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«Somewhere, something incredible is waiting to be knowny
(En algun lugar, algo increible est4 esperando a ser descubierto)

Carl Sagan

«Two ways. Gradually, then suddenly»
(De dos maneras. Gradualmente, luego de repente)

Ernest Hemingway

«If a man knows not to which port he sails, no wind is favorable»
(Si un hombre no sabe a qué puerto navega, ninglin viento le es favorable)

Seneca

«At some point, everything’s gonna go south [...]. Now, you can either accept that or you can
get to work. That’s all it is. You just begin. You do the math. You solve one problem, and you
solve the next one and then the next. And if you solve enough problems, you get to come
home»

(En algin momento, todo va a complicarse [...]. Bien, puedes aceptarlo o ponerte a trabajar.
Eso es todo. Simplemente empiezas. Haces los calculos. Resuelves un problema, luego el
siguiente y después otro. Y si resuelves suficientes problemas, podras volver a casa)

The Martian
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Abstract / Resumen

ABSTRACT

Knee osteoarthritis (OA) is a degenerative joint disease with rising global prevalence,
characterized by the progressive breakdown of cartilage and bone. While meniscectomy
provides temporary relief, it compromises patients' long-term quality of life because of OA
onset. New therapies have been developed to prevent the onset of this condition. An emerging
approach following total meniscectomy involves replacing the meniscus with a non-
biodegradable prosthesis. This solution helps preserve the patient's natural articular cartilage,
thereby reducing the likelihood of osteoarthritis development. However, patients often require
prolonged use of anti-inflammatory drugs to manage pain and facilitate prosthesis integration.
Conventional administration methods for these drugs pose significant challenges, including
adverse side effects from long-term oral intake and discomfort or pain from intra-articular
injections.

The objective was to develop a technology for localized and sustained release of a
combination of anti-inflammatory drugs within the knee joint cavity. The first step of this work
involved the design of a biodegradable bilayer polymer coating containing dexamethasone
(DEX) and celecoxib (CLX), enabling the sequential release of two anti-inflammatory drugs
with distinct release kinetics. DEX was selected to mitigate acute inflammation with a release
timeframe of 1-4 weeks, while celecoxib (CLX) was chosen to address chronic inflammation
with a release period of 6-9 months. The drug-releasing polymer coatings were evaluated in
vitro and showed a low cytotoxicity profile and an efficient reduction of representative
cytokines such as TNF-a, CCL2, and PGE2.

The second part of the thesis focused on optimizing the adhesion of the drug-releasing
polymer coatings to the PCU meniscus prostheses. Various surface modification strategies were
evaluated, including femtosecond-pulse laser treatment, plasma treatment, polydopamine
(PDA) coatings, and the incorporation of an ethyl cyanoacrylate (ECA) adhesive layer. Among
these approaches, the ECA adhesive layer showed the most promising results, significantly
enhancing adhesion and showing the most favorable mechanical properties (storage modulus
(G"), loss modulus (G"), elastic modulus (E), and tan §). When evaluated in a representative ex
vivo model using a bioreactor simulating gait with shear and compression forces, this strategy
preserved the coating’s integrity during mechanical stress and maintained consistent drug
release kinetics. The optimized system was successfully adapted for anatomically relevant
meniscus prostheses and tested in vivo in a pilot study in a sheep model. The functionalized
prostheses reduced OA progression compared to the uncoated prostheses while showing secure
fixation without delamination of the coating system.

As an independent part of the thesis work, the final section focused on the use of hydrogels
for the understanding of thymus development and the exploration of the therapeutic potential
of T cells in treating cancers and autoimmune disorders. Hydrogels, known for their versatility
and adaptability, have become indispensable in various biomedical applications such as 3D cell
culture. This study focused on how mechanical properties of extracellular matrix (ECM)-
mimicking hydrogels influence thymus organoid development. Thymus organoids, composed
of thymic epithelial progenitor cells (TEPCs) and neural crest cells (NCCs), were incorporated
into ionically crosslinked alginate hydrogels containing Matrigel® with tunable mechanical
properties. The results showed that matrix viscoelasticity played a pivotal role in guiding cell
reorganization, forming tissue-like structures, and promoting the expression of key
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developmental markers. These findings provide a foundation for designing advanced
biomaterials to support thymus organogenesis, offering valuable insights for regenerative
medicine, immunotherapy, and engineered immune system models.

24



Abstract / Resumen

RESUMEN

La osteoartritis (OA) de rodilla es una enfermedad articular degenerativa con una prevalencia
global en aumento, caracterizada por la degradacion progresiva del cartilago y el hueso. Aunque
la meniscectomia proporciona alivio temporal, compromete la calidad de vida a largo plazo de
los pacientes debido al desarrollo de la OA. Se han desarrollado nuevas terapias para prevenir
la aparicion de esta condicidon. Una estrategia emergente tras una meniscectomia total consiste
en reemplazar el menisco con una proétesis no biodegradable. Esta solucion ayuda a preservar
el cartilago articular natural del paciente, reduciendo asi la probabilidad de desarrollar
osteoartritis. Sin embargo, los pacientes a menudo requieren el uso prolongado de
medicamentos antiinflamatorios para manejar el dolor y facilitar la integracion de la protesis.
Los métodos convencionales de administraciéon de estos farmacos presentan desafios
importantes, incluidos efectos secundarios adversos por la administracion oral prolongada y
molestias o dolor asociados con inyecciones intraarticulares.

El objetivo de este trabajo fue desarrollar una tecnologia para la liberacion localizada y
sostenida de una combinacion de farmacos antiinflamatorios dentro de la cavidad articular de
la rodilla. El primer paso de este estudio implicé el disefio de un recubrimiento polimérico
biodegradable de dos capas que contiene dexametasona (DEX) y celecoxib (CLX), permitiendo
la liberacion secuencial de dos farmacos antiinflamatorios con cinéticas de liberacion distintas.
Se selecciondé DEX para mitigar la inflamacion aguda, con un periodo de liberacion de 1 a 4
semanas, mientras que CLX se eligio para tratar la inflamacion cronica, con un periodo de
liberacion de 6 a 9 meses. Los recubrimientos poliméricos con liberacion de farmacos se
evaluaron in vitro y mostraron un perfil de baja citotoxicidad y una reduccion eficiente de
citocinas representativas como TNF-a, CCL2 y PGE2.

La segunda parte de la tesis se centré en optimizar la adhesion de los recubrimientos
poliméricos liberadores de fArmacos a las protesis meniscales de PCU. Se evaluaron diversas
estrategias de modificacion superficial, incluidas el tratamiento con laser de pulsos
femtosegundos, tratamiento con plasma, recubrimientos de polidopamina (PDA) y la
incorporacion de una capa adhesiva de etil cianoacrilato (ECA). Entre estos enfoques, la capa
adhesiva de ECA mostro6 los resultados mas prometedores, mejorando significativamente la
adhesion y mostrando las propiedades mecéanicas mas favorables (médulo de almacenamiento
(G"), modulo de pérdida (G"), médulo elastico (E) y tan 3). Cuando se evalué en un modelo
representativo ex vivo utilizando un biorreactor que simulaba el movimiento de la marcha con
fuerzas de cizalladura y compresion, esta estrategia preservo la integridad del recubrimiento
durante el estrés mecanico y mantuvo cinéticas consistentes de liberacion de farmacos. El
sistema optimizado se adaptd con éxito para protesis meniscales anatomicamente relevantes y
se probo in vivo en un estudio piloto en un modelo ovino. Las protesis funcionalizadas
redujeron la progresion de la OA en comparacidon con las protesis no recubiertas, mientras
mostraron una fijacion segura sin delaminacion del sistema de recubrimiento.

Como una parte independiente del trabajo de la tesis, la seccion final se centrd en el uso de
hidrogeles para comprender el desarrollo del timo y explorar el potencial terapéutico de los
linfocitos T en el tratamiento de canceres y trastornos autoinmunes. Los hidrogeles, conocidos
por su versatilidad y adaptabilidad, se han vuelto indispensables en diversas aplicaciones
biomédicas, como el cultivo celular en 3D. Este estudio se centr6 en como las propiedades
mecénicas de hidrogeles que imitan la matriz extracelular (ECM) influyen en el desarrollo de
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organoides timicos. Los organoides timicos, compuestos por células progenitoras epiteliales
timicas (TEPCs) y células de la cresta neural (NCCs), se incorporaron en hidrogeles de alginato
reticulados i6nicamente que contenian Matrigel® con propiedades mecanicas ajustables. Los
resultados mostraron que la viscoelasticidad de la matriz desempefio un papel crucial en guiar
la reorganizacion celular, formar estructuras similares a tejidos y promover la expresion de
marcadores clave del desarrollo. Estos hallazgos proporcionan una base para el disefio de
biomateriales avanzados que apoyen la organogénesis del timo, ofreciendo valiosas
perspectivas para la medicina regenerativa, la inmunoterapia y los modelos de sistemas
inmunitarios disefiados.
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Resumo in extenso

1 RESUMO IN EXTENSO
1.1 INTRODUCION

O desenvolvemento de implantes médicos implica unha extensa investigacion nas propiedades
dos materiais, como a biomecédnica e a biocompatibilidade, para garantir que cumpran
eficazmente as stias funcions previstas, se integren sen problemas cos tecidos do corpo,
minimicen o risco de resposta inmune e reduzan a probabilidade de complicacions. Como
resultado, os implantes médicos contintian evolucionando, incorporando materiais e tecnoloxias
avanzadas para mellorar o rendemento, a lonxevidade e a seguridade dos pacientes.
Actualmente, utilizanse dous tipos de implantes: os implantes biodegradables, desefiados para
descomponierse gradualmente e ser absorbidos polo corpo, eliminando a necesidade de ser
retirados cirurxicamente unha vez cumpriron a stia funcién; e os implantes non biodegradables,
destinados a permanecer no corpo de maneira permanente ou durante periodos prolongados
para proporcionar funcionalidade a longo prazo [1].

Neste contexto, as peliculas de polimeros emerxeron como recubrimentos prometedores
para dispositivos médicos debido & sua capacidade para mellorar tanto a funcionalidade como
a biocompatibilidade. Os biopolimeros empregados para a funcionalizacion de implantes deben
posuir propiedades clave como biodegradabilidade, resistencia mecanica, flexibilidade e
biocompatibilidade [2—4], reportaronse diversas técnicas para a sintese de recubrimentos
poliméricos, incluindo recubrimento por inmersion, pulverizacion, recubrimento por Xiro e
deposicion quimica en fase vapor (CVD) [5,6]. Estes recubrimentos poliméricos compren
multiples funcidons, como reducir a corrosion, a friccion e o desgaste, e previr a formacion de
biofilms.

Unha 4rea de investigacion significativa neste campo céntrase no desenvolvemento de
peliculas poliméricas para a liberacion controlada de axentes terapéuticos dende dispositivos
médicos. Este enfoque permite que os implantes exhiban propiedades bioactivas, interactuando
activamente cos tecidos circundantes. Porén, un desafio critico no desenvolvemento de
implantes radica na sa interaccion co sistema inmune, que pode desencadear reaccidons
bioldxicas complexas, como inflamacion e encapsulacion fibrosa [7-9]. Unha das estratexias
para abordar este desafio implica a creacion de peliculas protectoras que liberen farmacos
antiinflamatorios. A pesar dos avances nesta drea, os efectos a longo prazo da liberacion
localizada de fArmacos na compatibilidade tisular e a optimizacién das cinéticas de liberacion
seguen sendo pouco explorados.

As tecnoloxias emerxentes, como os hidroxeles recargables, ofrecen unha fonte de
inspiracion valiosa para o desefio de recubrimentos poliméricos que poidan ser reabastecidos
con farmacos antiinflamatorios adicionais despois da implantacion, unha vez liberada a dose
inicial [10]. Ademais, persisten desafios fundamentais e necesidades clinicas non cubertas,
particularmente na consecucion dun control preciso sobre a liberacion de multiples farmacos
dende un tnico sistema. O equilibrio entre a dosificacion precisa e as cinéticas de liberacion
variadas adoita requirir métodos de proba e erro e unha extensa criba para optimizar as taxas de
liberacion de diferentes moléculas, destacando a necesidade de solucidons innovadoras [11].
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1.2 RECUBRIMENTOS POLIMERICOS PARA A LIBERACION SOSTIDA DE FARMACOS
ANTIINFLAMATORIOS DENDE UN IMPLANTE DE MENISCO

Os implantes ou andamiaxes de menisco que promoven a rexeneracion representan unha
alternativa prometedora para evitar o desenvolvemento de osteoartrite (OA) despois dunha
meniscectomia. Nos pacientes de maior idade, a autorrexeneracion do menisco estd limitada
pola propia bioloxia do menisco e o proceso de envellecemento [12]. En consecuencia, poderia
empregarse unha protese non biodegradable como substituto artificial do menisco. Nos
pacientes que se someteron a unha meniscectomia total e nos que se incorporou a prétese de
menisco non biodegradable NUsurface®, sera necesario o uso de farmacos antiinflamatorios
para o manexo da inflamacién post-cirirxica e a longo prazo. Isto proporcionard alivio
sintomatico da dor e asegurard a integracion da protese cos tecidos nativos circundantes na
cavidade do xeonllo, xestionando a resposta do corpo estraiio (FBR) [13,14].

Os inhibidores de COX-2, como o celecoxib (CLX), e os corticosteroides, como a
dexametasona (DEX), son amplamente utilizados para o manexo da inflamacién e a dor. O
CLX, administrado oralmente, ¢ eficaz para aliviar a dor e a inflamacion crénica, pero o seu
uso prolongado pode causar efectos secundarios sistémicos significativos, especialmente nos
sistemas gastrointestinal, renal, cardiaco e hematoloxico [15,16]. Ainda que a aplicacion topica
presenta menos efectos secundarios, a sua eficacia no alivio da dor adoita ser limitada [17].
CLX demostrou resultados superiores na mellora da funcién do xeonllo en pacientes con OA e
na proteccion contra a dexeneracion da cartilaxe, o que suxire o seu potencial como farmaco
modificador da osteoartrite (DMOAD) [18-22]. Do mesmo xeito, a DEX, comunmente
empregada mediante inxeccion intraarticular (IA) para a dor severa de xeonllo, mostrou ser
prometedora como corticosteroide condroprotector en doses baixas.

Neste contexto, 0 noso obxectivo foi desenvolver un sistema de liberacion innovador para
a administracion localizada e sostida de CLX, co proposito de manexar a dor e controlar a
inflamacion a longo prazo cunha liberacion dirixida ao longo de 6 a 9 meses, e de DEX, para
abordar a inflamacion excesiva post-cirirxica cunha liberacion rapida durante 1 a 4 semanas.
Este enfoque busca superar as limitacions das inxeccions IA e as terapias sistémicas actuais,
ofrecendo unha solucién mais eficaz e dirixida para o manexo da OA [20].

Nunha fase inicial de seleccion, avaliouse unha variedade de combinacidns de polimeros e
farmacos para optimizar as cinéticas de liberacion, considerando factores como o tipo e a
concentracion do polimero, a dose do farmaco, a solubilidade, a interaccion coa matriz
polimérica e a cristalinidade. Entre os polimeros probados, seleccionouse unha mestura de
PLLA/PCL (80/70 (m/m)) para a liberacion de CLX. A inclusion de PCL na matriz de PLLA
acelerou a liberacion de CLX, logrando unha liberacion case completa ao cabo dun ano.
Ademais, a capacidade da mestura para incorporar unha maior concentracion de CLX (30
mg/mL) en comparacién con outras combinacioéns posicionouna como unha forte candidata
para facilitar a integracion da protese de menisco, que require doses mais altas de CLX e
cinéticas de liberacion mais rapidas [23,24]. Para a liberacion de DEX, os polimeros LMW-
PLGA e PLA-PEG identificaronse como os candidatos mais axeitados, proporcionando perfis
de liberacion controlada madis ald dunha semana ou liberacion sostida dentro da primeira
semana, respectivamente.
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Ainda que inicialmente se explorou o método de deposicion con disolvente para a sintese
de peliculas poliméricas debido & sta simplicidade, baixo custo e rapida preparacion [25,26],
finalmente optouse pola técnica de recubrimento por inmersion. Este método, adecuado para a
xeometria complexa dos implantes, permitiu unha estratificaciéon precisa e unha liberacion
consistente de fArmacos, facéndoo ideal para a fabricacion dos recubrimentos bicapa [27,28].

O estudo comparativo de liberacion destacou diferenzas nas cinéticas de liberacion entre
os dous prototipos (Figura 1). A degradacion e o inchazo mais rapidos de LMW-PLGA no
Prototipo PLGA facilitaron unha liberacion mais rapida de CLX desde a matriz subxacente de
PLLA/PCL, en comparacion coa liberacion mais lenta e sostida observada co Prototipo PLA-
PEG. Esta discrepancia atribuiuse 4 perda mais rapida de tortuosidade na capa de PLGA, que
permitiu un acceso directo do tampon 4 capa de CLX nunha fase mais tempera.

A. Prototipo Prototipo
PLA-PEG PLGA
PLA-PEG — DEX LMW-PLGA — DEX
200 mg/mL —2.44% CF 200 mg/mL — 2.44% CF
PLLA/PCL - CLX PLLA/PCL - CLX
80/70 (p/p) — 16.6% CF 80/70 (p/p) — 16.6% CF
Implante de forma Implante de forma
B cadrada cadrada

—— Prototype PLGA - CLX
-=— Prototype PLGA - DEX

~
[3,}

—— Prototype PLA-PEG - CLX
—— Prototype PLA-PEG - DEX

N
[3,]

o
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(32
o
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0 5 10 15 20 25 30 35 40 45
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Figura 1. Representacion esquematica dos dous prototipos finais de recubrimentos poliméricos bicapa (A).
Liberacion secuencial de DEX e CLX desde os recubrimentos poliméricos bicapa, compostos por unha
primeira capa de polimero de PLLA/PCL, preparada a 150 mg/mL cunha proporciéon de 80/70 (w/w) e unha
carga de CLX do 16,6%; e unha segunda capa de polimero de PLA-PEG ou LMW-PLGA, ambas preparadas a
200 mg/mL cunha carga de DEX do 2,44% (B).

Abreviacions: CF: Carga do farmaco. CLX: Celecoxib. DEX: Dexametasona. PLA-PEG: Copolimero di-bloque
de acido poli(actico)-poli(etileno glicol). PLGA: Acido poli(actico-co-glicolico). PLLA: Poli(L-lactida). PCL:
Poli(caprolactona). LMW: Baixo peso molecular (Low molecular weight). Os valores representan a media =+
desviacion estandar (n=3).

A reducién do pH no medio de liberacién observada no sistema in vitro indicou a

degradacion do polimero, coa acidificacion do medio como resultado deste proceso. Este
ambiente acido, & stia vez, afectou a degradacion adicional do recubrimento polimérico restante
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mediante autocatalizacion, acelerando a taxa global de degradacion. A pesar desta limitacion,
estudos previos demostraron que os perfis de degradacion de PLGA in vitro e in vivo son
comparables en termos de reducion de peso molecular [29]. Esta semellanza pode deberse as

complexas interaccions entre polimeros e tecidos, incluindo unha posible implicacion
enzimatica no proceso de degradacion.

Demostrouse que tanto o prototipo PLGA como o prototipo PLA-PEG exhibiron unha
excelente biocompatibilidade cos macrofagos primarios humanos (HMDMs), sen impacto na
viabilidade celular en ningin dos momentos avaliados. Dado que o medio de liberacion incluia
tanto os farmacos como os subprodutos da degradacion do polimero, estes resultados indican
que os subprodutos da degradacion hidrolitica dos poliésteres non comprometeron a
supervivencia celular, en consonancia con estudos previos e destacando a natureza non toxica
e biocompatible dos prototipos desenvolvidos [30].

E importante destacar que a eficacia antiinflamatoria dos farmacos liberados foi validada
utilizando macrofagos HMDMs. Os resultados de ELISA demostraron que tanto DEX como
CLX mantiveron a sua capacidade para regular a secrecion de citoquinas (TNFa, CCL2 e

PGE2) despois de ser encapsulados e posteriormente liberados dos recubrimentos poliméricos
(Figura 2).
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Figura 2. Secrecion de TNFa (A), CCL2 (B) e PGE2 (C) por macréfagos primarios humanos expostos a medios
nos que os prototipos PLA-PEG e PLGA, ambos cargados con CLX e DEX, foron incubados durante periodos
especificos de tempo. A analise realizouse mediante ELISA.

Abreviacions: MO: Macréfagos non activados. Neg: Negativo. Pos: Positivo. Buf: Buffer. PLA-PEG: Acido
poli(actico)-poli(etileno glicol) copolimero di-bloque. h: Hora. d: Dias. w: Semanas. PLGA: Acido poli(actico-co-
glicolico). LPS: Lipopolisacarido. IFN: Interferon. TNF: Factor de necrose tumoral. CCL2: Ligando da quimiocina
do motivo C-C 2 ou proteina quimioatractante de monocitos-1 (MCP-1). PGE2: Prostaglandina E2. Unha
comparacion significativa foi realizada usando unha ANOVA unidireccional ordinaria seguida de probas de
comparacion multiple de Tukey entre LPS + IFNy e o resto dos grupos. Os valores de p < 0,05 consideraronse
estatisticamente significativos (*). Tamén, (**) se o valor de p < 0,01, (***) se p < 0,001 e (****) se p < 0,0001. ns:
Non significativa. As columnas representan a media + desviacion estandar (n > 5).

DEX suprimiu de forma efectiva a secrecion de TNFoa e CCL2 nos primeiros puntos
temporais, mentres que CLX reduciu principalmente os niveis de PGE2, en consonancia co seu
papel como inhibidor da via inflamatoria COX-2 [31]. Estes achados confirman os efectos
antiinflamatorios sinérxicos de ambos farmacos, cun rol distinto de cada un na modulacién da
inflamacion.

En resumo, o desenvolvemento de recubrimentos poliméricos bicapa con liberacion de
farmacos antiinflamatorios representa unha estratexia prometedora para mellorar a integracion
de préteses de menisco e abordar a inflamacion durante a recuperacion post-cirurxica mediante
perfis de liberacion de farmacos adaptados.

1.3 OPTIMIZACION DA ADHESION DOS RECUBRIMENTOS POLIMERICOS PARA LIBERACION DE
ANTIINFLAMATORIOS EN PROTESIS DE MENISCO PARA EL ESCENARIO IN VIVO

As proteses de menisco recubertas con polimeros de liberacion de fAirmacos deben soportar
forzas mecanicas substanciais dentro da cavidade do xeonllo, o que require unha boa adhesion
entre o recubrimento polimérico e a prétese de policarbonato uretano (PCU) para evitar a
delaminacion. Para lograr isto, as técnicas de modificacion da superficie son esenciais para
mellorar a unidén dos recubrimentos poliméricos con farmacos e garantir a sia durabilidade en
condicidns fisioloxicas. Porén, ainda que o PCU ¢é biocompatible e duradeiro, a sua natureza
hidrofobica, sensibilidade aos disolventes organicos e a necesidade de preservar a sta forma
xeométrica de cufia presentan desafios significativos [32,33]. Estes factores fan que métodos
tradicionais de modificacion, como o arenado [34], sexan menos efectivos e sublifian a
necesidade de enfoques innovadores para mellorar as interaccions superficiais € manter a
integridade do recubrimento.
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Este capitulo avaliou catro estratexias de modificacion superficial para mellorar a adhesion
entre os recubrimentos poliméricos e a protese de menisco mediante analises macroscopicas e
microscopicas. Entre estas, investigouse o tratamento con laser de pulsos femtosegundo (fs)
pola sua capacidade para controlar con precision a rugosidade e a estrutura superficial a escala
macro, micro e nano, atributos especialmente beneficiosos para aplicacions biomédicas [35].
Os laseres de pulsos fs son recofiecidos por minimizar os efectos térmicos a0 mesmo tempo que
xeran xeometrias superficiais complexas que promoven a actividade celular [36]. O tratamento
con laser permitiu axustar finamente pardmetros como a enerxia aplicada, a area superficial
modificada, a xeometria do patrdn, a separacion dos buratos e o tempo de exposicion, ofrecendo
unha ferramenta versatil para personalizar as propiedades da superficie. A modificacion en
forma de patron de grade mellorou a interaccidon entre o recubrimento e a protese en
comparacion cos patrons de buratos (Figura 3).

200pm EHT=20004V. Signel A=NTSBSO  Brghtness = 54.1%

zExss)
F——  wo=s5mm Mag= 200X Contrast= 37.9 %

F.

EHT=2000kV. SignalA=NTSBSD  Brightness = 53.8%
wo= 70mm Mag= 100X Contrast= 49.8%

wo= 90mm Mag= 100X Contrast= 84.1%

EHT=20004V SignalA=NTSBSD  Brightness = 58.5%

Figura 3. Aspecto macroscopico da protese de PCU modificada fisicamente con laser de pulsos fs con
diferentes patroéns: alta densidade de poros (A), baixa densidade de poros (C) e grade (D). Imaxes de
FESEM do corte sagital mostrando a interaccion do recubrimento polimérico bicapa coas préoteses de PCU
modificadas fisicamente con diferentes patrons: alta densidade de poros (B), baixa densidade de poros (D)
e grade (H). Imaxes de microscopia optica da superficie da prétese de PCU modificada fisicamente
utilizando un microscopio metroléxico Nikon MM-400 con 5x (E e I) e 20x (F e J). Imaxe de microscopia
optica do lateral da protese de PCU modificada fisicamente utilizando un microscopio metroléxico Nikon
MM-400 con 20x (K).

Abreviacions: FESEM: Microscopia electrénica de varrido por emision de campo. pm: Micrometros. EHT:
Tension alta de electrons. WD: Distancia de traballo. Mag: Ampliacion.
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Porén, o tratamento con laser tamén provocou cambios visibles de cor, o que indicou
posibles alteracions nas propiedades mecanicas e na estrutura da protese debido aos efectos
térmicos. Este cambio de cor, probablemente causado pola carbonizacion debida a un exceso
de calor, suxire unha descomposicion do material e a formacién dun residuo rico en carbono
[37]. En consecuencia, este método foi considerado inadecuado para mellorar a adhesion do
recubrimento e abandonouse en favor de enfoques mais fiables.

Posteriormente, avaliouse a modificacion quimica da protese de PCU mediante tratamento
con plasma de osixeno como unha estratexia para mellorar a adhesion. Este enfoque preservou
as propiedades fundamentais da protese de PCU, mantendo a stia integridade estrutural [38,39].
O tratamento con plasma de osixeno conleva a introducién de grupos carboxilo (-COOH) e
hidroxilo (-OH) na superficie da protese, mellorando a sua hidrofilicidade e mollabilidade
[40,41]. E de supofier que estes grupos funcionais forman enlaces de hidroxeno cos grupos éster
(COO) do recubrimento polimérico, proporcionando colectivamente a forza suficiente para
mellorar a adhesion en condicions secas [42].

O procedemento foi optimizado cun tempo de procesamento de 6 minutos a 52W. Este
enfoque garante unha adhesion eficiente en condicions secas, baseandose nos enlaces de
hidréxeno, sen prolongar innecesariamente o tempo de tratamento nin aumentar a potencia do
campo electromagnético, minimizando asi a posible degradacion do material. Porén, cando se
probou en condicions humidas, a eficacia destes enlaces era limitada, xerando incerteza sobre
a stia funcionalidade no microambiente hidrofilico da cavidade do xeonllo, onde as moléculas
de auga poden substituir as interaccions entre o polimero e a superficie. Ademais, as
modificacions superficiais inducidas polo tratamento con plasma son temporais, o que require
que a protese sexa procesada e recuberta de forma inmediata para garantir que a mellora na
adhesion persista [43].

Outra modificacion quimica da protese de PCU avaliada foi o recubrimento con
polidopamina (PDA). A formacion do recubrimento de PDA baséase na autopolimerizacion da
dopamina [44]. Este proceso foi monitorizado mediante DLS, revelando un crecemento
consistente do tamafo das particulas ata 24 horas, confirmando unha polimerizacion progresiva
(Figura 4). A transicion visual da reaccion de incoloro a marrén escuro indicou, ademais, a
oxidacion da dopamina e a formaciéon uniforme de PDA. Ainda que os recubrimentos
resultantes de PDA melloraron a hidrofilicidade e ofreceron un método versatil e non invasivo
adecuado para xeometrias variadas da protese, o proceso requiria un tempo de preparacion
prolongado, incluindo un pretratamento con plasma de osixeno e 24 horas de polimerizacion.

Para abordar os desafios relacionados coa adhesiéon dos recubrimentos poliméricos
liberadores de farmacos, introduciuse unha capa de sacrificio de PLA-PEG despois do
recubrimento de PDA. Suptixose que o dominio hidrofilico de PEG interactuaba coa superficie
de PDA, mentres que o dominio hidrofébico de PLA facilitaba a unidén cos recubrimentos
poliméricos. Este enfoque mellorou significativamente a adhesion en condicions secas, con
avaliacidbns macroscopicas que mostraron fibras de interaccion visibles que resistian a
delaminacién (Figura 5). Con todo, en condicions humidas, a adhesion debilitouse debido a que
as moléculas de auga interrompian os enlaces de hidroxeno entre a protese e os recubrimentos.
A pesar do seu potencial, este método foi finalmente considerado inadecuado debido &s stas
limitacions en ambientes acuosos. Estes resultados sublifiaron a necesidade de estratexias
alternativas para lograr unha adhesion robusta tanto en condicions secas como huiimidas.
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Figura 4. Tamafo medio das particulas dos granulos de PDA medido mediante DLS, abordando
indirectamente a polimerizacion de PDA.

Os valores representan a media + desviacion estandar (n=3).

Figura 5. Avaliacion macroscopica da protese recuberta con polimero que incorpora a pelicula de PDA e a
capa sacrificial de PLA-PEG mediante proba de scratch.

Finalmente, avaliouse a modificacion quimica da protese de PCU mediante etil-2-
cianoacrilato (ECA). O ECA esta certificado baixo os estandares USP Clase VI e ISO-10993,
o que o fai axeitado para aplicacions médicas, como adhesivos cirurxicos e recubrimentos de
dispositivos biomédicos [45—47], e xa foi descrito como un material capaz de adherir polimeros
a poliuretano [48].

O ECA disolveuse en acetona [49] e foi optimizado nunha solucion ao 40% (wW/v),
mantendo as propiedades adhesivas ao mesmo tempo que reducia significativamente a
viscosidade, facéndoo adecuado para o recubrimento por inmersion da protese de menisco. O
ECA mostrou unha mellor estabilidade da adhesion en condiciéns himidas debido a que
polimeriza en presenza de humidade [50], superando as limitacions observadas cos tratamentos
de PDA e plasma. As cinéticas de liberaciéon permaneceron inalteradas para DEX, pero
aceleraronse lixeiramente para CLX, probablemente debido & reestruturacion do polimero
causada por interaccidons quimicas entre o grupo ciano do ECA e o PLLA/PCL.
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Figura 6. Liberacion acumulada secuencial de DEX e CLX desde recubrimentos poliméricos bicapa
compostos por unha primeira capa de polimero de PLLA/PCL, preparada a 150 mg/mL cunha proporcion de
80/70 (w/w) e unha carga de CLX do 16,6%, e unha segunda capa de polimero de LMW-PLGA, preparada a
200 mg/mL cunha carga de DEX do 2,44%, sintetizados sobre unha capa adhesiva de ECA que recubre a
protese de PCU ou sobre a protese de PCU sen tratar.

Abreviacions: CLX: Celecoxib. DEX: Dexametasona. PLA-PEG: Copolimero di-bloque de acido poli(actico)-
poli(etileno glicol). PLGA: Acido poli(actico-co-glicdlico). PLLA: Poli(L-lactida). PCL: Poli(caprolactona). ECA:
Etil-2-cianoacrilato.

Os valores representan a media + desviacion estandar (n=3).

As avaliacions mecanicas mediante Analise Dindmica Mecénica (DMA) utilizando un sistema
de tres puntos de flexion (TPB) foron realizadas para avaliar cuantitativamente o modulo e as
propiedades mecdnicas da protese de PCU modificada, garantindo que se asemellen
estreitamente 4s necesidades mecanicas dos meniscos naturais. As propiedades mecanicas das
préteses recubertas con ECA foron superiores en comparacion con outras modificacions. A
capa adhesiva de ECA incrementou significativamente o moédulo de almacenamento (G'),
indicando unha maior rixidez e un comportamento similar a un s6lido, critico para proporcionar
soporte mecanico no ambiente de carga do xeonllo (Figura 7A). Ademais, o modulo elastico
(E) das proteses recubertas con ECA foi substancialmente maior que noutros prototipos,
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reflectindo unha mellora na rixidez e estabilidade, esenciais para a durabilidade na cavidade do
xeonllo (Figura 7B). A pesar destas melloras, os valores de tan & permaneceron baixos e
comparables 4s proteses sen recubrir, indicando que o tratamento con ECA preservou o
equilibrio entre os comportamentos eldsticos e viscosos, asegurando unha o6ptima recuperacion
de enerxia durante o movemento (Figura 7C).
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Figura 7. M6dulos de almacenamento (A), tan delta (B), e moédulos elasticos (E) medidos mediante DMA.

Abreviaciéns: PCU: Policarbonato uretano (sen recubrimento). PDA: Polidopamina. ECA: Etil-2-cianoacrilato.
Delta: d. Realizouse unha comparacion significativa mediante a proba t de Welch non pareada entre o grupo ECA
e o resto dos grupos. Os valores de p < 0,05 consideraronse estatisticamente significativos (*). Ademais, (**) se o
valor de p < 0,01, (***) se p < 0,001 e (****) se p < 0,0001. Cando se mostra ns, non se observaron diferenzas
significativas. As columnas representan a media + desviacion estandar (n > 3).

En xeral, as proteses recubertas con ECA superaron as proteses non tratadas ou tratadas
con PDA ou plasma, establecendo a modificacion con ECA como a candidata mais prometedora

para as proteses de menisco no esixente ambiente mecanico do xeonllo.

Para probar as proteses de menisco de PCU recubertas in vivo escolléronse as ovellas como
modelo, debido & sua semellanza anatdmica co menisco humano [51-53]. Para adaptarse as
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caracteristicas xeométricas da prétese de menisco de ovella, optimizouse o proceso de
recubrimento por inmersion. A orientacion da protese foi axustada de horizontal a vertical, e a
concentracion da capa de PLLA/PCL modificouse de 80/70 (m/m) cunha carga de CLX do
16,67% a 53/47 (m/m) cunha carga de CLX do 16,6%. Estes axustes preservaron as propiedades
mecanicas da protese, evitaron a alteracion estrutural durante o curado e mantiveron as cinéticas
de liberacion relativamente inalteradas, asegurando a stia compatibilidade coas condicions in
vivo.

A configuracién final, que utilizou a capa adhesiva de ECA, a nova orientacion da protese
durante o proceso de recubrimento por inmersion e a reducion da concentracioén do polimero na
capa liberadora de CLX, foi avaliada nun biorreactor que simulaba a marcha e as duas forzas
predominantes que actian sobre o menisco durante o movemento: compresion e cizalla [54,55].
O estrés mecanico acelerou a liberacion de farmacos desde as proteses nun biorreactor en
comparacion cos controis non estimulados, liberandose 0 67% de DEX e 0 40% de CLX baixo
estimulacion fronte ao 59% e 25%, respectivamente, nos controis. A pesar destes cambios, 0s
recubrimentos poliméricos permaneceron adheridos &s proteses de PCU sen delaminacion,
demostrando a durabilidade e a forte adhesion proporcionada pola capa adhesiva de ECA. Estes
resultados confirman a estabilidade do recubrimento e a sua idoneidade para o esixente
ambiente mecanico da cavidade do xeonllo.

Con respecto a esterilizacion antes da implantacion in vivo, seleccionouse o oxido de
etileno (ETO) como método debido 4 sua capacidade para preservar a estabilidade dos
farmacos, manter as cinéticas de liberacion e evitar danos estruturais nos recubrimentos
poliméricos. Ainda que inicialmente se considerou a esterilizacién con plasma de perdxido de
hidroxeno (H20:), este método danou gravemente os recubrimentos poliméricos, especialmente
a capa superior de PLGA, e presentou riscos debido as altas temperaturas de operacion e &
exposicion prolongada 4 luz UV, que poderian degradar o DEX [56,57]. A esterilizacion con
ETO tamén demostrou non ter efectos adversos nas cinéticas de liberacion ou na carga de
farmaco, converténdose asi no método mais adecuado para estudos in vivo.

Finalmente, as préteses de menisco recubertas con polimeros de liberacion de farmacos
optimizadas foron probadas in vivo en ovellas. As analises histoloxicas revelaron diferenzas
entre os grupos (Figura 8). O grupo de meniscectomia mostrou os mellores resultados a curto
prazo, con minimos danos na cartilaxe, ausencia de formacion de osteo6fitos e sen engrosamento
significativo do 6so subcondral. Porén, este grupo carecia dun dispositivo de descarga, como a
protese de menisco, o que poderia levar a unha dexeneracidon progresiva das estruturas da
cavidade do xeonllo a longo prazo. En contraste, o grupo de préteses sen recubrir mostrou os
indicadores mais severos de OA, incluindo unha fibrilacion significativa da cartilaxe, extensa
formacion de fibrocartilaxe e notable engrosamento do 6so subcondral. Estes resultados
reflicten a falta dun mecanismo antiinflamatorio e unha pobre estabilidade de fixacion, o que
fixo necesario o sacrificio temperan deste grupo. As proteses recubertas pareceron ofrecer un
mellor rendemento que as proteses sen recubrir en todas as avaliacions. A tinguidura con azul
de toluidina revelou que as préteses recubertas minimizaron os danos na cartilaxe, con
puntuacions proximas as do grupo de meniscectomia. Ademais, as préteses recubertas
reduciron a agrupacion de condrocitos, a formacion de fibrocartilaxe e a presenza de ostedfitos
en comparacion coas proteses sen recubrir, suxerindo un efecto protector xerado pola liberacion
sostida de DEX e CLX. O engrosamento do 6so subcondral tamén foi menos pronunciado no
grupo recuberto, indicando un papel importante na mitigacion da progresion da OA.
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E importante destacar que as proteses recubertas mostraron potencial para mitigar a FBR,
como se evidenciou pola reducion na formacion de fibrocartilaxe [58,59].

En resumo, ainda que as proteses recubertas non eliminaron completamente os marcadores
da OA, demostraron claras vantaxes fronte 4s proteses sen recubrir, incluindo unha reducion da
inflamacion sinovial e unha mellor preservacion da cartilaxe. Estes resultados destacan o
potencial das proteses recubertas como unha opcidn terapéutica a longo prazo, especialmente
para abordar a inflamacion e promover a satde articular. Con todo, os resultados favorables a
curto prazo do grupo de meniscectomia sublifian a necesidade de estudos con seguimento mais
prolongado para confirmar a capacidade das proteses recubertas de atrasar a progresion da OA
ao longo do tempo. Ademais, sera crucial contar cun nimero maio de animais no estudo e
estandarizar as técnicas de fixacion para garantir resultados consistentes e comparacions mais
fiables en futuras investigacions. Por tanto, este estudo debe considerarse como unha
investigacion piloto in vivo, proporcionando informaciéon valiosa sobre a capacidade dos
recubrimentos poliméricos para soportar as forzas mecanicas na cavidade do xeonllo e
identificando a técnica de fixacion de protese mais efectiva dentro da articulacion.
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Figura 8. Media das puntuacions histoloxicas de todas as areas analizadas (MFC, LFC, MTP, LTP, PAT e

Troclea).

Abreviacions: M: Meniscectomia (sen protese de menisco). NCI: Implante non recuberto (meniscectomia +
protese de menisco sen recubrir). Cl: Implante recuberto (meniscectomia + protese de menisco recuberta). MFC:
Condilo femoral medial. LFC: Céndilo femoral lateral. MTP: Platd tibial medial. LTP: Plat6 tibial lateral. PAT:
Patela. Troclea: Ranura troclear. As columnas representan a media + desviacion estandar das puntuacions nas
areas analizadas (n > 14). As ovellas analizadas foron meniscectomia (n = 1), implante non recuberto (n = 1) e
implante recuberto (n = 2).

1.4 ENCAPSULACION 3D DE ORGANOIDES DE TIMO EN IPNS QUE IMITAN A ECM PARA
AVALIAR A MORFOXENESE IN VITRO

A formacion do repertorio do receptor das células T (TCR) ocorre durante o desenvolvemento
e a maduracion destas células no timo a través de eventos rigorosamente regulados en zonas
especializadas. Durante este proceso, sinais e tipos celulares distintos dirixen a diferenciacion
dos timocitos en células T completamente funcionais. A organizacion espacial e as propiedades
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mecanicas do microambiente timico, incluindo a matriz extracelular (ECM) e a arquitectura dos
tecidos, xogan un papel crucial [60].

Este capitulo explora como as propiedades mecédnicas dos hidroxeles de alginato
reticulados i6nicamente, modificados para incorporar proteinas asociadas & ECM e formar
redes poliméricas interpenetradas (IPNs), afectan o desenvolvemento de organoides timicos. A
resistencia dos hidroxeles & degradacion celular permite unha axuste independente da
viscoelasticidade, rixidez e densidade de ligandos. Ademais, a sua reticulacion i6nica pode
adaptarse as diferentes taxas de relaxacion do estrés nos tecidos en desenvolvemento, mantendo
a estabilidade en cultivo durante varias semanas [61].

Os organoides timicos, compostos por células proxenitoras epiteliais do timo (TEPCs) e
células da crista neural (NCCs) derivadas de células nai embrionarias humanas, foron
encapsulados en catro formulacions de IPNs con propiedades mecénicas distintas. Os modulos
oscilaron entre brandos (E = 4.100 Pa) e rixidos (E = 15.000 Pa), mentres que a
viscoelasticidade variou de mais elastica, con tempos de relaxacion t70% mais lentos, a mais
viscoelastica, con tempos de relaxacion t70% mais rapidos.

Estes organoides cultivaronse e analizaronse durante unha semana para avaliar a
reorganizacion celular en resposta aos estimulos mecanicos. Durante o desenvolvemento dos
organoides timicos, as NCCs superaban inicialmente en nimero 4s TEPCs nunha proporcion
de 3:1, encapsulandoas progresivamente e dando forma 4 estrutura do organoide. A andlise de
circularidade revelou unha morfoloxia estable nos IPNs rixidos, independentemente da
viscoelasticidade, mentres que os IPNs brandos mostraron tendencias distintas: os IPNs brandos
de relaxacion lenta experimentaron unha diminucioén pronunciada na circularidade ata o dia 3,
estabilizdndose no dia 5, mentres que os IPNs brandos de relaxacion rapida mostraron unha
diminucién gradual durante todo o periodo de observacion. Estes achados sublifian os roles
complementarios da rixidez e a viscoelasticidade na morfoloxia e organizacion espacial dos
organoides. As NCCs formaron unha estrutura anular ao redor da parte central do organoide,
encapsulando progresivamente as TEPCs co tempo (Figura 9), destacando a importancia das
sinais mecanicas no desenvolvemento dos organoides e na morfoxénese dos tecidos [62,63].

A anélise mediante inmunohistoquimica revelou que as propiedades mecanicas da ECM
infliien significativamente no desenvolvemento do tecido timico, incluindo a formaciéon de
estruturas semellantes a tecidos e a expresion de marcadores clave do desenvolvemento. Este
achado resalta o papel fundamental da viscoelasticidade na creacion de patrons estruturados
semellantes a tecidos dentro dos organoides timicos. No que respecta 4 formacion de estruturas
semellantes a tecidos, os IPNs brandos de relaxacion rdpida demostraron as estruturas mais
avanzadas, coa presenza de limenes que indicaban unha progresion cara 4 organizacion madura
dos tecidos (Figura 10). Pola contra, a ausencia de limenes noutras condicidons indicou unha
diferenciacion limitada, destacando unha coordinacion insuficiente entre os estimulos
mecanicos e bioquimicos [64—66]. Os IPNs rixidos de relaxacion rapida apoiaron lixeiramente
a formacion de limenes e estruturas semellantes a tecidos, suxerindo que a rixidez complementa
a viscoelasticidade na morfoxénese timica. En contraste, os IPNs brandos de relaxacion lenta
mostraron unha complexidade limitada con menor formacion de limenes, e os IPNs rixidos de
relaxacion lenta careceron por completo de limenes e organizacion, sublifiando a necesidade
dun ambiente viscoeldstico semellante & ECM para o correcto desenvolvemento do tecido
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timico, apoiando estudos previos que destacan o seu papel no desenvolvemento de tecidos e na
instrucion celular [67-69].

Figure 9. Organoides de timo fluorescentes encapsulados en IPNs brandos de relaxacion rapida, imaxinados
mediante microscopia de campo amplo.

Abreviacions: IPN: Rede polimérica interpenetrada. GFP representa as TEPCs. RFP representa as NCCs. As imaxes
foron capturadas cunha ampliacion de 4x, proporcionando unha vision xeral da distribucion dos organoides dentro
do campo. As barras de escala representan 500 pm.

Nuclear

o

Nuclear

Figure 10. Imaxes fluorescentes representativas de organoides de timo encapsulados e diferenciados en
IPNs brandos de relaxacién rapida que imitan a ECM.

Abreviacions: K8: Queratina 8. FOXN1: Forkhead-box n1. EpCAM: Molécula de adhesion das células epiteliais.
VCAM1: Molécula de adhesion das células vasculares-1. As imaxes de cada panel foron capturadas cunha
ampliacion de 20x. As imaxes nas caixas brancas punteadas presentan unha vista ampliada dunha parte do
organoide, permitindo unha observacion mais detallada da sta morfoloxia e caracteristicas estruturais. As barras
de escala representan 200 pm.

Por ultimo, a analise dos marcadores de desenvolvemento do timo revelou diferenzas
significativas na expresion a través dos IPNs con propiedades mecénicas variadas. Os IPNs
brandos de relaxacion radpida promoveron consistentemente os niveis mais altos de expresion
de K8, FOXNI e EpCAM, marcadores criticos para a organoxénese timica. Observaronse
diferenzas significativas na expresion de K8 entre os IPNs brandos de relaxacion rapida e os
IPNs rixidos de relaxacion lenta, mentres que outras condicions mostraron niveis comparables,
destacando o papel dominante da viscoelasticidade na mellora da expresion de K8.
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FOXNI, esencial para a morfoxénese do timo, presentou niveis significativamente mais
altos nos IPNs brandos de relaxacion rapida en comparacion con todas as outras condicions,
sendo os IPNs rixidos de relaxacion lenta os que mostraron a menor expresion. De forma
similar, EpCAM, asociado coa organizacion epitelial, tamén se elevou significativamente nos
IPNs brandos de relaxacion rdpida en comparacioén coas outras condicions, sublifiando a sua
capacidade superior para apoiar a diferenciacion avanzada de tecidos. Pola contra, a expresion
de VCAMI foi uniformemente baixa en todas as condicidns, sen diferenzas significativas,
consistente co seu papel en etapas posteriores do desenvolvemento timico [70,71].

Esta parte da tese destaca a viscoelasticidade como o principal motor da maduracion dos
organoides timicos, mentres que a rixidez desempefia un papel secundario pero
complementario. Enfatiza a importancia de optimizar as propiedades mecanicas dos IPNs que
imitan a ECM para mellorar a organoxénese timica.
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Introduction

2 INTRODUCTION

The development of medical implants involves extensive research into materials properties such
as biomechanics and biocompatibility to ensure that they perform their intended functions
effectively and integrate seamlessly with the body’s tissues, minimize the risk of immune
response, and reduce the likelihood of complications. As a result, medical implants continue to
evolve, incorporating advanced materials and technologies to enhance their performance,
longevity, and patient safety. Two types of implants are currently being used: biodegradable
implants, designed to gradually break down and be absorbed by the body, thus eliminating the
need for surgical removal after they have served their purpose, and non-biodegradable implants,
intended to remain in the body permanently or for extended periods, providing long-term
functionality [1]. Some of the most used implants, materials, and required properties are
summarized in Table 1.

In this context, polymer films have emerged as promising coatings for medical devices due
to their ability to enhance both functionality and biocompatibility. While previous reviews have
focused on specific polymers for particular implants, such as polyesters for bioceramic
scaffolds [72], there is a need for a broader evaluation that spans different polymer coatings and
their applications across various medical devices.

A significant area of research in this field is the development of polymer films for the
controlled release of therapeutic agents from medical devices, enabling implants to exhibit
bioactive properties and interact with surrounding tissues actively. Recently, many studies have
explored specific devices—such as cardiovascular stents, balloons, or titanium implants [73,74]
—or have focused on the release of different therapeutics from these coatings [75].

On the other hand, a critical issue to be confronted when developing implants is their
interaction with the immune system, which often triggers complex biological reactions like
inflammation and fibrous encapsulation [7-9]. An approach to deal with this issue has been the
formation of protective films covering the implants and releasing anti-inflammatory drugs.
Despite advances in this area, the long-term effects of localized drug release on tissue
compatibility and the optimization of release kinetics remain underexplored. While Welch,
Winkler, and Thissen [76] reviewed valuable insights into antifibrotic strategies for implants
and prostheses, gaps persist in understanding how drug-releasing polymer coatings can more
effectively mitigate this challenge.

Therefore, there is a need for a more in-depth evaluation of the broad application of
polymer coatings across various implant and prosthesis compositions, synthesis methods, and
functions. Specifically, this chapter addresses the gaps in knowledge regarding the synthesis
strategies, the most promising tasks of these coatings, and their capacity to release anti-
inflammatory agents to modulate the immune response and reduce adverse post-implantation
effects.

This chapter will first describe the properties of polymers used as functional coatings, then
examine the various types of medical implants and prostheses, their functional requirements,
and current limitations. It will also present synthesis methods and applications of polymer
coatings on specific implantable devices, emphasizing their contribution to improving
prostheses’ functionality and advancing implant technology. Finally, a comprehensive analysis
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of their use in drug delivery, focusing on anti-inflammatory drugs, will be presented. This
introduction will also discuss the evolution towards multi-drug release systems designed better
to meet the complex biological demands of the body. Lastly, future directions in the field will
be outlined.

2.1 KEY CHARACTERISTICS OF POLYMERS USED FOR FUNCTIONALIZATION OF IMPLANTS

Biopolymers used for functionalization of implants must exhibit key properties such as
biodegradability, mechanical strength, flexibility, and biocompatibility [2—4]. Biodegradable
polymers can fulfill their intended function and subsequently be eliminated from the body
through excretion or resorption, eliminating the need for surgical removal [77]. When designing
biodegradable biomaterials, several critical properties must be considered. These materials
should minimize the risk of prolonged inflammatory responses and degrade at a rate that
matches their intended purpose and is suitable for their specific application. Additionally, they
should produce non-toxic degradation byproducts that the body can readily absorb or excrete
while providing the necessary permeability and processability for their intended use [78].

The mechanical strength of polymers is critical because it determines the material's ability
to withstand physiological forces and stresses without failing. For instance, orthopedic implants
require sufficient mechanical integrity to support tissues and maintain their structure in the
body. Thus, the polymer coatings synthesized over them will require similar mechanical
properties to better adapt to their target location. Mechanical strength also influences the
durability and longevity of medical devices. For example, very promising polymers such as
collagen have been limited by their poor mechanical strength compared to their natural state in
the body [79]. However, alternatives such as chemical, physical, or enzymatic crosslinkers have
allowed their application in fields such as skin wound repair [80], corneal diseases [81], bone
defects [82], or tendon damage [83], among others.

Regarding flexibility, it is a significant factor in biomedical polymers. When the degree of
internal rotational freedom within a polymer is sufficiently high, the molecular chains can
change their conformation, resulting in enhanced flexibility [84]. Flexibility enables these
materials to closely replicate the mechanical behavior of organs and tissues, making them well-
suited for use in implants, prosthetics and polymer coatings, and tissue engineering scaffolds.
The ability of these polymers to adapt and conform to various shapes promotes seamless
integration in the body, minimizing the risk of damage or rejection. This adaptability enhances
patient outcomes and expands the potential applications of these polymers in regenerative
medicine and other advanced medical technologies [85,86].

Finally, biocompatibility is crucial because it ensures that the material does not elicit an
adverse immune response when in contact with body tissues. This property helps prevent
inflammation, toxicity, or rejection by the body, enabling the polymer to function effectively
within the biological environment. Biocompatible polymers are currently used safely in a wide
range of medical devices, implants, and drug delivery systems, interacting closely with
biological tissues without causing harm or disruption to physiological processes. For instance,
polymeric materials in direct contact with human blood must effectively manage protein
adsorption and blood cell adhesion. These interactions are critical as they can trigger the body's
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defense mechanisms, potentially leading to complications such as clot formation or immune
responses. Therefore, ensuring that these materials can handle these processes without adverse
effects is essential for their safe and effective use in medical applications [87].

2.2 TECHNOLOGICAL APPROACHES FOR THE FUNCTIONALIZATION OF IMPLANTS WITH
POLYMER COATINGS

As explained above, implants, from artificial joints to cardiovascular stents, are gaining
importance as world populations tend to live longer (Table 1). However, the interaction between
these foreign materials and the host's biological environment can pose challenges. These
difficulties include the risk of infection, inflammation, and, finally, implant rejection. Revision
surgeries cost millions and are detrimental to countries' public health [88,89]. These procedures
usually occur because of improper implant functionality, wear, lack of integration, and
infection. Moreover, the recurrence of revision surgeries significantly affects patients’ quality
of life [90-92]. Therefore, different processing methods and surface modification of implants
have been developed to overcome this hurdle. Roughness modification (i.e., sandblasting
[93,94], acid-etching [95,96], laser-based [97,98] processing), chemical modifications (i.e.,
anodization [99], plasma treatment [100—-102]), organic coatings (i.e., polydopamine [103—
105]), inorganic coatings (i.e., silver coating [106], hydroxyapatite [107,108] ), grafting (i.e.,
graft polymerization [109]), and polymer coatings (i.e., polyester [110-114]).

Among these modifications, polymer coatings are essential because they provide a versatile
and adaptable solution due to the vast array of commercially available and well-described
polymers. By effectively modifying the surface properties of implants, polymer coatings can
enhance implant performance and longevity, promote tissue integration and biocompatibility,
minimize the risk of adverse reactions, wear, or infections, and provide controlled drug release,
all of which contribute to the success and safety of implantable medical devices. This
underscores the significance of polymer coatings in optimizing the performance of implants.
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Table 1. Summary of the main types of implants, their composing materials, and the essential properties
required for their effective performance.

Implant Material Needed properties References
Metals and alloys (Titanium, Titanium
alloys) Biocompatible
Corrosion resistance
Dental Ceramics (Al203, silicon nitride) Wear resistance [115]

High elastic modulus
Polymers (PEEK)

Biocompatible
Bioresorbable (6 months - 2

Metals and alloys (Stainless steel, No long-t yea'rszl .
Cardiovascular nitinol, CoCr, Zn, Mg) o long-term in amma ion
(Stent) Enable endothelial [116,117]

regeneration
Maintain mechanical
properties
No restenosis

Polymers (PLA, PLLA, PCL, PGA)

Biocompatible
Metals and alloys Maintain function of
(Platinum, titanium) electrical components
Neural Flexibility and long-term [118,119]
(Cochlear) Polymer (PDMS) stability ’
No increased risk of bacterial
Ceramics infection
No FBR
Biocompatible
Metals and alloys (Titanium, aluminum, Light weight
stainless steel, Co-Cr-Mo) Adaptable mechanical
properties
Orthopedic Polymers (PTFE, PMMA, PCU, PU, Corrosion resistance [120-122]
UHMWPe) Wear resistance
Reduce need of revision
Ceramics (Alz203, Zr0z) surgery

Limited FBR

Abbreviations: Al;03: Aluminum oxide (Alumina). PEEK: Polyetheretherketone. CoCr: Cobalt-Chromium. Zn:
Zinc. Mg: Magnesium. PLA: Poly (lactic acid). PLLA: Poly (L-lactic acid). PCL: Poly (caprolactone). PGA: Poly
(glycolic acid). PDMS: Polydimethylsiloxane. FBR: Foreign body reaction. Co-Cr-Mo: Cobalt-Chromium-
Molybdenum. PTFE: Polytetrafluoroethylene. PMMA: Polymethyl methacrylate. PCU: Polycarbonate urethane.
PU: Polyurethane. UHMWPe: Ultra-high-molecular-weight polyethylene. ZrOz: Zirconium dioxide (Zirconia).

2.3 METHODOLOGY FOR THE COATING OF IMPLANTS

As previously outlined, various techniques for synthesizing polymer coatings have been
reported, often without a specific focus on drug release or limited to particular implant materials
[5,6]. In this section, we describe some of the most common methodologies for coating
implants, irrespective of the implant's composition, focusing on approaches designed for
controlled drug release. The preparation of polymer coatings on implants can be achieved
through different methods, mainly utilizing liquid or gas-phase techniques (Figure 11):
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2.3.1 Dip coating

Dip coating is a widely used technique known for its adaptability, affordability, simplicity,
and ability to be scaled up [123]. The process involves immersing an implant into a polymer
solution or suspension and then withdrawing it to form a polymeric coating. The versatility of
this method stems from its ability to accommodate a range of variables, such as polymer
concentration, solution volume, and viscosity. Consequently, this technique can coat various
morphologies and complex shapes, as it does not depend on the object's geometry [124—127].
This technique has been used in commercially available products such as ZoMaxx (Abbott
Vascular, USA) stent, which releases zotarolimus using phosphorylcholine coating to prevent
restenosis of the metallic stent [128]. Limitations of this process include the processing time,

the volume of material needed for the coating process, and the use of organic solvents [129—
131].

Dip coating Spray coating

[ ]

Polymer coating
synthesis

Chemical Vapor Deposition (CVD) Spin coating

m
" — s | ==l | =
© Heat 5 &

> Monomer
Crosslinker

Figure 11. Representative methods for the synthesis of polymer coatings over implantable devices and
prostheses.
Created with https://www.biorender.com/

2.3.2 Spray coating

Spray coating is known for its ease of use, scalability, and speed [132,133]. This technique
creates films with a granular texture due to the pressurized atomization of the solution droplets
[134]. One advantage of this method is that it can coat surfaces regardless of their shape.
However, a significant drawback is that material waste is often not utilized during the coating
process. To address this, variations like Ultrasonic Spray (US) have been developed to enhance
material efficiency [135-137].

Additionally, films produced by spray coating are typically less durable and exhibit inferior
mechanical properties [134]. Another limitation is the viscosity of the spraying solution; more
viscous solutions can struggle to pass through the airbrush and atomize effectively. This
challenge has led to the development of alternative spraying methods, such as airless systems,
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to handle higher-viscosity solutions [133]. Spray coating has been used to create the polymer
coating over CoCr stents, such as in XIENCE V (Abbott Vascular, US) stents, which release
the immunosuppressive agent everolimus from PBMA and PVDF-HFP coating to prevent
restenosis and improve long-term safety [128].

2.3.3 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) polymerization consists of the delivery of monomers in
a vapor-phase state to synthesize well-defined polymer films directly on the surface of
substrates [138,139]. In this case, polymerization occurs without solvents in an all-dry process.
The ability to provide uniform coating is a distinctive feature that sets CVD polymerization
apart from solution methods of non-planar substrates, which may experience issues related to
non-wetting, formation of aggregates, and surface tension effects [138,140,141]. This technique
allows for modulation of the film thickness, enabling the control of tens of nanometers. It has
been increasingly used in the field of drug delivery to tune the release kinetics of some drugs
from a drug-loaded substrate coated by these films [142—-145]. Among the drawbacks of this
technique are its complexity and material requirements for film formation.

2.3.4 Spin coating

Spin coating is a deposition technique used to achieve homogeneous, uniform, and thin
film, commonly used in the laboratory. The process involves dispensing a liquid solution onto
the center of a spinning substrate and then rapidly spinning the substrate to spread the solution
uniformly across its surface through the centrifugal force. This centrifugal force not only
ensures an even distribution of the polymer solution but also aids in the rapid evaporation of
the solvent. Spin-coated films are used in various biomedical applications, such as wound
dressings, drug delivery, and biosensing [146]. Some drawbacks of this technique include
challenges in scaling up production and limitations related to substrate geometry. Moreover,
complex geometries pose difficulties in achieving effective coatings [147].

2.4 FUNCTIONALITY OF POLYMER COATINGS

2.4.1 Reduction of corrosion

Implants, especially metal-based prostheses, may suffer corrosion during their time
implanted. Depending on their location, they may suffer structural damage because of the action
of body fluids, in particular, pH variations, temperature, and electrolytes [148—152]. Polymer
coatings should have good chemical inertness and stability to avoid degradation or corrosion
by the surrounding environment (Figure 12A). Some polymers with good chemical resistance
are epoxy PTFE [153] and PEEK [154], among others. Also, polyesters have been described as
candidates for implant coating to protect these devices against biocorrosion [155].
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2.4.2 Reduction of friction and wear

Based on the final purpose and location of the implant, the modulation of friction and wear
can be a determining factor. Zones, where high mechanical stresses can be expected, would
require the implant to succeed upon demanding conditions that can damage the device’s
integrity. This is the case with orthopedic implants, which are particularly important in joint
replacements where the movement of the implant against the bone and other tissues should be
as smooth as possible. Here, polymer coatings can be used to reduce friction and wear (Figure
12B). For example, titanium alloys, such as those used for hip and other joint replacements,
present intrinsic properties such as high corrosion resistance. However, these implants are
associated with wear, pitting, cracks, and failure, which could be avoided by limiting
micromotion using polymer coatings. The presence of polymer coatings that limit micromotion
would be beneficial in reducing these implants [156]. Reducing wear is particularly needed
because wear debris can result in an undesired inflammatory reaction that compromises the
action of the implant [157]. Among the properties that improve wear resistance appear
mechanical properties such as high tensile strength, high Young’s modulus, hardness, stiffness,
plasticity to bear the mechanical load and prevent excessive wear (i.e., PAI, PI, and PEEK),
and low friction coefficient to reduce energy loss and heat generation during sliding (i.e.,
UHMWPE, POM, PTFE, and PAI) [158,159].

2.4.3 Improvement of biocompatibility and anti-fouling

Human physiology tends to react against artificial objects implanted in the body.
Consequently, biocompatible polymer coatings can be created to minimize the risk of
immunological reactions or rejections to build a barrier between the surface implant material
and surrounding tissues (Figure 12C). Among the polymers used to improve biocompatibility,
polynucleotides [160—162], polysaccharides [163—165], polypeptides [166,167]) and synthetic
polymers (such as PLA, PEG, and PVA) [168—171] stand up. The upgrade in biocompatibility
can be based on the properties of the polymer itself or the modulation of the implant
surroundings by releasing molecules. Hydrophobic surfaces are often associated with high
protein adsorption and subsequent attraction of immune cells that react against the foreign
object. If this degradation proves unsuccessful, fibroblasts will surround the implant and form
a fibrous capsule, isolating it from the neighboring microenvironment. This phenomenon is
known as the foreign body reaction (FBR) and results detrimental to the implanted device
(Figure 3) [172—174]. Increasing the surface hydrophilicity of the implants using, for example,
PEG [175] or PVA [176] enhances the overall performance of the implant by reducing non-
specific protein adsorption responsible for immune rejection. The design of polymer coatings
based on zwitterions, or with anti-coagulant and anti-inflammatory properties, has allowed for
the modulation of inflammation, which significantly diminishes implant function [177-179].

Another point to consider is that most implants are intended to stay in place for extended
periods. Even when the materials chosen for these prostheses exhibit good biocompatibility
with host cells, they may also provide a suitable environment for bacterial adhesion and growth,
leading to peri-implant infections. Implant-related infection has a huge socio-economic impact
that supposes billions of expenses to healthcare systems worldwide [180,181]. These infections
can occur anytime, but the first four weeks for dental implants are particularly critical
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[180,182]. Biofilm formation on implant surfaces can severely compromise their function
[183]. Recent advancements have focused on reducing bacterial adhesion and preventing
biofilm formation through antibacterial modifications of implant surfaces, such as using
chimeric peptides[184]. Some polymer coatings act as barriers to reduce the risk of infection
associated with implants or even incorporate antimicrobial agents. Furthermore, the in-situ
release of antimicrobials overcomes hurdles that can result from the systemic administration of
antibiotics, such as systemic side effects and the growing multidrug resistance of bacteria [185—
187]. Thus, polymer coatings can inhibit the growth of bacteria on the implant's surface and
help prevent post-operative infections while keeping their antimicrobial effect localized.
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corrosion friction and wear
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Figure 12. Main types of prostheses and implantable devices functionalized with polymer coatings, and the
most characteristic functions of these polymer coatings: Reduction of corrosion (A), reduction of friction
and wear (B), biocompatibility and anti-fouling (C), and drug delivery (D).

Created with https://www.biorender.com/

2.4.4 Drug delivery

The incorporation of drug delivery technologies in prostheses and implants is becoming

increasingly important to achieve a site-specific effect of the delivered molecules. Controlled
drug release may help manage pain, reduce the inflammatory response and fibrosis, promote
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biocompatibility and cell adhesion, differentiation, and proliferation, and fight bacterial
infections (Figure 12) [7,188-194]. Antibiotics, growth factors, anti-osteoporosis, anti-
neoplastic, anti-thrombosis, and anti-inflammatory drugs are the most commonly used for these
purposes [75]. Additionally, polymeric matrices can protect these molecules from enzymatic
degradation within the body (Figure 2D). Furthermore, certain polymer coatings do not release
drugs directly from their matrices; instead, they regulate the release of molecules from the
implant surface as the polymer degrades [195].

The choice of polymer material and the coating design depend on the type of implant, its
intended function, and the specific medical application. This selection is crucial in fields where
precise sensing, drug dosing, and timing are essential. For example, porous drug-releasing
polyurethane (PU) coatings over glucose sensors have been developed to mitigate local
inflammation by the release of Dexamethasone (DEX) [196]. Also, Rifampicin (RIMP) loaded
in PLGA films has been recently used to coat Ti dental implants to prevent peri-implant
bacterial contamination [197]. Factors such as polymer type, drug formulation, and coating
design significantly influence drug release rates, treatment duration, and the compatibility of
the coating with both the implant and surrounding tissues. Thus, drug-eluting implants undergo
rigorous evaluation by regulatory authorities such as the FDA to ensure they meet strict safety
and efficacy standards before being approved for clinical use [198-200].

2.4.4.1 Delivery of anti-inflammatory drugs from polymer-coated prostheses

The release of anti-inflammatory drugs from implants is crucial, regardless of the implant
type, location, or whether it is in soft or hard tissue [75]. The local administration of anti-
inflammatory drugs at the site of action can avoid the two main limiting hurdles of oral
administration: lack of adequate local concentrations and side effects due to long-term systemic
administration.

The release of anti-inflammatory drugs is significant for mitigating foreign body reaction
(FBR) and fibrosis, which can limit the survival and function of implantable devices. For
example, in fields such as neural electrodes, FBR can severely affect implant performance,
leading to complications like glial scar tissue formation and implant loosening due to
macrophages' reaction to implant debris. To address this, the release of anti-inflammatory drugs
has been explored to improve implant integration and reduce these inflammatory responses
[75].

As illustrated in Figure 13, FBR progresses through multiple stages, occurring over a
period ranging from minutes to months. Immediately after implantation, an acute inflammatory
response is triggered by the adsorption of proteins onto the biomaterial's surface. In this initial
phase, neutrophils rapidly migrate to the site, releasing factors and chemical signals that recruit
monocytes. These monocytes then differentiate into M1 macrophages within the first few days
post-implantation. If this acute response does not degrade the biomaterial, the process
transitions into chronic inflammation. This second stage is marked by mononuclear cells,
including lymphocytes and monocytes. Macrophages undergo a phenotypic switch from the
pro-inflammatory M1 to the anti-inflammatory M2 phenotype, playing a crucial role in forming
a fibroblast- and extracellular matrix (ECM)-rich capsule that encapsulates and isolates the
implant. Additionally, macrophages may fuse into multinucleated foreign body giant cells
(FBGCs). Ultimately, this process leads to a chronic fibrotic response, where the implant is
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encapsulated in fibrous tissue and isolated from the surrounding environment. This
encapsulation often results in the loss of implant function and increases the likelihood of
revision surgery to remove the device. While the cellular processes of FBR are well understood,
the main features and determinants of the foreign body reaction are not fully elucidated.
Therefore, implants must be designed to accommodate some degree of FBR, ensuring its
severity is manageable [174,201].

Many anti-inflammatory drugs have been investigated for their release from polymer-
coated prostheses. Cyclosporin A (CsA), an immunosuppressant, has primarily been used in
ocular applications. For example, spin-coated PLGA loaded with CsA has been applied to
intraocular lenses (IOLs) to mitigate posterior capsular opacification (PCO). This coating has
effectively modified IOLs by inhibiting cell proliferation, promoting cell death in vitro, and
preventing PCO in vivo in rabbits [202]. Additionally, using ultrasonic spray technology,
NSAIDs like Bromfenac have been loaded into PLGA to coat IOLs, providing intraocular anti-
inflammatory effects. This method has successfully prevented PCO by inhibiting TGF-p32-
induced cell migration and the epithelial-mesenchymal transition (EMT) of residual lens
epithelial cells (LECs) via the ERK/GSK-3[/Snail signaling pathway while also demonstrating
biocompatibility in vivo in a rabbit model [203].

Other NSAIDs, such as Aspirin, have been used to modify blood-contacting implants. For
example, Chen et al. created a coating through thermal-initiated radical copolymerization of
methacrylate esterified heparin (MA-heparin) with methyl methacrylate (MMA) and n-butyl
acrylate (nBA). After this process, reactive oxygen species (ROS)-responsive polyoxalate
containing vanillyl alcohol (PVAX) was anchored onto the coating via esterification, and
Aspirin was dissolved in the MMA and nBA solution and encapsulated in the coating during
copolymerization. This coating, which could be synthesized on surfaces of any size and
geometry, effectively mitigates acute inflammation mediated by PVAX and addresses chronic
inflammation with aspirin. In preclinical trials, this technology has shown promise in rabbits
by being applied to PU-based indwelling needle cannulas and central venous catheters, where
it demonstrated a significant reduction in inflammation and prevention of thrombosis. This
indicates its potential for improving the performance and safety of blood-contacting medical
devices [204].
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Figure 13. Schematic representation of the FBR upon implantation of a biomaterial in the body.
Abbreviations: IL: Interleukin. IFN: Interferon. LPS: Lipopolysaccharide. TNF: Tumor necrosis factor. CCL: C-C
motif chemokine ligand. PDGF: Platelet-derived growth factor. VEGF: Vascular endothelial growth factor. TGF:
Transforming growth factor. Created with https://www.biorender.com/

DEX is considered the gold standard for reducing fibrous encapsulation and modulating
inflammation following implantation. Recently, DEX has been incorporated into various
polymer matrices for diverse biomedical applications. For instance, it has been explored in
intracochlear applications using biodegradable implants made from PLGA or PEG-PLGA
[205]. For bone regeneration, DEX has been incorporated into a hybrid layer composed of PEO,
PCL, and a 3D-printed PG-NH-DEX scaffold, synthesized on a biodegradable Mg implant
substrate. The osteogenic differentiation of these cells was promoted through the upregulation
of mitogen-activated protein kinase phosphatase-1 (MKP-1), which stimulated the expression
of RUNX2 and other osteogenic proteins [206].

In vascular applications, DEX has been applied to PDA-modified PLA stents using a
membrane-mimicking copolymer, MA(PCLA), which serves a dual function by acting as both
an antifouling and anti-inflammatory coating. This coating inhibits coagulation and
inflammation during the early stages of implantation. Given the relationship between high
concentrations of ROS and excessive inflammatory responses, a ROS-responsive molecular
prodrug of thioketal-bearing DEX, known as PEI-Tk-DEX, was incorporated into the coating
to promote self-regulation of inflammation and tissue healing under high ROS conditions. Its
effectiveness in preventing intimal hyperplasia, enhancing endothelial coverage, and
modulating inflammatory responses was demonstrated in vivo in rabbits following abdominal
aortic stent implantation [207]. Additional examples of anti-inflammatory drug release from
polymer coatings are summarized in Table 2.
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Table 2. Relevant examples of recently developed polymer coatings over implants designed to release
anti-inflammatory drugs.

Material

Polymer

Polymer coating

Drug released

I3 22 implant coating technology and Function HEEIERE
DSP, Ara-C, NAD
Electrode PLGA Film casted by dip Reduce growth [208]
(Silicone) coating of connective
tissue and
increase
neuroprotection
DEX
Promote anti-
Electrode . Hydrogel coating inflammatory
Cochlear (not H%?[ﬁséggléed casted by extrusion effects in the [209]
X specified) coating cochlea and
implant protect against
auditory hair
cells (HCs)
apoptosis
DEX (from
silicone implant)
PLLA layer and DCF (from
synthes1;ed by PLLA coating)
Elggtrode PLLA spray-coating over [210,211]
(Silicone) 02 plasma and
GOPS treated Reduce the
silicone format1qn of
fibrous tissue
isolating implant
DEX
Decreasing
collagen
Ti 4 PSS deposition,
issue PDDA and P! i
o Substrate DEX-PEG- ) promoting
engineering independent (PDDA/PSS)s layer-by-la}yer film pama[ [212]
scaffold coating regeneration of
skin appendages
and mitigating
post-
implantation
tissue fibrosis
DEX
Substrate Composites of Control
independent PLGA immunogenic
Implantable . microspheres/PVA response
. i.e. PU PLGA/PVA . ponse, [213,214]
device lucose hydrogels coating negative tissue
b?osensor synthesized by responses and
freeze-thaw cycles guarantee
device
performance
Catechol HA and Allicin
Vascular stent C-HA-Cys Cys hydrogel Cross-linked [215]
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redox changes
caused by

inflammation and
oxidative stress,
smartly releasing
allicin to improve
biocompatibility,
and to regulate

atherosclerosis

Layer-by-layer
system of PEI-Tpl,

Thrombin-
triggered RIVA
(anticoagulant)
release, and Tpl
and EGCG (anti-

PLA Ox-HA and PEI EGCG and RIVA-Ox- inflammatory) [216]
HA nanogel
Limit stent
failure and
restenosis
Asp
Release from
surface of the
implant to
PLGA coating immunoregulate
Ti-6Al-4V PLGA SyntheSiZed by macrophages’ [21 7]
drop coating enhancing M2
and depressing
M1 genes and
proteins,
improving
osseointegration
Non- DEX
odeg e Ottt
implants bioactive system ~romote anti
P AISL316LVM  CMC, B-CD  usingCMCand DEx ~ inflammatory [218]
solubilized with B- activity and
cD osteogenesis in
orthopedic
application
Asp and Amo [219]
Drug-loaded
chitosan Modulate cell
microparticles proliferation,
Ti-SLA CS Coating PDA- decrease
modified Ti-SLA by 'inﬂammation’
Schiff-base and reduce
reaction bacterial
activities
Asp and Zn**
Biodegradable rycrogel composite  rocaation of
orthopedic Zn CMC/Gelatin ydros P inflammation, [220]
implants created by dip- osteogenesis,
coating and
antibacterial
performance
Patches for Polymer PCLa/rI;Ic]AB’LEGA Multilayer polymer Small molecule [221]

wound healing

film by

model drugs
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combinations of
solvent casting and Promote a

dip coating model system to
address wound
healing by the
release of the
different drugs
with different
release kinetics

Abbreviations: PLGA: Poly(lactic-co-glycolic) acid. DSP: Dexamethasone sodium phosphate (DSP). Ara-C:
Cytosine arabinoside hydrochloride. NAD: Nicotinamide adenine dinucleotide. HA: Hyaluronic acid. BDDE: 1, 4-
butanediol diglycidyl ether. DEX: Dexamethasone. GOPS: (3-Glycidyloxypropyl) trimethoxysilane. DCF:
Diclofenac. PEG: Poly(ethylene glycol). PDDA: Poly-diallyl dimethylammonium. PSS: poly-styrene sulfonate. PU:
Polyurethane. PVA: Polyvinyl alcohol. C-HA: Catechol modification of hyaluronic acid. Cys: Cystamine. PLA:
Poly(L-lactide). Ti-6Al-4V: Titanium alloy. Asp: Aspirin. Ox-HA: Oxidized hyaluronic acid. PEl: Polyethylenimine.
RIVA: rivaroxaban. Tpl: Tempol. EGCG: epigallocatechin gallate. Hap: Hydroxyapatite. AlSl 316LVM: Medical
grade stainless steel. CMC: carboxymethyl cellulose. B-CD: B-cyclodextrin. Ti-SLA: Sandblasted and acid-etched
titanium. CS: Chitosan. PDA: Polydopamine. Amo: Amoxicillin. Zn: Zinc. PCL/HAp: Poly(caprolactone) reinforced
with hydroxyapatite nanoparticles. PGA: Poly(glutamic acid). PLL: Poly-L-lysine.

Since the introduction of the first drug-eluting implant in 1937, advancements in polymer
coating technology, like those described above, have reinforced the growing trend of
developing smart systems for more precise and controlled drug release. These innovations
highlight the need for stimuli-responsive or modulated drug-delivery systems that provide
temporal release profiles to achieve optimal therapeutic effects [75]. In the context of anti-
inflammatory activity, post-implantation inflammation, a complex and multi-factorial process,
can sometimes lead to the isolation of the implant, rendering it ineffective and necessitating
removal—resulting in significant socioeconomic costs.

Therefore, the development of systems capable of releasing multiple drugs to mitigate
inflammation at both acute and chronic stages has become increasingly important. The localized
and sustained release of drugs from polymer coatings on medical implants addresses
inflammation at multiple levels while minimizing the side effects of long-term systemic drug
administration. Delivery systems that can co-deliver different drugs with distinct kinetics would
be particularly beneficial in managing the inflammatory microenvironment at various stages
post-implantation. For example, a polyelectrolyte multilayer coating system has been designed
for the fast delivery of heparin, combined with the long-term benefits of naproxen [222]. In
applications such as osteoarthritis (OA) [223], our lab is exploring polymer coatings that could
combine corticosteroids for rapid post-operative inflammation control with NSAIDs to manage
pain and long-term inflammation, thereby enhancing the synergistic effects of individual drugs
and improving overall therapeutic outcomes.

However, several considerations remain regarding the release of anti-inflammatory drugs
from polymer coatings. For instance, in the context of preventing fibrotic encapsulation, it is
crucial to determine the optimal duration of drug release to reduce or prevent fibrosis effectively
[9]. Moreover, in this regard, a critical issue would be that the erosion of the polymer coating
does not contribute to the inflammation process.

Lastly, in terms of pain management and the complications associated with long-term

systemic administration of anti-inflammatory drugs, emerging technologies like re-loadable
hydrogels offer valuable inspiration for designing polymer coatings that can be replenished with
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additional anti-inflammatory drugs after implantation once the initial dose has been fully
released [10]. These questions and outlooks underscore the need for continued exploration of
polymer coatings for implants to enhance the quality of life for the growing number of
individuals undergoing implantation surgeries worldwide.

2.5 FUTURE PERSPECTIVES AND CONCLUSIONS

In recent decades, significant advances in polymer chemistry and coating methodologies have
driven the development of polymer coatings for drug delivery in implantable devices.

The functionalization of medical devices has become crucial in enhancing their
performance, especially by developing polymer coatings. These coatings have significantly
improved corrosion resistance and reduced friction and wear, both essential for ensuring
durability and functionality. Additionally, creating antifouling and biocompatible surfaces has
prevented the adhesion of undesirable proteins or cells, reducing the risk of bacterial infection
and maintaining device functionality. Beyond structural improvements, polymer coatings have
enabled the development of localized and controlled drug delivery systems, offering precise
modulation of the surrounding biological environment. In particular, the release of anti-
inflammatory and immunomodulatory drugs has become a cutting-edge strategy, effectively
preventing complex and progressive responses such as foreign body reaction (FBR), enhancing
device longevity and functionality, minimizing the need for revision surgeries, alleviating pain,
and improving patient compliance. Designing polymer systems that release therapeutic agents,
such as anti-inflammatory or immunomodulatory drugs, in a site- and time-specific manner can
reduce complications and minimize the side effects associated with systemic drug
administration.

Moreover, many fields would benefit from combining these technologies. For example, in
knee osteoarthritis (OA), which is strongly influenced by inflammation and meniscus injury,
considerable efforts have been directed toward either replacing injured menisci with meniscus
orthopedic prostheses or scaffolds [224,225] or delivering anti-inflammatory drugs to prevent
the onset of OA [226,227]. Thus, combining meniscus prostheses with surface functionalization
using polymer coatings for inflammation management is expected to become a significant area
of research [228,229]. To date, the only reported example is a silk/graphene oxide-based
meniscus scaffold coated with tannic acid/Sr*+, which has demonstrated the ability to protect
cartilage and delay osteoarthritis progression due to its anti-inflammatory and anti-ROS
properties [230].

Finally, the polymer coating field is moving towards developing advanced polymer
systems that incorporate stimuli-responsive degradation by responding to changes in the tissue
environment, such as pH variations or temperature fluctuations [231]. Furthermore, systems
incorporating multiple polymers, such as layer-by-layer (LbL) coatings, enable precise control
over the release of biomolecules and drugs with different functions to better address post-
implantation needs, such as preventing bacterial infection, reducing inflammation, promoting
tissue regeneration, or a combination of these outcomes [232-235]. Early efforts are also
oriented to the design of hydrogels that enable drug reloading post-implantation [236]. This
capability could significantly enhance the longevity and efficacy of implantable devices by
allowing for on-demand refilling of drugs tailored to the patient's evolving needs while
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minimizing invasive procedures or systemic drug administration. In addition, integrating
computational biology, which can simulate biological responses without invasive procedures,
and design of experiments (DoE), which optimizes formulation variables, could transform the
approach to polymer coating design. These methodologies would enable precise predictions of
biological responses across various tissue types and individual patients. This would enhance
the development of smarter, more rational coatings tailored to specific clinical needs in the
coming years. Together, these innovations promise to overcome current limitations and expand
the potential of polymer-based drug delivery systems to tackle a wide range of medical
conditions.

Looking forward, continued advances in polymer coatings with advanced drug delivery
capabilities hold immense potential to transform implantable device technologies. By
addressing challenges in drug release kinetics and immune modulation, these innovations could
significantly improve the efficacy, safety, and affordability of medical treatments, ultimately
enhancing the quality of life for patients undergoing implantation surgeries.
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3 BACKGROUND, HYPOTHESIS
AND OBJECTIVES

3.1 BACKGROUND

Osteoarthritis (OA) is a complex, multifactorial, degenerative joint disease characterized by
pain, stiffness, and a gradual loss of joint function, mainly due to the progressive degeneration
of cartilage and bone [1]. The prevalence of knee osteoarthritis has increased significantly since
the mid-20th century, and currently, it affects approximately one-tenth of the population over
55[237,238]. For patients with limited tissue regeneration capacity, a novel approach has been
the replacement of the meniscus with non-biodegradable prostheses, such as those made of
PCU, designed to remain permanently in the body [239,240]. Although these prostheses help
maintain the integrity of the articular cartilage and reduce the progression of osteoarthritis, they
entail the long-term use of anti-inflammatory drugs to manage pain and facilitate prosthesis
integration within the body. Conventional administration routes for these medications (topical,
oral, and intra-articular) have significant drawbacks, such as the pain associated with intra-
articular injections and the adverse effects of prolonged oral administration [241,242].

Separately, the second part of the thesis addresses the limitations of adoptive T cell transfer
(ACT), a promising immunotherapy for cancer treatment. Although ACT has shown good
results in hematological cancers such as leukemia and lymphoma, it faces several challenges
when applied to solid tumors. These challenges include the limited availability of T cells, tumor
antigen heterogeneity, antigen loss, and the hostile tumor microenvironment. These barriers
reduce the effectiveness and longevity of patient-derived T cells, modified and re-administered
to combat solid tumors [243,244]. To overcome these difficulties, generating T cells from stem
cells by selection and maturation within thymus organoids represents an innovative strategy [9—
11]. The field of in vitro morphogenesis and organogenesis has extensively explored ionically
crosslinked alginate hydrogels for their impact on cell reorganization within spheroids,
organoid differentiation, and their effects on stem cell behavior. These hydrogels offer a tunable
mechanical environment to study how viscoelasticity and stiffness influence tissue
development, making them a valuable tool in engineering different organoids [61,63,69,245].

While the first part of this thesis focuses on biomaterials for sustained drug delivery in
orthopedic applications, the second part investigates the role of mechanical cues in biomaterial-
based tissue engineering, with a focus on thymus organoids. Together, these studies aim to
demonstrate the versatility and potential of advanced biomaterials in addressing complex
medical challenges.
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3.2 HYPOTHESIS

Regarding the first part of this thesis, the hypotheses are:

66

1.

It is possible to design a drug delivery system that can be associated to the meniscus
prostheses that allows for sustained, localized, and controlled release of anti-
inflammatory agents. This system would limit the side effects of continuous drug
administration and improve the patient’s quality of life.

Polymeric coatings for meniscus prostheses can be created using biocompatible,
biodegradable, and non-immunogenic materials. These coatings can be engineered to
facilitate their function in the knee joint cavity, reduce the risk of rejection associated
with orthopedic implants, and enable the delivery of multiple drugs with distinct release
kinetics to address different stages of inflammation after surgery.

The polymeric coating could add clinical value to a commercially available prosthesis
(NUsurface®) without interfering with its already demonstrated mechanical properties.

Regarding the second part, the hypotheses are:

1.

The mechanical properties of the thymus change from embryonic development to
postnatal involution.

Thymus organoids can be developed using characteristic embryonic development cells:
thymic epithelial progenitor cells (TEPCs) and neural crest cells (NCCs).

. Alginate-based hydrogels incorporating ECM proteins in the form of Matrigel® can

mimic the native ECM, with different mechanical properties, and influence thymus
organoid development.

Hydrogels with thymus-like mechanical properties can promote thymus organoid
morphogenesis, displaying characteristic markers such as FOXNI or K8.
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3.3 OBJECTIVES

The objective of the first part of this thesis was to design and develop a functionalized
meniscus prosthesis with a bilayer polymer coating capable of enabling the sustained and
sequential release of two anti-inflammatory drugs within the knee joint cavity. Two drugs were
selected to achieve this goal: dexamethasone, to address post-surgical pain and acute
inflammation immediately after prosthesis implantation (with release over a few weeks), and
celecoxib, to alleviate long-term inflammation (with release over several months). The
following experimental objectives were defined to accomplish this:

1. Design, develop, and characterize a biodegradable polymer coating with the
capacity to control the release of the selected drugs with tunable release kinetics.

2. Study the drug release kinetics in vitro of the coated prosthesis and the cytotoxicity
and efficacy of the delivered drugs in terms of mitigating cytokine secretion in
human primary macrophages.

The results corresponding to these objectives are presented in Chapter 1: “Polymer coatings
for the sustained release of anti-inflammatory drugs from a meniscus implant”.

3. Explore innovative approaches for optimizing the adhesion of the bilayer polymer
coating to the prosthesis to prevent delamination under the mechanically demanding
conditions of the knee cavity.

4. Characterize the mechanical properties of the polymer-coated prostheses.

Adapt the polymer coating to the anatomical shape of the meniscus prosthesis

without compromising the implant's structural integrity and evaluate its performance

in a simulated mechanical environment ex vivo using a bioreactor.

6. Evaluate the efficacy, in situ performance, and surgical procedure of the polymer-
coated meniscus prosthesis in vivo in a sheep model.

W

The results corresponding to these objectives are presented in Chapter 2: “Optimizing the
adhesion of the drug-releasing bilayer polymer coating to a meniscus prosthesis”.

The objective of the second part of the thesis was to design and develop alginate-based
hydrogels intended to mimic the mechanical properties of the thymus while evaluating the
influence of viscoelasticity and stiffness on thymus organoid morphogenesis. This was
achieved through the following experimental objectives:

1. Analyze the mechanical properties of the thymus during embryonic development
and early postnatal stages to establish a reference for mimicking its native
environment.

2. Generate thymus organoids using key cell types involved in thymus development,
namely TEPCs and NCCs, to replicate native thymus structures in vitro.

3. Recreate these mechanical properties of native thymus using ionically crosslinked
alginate-based hydrogels incorporating characteristic proteins (interpenetrating
polymer networks, IPNs) that mimic the ECM.

4. Incorporate thymus organoids in IPNs with different mechanical properties.
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The results corresponding to these objectives are presented in Chapter 3: “3D
Encapsulation of thymic organoids in ECM-mimicking IPNs to evaluate morphogenesis in
vitro”.
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Polymer coatings for the sustained release of
anti-inflammatory drugs from a meniscus implant

4 POLYMER COATINGS FOR THE SUSTAINED
RELEASE OF ANTI-INFLAMMATORY DRUGS
FROM A MENISCUS IMPLANT

This section has been done in collaboration with Dr. Fernando Torres Andon, Dr. Alba
Pensado Lopez, and Dr. Paola Allavena (Humanitas Research Hospital, Italy).

4.1 ABSTRACT

Knee osteoarthritis (OA), a degenerative joint disease, is increasingly prevalent worldwide,
often resulting from meniscal deterioration that leads to meniscus removal. Replacing the
damaged meniscus with a non-biodegradable prosthesis offers an innovative solution to prevent
OA progression, particularly for older patients. However, long-term use of anti-inflammatory
drugs for pain relief can cause severe off-target side effects. Although intra-articular drug
injections are an option, they often result in patient discomfort and potential cartilage damage.

In this work, we designed functional coatings for a meniscus polycarbonate urethane (PCU)
prosthesis based on a drug-releasing bilayer system made of biodegradable polymers. This
system provided a sustained release of two anti-inflammatory drugs - dexamethasone (DEX)
and celecoxib (CLX) - with distinct release kinetics (1-4 weeks for DEX and 6-9 months for
CLX). This release profile was defined with the intention of to modulating, respectively, post-
surgical and chronic inflammation within the knee joint. Two bilayer prototypes successfully
met the target release profiles, showing consistent biodegradation and reproducibility.
Furthermore, the systems were sterile, biocompatible, and maintained the anti-inflammatory
efficacy of the released drugs, effectively reducing pro-inflammatory cytokine secretion from
human primary macrophages.
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4.2 INTRODUCTION

Osteoarthritis (OA) is a multifactorial, degenerative, and chronic joint disease characterized by
the progressive loss, thinning, and roughening of articular cartilage and bone remodeling due
to insufficient inherent repair mechanisms and imbalance between synthesis and degradation
processes. Consequently, OA patients suffer pain, inflammation, swelling, stiffness, and loss of
function, which leads to joint disability and significant reduction in life quality [246]. The
disease has a huge socioeconomic impact worldwide, being the most frequent form of arthritis
and one of the leading causes of disability, with more than 650 million people aged over 40
affected worldwide in 2020 [247]. Among OA, knee OA is especially noteworthy, not just
because it is more prevalent than other forms of the disease, but also due to its tendency to occur
at younger ages, particularly in obese women. The prevalence of knee OA increases with
advancing age and is further influenced by the population's growing average body weight and
extended life expectancy [248].

The menisci are semi-circular wedge-shaped fibrocartilaginous, alymphatic, and aneural
connective tissue located in the knee joint, between the femoral condyles and the tibial plateau,
and surrounded by synovial fluid, a viscous liquid that provides lubrication and nutrients to the
knee cartilage. The main functions of the meniscus are to provide a low-friction surface via its
resilient wear resistance and stiffness, correct stabilization, load distribution, shock absorption,
and lubrication [249-251]. The wear and tear of the meniscus compromise the proper function
of the knee joint and can trigger the onset of knee OA. Upon meniscal tear, regeneration is
limited because of the biological complexity of the meniscus. Three different zones can be
distinguished in the menisci: the vascular and innervated peripheral zone (red region), the
avascular and non-innervated internal zone (white region), and the intermediate zone (red-white
region) [252]. The avascular zone results in a lack of blood supply and poor cellularity, and
consequently, it has a low capacity to regenerate and self-heal [253,254]. Thus, the removal of
an injured meniscus is a common procedure in the clinic. Meniscectomy can be partial or total,
depending on the meniscus surface resected. The current preference is to preserve the meniscus
as much as possible and avoid the need for total knee arthroplasty, a highly invasive end-stage
procedure [255-258]. The resection of the meniscus provides pain relief and improves knee
function in the short term. However, it has been reported that the risk of developing OA can
increase in patients who had previously undergone meniscectomy, especially after total
meniscectomy [259].

The use of meniscus implants or scaffolds that promote regeneration is a promising
alternative to avoid the onset of OA after a meniscectomy [12]. For younger patients, partial
substitution with biodegradable scaffolds or tissues may be a solution, as the regeneration of
the meniscus could be expected [260]. Among the therapeutic options for these patients,
autologous tissue transplant, meniscal degradable substitutes, and allograft transplantation have
shown the best prognosis. For older patients, for whom self-regeneration of the meniscus is not
only limited by the meniscus biology but also by aging biology [12], a non-biodegradable
prosthesis could be used as an artificial meniscus substitute after total meniscectomy. To date,
three implants have been approved for human use: Actifit® (polyurethane implant), CMI®
(collagen meniscus implant), and NUsurface® (polycarbonate urethane (PCU) implant) [261].
The first two are biodegradable scaffolds specially designed for partial meniscectomy aiming
for meniscus repair [252,262-264]. However, NUsurface® is a non-biodegradable prosthesis
designed for meniscus replacement after total meniscectomy that has the potential to address
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the treatment gap of those suffering from persistent knee pain who are too old for meniscus
repair and too young for total knee arthroplasty [265]. For those patients who have undergone
total meniscectomy, and have incorporated the NUsurface® prosthesis, the use of anti-
inflammatory drugs will be necessary for the management of the post-surgical and long-term
inflammation, providing symptomatic relief and ensuring the integration of the prosthesis into
the surrounding native tissues in the knee cavity managing the foreign body reaction (FBR)
[13,14]. The NUSurface® implant (Active Implants, Israel), which is approved for use in some
European countries and Israel, and ongoing FDA clinical trials, has been the focus of this work
[266].

Polymer coatings are crucial for enhancing the biocompatibility, performance, tissue
integration, and longevity of medical implants, as well as for decreasing the probability of
adverse reactions, wear, and infections. Biocompatible polymeric coatings can be used to
establish a barrier between the surface of the implant material and the surrounding tissues. In
addition, they can be used to harbor different types of drugs, even providing controlled drug
release. Both, natural polymers (polynucleotides [160—162], polysaccharides [163—165], and
polypeptides [166,167]) and synthetic biodegradable polymers [168,169] have been used to
enhance biocompatibility, either due to their inherent properties or through the release of
specific molecules. Polymer coatings, designed to release drugs and other therapeutic agents in
a controlled manner, play a crucial role in enhancing the biocompatibility of medical implants..
The site-specific release of these molecules minimizes side effects and shields them from
enzymatic breakdown in the body. Furthermore, certain polymeric coatings can regulate the
release of molecules directly from the implant’s surface, offering an alternative to drug release
from matrices [195]. The selection of polymeric materials and coating characteristics for
medical implants is driven by the type of implant, its intended use, and the specific medical
requirements. The success of drug-releasing implants depends on the right choice of polymer,
drug formulation, and coating design. Factors such as the rate of drug release, treatment
duration, and biocompatibility are crucial. This is especially significant for coatings designed
to regulate inflammatory processes near the implant site through the release of anti-
inflammatory drugs [267,268].

COX-2 inhibitors and corticosteroids are two classes of anti-inflammatory drugs used for
pain management. COX-2 inhibitors, such as Celecoxib (CLX), are typically administered
orally to alleviate pain and control chronic inflammation. However, long-term oral use can lead
to side effects affecting the gastrointestinal, renal, cardiac, and hematological systems [15,16].
Unfortunately, topical administration is less effective in relieving pain compared to systemic
administration [17]. CLX, in particular, has been noted for its superior ability to alleviate pain
and enhance physical function in knee osteoarthritis (OA) patients compared to traditional
NSAIDs [18,19]. It has also shown potential in mitigating and protecting against cartilage
deterioration associated with OA [20,21], positioning it as a potential disease-modifying
osteoarthritis drug (DMOAD) [22]. To maximize its effects on knee outcomes, especially for
implant integration that requires long-term treatment, it is crucial to ensure extended residence
time. On the other hand, corticosteroids, such as dexamethasone (DEX), control inflammation
by directly acting on nuclear receptors, thereby interrupting the inflammatory cascade at various
levels (Figure 1.1). This, results in their immunosuppressive and anti-inflammatory properties.
Corticosteroids are generally administered via intra-articular (IA) injection, which, while
causing fewer systemic side effects and allowing more direct medication deposition inside the
joint, is often associated with pain, discomfort, potential cartilage damage, and risk of infections
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[17]. DEX has been widely used in clinical settings via IA injection to treat OA patients with
severe knee pain. Its role as a chondroprotective corticosteroid when administered A in low
doses has been discussed, and its potential consideration as a DMOAD has been suggested.
Therefore, the development of a novel delivery system that allows in situ administration of CLX
to prolong its retention time in the knee cavity and also enables the direct deposition of low
DEX doses into the knee cavity while avoiding the limitations associated with TA injections
could address the challenges posed by current therapies [20].

o Reduce synthesis of
matrix macromolecules
(collagen and proteoglycans)

o Increase degradation

m a
<

@
é,\\'b(\\,i\o‘\
W 6\4\9

Disruption of
cartilaginous matrix
* g [ DEXAMETHASONE ]
Post-traumatic - . ) _— .
knee joint Death of chondrocytes Surviving chondrocytes
/0 _l—
o .
Y, "la,o Inflammatory cytokines Proteinases Others
"o)@,) %y
TNF-a IL-6 MMPs ROS
IFN-y IL-8 ADAMTS NO —
GM-CSF  IL-1 Serine proteinase Prostanoids V
DAMPs
* Synovitis
¢ Effusion
e Pain

e Osseous changes

Figure 14.1. Schematic representation of the pathophysiological processes in a post-traumatic knee joint
leading to osteoarthritis (OA) and effects of administration of Dexamethasone interrupting the
inflammatory cascade at different levels.

Abbreviations: TNF: Tumor necrosis factor. IFN: Interferon. GM-CSF: Granulocyte-macrophage colony-
stimulating factor. IL: Interleukin. MMP: Matrix metalloproteinase. ADAMTS: a disintegrin-like and
metalloproteinase with thrombospondin motif. ROS: Reactive oxygen species. NO: Nitric Oxide. DAMP: Damage-
associated molecular pattern. Created with https://www.biorender.com/

Within this context, the current challenge in the field of meniscus-related degenerative
pathologies is to explore in situ therapies that involve sustained delivery of drugs to achieve a
more direct and effective response, reduce systemic side effects, and avoid repeated
administrations [269].

For this reason, our objective was to create a bilayer polymer coating over the
polycarbonate urethane (PCU) implant prosthesis for the sustained release of anti-inflammatory
drugs, aiming to replace the meniscus after complete meniscectomy. Here, using square-shaped
implants (0.7 x 0.7 x 0.3 cm), we investigated optimal polymer options for the controlled release
of DEX from an upper layer, aimed at managing excessive post-surgery inflammation with a
targeted rapid release over 1 to 4 weeks. This approach seeks to enhance the efficacy of
corticosteroids by reducing the rapid clearance typically associated with local administration
and minimizing the pain and discomfort caused by repeated IA injections. Additionally, we
screened various polymer combinations to facilitate the release of CLX from an underlying
layer, focusing on pain management and long-term inflammation control, with a targeted
sustained release over 6 to 9 months. The drug-releasing bilayer polymer coatings were
quantitatively and microscopically evaluated to assess their biodegradability. To validate our
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hypothesis regarding the anti-inflammatory effects of coating implants, we conducted in vitro
studies to assess the toxicity, biocompatibility, activity, and efficiency of this technology using
a relevant cellular model of human primary macrophages. Following this comprehensive
screening, a bilayer polymer coating was selected for further optimization and adaptation to the
specific morphology of the NUsurface® meniscus implant.

4.3 MATERIALS AND METHODS
4.3.1 Materials

The drugs dexamethasone (DEX) and celecoxib (CLX) were supplied by Acofarma
(Madrid, Spain) and Sigma-Aldrich (Missouri, USA), respectively. The polymers used Poly
(lactic-co-glycolic acid) (PLGA), of two different lactic acid:glycolic acid (LA:GA) ratios
(PLGA 50:50, and PLGA 85:15), poly(caprolactone) (PCL) of low (LMW-PCL) and high
molecular weight (HMW-PCL), poly(L-lactide) (PLLA) of low (LMW-PLLA) and high
molecular weight (HMW-PLLA), and poly(lactic acid)-poly(ethylene glycol) di-block
copolymer (PLA-PEG) were purchased from Evonik Industries (Darmstadt, Germany). LMW-
PLGA LA:GA ratio 50:50 was obtained from PolySciTech, a division of Akina (Indiana, USA).
The polyethylene glycol (PEG) of low (PEG 400) and high molecular weight (PEG 1450) were
purchased from BASF (Ludwigshafen am Rhein, Germany). Sodium azide (NaN3) was
purchased from Sigma-Aldrich (Missouri, USA). Acetone was obtained from Fisher chemicals
(New Hampshire, USA). Dichloromethane (DCM and acetonitrile (ACN) were distributed by
Scharlau (Barcelona, Spain). Phosphate saline buffer (PBS), Tween®80, trifluoracetic acid
(TFA) and methanol (MeOH) were supplied by Scientific (Nottingham, England), Merck
(Darmstadt, Germany), Sigma-Aldrich (Missouri, USA) and VWR Chemicals (Pennsylvania,
USA), respectively. The square-shaped implants made of polycarbonate urethane (PCU) were
kindly donated by Active Implants (Israel).

4.3.2 Drug solubility in release buffer

An excess of the drugs (DEX and CLX) was incubated in agitation (700 rpm) in 1 mL of
PBS supplemented with concentrations of Tween®80 ranging from 0 to 1% (w/v) for 24 hours.
Then, samples were centrifuged at 10,000 rpm for 20 minutes, the supernatant was diluted in
MeOH:H,0O 65:35 (v/v), and the solutions were quantified by ultraperformance liquid
chromatography (UPLC) with a TUV detector at 239 nm with a column Kinetex® 1.7 um C18
100 A, LC Column 50 x 2.1 mm acquired from Phenomenex (Torrance, CA, USA), maintaining
the samples at 20 °C in a Waters Acquity H-Class UPLC system (Waters, Milford, USA).

4.3.3 Production of drug-releasing polymer films

To prepare the polymer-drug solutions, appropriate amounts of each drug, DEX or CLX,
were dissolved in acetone and DCM, respectively [270-272]. In DEX-releasing polymers,
PLGA (PLGA 50:50; intrinsic viscosity (IV) = 0.32-0.44 dL/g and PLGA 85:15; IV = 1.3-1.7
dL/g), LMW-PLGA (PLGA 50:50; MW = 8 kDa), and PLA-PEG (MW = 5.3 kDa) were
dissolved to their final concentrations using acetone solutions of DEX of determined
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concentrations. Polymer mixtures incorporating PEG required the addition of HMW-PEG or
LMW-PEG to the core polymer at determined (v/v) ratios. Regarding CLX-loaded polymers,
the polymers PCL, with intrinsic viscosities of 0.39 dL/g (~32 KDa; “LMW-PCL”) and 0.9
dL/g (~73 KDa; “HMW-PCL”) and PLLA, with IV of 1.0 dL/g (~74 KDa; “LMW-PLLA”) and
2.9 dL/g (~210 KDa; “HMW-PLLA”) as well as combinations of LMW-PCL (IV=0.39 dL/g
~32 kDa) and HMW-PLLA (IV=2.9 dL/g ~210 kDa) were dissolved to their final
concentrations usingDCM solutions of CLX of determined concentrations. The polymers used
were selected based on their hydrophobicity and degradation rates. All these procedures were
carried out under ambient conditions.

These films were prepared by solvent casting. Seventy pL of polymer-drug solutions were
then cast on square-shaped meniscus implants (made of PCU) 0f 0.7 x 0.7 x 0.3 cm. The organic
solvent was allowed to evaporate for 1 hour at room temperature. The resulting drug-loaded
polymer films were then vacuum-dried for at least 24 hours.

4.3.4 Production of bilayer drug-releasing polymer coatings

To prepare the polymer-drug solutions, appropriate amounts of each drug, DEX or CLX,
were dissolved in acetone and DCM, respectively [270-272]. Polymers, LMW-PLGA (PLGA
50:50; MW = 6.9 kDa), and PLA-PEG (MW = 5.3 kDa) were dissolved at a concentration of
200 mg/mL in combination with a solution of DEX of 5 mg/mL. Regarding CLX-releasing
polymers, pure HMW-PLLA combinations of PCL (IV=0.39 dL/g; MW ~32 kDa) and PLLA
(IV=2.9 dL/g; MW ~210 kDa) were dissolved to their final concentrations using a solution of
CLX of 30 mg/mL.

The square-shaped PCU implants (0.7 x 0.7 x 0.3 cm), held in place by a needle, were
immersed in the polymer-CLX solution and immediately withdrawn, allowing 10 min for
drying. The cycle was repeated a total of 3 times. After an additional 3 hours of drying, 5 new
immersion cycles were performed, in this case in the polymer-DEX solution and with a drying
time of 15 minutes between cycles. Finally, the organic solvent was allowed to evaporate for
72 hours.

4.3.5 Drug release evaluation

Drug release studies were performed in agitation (450 rpm) at 37 °C in PBS Tween®80
1% (w/v) to ensure sink conditions. The amount of drug (DEX and CLX) released was
quantified by reverse phase ultra-performance liquid chromatography (UPLC) with a TUV
detector at 239 nm using a column Kinetex® 1.7 um C18 100 A, LC Column 50 x 2.1 mm
acquired from Phenomenex (Torrance, CA, USA), maintaining the samples at 20 °C in a Waters
Acquity H-Class UPLC system (Waters, Milford, USA) [273]. The mobile phase consisted of
A: deionized H>O acidified with TFA 0.1% (v/v) and B: ACN acidified with TFA 0.1% (v/v)
pumped with a flow rate of 0.1 mL/min. The injection volume was 5 pL, and the column oven
temperature was set to 40°C. To control the UPLC/UV system as well as for data acquisition
and processing, EMPOWER software was used. To quantify the amount of DEX and CLX, a
calibration curve, ranging from 1 to 100 ppm was used. The curves had a correlation coefficient
(R?) of 1 for DEX, and 0.9999 for CLX (n=22). The validation procedure was carried out
according to the ICH guidelines [274,275] . Limit of detection (LOD) and quantification (LOQ)
were calculated directly from the calibration plots,as 3.36/S and 10c/S, respectively, where o

76



Polymer coatings for the sustained release of
anti-inflammatory drugs from a meniscus implant

is the standard deviation of intercept and S is the slope of the calibration plot [276]. The values
were LOD = 1.73, and LOQ = 5.25 for DEX, and LOD = 0.3, and LOQ = 0.92 for CLX.

4.3.6 Drug loading assay

PCU prostheses coated with drug-releasing polymers were immersed in 5 mL of a mixture
of DCM/acetone 3/2 (v/v) for up to 24 hours to ensure polymer solution. Samples of 200 pL
were then transferred to microtubes containing 800 uL. methanol and centrifuged at 10,000 rpm
for 20 min. 200 pL of supernatant were further diluted with 800 pL MeOH:H>0O 65:35 (v/v)
and the concentration of drug was quantified by UPLC with a TUV detector at 239 nm using a
column Kinetex® 1.7 um C18 100 A, LC Column 50 x 2.1 mm acquired from Phenomenex
(Torrance, CA, USA), maintaining the samples at 20 °C in a Waters Acquity H-Class UPLC
system (Waters, Milford, USA) [273]. The mobile phase consisted of A: deionized H,O
acidified with TFA 0.1% (v/v) and B: ACN acidified with TFA 0.1% (v/v) pumped with a flow
rate of 0.1 mL/min. The gradient was from 25% to 60% of B in 6.5 min, and 6 min from 60%
to 25% of B. The injection volume was 5 pL, and the column oven temperature was set to 40°C.
To control the UPLC/UV system as well as for data acquisition and processing, EMPOWER
software was used. To quantify the amount of DEX and CLX, a calibration curve, ranging from
1 to 100 ppm was used. The release buffer had no matrix effect on the quantification of the
drugs. The curves had a correlation coefficient (R?) of 1 for DEX, and 1 for CLX (n=8). The
values were LOD = (0.383, and LOQ = 1.162 for DEX, and LOD =0.187, and LOQ = 0.567 for
CLX.

4.3.7 Characterization of the drug-releasing polymer films
4.3.7.1 Differential Scanning Calorimetry (DSC)

DSC measurements for polymers, drugs, and combinations of polymer and drug were
recorded with a DSC Q1000 V9.9 (TA Instruments, New Castle, DE, USA) in standard
aluminum sample pans. The samples were heated from 20°C to 400°C, depending on the sample
analyzed, with a heating rate of 10°C/min in a nitrogen atmosphere. Data recording and
processing of the first heating cycles were carried out with the software Advantage (TA
Instruments, New Castle, DE, USA).

4.3.7.2 Powder X-ray diffraction (XRD)

Diffraction measurements of crystalline powder were carried out by an Empyrean
diffractometer of the PANAlytical brand. The X-rays were obtained from a sealed tube with Cu
anode (MKoal) = 1.5406 A) and were collimated prior to incidence on the sample with optics
including a W/Si bilayer mirror. The radiation emitted by the sample was collected with a
"PIXcel3D" type solid state detector. The samples were mounted at ambient on a flat base
without signal (Si single crystal), to avoid the amorphous component different from that coming
from the sample. Diffractograms were taken in an angular range of 2 to 40° with a step of 0.04
and a time per step of 8s. To perform the mathematical adjustments of the obtained
diffractograms, the program HighScore Plus: Version 3.0d was used.
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4.3.8 Degradation of bilayer drug-releasing polymer coatings

Drug-releasing polymer coated PCU implants were immersed in a volume of 10 mL of
PBS (pH 7.4) supplemented with 1% (w/v) Tween®80. At defined time points, the coated
squared-shaped PCU implants were removed from the release buffer for further analysis:

4.3.8.1 Field-emission scanning electron microscopy (FESEM)

Drug-releasing polymer coatings were sputter coated with a layer of iridium and imaged in
a Zeiss UltraPlus analytical FESEM with a beam voltage of 3 kV and a magnification ranging
from 500 to 10,000X for the analysis of the surface of the coatings. Also, Zeiss EVO analytical
FESEM with a beam voltage of 20 kV and magnification ranging from 60X to 5,000X was used
for the measure of the coating thickness and analyzing side profile upon degradation after
sagittal cut.

4.3.8.2 pH measurements

pH was measured in the media where the polymer coated PCU implants were incubated
over specific periods using a pH meter calibrated using standard buffer solutions of known pH
values ranging from pH 2.0 to 10.0.

4.3.9 In vitro assessment of sterile conditions, biocompatibility, activity, and
efficiency of the bilayer drug-releasing polymer-coated PCU implants

4.3.9.1 Drug release evaluation

Drug release studies to evaluate released drug activity in vitro were performed at 37 °C in
PBS Tween®80 0.05% (w/v) supplemented with penicillin/streptomycin 1% (v/v). The amount
of drug (DEX and CLX) released was quantified by UPLC using the same method as described
in section Drug loading assays (Section 1.4.6). The release buffer collected and quantified at
each time point was subsequently lyophilized. Afterward, the powder was resuspended in
sterilized miliQ water and evaluated in vitro.

4.3.9.2 In vitro control of endotoxin contamination

The chromogenic LAL-test (LO50650U, Lonza) was used, following the manufacturer’s
indications. Stored release buffers were diluted appropriately to achieve a concentration of DEX
and CLX as close as possible to their demonstrated active concentration (10 uM for DEX and
25 uM for CLX) (Table 1.1). It is worth noting that regardless of the concentration of drugs
quantified in the media after their release, a minimum dilution of 1:10 was implemented
because of the toxic effects of Tween®80 0.05% (w/v) in cells above such dilution.
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4.3.9.3 Monocyte isolation, differentiation, and treatment of human primary
macrophages

Monocytes were isolated from the whole blood of six healthy donors (buffy coats)
following the Ficoll and Percoll separation method, as previously described [277], and
subsequently counted with Trypan Blue staining 0.04% using a counting chamber (Kova
international, BVS100H). In order to obtain human monocyte-derived macrophages (HMDMs),
monocytes were resuspended in RPMI supplemented with penicillin/streptomycin and
glutamine, subsequently counted, and 1*10° cells were plated in each well of 24-well plates to
allow their attachment to the plate. After 30 minutes of incubation at 37°C, media was removed,
and a new media containing human recombinant M-colony stimulating factor (hrM-CSF,
Peptrotech, 300-25) supplemented with fetal bovine serum (FBS), penicillin/streptomycin and
glutamine was added for differentiation towards macrophages after 5 days.

At day 5, macrophages were treated with appropriately diluted release buffers. Samples
were added together with complete media for 24 hours. 1 hour later, LPS + IFNy (100 ng/ml
and 50 ng/ml, respectively) were added. Non-treated HMDMs were used as the negative
control, while HMDMs treated only with LPS + IFNy were used as the positive control. All
other samples were treated with free drugs (DEX, CLX, and DEX+CLX) at appropriate
concentrations (10 pM for DEX and 25 puM for CLX) for comparison with equivalent
concentrations of the drugs in released buffer from Prototype PLA-PEG or Prototype PLGA
drug-releasing bilayer polymer coatings at determined times.

4.3.9.4 Evaluation of biocompatibility and toxicity

To assess the biocompatibility and non-toxic profile of the drug-loaded polymer coatings
toward primary human macrophages, an AlamarBlue™ cell viability assay was performed.
After exposure of macrophages to conditions described in Table 1.1 for 24 hours (relative day
6), which corresponds to the release buffer containing the drugs and products of polymer
degradation at different time points, supernatants were collected for cytokine quantification,
while 1 ml of AlamarBlue™ HS Cell Viability Reagent 10% (Invitrogen, A50101) was added
to the remaining cells in the bottom of each well of the 24-well plates, following the
manufacturer’s protocol. Plates were incubated for 3 hours at 37°C, protected from light. 100
ul from each well, in triplicate, were transferred to black 96-well plates, and fluorescence was
measured at 560-590 nm using the Synergy H4 Microplate reader (BioTek).

Non-treated cells were used as controls and considered as 100% cell viability. Cell viability
was calculated according to the equation: % Cell viability = (Sample Fluorescence / Control
Fluorescence) x 100.

4.3.9.5 Assessment of anti-inflammatory activity and efficacy by measurement of
cytokine secretion

After checking the absence of LPS contamination and non-toxic activity of the release
buffer containing DEX and CLX at indicated time points, the anti-inflammatory activity of the
drugs in the release buffer was compared with the free drugs at equivalent concentrations by
ELISA assay. The anti-inflammatory activity was evaluated by quantifying the secretion of
relevant inflammatory signals (TNF-a, CCL2, and PGE2) from primary human macrophages
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treated with stimulated with LPS + [FNy alone, in combination with free drugs or exposed to
the release buffer for 24 hours.

ELISA assays were performed using the commercial kit DuoSet® ELISA Development
Systems (Bio-Techne) for TNF-o (DY210) and the Prostaglandin E2 ELISA kit (Cayman) for
PGE2 (004CA514010-96), following the manufacturer’s instructions. ELISA assays for CCL2
were performed using a custom kit developed in the HUNIMED lab [277].

The amount of cytokine secretion (ng/ml) in macrophages treated with LPS + IFNy
(positive control) was normalized to 100%, and subsequently, values for the remaining samples
were normalized and expressed as percentage (%) of control, according to the equation: % of
Control = (ng/ml of Sample / ng/ml of Control) % 100.

Table 3.1. Concentrations of DEX and CLX released from Prototype PLA-PEG and Prototype PLGA bilayer
polymer coatings at each timepoint and dilutions implemented for the in vitro validation of their sterility
and anti-inflammatory activity and efficacy.

CLX DEX
Prototype Time ppm UM ppm UM Dilution
point
3 hours 27.27 71.50 193.63 493.38 1:50
3 days 118.75 311.38 97.58 248.65 1:20
PIOOPE  iweek 5813 15244 2295 5849  1:10
2 weeks 130.69 342.70 17.41 44.36 1:10
4 weeks 134.31 352.17 1.81 4.60 1:15
3 hours 7.14 18.74 16.40 41.80 1:10
3 days 40.81 107.00 45.82 116.74 1:10
DIOOUPE fweek  60.53 15873 4845 12346 1:10
2 weeks 108.59 284.74 25.69 63.46 1:10
4 weeks 115.87 303.84 10.49 26.75 1:12

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block
copolymer. PLGA: Poly(lactic-co-glycolic) acid. ppm: parts per million (ug/mL). pM: Micromolar. Values represent
the mean + standard deviation (n=3).

4.4 RESULTS AND DISCUSSION

The aim of this chapter is to engineer a biodegradable bilayer polymer coating around a PCU
meniscus prosthesis with the capacity to control the release of two anti-inflammatory drugs.
More precisely, dexamethasone (DEX) is intended to be released for 1-4 weeks to alleviate the
inflammation caused mainly by the surgery. Meanwhile, celecoxib (CLX) is intended to be
released for 6-9 months to relieve the inflammation related to the prosthesis. Both drugs are
intended to mediate the incorporation of the implant into the knee cavity, reducing adverse
inflammatory reactions. After the synthesis of the bilayer coating, we aim to evaluate the effect
and activity of both drugs in vitro and test the behavior of the prototypes in a bioreactor,
simulating the knee environment.

To achieve this, we followed a specific work plan consisting of:
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1) The screening of different biodegradable and biocompatible polymers for the
independent release of DEX and CLX within the desired periods of time.

2) The development of drug-releasing bilayer polymer coatings results from the
combination of the most promising prototypes selected for the independent release of
the drugs. This development consisted of evaluating the capacity of the bilayer systems
to release CLX and DEX in a required time frame, characterization of their
physicochemical properties, and in vitro study of their degradation.

3) The in vitro evaluation of the sterility and biocompatibility of the drugs and polymer
degradation products of the bilayer coated system and the anti-inflammatory activity of
these drugs upon release was conducted using a relevant cell model (human primary
macrophages).

4.4.1 Solubility of CLX and DEX in different release buffers. Definition of sink
conditions.

In this study, PBS was supplemented with different concentrations of Tween®80 [278]. As
shown in Table 1.2, increasing concentrations of Tween®80 resulted in increasing solubility of
both drugs, making this effect especially remarkable for CLX solubility. Thus, as the drugs
were intended to be in the release buffer for extended periods of time, and the amount of drug
released from the polymer coatings was unknown, it was decided to use PBS supplemented
with Tween®80 1% (w/v) for the drug release studies.

Table 1.4. Solubility of drugs CLX and DEX (ppm and pM) in PBS supplemented with different
concentrations of Tween®80.

CLX DEX

PBS Tween®80 (w/v) ppm UM ppm UM

1% 396.27 + 19.37 1039.05 + 41.47 196.75 + 18.02 501.33 + 37.49
0.5% 198.06 + 11.39 519.34 + 24.39 124.94 + 12.14 318.35 £ 25.27
0.25% 98.08 + 13.27 257.16 + 28.42 89.90 + 0.93 229.07 + 1.94
0.1% 43.37 + 15.19 113.73 + 32.53 73.91 £ 4.14 188.33 + 8.61

0.05% 26.17 + 2.53 68.62 + 5.41 68.39 +2.13 174.26 + 4.44
0% 1.69 + 0.71 4.44 +1.43 62.36 + 2.18 158.89 + 4.54

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PBS: Phosphate buffered saline. ppm: parts per million
(ug/mL). pM: Micromolar. Values represent the mean + standard deviation (n=3).

4.4.2 Selection of the polymers for the independent release of CLX and DEX from
polymer films

Polyesters were the polymers of choice to engineer the bilayer coating loaded with anti-
inflammatory drugs. These polymers were selected because of their hydrophobicity, also
considering the hydrophobic nature of the anti-inflammatory drugs, biocompatibility,
biodegradability, tunable release profile, and favorable regulatory profile. The first goal of this
section was to evaluate the influence of the polymer on the drug release and why other
parameters, such as the preparation method, were kept constant. Despite the primary objective
of these polymer films being to achieve the release of two different anti-inflammatory drugs
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from the same meniscus prosthesis with different release kinetics, for simplicity of the first
screening, the release of each drug from a polymeric matrix was first evaluated independently.

4.4.2.1 Evaluation and characterization of polymer films for CLX release

CLX was intended to be delivered following a long-term release profile (6 to 9 months)to
aid in the modulation of chronic inflammation. Poly(caprolactone) (PCL) and poly(L-lactide)
(PLLA) were chosen due to their slow degradation rate [279,280]. Moreover, looking for more
precise modulation of the release kinetics and knowing the influence of the polymer MW on
their degradation [281-285], an HMW and an LMW polymer were investigated. Thus, using
these four polymers, CLX-loaded films were created by dissolving each polymer and CLX in a
suitable solvent and then depositing the solution over a square-shaped PCU implant via solvent
casting. After film curation, the film and the implant were immersed in PBS supplemented with
Tween®80 1% (w/v), and the drug release was measured by UPLC (Figure 1.2). The drug
release was halted when a plateau release phase was observed.

The release studies demonstrated that CLX was consistently released more rapidly from
PCL films, irrespective of the MW or drug loading (DL). In contrast, PLLA films exhibited
distinct release kinetics: higher CLX loading resulted in faster release rates, while HMW-PLLA
showed a more sustained release compared to LMW-PLLA. This aligns with previous findings
where higher MW polymers were associated with prolonged drug release [283].

Regarding MW, the differences in release kinetics can be explained by the structural effects
of polymer chain length. As none of these polymers is expected to degrade within a few weeks,
the release cannot be only controlled by degradation but also by other mechanisms such as
diffusion [286]. Longer chains in HMW polymers create a denser matrix, restricting water
penetration and making drug diffusion more challenging. Additionally, the slower degradation
of HMW polymers further delays release. These effects are more pronounced in PLLA films
due to the substantial MW difference between HMW-PLLA and LMW-PLLA (~140 kDa)
compared to the smaller MW difference in PCL (~41 kDa). Consequently, PCL films exhibit
more uniform release kinetics regardless of MW, while PLLA films demonstrate MW-
dependent release behavior.

When the DL was increased from 5% to 20%, differences in CLX release kinetics from
PLLA matrices were observed (Figures 1.2A and 1.2B). This is because higher DL results in a
greater number of drug nuclei, both molecular and crystalline, being distributed within the
polymer matrix. Upon water penetration, these drug nuclei become more readily accessible,
facilitating a faster and more consistent dissolution process, which accelerates drug release. The
plateau observed in the release profile can be explained by the interplay between drug diffusion
and polymer degradation. During the initial weeks to months, the release is primarily driven by
diffusion through water-filled pores, with dispersed drug contributing most significantly to the
release process. However, a large percentage of the drug remains entrapped within the polymer
matrix, inaccessible to the release medium. This entrapped drug cannot be released until
polymer degradation occurs, which is a much slower process. Consequently, incomplete release
of the drug is observed, as degradation does not progress significantly within the study
timeframe. Thus, the release kinetics of PLLA reflect both the diffusion-driven release of
dispersed drug and the delayed availability of drug trapped within the intact polymer matrix
[287].
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Although the release from HMW-PLLA 20% DL appeared to fit the desired release
timeframe of approximately 6 to 9 months, it entered a plateau phase after 20 weeks, with less
than 30% of total CLX released from the film (Figure 1.2B). Thus, HMW-PLLA showed a
sustained but incomplete drug release profile, which was explained by an incomplete
degradation of the polymer. This incomplete degradation might pose challenges in the long
term, such as drug recrystallization [288]. Despite these limitations, HMW-PLLA 20% DL was
preferable to 5% DL due to its higher drug loading. LMW-PLLA, regardless of DL, was
unsuitable because its faster release kinetics resulted in a plateau phase within just 5 weeks—
far earlier than desired. These findings highlight the need to balance sustained release with
complete drug availability. Moving forward, an intermediate release profile was targeted to
achieve full CLX release within the 6-9-month window.
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Figure 1.15. Release kinetics of CLX expressed as the total percentage of drug released (%) from polymer
films composed of polymers PCL and PLLA, both HMW and LMW, at a concentration of 50 mg/mL, with CLX
loadings of 5% (A) and 20% (B).

Abbreviations: CLX: Celecoxib. LMW: Low molecular weight. HMW: High molecular weight. DL: Drug loading.
PLLA: poly(L-lactide) (PLLA). PCL: poly(caprolactone). Values represent the mean + standard deviation (n=3).

As HMW-PLLA exhibited the most sustained release kinetics among PLLA formulations,
and PCL release kinetics were independent of MW, all subsequent references to PLLA will
denote HMW-PLLA, while PCL will denote LMW-PCL.
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To achieve an intermediate release profile between LMW-PLLA 20% DL and HMW-
PLLA 20% DL, Acetyl Tributyl Citrate (ATBC), a well-characterized plasticizer compatible
with PLA [289-292], was incorporated into the HMW-PLLA matrix at varying concentrations
to modify the release rate of CLX. The addition of a plasticizer like ATBC affects the polymer
matrix by reducing intermolecular forces between polymer chains. This enhances water
penetration, leading to faster drug diffusion and potentially accelerating drug release by
lowering the polymer's glass transition temperature (Tg). Consequently, this allows for more
precise control over the drug release profile.

It was observed that increasing ATBC concentration accelerated CLX release, with PLLA
20% DL - 20% ATBC exhibiting a release profile similar to LMW-PLLA 20% DL (Figure 1.2
and Figure 1.3), reaching a plateau at around week 6. However, despite this acceleration, the
use of ATBC presented challenges, such as the occurrence of a plateau phase. Therefore,
although the release kinetics approached the target release, further optimization was deemed
necessary, and ATBC was not selected for continued use.
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Figure 1.16. Release kinetics of CLX expressed as the total percentage of drug released (%) from polymer
films composed of PLLA with added ATBC at a concentration of 50 mg/mL, with a CLX loading of 20%.

Abbreviations: CLX: Celecoxib. PLLA: poly(L-lactide). ATBC: Acetyl tributyl citrate. Values represent the mean
+ standard deviation (n=3).

Based on previous observations where PLLA provided a very sustained release of CLX
and PCL facilitated a faster release, polymer blends of PLLA and PCL were formulated to
achieve intermediate CLX release kinetics between PLLA and PCL (Figure 1.4). These blends
had already been described in the literature for their applications as implantable biomaterials
[293,294]. The different ratios of the blends demonstrated that increasing PCL content
accelerated CLX release. According to Can [23], an increased quantity of PCL in the blend
leads to larger PCL domains. The incorporation of PCL domains into the PLLA potentially
creates polymer-to-polymer interfaces that facilitate water access. As a result, there is an
enhancement in the overall degradation rate, accompanied by an increased release of CLX
through the diffusion of the drug near this interface [295].

Additionally, PCL has been shown to induce nucleation of PLLA at polymer interfaces,
promoting the formation of crystalline domains in the semi-crystalline PLLA. This effect is
driven by the limited miscibility of PLLA and PCL, which leads to the aggregation of PCL
domains and a localized depression of Tg at the interfaces. These conditions enhance chain
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mobility, facilitating nucleation and improving PLLA's mechanical properties, such as
flexibility and toughness [24].

Specifically, the polymer blends with PLLA/PCL ratios of 70/80 (w/w) and 80/70 (w/w)
showed promising results, releasing 40% of the loaded CLX after 3 months without reaching a
plateau (Figure 1.4). This approach successfully addressed the initial objectives of accelerating
CLX release to meet the 6-9 months target and avoiding the plateau phase observed in LMW-
PLLA and PLLA with supplemented ATBC.
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Figure 1.17. Release kinetics of CLX expressed as the total percentage of drug released (%) from PLLA/PCL
blends prepared at 150 mg/mL at different (w/w) ratios (ranging from 0/100 to 100/0) with a CLX loading
of 7.7%.

Abbreviations: CLX: Celecoxib. PLLA: poly(L-lactide). PCL: poly(caprolactone). (w/w): weight-to-weight ratio.
Values represent the mean + standard deviation (n=3).

Previous studies had explored the intraarticular (IA) administration of CLX, but there has
been no consensus on dosing across different prototypes and animal models. Doses tested
include 1-1.25 mg CLX/kg in mice [296], 0.46 mg CLX/kg/week over 5 weeks in rabbits [297],
0.0292 mg CLX/kg [298] or 1 mg/kg [299] in rats, and approximately 1 mg/kg in sheep [300].
Thus, highlighting the challenge in establishing a standardized dosing regimen for CLX in [A
applications across different species and experimental conditions.

Building on previous findings, it can be assumed that higher doses of CLX could enhance
therapeutic effects in both in vitro and in vivo models (e.g., reduced fibrous encapsulation,
foreign body reactions, and modulation of signaling pathways). Thus, the concentration of CLX
incorporated into the polymer blends was increased by 2.4 times, from 12.5 mg/mL to 30
mg/mL, raising the drug loading from 7.7% to 16.6%. Subsequent observations confirmed that
CLX was released more rapidly with increasing amounts of PCL in the matrix, consistent with
trends seen in prototypes with lower CLX loading. Among the different polymer-to-polymer
ratios explored, the PLLA/PCL blend at an 80/70 (w/w) ratio was selected for its intermediate
release kinetics (Figure 1.5).
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Figure 1.18. Release kinetics of CLX expressed as the total percentage of drug released (%) from PLLA/PCL
blends prepared at 150 mg/mL at different (w/w) ratios (ranging from 50/100 to 90/60) with a CLX loading
of 16.6%.

Abbreviations: CLX: Celecoxib. PLLA: poly(L-lactide). PCL: poly(caprolactone). (w/w): weight-to-weight ratio.
Values represent the mean + standard deviation (n=3).

Table 1.5. Tg, Tcc, Tm, and Xc values of the CLX-releasing prototypes analyzed by DSC and XRD.

Sample Tg (°C) Tcc (°C) Tm (°C) Xc (%)
CLX - - 161

PLLA 64 98 179 5.07
PLLA - CLX 59 111 174 2.85
PCL Not shown* - 61 14.14
PCL - CLX Not shown* - 58 16.21
PLLA/PCL 62 98 180 14.87
PLLA/PCL - CLX 58 98 175 7.10

Abbreviations: CLX: Celecoxib. PLLA: poly(L-lactide). PCL: poly(caprolactone). Tg: Glass transition temperature.
Tcc: Cold crystallization temperature. Tm: Melting temperature. Xc: Crystallinity.
*Value not observed in Figure 1.6A, obtained from [301].

Differential Scanning Calorimetry (DSC) characterization of drug-polymer solid
dispersions is a recognized method for determining the apparent solubility and miscibility of
components [302]. This technique provides insights into the thermal behavior of drug-polymer
mixtures, including phase transitions like melting, crystallization, and glass transition
temperatures. By analyzing these transitions, DSC can reveal the drug dispersion within the
polymeric matrix and identify specific interactions between the drug and polymer [303]. DSC
allows for the precise assessment of drug distribution within the polymer matrix. A
homogeneous distribution typically indicates good miscibility and solubility, whereas the
presence of multiple phases or distinct thermal events may suggest phase separation or poor
miscibility.

Furthermore, DSC can detect subtle thermal events that indicate specific interactions
between the drug and polymer molecules, such as hydrogen bonding or van der Waals forces.
These interactions can affect the stability and release profile of the drug within the polymeric
matrix [304,305]. Overall, DSC provides a detailed understanding of the physical state and
compatibility of drug-polymer mixtures, aiding in the optimization of formulations for
enhanced drug delivery and performance.
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Figure 1.19. DSC thermograms (A) and XRD diffractograms (B) of the CLX-releasing prototypes.
Abbreviations: CLX: Celecoxib. PLLA: poly(L-lactide). PCL: poly(caprolactone). mW: milli Watts.

Thermogram Analysis of PLLA with loaded CLX

CLX interacts with PLLA chains, acting as a plasticizer by reducing intramolecular
attraction and increasing polymer chain mobility [306-309]. This is evident in the
thermograms, which show a reduction in Tg, cold crystallization temperature (Tcc), and melting
temperature (Tm) values. The reduction in Tg can be attributed to the plasticizing effect of the
CLX molecules, which enhance the mobility of the polymer chains [310]. These changes reflect
enhanced chain mobility and interactions between CLX and PLLA [311]. Additionally, the lack
of surface crystallites further supports that the release kinetics are controlled by molecular
dispersion within the matrix. The plasticizing effect facilitates initial diffusion-driven release,
but the high MW and dense PLLA structure limit water penetration, resulting in a sustained yet
incomplete release profile because of slow PLLA degradation.
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Thermogram Analysis of PCL with loaded CLX

The Tg of PCL, at -60°C, places its amorphous regions in a rubbery state at room
temperature, while its semi-crystalline nature makes it rigid below the melting temperature
(Tm) and liquid above it. After incorporating CLX, the PCL Tm (~58°C) becomes broader,
shorter, and slightly shifts left, indicating interactions between CLX and PCL. The absence of
CLX’s Tm peak (~150°C) confirms its molecular dispersion in the PCL matrix, existing in an
amorphous state [303] (Figure 1.6A, and Table 1.3). The consistently lower MW of PCL, with
shorter polymer chains, facilitates drug-polymer interactions, explaining the molecular
dispersion of CLX and its faster release from the PCL matrix compared to PLLA. MW is thus
a key driver of the observed release kinetics (Figure 1.6A, and Table 1.3)

Thermogram Analysis of PLLA/PCL blend and PLLA/PCL blend with loaded CLX

DSC results revealed that, despite previous studies showing that these polymers are phase-
separated when in a blend due to the separation during the evaporation of the solvent, coalescing
in different domains, there is still interaction between them [23,312]. This is supported by the
Tm of PCL and the Tm and Tg of PLLA in the blend. Thermograms showed an overlapping of
these endothermic peaks, with slight variations in their original temperatures, indicating
relatively good miscibility [313]. After CLX is incorporated into this blend, a reduction in the
characteristic temperatures of the blend can be observed, indicating, once again, the interaction
between the drug and the polymeric matrix (Figure 1.6A, and Table 1.3)

On the other hand, X-ray diffraction (XRD) is a common technique used for
pharmaceutical and material analysis. This technique allows physicochemical characterization
and structural features of materials and drugs, among other solid materials. Among the different
XRD, powder XRD possesses the ability to produce a unique pattern regardless of the
crystalline phase. This technique has been used for monitoring scaling-up, processing,
manufacture, or formulation [314]. In this study, XRD has been selected as a complementary
technique to DSC to determine how the drugs have been incorporated in the polymeric matrix
and to look for explanations regarding the different release kinetics of the same drug from
different polymeric matrices.

In the XRD analysis, pure CLX exhibited a crystalline diffraction pattern, while PCL and
PLLA films without CLX showed a partially crystalline diffractogram. The PLLA/PCL films
displayed characteristic peaks of both polymers [294,315,316]. Notably, when CLX was
incorporated into the PLLA/PCL films, the absence of CLX's characteristic Bragg peaks
suggested successful solubilization of the drug within the polymer matrix. This study further
investigated the degree of crystallinity (Xc) to assess its impact on drug release. Since drug
molecules are primarily located in the amorphous regions of a polymer, which are more
permeable and accessible to water, it is generally assumed that polymers with lower crystallinity
exhibit higher drug release rates [317,318]. However, our findings revealed that the Xc of the
polymer-CLX combinations did not consistently align with the observed release kinetics. For
instance, the PLLA matrix, despite having the lowest Xc, exhibited the slowest CLX release,
while the PCL matrix, with the highest Xc, showed the fastest release (Table 1.3). These
observations are in agreement with previous research, which indicated that the correlation
between increased drug release rates and lower crystallinity is not consistently observed, with
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some subclasses of samples showing an opposite trend [319,320]. These observations suggest
that factors beyond crystallinity, such as crystallite size and porosity, may significantly
influence drug release rates, as supported by previous studies [319] (Figure 1.6B).

In conclusion, the PLLA/PCL blend 80/70 (w/w) with 16.67% DL, along with pure PLLA
with 20% DL, emerged as the most promising candidates for sustained CLX release over
months (Figure 1.2B and 1.5). The PLLA formulation provided a very prolonged and low-rate
release, with less than a quarter of the drug released after 6 months, while the PLLA/PCL blend
achieved a faster release, with approximately 40% of the drug released after 3 months. These
two formulations were, therefore, selected for further in-depth exploration. Moreover, using
both thermograms and diffractograms, PLLA and PLLA/PCL blends were identified as suitable
prototypes for CLX release due to their ability to incorporate CLX in a molecularly dispersed
form, as evidenced by the absence of crystalline CLX peaks in XRD. Additionally,
thermograms demonstrated interactions between CLX and the polymers, such as reductions in
Tg, Tm, and Tce, which indicate enhanced chain mobility and drug-polymer compatibility,
crucial for sustained and diffusion-driven release.

4.4.2.2 Evaluation and characterization of polymer films for DEX release

To effectively address post-surgical acute inflammation, DEX was selected as the
corticosteroid due to its potent anti-inflammatory properties and widespread clinical use. The
objective was to achieve a rapid and consistent release of DEX over a 1 to 4-week period by
incorporating it into a second polymeric layer. To achieve this goal we relied on polyesters
again.

Firstly, PLGA was chosen for this purpose. PLGA-based systems typically exhibit a
biphasic release profile, characterized by an initial burst release due to drug diffusion from the
polymer film’s surface, followed by a sustained release phase driven by the polymer's
autocatalytic hydrolysis into biodegradable monomers and oligomers [321,322]. The
degradation rate of PLGA is significantly influenced by the ratio of lactic acid (LA) to glycolic
acid (GA), with higher LA content resulting in slower degradation due to increased
hydrophobicity and crystallinity, which reduce susceptibility to hydrolytic cleavage. GA
enhances the polymer’s hydrophilicity and accelerates degradations, being the ratio LA:GA
50:50 the fastest degrading one [323].

First, the influence of LA:GA ratio was assessed. In Figure 1.7, two PLGA formulations
with different LA to GA ratios were compared to determine the optimal candidate for DEX
release. It was observed that DEX release was slow across all PLGA types, failing to meet the
target release window of 1-4 weeks. However, PLGA 50:50 demonstrated an increase in DEX
release after 4 weeks, resembling the typical biphasic release of PLGA, particularly in
prototypes with lower drug loading. In contrast, PLGA 85:15 showed minimal DEX release
throughout the study, regardless of drug loading. Thus, while PLGA 50:50 provided a better
release profile for DEX, it was still not within the desired kinetics. Lower drug loading
enhanced the release, but PLGA 85:15 was ultimately discarded due to its poor performance.
Consequently, from now on, PLGA refers to PLGA 50:50.
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Figure 1.20. Release kinetics of DEX expressed as the total percentage of drug released (%) from PLGA
films of different lactic acid to glycolic acid (LA:GA) ratios prepared at 100 mg/mL with DEX loadings of
4.76% and 9.1%.

Abbreviations: DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. Values represent the mean + standard
deviation (n=3).

It was determined that further testing of variables such as drug loading, polymer
concentration, and polymer molecular weight (MW) was needed to optimize DEX release.

Drug loading was the first variable explored. To evaluate the potential impact of increased
drug loading on DEX release kinetics, it was hypothesized that higher concentrations could
influence the distribution and release behavior of DEX within the polymer matrix. Previous
studies have shown that elevated drug loading can create a more extensive pore network during
the release process, facilitating faster diffusion and modifying the physical properties of the
polymer, such as swelling and erosion, which in turn can affect release kinetics [324,325].

In Figure 1.8, DEX exhibited a burst release within the first week of immersion in the
release buffer, with the release profile fitting within the targeted 1-4 weeks timeframe.
However, the release appeared not to be well-controlled, as only 40% of the total drug load was
released by week 4, characteristic of the biphasic release pattern typical of PLGA matrices. This
observation was consistent across the drug loadings tested. The observed release kinetics
suggest that DEX may not have been fully dissolved in the polymer nor adequately interacting
with it. As a result, DEX exposed on the surface of the polymer film was rapidly released upon
contact with the release buffer, leading to an initial burst release followed by a slower, less
controlled release phase. Similar to what has been previously described [326].
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Figure 1.21. Release kinetics of DEX expressed as the total percentage of drug released (%) from PLGA
prepared at 100 mg/mL with DEX loadings of 20% and 30%.

Abbreviations: DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. Values represent the mean + standard
deviation (n=3).

Then, to investigate the impact of the influence of PLGA concentration on DEX release
kinetics, polymer concentrations ranging from 50 mg/mL to 90 mg/mL were evaluated while
keeping the drug concentration constant at 5 mg/mL (Figure 1.9). It was observed that DEX
was released more quickly from matrices with lower polymer concentrations. Although the
release from PLGA at 50 mg/mL and 60 mg/mL was relatively rapid, it remained incomplete
within the first two weeks, following an expected biphasic release pattern. Moreover, PLGA
concentrations above 80 mg/mL presented a profile similar to polymer films in Figure 1.7,
indicating that higher concentrations are a limiting factor in achieving the release of DEX from
PLGA within the desired period of time. The target of achieving a complete and steady DEX
release over 1-4 weeks was hindered by the biphasic nature of the release from the PLGA
matrices studied, which does not support a consistent release profile within this timeframe.
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Figure 1.22. Release kinetics of DEX expressed as the total percentage of drug released (%) from PLGA
prepared at different concentrations ranging from 50 to 90 mg/mL with varying drug loadings but keeping
the drug concentration constant at 5 mg/mL.

Abbreviations: DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. mg: milligrams. mL: milliliters. Values
represent the mean + standard deviation (n=3).

To enhance the release kinetics of DEX, PEG, a water-miscible polymer known for its
plasticizing properties and ability to solubilize DEX, was incorporated into PLGA films [327].
Furthermore, the incorporation of PEG is expected to improve the biocompatibility of the
polymer coating. The addition of PEG, regardless of its MW, improved film homogeneity and
transparency, suggesting better solubilization of DEX, particularly at a 70/30 (w/w) ratio.
Despite these improvements, a burst release was still observed in PLGA/PEG films, particularly
in those prepared at 70 mg/mL, which had not shown this behavior without PEG (Figure 1.10).
The inclusion of PEG accelerated DEX release across all prototypes, with higher MW of PEG
leading to faster release. However, the biphasic release profile persisted, with the initial burst
occurring within the first week, followed by a second release phase around week 5. For PLGA
at 100 mg/mL, the initial release was more sustained rather than a burst, yet the overall release
remained very low, failing to fit within the desired 1-4 weeks timeframe. This way, while the
incorporation of a hydrophilic domain like PEG facilitated greater access of the aqueous buffer
to the polymeric matrix and accelerated drug release, the inherent properties of PLGA, such as
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MW and LA ratio, made it challenging to achieve a steady, sustained release of DEX beyond
one week.
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Figure 1.23. Release kinetics of DEX expressed as the total percentage of drug released (%) from PLGA/PEG
blend films. PEG of both molecular weights were incorporated into the main PLGA matrix. Films were
prepared at different concentrations ranging from 50 to 100 mg/mL with a PLGA/PEG ratio of 70/30 (w/w).
with varying drug loadings but keeping the drug concentration constant at 5 mg/mL.

Abbreviations: DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. PEG: Poly(ethylene glycol). LMW: Low
molecular weight. (w/w): weight to weight. mg: milligrams. mL: milliliters. Values represent the mean + standard
deviation (n=3).

Given the intrinsic limitations of PLGA, particularly its tendency to exhibit a biphasic
release profile that may not align with the desired drug release kinetics, an alternative
amphiphilic polymeric matrix, poly(lactic acid)-poly(ethylene glycol) di-block co-polymer
(PLA-PEG), was explored. As previously reported [328,329], the use of di-block co-polymers
may have an influence on the polymer-drug interaction and, consequently, drug release. This
influence is based on the possible difference between using a di-block or a tri-block instead of
the combination of the polymers composing these blocks separately. PLA-PEG is a di-block
copolymer that has been widely documented in the literature for its applications in drug delivery
and tissue engineering [330]. Figure 1.11 indicates that PLA-PEG indeed offered a more
sustained release of DEX, maintaining the release over one week and extending it beyond the
first week when the polymer concentration was increased to 200 mg/mL. Additionally, the
release of DEX from this matrix was more complete compared to previous PLGA-based
prototypes, suggesting a more efficient delivery system. This enhanced release profile is likely
due to the PEG component, which may create channels within the polymer matrix that allow
for easier access of the aqueous buffer to the drug, thus facilitating its release. Despite these
promising results, the degradation time of the PLA-PEG matrix warrants careful consideration.
While the PEG component is expected to accelerate the hydrolytic degradation of PLA, PLA
itself degrades remarkably more slowly than PLGA, potentially requiring up to a year for
complete degradation. This slower degradation of the PLA-PEG matrix in the upper layer of
the bilayer system could impact the release of CLX from the bottom layer by increasing
tortuosity, thereby hindering drug diffusion and altering the intended release profile.
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Figure 1.24. Release kinetics of DEX expressed as the total percentage of drug released (%) from PLA-PEG films prepared at
different concentrations ranging from 50 to 200 mg/mL with varying drug loadings but keeping the drug concentration
constant at 5 mg/mL.

Abbreviations: DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block co-polymer. mg:
milligrams. mL: milliliters. Values represent the mean + standard deviation (n=3).

Finally, the influence of PLGA MW was evaluated. As previously discussed, the polymer
MW was the final variable considered to impact DEX release from PLGA matrices. In all the
studies described so far, PLGA with a MW of 24-38 kDa (HMW) was used, but to further
investigate this variable, two additional PLGA variants with MW of 2 kDa (VLMW) and 8 kDa
(LMW) were evaluated. Given the favorable results observed with PLA-PEG, these lower MW
PLGA variants were mixed with PLA-PEG at various (w/w) ratios. The observations revealed
that the PLA-PEG/ PLGA exhibited release profiles similar to pure PLA-PEG, regardless of
the PLGA MW or mixture ratio (Figure 1.12). However, the PLA-PEG/LMW-PLGA mixture
at a 50/50 (w/w) ratio achieved a sustained release of DEX for up to two weeks. This indicates
that the incorporation of LMW-PLGA into the PLA-PEG matrix successfully prolonged the
drug's release, with the effect becoming more pronounced as the proportion of LMW-PLGA in
the mixture increased. This underscores the significance of MW in modulating release kinetics
in these polymer matrices.
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Figure 1.25. Release kinetics of DEX expressed as the total percentage of drug released (%) from pure PLA-
PEG and PLA-PEG/PLGA blend films. PLGA of both molecular weights, VLMW and LMW, were incorporated
to the PLA-PEG matrix with different PLA-PEG/PLGA ratios ranging from 50/50 to 75/25 (w/w). Films were

prepared at 200 mg/mL with constant drug loadings of 2.44%.
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Abbreviations: DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block co-polymer.
PLGA: Poly(lactic-co-glycolic) acid. VLMW: Very low molecular weight. LMW: Low molecular weight. Values
represent the mean + standard deviation (n=3).

To further explore this observation, various PLA-PEG/LMW-PLGA (w/w) ratios were
tested to optimize the release kinetics of DEX, to achieve a release profile that fits within the
desired 1-4 weeks period (Figure 1.13). This approach was motivated by earlier research
suggesting that lower MW PLGA degrades more rapidly, leading to faster drug release [331].
The results demonstrated that higher ratios of LMW-PLGA led to a more sustained release of
DEX within the first two weeks, a pattern also observed in pure LMW-PLGA matrices. Given
that pure LMW-PLGA exhibited a release profile comparable to PLA-PEG/LMW-PLGA
mixtures with a high concentration of LMW-PLGA, this polymer was identified as a viable
alternative to PLA-PEG for achieving the targeted release kinetics. This selection also
simplifies the formulation process by reducing the need for polymer blends while still meeting
the therapeutic release goals. Therefore, LMW-PLGA was identified as a suitable alternative to
PLA-PEG for achieving the desired DEX release kinetics, simplifying the formulation process
while maintaining the target release kinetics.
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Figure 1.26. Release kinetics of DEX expressed as the total percentage of drug released (%) from pure PLA-

PEG, pure LMW-PLGA, and PLA-PEG/PLGA blend films. LMW-PLGA was incorporated to the PLA-PEG matrix

with different PLA-PEG/PLGA ratios ranging from 25/75 to 75/25 (w/w). Films were prepared at 200 mg/mL
with constant drug loadings of 2.44%.

Abbreviations: DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block co-polymer.
PLGA: Poly(lactic-co-glycolic) acid. LMW: Low molecular weight. Values represent the mean + standard deviation
(n=3).

Thermogram Analysis of HMW-PLGA and LMW-PLGA with loaded DEX

PLGA is an amorphous polymer, and therefore, no Tm was expected [332]. This holds for
both pure PLGA samples regardless of their MW. Both samples showed a slight bump at 44-
48°C, corresponding to Tg, and a degradation peak at approximately 360°C for HMW-PLGA
and 290°C for LMW-PLGA. These differences in degradation temperatures were likely
attributed to the variations in MW [333]. Moreover, the peak corresponding to Tm of DEX, at
around 260°C, completely disappears once the DEX is incorporated into the PLGA matrix. This
means that the drug is correctly dissolved in the polymer (Figure 1.14A and Table 1.4)
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Figure 1.27. DSC thermograms (A) and XRD diffractograms (B) of the DEX-releasing prototypes.

Abbreviations: DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. PLA-PEG: poly(lactic acid)-
poly(ethylene glycol) di-block co-polymer. HMW: Low molecular weight. LMW: Low molecular weight. mW: milli
Watts.
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Table 1.6. Tg, Tcc, Tm and Xc values of the DEX-releasing prototypes analyzed by DSC and XRD.

Sample Tg (°C) Tm (°C) Xc (%)
DEX - 260

PLGA 44-48

PLGA - DEX 44-48 - 1.89
PLGA/HMW-PEG - 46 4.75
PLGA/HMW-PEG - DEX - 48 6.39
PLGA/LMW-PEG - 4*

PLGA/LMW-PEG - DEX - - 1.55
PLA-PEG 48 - 6.53
PLA-PEG - DEX 50 - 8.62
LMW-PLGA 44-48

LMW-PLGA - DEX 44-48 - 1.8

Abbreviations: DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. PLA-PEG: poly(lactic acid)-
poly(ethylene glycol) di-block co-polymer. HMW: Low molecular weight. LMW: Low molecular weight. Tg: Glass
transition temperature. Tcc: Cold crystallization temperature. Tm: Melting temperature. Xc: Crystallinity.
*Value not observed in Figure 1.14A, obtained from [334]. When “-“ appeared in Tg or Tm, the peak corresponding
to the temperature could not be observed. When “-“ appeared in the Xc, the crystallinity could not be measured.
It occurred with amorphous polymers.

Thermogram Analysis of PLGA/HMW-PEG and PLGA/LMW-PEG blends with loaded
DEX

PEG, being semi-crystalline, generally lacks a well-defined Tg, which for lower MW PEGs
ranges between -60°C and -50°C. The Tm of HMW-PEG increased from 46°C to 48°C after
incorporating DEX, suggesting interactions between DEX and the PEG matrix that enhance
crystallinity or create more ordered structures, requiring higher energy to disrupt.
Differentiating the Tg of PLGA from the Tm of PEG was challenging due to overlapping
thermal events, with the observed peak likely corresponding to the Tg of PLGA, the primary
matrix component (70/30 w/w). The Tm of LMW-PEG (~4°C) was undetectable in the
thermogram [334], consistent with findings that PEG's Tm rises with MW [335]. The peak at
~325°C indicates the polymer mixture's degradation temperature (Figure 1.14A and Table 1.4).
These thermograms and diffractograms support the observed rapid release of DEX from
PLGA/PEG blends due to the hydrophilic nature of PEG, which facilitates water penetration
into the polymeric matrix. The increased crystallinity upon DEX incorporation may create more
structured domains, but it also leads to greater accessibility of water to the amorphous regions
of the matrix, where DEX is likely distributed, resulting in the observed faster release.

Thermogram Analysis of PLA-PEG with loaded DEX

PLA-PEG is composed of PLA and PEG5000. PLA is an amorphous polymer, and
consequently, no Tm was expected to be observed [336]. The peak around 46°C could
correspond to either the Tg of PDLA or the Tm of PEG5000 (Mw = 5000 g/mol). However,
given the high MW of this PEG and PLA being the major contributor to co-polymer, it is
expected that this peak corresponds to the Tg of PLA. The incorporation of DEX into the matrix
slightly shifts the peak to a higher temperature, indicating an interaction between DEX and the
polymer matrix (Figure 1.14A and Table 1.4). Thus, this thermogram was unsuitable to justify
the release kinetics observed from PLA-PEG matrices.
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In the XRD analysis (Figure 1.14B), pure DEX exhibited a characteristic crystalline diffraction
pattern. Still, this pattern was absent when DEX was incorporated into the polymer films,
indicating that the drug was well-solubilized within the films. The semicrystalline pattern of
PLA-PEG, consistent with its amphiphilic nature, likely contributes to the faster release of DEX
compared to LMW-PLGA. This amphiphilicity generated by the long PEG domains facilitates
the creation of hydrophilic channels within the matrix, enabling greater water penetration and
enhancing the diffusion-driven release of DEX.

In contrast, PLGA-containing matrices showed amorphous diffractograms, typically associated
with sustained release and justifying the biphasic release controlled first by diffusion and then
by degradation. In particular, LMW-PLGA presented the most sustained release of DEX,
highlighting the influence of the PLGA MW on achieving the desired release kinetics.

4.4.2.3 Summary of the best polymers for CLX and DEX release

A comprehensive screening of biodegradable and biocompatible synthetic polymers was
conducted to identify the best candidates for the independent release of CLX and DEX.

For CLX, two prototypes providing the targeted release kinetics (6-9 months) were
selected:

1) PLLA — 20% DL: A semicrystalline polymer known for its long degradation time.
PLLA was chosen due to its ability to provide the longest release kinetics for CLX.
However, a limitation is the relatively low concentration of CLX (12.5 mg/mL) it can
incorporate [330,337-339].

2) PLLA/PCL blend 80/70 (w/w) - 16.6% DL: The inclusion of PCL in the PLLA matrix
accelerated CLX release. Arguably, the incorporation of PCL domains into the PLLA
potentially creates polymer-to-polymer interfaces that facilitate water access,
disrupting the very robust structure of pure PLLA. This blend, presenting a higher
concentration of polymer, allowed for a higher CLX concentration (30 mg/mL),
making it a strong candidate for applications requiring faster release kinetics [23,24].

For DEX, two prototypes providing the targeted release kinetics (1-4 weeks) were
identified:

1) PLA-PEG — 2.44% DL: It provided a controlled release of DEX for approximately 1
week, facilitated by the hydrophilic domain provided by PEG [340,341].

2) LMW-PLGA (MW = 8§ kDa, 50:50 LA:GA ratio) — 2.44% DL.: It provided a sustained
release of DEX for more than 1 week [283,331,342].

4.4.3 Engineering a bilayer drug-releasing polymer coating for the sequential release
of DEX and CLX

This section focuses on developing a system for the simultaneous release of DEX and CLX,

which have distinct release kinetics, from a non-biodegradable, square-shaped PCU implant (~
7 x 7 x 3 cm). To achieve this, a bilayer drug-releasing polymer coating was designed. This
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system had a bottom CLX-releasing layer in close contact with the implant and a DEX-releasing
layer deposited on top of the layer that releases CLX. The four polymer matrices that previously
showed the most promising results in section 1.5.2.3 were combined and evaluated for this

purpose.

Additionally, an alternative method was explored to effectively coat the entire implant.
Solvent casting proved effective for creating a thin polymer film over one face of the implant,
offering a simple, cost-effective, and quick preparation method [25,26]. We selected dip coating
among standard techniques that allowed for the coating of the whole implant, such as spray
coating, spin coating, grafting, and dip coating [6]. This method, widely used in tissue
engineering and drug delivery, adapted well to different substrate shapes and allowed for the
multiple coatings needed to achieve our bilayer drug-releasing polymer system [27,28].
Therefore, dip coating was chosen for further development.

After further evaluation, the goal was to select a single polymer matrix for the release of
each drug for final implementation.

4.4.3.1 Influence of the organic solvent used in DEX-releasing top polymer layer
synthesis on the CLX-releasing bottom polymer layer

The organic solvent acetone, used during the synthesis of the DEX-releasing layer, was
evaluated for its potential effect on the drug release behavior of the underlying CLX-loaded
layer. Thus, a volume of acetone was deposited on top of the CLX-loaded layer. The results
indicated that the influence of acetone varied depending on the type of polymeric matrix
employed (Figure 1.15). When acetone was applied to PLLA/PCL films, a slight acceleration
in CLX release was noted, yet the overall release kinetics remained consistent. However, for
pure PLLA, acetone significantly altered the release profile, accelerating CLX release from
approximately 10% to over 60% by week 21.

DSC analysis revealed that acetone treatment significantly affected the thermal behavior
of PLLA-CLX films, with the Tg around 60°C becoming less distinct, a consistent Tcc at
~95°C, and a broader Tm peak. These changes suggest reduced interaction between CLX and
PLLA after acetone exposure, correlating with the accelerated CLX release observed in the
release studies. Conversely, the PLLA/PCL-CLX thermogram showed minimal changes after
acetone treatment, reflecting stronger CLX-polymer blend interactions that preserved the
release kinetics. These findings align with the observed differences in acetone's impact on the
drug release profiles of the two matrices (Figure 1.15).
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Figure 1.28. Release kinetics of CLX expressed as the total percentage of drug released (%) from
unmodified or acetone-modified PLLA prepared at 50 mg/mL with a CLX loading of 20% (A) and unmodified
or acetone-modified PLLA/PCL blends prepared at 150 mg/mL at 80/70 (w/w) with a CLX loading of 16.67%

(B).
Abbreviations: CLX: Celecoxib. PLLA: poly(L-lactide). PCL: poly(caprolactone). (w/w): weight to weight ratio.
mod.: modified. Values represent the mean + standard deviation (n=3).

Furthermore, XRD analysis revealed an increase in the Xc for both PLLA and PLLA/PCL
after the films were treated with acetone. Further confirming that the addition of acetone on top
of the bottom polymer layer had an impact on the structure and properties of the CLX-releasing
polymer layer. Nevertheless, similar to what was observed for untreated polymer films, higher
Xc did not align with a slower release of CLX.

4.4.3.2 Evaluation of the release of CLX from the bottom layer of the bilayer drug-
releasing polymer coating

The findings described above highlighted the need to carefully select the optimal CLX-
releasing layer when developing a bilayer drug-releasing polymer coating. To streamline this
process, the DEX-loaded layer was kept constant while the release of CLX from the two
previously selected polymer matrices in section 1.5.2.3 was thoroughly evaluated.

Polymer coatings were developed using dip coating, in which CLX was dissolved in DCM
and then used to dissolve either PLLA/PCL or pure PLLA to create the CLX-releasing layer.
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PCU implants were immersed in the polymer-CLX solution at a constant rate, and the process
was repeated three times for uniform coating. Subsequently, a DEX-releasing layer was formed
by dissolving DEX in acetone and using this solution to dissolve PLA-PEG with five coating
cycles.

The shift from solvent casting to dip-coating led to changes in expected drug release
kinetics due to the increased amount of drug attached, the creation of multiple layers, and the
coating of the entire implant surface. The incorporation of a DEX-releasing layer above the
CLX-loaded layer resulted in a significant reduction in the release rate of CLX, regardless of
the polymeric matrix. This effect contrasts with the accelerated release observed in acetone-
modified CLX-loaded films (Figure 1.15). Moreover, the release profiles of CLX were
comparable between PLLA and PLLA/PCL matrices in the presence of the DEX-releasing layer
(Figure 1.16), suggesting that the addition of acetone and the subsequent polymeric layer
effectively neutralized the release differences observed between the two polymers.

A.
PLA-PEG - DEX PLA-PEG - DEX
200 mg/mL —2.44% DL 200 mg/mL —2.44% DL
PLLA - CLX PLLA/PCL - CLX
50 mg/mL —20% DL 80/70 (w/w) — 16.6% DL
PCU implant PCU implant
(square-shaped sample) (square-shaped sample)
B.
100

PLLA/PCL + PLA-PEG - CLX
PLLA/PCL + PLA-PEG - DEX
PLLA + PLA-PEG - CLX
PLLA + PLA-PEG - DEX

75

50

Froes

25

Cumulative drug released (%)

0 T T T T T T 1
0 5 10 15 20 25 30 35

Time (weeks)

Figure 1.29. Schematic representation of the two bilayer polymer coatings (A). Sequential release of DEX
and CLX from bilayer polymer coatings composed of a first polymer coating of either PLLA/PCL, prepared
at 150 mg/mL at 80/70 (w/w) with CLX loading of 16.67%, or PLLA, prepared at 50 mg/mL with CLX loading
of 20%; and a second polymer coating of PLA-PEG prepared at 200 mg/mL with DEX loading of 2.44% (B).

Abbreviations: PCU: Polycarbonate urethane. CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-
poly(ethylene glycol) di-block co-polymer. PLLA: poly(L-lactide). PCL: poly(caprolactone). Values represent the
mean + standard deviation (n=3).

Previous studies have indicated that high doses of intraarticular CLX (up to 1000 pg/kg)
are non-toxic in animal models such as sheep [300], horses [343], and rats [344,345]. Moreover,
the safety and activity of the in situ forming depot BEPO™, a mixture of di- and tri-block
copolymers based on PLGA and PEG, was recently evaluated in humans (NCT03541655) with
a CLX dose of 175,000 pg (speculation based on published results [346]). From this point of
view, we sought to prepare polymer coatings with CLX doses close to the therapeutic values.
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Considering the dose sought and the release profiles obtained, PLLA/PCL showed the best
properties for the release of CLX (Table 1.5 and Figure 1.16).

Table 1.7. Amount of DEX and CLX (ug/cm2) encapsulated in each of the bilayer polymer coatings

analyzed.
Drug PLLA + PLA-PEG PLLA/PCL + PLA-PEG
DEX (pg/cm?) 570.84 + 116.61 431.21 + 96.31
CLX (ug/cm?) 2220.10 + 645.87 3184.64 + 105.01

Abbreviations: DEX: Dexamethasone. CLX: Celecoxib. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block
co-polymer. PLLA: poly(L-lactide). PCL: poly(caprolactone). pg: micrograms. cm?: square centimeters. Values
represent the mean + standard deviation (n=3).

Given these findings, including the remarkably higher drug loading and optimal release
profile, and considering the expected improved mechanical properties after PCL incorporation,
PLLA/PCL was selected as the optimal CLX-releasing prototype for further development
[347].

4.4.3.3 Evaluation of the release of DEX from the top layer of the bilayer drug-
releasing polymer coating

Here, the release profiles of DEX from the two polymer matrices selected in section 1.5.2.3,
PLA-PEG and LMW-PLGA, were evaluated while maintaining a constant CLX-releasing layer
composed of the previously selected PLLA/PCL blend (section 1).5.3.2). The PCU implants
were coated using a dip-coating technique, where CLX was dissolved in DCM and incorporated
into the PLLA/PCL matrix, followed by DEX dissolved in acetone and incorporated into either
PLA-PEG or LMW-PLGA.

Notably, despite the consistent CLX layer, differences in the release kinetics of DEX and
CLX were observed (Figure 1.17). The release of CLX was more accelerated when LMW-
PLGA was used as the top layer, likely due to the faster degradation rate of PLGA compared
to PLA-PEG. It was hypothesized that this faster degradation of the PLGA layer allowed for
the earlier removal of the top layer, facilitating a quicker release of CLX from the underlying
PLLA/PCL matrix. Conversely, the slower degradation of PLA-PEG created a more sustained
barrier, leading to a slower release of CLX.

The DEX release profiles from both PLA-PEG and LMW-PLGA matrices were consistent
with previous findings. PLA-PEG demonstrated a pronounced burst release during the first
week, followed by a more gradual and sustained release phase. In contrast, LMW-PLGA
exhibited a more prolonged and steady release over time. Despite these differences, both
matrices achieved complete DEX release within the first few weeks, effectively fulfilling the
objective of delivering the drug to manage acute post-surgical inflammation.

The primary difference between these prototypes is the polymer used for the DEX-
releasing layer, which directly influenced the drug loading and release kinetics of both DEX
and CLX (Table 1.6). Thus, prototypes are going to be referred to as Prototype PLA-PEG and
Prototype PLGA. Given the observed release profiles and degradation characteristics, these
prototypes offered valuable insights for the design of dual-drug delivery systems aimed at
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addressing post-surgical inflammation and ensuring sustained therapeutic effects for chronic
inflammation.

A Prototype PLA-PEG Prototype PLGA
PLA-PEG - DEX LMW-PLGA - DEX
200 mg/mL — 2.44% DL 200 mg/mL—2.44% DL
PLLA/PCL - CLX PLLA/PCL - CLX
80/70 (w/w) — 16.6% DL 80/70 (w/w) — 16.6% DL
PCU sample PCU sample
(square-shaped sample) (square-shaped sample)
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Figure 1.30. Schematic representation of the two final prototypes of bilayer polymer coatings (A).
Sequential release of DEX and CLX from bilayer polymer coatings composed of a first polymer coating of
PLLA/PCL, prepared at 150 mg/mL at 80/70 (w/w) with CLX loading of 16.6%; and a second polymer
coating of either PLA-PEG or LMW-PLGA, both prepared at 200 mg/mL with DEX loading of 2.44% (B).

Abbreviations: PCU: Polycarbonate urethane. CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-
poly(ethylene glycol) di-block co-polymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL:
poly(caprolactone). LMW: Low molecular weight. Values represent the mean + standard deviation (n=3).

Table 1.8. Amount of DEX and CLX (ug/cm?) encapsulated in each of the bilayer polymer coatings analyzed.

Drug Prototype PLA-PEG Prototype PLGA
DEX (pg/cm?) 431.21 + 96.31 322.69 + 15.68
CLX (ug/cm?) 3184.64 + 105.01 3505.21 £ 94.57

Abbreviations: DEX: Dexamethasone. CLX: Celecoxib. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block
co-polymer. pg: micrograms. cm?: square centimeters. Values represent the mean + standard deviation (n=3).

4.4.3.4 Analysis of the biodegradation of Prototype PLA-PEG and Prototype PLGA

The selection of the final prototype could not be finalized based solely on release studies,
as both achieved the desired release kinetics for DEX (1-4 weeks) and CLX (6-9 months).
Consequently, both prototypes were evaluated focusing on their biodegradation over time when
immersed in a release buffer. These biodegradation studies also aimed to explore the observed
differences in CLX release when the top layer was changed from PLA-PEG to PLGA and
validate the hypothesis regarding the slower degradation of PLA-PEG. The study involved
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immersing the coated square implants in PBS supplemented with 1% (w/v) Tween80 and
periodically removing them for pH measurements, microscopic analysis, and thickness
evaluation.

Over time, prototype PLA-PEG exhibited a steady decrease in thickness, with a marked
reduction between 4 and 6 months, corresponding to significant structural changes observed in
FESEM images. These images showed polymer degradation, layer separation, and poor
interaction between the coating and the implant, particularly after 6 months. The coating's
integrity deteriorated to the point where thickness measurement was impossible after 1 year. In
contrast, prototype PLGA initially showed an increase in thickness, likely due to swelling,
followed by a constant decrease over the course of a year (Figure 1.18A, Figure 1.19 and Figure
1.20) [348,349].

Regarding pH changes, both prototypes demonstrated a decrease over time, reflecting the
acidification of the buffer due to polymer degradation. Similar to what observed in thickness
analysis, prototype PLA-PEG maintained a relatively stable pH until around 4 months, after
which a sharp decline occurred between 4 and 6 months, stabilizing again up to 1 year.
Prototype PLGA, however, showed a rapid pH drop by the second month, which then remained
relatively stable through the year. Because of the long-term degradation of PLLA and PCL,
these pH variations are attributed primarily to the degradation of the DEX-releasing layer, with
differences reflecting the faster degradation of LMW-PLGA compared to PLA-PEG. Thus, it
was observed that Prototype PLGA degrades more quickly than Prototype PLA-PEG, as
evidenced by the faster pH decrease (Figure 1.18B).

This quicker degradation, combined with the swelling behavior of LMW-PLGA, likely
explains why CLX is released more rapidly from Prototype PLGA despite both prototypes using
the same PLLA/PCL matrix for CLX. Initially, both prototypes would allow similar buffer
access to the CLX layer due to PEG-induced hydrophilic pores in PLA-PEG and PLGA
swelling. However, as LMW-PLGA degrades faster, the top layer in Prototype PLGA would
lose its tortuosity more quickly, allowing direct contact of the CLX layer with the release buffer
and thereby accelerating CLX release.

It is worth noting that the thickness measurements in this study were influenced by the
manual sagittal cuts during sample preparation and the specific angle and location on the square
implant where FESEM images were captured. These factors introduced variability, making the
values approximate rather than absolute. While the data indicates thickness trends, these
measurements should not be considered universally representative of the entire implant.
Instead, they provide insight into thickness variations, with caution advised when extrapolating
these results, as they illustrate relative trends rather than serve as definitive quantitative metrics
(Figure 1.19 and Figure 1.20).

pH proved to be a more reliable indicator of the degradation of the bilayer polymer coating.
This measurement was unaffected by external variables, with the only potential influence being
human-related variations during the coating's manufacturing process from replicate to replicate.
This in vitro setup caused a significant reduction in the medium's pH within the container, which
is believed to have further accelerated the degradation of the polymer. Therefore, the results
obtained here cannot be directly applied to in vivo degradation, where pH levels are likely to
remain stable. Nonetheless, previous studies have shown that the in vitro and in vivo
degradation profiles of PLGA are comparable in terms of MW reduction [29]. This similarity
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may arise from the complex nature of the in vivo degradation process, which includes
interactions with tissues and possibly enzyme involvement in the degradation.
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Figure 1.31. Changes in thickness (A) and pH (B) of Prototype PLA-PEG and Prototype PLGA with time.

Abbreviations: PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block co-polymer. PLLA: poly(L-lactide). PCL:

poly(caprolactone). PLGA: Poly(lactic-co-glycolic) acid. pm: micrometers. Values represent the mean + standard
deviation (n>1).
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Figure 1.32. FESEM images of the Prototype PLA-PEG at different times of the biodegradation process.
Images are divided into pairs per time point, a top image and a bottom image. The top images correspond
with the sagittal cut of the bilayer polymer coating and the PCU implant and were obtained using Zeiss
EVO analytical FESEM with a magnification of 100X. The thickness of the polymer coating was measured in
these top images. The bottom images correspond with the view from above of the bilayer polymer coating
sputter coated with iridium and were obtained using Zeiss UltraPlus analytical FESEM with a magnification
of 1000X.

Abbreviations: FESEM: Field emission scanning electron microscopy. PLA-PEG: poly(lactic acid)-poly(ethylene

glycol) di-block co-polymer. pm: micrometers. EHT: Electron high tension. WD: Working distance. Mag:
Magnification.
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Figure 1.33. FESEM images of the Prototype PLA-PEG at different times of the biodegradation process.
Images are divided into pairs per time point, a top image and a bottom image. The top images correspond
with the sagittal cut of the bilayer polymer coating and the PCU implant and were obtained using Zeiss
EVO analytical FESEM with a magnification of 100X. The thickness of the polymer coating was measured in
these top images. The bottom images correspond with the view from above of the bilayer polymer coating
sputter coated with iridium and were obtained using Zeiss UltraPlus analytical FESEM with a magnification
of 1000X.

Abbreviations: FESEM: Field emission scanning electron microscopy. PLGA: Poly(lactic-co-glycolic) acid. pm:
micrometers. EHT: Electron high tension. WD: Working distance. Mag: Magnification.
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4.4.3.5 Evaluation of the reproducibility of Prototype PLA-PEG and Prototype
PLGA

The consistency in the drug incorporation of finally selected prototypes named as Prototype
PLGA and Prototype PLA-PEG was assessed to determine their reproducibility. The total
amount of DEX and CLX per unit area (ug/cm?) of square-shaped PCU implants was quantified
across different replicates. Prototype PLGA exhibited consistent drug loading for both DEX
and CLX across all replicates, indicating a reproducible and well-optimized coating process in
terms of the number of dipping cycles and solvent evaporation times. In contrast, Prototype
PLA-PEG demonstrated variability in the loading of both DEX and CLX between replicates.
This inconsistency suggested potential challenges in achieving uniform drug distribution within
the polymer matrices of Prototype PLA-PEG, possibly due to the way the polymers deposit on
the surface of the square-shaped PCU implants, variations in polymer-drug interactions, or
sensitivity to the coating conditions. These findings indicated that Prototype PLGA offered

reliable and reproducible drug incorporation, but Prototype PLA-PEG showed inconsistency in
drug loading (Figure 1.21).

A. *%
7000 - — 700
6000 — 'lL 600
% 5000 500 —
) S
o 4000+ 400 ]
£ 3000+ 300 o
E-) m
3 2000 -200 X
1000 - 100
0- T T T 0
S 5N N S 5N N
4 S S oS
2% 2% 2% x& 2% x&
B F N TS
Q.Q Q~° Q_O Q_Q: Qg: Qg'
5000 — 500
4000 - — 400
= =
] &
O 30004 —300 o
o~ 3
E N
S 2000 —200 O
o m
=4 x
1000 —100
0 1 1 1 1 1 1 0
IS N IS S S
X% X% X% x@ X% N\ x@ X%
Q“& & & &L & f & &

< Q~°Q\ e~°Q\\ q~°Q\
Figure 1.34. Drug loading of both CLX and DEX in Prototype PLA-PEG (A) and Prototype PLGA (B) across
intra- and inter-day replicates.

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. pg: micrograms. cm?: square centimeters. A significant
comparison was performed using a Brown-Forsythe and Welch one-way ANOVA followed by Tukey’s multiple
comparison tests between groups. p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value
< 0.01. When no asterisk is displayed, not significative differences (ns) were observed. Columns represent the
mean + standard deviation (n > 3). Each replicate corresponds with an inter-day replicate.
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4.4.4 In vitro assessment of sterility, biocompatibility, anti-inflammatory activity,
and efficiency of the bilayer drug-releasing polymer-coated PCU implants

4.4.4.1 Evaluation of drug release from the bilayer drug-releasing polymer coating

Drug release studies for the in vitro experiments were performed using PBS supplemented
with 0.05% (w/v) Tween®80 and 1% (v/v) penicillin/streptomycin. The adjustment to a lower
concentration of Tween®80 was necessary due to its potential toxicity to human primary
macrophages (HMDMs). The release profiles, presented in Figure 1.22A, depict the percentage
of drug released, while the actual concentrations of CLX and DEX in the release medium from
Prototype PLA-PEG and Prototype PLGA are shown in Figure 1.22B.

In vitro evaluations were conducted at five time points: 3 hours, 3 days, 1 week, 2 weeks,
and 4 weeks post-immersion, strategically chosen to capture the distinct drug effects over time.
The earliest point reflects the effect of DEX alone, intermediate points represent the combined
effects of DEX and CLX, and later points focus on CLX. Previous studies by the HUNIMED
team established minimum effective concentrations of 10 uM for DEX and 25 uM for CLX to
elicit anti-inflammatory responses in human primary macrophages. The selected intervals
ensure measurements exceed these effective concentrations for each drug individually and in
combination. The minimum effective concentration is indicated by a dotted line in Figure
1.22B.

4.4.4.1 Sterility evaluation of the bilayer drug-releasing polymer coated implants

Testing the endotoxin contamination is a pre-requisite for any drug or device intended for
medical applications, and according to FDA regulation, levels must remain below 0.5 EU/ml
[350]. Furthermore, given the ability of endotoxins (LPS) to activate TLR4 and induce
inflammation, a more stringent limit of 0.125 EU/mL was applied as the maximum permissible
concentration of LPS before conducting in vitro testing of these prototypes. The chromogenic
LAL test was employed for this analysis. Using the dilutions described in Table 1.1, the LAL
test results indicated that all samples remained below the 0.125 EU/mL threshold. This confirms
that the samples are free from endotoxin contamination, indicating that the synthesis of the
bilayer polymer coating kept the sterility of the samples, making them suitable for subsequent
in vitro biocompatibility and immunotoxicity experiments. The results of the chromogenic LAL
test are not shown in this thesis.
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Figure 1.35. Sequential cumulative release of DEX and CLX from bilayer polymer coatings composed of a
first polymer coating of PLLA/PCL, prepared at 150 mg/mL at 80/70 (w/w) with CLX loading of 16.6%; and a
second polymer coating of either PLA-PEG (Prototype PLA-PEG) or LMW-PLGA (Prototype PLGA), both
prepared at 200 mg/mL with DEX loading of 2.44% (A). Non-cumulative release of CLX and DEX (uM) from
Prototype PLA-PEG and Prototype PLGA at 3 hours, 3 days, 1 week, 2 weeks, and 4 weeks.

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block
co-polymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). pM: micromolar.
Values represent the mean + standard deviation (n=3).

4.4.4.2 Biocompatibility of the bilayer drug-releasing polymer coated implants

To evaluate the cytotoxicity of the drugs and polymer degradation products from the
selected prototypes with HMDMs, an AlamarBlue™ cell viability assay was conducted. As
illustrated in Figure 1.23, macrophages viability remained unaffected at all time points assessed.
These findings suggest that the drugs released from both Prototype PLGA and Prototype PLA-
PEG did not compromise macrophage survival, indicating a satisfactory biocompatibility
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profile. Furthermore, since the entire release buffer from different time points was added to the
macrophages, it could be inferred that not only the drugs but also the degradation byproducts
of the polymer coatings were present in the media. This suggests that the byproducts resulting
from the hydrolytic degradation of the polyesters did not negatively impact the biocompatibility
of the system, in agreement with previous investigations [30].
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Figure 1.36. AlamarBlue™ cell viability assay to evaluate the biocompatibility of Prototype PLA-PEG and
Prototype PLGA at indicated times.

Abbreviations: M0O: Unactivated macrophages. Neg: Negative. Pos: Positive. Buf: Buffer. PLA-PEG: poly(lactic
acid)-poly(ethylene glycol) di-block co-polymer. h: hour. d: days. w: weeks. PLGA: Poly(lactic-co-glycolic) acid.
A significant comparison was performed using an ordinary one-way ANOVA followed by Tukey’s multiple
comparison tests between MO and the rest of the groups. p-values < 0.05 were considered statistically significant
(*). When no asterisk is displayed, not significative differences were observed. Columns represent the mean =
standard deviation (n = 6).

4.4.4.3 In vitro evaluation of the bioactivity of the drugs released from the bilayer
polymer coated PCU implants

The immune system reacts to different signals by cytokine secretion (Figure 1.24).
Cytokines are small proteins that play a role in cell communications and interactions.
Depending on the source, primarily M1 macrophages or M2 macrophages, cytokines can be
divided into pro-inflammatory and anti-inflammatory, respectively. Pro-inflammatory
cytokines participate in the upregulation of inflammatory responses, while anti-inflammatory
cytokines modulate the pro-inflammatory responses [351,352].
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Figure 1.37. Summary of the activation of MO to M1 and M2 and the cytokines secreted by them.

Abbreviations: MO: Unactivated macrophages. M1: Activated macrophages. M2: Activated macrophages. Th: T
Helper. APC: Antigen-presenting cells. LPS: Lipopolysaccharide. IFN: Interferon. TNF: Tumor necrosis factor.
Inducible nitric oxide synthase. IL: Interleukin. CCL2: C-C motif chemokine ligand 2 or Monocyte chemoattractant
protein-1 (MCP-1). PGE2: Prostaglandin E2. TGF: Transforming growth factor. YM1: Chitinase-like protein.
Created with https://www.biorender.com/

In order to evaluate the potential capacity of the released drugs to decrease inflammation,
the release media in which the coated prostheses were incubated were added to in vitro cultures
of activated macrophages (M1), and the secretion of representative cytokine was measured. The
cytokines analyzed were TNF-a, a pro-inflammatory cytokine secreted by M1 macrophages
and involved in acute inflammation [7,353,354]; CCL-2, involved in the regulation of
monocytes and macrophages migration to the implantation site, as well as in the fusion of
macrophages for the formation of foreign body giant cells (FBGCs) [355,356]; and PGE-2, a
pro-inflammatory cytokine secreted by synovial lining macrophages and fibroblast-like
synoviocytes and considered a relevant marker of joint inflammation, playing a role in
vasodilation, vascular permeability and pain [357,358].
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Figure 1.38. TNFa (A), CCL2 (B), and PGE2 (C) secretion by human primary macrophages exposed to media
where Prototype PLA-PEG and Prototype PLGA, both loaded with CLX and DEX, were incubated for specific
periods of time. Analysis was carried out by ELISA.

Abbreviations: M0: Unactivated macrophages. Neg: Negative. Pos: Positive. Buf: Buffer. PLA-PEG:
poly(lactic acid)-poly(ethylene glycol) di-block co-polymer. h: hour. d: days. w: weeks. PLGA: Poly(lactic-co-
glycolic) acid. LPS: Lipopolysaccharide. IFN: Interferon. TNF: Tumor necrosis factor. CCL2: C-C motif chemokine
ligand 2 or Monocyte chemoattractant protein-1 (MCP-1). PGE2: Prostaglandin E2. A significant comparison was
performed using an ordinary one-way ANOVA followed by Tukey’s multiple comparison tests between LPSy and
the rest of the groups. p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value < 0.01,
(***) if p-value < 0.001, (****) if p-value < 0.0001. ns: not significative. Columns represent the mean + standard
deviation (n > 5).
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The anti-inflammatory capacity of DEX and CLX released from the bilayer drug-releasing
polymer coatings to regulate cytokine secretion was assessed by ELISA, using the free drugs
as positive control. Encouragingly, comparable levels of anti-inflammatory activity were
observed between the free drugs and the drugs released from the coatings across various
temporal points. Selection of these time points was based on the predominant effect of DEX at
early time points, and of CLX at later time points.

DEX and CLX released from the polymer coatings of Prototype PLA-PEG and Prototype
PLGA at all time points were able to prevent the secretion of TNFo and CCL2 from human
macrophages (Figure 1.25A and 1.25B). This supports the synergistic effect of both drugs to
tackle inflammation but shows the bigger influence role of DEX. On the other hand, PGE2
secretion was mainly reduced with CLX, as well as with the released drugs with independence
of the time point analyzed (Figure 1.25C). This could be expected as PGE2 is a product of the
COX2 inflammatory pathway [31]. These findings demonstrate that drugs encapsulated within
the coatings and subsequently released at distinct time points maintained their initial anti-
inflammatory efficacy, regardless of the duration of entrapment within the coating or the time
of their release.

4.5 CONCLUSIONS

In this chapter, we have successfully developed a bilayer polymer coating technology that
enables the sequential release of DEX and CLX from a meniscus prosthesis to address post-
implantation inflammation. Two prototypes, Prototype PLA-PEG, and Prototype PLGA, were
selected from a large screening based on their capacity to provide the desired release kinetics,
with DEX released over 1-4 weeks to control acute inflammation and CLX providing sustained
anti-inflammatory effects over 6-9 months. Prototype PLGA exhibited faster degradation,
resulting in a more sustained and controlled CLX release, while Prototype PLA-PEG showed
slower degradation, increasing the tortuosity and delaying CLX release. Although Prototype
PLA-PEG had a higher drug-loading capacity, Prototype PLGA provided more consistent and
reproducible drug release profiles and demonstrated superior compatibility with the bilayer
system. Both prototypes were biocompatible, non-toxic, and preserved the anti-inflammatory
activity of the drugs.

Ultimately, Prototype PLGA was selected for further optimization due to its favorable
degradation kinetics, which do not limit the interaction of the CLX layer with the release buffer.
Its ability to achieve the desired release profile also supported its advancement to the polymer
coating's optimization phase. During this next phase, the coating system was transferred from
square-shaped PCU implants to actual meniscus prostheses for a representative animal model.
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5 OPTIMIZING THE ADHESION OF
THE DRUG-RELEASING BILAYER
POLYMER COATING TO A
MENISCUS PROSTHESIS

This work has been done in collaboration with Carmen Bao Varela, Ph.D (Universidade de
Santiago de Compostela, Spain), Rebeca Bouza Padin, Ph.D. (Universidad de Corufia, Spain),
Paulina Nufiez Bernal, Ph.D and Riccardo Levato, Ph.D (University Medical Center Utrecht,
The Netherlands), Giuseppe Anzillotti, M.D. and Elizaveta Kon, M.D (Humanitas Research
Hospital, Italy), and Emmanuel Loeb, DVM (Patho-Logica, Israel).

5.1 ABSTRACT

As shown in Chapter 1, a bilayer drug-releasing polymer coating was engineered to release two
anti-inflammatory drugs, celecoxib (CLX) and dexamethasone (DEX). The drug-releasing
polymer-coated meniscus prostheses face substantial mechanical forces within the knee cavity,
needing strong adhesion between the polymer coating and the polycarbonate urethane (PCU)
prosthesis to prevent delamination. Therefore, optimizing the adhesion of the bilayer coating to
the prosthesis was a critical step in this work.

This chapter presents a novel approach using an ethyl-2-cyanoacrylate (ECA) adhesive
layer to enhance adhesion. This approach was compared to other adhesion-enhancing
techniques, such as femtosecond-pulse laser physical modification, polydopamine (PDA)
coating, and plasma treatment. The dynamic mechanical analysis (DMA) showed that the use
of ECA to improve adhesion was successful in terms of the mechanical properties, such as
storage modulus (G'), loss modulus (G"), and elastic modulus (E) as well as in terms of
maintaining an optimal viscoelastic balance (tan 8). To adapt the coating to the sheep meniscus
prosthesis, the concentration of the CLX-releasing PLLA/PCL layer was adjusted, and the dip-
coating technique was adjusted. An ex vivo bioreactor study simulating knee joint forces
revealed that mechanical stimulation altered the polymer coating distribution and accelerated
drug release without significant damage to the coating. Ethylene oxide (ETO) sterilization was
chosen to preserve the integrity of both the drugs and the polymer. Finally, preliminary in vivo
evaluations in sheep demonstrated that the ECA-coated prostheses outperformed the uncoated
versions, showing great promise for long-term meniscus substitution.
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5.2 INTRODUCTION

The knee joint is subject to intense and constant mechanical stress due to its load-bearing role
in the body. It undergoes continuous compression, tension, and shear forces, especially during
walking, running, and jumping. This stress is particularly pronounced in the synovial cavity,
where joint movement and pressure fluctuations occur continuously during movement.
Synovial fluid, which lubricates the joint, is in constant motion, and the surrounding articular
cartilage undergoes significant deformation to absorb shock [359]. These factors combine to
create a highly dynamic and challenging environment for our meniscus prosthesis and the drug-
releasing polymer coatings.

As these forces are directly transferred to the meniscus prosthesis, it is critical that the
prosthesis and the drug-releasing polymer films developed in Chapter 1 maintain a solid and
durable attachment. Poor adhesion between the prosthesis surface and the coating could result
in film delamination, which could severely compromise its functionality. This delamination
would expose the underlying prosthetic surface, limiting the anti-inflammatory effects of the
polymer coating and leading to further issues, such as polymer films sticking out and damaging
articular cartilage. Moreover, in Chapter 1, field emission scanning electron microscopy
(FESEM) images of sagittal cuts of the coated prostheses revealed suboptimal interaction
between the prosthesis surface and the applied coatings. This observation highlights the need
to improve adhesion between the polymer film and the prosthesis to prevent film detachment.
To address this, various surface modification techniques can be employed. Current methods for
surface modification have demonstrated significant potential in enhancing the interface
between materials, particularly in biomedical applications [360,361]. However, polycarbonate
urethane (PCU) composing the meniscus prosthesis, while biocompatible and durable, presents
unique challenges due to its hydrophobicity, sensitivity to organic solvents, and the need to
maintain geometrical wedge shape [32,33]. This makes traditional modification techniques,
such as sand-blasting [34], less effective, necessitating novel approaches to enhance surface
interactions.

Moreover, the promising in vitro results demonstrating the anti-inflammatory activity of
the drugs released from the prosthesis needed to be evaluated in environments like the actual
conditions expected in the knee cavity, which are influenced by gait. Bioreactors have been
used in the orthopedic field to simulate these conditions while avoiding or reducing the need
for in vivo tests to validate the technologies [362,363]. Furthermore, animal experiments must
be comparable to and transferable across species to facilitate the translation of findings from
animal models to humans. Various animal models, including goats, sheep, dogs, and pigs, have
been utilized in orthopedic research to evaluate meniscus shape and function restoration.
Among these, sheep have been historically the most widely used due to their anatomical
similarities to the human meniscus, making them an ideal model for meniscal research. Sheep
provide the closest match in size, structure, and biomechanical properties, making them highly
relevant for preclinical testing [364-366].

In response to these challenges, in this chapter, four distinct surface modification strategies
were explored to enhance the adhesion of drug-releasing polymer films on PCU prostheses:
physical modification using femtosecond (fs)-pulse laser, oxygen plasma treatment,
polydopamine (PDA) coatings, and ethyl cyanoacrylate (ECA) as an adhesive. Laser-based
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modifications have been widely described to modify the topology and surface of prostheses to
improve properties such as cell adhesion [367,368]. Oxygen plasma treatment is a widely used
technique in material science to introduce functional groups that promote better coating
adhesion [369]. Similarly, PDA, inspired by the adhesive properties of mussel proteins, has
emerged as an effective bio-coating that enhances material surfaces for medical applications
[370]. Finally, ECA, a fast-curing adhesive, is known for creating robust bonds and improving
the interaction between coatings and polymer surfaces, making it a viable candidate for
enhancing the attachment strength of drug-polymer layers [371].

This study assessed the indicated surface modification techniques, macroscopically and
microscopically, to evaluate the adhesion between the polymer coatings and the meniscus
prosthesis. This assessment led us to identify the most promising approaches in terms of
modulus and engineering properties, ensuring they closely mimicked the mechanical needs of
natural menisci. Additionally, the polymer coating synthesis method was optimized to fit the
sheep meniscus prosthesis while ensuring that the release kinetics of the drug remained
consistent. Finally, the selected adhesion method and optimized coating were tested in
simulated synovial fluid using a bioreactor simulating gait, followed by an explorative three-
month in vivo evaluation in sheep to confirm its performance under physiological conditions.

5.3 MATERIALS AND METHODS
5.3.1 Materials

The drugs dexamethasone (DEX) and celecoxib (CLX) were supplied by Acofarma
(Madrid, Sapin) and Sigma-Aldrich (Missouri, USA), respectively. The polymers used PLGA,
PLLA, and PCL were acquired from Evonik Industries (Darmstadt, Germany). Dopamine
hydrochloride (HCl), sodium azide (NaN3), Tris-hydrochloride (Tris-HCl), and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich (Missouri, USA). Medical grade ethyl
cyanoacrylate (ECA, Loctite 4061), hyaluronic acid (HA) (Mw = 1.3MDa), and acetone were
obtained from Henkel (Diisseldorf, Germany), Bloomage Biotechnology Corporation Limited
(Beijing, China) and Fisher chemicals (New Hampshire, USA), respectively. Dichloromethane
(DCM), acetonitrile (ACN), chlorohydric acid (HCl), and sodium hydroxide (NaOH) were
distributed by Scharlau (Barcelona, Spain). Phosphate saline buffer (PBS), Tween 80® (T80),
trifluoracetic acid (TFA), Sodium azide (NaN3), and methanol (MeOH) were supplied by
Scientific (Nottingham, England), Merck (Darmstadt, Germany), Sigma-Aldrich (Missouri,
USA) and VWR Chemicals (Pennsylvania, USA), respectively. Acetone was obtained from
Fisher Chemicals (New Hampshire, USA). The sheep meniscus prostheses and the
polycarbonate urethane (PCU) samples were facilitated by Active Prosthesis (Israel).

5.3.2 Production of bilayer drug-releasing polymer coatings
To prepare the polymer-drug solutions, appropriate amounts of each drug, DEX or CLX,
were dissolved in acetone and DCM, respectively [270-272]. LMW-PLGA (PLGA 50:50; MW

= 6.9 kDa) was dissolved to their final concentration using a solution of DEX of 5 mg/mL.
Regarding CLX-releasing polymers, combinations of PCL (IV=0.39 dL/g; MW ~32 kDa) and
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PLLA (IV=2.9 dL/g; MW ~210 kDa) were dissolved to their final concentrations using a
solution of CLX of 30 mg/mL. The meniscus prostheses, held in place by a needle, were
immersed in the polymer-CLX solution and immediately withdrawn, allowing 10 min for
drying. The cycle was repeated a total of 3 times. After an additional 3 hours of drying, 5 new
immersion cycles were performed, in this case in the polymer-DEX solution and with a drying
time of 15 minutes between cycles. Finally, the organic solvent was allowed to evaporate for
72 hours. Also, when polymer films were crafted, films were prepared by solvent casting. 70
uL of polymer-drug solutions were then cast on square-shaped meniscus prostheses (made of
PCU) of 0.7 x 0.7 x 0.3 cm. The organic solvent was allowed to evaporate for 1 hour at room
temperature. The resulting drug-loaded polymer films were then vacuum-dried for at least 24
hours.

5.3.3 Drug release evaluation

Drug release studies were performed in agitation (450 rpm) at 37 °C in 10 mL of PBS
Tween®80 1% (w/v) to ensure sink conditions. The amount of drug (DEX and CLX) released
was quantified by reverse-phase ultra-performance liquid chromatography (UPLC) witha TUV
detector at 239 nm using a column Kinetex® 1.7 um C18 100 A, LC Column 50 x 2.1 mm
acquired from Phenomenex (Torrance, CA, USA), maintaining the samples at 20 °C in a Waters
Acquity H-Class UPLC system (Waters, Milford, USA) [273]. The mobile phase consisted of
A: deionized H>O acidified with TFA 0.1% (v/v) and B: ACN acidified with TFA 0.1% (v/v)
pumped with a flow rate of 0.1 mL/min. The injection volume was 5 pL, and the column oven
temperature was set to 40°C. To control the UPLC/UV system as well as for data acquisition
and processing, EMPOWER software was used. To quantify the amount of DEX and CLX, a
calibration curve, ranging from 1 to 100 ppm was used. The curves had a correlation coefficient
(R?) of 1 for DEX, and 0.9999 for CLX (n=22). The validation procedure was carried out
according to the ICH guidelines [273-276]. The limit of detection (LOD) and quantification
(LOQ) were calculated directly from the calibration plots. LOD and LOQ were calculated as
3.30/S and 100/S, respectively, where o is the standard deviation of the intercept and S is the
slope of the calibration plot [276]. The values were LOD = 1.73, and LOQ = 5.25 for DEX,
LOD = 0.3, and LOQ = 0.92 for CLX.

5.3.4 Drug loading determination

PCU prostheses coated with drug-releasing polymers were immersed in a mixture of
DCM/acetone 3/2 (v/v) for up to 24 hours to ensure polymer dissolution. Samples, typically
200 pL, were then transferred to Eppendorf tubes containing 800 uL. methanol and centrifuged
at 10,000 rpm for 20 min. 200 pL of supernatant were further diluted with 800 pL MeOH:H>O
65:35 (v/v) and the concentration of drug was quantified by UPLC with a TUV detector at 239
nm using a column Kinetex® 1.7 um C18 100 A, LC Column 50 x 2.1 mm acquired from
Phenomenex (Torrance, CA, USA), maintaining the samples at 20 °C in a Waters Acquity H-
Class UPLC system (Waters, Milford, USA) [273]. The mobile phase consisted of A: deionized
H>O acidified with TFA 0.1% (v/v) and B: ACN acidified with TFA 0.1% (v/v) pumped with
a flow rate of 0.1 mL/min. The gradient was from 25% to 60% of B in 6.5 min, and 6 min from
60% to 25% of B. The injection volume was 5 pL, and the column oven temperature was set to
40°C. To control the UPLC/UV system as well as for data acquisition and processing,
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EMPOWER software was used. To quantify the amount of DEX and CLX, a calibration curve,
ranging from 1 to 100 ppm was used. The release buffer had no matrix effect on the
quantification of the drugs. The curves had a correlation coefficient (R?) of 1 for DEX, and 1
for CLX (n=8). The values were LOD = 0.383, and LOQ = 1.162 for DEX, and LOD = 0.187,
and LOQ = 0.567 for CLX.

5.3.5 Field-emission scanning electron microscopy (FESEM)

Drug-releasing polymer coatings were sputter coated with a layer of iridium and imaged in
a Zeiss UltraPlus analytical FESEM with a beam voltage of 3 kV and a magnification ranging
from 500 to 1,000X for the analysis of the surface of the coatings. Also, Zeiss EVO analytical
FESEM with a beam voltage of 20 kV and magnification ranging from 60X to 5,000X was used
to measure the coating thickness and analyze the side profile upon degradation after the sagittal
cut.

5.3.6 Functionalization of the prosthesis surface

The surfaces of the prostheses were physically and chemically modified to investigate their
effect on the interaction between the prosthesis and the polymeric layers of the coating.

5.3.6.1 Physical modification: Treatment with femtosecond-pulse laser
A femtosecond (fs) pulse laser was used to irradiate the prostheses with a titanium-sapphire
(Ti:Za) laser emitting at 800 nm, with a pulse duration of 60 fs and a fixed repetition rate of 1
kHz. Thus, grids and holes aiming to improve interaction were created on the surface of the
PCU prostheses.
5.3.6.2 Chemical modification: Oxygen plasma treatment
Plasma treatment was performed with a Diener Electronic Atto-BLS plasma surface
treatment machine (Ebhausen, Germany). The chamber's O2 influx was set at 1 bar. PCU
prostheses were processed for 7 minutes at different powers in a controlled O atmosphere (0.4
bar).
5.3.6.3 Chemical modification: Polydopamine (PDA) coating
Polymerization parameters were optimized for a 7-minute pre-treatment of the PCU

prostheses with oxygen plasma and direct immersion in an aqueous solution of 2 mg/mL of
dopamine in Tris-HCl buffer 10 mM at pH 8.5 for 24h under mild shaking.

5.3.6.4 Chemical modification: Ethyl-2-cyanoacrylate (ECA) adhesive layer

The instant adhesive ECA Loctite®4061 was dissolved in acetone at a previously
optimized concentration of 40% (w/v). Subsequently, prostheses were submerged in the ECA
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dissolution immediately before their functionalization through the procedure of the double-
layer drug-releasing polymer coatings.
5.3.7 Dynamic light scattering (DLS)

PDA polymerization was stopped at different time points by the addition of HCI 4M to
acidify the solution samples, reducing the pH to 2. The mean particle size (Z-average) and
polydispersity index (PDI) of the non-diluted samples were characterized by DLS. These
properties were analysed using a Zetasizer® Pro (Malvern Panalytical Ltd.; Malvern, UK).
Each analysis was conducted in triplicate at 25°C with a backscatter angle of detection.

5.3.8 Macroscopic evaluation

Macroscopic evaluation included a bending test, consisting of manually bending the
prostheses to assess their flexibility and the adhesion of the coatings, and a scratch test, using
tweezers to separate the drug-releasing polymer films deposited on the surface of the prostheses.
Both tests were conducted under dry and wet conditions. For the wet conditions, the
functionalized prostheses were immersed in the aqueous buffer for at least 24 hours before
performing the tests. In all cases, this evaluation was qualitative, meaning that the effort
required to detach the drug-polymer films was subjectively assessed.

5.3.9 Dynamic mechanical analysis (DMA)

PCU prostheses of 1.8 x 0.8 x 0.3 cm were placed on a DMA 7 analyzer (PerkinElmer,
USA) to carry out the dynamic mechanical measurements by a three-point bending test. This
analysis was conducted within a temperature range of -80°C to 100°C and a heating rate of 2
°C/min in an inert gas medium with a flow rate of 40 mL/min. The test continued until fracture
or maximum deflection occurred, allowing for the determination of the storage modulus storage
modulus (G'), loss modulus (G"), elastic modulus (E), and tan delta (tan o) of the prosthesis.
Data obtained at 37°C were evaluated using GraphPad Prism 9 software (GraphPad Software
Inc., San Diego, USA). The statistical analysis of Welch's t-test was utilized to compare the
experimental groups to the ECA prototype, which is considered the most promising one.

5.3.10 Simulated synovial fluid (SSF) preparation

SSF was prepared to simulate the protein concentration, salts, viscosity, and molecular
interactions expected in an osteoarthritic knee. Based on the literature [372-381], 20 g/L of
BSA, 1.5 g/L of HMW HA, azide 0.01% (w/v), and sterile PBS were used. The required
amounts of these components were mixed under mild magnetic stirring until complete
dissolution was achieved. Afterward, the pH of the solution was adjusted to 7.4 with NaOH 1N
(VWR Chemicals). Additionally, Tween 80 0.05% (v/v) was added to increase drug solubility.
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5.3.11 Solubility of DEX and CLX in SSF

An excess of the drugs (DEX and CLX) was incubated in agitation (700rpm) for 24 hours
in 1 mL of SSF supplemented with concentrations of Tween® 80 ranging from 0 to 1% (v/v).
Then, samples were centrifuged, and the concentration of the drug in the supernatant was
quantified by ultraperformance liquid chromatography (UPLC). The solubility of DEX and
CLX in each simulated synovial fluid (SSF) is not shown in this thesis.

5.3.12 Ex vivo simulation: Bioreactor test

The bioreactor test was performed at the University Medical Center Utrecht (Utrecht,
Netherlands) to evaluate the stability of the bilayer drug-releasing polymer coating over PCU
prosthesis under dynamic mechanical stimulation. A custom-made bioreactor system (LifeTec
BV., The Netherlands) was employed. This system combines compression and shearing
motions to mimic the human gait better, thus simulating the conditions our meniscus prostheses
would experience in the knee cavity. Briefly, cylindrical PCU prostheses (total area 2.31 cm?,
radius 3.75 mm and 6 mm height) were fixed within custom 3D printed polylactic acid (PLA)
holders (n=6). Samples were then subjected to a human gait-mimicking protocol for 2 hours of
loading per day at a frequency of 1 Hz, using flat-ended stainless-steel pistons controlled by a
linear rotary actuator (SMAC LAR300-050-72-2F). The loading pattern consisted of a sequence
of 250 um axial compression motion combined with a sliding movement of 3 mm to each side
in a predefined timing. Daily loading was performed for 21 days at 37°C, with the samples
submerged in 8mL of an SSF. Control samples were cultured statically in the same medium
volume inside a S0mL Falcon tube. On days 3, 7, 10, 14, 17, and 21, the medium of all samples
was collected for analysis, stored at -20°C, and replenished with fresh medium. On days 3, 7,
14, and 21, one sample per condition (mechanically stimulated and static) was collected for
macroscopic and microscopic evaluation, and the last 3 samples were collected on day 21
(Figure 2.1).

Cm (Cm = o2
0 3d 1w 10d 2w 17d 3w

Number of PCU in SSF:  n=6 n=5 n=4 n=4 n=3 n=3 n=3

Figure 2.39. Design of experiment scheme of the bioreactor test.

Abbreviations: PCU: Polycarbonate urethane. SSF: Simulated synovial fluid. Created with
https://www.biorender.com/

5.3.13 In vivo evaluation: Sheep surgical procedure

All surgical procedures were performed under aseptic conditions. The skin was prepared
aseptically, and an Ioban film was applied following standard draping with disposable drapes.
A medial incision to the stifle joint was made with the knee flexed at approximately 90° of
flexion. To enhance access to the medial meniscus, a 2-4 mm thick bone block, including the
proximal origin of the medial collateral ligament (MCL), was detached from the femoral
condyle surface using an oscillating saw to perform a 30° osteotomy. An osteotome was then
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used to expose the joint and the medial meniscus further. Before complete detachment of the
bone fragment, a hole was pre-drilled through the fragment and femoral condyle to facilitate
fixation with a cortical screw later in the procedure. The cranial insertion of the MCL and its
deep fibers connecting the MCL to the medial meniscus was then detached, allowing access to
the medial meniscus.

5.3.13.1 Meniscectomy procedure

Meniscectomy was initiated at the posterior root of the medial meniscus, with a peripheral
incision using a scalpel, enabling anterior subluxation of the tibial plateau. This provided easier
access for the progressive detachment of the meniscus-capsular fibers from posterior to anterior.
The procedure was completed by detaching the anterior root from the inferior tibial surface,
and any remnants of the medial meniscus were removed using a Luer bone rongeur to create
sufficient space for prosthesis positioning.

5.3.13.2 Prosthesisation procedure

For the groups receiving the NUsurface prothesis, two tunnels were drilled through the
tibia at the natural insertion points of the anterior and posterior meniscal roots to accommodate
the prosthesis's anchoring extensions. The posterior tunnel was drilled first using a guiding pin
and a specially designed drill guide, with the distal entry point positioned posterior to the
extensor digitorum longus tendon. The anterior tunnel was drilled similarly, with the guiding
wire placed distally to the extensor digitorum longus tendon and positioned at the native anterior
meniscal root. The meniscal prosthesis was inserted into the joint and through the drilled tunnels
using custom instruments and was secured to the tibia by screws and fixation fibers at the ends
of its ligament-like anterior and posterior extensions. The MCL bone block was repositioned
and fixated to the medial femoral condyle with a cortical screw, applied in full knee extension.
Tensile force was applied to the anterior and posterior extensions to ensure firm fixation of the
meniscal prosthesis to the tibial surface.

5.3.13.3 Post-surgical care and inflammatory induction

Following meniscectomy or prosthesisation, the joint was flushed with saline, and the
incision was closed in layers using polydioxanone (PDS) suture material for fascia and 2-0
nylon with staples for skin closure. Postoperatively, an adhesive bandage was applied to cover
the surgical site. In all groups, intra-articular inflammation was induced postoperatively by
injecting lipopolysaccharide (LPS) (1 pg LPS from E. coli diluted in PBS) into the target knee
[382]. The aim was to evaluate whether the bioactive prosthesis, loaded with DEX and CLX,
could reduce intra-articular inflammation.

5.3.13.4 Postoperative monitoring

The clinical health of the sheep and the intra-articular inflammation were evaluated at
various time points. Body weight was measured, and limping was assessed.

5.3.13.5 Final evaluation and sacrifice
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At 3 months post-surgery, sheep were euthanized for final evaluation. X-rays were taken
of the index knee before euthanasia with potassium chloride.

5.3.14 In vivo evaluation: Histology analysis

The samples were initially fixed in 70% ethanol and sent to Patho-Logica for further
processing. The samples were transferred to 4% formaldehyde for an additional 48 hours of
fixation. The tissues were then placed in Rapid-Cal decalcification solution for 28 days to
ensure complete decalcification. Following decalcification, the tissues were trimmed, placed in
embedding cassettes, and processed using standard procedures for paraffin embedding.

5.3.14.1 Slide preparation

Paraffin-embedded tissue sections, 4 microns thick, were cut and mounted onto glass
slides. The slides were stained with Hematoxylin and Eosin (H&E) to assess general tissue
morphology and with Toluidine Blue (TB) to evaluate cartilage characteristics.

5.3.14.2 Histological evaluation

All prepared slides were subjected to histological evaluation to assess tissue morphology
and integrity.

5.3.14.3 Light microscopy and imaging

Microscopic images were captured using an Olympus BX60 microscope (serial No.
7D04032) equipped with an Olympus DP73 camera (serial No. OH05504). Images were taken
at a magnification of 4x to document and analyze the histological findings.

5.3.14.4 Grading score system
a) Articular cartilage structure (Hematoxylin and Eosin, H&E):

0 Normal.

1 Undulating articular surface but no fibrillation.

2 Minimal/mild superficial fibrillation (61/10 of the articular cartilage thickness)
involving < half of the plateau.

3 Minimal/mild superficial fibrillation (61/10 of the articular cartilage thickness)
involving P half of the plateau.

4 Fibrillation/clefts/loss of articular cartilage involving superficial 1/3 of articular
cartilage in < half of the plateau.

5 Fibrillation/clefts/loss of articular cartilage involving superficial 1/3 of articular
cartilage in P half of the plateau.

6 Fibrillation/clefts/loss of articular cartilage involving superficial 1/3 to 2/3 of articular
cartilage in < half of the plateau.
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b)

d)

7 Fibrillation/clefts/loss of articular cartilage involving superficial 1/3 to 2/3 of articular
cartilage in P half of the plateau.

8 Fibrillation/clefts/loss of articular cartilage involving >2/3 depth of articular cartilage
in < half of the plateau.

9 Fibrillation/clefts/loss of articular cartilage involving >2/3 depth of articular cartilage
in P half of the plateau.

10 Fibrillation/clefts/loss of articular cartilage to subchondral bone.

Toluidine blue staining intensity:

0 Normal.

1 Loss of staining in 6 superficial half of articular cartilage and involving < half of the
plateau.

2 Loss of staining in 6 superficial half of articular cartilage and involving P half of the
plateau.

3 Loss of staining in > half of articular cartilage thickness and involving < half of the
plateau.

4 Loss of staining in > half of articular cartilage thickness and involving P half of the
plateau.

Chondrocyte clones:

0 None.

1 1-5 clones.

2 6-10 clones.
3 11-15 clones.
4 >15 clones.

Fibrocartilage:

0 None.

1 Fibrous tissue/fibrocartilage covers or replaces <1/3 of articular cartilage of plateau.
2 Fibrous tissue/fibrocartilage covers or replaces 1/3 to 2/3 of articular cartilage of
plateau.

3 Fibrous tissue/fibrocartilage covers or replaces >2/3 of articular cartilage of plateau.

Osteophyte:

0 None.
1 Axial or abaxial osteophyte present.
2 Axial and abaxial osteophytes present.

Subchondral bone:

0 Normal or decreased subchondral plate thickness.

1 Mild increase in subchondral bone thickness involving < half of plateau.

2 Mild increase in subchondral bone thickness involving P half of plateau.

3 Moderate increase in subchondral bone thickness involving < half of plateau.
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4 Moderate increase in subchondral bone thickness involving P half of plateau.
5 Marked increase in subchondral bone thickness involving < half of plateau.
6 Marked increase in subchondral bone thickness involving P half of plateau.

5.4 RESULTS AND DISCUSSION

The aim of this chapter is to optimize the polymer coating for improved adhesion to the PCU
prosthesis by investigating and comparing four distinct surface modification techniques. The
chapter also focuses on adapting the polymer coating to the prosthesis's in vivo geometry,
evaluating its performance in a bioreactor under simulated mechanical conditions, and
conducting in vivo testing in a representative large-animal model. Achieving enhanced adhesion
is critical to maintaining prosthesis stability under the high mechanical stresses experienced in
the knee cavity. The surface modification techniques explored include physical modification
using a laser, oxygen plasma treatment, PDA coatings, and ECA adhesives.

The study followed a structured approach, which involved:

1) The -evaluation of surface modifications, both macroscopically and
microscopically, to determine their effects on the adhesion between polymer
coatings and the PCU meniscus prosthesis.

2) The quantitative analysis of the moduli and other mechanical properties of the
modified surfaces ensures that they mimic the biomechanical requirements of
natural menisci.

3) The optimization of the polymer coating synthesis method to ensure compatibility
with the modified PCU surface while maintaining consistent drug release kinetics.

4) The ex vivo analysis of the functionalized prosthesis in the simulated synovial fluid
to evaluate their performance in a dynamic environment.

5) The in vivo evaluation of the most promising prototype in the sheep model to assess
performance under physiological conditions.

5.4.1 Physical modification of PCU prosthesis: Treatment with femtosecond-pulse
laser

Previous studies have demonstrated that surface modification of materials with periodic
micro- or sub-micrometer structures can enhance mechanical, biological, and optical properties
[383]. Recent research has also emphasized the potential of nature-inspired surface patterns
(like lotus leaves) to improve surface characteristics, particularly for biomedical applications
[384]. Depending on the material, surface roughness modification has either increased or
decreased wettability and cell adhesion [385-387]. Both macro and micro-scale topographies
are essential in prosthesis stability and tissue integration. Macro-topographies (ranging from
microns to millimeters) contribute to long-term fixation, while micro-topographies (on the
micron scale) directly influence cell adhesion and proliferation. Thus, by increasing the
available surface area, textured surfaces could create additional contact points, which may be
advantageous when applying a polymer layer to a prosthesis. This increase in points capable of
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surface interaction was hypothesized to improve the adhesion between the polymer coating and
the prosthesis, mainly when applied to PCU prostheses.

Laser-based surface modification technologies offer precise control over the roughness and
structure of materials at multiple scales, including macro-, micro-, and nanoscales, making them
particularly useful for biomedical applications [35]. In this context, fs-pulse lasers have gained
popularity due to their ability to minimize thermal effects while creating complex surface
geometries that enhance cellular activity [36].

{ . Surface modification of
PCU prosthesis using
fs-pulse laser

Magnification

............................................................................................................

)

¢ Hole or groove formed on Polymer-drug solution Casted drug-releasing :

prosthesis deposited on prosthesis polymer exerting force :
. towards the walls of the hole

BUU U U U U | oonionors poymercostng

invading the grooves of the
prosthesis after modification with
fs-pulse laser

Figure 2.40. Schematic representation of how physical modification of PCU surface using fs-pulse laser is
hypothesized to improve the adhesion of the polymer coating to the prosthesis.

Abbreviations: PCU: Polycarbonate urethane. fs: Femtosecond. Created with https://www.biorender.com/

In this study, surface modifications with different patterns—specifically dots and lines—
were applied to PCU square-shaped prostheses using an fs-pulse laser (Figure 2.3). This
approach aimed to modify roughness and increase surface area, providing more zones where
the polymer coating could migrate during casting and potentially enhancing adhesion. The laser
provided fine control over various parameters, such as energy input, the proportion of surface
area modified, pattern geometry, hole separation, and exposure time (Table 2.1).

The first surface modification investigated aimed to create a high density of holes on the
prosthesis surface (Figure 2.4A). However, FESEM imaging revealed inconsistent results.
Sagittal cut images showed a substantial gap between the polymer coating and the prosthesis
surface, indicating that the desired improvement in adhesion was not achieved. Furthermore,
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while some holes were visible in sagittal cross-sections (Figure 2.4B, green square), confirming
whether the polymer coating had effectively penetrated them was difficult.

The second surface modification aimed to create a lower density of holes on the prosthesis
surface (Figure 2.4C). FESEM images showed that the holes were not visible from the lateral
view of the sagittal cut, even at a magnification of 200x (Figure 2.4D). This could be attributed
to the low density of holes, making it challenging to align the sagittal cut with their precise
locations. As a result, it was impossible to confirm whether the polymer coating effectively
penetrated these holes, increasing the number of contact points with the prosthesis surface.
However, Figure 2.3D suggests that the overall adhesion to the hole-modified prosthesis was
improved compared to prosthesis with a high density of holes.

The third surface modification involved the creation of a grid-shaped pattern on the PCU
prosthesis, hypothesizing that the laser-engraved lines could retain a more significant amount
of polymer coating compared to small holes, thereby improving adhesion (Figure 2.4G).
FESEM images revealed that, in this case, the polymer efficiently penetrated the grooves
(Figure 2.4H), demonstrating a significant improvement in the interaction between the coating
and the prosthesis compared to other modifications. Thus, the initial hypothesis was further
supported by the depth of the laser-engraved channels, which was approximately 65 um (n=8).
As shown in Figure 2.4K, deeper channels could accommodate more polymer, potentially
leading to even better adhesion.

Table 2.9. Types of modifications and parameters used for the fs-pulse laser set-up.

Separation Laser ener Number of
Modification  between centers (mJ) gy modifications
(pm) per sample
High density 200 57 2900
of holes
Low density 200 57 1100
of holes
. 57
Grid 200 (Speed 1 mm/s) 87
000000 @ 0 o
000000
000000 @ @ @
000000
000000 @ 0 o

Figure 2.41. Theoretical patterning of the fs-modified PCU square-shaped prosthesis.
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Figure 2.42. Macroscopic aspect of physically modified PCU prosthesis with fs-pulse laser with different
patterns: high density of pores (A), low density of pores (C), and grid (D). FESEM images of sagittal cut
showing the bilayer polymer coating interaction with physically modified PCU prostheses with different
patterns: high density of pores (B), low density of pores (D), and grid (H). Optic microscopy images of the
physically modified PCU prosthesis surface using a Nikon MM-400 Metrological Microscope 5x (E and I) and
20x (F and J). Optic microscopy image of the side of physically modified PCU prosthesis using Nikon MM-
400 Metrological Microscope 20x (K).

Abbreviations: FESEM: Field emission scanning electron microscopy. pym: micrometers. EHT: Electron high
tension. WD: Working distance. Mag: Magnification.

Among the evaluated patterns, low-density holes and grid shape emerged as the most
promising, with the grid pattern demonstrating the most significant potential. In addition,
evaluations of DEX and CLX release kinetics from unmodified and laser-modified prostheses
showed no significant differences, indicating that the laser treatment primarily affected
adhesion rather than the coating's functional performance.

Nevertheless, the formation of holes in the PCU prosthesis was discarded due to surface
irregularities, which hindered the consistent creation of a uniform hole pattern without requiring
frequent laser beam refocusing. The peripheral holes were smaller and shallower than those in
the center, demonstrating poor reproducibility. Furthermore, despite promising results with the
grid pattern, thermal effects from the laser treatment altered the color of the PCU prosthesis
(Figure 2.3G), thus suggesting potential structural and mechanical changes. This color change,

130



Optimizing the adhesion of the drug-releasing
bilayer polymer coating to a meniscus prosthesis

likely caused by carbonization from excessive heat, indicated material decomposition and the
formation of a carbon-rich residue. Lower laser energies (24 uJ, 17.5 pJ, and 10 pJ) were tested,
but while they slightly reduced the color change, they did not fully resolve the thermal issue
(data not shown). Thus, laser treatment was considered suboptimal for enhancing the interaction
between the prosthesis and the bilayer polymer coating due to its detrimental impact on the
prosthesis's physicochemical properties. Additionally, fs-laser patterning is costly and time-
intensive, posing scalability challenges, especially for modifying the three-dimensional
geometry of complex prostheses. Tests conducted on square PCU prostheses with smooth,
uniform surfaces demonstrated that the process requires exact control to ensure consistent
results, limiting its applicability for intricate implant geometries such as the meniscus
prosthesis.

In conclusion, while the grid-pattern modification enhanced the interaction between the
coating and the prosthesis, the laser treatment induced color changes that suggested alterations
in the prosthesis’s mechanical properties due to thermal effects. These findings indicated that
the approach was unsuitable for improving coating adhesion and was ultimately discontinued.

5.4.2 Chemical modification of PCU prosthesis: Treatment with oxygen plasma

Plasma treatment was investigated to improve adhesion between the prosthesis surface and
drug-releasing polymer films while preserving the bulk properties of the materials [38,39].
Plasma, an ionized gas with free electrons and ions, was produced using electromagnetic fields
at low pressure to avoid compromising the structural and mechanical integrity of the prosthesis
[388]. The energetic particles in the plasma interacted with the prosthesis surface, altering its
chemical properties, particularly by functionalizing it with carboxyl (-COOH) and hydroxyl (-
OH) groups, which increased surface hydrophilicity and wettability [40,41]. These
modifications were expected to enhance adhesion by facilitating hydrogen bonding [42].
Though weak individually, the hydrogen bonds hypothesized to be formed between the ester
(COO) groups in the polymer coating and the -OH or -COOH groups on the prosthesis surface
were expected to provide sufficient cumulative strength to improve adhesion (Figure 2.5). The
parameters for plasma treatment were optimized through macroscopic evaluation of adhesion
under dry conditions, specifically by adjusting the power and processing time.

The first results indicated significant issues with the adhesion once the two polymer layers
of the bilayer system (PLLA/PCL - CLX and PLGA - DEX) were deposited. Although the first
polymer film was apparently well attached, the deposition of the second layer resulted in the
delamination. This suggests that the mechanical stress generated during the solvent evaporation
in the second layer (PLGA - DEX) created tension forces that promoted detachment,
highlighting a critical challenge in the bilayer formation (Figure 2.6). It was hypothesized that
the delamination was due to insufficient plasma treatment time. This was supported by the fact
that a short 30-second treatment was used, regardless of the power applied (Table 2.2). Previous
research on the same material (PCU) has suggested that longer plasma treatment times might
improve surface modification and interaction (e.g., plasma modification studies showing
enhanced adhesion with treatment periods around 10 minutes) [389]. Therefore, optimizing the
duration of plasma exposure could lead to improved outcomes by ensuring better surface
activation and stronger bonding between layers.
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Figure 2.43. Schematic representation of the expected mechanism of action of oxygen plasma treatment
to improve adhesion between the polymer coating and the treated prosthesis.

Abbreviations: F: Force. PLLA: poly(L-lactide). PCL: poly(caprolactone). PCU: Polycarbonate urethane. Created
with https://www.biorender.com/

First layer Second layer

Figure 2.44. Outcomes of synthesis of the bilayer polymer film system by solvent casting after
functionalizing the square PCU prosthesis by oxygen plasma treatment.
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Table 2.10. Oxygen plasma treatment parameters set up.

Prototype Time (s) Power (W)
1 30 52
2 30 150
3 30 190
4 30 20
5 30 80
6 30 120

The effect of longer plasma treatment times on the adhesion between the drug-releasing
bilayer system and the PCU prosthesis was evaluated, increasing the initial 30 seconds of
processing time to 10 minutes. Extending the plasma treatment time significantly improved the
interaction between the bilayer polymer coating and the prosthesis. The enhanced adhesion was
observed consistently across all power settings, indicating that the longer processing times,
rather than the power of the electromagnetic field, were responsible for the improvement. This
suggests that longer exposure times may lead to increased functional groups (e.g., -OH or -
COORH) on the prosthesis surface, facilitating the formation of additional H bonds between the
prosthesis and the coating (Figure 2.7 and Table 2.3).

However, previous research has shown that plasma treatment can also modify surface
roughness depending on the gas used, power, pressure, and processing time. Notably, plasma
treatment was reported to increase surface roughness in some polymeric materials but can
decrease it in others, such as stainless steel [390—-393]. Since both pressure and the type of gas
used were fixed variables, it was decided to focus on reducing processing time and power to
maintain the integrity of the prosthesis’ surface regarding roughness and ensure optimal
adhesion without structural alterations.

First layer Second layer

Figure 2.45. Outcomes of synthesis of the bilayer polymer film system by solvent casting after
functionalizing the square PCU prosthesis by oxygen plasma treatment.
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Table 2.11. Oxygen plasma treatment parameters set up.

Prototype Time (min) Power (W)
A 8 200
A2 8 200
A3 8 200
A4 8 52
A5 8 52
A6 8 52
B1 8 100
B2 8 100
B3 8 100
c1 10 52
Cc2 10 52
c3 10 100
C4 10 100

The treatment time was reduced from 8 or 10 minutes to 6 minutes without compromising
the optimized interaction, as shown in Figure 2.8 and Table 2.4. Additionally, processing
powers between S0W and 100W were tested, revealing no significant differences. Based on
these findings, the optimized setup was the mildest processing condition, 6 minutes at 52W.

This approach ensures efficient adhesion in dry conditions relying on the H bonds without
unnecessarily extending treatment time or increasing the power, thus minimizing potential
material degradation. However, when tested in wet conditions, these bonds' effectiveness was
limited (image not shown), raising concerns about their functionality in the hydrophilic
microenvironment of the knee cavity, where water molecules can replace polymer-surface
interactions. Additionally, the surface modifications induced by plasma treatment are
temporary, requiring the prosthesis to be processed and coated promptly to ensure the improved
adhesion persists [43]. Thus, based on this initial macroscopic evaluation, the method was
deemed unsuitable.
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First layer Second layer

Figure 2.46. Outcomes of synthesis of the bilayer polymer film system by solvent casting after
functionalizing the square PCU prosthesis by oxygen plasma treatment.

Table 2.12. Oxygen plasma treatment parameters set up.

Prototype Time (min) Power (W)
A5 6 100
A6 6 100
B5 6 52
B6 6 52
D5 8 100
D6 8 100

5.4.3 Chemical modification of PCU prosthesis: Polydopamine (PDA) coating

Another approach to improve adhesion inspired by mussel adhesive proteins and the self-
polymerization of dopamine to polydopamine (PDA) was tested [44]. PDA has gained
significant attention in tissue engineering due to its strong adhesion, hydrophilicity,
biodegradability, biocompatibility, and potential for post-functionalization, making it highly
suitable for gentle processing conditions [394]. Its ability to form thin adherent films on a wide
range of surfaces, including superhydrophobic materials like PCU, while preserving the
prosthesis's original geometry and structural integrity made PDA ideal for improving the
adhesion between prostheses and drug-releasing polymer coatings [370,395]. In the case of
PCU prostheses, PDA was hypothesized to adhere through noncovalent interactions such as -
n stacking, hydrogen bonding, and quinhydrone charge-transfer complexes, depending on
media conditions [396]. These bonds would be facilitated by catechol and amine functional
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groups within the PDA structure, which makes it conducive to forming bonds with a wide range
of materials [397].

Optimal PDA deposition conditions remain under discussion, but typical parameters
include a dopamine concentration of 2 mg/mL, pH of 8.5, and room temperature [394]. These
oxidative conditions allow dopamine to self-polymerize into PDA, with the thickness of the
film increasing over time and reaching equilibrium around 24 hours [398]. Furthermore, pre-
treatment with oxygen plasma has enhanced PDA uniformity by generating active oxygen
radicals that facilitate deposition [40]. This PDA coating and plasma treatment combination
significantly boosts interfacial interaction without compromising the prosthesis structure [399].

Various characterization techniques, including visual inspection, dynamic light scattering
(DLS), and water contact angle measurements, were employed to assess the polymerization of
PDA under shaking conditions and the formation of a PDA film on square PCU prostheses pre-
treated with plasma. These methods were chosen for their simplicity and efficiency in
optimizing variables. However, other methods, such as UV/Vis spectrophotometry, XPS, FTIR,
and TGA, have been reported in the literature for evaluating PDA polymerization [396].

As discussed, PDA film formation involves the synthesis of PDA particles in solution
followed by their adsorption onto the prosthesis surface. DLS was used to monitor the size of
these particles over time as an indirect measure of dopamine polymerization, which increased
consistently up to 24 hours. The bigger the particles, the more PDA polymerized. The particle
sizes grew from around 240 nm after 30 minutes to approximately 2700 nm after 24 hours,
confirming a progressive polymerization process in line with earlier reports (Figure 2.9A).
Moreover, the DLS analysis showed an unimodal particle size distribution throughout the
reaction, indicating uniform particle growth without oligomers or other intermediates. Visually,
the reaction was tracked by a change in color from colorless to dark brown, indicating dopamine
oxidation and polymerization, with black insoluble material precipitating under static
conditions (Figure 2.9B). Therefore, it was concluded that gentle shaking during
polymerization resulted in a homogeneous PDA solution and uniform coating formation on the
prosthesis.
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Figure 2.47. Mean particle size of PDA granules measured by DLS indirectly addressing PDA polymerization
(A). Visual inspection tracking the color change of reaction medium with time during PDA polymerization

(B).

Values represent the mean + standard deviation (n=3).
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After 24 hours of PDA film formation and drying, drug-releasing polymer coatings were
applied via solvent casting to evaluate adhesion. However, the polymer coatings detached easily
during macroscopic scratch tests. This observation led to the hypothesis that a sacrificial layer,
capable of interacting with the PDA surface and the hydrophobic drug-releasing polymer, could
enhance adhesion. Previous studies suggest that hydroxyl-terminated polymers, such as
polyethylene glycol (PEG), can strongly interact with PDA through non-covalent bonds [370].
PEG, a biocompatible polyether, had been previously used as a sacrificial layer to prevent
coatings from cracking during mechanical stress [400]. Thus, to further improve adhesion, an
amphiphilic copolymer, PLA-PEG was chosen, where the hydrophilic PEG domain could
interact with the PDA-modified surface and the hydrophobic PLA domain could enhance
attachment to the drug-releasing polymer coatings.

The optimal approach was found to be the combination of a PDA coating, followed by a
PLA-PEG layer, and the subsequent bilayer polymer functionalization (Figure 2.10A). Under
dry conditions, macroscopic evaluations revealed a significant improvement in adhesion
between the polymer coatings and PDA-functionalized prostheses compared to oxygen plasma-
treated prototypes. As shown in Figure 2.10B, the visible interaction between the coating and
the PDA-modified surface impeded detachment when attempting to delaminate the polymer
coating with tweezers.

DEX-releasing layer
L LA

CLX-releasing layer

Y PLLA

PCL

Sacrifical PLA-PEG layer
PLA: Hydrophobic domain

O PEG: Hydrophilic domain

PDA-coated prosthesis

Figure 2.48. Schematic representation of the polymer-coated prosthesis incorporating the PDA film and
the PLA-PEG sacrificial layer (A). Macroscopic evaluation of the system by scratch test (B).
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Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block
copolymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). PDA:
Polydopamine. Figure A created with https://www.biorender.com/.

Unfortunately, the polymer coatings readily detached from the prosthesis when tested
under wet conditions. This behavior was attributed to the formation of H bonds between water
molecules and the PDA layer surrounding the PCU prosthesis in the aqueous environment,
which superseded the interactions between the polyester coatings and the PDA. Although
alternative strategies, such as using amine- or thiol-terminated polymers to form covalent bonds
with PDA, could potentially improve adhesion under wet conditions, they were not pursued.
This decision was based on the necessity to maintain physiological pH within the knee cavity
post-implantation, which ranges from neutral (7.4) in healthy knees to slightly acidic (6.8-7.1)
in osteoarthritic knees, rendering the basic conditions required for these reactions impractical.

In conclusion, the PDA modification significantly enhances the hydrophilicity of the
material compared to other treatments, such as plasma. Also, it is versatile enough to be applied
to nearly any material, regardless of its properties [401]. Furthermore, PDA coatings can be
uniformly deposited on prostheses of varying shapes and geometries under mild basic
conditions at room temperature, making it a non-invasive method for the prosthesis structure.
However, the process is time-intensive, requiring an oxygen plasma pre-treatment and 24 hours
of dopamine polymerization to ensure uniform film formation. While adding a PLA-PEG
sacrificial layer greatly improved adhesion in dry conditions, this benefit was lost in wet
environments due to the higher affinity of hydrogen bonds for water. Consequently, despite the
initial promise, the method was discarded in favor of exploring new alternatives that ensure
strong adhesion in both dry and wet conditions.

5.4.4 Chemical modification of PCU prosthesis: Ethyl-2-cyanoacrylate (ECA)
adhesive layer

Alkyl-2-cyanoacrylates (ACAs), including ethyl-2-cyanoacrylate (ECA), are widely
recognized for their rapid adhesion properties, attributed to their electronegative cyano (-CN)
and ester (-COOR) groups. These groups initiate fast anionic polymerization in the presence of
weak bases such as water, forming high molecular weight polymers. The stability of the
carbanion formed during polymerization contributes to these adhesive solid properties [371].
This makes ACAs especially useful for bonding both low and high-surface energy materials.
Regarding biodegradation, ACAs undergo hydrolytic degradation, forming byproducts such as
formaldehyde, minimizing toxicity with longer alkyl chains (Comparative evaluation of
polycyanoacrylates). In particular, ECA has been evaluated and certified under USP Class VI
and ISO-10993 standards, making it suitable for medical applications, such as surgical
adhesives and biomedical device coatings [45-47,47]. Moreover, previous studies have utilized
cyanoacrylates to adhere polymeric structures to polyurethane substrates for biomedical
applications, such as antibacterial surfaces [48].

Our approach used medical-grade ECAs to enhance the adhesion between the prosthesis
and drug-releasing bilayer polymer coatings. Their rapid polymerization under moisture and
ability to form flexible bonds were advantageous in counteracting the limitations observed with
PDA and plasma treatments under wet conditions. ECAs are resistant to body temperature
conditions (stability goes up to 80 °C), and while they degrade over time, their mass loss in
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aqueous conditions is comparable to other stable longer-chain ACAs [45]. Additionally, ECAs
degradation is hypothesized to be hindered or slowed by the hydrophobic bilayer polymer
coatings deposited on top. Moreover, compared to these longer-chain ACAs, ECAs form
stronger bonds, which is particularly useful for dealing with the forces in the knee cavity [402].
Certified by toxicity standards, ECAs offer biocompatibility, very low toxicity (especially post-
curing), and mechanical resilience, including excellent stress and scratch resistance, making
them an ideal candidate for this application [403,404].

Due to the requirement to coat the entire prosthesis, combined with the inherent viscosity
and rapid polymerization of ECAs, direct dip-coating with pure ECA was deemed impractical.
To address this, ECA was dissolved in acetone, a commonly used solvent for cyanoacrylates
[49]. After evaluating various concentrations, a 40% (w/v) ECA solution in acetone was
selected as optimal, as it maintained adhesive properties while significantly reducing viscosity,
making it suitable for dip-coating applications. Prostheses treated with ECA were
macroscopically evaluated both in dry and wet conditions, showing no significant differences
in adhesion. However, prototypes immersed in simulated synovial fluid (SSF) exhibited slightly
enhanced interaction, likely due to the accelerated ECA polymerization upon contact with water
[50] (Data not shown).

The potential influence of the ECA layer on the drug-release kinetics of CLX from the
PLLA/PCL layer was also investigated. While the release profile for DEX remained relatively
unchanged regardless of the presence of the ECA layer, a slightly faster release of CLX was
noted in prostheses with the ECA layer (Figure 2.11). This accelerated release was hypothesized
to be attributed to polymer restructuring due to the chemical interaction between the cyano
group in ECA and the polyesters, leading to a marginally faster release than coatings without
ECA.
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Figure 2.49. Sequential cumulative release of DEX and CLX from bilayer polymer coatings composed of a
first polymer coating of PLLA/PCL, prepared at 150 mg/mL at 80/70 (w/w) with CLX loading of 16.6%, and a
second polymer coating of LMW-PLGA prepared at 200 mg/mL with DEX loading of 2.44%, deposited on top

of an adhesive ECA layer coating the PCU prosthesis or on top of the untreated PCU prosthesis.

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: poly(lactic acid)-poly(ethylene glycol) di-block
copolymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). ECA: Ethyl-2-
cyanoacrylate. Values represent the mean + standard deviation (n=3).

The improvement in adhesion was confirmed by microscopic analysis (Figure 2.12). As
can be seen, oxygen plasma treatment already notably improved the interaction between the
polymer coating and the PCU prosthesis, enhancing adhesion. However, the orange arrow
points to areas where adhesion was still lacking, even in dry conditions, suggesting that
delamination under wet conditions could be worse due to hydrogen bond breakage. In contrast,
the sagittal cut of the coated prosthesis using the ECA adhesive layer showed complete and
robust interaction between the coating and the prosthesis, with no noticeable points of poor
adhesion. This confirms macroscopic observations that the ECA layer presents a promising
method for achieving consistent and enhanced adhesion.
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Figure 2.50. FESEM images of sagittal cut showing the bilayer polymer coating interaction with unmodified
or chemically modified PCU prostheses with oxygen plasma treatment or ECA adhesive layer.

Abbreviations: ECA: Ethyl-2-cyanoacrylate.

Overall, macroscopically and microscopically, the application of the ECA adhesive layer
appears the most promising approach for the functionalization of prosthesis surfaces. This
ensures an adhered, complete, and uniform coating of the PCU prosthesis and does not present
the limitation of lack of adhesion under wet conditions. However, quantitative studies such as
DMA were needed to confirm these observations further.

5.4.5 Quantitative analysis of the prosthesis mechanical properties by DMA

Although the previous sections evaluated the different modifications macroscopically and
microscopically, it was necessary to quantitatively determine which modification best met the
mechanical properties of the coated prostheses. Dynamic Mechanical Analysis (DMA) using a
three-point bending (TPB) setup was employed to assess the viscoelastic properties of the
prototypes (Figure 2.13). DMA is a well-established technique for evaluating the storage
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modulus (G'), loss modulus (G"), and damping coefficient (tan 6) of materials, offering insight
into their viscoelastic behavior [405]. This method allows temperature-dependent
measurements, revealing materials' engineering suitability and interfacial bonding quality
(Figure 2.13A) [406]. In this experiment, it was expected that the forces applied to the upper
surface of the polymer coating in a TPB setup would create compression on the top side and
tension on the underside (Figure 2.13B) [407,408]. The G' and tan 6 of the prototype were
measured over a temperature range from -80°C to 100°C to evaluate thermal behavior, showing
varying moduli at different temperatures because of the thermal transitions of the polymers
coating the prosthesis. However, the data presented correspond to values obtained at 37 °C,
simulating the body temperature at which the prosthesis will be exposed in vivo (Figure 2.14).
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Figure 2.51. Schematic representation of the three-point bending test (TPB) used for the DMA (A).
Summary of the forces applied to the bilayer drug-releasing polymer coating the prosthesis (B).

Abbreviations: h: Height. F: Force. L: Length. Created with https://www.biorender.com/

The G' reflects a material's ability to store energy elastically, indicating its solid-like
behavior [409]. A higher G' corresponds to greater mechanical rigidity, which is particularly
beneficial for meniscus prostheses, as they must provide mechanical support in the load-bearing
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environment of the knee. The coated prostheses exhibited a higher G' than uncoated PCU
prostheses, which can be attributed to the polymer coating enhancing the overall mechanical
properties. Among the tested coated prostheses, the prostheses with the ECA adhesive layer
demonstrated significantly higher G', indicating superior resistance to deformation under both
compression and tension. This suggests stronger adhesion between the ECA-treated prosthesis
and the drug-releasing polymer coating, further supporting the effectiveness of this approach in
enhancing prosthesis stability for its applicability in the knee cavity (Figure 2.14A).
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Figure 2.52. G, tan &, and E measured by DMA.

Abbreviations: G': Storage modulus. E: Elastic modulus. PCU: Polycarbonate urethane. PDA: Polydopamine ECA:
Ethyl-2-cyanoacrylate. Delta: 8. A significant comparison was performed using unpaired Welch’s t-test between
ECA and the rest of the groups. p-values < 0.05 were considered statistically significant (*). Also, (**) if p-value
< 0.01, (***) if p-value < 0.001, (****) if p-value < 0.0001. When ns is displayed, no significative differences are
observed. Columns represent the mean =+ standard deviation (n > 3).

Tan o represents the ratio between energy dissipated (G") and energy stored (G'), providing
insight into the material’s solid or viscous behavior. A lower tan 6 indicates a more solid-like
material, which can elastically recover after deformation. In our case, a lower tan d is favorable,
as it shows that the coated prosthesis can retain more energy through elastic recovery,
minimizing energy loss via deformation. As illustrated in Figure 2.14B, the tan o for the
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prosthesis with the ECA adhesive layer, alongside other prototypes, was very low, indicating
that energy dissipated contributed significantly less than energy stored. This implied that all
tested prototypes exhibit solid-like properties, suitable for the knee’s mechanically demanding
environment. Moreover, there were no significant differences in tan 6 values between ECA-
treated and uncoated prostheses, indicating that the ECA treatment did not compromise the
balance between the elastic and viscous behavior of the PCU prosthesis, maintaining the
prosthesis’ ideal properties. Furthermore, the ECA-coated prosthesis displayed the highest G",
suggesting greater flexibility, which could offer an advantage in accommodating the diverse
movements that occur within the knee joint.

Finally, the elastic modulus (E), which reflects material stiffness, was significantly higher
for the coated prosthesis using the ECA adhesive layer than other prototypes. This result
underscored the improved interaction between the prosthesis and polymer coating, enhancing
mechanical stability. The increased stiffness made it particularly suited for the demanding
environment of the knee cavity, contributing to greater prosthesis durability and effectiveness
(Figure 2.14C).

In summary, DMA analysis confirmed the superior mechanical properties of the ECA
adhesive layer prototype, making it the most promising candidate for meniscus substitution.
This prototype exhibited significantly higher G', G", and E while maintaining a favorable tan 6,
ensuring resistance to knee forces while accommodating movement. The ECA-coated
prostheses retained the optimal properties of the uncoated prostheses, outperforming those
modified with PDA or plasma treatments.

However, despite all the described advances in terms of adapting the prosthesis surface for
subsequent functionalization, a limitation inherent to the polymer coating applied via dip
coating was identified. The multilayer coating introduces internal forces that could lead to
delamination. Traditional adhesion tests, such as peel and lap shear tests, though effective for
single-layer coatings or films, may not fully capture the complexity of the multilayer system
proposed in this study. This limitation underscores the need for further investigations into
adhesion measurements and optimization of the coating process to ensure a comprehensive
assessment of adhesion under realistic physiological conditions [407].

5.4.6 Performance evaluation of the functionalized prosthesis in a sheep model

For the successful translation of results from animal models to humans, the chosen species
must closely mimic human anatomical and biomechanical characteristics. Various animal
models, including goats, sheep, dogs, and pigs, have been used in orthopedic research,
specifically for meniscus repair and regeneration. Historically, sheep have emerged as the most
widely used model due to their close anatomical resemblance to the human meniscus [51-53].
In all species used, the lateral meniscus tends to be larger than the medial meniscus in
circumference, width, and height. Importantly, the sheep's medial meniscus closely matches the
size of the human medial meniscus, which has been the primary focus of repair due to its
increased susceptibility to injury [410].

Furthermore, the sheep model exhibits similarities with the human meniscus in terms of
viscoelastic properties, vascularization patterns, cell density, and collagen ultrastructure [411—
413]. There are, however, some kinematic differences. Biomechanically, sheep knees operate
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in a flexed position compared to human knees, which bear weight in full extension. The range
of motion in sheep knees is between 40-146°, while humans exhibit 2.5-137.5°. This is
counterbalanced by the steeper tibial slope in sheep compared to humans [51,414,415]. Despite
these variations, sheep knees are considered a size-scaled model of human knees, capable of
bearing comparable joint forces. For example, the maximum force in ovine knees is up to 2.27
times body weight (BW), similar to human knees, which can experience forces ranging from
2.1-2.7 times BW during walking and up to 4.2 times BW while running [51,416].

Given their similarities in size, biomechanics, and joint forces, sheep were chosen as ideal
models for studying meniscus and orthopedic applications.

5.4.7 Adapting the drug-releasing polymer coating to the geometry of the sheep
meniscus prosthesis

Due to the complex structure of the sheep meniscus prosthesis (Figure 2.15), adjustments
to the optimized coating parameters developed in Chapter 1 were necessary. The modifications
were intended to adapt the coating process while maintaining the prosthesis’ structural and
mechanical integrity. The key goals of this modification are indicated in the following sections.
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Figure 2.53. Sheep meniscus prosthesis.
Measures made in centimeters. Created with https://www.biorender.com/

5.4.7.1 Prosthesis orientation during dip coating

Previously, all dip coating processes were conducted with the square-shaped PCU
prosthesis oriented horizontally during immersion in the polymer-drug solution. To ensure a
uniform coating on the sheep meniscus prosthesis, the orientation was adjusted from horizontal
to vertical. Immersing the prosthesis vertically during the dip-coating process resulted in a more
uniform polymer distribution across the surface. This vertical orientation minimized the surface
area in contact with the polymer solution at an initial time, thereby reducing polymer buildup
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on the upper sections of the prosthesis and preventing uneven drug and polymer distribution
(Figure 2.16).
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Figure 2.54. Schematic representation of the sheep prosthesis’s orientation during dip coating.

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: Poly(lactic acid)-poly(ethylene glycol) di-block
copolymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). PDA:
Polydopamine. Created with https://www.biorender.com/

To determine whether the prosthesis orientation (vertical vs horizontal) impacted drug
release kinetics, the release profiles of DEX and CLX were compared. Figure 2.17 demonstrates
that no significant differences were observed in the percentage of drugs released between the
two orientations. Both vertical and horizontal immersion produced consistent release kinetics.
This result was anticipated, as the concentrations of materials used for coating remained
unchanged; the primary difference was the distribution of polymer and drug due to orientation
during the process.
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Figure 2.55. Sequential cumulative release of DEX and CLX from bilayer polymer coatings composed of a
first polymer coating of PLLA/PCL, prepared at 150 mg/mL at 80/70 (w/w) with CLX loading of 16.6%; and a
second polymer coating of LMW-PLGA prepared at 200 mg/mL with DEX loading of 2.44%, deposited by dip

coating horizontally or vertically immersing the PCU prosthesis.

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: Poly(lactic acid)-poly(ethylene glycol) di-block
copolymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). Values represent
the mean + standard deviation (n=3).

5.4.7.2 Preservation of prosthesis structure and properties

Given the sheep prosthesis’ varying thickness, particularly in the thinner regions (Figure
2.14, front-to-back thickness), the polymer concentration of the CLX-releasing layer was
reduced from 150 mg/mL to 100 mg/mL. This ensured that the coating did not compromise the
mechanical properties or disrupt the prosthesis’s structure due to exerted forces during curing.

As indicated by the red arrows in Figure 2.18A, vertical deposition of the polymer coating
using the previously optimized concentrations (PLLA/PCL 80/70 (w/w) — CLX 16.67% and
PLGA 200 mg/mL — DEX 2.44%) led to visible folds and bends in the thinner sections of the
sheep meniscus prosthesis. These structural deformations were primarily attributed to the
tension generated by the repeated dip cycles in DCM used to dissolve PLLA/PCL and CLX, as
well as the mechanical stress induced by the PLLA/PCL — CLX coating. To address this issue,
the concentrations of both the PLLA/PCL polymer and CLX were reduced proportionally by
1.5-fold, resulting in a low-concentration prototype while maintaining a constant CLX loading
of 16.67%. This adjustment successfully prevented the formation of folds, thereby preserving
the structural integrity of the prosthesis (data not shown).

As shown in Figure 2.18B, the release kinetics of both DEX and CLX, though slightly
altered, remained consistent regardless of the polymer concentration in the CLX-releasing
layer. Notably, the low-concentration prototype exhibited a faster initial release of CLX during
the first five weeks, followed by a slower, sustained release over the subsequent weeks. This
outcome contradicted the initial hypothesis that reducing polymer concentration would
accelerate drug release. The data suggests that drug distribution within the matrix may vary
based on polymer concentration, with lower concentrations potentially fostering more robust
interactions between CLX and the polymer matrix. This might explain the slower, more
sustained release in the long term.
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Figure 2.56. Visual aspect of sheep meniscus prosthesis coated with PLLA/PCL 80/70 (w/w)- CLX 16.67%;
and PLGA 200 mg/mL - DEX 2.44%, denoting folds in the thinner parts of the prosthesis (A). Sequential
cumulative release of DEX and CLX from bilayer polymer coatings composed of a first polymer coating of
either PLLA/PCL, prepared at 150 mg/mL at 80/70 (w/w) with CLX loading of 16.6%, or PLLA/PCL,
prepared at 100 mg/mL at 53/47 (w/w) with CLX loading of 16.6%; and a second polymer coating of LMW-
PLGA prepared at 200 mg/mL with DEX loading of 2.44% in both cases (B).

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: Poly(lactic acid)-poly(ethylene glycol) di-block

copolymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). Values represent
the mean + standard deviation (n=3).

5.4.8 Ex vivo simulation: Bioreactor test

Apart from joint stabilization, lubrication, and nutrient distribution, the meniscus plays a
critical role in shock absorption and load distribution within the knee joint. To better understand
how polymer-coated prostheses behave under these conditions, a bioreactor was selected to
simulate the two predominant forces acting on the meniscus during movement: compression
and shear [54,55]. The bioreactor mimicked the mechanical environment to which the
prostheses are exposed during gait, serving as a bridge between the drug release profiles and
degradation rates obtained in vitro and the expected performance in vivo. The influence of these
mechanical forces was monitored for 3 weeks by comparing polymer-coated prostheses
subjected to dynamic stimulation inside the bioreactor with unstimulated controls kept outside
of the bioreactor. Additionally, simulated synovial fluid (SSF), with a composition mimicking
the synovial fluid found in osteoarthritis (OA) patients (different HA molecular weight and
concentration), was used as the release medium. The design of the experiment is schematized
in Figure 2.1. Due to the geometric constraints of the bioreactor, the PCU prosthesis used in
this study was not the actual sheep meniscus prosthesis but a cylindrical PCU sample.
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Mechanical stress was anticipated to accelerate drug release by compromising the stability
of the polymer coating. Our results confirmed this: both drugs were released more rapidly from
stimulated prostheses inside the bioreactor than from non-stimulated controls. Notably, the
difference in drug release became more pronounced over time, with 67% of DEX and 40% of
CLX released from the stimulated prostheses, compared to 59% of DEX and 25% of CLX from
the controls (Figure 2.19). Although the total amount of drugs released differed, the release
profiles remained consistent, indicating that mechanical forces primarily accelerated the release
without significantly damaging the polymer structure or drug integrity.

Thus, it was hypothesized that these forces may influence drug release by mechanically
altering the interaction between the drugs and the polymer matrices rather than solely by
accelerating the polymer degradation rate. This hypothesis was supported by the differences in
DEX and CLX released. The upper DEX-releasing layer, composed of amorphous PLGA,
degrades relatively quickly and is directly exposed to mechanical stress. However, the release
of DEX showed minimal differences between conditions, suggesting that mechanical stress did
not drastically affect the DEX layer. Conversely, the CLX-releasing layer, composed of semi-
crystalline PLLA and PCL, was not directly exposed to mechanical stress but exhibited
significantly faster release in the bioreactor. This could be attributed to the brittleness of PLLA,
which is more susceptible to compression and shear forces, leading to increased degradation
and faster CLX release [417]. This aligns with prior observations (Chapter 1) that CLX's
interaction with the PLLA/PCL polymer blend is more complex, making it more responsive to
mechanical stimulation. However, despite the accelerated release, the drugs were extrapolated
to still adhere to the planned release timelines (1-4 weeks DEX release, 6-9 months CLX
release).

Following the experimental setup described in Figure 2.1, macroscopic and microscopic
evaluations were conducted in the bioreactor in order to understand how mechanical stimulation
affects the degradation of polymer coatings. During the first two weeks, the macroscopic
appearance of the coated PCU prostheses from both mechanically stimulated and non-
stimulated groups remained similar, with only slight surface changes observed in the stimulated
prostheses. These irregularities suggest that shear and compressive forces significantly alter the
polymer’s structure or induce degradation. This mechanical impact likely compromised the
integrity of the polymer coating, affecting drug release kinetics by disrupting its stability and
uniformity. By the third week, the polymer-coated prostheses in the bioreactor showed a
smoother, thinner surface compared to the control-coated prostheses, indicating expected
surface erosion due to ongoing shear and compression forces.
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Figure 2.57. Cumulative release of DEX and CLX from bilayer polymer coatings composed of a first polymer
coating of PLLA/PCL, prepared at 100 mg/mL at 53/47 (w/w) with CLX loading of 16.6%; and a second
polymer coating of LMW-PLGA prepared at 200 mg/mL with DEX loading of 2.44%, deposited on top of an
adhesive ECA layer coating the PCU prosthesis. Coated prostheses were analyzed under mechanical
stimulation (bioreactor) or without mechanical stimulation (control).

Abbreviations: CLX: Celecoxib. DEX: Dexamethasone. PLA-PEG: Poly(lactic acid)-poly(ethylene glycol) di-block
copolymer. PLGA: Poly(lactic-co-glycolic) acid. PLLA: poly(L-lactide). PCL: poly(caprolactone). Values represent
the mean + standard deviation (n=3).

Figure 2.20 also shows the results of the scratch test conducted on the surface of both the
bioreactor and control prostheses after three weeks. This test confirmed the presence of the
polymer coating under both conditions, indicating that while some degradation was observed
(as evidenced by macroscopic analysis and faster drug release), the overall structure and
integrity of the coating were maintained during the three weeks that the experiment lasted.
Importantly, there was no delamination of the polymer coating under mechanical stress, further
supporting the enhanced adhesion provided by the ECA adhesive layer.
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Figure 2.58. Bioreactor that mimics gait and its force-exerting pistons (A). Schematic representation of the
bioreactor setup specifying the mechanical forces exerted by the pistons (B). Scratch test on the polymer
surface of non-stimulated (control) or mechanically stimulated (bioreactor) after three weeks of
evaluation (C).

Abbreviations: PCU: Polycarbonate urethane. Figure B was created with https://www.biorender.com/.
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The microscopic evaluation of the polymer-coated prostheses further reinforced the findings
from the macroscopic observations. On day 3, the non-mechanically stimulated control
prostheses exhibited the expected hydration of the PLGA upper layer, revealing the porous
structure of the PLLA/PCL bottom layer, characteristic of this polymer system [418]. In
contrast, the bioreactor-tested prostheses, exposed to simulated gait forces, presented a more
granular surface. This structural change indicates that the mechanical stress, particularly the
shearing and compressive forces applied by the bioreactor, influenced the integrity of the PLGA
layer. By week 1, the control prostheses began to show surface microstructures as part of their
typical degradation process. On the other hand, the prostheses tested under mechanical
stimulation displayed a smoother surface with trails likely caused by the movements of the
bioreactor's pistons. At week 2, the degradation of the PLGA layer in both conditions had
progressed, revealing more of the porous structure of the bottom PLLA/PCL layer in the control
prostheses. However, the surface of the bioreactor prostheses remained notably smoother,
lacking the granular structures observed in the control group, indicating that the forces had
further smoothened the material surrounding the pores. By week 3, the degradation of the upper
PLGA layer in both conditions was evident, fully exposing the porous structure of the
PLLA/PCL bottom layer. However, the bioreactor prostheses exhibited a smoother surface
around the pores than the control prostheses. Notably, the pore size in the bioreactor group
decreased significantly from ~80 um at week 2 to ~40 um by week 3, while in the control
group, the pore size slightly increased from ~47 um to ~58 um. This reduction in pore size for
the mechanically stimulated prostheses can be attributed to the shear forces, which could
displace polymer material across the surface, resulting in pore narrowing (Figure 2.21).

These microscopic observations confirmed that the polymer coatings remained stable upon
exposure to the bioreactor's mechanical forces. Surface smoothness and the reduction in pore
size indicate that mechanical loading influenced the polymer structure, which may explain the
faster drug release observed in bioreactor-tested prostheses. However, the coating's overall
presence after testing highlights its durability and the strong adhesion to the PCU prosthesis
provided by the ECA adhesive layer, demonstrating the suitability of this system for use in
demanding environments like the knee cavity.
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Figure 2.59. FESEM images of the aerial view showing the polymer coating under mechanical stimulation in
the bioreactor (A) or without mechanical stimulation (B) at different times.

Abbreviations: FESEM: Field emission scanning electron microscopy. pym: micrometers. EHT: Electron high
tension. WD: Working distance. Mag: Magnification.
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5.4.9 In vivo preparation
5.4.9.1 Sterilization of the drug-releasing polymer-coated meniscus prostheses

The literature reports different sterilization methods, with hydrogen peroxide (H»0»)
plasma and ethylene oxide (ETO) sterilization being the mildest treatments for polymer-coated
prostheses. Both methods preserve drug release kinetics while operating at temperatures low
enough to avoid exceeding the polymers' glass transition (Tg) or melting temperatures (Tm).
They also prevent excessive UV light exposure, which is essential given DEX's photosensitivity
[56,57].

First, H,O; plasma was tested, as it is a standard sterilization method in hospitals. However,
as shown in Figure 2.22A, this treatment severely damaged the polymer coatings, mainly
affecting the PLGA upper layer, leading to its complete removal and exposing the PCU
prosthesis. Furthermore, H2O: plasma sterilization in this specific protocol required operating
at 55 °C, within the Tg range of PLLA and PLGA and the Tm of PCL, posing a risk to the
polymers' integrity. Additionally, the generation of H>O; plasma required UV light for more
extended periods than expected (hours), which could degrade DEX, making this option
unsuitable. Consequently, H,O> plasma was discarded as an option for sterilizing our coated
prostheses.

ETO sterilization was then evaluated. As shown in Figure 2.22B, there were minimal
differences between sterilized and non-sterilized polymer coatings, and the method was
optimized to be conducted at 38 °C, below the critical Tg and Tm of the polymers. Furthermore,
the ETO process did not involve UV light, thus protecting DEX from photodegradation. A
significant concern with ETO is the potential for toxic residues, such as the proper ETO, 2-
chloroethanol, and 1,4-dioxane, to remain on the prostheses after sterilization [45,56]. Thus, an
extended 48-hour aeration step was suggested to address this issue, ensuring no toxic residues
remained in the coating.

Furthermore, the ETO sterilization process unaffected the DEX and CLX release kinetics,
as shown in Figure 2.23A. Additionally, drug loading studies confirmed no significant
differences in the amount of CLX and DEX loaded in sterilized and non-sterilized polymer
coatings (Figure 2.23B). Thus, it suggests that the drugs were not compromised during the ETO
sterilization, maintaining their integrity and availability within the system.

Consequently, ETO was the selected method to sterilize the sheep prostheses for the in vivo
studies, ensuring drug stability, maintaining release kinetics, and avoiding structural damage to
the polymer coatings.
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Figure 2.60. Images of coated prostheses sterilized by H202 plasma (A) and ETO (B).

Abbreviations: H202: Hydrogen peroxide. DEX: Dexamethasone. PLGA: Poly(lactic-co-glycolic) acid. ETO:
Ethylene oxide.
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Figure 2.61. Cumulative release of DEX and CLX from bilayer polymer coatings composed of a first polymer
coating of PLLA/PCL, prepared at 100 mg/mL at 53/47 (w/w) with CLX loading of 16.6%; and a second
polymer coating of LMW-PLGA prepared at 200 mg/mL with DEX loading of 2.44%, deposited on top of an
adhesive ECA layer coating the PCU prosthesis. Coated prostheses were analyzed after sterilization (ETO
sterilized) or without sterilization (control) (A). Amount of DEX and CLX (ug/cm2) loaded in each of the
bilayer polymer coatings analyzed (ETO sterilized and Control) (B).

Abbreviations: DEX: Dexamethasone. CLX: Celecoxib. ETO: Ethylene oxide. Columns represent the mean =

standard deviation (n = 4).
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5.4.9.2 Comparison of initial and final coating procedures of the sheep meniscus
prosthesis

The modification of the dip-coating orientation, along with the reduction in the polymer
concentration of the PLLA/PCL layer from 80/70 (w/w) to 53/47 (w/w) and the introduction of
ECA to improve adhesion, resulted in the disappearance of the air gaps that previously indicated
poor interaction between layers (Figure 2.24 A and B). This showed that the polymer-coated
sheep meniscus prosthesis behaved as a cohesive unit rather than as two distinct systems layered
on top of each other. Additionally, following surgeons' recommendations to improve the
fixation of the prostheses to the knee bones through the anterior and posterior root tunnels, the
screws in the original design were replaced with nylon fixation fibers. These fibers facilitated
a quicker surgical procedure and prevented the detachment of screws from the fixation nuts in
the tibia (Figure 2.24 C and D).

A.

Posterior horn

Figure 2.62. Final coating configuration of the bilayer drug-releasing polymer coating before optimization
(A) and after optimization of adhesion (B). Fixation of the prosthesis to knee bones using screws (C), and
fixation using nylon fibers (D).
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5.4.10 In vivo evaluation: Sheep test

A pilot in vivo study was performed to address the development of a successful fixation
technique and to confirm that the polymer coatings of the coated meniscus prostheses could
withstand the mechanical forces in the knee cavity of the sheep.

Four sheep underwent total meniscectomy of the medial meniscus, followed by different
treatments to evaluate the efficacy of the drug-releasing polymer-coated prostheses.

i.  Control Group 1 (No meniscus prosthesis): One sheep underwent total
meniscectomy without receiving any meniscus replacement.
ii.  Control Group 2 (Uncoated meniscus prosthesis): One sheep received a bare,
uncoated meniscus prosthesis using screws immediately after meniscectomy.
iii.  Implanted Group (Coated meniscus prosthesis): Another two sheep received drug-
releasing polymer-coated meniscus prostheses using fixation fibers immediately
after meniscectomy.

Throughout the experiment, sheep were monitored for biomechanical behavior (lameness)
and weight changes (alterations in feed intake and rumination), assessing pain, recovery, and
potential setbacks [419,420]. Due to complications caused by the screws detaching from the
fixation nuts, the sheep implanted with the uncoated prosthesis was sacrificed after one month
and used as control group 2. One month post-implantation, sheep recovered without significant
weight loss or noticeable lameness, indicating that the surgical procedures and implantations
had a minimal adverse impact on their quality of life (data not shown). After three months,
sheep were sacrificed for further evaluation, including synovial fluid analysis, prosthesis status,
and histopathological assessment of the cartilage in the knee cavity. Synovial fluid samples
were clear and viscous, typical of healthy joints, with no signs of inflammation, white blood
cell overactivity, or significant joint injury. At the time of explantation, the two coated
prostheses remained securely fixed to the medial tibial plateau, demonstrating the success of
the fixation method using fibers.

Moreover, the coated meniscus prostheses showed the expected degradation of the top
DEX-releasing polymer coating of the bilayer system while the bottom CLX-releasing polymer
coating was still present. Lastly, a detailed histopathological analysis of the knee joints was
performed using a semi-quantitative grading scale to evaluate any histological changes on
different OA hallmarks. This method provided insights into the tissue response to the presence
of prostheses and the overall condition of the knee post-experiment:

5.4.10.1 Articular Cartilage Structure Analysis

Fibrillation’s reduction indicates the prosthesis’s ability to mitigate cartilage damage,
promote joint function, and extend prosthesis longevity [421,422]. The meniscectomy group
showed an average score of 0.857, indicating no fibrillation and a normal cartilage structure. In
contrast, the uncoated implant group scored 3.142, reflecting significant fibrillation involving
more than half of the plateau. The coated implant group had an intermediate score of 2.321,
showing a reduction in fibrillation compared to the uncoated group, but with mild superficial
fibrillation still present (Figure 2.25A).
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5.4.10.2 Toluidine Blue Staining

The toluidine blue staining revealed that the uncoated implant group exhibited the most
severe cartilage damage, with an average score of 1.85, indicating a significant loss of staining
in the superficial half of the cartilage across more than half of the plateau. The coated implant
group scored lower at 1.28, closer to the meniscectomy group's 1.14, indicating milder cartilage
damage. This suggests that the drug-releasing polymer coating protected against cartilage
degradation, reducing damage compared to the uncoated group. The meniscectomy group
exhibited the least damage, although mild degradation was expected due to the absence of the
meniscus (Figure 2.25A).

5.4.10.3 Chondrocyte Cloning Activity

Chondrocyte clusters indicate cartilage stress, degeneration, or repair attempts. In this
study, the meniscectomy group had minimal cloning activity (score 0.71), suggesting minimal
cartilage repair and no significant OA progression. The uncoated implant group showed higher
cloning activity (score 1.357), reflecting higher cartilage stress and early signs of OA. The
coated implant group scored 1.10, indicating that the coating may reduce cartilage stress and
delay OA progression as compared to the uncoated prosthesis. Variability in the results,
however, suggests the need for further investigation to confirm the coating’s impact on OA
development (Figure 2.25A) [421].

5.4.10.4 Osteophyte formation

Osteophytes, or bony outgrowths, are a common feature of degenerative joint diseases and
are often used to diagnose OA. Though the cause of osteophyte growth and their pathogenic
role in knee OA are unclear, they may represent a response to local damage in a specific
compartment, a whole-knee reaction, or a combination [423]. The meniscectomy group showed
no osteophyte formation. While most regions in both the coated and uncoated implant groups
were free of osteophytes, some osteophyte formation was observed in the medial tibial plateau
(MTP) of the uncoated implant. The anti-inflammatory releasing polymer coating appeared to
reduce osteophyte formation in this region, though not to the extent observed in the
meniscectomy group.

5.4.10.5 Subchondral bone

Subchondral bone thickening indicates OA progression, one of the primary distinctions
between OA and rheumatoid arthritis [424,425]. In this study, the coated implant group
exhibited notably less subchondral bone thickening than the uncoated implant group,
suggesting that the drug-releasing coating helps mitigate OA-related bone changes. Conversely,
the uncoated group showed mild thickening, indicating more advanced OA progression. The
meniscectomy group displayed no significant changes, reinforcing the association between
subchondral bone thickening and the prosthesis’s presence, with the coating offering some
protection (Figure 2.25A).
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5.4.10.6 Fibrocartilage formation

Fibrous tissue formation, a key contributor to joint stiffness and pain during OA
progression, also correlates with cartilage damage. Fibrocartilage formation, a mechanical
substitute for damaged articular cartilage, suggests repair after tissue damage, although it is
mechanically inferior to hyaline cartilage [426]. The uncoated implant group exhibited the
highest level of fibrocartilage formation, indicating more pronounced OA progression. In
contrast, the coated implant group displayed significantly less fibrocartilage formation,
suggesting a protective effect against cartilage damage and OA development. Interestingly, the
meniscectomy group exhibited a slightly higher fibrocartilage score than the coated implant
group, implying that the release of DEX and CLX from the polymer coating successfully
suppresses the inflammatory cascade and subsequent fibrous tissue formation, confirming the
hypothesis and the in vitro results described in Chapter 1 (Figure 2.25A).

All in all, the meniscectomy group displayed the best outcomes, as fewer OA progression
hallmarks were observed. In contrast, the groups implanted with the meniscus prostheses
showed specific indicators of OA progression, such as fibrillation of the articular cartilage
surface and an increased presence of chondrocytes compared to the meniscectomy group. The
most critical disease status was observed for the uncoated meniscus prostheses. This was
expected as the sheep in the control group had to be sacrificed at one month post-implantation
due to the incorrect function of the meniscus prosthesis using the screws and nuts approach to
fix the prosthesis in the knee cavity.

Nevertheless, the drug-releasing polymer coating, using the fixation fibers, remarkably
improved the functionality of the meniscus prosthesis. The coated prosthesis reduced synovial
inflammation and minimized or prevented the expression of OA progression hallmarks,
showing more favorable results across different evaluations than the bare prosthesis.
Furthermore, in some cases, such as fibrocartilage or osteophyte formation, the coated
prosthesis presented outcomes comparable to or better than the meniscectomy control group.

Additionally, the observations related to fibrocartilage formation could be extrapolated to
provide insights into the foreign body response (FBR). Despite the different triggers for fibrous
tissue formation—tissue repair after cartilage injury and fibrous capsule formation in response
to prosthesis implantation—similar inflammatory pathways, including TNF-a and IL-1, are
involved in both processes. The system's ability to suppress these cytokines, primarily due to
the action of DEX and CLX in fibrocartilage formation, suggests that it could also mitigate
fibrous tissue formation in FBR. This, again, aligns with the in vitro findings in Chapter 1,
further supporting the hypothesis that this bilayer coating could reduce acute and chronic
inflammation, arguably preventing FBR [58,59].

Regarding specific joint regions, the medial tibial plateau (MTP), the most affected by the
surgery because of the direct contact with the meniscus prosthesis, displayed consistent results
with the overall findings. The coated prosthesis outperformed the uncoated prosthesis across
all evaluations, particularly in toluidine blue staining, which suggests that the anti-inflammatory
drugs released from the polymer coating remarkably reduced damage to the articular cartilage
surface in direct contact with the meniscus prosthesis, thereby improving knee function and
potentially delaying OA progression (Figure 2.25B).
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Despite these promising findings, one of the study's limitations is the small number of
sheep analyzed. This limits the statistical power of the results and affects the robustness of the
conclusions drawn. A larger sample size is necessary to validate these observations. Moreover,
a more extended follow-up period beyond the three months used in this study would provide a
more comprehensive understanding of the long-term impact of meniscus resection and
prosthesis implantation on OA development.

It has been previously described in the literature that partial or total meniscectomy is
associated with OA onset and a poorer prognosis compared to meniscus repair, reinforcing the
need for long-term evaluations, as the meniscectomy group is likely to experience setbacks over
time [427-430]. Cartilage damage would likely progress over the years without an unloading
device such as our meniscus prosthesis, leading to OA. Ideally, meniscus repair surgery would
be the preferred treatment, but it is often not feasible in older patients. Surgeons typically avoid
meniscal repairs in older individuals due to concerns about reduced healing potential and
preexisting degenerative changes, as the meniscus's limited blood supply decreases with age,
resulting in higher failure rates, as noted in previous studies [431].

As highlighted above, meniscectomy remains the standard clinical practice because of its
positive outcomes in the short term [432]. Removing the injured meniscus reduces friction
against the knee cartilage, alleviating symptoms and improving function in the early post-
surgical period. Consequently, in this pilot in vivo study, it was expected that the meniscectomy
group would show the best outcomes during the three-month period of this pilot study. Thus,
these findings underscore the need for longer evaluation periods to fully assess the potential of
meniscus prostheses in mitigating OA progression and providing sustained cartilage-protective
benefits compared to meniscectomy.

Finally, while the histological evaluations revealed that the bilayer polymer coating
releasing anti-inflammatory drugs significantly improved outcomes compared to the uncoated
prosthesis, it is important to note that the uncoated prosthesis control group was sacrificed two
months before the three-month endpoint due to complications associated with the fixation. X-
rays performed post-sacrifice indicated that, although the meniscus prosthesis remained in place
throughout the study, the fixation screws were not securely attached to the nuts, highlighting
that the fixation method was not optimal. This necessitated a modification of the fixation
technique for the coated meniscus prostheses, replacing screws with fibers to enhance stability.
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Figure 2.63. Histological scores average of all areas (A) or MTP (B).

Abbreviations: M: Meniscectomy (no meniscus prosthesis). NCI: Non-coated implant (meniscectomy + uncoated
meniscus prosthesis). Cl: Coated implant (meniscectomy + coated meniscus prosthesis).

Thus, although the results for the uncoated prosthesis control group are displayed in the

graphs, they are not directly comparable to the coated prosthesis group. Differences in the
fixation technique and the shorter experimental duration for the uncoated group preclude a true
head-to-head comparison. However, the data can still be used to provide a general trend for this
pilot in vivo study.

The primary objectives of this experiment were to develop a successful fixation technique

and confirm that the polymer coatings of the coated meniscus prostheses could withstand the
mechanical forces in the sheep's knee cavity. These objectives were achieved, as the coated

163



ALFONSO FERNANDEZ BLANCO

prostheses demonstrated both mechanical integrity and improved fixation outcomes compared
to the uncoated prosthesis. Future studies employing the same fixation technique for both
groups would enable a more robust, direct comparison.

In conclusion, the study underscores the need for a larger sample size, extended follow-up
periods, and more precise controls to fully validate these promising initial findings. The bilayer
drug-releasing polymer coating demonstrates considerable potential in improving meniscus
prosthesis outcomes and preventing OA progression. Thus, this study should be regarded as a
pilot in vivo investigation, providing valuable insights into the ability of the polymeric coatings
to withstand the mechanical forces in the knee cavity and identifying the most effective
prosthesis fixation technique within the joint.

5.5 CONCLUSIONS

In this work, we investigated strategies to achieve the adhesion of a drug-releasing polymer
bilayer coating a PCU meniscus prosthesis. The most performant and singular strategy relied
on the use of an ECA adhesive layer between the PCU and the polymer bilayer. Mechanical
analysis revealed that the prostheses coated with this adhesive layer exhibited adequate
mechanical properties (G', G", and elastic modulus), while preserving the mechanical integrity
of the prosthesis.

Furthermore, the optimized drug-releasing polymer coating was adapted from the square-
shaped PCU meniscus prostheses to meet the physical and mechanical requirements of the
sheep meniscus prosthesis. The modification of the CLX-releasing PLLA/PCL layer
concentration, along with the change in the orientation of the meniscus prosthesis during the
dip-coating process, resulted in a more homogeneous polymer coating. This adjustment ensured
that the complex and demanding structure of the sheep meniscus prosthesis was preserved while
improving the uniformity, drug distribution, and overall effectiveness of the coating.

A selected prototype was analyzed in a bioreactor that mimicked gait forces. This
evaluation revealed that although the applied forces influenced the microscopic surface
distribution of the coating, the polymer coating remained intact, with no delamination.

Finally, the optimized polymer-coated sheep meniscus prostheses were successfully
implanted and evaluated over a set period. Although the in vivo results are not yet conclusive,
the functionalized prostheses showed improved biomechanical parameters and better
integration compared to the uncoated version. Histological evaluations confirmed the coated
prosthesis outperformed the uncoated one, and while the meniscectomy group showed better
outcomes in the short term, these results suggest that, with a larger sample size and longer-term
studies, the coated prosthesis could offer a more effective treatment for meniscus injuries,
addressing the limitations of meniscectomy.
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6 3D ENCAPSULATION OF THYMIC ORGANOIDS
IN ECM-MIMICKING IPNS TO EVALUATE
MORPHOGENESIS IN VITRO

This work was done during my research visit at Harvard University (School of Engineering
and Applied Sciences - SEAS) under the supervision of Prof. David J. Mooney. In collaboration
with Andrew Khalil, Ph.D. (Havard University), Junzhe Lou, Ph.D. (Harvard University),
Grace Bingham (Harvard University), and Bryan Nerger (Harvard University). And in
collaboration with Prof. Rudolf Jaenisch (Whitehead Institute for Biomedical Research -
Massachusetts Institute of Technology) and Tenzin Lungjangwa (Whitehead Institute for
Biomedical Research - Massachusetts Institute of Technology).

6.1 ABSTRACT

The thymus is crucial for the maturation and differentiation of T cells, playing an essential role
in maintaining immune system function. However, as the thymus involutes with age, the body’s
ability to generate new T cells becomes increasingly limited, reducing the efficacy of innovative
therapies like CAR-T cells, which rely on re-educating the existing T cell population. Moreover,
the demand for advanced ex vivo models in research has spurred progress in technologies such
as organoids and organ-on-a-chip systems, which aim to minimize animal experimentation.
While these models successfully replicate many organ functions, they often lack an integrated
immune system. The objective of this work was to investigate new immunocompetent thymus
organoids, emphasizing the impact of the extracellular matrix (ECM) on organ development.

The hypothesis of this work was that mechanical signals regulate thymus morphogenesis
in a 3D culture setting. Thymus organoids were encapsulated within alginate-based hydrogels
containing Matrigel® (interpenetrating polymer networks, IPNs), which were designed with
varying stress relaxation rates and stiffness. The results demonstrated that matrix viscoelasticity
significantly influenced tissue organization during the first week of organoid incorporation.
Furthermore, the expression of key thymus developmental markers, including K8, FOXNI,
EpCAM, and VCAMI, was remarkably enhanced in those IPNs closely mimicking the
mechanical properties of native thymus tissue. These findings suggest that IPN hydrogels
enable precise modulation of thymus organoid development and morphology, underscoring the
importance of the mechanical microenvironment as a critical design parameter for thymus tissue
engineering.
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6.2 GENERAL INTRODUCTION TO HYDROGELS IN TISSUE ENGINEERING

In recent decades, the advancement of bioinks, bioprinting, and sophisticated 3D models has
increasingly incorporated natural polymers like alginate, chitosan, hyaluronic acid, and
collagen, among others. These materials are favored for their ability to closely mimic the
properties of biological tissues, enabling the creation of in vitro structures that closely resemble
human biology [433-435]. Table 3.1 shows some of their latest applications in tissue
engineering.

Table 3.13. Relevant examples of polymers for tissue engineering applications.

Biomedical
application Polymer Target Technology References
Cardiac Hydrogel, [436-439]
nanoparticles
Bone Hydrogel [440,441]
. Cartilage Scaffold [442,443]
Alginate
Muscle Hydrogel [444]
Soft tissue Hydrogel, scaffold [445,446]
Connective tissue - [447]
Cardiac Nanoparticles [448]
. . Nanoparticles,
. Chitosan Cartilage scaffold [449,450]
Tissue
engineering Soft tissue Hydrogel [451]
Bone Hydrogel [452]
Hydrogel,
HA Cartilage microparticles, [453-455]
scaffold
Adipose Hydrogel [456]
Bone Scaffold [457]
Cartilage Scaffold [458]
Collagen
Adipose Hydrogel [459]
Oral mucosa Scaffold [460]

Abbreviations: HA: Hyaluronic acid.
6.2.1 Hydrogels

Hydrogels are three-dimensional polymeric networks that can absorb and retain large
volumes of water or biological fluids due to their hydrophilic nature. This ability to swell and
maintain a hydrated state makes them highly versatile for numerous biomedical applications,
such as tissue regeneration and drug delivery. The fabrication of hydrogels through various
cross-linking methods allows for precise control over their physical and chemical properties,
enabling customization for multiple biomedical applications [461,462].
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6.2.1.1 Types of cross-linking

a) Physical Cross-Linking:

Physical cross-linking involves the formation of hydrogel networks through non-covalent
interactions, such as hydrogen bonding, self-assembly, and crystallization. External stimuli can
influence these interactions, including temperature changes (heating or cooling), pH alterations,
or mechanical processes like freeze-thaw cycles. The resulting hydrogels are typically
reversible and responsive to environmental conditions, making them suitable for applications
requiring dynamic behavior and tunability [463].

b) Chemical Cross-Linking:

Chemical cross-linking forms hydrogel networks through covalent bonds, providing a more
permanent and stable structure. This process can involve copolymerization with multifunctional
monomers, exposure to high-energy radiation, or specific chemical reactions between
complementary groups or with added cross-linkers. Standard chemical cross-linking methods
include free radical polymerization, click chemistry, and Schiff base cross-linking. These
hydrogels often exhibit enhanced mechanical strength and stability, ideal for applications
requiring long-term durability and controlled release properties [463].

6.2.1.2 Applications

Hydrogels have become essential in various biomedical applications due to their versatility
and adaptability. In contact lenses, hydrogels are valued for their biocompatibility, antifouling
properties, and mechanical performance, closely mimicking natural ocular tissues. Commercial
examples include Clariti® 1 day, ACUVUE OASYS®, and Airsoft™ [464]. For wound
healing, hydrogel-based dressings provide a moist, oxygen-permeable, and biocompatible
environment that supports tissue regeneration while preventing contamination. Products such
as DermaSyn® and Purilon® highlight their clinical effectiveness [465,466]. Similarly, in drug
delivery, hydrogels enable controlled spatial and temporal release of therapeutic agents, with
commercialized examples like AndroGel® (used for testosterone replacement therapy in men),
REGRANEX® (used for the treatment of diabetic foot ulcers), and VANTAS® (used for the
palliative treatment of advanced prostate cancer) demonstrating their success across various
delivery methods [11,467].

This chapter will focus on the application of hydrogels in tissue engineering, emphasizing
their potential to advance regenerative medicine and advanced cellular models in vitro.

Developing strategies for engineering tissues and creating functional constructs to restore,
maintain, and rejuvenate damaged or lost tissues and organs has profoundly influenced
medicine and healthcare. Over the last two decades, hydrogels have become some of the most
widely used scaffolds in tissue engineering due to their ability to maintain a defined three-
dimensional structure, provide mechanical support to cells, and mimic the native extracellular
matrix (ECM) of various tissues through their polymer network. The high water content of
hydrogels creates an environment conducive to cell viability and mirrors the structural
properties of natural tissues. Additionally, hydrogels offer customizable physical properties,
controllable degradability, and excellent compatibility with biological tissues, which enhance
cell attachment and support cell survival, making them ideal for tissue engineering [468,469].
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6.2.1.2.1 Hydrogels in immune system tissue engineering

Hydrogels have emerged as key tools for modulating the immune system through the
controlled release of molecules and their intrinsic properties, playing a pivotal role in this field.
For instance, alginate hydrogels have been utilized to mediate dendritic cell (DC) accumulation
in vivo, forming the basis for therapeutic vaccines [470], while alginate cryogels injected near
inguinal lymph nodes have been shown to recruit DCs and induce antigen-specific immune
responses [471]. Additionally, hydrogels have been employed to enhance anti-tumor immune
responses by facilitating cell and drug delivery, on-site immune cell activation and transport,
and immune cell recruitment [472].

The increasing emphasis on understanding, modulating, and regenerating the immune
system has intensified research in immune system tissue engineering, aiming to replicate the
complex structure and function of immune organs such as the thymus, lymph nodes, and bone
marrow [473,474]. Beyond hydrogels, other approaches have utilized decellularized or
polymeric scaffolds for engineering immune system tissues. Notable examples include alginate
scaffolds engineered for T-cell modulation and CAR-T cell generation [475]. This section
highlights recent advances in bioengineered hydrogels designed to mimic immune system
organs (Table 3.2).

Table 3.14. Relevant examples of recently developed hydrogels for immune tissue engineering.

Material Function Observations and Results Reference
HA hvd l Production of CD4+CD8b+ progenitor
A hydroge’ Thymus-like hydrogel (Pro) T cells and functional CD3+CD8b+
engineered with . - T cells
DLL4. VCAM1 and Differentiation of T cells . [476]
’ from hematopoietic stem First hydrogel-based platform able to

collagen derived

proteins cells produce T cells from iPSC-derived

hematopoietic stem and Pro cells.

Retainment of molecular properties of
EAK16-11/EAKIIH6 Generate a functional mini ~ TECs in vitro.

peptide hydrogel thymus clustering TECs TEC/EAK mini clusters allow T cell [477]
development in vivo.
iPSC-TEPCs were put together with
CD34* HPCs in a decellularized thymic
scaffold to create a human thymic
Promote TEPC organoid.
Alginate hydrogel dlffergnt1at1on gnd Thymus organoid supported T cell [478]
maturation from iPSCs AU
programming in vitro.
TCR repertoire expressed in vivo in hu
mice.
Composite Bone marrow-mimicking Proliferation of HSCs.
scaffold consisting composite Gel-HA/GF maintains CD34+CD38- [479]
of Gel-HA Support expansion of HSCs ~ immunophenotype of HSCs.
hydrogel and GFs in vitro Mimics bone marrow niches.
Hydrogel acts as an engineered immune
3D ex vivo immune tissue tissue able to modulate GC B cell
PEG-MAL model to induce antigen- activation and differentiation ex vivo. [480]

PEG-MAL facilitates GC B cell
enrichment based on antigen affinity ex
vivo.

Abbreviations: HA: Hyaluronic acid. DLL: Delta-like ligand. VCAM: Vascular cell adhesion molecule. CD: Cluster
of differentiation. iPSC: Induced pluripotent stem cell. EAK: Endothelial-adipocyte kinase. TEC: Thymic epithelial
cell. TEPC: Thymic epithelial progenitor cells. HPC: Hematopoietic progenitor cell. TCR: T cell receptor. HSC:
Hematopoietic stem cell. GF: Graphene foam. MAL: Maleimide. GC: Germinal center.

specific B cell responses
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Over the last decades, advances in technological fields such as chemistry, materials
science, and cross-linking methods have supported using hydrogels as matrices for tissue
engineering. A search for "hydrogel tissue engineering" in PubMed reveals 11,484 articles since
2019, highlighting the growing interest in this area. However, despite the increasing
development of hydrogel-based technologies to improve regeneration, many challenges and
unmet clinical needs still need to be addressed.

The trend nowadays is shifting towards advanced 3D cell cultures, which can replicate live
tissue's biological and physicochemical properties in vitro, reducing the number of in vivo
assays [481,482]. Hydrogels are increasingly used as 3D models to mimic the ECM and
evaluate the development of stem cells. Nevertheless, to produce in vitro 3D models that
accurately replicate the anatomy and function of human tissues and organs, it is essential to
understand functional human tissues at the microenvironment scale, including interactions with
the immune system. This is particularly challenging due to the complexity of immune responses
and the limited availability of immune system cells [483,484]. Tissue engineering using
hydrogels to recreate the immune system could enhance our understanding of immune
responses and interactions and provide a sustainable source of immune cells, advancing the
clinical relevance of current in vitro 3D models.

As research expands, the role of hydrogels in modulating and recreating the immune system
is expected to become increasingly significant.
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6.3 INTRODUCTION

The therapeutic potential of T cells has gained considerable attention, particularly for treating
cancers and autoimmune disorders. Their value as therapeutic agents stems from their ability to
specifically target and eliminate diseased cells, making them crucial for managing immune
responses. Central to this function is the T cell receptor (TCR), which enables T cells to
recognize antigens presented by other cells. The specificity and diversity of TCRs are essential
for T cell-based therapies, such as CAR-T therapy, which reprograms T cells to target specific
cancer cells.

TCR repertoire formation occurs during T cell development and maturation in the thymus
through tightly regulated events within specialized zones, where distinct signals and cell types
direct thymocyte differentiation into fully functional T cells. Immature thymocytes undergo
Positive Selection (PS) in the thymic cortex, ensuring only those recognizing self-MHC
molecules survive. This is followed by Negative Selection (NS) in the medulla, where
autoreactive thymocytes are eliminated to prevent autoimmunity (Figure 3.1). The thymic
microenvironment's spatial organization and mechanical properties, including the ECM and
tissue architecture, play critical roles in this process [60].

The spatial and temporal patterning is crucial for proper tissue and organ development,
growth, and function. These patterns are guided significantly by mechanical cues generated by
the ECM [485,486]. The viscoelastic properties of the ECM, which range from solid-like
(elastic) to liquid-like (viscous) responses, have a profound impact on tissue organization [245].
Additionally, the stiffness and composition of the ECM are key factors that influence cell
behavior, such as proliferation [487], differentiation [488], migration [245], and tissue structure
[489]. The time-dependent mechanical properties of the ECM are particularly crucial for
guiding morphogenesis, as shown for organs like the kidney [61]. Understanding and recreating
these dynamics is essential for developing functional engineered tissues.

Recent advances in bioengineering have enabled the creation of human tissues in vitro,
opening new possibilities for regenerative medicine and drug testing. Center for Biologics
Evaluation and Research (CBER) and FDA-approved engineered tissues, such as skin and
cartilage, offer alternatives to organ transplants and support personalized medicine [490,491].
Organoids and organs-on-chip provide valuable models for studying human development,
disease, and therapeutic responses while reducing the need for animal testing [492].

However, challenges persist in tissue engineering, including sourcing diverse cell types to
replicate complex human tissues, designing matrices that support functional multicellular
structures, and integrating immune cells for accurate modeling of tissue responses. Addressing
these issues is critical for advancing the therapeutic potential of engineered tissues. Focusing
on thymus biology, despite progress in its understanding, many aspects still need to be clarified,
particularly how mechanical signals from the thymic microenvironment regulate T cell
maturation. Improving in vitro models, such as thymus organoids, to mimic this complexity
better is essential.

This chapter investigates how the mechanical properties of ionically crosslinked alginate

hydrogels, modified to incorporate ECM-associated proteins and form interpenetrating polymer
networks (IPNs), influence thymus organoid development. Unlike native ECM, alginate
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hydrogels resist mammalian cell degradation, allowing for independent tuning of
viscoelasticity, stiffness, and ligand density. Furthermore, ionically crosslinked alginate
hydrogels can adapt to the different stress relaxation rates of developing tissues while
maintaining stability in culture over several weeks [61]. Thymus organoids consist of two cell
types derived from human embryonic pluripotent stem cells (hESCs): thymus epithelial
progenitor cells (TEPCs) and neural crest cells (NCCs). TEPCs are essential to creating the
thymus microenvironment and structural framework, giving rise to the various types of thymic
epithelial cells (TECs): medullary TEC (mTEC) and cortical TEC (cTEC) [493,494]. NCCs
result in the mesenchymal capsule and the pericytes in the thymus [495]. In particular, four gel
conditions presenting different viscoelasticity and stiffness were designed and used to
encapsulate thymus organoids. These organoids were cultured and tracked for one week to
evaluate how cells rearrange depending on the mechanical cues generated by the IPNs. Finally,
after one week, the organoids were analyzed by immunohistochemistry (IHC) to evaluate the
influence of the IPNs in the expression of markers characteristic of thymus development.
Encapsulation studies of thymic organoids demonstrate that matrix mechanics regulate thymic
tissue development and patterning, providing valuable insights into the design principles for
engineering biomaterials for thymus organogenesis.
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Figure 3.64. Schematic representation of a sagittal section of the thymus illustrating the T cell maturation
process.

Abbreviations: HSC: Hematopoietic stem cells. ETP: Early T-lineage progenitors. DN: Double negative. DP:
Double positive. cTEC: Cortical thymic epithelial cells. SP: Single positive. mTEC: Medullary thymic epithelial
cells. MHC: Major histocompatibility complex. Created with https://www.biorender.com/
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6.4 MATERIALS AND METHODS
6.4.1 Materials

Sodium alginate (Protanal LF10/60) was obtained from FMC (Sandvika, Norway).
Calcium sulfate dihydrate (CaSO4) was supplied by Sigma-Aldrich (St. Louis, MO, USA).
Phosphate-buffered saline (PBS) was purchased from Corning (NY, USA). Tissue-Tek O.C.T.
compound was sourced from Sakura (Torrance, CA, USA). Superfrost Plus microscope slides
were provided by VWR (Radnor, PA, USA). Paraformaldehyde (PFA) was obtained from
Electron Microscopy Sciences (Hatfield, PA, USA). Sucrose, MES hydrate (M8250), sodium
chloride, = N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide =~ hydrochloride (EDC),
hydroxylamine hydrochloride, and activated charcoal were all supplied by Sigma-Aldrich (St.
Louis, MO, USA). N-hydroxysulfosuccinimide (sulfo-NHS) was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). TrueBlack® Background Suppressor and Cover-Grip
coverslip sealant were purchased from Biotium (Fremont, CA, USA). No. 1.5 glass coverslips
were purchased from VWR (Radnor, PA, USA). RGD peptide (GGGGRGDSP) was obtained
from Peptide 2.0 (Chantilly, VA, USA). Dialysis membranes (MW cutoff 3.5 kDa) were
acquired from Spectra/Por 6 (Repligen, Waltham, MA, USA). Luer-Lok syringes were
purchased from BD (Franklin Lakes, NJ, USA). X-Vivo 10 medium was obtained from Lonza
(Basel, Switzerland). Matrigel was purchased from Corning (NY, USA).

6.4.2 Alginate functionalization

RGD functionalization of alginate was performed using aqueous carbodiimide chemistry [496],
as described previously [497]. Briefly, alginate functionalization was conducted with a 1%
solution of sodium alginate in 0.1 M MES buffer [0.1 M MES hydrate + 0.3 M sodium chloride]
using empirically determined reaction conditions [497]. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) were
used to link a linear RGD peptide (GGGGRGDSP) to the carboxylate moieties on the alginate
backbone. The reaction was performed at room temperature for 20 h and quenched with 125
mg hydroxylamine hydrochloride/g alginate. High MW alginate was functionalized with a
degree of substitution (DS) of 20, which corresponds to 166.67 x 10—6 m RGD per gram of
alginate. Low MW alginate was functionalized using the same molar concentrations of
reactants. Functionalized alginate was dialyzed (MW cutoff 3.5 kDa) for 3 d in decreasing NaCl
solutions in DI water (starting at 0.13 M NaCl). After dialysis, alginate was treated with 0.5 g
of activated charcoal/g alginate for 30 min with continuous stirring. Finally, alginate was
sterile-filtered (0.22 pm), lyophilized, and stored at —20 °C. Unless stated otherwise, all alginate
hydrogels had a final alginate concentration of 20 mg/mL and were functionalized with RGD
peptide as described above.

6.4.3 ECM-mimicking IPN preparation
IPNs were prepared using 1 mL Luer-Lok syringes and a female Luer thread style coupler.
Alginate was dissolved in X-Vivo 10 medium and combined with Matrigel® in one syringe. In

another syringe, CaSO4 was combined with cell culture medium. The contents of the syringes
were mixed (10-12 times) and deposited between glass plates to generate 1-mm-thick gels.
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Alginate was incubated at 37 °C and 5% CO2 for 1 h and then mechanically characterized
(Figure 3.2A).

6.4.4 Mechanical characterization by nanoindentation

Nanoindentation was performed using a KLA (Milpitas, CA, USA) iNano nanoindenter
equipped with a 1.3 mm diameter flat punch to measure the mechanical properties of the
samples. Samples were prepared to ensure flat, parallel surfaces and mounted securely to
minimize displacement during testing. The following parameters were used for all tests: a pre-
test compression of 10 um was applied to ensure consistent sample contact, followed by testing
at a frequency of 100 Hz with a test amplitude of 20 uN. A surface approach frequency of 140
Hz was employed to precisely identify the sample surface, with a phase change of 0.5° used to
define the point of contact. A Poisson’s ratio (v) of 0.50 was assumed for the calculations. Data
were collected and analyzed to determine the storage modulus (G'), loss modulus (G"), and tan
0. Elastic modulus (E) was calculated using Equation (1).

E=2604+v)andG = VG2+G"? (1)

6.4.5 Mechanical characterization by compression test

IPNs were subjected to compression testing using a Bose ElectroForce® mechanical
testing system equipped with parallel plates (TA instruments) to determine their elastic
modulus and stress relaxation properties. [IPNs (1 mm thickness), immediately after synthesis,
were placed between the compression plates, ensuring parallel alignment and no pre-load force.
The compression test was performed by applying a ramp displacement at a rate of 0.05 mm/s
up to 0.2 mm (20% of the total IPN thickness) while continuously recording force and
displacement. The elastic modulus was calculated from the slope of the stress-strain curve in
the linear elastic region, with stress derived as force divided by the sample cross-sectional area
and strain as displacement divided by the initial sample height. Following the ramp
displacement, stress relaxation was assessed by maintaining the 0.3 mm displacement for 185
seconds while recording the decay in force over time. The relaxation data were analyzed by
fitting to an exponential decay model to extract time constants and equilibrium stress values.
The relaxation time was defined as the time required for the normalized stress to decrease to
70% of its initial value after applying a constant displacement during the stress relaxation phase.

6.4.6 Neural crest cell (NCC) differentiation

Neural crest cells (NCCs) were thawed and expanded five days before harvesting TEPCs.
A vial of NCCs was thawed and plated onto a 15 cm Matrigel-coated dish in NCC Expansion
Media. NCC Expansion Media was prepared using N2B27 Base Media, which consisted of
DMEM/F12 (500 mL), 2% B27 (10 mL), 1% N2 (5 mL), 1% penicillin/streptomycin (5 mL),
I mM L-glutamine (5 mL), and 1% non-essential amino acids (5 mL). The N2B27 Base Media
was supplemented with 3 puM CHIR99021, 20 ng/mL bFGF, and 20 ng/mL EGF. NCCs were
maintained in this media until they were ready for use in organoid formation. Fluorescent NCCs
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were differentiated from hPSC-RFP. Non-fluorescent NCCs were differentiated from hPSC-
WT.

6.4.7 Thymic epithelial progenitor cell (TEPC) differentiation

Human pluripotent stem cells (hPSCs) were seeded at a density of 1 x 10° cells per 10 cm
Matrigel-coated dish in E§ medium supplemented with 10 uM ROCK inhibitor. On Day 1, the
medium was replaced with Step 1 medium, consisting of Lonza X-Vivo 10 base medium
supplemented with 100 ng/mL Activin A. The cells were maintained in Step 1 medium until
Day 4, with a media change on Day 3. On Day 4, TEPCs were harvested using TrypLE,
centrifuged, and resuspended in Step 1 medium. Fluorescent TEPCs were differentiated from
hPSC-GFP. Non-fluorescent TEPCs were differentiated from hPSC-WT.

6.4.8 Thymic organoid formation

On Day 4, TEPCs (10,000 cells per organoid) were combined with NCCs (30,000 cells per
organoid) in Step 1 medium supplemented with 10 pM ROCK inhibitor. The TEPC-NCC
mixture was seeded into ultra-low attachment 96-well U-bottom plates at a density of 150 uL
per well. The plates were centrifuged at 300 % g for 3 minutes to promote cell aggregation and
incubated at 37°C.

6.4.9 Encapsulation of thymic organoids in ECM-mimicking IPNs

On Day 6, the organoids were encapsulated in a matrix, similarly as described in 3.5.3
(Figure 3.2B). Briefly, IPNs were prepared using 1 mL Luer-Lok syringes and a female Luer
thread style coupler. Alginate was dissolved in X-Vivo 10 medium and combined with
Matrigel® and the thymic organoids in one syringe. In another syringe, CaSO4 was combined
with cell culture medium. The contents of the syringes were mixed (10-12 times) and deposited
between glass plates to generate 1-mm-thick gels. Alginate was incubated at 37 °C and 5% CO2
for 1 h and then mechanically characterized.

Then, organoids encapsulated in IPNs were transferred to a 6 cm dish containing 4 mL of
Step 3 medium, which consisted of Lonza X-Vivo 10 base medium supplemented with 1 pM
all-trans retinoic acid and 2.5 pM IWRI1. On Day 8, 2 mL of Step 3 medium was added to the
dish.

On Day 10, the medium was replaced with Step 4 medium, consisting of Lonza X-Vivo 10
base medium supplemented with 10 ng/mL BMP-4 and 50 ng/mL. WNT3a. On Day 12, fresh
Step 4 medium was added to the culture. Organoids were harvested on Day 14 for further
analysis or co-culture experiments with pro-T cells.
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Figure 3.65. Schematic of IPN synthesis for mechanical characterization (A). Schematic of thymic
organoids embedding and post-fixation analysis.

Abbreviations: CaSO4: Calcium sulfate dihydrate. Created with https://www.biorender.com/

6.4.10 Widefield microscopy

Widefield microscopy was performed using an Eclipse Ti inverted fluorescence
microscope (Nikon), equipped with brightfield and fluorescence imaging capabilities for
imaging live cells in 6 cm culture dishes. Samples were visualized under 4x and 10x
magnifications. Brightfield images were captured to assess overall structure, followed by
fluorescence imaging using GFP (excitation: 488 nm, emission: 509 nm) and RFP (excitation:
561 nm, emission: 582 nm) filters to detect specific signals. Images were acquired sequentially
for each channel and saved for subsequent analysis.

6.4.11 Cryosectioning

Organoids encapsulated in IPNs were rinsed in PBS, fixed in 4% paraformaldehyde
overnight at room temperature, and washed three times with PBS. After washing, organoids
were immersed in 30% sucrose in PBS overnight (>12 h) at 4 °C. Next, organoids were
embedded in Tissue-Tek O.C.T. compound, frozen on dry ice, and immediately cryosectioned
or stored at —80 °C. 50-um-thick sections were cut throughout the entire height of the organoid-
loaded IPNs using a cryostat (CM 1950, Leica) at a temperature of ~—17 °C. Sections were
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placed on Superfrost Plus microscope slides and stored at —80 °C until immunofluorescence
staining.

6.4.12 Immunofluorescence staining

To ensure sample hydration during processing, a humidity chamber was constructed using
a pipette box with wet paper towels saturated with diH2O placed at the bottom, providing a
consistent humid environment. Fresh-frozen sections were immediately outlined with a
hydrophobic pap pen and processed without drying. O.C.T compound was removed from fresh-
frozen sections through three consecutive PBS washes (5—-10 minutes each). Blocking was
conducted at room temperature for 1 h using a solution of TrueBlack® Background Suppressor,
5% (w/v) donkey serum, and Fc block. Primary antibody staining was performed overnight at
4°C with antibodies diluted in a blocking solution, ensuring even distribution using parafilm.
Samples were washed and stained with secondary antibody cocktails at room temperature for 2
hours, followed by two consecutive PBS washes (5-10 minutes each) and nuclear staining with
SYTOX Green at a 1:30,000 dilution for 30 minutes. Finally, slides were mounted with an anti-
fade prolong medium and dried overnight in a dark, light-shielded area.

6.4.13 Fluorescent microscopy

Fluorescence microscopy was conducted using a Zeiss Axioscan 7 laser scanning confocal
microscope and a 20x objective. The 488, 555, and 647 nm channels were acquired
sequentially. Unless stated otherwise, images in the chapter represent single confocal slices of
50-um-thick organoid-loaded IPN cryosections.

6.4.14 Quantification of area, circularity, and fraction of segments

During the live tracking of fluorescent organoids, each marker's total fluorescent area (A)
and perimeter (P) were quantified using the analyze particles command. The circularity (C) of
the organoids was calculated using Equation (1). The marker’s area was quantified using
ImagelJ. Fluorescence images of organoids were converted to binary images. Each marker's total
A and P were quantified using the analyze particles command. The C of segments was
calculated using Equation (2).

_ 4tA

= 77 (2)
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6.5 RESULTS AND DISCUSSION

The aim of this chapter was to investigate the combination of engineered biomaterials and stem
cell progenitors for creating an ex vivo human thymic tissue. The biomaterials selected were a
combination of alginate and Matrigel® interpenetrating polymer networks (IPNs). The
experimental objectives were established in order to analyze the influence of the composition
variables in the mechanical properties and their subsequent influence on the development,
differentiation, and organization of thymic organoids :

1) Developing IPNs with different levels of viscoelasticity and stiffness to provide varied
mechanical environments.

2) Mimicking the mechanical properties of the native thymus using these IPNs to create a
supportive matrix.

3) Encapsulating neural crest cell (NCC) and thymic epithelial progenitor cell (TEPC)
derived thymic organoids within the IPNs.

4) Analyzing the development and structural organization of the thymic organoids within
the IPNs to understand how mechanical properties influence their maturation and
differentiation.

This systematic approach aims to create a biomimetic environment for thymic organoid
growth. It provides insights into how mechanical cues affect thymic tissue development and
offers potential strategies for regenerative medicine applications and T cell production.

6.5.1 Mechanical properties of the thymus

The thymus is a complex organ that undergoes a progressive involution over time,
characterized by the replacement of thymopoietic tissue—containing thymocytes and
supporting TECs—with adipose tissue. This process begins early, around 4-6 weeks of age in
mice (rapidly increasing in mice 1 day after birth to 4-6 weeks) and approximately 1 year in
humans, when other organs show minimal signs of aging, suggesting that thymic involution
may be an evolutionarily conserved phenomenon. This thymic involution finds a reason
occurring in two phases: an initial growth-dependent phase, where energy is redirected to other
organs once the TCR repertoire is established, and a subsequent age-dependent phase, mirroring
the aging processes seen in different tissues. This involution reduces the production of new
naive T cells and a constricted peripheral TCR repertoire. Consequently, thymic involution is
linked to an increased susceptibility to diseases such as cancer, infections, and autoimmune
disorders [498-500]. Therefore, understanding how the mechanical properties of the thymus
change over time during involution is crucial for accurately replicating its structural and
functional characteristics in experimental models.

Previous investigations from Prof. D. J. Mooney’s lab revealed that the mouse and
embryonic human thymus present comparable mechanical properties in terms of storage
modulus (G’), loss modulus (G’’), and viscoelasticity measured by tan delta (tan 6) when
analyzed by nanoindentation. Thus, in Figure 3.3, it could be observed that the thymus was
relatively soft and viscoelastic, that these mechanical properties were comparable between post-
natal and embryonic thymus, and that the thymus of embryos was very similar across species.
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The mouse embryonic thymus exhibited mechanical properties with a G' of approximately
1,500 Pa, a G" of roughly 700 Pa, and a tan o of approximately 0.48.
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Figure 3.66. Murine and human thymus present comparable soft viscoelastic mechanical properties. G’,
G’’, tan 6 of human and murine thymus were measured with nanoindenter.

Abbreviations: G’: Storage modulus. G’’: Loss modulus. Tan &: tan delta. Values represent the mean =+ standard
deviation (nz4).

6.5.2 ECM-mimicking IPN design and mechanical characterization

Mechanical cues within tissues and their surrounding three-dimensional (3D) extracellular
matrix (ECM) regulate tissue organization and morphogenesis. Previous studies have indicated
that the ECM’s passive viscoelastic properties significantly influence spatiotemporal tissue
organization [67,69]. Furthermore, the interplay between ECM stiffness and viscoelasticity is
essential for tissue growth dynamics, as recently demonstrated using spheroidal breast epithelial
cell cultures [245]. Thus, thymus morphogenesis is expected to be impacted by the matrix's
viscoelastic properties and stiffness.

Four gel conditions were developed to establish a controlled matrix environment,
encompassing a spectrum from viscoelastic to elastic properties (fast-relaxing to slow-relaxing)
and from soft to stiff mechanical characteristics (Figure 3.4A). Viscoelasticity was quantified
by measuring the relaxation time of the initially applied stress. Alginate was selected as the
base polymer due to its stability in mammalian systems; since mammalian cells lack the
enzymes to degrade alginate, any effects related to matrix degradation are minimized [434,497].
Moreover, by adjusting the molecular weight (MW) of alginate and the density of calcium
crosslinking (Figure 3.4B and Table 3.1), the relative viscoelastic properties of these gels were
independently tuned without altering stiffness, pore size or adhesive ligand density [488]. To
ensure consistent cell adhesion across all conditions and previous literature, Arg-Gly-Asp
(RGD) peptides were conjugated to the alginate polymer backbone, providing uniform cell
binding sites [245,497]. Additionally, prior studies have demonstrated that Matrigel and
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alginate can form homogeneous IPNs, which were leveraged in this design to enhance the
matrix’s structural and biochemical compatibility [501].
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B. Viscoelasticity

Stiffness
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Figure 3.67. Murine and human thymus present comparable soft viscoelastic mechanical properties
measured with nanoindenter.

Created with https://www.biorender.com/

First, the mechanical properties of the gels were measured using a nanoindenter, the same
instrument as the one employed for measuring the mechanical properties of the thymus.

Thus, stiff gels were produced with constant G' = 7,000 Pa, G" = 1,000 Pa, and E = 21,500

Pa; soft gels with G' = 1,200 Pa, G" = 270 Pa, and E = 3,750 Pa (Figure 3.5A, B and C). Soft
gels were in the G' and G" range of the analyzed thymus. Viscoelasticity is addressed by tan J,
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being more viscoelastic for those with higher ratios and more elastic for those with lower ratios.
However, in this case, no significant differences were observed between the fast-relaxing gels
(using LMW alginate) and the slow-relaxing gels (using HMW alginate) (Figure 3.5D). This
outcome can be explained by the manufacturer's recommendation that the punch diameter
should be approximately 1.3 mm for very soft gels. This requirement affected a large percentage
of the gel's surface, limiting the number of indentations performed on each gel and addressing
bulk instead of zone-specific properties.

Table 3.15. IPN conditions and parameters set up

IPN condition Alginate MW [Alginate] (%wt)  [Matrigel] (mg/mL) [CaSO4] (mM)
Stiff Slow HMW 1 3.69 11.71
Stiff Fast HMW 1 3.69 19
Soft Slow LMW 1 3.69 5
Soft Slow LMW 1 3.69 7.8

Abbreviations: IPN: Interpenetrating polymer network. MW: Molecular weight. CaSO4: Calcium Sulfate. HMW:
High molecular weight. LMW: Low molecular weight.
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Figure 3.68. Soft Fast-relaxing IPNs approximate the soft viscoelastic mechanical properties of the native
thymus. G’ (A), G’’(B), E (C), and tan 6 (D) of the four IPN conditions were measured with nanoindenter.

Abbreviations: G’: Storage modulus. G’’: Loss modulus. E: Elastic modulus. Values represent the mean + standard

deviation (nz7).

Thus, an alternative mechanical characterization approach was decided upon, utilizing a
compression test. This method allowed for E analysis and stress relaxation times. In this case,
the moduli ranged from soft E = 4,100 Pa to stiff E =~ 15,000 Pa, and the viscoelasticity from
more elastic, slower t70% relaxation time to more viscoelastic, faster t70% relaxation time

(Figure 3.6).
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Figure 3.69. Results of the bulk mechanical characterization using compression test unveiled similar
results to those of characterization with nanoindenter. Soft Fast-relaxing IPNs approximate the soft
viscoelastic mechanical properties of the native thymus. E (A) and t70% relaxation time (B) of the four IPN
conditions were measured with compression test.

Abbreviations: E: Elastic modulus. t70%: Time needed to reduce 70% of the initial stress. Values represent the
mean + standard deviation (n=3, experimental replicates). Each point is the mean of n > 3 technical replicates.

The differences between the E obtained by nanoindentation and the compression test lay in the
nature of these tests. Nanoindentation and compression testing differ significantly in their
measurement scale, type of loading, and the mechanical properties they assess. Nanoindentation
operates at the microscale or nanoscale, applying a localized load through a sharp or spherical
indenter to measure surface properties such as elastic modulus and hardness. In contrast,
compression testing evaluates bulk properties at the macroscale by applying a uniform load
across the sample's cross-section. It provides insights into compressive modulus, yield strength,
and time-dependent properties like stress relaxation. While nanoindentation focuses on
localized deformation, compression tests examine the overall structural response [502—-504].

6.5.3 Organoid preparation

TECs, originating from the bipotent precursors called thymic epithelial progenitor cells
(TEPC:s), differentiate into two distinct subsets: cTECs and mTECs. cTECs play a key role in
the positive selection of thymocytes, ensuring the survival of T cells with functional TCRs.
Meanwhile, mTECs are essential for negative selection, eliminating autoreactive T cells by
expressing tissue-specific antigens regulated by the transcription factor AIRE. On the other
hand, NCCs serve as crucial precursors for the mesenchymal cells involved in the organization
and structure of the thymus. During embryonic development, migrating NCCs contribute to the
mesenchymal compartment of the thymic microenvironment, providing structural support and
instructive signals essential for TEC development and organization. These mesenchymal cells
play a critical role in shaping the 3D architecture of the thymus and supporting TEC
differentiation into cortical and medullary subsets. The thymic stroma, formed by the
coordinated contributions of TECs, NCC-derived mesenchymal cells, and endothelial cells,
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establishes the functional environment necessary for T cell maturation. This stroma provides a
scaffold for thymocyte migration and selection while producing cytokines, chemokines, and
extracellular matrix components essential for developing a functional immune repertoire
[71,505].

Recent advancements in hPSC-derived thymic tissue engineering have highlighted the
critical role of supporting mesenchyme in promoting the development of TEPCs. However, the
mesenchyme studied to date has not been systematically engineered for thymic development or
designed to replicate the native thymic environment. During embryogenesis, TEPCs arise from
the third pharyngeal pouch of the differentiating endoderm, which interacts with mesenchyme
derived from migrating and differentiating NCCs. This interaction provides essential supportive
and instructive cues for thymic maturation [495,506-508]. Building on this developmental
framework, our approach combines differentiated TEPCs and NCCs to generate thymic
organoids.

6.5.4 ECM-mimicking IPN viscoelasticity regulates thymus morphogenesis

TEPCs and NCCs were differentiated from the pluripotent human embryonic stem cell line
H1 (H1), which was used in either fluorescent (H1-F1) or wild-type (H1-WT) form, depending
on the experiment. TEPCs derived from H1-FI expressed green fluorescent protein (GFP),
while NCCs expressed the red fluorescent protein (RFP) tdTomato. TEPCs and NCCs were
combined at a TEPC-to-NCC ratio (TEPC:NCC) of 1:3 to form thymic organoids before being
encapsulated in the IPNs of different conditions. H1-Fl-derived organoids were used to track
their reorganization and morphological changes during the first week. On the other hand, H1-
WT-derived organoids were collected at day 7 post-encapsulation and analyzed by
immunohistochemistry.

During the development of thymic organoids, NCCs initially outnumber TEPCs with a
proportion of 3 to 1 and become increasingly dominant over time, encapsulating the TEPCs and
contributing to the global organoid structure. Circularity remained largely stable in stiffer IPNs,
while softer gels exhibited distinct trends. In Soft Slow-relaxing IPNs, circularity decreased
significantly by day 3 and stabilized by day 5, whereas Soft Fast-relaxing IPNs showed a
progressive decrease in circularity throughout the observation period. In contrast, Stiff IPNs
maintained consistent circularity over time regardless of viscoelasticity (Figure 3.7).

These results highlight gel stiffness and viscoelasticity’s significant and complementary
roles in influencing thymic organoid morphology and spatial organization, underscoring their
pivotal role in shaping organoid structure. NCCs initially formed a ring-like structure around
the middle of the organoid, positioning TEPCs toward the poles and inner regions. Over the
week, this arrangement progressed to near-complete encapsulation of TEPCs by NCCs (Figure
3.8). This observation aligns with previous studies emphasizing the critical role of mechanical
cues in tissue morphogenesis and organoid development [62,63].
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6.5.4.1 Circularity analysis for assessing thymic organoid spatial reorganization in
ECM-mimicking IPNs
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Figure 3.70. Thymus organoids’ circularity changes depending on the mechanical properties of the ECM-

mimicking IPNs.
Abbreviations: IPN: Interpenetrating polymer network. Values represent the mean + standard deviation (n > 18).
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Figure 3.71. Live tracking of the fluorescent thymic organoids with widefield microscopy.

Abbreviations: Interpenetrating polymer network. GFP represents TEPC. RFP represents NCCs. Images were
captured at 4x magnification, providing an overview of the organoid distribution within the field. Scale bars
represent 500 pm.

6.5.4.2 Changes in TEPCs and NCCs area over time in ECM-mimicking IPN

To investigate these findings further, TEPCs and NCCs were independently analyzed to
examine their spatial organization within the different IPNs over time. By day 5, NCCs
displayed a homogeneous distribution within the organoid, with a remarkably higher
concentration around the ring-like structure. Conversely, TEPCs were observed to relocate
toward the poles and interior of the organoid, leaving the middle zone predominantly occupied
by NCCs. This redistribution confirmed our observations of distinct spatial organization
between TEPCs and NCCs (Figure 3.9).
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Day 5

Figure 3.72. Redistribution of TEPCs and NCCs within the organoid during the first week of encapsulation
in IPNs with varying mechanical properties imaged with widefield microscopy. Images show spatial
organization on day 1 (A), day 3 (B), and day 5 (C).

Abbreviations: TEPC: Thymic epithelial progenitor cell. NCC: Neural crest cell. IPN: Interpenetrating polymer
network. GFP represents TEPC. RFP represents NCCs. Images were captured at 4x magnification, providing an
overview of the organoid distribution within the field. Scale bars represent 500 pm.
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The total area of TEPCs and NCCs within the organoids decreased over time, with NCCs
consistently maintaining a larger and more constant area than TEPCs throughout the observed
period (Figure 3.10). This trend aligned with the observed spatial reorganization of TEPCs,
which progressively relocate toward the poles of the organoid. This dynamic suggests that, as
expected, NCCs may influence the structural arrangement and compaction of the organoid,
guiding the positioning of TEPCs regardless of the mechanical properties of the IPNs.
Moreover, these findings highlight the interplay between cell types during thymic organoid
development and suggest a coordinated process influenced by cellular interactions and
microenvironmental mechanical cues exerted by the IPNs.
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Figure 3.73. Thymus organoids’ circularity changes depending on the mechanical properties of the IPNs.

Abbreviations: TEPC: Thymic epithelial progenitor cell. NCC: Neural crest cell. Values represent the mean =
standard deviation (n > 17).
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6.5.5 Expression of thymus development markers in encapsulated thymic organoids

To investigate how viscoelasticity and stiffness influence thymus organogenesis, self-
organizing thymic organoids were encapsulated within IPNs with varying mechanical
properties and analyzed using immunohistochemistry (IHC) seven days post-encapsulation.
The analysis focused on detecting specific thymus development markers, including Keratin 8
(K8), Forkhead-box n1 (FOXNI1), Epithelial cell adhesion molecule (EpCAM), and Vascular
cell adhesion molecule-1 (VCAM1).

K8 is an intermediate filament (IF) protein often paired with K18 to form a keratin IF
network. Its expression is predominantly observed in cTECs, with a key subset of K5+K8+
cells located at the corticomedullary boundary of the thymus. Interestingly, previous studies
described that while the loss of K8 does not impair thymocyte development, it significantly
disrupts TEC morphology in both the cortex and medulla, leading to a marked depletion of
cTECs [509]. Consequently, K8 was selected as a marker for the thymic cortex and the
structural integrity of both TEC types in the thymus organogenesis.

FOXNT is a key transcription factor required for complete thymus morphogenesis. The
absence of functional FOXN1 leads to aberrant epithelial morphogenesis and an inability to
recruit lymphoid precursors to the thymus primordium [510]. Consequently, the loss of FOXN1
results in athymia, where the growth and differentiation of TECs are severely impaired,
restricting their development beyond an immature phenotype and preventing the attraction of
hematopoietic precursor cells. These two processes are essential for normal T cell
lymphopoiesis. FOXN1 is pivotal in regulating TEC patterning during the fetal stage and
maintaining TEC homeostasis in the postnatal thymus [511,512].

Although EpCAM is present in almost all adult organs and glands, it is a critical adhesion
molecule and structural marker in the thymus. It is essential for TEC function and thymocyte
development, playing a key role in positive and negative selection and maturation. EpCAM
expression is generally higher in mTEC [513,514].

VCAM1 is a high-affinity adhesive ligand for the integrin a4p1 (VLA-4) on thymocytes.
It is expressed in the thymic cortex by c¢cTECs and in the corticomedullary junction by
endothelial cells. In the cortex, VCAMI1 mediates interactions between immature thymocytes
and selecting elements on epithelial cells, playing a crucial role in thymocyte positive selection.
At the corticomedullary junction, VCAMI facilitates the migration of hematopoietic precursor
cells into the thymus, a necessary step for T cell development [70,515].

First, the formation of tissue-like structures in the thymic organoids was evaluated. Soft
IPNs showed different marker expressions within structures depending on their viscoelasticity.
Slow-relaxing IPNs diminished the expression of the markers K8 and FOXNI1. Regarding
EpCAM, its expression was distributed throughout the thymic organoid, with a notably higher
expression in a structured pattern localized to a circular zone (Figure 3.11, white box).
However, VCAMI expression was also notably diminished. On the other hand, in Soft Fast-
relaxing IPNs, the organoids exhibited a more structured pattern than in the Soft Slow-relaxing
IPNs, with regions resembling the organization characteristic of native tissue with a lumen
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towards the inner part of the structure (Figure 3.12, white boxes). Fast-relaxing IPNs
demonstrated high expression of the markers K8, FOXNI1, and EpCAM; while VCAM1
expression remained dimmed, it was observed within the same circular zone where EpCAM
was expressed.

Soft Slow

Nuclear

Nuclear

Figure 3.74. Representative fluorescent images of thymic organoids encapsulated and differentiated in
Soft Slow-relaxing ECM-mimicking IPNs.

Abbreviations: K8: Keratin 8. FOXN1: Forkhead-box n1. EpCAM: Epithelial cell adhesion molecule. VCAM1:
Vascular cell adhesion molecule-1. The images in each panel were captured at 20x magnification. The images in
dotted square white boxes present a zoomed-in view of a part of the organoid, allowing for a more detailed
observation of its morphology and structural features. Scale bars represent 200 ym.

Stiff IPNs demonstrated a viscoelastic trend similar to Soft IPNs; however, the overall
marker expression was reduced, and the distinct localized and structured patterns typical of Soft
IPNs were markedly diminished. Slow-relaxing IPNs exhibited faint marker expression,
minimal tissue-like patterns, and limited cellular organization. Structures highlighted within the
white boxes (Figure 3.13) appeared reminiscent of early differentiation and organogenesis
stages, as the absence of lumens—a hallmark of more advanced tissue and organ
development—indicates insufficiently coordinated mechanical and biochemical interactions
[64—66]. In contrast, Fast-relaxing IPNs, while exhibiting reduced marker expression compared
to Soft IPNs, displayed distinctly defined and organized patterns with clearly visible lumens
(Figure 3.14, white box).

These findings highlight the pivotal role of viscoelasticity in driving the development of
differentiated and organized structures in thymic organoids. Although stiffness influenced
tissue organization, its effect was less pronounced. The most structured patterns, including
defined lumens, were observed in Soft Fast-relaxing IPNs, demonstrating their superior
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capacity to support advanced tissue organization during thymic organoid development. Stiff
Fast-relaxing and Soft Slow-relaxing IPNs showed comparable outcomes, with Stiff Fast-
relaxing IPNs exhibiting a more distinct presence of lumens. In contrast, Stiff Slow-relaxing
IPNs produced the least differentiated organoids, underscoring that a stiffer, less elastic ECM
microenvironment hinders thymus organogenesis.

Soft Fast

Nuclear

Nuclear

Figure 3.75. Representative fluorescent images of thymic organoids encapsulated and differentiated in
Soft Fast-relaxing ECM-mimicking IPNs.

Abbreviations: K8: Keratin 8. FOXN1: Forkhead-box n1. EpCAM: Epithelial cell adhesion molecule. VCAM1:
Vascular cell adhesion molecule-1. The images in each panel were captured at 20x magnification. The images in
dotted square white boxes present a zoomed-in view of a part of the organoid, allowing for a more detailed
observation of its morphology and structural features. Scale bars represent 200 ym.

To quantitatively assess thymus development markers, the fractions of segments
expressing each marker were quantified relative to total nuclear staining within the organoids.

Soft Fast-relaxing IPNs exhibited the highest K8 expression, showing significant
differences from Stiff Slow-relaxing IPNs but no statistically significant differences with the
other IPN conditions. Notably, K8 expression in Soft Slow-relaxing and Stiff Fast-relaxing
IPNs was comparable, suggesting that their respective microenvironments exerted similar
effects on the expression of K8 during thymus organoid development. These findings
emphasize the dominant role of viscoelasticity in enhancing K8 expression, with Fast-relaxing
IPNs consistently showing higher K8 fractions compared to Slow-relaxing elastic counterparts.
Stiffness also influenced K8 expression, as stiffer IPNs exhibited lower levels, particularly in
Stiff Slow-relaxing IPNs. Again, this underscores the combined effects of viscoelasticity and
stiffness in shaping a microenvironment conducive to optimal K8 expression (Figure 3.15A).
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Stiff Slow

Nuclear

Nuclear

Figure 3.76. Representative fluorescent images of thymic organoids encapsulated and differentiated in
Stiff Slow-relaxing ECM-mimicking IPNs.

Abbreviations: K8: Keratin 8. FOXN1: Forkhead-box n1. EpCAM: Epithelial cell adhesion molecule. VCAM1:
Vascular cell adhesion molecule-1. The images in each panel were captured at 20x magnification. The images in
dotted square white boxes present a zoomed-in view of a part of the organoid, allowing for a more detailed
observation of its morphology and structural features. Scale bars represent 200 ym.

Significant differences in FOXN1 expression were observed between Soft Fast-relaxing
IPNs and all other conditions (Figure 3.15B). FOXNI, a critical transcription factor required
for complete thymus morphogenesis, was expressed at higher levels in Soft Fast-relaxing IPNs,
indicating that this condition supports a more advanced stage of thymus organoid differentiation
during the analysis period. Although no significant differences were detected between Stiff
Fast-relaxing and Soft Slow-relaxing IPNs, a slight trend toward higher FOXN1 expression was
observed in the Stiff Fast-relaxing condition. Conversely, Stiff Slow-relaxing IPNs consistently
exhibited the lowest FOXN1 expression, highlighting their unfavorable microenvironment for
thymus organoid development.

Similar results were observed for the fraction of EpCAM, with significant differences
between Soft Fast-relaxing IPNs and the other conditions (Figure 3.15C). Stiff Slow-relaxing
IPNs consistently exhibited the lowest EpCAM expression, highlighting their limited capacity
to support thymus development. EpCAM, a key marker for thymus development and epithelial

196



3D Encapsulation of thymic organoids in ECM-mimicking
IPNs to evaluate morphogenesis in vitro

organization, reflects the structural and functional integrity of thymic TECs. The elevated
EpCAM expression in Soft Fast-relaxing IPNs underscores the critical role of a more
viscoelastic and softer microenvironment in promoting advanced tissue organization and
differentiation of the organoids.

The combined findings for FOXN1 and EpCAM further solidify the conclusion that
viscoelasticity is the primary factor driving thymus organoid development. While stiffness is a
secondary, complementary factor, IPNs with viscoelastic properties consistently supported
higher marker expression levels, correlating with more advanced differentiation stages. These
results highlight the critical importance of designing IPNs that closely mimic ECM-like
mechanical properties to recreate a native thymus microenvironment, thereby optimizing the
conditions necessary to support thymus organogenesis.

Stiff Fast

Nuclear

Figure 3.77. Representative fluorescent images of thymic organoids encapsulated and differentiated in
Stiff Fast-relaxing ECM-mimicking IPNs.

Abbreviations: K8: Keratin 8. FOXN1: Forkhead-box n1. EpCAM: Epithelial cell adhesion molecule. VCAM1:
Vascular cell adhesion molecule-1. The images in each panel were captured at 20x magnification. The images in
dotted square white boxes present a zoomed-in view of a part of the organoid, allowing for a more detailed
observation of its morphology and structural features. Scale bars represent 200 ym.

Finally, the fraction of VCAMI1 was meager across all conditions, with no significant
differences observed (Figure 3.15D). This suggests that this marker was not yet prominently
expressed after one week of encapsulation at this stage of organoid development. This result
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aligns with expectations, as VCAMI is a protein typically associated with vascularization,
which occurs at later stages of thymus development [70,71].
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Figure 3.78. Fraction of K8, FOXN1, EpCAM, and VCAM1 in thymic organoids encapsulated in ECM-
mimicking IPNs.

Abbreviations: K8: Keratin 8. FOXN1: Forkhead-box n1. EpCAM: Epithelial cell adhesion molecule. VCAM1:
Vascular cell adhesion molecule-1. Values represent the mean + standard deviation (n > 4).
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6.6 CONCLUSIONS

The role of stiffness in tissue organization has been extensively discussed [516,517]. However,
the interplay between viscosity and elasticity in regulating tissue response has been less
understood until recent studies underscored its critical importance. The time-dependent
viscoelastic properties of the ECM are now recognized as key regulators of morphogenesis
[67,245]. While matrix viscoelasticity has been shown to influence single-cell behavior, its
effects on collective cell behavior still need to be understood. However, it is expected that tissue
organization is linked to the matrix's viscoelastic spectrum.

Considering our observations, Soft Fast-relaxing IPNs created an optimal ECM-mimicking
microenvironment for thymic organoids, providing mechanical cues that closely mimic the
mechanical properties of the native thymus. These mechanical cues promoted faster and more
advanced stages of thymus differentiation and development, highlighting their critical role in
guiding thymus organogenesis. Viscoelasticity emerged as a key regulator of spatiotemporal
tissue organization during thymus morphogenesis, initially guiding the reorganization of
TEPCs and NCCs within the thymus organoids and subsequently promoting the expression of
essential thymic markers, including K8, FOXN1, and EpCAM. Stiffness, while secondary, was
shown to play a complementary role in supporting proper thymus development.

This study highlights the synergistic yet distinct effects of viscoelasticity and stiffness on
tissue spatiotemporal organization. Beyond validating prior studies on the role of ECM
viscoelasticity [245], this research introduces a novel approach for achieving advanced thymic
differentiation in organoids. By incorporating mechanical cues alongside biological signals, this
work underscores the importance of engineering the mechanical microenvironment to support
correct thymus development.

Future perspectives for this work include developing a streamlined system to directly
facilitate TEPC and NCC reorganization and thymic structure formation within Soft Fast-
relaxing IPNs, bypassing the need for pre-synthesized organoids. Additionally, replacing
Matrigel with defined ECM proteins such as fibronectin, laminin, or collagen IV could enhance
the translational potential of this technology. These thymic structures could also be advanced
to a stage where pro-T cells are introduced into the gel, promoting their differentiation into fully
functional, mature T cells.
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7 GENERAL DISCUSSION

Integrating biomaterials into medicine has revolutionized the treatment of a wide range of
medical conditions, offering innovative solutions through advanced implants and polymer
technologies. The versatility, biocompatibility, and capacity for tailored engineering of
biomaterials have established their critical role in various applications, ranging from
implantable devices and drug delivery systems to tissue engineering and regenerative medicine
[433-435,518]. Among these biomaterials, polymers have been pivotal in advancing medical
technologies, enabling targeted therapies, supporting tissue regeneration, and creating advanced
in vitro 3D models that mimic native tissue properties [519]. A significant challenge within this
field is the interaction between the immune system and biomaterials, which often leads to
complex biological reactions that can compromise implant performance and tissue integration
[8,9]. Addressing these issues has become a significant research focus, driving innovations such
as polymer coatings functionalized to release anti-inflammatory drugs. These coatings enhance
implant integration, minimize foreign body reaction (FBR), and reduce post-surgical
complications [13,14]. Within this framework, this thesis addresses two distinct challenges.

The first part focused on designing drug-releasing polymer coatings for meniscus
prostheses to provide localized, sustained delivery of anti-inflammatory drugs. This approach
directly addresses a critical gap in the management of meniscus-related degenerative
pathologies, aiming to improve therapeutic efficacy, reduce systemic side effects, and minimize
the need for repeated intra-articular (IA) injections [269]. Incorporating drug delivery
technologies into prostheses and implants is crucial for achieving site-specific effects, which
can help manage pain, reduce inflammation and fibrosis, promote biocompatibility, and combat
bacterial infections [7,188—194].

Moreover, the knee joint is particularly dynamic, subject to continuous mechanical stress
from compression, tension, and shear forces during movement, such as walking and running.
These forces are compounded by the synovial fluid's motion and the articular cartilage's
deformation. This creates a complex environment for the meniscus prosthesis and its drug-
releasing polymer coatings that require optimized adhesion between materials [359]. Current
methods for surface modification have demonstrated significant potential in enhancing the
interface adherence between materials [360,361]. Thus, in this thesis, various surface
modification strategies, including physical and chemical modifications, were explored to
address these challenges to improve adhesion [367-371].

The second part of this thesis focused on hydrogels, characterized by their high water
content and tunable mechanical and biochemical properties. Hydrogels have emerged as
powerful platforms for tissue engineering due to their ability to mimic the extracellular matrix
(ECM), providing an optimal environment for cell growth, differentiation, and tissue
morphogenesis. Hydrogels also enable the creation of three-dimensional cellular models, which
are invaluable for replicating native conditions in vitro, simulating organ-like structures, and
studying immune system interactions through tissue engineering approaches. In particular,
spatial and temporal patterning is critical for proper tissue and organ development, growth, and
function. These patterns are significantly influenced by mechanical cues generated by the ECM
[485,486]. Among them, the time-dependent viscoelastic properties of the ECM, which range
from solid-like (elastic) to liquid-like (viscous) responses, have a profound impact on tissue
organization guiding morphogenesis, as demonstrated in organs such as the kidney [61,245].
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Additionally, the stiffness and composition of the ECM are key factors that influence cell
behavior, such as proliferation [487], differentiation [488], migration [245], and tissue structure
[489]. Understanding and recreating these dynamics is essential for developing functional
engineered tissues. The increasing emphasis on modulating and regenerating the immune
system has intensified research in immune system tissue engineering, aiming to replicate the
complex structure and function of immune organs such as the thymus, lymph nodes, and bone
marrow [473,474].

Together, these two parts show the versatility and potential of advanced biomaterials in
addressing critical challenges in drug delivery and tissue engineering. Building upon this
foundation, this PhD thesis was organized into three distinct chapters, addressing the following
topics:

1. The design of polymer coatings of meniscus prosthesis for the sustained release of anti-
inflammatory drugs.

2. The assessment of the adhesion of the anti-inflammatory-releasing polymer coatings to
meniscus prostheses to improve mechanical performance and its in vitro and in vivo
evaluation.

3. The 3D encapsulation of thymic organoids in ECM-mimicking hydrogels to evaluate
their morphogenesis in vitro under varying mechanical conditions.

Figures previously mentioned in the thesis are referred to by their original names, as
introduced in their respective chapters.

7.1 POLYMER COATINGS FOR THE SUSTAINED RELEASE OF ANTI-INFLAMMATORY DRUGS
FROM A MENISCUS IMPLANT

Meniscus implants or scaffolds that promote regeneration are a promising alternative to avoid
the onset of osteoarthritis (OA) after a meniscectomy [12]. For older patients, meniscus self-
regeneration is limited by the meniscus biology and aging biology [12]. Consequently, a non-
biodegradable prosthesis could be used as an artificial meniscus substitute. For those patients
who have undergone total meniscectomy and have incorporated the non-biodegradable
NUsurface® meniscus prosthesis, the use of anti-inflammatory drugs will be necessary for the
management of the post-surgical and long-term inflammation, providing symptomatic pain
relief and ensuring the integration of the prosthesis into the surrounding native tissues in the
knee cavity managing the FBR [13,14].

COX-2 inhibitors like celecoxib (CLX) and corticosteroids such as dexamethasone (DEX)
are widely used for inflammation and pain management. CLX, administered orally, is effective
in alleviating pain and chronic inflammation but can cause significant systemic side effects with
prolonged use, particularly in the gastrointestinal, renal, cardiac, and hematological systems
[15,16]. While topical application has fewer side effects, its efficacy in pain relief is often
limited [17]. CLX has demonstrated superior outcomes in improving knee function in OA
patients and protecting against cartilage degeneration, suggesting its potential as a disease-
modifying osteoarthritis drug (DMOAD) [18-22]. Similarly, DEX, commonly used via IA
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injection for severe knee pain, has shown promise as a chondroprotective corticosteroid at low
doses.

Given this context, our goal was to develop a novel delivery system for the localized,
sustained release of CLX to manage pain and control long-term inflammation with a targeted
release over 6 to 9 months and DEX to address excessive post-surgery inflammation with a
rapid release over 1 to 4 weeks. This approach aims to overcome the limitations of current [A
injections and systemic therapies, offering a more effective and targeted solution for managing
OA [20] (Figure 4.1).

An initial screening phase evaluated a range of polymer and drug combinations to optimize
release kinetics, considering factors such as polymer type and concentration, drug loading,
solubility, interaction with the polymeric matrix, and crystallinity. A PLLA/PCL (80/70 (w/w))
blend was selected for CLX release among the tested polymers. Including PCL in the PLLA
matrix accelerated CLX release, achieving an almost complete release after 1 year. Moreover,
the blend's ability to incorporate a higher CLX concentration (30 mg/mL) than other polymer-
drug combinations positioned it as a strong candidate for facilitating meniscus prosthesis
integration, requiring higher CLX doses and faster release kinetics [23,24]. For DEX delivery,
LMW-PLGA and PLA-PEG were identified as the most suitable candidates, offering controlled
release profiles beyond one week or sustained release within the first week, respectively.

Although solvent casting was initially explored for the synthesis of polymeric films based
on its simplicity, cost-effectiveness, and rapid preparation [25,26], dip coating was ultimately
employed. This technique, well-suited to the complex geometry of implants, enabled precise
layering and consistent drug release, making it ideal for fabricating the bilayer coatings [27,28].

Figure 1.17 shows a comparative release study that highlighted differences in the release
kinetics between the two prototypes (Prototype PLA-PEG and Prototype PLGA) which were
considered to be the best from the performance screening carried out (Figure 1.17). The faster
degradation and swelling of LMW-PLGA in Prototype PLGA facilitated a quicker release of
CLX from the underlying PLLA/PCL matrix compared to the slower, sustained release
observed with Prototype PLA-PEG. This discrepancy was attributed to the faster loss of
tortuosity in the PLGA layer, allowing direct buffer access to the CLX layer earlier.
Measurements of pH proved to be a more reliable indicator of the degradation of the bilayer
polymer coatings compared to thickness changes, which were directly influenced by the
microscope's angle and the sagittal cut's nature (Figure 1.18). The reduction in pH of the release
buffer observed in the in vitro setup indicated polymer degradation, with the acidification of
the medium resulting from this process. This acidic environment, in turn, affected the further
degradation of the remaining polymer coating through autocatalysis, accelerating the overall
degradation rate. However, these degradation results cannot be directly extrapolated to in vivo
degradation, where pH levels are expected to remain stable due to the synovial fluid turnover.
Despite this limitation, previous studies have shown that the degradation profiles of PLGA in
vitro and in vivo are comparable in terms of molecular weight reduction [29]. This similarity
may stem from the complex interactions between polymers and tissues, including potential
enzymatic involvement in the degradation process.
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It was demonstrated that buffer media where Prototype PLGA and Prototype PLA-PEG
were incubated exhibited excellent biocompatibility with human primary macrophages
(HMDMs), with no impact on macrophage viability at any assessed time point (Figure 1.23).
Since the release buffer included both the drugs and polymer degradation byproducts, these
results indicate that the hydrolytic degradation byproducts of the polyesters did not compromise
cell survival, aligning with previous studies and underscoring the non-toxic nature and
biocompatibility of the developed prototypes [30].

Importantly, the anti-inflammatory efficacy of the released drugs was also validated using
macrophages HMDMs. ELISA results demonstrated that both DEX and CLX maintained their
ability to regulate cytokine secretion (TNFo, CCL2, and PGE2) after being encapsulated and
subsequently released from the polymer coatings (Figure 1.25).

DEX effectively suppressed TNFa and CCL2 secretion at early time points, while CLX
primarily reduced PGE2 levels, consistent with its role in inhibiting the COX-2 inflammatory
pathway [31]. These findings confirm the synergistic anti-inflammatory effects of the two
drugs, with each playing a distinct role in inflammation modulation.

In summary, the development of a non-cytotoxic and biocompatible bilayer drug-releasing
polymer coating, consisting of a first layer of PLLA/PCL for the sustained release of CLX over
6-9 months and a second layer of LMW-PLGA for the fast release of DEX over 1-4 weeks,
presents a promising strategy for enhancing meniscus prosthesis integration and addressing
inflammation during post-surgical recovery through tailored drug release profiles.

7.2 OPTIMIZING THE ADHESION OF THE DRUG-RELEASING BILAYER POLYMER COATING TO
A MENISCUS PROSTHESIS

The drug-releasing polymer-coated meniscus prostheses must withstand substantial mechanical
forces within the knee cavity, requiring enhanced adhesion between the polymer coating and
the polycarbonate urethane (PCU) prosthesis to prevent delamination. To achieve this, surface
modification techniques are essential for improving the attachment of the drug-polymer
coatings and ensuring their durability under physiological conditions. However, while PCU is
biocompatible and durable, its hydrophobic nature, sensitivity to organic solvents, and the need
to preserve the geometrical wedge shape of the meniscus prosthesis present significant
challenges [32,33]. These factors render traditional modification methods, such as sand-blasting
[34], less effective and highlight the necessity for innovative approaches to enhance surface
interactions and maintain the coating’s integrity.

This study evaluated four surface modification strategies to improve the adhesion between
polymer coatings and the meniscus prosthesis through macroscopic and microscopic analyses.
Among these, femtosecond (fs)-pulse laser treatment was investigated for its capability to
precisely control surface roughness and structure across macro-, micro-, and nano-scales,
attributes particularly beneficial for biomedical applications [35]. Fs-pulse lasers are recognized
for minimizing thermal effects while generating complex surface geometries that promote
cellular activity [36]. The laser treatment allowed fine-tuning of parameters such as energy
input, modified surface area, pattern geometry, hole separation, and exposure time (Table 2.1),
providing a versatile tool for tailoring surface properties.
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While the grid-pattern modification improved the interaction between the coating and the
prosthesis, the laser treatment induced visible color changes, indicating potential alterations in
the prosthesis’s mechanical properties and structure caused by thermal effects. This color
change, likely caused by carbonization from excessive heat, indicated material decomposition
and the formation of a carbon-rich residue [37]. Consequently, this method was deemed
unsuitable for improving coating adhesion and was discontinued in favor of more reliable
approaches.

Then, chemical modification of the PCU prosthesis using oxygen plasma treatment was
evaluated as a strategy to enhance adhesion. This approach preserved the bulk properties of the
PCU prosthesis, maintaining its structural integrity [38,39]. The oxygen plasma treatment was
expected to introduce carboxyl (-COOH) and hydroxyl (-OH) groups on the prosthesis surface,
enhancing hydrophilicity and wettability [40,41]. These functional groups were hypothesized
to form hydrogen bonds with ester (COO) groups in the polymer coating, collectively providing
sufficient strength to improve adhesion under dry conditions [42].

The setup of this procedure was optimized to 6 minutes of processing at 52W (Figure 2.8
— conditions B5 and B6). This approach ensures efficient adhesion in dry conditions relying on
the H bonds without unnecessarily extending treatment time or increasing the power of the
electromagnetic field, thus minimizing potential material degradation. However, when tested
in wet conditions, these bonds' effectiveness was limited, raising concerns about their
functionality in the hydrophilic microenvironment of the knee cavity, where water molecules
can replace polymer-surface interactions. Additionally, the surface modifications induced by
plasma treatment are temporary, requiring the prosthesis to be processed and coated promptly
to ensure the improved adhesion persists [43].

Another chemical modification of the PCU prosthesis using a polydopamine (PDA) was
evaluated. PDA coating formation relies on the self-polymerization of dopamine [44]. This was
monitored by DLS, revealing consistent particle size growth up to 24 hours, confirming
progressive polymerization (Figure 2.9A). The reaction's visual transition from colorless to dark
brown further indicated dopamine oxidation and uniform PDA formation (Figure 2.9B). While
the resulting PDA coatings enhanced hydrophilicity and offered a versatile, noninvasive
method suitable for varying prosthesis geometries, the process required extended preparation
time, including oxygen plasma pre-treatment and 24 hours of polymerization. To further
address drug-releasing polymer coating adhesion challenges, a sacrificial PLA-PEG layer was
introduced after PDA coating. It was hypothesized that the hydrophilic PEG domain interacted
with the PDA surface, while the hydrophobic PLA domain facilitated attachment to the polymer
coatings. This approach significantly improved adhesion under dry conditions, with
macroscopic evaluations showing visible interaction fibers resisting delamination (Figure 2.10).
However, in wet conditions, the adhesion weakened as water molecules disrupted hydrogen
bonding between the prosthesis and coatings. Despite its promise, the method was ultimately
deemed unsuitable. These findings highlighted the need for alternative strategies to achieve
robust adhesion under both dry and wet conditions.

Finally, chemical modification of the PCU prosthesis with ethyl-2-cyanoacrylate (ECA)
was evaluated. ECA has been certified under USP Class VI and ISO-10993 standards, making
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it suitable for medical applications, such as surgical adhesives and biomedical device coatings
[45-47], and has already been described to adhere polymers to polyurethane [48].

ECA was dissolved in acetone [49] and optimized to a 40% (w/v) ECA solution, as it
maintained adhesive properties while significantly reducing viscosity, making it suitable for the
dip-coating of the meniscus prosthesis. ECA presented better stability of the adhesion under
wet conditions because it polymerizes under moisture [50], counteracting the limitations
observed with PDA and plasma treatments. Moreover, the ability to form flexible bonds was
advantageous for the dynamic environment of the knee cavity. The release kinetics remained
unchanged for DEX but were slightly accelerated for CLX, likely due to polymer restructuring
caused by chemical interactions between the cyano group in ECA and the PLLA/PCL. This
hypothesis was supported by the observation that DEX release from PLGA, which does not
contact the ECA layer, was unaffected by its presence (Figure 2.11).

Mechanical evaluation using Dynamic Mechanical Analysis (DMA) with a three-point
bending (TPB) setup was then conducted to quantitatively assess the physical and mechanical
properties of the modified PCU prosthesis, ensuring they closely mimicked the mechanical
needs of natural menisci. The mechanical properties of the ECA-coated prostheses were
superior compared to other modifications. The ECA adhesive layer significantly increased the
storage modulus (G'), indicating enhanced rigidity and solid-like behavior critical for providing
mechanical support in the knee's load-bearing environment (Figure 2.14A). Additionally, the
elastic modulus (E) of the ECA-coated prostheses was substantially higher than other
prototypes, reflecting improved stiffness and stability, essential for durability in the knee cavity
(Figure 2.14B). Despite these enhancements, the tan & values remained low and comparable to
uncoated prostheses, indicating that the ECA treatment preserved the balance between elastic
and viscous behaviors, ensuring optimal energy recovery during movement (Figure 2.14C).
Moreover, the ECA adhesive layer prototype exhibited the highest loss modulus (G"),
suggesting greater flexibility to accommodate diverse knee joint movements. All these
properties collectively demonstrate that the ECA adhesive layer not only improved adhesion
and mechanical stability but also retained the prosthesis’s ability to respond to dynamic forces.
Overall, the ECA-coated prostheses outperformed those untreated or treated with PDA or
plasma, establishing the ECA modification as the most promising candidate for meniscus
prostheses in the mechanically demanding knee environment.

PCU meniscus prostheses were evaluated in vivo in a sheep model due to their anatomical
similarity to the human meniscus [51-53]. To accommodate the geometrical characteristics of
the sheep meniscus prosthesis, the dip coating process was optimized. The prosthesis
orientation was adjusted from horizontal to vertical, and the concentration of the PLLA/PCL
layer was modified from 80/70 (w/w) with a CLX loading of 16.67% to 53/47 (w/w) with a
CLX loading of 16.6%. These adjustments preserved the prosthesis's mechanical properties,
prevented structural disruption during curing, and maintained the release kinetics relatively
unchanged, ensuring compatibility with in vivo conditions.

The final configuration using the ECA adhesive layer, the new orientation of the prosthesis
during the dip coating process, and the reduction of the polymer concentration of the CLX-
releasing layer was evaluated in a bioreactor simulating gait and the two predominant forces
acting on the meniscus during movement: compression and shear [54,55]. Mechanical stress
accelerated drug release from prostheses in a bioreactor compared to non-stimulated controls,
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with 67% of DEX and 40% of CLX released under stimulation versus 59% and 25%,
respectively, in controls. Despite the faster release, the profiles remained consistent, suggesting
that mechanical forces primarily altered drug-polymer interactions rather than significantly
increasing polymer degradation. The DEX layer, composed of amorphous PLGA, showed
minimal differences in the release under stress, while the semi-crystalline PLLA/PCL layer for
CLX exhibited a more pronounced response, likely due to PLLA’s brittleness under
compression [417]. Importantly, the release timelines remained aligned with the original
design. Moreover, macroscopic and microscopic evaluations demonstrated that mechanical
stimulation in the bioreactor influenced the degradation of polymer-coated prostheses (Figure
2.21). By week three, stimulated prostheses exhibited smoother surfaces and reduced pore sizes
(~80 um to ~40 pm), likely due to shear forces displacing polymer material, compared to slight
pore enlargement in controls. Despite these changes, the polymer coatings remained attached
to the PCU prostheses with no delamination, showcasing the durability and strong adhesion
provided by the ECA adhesive layer. These findings confirm the coating’s stability and
suitability for the demanding mechanical environment of the knee cavity.

Ethylene oxide (ETO) was selected as the sterilization method for the coated sheep
prostheses due to its ability to preserve drug stability, maintain release kinetics, and avoid
structural damage to the polymer coatings. While hydrogen peroxide (H20:) plasma
sterilization was initially considered, it severely damaged the polymer coatings, particularly the
PLGA upper layer, and posed risks due to high operating temperatures and extended UV-light
exposure, which could degrade DEX [56,57]. In contrast, ETO sterilization was conducted at a
safe temperature of 38°C, below the critical Tg and Tm of the polymers, and avoided UV
exposure. To address concerns about potential toxic residues [45,56], a 48-hour aeration step
was implemented, ensuring residue-free prostheses. ETO sterilization also demonstrated no
adverse effects on drug release kinetics or drug loading (Figure 2.23), making it the most
suitable method for in vivo studies. Finally, the optimized drug-releasing polymer-coated
meniscus prostheses were tested in vivo in sheep. The primary objectives of this experiment
were to develop a successful fixation technique and confirm that the polymer coatings of the
coated meniscus prostheses could withstand the mechanical forces in the sheep's knee cavity.
These objectives were achieved, as the coated prostheses demonstrated both mechanical
integrity and improved fixation outcomes compared to the uncoated prosthesis. Future studies
employing the same fixation technique for both groups would enable a more robust, direct
comparison.

Histological analyses revealed differences between the groups (Figure 2.25). The
meniscectomy group (no implanted meniscus prosthesis) exhibited the best outcomes in the
short term, with minimal cartilage damage and no osteophyte formation or significant
subchondral bone thickening. However, this group lacked an unloading device like the
meniscus prosthesis, potentially leading to progressive degeneration of the knee cavity
structures over time. In contrast, the uncoated prosthesis group showed the most severe
indicators of OA, including significant cartilage fibrillation, extensive fibrocartilage formation,
and notable subchondral bone thickening. These outcomes reflected the lack of an anti-
inflammatory mechanism and poor fixation stability, necessitating early sacrifice in this group.

The coated prostheses appear to perform better than the uncoated group across all

evaluations. Toluidine blue staining revealed that the coated prosthesis minimized cartilage
damage, with scores approaching those of the meniscectomy group. Additionally, the coated
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prostheses reduced chondrocyte clustering, fibrocartilage formation, and osteophyte presence
compared to the uncoated prostheses, suggesting a protective effect generated by the sustained
release of DEX and CLX. Subchondral bone thickening was also less pronounced in the coated
group, further indicating its role in mitigating OA progression. However, all these data should
be taken cautiously due to the lack of statistical significance associated with the small number
of animals.

Importantly, the coated prostheses showed potential in mitigating the FBR, as evidenced
by reduced fibrocartilage formation. This process is linked to inflammatory pathways, including
TNF-a and IL-1, which are involved in fibrous capsule formation. The anti-inflammatory drugs
released from the coating were hypothesized to be the reason for effectively decreasing this
process in the sheep. These results align with our in vitro findings, further supporting the
hypothesis that the drug-releasing bilayer polymer coating reduces acute and chronic
inflammation, thereby minimizing fibrous tissue formation associated with FBR around the
meniscus prosthesis [58,59].

In conclusion, the study underscores the need for a larger sample size, extended follow-up
periods, and more precise controls to fully validate these promising initial findings. The bilayer
drug-releasing polymer coating demonstrates considerable potential in improving meniscus
prosthesis outcomes and preventing OA progression. Thus, this study should be regarded as a
pilot in vivo investigation, providing valuable insights into the ability of the polymeric coatings
to withstand the mechanical forces in the knee cavity and identifying the most effective
prosthesis fixation technique within the joint.

7.3 3D ENCAPSULATION OF THYMIC ORGANOIDS IN ECM-MIMICKING IPNS TO EVALUATE
MORPHOGENESIS IN VITRO

T cell receptor (TCR) repertoire formation occurs during T cell development and maturation in
the thymus through tightly regulated events within specialized zones. During this process,
distinct signals and cell types direct thymocyte differentiation into fully functional T cells. The
thymic microenvironment's spatial organization and mechanical properties, including the ECM
and tissue architecture, play critical roles [60].

This chapter explores how the mechanical properties of ionically crosslinked alginate
hydrogels, modified to incorporate ECM-associated proteins and form interpenetrating polymer
networks (IPNs), impact thymus organoid development. The hydrogels' ability to resist
mammalian cell degradation allows for independent tuning of viscoelasticity, stiffness, and
ligand density. Also, their ionic crosslinking can adapt to the different stress relaxation rates of
developing tissues while maintaining stability in culture over several weeks [61].

Thymus organoids, composed of thymus epithelial progenitor cells (TEPCs) and neural
crest cells (NCCs) derived from human embryonic stem cells, were encapsulated in four [PN
formulations with distinct mechanical properties. The moduli ranged from soft E =~ 4,100 Pa to
stiff E = 15,000 Pa, and the viscoelasticity from more elastic, slower t70% relaxation time to
more viscoelastic, faster t70% relaxation time (Figure 3.6).

These organoids were cultured and tracked over one week to assess cell rearrangement in
response to mechanical cues. During thymic organoid development, NCCs initially outnumber
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TEPCs in a 3:1 ratio and progressively encapsulate the TEPCs, shaping the organoid structure.
Circularity analysis revealed stable morphology in Stiff IPNs, regardless of viscoelasticity,
while Soft IPNs showed distinct trends: Soft Slow-relaxing IPNs experienced a sharp decrease
in circularity by day 3, stabilizing by day 5, whereas Soft Fast-relaxing IPNs showed a gradual
decrease throughout the observation period (Figure 3.7). These findings highlight the
complementary roles of stiffness and viscoelasticity in influencing organoid morphology and
spatial organization. NCCs formed a ring-like structure around the organoid's middle,
progressively encapsulating TEPCs over time (Figure 3.8), demonstrating the importance of
mechanical cues in organoid development and tissue morphogenesis [62,63].

Immunohistochemistry analysis revealed that the mechanical properties of the ECM
significantly influence thymic tissue development, including the formation of tissue-like
structures and the expression of key developmental markers, underscoring the pivotal role of
viscoelasticity in establishing structured, tissue-like patterns within thymic organoids.
Regarding the formation of tissue-like structures, Soft Fast-relaxing IPNs demonstrated the
most advanced structures, with the presence of lumens indicating progression toward mature
tissue organization (Figure 3.12). Conversely, the absence of lumens in other conditions
indicated limited differentiation, highlighting insufficient coordination of mechanical and
biochemical cues [64—66]. Stiff Fast-relaxing IPNs slightly supported lumen formation and
tissue-like structures, suggesting that stiffness complements viscoelasticity in driving thymic
morphogenesis. In contrast, Soft Slow-relaxing IPNs displayed limited complexity with less
lumen formation, and Stiff Slow-relaxing IPNs lacked lumens and organization altogether,
emphasizing the necessity of a viscoelastic ECM-like environment for proper thymic tissue
development, supporting previous investigations highlighting its role in tissue development and
cell instruction [67—69].

Lastly, the analysis of thymus development markers revealed significant differences in
expression across IPNs with varying mechanical properties. Soft Fast-relaxing IPNs
consistently promoted the highest expression levels of K8, FOXNI, and EpCAM, markers
critical for thymus organogenesis. Significant differences in K8 expression were observed
between Soft Fast-relaxing and Stiff Slow-relaxing IPNs, while other conditions showed
comparable levels, highlighting the dominant role of viscoelasticity in enhancing K8
expression. FOXN1, essential for thymus morphogenesis, exhibited significantly higher levels
in Soft Fast-relaxing IPNs compared to all other conditions, with Stiff Slow-relaxing IPNs
showing the lowest expression. Similarly, EpCAM, associated with the epithelial organization,
was significantly elevated in Soft Fast-relaxing IPNs compared to other conditions,
emphasizing their superior capacity to support advanced tissue differentiation. Conversely,
VCAMI1 expression was uniformly low across all conditions, with no significant differences,
consistent with its role in later stages of thymus development [70,71].

This part of the thesis underscores viscoelasticity as the primary driver of thymus organoid
maturation, while stiffness plays a secondary yet complementary role. It emphasizes the
importance of optimal mechanical properties of the ECM-mimicking IPNs to optimize thymus
organogenesis.
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8 CONCLUSIONS

C1: A bilayer polymer coating technology was designed for the sequential release of two
anti-inflammatory drugs, DEX and CLX, with distinct release kinetics. Two prototypes—
Prototype PLGA and Prototype PLA-PEG—achieved the targeted release profiles of DEX over
1-4 weeks and CLX over 6—9 months, demonstrating the feasibility of localized, controlled
drug delivery.

C2: Prototype PLGA demonstrated more consistent and reproducible drug loading
compared to Prototype PLA-PEG and supported sustained release kinetics without interference
from the degradation of the upper DEX-loaded layer. Its faster degradation rate resulted in an
earlier acidification of the medium. In contrast, the slower degradation of the PLA-PEG upper
layer delayed acidification and contributed to a slower release of CLX from the bottom
PLLA/PCL layer. Both prototypes displayed distinct hydrolytic degradation profiles influenced
by the properties of their polymeric matrices.

C3: When tested with human macrophages (HMDMs), both prototypes showed excellent
biocompatibility, no toxicity, and effective anti-inflammatory activity in vitro.

C4: Prototype PLGA was selected for further development due to its reproducible drug
loading, controlled degradation, and ability to maintain desired release kinetics. These
characteristics make it a more reliable candidate for application on anatomically relevant
meniscus prostheses in preclinical studies.

CS5: The incorporation of an ECA adhesive layer significantly improved the adhesion of
the bilayer drug-releasing polymer coating to the PCU meniscus prosthesis, as confirmed
through macroscopic and microscopic evaluations. Compared to other adhesion enhancement
methods explored in the chapter, such as PDA coating and plasma treatment, the ECA-based
approach exhibited superior mechanical properties (G', G", and elastic modulus), making it
highly suitable for the knee cavity's demanding mechanical environment. The ECA layer
preserved the viscoelastic balance (tan 8) of the uncoated PCU prosthesis, ensuring the
mechanical integrity of the prosthesis was maintained. Additionally, the incorporation of this
ECA layer maintained the drug release kinetics relatively unaltered.

C6: The drug-releasing polymer coating was successfully adapted to the sheep meniscus
prosthesis by modifying the CLX-releasing PLLA/PCL layer concentration and reorienting the
prosthesis during the dip-coating process. These adjustments ensured a homogeneous polymer
coating while preserving the prosthesis's complex structure, improving drug distribution and
overall coating effectiveness. This optimization aligned the coating with the physical and
mechanical demands of the sheep meniscus prosthesis.

C7: Ex vivo evaluations in early-OA simulated synovial fluid (SSF) within a bioreactor
revealed that mechanical forces did not significantly damage the polymer coating but influenced
its surface structure and accelerated drug release kinetics, particularly CLX.

C8: ETO sterilization was selected as the optimal method to preserve coating and drug

integrity, with no adverse effects on drug release kinetics or loading.
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C9: In vivo studies demonstrated that the optimized coated prostheses outperformed
uncoated prostheses in reducing osteoarthritis progression markers while remaining securely
attached without delamination. Although, as expected, the meniscectomy group showed
superior outcomes in the short term, the coated prosthesis showed significant promise as an
alternative treatment, warranting further evaluation with larger sample sizes and longer study
durations.

C10: Mechanical cues provided by the ECM, particularly viscoelasticity, played a critical
role in guiding the spatial reorganization of TEPCs and NCCs within thymus organoids. Soft
Fast-relaxing IPNs effectively mimicked the mechanical properties of the native thymus,
promoting the formation of organized cellular patterns where NCCs encapsulated TEPCs,
supporting early morphogenesis.

C11: Viscoelasticity emerged as the primary factor driving the development of tissue-like
structures within thymic organoids. Soft Fast-relaxing IPNs facilitated the formation of
advanced structures, including lumens, indicative of native thymus organization and tissue
development. In contrast, stiffer and purely elastic environments hindered lumen formation and
limited structural complexity.

C13: The viscoelastic properties of the ECM significantly enhanced the expression of key
thymic markers such as K8, FOXN1, and EpCAM, crucial for thymic differentiation and tissue
development. Soft Fast-relaxing IPNs showed the highest marker expression, demonstrating
their ability to support advanced thymus organogenesis. Conversely, slower-relaxing and stiffer
environments exhibited reduced marker expression, underscoring the importance of tuning
ECM mechanics to achieve optimal thymic differentiation.
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DL: Drug loading

DLL: Delta-like ligand

DoE: Design of experiments
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DSC: Differential scanning calorimetry
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EpCAM: Epithelial cell adhesion molecule
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F: Force
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MKP-1: Mitogen-activated protein kinase phosphatase-1
Ms: Mouse

MTP: Medial tibial plateau

NaN3: Sodium azide

NCCs: Neural crest cells
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NSAID: Non-steroidal anti-inflammatory drug

OA: Osteoarthritis
Ox-HA: Oxidized hyaluronic acid

PAI: Polyamide-imide
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PCU: Polycarbonate urethane
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PLA-PEG: Poly(lactic acid)-poly(ethylene glycol) di-block copolymer
PLGA: Poly(lactic-co-glycolic acid)
PLLA: Poly(L-lactide)

PMMA: Polymethyl methacrylate

POM: Polyoxymethylene

PSS: Poly-styrene sulfonate

PTFE: Polytetrafluoroethylene

PVA: Polyvinyl alcohol

PGE?2: Prostaglandin E2

P: Perimeter

Pos: Positive control
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List of abbreviations

R2: Correlation coefficient
RIMP: Rifampicin
ROS: Reactive oxygen species

SSF: Simulated synovial fluid

T: stress

TB: Toluidine blue

TCR: T cell receptor

TEC: Thymic epithelial cells

TEPC: Thymic epithelial progenitor cells
TFA: Trifluoracetic acid

TGF: Transforming growth factor

Th: T Helper

Tg: Glass transition temperature

TCC: Cold crystallization temperature
Tm: Melting temperature

UPLC: Ultraperformance liquid chromatography
UV: Ultraviolet

v: Poisson’s ratio
VCAM: Vascular cell adhesion molecule
v/v: Volume to volume
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w/v: Weight to volume
w/w: Weight to weight

Xc: Crystallinity

YMI1: Chitinase-like protein

Zn: Zinc
Z10»: Zirconium dioxide
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Ethical considerations

ETHICAL CONSIDERATIONS

Cell culture

Studies using human-derived monocytes in Chapter 1 were conducted at Humanitas Research
Institute (Milano, Italy) in accordance with Italian and European law. Monocytes were isolated
from the buffy coats of blood donations. Buffy coats were obtained from anonymous healthy
blood donors at Instituto Clinico Humanitas (ICH) (Milano, Italy). The ethical committee at
ICH provides favorable confirmation for their use in basic scientific research activities. Their
use does not involve any ethical problem regarding the informed consent or the privacy of the
donor.

The human embryonic stem cells (hESCs) used in Chapter 3 of the thesis are the cell line
WAO1 (H1), which has the National Institute of Health (NIH) Approval number NIHhESC-10-
0043. Chapter 3 of the thesis was carried out in Boston (USA) in 2024.

The cell line received NIH approval on 01/29/2010. It is available for distribution by
provider WiCell Research Institute. The cell line does not present any NIH restriction. The NIH
has developed its current NIH Human Embryonic Stem Cell Registry comprised of lines that
have been submitted, reviewed, and judged eligible for use in NIH-funded research per the 2009
NIH Guidelines on Human Stem Cell Research. For more information on this process, please
refer to NOT-OD-10-020 (December 2, 2009) "First Human Embryonic Stem Cells Approved
for wuse under the NIH Guidelines for Human Stem Cell Research"
https://stemcells.nih.gov/registry/eligible-to-use-lines. Thymic epithelial progenitor cells
(TEPCs) and neural crest cells (NCCs) were derived from this H1 cell line.

Animal studies

The animal studies in Chapter 2 were conducted in Israel at Shamir Medical Center and
approved by the Shamir Medical Center Institutional Animal Care and Use Committee under
permit number AHMC-IL-2303-115-3. When sheep displayed excessive discomfort, they were
euthanized using potassium chloride at the end of the experiment or before. Alternatives to the
study were examined in Good Search Practice on Animal Alternative-EU and deemed
unsuitable for the experiment's needs. Dr. Emmanuel Loeb carried out a histopathology
evaluation at Patho-Logica, Ltd. (Israel) under study number HUM-1549-HIS.

Furthermore, even though not included in this PhD thesis and due to the situation in Israel,
animal studies in sheep also received approval from Ministero della Salute Italiano
autorizzazione 388/2024-PR (Risp. a prot. 30111.29) to be carried out in Bari (Italy).
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COMITATO ETICO INDIPENDENTE

Istituto Clinico Humanitas - IRCCS

14.11.2012

“II Comitato etico di ICH ha esaminato il caso di impiego per attivita di ricerca scientifica di base di
“buffycoats” provenienti da processamento di campioni di sangue prelevati da donatori volontari
sani e forniti a ICH da centri trasfusionali autorizzati.

I buffy coats vengono forniti sulla base di specifiche convenzioni in sacche anonimizzate
completamente despletate da piastrine per cui essi “sono da ritenere scarti finali del frazionamento
del sangue donato” non pili quindi riutilizzabili per fini trasfusionali né per produzione di farmaci
emoderivati. .

11 Comitato etico di ICH ha pertanto espresso parere favorevole in via generale al loro impiego in
attivita di ricerca di base non rilevando I'insorgere di problematiche etiche in ordine al consenso
informato e sotto il profilo della tutela della privacy del donatore.”

Rozzano, 14 Novembre 2012

Istituto Clinico Humanitas Via Manzoni 56 Telefono 02.8224.7216
20089 Rozzano (Milano) Fax 02.8224.7208
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DN *7y22 0"1017 NFToINN NTVIN - KDNN fOKX 'XI9DN 2NN

Shamir Medical Center - Institutional Animal Care and Use
Committee

DN '7y2 DY '10" ND"MYT NIYUX

Permit for an Animal Experiment Protocol

Permit number I AHMC - IL - 2303-115-3 I 1901 10 YN
Valid froml 12/03/2023 In YRD Q7N
to| 12/03/2027 [
Awarded to IUdi Willenz | a7 "nx| ELD!
Institute name |Shamir Medical Center | X9 QOKX 'RI9N r)mn| Tomn oY
Species Quantity of animals n''nn *Sy2 100D D''n *7¥1 a10
Swine TN
Sheep 18 (Jab)

NMNNDY NN NYRI] 0YN *791] 0101 NDNIY7 JNYRA NIX 1IN N'Y2] 01017 NFTomn NN

w2> HTIN2 71122 0IPO1INN NNMD INNYW OA (osteo arthritis) ¥aIDW [9182 'PYN 01PO1ID [T2IR2 YID'O

X7W ypann 120 T WNN 0N 72021 0110 - 0N 7V WY 2IN7 DXNND IYIXT AN ANIK ORYNI
-n"y11 01017 NTOMN ATV YR DX 7277 720 nwR1] NI NNITYN9NN NIV0Y

The institutional amimal care and use committee reviewed your application to conduct
experiments in animals in the research proposal entitled:

To treat partial meniscus loss in a way that prevents an epidemic of post-meniscectomy knee OA in sheep model

And found it acceptable for approval according to the Animal Welfare Law — Expermients in
Animals 1994. You are requested not to deviate from the procedures outlines in you application without the approval of
the IACUC.

Chairman IACUC MNOX +u| nrTomn AT "
Signature | | nn‘mn
Date | 12/03/2023 | S
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Approval No. 3 —115-2303 — IL ~AHMC
The Institute Name - Shamir Medical Center (Assaf Harofeh)

The Study

The Study Subject in Hebrew To treat partial meniscus loss in a way that
prevents an epidemic of postmeniscectomy
knee OA in sheep model

The Study Subject in English To treat partial meniscus loss in a way that
prevents an epidemic of postmeniscectomy
knee OA in sheep model

Is this a Continued Study? New

The Previous Study No.

Is it a Service Study for a Third-Party Institute?

The Ordering Institute Name Mefisto

The Ordering Researcher Name

The Approving Party in the Ordering Institute

The Approval Term (in Years) 4 Years
The Study Premises In the institute itself
And
Identification Type ID Identification No.
Forename in Hebrew Surname in Hebrew
Forename in English Surname in English
Institute Name Shamir Medical
Center (Assaf
Harofeh)
Date of birth Email
Phone No. Another Phone
Department Faculty Shamir Medical
Center (Assaf
Harofeh)
Qualification no. in MD2031017
the Study Institute
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Participants in the Study and their Qualifications
Participant No. 1:

Surname Forename ID/Passport No. | Relation to the Study | Qualified
Study participant Yes
Qualification
No. Certification No. Certification Animal Type
Granting Institute

The Experiment Details
Primary Objective Promoting health, medicine, and

alleviation of suffering

Testing or producing materials or items

Secondary Objective
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Summary of Study and the Purpose of Using Animals in the Study

What is the scientific topic under The most common method for the

investigation? treatment of meniscal lesions worldwide
remains meniscectomy. An estimated
700,000 to over 1 million arthroscopic
partial meniscectomies performed annually
in the U.S., associated with estimated
annual direct medical costs of $4 billion.
The frequency of meniscal sutures is 10-
times lower, when compared with
meniscectomy. Meniscal substitution with
allografts represents an infinitesimal part of
the treatment, being applied 600 times less
than meniscectomy. The consequence of
meniscectomy is well known, however the
potential impact on certain sectors of the
population with risk factors predisposing
them to more rapid OA progression, is
significantly underestimated. MEFISTO
aims to provide a clear definition of these
morphological risk factors and an
algorithm for personalized treatment of
these patients. Currently there are no
guidelines or any predictive factors for the
progression of OA of the knee post
meniscectomy. The early identification and
treatment of high risk patients pre-disposed
to OA after meniscectomy is vital.
Currently most patients present to the
surgeon when OA is already established
and it is too late for reconstructive
procedures, thus leading to sacrifice of the
joint. Moreover, the project will provide
clear socio-economic analysis of meniscal
substitution in Europe. The ambition of the
present project is to provide a meniscal
substitute ready for clinical trials that will
promote revascularization of the meniscal
scaffold in its peripheral zone, while
leaving a central avascular zone,
mimicking the native meniscal tissue and
to transform existing unloading prosthesis
into an active drug delivery system,
capable of controlling the inflammatory
environment in the joint. Extremely
innovative technologies including patient
specific customized 3D-bioprinting,
dendrimer functionalised bio-inks and GFs
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loaded nano/micro-particles will be utilised
to achieve this aim. Simultaneous control
of the mechanical and inflammatory
environment is an innovative concept,
which unlocks enormous. possibilities for
the development of this system for OA
treatment

What is the relevant background to the
study?

MEFISTO will develop two novel
solutions to treat meniscus loss as a
strategy for preventing the onset of an
epidemic of post-meniscectomy knee
osteoarthritis (OA) in Europe
Morphological profiling will identify the
population of patients who, after meniscal
resection, are at higher risk of early
compartment degeneration, providing a
personalized approach for the patient. The
two different: reconstructive strategies are:
1) a controlled vascularized bioactive
biodegradable meniscal scaffold, which
will regenerate the native meniscus. This
strategy will address younger patients with.
early osteoarthritic changes

i1) a bioactive non-biodegradable meniscal
prosthesis, which will act as a mechanical
unloading device and a drug delivery
system, with the capacity to modulate the
inflammatory environment. This strategy
will address patients with advanced OA

What is the specific study question in the
request and the scientific rationale behind
it?

A socio-economic analysis of the efficacy
of existing meniscal substitutes will
complete the project. This analysis is of
vital importance for the European
healthcare system, as it will provide a clear
understanding of the costs and benefits of
current clinical practice and predict the
impact of the two new interventions.

The technological innovation lies in the
development of biologically active
functionalized nanobiomaterials that can
interact with the surrounding articular
tissues. The biodegradable scaffold will
promote revascularization in the peripheral
zone, while leaving the inner zone
avascular, reflecting the native meniscal
tissue and functionalization with
modulation of inflammation.
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The impact is expected to be significant as
so many patients have undergone or will
undergo meniscectomy. The interventions
developed in MEFISTO will prevent these
patients from receiving joint-sacrificing
procedures such as metal prosthesis whilst
reducing the social burden, associated costs
and high levels of morbidity resulting from
OA.

What is the proposed use of animals, and
why is it suitable to address the study
question?

In vivo animal models are essential and
instructive to understanding the
performance of the scaffolds prior to
implantation into patients. These
assessments can then be used to develop
further iterations to improve scaffold
performance and surgical implantation
technique before use in a clinical setting.
Furthermore, the aim of MEFISTO is to
develop a meniscal substitute that
translates to the clinic and so this is vital
for understanding how the scaffold
performs.

What are the anticipated outcomes of this
research?

The in vivo animal models will provide the
basis for understanding the performance of
the prosthesis in a clinical situation and
will provide important feedback for
improving the meniscal scaffold design and
the implantation surgical technique. The
expected output of this study is to
determine if the designed scaffold, and its
implant surgical technique, are suitable for
human. implantation or if there are any
technical improvements to be made.

Please provide a justification for utilizing
animals for this study.

After the initial laboratory proof-of-
concept stage, there is a need to progress
with tests on large, weight-bearing animals
that optimally replicate the physiology of
human bone formation, enabling an
understanding and examination of these
mechanisms.

Were there any phases in the research
conducted using alternative methods?

Yes

Details of prior experiments.

Preliminary studies were performed using
in vitro models to choose appropriate
models for evaluating meniscus substitutes,
based on their clinical application.

Were alternatives considered?

Yes
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The methodology of searching for
alternatives.

Good Search Practice on Animal
Alternative-EU

Detail alternative search method

Results of the search for alternatives.

The selected model cannot be replicated in
a lab or through a numerical model as they
necessitate the physiological conditions
and the tissue’s response to the apparatus
over time, and tissues will also be taken for
histopathology; hence, long-term animal
trials are essential.
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Animals Required for the Study
No. Ammal Quantity
1 Sheep 18
Group No. 1
Ammal Sheep Breed
SeX Quantity
Age Age Duration
[ Weight Weight Unit
Animal source Other Source
Genetically modified NO
‘The group specific question To treat  partal [ What 1S the | Your ennchment 1s the method 1n
meniscus loss in a | enrichment which they are held as a group
way that prevents | provided to  the
an epidemic of post | animal and why
meniscectomy
knee OA in sheep
model
Method of Ammal Maintenance Group Duration of
Maintenance
Ammal Sheep Species assal.
Sex Female Quantity 18
Age [ Age Duraton | Month
Weight 70 Weight Unit | KG
Ammal External Another External
Source Source source Source
Genetically No
modified

281




ALFONSO FERNANDEZ BLANCO

Reasoning for Selection and Overview of the Experiment Process

Reason Tor selecting the species, breed, and gender | For the objectives of this study, dissecting large animals
of the animals: e capable o}!etfca.ﬁng weight is essential, agi:ld"si have
been selected for their close physiological lance

to humans. Sheep have meniscal anatomy that 1s most
comparable to humans. The surgical accessibility to the
tibia bone in sheep is more convenient cort?a.rod to
other animals like pigs. The bone structure of a pig is
shorter than that of a sheep and hence less le.
Considfgrin the m:lananu in anmgr?,l weight, a d}:ng;!
ct for this study, pigs gain weight more rapidly
mp. Keeping a coﬁsistmt weight is \n'll:lp to avoid
alterations in the load on the legs.

Is this study driven by regulatory requirements!

No

TJustification for the number of ammals used.

The mummum number of ammmals needed to obtain
statistically and biologically valid results will be used.

The study will involve 18 sheep, a sufficient number for
evaluation and statistical comparison  between

experimental groups.

The quantity per group is determined by literature and
the teamn’s prior experience, using stalistial data, with 6
animals serving in cach group.

Group 1 - Meniscectomy — six animals,

Group 2 - Bioactive Implant - six animals,

Group 2 - Control Group, Non bioactive implant - six
animals

Total: 18 animals.

Outline of the Procedure on Amimals and Their Care

I'he expeniment wall be conducted on 18 sheep for a
period of up to 3 months.
Acclimation and Anacsthesia:

After an acclimation period at the farm of at least 5 days,
the animals will 2o a clinical examination by the
institutional veterinanan to determine their suitability
for inclusion in the experiment.

Animals that are indeed found suitable according to the
veterinanan's clinical examination wall be transported
on the day of the surgery from the farm to the rescarch
unit.

The animals will be anesthetized using a mixture of
ketamine and xylazine, IM/IV.

Once initial anaesthesia is achieved, venflon will be
inserted mto the ecar vemn, midazolam will be
administered [V as needed, according to the instructions
of the institutional veterinarian.

An 1ate tube will be inserted into the trachea, the
ani will be connected to the anaesthesia machine,
and it will be anesthetized with 1soflurane.

During the procedure, the animal's condition will be
monitored: ECG, arterial blood pressure, ETCOZ,
temperature.
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s will unde procedure

All animals will undergo a meniscectom: LA
bone of 2-4 mm thickngss within the pro:)crunal ongin of
the medial collateral ligament will be removed from the
femoral condyle surface using an oscillating saw to
perform a 30° osteotomy and ostectomy to achieve better
exposure of the joint and the medial meniscus.

6 animals will serve as control without implantation;
remnants of the medial meniscus wall be removed along
with the bone luwars to create space for the meniscal

implant. . . L

6 animals will be implanted with a Bioactive Implant
and é with a Non-bioactive Implant.

The joint will be properly rinsed. The incision will be
closed and all facias will be sutured.

After the surgery, a sufficient dose of LPS will be
injected into target knee to induce intra-articular
inflammation. The purpose of this intervention is to
evaluate whether the bioactive implant (loaded with
dexamethasone and celecoxib) can reduce intra-articular
inflammation. All animals will be monitored for up to 3
months. During the follow-up:

In the initial days, animals wall have walking restrictions
and confined spaces per the instructions of the
institutional vetennarian.

The institutional veterinarian will conduct a clinical
examination once a week dunng the expenment,
focusing on signs of pam in the limbs, inability or
difficulty s on the legs.

The clinical health status of the sheep and intra-articular
inflammation will be assessed by US and blood tests. All
animals will be sacnificed after 3 months with an
overdose of KCL IV. ) )

The implants and the whole joints will be taken for
histological and biochemical evaluations.

Degree of pain and sutfering dunng and after the
t

Detailing the required follow-up
[ Whether anacsihcsia matenals were used Yes
Anacsthesia matenals Matenal Name ; Keason ; Regime ; Dose
[ Whether pain relievers were used! Yes ~
Pain rehevers Matenal Name ; Keason ; Regime ; Dose
37 Degree -

Conditions for discontinuing a specific amimal's
participation in the experiment

It one or more of the following occur, dunng or after
experiments, the animal will be cuthamzed and
discontinuation of the experiment will be considered, as
per the decision of the institutional veterinarian: If the
animal shows signs of pain or distress, which are
untreatable with pain relievers. If there are significant
changes in their appearance in physiological ers
such as heart rate and breathing or in social behaviour.
Any animal showing signs of distress like prolonged
lying beyond acceptable, anorexia, SSIVE
behaviour. Animals should not show signs of self-harm,
anorexia, dehydration, overactivity, lying or prolonged
lying beyond acceptable, increased vocalizan%n,
especially aggressive behaviour, or signs of isolation.
An animal that does not feed itsclf for 48 hours. An
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ammal that does not drnnk by itselt lor 24 hours.
Swelling andsor inflammation and/or infection that arc
untreatable. A decrease of more than 104 in the animal's
body weight during the experiment. If there is injury
during the procedure to the oral/nasal cavity that could
cause suffering/injury to the animal. In all cases, the
decision to discontinue an animal's participation in the
experiment and/or to discontinue the experiment is in
the hands of the institutional veterinarian.

Specific Criteria for Ceasing Participation

It an anmal has a bone mjury preventing it from
standing or accessing food and water, exhibits signs of
leg pain unresponsive to pain relievers, or has le
wom;Pgls that are untrmmblc’jnllcna ing to an inability tg
walk or stand, then participation in the experiment may
need to be ceased. In any situation, the decision to cease
an animal’s participation in the experiment andsor to
terminate the experiment is at the discretion of the
institutional veterinarian.
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Draft histopathological report
Study Report: HUM-1548-HIS

Declarations

Histopathology Evaluation Report - Declaration and Signature

| hereby declare that the histological evaluation of this study was performed and reported based on
the OECD principles of Good Laboratory Practice ENV/IMC/CHEM (98)17. However, it does not
fully comply with GLP regulations and thus is considered a non-GLP study.

The tested items are original materials provided by the Sponsor and analyzed by Patho-

Logica Ltd. The evaluation was conducted by a veterinary pathologist expert, license no.

436.

Emmanuel Loeb Date 17/12/2023
Vet. Path

Specialist. Patho-

Logica

Page 5ot 8 Patho-Logica
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DIPARTIMENTO DELLA SALUTE UMANA. DELLA SALUTE ANIMALE
E DELL’ECOSISTEMA (ONE HEALTH) E DEI RAPPORTI INTERNAZIONALI
EX DIREZIONE GENERALE DELLA SANITA ANIMALE E DEI FARMACI
VETERINARI - UFFICIO 6

0014650-03/05/2024-DGSAF-MDS-P

Universita degli Studi di Bari

pec: universitabari@pec.it

c.a. Prof. Luca LACITIGNOLA

email: luca.lacitignola@uniba.it

€. Per conoscenza

ASL BASIAV C

pec: siavesud.aslbari@pec.rupar.puglia.it
c.a. Dr. Domenico Roberto CENTOLA

email: domenicoroberto.centola@asl.bari.it

c.a. Dr. Daniele TULLIO
email: daniele.tullio@asl.bari.it

OGGETTO: D.1Igs. 26/2014 sulla protezione degli animali utilizzati a fini scientifici.
Trasmissione autorizzazione ai sensi dell’art. 31 del D.1gs. 26/2014.

Autorizzazione n° 388/2024-PR (Risp. a prot. 30111.29)

Si trasmette, in allegato, I’autorizzazione in oggetto.

IL DIRETTORE DELL’UFFICIO 6 Ex DGSAF
Dr. Vincenzo Ugo SANTUCCI

Firmato digitalmente da

Vincenzo Ugo Santucci

C

Doc prodotto in origi

Referente: G. Aleandri - sperimentazioneanimale@sanita.it
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DIPARTIMENTO DELLA SALUTE UMANA, DELLA SALUTE ANIMALE E DELL’ECOSISTEMA
(ONE HEALTH) E DEI RAPPORTI INTERNAZIONALI
EX DIREZIONE GENERALE DELLA SANITA ANIMALE E DEI FARMACT VETERINARI
UFFICIO 6

Autorizzazione n. 388/2024-PR
IL DIRETTORE DELL’UFFICIO 6 Ex DGSAF

Vista la domanda di autorizzazione del progetto di ricerca “Meniscal functionalized scaffold to
prevent knee Osteoarthritis onset after meniscectomy”, ex articolo 31 del decreto legislativo 4 marzo
2014, n. 26. acquisita con prot. 30111.29 del 02/02/2024 ed integrazione del 29/04/2024. inoltrata
dall’Universita degli Studi di Bari, sede legale in Bari, Piazza Umberto, 1, Palazzo Ateneo, per il
tramite dell’Organismo preposto al benessere degli animali di cui all’articolo 25 del menzionato d.lgs. n.
26/2014, e finalizzata all’esecuzione di un progetto di ricerca come descritto nella documentazione
allegata alla domanda;

Tenuto conto del pagamento della Tariffa D, come previsto dal decreto ministeriale 27 marzo 2019
per le attivita contemplate negli articoli 20. 31. 32 e 33 del d.lgs. 4 marzo 2014. n. 26:

Visto l'articolo 31. comma 1. del d.Igs. n. 26/2014. nel quale il Ministero della salute ¢ individuato
quale autoritd competente al rilascio dell'autorizzazione all’esecuzione di progetti di ricerca che
prevedono 1'utilizzo di animali a fini scientifici secondo le finalita di cui all’articolo 5. comma 1. in
continuita con la precedente normativa di cui al decreto legislativo 27 gennaio 1992, n. 116;

Visti gli articoli 12, 13. 14, 15, 16 e 17 del succitato d.Igs. n. 26/2014, che stabiliscono le modalita di
utilizzazione degli animali nelle procedure condotte a fini scientifici:

Visti gli articoli 31, 32, 34 e 35, nonché gli Allegati IV, VI, VII e IX del d.lgs. n. 26/2014, che
fissano i requisiti generali per il rilascio di autorizzazione per progetti di ricerca;

Vista la nota n. 17554 del 19/04/2024 con cui I'Istituto Superiore di Sanitd ha comunicato 1’esito
positivo della valutazione tecnico-scientifica sul progetto di ricerca:

Considerato che ricorrono i requisiti stabiliti dal d.1gs. n. 26/2014 per il progetto da autorizzare:

Preso atto che il responsabile del progetto di ricerca. ai sensi dell’articolo 3, comma 1, lettera g) del
d.lgs. n. 26/2014, ¢ il Dr. Alberto CROVACE:

Considerato che gli animali saranno stabulati nei locali dello stabilimento utilizzatore del
Dipartimento di Medicina di Precisione e Rigenerativa e Area Jonica DiMePRe-J (ex Dipartimento
Sezione di Cliniche Veterinarie e P.A. del DETO), Universita degli Studi di Bari, Strada
Provinciale per Casamassima, Km 3, Valenzano (BA), autorizzato con n. 36/2023-UT del
29/11/2023, ai sensi del D.Igs. 26/2014;

Visto I’articolo 4. comma 2 e I’articolo 16 del decreto legislativo 30 marzo 2001, n. 165 e successive
modifiche, recanti le funzioni dei dirigenti di uffici dirigenziali:

Responsabile del procedimento: Dr. Vincenzo Ugo SANTUCCI
Referente: G. Aleandri - sperimentazioneanimale(@sanita.it
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DE COMPOSTELA

This thesis explores the application of advanced biomaterials in
two key areas: localized drug delivery and tissue engineering.

In the localized drug delivery section, polymer-coated meniscus
prostheses were engineered for sustained anti-inflammatory
drug release, aiming to minimize systemic treatment side
effects and control joint inflammation by releasing two anti-
inflammatory drugs with distinct release kinetics to prevent
osteoarthritis progression following meniscectomy.

In the tissue engineering section, thymus organoids were
encapsulated within ECM-mimicking hydrogels to study how
matrix mechanics influence thymic tissue morphogenesis,
providing valuable insights into the development of advanced
ex vivo immune system models.
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