impressos. A solucdo de MTS
foi preparada utilizando o meio MSC e o reagente MTS (#G1111) da Promega Corporation
(Madison, WI, EUA) na proporg¢ao de 3:1 v/v. Apés a remog¢ao do meio, 1 mL da solucdo de
MTS foi adicionado a cada poco. Apds incubagdo por 3 horas a 37 °C, o sobrenadante foi
lido por um espectrofotdometro (SpectraMax M3, Molecular Devices, San Jose, CA, EUA) a
490 nm para quantificagdo. Seis amostras foram medidas para cada tipo de scaffold
(bio)impresso em cada ponto de tempo.

Para coloragdo de F-actina e ntcleos, as amostras foram fixadas em 1, 3, 7 e 14 dias
de proliferacao, e apds 1, 2 e 4 semanas de diferenciagdo, com uma solu¢do de formalina a
10% p/v (#F5554; Sigma-Aldrich) por 15 minutos a temperatura ambiente. Em seguida, as
amostras foram lavadas com DPBS e bloqueadas com uma solu¢do de albumina sérica
bovina (BSA) a 5% v/v (#A3983; Sigma-Aldrich) em DPBS a temperatura ambiente por 1
hora. Apos o bloqueio, a solugdo de BSA foi removida, e uma solucdo de Alexa Fluor 594-
faloidina (#A12381; ThermoFisher Scientific) em DPBS na proporcao de 1:400 v/v foi
adicionada as amostras e deixada durante a noite a 4 °C. A solugdo de faloidina foi removida,
e as amostras foram lavadas com DPBS; em seguida, as amostras foram incubadas com
solucdo de 4',6-diamidino-2-fenilindol (DAPI; #D1306, ThermoFisher Scientific) em DPBS
diluida a 1:5000 v/v por 15 minutos, lavadas e analisadas usando o microscépio de
fluorescéncia. Para avaliar a dispersdo celular, as dreas de 20 células foram medidas nas
imagens utilizando o ImagelJ.

Ap06s 14 dias de cultivo, os scaffolds contendo MSCs foram cultivados no meio de
diferenciacdo (Human MSC Osteogenic Differentiation Medium BulletKit™, #PT-3002) da
Lonza Bioscience por 1, 2 e 4 semanas. Para o ensaio de imunofluorescéncia, as amostras
foram fixadas nas semanas 1, 2 e 4 com solug@o de formalina a 10% p/v (Sigma-Aldrich)
por 15 minutos a temperatura ambiente. Em seguida, as amostras foram lavadas com PBS e
solucdo de lavagem 1% v/v BSA/PBS. Apés a lavagem, as amostras foram incubadas em
um tampao de bloqueio contendo 5% v/v de solucao de BSA/PBS e 0,2% v/v de Triton X-
100 (#T8787; Sigma-Aldrich) em PBS a temperatura ambiente por 2 horas. As amostras
foram entdo incubadas com duas soluc¢des de anticorpos primarios, anticorpo anti-RUNX?2
de camundongo (#ab76956; Abcam) em solucao de PBS diluida a 1:200 v/v e anticorpo anti-
OCN de coelho (#ab198228; Abcam) em solucao de PBS diluida a 1:200 v/v a 4 °C durante
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a noite. Apds isso, as amostras foram lavadas com a solucdo de lavagem e tratadas com
anticorpos secunddrios correspondentes, anticorpo Alexa Fluor Plus 488 de cabra anti-IgG
de camundongo H&L (#ab150113; Abcam) em solu¢do de PBS diluida a 1:200 v/v e
anticorpo Alexa Fluor Plus 555 de cabra anti-IgG de coelho H&L (#ab150080; Abcam) em
solu¢cdo de DPBS diluida a 1:200 v/v a temperatura ambiente por 2 horas. Em seguida, os
espécimes foram lavados com PBS e incubados com DAPI em solu¢do de PBS diluida a
1:1000 v/v a temperatura ambiente por 15 minutos. Por fim, as amostras foram lavadas e

analisadas usando um microscépio de fluorescéncia.

5.12. Analise Estatistica

Os experimentos tiveram resultados expressos como média + desvio padrao. O teste t
de Student ou de andlise de variancia One-way (ANOVA) foram utilizados para comparagio
das amostras. As andlises estatisticas foram realizadas utilizando o software IBM SPSS

Statistics 22.0.
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6 RESULTADOS: ARTIGOS PUBLICADOS E SUBMETIDOS

Nesta secao os resultados e discussoes estao apresentados na forma de manuscritos de
artigos cientificos independentes, no idioma exigido pelos veiculos de divulgacdo onde
foram ou serdo publicados. O primeiro manuscrito submetido, intitulado “Osteoconductive
composite membranes produced by rotary jet spinning of bioresorbable PLGA present
pioactivity for bone regeneration”, apresenta o potencial da rotofiacdo para producdo de
membranas baseadas em PLGA e HA(NPs) para promover regeneracio 6ssea. Nesse estudo,
os parametros de processo foram avaliados para obten¢do das membranas, que foram
caracterizadas por suas propriedades morfoldgicas, quimicas, térmicas e estruturais. Além
disso, a bioatividade, viabilidade celular e adesdo nas membranas de PLGA-HA(NPs) foram
analisadas e comparadas com as membranas de PLGA, mostrando resultados promissores
para engenharia tecidual dssea.

O segundo manuscrito submetido “Implants promoting osteoconduction and local
antibacterial activity for effective osseointegration and osteomyelitis prevention” propde o
desenvolvimento de novos implantes que permitam osseointegracdo, compatibilidade
mecanica e prevencdo local de bactérias. Dessa maneira, este estudo mostra uma nova
combinacdo de técnicas de processamento, materiais e andlises com potencial para
regeneracdo Ossea. Para isso, implantes porosos de Ti6Al4V produzidos por MA foram
combinados com membranas rotofiadas de PLGA-HA-RIF e PLGA-COL-HA para obter
implantes 6sseos com resisténcia mecanica e rigidez compativeis com o 0sso para aplicagdes
de suporte de carga, propriedades osteocondutoras e prevencdo de infec¢do bacteriana. A
partir desse estudo, a patente “Processo de Producio de Enxerto Osseo e Enxerto Osseo
Assim Obtido” foi depositada no Instituto Nacional da Propriedade Industrial (INPI) no dia
30 de janeiro de 2024 com o nimero BR102024001943-1.

Por fim, o terceiro manuscrito intitulado "Multimaterial coextrusion (Bio)printing of
composite polymer biomaterial ink and hydrogel bioink for tissue fabrication" apresenta pela
primeira vez uma estratégia combinatoria de (bio)impressdo 3D para permitir a coextrusao
multimaterial de polimero-nanoparticula e biotinta para aplicagdes dsseas. Para demonstrar
a versatilidade e singularidade da estratégia, foram realizados experimentos de coextrusao
envolvendo PLGA puro e PLGA-HA impressos simultaneamente com GelMA contendo

células-tronco mesenquimais humanas (MSCs). As propriedades morfoldgicas, quimicas,
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mecanicas e estruturais dos scaffolds (bio)impressos foram caracterizadas. Além disso,
foram realizadas avaliagdes detalhadas dos scaffolds (bio)impressos durante o cultivo,
abrangendo aspectos cruciais como propriedades mecanicas, viabilidade, proliferacdo e
diferenciacdo das MSCs, mostrando seu potencial em aplicacdes Gsseas. O artigo foi
publicado na revista Composites Part B: Engineering no dia 15 de abril de 2024 (DOI:
10.1016/j.compositesb.2024.111337). A autoriza¢do da editora para adi¢do do artigo na tese

encontra-se no Apéndice B.

A discussdo consolidando os artigos apresentados estd descrita no préximo capitulo.


https://doi.org/10.1016/j.compositesb.2024.111337
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6.1. Manuscrito do Artigo 1

Osteoconductive composite membranes produced by rotary jet spinning of
bioresorbable PLGA present bioactivity for bone regeneration

Isabella Caroline Pereira Rodrigues', Karina Danielle Pereira®?, Augusto D. Luchessi*?,
Eder Sécrates Najar Lopes!”, and Lais Pellizzer Gabriel?

! School of Mechanical Engineering, University of Campinas, Campinas, Sdo Paulo, Brazil
2 School of Applied Sciences, University of Campinas, Limeira, Sdo Paulo, Brazil

3 Institute of Biosciences, Sdo Paulo State University, Rio Claro, Séo Paulo, Brazil

* Correspondence to: Eder Socrates Najar Lopes (E-mail esnlopes @unicamp.br; Telephone:
+55 (19) 3521-0017; Street address: Rua Mendeley, 200, Campinas 13083-860, SP, Brazil)
ABSTRACT

Bone defects and injuries are common and need better solutions for improved regeneration
and osseointegration. Bioresorbable membranes hold great potential in bone tissue
engineering due to their high surface area and versatility. In this context, polymers such as
poly(lactic-co-glycolic acid) (PLGA) can be combined with osteoconductive materials like
hydroxyapatite (HA) nanoparticles (NPs) to create membranes with enhanced bioactivity
and bone regeneration. Rotary Jet spinning (RJS) is a powerful technique to produce these
composite membranes. This study presents an innovative and efficient method to obtain
PLGA-HA(NPs) membranes with continuous fibers containing homogeneous HA(NPs)
distribution. The membranes demonstrated stable thermal degradation, allowing HA(NPs)
quantification. In addition, the PLGA-HA(NPs) presented osteoconductivity, were not
cytotoxic, and had high cell adhesion when cultured with pre-osteoblastic cells. These
findings demonstrate the potential of RJS to produce PLGA-HA(NPs) membranes for easy

and effective application in bone regeneration.

Keywords: Ceramics; Centrifugal Spinning; Fibers; Hydroxyapatite; Nanoparticles;

Osseointegration; Scaffolds; Tissue Engineering;
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INTRODUCTION

Bone tissue engineering (BTE) techniques have emerged as crucial tools in the field
of regenerative medicine, particularly for promoting mechanisms like osteoconduction,
which are essential for effective bone regeneration. Osteoconductive scaffolds comprise
bioresorbable biomaterials that promote and guide the growth of new bone tissue into the
bone defect area or implant for better osseointegration. Calcium phosphates, such as
hydroxyapatite (HA) and beta-tricalcium phosphate (B-TCP), are the primary
osteoconductive inorganic materials inspired by bone minerals and wused as
additives/coatings [1,2]. HA nanoparticles (NPs) are bioresorbable ceramics with good
mechanical properties that are extensively used for bone applications due to their excellent
biocompatibility and bioactivity, promoting apatite deposition [2]. However, due to their
brittleness, the limited processability of HA(NPs) hinders their ability to produce bulk
structural scaffolds [3].

To solve this drawback, extensive research has been conducted on composite
scaffolds based on combining polymers and ceramics. Many polymers have been studied as
scaffolds for BTE [4]. Poly (lactic-co-glycolic acid) (PLGA) stands out as a bioresorbable
polymer with excellent biocompatibility that allows cell adhesion and proliferation.
Regulatory agencies worldwide have approved biomedical implants made with PLGA for
medical applications [5,6]. Due to the monomers that compose this copolymer, poly-L-lactic
acid and poly(glycolic acid), it can be easily absorbed, participating in the primary metabolic
cycles of the body. Thus, it presents faster absorption than other synthetic polymers [7].

Fiber processing techniques are a viable alternative for producing
polymeric/ceramic-based scaffolds. Fibrous membranes are scaffolds with great similarity
with the extracellular matrix, a large surface area, and porosity, able to transport nutrients
for cell viability and proliferation, promoting tissue regeneration [8]. Electrospinning (ES)
and rotary jet spinning (RJS) are some techniques used for composite membrane production.
Many studies used ES for membrane fabrication with HA [9-11]. However, other works
showed that RJS can produce 500 times more fibers than ES [12]. Moreover, RJS can
produce fibrous membranes on a large scale, with different materials and low cost, making

it a promising technique for scaffold development.
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Therefore, this study aimed to produce new osteoconductive composite membranes
based on PLGA and HA(NPs) using RJS. Although some studies have produced membranes
with different polymers containing osteoconductive materials [13—17], this is the first work
to explore RJS with the strong combination of HA(NPs) and PLGA, which can enhance the
membrane's biological performance for bone applications. Thus, process parameters were
thoroughly evaluated to obtain optimized composite membranes characterized by their
morphological, chemical, thermal, and structural properties. Moreover, the bioactivity, cell
viability, and adhesion on the PLGA-HA(NPs) membranes were analyzed and compared to

those of the PLGA membranes, showing promising results for bone regeneration.

MATERIALS AND METHODS
Solution, viscosity analysis, and processability

The polymeric solutions were prepared by dissolving PLGA (Resomer® LG 8248,
Evonik Brasil LTDA.) in chloroform, and a relative weight concentration of 10% w/w of
HA(NPs) (<200 nm particle size, #677418, Sigma-Aldrich Brasil LTDA.) was added for
PLGA-HA membranes. The solutions’ viscosity was measured for different polymer
concentrations using a Brookfield LVDV1 viscometer with an SC4-34 conic spindle and UL
adapter. The oscillatory shear was 60 rpm, and the temperature was 25 °C. The composite
membranes were fabricated at 6000, 9000, and 12000 rpm using the RJS process. The RJS
equipment comprises a reservoir with four 1 mm diameter orifices centralized at 17 cm from
the collector [18].
Characterization of morphological, chemical, structural, and thermal properties

The morphological characterization of the composite membranes was performed by
scanning electron microscopy in secondary electron mode (SEM-SE). Firstly, samples were
gold-coated using a Quorum SC7620 sputter coater before SEM analysis. Subsequently, a
ZEISS EVO® MA 15 microscope with an operating voltage of 10 kV was used to observe
the samples. The diameter of 50 fibers from the produced composite membranes was
measured using Image] software to obtain the histograms. Energy Dispersive X-ray
Spectroscopy (EDS) was also performed for chemical analysis of elemental composition
using the EDS analyzer at the SEM microscope. HA(NPs) morphology was examined using
Transmission Electron Microscopy (TEM). The JEOL Transmission Electron Microscope
JEM-1400 (Tokyo, Japan) was used to obtain the micrographs at an accelerating voltage of
120 kV.
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Fourier-transform infrared (FTIR) spectroscopy characterized the composite
membranes' chemical composition using a PerkinElmer Spectrum 100 with a total attenuated
reflectance (ATR) infrared spectrometer. The spectrum was obtained using a wavelength
range of 650 to 4000 cm™!, with 16 scans and a resolution of 4 cm™. Unprocessed (as
received) HA(NPs) and PLGA were also characterized to comparison. The crystalline
features of composite membranes were analyzed by X-ray diffraction (XRD) using an X'Pert
diffractometer (PanAlytical). X-ray diffraction was performed with Cu-Ka radiation, 40 kV
voltage, and 30 mA current, with an angular 26 ranging from 5° to 80° and an angular step
of 0.016°.

The thermal characterization of the composite membranes was performed by
thermogravimetric analysis (TGA) using a 2950 thermogravimetric analyzer (TA
Instruments, USA). Approximately 5 mg of samples were used, with an inert atmosphere of
argon at 60 mL/min and a temperature of 25 °C to 600 °C with a heating rate of 10 °C/min.
In vitro bioactivity assay

The bioactivity of composite membranes used as scaffolds was evaluated by in vitro
apatite formation on the membranes’ surface using simulated body fluid (SBF) at 37 °C,
according to the standard ISO 23317. After four weeks, the apatite formation was detected
on the scaffolds’ surface using SEM and XRD, as previously described.

MTT assay of scaffolds

Mouse preosteoblast cell line (MC3T3-E1) was cultured in Alpha Minimum
Essential Medium (a-MEM) with 100 U/mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum (FBS) (Life Technologies, Inc., Carlsbad, CA, USA) in a 5% CO»-
contained humidified atmosphere at 37°C. When the cells reached 80% confluence, they
were trypsinized, neutralized with o-MEM, and counted using a Countess II automatic
counter. (Thermo Fisher Scientific Inc., Waltham, MA, USA). The composite membranes
were arranged in a 96-well plate sterilized with UV light overnight, seeded with cells at a
density of 8x10s cells per well, and incubated in 100 pL of culture medium for 24, 48, and
72 h. The viability of cells was assessed by a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. After 24, 48, and 72 h, the media were removed,
and MTT (0.5 mg/mL in PBS) solution was added to cells, followed by incubation for 3 h.
The growth media was aspirated, and dimethyl sulfoxide (DMSO) was added. Absorbance
was measured at 570nm with a scanning spectrophotometer (F5 Microplate Reader,

Molecular Probes).
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The adhesion of MC3T3-E1 cells was evaluated after cultivation on top of the
membranes at a concentration of 1.0 x 10° cells per well. The membranes with cells were
incubated at o-MEM, 37 °C, and 5% CO; for 72 h. The culture medium was removed, and
the membranes were washed with PBS and fixed with 3.7% (v/v) formaldehyde for 5 min.
After PBS rinsing again, the membranes were treated with 50 pg/ml of phalloidin for 40 min
at room temperature for cytoplasmic staining. Subsequently, they were washed and treated
with 0.1 pg/ml of DAPI for 15 minutes at 37 °C for nuclear staining, followed by another
round of PBS washing. Finally, fluorescence images were acquired using a confocal
microscope (Leica TCS SP5 II; Wetzlar, Germany).

Statistical Analysis

The experiments had results expressed as mean + standard deviation. In addition, the
one-way analysis of variance (ANOVA) with a Bonferroni post-hoc test was used to
compare the samples. The statistical analysis was performed using IBM SPSS Statistics 22.0

software. The results were considered statistically different for p<0.05.

RESULTS AND DISCUSSION
Processability of PLGA and PLGA-HA(NPs) membranes

The effective fiber formation for membrane production depends on many parameters,
such as solution rheological properties and other process parameters (rotational speed,
collector distance, and orifices diameter) [ 19]. The critical concentration of the solution (C*),
i.e., the ratio between solute and solvent, is the first parameter that should be determined to
allow solution spinnability [19,20]. The critical concentration is the minimum concentration
needed to allow sufficient polymer chain entanglement for fiber formation [19]. The
viscosities of different solution concentrations were measured to determine the critical

concentration of PLGA and PLGA-HA(NPs) (Figure 1).
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Figure 1. Apparent viscosity versus solution concentration profile for PLGA and PLGA-

HA(NPs) solutions and the critical concentration (*C).

The critical concentration is the concentration in which the second change in slope
of the apparent viscosity vs. solution concentration curves occurs [20]. The critical
concentration obtained and used for membrane production was 8% g/mL for PLGA and
PLGA-HA(NPs). Moreover, adding HA(NPs) to PLGA slightly reduced the solution
viscosity compared to pure PLGA solutions. This phenomenon was observed in other studies
using polylactic acid-based polymers, suggesting that the interactions between the polymer
chains and the HA(NPs) surface might reduce the direct interaction of the polymer with the
solvent, playing a key role in the viscosity reduction [21].

The rotational speed also directly affects fiber formation. Therefore, the morphology
of the membranes was analyzed using SEM (Figure 2) to evaluate the effect of different

rotational speeds on fiber diameter and morphology.
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Figure 2. SEM-SE images and fiber diameter distribution of PLGA and PLGA-HA(NPs)
membranes produced by RJS at 6000, 9000, and 12000 rpm.

Continuous fibers were obtained for all speeds and scaffolds, with diameters of less
than 30 um. Additionally, there was no formation of beads (spherical structures) in the fibers,
which can negatively interact with cells [22]. This indicates no breakage or instability in
fiber production throughout the process [23]. Solution characteristics, such as viscosity,
polymer, and NP concentration, and process parameters, such as rotation speed, can
influence the obtainment of continuous and homogeneous fibers and the diameter size [24].
Accordingly, the fiber diameters reduced and presented lower dispersion as the speed
increased. Thus, the rotational speed was set at 12000 rpm for the composite membrane

production and subsequent characterizations.

Chemical, morphological, and thermal characterization of scaffolds
After fabricating the membranes, it is essential to characterize their chemical

composition to evaluate whether all the expected functional groups and chemical bonds are
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present and their application for tissue engineering. Here, FTIR analysis was used to
chemically characterize the membranes (Figure 3), revealing the presence of characteristic
chemical bonds of PLGA in all spectra. The carbonyl group stretching (C=0) peak was
observed at 1746 cm™!, while the peaks ranging from 1000 to 1100 cm™ were associated with
the stretching of ester C-O groups of PLGA. Moreover, the bending of methyl C-H groups
was represented by the peaks between 1350 and 1450 cm™ [25].

In addition to PLGA, the characteristic chemical bonds of HA nanoparticles were
also detected in the PLGA-HA composite membranes. The peaks in the range of 960 to 1100
cm’! indicate the presence of HA’s phosphate (PO4>") group [26]. Meanwhile, the absence
of peaks corresponding to chloroform confirmed the successful evaporation of the solvent

during the process [27].
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Figure 3. FTIR spectra of unprocessed PLGA and HA compared to PLGA and PLGA-
HA(NPs) membranes. * Indicates the HA(NPs) peaks

Although the chemical analyses identified the presence of HA(NPs) in the PLGA-
HA(NPs) membrane, it is also crucial to evaluate if the HA nanoparticles were

homogenously spread throughout the membrane’s fibers. In this study, we investigated the

HA distribution in the fibers using EDS (Figure 4) and TEM (Figure 5).
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PLGA-HA[NPs)

Figure 4. EDS images of PLGA and PLGA-HA(NP)s scaffolds.

EDS is a powerful analytical technique that allows the identification and visualization
of elements present in the sample. Here, the results revealed the presence of carbon (C) and
oxygen (O) in all membranes, which compose the chemical structure of PLGA. However, it
also identified the presence of calcium (Ca) and phosphorus (P) in the PLGA-HA scaffold,
which are characteristic elements of the HA(NPs) molecule (Cas(OH)(PO4)3). Thus, the EDS
result showed that the HA (represented by its elements) was successfully added to the
composite membrane.

Also, with TEM, it was possible to visualize the nanoparticle dispersion inside the
fiber with the characteristic spherical HA(NPs) at less than 200 nm (Figure 5). This spread

of HA(NP)s can lead to improved bioactivity throughout the fibers in the membrane.
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Figure 5. TEM images of a PLGA-HA(NPs) fiber showing the HA(NPs) morphology.
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The thermal degradation profile of the scaffolds was evaluated using
thermogravimetric analysis (Figure 6). The scaffolds presented an initial mass loss of 2 to
3% around 100 °C due to the evaporation of surface water [28]. In addition to this initial
stage, the membranes exhibited a main thermal degradation stage above 300 °C,
corresponding to the degradation of the polymer [29].

For the PLGA membrane, a mass loss of 95% occurred in this stage at an onset
temperature (Tonser: extrapolated initial degradation temperature) of 321 °C, a maximum
temperature (Tmax) of 343 °C, and an end set temperature (Tengser: extrapolated final
degradation temperature) of 353 °C. In contrast, the membrane with added HA(NPs)
presented a Tonsee= 323 °C, Tmax= 346 °C, and Tengser= 354 °C. The PLGA-HA(NPs)
membrane exhibited a mass loss of 88%, a lower mass loss than pure PLGA. As expected,
the relative amount of residual mass was approximately the same as the concentration of
HA-NPs added to the composite membranes (10% w/w) since HA degrades only at

temperatures of approximately 1000 °C [29].
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Figure 6. TGA and DTG curves of PLGA (A) and PLGA-HA(NPs) (B) scaffolds.

Bioactivity assessment

The bioactivity related to osteoconductivity of the membranes was evaluated by
assessing apatite formation on their surface. Thus, the membranes were incubated in SBF,
observed using SEM (Figure 7A-B), and analyzed using XRD (Figure 7C). The SEM images
showed that the membrane containing HA(NPs) exhibited the deposition of spherical
particles on their surface after SBF incubation, which is characteristic of apatite formation
[30]. However, only a few particles were observed on the surface of PLGA membranes.

XRD analysis was used to identify the characteristic peaks of the membranes’
crystalline structure, HA(NPs) presence, and apatite formation after SBF incubation (Figure

4). The broad peak characteristic of PLGA [31,32] was identified at a 20 of approximately
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17.3° in all membranes. Meanwhile, the characteristic peaks of the HA(NPs) crystalline
structure were identified in the PLGA-HA(NPs) membranes with 26 values of 10.8° (100),
25.9°(002), 31.8° (211), 32.4° (112), 32.9° (300), 34.0° (202), 39.9° (130), 46.7° (222), and
49.5° (213) [33,34]. The obtained peaks show that HA(NPs) were successfully added and
maintained their hexagonal crystalline structure [35]. Moreover, the apatite peaks were better
defined after SBF incubation of PLGA-HA(NPs), and no apatite was identified on PLGA

membranes after incubation.
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Figure 7. SEM images of (A) PLGA and (B) PLGA-HA(NPs) composite membrane and (C)

XRD results before and after four weeks of incubation in SBF. * Indicates HA(NPs)/apatite

Intensity (a.u.)

peaks

The results indicate that PLGA-HA(NPs) membranes present promising bioactivity.
This can be attributed to HA(NPs), which provide nucleation sites for apatite crystal
formation. The apatite crystals can grow and integrate with the surrounding bone tissue. This
is particularly important in treating bone defects and injuries, where the membranes must
promote bone regeneration and integration with the surrounding tissue. Therefore, the higher
bioactivity of PLGA-HA(NPs) suggests that these membranes have enhanced biological

performance and potential bone tissue engineering applications.
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Cell viability and adhesion on the PLGA and PLGA-HA(NPs) membranes

According to the results of the MTT assay (as shown in Figure 9A), the cell viability
percentage of MC3T3 cells cultured with PLGA and PLGA-HA(NPs) membranes compared
to control was 97.1 + 2.0 % and 96.6 £ 2.8 %, respectively, for 24 h. Thus, there was no
significant difference in the cell viability with either PLGA or PLGA-HA(NPs) membrane.
However, at 48 h, there was a slight but significant decrease in cell viability in PLGA-
HA(NPs) membranes (92.2 + 4.2 %) compared to PLGA (100.1 + 4.7 %) and the control
(100 + 4.8 %). This decrease in cell viability for the PLGA-HA(NPs) membrane could be
attributed to cell differentiation promoted by HA [36], which is crucial for promoting

successful tissue regeneration.
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Figure 8. (A) MC3T3 pre-osteoblastic cell viability on PLGA and PLGA-HA(NPs)
scaffolds in 24 h, 48 h, and 72 h. Fluorescent images of MC3T3 cells on (B) PLGA and (C)

PLGA-HA(NPs) membranes at 72 h. The blue color corresponds to the nuclei and the purple
color to the cytoplasm. *p<0.05

Moreover, at 72 h, the cell viability of the PLGA-HA(NPs) increased, having no
significant difference (97.6 + 4.6 %) compared to the PLGA membrane (97.6 + 3.7 %) and
control (100 + 4.8 %). Confocal microscopy was then used to qualitatively analyze the
adhesion and morphology of cells on the membranes at this time (Figure 9B-C). It was
possible for both PLGA and PLGA-HA(NPs) membranes to observe cells' confluency with
tissue formation. These results suggest that both membranes have great biocompatibility
with pre-osteoblastic cells and provide an optimistic view of their potential for bone tissue

engineering applications.
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Conclusion

This study presents a new and effective method for obtaining osteoconductive
PLGA-HA(NPs) composite membranes. Using rotary jet spinning to produce these
membranes shows many advantages, including versatility and obtaining scaffolds with
controlled fiber morphology. The critical solution concentration and the rotational speed to
produce fibers were determined at 8 % g/mL and 12000 rpm, respectively. The presence of
HA(NPs) was confirmed qualitatively and quantitatively by chemical, morphological, and
thermal degradation analysis. Additionally, the bioactivity of PLGA-HA(NPs) was assessed
after SBF incubation by SEM micrographs and XRD patterns, showing apatite formation on
the membrane’s surface. When cultured with pre-osteoblastic cells, the membranes showed
no toxicity, and tissue formation was visualized because of the cell adhesion and
proliferation on the membrane surface. The bioactivity and cytocompatibility of the PLGA-
HA(NPs) membrane make it a promising alternative for bone regeneration therapy. These
findings contribute to developing innovative strategies for bone tissue engineering, and the

resulting membranes have the potential for use in a wide range of bone-related applications.
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ABSTRACT

Bone implants have a high risk of failure due to insufficient osseointegration, incompatible
mechanical properties, and the occurrence of osteomyelitis. In this study, pharmacological
and osteoconductive scaffolds and metallic implants were developed using rotary jet
spinning (RJS) and additive manufacturing (AM) techniques. Poly(lactic-co-glycolic acid)
scaffolds with nanohydroxyapatite (nHA), were successfully produced containing collagen
(COL) and rifampicin (RIF), exhibiting homogeneous fibers. Chemical, thermal, and
structural analysis confirmed the presence of nHA, COL, and RIF in the scaffolds. The
scaffolds showed a hydrophobic nature and consequent low degradation, except for the
scaffold containing COL. The release profile of RIF followed controlled release kinetic
models. The release of RIF by the scaffold and mettalic implant was sufficient to inhibit
Staphylococcus aureus, the main cause of osteomyelitis. Ti6Al4V alloy implants were
successfully produced for bone requirements using AM. Lastly, the scaffolds and implants
exhibited osteoconduction and high cell proliferation, adhesion, and viability, being
promising alternatives for local antibacterial activity and improved osseointegration for bone

regeneration.

Keywords: Antibiotics; Bacteria; Ceramics; Centrifugal Spinning; Drug Delivery; Electron

Beam Melting; Fiber; Hydroxyapatite; Membrane; Nanoparticles
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INTRODUCTION

Incomplete osseointegration, bone infections known as osteomyelitis, and
mechanical failure or “stress shielding” are persistent problems of implants, often leading to
revision surgeries [!*!. These problems are a global health concern as they cause a social and
economic burden, requiring more surgeries and reducing quality of life 41,

Bone grafts, especially autogenous ones, are still the most commonly used technique
to restore bone function !, However, these grafts have volume limitations, involve multiple
surgical procedures, and can have associated complications, such as infections and immune
responses [®!. Thus, new implants are being studied to overcome these disadvantages and
promote better bone regeneration. Some metallic, polymeric, and ceramic biomaterials can
be used to produce implants and scaffolds containing cells or other additives (e.g., antibiotics
and bioactive particles) for bone applications [7).

Titanium (Ti) alloys, mainly Ti6Al4V, are widely used as structural support for bone
implants due to their excellent mechanical strength and biocompatibility . Although the
stiffness of Ti alloys may be associated with higher subsidence '®°), implant improvements
can be achieved using additive manufacturing techniques (AM). These techniques allow
porous structure fabrication through the customization of complex designs, helping to reduce
implant stiffness.

Combining AM-designed Ti6Al4V implants with osteoconductive scaffolds
containing bioactive additives, like hydroxyapatite (HA) and type I collagen (COL), can
enhance implant osseointegration with bone. HA and COL are interesting additives as they
mimic the inorganic and organic components of bone extracellular matrix, respectively. HA
is a bioresorbable ceramic with biocompatibility and osseointegration results that are as good
as — or even better than — autografts ' Moreover, HA nanoparticles (nHA) have shown
improved results compared to other particle sizes because of their higher surface area and
bioactivity ['!!. The combination of HA with COL also shows promising results, with better
bone regeneration when compared to COL sponges in vivo ?!. However, COL and other
natural polymers present drawbacks like high cost and limited processability 3,

Synthetic polymers, such as poly(lactic-co-glycolic acid) (PLGA) and
polycaprolactone, can be used to improve the mechanical properties and processability of

the aforementioned additives. PLGA is commonly used for drug delivery and bone
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applications, acting as a matrix for additive incorporation, because of its bioresorbability and
biocompatibility (141" Antibiotics, such as rifampicin (RIF), are some additives that can be
incorporated into PLGA for antibacterial activity during bone regeneration ['>!. RIF and other
antibiotics are usually administered orally in very high dosages and low effectiveness to
prevent osteomyelitis 1%, Therefore, local antibiotic delivery using PLGA-based systems
may be more efficient, requiring lower antibiotic concentrations.

It is important to use a technique capable of processing the polymers and additives,
maintaining their functionality to produce such polymeric scaffolds with osteoconductive
and antibacterial properties. Rotary Jet Spinning (RJS) is a groundbreaking technique that
can fulfill this need. RJS is highly scalable to produce fibrous scaffolds, without requiring
high temperatures or electric fields, which can inactivate some materials, such as COL "7,

It is imperative to pursue new implants that are more effective, allowing for better
osseointegration, mechanical compatibility, and local bacterial prevention. Despite the focus
of some studies on osteoconductive antibacterial scaffolds, there is still much to be explored
for an ideal implant '8! Therefore, this study shows a novel combination of processing
techniques, materials, and analyses reaching for the “holy grail” in bone regeneration. Thus,
porous implants of AM Ti6Al4V were combined with RIS scaffolds of PLGA-HA-RIF and
PLGA-COL-HA (Figure 1) to obtain bone implants with osteoconductive properties and

bacterial infection prevention for bone applications.

Additive Manufacturing Rotary Jet Spinning

TiGAl&Y Implant PLGA-HA-RIF PLGA-COL-HA

—

Figure 1. Implant and Scaffolds Schematic
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MATERIALS AND METHODS
AM Structure Design and Fabrication

The metallic structure models for this study were designed from body-centered cubic
(BCC) unit cells using the nTopology software (nTopology Inc., NY, USA). Tubular
structures with dimensions of 6 mm in external diameter, 3 mm in internal diameter, and 9
mm or 3 mm in length, and different pore sizes (300, 450, and 600 um) were fabricated. The
AM structures were manufactured using Electron Beam Powder Bed Fusion (PBF-EB)
technology with the EBM Arcam Model Q10 (Arcam EBM, GE Additive Company). A
Ti6Al4V alloy powder (Spectra H Ti6Al4V Grade 5, supplied by Ge Additive Company)
was used to produce the structures. The platform was pre-heated to 495 °C at a working
atmosphere of 1x10~ mbar of helium and high vacuum, hatch distance and depth of 0.2 mm
and 0.05mm, respectively, a scan speed of 4530 mm/s with a focus offset of 36 mA and a

layer thickness of 50 um was employed in the process.

Scaffold Preparation and Processing

To prepare the polymeric solutions, PLGA (Resomer® LG 824S, Evonik Brasil
LTDA.) was solubilized in chloroform, for PLGA-HA and PLGA-HA-RIF, and
hexafluoroisopropanol (HFIP; #105228), for PLGA-COL-HA. The nHA (#677418, with
particle size <200 nm) was incorporated at a concentration of 20% w/w using a magnetic
stirrer. For PLGA-HA-RIF and PLGA-COL-HA, 5% w/w of RIF (#R3501) and a 1:3 ratio
of COL (type I collagen; #C9879) were also added to the relative mass concentration,
respectively. All solvents and additives were sourced from Sigma-Aldrich LTDA. (Brazil).
Scaffolds were fabricated using the RJS equipment described in previous studies from our

(291 at a rotational speed of 12,000 rpm.

group
Microstructural Characterization of Scaffolds

Morphological characterization of the bioresorbable scaffolds was conducted using
Scanning Electron Microscopy (SEM), employing a ZEISS EVO® MA 15 microscope at an
operating voltage of 10 kV. The scaffolds were gold-coated prior to SEM analysis, using a
Quorum SC7620 sputter coater. The diameter of 50 fibers from each scaffold were
determined using ImageJ software. The morphology of nHA and RIF particles was analyzed
using Transmission Electron Microscopy (TEM). Micrographs were acquired with the JEOL

Transmission Electron Microscope JEM-1400 (Tokyo, Japan) operating at an accelerating

voltage of 120 kV.
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Chemical and Thermal Analysis of the Scaffolds

The chemical composition of scaffolds and their unprocessed polymers and additives
was characterized by Fourier Transform Infrared Spectroscopy (FTIR) employing a
PerkinElmer Spectrum 100 equipped with an attenuated total reflectance (ATR) infrared
spectrometer. his analysis covered a wavelength range from 650 to 4000 cm™!, with 16 scans
performed at a resolution of 4 cm™. The scaffolds' thermal properties were assessed through
thermogravimetric analysis (TGA) conducted on a 2950 thermogravimetric analyzer (TA
Instruments, USA). Samples weighing approximately 5 mg were examined under an inert
argon atmosphere at a flow rate of 60 mL/min. The analysis was performed at a heating rate
of 10 °C/min from 25 °C to 600 °C.
Wettability and in vitro degradation of Scaffolds

The hydrophilicity of the scaffolds was evaluated through a contact angle assay in

accordance with ASTM D7334 standards. Static contact angles were measured using the
Dataphysics model OCA15 equipment. Four replicates of angles between the droplet and
scaffolds’ surface were obtained using Image] software. Hydrolytic degradation of the
scaffolds was assessed in vitro according to ASTM F1635-11. The scaffolds were initially
weighed and then immersed in PBS with a pH of 7.4 and maintained at a temperature of 37
°C. After specific time intervals (30, 60, and 90 days), the samples were retrieved from the
solution, dried, and reweighed to assess changes in weight over time.
Drug Encapsulation and Release Studies

RIF's encapsulation and release analysis was conducted using ultraviolet-visible
(UV-Vis) spectroscopy at a wavelength of 483 nm with the FilterMax F5 Multimode
equipment. First, the drug encapsulation efficiency, related to incorporating RIF into
PLGA’s matrix, was determined by dissolving the PLGA-HA-RIF scaffolds in 5 mL of
chloroform through ultrasonic agitation and subsequent centrifugation for 5 minutes.
Scaffolds weighing approximately 10 mg were incubated in 10 mL of PBS (pH 7.4) at 37
°C and 100 rpm. The release was measured from O to 720 hours, with 4 mL of the solution
withdrawn at specific time intervals for spectrometry analysis. The withdrawn volume was
replaced with an equivalent volume of fresh PBS. The experiments were carried out with
four replicates. The release investigation was additionally evaluated by employing various
kinetic models, including zero-order, first-order, Higuchi, Hixson-Crowell, Korsmeyer-

Peppas, and Weibull.
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Mechanical Tests, Density, and Porosity Measurements of Implants

The mechanical properties of the Ti6Al4V structures were evaluated through
compression testing according to ASTM E9-19. Compression tests were performed using a
universal testing machine (WDW-100E) with a 100kN load cell and a speed of 1 mm/min.
The stiffness was calculated as the slope of the linear portion of the stress-strain curves
obtained. The density and porosity of the Ti6Al4V structures were assessed using a helium
gas pycnometer (Micromeritics AccuPyc 1330) after ultrasonic cleaning with ethanol and
drying. Moreover, SEM images were analyzed, and the dimensions of 5 pores from the
Ti6Al4V structures were measured using ImageJ. For the tests, four tubular specimens for
each pore size were used, all having a height of 9 mm, an external diameter of 6 mm, and an
internal diameter of 3 mm.

Disk Diffusion Test and Osteoconductive Assessment

Antibacterial activity was evaluated by a disk diffusion test according to the NCCLS
MO02-A8 standard. For the assay, gram-positive (Staphylococcus aureus, ATCC 6538) and
gram-negative (Escherichia coli, K-12 strain) bacteria were inoculated in LB medium until
reaching an optical turbidity of 0.5 and then incubated on agar plates. Scaffold and Ti6Al4V
implants containing 7 ug of PLGA-HA-RIF were added to the agar plates to assess the zone
of inhibition. The halo diameters were measured using ImageJ. The PLGA-HA scaffold and
Ti6Al4V structures were used as a control to compare with PLGA-HA-RIF and Ti6Al4V
implants containing PLGA-HA-RIF scaffold.

Osteoconduction was assessed through the in vitro formation of apatite on the
implant using simulated body fluid (SBF), as per the ABNT NBR ISO 23317:2017 standard.
For the experiment, scaffold samples were cut into 15 mm squares and immersed in 40 mL
of SBF solution at a temperature of 37 °C. After four weeks, the samples were removed,
rinsed with distilled water, and dried. Apatite formation on the scaffold surfaces was detected
using SEM. Additionally, Energy Dispersive X-ray Spectroscopy (EDS), integrated into the
SEM microscope, was utilized for elemental composition analysis of the scaffolds after
apatite formation.

Cell Viability and Morphology Analysis

Cell viability of the MC3T3-E1 mouse preosteoblast cells with the scaffolds and
implants was evaluated wusing a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. The cells were cultured in o-MEM supplemented
with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin (Life Technologies, Inc.)
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in a 5% CO; humidified atmosphere at 37 °C. Upon reaching 80% confluence, they were
trypsinized, neutralized, and counted using a Countess II automatic counter. The scaffolds
and implants were seeded with cells in a 48-well plate and sterilized with UV light overnight.
After incubation for 24, 48, and 72 h in a culture medium, MTT solution (0.5 mg/mL in PBS)
was added to the cells, followed by a 3 h incubation. The metabolic activity of the cells was
measured by absorbance at 570 nm using a scanning spectrophotometric multiwell plate
reader (F5 Microplate Reader, Molecular Probes). Control cells were included in a separate
48-well plate for comparison. To analyze cell morphology and adhesion, MC3T3-E1 cells
were cultured on the scaffolds for 72 h, fixed with 3.7% formaldehyde, and stained with
phalloidin and DAPI for cytoplasmic and nuclear visualization, respectively. Fluorescence
images of the cell-seeded scaffolds and implants were captured using a confocal microscope
(Leica TCS SP5 1I).
Statistical Analysis

The results of the experiments were presented as the mean + standard deviation.
Furthermore, for sample comparison, one-way ANOVA (analysis of variance) with a
Bonferroni post-hoc analysis was utilized. Statistical evaluations were conducted using IBM
SPSS Statistics 22.0. A p-value of less than 0.05 was considered indicative of statistically

significant differences.

RESULTS AND DISCUSSION
Scaffolds morphology

The morphology of the fibrous scaffolds was assessed using SEM (Figure 2).
Homogeneous fibers with diameters of less than 20 um were obtained for all produced
scaffolds. There was no significant difference in fiber diameters between PLGA-HA (14.0
+ 6.8 um) and PLGA-HA-RIF (12.7 + 8.0 um) scaffolds, showing that RIF addition did not
change fiber morphology. However, for PLGA-COL-HA (3.6 + 2.2 um) scaffolds, the fiber
diameter was reduced by almost 75% compared to PLGA-HA. Other studies also showed
this effect on fiber diameter reduction after protein addition ?!!. Moreover, no beads were
formed due to fiber rupture throughout the process [??!. It is known that solution
characteristics and process parameters can influence fiber formation 12!, so the parameters

chosen were able to produce the scaffolds with homogenous fibers effectively.
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Figure 2. SEM images and histograms of (A-C) PLGA-HA, (D-F) PLGA-HA-RIF, and (G-
I) PLGA- HA-COL

The TEM analysis revealed that nHAs were uniformly distributed throughout the
fibers in all scaffolds (Figure 3). This distribution suggests the effective incorporation of
nHA within the fiber, which is crucial for enhancing the scaffolds’ osteoconductive
properties. Furthermore, for the PLGA-HA-RIF scaffold, in addition to nHA, the presence
of RIF was also identified. While nHA exhibited a spherical morphology, consistent with
previous observations >3, RIF particles appeared smooth and rod-like 2°!, contrasting with
the nHA morphology and energy. Overall, the TEM analysis suggests that nHA and RIF are
effectively incorporated within the scaffold fibers. Incorporating HA and RIF within the
polymer matrix of the fibers is advantageous for controlled release applications, as it protects
against degradation or loss of bioactivity. Moreover, this internal distribution ensures that
the nanoparticles are uniformly dispersed throughout the scaffold, potentially enhancing

their biological performance for bone tissue engineering applications.
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Figure 3. TEM micrographs of (A-B) PLGA-HA, (C-D) PLGA-HA-RIF, and (E-F) PLGA-

HA-COL. The white arrows indicate examples of nHA and the orange arrows indicate RIF

particles.

Chemical and thermal characterization

The FTIR spectra of the scaffolds are represented in Figure 4A. The characteristic
chemical bonds of PLGA were observed in all scaffold spectra. The peak at 1750 cm
represents the stretching of the carbonyl group (C=0), while the 1084, 1126, and 1181 cm!
peaks correspond to the stretching of the C-O groups of the PLGA ester groups. The 1362,
1380, and 1454 cm’' peaks represent the bending of C-H groups of methyl 71, The
characteristic chemical bonds of HA nanoparticles are also present in the scaffolds of
composites containing HA. Peaks corresponding to the phosphate group (PO4’") were
mainly observed at 1024 cm™ and 866 cm™ 28], The RIF peaks were overlapped by the

polymer peaks due to their low concentration in the scaffolds, which was also observed in
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other studies *°2%. The COL peaks were observed at 3397 cm™, 2925 -2828 cm’!, 1647 cm’
L and 1548 cm!, representing the stretching of the N-H of amide A, C-H of amide B, the
C=0 of amide I, and the C-N of amide II, respectively ?!!. Furthermore, no peaks
corresponding to chloroform or HFIP were observed in the scaffolds, showing that the
solvent was successfully evaporated throughout the process !,

The thermal degradation profile of the scaffolds was evaluated using
thermogravimetric analysis (Figure 4B-D). For all scaffolds, an initial mass loss of up to
10% was observed near 100 °C, attributed to the evaporation of surface water. (321 Tn addition
to this initial stage, the scaffolds exhibited a main stage of thermal degradation above 300
°C, corresponding to the degradation of the polymer *?! and COL. The PLGA-HA, PLGA-
HA-RIF, and PLGA-COL-HA scaffolds exhibited a mass loss of 82.1%, 79.4%, and 80.2%,

respectively. The weight remained, around 20% for all scaffolds, corresponds to the nominal

concentration of nHA added (20% w/w), given that HA degrades only at higher temperatures
[33]
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An increase in the degradation temperature was observed upon the addition of RIF.
The degradation temperature of PLGA-HA-RIF (Tonser= 332.3 °C, Tmax= 353.6 °C, and
Tendgse= 362.5 °C) increased by approximately 10 °C compared to PLGA-20HA (Tonser=
317.7 °C, Tmax= 346 °C, and Tendgser= 354.1 °C). The incorporation of RIF into polymeric
fibers may enhance the thermal stability and degradation temperature of the polymer due to
its interaction with the polymeric chains 1341 Meanwhile, COL addition did not affect
degradation temperature significantly for PLGA-COL-HA scaffolds (Tonsere=318.1 °C, Tmax=
350.3 °C, and Tendgser= 356.5 °C) compared to PLGA-HA.
In vitro degradation, wettability, and drug encapsulation and release

The scaffolds' wettability was analyzed using the contact angle technique (Figure
SA). For the scaffolds, contact angles of 102.1° + 7.8° were found for PLGA-HA, 96.6° +
3.1° for PLGA-HA-RIF, and 70° + 8.8° for PLGA-COL-HA (Figure 5A). Thus, it was
observed that the scaffolds exhibited a hydrophobic nature due to PLGA 33361 except for
PLGA-COL-HA, as the addition of proteins like COL increased the material's
hydrophilicity. Moreover, the RIF addition led to a slight reduction in the contact angle, as

observed in other studies 7!,
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Figure 5. (A) FT-IR spectra of scaffolds and unprocessed polymers and additives and (B)
TG and DTG curves of (B) PLGA-HA, (C) PLGA-HA-RIF, and (D) PLGA-HA-COL
scaffolds.

The in vitro degradation of the scaffolds was assessed hydrolytically for 30, 60, and
90 days (Figure 5B). The PLGA-HA and PLGA-HA-RIF scaffolds exhibited low hydrolytic
degradation, with less than 7% degradation after 90 days, except for the PLGA-COL-HA
membrane, which showed higher degradation with 16.8% + 1.4% mass loss. These results

are consistent with the hydrophilicity results obtained. However, it is noteworthy to consider
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that PLGA is widely recognized for its fast bioresorbability due to its monomers easily
metabolized in physiological environments with enzymatic activity, besides hydrolytic
degradation.

The addition of rifampicin to the scaffolds was evaluated based on the drug
encapsulation efficiency by PLGA and their release into the medium. The PLGA-HA-RIF
scaffolds exhibited drug encapsulation of 98.1% + 4.6%. The release of RIF in PBS was
evaluated using UV-Vis spectroscopy (Figure 6). A burst release of RIF from the PLGA-
HA-RIF scaffold was observed within the first 48 h with 14.7% % 2.1%. Subsequently, the
release rate tended to be slower and constant over time, resulting in 23.2% * 3.9%

cumulative RIF mass released in 720 h (30 days).
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Six kinetic models, zero-order, first-order, Higuchi, Hixson-Crowell, Korsemeyer-
Peppas, and Weibull, were used to determine the drug release mechanism of RIF from the
scaffold. The Korsemeyer-Peppas (°=0.972) and Weibull (r>=0.976) models presented the
highest linearity. The Weibull model is frequently employed to describe the release kinetics
from controlled-release mechanisms 8, and the Korsemeyer-Peppas model usually
describes the drug release from polymeric systems *°!. Also, the Fickian diffusion
mechanism was predominant for the PLGA-HA-RIF scaffold. Thus, the drug release is
governed by the diffusion through the polymer matrix (the constant release rate observed)
491 preceded by the initial burst release of the drug adsorbed on the surface “!. This
controlled drug release profile is beneficial for applications in bone implants, as it prevents
the initial adhesion and proliferation of bacteria, maintaining local antibacterial activity over

several days and reducing the drug’s toxicity effects %411,

Design and properties of AM Ti6Al4V structure

Ti6Al4V structures were designed and manufactured with different pore sizes (300,
450, and 600 um) using AM-PBF-EB (Figure 7). For unit cell modeling, body-centered
cubic structures were used due to their similarity to bone structure *?!. Through SEM images,
it was possible to evaluate the morphology and approximate size of the structure pores (Table
1). The structure exhibited a surface with high roughness due to the remaining powder that
was sintered, which is interesting in improving cell adhesion. Finally, with the pycnometry
analysis, it was observed that with the increase in pore size, there was an increase in the

structure's porosity (Table 1).
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Figure 7. Designed (above) and fabricated (below) AM-PBF-EB structures with pore sizes
of (A) 300 um, (B) 450 um, and (C) 600 um, and their (D) Stress-strain curves

The compression test results (Figure 7B and S1) showed that an increase in pore size
led to a reduction in the compressive strength and stiffness of the implants (Table 1). It is
known that implants need to withstand the mechanical forces exerted but should also have
mechanical properties, such as stiffness, close to that of bone, which can vary from 0.05 to
30 GPa ! to avoid inducing stress-shielding and implant failure 4. Given its stiffness
comparable to trabecular bone and the fact that porosities ranging from 200 to 500 um have
been deemed ideal for bone applications in prior research *!, we opted to focus our further

analyses on the 450 um pore-sized implant.

Table 1. Structural and mechanical properties of the AM Ti6Al4V

Properties 300 pm 450 pm 600 pm
Measured Pore Size (um) 281.7 +58.1 443.5+46.4 584.0 +£30.1
Density (g/cm®) 4.49 £0.04 4.53 £0.02 4.45+0.03
Porosity (%) 453+0.5 57.0+0.2 61.1+0.3
Stiffness (GPa) 3.06 £ 0.38 1.84 £0.40 1.18 £0.08

Compressive Strength at

failure (MPa)

438.2 £78.7 190.1 + 84.5 89.4+£9.5

Antibacterial and Osteoconductive Properties of the Scaffolds and Implants

The antibacterial activity of the scaffolds and implants was evaluated using the disk
diffusion method (Figure 8) with Escherichia coli (E. coli) and Staphylococcus aureus (S.
aureus) bacteria. For both bacteria, the PLGA-HA scaffold and Ti6Al4V structure controls
(without RIF) did not exhibit a significant zone of inhibition (ZOI), except for the Ti6Al4V
structure in S. aureus (16.7 + 2.3 mm), which showed a ZOI characteristic of bacteria
resistance. When added to E. coli, PLGA-HA-RIF scaffolds exhibited a ZOI of 18.7 + 3.3
mm, indicating intermediate inhibition. Conversely, the implant containing the PLGA-HA-

RIF scaffold (Figure S2) had a ZOI of 12.4 + 2.2 mm, indicating lower diffusion of RIF
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through the implant. Regarding S. aureus, all scaffolds and implants with PLGA-HA-RIF
showed ZOI exceeding 30 mm, indicating sensitive inhibition of the bacteria. These results
are consistent since RIF has greater inhibition against gram-positive bacteria, making it

suitable for applications such as osteomyelitis 6],

| E. coli | | S. aureus |

Figure 8. Zone of Inhibition test of (A) PLGA-HA, (B) PLGA-HA-RIF, (C) Ti6Al4V and
(D)Ti6Al4V/PLGA-HA-RIF against E. coli and (E) PLGA-HA, (F) PLGA-HA-RIF, (G)
Ti6Al4V and (H)Ti6Al4V/PLGA-HA-RIF against S. aureus.

The osteoconductive capacity of the scaffolds was evaluated based on the formation
of apatite on their surface. Thus, the scaffolds were incubated in simulated body fluid (SBF)
and observed using SEM (Figure 9). The scaffolds and Ti6Al4V implant exhibited the
deposition of spherical particles on their surface, which are characteristic of apatite
formation. The EDS analysis also confirmed the calcium (Ca) and phosphorus (P)
composition of these deposited mineralized particles on all scaffolds and some at the
Ti6Al4V implants. Therefore, it is concluded that adding HA increased the scaffolds'
bioactivity and their osteoconductive capacity, as observed in other studies %!, Therefore,
using the scaffolds in combination with the implant can also help improve its

osseointegration.
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Figure 9. SEM-EDS maps of the (A) PLGA-HA, (B) PLGA-HA-RIF, (C) PLGA-COL-HA
scaffolds, and (D) Ti6Al4V implant.

Scaffold cytocompatibility for bone applications
Viability analyses were performed using MTT with MC3T3 preosteoblasts at 24, 48,
and 72 hours with all scaffolds and implants (Figure 10A). Compared to the control, PLGA-
HA had no significant difference at all times. However, the addition COL slightly reduced
proliferation. This reduction in proliferation may be associated with cellular differentiation
promoted by HA and COL ¥, The addition of RIF to the scaffolds also reduced cell
proliferation compared to the control. It is known that RIF is a potent antibiotic and may
have the effect of reducing cell viability 8. For the implants, a combined effect of reduced
viability of Ti6Al4V with the PLGA-HA-RIF scaffolds was observed. However, all
scaffolds and implants showed viability higher than 70% at all times and a progressive
increase up to 72 hours, indicating that these reduction effects would not be detrimental to
cell proliferation.
Confocal microscopy also allowed for the qualitative evaluation of cell proliferation

in the scaffolds (Figure 10B-D). After 72 h of culture, cells formed their characteristic
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biofilm in all scaffolds and implants, indicating that there was high proliferation and cellular
adhesion. This analysis reinforces the findings from the viability study, as cells exhibited a
similar proliferation pattern and morphology conducive to high viability, adhesion,
proliferation, and cellular differentiation. The scaffolds and implants demonstrated excellent

cytocompatibility with pre-osteoblasts, crucial and promising for applications in bone
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Figure 10. (A) Cell Viability of MC3T3 pre-osteoblasts cell viability on the scaffolds and
implants at 24 h, 48 h, and 72 h. Confocal fluorescent images of MC3T3 cells on (B) PLGA-
HA, (C) PLGA-HA-RIF, (D) PLGA-COL-HA, (E) Ti6Al4V e (F) Ti6Al4V/PLGA-HA-RIF
at 72 h. The blue color corresponds to the nuclei, and the magenta color to the cytoplasm.

*p<0.05

CONCLUSION
This study introduces a novel approach to bone regeneration by combining porous implants

of AM-PBF-EB Ti6Al4V with scaffolds of PLGA-HA-RIF and PLGA-COL-HA. The



77

morphology and microstructural analysis revealed homogeneous fibers and confirmed the
uniform distribution of nHAs within the fibers. Notably, the PLGA-HA-RIF scaffold
exhibited the presence of both nHA and RIF particles, with distinct morphologies identified
through TEM. The chemical and thermal characterization demonstrated the successful
incorporation of HA, RIF, and COL within the scaffolds, as evidenced by FTIR spectra, UV-
VIS drug encapsulation, and thermal degradation profiles. Additionally, the controlled
release of RIF from the PLGA-HA-RIF scaffold, described by the Weibull and Korsemeyer-
Peppas models, highlights its potential for sustained antibacterial activity while maintaining
cytocompatibility. The Ti6Al4V structures with 450 um exhibited mechanical properties and
porosity compatible with bone. The scaffolds and implants showed promising antibacterial
properties, mainly against S. aureus, attributed to the presence of RIF. Moreover, the
scaffolds had bioactivity promoting osteoconduction and pre-osteoblast proliferation.
Overall, these findings underscore the potential of the developed scaffolds and implants for
bone tissue engineering applications, offering enhanced osteoconductive properties and

bacterial infection prevention.
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Abstract

Bone tissue engineering strategies face considerable challenges owing to the complexity of
the bone. This study introduces an unconventional method based on multimaterial 3D
coextrusion-(bio)printing to address some of these challenges. The strategy enables
simultaneous (bio)printing of a poly(lactic-co-glycolic acid)-based polymer ink laden with
hydroxyapatite and a gelatin methacryloyl (GeIMA)-based hydrogel bioink containing
mesenchymal stem cells. The resulting composite scaffolds exhibited a trabecular bone-like
porosity and favorable compressive properties, surpassing those of GeIMA alone. The
(bio)printed MSCs demonstrated favorable viability, proliferation, morphology, and
differentiation. This converged approach in multimaterial (bio)printing has the potential to
transform the field of bone tissue engineering, offering a more efficient and effective way to

regenerate skeletal tissues.

Keywords: 3D printing; additive manufacturing; bioprinting; bone; poly(lactic-co-glycolic

acid) (PLGA); gelatin methacryloyl (GeIMA)
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1. Introduction

Bone disorders, such as tumors, fractures, and other diseases, are prevalent worldwide
[1], mostly requiring grafts to restore the compromised segments. Tissue engineering
technologies have evolved immensely in the past years to produce synthetic grafts to
regenerate the bone. In particular, three-dimensional (3D) printing techniques are good
examples that enable the fabrication of robust grafts with personalizable shapes, porosities,
and a wide range of biomaterials [2,3]. 3D (bio)printing further allows different cells to be
included and patterned in specific positions [4,5].

For bioprinting, it is oftentimes essential to use hydrogels since they can conveniently
allow encapsulation and protection of cells during the bioprinting process [6]. Hydrogels are
hydrophilic polymeric networks capable of maintaining large amounts of water [7,8], which
can be combined with cells to formulate the bioinks for bioprinting [6]. A class of widely
used hydrogel bioink materials include naturally derived biomolecules such as collagen,
alginate, or gelatin methacryloyl (GelMA) [6,9]. Among the different options, GelMA is a
collagen-derived and cost-effective biomaterial that has been applied as a bioink with
promising results [9-12] because of its biocompatibility serving as a familiar
microenvironment for cells, as well as on-demand photocrosslinking ability being able to be
relatively easily shaped into 3D structures. However, it is known that constructs built purely
with hydrogels, such as GelMA, usually possess low mechanical properties [11], which
makes it less feasible for applications related to the bone.

Multimaterial extrusion techniques can be used to modulate the properties of bioprinted
hydrogel grafts. Nevertheless, these techniques have mostly only allowed different
hydrogels to be bioprinted simultaneously [13], which still generally present low mechanical
properties. Thus, some research has explored combining other materials with bioinks to
enhance the mechanical strengths of 3D-printed/bioprinted grafts [12]. One alternative is the
incorporation of polymers[14,15] or ceramics[16] into the printed hydrogel constructs,
which may still require mechanical improvement for in vivo implantation [14]. Another
approach is layer-by-layer sequential deposition or co-printing of a polymer framework and
a cell-laden hydrogel [17]. However, this strategy can be time-consuming as the nozzles are
constantly exchanged and may thus result in the loss of structures and cells over the duration
needed to finish printing.

Therefore, a multimaterial coextrusion technique to simultaneously deposit the polymer

and the cell-laden bioink would be of great interest to overcome these shortcomings.
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Poly(lactic-co-glycolic acid) (PLGA) has gained attention in recent studies in 3D printing as
a promising polymeric biomaterial for bone regeneration [15,18,19]. This is due to its ability
to balance mechanical strength and cytocompatibility and act as a degradable matrix that the
new tissue can gradually replace. Considering the limitations of high temperatures or toxic
solvents usually required to solubilize the polymer molecules, no studies have explored such
a simultaneous coextrusion combination with bioink to this date. Of interest, recent works
have shown that polymers can also be 3D-printed using solvents such as dimethyl sulfoxide
(DMSO), which are more bearable to cells upon short-time exposures [20]. This alternative
allows different polymers and composites containing pivotal osteoconductive particles, such

as hydroxyapatite (HA), to be simultaneously (bio)printed with hydrogels.

A =

Polymer ink

&u’

Bigink

3D (Bio)printer

30-{Bio)printed
PLGA/GelMA or PLGA-
Hay Gl
Scaffolds

SN

Wt et L

! '

&3 Porous PLGA or PLGA-HA
& Bioink (GelMA + MSCs)

Figure 1. Schematic representation of the multimaterial coextrusion 3D (bio)printing strategy.

In this study, we for the first time report a combinatory 3D (bio)printing strategy to
enable multimaterial coextrusion of the polymer-nanoparticle composite and the hydrogel
bioink. To showcase the versatility and uniqueness of our strategy, we conducted
coextrusion experiments involving pure PLGA or PLGA-HA concurrently printed with

GelMA loaded with human mesenchymal stem cells (MSCs). The (bio)printed scaffolds’
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morphological, chemical, mechanical, and structural properties were characterized. In
addition, we extended our analyses to include a set of detailed evaluations of the (bio)printed
scaffolds during culture, covering crucial aspects such as compressive properties, MSC
viability, proliferation, and differentiation. This effective process can enable high cell
viability levels at relatively fast fabrication speeds (at least half the time needed to print two
inks separately) while balancing the mechanical strength requirements and biological
activities of the composite scaffolds. Thus, this new 3D (bio)printing strategy may be useful
for extended applications, including but likely beyond the bone tissue engineering scenario

demonstrated in this work.

2. Materials and methods
2.1. Materials

The 3D-printed scaffolds were produced using PLGA pellets (#LG 824S) from Evonik
Corporation (Parsippany, NJ, USA), and DMSO (#276855) and HA (#677418) from Sigma-
Aldrich (St. Louis, MO, USA). In addition, Gelatin from porcine skin (#G2500), methacrylic
anhydride (#276685), and the photoinitiator lithium phenyl-2,4,6-trimethyl-benzoyl
phosphinate (LAP; #900889) were purchased from Sigma-Aldrich, and Dulbecco’s
phosphate-buffered saline solution (DPBS; pH 7.4, #14190) was purchased from
ThermoFisher Scientific (Waltham, MA, USA) to produce the GelMA bioink.

2.2, Cell culture

Human MSCs (#PT-2501) were purchased from Lonza Bioscience (Basel, Switzerland)
and cultured in MSC medium composed of MSC Growth Medium BulletKit™ (#PT-3001),
also from Lonza Bioscience, supplemented with 1% v/v Antibiotic-Antimycotic (#15240)
from ThermoFisher Scientific. The MSCs were maintained in an incubator at 37 °C and 5%

CO2 with a humidified atmosphere, and the medium was changed every 2 days.

2.3. Bioink preparation

The GelMA bioink was prepared with medium-level methacryloyl-modification
following well-established protocols described in previous works [10,21-23]. GelMA was
synthesized by dissolving gelatin in DPBS and posteriorly adding methacrylic anhydride to
react with gelatin. The unreacted methacrylic anhydride molecules were removed through

dialysis, and the final solution was freeze-dried and stored at -20 °C until further use. Before
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bioprinting, the freeze-dried GeIMA was dissolved in DPBS, mixed with 0.3% v/v of the
LAP photoinitiator, and microfiltered for sterilization to prepare the hydrogel. The cells
previously cultured were trypsinized, resuspended in fetal bovine serum (FBS; #10437)
containing 1% v/v Antibiotic-Antimycotic (#15240062), both from ThermoFisher Scientific

and mixed with GelIMA at a concentration of 5x10° cells mL™' to obtain the bioink.

2.4. Rheological Characterization of the inks and bioink

The apparent viscosity and temperature-dependent viscoelasticity of the PLGA-based
inks were measured on a DHR-3 rheometer (TA Instruments) with a 40-mm-diameter plate
geometry (steel Peltier plate). The gap height was set to 1 mm for the samples. The samples
were loaded on the lower plate, and any excess samples were trimmed after lowering the gap
height. The apparent viscosities ink solutions were measured from 0.1 to 100 s using a
steady-state flow sweep at a constant temperature. Oscillatory temperature sweeps were
performed from 60 to 30 °C for PLGA and from 15 to 37 °C for GeIMA at a ramping rate

of 2-3 °C min™! at a shear strain of 1% and a frequency of 1 Hz.

2.5. 3D (bio)printing of PLGA/GelMA composite scaffolds

The PLGA scaffolds were printed using an Allevi 2 extrusion bioprinter (3D Systems,
Rock Hill, SC, USA). First, the PLGA pellets were dissolved using DMSO at a concentration
of 10% w/v, and the solution was continuously mixed at 90 °C until homogenous to prepare
the PLGA ink. For the PLGA-HA ink, 10% w/w HA was homogenized into the solution.
After that, the syringe was filled with the PLGA or PLGA-HA ink, which was maintained
at 50 °C and extruded at 15 psi, according to the G-codes designed using the Repetier-Host
software (single layer of 15-mm square grids with nine-square pores of approximately 4 mm
each) at 3 mm s’

For coextrusion, the other syringe in the bioprinter was filled with the GeIMA bioink,
prepared at 37 °C with a cooling step at 4 °C for 5 min, and extruded at 30 psi, simultaneously
with the PLGA-based ink using our customized two-channel printhead, based on needles
(23G) and silicon tubing. The final (bio)printed scaffolds were exposed to ultraviolet (UV)
light (13.0 W cm 2 for 30 s) to be photocrosslinked for the GeIMA portions. Afterwards, the
(bio)printed scaffolds were washed with DPBS and MSC medium for non-solvent/solvent-
exchange, and incubated with MSC medium for 1, 3, 7, and 14 days. The GeIMA bioink was

also extruded alone and incubated for comparison with the coextruded scaffolds.



87

2.6. Characterizations of printed PLGA scaffolds

The microstructures of the printed PLGA and PLGA-HA scaffolds were evaluated using
a fluorescence microscope (Axio observer, Carl Zeiss, Oberkochen, Germany). Rhodamine
B, a fluorescent dye (#83689; Sigma-Aldrich) was added to the polymer solutions, and a thin
layer of PLGA or PLGA-HA was cast. The materials’ microstructures were analyzed, and
40 pore sizes were measured using the Image] software [24] to plot the histograms. The
porosity values of the printed scaffolds were evaluated using apparent density (pap) and bulk
density (pvuik) measurements. The apparent density was determined by measuring the mass
and volume of the printed scaffolds after dried in vacuum. The bulk density was determined
by measuring the mass and volume of PLGA or PLGA-HA scaffold after casting in a mold

with a known volume. The porosity was then calculated using the following formula [25].

P=(1— pap)x100%
Poulk

The volume shrinkage of the printed structures was assessed using linear measurements.
The PLGA or PLGA-HA sample was cast in a polydimethylsiloxane (PDMS; SYLGARD™
184; Dow Chemical Company, Midland, MI, USA) mold with a known volume. After the
solvent-exchange process of DMSO in water, linear measurements of the scaffold’s length,
width, and thickness were taken at different time points. The volume shrinkage was
calculated as the percentage change in the volume of the sample. The chemical composition
of the scaffolds was analyzed using Fourier-transform infrared (FTIR, Spectrum 100; Perkin
Elmer, Waltham, MA, USA) with a resolution of 4 cm™ and a spectra range of 4000 to 650
cm’!. To evaluate the hydrolytic degradation of the printed scaffolds, the PLGA and PLGA-
HA samples were placed in DPBS at 37 °C and left to degrade for varying periods: 1, 2, 4,
8, and 12 weeks. At each time point, the samples were removed from the DPBS and dried
under vacuum. The mass loss was quantified by comparing the initial mass of the sample

with the final mass at each time point after drying.

2.7. Mechanical property measurements

The tensile properties of polymeric scaffolds were measured using a mechanical testing
machine (Instron 6800 series, Norwood, MA, USA) with a load cell of 100 N. For that, the
PLGA and PLGA-HA inks were cast in PDMS rectangular molds of 30x10 mm? in size. The
samples were subjected to the solvent-exchange process in water for 15 min, 24, 48, 96, 168,

and 336 h for the analyses. After superficial drying, the samples clamped in the grips and
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were subjected to a tensile test (ASTM D638-14), where gauge length (~15 mm), thickness
(~0.5 mm), and width (~10 mm) were determined, and the strain rate was fixed at 5 mm min
I, The strengths and strains at break, and moduli were determined by calculating the slopes
of the linear elastic portion of the stress-strain curves.

The lap-shear test was performed on a mechanical testing system (100-N load-cell,
Instron 3342). Bilayered rectangular samples (16 mm by 15 mm by 1.5 mm, length by width
by thickness) were prepared by casting GelMA ink on top of the PLGA ink. After
photocuring and soaking in DPBS overnight, the samples were sandwiched between two
glass slides by superglue. The two sides of the glasses were attached to the bottom and top
fixture for stretching at 10 mm min™'. The lap shear stress was calculated by the measured
force divided by the overlap area (or sample area).

Moreover, the compressive properties of the scaffolds were examined according to
ASTM D695-15. For that, the same volumes of polymer ink and GelMA bioink were cast,
one on top of the other, in a cubic PDMS mold of 10x10x10 mm?. Compression tests were
performed at a fixed rate of 0.5 mm min'!. The compressive strengths and strains at failure
were determined at the moment of failure or at total compression. The compressive modulus

of elasticity was calculated as the slope of the linear region of the stress-strain curves.

2.8. Cell viability assay

The viability of the cells in the multimaterial (bio)printed scaffolds (single-layer
triangles of 6 mm in side-length) was evaluated on 1, 3, 7, and 14 days using the Live/Dead
assay. The kit containing calcein-AM (C3100MP), to stain live cells, and ethidium
homodimer-1 (E1169), to stain dead cells, was purchased from ThermoFisher Scientific, and
the experiments were conducted following the manufacturer’s protocol. The images were
taken using the fluorescence microscope. The numbers of live and dead cells in 6 random
images for each scaffold were counted using the ImagelJ software with the Analyze particles
plugin.
2.9. Cell metabolic activity assay

According to the manufacturer’s protocol, the [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) assay was used to
measure formazan absorbance for quantification of cell proliferation on 1, 3, 7, and 14 days
in the (bio)printed scaffolds (single-layer triangles of 4 mm in side-length). The MTS
solution was prepared using the MSC medium and the MTS reagent (#G1111) from Promega
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Corporation (Madison, WI, USA) at a proportion of 3:1 v/v. After removing the medium, 1
mL of the MTS solution was added to each well. After incubating for 3 h at 37 °C, the
supernatant was read by a spectrophotometer (SpectraMax M3, Molecular Devices, San
Jose, CA, USA) at 490 nm for quantification. Six samples were measured for each type

(bio)printed scaffolds at each time point.

2.10. Cell morphology assessments

For F-actin and nuclei staining, the samples (single-layer triangles of 6 mm in side-
length) were fixed on 1, 3, 7, and 14 days of proliferation, and after weeks 1, 2, and 4 of
differentiation, with 10% w/v formalin solution (#F5554; Sigma-Aldrich) for 15 min at room
temperature. Next, the samples were washed with DPBS and blocked with 5% v/v bovine
serum albumin (BSA; #A3983; Sigma-Aldrich) solution in DPBS at room temperature for 1
h. After blocking, the BSA solution was removed, and a solution of Alexa Fluor 594-
phalloidin (#A12381; ThermoFisher Scientific) in DPBS with a ratio of 1:400 v/v was added
to the samples and left overnight at 4 °C. The phalloidin solution was removed, and the
samples were washed with DPBS; the samples were then incubated with 4°,6-diamidino-2-
phenylindole (DAPI; #D1306, ThermoFisher Scientific) solution in DPBS diluted at 1:5000
v/v for 15 min, washed, and analyzed using the fluorescence microscope. To evaluate cell

spreading, the areas of 20 cells were measured from the images using Imagel.

2.11. Differentiation assay and immunostaining

After 14 days of culture, the MSC-encapsulating constructs (single-layer triangles of 6
mm in side-length) were cultured in the Human MSC Osteogenic Differentiation Medium
BulletKitTM (PT-3002) from Lonza Bioscience for 1, 2, and 4 weeks. For the
immunostaining assay, the samples were fixed on weeks 1, 2, and 4 with 10% w/v formalin
solution (Sigma-Aldrich) for 15 min at room temperature. Next, the samples were washed
with DPBS and 1% v/v BSA/DPBS washing buffer. After the washing buffer, the samples
were incubated in a blocking buffer of 5% v/v BSA/DPBS solution and 0.2% v/v Triton X-
100 (#T8787; Sigma-Aldrich) in DPBS at room temperature for 2 h. The samples were then
incubated with two primary antibody solutions, mouse anti-RUNX?2 antibody (#ab76956;
Abcam) in DPBS solution diluted at 1:200 v/v and rabbit anti-OCN antibody (#ab198228;
Abcam) solution diluted at 1:200 v/v at 4 °C overnight. After that, samples were washed

with the washing buffer solution and treated with matching secondary antibodies Alexa



90

Fluor Plus 488 goat anti-mouse IgG H&L (#ab150113; Abcam) in DPBS solution diluted at
1:200 v/v and Alexa Fluor Plus 555 goat anti-rabbit [gG H&L (#ab150080; Abcam) in DPBS
solution diluted at 1:200 v/v at room temperature for 2 h. Next, the specimens were washed
with DPBS and incubated with DAPI in DPBS solution diluted at 1:1000 v/v at room
temperature for 15 min. Finally, the samples were washed and analyzed using a fluorescence

microscope.

2.12. Statistical analyses

The results were expressed as means * standard deviations of the means. Three samples
were used for all experiments unless stated otherwise. Statistical analyses were performed
between scaffolds using one-way analysis of variance (ANOVA), followed by a post hoc

Bonferroni test. Differences were considered statistically significant at p<0.05.

3. Results and Discussion
3.1. PLGA and PLGA-HA scaffolds
3.1.1. Printing, solvent-exchange, and porosity characterizations

While the GeIMA bioink has been extensively studied and characterized in prior
research [9—12], there is a notable gap in our understanding regarding the printability of the
PLGA and PLGA-HA inks proposed in this study. Thus, the preliminary characterization of
PLGA and PLGA-HA inks is crucial to provide insights into the material's behavior and
define the parameters necessary for a posterior coextrusion. The rheological results of the
PLGA and PLGA-HA inks reveal critical insights into their behaviors under varying
temperature conditions. In our investigation, gelation was observed during the cooling phase,
indicating a thermoresponsive behavior of the inks (Figure 2A). This phenomenon would
allow precise control over the (bio)printing process by leveraging the gelation temperature
(Tge1). One notable finding was the composition-dependent difference in the Tgel between
PLGA and PLGA-HA inks, which increased from 40 °C for PLGA to 46 °C for PLGA-HA.
This shift in the Tge may be strategically employed to tailor the ink’s state during extrusion
and subsequent printing.

Additionally, the observed viscosity differences between PLGA and PLGA-HA at
various temperatures provided valuable information for printing optimization. PLGA-HA
exhibited higher viscosity than PLGA at room temperature, with a remarkable difference of

more than 40-fold (Figure 2B). This finding suggested that the ink’s rheological response
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was influenced by both temperature and composition and that PLGA-HA possessed a
significantly thicker consistency at lower temperatures. Furthermore, at higher temperatures
(= 50 °C), PLGA-HA exhibited slightly higher viscosity than PLGA. Thus, it would allow
more consistency in the printability of PLGA compared to PLGA-HA. Moreover, PLGA-
HA demonstrated near-Newtonian fluid behavior (~0.80 Pa.s) at 50 °C (Figure 2C),
indicating that its viscosity was not very sensitive to changes in the shearing rate. This
rheological characteristic was further advantageous for maintaining consistent flow

properties during extrusion.
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Figure 2. Rheological characterizations of PLGA and PLGA-HA inks. A) Shear storage moduli
(G’) and loss moduli (G”) as a function of temperature at 1 Hz of frequency. B) Temperature-
dependent complex viscosities of the inks. C) Apparent viscosity as a function of shear rate and shear

stress for the PLGA-HA ink at 50 °C.

Considering the rheological characteristics described, the polymeric inks of PLGA and
PLGA-HA solutions/suspensions in DMSO presented printability with the parameters used
(Movie S1). Fabricating 3D scaffolds with good shape fidelity was also possible, allowing
specific objects to be printed (Figure 3A). To solidify the inks, deionized water was added
to the PLGA and PLGA-HA scaffolds to remove the DMSO. This process led to a volume
shrinkage of 27.6 + 2.6% in PLGA and 25.2 + 5.4% in PLGA-HA, which was found to
remain constant over 96 h once the exchange was complete. The shrinkage was similar to
that obtained in other 3D-printed porous structures described in the literature [26].

The use of solvent-exchange to create porosity in polymeric scaffolds has been well-
reported in other works[27-29] and was also observed for our 3D-printed scaffolds (Figure
3B). The PLGA and PLGA-HA scaffolds featured pore sizes of 137.3 + 56.1 um and 103.2
+ 36.4 um (Figure 3C), respectively, whereas the porosity measured was 52.4% + 5.5% for
PLGA and 57.2% + 3.3% for PLGA-HA scaffolds (Figure 3D), thereby mimicking the
complex porous microstructure of the bone [30]. Moreover, the 50-300 pm in diameters of

the pore sizes can facilitate nutrient and cell infiltration, vascularization, as well as
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osteoinduction throughout the scaffolds, essential for bone regeneration [28,31-33]. Overall,
the porosities attained through the solvent-exchange procedure here are a vital attribute that

enhances the suitability of these polymeric scaffolds as bone grafts.
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Figure 3. Characterizations of 3D-printed porous PLGA scaffolds. A) (i) Computer-aided design

of a bone model; (ii) PLGA scaffold after printing (top) and after 24 h of solvent-exchange (bottom);
(iii) PLGA-HA scaffold after printing (top) and after 24 h of solvent-exchange (bottom). B) Volume-
shrinkage values of PLGA and PLGA-HA scaffolds (n=3). C) Quantified pore-size histograms of
PLGA and PLGA-HA scaffolds (n=20). D) Fluorescence micrographs of (i) PLGA and (ii) PLGA-

HA scaffolds; The images were intentionally pseudo-colored to differentiate the two scaffold types.

3.1.2. Solvent-removal and scaffold degradation

The tensile properties of bulk polymeric scaffolds (Figure 4A) were used to investigate
the DMSO-removal in water over different time points (Figure 4B). After 15 min of
immersion in water, DMSO still remained among the polymeric chains of PLGA and PLGA-
HA scaffolds. This could be noticed by the low tensile strengths at break of both the PLGA
and PLGA-HA scaffolds of 0.24 + 0.02 MPa and 0.05 + 0.03 MPa, respectively, at this time
(Figure 4C). Meanwhile, moduli of elasticity (Figure 4D) and strains at break (Figure 4E)
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were also low. After 24 h, the mechanical properties (tensile strengths at break, strains at
break, and moduli of elasticity) increased expressively and remained largely constant,
suggesting that water successfully removed the majority, if not all, DMSO from the PLGA
and PLGA-HA scaffolds. At the end of 336 h, the ultimate tensile strengths obtained were
0.52 + 0.05 MPa for PLGA and 0.41 + 0.16 MPa for PLGA-HA, showing significant
differences from the values at the initial time point. The increase of mechanical strengths for
the scaffolds after DMSO-exchange by water was also reported in other works [34].

To ensure that there was minimum DMSO left in the polymer, we examined the chemical
signatures of PLGA and PLGA-HA scaffolds after 24 h of immersion in water using FTIR
spectroscopy. The primary chemical bonds of PLGA were identified for PLGA and PLGA-
HA at 2995 cm™ and 2945 cm™! (C-H stretching), 1748 cm’! (C=0 stretching), 1450 cm’!,
1385 cm™!, and 1358 cm™! (C-H bending), and 1179 cm™ and 1084 cm™! (C-O-C ester group
stretching) [35]. Moreover, the presence of HA nanoparticles in the PLGA-HA scaffold
could be confirmed by the phosphate group (PO4>") peaks, mainly with the band increase at
1040 cm™ [36]. Meanwhile, some DMSO bands, such as that at 2910 cm™ (C-H stretching),
were not observed in PLGA or PLGA-HA scaffolds at this time of solvent-exchange [37].
Therefore, the solvent-exchange process at 24 h successfully removed the DMSO from the
scaffolds, which is essential [12], as the technology is later translated for the multimaterial
coextrusion with the cell-laden bioink.

The in vitro degradation of the scaffolds was also evaluated over 12 weeks (Figure 4G).
At 2 weeks, the weight losses were 4.8% + 0.7% for P and 5.9% + 0.3% for PLGA-HA
scaffolds. Afterward, the degradation rates became roughly constant for the next 10 weeks,
with 6.3% + 1.0% and 7.6%=+ 0.7% of mass losses for PLGA and PLGA-HA scaffolds,
respectively. The mechanical properties analyzed after 336 h in water were constant,
indicating that the hydrolytic degradation did not noticeably affect the scaffold strengths
during this period. The degradation profile of the scaffolds should be analyzed to ensure that
they can meet the requirements for the intended applications while the tissues are being
restored. Our results suggested that the weight losses of the scaffolds were not substantial

over 12 weeks assessed, showing their good stability for bone regeneration.
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Figure 4. Tensile properties and chemical analyses of solvent-removal, and degradation of
PLGA scaffolds. A) i) Photograph showing the tensile test apparatus with the PLGA sample. ii)
Photograph showing a typical sample used for the tensile test during solvent-exchange process. B)
Tensile strengths at break, C) moduli of elasticity, and D) strains at break of PLGA and PLGA-HA
scaffolds at different time points of solvent-exchange. E) FTIR spectra of PLGA and PLGA-HA
scaffolds after 24 h of solvent-exchange. F) Degradation profiles of PLGA and PLGA-HA scaffolds.
*p<0.05 at different times; #p<0.05 between different scaffolds (n=3).

3.2. Multimaterial coextrusion of PLGA or PLGA-HA with GelMA
3.2.1. Printability and mechanical properties of scaffolds

In this study, we performed multimaterial coextrusion (bio)printing to fabricate the
scaffolds for bone regeneration. We employed a parallel needle-enabled system to coextrude
PLGA-based inks and the GeIMA bioink (Figure SA). The pneumatic operation was utilized
to simultaneously apply the different pressures needed to both syringe extruders containing
the ink and bioink, allowing for precise control of the extrusion process. Before coextrusion,
the GelMA bioink's rheological properties were assessed to understand its printability
(Figure A1), showing a Tge at 30 °C with a slightly shear thinning behavior (0.24-0.08 Pa.s).
Considering the rheological properties obtained for the PLGA and PLGA-HA inks and the
GelMA bioink, it was possible to identify the best temperature and parameters for the
coextrusion (bio)printing. As a result, the PLGA or PLGA-HA ink and the GelMA bioink
were successfully co-printed with specific arbitrary designs, such as the grid pattern as a
demonstration (Figure SB). This method enables the simultaneous coextrusion of diverse

materials, allowing for a seamless integration of the polymer and hydrogel components
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within the same (bio)printing process. However, precise control over (bio)printing
parameters such as pressures, flow rates, and distance between nozzles and the platform can
be challenging. Deviations in these parameters during the (bio)printing process can affect
the morphology and uniformity of the prints as well as the binding between the filaments.
Therefore, improving distance control and ensuring synchronization between the two
channels are necessary to achieve more integrated structures, and can be further optimized

in the future.
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Figure 5. Multimaterial coextrusion of the PLGA or PLGA-HA ink with the GelMA bioink. A)
Scheme showing multimaterial coextrusion of the PLGA or PLGA-HA ink and the GeIMA bioink.

B) i) Photograph and micrographs showing a representative coextruded PLGA/GelMA scaffold; ii)
Photograph and micrographs showing a representative coextruded PLGA-HA/GeIMA scaffold.
Rhodamine (pink) was used to dye the PLGA and PLGA-HA filaments, and fluorescent blue paint
was used to dye GeIMA.

The lap-shear test was used to investigate the bond between the coextruded PLGA and
GelMA (Figure A2), allowing a quantitative assessment of the bonding strength between
the layers showing a lap-shear stress of 9.3 kPa. Notably, post-test observations revealed the
presence of residual GelMA on the surface of PLGA, indicative of the bonding at the
interface. In addition, the interfacial morphology was evaluated in more detail (Figure A3),
validating the intimate bonding relationship between the two materials, further supporting
the effectiveness of the PLGA-GelMA interaction during the coextrusion process.

To analyze the mechanical behaviors of the (bio)printed grafts, compressive tests were
performed on the scatfolds of PLGA or PLGA-HA ink coextruded with the GelMA bioink,
i.e., PLGA/GelMA or PLGA-HA/GelMA, respectively, and compared to pure GelMA and
pure PLGA scaffolds. During the experiment, the coextruded PLGA or PLGA-HA layer and
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GelMA remained structurally bound under compressive stress (Figure 6A), highlighting the
robustness of the multimaterial printing approach and its capacity to maintain structural
integrity. The mechanical properties of the PLGA/GeIMA and PLGA-HA/GelIMA scaffolds
were significantly higher than those of the pure GelMA scaffolds and were equivalent to
those for pure PLGA and PLGA-HA scaffolds (no statistical differences) (Figure 6B). The
compressive moduli of the multimaterial coextruded scaffolds, PLGA/GelMA (53.0 + 8.0
MPa) and PLGA-HA/GelMA (65.6 £ 4.8 MPa) were more than 100 times the modulus of
GelMA alone (0.4 £ 0.1 MPa) (Figure 6C). Moreover, the GeIMA scaffolds failed at the
strain of 49.2 + 11.1%, while the PLGA (81.4 * 2.3%), PLGA-HA (93.8 + 9.2%),
PLGA/GelMA (99.5 = 3.2%), and PLGA-HA/GelMA (91.4 + 1.8%) scaffolds were almost

entirely compressed without failing (Figure SD).
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Figure 6. Compression tests of the multimaterial coextruded scaffolds. A) Compressive test

apparatus for mechanical analyses of the 3D-(bio)printed scaffolds. B) Representative stress vs. strain
curves of the compressive tests. C) Compressive strengths at failure of the scaffolds. D) Compressive

moduli of elasticity of the scaffolds. E) Strains at failure of the scaffolds. *p<0.05 (n=3).

Meanwhile, the compressive strengths of PLGA/GeIMA and PLGA-HA/GelMA
scaffolds were measured at 3.3 + 0.6 MPa for PLGA/GelIMA and 3.6 £ 0.1 MPa for PLGA-
HA/GelMA (Figure 6E), almost 100 times higher than that of GeIMA-only (0.03 £+ 0.01
MPa). Therefore, the multimaterial coextrusion strategy reported here with the hydrogel

bioink and the synthetic polymer ink printed simultaneously was shown to efficiently
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enhance the mechanical properties of (bio)printed grafts. The mechanical properties obtained
were also higher than other alternative methods utilized, such as increasing the concentration
of GelMA (compressive modulus of elasticity lower than 30 kPa) [38] or adding HA directly
to the hydrogels (compressive strength at failure lower than 0.3 MPa) [16]. The compressive
strength obtained for the 3D-(bio)printed composite scaffolds was comparable to those
attainable with the scaffolds purely based on synthetic polymers, making them suitable for

applications relating to the trabecular bone [39].

3.3. MSC viability and proliferation after multimaterial coextrusion

MSCs have been widely studied for their potential in bone tissue engineering and
regenerative medicine [40]. One of the critical challenges in bioprinting is guaranteeing
MSCs’ viability and proliferation during their culture process. MSCs were added to the
GelMA bioink and bioprinted in conjunction with the PLGA ink through the optimized
coextrusion process. The viability of the MSCs was monitored over 1, 3, 7, and 14 days to
assess the impacts of the multimaterial coextrusion process as well as solvent-exchange on
the cells. In both configurations (PLGA/GeIMA and PLGA-HA/GelMA), PLGA and PLGA-
HA filaments were visible in the images due to their autofluorescence in red, while GelMA
was the parallel filament containing the cells (Figure 7A).

The results showed that the 3D-(bio)printed PLGA/GelMA and PLGA-HA/GelMA
grafts slightly reduced cell viability on day 1 compared to the bioprinted GeIMA hydrogels
alone (Figure 7B). This observation might have been an effect of the remaining DMSO from
the coextruded polymeric filaments on the cells. Although DMSO is relatively bearable to
cells, it can still affect cell viability depending on the solvent concentration [20]. However,
at day 3, cell viability was already equivalent to the GeIMA-alone group with no statistical
differences. Additionally, the ratios between live/dead cells were constant over time, with
no significant differences in cell viability up until 14 days analyzed among GelMA (75.5 +
5.4%), PLGA/GelMA (75.4 £2.7%), and PLGA-HA/GeIMA (77.5 = 6.2%).

The proliferation of MSCs was further evaluated for all the (bio)printed scaffolds. The
MTS analysis was used to correlate the activity of mitochondrial enzymes after MTS
conversion with the number of living cells to quantify the proliferation over 1, 3, 7, and 14
days (Figure 7C). The results revealed that the proliferation of MSCs significantly reduced
on day 3 for the PLGA/GelMA (0.45 £ 0.13) and PLGA-HA/GeIMA (0.78 £ 0.34) scaffolds
compared to GelMA (1.65 %+ 0.25). This reduction might have occurred, again, due to the
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presence of residual DMSO within the culture medium at the initial time points. However,
after 7 and 14 days, MSC proliferation in the coextruded scaffolds presented similar cellular
metabolic activities compared to GelIMA-alone, with no statistical differences. Therefore,
the data suggested that using coextrusion-enabled multimaterial 3D-(bio)printed
PLGA/GeIMA or PLGA-HA/GelMA scaffolds for MSC culture could provide an

appropriate microenvironment for cell proliferation.
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Figure 7. MSC viability and proliferation in 3D-(bio)printed PLGA/GelMA and PLGA-
HA/GelMA scaffolds compared to those in pure GelMA scaffolds. A) Live (green)/dead (red)
assay of MSCs directly bioprinted with the GelMA portions of the scaffolds (n=3). B) MSC
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viability values measured by the ratio between live/dead cells in the bioprinted GelMA portions
of the scaffolds. C) Proliferation profiles of MSCs in the bioprinted GelMA portions of the
scaffolds measured by the MTS assay. *p<0.05 denotes a significant difference between
(bio)printed scaffolds.

The morphologies of MSCs on the 3D-(bio)printed PLGA/GeIMA and PLGA-
HA/GeIMA scaffolds were also examined and compared to the GeIMA-alone control for 1,
3,7, and 14 days (Figure 8). Again, the printed PLGA and PLGA-HA filaments were visible
in blue due to their autofluorescence, parallel with the cell-containing GelMA filament
(Figure A4), showing the long-lasting bind between the filaments during the 14 days. An
interesting observation was that, in the PLGA/GeIMA and PLGA-HA/GeIMA scaffolds, the
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cells did not only grow inside the GeIMA hydrogel filaments, but we could also find the
cells populating the surfaces of the PLGA and PLGA-HA filaments, indicating interactions
between the hydrogel and polymeric components in these composite configurations.

The cell morphologies changed throughout the culture period according to the type of
the (bio)printed scaffolds. For the 1* day, the cells in all the scaffolds exhibited a rounded
and compact morphology with a higher nucleus-to-cytoplasm ratio (Figure 8A). This is
expected as the cells adapt to the new microenvironment they were cultured in. After 3 days,
some MSCs encapsulated in bioprinted pure GeIMA showed a spindle-shaped morphology
with more elongated cells, which can be verified by the cell area measurements (Figure 8B).
However, most MSCs cultured within the GelMA filaments in PLGA/GelMA and PLGA-
HA/GelMA scaffolds still exhibited a rounded morphology. This result was in accordance
with cell viability and proliferation results, showing that the cells were possibly still
subjected to the stress caused by the initial solvent-removal process, thus presenting a
compact shape. On day 7, nevertheless, the MSCs in PLGA-HA/GelMA started to assume
an elongated morphology, while PLGA/GelMA did not yet present spreading cells. It has
been well-reported that HA nanoparticles can promote the expression of cytoskeletal
proteins, such as actin filaments [41], which may have influenced the cell shape in this phase
for the PLGA-HA/GelMA scaffolds. Finally, on day 14, the MSCs spread their cytoplasm
in all the (bio)printed scaffolds and better-adapted to the 3D microstructure of the GelMA
and PLGA-HA/GeIMA scaffolds.
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Figure 8. MSC spreading in (bio)printed GelMA, PLGA/GelMA, and PLGA-HA/GelMA

scaffolds. A) Fluorescence images of cell morphologies using phalloidin (red) to identify the
cytoskeleton and DAPI (blue) for the nuclei (n=3). B) Cell area measurements in the (bio)printed
scaffolds (n=20). *p<0.05 denotes a significant difference between (bio)printed scaffolds.

3.4. Differentiation of MSCs in the (bio)printed scaffolds

The differentiation of MSCs into osteoblasts is critical for the fabricated scaffolds used
towards bone applications. If MSCs can successfully differentiate, the approach may then
be translated in the future to stem cells derived from patients being cultured and
differentiated for specific application scenarios in a personalizable manner. According to the
literature, the morphology of the MSCs during the differentiation into osteoblasts can vary
depending on the culture conditions and stage of differentiation. The osteogenic
differentiation process is typically from the elongated morphology of undifferentiated MSCs
to a cuboidal shape, ultimately to mature osteoblasts’ stellate shape [42] The morphologies
observed for the (bio)printed scaffolds in different configurations all showed the elongated
cells after 14 days of proliferation and 1 week of differentiation, starting to differentiate into

more prominent cytoplasm, characteristic of the cuboidal-shaped cells, primarily observed



101

at week 2; eventually, a stellate-like morphology at week 4 of differentiation was visible
(Figure AS).

In addition to the changes in cellular morphology, the expressions of two key osteogenic
differentiation markers — Runt-related transcription factor 2 (Runx2) and osteocalcin (OCN)
— were finally evaluated (Figure 9A). The Runx2 protein is expressed during the early stages
of osteogenic differentiation [38], indicating the commitment of MSCs to the osteoblast
lineage. In addition, Runx2 is known for regulating the expression of other crucial genes for
bone formation, such as OCN. OCN is a protein produced by mature osteoblasts in the final
stages of differentiation that is important for the mineralization of the bone [43]. The results
suggested higher expression of both Runx2 and OCN in MSCs since week 1 of
differentiation in the (bio)printed PLGA-HA/GelMA scaffolds (Figure 9B-C). These
expressions were significantly higher when compared to those for cells in the PLGA/GelMA
scaffolds. This observation indicated that HA nanoparticles in the PLGA-HA filaments of
the PLGA-HA/GelMA grafts likely promoted the osteogenic differentiation of MSCs.
Ultimately, the MSCs in all the scaffolds differentiated, producing both markers by the end
of week 4 of differentiation.

Overall, the data suggested the potential of multimaterial 3D coextrusion (bio)printing
in developing scaffolds that could support the growth and differentiation of MSCs over an
extended period. However, more research is needed to optimize the processing conditions
for optimal cell growth and differentiation. In addition, using HA as a bioactive additive
could be a valuable approach to promoting osteogenic differentiation of MSCs, as widely
reported. Nevertheless, future studies should evaluate the bone regeneration efficacy of the

multimaterial (bio)printed scaffolds in vivo to ensure its translational applicability.
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Figure 9. Osteogenic differentiation of MSCs in 3D-(bio)printed GelMA,
PLGA/GeIMA, and PLGA-HA/GelMA scaffolds. A) Immunostaining images with
RUNX2 (red) and OCN (green) biomarkers of MSCs at 1, 2, and 4 weeks following
osteogenic differentiation. B) Quantification results of RUNX2 by average cell coverage
area. C) Quantification results of OCN by average cell coverage area. *p<0.05 denotes a
significant difference between (bio)printed scaffolds and #p<0.05 at different times; two-

way ANOVA (n=3).

4. Conclusions

In this work, PLGA or PLGA-HA ink was printed simultaneously with the MSC-laden
GelMA bioink using a unique multimaterial coextrusion process. The significance of this
novel approach is the ability to achieve (bio)printing efficiency with simultaneous biological
and mechanical functionality. The microstructure of the printed PLGA filaments was
examined, showing porosity and pore sizes in the same range of trabecular bone formed via
solvent-exchange by removing DMSO from the prints. Of note, the rheological properties of

both the polymer inks and the GelMA bioink were evaluated, and the multimaterial
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coextrusion showed good printability of both. The PLGA-based layer showed interfacial
bonding to GeIMA. The compressive properties of the (bio)printed composite scaffolds were
significantly higher when compared to pure GelMA despite still inferiority to the native
bones, and thus, the strategy is deemed promising for non-load-bearing bone applications.
Importantly, the study showed that the coextruded composite scaffolds exhibited similar
results in MSC viability, proliferation, and morphology within the GelMA portions
compared to the bioprinted GelMA alone, suggesting the cytocompatibility of the method.
Finally, the differentiation analyses revealed that osteogenic differentiation of the MSCs was
enhanced with the presence of HA in the PLGA filaments, further validating the potential of
these multimaterial, multiscale composite structures for promoting cellular behaviors for

tissue engineering applications.
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Appendix

Multimaterial Coextrusion (Bio)printing of Composite Polymer

Biomaterial Ink and Hydrogel Bioink for Tissue Fabrication

Isabella C. P. Rodrigues, Luis C. O. Clark, Xiao Kuang, Regina Sanchez, Eder S. N. Lopes,
Lais P. Gabriel, Yu Shrike Zhang*
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Figure Al. Characterizations of the GeIMA bioink. A) Shear storage modulus (G’) and loss
modulus (G”) as a function of temperature at 1 Hz of frequency. B) Apparent viscosity as a function

of shear rate and shear stress for the GeIMA bioink at 30 °C.
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Figure A2. Characterization of bonding between PLGA and GelMA. A) i) Schematic and ii)
photographs of the lap-shear test setup. B) Shear stress versus displacement curve. C) Photograph

showing both glass parts with the residual bonded layers fractured in the middle after the lap-shear

test.
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500 pm

Figure A3. Characterization of the interfacial morphology between PLGA and GelMA. A)
Photograph of the GeIMA bonded with PLGA. B) Optical and C) fluorescence microscopic images
of the interface between PLGA and GelMA. Fluorescent green paint was added to GelMA for

visualization.

Figure A4. Coextrusion-(bio)printed PLGA-HA/GelMA scaffolds containing MSCs cultured
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Figure AS. Morphologies of MSCs during osteogenic differentiation within bioprinted GelMA,
as well as coextrusion-(bio), printed PLGA/GeIMA and PLGA-HA/GelMA scaffolds

Week 1

Week 2

Week 4

1EID-

for 7 days.

encapsulating MSCs cultured for 1, 2, and 4 weeks.



110

7 DISCUSSAO

Os estudos envolvidos nessa tese de doutorado demonstram o potencial da rotofiacdo
e de diferentes técnicas de MA para produzir scaffolds e implantes de maneira eficiente e
customizada, com propriedades necessdrias para promover a regeneracdo Ossea. Dessa
maneira, o foco principal esta na obten¢ao de scaffolds ou implantes que contenham aditivos
que estimulem os mecanismos de osseointegragdo (osteogénese, osteoinducdo e,
principalmente, osteoconducdo), atividade antibacteriana para preven¢do de osteomielite e
em propriedades mecanicas e estruturais mais eficazes para aplicacdo dssea.

O manuscrito do artigo “Osteoconductive composite membranes produced by rotary
jet spinning of bioresorbable PLGA present bioactivity for bone regeneration” apresenta
resultados significativos sobre a produgdo e caracterizacdo de membranas osteocondutivas
produzidas por rotofiacdo de PLGA biorreabsorvivel contendo HA(NPs), com o objetivo de
investigar sua bioatividade para regeneracdo Ossea. Inicialmente, foi determinada a
concentracdo critica da solugdo para permitir a formagdo das fibras, sendo esta estabelecida
em 8% g/mL tanto para PLGA quanto para PLGA-HA(NPs). A andlise da morfologia das
membranas por MEV revelou a obtencdo de fibras continuas e homogéneas para todas as
velocidades de rotagdo testadas, indicando estabilidade no processo de produgdo das fibras.

A caracteriza¢@o quimica confirmou a presenca de grupos quimicos caracteristicos do
PLGA e das nanoparticulas de HA nas membranas compositas, enquanto analises térmicas
permitiram avaliar quantitativamente a adicdo das HA(NPs) e a degradacdo térmica das
membranas. Além da confirmacgdo da presenca das HA(NPs) nas membranas, TEM e EDS
permitiram verificar sua distribuicio homogénea no interior das fibras. A avaliagdo da
bioatividade revelou a formagdo de apatita nas membranas contendo HA(NPs), sugerindo
maior bioatividade e potencial de engenharia tecidual dssea. Adicionalmente, os ensaios de
viabilidade celular demonstraram alta biocompatibilidade das membranas com células pré-
osteoblasticas, permitindo a formag¢dao de monocamaca celular, sugerindo potencial de
formacdo de tecido 6sseo. Em resumo, os resultados deste estudo destacam o potencial das
membranas compostas de PLGA-HA(NPs) como materiais promissores para regeneracio
Ossea, oferecendo uma visdo otimista de suas aplicacdes futuras na engenharia de tecidos

0sseos.
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O manuscrito do estudo “Implants promoting osteoconduction and local antibacterial
activity for effective osseointegration and osteomyelitis prevention” aborda a produgdo de
implantes capazes de promover osteoconducdo e atividade antibacteriana local para
melhorar a osseointegracdo e prevenir a osteomielite. A morfologia dos scaffolds foi avaliada
por MEV, demonstrando a obten¢do de fibras homogéneas com didmetros menores que 20
um para todos os scaffolds produzidos. Nao houve diferenca significativa nos didmetros das
fibras entre os scaffolds de PLGA-HA e PLGA-HA-RIF, indicando que a adi¢do de RIF nao
alterou a morfologia das fibras. No entanto, os scaffolds PLGA-COL-HA apresentaram uma
redugdo de quase 75% no diametro das fibras em comparacdo com o PLGA-HA, resultado
condizente com estudos anteriores que mostraram esse efeito apos a adi¢do de proteinas
(RODRIGUES et al., 2021b).

Andlises de TEM revelaram uma distribuicdo uniforme de HA(NPs) nas fibras,
sugerindo a incorporacdo eficaz de HA em todos os scaffolds, fundamental para melhorar
suas propriedades osteocondutivas. Além disso, para o scaffold PLGA-HA-RIF, a presenca
de RIF foi identificada, com particulas de RIF apresentando uma morfologia alongada,
contrastando com a morfologia esférica das HA(NPs). A andlise quimica e térmica dos
scaffolds confirmou a presenca do PLGA, COL, HA e RIF nos scaffolds correspondentes,
através da presenga dos grupos quimicos no espectro e das alteracOes na estabilidade e
degradacdo térmica dos scaffolds. A adigdo de COL aumentou significativamente a
hidrofilicidade e degradacdo comparada aos outros scaffolds. A liberacao controlada de RIF
do scaffold de PLGA-HA-RIF foi avaliada, sendo aderente aos modelos de liberacao
controlada com mecanismo de difusdo de Fick predominante, indicando uma liberacao
gradual e constante do farmaco ao longo do tempo, benéfico para aplicacdes em implantes
dsseos, reduzindo possivel toxicidade celular inerente do antibidtico.

Além disso, estruturas de Ti6Al4V com diferentes tamanhos de poros foram projetadas
e fabricadas utilizando MA pela técnica de PBF-EB. Os resultados dos testes de compressao
indicaram uma redug¢do na resisténcia a compressao e rigidez dos implantes com o aumento
do tamanho do poro O tamanho de poro equivalente a 450 pm demonstrou morfologia e
propriedades mecanicas adequadas para aplicagdes Osseas. A avaliacdo da atividade
antibacteriana dos scaffolds e implantes demonstrou a eficacia do RIF contra Escherichia
coli e Staphylococcus aureus, indicando uma inibicao sensivel da S. aureus. A capacidade
osteocondutiva dos scaffolds foi confirmada pela formacao de apatita em sua superficie apds

incubacdo em fluido corporal simulado, indicando sua promissora aplicabilidade para
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osseointegra¢do. Além disso, os scaffolds e implantes demonstraram alta viabilidade de pré-
osteoblastos, promovendo a adesdo e proliferacdo celular. Em suma, os resultados deste
estudo mostram que os scaffolds e implantes desenvolvidos sdo promissores para aplicagcdes
em engenharia de tecidos dsseos, combinando propriedades osteocondutivas, atividade
antibacteriana local e biocompatibilidade para melhorar a osseointegragdo e prevenir
infeccdes Osseas.

O artigo "Multimaterial Coextrusion (Bio)printing of Composite Polymer Biomaterial
Ink and Hydrogel Bioink for Tissue Fabrication" aborda uma nova técnica para bioimpressao
3D de scaffolds poliméricos combinados com biotintas de GeIMA contendo células-tronco
mesenquimais (MSCs) para aplicacoes em regeneragdo tecidual, com foco particular na
regeneragdo O0ssea. Inicialmente, o estudo aborda a caracterizac@o das “tintas” poliméricas
de PLGA e PLGA-HA em DMSO, destacando seu comportamento reoldgico, como
viscosidade e temperatura de gelificacdo. Observou-se uma diferenca na temperatura de
gelificacdo entre as tintas, o que pode ser estrategicamente utilizado para controlar o
processo de extrusdo durante a impressdo 3D. Além disso, a adi¢cdo de PBS ou meio de
cultivo para remocdo do solvente foi eficaz e levou a uma contracdo volumétrica das
estruturas impressas. A troca de solvente permitiu a criagdo de porosidade nos scaffolds,
mimetizando a microestrutura porosa do 0sso, o que pode facilitar a infiltracdo celular e
vascularizacdo. Em relacdo a degradacdo dos scaffolds, observou-se que ao longo do tempo
os scaffolds apresentaram degradacdo hidrolitica controlada, mostrando estabilidade e
adequacdo para a regeneracio dssea.

A coextrusao multimaterial de PLGA e PLGA-HA com GelMA demonstrou ser viavel,
permitindo a fabricacdo de scaffolds com propriedades mecanicas significativamente
superiores aos scaffolds apenas de GeIMA. A técnica também mostrou capacidade de manter
a integridade estrutural dos scaffolds na anélise de compressado, fornecendo uma abordagem
promissora para a fabricacdo de scaffolds compositos para regeneragdo dssea. A viabilidade
e proliferacdo das MSCs apds a coextrusdo multimaterial foram avaliadas, revelando que os
scaffolds de PLGA/GeIMA e PLGA-HA/GelMA ndo afetaram significativamente a
viabilidade ou proliferacdo celular em comparacdo com os scaffolds apenas de GelMA.
Além disso, observou-se que as células cresciam tanto dentro dos filamentos de GelMA
quanto nas superficies dos filamentos de PLGA e PLGA-HA, indicando interacdes entre os

componentes hidrogel e polimérico.
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Por fim, o estudo avaliou a diferenciacdo das MSCs nos scaffolds impressos,
demonstrando que a presenga de HA nos scaffolds PLGA-HA/GelMA promoveu a expressao
de marcadores de diferenciacdo osteogénica, indicando um potencial aprimorado para a
regeneracdo O0ssea. Em resumo, os resultados deste estudo sugerem que a abordagem de
coextrusdo multimaterial pode ser uma estratégia eficaz para fabricar scaffolds compostos
para regeneragdo Ossea, com propriedades mecanicas aprimoradas e capacidade de suportar
o crescimento, proliferacdo e diferenciacdo de MSCs. No entanto, sdo necessdrios mais
estudos para otimizar as condi¢des de processamento e avaliar a eficdcia da regeneracdo

dssea in vivo.
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8 CONCLUSOES

As lesdes no aparelho locomotor representam desafios substanciais para a qualidade
de vida dos pacientes, frequentemente exigindo intervengdes cirurgicas para restaurar a
funcdo e mitigar complicacdes associadas. Esse estudo abordou uma variedade de técnicas
de fabricacado, desde a rotofiacdo até a bioimpressao 3D, demonstrando a versatilidade e
eficdcia de cada abordagem na producdo de implantes e scaffolds com propriedades
especificas. Os resultados obtidos indicam que os materiais desenvolvidos sdo altamente
promissores em termos de bioatividade, biocompatibilidade, osteocondugio e capacidade de
prevenir infeccdes bacterianas. Os implantes produzidos por meio de manufatura aditiva e
as membranas fibrosas fabricadas por rotofiacdo apresentaram caracteristicas desejaveis,
como morfologia homogénea, distribuicdo uniforme de HA e liberagcdo controlada da RIF.
Além disso, os scaffolds compostos produzidos por coextrusao multimaterial demonstraram
propriedades mecanicas aprimoradas e capacidade de promover a diferenciacio de células-
tronco mesenquimais para facilitar a regeneracao dssea.

Esses resultados oferecem uma visao otimista para o futuro do tratamento de lesdes
no aparelho locomotor, indicando que os implantes desenvolvidos neste estudo tém o
potencial de superar as limitacdes dos implantes atuais, melhorando assim os resultados
clinicos e a qualidade de vida dos pacientes. Com isso, este trabalho contribui
significativamente para o avanco da engenharia de tecidos dsseos e oferece uma base solida

para pesquisas futuras nessa drea crucial da medicina regenerativa.
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9 SUGESTOES DE TRABALHOS FUTUROS

Apesar do grande potencial dos scaffolds e implantes desenvolvinos nesse trabalho,

estudos adicionais podem garantir a traducdo bem-sucedida desses avancos para a prética

clinica. Dessa maneira, algumas sugestdes para trabalhos futuros incluem:

Avaliacdo das taxas de biorreabsor¢do utilizando degrada¢do enzimdtica para
compreender a duracdo e atuagdo dos scaffolds no organismo;

Estudos sobre possiveis efeitos da utilizacdo de dispersantes na incorporacio das
nanoparticulas aos scaffolds;

Avaliagdo de potenciais estruturas anfifilicas ou hidrofilicas para aumentar a
liberagao de antibidtico;

Estudos mais robustos sobre os mecanismos de diferenciagdo celular de pré-
osteoblastos na presenca dos scaffolds;

Otimizagdo dos parametros de processamento em PBF-EB para obter estruturas com
maior fidelidade ao modelo projetado;

Estudos adicionais para otimizar as condi¢des, reprodutibilidade e escalabilidade das
técnicas de processamento;

Avaliagdo da resposta inflamatéria dos scaffolds com estudo de liberacao de citocinas
inflamatorias;

Estudos de eficdcia e seguranga a longo prazo;

Validagdo da eficdcia da regeneracdo dssea através de estudos in vivo.
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aluminum alloys
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antibacterial activity
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biomaterial
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bone defect
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bone morphogenetic protein 2
bone regeneration
bone remodeling
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bone-implant interface
calcium

calcium phosphate
cell adhesion

cell culture

cell differentiation
cell proliferation
cell viability
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dental implants
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diagnostic imaging
drug effect
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extracellular matrix
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fracture healing
gene expression
hydrophilicity
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implant

in vitro study
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materials testing
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mechanical stress
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metal implants
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