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RESUMO

Disturbios do sistema nervoso central apresentam dificuldades de tratamento devido a
baixa capacidade regenerativa das células deste sistema. Dentre eles, a lesdo da medula
espinal (LME) é uma condigédo que leva a grandes impactos na vida do paciente acometido,
como situagdes de paraplegia, € nao ha tratamentos eficazes até o presente momento. A
galantamina é um farmaco utilizado na doenga de Alzheimer. Estudo prévio realizado pelo
grupo demonstrou a eficacia em promover melhora funcional em um modelo de LME em ratos.
Entretanto, administragbes sistémicas de medicamentos produzem mais efeitos colaterais e
levam a menor biodisponibilidade do farmaco no tecido-alvo. Assim, o objetivo deste trabalho foi
produzir e avaliar o potencial terapéutico de nanoparticulas contendo galantamina para LME. As
particulas de poli(acido latico-co-glicdlico) (PLGA) e galantamina foram produzidas por
electrospraying e caracterizadas por microscopia eletrénica de varredura e por espalhamento
de luz dindmico para avaliagao do tamanho, potencial zeta e indice de polidispersao (Pdl). A
liberagdao de galantamina das particulas foi avaliada por 35 dias através de cromatografia
liquida de alta eficiéncia (HPLC). O potencial neuroprotetor das particulas foi avaliado in vitro
em uma cultura de células PC12. In vivo, utilizou-se um modelo de contusado de LME em ratos e
as formulagcbes farmacéuticas foram aplicadas no local da lesdo. Os animais foram separados
em 5 grupos: Sham, lesdo, galantamina, particulas de PLGA e particulas de PLGA contendo
galantamina (PG). Os efeitos desse tratamento foram avaliados apos 3 e 42 dias, quando os
parametros oxidativos e inflamatérios das medulas espinais foram avaliados, assim como os
parametros histolégicos, apdés 42 dias. Ainda, a locomog¢ao dos animais foi avaliada
semanalmente, por 6 semanas. As particulas poliméricas apresentaram morfologia bicbncava e
tamanho adequado, assim como potencial zeta e Pdl também adequados para administragdo
local. A galantamina apresentou uma liberacao no perfil de burst, mas manteve uma liberagéo
controlada ao longo de 35 dias. /n vitro, apenas o tratamento com galantamina livre reduziu a
perda de viabilidade das células expostas a perdxido de hidrogénio e nenhuma das formulagbes
farmacéuticas promoveu a redugéo da produgéo de espécies reativas de oxigénio (EROs) apds
a exposigcado. Por outro lado, em estudo in vivo, o Unico grupo que apresentou melhoras
significativas na fungcdo motora apos 42 dias foi o grupo tratado com PG. Trés dias apds a
lesdo, a administracdo de galantamina diminuiu os niveis de peroxidacgéao lipidica, ao passo que
PG diminuiu os niveis de EROs e IL-1[3, além dos niveis de peroxidagao lipidica. Além disso, ao
analisar os efeitos dos tratamentos em 42 dias apods a lesdo, o grupo no qual administrou-se
apenas a galantamina apresentou diminuicdo dos niveis de EROs, enquanto o grupo PG
diminuiu tanto EROs quanto IL-1B8. Assim, o tratamento com PG demonstrou melhoras
inflamatérias e oxidativas, bem como melhora funcional apés LME.

Palavras-chave: Les&o da medula espinal; galantamina; nanoparticulas



ABSTRACT

Central nervous system disorders are particularly difficult to treat due to the limited regenerative
capacity of the cells from this system. Among them, spinal cord injury (SCI) is a condition that
provokes great impact on the patient’s life, such as paraplegy, and currently there are no
effective treatments for this disorder. Galantamine is a drug used for Alzheimer’s disease. A
previous study from the group demonstrated its efficacy in promoting functional improvements in
a rat model of SCI. However, systemic drug administration can cause side effects and lead to
decreased drug bioavailability at the target tissue. Hence, the aim of this study has been to
produce and evaluate the therapeutic potential of galantamine nanoparticles for SCI. Poly(lactic
acid-co-glycolic acid) (PLGA) and galantamine particles were produced using electrospraying
and characterized by scanning electron microscopy and dynamic light scattering for assessment
of size, zeta potential and polydispersity index (Pdl). Galantamine release from the particles was
evaluated for 35 days using High Performance Liquid Chromatography (HPLC). The particles’
neuroprotective potential was assessed in vitro in PC12 cell culture. A contusion model of SCl in
rats was used in vivo, and the pharmaceutical formulations were applied at the lesion site. The
animals were divided into 5 groups: sham, injury, galantamine, PLGA particles and PLGA
particles containing galantamine (PG). The treatment effects were evaluated after 3 and 42
days, when oxidative and inflammatory parameters were assessed, as well as histological
parameters after 42 days. In addition, the animals' locomotion was evaluated weekly for 6
weeks. The particles presented a biconcave shape and adequate size, as well as adequate zeta
potential and Pdl for local administration. Galantamine was released in a burst profile, but
maintained a controlled release for 35 days. In vitro, only galantamine reduced the viability loss
in the cells exposed to hydrogen peroxide, and no pharmaceutical formulation reduced reactive
oxygen species (ROS) production after the exposure. In vivo, on the other hand, the only group
that presented significant improvements in motor function was in the PG treatment. Three days
after the injury, the administration of galantamine resulted in a decrease in lipid peroxidation
levels, whereas the use of PG improved levels of reactive oxygen species (ROS) and IL-1B, in
addition to lipid peroxidation levels. Furthermore, when analyzing the treatment effects 42 days
after the injury, galantamine treatment was able to reduce ROS, while PG reduced both ROS
and IL-1B. Therefore, PG treatment showed not only inflammatory and oxidant improvements,
but also significant functional recovery after SCI.

Key-words: Spinal cord injury; galantamine; nanoparticles
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1. REVISAO BIBLIOGRAFICA

1.1. ANATOMIA E FISIOLOGIA DA MEDULA ESPINAL

A medula espinal constitui uma importante parte do sistema nervoso central (SNC), e
localiza-se no canal espinal da coluna vertebral. A estrutura da medula pode ser observada na
Figura 1. Assim como o encéfalo, a medula espinal é envolta por trés membranas protetoras, as
meninges: a dura mater, mais externa; a aracndide, que é intermediaria; e a pia-mater, que é a
membrana mais interna, fazendo contato com a medula espinal. Entre a pia-mater e a
aracnoide ha o espacgo subaracndide, por onde passam o0s vasos sanguineos que irrigam a
medula e o qual é preenchido por fluido cerebroespinal (FCE). Funcionalmente, a medula
espinal pode ser dividida em 31 segmentos e cada um emite um par de nervos espinais. Assim,
ha 8 segmentos cervicais, 12 segmentos toracicos, 5 segmentos lombares, 5 segmentos
sacrais e 1 segmento coccigeo. Como a medula espinal € mais curta do que o canal vertebral,
terminando no nivel de L1/2 em adultos, e considerando que cada nervo espinal precisa sair em
um forame intervertebral, parte das raizes dos nervos formam a cauda equina no canal
vertebral, abaixo de onde termina a medula espinal. Ainda, a porgéo terminal da medula espinal
€ chamada de cone medular. Os nervos espinais sao formados pela unido da raiz dorsal com a
raiz ventral, que se unem antes da saida do nervo espinal pelos forames intervertebrais. Ainda,
existem duas regides medulares em que ha um alargamento da medula: um entre as vértebras
C4 e T1, chamado de alargamento cervical, e um entre as vértebras L2 e S3, chamado de
alargamento lombar. O alargamento cervical forma o plexo braquial, o qual inerva os membros
superiores, ao passo que o alargamento lombar corresponde ao plexo lombar, que inerva os
membros inferiores (BRODAL, 2010; CHANDAR; FREEMAN, 2014).
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Figura 1 - Estrutura da medula espinal A medula espinal pode ser dividida em 31 segmentos,
sendo 7 segmentos cervicais, 12 toracicos, 5 lombares, 5 sacrais e 1 coccigeo. Observa-se
também na regido terminal da medula a presenca do cone espinal e da cauda equina. Fonte:
Adaptado de Brodal (2010, p. 75).

Internamente, a medula espinal é organizada em substancia branca e substancia
cinzenta. Ao contrario do cérebro, na medula espinal a substancia branca envolve externamente

a substancia cinzenta. Assim, em um corte transversal, observa-se no centro da medula uma
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regiao em formato de H, correspondente a substancia cinzenta (CHAMBERS; HUANG;
MATTHEWS, 2014).

1.1.1. Substancia cinzenta

As diferentes regides desta forma de H s&o chamadas de cornos ventrais e dorsais. A
substancia cinzenta € composta pelo corpo celular de todos os neurbénios da medula espinal,
que podem ser:

e Motoneurdnios, ou neurbnios motores;

e neurdnios pré-ganglionares autonémicos;
e interneurdnios;

e neurdnios de projecao.

Os neurdnios motores podem ser subdivididos em motoneurdnios alfa, que inervam
fibras musculares extrafusais, produzindo for¢a e gerando movimento, e motoneurénios gama,
que inervam fibras musculares intrafusais, estando envolvidos na propriocepgao. Os corpos
celulares dessas células localizam-se nos cornos ventrais da substancia cinzenta, e seus
axbnios deixam a medula espinal através das raizes ventrais. A atividade dos motoneurdnios
alfa, também chamados de neurbnios motores inferiores, € modulada pelos interneurdnios e por
neurénios motores superiores, 0s quais se originam no coértex motor cerebral (CHANDAR,;
FREEMAN, 2014).

Os neurdnios pré-ganglionares autondmicos podem ser simpaticos ou parassimpaticos.
No caso dos neurdnios pré-ganglionares simpaticos, seus corpos celulares localizam-se nos
cornos laterais da substancia cinzenta, entre os segmentos T1 e L2, projetando-se para os
neurdnios pos-ganglionares localizados nos ganglios simpaticos adjacentes a medula espinal.
Ja os corpos celulares dos neurbnios pré-ganglionares parassimpaticos localizam-se nos
cornos laterais entre os segmentos S2 e S4, tendo suas projecoes para os ganglios
parassimpaticos nas visceras. Os axOnios de ambos tipos de neurbnios pré-ganglionares
deixam a medula espinal pelas raizes ventrais (CHANDAR; FREEMAN, 2014).

Os neurdnios da substancia cinzenta sdo organizados em diferentes regides laminares
de acordo com a densidade e tamanho neuronal, que podem ser observadas na Figura 2.
Essas regides foram identificadas e descritas por Rexed, que definiu 6 laminas (I - VI) no corno
dorsal, 3 laminas laterais e ventrais (VII - IX) e 1 ldmina ao redor do canal central (X) (REXED,
1952).



11

‘ Vil
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Figura 2 - Laminas da substancia cinzenta Desenho esquematico das laminas da substancia
cinzenta; b. Delimitagao histolégica. Fonte: Adaptado de Brodal (2010, p.79) e Nogradi (2006, p.

3).

A lamina | apresenta uma baixa densidade neuronal e é composta por neurdnios de
tamanhos variados que recebem informagéo de fibras aferentes nociceptoras Aé. Na lamina I,
ha uma alta densidade neuronal, consistindo de pequenos neurdnios, os quais recebem
informacdes de fibras aferentes ndo mielinizadas do tipo C relativo a estimulos nocivos e de

temperatura. As laminas Il e IV formam o nucleo proprio e caracterizam-se por uma baixa
intermediarios. Essas células recebem

densidade neuronal e neurbnios de tamanhos
informacbes de aferentes mielinizados de mecanorreceptores da pele relativo ao toque, a

temperatura e a estimulo nocivo. As laminas V e VI apresentam neurdnios triangulares e
fusiformes, e recebem informagbes de axdnios sensoriais do fuso muscular, érgao tendinoso de
Golgi e articulagbes, bem como de fibras sensiveis a estimulos nocivos e temperatura. Ainda,
os interneurdnios dessas regides fazem sinapses com neurdnios motores superiores de vias

descendentes (CHANDAR; FREEMAN, 2014; NOGRADI, 2006).
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Nos cornos laterais e ventrais, a organizagado das laminas € menos delimitada. De forma
geral, o corno ventral esta relacionado com eferentes que fazem o controle do movimento, ao
passo que o corno lateral contém os neurdnios autondmicos. Assim, a lamina VII, que se
encontra no corno lateral, € composta, nas regides entre T1-L2 e S2-S4, neurdnios
pré-ganglionares simpaticos e parassimpaticos, respectivamente. Ja na parte medial da lamina
VII, entre T1-L2, ha um grupo de neurbnios chamado de nucleo de Clarke, os quais recebem
informacdes de aferentes proprioceptivos, e seus axbénios formam o trato espinocerebelar. Na
regiao medial da lamina VII também ha o nucleo intermediario, formado por interneurénios que
recebem informacgdes de aferentes musculares e cutdneos, e estdo relacionados a diversos
reflexos. Nesta lamina também estdo presentes interneurénios que inibem motoneurénios,
participando do reflexo de estiramento (CHANDAR; FREEMAN, 2014; NOGRADI, 2006).

A ladmina VIII é composta de interneurbnios de diversos tamanhos, os quais estdo
envolvidos na coordenacgdo de atividades motoras. Ja a ldmina IX é onde estado localizados os
neurénios motores que inervam os musculos esqueléticos. Por fim, a Idmina X é localizada ao
redor do canal central, e as fungbes dos neurbnios desta regido ainda ndo estdo elucidadas
(CHANDAR; FREEMAN, 2014).

1.1.2. Substancia branca

A substancia branca é composta por axénios mielinizados ascendentes e descendentes,
chamados de tratos. Os tratos ascendentes sdo compostos de axdnios sensoriais, ao passo
que os tratos descendentes sdo compostos de axdnios motores (CHAMBERS; HUANG,;
MATTHEWS, 2014). A localizagdo dos tratos ascendentes e descendentes podem ser
visualizados na Figura 3. Um dos principais tratos descendentes ¢é o trato corticoespinal (TCE),
que é a via primaria de neurbnios somaticos motores. Essa via origina-se no cértex motor, onde
neurdnios motores superiores estao localizados e descendem para a medula espinal. Nas
piramides medulares, aproximadamente 90% das fibras decussam e descendem pelo TCE
lateral, fazendo sinapses na medula com interneurénios ou diretamente com neurénios motores
inferiores, ao passo que os 10% das fibras que ndo decussam descendem ipsilateralmente pelo
TCE anterior ou ventral (CHAMBERS; HUANG; MATTHEWS, 2014; CHANDAR; FREEMAN,

2014).
Outros importantes tratos descendentes sdo o trato rubroespinal, reticuloespinal e
vestibuloespinal. O trato rubroespinal se origina no nucleo rubro do mesencéfalo e tem como
fungdo a influéncia em interneurénios que regulam a atividade de motoneurdnios alfa de

musculos flexores das extremidades superiores. O trato reticuloespinal medial projeta para
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interneurénios que controlam motoneurdnios alfa envolvidos com musculos axiais e proximais
relativos a manutencdo do equilibrio e da postura. Esse trato é ativado em antecipagéo a
alguma alteracao no equilibrio. Outro trato importante relacionado a postura e equilibrio é o trato
vestibuloespinal lateral, que age reativamente a perturbagdes do equilibrio, como ao tropecar

(CHANDAR; FREEMAN, 2014).

Tratos ascendentes Tratos descendentes

Fasciculo cuneiforme

Fasciculo

Fasciculo gracil proprio

Trato
corticoespinal
lateral

Trato de Lissauer

Trato

espinocerebelar Trato

dorsal rubroespinal
Fasciculo
proprio Trato reticulo-

espinal lateral
Trato
espinocerebelar
ventral

Trato vestibulo-espinal

lateral
Sistema

anterolateral Trato reticulo-

espinal medial

Trato
corticoespinal ventral

Tratos vestibulo-espinal
e tecto-espinal

Figura 3 - Tratos espinais ascendentes e descendentes Localizagdo dos tratos espinais. Do
lado esquerdo, estdo representados os tratos ascendentes, e do lado direito os tratos
descendentes. Fonte: Adaptado de Chandar (2014, p. 256).

Dentre os principais tratos ascendentes, ha a via coluna dorsal-lemnisco medial. A
coluna dorsal compreende os fasciculos gracil e cuneiforme, os quais sdo compostos de
processos centrais de axbnios de neurbnios somatossensoriais provenientes de

mecanorreceptores da pele, musculos, tenddes e articulagdes. Da coluna dorsal, esses
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neurdnios projetam-se contralateralmente até o tdlamo dorsal através do lemnisco medial. Essa
via é importante, visto que leva informagdes somatossensoriais de toque fino, descriminagao de
dois pontos, vibracao, estereognosia e propriocepg¢do consciente. Outra importante via
ascendente é o sistema anterolateral, ou trato espinotaldmico, a qual leva informacdes de
estimulos nocivos, temperatura e ao tato protopatico. Por fim, os tratos espinocerebelares
levam informacdes de propriocepgao inconsciente dos fusos musculares, 6rgao tendinoso de
Golgi e articulacoes até o cerebelo (CHANDAR; FREEMAN, 2014).

1.1.3. Células gliais na medula espinal

Além dos neurdnios, a medula espinal também conta com células gliais, que possuem
papéis fundamentais em condigdes fisioldgicas e patoldgicas. Estas células possuem diferentes
origens embrionarias, sendo astrécitos, oligodendrocitos e células ependimais de origem
neuroepitelial e a microglia de origem miel6ide (ESCARTIN et al., 2021).

Os astrécitos sdo as células gliais mais abundantes do SNC e possuem diversos papéis
essenciais para a fungado neuronal, promovendo a formagdo de sinapses, regulando e
tamponando as concentragdes extracelulares de ions e neurotransmissores, regulando as
pressbes osmoticas, fornecendo suporte metabdlico e energético, modulando a
neuroplasticidade e fazendo a manutencao da barreira hematoencefalica e hematoespinal
(KRONSCHLAGER et al., 2021; SUN; JAKOBS, 2012). Além disso, os astrocitos s&o
considerados células imunocompetentes, detectando sinais de lesdo ou de patégenos e
respondendo através da secrecao de citocinas (COLOMBO; FARINA, 2016).

No SNC, a bainha de mielina que envolve os axénios é formada pelos oligodendrdcitos,
ao passo que no Sistema Nervoso Periférico (SNP) essa estrutura é formada pelas células de
Schwann. Essa estrutura é formada quando os oligodendrdcitos se enrolam ao redor do axdnio,
formando varias camadas formadas quase exclusivamente de membrana celular. O citoplasma
dessas células € comprimido, e algumas proteinas de membrana ligam os lados externos
opostos da membrana, enquanto outra proteina de membrana, a proteina basica da mielina,
liga os lados citoplasmaticos da membrana. Essa membrana celular que forma a mielina possui
uma composicdo Unica de lipidios e proteinas, com alto conteudo de colesterol e de
glicolipideos (BRODAL, 2010).

As células ependimais formam o epitélio colunar que reveste o canal central da medula
espinal, sendo uma interface entre a cavidade contendo FCE e o parénquima. Assim, essas
células possuem um importante papel no controle da passagem bidirecional de células imunes
e solutos entre o FCE e o intersticio (MACDONALD et al., 2021). Ainda, a membrana apical
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dessas células apresenta cilios que ajudam a movimentar o FCE, ao passo que a membrana
lateral possui jungbes de oclusdo, de forma a controlar a difusdo do FCE
(MORENO-MANZANO, 2020).

Por fim, a microglia possui origem mieldide. Até recentemente, acreditava-se que a
microglia tinha origem hematopoietica, porém, um estudo de 2010 estabeleceu que,
diferentemente de macréfagos, a microglia origina-se de progenitores do neuroepitélio do saco
vitelino (GINHOUX et al., 2010). Durante o desenvolvimento, a microglia tem papel de regular
sinapses e, no SNC adulto em repouso, a microglia escaneia o ambiente em busca de sinais de
lesdo ou de infeccdo. Quando ha uma lesdo no SNC, a microglia é ativada, secretando citocinas
inflamatodrias, realizando fagocitose de debris e células mortas, recrutando células imunes e
apresentando antigenos (BROCKIE; HONG; FEHLINGS, 2021). Ainda, a microglia apresenta
receptores imunes e receptores de reconhecimento de padrdes, monitorando a atividade

neuronal e modulando a plasticidade e a densidade dendritica(ZHANG et al., 2022).

1.2.  LESAO DA MEDULA ESPINAL

A lesdo da medula espinal € uma sindrome neurologica altamente debilitante para a qual
ndo ha tratamentos eficazes atualmente. Essa condi¢do acarreta em graves sintomas e grandes
impactos na vida dos pacientes acometidos, podendo levar a paraplegia. Além disso, a LME
leva a diversas comorbidades, como disfuncbes respiratérias, cardiovasculares, metabdlicas,
entre outras (GUEST et al., 2022). No Brasil, a incidéncia de LME é de 40 novos casos por ano
por milhdo de habitantes, resultando em cerca de 6 a 8 mil novos casos por ano. Destes, 80%
das vitimas sdo homens, onde a faixa etaria mais prevalente é de 10 a 30 anos (MINISTERIO
DA SAUDE, 2013). Apesar disso, ainda ndo existem tratamentos eficazes disponiveis.
Atualmente, o tratamento baseia-se em cirurgia de descompressdo da medula e administragcao
de esterdides, como a metilprednisolona. Entretanto, esses tratamentos levam apenas a
melhoras modestas (AHUJA et al., 2017a). Portanto, faz-se necessaria a busca por novos
tratamentos que sejam mais eficazes.

A LME pode ser traumatica, quando um impacto fisico externo leva ao dano na medula,
ou pode ser causada por outras condigbes, como tumores, doengas neurodegenerativas e
infeccoes. No caso da lesdo traumatica, o dano fisico pode ser uma forca de compressao,
contusdo ou transeccgao, entre outros. Essa forca fisica leva a uma lesao primaria, lesionando
as células locais e rompendo a vasculatura, alterando a permeabilidade da barreira

hematoespinal (BHE). A partir disso, uma cascata de eventos patofisiolégicos inicia,
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caracterizando a lesdo secundaria (AHUJA et al., 2017a). As diferentes fases da lesédo e seus
principais eventos podem ser observados na Figura 4.

A fase aguda da lesdo secundaria dura até 48h, e inicia com lesao isquémica devido a
destruicdo da microvasculatura, bem como eventos hemorragicos que levam a um influxo de
células inflamatérias. Com isso, a medula espinal incha, aumentando a compressao. Nesse
periodo, ha ainda liberagdo de glutamato pelos neurdnios e astrocitos que estdo morrendo,
levando a excitotoxicidade glutamatérgica e propagando ainda mais a morte celular (AHUJA et
al., 2017b). De 48h a 14 dias, caracteriza-se a fase subaguda da lesdo secundaria, marcada
pela perda de homeostase ibnica, o que leva a morte de neurbnios e células gliais pelo
desbalango dos niveis de calcio intracelular. Ainda, a inflamagdo propaga-se devido a
mediadores que sdo liberados com o aumento da morte neuronal. Além disso, o metabolismo
de células inflamatdrias, juntamente com o desbalango iGnico e 0 aumento na concentragdo de
glutamato, levam a disfungdo mitocondrial e producao de espécies reativas de oxigénio (EROs)
e radicais livres. Essas moléculas, por sua vez, levam a uma série de danos celulares, como a
peroxidagao lipidica. Nessa fase, inicia 0 processo de astrogliose e a formagao da cicatriz glial
(AHUJA et al., 2017b; ANJUM et al., 2020).

Por fim, ap6s duas semanas, inicia a fase cronica da lesdo, em que ha a formagao de
uma cavidade cistica no local da lesdo, contendo liquido extracelular, tecido conjuntivo e
macrofagos. Na borda dessa cavidade, ha a proliferagao de astrécitos reativos, continuando a
formagdo da cicatriz glial, a qual contém uma matriz extracelular altamente inibitéria que
restringe a regeneragdo axonal. Nessa fase, também ha uma tentativa de regeneracado e
remielinizacdo, com migracdo de progenitores de oligodendrécitos que se associam com
axoénios lesionados (AHUJA et al., 2017b; ANJUM et al., 2020).

Dois aspectos centrais da lesao secundaria sdo a inflamacéo e o estresse oxidativo, que
levam a grande parte do dano (AHUJA et al., 2017b). Ainda, a cicatriz glial é a principal barreira
para a regeneragao axonal. Considerando a importancia desses processos patofisioldgicos no
desenvolvimento e progressao da lesdo, o uso de estratégias terapéuticas que visem mitigar

esses danos podem ser promissores.

1.21. Inflamagao
A partir da lesdao primaria e ruptura da microcirculacdo da medula, alteracbes na
oxigenacgao e nos niveis de metabdlitos extracelulares levam a rapida ativagdo da microglia. A
microglia ativada ira, entéo, liberar mediadores inflamatérios para recrutar neutrofilos, mondcitos

e linfécitos. Apds 4 horas da lesdo, neutrdfilos ja sdo observados préximos a microvasculatura,
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estando presentes no parénquima medular de 8 a 24h apds a lesdo (JONES; MCDANIEL;
POPOVICH, 2005). Ja os mondcitos circulantes infiltram a medula de 2 a 3 dias apés a lesao,
periodo em que ha um segundo evento de aumento da permeabilidade da barreira
hematoespinal (DONNELLY; POPOVICH, 2008). Esses mondcitos, entdo, diferenciam-se em
macrofagos, tornando-se indistinguiveis da microglia residente, em 1 semana. De 2 a 4
semanas apo6s a lesdo, ha uma diminuicdo de marcadores de ativacdo de macréfagos,
entretanto, macréfagos presentes em rafts lipidicos persistem no local da lesdo por anos
(JONES; MCDANIEL; POPQVICH, 2005).

Durante a fase aguda da leséo, as células inflamatérias possuem o papel de remover
tecidos danificados, debris de mielina e coordenar respostas regenerativas (GENSEL; ZHANG,
2015). Entretanto, os macréfagos, neutréfilos e microglia produzem citocinas inflamatérias,
radicais livres e outros mediadores que levam a toxicidade de neurbnios e células gliais. Niveis
elevados de citocinas inflamatérias IL-1B, TNF-a e IL-6 levam a morte de neurbnios e
oligodendrécitos, aumentam a infiltracdo de leucécitos e prejudicam o crescimento axonal
(DONNELLY; POPOVICH, 2008).
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1.2.2. Estresse oxidativo

O estresse oxidativo acontece quando ha um desbalanco entre a producéo de radicais
livres e a capacidade antioxidante em um tecido. Uma das principais classes de moléculas
oxidantes sdo as espécies reativas de oxigénio (EROs), que incluem os radicais livres
superoxido e radical hidroxil, bem como as moléculas n&o radicais peréxido de hidrogénio e
oxigénio singlete (FATIMA et al., 2015). Essas moléculas sdo produzidas fisiologicamente no
metabolismo celular, porém, quando produzidas em excesso, as EROs reagem e danificam
moléculas bioldgicas como lipidios, proteinas e DNA (JIA et al., 2012). Para compensar a
producdo de EROs, as células possuem mecanismos antioxidantes enzimaticos e nao
enzimaticos. As principais enzimas antioxidantes sdo a superdxido dismutase, catalase,
glutationa redutase e glutationa peroxidase, ao passo que as defesas ndo enzimaticas incluem
glutationa, vitaminas C e E, B-caroteno e acido urico (JIA et al., 2012).

Na lesdao da medula espinal, EROs sado produzidas de diversas fontes. O processo
inflamatério decorrente da lesdo primaria é uma delas, onde neutréfilos e macréfagos
apresentam um aumento no consumo de oxigénio, gerando superoxido (TAOKA et al., 1995).
Ainda, a excitotoxicidade glutamatérgica e o desbalango ibnico contribuem para o dano
mitocondrial, que também leva a uma maior produgcdo de EROs (JIA et al., 2012). Por fim,
outras fontes de EROs s&o a cascata do acido araquiddnico, oxidagdo de aminas biogénicas e
atividade da xantina oxidase (HALL, 2011).

Uma das principais consequéncias do estresse oxidativo na lesdo da medula espinal ¢ a
peroxidagao lipidica. Nesse processo, EROs reagem com acidos graxos poliinsaturados de
membrana, como o acido araquiddnico, acido linoleico, acido eicosapentaendico ou acido
docosahexaendico, formando um radical lipidico (L*) e gerando uma quebra na integridade de
membrana. Em seguida, o L reage com o oxigénio, formando o radical lipidico peroxil (LOQs),
que retira um atomo de hidrogénio de um acido graxo poliinsaturado adjacente, formando um
hidroperéxido lipidico (LOOH) e um segundo L+, gerando portanto uma propagacgao de reagdes
em cadeia. No fim desse processo, sdo formados malondialdeido (MDA) e 4-hidroxinonenal
(4-HNE) (HALL, 2011). De fato, 4-HNE e sustancias reativas de acido tiobarbiturico (TBARS) ja
foram detectados 1 hora apos a les&o, com acumulo maximo de 4-HNE em 2 dias (BALDWIN et
al., 1998).

O estresse oxidativo na LME leva a uma propagag¢ao do dano secundario, visto que o
dano oxidativo a membranas exacerba a disfungdo na homeostase ibnica ja presente devido a

despolarizacdo mecanica e liberacdo de aminoacidos excitatérios. As EROs levam a um
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aumento das concentragdes de calcio e sddio intracelular, onde a peroxidacao lipidica inativa a
bomba de calcio do reticulo endoplasmatico e a bomba de sédio e potassio. Com isso, ha
também a exacerbacio da disfungao mitocondrial e da excitotoxicidade glutamatérgica, e ja foi
observado que o acumulo de 4-HNE em membranas sinaptossomais da medula espinal esta
associado com um prejuizo na recaptacdo de glutamato da fenda sinaptica (HALL, 2011;
SPRINGER et al., 2002).

A importancia da peroxidacéo lipidica e outros danos oxidativos sao evidenciados por
diversos estudos com antioxidantes na lesdo da medula espinal que demonstraram melhoras na

patofisiologia da lesédo, conforme revisado por Hall e colaboradores (HALL, 2011).

1.2.3. Cicatriz glial
De 7 a 10 dias ap6s a lesdo, os astrocitos proximos ao local da lesdo proliferam e
organizam-se ao redor do tecido lesionado, formando a cicatriz glial (ANJUM et al., 2020).
Esses astrécitos sofrem transformagdes morfolégicas, superexpressando proteinas de
citoesqueleto, como a proteina acida fibrilar glial (GFAP, do inglés glial fibrilar acidic protein),
vimentina e nestina, hipertrofiando e retraindo seus processos celulares. Outras células também
sdo recrutadas na formacao da cicatriz glial, como:
e astrécitos distantes que migram em dire¢ao ao tecido danificado;
e astrécitos com caracteristicas de células-tronco que geram novos astrécitos;
e células ependimais, que sio induzidas com a lesdo e geram células que se diferenciam
em astrocitos;
e células NG2 positivas, como células progenitoras de oligodendrécitos (OPCs, do inglés
oligodendrocytes progenitor cells), pericitos, macréfagos e microglia (YUAN; HE, 2013).
No epicentro da lesdo é gerada uma cicatriz fibrotica, formada por fibroblastos e
pericitos e, principalmente, componentes de matriz extracelular, que sdo secretados pelos
fibroblastos e pelos astrécitos. Dentre eles, os proteoglicanos de sulfato de condroitina (CSPG,
do inglés chondroitin sulfate proteoglycans), como neurocan, versican e brevican, sao
componentes inibitérios da regeneracdo axonal, ja tendo sido demonstrado que essas
moléculas inibem o crescimento de dendritos in vivo e in vitro, bem como inibem a proliferagcao
e diferenciacdo de OPCs in vitro (YUAN; HE, 2013).
Assim, a cicatriz glial € formada por uma rede de moléculas que formam um
impedimento fisico e quimico para a regeneragdo axonal. Entretanto, nos estagios iniciais da
lesdo, a cicatriz glial tem o papel de conter o dano, separando o tecido saudavel do tecido

danificado, diminuindo o dano da BHE e limitando a extensao da resposta inflamatéria. Estudos
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demonstram que interferéncias na ativagdo de astrocitos no momento da lesdo pioram o
desfecho da LME, com comprometimento da reconstru¢do da BHE, presenca de edema
vasogénico, inflamagdo e danos teciduais dispersos (FAULKNER, 2004). Dessa forma, a
modulagdo dos astrocitos na formacao da cicatriz glial nos estagios mais avancados da lesao
pode ser uma estratégia terapéutica, tendo em mente a importancia da cicatriz glial nos

estagios iniciais.

1.3. GALANTAMINA

Considerando o carater multifatorial da fisiopatologia da LME e da importancia da
inflamacao e do estresse oxidativo em orquestrar as demais respostas patologicas, a
galantamina surge como uma possibilidade de tratamento para a LME. Esse farmaco é um
alcaléide fitoquimico originalmente extraido da Galanthus nivalis que, nos anos 1950, era
utilizada para tratar poliomielite e miastenia grave, sendo comercializada com o nome de
Nivalin. Atualmente, a galantamina ¢é sintetizada quimicamente, e o hidrobrometo de
galantamina é comercializado com o nome de Razadyne™, e é aprovada pelo Food and Drug
Administration (FDA) para o tratamento de deméncia leve a moderada na doenga de Alzheimer
(METZ; PAVLOV, 2021).

A galantamina foi inicialmente caracterizada como um inibidor competitivo e reversivel
da acetilcolinesterase e, posteriormente, foi observado que ela também atua como um
modulador alostérico do receptor nicotinico a7 (nNAChR a7). Assim, a galantamina age
estimulando a liberagdo de acetilcolina, aumentando sua concentracdo e, a0 mesmo tempo,
prolongando a acgdo da acetilcolina na fenda sinaptica ao inibir a acetilcolinesterase
(VILLARROYA et al., 2007). Esses mecanismos fazem com que a galantamina seja utilizada
tanto em condicbes que necessitam melhoras no tbnus muscular quanto em condigdes em que
disfungdes colinérgicas levam a danos cognitivos (METZ; PAVLOV, 2021).

Ainda, sabe-se que o nAChR a7 tem um importante papel na via colinérgica
anti-inflamatoria. Essa via foi originalmente descrita ao observar-se que a estimulacdo do nervo
vago levava a uma diminuicdo dos niveis sistémicos de TNF em ratos expostos a
lipopolissacarideo (LPS), uma molécula produzida por bactérias gram-negativas (BOROVIKOVA
et al., 2000). Posteriormente, foi observado que este efeito ocorria através do nAChR a7

especialmente de macréfagos (WANG et al., 2003). A ativacdo do nAChR a7 em mondcitos,

N
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inflamatérias, EROs e, inclusive, levando a uma polarizacdo de macréfagos e microglia de um
fendtipo proé-inflamatério para um fendtipo anti-inflamatério (HAN et al., 2014; PATEL et al.,
2017; SUGANO et al., 1998; WANG et al., 2003; ZHANG et al., 2017). Devido a atuacdo da
galantamina no nAChR a7, esse medicamento possui importantes efeitos anti-inflamatérios
sistémicos e centrais. A administracdo de galantamina juntamente com huperzina A, outro
inibidor da acetilcolinesterase, levou a diminuicdo da inflamacdo sistémica e aumento de
sobrevida de camundongos com endotoxemia (PAVLOV et al, 2009). Esses efeitos
anti-inflamatorios sistémicos também foram observados em modelos de colite (JI et al., 2014),
lupus eritematoso sistémico (PHAM; WANG; MATHIS, 2018), entre outros. Além disso, a
galantamina também age centralmente, diminuindo a neuroinflamagéao (LIU et al., 2018b).

A galantamina possui propriedades antioxidantes por sequestrar oxigénio, devido a
presenca do grupamento enol da molécula. Esse efeito é potencializado na mudanca para
hidrobrometo de galantamina (TSVETKOVA et al., 2013). Em uma cultura primaria de neurénios
de ratos, a galantamina diminuiu a producdo de EROs e a peroxidagéao lipidica, bem como
preveniu a redugdo dos niveis de glutationa apds a exposicao ao peptideo B-amildide (MELO et
al.,, 2009). Assim, a galantamina apresenta diversos mecanismos de neuroprotecao,
mostrando-se relevante em diversas patologias, como Alzheimer, Parkinson, esquizofrenia,
lesdo cerebral traumatica e, inclusive, LME (METZ; PAVLQOV, 2021). Os estudos clinicos que
utilizaram galantamina para desordens do sistema nervoso estao listados na Tabela 1. Em um
trabalho anterior do grupo de pesquisa, a galantamina foi administrada intraperitonealmente por
5 dias em ratos que sofreram uma LME por contusdo, e observou-se uma diminuigdo no
tamanho da lesdo e melhora funcional do movimento dos membros posteriores (SPERLING et
al., 2019).
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Tabela 1. Estudos clinicos com galantamina em desordens do sistema nervoso

Doenca

Efeitos

Referéncia

Poliomielite

Doenca de Alzheimer

Acidente vascular
cerebral (AVC)

Doenca de Parkinson

Esquizofrenia

Alivio sintomatico

Melhora de sintomas cognitivos,
funcionais e comportamentais

Melhora nos escores Sub-escala
cognitiva da Escala de Avaliagao
da Doencga de Alzheimer, Escala
da impressao global da mudancga
e Escala de deterioracao
progressiva

Menor fardo do cuidador

Menor risco de AVC isquémico em
pacientes com deméncia sem
histérico de AVC isquémico

Menor risco de AVC isquémico e
morte em pacientes com
deméncia

Melhora dos sintomas mentais
globais na maioria dos pacientes
(piora em alguns), alivio de
alucinacgbes, melhora de funcao
cognitiva

Melhora em escores de fungao
cognitiva; melhora de alucinacoes,
ansiedade, disturbios do sono e
apatia; melhora na marcha e
diminuig¢ao de freezing e quedas;
menores niveis de perturbagao
nos familiares e melhoras nas
atividades diarias

Beneficios diferenciais para
aspectos de velocidade de
processamento e memoria verbal

Melhora de memdria e atengao
em pacientes estabilizados com
risperidona

Beneficios na alogia, mas ndo em
outros sintomas

(REVELLI; GRASO, 1962)
(TARIOT et al., 2000)

(WILKINSON; MURRAY;
GROUP, 2001)

(KAUFER et al., 2005)

(LIN et al., 2016)

(TAN et al., 2018)

(AARSLAND:
HUTCHINSON; LARSEN,
2003)

(LIU et al., 2018a)

(BUCHANAN et al., 2008)

(SCHUBERT; YOUNG;
HICKS, 2006)

(CONLEY et al., 2009)
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Em combinagdo com CDP-colina, (CHOUEIRY et al., 2019)
houve melhora nos indices de

marcha e na inibicdo dos

estimulos testados

Melhora de déficits cognitivos (KOOLA et al., 2020)
Lesao cerebral Melhora de déficits cognitivos, (TENOVUO, 2005)
traumatica aumento da vigilancia
Desordem do Melhora na irritabilidade e nas (GHALEIHA et al., 2014)
espectro autista sub-escalas de letargia e de

retirada social, sem diferencas
significantes nos efeitos colaterais
em comparagao com o placebo.

Doenca de Melhora de sintomas psiquiatricos (PETRIKIS et al., 2004)
Huntington e motores

Adaptada de Metz e Pavlov, 2021.

1.4. NANOTECNOLOGIA

Um dos desafios da administracdo sistémica de farmacos é a diminuicdo da
biodisponibilidade da droga no tecido-alvo e aumento de efeitos colaterais. Essa via de
administracdo leva a uma alta concentracdo plasmatica da droga no momento da aplicagao,
que logo diminui para niveis sub-terapéuticos, necessitando da complacéncia do paciente para
a repeticdo da administracdo de novas doses (SU et al, 2021). Nesse contexto, a
nanotecnologia vem como alternativa para novos sistemas de liberagdo de drogas (DDS, do
inglés, drug delivery systems), como as nanoparticulas. A nanotecnologia pode ser definida
como a manipulagdo da matéria em niveis atbmicos e moleculares e, na area bioldgica,
sistemas na faixa de 1 a 1000nm s&o considerados parte da nanotecnologia (PARK, 2007).
DDS que apresentem uma liberagao controlada e sustentada possuem as vantagens de menor
frequéncia de administracdo, menos efeitos colaterais, melhor atividade farmacolégica e efeitos
terapéuticos mais prolongados (PRAJAPATI; JANI; KAPADIA, 2015). Uma opgao que vem
sendo muito utilizada é a utilizagdo de nanoparticulas poliméricas, que podem ser nanocapsulas
ou nanoesferas. No caso das nanocapsulas, o farmaco de interesse fica retido no centro da
particula, envolto por uma casca polimérica. Ja nas nanoesferas, o farmaco pode estar
distribuido tanto na casca como no centro da particula, como demonstrado na Figura 5
(EL-SAY; EL-SAWY, 2017).
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Figura 5 - Nanoparticulas Nanoesferas sdo caracterizadas pela distribuicdo do farmaco na
casca e no centro da particula; b. Nanocapsulas retém o farmaco dentro da particula. Fonte:
El-Say (2017, p. 676).

Para formular essas particulas, podem ser utilizados polimeros biodegradaveis, que
podem ter origem sintética ou natural. Dentre os polimeros sintéticos, destacam-se os
poliésteres, como poli(acido glicdlico) (PGA), poli(acido latico) (PLA), poli(acido
latico-co-glicolico) (PLGA) e policaprolactona (PCL), ao passo que dentre os polimeros naturais,
temos a quitosana, o acido hialurénico, o alginato, a gelatina, entre outros. Os poliésteres sao
polimeros sintéticos biocompativeis e biodegradaveis, sendo degradados pela clivagem de suas
ligacbes éster. O PLGA é um polimero extensamente estudado e muito utilizado para
formulagdes de DDS e scaffolds na engenharia de tecidos por ser aprovado pelo FDA (Food
and Drug Administration) para diversas aplica¢des clinicas e pelo fato de que sua taxa de
degradacao e suas propriedades mecanicas podem ser moduladas alterando a razao de acido
latico/acido glicolico (PARK; YE; PARK, 2005; PRAJAPATI; JANI; KAPADIA, 2015). Polimeros
com maior conteudo de acido latico levam a uma diminui¢cao da taxa de degradacao e liberacao
mais lenta do farmaco na nanoparticula (PRAJAPATI; JANI; KAPADIA, 2015). O PLGA ¢
degradado pelo processo de erosdo homogénea, em que a agua penetra a matriz polimérica e
inicia a cisdo em cadeia. Como a agua penetra mais rapidamente do que o processo de erosao
da matriz, a degradagao polimérica ocorre homogeneamente através da matriz (EDLUND, U,
2002). Assim, os produtos da degradacao do PLGA sao acido glicélico e acido latico, os quais
sdo metabolizados em agua e CO, pelo ciclo de Krebs e eliminados pela respiracdo (PARK; YE;
PARK, 2005).

Entre os diversos métodos de produgao de nanoparticulas poliméricas pode-se citar a
polimerizacdo interfacial, a polimerizacdo in situ, a separacdo de fases, a emulsdo e a

eletropulverizagao.
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1.5. ELETROPULVERIZACAO

A eletropulverizagdo apresenta como vantagens a possibilidade de regular diversos
parametros experimentais para atingir diferentes tamanhos e morfologias de particulas, além de
apresentar uma alta taxa de encapsulamento (SU et al., 2021). Nessa técnica, utiliza-se uma
emulsdo composta pelo farmaco de interesse e uma solugado polimérica, onde o polimero é
dissolvido em um solvente organico como acetonitrila, acetona, etc. Essa solugdo € entdo
carregada em uma seringa, cujo émbolo é pressionado por uma bomba, de forma a extruir a
solucdo de maneira controlada por uma agulha. Nessa agulha, é aplicada uma voltagem
positiva e, opostamente a agulha, ha uma placa coletora onde é aplicada uma voltagem
negativa, ilustrado na Figura 6. Assim, a eletropulverizacdo baseia-se no principio que uma
forca elétrica aplicada em uma gota saindo de um capilar é capaz de deformar a interface da
gota. Essa forga elétrica gera uma forca eletrostatica dentro da gota que compete com a tensao
superficial, superando-a e gerando gotas micro e nanométricas que sao ejetadas da gota
primaria e atraidas pela placa coletora. No caminho, o solvente organico é evaporado, sendo
coletadas as nanoparticulas poliméricas contendo o farmaco (BOCK; DARGAVILLE;
WOODRUFF, 2012).
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Figura 6 - Eletropulverizagao A técnica de eletropulverizagao baseia-se no uso de uma fonte
de alta voltagem sendo aplicada na gota de solugao polimérica que é extruida por uma agulha.
Esse processo altera as propriedades eletrostaticas da gota, formando gotas micro e
nanométricas que, ao terem o solvente evaporado e serem depositadas na placa coletora,
formam nanoparticulas. Fonte: elaborada pelo autor utilizando o Biorender.

1.6.  NANOTECNOLOGIA E LESAO DA MEDULA ESPINAL

Diversas estratégias utilizando nanotecnologia, para o tratamento da LME, ja vém sendo
utilizadas em testes pré-clinicos. O uso de micelas poliméricas como tratamento para LME ja foi
testado para a liberacdo de Rolipram (MACKS et al., 2018) e minociclina (WANG et al., 2019b).
Ambas abordagens demonstraram melhoras apés a LME, onde o Rolipram levou a diminuicdo
da apoptose e da inflamacdo, ao passo que as micelas contendo minociclina diminuiram o
tamanho da lesdo e promoveram uma recuperag¢ao da funcdo motora dos animais.

As nanoparticulas poliméricas também foram utilizadas em diversos estudos como
estratégia terapéutica para LME. Em um desses estudos, avaliou-se o uso de nanoparticulas
compostas de quitosana-glicol modificada com &cido ferulico, observando-se uma melhora
locomotora em ratos apés LME por contusédo (WU et al., 2014). Ainda, o uso de nanoparticulas
contendo metilprednisolona também foi estudado. Esse farmaco é uma das formas de
tratamento atualmente utilizada em pacientes de LME, mas apresenta grandes efeitos colaterais
e baixa eficacia terapéutica. Quando administrada localmente na forma de nanoparticulas, a
metilprednisolona foi mais eficaz do que quando administrada sistemicamente, apresentando
um menor volume de lesdo e maior melhora locomotora (KIM; CALDWELL; BELLAMKONDA,
2009).
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Outra abordagem promissora € o uso de nanofibras eletrofiadas. Em um estudo prévio
do grupo de pesquisa, foram avaliadas nanofibras contendo o fator de crescimento de
fibroblastos (FGF-2) em um modelo de LME por hemisecgao. Observou-se que esse biomaterial
promoveu uma melhora locomotora dos animais apdés 4 semanas e diminuiu a expressao de

GFAP, indicando uma melhora na cicatriz glial (REIS et al., 2018).

2. HIPOTESE
A partir dos dados da literatura, as hipéteses testadas no presente estudo foram: a) que
€ possivel produzir nanoparticulas de PLGA contendo galantamina pela técnica de
eletropulverizagao; b) que estas particulas sdo capazes de prevenir a morte celular e a
produgcao de EROs em um modelo neuronal in vitro apds a exposi¢ao a perdxido de hidrogénio;
C) que estas particulas, quando aplicadas in vivo em um modelo de LME por contusdo em ratos,
sdo capazes de diminuir a inflamacao e o estresse oxidativo, bem como gerar uma melhora

locomotora dos animais.

3.  JUSTIFICATIVA
Milhares de pessoas sofrem uma lesdo da medula espinal por ano no mundo e esta
condicao representa uma importante causa de morbidade e mortalidade. Ja foi demonstrado
que a galantamina € uma promissora estratégia terapéutica para a LME e a sua administracao,
na forma de nanoparticulas, pode maximizar os beneficios desse medicamento. Por fim, os
efeitos da galantamina em parametros oxidativos e inflamatérios apés a LME ainda n&o foram
estudados, bem como nado ha estudos, até o momento, que utilizem nanoparticulas de

galantamina em um modelo animal de LME.

4. OBJETIVOS
Objetivo geral

O objetivo deste estudo é investigar os efeitos do implante de nanoparticulas de PLGA com
a galantamina na producao de citocinas inflamatoérias, no estresse oxidativo e na recuperagao

motora em modelo de lesdo da medula espinal em ratos.

Objetivos especificos

1. Produzir e caracterizar particulas de PLGA contendo galantamina;

2. Avaliar a cinética de liberagao da galantamina;
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Avaliar os efeitos das particulas de galantamina na prevengao de perda de viabilidade e
na produgdo de EROs em um modelo neuronal in vitro apds a exposi¢ao ao peroxido de
hidrogénio;

Implantar as particulas de galantamina em modelo animal de LME, provocada por
contusao;

Avaliar a atividade locomotora dos animais por 42 dias;

Avaliar os efeitos antiinflamatérios e antioxidantes do tratamento com as nanoparticulas

de galantamina, 3 e 42 dias apés a LME.
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5. RESULTADOS
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Abstract
Spinal cord injury (SCI) is a debilitating condition with no effective treatment. Inflammation and

oxidative stress play an important role in SCI pathophysiology. Previous studies from our group
have indicated that galantamine improves recovery after SCI. Biodegradable polymer carriers
are a good therapeutic approach due to their ability to sustain the release of the encapsulated
drugs. Hence, the aim of this study has been to produce galantamine nanoparticles and to
evaluate its therapeutic effects in vitro and during acute SCI. Galantamine was mixed in a 4%
PLGA solution and electrosprayed to produce the nanoparticles containing galantamine (PG).
The material was characterized according to its size, zeta potential and polydispersity index.
Galantamine release was assessed for 35 days by HPLC. PC12 cells exposed to hydrogen
peroxide were treated with the particles and assessed for viability and reactive oxygen species
(ROS) production. The particles were also administered in a rat model of contusion spinal cord
injury and the anti-inflammatory and antioxidant effects of the treatment were analyzed after 3
days. The particles presented a biconcave morphology with and without galantamine. The PLGA

particles alone presented a diameter of 3451.62 nm, zeta potential of -50.05 mV and a 0.715



31

Pdl, whereas the PG particles had a diameter of 568.27 nm, a zeta potential of -23.59 mV and
Pdl of 0.586. Galantamine was released from the PG particles in a burst profile and was
detected for up to 35 days. In vitro, galantamine alone was able to preserve cell viability after
exposure to hydrogen peroxide, but no treatment showed a decrease in ROS production. /n vivo,
only the PG treatment decreased ROS production and IL-1[3 levels 3 days after the injury, and
both the PG and galantamine were able to decrease lipid peroxidation levels. Thus, although
galantamine alone showed oxidant improvements after SCI, only the PG was able to improve
both inflammation and oxidative parameters. Hence, PG could be a promising treatment strategy
for SCI.

Introduction
The central nervous system (CNS) has a very limited regeneration capacity, hence CNS

injuries, such as stroke, traumatic brain injury and spinal cord injury (SCI) lead to debilitating
conditions and neurological dysfunctions (1). Specifically, the extent of function loss in SCI is
dictated by the level of spinal injury, leading to loss of motor, sensory and autonomic nervous
system functions at the affected areas (2). Despite affecting millions of people worldwide, due to
the limited CNS regeneration, there are no effective treatments for SCI to date. Inflammation and
oxidative stress play important roles in the pathophysiology of SCI, where inflammatory cells
release cytokines and produce reactive oxygen species (ROS), leading to significant cell death
(3).

Considering that targeting a single mechanism of injury in a complex condition such as
SCI is unlikely to elicit significant regeneration, using a drug that can address multiple
pathophysiological pathways seems to be a more promising approach. Galantamine has been
shown to have neuroprotective, anti-inflammatory and antioxidant activities, due to its activity as
an acetylcholinesterase inhibitor, and has been evaluated in pre-clinical studies for several
neurological conditions, such as Alzheimer’'s disease, Parkinson’s disease, schizophrenia,
traumatic brain injury and spinal cord injury (4). Specifically, in spinal cord injury, intraperitoneal
administration of galantamine led to improved motor functional recovery and decreased lesion
size in rats (5).

Traditional drug administration routes require high plasmatic drug concentrations in order
to have the proper therapeutic dose at the target tissue, leading to increased side effects, and
present a short time of action, calling for repeated drug administration. These inconveniences
can be overcome with the use of controlled release drug delivery systems that maintains

therapeutic concentrations to be released over time (6). Nanotechnology based drug delivery
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systems have been widely studied in SCI in order to achieve this goal, increasing drug
bioavailability at the lesion site (7). Nanoparticles can range from 1 to 1000nm and have been
successfully used in the treatment of several diseases (8). Polymeric nanoparticles are a
common type of nanoparticles that have the advantage of being biocompatible and which
present a low toxicity for the CNS, as well as presenting good stability and controlled drug
release (9,10). One of the main polymers used for nanoparticles with sustained drug release is
poly(lactic-co-glycolic acid) (PLGA), due to its biocompatibility, biodegradability and to the fact
that it has been approved by several regulatory agencies for human use. Furthermore, by
adjusting the PLGA properties and the lactide:glycolide ratio can alter the drug release profile,
making it possible to tailor the particle production according to the necessity (11). In SCI,
previous works have shown that PLGA particles containing drugs such as methylprednisolone
and flavopiridol administered directly at the lesion site presented improvements in functional
recovery of injured rats (12,13).

Polymeric particles can be produced by several methods, such as emulsion,
nanoprecipitation, coacervation and spray drying, but most of these techniques lead to low
encapsulation efficiency and drug inactivation (14). Electrospraying, however, is a technique that
has the tendency of presenting high encapsulation efficiency and which preserves the
functionality of the active components (15). In this method, a high voltage is applied in a nozzle
containing the polymeric solution, which is extruded at a constant rate using a syringe pump.
The high voltage causes the droplet to break up into micro- or nanoparticles, the solvent is
evaporated and the dry particles are collected. Because the solvent is evaporated, the particles
present low toxicity and good biocompatibility (16).

In the present work, PLGA nanoparticles containing galantamine were produced and
characterized according to their morphology, size, zeta potential and polydispersity index. The
galantamine release profile was assessed and the neuroprotective effects of the particles were
analyzed in vitro using PC12 cells as a neural model. In addition, the particles were implanted in
situ in a rat model of SCI and the treatment effects in inflammation and oxidative stress were
evaluated 3 days after the injury. This novel method of galantamine delivery could be beneficial

in reducing secondary damage in SCI, leading to better long-term outcomes.

Methods
1. Particle production and characterization

1.1. Electrospraying
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The particles were produced using a PLGA solution made with 4% PLGA 75:25 (Purasorb®)
dissolved in acetonitrile (Sigma—Aldrich®). For the galantamine-loaded microparticles (PG), 20
mg/mL of galantamine hydrobromide (ChemCruz™) were incorporated in the 4% PLGA solution
to reach a final concentration of 2.5%. The solutions were electrosprayed using a voltage of
+24/-2kV for the PLGA only particles and +25/-4kV for the PG. The solutions were extruded
through 0.6mm needles, with a flow rate of 0.1 - 0.5 mL/h, and controlled humidity of 30% and
temperature of 30°C. The distance between the needle and the collector plate was 9 cm. Prior to
the use of the particles in cell culture or in the animals, the samples were sterilized in UV light for

30 minutes.

1.2. Scanning Electron Microscopy
Particle morphology and structure were analyzed through scanning electron microscopy (SEM)
(JEOL JSM-6060). The particles were sputter coated with a thin layer of gold before observation.

The acceleration voltage was adjusted to 10 kV and magnification was from 2000 to 10,000x.

1.3. Particle size, polydispersity index and zeta potential
Particle diameter, polydispersity index (Pdl) and Zeta potential were analyzed by dynamic light
scattering using ZetaSizer equipment (Malvern®). The particles were suspended in NaCl 1mM
and analyzed using the refractive index of 1.46 of PLGA 75:25.

1.4. Drug release
The galantamine release from the PG particles was determined after 1, 3, 6, 12, 24 and 72h, 1
week and weekly up to 4 weeks. The particles were solubilized in PBS and at each time point, 1
mL of the supernatant was collected and 1mL of fresh PBS was added to each tube. Aliquots of
1 uL of supernatant were injected in a rapid and simple method based on ultra-high-performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). A Nexera UFLC system
coupled to a LCMS-8045 triple quadrupole mass spectrometer (Shimadzu, Japan) was used for
the analysis. Separation was performed on a 75 x 2.0 mm i.d., 2.2 ym, Shim-pack XR-ODS Il
column (Shimadzu, Kyoto, Japan) eluted with water (A) and acetonitrile (B) both containing 0.1%
formic acid as mobile phases. A gradient mode was applied as described: 0.0 — 2.5 min, 5 —
100% of B; 2.5 — 3.0 min, 100% of B; 3.0 — 3.5 min, 100 — 5% of B; and 3.5 — 8.0 min, 5% of B.
The flow rate was maintained at 0.35 mL/min at 40° C. Mass spectra were obtained with the
following conditions: positive ion acquisition mode; capillary voltage, 4500 V; desolvation line

temperature, 250 °C; heating block temperature, 400 °C; drying gas, 10 L/min; nebulizing gas, 3
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L/min; and mass range, m/z, 50 — 300. Collision-induced dissociation was obtained with 270 kPa
argon pressure and with a collision energy of 35 eV. The time-dependent galantamine release
was monitored by the signal of m/z 288.00 — 198.00 and m/z 288.00 — 213.00. Calculations

were corrected to express the cumulative drug release.

2. Cell culture

PC12 cells (ATCC - CRL-1721) were cultivated in DMEM high-glucose medium,
supplemented with 10% fetal bovine serum, 5% horse serum and 1% penicillin-streptomycin.
The cells were maintained at 37°C in a humidified atmosphere containing 5% CO,. For the
viability assay, the cells were seeded in 96 well plates at a density of 5.26 x 10* cells/mL. For the
DCF assay, the cells were seeded in 48 well plates at a density of 6x10* cells/mL. 24 hours after
seeding, the cells were treated with 200uM of H,O, and either PLGA particles (PLGA
concentration of 5ug/mL), PG (PLGA and estimated galantamine concentration of 5ug/mL) or
galantamine (5pg/mL). Viability, live/dead and DCF assays were carried out 24 hours after

treatment.

3. Viability assay
Cell viability was assessed by colorimetric assay using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (thiazolyl blue; MTT Sigma),
following incubation. The plates were read at 540/620 nm on a spectrophotometer (Thermo

Scientific). The results are expressed as a percentage of the controls.

4. Live/Dead assay

Cell viability was also assessed using Live/Dead assay kit (Life Technologies®)
according to the manufacturer's protocol. Briefly, PC12 cells were washed with PBS and
incubated with calcein-AM and ethidium bromide for 15 minutes at 37°C. Calcein-AM has a
green fluorescence and indicates the presence of live cells, whereas ethidium bromide has a red
fluorescence, indicating the presence of dead cells. Samples were visualized using fluorescence
microscopy (Leica Dmi8 - Leica Microsystems) and images were acquired for qualitative and
quantitative analysis. For quantification, 3 images of different areas for each group were
acquired. Images were analyzed using ImagedJ (U. S. National Institutes of Health, Bethesda,
Maryland, USA, https://imagej.nih.gov/ij/), where stained cells were counted and the average of

live and dead cells was calculated.
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5. Animals

The experimental protocols were approved by the Institutional Animal Care and Use
Committee of the Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil - CEUA
project number 35781). A total of 42 adult male Wistar rats (8-9 weeks old, 250-300 g) raised at
the animal facility of the Federal University of Rio Grande do Sul were used in this study. The
rats were housed in groups of two to four at a 12-hour light/dark cycle with food and water
available ad libitum. All surgical procedures were performed under general anesthesia with 75
mg/kg intraperitoneal ketamine mixed with 5 mg/kg xylazine, administering a 50% supplemental
single dose of ketamine whenever necessary. The spinal cord was exposed through
laminectomy at T-10, and a 10g rod was dropped from a height of 12.50 cm directly onto the
cord using the NYU MASCIS (New York University, Multicenter Animal Spinal Cord Injury Study)
impactor (17-19). After the contusion, the treatments were applied at the lesion site in an
intraparenchymal manner in the spinal cord. Following this, the muscles and skin were sutured
and the animals were kept at 37°C with the aid of a thermal pad. Antibiotics (Baytril, 10 mg/kg)
were administered intraperitoneally immediately after surgery and on a daily basis. The
analgesic tramadol was administered subcutaneously after surgery, and at 8 and 16 hours

post-surgery. The bladders were manually emptied, twice daily.

6. Spinal cord tissue preparation
Three days after the injury, the animals were euthanized with a lethal dose of ketamine and
xylazine and the spinal cords were collected. The spinal cord tissue was weighed and
homogenized using 20 mmol/L phenyl methyl sulphonyl fluoride (PMSF) and 1.15% w/v KCl in a
Potter-Elvehjem homogenizer. The suspension was centrifuged at 1000 g for 20 minutes at 4-

5°C and the supernatants were collected.

7. Protein concentration
Total proteins were quantified using the Lowry method (20). Bovine serum albumin was used as

the standard and this was also used to express the results.
8. ROS levels quantification
ROS levels in the PC12 cells and in the spinal cord tissue were measured by quantifying the

fluorescence of the oxidation of 2’,7’-dichlorofluorescin diacetate (DCFH-DA) (Sigma-Aldrich,

USA) by the ROS present in the sample. For the in vitro experiments, after the incubation time,
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the cells were trypsinized and collected. The samples were incubated with DCFH-DA for 1 hour.
A standard curve with known concentrations of 2',7'- dichlorofluorescein (DCF) was used. The
samples were excited at 488 nm; emission was collected with a 525-nm long-pass filter and

expressed as nmol/mg protein (21).

9. Lipid peroxidation analysis
The formation of TBARS during an acid-heating reaction was measured as previously described
(22) and it was used as an index of lipid peroxidation. Briefly, the samples were incubated with
0.8%thiobarbituric acid (TBA) for 1 hour at 100°C and then centrifuged at 3500 rpm for 10
minutes. The amount of malondialdehyde (MDA), present as thiobarbituric acid reactive
substances (TBARS) formed in the supernatant, was measured at 535 nm. The results are

expressed as nmol per milligram of protein.

10. Sulfhydryls
The sulfhydryl content represents a non-enzymatic antioxidant defense, which is inversely
correlated with oxidative damage to proteins. For this assay, 0.1 mM of 5,5
-dithiobis-2-nitrobenzoic acid (DTNB) was incubated with the samples for 30 minutes at room
temperature, as described by Aksenov and Markesberry (23). The formation of TNB was

measured spectrophotometrically at 412 nm and the results were expressed in nmol/mg protein.

11. Inflammatory cytokines
The levels of pro-inflammatory cytokines IL-1 and IL-6 in the spinal cord tissue were measured
using commercial Enzyme-linked immunosorbent assay (ELISA) kits (Boster), in accordance

with the manufacturer’s instructions.

12. Statistical analysis

Statistical analysis was performed using Prism9. Size, zeta potential and Pdl differences
were compared by Student t-test. One-way analysis of variance (ANOVA) with Dunnett’s multiple
comparisons test was performed for statistical significance of MTT assay for cell viability. For
comparison of the amount of live and dead cells, in vitro and in vivo ROS production, lipid
peroxidation levels, antioxidant non-enzymatic defense, IL-1B and IL-6 levels, one-way ANOVA
with Tuckey’s multiple comparisons was performed. Data are shown as mean * standard
deviation. p<0.05 was considered statistically significant. All the experiments were realized in

triplicate.
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Results

1. Characterization of the particles
The particle morphology was assessed with SEM. The PLGA particles presented a round
to biconcave shape with a smooth surface (Figure 1). The addition of galantamine decreased the
stability of the particle production, showing the presence of fibers, but the round to biconcave

shape and smooth surface was maintained.

2,000x 10,000x

Figure 1. SEM analysis of PLGA particles (A - C) and PLGA particles containing galantamine
(PG) (D - F). Magnifications were 2,000x (A and D), 5,000x (B and E) and 10,000x (C and F).
Scale bar 10 ym (2,000x) and 1 pym (5,000 and 10,000x).

The PLGA particles presented an average diameter of 3247.58 nm, and the addition of
galantamine significantly decreased the particle diameter to 568.27nm (Table 1). The PLGA
particles had a zeta potential of -50.05 mV, indicating good stability, and the PG particles
presented a significant decrease in potential, to a value of -23.59 mV. The polydispersity index of
the PLGA particles was 0.715 + 0.20, while the PG particles had values of 0.586 + 0.10.
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Table 1. Particle size, zeta potential and polydispersity index (Pdl)

Sample Diameter (nm) Zeta potential (mV) Pdl
PLGA 4% 3451.62 + 1158.72 -50.05 + 11.89 0.715+0.20
PG 568.27 +199.21* -23.59 + 5.27* 0.586 + 0.10

PLGA 4% - particles made of 4% poly(acid lactic-co-glycolic acid), PG - PLGA particles
containing galantamine. Results are expressed as mean * standard deviation. *p < 0.05
Student t-test (n = 4).

The galantamine release profile was assessed by HPLC. The encapsulation efficiency
was 12.47% + 8.29. As seen in Figure 2, the analysis showed a burst release in the first 6 hours,
maintaining a relatively steady release for 35 days. At 35 days, out of 3.11 ug of encapsulated

galantamine, approximately 1ug was released.

Galantamine release

Galantamine (ug)
5
]

1 T 1 T T T T T T T T
Oh 1h 3h 6h 12h 24h 3d 7d 14d 21d 28d 35d
Time

Figure 2. Release of galantamine from PG particles was analyzed by HPLC at different

timepoints. Results are expressed as mean + standard deviation. n = 3.

2. In vitro particle activity
In order to assess the neuroprotective potential of the particles and galantamine, the
PC12 cells were pre-treated with hydrogen peroxide, following treatment with galantamine,
PLGA particles or PG particles. Figure 3 shows that galantamine increased cell viability when

compared to cells treated only with hydrogen peroxide, but neither treatment reduced the
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production of ROS following peroxide treatment. Furthermore, galantamine, PLGA and PG
particles did not alter cell viability on their own (Figure 3).

(a) Cell Viability (b) ROS production
*
z *
1 | 250007 —
100- 1 < 20004 :|_
(]
) °
£ ! S 15004 _ 1
8 50 g
< < 1000-
£
€ 5004
0- T
& ca""2 F L o’b & < 0 0- : :
[9) (9
d d ééo\ Qf»ﬁ @ \f’v &
H,0, ®

H,0,

Figure 3. In vitro particle and galantamine effect on PC12 cells after H,O, exposure. (a)
Cell viability determined by MTT assay. *p < 0.05, One-way ANOVA with Dunnett’s
multiple comparisons test (n = 5-6). (b) ROS production by DCF oxidation. *p < 0.05
One-way ANOVA with Tuckey’s multiple comparisons test (n = 3-6). Results are
expressed as mean * standard deviation. Control - cells only, Gal - cells treated with
5ug/ml galantamine, PLGA - cells treated with PLGA particles to a final concentration of
5ug/ml of PLGA, PG - cells treated with PLGA particles containing galantamine to a final

concentration of 5ug/ml of galantamine. The H,O, groups were co-treated with 200uM
H,0,.

Further, the presence of live and dead cells was analyzed after treatment (Figures 4 and
5). The addition of H,O, seems to decrease the number of live cells in all treatment groups, but
there were no statistical differences in the percentage of live and dead cells in any treatment
group. However, galantamine treatment after exposure to H,0, showed a tendency of a
decreased percentage of dead cells, corroborating with the MTT result.
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Figure 4. Effects of particles and galantamine treatment to PC12 cells evaluated by live/dead assay. Control - cells only, Gal -

Live
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cells treated with 5ug/mL galantamine, PLGA - cells treated with PLGA particles to a final concentration of 5ug/mL of PLGA,
PG - cells treated with PLGA particles containing galantamine to a final concentration of Sug/mL of galantamine. The H,0,

groups were co-treated with 200uM H,0,.
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Figure 5. Quantification of live/dead assay using ImagedJ. Control - cells only, Gal - cells
treated with 5ug/mL galantamine, PLGA - cells treated with PLGA particles to a final
concentration of 5ug/ml of PLGA, PG - cells treated with PLGA particles containing
galantamine to a final concentration of 5ug/ml of galantamine. The H,O, groups were
co-treated with 200uM H,O,. One-way ANOVA with Tuckey’s multiple comparison test of
live cells between the treatment groups and dead cells between the treatment groups (n

= 3). Results are expressed as mean * standard deviation.

3. Oxidative stress

The therapeutic potential of galantamine and PG was assessed in a contusion spinal
cord injury model in rats, and its effects on oxidative stress and inflammation were evaluated 3
days after the injury, which corresponds to the subacute phase.

The group that received the PG particles showed a significant decrease in ROS
production, and it was the only treatment able to reduce this production compared to the injury
group. Moreover, the animals that were treated with galantamine and PG showed a significant
reduction in lipid peroxidation levels compared to the injury group. However, neither the
galantamine nor PG treatments increased the antioxidant defense, and galantamine seemed to

significantly decrease the sulfhydryl content compared to the sham animals (Figure 6).
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Figure 6. Oxidative stress analysis in spinal cord tissue 3 days after injury. (a) ROS
production analyzed by DCF oxidation (b) Lipid peroxidation levels assessed by TBARS
(c) Sulthydryls analysis of antioxidant defense. Injury - animals with spinal cord injury (n =
9), Sham - animals that went through laminectomy (n = 8); PLGA - animals with SCI
treated with PLGA particles (n = 8); Gal - animals with SCI treated with galantamine (n =
9); PG - animals with SCI treated with PLGA particles containing galantamine (n = 8).

*p <0.05; **p < 0.01; **p < 0.005. One-way ANOVA with Tuckey’s multiple comparison

test. Results are expressed as mean + standard deviation.

4. Inflammation
When assessing inflammation, the PG group presented significantly lower levels of IL-13
when compared to the injury group. Interestingly, the PLGA group was the only treatment that

significantly reduced IL-6 levels, presenting levels even lower than the sham group (Figure 7).
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Figure 7. Dosage of Inflammatory cytokines analyzed by ELISA in spinal cord tissue 3 days after
injury.(a) IL-1pB levels and (b) IL-6 levels Injury - animals with spinal cord injury (n = 8), Sham -
animals that went through laminectomy (n = 7); PLGA - animals with SCI treated with PLGA
particles (n = 8); Gal - animals with SCI treated with galantamine (n = 7); PG - animals with SCI
treated with PLGA particles containing galantamine (n = 7).*p < 0.05; **p < 0.01. One-way
ANOVA with Tuckey’s multiple comparison test. Results are expressed as mean + standard

deviation.

Discussion

Spinal cord injury is a complex neurological condition where several pathological
processes are involved, making it difficult for a treatment to address all the molecular and
cellular events that comprise this condition. Galantamine has been shown to have
neuroprotective, anti-inflammatory and antioxidant effects in several neurological diseases (4),
and has been demonstrated to improve functional recovery and decrease the lesion size 42
days after the injury (5). Polymeric nanoparticles drug delivery systems have the advantage of
presenting a controlled drug release, leading to decreased side effects and increased
bioavailability at the target tissue (24). Furthermore, due to the small size, they can be
administered in several locations using a syringe needle. Using biodegradable materials, the
drug is released as the polymer is being naturally degraded by the organism, and the
degradation by-products are metabolized into water and CO, (25). Various other approaches for
modulating neuroinflammation have been used, such as nanopolymers and liposomes for drug

delivery and stem cell therapy (26—28).
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Hence, in this work, we have aimed to investigate the molecular effects of this treatment
3 days after injury, where inflammation and oxidative stress play an important role in the
physiopathology of SCI. Here, galantamine was administered directly at the lesion site, either in
a solution form or in a nanoparticle drug delivery system.

The production of PLGA-galantamine particles by emulsion electrospray resulted in more
irregular shaped and less stable production when compared to the PLGA particles alone.
Rougher and more irregularly shaped particles were also produced by Yao and colleagues using
water dissolved BSA in comparison to PLGA particles alone. In their work, it was demonstrated
that the aqueous phase had a significant effect in particle morphology, where increasing the
volume of the aqueous phase resulted in increased particle irregularity and decreased particle
mean diameter (14). Because galantamine was dissolved in water prior to addition to the PLGA
solution, there was an alteration in the electrostatics that can lead to these morphology
differences.

In the present work, the addition of galantamine decreased particle size by 6-fold.
Particle size is an important parameter, influencing in vivo distribution, drug release and stability
of the particles. It has been demonstrated that smaller particles have higher cellular uptake and
blood-brain barrier permeability, as well as faster drug release (24). However, the addition of
galantamine also decreased the particles zeta potential, and the literature shows that particles
with zeta potentials more than +25mV and less than -25mV present more stability, due to the
decreased chance of aggregation (29). Still, the PG particles had a mean zeta potential of
-23.59mV, which can still be considered acceptable. In addition, despite the decreased zeta
potential, the PG particles presented a lower Pdl than the PLGA particles, demonstrating
increased homogeneity of particle size distribution (30). The differences found here between
PLGA particles and PG can be explained by the addition of water to the solution. It has been
demonstrated that increasing the aqueous volume in particles produced by emulsion
electrospray can lead to decreased mean particle diameter, since the particles can collapse in
the drying process, which also explain the difference in Pdl (14). Collectively, these data
demonstrate that the particles produced were suitable for in vivo administration.

Electrospraying is a method for producing particles that tends to present high
encapsulation efficiency. However, for emulsion electrospray, the interface between the organic
and aqueous phases can interfere in the encapsulation efficiency. In the present work,
approximately 12% of galantamine was encapsulated. In the work from Yao and colleagues, it
was observed that increasing the aqueous phase volume ratio led to more drug distribution at

the surface of the particle, which could be lost while collecting the particles, hence presenting a



45

decreased encapsulation efficiency (14). This could explain the low encapsulation efficiency
encountered in the galantamine particles, as there was a volume ratio of the aqueous drug
phase to the organic PLGA phase of 25:1000. Considering that possibly most of the galantamine
was distributed in the particle surface, this also explains the release profile, where burst release
was attributed to the drug molecules being close to the particle surface (31). In SCI,
inflammation starts within minutes after injury, and studies have identified the presence of IL-13
and TNF-a starting after 5 and 15 minutes after injury, produced mainly by microglia and
astrocytes (32). Hence, galantamine burst release during the first hour can be beneficial, acting
during the first phases of inflammation and oxidative stress. Furthermore, in this work,
galantamine was detected for up to 35 days, demonstrating that it could have long term
therapeutic effects.

The therapeutic effect of galantamine particles and galantamine alone has been
assessed in the present study both in vitro and in vivo. The in vitro analysis showed the
neuroprotective effect of galantamine before exposure to hydrogen peroxide in the MTT assay.
The live/dead analysis did not show significant differences in any of the treatment groups,
although there was a tendency of a decreased number of dead cells in the group treated with
galantamine after H,O, exposure. This effect was also seen in SK—N-SH cells exposed to
hydrogen peroxide for 2 hours, where pretreatment with galantamine led to increased cell
viability. This study has shown that galantamine exerts an antioxidant effect by several
mechanisms, such by as decreasing reactive oxygen and nitrogen species, prevention of
membrane disturbances and loss of mitochondrial membrane potential, increasing acetylcholine
availability and allosteric activation of nAChr a7 (33). However, here, ROS production did not
change with the galantamine or PG treatment, which could be due to a longer exposure to
hydrogen peroxide. It is important to note that in this experimental setting of 24 hour treatment,
the PG did not present any significant effect after hydrogen peroxide exposure. Although most of
the galantamine is released in the first six hours, considering the low encapsulation efficiency,
the galantamine concentration when administered freely was much higher than in the PG.

In vivo, the intraparenchymal administration of galantamine and PG particles at the lesion
site was evaluated 3 days after the injury. This time point is usually considered to be the acute to
early subacute phase (34—36), which is characterized by inflammatory infiltration, with a peak of
neutrophils and the beginning of monocyte infiltration and high levels of ROS, IL-18 and IL-6 (3).
Contrary to the in vitro results, only the nanoparticles were able to significantly reduce the
production of ROS, whereas both forms decreased lipid peroxidation. Neither treatment forms,

however, significantly altered the sulfhydryl content, which corresponds to the antioxidant
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defense. Several studies have reported galantamine antioxidant effects, and it has been shown
that it decreased oxidative stress when administered orally in a pre-plaque stage mice model of
Alzheimer’s disease (37). Furthermore, intraperitoneal galantamine administration prior to
hypoxia exposure of neonatal rats increased neuron survival and catalase activity, but did not
alter ROS levels (38). Considering the galantamine release profile of the PG particles, the 3-day
period after the administration of the treatment presented a sustained release of the drug, which
could still have been acting as a ROS scavenger at this time point. Conversely, galantamine
administered freely could be rapidly degraded. Indeed, plasma half-life of galantamine
administered IV is 3.5 hours in rat males (39). Hence, although the first hours after the injury are
critical for the development of secondary injury, having a drug delivery system that continuously
releases galantamine at the injury site seems to have beneficial effects on oxidative parameters
at the acute phase of SCI. This is also true for IL-1( levels, where the PG presented a significant
decrease in these cytokine levels, demonstrating decreased inflammation. Galantamine anti
inflammatory activity has already been described in the literature, due to its a7 nAChR allosteric
activation mechanism and AChE inhibition. Intraperitoneal administration of galantamine prior to
LPS intracerebroventricular injection significantly reduced the expression of IL-13, IL-6 and
TNF-a and prevented cognitive deficits in mice, showing the important role of galantamine in
neuroinflammation (40). In addition, in a newborn rat model of hypoxia-ischemia, pre-treatment
with galantamine significantly reduced IL-1 protein levels (41).

Interestingly, animals treated with PLGA particles alone presented a significant decrease
in IL-6 levels, whereas the presence of galantamine did not significantly alter the levels of this
cytokine. PLGA is rapidly degraded in the organism into lactic acid and glycolic acid (42), and
the PLGA used in this study had a 75:25 ratio of acid lactic to acid glycolic. It has been reported
that lactic acid produced by tumor cells has a critical role in M2 polarization of tumor-associated
macrophages, and the role of a hypoxia-lactate axis in inflammation and in macrophage
polarization has recently risen (43,44). Thus, it is possible that due to PLGA degradation into
lactate, the PLGA particles alone exerted an antiinflammatory effect. This could also potentiate

the anti-inflammatory effect of galantamine in the PG particles treatment.

Conclusion and future perspectives

In the present study, we have demonstrated the anti-inflammatory and antioxidant effect
of galantamine in the acute phase of spinal cord injury. The administration of galantamine in the
form of nanoparticles showed beneficial effects in comparison to administering galantamine

freely at the injury site, with significant reduction of ROS production, lipid peroxidation and IL-1



47

levels. Galantamine showed substantial promise as a neuroprotective agent during acute SCI.
However, the long-term effects of this treatment remain to be elucidated, including the possible
locomotor effects. Since many times the efficacy of the treatment is dependent on the timing of
the drug administration, further studies are necessary to determine the functional window and

the most effective dosage. Another critical question to be addressed is the dosage.
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Abstract

Galantamine is an acetylcholinesterase inhibitor and a nicotinic a7 receptor allosteric
modulator that has been used for Alzheimer’s treatment and is currently being studied for
several neurological conditions. Previous studies have shown that intraperitoneal galantamine
administration leads to motor improvement in rats after spinal cord injury (SCI), however, the
need of repeated dosing and cholinergic side effects of galantamine are the major hurdles for
the optimum usage of this drug. Hence, the aim of this study was to assess long term effects of
galantamine nanoparticles in a rat model of SCI. The animals were submitted to a contusion SCI
and either galantamine, poly (lactic acid-co-glycolic acid) (PLGA) particles or PLGA particles
containing galantamine (PG) was administered at the lesion site. The animals' locomotion was
evaluated weekly for 6 weeks using the Basso, Beattie and Bresnahan (BBB) locomotor scale.
After 6 weeks, the spinal cords were collected and analyzed for oxidative stress parameters,
such as reactive oxygen species (ROS) production, lipid peroxidation and non-enzymatic
antioxidant defense, as well as for the production of inflammatory cytokines IL-1 and IL-6.
Further, morphological analyses were performed by hematoxylin-eosin staining. The animals
that received PG were the only group that showed significantly improved motor function in

comparison to the injury group. In addition, both PG and galantamine reduced ROS production,
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but only PG was able to decrease IL-1 levels. Interestingly, the PLGA group significantly
reduced IL-6 levels, showing a possible anti-inflammatory effect of PLGA. Collectively, the data
indicate that the use of galantamine nanoparticles leads to important functional, antioxidant and

anti-inflammatory effects, being a promising therapeutic approach for SCI.

1. Introduction

Spinal cord injury (SCI) is a debilitating condition, leading to severe consequences to the
patients, such as paralysis. After the primary injury, that is most commonly caused by
compression, a series of secondary injury events initiate [1]. Collectively, the pathophysiology of
SCI can be temporally classified in acute (up to 48 hours), subacute (48 hours to 14 days),
intermediate (14 days to 6 months) and chronic (over 6 months) phases [2].

Inflammation takes place within minutes of injury, due to the initial destruction of the
microvasculature, leading to an influx of proinflammatory cytokines and inflammatory cells,
which remain at the injury site beyond the subacute phase [2]. This inflammatory response is
mainly innate, where microglia, astrocytes, neurons and oligodendrocytes secrete
proinflammatory cytokines, particularly IL-1 ,TNF-a and IL-6, recruiting peripheral immune cells
[3]. Within hours, neutrophils enter the spinal cord, peaking at 24 hours and decreasing after 3
days in rodents, while monocytes and macrophages enter the spinal cord at 3 to 4 days and
persist at the injury site indefinitely [4,5].

These inflammatory cells produce reactive species such as superoxide anion and nitric
oxide, and other free radicals are formed due to mitochondrial dysfunction and the disruption of
calcium homeostasis. Importantly, the neurons and glial cells are especially prone to oxidative
stress due to the high content of polyunsaturated fatty acids and high metabolic activity [4,6].
Hence, oxidative stress, particularly lipid peroxidation, is a hallmark in secondary SCI, leading to
important cell death [7].

In the context of inflammation, the cholinergic anti-inflammatory pathway presents as a
possible therapeutic target. This pathway was first described in 2000 by Borovikova and
colleagues in a study where the authors observed that acetylcholine decreased the release of
inflammatory cytokines in a macrophage culture stimulated by lipopolysaccharide (LPS), and
that, in vivo, vagus nerve stimulation led to decreased systemic TNF levels in rats exposed to
lethal doses of LPS [8]. This effect was later discovered to be mediated through the alpha7
nicotinic acetylcholine receptor (a7 nAChR), which is expressed in the CNS in neurons and glia,

in which it is involved in learning and memory processes, and has anti-inflammatory effects in
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monocytes, macrophages, microglia and also in astrocytes [9,10]. In microglia, it has been
demonstrated that activation of a7 nAChR leads to the transformation of M1 phenotype to M2,
shifting from an inflammatory phenotype to an anti-inflammatory one [10].

Hence, considering the neuroprotective effects of a7 nAChR, the use of agonists for this
receptor may be a therapeutic strategy for neurological conditions. Galantamine is an a7 nAChR
allosteric modulator that also acts as an acetylcholinesterase inhibitor, and it is currently used in
mild to moderate Alzheimer’s disease patients to treat cognitive impairments. As recently
reviewed by Metz and Pavlov, galantamine has been studied in pre-clinical and animal model
studies for several neurological conditions, including spinal cord injury, in which intraperitoneal
administration led to improved motor functional recovery and decreased lesion size [11,12].

One of the hurdles of systemic drug administration is the decreased bioavailability of the
drugs in the target tissue and increased side effects. In the case of galantamine, it has been
shown to have gastrointestinal effects and decreased brain bioavailability when administered
orally [13,14]. In this context, controlled drug release delivery systems have several advantages,
presenting the possibility of increased therapeutic efficiency, decreased drug administration
frequency and decreased side effects [15]. One of the possibilities is the use of polymeric nano
or microparticles, which can be produced using electrospraying. In a previous study from our
group, polymeric galantamine nanoparticles were produced and characterized, and their effects
were evaluated in vitro and in an in vivo model of acute SCI, 3 days after the injury. In that time
point, the galantamine particles decreased ROS production, lipid peroxidation and IL-1 levels
[16].

In the present work, we evaluated the effects of galantamine nanoparticles treatment 6
weeks after a contusion spinal cord injury in rats. We assessed the animals locomotor recovery

after the treatment, as well as oxidative, inflammatory and histological parameters.

2. Methods

2.1. Animal care and spinal cord injury

The experimental protocols were approved by the Institutional Animal Care and Use
Committee of the Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil - CEUA
project number 35781). A total of 43 adult male Wistar rats (8-9 weeks old, 250-300 g) raised at
the animal facility of the Federal University of Rio Grande do Sul were used in this study. The
rats were housed in groups of two to four at a 12 hour light/dark cycle with food and water
available ad libitum. All surgical procedures were performed under general anesthesia with 75

mg/kg intraperitoneal ketamine mixed with 5 mg/kg xylazine, administering a 50% supplemental
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single dose of ketamine whenever necessary. The spinal cord was exposed through
laminectomy at T-10, and a 10g rod was dropped from a height of 12.50 cm directly onto the
cord using the NYU MASCIS (New York University, Multicenter Animal Spinal Cord Injury Study)
impactor [17-19]. After the contusion, the treatments were applied at the lesion site in an
intraparenchymal manner in the spinal cord. Afterwards, the muscles and skin were sutured and
the animals were kept at 37°C with the aid of a thermal pad. Antibiotics (Baytril, 10 mg/kg) was
administered intraperitoneally immediately after surgery and daily for 5 days. The analgesic
tramadol was administered subcutaneously after surgery and at 8 and 16 hours post-surgery.

The bladders were manually emptied, twice daily, until the recovery of spontaneous micturition

2.2 Treatments

The animals were divided in 5 groups: Sham, that had a laminectomy procedure, but with
no injury; spinal cord Injury, that received 10ul of saline at the injury site; Galantamine, that
received 10ul of a solution containing 2.5ug of galantamine at the injury site; PLGA, that
received 10ul of a solution containing 0.2mg of PLGA particles at the injury site; and PG, that
received 10ul of a solution of 0.2 mg of PLGA particles containing 2.5ug of galantamine at the

injury site (PG group).

2.3. Locomotor analysis

Motor behavior was evaluated weekly by two blinded observers using the Basso, Beattie
and Bresnahan (BBB) locomotor rating scale [20] (n = 6 for the injury group, n = 7 for sham, n =
9 for galantamine treatment, n = 4 for PLGA particles treatment and n = 7 for PG particles
group). The sham group did not show any alteration of motor behavior. Animals were free to
move in an open-field (1m diameter) and analyzed following criteria such as extent of joint
movements, weight support ability and stepping/walking behavior of the hind limbs. Functional
scores ranging from 0 (no observable hind limb movement) to 21 (normal locomotion) were
assigned for both hind limbs by two observers, independently. The mean value of both hind
limbs was calculated. Scoring was performed for a period of 4 min in accordance with the
guidelines of the Spinal Cord Injury Project (WM Keck Center for Collaborative Neuroscience,
Rutgers State University of NJ, USA)

2.4. Transcardiac perfusion and tissue fixation
Six weeks after the injury, the animals were transcardially perfused with isotonic saline

followed by 4% paraformaldehyde in 0.1 M, pH 7.4 phosphate buffer (0.8 mL of perfusion
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solution per gram of body weight). The spinal cord was removed, immersed in 25% sucrose for
48 h and processed for hematoxylin and eosin (HE) staining. A 1.5 cm length of the spinal cord
centered at the injury site was separated and embedded in tissue-embedding medium (Tissue
Tek). Cryostat sections (20 yum) were cut and mounted onto gelatin-treated slides and stored at

—-80 °C until further processing.

2.5. Spinal cord tissue preparation
The spinal cord tissue was weighed and homogenized using phenyl methyl sulphonyl
fluoride (PMSF) 20 mmol/l and 1.15% w/v KCI in a Potter-Elvehjem homogenizer. The

suspension was centrifuged at 1000 g for 20 min at 4- 5°C and the supernatants were collected.

2.6. Oxidative stress analysis
2.6.1. Protein concentration
Total proteins were quantified using the Lowry method [21]. Bovine serum albumin was

used as the standard and this was used to express the results.

2.6.2. ROS levels quantification

ROS levels in the spinal cord tissue were measured by quantifying the fluorescence of
the oxidation of 2’,7’-dichlorofluorescin diacetate (DCFH-DA) (Sigma-Aldrich, USA) by the ROS
present in the sample. The samples were incubated with DCFH-DA for 1h. A standard curve with
known concentrations of 2',7'- dichlorofluorescein (DCF) was used. The samples were excited at
488 nm; emission was collected with a 525-nm long-pass filter and expressed is nmol/mg protein
[22].

2.6.3. Lipid peroxidation analysis

The formation of TBARS during an acid-heating reaction was measured as previously
described [23] and it was used as an index of lipid peroxidation. Briefly, the samples were
incubated with 0.8 % thiobarbituric acid (TBA) for 1h at 100°C and then centrifuged at 3500 rpm
for 10 minutes. The amount of malondialdehyde (MDA), present as thiobarbituric acid reactive
substances (TBARS) formed in the supernatant, was measured at 535 nm.The results are

expressed as nmol per milligram of protein.

2.6.4. Sulfhydryls
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Sulfhydryl content represents a non-enzymatic antioxidant defense, which is inversely
correlated with oxidative damage to proteins. For this assay, 0.1 mM of 5,5’
-dithiobis-2-nitrobenzoic acid (DTNB) was incubated with the samples for 30 min at room
temperature as described by Aksenov and Markesberry [24]. The formation of TNB was

measured spectrophotometrically at 412 nm and the results were expressed in nmol/mg protein.

2.7. Inflammatory cytokines evaluation
The levels of pro-inflammatory cytokines IL-1B and IL-6 in the spinal cord tissue were
measured using commercial Enzyme-linked immunosorbent assay (ELISA) kits (Boster)

according to the manufacturer’s instructions.

2.8. Hematoxylin and eosin staining

The longitudinal and transverse cryostat sections were stained with hematoxylin and
eosin following standard procedures and photographed using a Zeiss Imager M2 equipped with
an AxioCam MRC.

2.9 Statistical analysis

Statistical analysis was performed using Prism9. Two-way analysis of variance (ANOVA)
with Tuckey’s multiple comparisons test was used to assess the significance of the treatments
over the different time points. For comparison of ROS production, lipid peroxidation levels,
antioxidant non-enzymatic defense, IL-13 and IL-6 levels, one-way ANOVA with Tuckey’s
multiple comparisons was performed. Data are shown as mean + standard deviation. p<0.05

was considered statistically significant. All the experiments were realized in triplicate.

3. Results

3.1. Motor recovery

Galantamine, PLGA and PG particles were administered at the lesion site after the injury.
The animals' locomotion was analyzed weekly for six weeks. All animals showed spontaneous
recovery, but after 42 days only the animals treated with PG presented a significant
improvement in motor function, with a mean score of 11.5, compared to the control group score

of 7.25 (p < 0.05, two-way ANOVA, Tuckey’s multiple comparisons test) (Figure 1).
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Figure 1. BBB rating scale ranges from a minimum of 0 (no observable hind limb
movements) to a maximum of 21 (normal walking). An improvement of hind limb motor function
in the PG treated group in comparison with the control group was observed. Injury - animals with
spinal cord injury (n = 6), Sham - animals that went through laminectomy (n = 5); PLGA -
animals with SCI treated with PLGA particles (n = 4); Gal - animals with SCI treated with
galantamine (n = 9); PG - animals with SCI treated with PLGA particles containing galantamine
(n =7). Values represent mean £ SEM. * p < 0.05, two-way ANOVA with Tuckey’s multiple

comparisons test.

3.2. Oxidative stress after spinal cord injury
Six weeks after the injury, the animals were euthanized and the spinal cords were

collected for analysis. Both PG and galantamine were able to decrease ROS production in
comparison to the injury group (Figure 2A), and none of the treatments showed differences in
lipid peroxidation levels. Furthermore, galantamine was the only group that led to an increase in

antioxidant defense levels compared to the injury group (Figure 2C).
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Figure 2. Oxidative stress analysis. (A) DCF analysis showing a decrease in ROS
production for the groups treated with galantamine and PG, as well as the sham group,
compared to the injury group. (B) TBARS analysis showed no significant differences in
lipid peroxidation levels for any of the treatment groups. (C) Sulfhydryls quantification
demonstrated an increase in the antioxidant defense levels in the animals treated with
galantamine compared to all the other groups. Injury - animals with spinal cord injury (n =
6), Sham - animals that went through laminectomy (n = 5); PLGA - animals with SCI
treated with PLGA particles (n = 4); Gal - animals with SCI treated with galantamine (n =
9); PG - animals with SCI treated with PLGA particles containing galantamine (n = 7).

*p <0.05, **p < 0.01, **** p < 0.0001. One-way ANOVA with Tuckey’s multiple

comparison test. Results are expressed as mean + standard deviation.

3.3. Inflammation after Spinal cord injury
When analyzing inflammation, PG was the only group that significantly decreased IL-13 levels
compared to the injury group. Interestingly, animals treated with PLGA alone were the only
group that significantly decreased IL-6 levels, and presented the smallest IL-6 levels of all

groups, including sham (Figure 3).
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Figure 3. Inflammatory cytokines levels. (A) IL-1f3 levels in animals treated with PG are
significantly reduced when compared to the injury group. (B) IL-6 levels were significantly
decreased in animals treated with PLGA in comparison to the injury group. Injury -
animals with spinal cord injury (n = 6), Sham - animals that went through laminectomy (n
= 5); PLGA - animals with SCI treated with PLGA particles (n = 4); Gal - animals with SCI
treated with galantamine (n = 9); PG - animals with SCI treated with PLGA particles
containing galantamine (n = 7). *p < 0.05, **p < 0.01, *** p < 0.001. One-way ANOVA
with Tuckey’s multiple comparison test. Results are expressed as mean +* standard

deviation.

3.4 Morphological evaluation of the spinal cord

When analyzing the spinal cord morphology, it was observed that all the samples
presented a large cystic cavity that was filled with some connective tissue fibers and some
polymeric material on the PLGA groups (Figure 4). The rostral side of the spinal cord maintains
the architecture of the healthy tissue, while the caudal, post-lesioned side shows some

degeneration.
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A. Injury

B. PLGA

Figure 4. Morphology of the lesioned spinal cord, as shown by representative images
from longitudinal 20 um thick sections of the spinal cord, stained with hematoxylin and
eosin. (A) Injury - animals with spinal cord injury, (B) PLGA - animals with SCI treated
with PLGA particles and (C) PG - animals with SCI treated with PLGA particles

containing galantamine. 10x magnification.

4. Discussion

The CNS has a low regenerative capacity, so traumatic injuries to the CNS lead to
debilitating conditions with little recovery chances. Galantamine has been proposed as a therapy
for several neural conditions, being able to improve cognitive parameters, inflammation,
oxidative stress and increasing neuroprotection [11]. In a previous study from our group,
galantamine nanoparticles improved inflammatory and oxidative parameters in acute SCI [16]. In
the present work, the long-term effects of galantamine nanoparticles in contusion SCI were
analyzed.

Therapeutic effects on the acute and subacute phases of SCI have the potential of
containing the spread of the damage, which can lead to improved motor function on more
advanced phases. Indeed, the animals treated with PG presented the highest BBB score after
42 days, being the only group statistically different from the injury group. A single administration
of galantamine in the tissue parenchyma also showed improved motor function, although not

statistically significant. The previous study that characterized PG particles demonstrated that
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galantamine is released in a burst profile, where most of the drug is released in the first hour, but
galantamine release was observed for up to 35 days [16]. This could explain the beneficial
effects of the nanoparticle administration in comparison to a single dose of galantamine after the
injury. Another study using galantamine for SCI administered the drug intraperitoneally for 5
days, and it was observed a significant improvement in motor function since day 7, improving
continuously up to 42 days [12]. The different administration route and repeated drug
administration could explain the differences, since it is hard to estimate the drug concentration
and bioavailability at the injury site. .

Galantamine acts both as an acetylcholinesterase inhibitor and as an a7 nAChR
allosteric modulator, therefore it acts in the cholinergic antiinflammatory pathway [25]. A recent
study demonstrated that vagus nerve stimulation for 14 days led to an improvement in functional
recovery after compression SCI, and that this effect was decreased after a7 nAChR blockade
[26]. Hence, PG effects on locomotion could be related to the galantamine effects on a7 nAChR.

Galantamine is also described as an antioxidant. The enol group in its molecule acts as a
ROS scavenger, and its role protecting against oxidative stress has been observed in neuronal
culture exposed to amyloid-beta peptide [27] and in SK-N-SH cells exposed by hydrogen
peroxide [28]. In vivo, PG particles decreased ROS and lipid peroxidation 3 days after SCI, and
the latter was also observed with galantamine [16]. In the present study, both PG and
galantamine decreased ROS after 42 days, but neither affected lipid peroxidation levels. Further,
galantamine increased the antioxidant defense, as demonstrated by increase in sulfhydryl levels.
The decrease of ROS production after 42 days indicates the long-term effect of the treatments,
even with a single dose administration of galantamine. The pathophysiology of SCI is complex
and involves multiple mechanisms, so even though ROS production was not affected by
galantamine after 3 days, the effects of galantamine administration in a7 nAChR can lead to
long-term effects, leading to significant results after 42 days.

PG treatment also led to decreased levels of IL-1f, an important inflammatory cytokine.
Inflammation is an important event in SCI, and it orchestrates most of the pathological response
to the injury. IL-1P is released by resident and infiltrating inflammatory cells after the injury and it
can enhance vascular permeability, recruiting additional inflammatory cells and leading to
neuronal and glial death [4]. Vagus nerve stimulation also decreased IL-1B3 and IL-6 levels due to
a7 nAChR activation [26]. Here, galantamine alone did not alter cytokine levels, probably due to
being administered in a single dose. Interestingly, PLGA particles was the only treatment able to
reduce IL-6 levels. This effect was also observed in the previous work analyzing 3 days after the

injury. One possible explanation for this result is the fact that PLGA is degraded to glycolic and
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lactic acid, and studies have demonstrated an important role of lactate in shifting macrophages
phenotypes from M1 to M2 [29]. Morphologically, not many differences were observed between
the treatment groups, but we could observe the presence of the material in the PLGA and PG

groups.

Conclusion
The present study demonstrated that galantamine nanoparticles improved motor function
in rats 42 days after contusion SCI. This treatment also decreased ROS production and IL-1,

having important effects in oxidative stress and inflammation, two hallmarks of SCI.
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6. DISCUSSAO

O presente trabalho teve como objetivo avaliar os efeitos a curto e longo prazo do
tratamento com nanoparticulas de galantamina em um modelo animal de lesdo da medula
espinal. A LME é uma sindrome neuroldgica que acarreta em graves sintomas e grandes
impactos na vida dos pacientes acometidos, podendo levar a paraplegia. Apesar disso, ainda
nao existem tratamentos eficazes disponiveis. Portanto, faz-se necessaria a busca por novos
tratamentos que sejam mais eficazes para o tratamento da LME.

Neste estudo, foram produzidas nanoparticulas poliméricas contendo galantamina para
0 uso no tratamento da LME. No primeiro artigo, foi realizada a padronizagao da produgao das
particulas e avaliagdo dos efeitos in vitro em um modelo neuronal, bem como avaliagido dos
efeitos a curto prazo, na fase aguda da LME. No segundo artigo, as particulas, ja padronizadas,

foram aplicadas na LME e os efeitos na fase cronica da lesdo foram avaliados.

6.1. CARACTERIZACAO DAS NANOPARTICULAS

A galantamina é um inibidor da acetilcolinesterase e um modulador alostérico do nAChR
a7, tendo evidéncias de atuar como anti-inflamatério, antioxidante e neuroprotetor. Devido a
essas propriedades, a galantamina ja foi utilizada em estudos de diversas sindromes
neuroldgicas (METZ; PAVLOV, 2021). Um trabalho prévio do presente grupo de pesquisa foi o
primeiro estudo reportado a utilizar a galantamina na LME, através da administracédo
intraperitoneal e observou-se que os animais tratados com esse farmaco apresentaram melhora
funcional e reducdo do tamanho da lesdo (SPERLING et al., 2019). Entretanto, a administracédo
sistétmica de farmacos apresenta desvantagens como maiores efeitos colaterais, menor
biodisponibilidade da droga no local alvo e a necessidade de repeticdo da administragéo.
Assim, o uso de nanoparticulas poliméricas como carreadores de drogas surge como uma
alternativa devido a capacidade de possuir uma liberacdo controlada do farmaco e a
possibilidade da administragcao direta no tecido alvo (PRAJAPATI; JANI; KAPADIA, 2015).

O polimero escolhido para a producdo das nanoparticulas poliméricas foi o PLGA,
devido a sua biodegradabilidade e biocompatibilidade. Esse polimero é degradado em acido
latico e acido glicdlico, que sdo metabolizados pelas células através do ciclo de Krebs em agua
e CO, eliminado pela respiracdo (PARK; YE; PARK, 2005). Foi utilizada a técnica de
electrospraying, que apresenta vantagens de ter seus parametros regulados para a obtencéo de
caracteristicas de interesse. No presente trabalho, a adicdo de galantamina levou a alteragbes

nas caracteristicas das particulas em comparag¢ao com particulas produzidas apenas de PLGA,
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como uma morfologia mais irregular e diminuicdo do didmetro e do potencial zeta. Essas
alteragbes podem ser explicadas pelo fato de que a galantamina foi diluida em agua antes de
ser adicionada na solugao polimérica. Um estudo de Yao e colaboradores demonstrou que o
aumento da razdo do volume aquoso em relagcdo a fase organica leva a alteragdes
eletrostaticas, as quais resultam em particulas menores e com morfologia menos homogénea
(YAO et al.,, 2016). Entretanto, os parametros obtidos demonstram que as particulas sao
adequadas para administragao local.

Ao analisar a liberacado de galantamina, observou-se um perfil em burst, em que a maior
parte do farmaco é liberado nas primeiras horas. A presenca desse perfil € geralmente atribuida
a distribuicdo da droga na superficie da particula (FREDENBERG et al., 2011). Esse pode ser o
caso das particulas deste trabalho, tendo em vista que Yao e colaboradores também
observaram que o aumento da fase aquosa na emulséo polimérica levou a uma liberagdo mais
rapida e distribuicdo do farmaco na superficie das particulas (YAO et al., 2016). Ainda, neste

trabalho, foi possivel detectar galantamina em amostras analisadas por até 35 dias.

6.2. EFEITOS IN VITRO

Considerando os efeitos antioxidantes e neuroprotetores ja estabelecidos da
galantamina, o presente estudo analisou o potencial dos tratamentos na protegédo a perda de
viabilidade e a produgao de espécies reativas de oxigénio em um modelo neuronal in vitro apds
a exposicao ao perdxido de hidrogénio. A linhagem de células PC12 é uma linhagem derivada
de um feocromocitoma da adrenal de ratos, tendo, portanto, origem embrionaria da crista neural
(GREENE; TISCHLER, 1976). Essa linhagem ja foi amplamente estabelecida como um modelo
neuronal (WESTERINK; EWING, 2007). Nas concentragdes analisadas, apenas a galantamina
livre foi capaz de prevenir a perda de viabilidade das células PC12 apds a exposicdo ao
peroxido. Esse resultado pode ser explicado pela menor concentracdo de galantamina nas
nanoparticulas, devido a baixa taxa de encapsulamento. Quando analisamos a producao de
EROs, os tratamentos nao foram capazes de diminuir a produgao dessas moléculas no tempo
analisado, de 24h. Um estudo de Ezoulin e colaboradores avaliou a producdo de EROS de
células SK-N-SH apds exposicdo a 500uM de perdxido de hidrogénio juntamente com
concentracdes de 0,1 a 100uM de galantamina por 2h. Nesse estudo, houve reducdo da
producdo de EROs em todas concentragdes avaliadas (EZOULIN, 2008). No presente trabalho,
foi utilizada uma concentracdo menor de peréxido de hidrogénio (200 uM) e uma concentracao

de galantamina de 5ug/ml (17,4 uM), durante 24h. As diferengas dos resultados podem ser
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devido ao maior tempo de exposi¢do ao perdxido, em que os tratamentos nao foram capazes

de diminuir significativamente a produgédo de EROs.

6.3. EFEITOS IN VIVO

6.3.1. Recuperagao funcional

O potencial terapéutico das particulas produzidas para o tratamento da LME foi avaliado
em um modelo animal de lesdo medular por contusdo. A atividade locomotora dos animais foi
avaliada semanalmente apds o tratamento, durante 6 semanas, utilizando a escala BBB
(BASSO; BEATTIE; BRESNAHAN, 1995). No segundo dia apds a lesdo, todos os animais
lesionados apresentaram escore 0, com perda total da movimentacdo das patas traseiras,
confirmando que a contuséo foi bem sucedida. A maioria dos casos de LME em humanos nao
resulta na transec¢ao completa da medula, tendo uma parte de axdnios nao lesionados e,
assim, ha um periodo de recuperagcao funcional espontdnea devido a mecanismos de
plasticidade(EDGERTON et al., 2001; FAWCETT et al., 2007). Apd6s 42 dias, o unico grupo de
tratamento que demonstrou uma melhora significativa da fungdo motora foi o grupo tratado com
PG. Em estudo prévio do grupo, a administracao intraperitoneal de galantamina durante 5 dias
apos a LME levou a melhora significativa da funcdo motora (SPERLING et al., 2019). No
presente trabalho, uma uUnica administragdo de galantamina diretamente no local da lesao nao
levou a melhoras significativas apds 42 dias. Assim, os resultados sugerem que é necessaria a
presenca da galantamina durante as fases iniciais da lesdo, que pode ser obtida na

administracao utilizando nanoparticulas.

6.3.2. Estresse oxidativo

Nas avaliagdes relativas ao estado redox das medulas, 3 dias apos a lesédo, apenas o
grupo PG apresentou diminui¢gao dos niveis de EROs, ao passo que 42 dias apoés a lesao, tanto
o grupo PG como o grupo galantamina apresentaram menores niveis de EROs em relagao ao
grupo lesao. Essa diminuigdo da produgédo de EROs foi acompanhada da diminuigao do nivel
de peroxidacéo lipidica apds 3 dias, tanto nos animais que receberam galantamina como nos
que receberam PG. Esse efeito, entretanto, ndo foi observado em nenhum grupo experimental
apos 42 dias. Ainda, um aumento da defesa antioxidante ndo enzimatica foi observado apenas
no grupo galantamina 42 dias apos a lesdo. Coletivamente, esses resultados indicam uma
importante atividade antioxidante da galantamina na LME, em que o grupo PG teve um

importante papel na fase subaguda da lesdo que se manteve na fase cronica. Apesar da
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aplicacado da galantamina nao ter apresentado melhoras locomotoras, este tratamento levou a
uma diminuicdo do estresse oxidativo a longo prazo. O papel antioxidante da galantamina ja foi
amplamente descrito e seus beneficios foram observados em diversas patologias neuroldgicas.
Em um modelo de camundongo de doenga de Alzheimer, a administragdo de galantamina antes
da fase de acumulo de placas de beta amiléide levou a diminuicdo do estresse oxidativo, com
consequentes melhoras cognitivas (SAITO et al., 2019). Ja em um modelo de hipdxia-isquemia
neonatal, o tratamento com galantamina anteriormente a exposigdo a hipoxia levou a
superexpressdo da enzima antioxidante catalase e aumentou a sobrevivéncia neuronal
(ODORCYK et al., 2017). Entretanto, de acordo com a revisao bibliografica, este foi o primeiro

estudo que avaliou o papel antioxidante da galantamina na LME.

6.3.3. Inflamagao

Ao avaliar os parametros inflamatérios, os niveis das citocinas inflamatérias IL-1(3 e IL-6
foram mensurados. Em ambos os tempos analisados, o grupo de animais tratados com PG foi o
unico grupo que apresentou diminuigdo significativa dos niveis de IL-13, ao passo que os
animais tratados com PLGA foram os Unicos que apresentaram niveis diminuidos de IL-6, em
comparagao com o grupo lesdo. A atividade anti-inflamatéria da galantamina ja foi descrita em
outros modelos de doencgas neurais. Em camundongos tratados com LPS, o pré-tratamento
com galantamina diminuiu os niveis das citocinas inflamatérias IL-18, IL-6 € TNF-a e diminuiu a
expressao de marcadores microgliais no hipocampo (LIU et al., 2018b). Além disso, em um
modelo de camundongos de disfungao cognitiva pos-operatéria, a administragcéo intraperitoneal
de galantamina diminuiu os niveis de citocinas inflamatoérias e o acimulo de microglia (WANG et
al., 2019a).

A diminuicdo dos niveis de IL-6 nos grupos tratados com PLGA pode ter ocorrido devido
a degradacado do PLGA em acido latico e acido glicélico. Recentemente, o lactato tem sido
descrito como um agente anti-inflamatério e foi observado que altas concentragdes do mesmo
levam a polarizacdo de macréfagos associados a tumores para um fendtipo M2, que possui
caracteristicas anti-inflamatérias (COLEGIO et al., 2014). Ainda, o acido latico inibe a migragao
de células T CD8+, enquanto o lactato inibe a migracdo de células T CD4+, demonstrando o
papel dessa molécula na modulagdo da resposta inflamatéria (HAAS et al., 2015). Entretanto,
para confirmar a hipétese de que este seria o motivo da diminuicdo dos niveis de IL-6 nos

animais tratados com PLGA, mais estudos seriam necessarios.
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7. CONCLUSOES

- Foi possivel produzir nanoparticulas contendo galantamina pela técnica de
eletropulverizacéo.

- As nanoparticulas apresentaram caracteristicas fisicas adequadas para a aplicacdo na
LME.

- A galantamina foi liberada das nanoparticulas em um perfil de burst na primeira hora do
experimento, sendo detectada por até 35 dias.

- As nanoparticulas nao foram capazes de prevenir a perda de viabilidade celular nem a
producdo de espécies reativas de oxigénio em células expostas ao peroxido de
hidrogénio. Entretanto, a galantamina preveniu a perda de viabilidade nestas células.

- O tratamento com PG levou a melhora locomotora dos animais 42 dias apés a lesao.

- Os animais tratados com PG apresentaram diminuicdo de marcadores de estresse
oxidativo e de inflamacao 3 e 42 dias apés a lesao.

- Os animais tratados com galantamina apresentaram diminuicdo de marcadores de
estresse oxidativo 3 e 42 dias apés a lesao.

- O tratamento com PLGA levou a diminuigdo dos niveis de IL-6 3 e 42 dias ap0s a lesao.

O presente trabalho explorou uma nova estratégia de tratamento para a LME, que seria
a utilizacdo de nanoparticulas para a liberagcado local de galantamina. Além de ter sido uma
estratégia inovadora na LME, este foi o primeiro estudo que explorou os efeitos
anti-inflamatdrios e antioxidantes da galantamina na LME, no qual foi comparado os efeitos na
fase sub-aguda e cronica da lesdo. No entanto, mais estudos sao necessarios para avaliar se
diferentes concentracdes de galantamina adicionada na formulagdo das nanoparticulas
poderiam produzir diferentes resultados. Ainda, poderia-se avaliar se alterando a formulagao
das nanoparticulas, utilizando-se polimeros de degradagao mais lenta, seria possivel melhorar
a cinética de liberacdo da galantamina para que o farmaco seja liberado mais lentamente ao
longo do tempo. Os resultados aqui obtidos demonstram que a galantamina apresenta-se como
uma estratégia promissora para o tratamento da LME, e explorar novas formas de liberagéo de

farmacos pode ser um caminho para tratamentos mais eficazes da LME.

8. PERSPECTIVAS
Como perspectivas, pretende-se aumentar a eficiéncia de encapsulamento e o periodo

de liberagdo de galantamina das nanoparticulas, bem como testar diferentes concentragdes de
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galantamina. Além disso, analisar a expressdo de marcadores neuronais e gliais apds o
tratamento, além de medir o tamanho da lesao. Por fim, pretende-se analisar o papel do lactato
na inflamacao e na melhora locomotora apdés a LME, com o objetivo de desenvolver uma

estratégica nanotecnoldgica eficaz no tratamento da lesdo de medula espinal.
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Bioprinting of organs and tissues is an emerging technique in the field of tissue engineering, presenting as a
promising approach in regenerative medicine. Several tissues have been studied in the light of bioprinting, from
the poorly regenerative neural tissue to the highly proliferative skin tissue. The very different characteristics of
these tissues must be taken into account when trying to bioprint a laboratory made substitute, including me-

chanical and biological key features for proper tissue regeneration. Furthermore, the different bioprinting tech-
niques currently available, as well as the search for the optimal bioink for each tissue, led to a broad spectrum of
studies in this field. Hence, the aim of this review is to describe what has been tested from the beginning of this
new approach to current days in terms of bioinks and printing techniques in a wide range of tissues, shedding a
light to new studies that might attempt a regenerative approach using bioprinting.

1. Introduction

Tissue engineering is a recent research field first introduced in a study
published by Vacanti and Langer in 1991 [1]. Their aim was to generate
an individual therapy for each patient, promoting regeneration, remod-
eling and growth of the damaged tissue [2]. This technology produces
biomaterials suitable for drug screening and for the development of
bio-scaffolds that mimic biological tissue for in vitro studies as well as in
vivo transplantation [3].

The production of these scaffolds is a complex procedure that com-
prises the combination of cells adequate for the construct purpose,
bioactive molecules, such as growth factors, and a scaffold that is able to
maintain cell viability, proliferation and similarity to the extracellular
environment of the target tissue [4]. Concerning the scaffold production
process, numerous polymers, both synthetic and natural, as well as
hydrogels, ceramics, metals and composites with polymers can be used
due to their biocompatibility [5]. These biomaterials are a possible op-
tion to create 2D and 3D structures that allow for cell interaction and
proliferation. A conventional 2D cell culture in culture dishes or even in
scaffolds stimulates rapid proliferation but this growth stops when cells
reach confluence. To diminish the lack of space and the deficient nutrient
supply, 3D cell cultures have been developed [6].

The 3D structures used for cell culture can be produced using a reg-
ular 3D printer or a 3D bioprinter. 3D bioprinting consists of the pro-
duction of three-dimensional constructs using a bioink, with a high
reproducibility and control over the architecture of the material. A bioink
is the mixture of hydrogels or polymers, capable of maintaining a 3D
structure and allowing for cell adhesion and proliferation with cells,
usually stem cells. Drugs and other bioactive molecules can be incorpo-
rated into the bioink to enhance, for example, differentiation and other
cellular processes [7]. The main types of biomaterials found in this re-
view are summarized in Fig. 1.

There are different types of technology for 3D bioprinting and the
three major types of bioprinting are inkjet, microextrusion and laser-
assisted bioprinting [8] (Fig. 2). Inkjet bioprinting is based on a ther-
mal or acoustic delivery of bioink or cells. Inkjet bioprinters can be
modified to print biomaterials other than bioinks. Extrusion bioprinting
constructs are produced by dispensing a controlled amount of bioink
through a needle using pneumatic pressure or mechanical pistons,
thereby producing a 3D structure. Laser-assisted bioprinters use a
high-energy laser to create a high-pressure system that ejects the
biomaterial onto the collecting plate [9].

The large number of materials available for 3D bioprinting allows for
the production of structures with different physical and biochemical
characteristics. These differences are employed in the production of
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Abbreviations

ACPC articular cartilage-resident chondroprogenitor cells
ADSC adipose-derived stem cells

AECs amniotic epithelial cells

AlgMA  alginate methacrylate

ALP alkaline phosphatase
BM-MSC bone marrow mesenchymal stem cells

cECM cartilage extracellular matrix

CMC carboxymethylchitosan

CMCel carboxymethylcellulose

CMCelMA carboxymethylcellulose methacrylate
CNC cellulose nanocrystal

CNF cellulose nanofibrils

CNS central nervous system

CPC calcium phosphate cement

CS-AEMA chondroitin sulfate 2-aminoethyl methacrylate
dECM  decellularized extracellular matrix

DC-Gel dopamine conjugated gelatin

DC-GelMA dopamine conjugated gelatin methacrylated
DC-HA  dopamine conjugated hyaluronic acid

ECM extracellular matrix

GAG glycosaminoglycans

GelMA  gelatin methacrylate

GFAP glial fibrillary acidic protein
HA hyaluronic acid

hAC human auricular chondrocyte
HAMA  hyaluronic acid methacrylated

HAp: hydroxyapatite
hepG2  hepatoma cells
hESC-LESC human embryonic stem cell derived limbal epithelial

stem cells
hDF human dermal fibroblasts

hMSC human mesenchymal stem cells

hNSC human neural stem cells

HUVECs human umbilical vein endothelial cells
IPN interpenetrating polymer network
LAP lithium-acylphosphinate

LPN laponite

MMP matrix metalloproteinase

MSC mesenchymal stem cell

NICE nanoengineered-ionic-covalent-entanglement
NCS neural stem cells

nSi nanosilicates

NTE neural tissue engineering

PCL: poly(e-caprolactone)

PDLLA  poly-d,i-lactic acid

PEG polyethylene glycol

PEGDA polyethylene glycol diacrylate
PEOXA poly (2-ethyl-2-oxazoline)
PF127  pluronic F-127

PF127-SH pluronic F-127 synthetic thiolated
PLA polylactic acid

PLGA poly(lactic-co-glycolic acid)

PU polyurethane

PVA polyvinyl alcohol

RGD acrylated Arg-Gly-Asp

SCI spinal cord injury

TBI traumatic brain injury

TCP B-tricalcium phosphate

WJMSCs Wharton’s jelly-derived mesenchymal stem cells
VML: volumetric muscle loss

Number of articles

Fig. 1. Materials used as bioink components in the original articles herein
reviewed. Alginate and collagen are the most commonly used materials in
bioprinting.

constructs to regenerate different tissue types. In this review, we have
focused on the bioprinting of the main tissue types: Nervous, skin,
cartilage, vascular, bone and muscle. When searching for the term

3D Printing Techniques

3,90%

14,29%

¥ Extrusion
¥ Inkjet

Laser

81,82%

Fig. 2. Percentage of printing techniques used on the papers reviewed in
this study.

“bioprinting” in PubMed, 1851 articles come up, of which 547 are re-
views. We analyzed the percentage of original articles from the previ-
ously mentioned tissue types, and the results are presented in Fig. 3.
Vascular and bone tissue represent the majority of tissue types studied in
the field of bioprinting.

The aim in this review is to summarize the latest tendencies in bio-
printing studies for the main tissue types within the scope of regenerative
medicine. Here, the focus is on the bioprinting techniques employed, the
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" Neural
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B Skin
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® Other

5,75%

7,59%
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Fig. 3. Percentage of articles per tissue on PubMed when combining the terms
with “bioprinting”.

printing parameters, the bioink composition and the main results ob-
tained. Considering the vastness of this still new field in regenerative
medicine, the aim here is to shed light on the main methods employed for
regenerating multiple tissue types.

2. Bioprinting for different tissues
2.1. Nervous system

Neural tissue comprises a highly complex system which makes the
regeneration process difficult due to its poor capability of self-healing.
Injuries in the central nervous system, such as traumatic brain injury
(TBI) and spinal cord injury (SCI) lead to life-long disabilities, and to this
date there is no effective treatment for these disorders [10]. Furthermore,
following a neural injury, the formation of scar tissue inhibits the
regeneration process. The regeneration of the peripheral nervous system
also represents a challenge, even though it has a greater regeneration
capacity than the central nervous system (CNS) [11]. Considering the
problems mentioned above, neural tissue engineering (NTE) has been
proposed as a strategy for nervous system regeneration. In this context,
bioprinting has been used with a variety of materials for the bioinks and
with different cells, yielding different results.

Gu and colleagues employed microextrusion bioprinting to produce a
3D neural mini-tissue construct using a bioink composed of poly-
saccharides alginate, carboxymethylchitosan (CMC), agarose and human
neural stem cells (hNSC). The bioink presented a compression modulus of
around 7.5 kPa. The concentration of CMC had a direct influence on the
porosity of the bioink and on cell viability, where higher concentrations
of CMC led to higher porosity on its surface and higher cell viability. The
cells on the 3D constructs presented higher expression of differentiation
markers compared with 2D differentiation [12].

In another work, the authors produced a 3D biomimetic neural tissue
using natural and synthetic polymers through microextrusion bio-
printing. The bioink was composed of synthetic thiolated Pluronic F-127
(PF127-SH) and natural occurring hyaluronic acid and gelatin. In order
to improve hydrogel adhesion, flexibility and reactive properties, gelatin
and hyaluronic acid were conjugated with dopamine (DC-Gel and DC-
HA, respectively). DC-Gel was further methacrylated to form DC-
GelMA. Hence, the bioinks were produced with different concentra-
tions of PF127-SH, DC-HA or DC-GelMA. To access the cell viability,
S16Y cell line (Schawn cells from rats’ sciatic nerve) was added to the
bioink. The inks were then curated using two different methods: photo-
curing crosslinking and chelation crosslinking. The authors found that
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increase of the PF127-SH increased the bioink elastic modulus, and
bioinks that were cured by chelating were softer than photocured bio-
inks. In addition, there was a direct correlation between PF127 concen-
tration and yield stress and viscosity. When analyzing cell viability after
printing, it was found that the photocured constructs exhibited higher
viability than the chelated constructs on day 1, but there were no dif-
ferences in viability on day 3. After one week, all the bioinks presented
increased viability [13].

A thermo-responsive polyurethane (PU) gel was synthesized and
human fibroblasts were reprogrammed with a FoxD3 plasmid during the
extrusion process in a bioprinter in order to create a neural-tissue-like
construct. Two bioinks were tested, PU1500 and PU2000, according to
the molecular weight of the Poly-d,i-lactic acid (PDLLA). Human fibro-
blasts transfected with FoxD3 plasmid were incorporated. Initially, the
influence of the bioinks rheological properties on cell reprogramming
was evaluated. It was found that due to its higher viscosity, PU1500
presented a better reprogramming effect than PU2000. Following this,
the authors printed the bioink. The average shear stress was of around
190 Pa. Gene expression was evaluated and it was found that both neural
crest and stemness markers were increased in the experimental groups
compared to the control, demonstrating that the cell reprogramming was
successful after extrusion. Neural induction was performed, and gene
expression of neural markers 14 days after printing was higher in PU1500
in comparison to the PU2000 bioink, but with no significant difference
compared to the non-printed biomaterial. Hence, this study showed the
possibility of cell reprogramming and neural differentiation in a 3D
bioprinted construct [14].

A hydrogel of PU was also used by another group, where two for-
mulations were tested, PU1 and PU2. PU1 was constituted using poly(e-
caprolactone) diol (PCL diol) and poly(i-lactide) diol (PLLA diol) mixed
in a 4:1 M ratio. The PU2 was constituted using PCL diol and PDLLA diol
in a 4:1 M ratio. To produce the bioink, neural stem cells (NSC) were
mixed with the hydrogels. PUl presented a significantly higher
compressive modulus compared to PU2. While PU1 was in a stiffness
range that could induce glial differentiation, PU2 was in a stiffness
range that could induce neuron differentiation. Indeed, in this work the
authors observed that the NSCs that were printed in the PU2 hydrogel
presented a high expression of neuron markers, such as nestin and b-
tubulin, while the NSCs printed in PU1 expressed higher levels of glial
fibrillary acidic protein (GFAP). Moreover, the NSCs mixed in PU
hydrogels were injected on zebrafish embryos, and it was shown that
without the hydrogels, the NSCs were distributed randomly in the
central nervous system of the embryos and presented low cell density.
On the other hand, the cells mixed with the hydrogels were more widely
distributed and presented higher cell density. Furthermore, adult
zebrafish were submitted to a traumatic lesion on the cerebellum and
treated with a PU2 3D printed construct. The implanted animals showed
a functional recovery in movement and reduced mortality compared to
the control [15].

A different approach to induce neural differentiation of NSC in a 3D
bioprinted construct was made using a bioink combining GelMA and
graphene, considering GelMA’s high level of cytocompatibility and
graphene’s ability to differentiate NSCs into neurons. Initially, hydro-
gels with different concentrations of GelMA alone were tested for me-
chanical properties and cytocompatibility using rat pheochromocytoma
cells (PC-12). It was observed that the hydrogel stiffness increased when
increasing the GelMA concentration, ranging from 27.8 to 162.1 kPa.
For cytocompatibility tests, PC12 cells were cultivated on top of GelMA
hydrogels, and it was found that GelMA 10% had the highest cell
viability. Hence, the bioink was produced combining GelMA 10%,
graphene and NSCs cells. This bioink was printed by stereolithography.
After 14 days of cultivation, there were no significant differences in cell
gene expression between GelMA and Graphene-GelMA. It is of impor-
tance to note that there was neurite elongation and higher expression of
B-tubulin IIT in comparison to GFAP, indicating possible neural differ-
entiation [16].
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2.2, Skin

Skin is not only the largest organ of the human body but it is also its
biggest barrier against external environment aggression that could
jeopardize its homeostasis. Its highly complex stratified structure with
various cell types (Keratinocytes, Melanocytes, Langerhans cells, Merckel
cells, among others) has always been the focus of tissue engineering.
Major burns and skin loss due to trauma or tumor resection are still a
major challenge because split-thickness skin grafting (current gold
standard treatment) is limited to the donor site and commercially
available options fail to prevent scar formation and to offer an efficient
and affordable treatment.

Developing a skin substitute that could efficiently replace damaged
areas has become one of the most challenging areas in tissue engineering,
and bioprinting has become a major tool in order to fulfill some of the
several specifications from the biological and technical point of view,
being the following: achieve a high resolution similar to the heteroge-
neity of natural tissue, print any desired cell density and variable vis-
cosities of cell suspensions, control cell patterning and not negatively
affect cell behaviour by the printing procedure [17].

In 2012, Skardal et al developed an extrusion bioprinting device used
for treating full-thickness skin wounds in nu/nu mice. The researchers
used amniotic fluid-derived stem cells and bone marrow-derived
mesenchymal stem cells (BM-MSCs) suspended in a fibrin-collagen gel
and achieved a faster closure and re-epithelialization of wounds when
compared to the use of fibrin-collagen gel alone [18].

Another approach was developed by combining collagen and fibrin-
ogen in a bioink composition using a portable 3D inkjet bioprinter that
was able to scan full thickness wounds and print over them directly.
Human fibroblasts and keratinocytes were mixed in hydrogel prior to
printing and the results showed a significant increase in wound regen-
eration speed, reducing up to two days wound closure in the mice test
group [19].

Kristy Derr and colleagues included gelatin and elastin with a
fibrinogen and collagen mixture in conjunction with human dermal fi-
broblasts (hDFs) and normal human epithelial keratinocytes to produce a
three-dimensional bioprinted skin equivalent. Built in an extrusion based
3D printer, the construct demonstrated multiple morphology and phys-
iological characteristics important for the skin tissue, such as barrier
function, great cell viability and good printability [20].

In another study, the authors also used fibrinogen, but instead of
collagen, it was mixed with alginate and gelatin. Preliminary results were
obtained by using mouse fibroblasts; normal human fibroblasts and
normal primary human epidermal keratinocytes were then used to
generate the fully organized and functional bioprinted skin. Histological
characterization and immunohistological analysis of the bioprinted skin
demonstrated that the 3D construct was morphologically and biologi-
cally representative of the normal human skin. Finally, the printability of
large skin objects was demonstrated by the printing of an adult-size ear
composed of bio-ink and human fibroblasts [21].

Collagen and fibrinogen were also used in addition to agarose in two
bioink formulations, one composed of agarose-collagen and the other
composed of agarose-fibrinogen. Human umbilical vein endothelial cells
or human dermal fibroblasts were incorporated with the hydrogels
because of their expected ability to form capillary-like structures to
ensure nutrition supply. Their constructs were tailored using a drop-on-
demand printing system. After a 14 day incubation period, substantial
capillary network formation was observed in agarose-type I collagen
hydrogel blends with concentrations of 0.2% or 0.5% collagen and 0.5%
agarose. Neither the addition of collagen nor fibrinogen significantly
impaired the printing resolution [22].

Furthermore, a fibrinogen-based bioink was employed in a handheld
skin printer that was able to form skin tissue sheets of different homo-
geneous and architected compositions in situ. The authors demonstrated
compatibility with dermal and epidermal cells embedded in ionically
cross-linkable biomaterials (e.g., alginate), and enzymatically cross-
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linkable proteins (e.g., fibrin), as well as their mixtures with collagen
type I and hyaluronic acid. Upon rapid crosslinking, biomaterial and skin
cell-laden sheets of consistent thickness, width and composition were
obtained. Proof-of-principle demonstrations for the in situ formation of
biomaterial sheets in murine and porcine excisional wound models
illustrated the capacity of depositing them onto inclined and compliant
wound surfaces that are subject to respiratory motion [23].

A novel strategy for skin injuries to the face was tested with the
development of a “BioMask”. This was a customized bioengineered skin
substitute combined with a wound dressing layer to snugly fit onto facial
wounds. To achieve this goal, the BioMask was produced using 3D bio-
printing with hydrogels made of HA, glycerol, gelatin and fibrinogen.
This bioprinting method could be customized though patient’s clinical
images, such as computed tomography (CT) data. Based on a face CT
image, a wound dressing material and cell-laden hydrogels were pre-
cisely dispensed and placed in a layer-by-layer fashion through the
control of air pressure and a 3-axis stage. The resulting miniature Bio-
Mask consisted of three layers; a porous PU layer, a keratinocyte-laden
hydrogel layer and a fibroblast-laden hydrogel layer. To validate this
novel concept, the bioprinted BioMask was applied to a skin wound on a
prefabricated face-shaped structure in mice. Through this in vivo study
using the 3D BioMask, skin contraction and histological examination
showed the regeneration of skin tissue, consisting of the epidermis and
dermis layers on the complex facial wounds [24].

A simpler approach to bioprinting skin substitutes can be made by
using only collagen-based bioinks, and this was the strategy used to
develop skin models for investigation of skin pigmentation in an in vitro
3D physiological model. By applying a two-step bioprinting-based
strategy to produce 3D in vitro pigmented human skin constructs (using
human keratinocytes, melanocytes and dermal fibroblast from 3 different
skin donors) it was possible to print 3D pigmented skin constructs with
uniform skin pigmentation. The histological analysis indicated the
presence of a well-developed epidermal region and uniform distribution
of melanin granules in the epidermal region of the constructs. Further-
more, the immunochemical analysis revealed the presence of important
biomarkers (col VII, HMB-45, K1 and K6) in constructs [25].

Another study using a collagen-based bioink was conducted by Min D
and colleagues, in which a 3D bioprinting technique that was capable of
producing a full-thickness skin model containing pigmentation was re-
ported. Multiple layers of a fibroblast-containing collagen hydrogel
precursor were printed and crosslinked through neutralization using
sodium bicarbonate, constituting the dermal layer. Melanocytes and
keratinocytes were sequentially printed on top of the dermal layer to
induce skin pigmentation upon subsequent air-liquid interface culture.
Moreover, the melanocytes-containing epidermal layer showed freckle-
like pigmentations at the dermal-epidermal junction, without the use
of external ultraviolet light or chemical stimuli, offering the possibility of
producing engineered ephelides in biomimetic skin [26].

Collagen was also used in a laser bioprinting technique to create a
multi-layered, fully cellularized skin equivalent with fibroblasts and
HaCaT keratinocytes. The cells were suspended in a type 1 collagen so-
lution and printed onto a sheet of Matriderm, used as a stabilization
matrix. By creating a skin chamber in the dorsal region of mice, for in vivo
evaluation, it was possible to achieve no contraction of the wound area
during the 11-day experiment, partly compensating limitations of the
rodent skin lesion models. Despite not having observed complete dif-
ferentiation of keratinocytes, both printed and murine fibroblasts popu-
lated the Matriderm carrier, indicative of the integration and ingrowth of
the skin construct within the wound [27].

A bioink with the same material and cellular composition was used by
Cubo and colleagues through the employment of an extrusion bioprinter.
The authors printed a human bilayered skin using bioinks containing
human plasma as well as human fibroblasts and keratinocytes obtained
from skin biopsies in an extrusion open source Printbot. The printed
human skin was analyzed both in 3D in vitro cultures and in vivo upon
grafting on immunodeficient athymic mice using histological and
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immunohistological methods. The skin was very similar to the human
one and yet indistinguishable from bilayered dermo-epidermal equiva-
lents handmade in their laboratories [28].

The same bioink components were employed using a robotic bio-
printing platform based on 3D solid freeform fabrication technology with
eight independently controlled cell-dispensing channels mounted on a
three-axis robotic stage. The liquid materials were dispensed by pneu-
matic pressure and, through this technique, the number of layers, the cell
density and their precise location was effectively controlled in the gen-
eration of the skin model. Their studies indicated that printing cells and
proteins in nano-to-microliter droplets on planar surfaces similar to ink-
jet printing had a minimal effect on cell viability and function (approx
95%) [29].

In a study by Kim and colleagues, collagen was used with a PCL mesh
that prevented the contraction of collagen during tissue maturation. A
hybrid 3D cell-printing system was used with the use of extrusion and
inkjet modules at the same time. The collagen and PCL construct loaded
with fibroblast was engineered using the extrusion-dispensing module,
whereas the inkjet-based dispensing module was used to uniformly
distribute human epidermal keratinocytes. Taking these approaches
together, a human skin model was engineered with a functional transwell
system. This skin model revealed favorable biological characteristics that
included a stabilized fibroblast-stretched dermis and stratified epidermis
layers after 14 days. It was also observed that a 50 times reduction in cost
was achieved and 10 times less medium was used than in a conventional
culture [30].

Baltazar and colleagues proposed the confection of a vascularized and
perfusable skin graft using a collagen-based bioink. The bioink was made
of a mixture of human foreskin dermal fibroblasts, human endothelial
cells, human endothelial colony forming cells and human placental
pericytes with a solution of type 1 collagen in order to replicate the
dermis. A second bioink was developed with human foreskin keratino-
cytes to form the epidermis. A construct was obtained and then grafted
into a wound model mouse. The results showed the construct’s ability to
replicate a vascularized skin tissue, promoting maturation of foreskin
keratinocytes and the assembly of interconnected microvascular net-
works [31].

Collagen was also used combined with gelatin methacrylamide
(GelMA) and tyrosinase in another bioink formulation. Tyrosinase was
presumed to have the dual function of being an essential bioactive
compound in the skin regeneration process and also to be an enzyme, to
facilitate the crosslink of collagen and GelMA. Moreover, enzyme cross-
linking together with photocrosslinking was able to enhance the me-
chanical strength of the bioink. The experimental results showed that not
only the bioink was able to form stable 3D living constructs using the 3D
bioprinting process but also that the cell ctulture of three major cell lines
(human melanocytes, keratinocytes and dermal fibroblasts) exhibited
high cell viabilities (above 90%). Animal tests showed that the doped
bioinks for 3D bioprinting could help form an epidermis and dermis, and
thus have strong potential as a skin bioink [32].

Non-methacrylated gelatin is suitable for bioink composition due to
its biocompatibility. Pengchao Liu and colleagues tested a bioink formed
with gelatin and alginate in order to print a double layered construct by
using an extrusion based 3D bioprinter. Amniotic epithelial cells (AECs)
and Wharton’s jelly derived mesenchymal stem cells (WJMSCs) were
suspended in the bioink solution before being printed in a bilayer
structure with AECs on the top layer and WJMSCs on the bottom. By
doing so, the authors were able to produce refined structures with high
fidelity [33].

The combination of alginate and gelatin was also employed with the
addition of mouse planta dermis to form a bioink with mesenchymal stem
cells (MSCs). The mechanical properties of the printed construct were
evaluated. The developed constructs were able to promote cell prolifer-
ation, migration and differentiation. Although in a 2D culture with an
extract of the bioink, the study reported greater expression of migration-
related genes and proliferation markers, there was less mesenchymal
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stem cell differentiation in the sweat gland cells. This therefore proposes
an influence of a 3D structure in the cell differentiation role [34].

In an important study Koch and colleagues used laser-assisted bio-
printing to demonstrate the 3D arrangement of vital cells as multicellular
grafts analogous to the native archetype using fibroblasts and human
immortalized keratinocytes embedded in an hydrogel composed of the
following: 50% alginate and 50% EDTA, human blood plasma alternated
with a hydrogel composed of 25% alginate and 75% EDTA human blood
plasma. By the identification of a new formed basal lamina and by the
demonstration of newly formed and fully-functional gap junctions be-
tween the keratinocytes, it was possible to show evidence of new tissue
formation, a unique result to date [35].

An innovative approach on bioprinting skin substitutes was made by
Ahn and colleagues using decellularized extracellular matrix (dECM) as
the bioink. The researchers investigated the influence of various factors
(e.g. bioink concentration, viscosity and extent of crosslinking) on cell
printing and established a new 3D cell printing system equipped with
heating modules for the precise stacking of the constructs. Because the
pH-adjusted bioink isolated from native tissue was safely gelled at 37 °C,
the heating system facilitated the precise stacking of the dECM bioinks by
enabling simultaneous gelation during printing. A greater printability
was observed compared with that of a non-heating system. The me-
chanical stacking analyses confirmed these results. By using mouse fi-
broblasts, it was confirmed that the heating system developed did not
elicit negative effects, such as cell death in the printed cells [36].

Dermis dECM was also used as a bioink in a study by Won and col-
laborators, laden with human dermal fibroblasts. The results showed an
increase in expression of skin morphology related genes as well as
removal of resident cells and DNA from the porcine dermis and levels of
collagen and glycosaminoglycans (GAG’s) close to the levels of normal
skin. Furthermore, the study reported that the construct went through the
gelation process at 37 °C and maintained its shape even after 7 days with
survival and proliferation of HDFs [37].

2.3. Vascular

One of the greatest challenges in regenerative medicine comes from
the fact that human tissue is a complex system of different cells with
different functions which work in synchronicity, and for those cells to
stay alive they need to be oxygenated and to receive sufficient nutrients.
The distance that human cells can survive far from a blood vessel is in the
range of 100pm-200pm [38].

The vascular system provides the oxygen and nutrient distribution
throughout the body, and every tissue has an intricate hierarchical
network of vessels that deliver and remove blood to them. With that in
mind, to develop a fully operational tissue in vitro, it is also necessary to
vascularize that tissue in order to guarantee a homogenous blood
distribution.

Several approaches have been developed to address this problem.
Recently, Rana Atala et al. developed a multiaxial extrusion system in
which the authors were able to create multilayered hollow constructs,
each layer composed of different materials; collagen fibrin and alginate
was used, along with different cell types, endothelial cells and fibroblasts
[39].

Cui et al. developed a hollow construct with a coaxial system using
GelMA functionalized with catechol to promote cell adhesion. To create
the cylinder format, the authors used a crosslinking slurry containing
PF127, sodium periodate and HUVECs as the internal bioink. With this,
after crosslinking, the slurry washed away and what remained was the
outer wall composed of GelMA and the human umbilical vein endothelial
cells (HUVECs), which attached to the inner surface of the resulting tube
during the process [40].

Another approach to create a hollow multilayered structure was re-
ported by Schoneberg et al. In this study, a drop-on-demand bioprinting
technique was employed; to achieve this, a slicing algorithm was used to
calculate the distribution of the bioink droplets precisely and so were
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able to maintain an even distribution of the layers at all heights. Their
approach to create a hollow structure was to use gelatin as a sacrificial
bioink and, thereby, it was washed away with warm sterile PBS (37 °C)
after the printing.

Krishnamoorthy and colleagues created a three-dimensional cellular
structure based on a GelMA-alginate interpenetrating polymer network
(IPN) hydrogel. IPNs are polymers made of multiple polymer networks
entagled. Despite having no chemical bond between each other, these
networks cannot be pulled apart. This approach focused on creating a
construct composed of GelMA-alginate fibers. This produced a construct
with better mechanical properties, faster degradation and larger pore
sizes than when the components were used individually [41].

There were also efforts made to determine how external forces can
contribute to the process. Zhang et al., showed that biomechanical forces,
such as actomyosin-mediated cell traction, play a role in development,
alignment and maturation of the vascular network, critically regulating
the vascular network assembly in a 3D bioprinted tissue. The results
showed a well-developed actin meshwork and also contributed to lumen
formation [42].

In another study, Solis and colleagues showed that using a thermal
inkjet bioprinting system to print human microvascular endothelial cells
can trigger the activation of the VEGF pathway in these cells. The authors
confirmed that inkjet bioprinted cells had a significant overexpression of
HSP70, IL-1a, VEGF-A, IL-8, and FGF-1. Thus, the process activates the
HSP-NF-kB pathway to produce VEGF [43].

Another interesting approach was used by Wu and colleagues, called
omnidirectional printing. In this method, fugitive bioinks are printed
within a photocurable gel reservoir and washed away, creating voids
which are later filled with another fluid that will solidify with the gel
reservoir to form a mechanically robust, chemically crosslinked matrix.
In this method, the nozzle can simultaneously move in three dimensions,
allowing for a free form production in opposition to the standard layer-
by-layer fabrication. This has the advantage of allowing for a more free
form creation [44].

Even though advances have been made in the field, most constructs
are still on a minor scale, making the scaling to larger translatable con-
structs a major challenge, and there is still much to be done to create a
fully vascularized transplantable construct.

2.4. Cartilage

Cartilage is an avascular tissue that is composed mainly of collagen
type II, GAGs, proteoglycans, water and electrolytes, with the cellular
part constituted by chondrocytes [45]. Because of both the lack of
vascularity and poor replicative capacity of the chondrocytes, this tissue
has a limited self-repair ability. Injuries in the articular cartilage can lead
to osteoarthritis, a condition with few treatment options, which include
autologous chondrocyte implantation and osteochondral allografting.
These treatments cause decrease in strength and resilience of the carti-
lage compared to healthy cartilage [46]. Thus, new regenerative ap-
proaches are necessary, and bioprinting can be a viable option by
mimicking the native tissue.

Antich and colleagues tested a hyaluronic-based bioink using alginate
for articular cartilage regeneration. The cells used were chondrocytes
obtained from osteoarthritic patients. HA-based bioink was printed in a
polylactic acid (PLA) 3D construct. Compressive tests showed that
incorporation of HA increased the modulus. Furthermore, after 4 weeks
in culture, the constructs presented increased compressive modulus.
After the bioprinting process, the cells presented more than 85% of cell
viability, with no significant differences in comparison to the period prior
to printing. The cells remained viable in the constructs for up to 4 weeks,
and it was observed that there was a higher viability in constructs with
HA in comparison to alginate constructs. The ability to form articular
cartilage in vitro was demonstrated by the formation of an extracellular
matrix and increased gene expression specific to hyaline cartilage [47].

Galarraga and colleagues developed an in situ crosslinking technique
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using a norbornene-HA bioink. To access the cytocompatibility, MSC
from the bone marrow of bovine femora were incorporated in the
hydrogel. The printed discs presented high cell viability during a 7 day
period, and the cells were evenly distributed across the construct. In
order to assess the ability to form neocartilage, the constructs were
cultivated for up to 56 days in chondrogenic media. After 3 days of
cultivation, the embedded cells showed expression of cartilage markers.
On day 56, there was an increase in GAG and collagen content in the
construct and increased compressive modulus, although still a long way
from that of the native bovine articular cartilage. Furthermore, histo-
logical analysis showed homogeneous distribution of GAG and increased
staining intensity of GAG and collagen type II over time. It is important to
remark that there was more collagen type II than collagen type I, showing
a resemblance with hyaline cartilage over fibrocartilage [48].

Another approach using HA as a bioink was tested by Duchi et al. The
authors developed a Biopen for in situ co-axial 3D bioprinting, creating a
core-shell structure. The hydrogel tested was GelMA/methacrylated HA
(HAMA) with lithium-acylphosphinate (LAP) as the photoinitiator. The
bioink presented a compressive modulus of 380 kPa. After viability tests
showing that LAP was toxic to the cells, the authors developed a core/
shell approach to bioprinting, where the bioink used for both core and
shell was GeIMA/HAMA, but the shell fraction contained LAP as well.
The shell was hence crosslinked. The core/shell structure presented a
compressive modulus of around 195 kPa, representing good mechanical
characteristics for cartilage regeneration. Adipose-derived mesenchymal
stem cells (ADSC) were embedded in the hydrogel and this bioink was
printed in the core fraction. The co-axial construct presented higher cell
viability compared to mono-axial printing, indicating that a core/shell
structure increases cell survival. This data indicates that, if used for in situ
repair of the cartilage, this structure could protect the ADSC and allow for
its proliferation and differentiation [49].

Hyaluronic acid was also used in a bioink in a study where a biopen
was developed, with the aim of making in situ bioprinting viable. The
bioink was produced combining HAMA, GelMA and ADSC. Rheological
analyses demonstrated that the bioink presented a shear thinning
behavior. Regarding the performance of the biopen, it was shown that it
had a good extrusion stability. Four printing pressure ranges were tested
and the printing pressure of 140-165 kPa was needed to form continuous
lines. Furthermore, loading the biopen with two bioinks allowed for the
formation of a 2D gradient structure, which can be useful in cartilage
bioengineering approaches. Cell viability assay indicated a small
decrease in cell viability on day 1 after printing, most likely due to the UV
exposure. This effect was not observed on day 3, indicating that shear
stress during extrusion does not affect cell viability [50].

Another approach featuring the use of polymers in the bioink pro-
duced a double network hydrogel, where two different crosslinked
polymers, poly(2-ethyl-2-oxazoline) (PEOXA) and alginate, were mixed
to form the bioink, with four concentrations of cellulose nanofibrils
(CNF) and human auricular chondrocytes (hAC). Rheological analysis
demonstrated improved mechanical properties and viscoelasticity of the
double network hydrogel when compared to PEOXA and alginate
hydrogels alone. The compressive modulus of the double network
hydrogel was around 3 to 10 times higher than that of the other for-
mulations. The addition of CNF to the double network hydrogel did not
change the compressive modulus but increased viscosity and improved
shear thinning and recovery properties. The bioink showed a high cell
viability, up to 90% on days 1 and 7 after printing. These values were
comparable to the non-printed cells encapsulated in the hydrogel [51].

Collagen has also been explored as a possible material for bioinks,
especially considering that it naturally occurs in the cartilage tissue.
Bovine chondrocytes and type I collagen were used to produce a bioink
with four cell densities. Formulations with higher cell densities had
higher viscosity and lower yield stress. Printability tests showed higher
resolution and improved printability for formulations with higher cell
densities. Viability tests were performed and high viability was demon-
strated on day 0, which remained high throughout 14 days in culture.
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The bioprinted constructs exhibited high GAG content, and it was noted
that there was no GAG content on day 0, demonstrating the ability of the
construct’s chondrocytes to produce GAG [52].

In order to overcome the low mechanical strength of bioprinted
hydrogels, Xu and colleagues developed a new approach, combining
inkjet bioprinting with electrospinning. The bioink was prepared
combining fibrinogen, collagen type I and chondrocytes. PCL and PF-127
were the electrospun polymers used to enhance the mechanical proper-
ties. The bioink was printed on top of the electrospun fibers. The process
led to a scaffold with 2 layers of bioink and 3 of PCL/F-127, intercalated.
Mechanical tests showed improved properties of the construct when
compared to the hydrogel and the electrospun fibers alone, but still lower
than that of native human cartilage. Viability assays demonstrated high
cell viability on the printed constructs after one week of cultivation.
Histological analyses of the constructs cultivated in vitro showed that the
chondrocytes were producing extracellular matrix after four weeks. The
analyses also demonstrated the presence of organized chondrocytes
within the matrix, the presence of collagen and the formation of type II
collagen. It is of Importance to observe that the GAGs were only present
in the printed constructs with cells. Histological analyses of the in vivo
experiments showed the production of a dense and well organized
collagen network after 8 weeks. Furthermore, GAG distribution on the
construct resembled typical elastic cartilage while the control group
showed no presence of GAG or collagen type II. This result indicates that
the printed cells are able to maintain their normal phenotype and pro-
duce extracellular matrix [53].

In order to mimic the gradient present on the osteochondral interface,
Idaszek and colleagues produced a construct made by the microfluidic
bioprinting approach, with the aim of forming a transition from hyaline
to calcified cartilage. To achieve this, two bioinks were produced. For the
hyaline cartilage, a hydrogel made of alginate, GelMA and chondroitin
sulfate 2-aminoethyl methacrylate (CS-AEMA) was mixed either with
only human mesenchymal stem cells (hMSC) (HC1) or with a mixture of
hMSC and hAC at a 3:1 ratio (HC2). The calcified cartilage bioink was
produced combining the same bioink with the addition of p-tricalcium
phosphate (TCP) microparticules and HAMA, mixed only with hMSC.
The cell viability was higher than 90% in HC1 and HC2 and around 88%
for the calcified cartilage bioink. Cell viability remained high for all the
bioinks throughout the course of 3 weeks. It was observed that the bioink
containing the co-culture of hMSC and hAC (HC2) and the bioink con-
taining TCP (CC) presented increased expression of chondrogenic
markers. In addition, the bioprinted construct was implanted in a rat
model of trochlea damage, and 12 weeks after implantation, no signifi-
cant differences were found in the cartilage regeneration in comparison
to the control [54].

A similar approach made by the same group used GelMA, alginate,
TCP and hMSC in a co-axial bioprinting approach. For the bioprinting
procedure, bioink and crosslinking calcium solutions were simulta-
neously extruded in a core/shell fashion with the bioink in the core
fraction. Rheological analyses showed that the addition of TCP led to a
marked shear thinning behavior. Surprisingly, the addition of TCP caused
a decrease in the bioink compression modulus. The bioink was able to
maintain high cell viability after printing. The expression of chondro-
genic markers was increased in the alginate-GelMA-TCP bioink
compared with the bioink with no TCP. Immunocytochemistry analyses
confirmed that the addition of TCP can have an influence on cell chondral
differentiation [55].

CNF were also tested as a bioink component for cartilage regenera-
tion, due to their microscopical similarity with collagen fibrils. The au-
thors produced and tested 4 formulations for the bioink composed of CNF
and alginate; the bioink with optimal rheological measurements was
used for bioprinting with chondrocytes. Viability tests showed higher cell
viability before embedding the cells in the bioink compared to after
embedding and crosslinking. However, no differences were observed in
cell viability in the printed constructs compared to the nonprinted group
after 1 day of cultivation. There was an increase in cell viability in the
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printed constructs after 7 days of cultivation, demonstrating that the cells
were able to proliferate [56].

In contrast to the majority of the studies made with common hydro-
gels like alginate and gelatin, a study from Rathan and colleagues tested a
bioink based on cartilage extracellular matrix (cECM). This bioink was
generated by mixing alginate and cECM in two different concentrations
and adding BM-MSC cells. The bioinks were printed by extrusion.
Rheological measurements showed that the incorporation of cECM did
not affect the viscosity of the bioink, nor did it affect the printability of
the inks. All the bioinks presented excellent shear-thinning and thixo-
tropic behavior. Compressive stiffness was found to be at least an order of
magnitude lower than that of native articular cartilage. To address this
issue, 3D-printed PCL networks were used to support the bioink depo-
sition. The cell viability in the printed constructs maintained in chon-
drogenic media for up to 42 days remained high. The 0,4% cECM bioink
was the most chondroinductive, presenting the highest expression of
collagen type II gene when compared to the other formulations [57].

GelMA was used as a bioink in a study which aimed to evaluate the
potential of multipotent articular cartilage-resident chondroprogenitor
cell (ACPCs) to synthesize cartilage extracellular matrix. It was observed
that cell-free bioink did not change its compressive modulus for the two
months analyzed. On the other hand, cell-laden bioinks had a significant
increase in compressive modulus after 4 and 8 weeks, which could be
explained by the synthesis of the cartilage matrix. However, the
compressive modulus did not reach values similar to those of adult
articular cartilage. 3D constructs mimicking the zonal structure of the
cartilage were produced with three materials. The superficial zone was
composed of GelMA and ACPC, the middle/deep zone was made of
GelMA and MSCs and a layer of sacrificial ink was added with PF127 to
support GelMA during the production process. The bioprinted constructs
presented high cell viability through 14 days of experiment. The zonal-
like structure allowed for a biomimetic distribution of GAG in the prin-
ted material [58].

A different approach was employed using core-shell nanospheres
containing transforming growth factor beta 1 (TGF-pl) for cartilage
regeneration. The bioink was produced by mixing GelMA, photoinitiator
and four concentrations of polyethylene glycol diacrylate (PEGDA). For
the proliferation assay, BM-MSC cells were added to all four PEGDA
concentrations hydrogels. The authors used a stereolithography-based
3D bioprinter to perform the bioprinting. There was an increase in the
compressive modulus when adding PEGDA in comparison to GelMA
alone, and this addition also increased the printing resolution with no
concentration dependence. However, on proliferation analysis, the cells
presented the lowest proliferation rate on the highest concentration of
PEGDA. Chondrogenic differentiation studies showed that the cells
encapsulated in the construct containing TGF-p1 nanospheres presented
a higher expression of chondrogenic markers in comparison with the
bioink without the spheres after chondrogenic induction. Furthermore,
chondrogenic extracellular matrix secretion was observed in both bioinks
[59].

2.5. Bone

Bone regeneration is a complex process involving structural and
functional bone reconstruction. Common bone substitutes are grafts,
such as autografts, allografts and xenografts. Considering the risks
involved in the use of this kind of material, novel bone substitutes are
being developed, but in order to have successful regeneration, there must
be sufficient osseointegration of the material. This process involves a
chain of events that are affected by the physical and chemical properties
of the bone substitutes [60]. Thus, bioprinting is also an alternative for
bone regeneration, and the search of the optimal material that leads to a
successful regeneration is its main goal.

A biphasic scaffold was developed by bioprinting using calcium
phosphate cement (CPC) and a cell-laden bioink. For this, the bioink was
made by mixing alginate and methylcellulose, and for the cell tests, CPC
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was added to the hMSC and the bioink was plotted with an alternating
layer pattern. Post-plotting treatment allowed for the plotting of a
biphasic scaffold. Mechanical testing showed that adding CPC increased
the material compressive modulus when compared to alginate/methyl-
cellulose alone. The addition of CPC in the bioink resulted in a decrease
in cell viability which was compensated afterwards by cell adherence and
proliferation [61].

The use of hydroxyapatite (HAp) in bone tissue engineering is widely
incorporated as it is the main inorganic component of natural bone.
Bendsten and colleagues used HAp diluted in polyvinyl alcohol (PVA) as
well as alginate to formulate a bioink, and tested 7 different formulations.
The bioinks were then bioprinted by extrusion and the formulation with
the best printability and rheological properties was used for the following
tests. This bioink presented a compressive modulus of 10.3 kPa, which
decreased over 14 days to 2.4 kPa. Following this, MC3T3 cells were
incorporated into the bioink. Viability tests showed that the presence of
PVA-HAp increased cell viability after printing and crosslinking [62].

Another approach for 3D bioprinting is the use of growth factors to
functionalize bioinks. Byambaa and colleagues used a GelMA-based
bioink functionalized with vascular endothelial growth factor (VEGF)
to produce vascularized bone tissue. For the vascularized construct, the
authors used two different Gelma concentrations, two different cell lines,
silicate nanoplatelets and three different VEGF concentrations to print a
scaffold composed of four cylinders. The inner rod was produced with 5%
GelMA conjugated with VEGF, HUVECs and hMSC. The low GelMA
concentration was used to allow for a fast degradation forming a lumen in
the core of the structure. Three other layers were printed using GelMA
10% with silicate nanoplatelets to induce osteogenic differentiation,
hMSC and decreasing VEGF concentrations of 68.5, 34.2 and 17.1 ng/mL
from the outside to the inside of the construct. Compression tests indicate
that chemical modifications did not affect the mechanical strength of the
hydrogel. The bioactivity of the cells embedded in the 5% GelMA-VEGF
to support capillary formation showed that the HUVECs encapsulated in
that bioink formed a more capillary-like network compared to the con-
trol. The co-culture of the HUVECs and hMSC was able to produce a
vascularized bone tissue with high cell viability and proliferation [63].

In another study using GelMA, a bioink was produced combining
Gelma, kappa carrageenan and nanosilicates (nSi) to form a
nanoengineered-ionic-covalent-entanglement (NICE). To evaluate the
printability of the inks, formulations with a variation of the component
concentration were tested. The bioink with better printability was used in
the other analyses. Rheological analysis indicates that varying concen-
trations of each component altered the compressive modulus of the
bioink, indicating that every component has a role in the mechanical
properties of the bioink. To evaluate cell interaction with the bioink,
hMSC were added to NICE hydrogel and printed by extrusion. Histo-
logical analysis indicates that the encapsulated cells were able to produce
a cartilage and osteoid-like extracellular matrix that was mineralized
over time. The authors found that gene expression related to osteo-
chondral differentiation was upregulated in those cells even with the lack
of osteoinductive factors [64].

GelMA was also studied in an attempt to improve its biofunctionality
by creating a nanoclay composite bioink. For that, GeIMA was mixed with
a laponite (LPN) suspension, followed by the addition of photoinitiators.
The addition of LPN interfered with GeIMA photocrosslinking, which was
observed by the increase in the soluble fraction of the formulations. The
nanocomposite at 7.5 wt% of GelMA preserved its mechanical stiffness
independent of LPN concentration, whereas 10 wt% showed a lower
modulus with 0.5 and 1 wt% of LPN. Furthermore, incorporation of LPN
increased the bioink viscosity in a concentration dependent manner but it
did not alter the shear-thinning behavior of the bioinks. Overall, the
addition of LPN improved the bioink printability. After these initial tests,
HBMSCs were incorporated in the composite and the bioink was printed
by extrusion. The constructs presented high cell viability and when
cultivated in osteogenic media, they were able to support osteogenic dif-
ferentiation, as evidenced by mineral deposition [65].
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GelMA was also used to create a structure with an interconnected
microchannel network within it by using PF127 as a sacrificial ink and
MSCs as the cellular component. This bioink was printed directly on the
collecting plate or on top of the pluronic micropillars. The constructs
containing pluronic were brought to 4 °C to sacrifice the pluronic
micropillars and create the open channels. The compressive modulus of
the bioprinted material with no channels was around 76 kPa and around
69 for the microchannelled construct. Viability assay indicated that the
cells were still viable 24 h after bioprinting. An anatomically shaped
humeral head was printed for in vivo transplantation. Before the im-
plantation the constructs were chondrogenically primed for 4 weeks and
collagen type II staining indicated chondrogenesis of the MSC after this
period. The constructs were implanted in a femoral defect model in rats.
After 4 weeks of implantation, the microchannelled construct was able to
create a vascular network within the bone defect. Histological staining
showed a higher incorporation of the construct with the microchannels
with the host compared to the non-microchannelled construct, increasing
vascularization and implant remodeling. However, total bone volume in
the defects was higher in the non-microchannelled construct compared to
the microchannelled construct [66].

In a different study, GelMA was used to compose a bioink supple-
mented with agarose and calcium salt of polyphosphate [polyP-Ca2*-
complex] to enhance proliferation. The bioink was produced by mixing
alginate, GelMA, polyP-Ca?"-complex dissolved in agarose and sarcoma
osteogenic cells. When polyP-Ca?"-complex was added to the bioink
formulation, the scaffold increased compressive modulus compared to
the scaffold with no polyP - Ca%*-complex. The presence of cells caused a
decrease in the compressive modulus during a 5 day incubation period in
both bioinks. The addition of polyP-Ca2+—complex also increased cell
viability. The use of polyP-Ca®"-complex was not able to induce
mineralization, and crystallite formation was only observed when an
osteogenic cocktail was used [67].

Inkjet bioprinting was used to print constructs with physiological cell
density using a collagen, alginate and fibrinogen to induce osteogenic
differentiation. For the viability assays, hMSC were added to the
hydrogel. Rheological analysis showed a compressive modulus of around
1120 Pa, and Scanning Electron Microscopy (SEM) revealed a highly
porous structure. Cell viability assay indicated that both cell densities
were able to maintain cell viability in the 14 days of experiment.
Furthermore, the two bioinks presented an increase in cell numbers from
day 0-14, indicating cell proliferation. The cells embedded in the bioinks
changed from a random alignment to an organized morphology and this
effect was more accentuated in the higher cell density bioink. The higher
cell density also stimulated increased calcium deposition and a more
rapid differentiation into active osteoblasts, with an increased expression
of osteogenic biomarkers [68].

Inkjet bioprinting was also used to print bioinks based on agarose and
collagen type I with MSCs. In that study, different concentrations of
agarose and collagen were mixed and compared with pure collagen and
pure agarose. For the cell assays, MSCs were embedded in the hydrogels.
It was observed that increasing collagen content led to less precise con-
tours of the bioprinted material, and that higher agarose content pre-
sented higher viscosity and gelation temperature. All the formulations
presented high cell viability, around 98%, after 21 days of cultivation. It
was also demonstrated that the cells could spread more easily and had
higher branching capacity in the less stiff formulation. After osteogenic
induction, the level of mineralization was assessed and there were no
differences among the three formulations; the same was observed for
alkaline phosphatase activity. However, the expression of osteogenic
markers was increased in the less stiff hydrogel, probably due to the
increased cell spreading. Hence, the authors suggest that this hydrogel
could be suitable for bone tissue engineering [69].

In another study using inkjet bioprinting, the authors produced a
bioink combining polyethylene glycol (PEG), acrylated Arg-Gly-Asp
(RGD), acrylated matrix metalloproteinase (MMP) and hMSC. The scaf-
fold produced using PEG with MMP and RGD showed a lower
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compressive modulus compared to the scaffold with only PEG, but the
compressive modulus increased when the constructs were submitted to
osteogenic and chondrogenic differentiation for 21 days. From day 7-21,
there was a higher increase in the compressive modulus in osteogenic
differentiation than in chondrogenic differentiation. The printed cells
maintained an excellent level of viability 24 h after printing. The
expression of osteogenic genes was drastically increased in the PEG with
peptides group, indicating an osteochondral bone formation. Further-
more, the expression of chondrogenic genes was higher in the PEG
peptide construct compared to the construct of only PEG. Thus, it can be
concluded that the PEG peptide bioink enhances osteogenic and chon-
drogenic differentiation [70].

PEG was combined with poly(lactic-co-glycolic acid) (PLGA) to pro-
duce a bioink with the aim of producing a scaffold with yield stress and
compressive modulus in the same range of human bones. The PLGA-PEG
microparticles hydrogel was used to produce bioink formulations using
three viscosity modifiers: medium viscosity carboxymethyl cellulose
(CMCel), high viscosity CMCel and PF127. hMSC were mixed with high
viscosity CMCel and then combined with microparticles hydrogel for
bioprinting. The pluronic bioinks were not able to maintain their struc-
ture during the printing process. The most promising modifiers were 2%
and 3% high viscosity CMCel at minimum ratio, with yield stress and
compressive modulus in the same range of human cancellous bone.
Lysozyme microspheres were added to the bioink in order to enhance
osteogenic differentiation. The authors found that cell viability is highly
dependent on carrier ratio [71].

In order to evaluate vascularization and osteogenic differentiation, a
hybrid construct made of hydrogels and PCL/HAp, laden with stromal
vascular fraction cells from adipose tissue, was conditioned in normal
oxygen or hypoxic environments. The hydrogel was produced with
HAMA, GelMA and HA. The constructs made of hydrogel alone or hybrid
of hydrogel and PCL/HAp were bioprinted by extrusion and then kept
either in normoxia or hypoxia for up to 21 days. Viability tests showed
that at 14 and 21 days of hypoxia, there were increasing numbers of dead
cells in the constructs. IHC staining showed that the cells expressed
endothelial markers in both normoxia and hypoxia, but only in hypoxia
could there be seen the formation of microvessel-like structures. At day 7,
the hypoxia groups also showed an upregulation of vascularization genes
but this decreased at day 14 to levels comparable or even lower than the
normoxia group. The cell-laden hydrogels were then printed in an
alternate order with PCL/HAp a view to creating hybrid bone constructs.
IHC analyses showed the presence of encapsulated cells between the
PCL/HAp scaffolds. Compressive tests indicated compressive modulus of
around 50 MPa. The hybrid constructs were conditioned under hypoxia
for 7 days in osteogenic and endothelial media, followed by 14 days in
normoxia. In both the normoxia and hypoxia, there was alkaline phos-
phatase (ALP) staining and ALP activity, and it was demonstrated that
hypoxia conditioning did not alter osteogenic differentiation. However,
hypoxia led to upregulation of the endothelial genes. Surgical implan-
tation of the constructs in mice showed that constructs conditioned in
either normoxia or hypoxia led to in vivo vascularization, but hypoxia led
to increased vessel lumen size and broader distribution [72].

PCL was also used to enhance the mechanical properties of a hydrogel
in a hybrid construct made by Song and colleagues. The hydrogel was
composed of alginate and TCP laden with 1x106 BEL-7402 human hep-
atocarcinoma cells per ml of the bioink. Several hydrogels with different
concentrations of alginate (2%, 4% and 6% w/v) and different ratios of
TCP to alginate (0:4, 1:4, 8:4) were tested. Rheological analyses showed
that viscosity was dependent on alginate concentration, with higher
concentrations leading to higher shear-thinning behavior and the ne-
cessity for higher printing pressure, whereas the addition of TCP did not
affect the shear-thinning properties. 4% of the alginate demonstrated a
perfect 3d structure, and all formulations presented a compressive
modulus similar to that of a cancellous bone. The constructs were then
printed in a 3d model of a rabbit bone defect reconstructed by micro-CT
images processed by a software. After 4 h of cultivation, cell viability was
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assessed, and it was shown that the cells in the hydrogels composed of
alginate alone had high cell viability and that the addition of TCP
decreased viability significantly [73].

2.6. Muscle

Volumetric muscle loss (VML), defined as extremity muscle injuries
that result in more than 20% tissue damage of the affected muscle, are
beyond the endogenous ability of self-healing and result in loss of muscle
function [74]. Currently, there is no effective regenerative therapy and
current gold standard - autologous tissue transfer - is associated with
donor site morbidity and functional deficiency [75]. Moreover, autolo-
gous tissue for implantation is often unavailable or smaller than the size
of the injured site, resulting in insufficient functional regeneration.
Therefore, tissue engineering has become an important tool for devel-
oping muscle grafts that could efficiently deal with VML and promote de
novo muscle regeneration and functional recovery.

An innovative approach for reconstituting muscle was developed by
Kim and colleagues, using dECM as a bioink constituent. In this study, the
authors used the extrusion bioprinting method with fibrillated PVA as a
sacrificial material aligned by a controllable wall shear stress within a
microsized nozzle with the aim of guiding cellular orientation and
facilitating in vitro myogenic differentiation and maturation. Through
this novel method it was possible to create a uniaxially aligned fibrillated
printed construct (made of methacrylate decellularized extracellular
matrix together with C2C12 myoblasts) that was able to induce myoblast
orientation, resulting in accelerated myogenic differentiation when
compared to a GelMA-based structure with the same topographical cues
and a dECM-based structure without topographical cues [76].

Decellularized extracellular matrix was also used in a study by Choi
and colleagues to develop 3D cell printed prevascularized muscle con-
structs made of cell-laden dECM, human skeletal muscle cells, vascular
dECM and HUVECs through coaxial nozzle printing. The biomaterial was
able to mimic the hierarchical architecture of vascularized muscles and
showed improved de novo muscle fiber formation, vascularization and
innervation as well as 85% of functional recovery in VML injuries [77].

The same author used dECM to develop functional skeletal muscle
constructs composed of multinucleated and aligned muscle fibers. The
dECM-based bioink was printed using a 3D PCL support system. The use
of dECM was able to preserve major ECM components, such as laminin,
collagen and GAGs while the cellular components were removed. dECM
bioink-containing cells were printed in the desired spatial pattern with
adequate printability and generated various types of 3D muscle con-
structs with controllable architectures. The dECM bioink forged a suffi-
cient microenvironment simultaneously with the 3D-printed geometrical
constraints in the muscle constructs and provided cells with myogenic
conditions for exhibiting high viability, proliferation, myotube formation
and myogenic differentiation [78].

A PCL base was also used in a study by Kim and colleagues, together
with a gelatin hydrogel and human primary muscle progenitor cells. The
bioprinted skeletal muscle tissue showed a highly organized multi-
layered muscle bundle made of viable, densely packed and aligned
myofiber-like structures. The In vivo study showed that the bioprinted
muscle constructs reached 82% of functional recovery in a rodent model
of tibialis anterior muscle defect at 8 weeks post-implantation. In addi-
tion, histological and immunohistological examinations indicated that
the bioprinted muscle constructs were well integrated with the host
vascular and neural networks [76].

The same author published another paper using the same bioprinting
strategy but this time with a mix of human primary muscle progenitor
cells and hNSCs in the gelatin bioink to investigate the effects of neural
cell integration in the bioprinted skeletal muscle construct to accelerate
functional muscle regeneration in vivo. Neural input in this bioprinted
skeletal muscle construct showed the improvement of myofiber forma-
tion, long-term survival and neuromuscular junction formation in vitro.
More importantly, the bioprinted constructs with neural cell integration
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facilitated rapid innervation and maturation into organized muscle tissue
that restored normal muscle weight and function in a rodent model of
muscle defect injury [79].

The additional stiffness brought about by using a PCL base was also
explored in a study by Merceron and colleagues, where the authors
presented a 3D integrated organ printing system for the processing and
deposition of four different components for the production of a single
integrated muscle-tendon unit construct. Thermoplastic PU was co-
printed with C2C12 cell-laden fibrin-based bioink for elasticity and
muscle development on one side, while PCL was co-printed with fibro-
blast cell-laden hydrogel-based bioink for stiffness and tendon develop-
ment on the other. The developed construct presented good mechanical
characteristics and >80% cell viability at 1 and 7 days after printing as
well as initial tissue development and differentiation [80].

Constantini and colleagues tailored a bioink with a photocurable
semi-synthetic biopolymer using PEG-Fibrinogen encapsulating C2C12
cells in 3D constructs composed of aligned hydrogel fibers using a coaxial
needle extruder in a microfluidic printing head. After 3-5 days of culti-
vation, the encapsulated myoblasts began migrating and fusing, forming
multinucleated myotubes. The obtained myotubes showed a high degree
of alignment along the direction of hydrogel fiber deposition, further
revealing maturation, sarcomerogenesis and functionality. Following
subcutaneous implantation in the back of immunocompromised mice,
bioprinted constructs generated organized artificial muscle tissue in vivo
[81].

Alginate was also used in a complex 3D scaffold combining a
myoblast laden bioink, electrospun micro and nano fibers of PCL and a
PCL strut. The bioink composition consisted of alginate and polyethylene
oxide. Two disposal patterns of PCL micro and nano fibers were tested: a
random and an aligned pattern. Live/dead assay was performed on days
1, 3 and 7. RT-PCR was performed to analyze the expression of MyoD,
myogenin, MHC and Troponin T. The results showed that the scaffold
was capable of generating good cell viability with both the random and
the aligned test group. However, the morphology and formation of the
myotubes was influenced strongly by the fiber’s orientation [82].

GelMA was combined with several materials in order to create a
bioink which could produce a scaffold with structural fidelity with
skeletal muscle and a long-standing structure. For the bioink, GelMA was
diluted to a 1% or 5% concentration and the 5% GelMA was mixed either
with 1% PEGDMA (GelMA-PEGDMA), 1% alginate-methacrylate
(GelMA-AIgMA) or 1% carboxymethyl cellulose-methacrylate (GelMA-
CMCelMA) and with Irgacure 2959 or LAP. C2C12 cells were added to
the hydrogel to perform a cell viability assay with cell density of 1 x 10°
cells/mL of the bioink. The cell viability analysis showed that it was
possible to use both photoinitiators at maximum concentration of 0,1%
with cell survival up to 60%. Compressive tests indicate that the presence
of LAP increases compressive modulus compared to Irgacure 2959. The
formulations containing alginate presented the highest compressive
modulus [83].

2.7. Others

Several studies are being made in the effort of reconstructing
damaged cornea using 3D bioprinting. Bektas and colleagues used cell
ladden GelMA hydrogels to bioprint a corneal stromal equivalent using
human corneal keratocytes using an extrusion bioprinter. Cell viability
tests showed 98% of viable cells 21 days after printing and, after this
time, mechanical properties were close to those of native human cornea.
Furthermore, the keratocytes were able to synthesize extracellular ma-
trix, shown by the presence of collagen type I and V, as well as proteo-
glycan decorin on the edges, but not the center, of the constructs [84]
(Bektas, 2020). Sorkio and colleagues used laser-assisted bioprinting
with human embryonic stem cell derived limbal epithelial stem cells
(hESC-LESC) and ADSC to develop three types of corneal structures: the
corneal epithelium, the corneal stroma and structures with both epithe-
lium and stroma. For the epithelium, laminin was used as the base for the
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bioink, whereas for the stroma, collagen I was used. The cells presented
good viability and tissue organization, and the epithelial construct
showed expression of corneal progenitor markers. Furthermore, after
incubation with porcine corneal organ culture, the stromal constructs
attached and the cells migrated from the printed structure [85].

The liver is a central organ in the metabolism of toxic substances,
drugs and endogenous substances. Chronic exposure to xenobiotics,
inherited conditions and other insults can lead to permanent damage and
physiological loss. 3D bioprinting has been exploited as an alternative to
produce functional 3D hepatic tissue. Goulart and colleagues used an
extrusion bioprinter to bioprint induced pluripotent stem cells (IPS) in
two different approaches using alginate mixed with PF-127 as the bioink.
The authors compared cell survival and functional parameters of single
cell dispersion and spheroid dispersion of IPS-derived hepatocyte-like
cells. In vitro assays indicated a reduced cell survival in the single cell
groups as well as metabolic malfunction, indicating that a spheroid-based
bioprinting may be an suitable alternative to produce functional livers
[86].

In order to produce a tissue suitable for in vivo application, the bioink
rheology is a major component. Wu and colleagues produced a bioink
combining GelMA, alginate, cellulose nanocrystal (CNC), fibroblasts and
hepatoma cells (hepG2), printed with a microextrusion bioprinter. This
formulation presented a mechanical stiffness in the same range of the
human liver with a good printability and an excellent shear-thinning
behaviour. The bioink was used to print a lobule-like complex struc-
ture capable of producing albumin, showing the possibility to create a
bioprinted biomimetic structure using numerous cell lines and variable
extracellular matrix (ECM) [87].

In an attempt to improve cell survival, Mao and colleagues produce a
bioink combining liver decellularized matrix and GelMA to bioprint a
construct suitable for liver transplantation and able to restore hepatic
function. The authors used digital light process-based bioprinting to
fabricate a liver-like tissue using human-induced hepatocytes. The dECM
presence increases printability, cell survival and albumin and blood urea
nitrogen secretion. That indicates that this microtissue may be a suitable
alternative for liver transplantation due to its mechanical properties and
hepatocyte-like behaviour [88].

“Israel’s heart” result of Noor and colleagues received expressive
media coverage in 2019 for its impressive technique and rather dramatic
construct. The work consisted in isolation of cells and ECM from the
omentum to induce adipocyte into IPSCs and to produce an hydrogel
then used to print cardiac patches or a whole heart structure. Comput-
erized tomography scan of the patient’s heart guided the cardiac patches
production, resulting in a fully personalized tissue segment that fit the
anatomic and biomechanical characteristics of the native patient’s tissue.
The famous Israel’s heart structure, however, did not use the same
methodology and needed a supporting medium (alginate microparticles
in xanthan gum-supplemented growth medium) to execute free form
extrusion printing. The supporting medium then underwent an enzy-
matic degradation, extracting the construct which was subsequently
cultured in growth medium. An important authors’ statement expressed
concern about the safety of the IPCs usage in clinic, based on the known
problems of this lineage such as inducing tumors and having an unstable
genome. Lastly, results demonstrated that this approach creates far less
immune response and an environment that promotes self renewal and
differentiation of desired cells, as well as promoting physiological pro-
cesses that assemble and mature the treated tissue [89].

3. Conclusion

Bioprinting is a novel technology that has been showing promising
results for regenerative medicine due to its capacity for engineering tis-
sue substitutes with the appropriate and unique characteristics of each
tissue type. The choice of each bioink component and its concentration
can provide specific biological and mechanical characteristics for the
optimal formulation in order to mimic the native tissue. Each tissue
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requires specific characteristics to be able to obtain a good substitute.
Bone and cartilage substitutes must present adequate rheological char-
acteristics in order to maintain the construct integrity and stiffness and to
obtain maximum tissue regeneration, whereas vascular substitutes must
be malleable enough to be shaped correctly in order to regenerate ves-
sels. These properties, alongside the cellular components of the bioinks
have been explored in several different studies worldwide to achieve a
gold standard in regenerative medicine for each tissue type. A collection
of studies adventuring into this new field of knowledge to reach the ideal
bioink for every tissue type is required for aiding researchers with the
same goal.
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