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El doctorando CARLOS CHOCARRO WRONA vy los directores de tesis JUAN
ANTONIO MARCHAL CORRALES, CATEDRATICO DEL DEPARTAMENTO
DE ANATOMIA Y EMBRIOLOGIA HUMANA DE LA UNIVERSIDAD DE
GRANADA; ELENA LOPEZ RUIZ, PROFESORA EN LA UNIVERSIDAD DE
JAEN EN EL DEPARTAMENTO DE CIENCIAS DE LA SALUD; y PATRICIA
GALVEZ MARTIN, RESPONSABLE DE PROYECTOS DE I+D EN SALUD
HUMANA'Y ANIMAL DE BIOBERICA S.A.U;

HACEN CONSTAR:

Que D. Carlos Chocarro Wrona ha realizado bajo su direccion el Trabajo de Tesis
Doctoral:

“Nuevos materiales biomiméticos y biotintas con aplicacion en ingenieria

regenerativa de cartilago y piel”

durante los afios 2017 — 2022, correspondiendo fielmente a los resultados obtenidos y
respetandose los derechos de otros autores a ser citados cuando se han usado sus
publicaciones.

Una vez redactada la siguiente memoria, ha sido revisada estando los directores
conformes para que sea presentada y el doctorando pueda aspirar asi al grado de Doctor
Internacional por la Universidad de Granada ante el tribunal designado.

Y para que conste, en cumplimiento de las disposiciones vigentes, expedimos el
presente en Granada a 25 de Mayo de 2022.

Fdo. D. Carlos Chocarro Wrona Fdo. Dr. Juan Antonio Marchal Corrales

Fdo. Dra. Elena Lopez Ruiz Fdo. Dra. Patricia Galvez Martin






Para optar a la mencion de “Doctor Internacional”, el doctorando realizo, durante un
periodo de formacion (Septiembre de 2021 - Diciembre de 2021), una estancia de cuatro
meses en el laboratorio del Dr. Christophe Marquette en “/’Institut de Chimie et Biochimie
Moléculaires et Supramoléculaires”, donde se ubica su equipo de investigacion, “Equipe
Génie Enzymatique, Membranes Biomimetiques et Assemblages Supramoléculaires
(GEMBAS)”, del que forma parte la 3d.FAB platform.

Parte de los resultados de esta Tesis Doctoral han sido publicados en las siguientes

publicaciones que cumplen con los criterios de calidad exigidos:

Chocarro-Wrona, C., Lépez-Ruiz, E., Peran, M., Galvez-Martin, P. and Marchal, J.A.
(2019), Therapeutic strategies for skin regeneration based on biomedical substitutes. J
Eur Acad Dermatol Venereol, 33: 484-496. https://doi.org/10.1111/jdv.15391

Indicios de calidad (datos del Journal Citation Reports):

Impact Factor (2019): 5.248

Cateqorias (posicidon/nimero de revistas): Dermatology (5/68)

Quartil: Q1 (D1)

Chocarro-Wrona, C, de Vicente, J, Antich, C, Jiménez, G, Martinez-Moreno, D, Carrillo,
E, Montafiez, E, Galvez-Martin, P, Perdn, M, Lépez-Ruiz, E, Marchal, JA. Validation of
the 1,4-butanediol thermoplastic polyurethane as a novel material for 3D bioprinting
applications. Bioeng Transl Med. 2021; 6:€10192. https://doi.org/10.1002/btm2.10192.

Indicios de calidad (datos del Journal Citation Reports):

Impact Factor (2020): 10.711

Cateqgorias (posicion/nimero de revistas): Biomedical Engineering (4/89)

Quartil: Q1 (D1)







Criterios de calidad para optar al grado de Doctor con la mencion de “Doctor

Internacional” de la Universidad de Granada.

Publicaciones:

1.

Chocarro-Wrona, C., Lépez-Ruiz, E., Peran, M., Galvez-Martin, P. and
Marchal, J.A. (2019), Therapeutic strategies for skin regeneration based on
biomedical substitutes. J EUR ACAD DERMATOL VENEREOL, 33: 484-
496. https://doi.org/10.1111/jdv.15391

Herndndez-Camarero, P., LOpez-Ruiz, E., Grifian-Lison, C., Garcia, MA.,
Chocarro-Wrona, C, Marchal, J.A., Kenyon, J. and Peran, M. Pancreatic
(pro)enzymes treatment suppresses BXPC-3 pancreatic Cancer Stem Cell
subpopulation and impairs tumour engrafting. SCI REP 9, 11359 (2019).
https://doi.org/10.1038/s41598-019-47837-7

Martinez-Molina, E., Chocarro-Wrona, C., Martinez-Moreno, D., Marchal,
J.A., and Boulaiz, H. Large-Scale Production of Lentiviral Vectors: Current
Perspectives and Challenges. PHARMACEUTICS 2020, 12, 1051.
https://doi.org/10.3390/pharmaceutics12111051

Chocarro-Wrona, C, de Vicente, J, Antich, C, et al. Validation of the 1,4-
butanediol thermoplastic polyurethane as a novel material for 3D bioprinting
applications. BIOENG TRANSL MED. 2021; 6:€10192.
https://doi.org/10.1002/btm?2.10192

D. Martinez-Moreno, G. Jiménez, C. Chocarro-Wrona, E. Carrillo, E.
Montafiez, C. Galocha-Ledn, B. Clares-Naveros, P. Galvez-Martin, G. Rus, J. de
Vicente, J.A. Marchal. Pore geometry influences growth and cell adhesion of
infrapatellar mesenchymal stem cells in biofabricated 3D thermoplastic scaffolds
useful for cartilage tissue engineering. MATERIALS SCIENCE AND
ENGINEERING: C. Volume 122, 2021,
https://doi.org/10.1016/j.msec.2021.111933.

Antich, C., Jiménez, G., de Vicente, J., Lopez-Ruiz, E., Chocarro-Wrona, C.,
Grifan-Lisén, C., Carrillo, E., Montafiez, E., Marchal, J. A. Development of a
Biomimetic Hydrogel Based on Predifferentiated Mesenchymal Stem-Cell-
Derived ECM for Cartilage Tissue Engineering. ADV. HEALTHCARE
MATER. 2021, 10, 2001847. https://doi.org/10.1002/adhm.202001847



7.

Nardecchia, S., Chocarro-Wrona, C, Sanchez-Moreno, P., Zambrano-Marin,
JR., Marchal, JA. and De Vicente, J. Living magnetorheological composites: from
the synthesis to the in vitro characterization. 2021. SMART MATER. STRUCT.
30 065015

Chocarro-Wrona, C, Lépez de Andrés, J, Rioboo-Legaspi, P, Antich, C, De
Vicente, J, Galvez-Martin, P, Lopez-Ruiz, E, Marchal, JA. Design and Evaluation
of a Bilayered Dermal/Hypodermal 3D Model Using a Biomimetic Hydrogel

Formulation. Manuscript under Submission.

Chocarro-Wrona, C, Pleguezuelos-Beltran, P, Lopez de Andrés, J, Antich, C,
De Vicente, J, Galvez-Martin, P, Lopez-Ruiz, E, Marchal, JA. A bioactive three-
layered skin substitute based on ECM components laden with human MSCs,
fibroblasts, and keratinocytes effectively promotes skin wound healing and

regeneration. Manuscript under Submission.

Parte de los resultados también se han protegido bajo el tratado de cooperacion

en materia de patente (PCT):

1.

2.

Patente: Biomaterial para tratamiento de enfermedades que involucren la
reparacion o regeneracion tisular.
o Pais de inscripcion: Espafia
o Inventores/autores/obtentores: Marchal Corrales, Juan Antonio Marchal;
Chocarro Wrona, Carlos; Lépez Ruiz, Elena; De Vicente Alvarez-
Manzaneda, Juan; Antich Acedo, Cristina; Martinez Moreno, Daniel;
Jiménez Gonzalez, Gema; Peran Quesada, Macarena.
o Fecha de registro: 16/09/2020
o C. Auton/Reg. de inscripcion: Andalucia
o Entidad titular de derechos: University of Granada
o N°de solicitud: P202030939
Patente: Hidrogeles para su uso en ingenieria de tejidos de la piel.
o Pais de inscripcion: Espafia
o Inventores/autores/obtentores: Juan Antonio Marchal Corrales, Carlos
Chocarro Wrona; Elena Lopez Ruiz; Patricia Galvez-Martin

o Fecha de registro: Registrada.



o C. Auton./Reg. de inscripcion: Madrid

o Entidad titular de derechos: Universidad de Granada, Bioiberica,
Universidad de Jaén.

o N°de solicitud: P202230432

Estancia Internacional en un centro de investigacion

Estancia internacional de 4 meses en el grupo de investigacion de 3d.FAB platform,
Equipe Geénie Enzymatique, Membranes Biomimétiques et Assemblages
Supramoléculaires (GEMBAS), Institut de Chimie et Biochimie Moléculaires et
Supramoléculaires, Centre national de la recherche scientifique (CNRS), Université Lyon
1, Villeurbanne, LYON. Trabajo dirigido por el Dr. Christophe Marquette (Director de
investigacion CNRS (Section 28); director adjunto de I’Institut de Chimie et Biochimie
Moléculaires et Supramoléculaires (UMR 5246, Université Lyon1-CNRS)).

Financiacion
Proyecto: Disefio de biotintas utilizando &cido hialurdnico, colageno y elastina
para aplicaciones de Bioimpresion 3D. Analisis de caracterizacion celular para el
desarrollo de cartilago artificial para tratar lesiones osteoarticulares.
Tipo de proyecto: Investigacion, desarrollo y transferencia.
Entidad: Universidad de Granada.
Ciudad de la entidad: Granada, Andalucia, Espafia.
Grado de contribucion: Investigador.
Fecha de inicio: 01/05/2017.
Duracion: 5 meses.

Proyecto: Disefio de biotintas utilizando &acido hialurénico, colageno y elastina
para aplicaciones de Bioimpresion 3D. Andlisis de caracterizacion celular para el
desarrollo de cartilago artificial para tratar lesiones osteoarticulares.

Tipo de proyecto: Investigacion, desarrollo y transferencia.

Entidad: Universidad de Granada.

Ciudad de la entidad: Granada, Andalucia, Espafa.

Grado de contribucion: Investigador.

Fecha de inicio: 15/11/2017.

Duracion: 5 meses.



Proyecto: Disefio y evaluacion de biotintas utilizadas en Bioimpresion 3D para
terapia celular.

Tipo de proyecto: Investigacion, desarrollo y transferencia.

Entidad: Universidad de Granada.

Ciudad de la entidad: Granada, Andalucia, Espafia.

Grado de contribucion: Investigador.

Fecha de inicio: 15/06/2019.

Duracion: 6 meses.

Proyecto: Contrato para apoyo técnico y gestion de 1+D — Sistema de Garantia
Juvenil.

Tipo de proyecto: Investigacion, desarrollo y transferencia.

Entidad: Universidad de Granada.

Ciudad de la entidad: Granada, Andalucia, Espafa.

Grado de contribucion: Investigador.

Fecha de inicio: 01/01/2020.

Duracion: 2 afos.

Ayuda concedida por CONVOCATORIA DE PLAZAS DE MOVILIDAD
INTERNACIONAL DE ESTUDIANTES DE DOCTORADO DE LA
UNIVERSIDAD DE GRANADA en el marco de los programas PLAN
PROPIO DE INTERNACIONALIZACION PROGRAMA 1.2, Cursos
Académicos 2020/2021 y 2021/2022, financiado por el Banco Santander, para la

estancia internacional de doctorado.
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par I’étre hahaha ! La premiere fois que j'ai rencontré le groupe c’était en septembre 2017,
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PART ONE: THE CAVE AND THE FIRE

“SOCRATES: From the beginning, [...] the prisoners have never been able to see anything except
the shadows that are projected on the wall in front of them by the glow of the fire. [...] In short,
the chained prisoners would think that the only shadows cast by the things behind them are real

and true — the shadows and nothing else.”
PART TWO: THREE STAGES OF LIBERATION
FREEDOM (STAGE ONE): A failed attempt within the cave

“SOCRATES: [...] Imagine someone pointing to one of the things being carried along [...],
asking the prisoner [...] and forcing him to answer. The prisoner would probably be completely
confused and would think the shadows he saw earlier were much clearer than what’s being pointed

out now.”
FREEDOM (STAGE TWO): The journey upward, and the sight of real things

“SOCRATES: The prisoner who is being dragged up there will feel both pain and rage during the
ascent. [...] Later, he’ll be able to look at the things themselves. [...].”

FREEDOM (STAGE THREE): Looking directly at the sun

“SOCRATES: Do you think this prisoner, now that he is out of the cave, will envy the ones who
are still down there? I can’t imagine he’d want to compete with those who are held in high esteem
in the cave or have the most power. | think the freed prisoner will instead prefer (as Homer says)
“to live on the land [above ground] as the lowest paid servant of the poorest dirt farmer.” I imagine
the freed prisoner would put up with absolutely anything rather than be associated with the
opinions that dominate in the cave. He’ll do anything rather than be that kind of person, don’t you

think?”
PART THREE: THE PRISONER RETURNS TO THE CAVE

“SOCRATES: Imagine that the former prisoner has to go back to arguing with those who
remained behind, that he has to get involved in the back-and-forth of making claims about the
shadows and defending his opinions. [...] And if they can get hold of that [bothersome] former
prisoner as he is trying to free them from their chains and lead them out of the cave, and if they

have the power, they certainly will kill him.”

PLATO’S “ALLEGORY OF THE CAVE”
from The Republic, Book VII, 5144, 2 to 517a, 7
Translation by Thomas Sheehan, Stanford University
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ABSTRACT







Abstract

Regenerative engineering (RE) is an interdisciplinary amalgam of technological
fields that combine tissue engineering, material science, stem cell biology, developmental

biology, and clinical translation to manufacture complex artificial tissues.

Tissue engineering (TE) has been described as the emerging fields of knowledge
whose objective is to create artificial tissues and/or organs designed for mimicking their
native form. Regenerative engineering combines cells, biomaterials, and biologically
active molecules with proper manufacturing platforms to produce complex tissues. The
main objective is to create functional constructs that can replace, preserve, or improve
damaged tissues or organs. Artificial cartilage and skin substitutes are examples of
devices that have been approved by the Food and Drug Administration (FDA), however,
their use in humans is currently limited. Although TE manufacture strategies led to the
first generations of engineered tissues, such processes usually consume time and are
restricted to having mainly flat and pre-determined geometries. Furthermore, they also
exhibit high manufacture costs, as well as human factors regarding surgeons and patients

that may influence the success of the implantation.

In the last decades, advances in biofabrication have shown promising innovations
in the manufacturing of complex scaffolds with biomechanical and structural
characteristics like those found at the extracellular matrix (ECM). One of the most used
biofabrication technology is 3D bioprinting. Its applications range from device
prototyping, surgical planning, and personalized splints, towards 3D bioprinting of
engineered tissues for drug testing/screening, regenerative medicine, and disease
modelling, among others. 3D bioprinting is based on the combination of computer-aided
design (CAD) and computer-aided manufacturing (CAM), which in the layer-by-layer
fabrication nature of 3D printing, allows producing structures with different geometries,
shapes and patterns while controlling the spatial distribution of the building blocks: cells,
biomaterials, and growth factors. Also, 3D bioprinting brings advantages to the
biomedical field such as shorter fabrication times, tailored production, and higher

precision than conventional TE.

Several synthetic biomaterials have been developed to biofabricate bioinks to
manufacture 3D bioprinted scaffolds as artificial tissues or organs. However, these
biomaterials do not accurately reproduce the native tissue mechanical characteristics.

Therefore, significant efforts are being made for manufacturing flexible constructs which
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could bear with mechanical loads such as ligaments, tendons, cartilage, blood vessels,
skin, or muscles. Similarly, despite quite a few progresses have been made in the
development of bioinks and fabrication strategies for skin bioprinting, more biological
mimicry regarding the design and molecular composition should be ameliorated in

biomimetic skin bioprinting.

The first objective of this doctoral thesis was to validate the potential use of 1,4-
Butanediol Thermoplastic Polyurethane (b-TPUe) elastomeric filament as a new 3D
printing material for biomedical purposes. The analysis of its mechanical properties
demonstrated that b-TPUe scaffolds had a much closer mechanical behaviour to native
cartilage than other 3D bioprinting synthetic biomaterials. As well, b-TPUe printed
scaffolds were also able to maintain proper human mesenchymal stem cells (hMSCs)
proliferative potential, viability, and support chondrogenesis. Moreover, in vivo studies
in immunocompetent mice demonstrated that b-TPUe printed scaffolds were firmly
anchored and integrated within the subcutaneous tissue and no sign of oedema or
macroscopic inflammation was detected. Also, in immunodeficient mice implanted 3D
bioprinted cell-laden scaffolds showed good integration at the surrounding tissue 3 weeks
post-implantation. Altogether, these results validated the biocompatibility of b-TPUe and
suggest that this material could be exploited for 3D bioprinting of biomimetic tissues,

such as cartilage, with tailorable mechanical properties.

The second objective was to develop skin layer-specific biomimetic bioinks for
the design of a three-layered skin substitute. Different biomaterials and skin ECM-related
biomolecules were screened and evaluated for the formulation of each bioink. The
optimal composition for the biofabrication of an early dermo-hypodermal bi-layered
hydrogel was achieved, combining them with hMSCs and human dermal fibroblasts
(hDFs) in an attempt for reproducing the skin composition. At this stage, the developed
bioinks already showed desirable physicochemical characteristics. As well, the hydrogels
casted with these bioinks not only presented similar mechanical properties compared to
human skin, but also showed good cytocompatibility. Furthermore, the bi-layered
hydrogel was then upgraded by the addition of a third epidermal layer, with the
subsequent seeding of human epidermal keratinocytes (hEKS), obtaining a bio-fabricated
three-layered (BT) skin hydrogel. This construct did not only present good swelling and
degradation behaviours, and mechanical properties comparable to those found in native
skin, but also demonstrated to maintain good cell proliferation, viability, and showed
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good results in the wound healing assay. Finally, the in vivo assay indicated that applying
the BT Skin on wound healing mice models produced similar homeostatic and
histological outcomes than the gold standard (autografting). Taken together, these results
suggest that the BT Skin hydrogel could be suitable as a 3D bioprintable skin substitute

for clinical application.

Summarizing, this doctoral thesis offers robust and extensive studies in which b-
TPUe was validated for 3D bioprinting applications. Also, the design and biofabrication
of a BT skin substitute are presented, demonstrating its biological and mechanical
properties in vitro and in vivo, encouraging its future clinical application in RE of skin

injuries.
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Resumen

La ingenieria regenerativa (IR) es una amalgama interdisciplinaria de campos
tecnoldgicos que combinan ingenieria de tejidos, ciencia de materiales, investigacion de
células madre, biologia del desarrollo y traslacion clinica para fabricar tejidos artificiales

complejos.

La ingenieria de tejidos (IT) ha sido descrita como los campos de conocimiento
emergentes cuyo objetivo es crear tejidos y/u organos artificiales disefiados para imitar
su forma nativa. La ingenieria regenerativa combina células, materiales y moléculas
bioldgicamente activas con plataformas de fabricacién adecuadas para producir tejidos
complejos. El objetivo principal es crear construcciones funcionales que puedan
reemplazar, preservar o mejorar tejidos u 6rganos dafiados. Los sustitutos de cartilago y
piel son ejemplos de dispositivos que han sido aprobados por la Food and Drug
Administration (FDA), sin embargo, su uso en humanos actualmente es limitado. Aunque
las estrategias de fabricacion de IT condujeron a las primeras generaciones de tejidos de
ingenieria, dichos procesos suelen consumir tiempo y se limitan a tener geometrias
principalmente planas y predeterminadas. Ademas, también presentan altos costes de
fabricacion, asi como factores humanos de cirujanos y pacientes que pueden influir en el

éxito de la implantacion.

En las ultimas décadas, los avances en biofabricacion han mostrado innovaciones
prometedoras en la fabricacion de andamios complejos con caracteristicas biomecanicas
y estructurales como las que se encuentran en la matriz extracelular (ECM). Una de las
tecnologias de biofabricacion mas utilizadas es la bioimpresion 3D. Sus aplicaciones van
desde la creacion de prototipos de dispositivos, la planificacion quirdrgica y las férulas
personalizadas, hasta la bioimpresion 3D de tejidos disefiados para pruebas/deteccion de
farmacos, medicina regenerativa y modelado de enfermedades, entre otras. La
bioimpresion 3D se basa en la combinacion de disefio asistido por computadora (CAD) y
fabricacion asistida por computadora (CAM), que en la naturaleza de fabricacion capa-
por-capa de la impresion 3D, permite producir estructuras con diferentes geometrias,
formas y patrones mientras controla la distribucion espacial de los componentes basicos:
células, biomateriales y factores de crecimiento. Ademas, la bioimpresion 3D aporta
ventajas al campo biomédico, como tiempos de fabricacion mas cortos, produccion a

medida y mayor precision que la IT convencional.

Se han desarrollado diversos materiales sintéticos para biofabricar biotintas para
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generar andamios bioimpresos en 3D como tejidos u érganos artificiales. Sin embargo,
estos materiales no reproducen con precision las caracteristicas mecéanicas del tejido
nativo. Por lo tanto, se estan realizando esfuerzos significativos para fabricar
construcciones flexibles que puedan soportar cargas mecanicas tales como ligamentos,
tendones, cartilagos, vasos sanguineos, piel o musculos. Del mismo modo, a pesar de que
se han logrado bastantes avances en el desarrollo de biotintas y estrategias de fabricacion
para la bioimpresion de la piel, se debe mejorar mas el mimetismo bioldgico con respecto

al disefio y la composicion molecular en la bioimpresion biomimética de la piel.

El primer objetivo de esta tesis doctoral fue validar el uso potencial del filamento
elastomérico de poliuretano termoplastico de 1,4-butanodiol (b-TPUe) como un nuevo
material de impresion 3D para fines biomédicos. El anélisis de sus propiedades mecéanicas
demostré que los andamios de b-TPUe tenian un comportamiento mecanico mucho méas
cercano al cartilago nativo que otros materiales sintéticos de bioimpresion 3D. Ademas,
los andamios impresos con b-TPUe también pudieron mantener el potencial proliferativo,
la viabilidad y mantener la condrogénesis de las células madre mesenquimales humanas
(hMSC). Ademas, los estudios in vivo en ratones inmunocompetentes demostraron que
los andamios impresos de b-TPUe estaban firmemente anclados e integrados dentro del
tejido subcutaneo y no se detectaron signos de edema o inflamacion macroscopica.
Ademas, en ratones inmunodeficientes implantados con andamios cargados de células
bioimpresas en 3D mostraron una buena integracion en el tejido circundante 3 semanas
después de la implantacién. En conjunto, estos resultados validaron la biocompatibilidad
del b-TPUe y sugieren que este material podria explotarse para la bioimpresion 3D de

tejidos biomiméticos, como el cartilago, con propiedades mecéanicas adaptables.

El segundo objetivo era desarrollar biotintas biomiméticas especificas para cada
capa de piel, con el fin de disefiar un sustituto de piel de tres capas. Se seleccionaron y
evaluaron diferentes biomateriales y biomoléculas relacionadas con ECM de la piel para
la formulacion de cada biotinta. Se logré la composicidn Optima para la biofabricacion de
un hidrogel bicapa dermo-hipodérmico temprano, combinandolos con hMSC vy
fibroblastos dérmicos humanos (hDF) en un intento por reproducir la composicion de la
piel. En esta etapa, los biotintas desarrollados ya mostraban caracteristicas fisicoquimicas
deseables. Ademas, los hidrogeles moldeados con estos biotintas no solo presentaron
propiedades mecanicas similares a las de la piel humana, sino que también mostraron una

buena citocompatibilidad. Ademas, el hidrogel de dos capas se mejor6 mediante la
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adicion de una tercera capa epidérmica, con la posterior siembra de queratinocitos
epidérmicos humanos (hEK), obteniendo un hidrogel de piel de tres capas biofabricado
(BT). Esta construccion no solo presenté buenos comportamientos de hinchazon y
degradacion, y propiedades mecanicas comparables a las encontradas en la piel nativa,
sino que también demostré mantener una buena proliferacion celular, viabilidad, y buenos
resultados en el ensayo de cicatrizacion de heridas. Finalmente, el ensayo in vivo indico
que la aplicaciéon de BT Skin en modelos de ratones con cicatrizacion de heridas produjo
resultados homeostaticos e histologicos similares a los del gold standard (autoinjerto)
utilizado en clinica. En conjunto, estos resultados sugieren que el hidrogel BT podria ser

adecuado como sustituto de la piel bioimprimible en 3D para aplicaciones clinicas.

En resumen, esta tesis doctoral ofrece estudios solidos y extensos en los que se
validé b-TPUe para aplicaciones de bioimpresion 3D. Asimismo, se presenta el disefio y
biofabricacion de un sustituto de piel trilaminar, demostrando sus propiedades bioldgicas
y mecanicas in vitro e in vivo, alentando su futura aplicacion clinica en IR de lesiones

cutaneas.
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Introduction

1. INTRODUCTION
1.1. Regenerative engineering

Over the last half century, tissue and organ transplantation has made a paradigm
change regarding our capacities to manage their medical care. The rapid progress of
medicine, from post-mastectomy breast reconstruction to whole organ transplantation,
and lately, allotransplantation of composite tissues, has allowed a broad spectrum of
surgical procedures for tissue healing. However, these approaches still require autologous
tissue transplantations, that frequently produce substantial donor site morbidity, or in the
case of allogenic transplantation with a compatible donor it is required an
immunosuppression treatment for the patient during the rest of his/her life (1). Altogether,

the need to develop engineered tissues and organs is highlighted in all surgical specialities
().

Tissue engineering (TE) has been described as the interdisciplinary field that
gathers the researches aimed at creating of artificial tissues designed for mimicking native
tissues (3-5). Regenerative engineering (RE) recently emerges as the amalgamation of
TE combined with interdisciplinary fields such as material sciences, stem cell science,

biophysics, developmental biology, and clinical translation (6) (Figure 1).
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Combining cells, biomaterials, and bioactive molecules together with specific
biofabrication techniques, RE is gradually evolving the development of optimized
artificial tissues.

1.1.1. Biofabrication techniques

There are a broad range of biofabrication methods that are included in the RE
field; some of the most remarkable techniques include decellularization, organoids,
microfluidics, electrospinning, and 3D bioprinting. Each of those technologies presents
advantages and disadvantages for their clinical application or their scaling-up

possibilities.
1.1.1.1. Decellularization

The decellularization is a method that maintains a native microenvironment
through depleting the cellular fraction of biological tissues, leaving behind only the ECM.
Detergents are employed in this method for breaking down the cellular and nuclear
elements, keeping the microarchitecture, proteins and growth factors, obtaining a scaffold
with its inherent characteristic biomaterials (7). As a natural-based scaffold with tissue-
specific cues, decellularized scaffolds even serve by itself as a biocompatible platform
for living cells to proliferate and differentiate (8,9). This method can be applied to simple
cell layers as well as whole organs, to obtain different levels of scaffold complexity (10).
The decellularization process can be split in three stages: washing, rinsing, and sterilizing
(11,12). First, a washing compound, either a denaturing agent, an enzyme, or a detergent
is applied to the tissue sample to deplete the cellular fraction (13). Then, the sample is
rinsed to remove the detergent residues due to its cytotoxicity, obtaining a clean
decellularized extracellular matrix (dECM) (14).

Finally, the sample is sterilized at the sterilization stage to avoid cross-
contamination from the host, or the fabrication protocol and to prevent an immune
response from antigenic residues (15). Tissue-derived dECM can be re-cellularized in
vitro or in vivo. Although the decellularization of tissues allows obtaining products with
ideal ECM composition and low immunogenicity, the need of donors presents a main
disadvantage on its application to the transplantation surgery field. Compared to tissue-
derived dECM, cell-derived dECM not only offers functional matrices, which contain a
highly complex blend of macromolecules, but hold the advantage of large-scale

production, as well as outstanding biocompatibility and bioactive properties (16,17).
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1.1.1.2. Organoids

Organoids can be defined as small aggregates of stem or differentiated cells that
can self-organize into 3D spheroids, without the need of external biomaterials, and
reproduce human tissue’s structure and physiological function (18-20). Thus, this
technology offers a great potential for personalized medicine strategies. As in all in vitro
models, organoids provide a platform that mimics tissue regeneration in a controlled
environment. Though, organoids outstand from other in vitro models in their ability to
reproduce human organs physiologically and histologically (21-27). This special
capacity arises from the stem cells ability to interact with cells in their native environment
and produce their own ECM (20). Organoids represent small human tissue replicas whose
value quickly increased given their applicability as disease progression and drug testing
models (20). Nevertheless, they present the disadvantage of having a limited scaling-up.
The development of systems with automated scalable organoid production and
characterization may help to transform the organoid models into high-throughput

platforms suitable for drug screening (20)
1.1.1.3. Microfluidics

Microfluidic devices have emerged as robust tools that offer the ability to produce
monodisperse microgels at a high throughput rate (28,29). Microgels can be defined as
3D crosslinked particles which provide porous polymeric microenvironments for
embedding cells, mimicking the native conditions of nutrient and metabolic waste
diffusion (30-32). In microfluidics, microgels are generated in devices that create
droplets of the desired polymers through water/oil emulsions, followed by chemical or
physical crosslinking. The most commonly microfluidic devices use geometries like T-
junctions, co-flowing, or flow-focusing laminar streams to produce the droplets (33-35).
One of the bigger interests on microgels is their applicability as microcarriers, since their
high surface/volume ratio promotes cell-matrix interactions and efficient mass transport
(36). This technology allows a tight control on the components and flow rates in the
microfluidic device channels, enabling to finely tune the particle’s chemical composition
and properties, proving to be a versatile biofabrication technique, in which different
crosslinking approaches can be applied (33). In fact, microfluidics has recently been
combined to bioprinting, complementing each other to generate functional engineered
tissues and organs. Specifically, microfluidics can assist 3D bioprinting by regulating

precise structures on micro- and nanoscale (37). Depending on how those two domains
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interact, the generation of 3D tissues and organs by the synergistic combination of
bioprinting and microfluidics can be divided into: printing nozzles modified by
microfluidic devices; bioprinting into the microfluidic device; bioprinting of constructs

with microchannels inside of them (37).
1.1.1.4. Electrospinning

Electrospinning is a 3D printing technology that creates micrometric to
nanometric fibre scaffolds with different polymers that can be from synthetic or natural
sources (38—41). The standard electrospinning set up presents a high voltage source, a
pump to feed the material, a nozzle tip, and a grounded collector. Once the electric field
between the nozzle and the collector generates electrostatic forces that are higher than the
surface tension of the polymer at the nozzle tip, the material is jetted towards the collector
plate, forming a mat with chaotically organised nanofibers (41,42). Specially,
electrospinning has been highly studied in the biomedical field, since its scaffold small
fibre scale, high porosity and surface area create intricate structures that can replicate the
natural ECM microenvironment, promoting cell adherence, proliferation, and
differentiation (43-46). However, this technology shows some shortcomings, such as the
lack of control of the fibre organization, poor cell infiltration and distribution. An
example of overcoming these limitations is the combination of two techniques: inkjet
bioprinting together with melt electrowriting (MEW) (47). The MEW technique, which
uses voltage-stabilized jets to accurately deposit micrometric fibres in pre-defined
positions in a 3D space (48), is a promising stabilized form of the electrospinning

technology.
1.1.1.5. 3D Bioprinting

3D Bioprinting can be defined as the production of biomedical elements that
highly mimic natural tissue or organ characteristics using rapid prototyping mechanisms
for bioprinting bioinks formulated from cells, biomaterials, and growth factors in a layer-
by-layer approach (49,50). These technologies evolved as a derived application of
additive manufacturing (AM) (51,52). AM generates complex 3D structures by the
addition of biocompatible biomaterials with an automated, computer-aided design (CAD)
and computer-aided manufacturing (CAM) technology. Regarding the different
bioprinting strategies, 3D bioprinting technologies can be broadly classified into:
Extrusion-Based Bioprinting (EBB), Droplet-Based Bioprinting (DBB), and
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Stereolithography apparatus (SLA) (Figure 2) (53).

Extrusion-based
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Figure 2. 3D bioprinting technologies: (a) Extrusion-based bioprinting, (b) Droplet-based
bioprinting, and (c) Stereolithography apparatus.

1.1.1.5.1. Bioinks

Bioinks can be defined as biomaterials that can both be 3D printed and used as
carriers for cells and bioactive compounds (54). The bioink microenvironment provides
physical support and maintains the cell activity during the bioprinting process. Thus, an
optimal bioink should have the following characteristics: a) the ability of supporting and
promoting cell adhesion, proliferation, migration, and differentiation, b) biocompatibility,
c) printability, d) mechanical stability, €) moderate degradability, and f) biologically

mimic the extracellular microenvironment of the in vivo skin tissue (Figure 3) (55,56).
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Figure 3. Ideal bioink properties.

1.1.1.5.2. Bioprinting technologies
Extrusion-based bioprinting (EBB)

The EBB method reaches highly controllable fluid distribution through an
automated system (57). The cell-loaded bioink is extruded through a nozzle in a
continuous filament using a piston, screw, or pneumatic-driven approaches. Once printed
layer-by-layer, a full 3D object is obtained (58). The best performing bioinks for
pneumatic-based bioprinting are hydrogels with shear thinning characteristics since they
can maintain the filament shape once extruded. Structures created using screw-driven
bioprinting can be printed using high-viscosity bioinks, thus obtaining more stable
bioprinted constructs (59). Cutting-edge extrusion bioprinters are supplied with various
print-heads, reducing cross-contaminations while allowing the simultaneous print of
different bioinks (60). As well, EBB achieves a better control over parameters such as

shape, cell-distribution, and porosity in the printed object. In comparison to the other
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bioprinting approaches, EBB overcome DBB by having a faster bioprinting speed, being
able to print a bigger range of bioinks, and obtaining printed constructs with better
mechanical strength. Distinctively, EBB can create porous grid structures, thus promoting
nutrient and metabolite diffusion. This kind of bioprinting technique is highly versatile,
and an ideal approach to fabricate TE scaffolds or prosthetic devices (54). However, the
major drawback of EBB is its low resolution, which lower limit usually exceeds 100 um
(60,61).

Droplet-based bioprinting (DBB)

DBB gathers Electrohydrodynamic Jetting Bioprinting (EHDJB), Inkjet
Bioprinting (IJB), and Laser-Assisted Bioprinting (LAB). EHDJB employs an electric
field to expel bioink droplets through an outlet, ejecting them onto the print surface (62).
This characteristic enables EHDJB as a suitable technique for bioprinting bioinks with
high volume weight (up to 20%) (63). 1JB can be split into Continuous Inject bioprinting
(CIIB) and Drop-On-Demand Bioprinting (DODB). Concisely, CIJB is based on the
intrinsic predilection of a liquid to constantly disperse bioink droplets with connectivity.
On the other hand, DODB creates droplets of ink over the bioprinting surface at demand.
Although CIJB is able to expel droplets at a faster rate, DODB is more suited for material
patterning since it shows a high deposition precision with minimal bioink waste
production (64). As well, DODB is able to use thermal, electrostatic, or piezoelectric
actuators to produce droplets, which offers the possibility to print different kind of
biomaterials to manufacture heterogenous tissue-like structures (65). However, DODB
presents some drawbacks, for instance, a particularly small ink-jet aperture (10 — 150
um), which easily produces clogging, restricting this technique to only use low viscosity
biomaterials (66); or the lack of porosity of the generated artificial tissues, limiting its

clinical application due to its deficiency of tissue perfusion and substance exchange.

The LAB technology works as follows: a laser light is emitted from a pulsed laser
source, focusing the laser light on a metal film on the backside of a silicate glass, rapidly
evaporating the bioink that is deposited beneath the location of the heat, spraying liquid
drops onto the substrate (67-69). LAB system prints using a nanosecond-driven laser with
ultraviolet (UV)/near-UV wavelengths as an energy source, reaching a picogram level
bioprinting resolution (70). It is also nozzle-free, and performs non-contact prints, being

able to bioprint cells maintaining high resolution and viability. Nevertheless, it does not
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have an adequate fast crosslinking mechanism, which restricts LAB to reaching high
throughput (71-73).

Stereolithography apparatus (SLA)

The SLA method is a type of bioprinting that generates photopolymerization
under a specific light to obtain solidified photopolymeric forms (74), holding the
advantage of running with a fast bioprinting speed while maintaining a high resolution (=
1 pum). SLA is often used when high-precision shapes are needed to be printed, as well as
high resolution tissues or scaffolds with intricated porous structures (75). It can achieve
high cell viability rates (> 85%) without the need of using shear thinning biomaterials,
however, it shows the drawback of having to use transparent liquids, otherwise, the light
would not be able to uniformly pass through the material, obtaining a heterogenous
crosslinking. Typically, some examples of biomaterials used in this kind of bioprinting
technology are, for instance, poly(ethylene glycol) diacrylate (PEGDA), gelatine
methacrylate (GelMA), or methacrylated hyaluronic acid (MeHA) (76). This drawback
limits to maintain bioprinting cell densities under 108 cells/ml (77).

In summary, 3D bioprinting shows the advantages of allowing the controllable
spatial deposition of multi-cell bioinks in a wide range of different cell densities,
becoming the ideal method for generating in vitro 3D living biological structures. Then,
the bioprinting results of the different 3D bioprinting systems rely on several parameters,
such as gelation time of the bioprinting biomaterial, density, and viability of cells,
bioprinting temperature, viscosity of the bioink, and bioprinting equipment. The
comparison of the main parameters of the common bioprinting technologies are shown in
Tables 1 and 2.

1.1.1.5.3. Bioinks for bioprinting

1.1.1.5.3.1 Bioink characteristics: biocompatibility, biodegradability, bioactivity,
and printability

The biocompatibility of the material is an essential requirement to avoid adverse
effects in the defect site and promote regeneration. Clearly, bioprinted constructs must
not elicit any adverse, immunogenic, nor carcinogenic reaction, as any inflammatory or
foreign body reaction to the implanted construct could eventually lead to the failure of

the tissue restoration. On the other hand, to promote tissue repair, the biomaterials that
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compose the bioink must also maintain cell viability throughout the 3D bioprinting

process, as well as support further cell proliferation and adhesion.

Table 1. Main parameters of common bioprinting technologies

Lo . Print Resolution Viscosity of bioink Cell -
3D Bioprinting technologies speed (um) (MPa's) concentration Cell viability References
Extrusion-based bioprinting Slow 100-200 30107 High 80%-90% 78
Droplet-based bioprinting
Thermal inkjet bioprinting Fast 30-60 - - 70%-90% 65
Electrostatic inkjet | Fast 10-60 - - 70% 65
bioprinting
Piezoelectric inkjet Fast 50-100 - - 70% - 90% 65
bioprinting
Laser assisted bioprinting Medium  pL level 1-300 <1:10%ml > 95% 70,79
Stereolithography Fast High (= 1 pm)  No limitation <1:10%ml > 85% 71
-, no data obtained.
Table 2. Advantages and disadvantages of common bioprinting technologies
3D Bioprinting technologies Advantages Disadvantages References
Extrusion-based bioprinting Wide range of printable  Lower resolution 78
biomaterials
High viscosity bioinks.
Porous structures
Droplet-based bioprinting
Thermal inkjet bioprinting Low cost and adaptable  Small range of biomaterials 65
bioprinting process Cells can suffer damage in the bioprinting
process
Electrostatic inkjet bioprinting Low cost and adaptable 65
bioprinting process
Piezoelectric inkjet bioprinting | Suitable for single channel  Not suitable for specific biomaterials 65
bioprinting (like fibrinogen)
Laser assisted bioprinting High-resolution, high  cell  Low bioprinting speed 70,79
viability (>95%) Relative high costs
Stereolithography High cell viability, range of Transparent and photo-crosslinkable 71
bioinks, and resolution material required for bioinks

Biodegradability is also an important asset that must be considered when
designing a bioink formulation, as well as its crosslinking method. Bioprinted constructs
are meant to be grafted in the defect at tissue regeneration early stages, and slowly

degrade as the host cells replace it with natural ECM. Nevertheless, the degradation rate

57



Introduction

of the construct must also be carefully tailored to match the tissue restoration rate, since
too fast degradation could lead to the mechanical failure of the graft (80). The bioink
degradation can arise from biological, chemical, and/or physical processes, which can be
driven by enzymatic, hydrolytic, or stimuli-ligated degradations (81). Also, the by-
products of the construct degradation must be biocompatible and non-toxic, since they
could provoke changes in the microenvironment, evoke immunologic reactions, or

influence the nearby cellular activity (82).

How the construct interacts within the surrounding tissues/organs is what defines
its bioactivity (83). One of the most interesting abilities of bioengineered constructs is
how bioinks that compose them can interact and elicit a specific desired cellular activity
while avoiding non-desired reactions. First, the bioink must offer anchorage for cells to
attach to the biomaterial surface. Biomaterials obtained from natural sources present
inherent cell adhesion sites; however, this is not often the case for synthetics. Synthetic
biomaterials often require modifications on their surface to enable cell attachment, like
coating with molecules, such as arginylglycylaspartic acid (RGD), silk fibroin, poly-L-
lysine, Poly-D-lysine, or the addition of natural biomaterials into the bioink recipe to

provide cell attachment sites (84,85).

One of the most important considerations when designing a bioink for extrusion-
based bioprinting is to tailor its printability, in other words, its ability to be extruded
through a nozzle in a controlled manner to print constructs with a high shape fidelity. A
bioink printability is strongly relied on several of its properties, such as its rheology,
viscosity, surface tension, homogeneity, as well as the bioprinting and crosslinking
techniques used (86). When working with extrusion-based bioprinting, the bioprinting
resolution is highly dependent on the nozzle diameter, when the nozzle diameter is
decreased the resolution increases, but that also increases the extrusion force and shear
stress, leading to a cell viability drop due to mechanical damage during the bioprinting
process. Researchers have investigated the optimization possibilities of this process,
finding, for instance, that by using conical needles, instead of cylindrical ones, higher
viability rates could be maintained (97% of cell viability when bioprinting with a
dispensing pressure of < 1 kPa and a conical needle diameter of 200 um; 87). Using higher
needle diameters (0.25 mm), lower cell damage is produced when using conical needles
(cell damage below 5%) instead of cylindrical ones (cell damage between 20-25%)
employing the same pressure (flow rate of 0.015 mL/s) was also evidenced (88).
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1.1.1.5.3.2 Cells

To produce biologically mimetic tissues and organs, the cells inside the bioink
must proliferate and produce their natural tissue-specific ECM while degrading the
material in which they are encapsulated. Cells used for bioprinting can be selected
depending on two main factors: how printed cells maintain their viability, and how they
can biologically mimic their physiological in vivo functions (50). Bioprinted tissues can
be loaded either by using functional primary cells together with supporting cells (89-95),
or seeded with stem cells that would undergo further differentiation (96-101). Bioprinting
with several cell types increases the complexity of the protocol since it will entail
bioprinting with multiple cell types simultaneously in parallel; however, that means
preparing all the cell types, bioinks and reagents at the same time. Aligning the
bioprinting steps and many bioinks involves a lot of multi-tasking effort, increasing the
risk of introducing errors in the process. Using stem cells can reduce the number of total
bioinks for a print, however, they may add their own set of complications such as bioink
formulations with growth factor cocktails or supplementing small molecule signalling to
guide site-specific differentiation. And even in post-printing culture there will be
additional requirements since differentiation stimuli must be provided to ensure the

differentiation control.

Although the supply of a reliable cell source has always been an issue for
bioprinting research, for its clinical application the optimal option would be using the
patient’s isolated cells to avoid rejection (102). Nevertheless, not every cell type can
regenerate after getting injured. Therefore, stem cells, which can grow and differentiate
towards different cell types, are a promising cell source to apply in 3D bioprinting.
hMSCs are an interesting cell type to be employed in bioprinting, since thanks to their
wide range of differentiation possibilities they can be used to create different tissues.
hMSCs can differentiate into the mesodermal lineages (adipocytes, osteocytes and
chondrocytes) but they also have the capacity to differentiate towards ectodermal
(neurocytes) or endodermal (hepatocytes) lineages (103). Obviously, besides stem cells,
fully differentiated cells have also been used in 3D bioprinting. Chondrocytes have been
typically used to generate artificial cartilage constructs (104); hepatocytes have been used
to create a patient-specific bioprinted liver tissue for drug screening (105); or even
vascularized constructs were bioprinted using MSCs, hDFs and human umbilical vein
endothelial cells (HUVECS) (106). Examples of different cell types, with their target
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tissues/organs, and the biomaterials used can be seen in Table 3.

Table 3. Examples of cell types used in bioprinting (107)

Target tissue Cell types Biomaterials Bioprinting References
technology
Smooth muscle cells Ca(bon nanotube encapsulated Extrusion 95
alginate

Vessel Smooth musc_le cell_s_and aortic Gelatine and alginate Extrusion 91

valve leaflet interstitial cells

Human umbilical vein endothelial PEGDA, Matrigel, fibrin gel, .

cells (HUVEC) collagen alginate, agarose, and GeIMA Extrusion 108,109

Mouse osteoblastic cells n-HA Inkjet 89
Bone

Human osteoprogenitor cells n-HA Laser-assisted 110

Lo . poly(ethylene glycol) .

Patient’s cartilage dimethacrylates (PEGDMA) Inkjet 90

Cartilage
. . Poly (e-caprolactone) (PCL), and :

Minced cartilage cells fibrin-collagen hydrogels Inkjet 93
Skin NIH3T3 fibroblast, HaCaT hEKs Collagen Laser-assisted 92
Neuronal tissue Mouse bone marrow stem cells Collagen, and agarose Extrusion 100
Skeletal muscle Mouse myablasts Polyurethane (PU), and PCL Extrusion 111
Tumour Hela cells Gelatine-alginate- fibrinogen Extrusion 112

hydrogel

Adipose tissue Adipose derived stem cells Alginate Laser-assisted 96

1.1.1.5.3.3. Biomaterials

Usually, biomaterials that conforms a bioink can be divided into two groups
depending on its origin: naturals or synthetics. Biomaterials such as hyaluronic acid (HA),
fibrin, collagen, and gelatine, as well as other such as dECM, chondroitin sulphate,
dermatan sulphate (DS), agarose, silk fibroin, and alginate are considered natural
biomaterials. Although natural biomaterials often offer good biocompatibility, they show
the disadvantage of lacking long-lasting gelation times or enough mechanical properties.
Otherwise, even though synthetic biomaterials lack of suitable biocompatibility and
biodegradability, they have more customizable chemical and mechanical properties.
Among the commonly used 3D bioprinting synthetic biomaterials we may find poly-L-
lactic acid (PLA), poly-g-caprolactone (PCL), polyethylene glycol (PEG), and GelMA,

among others.

Natural biomaterials

Type | collagen (Col 1), is a natural polymer that can be printed at low
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temperatures after pH neutralization, obtaining a solidified gel at physiological
temperature (113,114). Collagen shows interesting properties as a bioprinting
biomaterial, since it promotes cell proliferation, adhesion, and migration, presents good
biocompatibility, and is safe for the host as it does not trigger any serious immune
rejection or inflammation responses (56). However, this biomaterial not only lacks
mechanical strength, but also shows a slow speed of gelation, which significantly limits
its application as a bioink ingredient by itself (115,116). Similarly, being a denatured
form of collagen, gelatine is also biocompatible, it uses thermal gelation to crosslink, and
its mechanical strength can be modified by adjusting its concentration (117,118). HA, an
ECM anionic glycosaminoglycan (GAG) that can promote regeneration, cell
differentiation and angiogenesis (119), is usually modified with acrylic acid to overcome
its poor mechanical properties. Thanks to this modification, HA can be used to 3D print
scaffolds by photocuring (120). Low melting temperature agarose, which melts at
temperatures above 80°C, stays melted at 37°C while bioprinting, and forms a gel at room
temperature (RT) (121). Agarose also shows the bioprinting advantages of having high
mechanical strength while lacking immunogenicity, though its main drawback is that it
does not offer cell adhesion (122). Alginate, which is a natural occurring linear polymer
derived from brown algae cell wall (123), shows outstanding characteristics, such as high
biocompatibility, lack of antigenicity, chelating ability, biodegradability, maintaining of
cell viability, and short gelation times (124). However, the main drawback of alginate
bioprinting is that it offers poor cell adhesion, weak mechanical properties, and the
absence of enzymes able to degrade alginate in mammals (125,126). Chitin, the source
from where the chitosan (Ch) is obtained, is a crustacean exoskeleton-derived
polysaccharide (127) which can be crosslinked using NaOH, forming a gel matrix thanks
to its linear structure (60). Ch shows a slow gelation speed, fast degradation speed, and
poor mechanical properties; however, it offers good biodegradability and
biocompatibility, and it also exerts a bacteriostatic effect (117,119).

dECM is an emerging TE biomaterial obtained through a combination of chemical
and physical treatments that removes all cellular components to avoid rejection. dECM
retains the complexity of native ECM elements, which makes this kind of biomaterial
suitable to recreate the native microenvironment of the targeted tissue, enhancing the
function and morphology of the printed cells (17,128). In addition, this lack of cellular

components gives the dECM a low immunogenicity as well as a high biocompatibility.
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dECM gelation can be triggered by pH neutralization at 37°C. Probably, ECM inherent
components, such as HA, Col I, and fibronectin, among others, might improve the cellular
function of cells seeded within dECM (129). Though, this biomaterial shows some
drawbacks, such as low printing resolution, poor mechanical properties, and the ease of

collapsing or clogging if the printer lacks a heating module.

The blend of natural biomaterials to produce composite biomaterials is also
commonly used for bioprinting applications. The combination of collagen and alginate is
quite commonly used for bioprinting biological scaffolds. It has been seen that bioprinting
this mixture with EBB allowed to obtain good cell viability and structural stability (130).
Also, combining Ch with collagen showed to produce good pore sizes, low antigenicity,
and good biocompatibility (131,132). However, even natural composite biomaterials
retain poor mechanical properties, which make them prone to deform and shrink in the in
vivo environment, hindering the maintenance of the original porous 3D structure. Those
disadvantages limit the proliferation of cells, vascularization, and growth of tissues.
Consequently, biomaterials with enhanced and controllable mechanical properties are
needed for 3D bioprinting.

Synthetic biomaterials

The controllability and mechanical properties of synthetic biomaterials surpasses
those of natural biomaterials (121). Polymeric biomaterials such as PLA, poly-glycolic
acid (PGA), PCL, poly lactic-co-glycolic acid (PLGA), and GelMA are frequently used
for skin bioprinting (133). PLA is widely used as a raw material in TE for scaffolds
manufacture by 3D printing since it shows biocompatibility, good physical and
mechanical properties, and can be fully biodegraded in the body, only producing residual
CO2 and water (134,135). PLGA, a polyester compound commonly used in TE for
fabricating scaffolds and bioinks, shows good biocompatibility and mechanical
properties. Its degradation rate can be modified by changing the ratio of glycolic acid to
lactic acid (136,137). Likewise, PCL is another polyester which is biodegradable,
presents a surface that is easily modifiable, is approved by the Food and Drug
Administration (FDA), and a good candidate for tissue repair (138). The electrospinning
technology allows creating PCL nanofibrous scaffolds that show enough mechanical
strength to endure the in vitro and in vivo cell proliferation and differentiation.
Remarkably, the PCL degradation rate is quite lower compared to other biomaterials such
as poly-L-lactic acid (PLLA), PLGA or PGA, which enables PCL nanofibers to give long-
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term mechanical support to damaged tissues (139). On the other hand, GelMA undertakes
photo-polymerization under UV light exposure (with the presence of a photoinitiator),
forming covalently cross-linked hydrogels (140). Photo-polymerization can be executed
under neutral conditions (pH, RT, aqueous environment), and controlled in space and
time (141), allowing the 3D bioprinters to generate unique hydrogels with the desired
morphology, patterns, and structures. Besides, GelMA also shows good processability,
biocompatibility, and biodegradability properties.

1.2. Cartilage regenerative engineering

Cartilage can be defined as a connective tissue that covers the surfaces of
articulations, provides support to respiratory organs, and acts as a constituent of intra-
articular menisci, auricles, and the intervertebral discs (142). It is aneural, flexible, and
avascular, which means that it does not directly feed from blood supply but nourishes
through nutrients that are contained in the synovial fluid. As a result of its aneurality and
avascularity, this tissue is very restricted regarding self-regeneration, posing significant
challenges to heal when is damaged. This suppose a relevant health issue, since those
lesions can degenerate to osteoarthritis (OA), which is the most frequent joint disease in
the world (143). Minor symptoms at the early stage of OA can be managed through
medication; however, with the disease progression, the cartilage can be severely
damaged, having a high impact on the patient’s quality of life. Therefore, its major
weakness is its poor regenerative capacity since it is not able to undergo self-repair after
suffering degenerative or trauma injuries. Thus, novel regeneration strategies need to be

developed (144).
1.2.1 Therapeutic strategies for cartilage regeneration

In the regenerative medicine field, many attempts have been done to restore
cartilage defects, particularly articular cartilage. Current surgical strategies to deal with
articular cartilage defects include subchondral drilling, microfracture, abrasion
arthroplasty, mosaicplasty, perichondral and periosteal grafts, and advanced therapies
medicinal products (ATMP) such as: i) ChondroCelect®, which is based on the
autologous chondrocyte implantation (ACI), ii) MACI, which uses matrix-induced
autologous chondrocyte implantation, or iii) Spherox, which employs autologous

chondrocyte spheroids produced ex vivo to implant them in the patient’s knee (145).
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However, all these attempts to regenerate this tissue led, at best, to a reduction of painful
symptoms. As a matter of fact, the obtained fibrous cartilage quite differs from native
cartilage, failing to fully repair the injuries. Nevertheless, although widely applied in
clinic, these techniques present the limitations of having high costs, donor site morbidity,
graft hypertrophy, inconsistent tissue repair, short-term resolution, or the inability of
reproducing the native cartilage architecture (146). Ultimately, a full joint replacement
with prosthesis is required for last-stage defects. Therefore, the developments of new

approaches to fully regenerate the injured cartilage tissue are necessary.
1.2.2 Clinical applications and future perspective

Currently, there are not so many clinical applications using hMSCs in human
cartilage regeneration. However, the ability of hMSCs derived from adipose tissue to
differentiate into chondrocytes makes them a promising candidate for cartilage
regeneration, since unlike bone marrow-derived stem cells, they seem to grant a partial
level of protection to other cell types, also presenting lower inflammatory responses
(147,148).

Recent progress in addressing bioengineering approaches for articular cartilage
has been made. An interesting approach for articular cartilage restoration is the in situ
bioprinting strategy, which main strength lays in the ability to precisely print the construct
directly on the wound site during the surgery (149). As a matter of fact, a hand-held
bioprinting device called “Biopen”, which consists of two bioink cartridges and a coaxial
extrusion mechanism, has already been developed for direct manual bioprinting (150).
The developers of the Biopen optimized the core/shell bioprinting technique with cells
embedded in the bioink, testing the device in vivo in a sheep chondral defect model (151).
Similarly, another work offered an in situ 3D bioprinting strategy, in which a six-degree-
of-freedom robotic-arm was employed to repair osteochondral defects in an in vivo rabbit
model. These researchers achieved to fill the defects with neo-formed hyaline cartilage

after a 12 weeks healing period (152).

Regarding the integration of engineered constructs within the osteochondral
interface, some researchers found a way of enhancing calcified cartilage differentiation
optimizing biomaterials. This is the case of You et al., who perfected a combination of
chitosan/alginate/hydroxyapatite hybrid to form a hydrogel that supported the production

of a mineralized ECM (153). Other researchers mixed bone marrow (BM-MSCs) within
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a P-tricalcium phosphate enriched bioink for cartilage bioprinting, characterizing its
rheology and mechanical properties, as well as the expression of mineralization and
chondrogenic-related markers (154).

Even though several relevant achievements have been made in the bioengineering
of articular cartilage, many obstacles need to be overcome. Articular cartilage can be
broadly zoned into four different sections regarding its matrix composition,
heterogeneous cell density, and mechanical properties. The reproduction of this spatial
zonation has not been achieved yet (155); besides, the cartilage graft have to be
completely integrated within the underlying subchondral bone (156). Additional issues
that need to be addressed relate to the specific cell density depending on the defect size,
the long-lasting effectiveness of the engineered tissue, enhance the mechanical properties
of the final tissue, or the xenobiological components of the artificial tissue and media

employed for creating the tissue (157).

As previously stated, current cartilage regenerative strategies do not provide long-
term solutions, frequently needing a joint prosthetic replacement. Cartilage RE strategies
and cell therapy products offer alternative solutions that have been developing in the past
few years. On one hand, TE-based approaches use combinations of cells, scaffolds, and
growth factors to replace and stimulate cartilage defect regeneration (158). On the other
hand, cell therapies, mainly based on the use of autologous chondrocytes and MSCs,

apply those cells into the defect to promote the repair of the damaged tissues (159,160).

TE-based strategies for regenerating cartilage can be categorized in three groups:
cell-scaffold, cell-free, and scaffold-free strategies. Therapies based on the cell-scaffold
approach are currently the most used. Typically, cells are seeded inside a scaffold, and
then the construct is implanted in the defect. Normally, the scaffolds are made of
compatible biomaterials like Col I and Ill, alginate or agarose (161-163). Cell-free
products that are used for articular cartilage repair are usually not completely cell-
depleted, since in some cases they can be combined with autologous cells. Nevertheless,
these products are initially based on synthetic biodegradable scaffolds which can further
be combined with cells or their derivatives (secreted factors or cytokines) (164,165).
Lastly, scaffold-free strategies use 3D culture techniques, like spheroid formation, where
cells grow together generating their own matrix, to finally implant them in the defect

(166-168). Following this last category we could locate cell therapy, since its basis
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remains a scaffold-free strategy that focuses on injecting ex vivo cultured cell suspensions

in the defect to help its regeneration. In Table 4 are included some examples of products

based on TE strategies that are available on the market or being tested in clinical trials.

Hopefully, several TE and cell therapy products for treating cartilage defects have already

completed clinical trials and are commercially available. Among them, the cell-scaffold

products are present in ongoing clinical trials. Although those loaded with chondrocytes

have already made quite some advances, medical products with stem cells still need to

undergo clinical trials and further research to be approved and commercially available.

Table 4. Products based on TE strategies to cartilage regeneration

Category Name Composition Status References
Chondrocytes grown attached with Ongoing phase Il clinical trial
BioSeed®-C fibrin glue on a polyglactin910/poly-p- (2011-003594-28) 169
dioxanone scaffold
Chondrocytes seeded in a HA scaffold Lack of phase Il clinical trial;
Hyalograft® C withdrawn from the market by the 170,171
EMA
Cell-scaffold Primary autologous chondrocytes Prospective Multicentre  Study
CaReS® seeded in Col | scaffolds (2003-2008): commercially 172,173
available
NeoCart® Chondrocytes seeded in Col | scaffolds Completed phase Il clinical trial 174175
(2017)
® Chondrocytes seeded in a biphasic Col Ongoing phase Il clinical trial
NOVOCART®3D ')y} scaffold (NCT01656902)
Scaffold made of PLGA copolymer, Completed clinical pilot study
TruFit calcium sulphate, PGA fibres, and (NCT01246635) 176-178
Cell-free surfactant
. Three-layered Col | and Completed phase IV clinical trial
MaioRegen hydroxyapatite scaffold (NCT01282034) 179,180
Spherox Chondrocyte spheroids suspension Completed phase Il clinical trial
Scaffold-free P ® (NCT01222559; authorised by the 181
(Chondrosphere®)
EMA)
Carticel® Suspension of Autologous ex vivo Completed phase IV clinical trial 182
cultured chondrocytes (NCT00158613)
Characterised autologous ex vivo Completed phase Il clinical trial
ChondroCelect® cultured chondrocytes expressing (NCT00414700) 183
specific marker proteins
Suspension of Autologous ex vivo Completed phase Il clinical trial
™
Chondron cultured chondrocytes (NCT01050816) 184
Cell therapy
® Allogeneic HUVECs Completer phase Il clinical trial
CARTISTEM (NCT01626677) 185,186
Injectable  genetically engineered Ongoing phase Il clinical trial
Invossa™ chondrocytes virally transduced with (NCT03383471) 187
TGF-B1 (GEC-TGF-B1)
JACC Cultured autologous chondrocytes 2-year  follow-up  prospective 188

embedded in atelocollagen gel.

multicentre clinical trial in Japan
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1.2.3. Cartilage 3D bioprinting
1.2.3.1. Essential elements for cartilage 3D bioprinting
1.2.3.1.1 Desirable properties of 3D bioprinted cartilage

The main objective of 3D bioprinted cartilage constructs is to simulate the
cartilage microenvironment by combining biomaterials, growth factors, and cells, which
can proliferate and generate this tissue. An optimal 3D cartilage construct should
reproduce the biological and mechanical properties of native cartilage (articular, nasal,
auricular, tracheal, or intervertebral) (189). However, tissues differ in its biological,
physical, morphological, and chemical properties. In the 3D bioprinting domain, the
bioprinter can define the structure and shape of the cartilage construct by bioink
deposition. Essential properties that the 3D bioprinted constructs for cartilage
regeneration should mimic include the architectural and mechanical properties of

cartilage.

The global geometry together with the inner microarchitecture of a construct are
the factors that define its specific properties. Regarding the inner microarchitecture, the
pores density, size, and shape are critical parameters in the fabrication process. The pore
density has a direct connection with the construct biological and mechanical properties,
as it is defined by the void volume of the structure. An open and interconnected construct
with high pore density holds a higher nutrient diffusion, stimulating cell growth, waste
depletion, and can even promote vascularization, this latter characteristic not being of
interest for cartilage regeneration (190). As a matter of fact, it has been seen that in
cellular activity parameters, non-porous collagen constructs showed lower cell viability
than porous collagen ones, reporting a high cell death rate in the core of the non-porous
hydrogels after 7 days of in vitro culture (191). Similarly, the pore parameters are also an
important consideration, since it has been seen that: i) bigger pore sizes reduce the surface
area ratio, lowering cell attachment; ii) it can affect biomechanics; iii) pore size does not
affect cell proliferation, but the angles produced by them can be critical on it (192). On
the other hand, if the pore size is too small, nutrient diffusion and cell migration will be
limited. Several researchers have studied this issue, and reported that optimal pore sized
for collagen-based cartilage constructs may range between 150 — 250 um (193) and 300
um (194). Finally, the pore shape also plays an important role in the definition of

constructs microarchitecture, since it has been demonstrated that, for instance, cubic pores
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could influence MSCs chondrogenic differentiation (195). Latest studies in 3D
bioprinting of cartilage constructs have aimed to recreate the zonal structure of native
cartilage, developing mechanical and physicochemical properties, and biological

composition gradients (196-199)

A bioprinted construct should match the mechanical properties of the native tissue
that is trying to reproduce to achieve an optimal tissue regeneration (200). The articular
cartilage Young’s modulus ranges from 0.28 = 0.16 MPa to 0.73 + 0.26 MPa between its
surface to its deeper zone, respectively (201). For achieving these properties, the
mechanical strength of bioprinted constructs rely on the structure of the construct, the
composition of the bioink, and the post-printing processes like the cross-linking methods
(202). Usually, synthetic biomaterials like PCL are combined with hydrogels for reaching
cartilage mechanical properties.

Also, several bioactive molecules have been investigated as supplements for
bioprinting bioinks to enhance the differentiation into a specific tissue. This is the case of
growth factors, like bone morphogenic proteins (BMPs) or transforming growth factors
(TGFs) that have been proven to induce chondrogenic differentiation. For example, BMP-
4/6, and TGFB1/3/4 have already been successfully supplemented to bioinks as
chondrogenic properties enhancers of 3D bioprinted constructs (203-205).

1.2.3.1.2 Cells

As the predominant cell in cartilage, chondrocytes are the most used cell type in
the research and development of bioinks for cartilage bioprinting applications. This kind
of cell can be isolated from articular cartilage and expanded in vitro to obtain enough
biomass to be employed. Proof thereof is the fact that chondrocytes have been effectively
used in the 3D bioprinting of chondrocyte-laden constructs in several studies (206—209).
However, due to their limited availability given the donor site morbidity, as well as the
high costs of in vitro cell production, several alternative cell sources have been
extensively investigated. These alternative cell types mainly include the spectrum of stem
cells, such as the MSCs isolated from infrapatellar fat pad (IFP-MSCs), adipose tissue
(AD-MSCs) (210,211), BM-MSCs (47,212-214), synovium (sMSCs) (215), human
embryonic stem cell-derived (hESC-MSCs) (216), and even human-derived induced
pluripotent stem cells (iPSCs) (216,217). The main point of using stem cells, and
specifically MSCs, is their ability to undergo chondrogenic differentiation through their
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exposure to specific bioactive molecules. Though, a drawback of using this kind of cells
Is their propensity to undertake a cartilaginous hypertrophic differentiation. Nevertheless,
it has been reported that IFP-MSC and sSMSCs may display a low hypertrophic potential,
being a more desirable option for cartilage TE (218,219). So far, there is no optimal stem
cell source for 3D bioprinting, however, recent studies have investigated the co-culture
of multiple cell types seeking to enhance of chondrogenesis in 3D bioprinted constructs.
As a matter of fact, some researchers implemented the co-culture strategy to their studies,
such as the combination of MSCs together with chondrocytes to create structurally
organized spheroids (220); the creation of zonal-like articular cartilage models combining
BM-MSCs, chondroprogenitor cells, and chondrocytes (221); or the bioprinting of
constructs with IFP-MSCs and hESC-MSCs that showed the ability to promote the
chondrogenic tissue neoformation after 2 weeks post-implantation in a subchondral defect
rabbit in vivo model (216). The co-culture approach holds the potential of boosting the
constructs chondrogenic properties, reducing the in vitro stage of cell expansion,
unravelling this strategy to be clinically applicable and cost effective.

1.2.3.1.3 Biomaterials for Cartilage 3D bioprinting

Cartilage bioinks can be formulated using natural or synthetic biomaterials,
depending on their source and their intended application (222). Due to their biological
properties and similarities with native cartilage, hydrogels are often the better choice for
cartilage extrusion-based bioprinting, since their hydrophilic crosslinked networks can
hold up to 90% of water content, allowing good nutrient exchange while maintaining their
structure (223,224). In fact, natural biomaterials are considered an ideal choice when
designing a bioink for cartilage TE applications, since they are highly biocompatible, can
mimic the natural ECM, are biodegradable, and provide cell attaching sites. However,
their properties variability still poses some challenges. Synthetic biomaterials are more
tricky to use in the biomedical field, as they tend to show less biocompatibility and cell
interaction; however, they are capable of achieving optimal mechanical and rheological
properties, that can be tailored by pH or temperature changes (225-227). In the cartilage
research field there is a growing need for the formulation of bioinks with optimized
bioprinting parameters, as well as the inherent biomaterial assets, which include

physicochemical, biological and mechanical properties (228).

Natural-derived biomaterials employed for the formulation of bioinks for cartilage
TE applications usually englobe the use of alginate, gelatine, agarose, HA, and Col I. The
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bioprinted constructs fabricated using this kind of biomaterials often get crosslinked by
physical, chemical and/or enzymatic agents such as temperature, pH, sodium chloride
(NaCl), or thrombin (229-231). Several studies have created combinations of these

biomaterials seeking the development of an optimized bioink (232-234).

Alginate, a biodegradable polymer derived from the brown algae (Phaeophyceae)
cell walls is a polysaccharide that has been widely investigated to be applied in cartilage
TE, due to its lack of immunogenicity and its biocompatibility (235). Regarding its
printability, alginate has been extensively used as it presents a useful fast gelation process
induced by exposure to calcium ions. It also exhibits shear-thinning properties, which
protect the cell during the bioprinting process (236). Despite its advantages, alginate alone
shows poor mechanical properties and it lacks of chondrogenic activity, thus, it has been
frequently combined with other biomaterials, such as HA (237), cartilage ECM (238), or
collagen (232). HA, as one of the main components of articular cartilage, is a polymeric
GAG that provides lubrication and viscoelasticity to the joints (237). Its chondrogenic
properties have made it ubiquitously used for cartilage regeneration applications
(237,239); however, despite its advantages, it lacks of good mechanical properties,
showing a poor printability (240-243). HA has already been used to fabricate a
HA/alginate bioink to ameliorate its printability, showing good gelling, stiffness,
degradability, printability properties, and even in vitro chondrogenesis (237).

The synthetic biomaterials most typically used for cartilage TE include poly-lactic
acid (PLA), polycaprolactone (PCL), and poly-glycolic acid (PGA). Combinations of
these polymers with other synthetic and natural biomaterials have also been studied to
ameliorate the properties of their mixtures, like their printability, mechanical
characteristics, or crosslinking method; seeking to optimize them for cartilage TE and
even to help to stimulate their chondrogenic effect (244,245). Interestingly, synthetic
polymeric biomaterials can also be used as sacrificial elements, to provide support to the
construct structure during the bioprinting. This is the case of poloxamers, like Pluronic®,
which hold thermos-reversible gelation properties making them suitable as sacrificial
biomaterials (liquid at < 4°C; gels at > 16°C) (246). PCL is also a classically used polymer
to bioprint cartilage TE constructs, often used for improving mechanical properties. It has
been co-printed together with other polymers such as cartilage ECM, silk fibroin (247),
MeHA, or PEG (248).
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1.3. Skin regenerative engineering

Over the last decades, regenerative medicine has evolved tremendously in many
areas, including wound healing and skin regeneration (249). However, treatment of acute
and chronic skin wounds remains a clinical challenge and a lifesaving resource for many

patients.

Skin-related diseases could be due to several reasons: acute or chronic wounds,
skin-related pathologies (such as diabetic foot ulcers), perianal fistulae, epidermolysis
bullosa, or the most common cause of major skin tissue loss: burn trauma (Figure 4).
Deep dermal traumas and full-thickness skin wounds often prove to be difficult to treat
due to the high risk of infection, the significance of the area involved, and the potential
damage of deeper skin layers that include the dermis (250). Currently, in clinical practice,
skin grafting with an autologous graft (autograft) is the “gold standard” treatment (251).
However, the availability of healthy autologous tissue is often limited in patients suffering
from major trauma. In response to these limitations, skin substitutes produced by RE offer
alternative therapeutic approaches. Skin substitutes are defined as a heterogeneous group
of substances that aim to restore the skin barrier function, facilitate wound healing,
prevent infections, and manage pain. Most skin substitutes are acellular; however, in the
past years an increasing attention has been paid to the development of cellular substitutes
that are mainly manufactured using two skin cell types: hDFs and hEKs (252-254).
Moreover, other researches also includes different skin-related cell types, such as
melanocytes (255), MSCs (256), epidermal stem cells (ESCs) (257), hair follicle stem
cells (258), or cell-based products such as platelet-rich-plasma (PRP) (259-261).

New approaches for skin RE are focused on combining natural or synthetic
biomaterials with living cells for several biomedical and pharmaceutical applications.
However, engineering a multiple layered skin architecture conforming the native skin
structure is a tough goal that new RE advances aim to achieve. Currently, there is a broad
spectrum of commercially acellular and cellular skin substitutes that are available for
clinical use, as well as different therapeutic strategies that can be assessed for skin
regenerative medicine, for instance, injectable cell solutions, cell sprays, cell sheets and
3D scaffolds. As well, clinical advances for the treatment of dermal injuries are being
made, based on the clinical trials that are being carried out for the development of

ATMPs, innovative strategies, and medical devices for a diverse range of skin disorders.
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Figure 4. Most common skin-related diseases, namely: anal fistula, epidermolysis

bullosa, burn wounds, different skin wounds and ulcers.

1.3.1. Acellular substitutes

Acellular skin substitutes are designed to act as a barrier to prevent water loss and
infection of the wound bed. They are produced using different biomaterials such as
collagen, silicone, or nylon meshes, but there are also some substitutes that are composed
by cadaveric dermis. Different acellular skin substitutes are already employed in the
clinical practice (Table 5). An example of a commercially available product is Integra®,
which is composed of a silicone membrane, and a bovine collagen + shark chondroitin
sulphate layer, which serve to prepare the wound bed for transplantation (262-264). It is
widely used to treat different pathologies, such as full-thickness skin defects, deep partial

and full-thickness burn wounds, soft tissue defects, chronic wounds.
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Table 5. Acellular skin substitutes

Name Composition Clinical indications References
Integra® Epidermal equivalent — silicone membrane;  Large burns and limited autograft donor sites ~ 262-264
Dermal equivalent — bovine collagen and
shark chondroitin-6-sulphate
Alloderm® Acellular human dermis Burns and other wounds; repair of soft tissue 265-267
defects
Biobrane® Epidermal equivalent — silicone membrane;  Superficial partial-thickness burns of limited 268
Dermal equivalent — nylon mesh combined  extent, donor sites and temporary coverage of
with porcine collagen freshly excised deep partial- or full-thickness
wounds.
AWBAT 3D nylon mesh with porcine type | collagen  Partial thickness burns 269
and a porous silicone membrane
GammaGraft™  Decellularized human cadaveric dermis Venous insufficiency ulcers, diabetic foot 270
ulcers, full-thickness ulcers, skin graft donor
sites, partial-thickness wounds, burns
Graftjacket® Acellular human dermis Periosteal patch or covering, protection and 271-273
support of bone and tendons in foot & ankle
and hand surgery
Matriderm® Bovine matrix of Col I and elastin Full-thickness wounds 274,275
DermaCELL® Decellularized human dermal matrix Implant-based breast reconstruction, diabetic 276
foot ulcers, venous stasis ulcers, arterial ulcers,
pressure ulcers
FlexHD® Acellular human dermis Replacement of damaged or inadequate 277
integumental tissue or for the repair,
reinforcement, or supplemental support of soft
tissue defects.
Graftjacket Micronized (powdered) dermis Deep dermal wounds or diabetic ulcers 278
Xpress®
MatriStem® Porcine extracellular matrix Deep partial-thickness burns 279
EZderm Aldehyde cross-linked porcine dermis Partial thickness skin loss injuries, donor sites, 280
Mediskin® skin ulcerations and abrasions
OASIS® Porcine acellular lyophilized small intestine  Wound closure stimulation in acute and 281-283
submucosa chronic full-thickness diabetic ulcers and burn
wounds
MicroMatrix® Porcine-derived extracellular matrix (urinary ~ Partial and full-thickness wounds, pressure 284

bladder matrix)

ulcers, venous ulcers, diabetic ulcers, chronic
vascular ulcers, surgical wounds, trauma
wounds, and draining wounds

Acellular substitutes can also be obtained from cadaveric dermis. This kind of

substitutes are decellularized human dermal matrix that keeps the ECM while reducing

rejection and inflammation, allowing revascularization and cellular repopulation.

Examples of allografts from cadaveric dermis include Alloderm™, GammaGraft™ and

Graftjacket®. Alloderm™, is employed as a dermal substitute to treat deep and full-

thickness burns to facilitate the following autologous split-thickness skin graft (265).

Beyond its use as a dermal substitute, Alloderm™ has also been used for laryngoplasty,

vaginal prolapse repair, implantable prosthesis coverage, pelvic and abdominal wall

defect restoration, and other forms of soft tissue substitutions. Compared to Alloderm™,
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Integra® shows a higher induced foreign body reaction; however, this response is
expected given the fact that it is produced by chemical cross-linking. Assuming those
drawbacks, and with the lack of clinical studies that compare these two skin substitutes,
Integra® is not yet considered as a favoured option over human-derived skin substitutes

such as AlloDerm™,

GammaGraft™ is a gamma-irradiated human skin allograft that provides
epidermis and dermis structures. It presents the advantage of being able to be stored for
2 years at RT, unlike bioengineered tissues, which need cold storage and must be used
when received. Graftjacket™ is a decellularized human dermal matrix where cellular

components are removed. (278).

The biomaterials used to produce acellular skin substitutes can also be animal-
derived, obtaining acellular xenografts such as Matriderm®, which is based on a bovine
matrix of Col | and elastin (EL), and employed for dermal regeneration (274,275) This

skin substitute shows an improved vascularization and elasticity of the regenerated tissue.

Unfortunately, acellular skin substitutes show some limitations, such as poor
barrier function and short shelf-life. In addition, there is a risk of disease transmission
when using cadaveric skin allografts since residual deoxyribonucleic acid remains in the
tissue. To ameliorate these limitations, different types of cells are included in skin
substitutes, improving the production of ECM, and extending the time of wound

coverage.
1.3.2. Cellular substitutes

The inclusion of living cells within the skin substitutes promotes the regeneration
of natural-like skin tissue due to the secretion of growth factors and ECM components.
Among commercially available cellular substitutes, some are based on sheets of allogenic
cells obtained from human neonatal foreskin (Table 6). TransCyte™, for example,
consists in a nylon mesh, which is populated with neonatal hDFs (285). However, to
reduce rejection, cells are eliminated before grafting by freezing to conserve the matrix
and the growth factors. On the other hand, Dermagraft® is an allogenic skin substitute
which uses the same cells as TransCyte™, but in this case hDFs are embedded in a

biodegradable mesh of PLGA and cryopreserved to attain a better cell viability. (286).

Cellular substitutes often require cultured autologous hEKs for a permanent

coverage. One of the few commercially cultured epithelial autografts (CEAS) is Epicel®,
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which is produced under Good Manufacturing Practice (GMP) conditions and consists of
sheets of the patient’s hEKSs seeded over a petrolatum gauze. This CEA is of great
importance in patients who suffer large burns (over 60% of the total body surface area),
as they lack available donor sites (287,288). Also, although it has a long generation time,

taking almost 3 weeks to culture the tissue, it presents a very low risk of rejection (289).

Autologous hDFs are also used for dermal skin substitutes. One example is the
TISSUEtech Autograft System™, which combines two TE biomaterials such as
Hyalograft 3D™, as a dermal equivalent, and Laser skin®, an autologous epidermal
substitute, as an epidermal equivalent (290,291). In addition, Hyalograft 3D™ is
composed by seeding autologous hDFs over a 3D HA-derived scaffold named

Hyalomatrix®.

Table 6. Cellular skin substitutes

Name Composition Clincial indications References
TransCyte™ Nylon mesh substitute populated with hDFs Excised burns awaiting placement of 285,292
autograft
Dermagraft™ Combination of a biodegradable mesh of Full-thickness foot ulcers 286
polyglycolic acid and neonatal foreskin hDFs
Epicel™ Cultured autologous hEKs Permanent closure in greater burn 287,288
wounds
TissueTech Combination of Hyalograft 3D™ as a dermal Diabetic foot ulcers, full-thickness 290,291
Autograft equivalent and Laser Skin as an epidermal equivalent ulcers
System™
Hyalomatrix® Bilayer composed of an external silicone membrane Pressure ulcers, diabetic foot ulcers
. 293-295
and an internal hyaluronan scaffold and deep second-degree burns
Hyalograft 3D™ Autologous hDFs seeded over Hyalomatrix® Extensive dermal wounds, including
burns and difficult-to-heal chronic |-
wounds
Laser Skin Cultured autologous hEKSs in laser-perforated HA Diabetic foot ulcers and venous leg
e . 290,291
ulcers, partial thickness burns, vitiligo
Apligraf™ Bilayered bovine collagen matrix seeded with Venous leg ulcers and diabetic foot 296,297
neonatal hEKs and foreskin hDFs ulcers
OrCel™ Type | collagen matrix seeded with neonatal foreskin ~ Split-thickness donor sites in patients 298
hDFs and hEKs with burn wounds
Stratagraft® Bilayered dermal hDFs and hEK-derived fully First-line treatment of burn wounds, 299,300
stratified epidermis until autografts are prepared
Permaderm™ Collagen-glycosaminoglycan substrates seeded with  Full-thickness burns -
autologous hDFs and hEKs
Tiscover™ Autologous full thickness cultured skin Chronic  therapy-resistant  leg/foot -
ulcers
DenovoDerm™ Autologous dermal substitute -
Large Deep Partial and Full
DenovoSkin™ Autologous full thickness substitute consisting of | Thickness Skin Defects -

dermal and epidermal layers

-, o data obtained.
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Hyalomatrix® consists of a bilayer composed by an outer silicone membrane, that
acts as a temporary epidermal barrier, and an internal hyaluronan scaffold (293-295). The
TISSUEtech Autograft System™ represents a good attempt to biomimic the histology of
the human skin (291).

Other skin substitutes made of synthetic polymers, such as PLGA, PCL, or
polypyrrole are investigated to generate membranes as platforms to seed hDFs (301-306).
Regarding composite allografts, Apligraf® is a bovine collagen-based substitute which is
more complex than previous substitutes since it includes both hDFs and hEKSs cell types
(296,297). OrCel® is another similar, although slightly thicker composite allograft
compared to Apligraf® as it also contains the same cell types and provides a bovine Col |

sponge to treat partial-thickness wounds (298).

In traumatic skin wounds, such as in burn patients, the wound bed often needs to
be prepared before autografting. In this situation, the use of cellular substitutes is
replacing the use of cadaveric allografts to cover full-thickness skin wounds. Within the
skin substitutes that are used to cover full-thickness skin wounds, Stratagraft® is an
allogenic epidermal substitute composed of dermal hDFs and neonatal hEKSs. This skin
substitute is used as an intermediate step before autografting burn wounds, showing good

tolerability and non-acute immune reactions (299,300,307).
1.3.3. Therapeutic strategies for skin regeneration

Many products have been developed and applied for therapeutic applications to
mimic the native skin architecture and its microenvironment properties (308-313). There
are different strategies of procedures for the treatment of skin injuries, such as injectable

cell solutions, cell sprays, sheets, and 3D scaffolds.
1.3.3.1 Injectable cell solutions

Many types of cells are being administered via subcutaneous injection within
different kinds of solutions composed of HA, PRP, Col I, Ch, poly(ethylene glycol)-
poly(L-alanine), ECM, or methylcellulose, among others (309,314-318). Moreover, cells
can be delivered embedded in injectable hydrogels that provide a scaffold for in situ tissue
regrowth and regeneration, allowing surgeons to fill complex shapes with a minimal
invasive procedure (319,320). Several biomaterials have been employed for developing
injectable hydrogels to mimic the biological cues of native ECM; however, they cannot
reproduce the complex functions of natural ECM. In the last decade, increasing attention
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has been paid to the development of tissue-derived ECM as a biomaterial to generate
injectable hydrogels (321-325), some of them based on dermal ECM or hybrid injectable
hydrogels of thermosensitive soluble ECM and methylcellulose as stem cell delivery

systems in skin wound treatments (317,326).
1.3.3.2 Cell spray

To avoid mesh grafting, non-cultured autologous cell-spray grafting has been
presented as a treatment for deep and partial-thickness wounds. Cells are isolated from a
donor skin tissue and applied to the wound bed by spraying. This non-invasive treatment
strategy aims to facilitate the re-epithelialization process, reducing the healing time in the
hospital and minimizing complications (327). However, for the treatment of full-

thickness wounds a dermal element to achieve functional permanent skin is still required.
1.3.3.3 Sheets

As explained above, engineered sheets could be used with or without cells. When
cells are seeded on the sheets, they produce their own ECM upon confluence. The
inclusion of multiple to single cell layers forms a thicker matrix easier to handle for
implantation at the wound site; however, the risk of starving the basal cells complicates

a successful survival on the wound bed (328,329).
1.3.3.4 3D scaffolds

Skin scaffolds are being studied to enhance the control of the wound healing
process (330-332). To fabricate 3D scaffolds that recreate the physiological conditions
of the skin, several 3D cell culture systems have been developed employing protein-based
biomaterials, such as collagen, gelatine, or silk, among others (333,334). These
biomaterials have proven to be advantageous since they are composed of biomolecules
similarly found in natural tissues and can be degraded and cleared by the host native
physiological processes. Moreover, complete decellularization of skin tissue to create
ECM based matrix scaffolds for skin regeneration has been developed (335). A growing
body of studies highlights the relevance of the combination of different biomaterials to
create products with enhanced properties. For example, to generate a full-thickness skin
substitute, fibrin and agarose can be mixed with hDFs and subsequently seeded with
hEKs. This model of fibrin-agarose skin equivalent, achieved to reproduce the
histological architecture and structure of the human skin, suggests the possibility of being
applied as a skin substitute to treat skin wounds such as burns (336). Another example
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can be found in the combination of biodegradable polyurethane and porcine dermal ECM
to generate an elastomeric electrospun patch that provides better bioactivity and
mechanical properties compared with digested dermal ECM alone (337). Another
interesting strategy is to blend native ECM elements like keratin (Kt) fibres (the structural
protein present in the epidermis ECM) or HA, with cross-linkable biomaterials such as
alginate or agarose (a naturally occurring anionic polysaccharide) in order to prepare a
biocompatible film (334,338-341).

In brief, these strategies are intended to improve the wound healing and the
treatment of skin-related diseases. However, skin wound healing therapies are evolving
towards the personalization of the treatment for each patient, to facilitating their clinical

use, and shortening waiting times to generate skin substitutes.
1.3.4. Current and future clinical applications

In the las decade, various cell therapies and TE skin products have moved from in
vitro and animal studies into human clinical trials as therapeutic clinical applications for
a diverse range of skin disorders (Table 7). Among the different cell types applied by
injectable cell solutions, several have been used, such as MSCs (NCT02669199,
NCT01750749), human autologous adipose-derived stromal vascular fraction
(NCT01813279), bone marrow-derived cells (NCT01750749), human placenta-derived
cells (NCT01859117), melanocytes and hEKs (NCT0251065), and even human umbilical
cord blood derived-universal stem cells (hUCB-MSCs) (NCT01927705). With the use of
intramuscular human placenta-derived mesenchymal stromal-like cells in patients with
peripheral arterial disease (PAD) and a diabetic foot ulcer (DFU), preliminary evidence
of ulcer healing was shown in 7 out of 15 patients, and circulating endothelial cell levels
(as a vascular trauma in peripheral artery disease biomarker) were decreased within 1
month (NCT01859117; 342).

Regarding hUCB-MSCs, clinical application in the treatment of atopic dermatitis
(AD) demonstrated for the first time, a remarkably improvement of AD features with cell
therapeutics without noteworthy adverse events (343). Nevertheless, other cell-based
products such as the use PRP (NCT02832583), platelet-rich-fibrin (NCT01957124) and
amnion-derived cellular cytokine (NCT02389777, NCT01715012) are also addressed.
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Table 7. Completed Clinical Trials

Pharmaceutical
form

NTC number

Title

Phase

Indication

Cell type

References

Injectable Cell
Solution

NCT02669199

NCT01813279

NCT01750749

NCT01669746

NCT02458417

NCTO01859117

NCTO01743053

NCTO01927705

NCT02510651

NCT02832583

NCT02134132

NCT02389777

MSCs Source of Sweat Gland Cells of
Large Area Skin Injury Patients
Transplant of the Wound

Assessment  of the  Subcutaneous
Reinjection of Human Autologous
Adipose-derived  Stromal  Vascular
Fraction (Celution® System) in the Hands
of Patients Suffering from Systemic

Sclerosis

Cell Therapy for Venous Leg Ulcers Pilot
Study

A Study to Evaluate and Compare
Injections  of  Autologous  Mixed
Population of Dermal Cells into the
Balding Scalp of Subjects with Hair Loss
(CA-0006931)

Autologous Cell Suspension Grafting
Using ReCell in Vitiligo and Piebaldism
Patients

Study of Human Placenta-derived Cells
(PDA002) to Evaluate the Safety and
Effectiveness in Subjects with PAD and
DFU

A Pilot Trial of the Use of ReCell®
Autologous Cell Harvesting Device for
Venous Leg Ulcers

Safety and Efficacy of FURESTEM-AD
Inj. in Patients with Moderately Subacute
and Chronic AD

Effect of Procedural
Outcome of Surgical
Vitiligo

Variables on
Treatment of

Autologous PRP Combined to HA
Obtained with Regen-Kit BCT-HA in
Aesthetic Medicine

Utilization of Platelet Gel for Treatment
of DFU

ACCS Solution in UV-induced
Inflammation

12

1/2

Skin Burns

Scleroderma

Venous Ulcer

Androgenetic
Alopecia, Male Pattern
Baldness, Female
Pattern Baldness

Vitiligo and Piebaldism

PAD, DFU

Venous Leg Ulcers

AD

Vitiligo

Skin Wrinkling

DFU

Skin Burns

MSCs

Human Autologous
Adipose-derived
Stromal Vascular
Fraction

Bone marrow-
derived cells

Autologous cultured
mixed population of
dermal cells

Autologous cells

Human placenta-
derived cells

Autologous cells

hUCB-USCs

Melanocyte-KC

PRP-HA

Platelet Gel

ACCS

344,345

346

347

Spray

NCT01656889

Study Investigating the Safety and
Efficacy of HP802-247 in the Treatment
of Venous Leg Ulcers

Venous Leg Ulcers

hEKs and hDFs

348

Skin substitute

NCT02668055

NCT01908088

NCT02394886

Slow-release ~ Th4  Collagen  and
chondroitin  sulphate Porous Sponge
Scaffolds Skin Substitute Treatment is
Difficult to Heal Wounds (TB4)

Autologous Transplantation of Cultured
hDFs on Amniotic Membrane in Patients
with Epidermolysis Bullosa

Safety of ALLO-ASC-DFU in the Patients
With DFU

Skin wounds

Epidermolysis Bullosa
with Mitten Hands

DFU

Autologous hDFs

Allogenic adipose-
derived MSCs

BCT, blood cell therapy; ACCS, amnion-derived cellular cytokines; TB4, thymosin beta 4
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Moreover, new devices are being evaluated, such as the ReCell kit (Avita Medical
Europe Ltd, Cambridge, UK; NCT02458417, NCT01743053), which uses autologous
epidermal cells (349). As well, innovative strategies are being assessed to ameliorate the
cell dispensing systems, such as the topical wound spray HP802-247, a fibrinogen and
thrombin solution spray containing living, irradiated and growth-arrested hEKs and hDFs
(NCT01656889; 348).

Furthermore, there are also clinical trials that address the treatment of DFU,
epidermolysis bullosa and other skin traumas with different skin substitutes. These
include MatriStem, MicroMatrix and MatriStem Wound Matrix (NCT01858545) (ACell,
Columbia, MD, USA), the umbilical cord allograft NEOX CORD 1K (NCT02166294)
(AMNIOX, Miami, FL, USA), a skin substitute based on autologous hDFs seeded on an
amniotic membrane (NCT01908088), and collagen-CS porous sponge scaffolds
(NCT02668055).

It should be noted that the clinical use of living cells in advanced therapies and
regenerative medicine has to be carried out under the GMP standards, which imply that
for any development of a skin substitute with living cells, a manufacturing protocol and
a quality control program have to be previously defined and validated (350). The quality
controls include the following: (i) the biological characterization of the cellular
component (identity, viability, dose, purity, potency, karyotype, and tumorigenicity); (ii)
the microbiological quality of the product (sterility, mycoplasma detection, pyrogen and
endotoxins testing, and adventitious viruses); and (iii) the environment quality control

where the skin substitute is manufactured (surfaces, air, personnel, and facilities; 351).

Despite the substantial progress made in clinical assays, it remains a great
challenge to produce a precise and complex new tissue that mimics the native skin by
including several cell types arranged in a specific 3D pattern. To overcome the limitations
of current skin TE technologies, new techniques such as the 3D bioprinting approach
(Figure 5) allow a highly automated fabrication of complex bioengineered constructs
using different cell types and biomaterials simultaneously to increase the homology to the

native skin.

The biomaterial selection is one of the key steps in 3D bioprinting. Although
collagen hydrogels prevail in research relating to skin 3D bioprinting, other biomaterials

have been studied as bioink ingredients. For example, given its biocompatibility and ease
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of obtaining, plasma-derived fibrin has been recently used to print human artificial skin
(352). Also, mixtures of different biomaterials such as combining gelatine, low viscosity
alginate and fibrinogen have been used as a bioink that allows bioprinting of a complete
skin model using a scaffold-free approach. This bioink is combined with hDFs to generate
the dermis layer, with the subsequent seeding of hEKSs on the top of the cultured construct,
providing an optimal rheology, as well as similar characteristics to those found in human
skin (353).

The optimizations of skin 3D scaffold fabrication strategies include the use of
novel composite biomaterials such as a gelatine-sulfonated silk composite scaffold, which
is used to stimulate neovascularization within the construct (354), and the applications of
innovative technologies in scaffold fabrication such as stereolithographic 3D bioprinting,
a layer-by-layer photopolymerization system which provides good resolution, material

availability, speed, and low surface roughness (355,356).

a) Cell lines
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Keratinocytes Fibroblasts Mesenchymal Biomaterials

‘>< Stem Cells
¢ | ] | |

Patient ‘

|

3D Bioprining T
process 3D Bloprmter

Bioinks

Printed Skin Matured Skin

Figure 5. Skin 3D bioprinting technology: (a) Schematic representation of an in-situ 3D
bioprinting approach for skin surgery. (b) Skin 3D bioprinting flowchart: cells are isolated
from patient and cultured in vitro. Bioinks are used to 3D bioprint skin tissues. The tissues

can be matured in bioreactors.
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Another example is the use of mechanical micromilling technology, a precise
fabrication of undulated micro-topographies of poly(methyl methacrylate) to mimic
dermal papillae of skin (357). These innovative technologies allow overcoming one of
the main problems in skin TE which is the deficiency of dermal vascularization, as well
as improving the resolution and biomimicry of the scaffolds. Overall, the new strategies
based on bioengineering and 3D bioprinting offer the possibility of personalizing and
tailoring the properties of artificial skin substitutes and hold the promise of producing a

paradigm shift in the biomedical field.
1.3.5 Skin 3D bioprinting
1.3.5.1 Essential elements for Skin 3D bioprinting

For carrying out a skin 3D bioprinting process firstly the bioink must be prepared.
Then, the next step is to print the skin substitute accordingly to the specific clinical
requirements. The resulting skin substitutes can be implanted to the skin wound bed after
in vitro culture or bioreactor maturation. The scaffolding biomaterial will be degraded
and/or absorbed by the host body, and eventually replaced by ECM secreted by the
surrounding host cells and/or the grafted cells, achieving the regeneration of the lost skin
tissue, finally repairing the skin wound.

Bioactive factors have a relevant role in the skin 3D bioprinting process.
They can stimulate cell migration, growth, proliferation, and induce stem cell
differentiation towards the desired direction. Commonly growth factors used in skin
bioprinting are the epidermal growth factor (EGF), fibroblast growth factor (FGF),
vascular endothelial growth factor (VEGF), and platelet-derived growth factor (PDGF),
since they can improve wound healing thanks to upregulating the proliferation of hDFs,
hEKSs and endothelial cells, and even increasing collagen production (358,359). The use
of different bioactive factors can also be combined, to simultaneously boost regenerative
effects, like incorporating BMP-2 and VEGF for promoting angiogenesis and cell

proliferation at the same time (360).
1.3.5.1.1 Cells

Native skin bears at least a dozen of differentiated cell lineages and stem cell
types, with some of them with a specific related position among them. Currently, the main
cell types that are used for skin bioprinting are hEKs, hDFs, and stem cells, such as MSCs,
adipose-derived stem cells (ADSCs), ESCs, amniotic fluid-derived stem cells (AFSCs),
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iPSCs, and BM-MSCs.

hDFs are the principal cell type of the dermis; they can promote wound healing
by generating collagen and EL, and regulate the function of epidermal cells by producing
FGF (361). hEKs are the main cells of the epidermis; they migrate from the basal
membrane towards the stratum corneum during the keratinization process. hEKSs are the
cells that synthetize Kt in the epidermis (362) and increase their replication rate during
stages of injury, inflammation, or disease (363). Therefore, hDFs and hEKs are generally

used together for skin 3D bioprinting.

In ideal conditions, a 3D bioprinted skin should show functional characteristics
such as natural pigmentation levels, skin appendages (sweat glands, sebaceous glands,
hair follicles), and functional blood vessel networks. Endothelial cells have been used in
skin bioprinting strategies in an attempt to promote angiogenesis (115,364,365). Also,
melanocytes (MCs) have also been used to try to reproduce the native skin pigmentation,
since it occurs by the transfer of melanin from MCs to hEKSs (366). Then, hEKs and MCs
are expected to be co-bioprinted for 3D skin bioprinting for solving the pigmentation
issue. It has been seen that hair papilla cells (HPCs) and hair follicle stem cells (HFSCs),
which include hair follicle dermal stem cells (HFDSCs; which play an important role in
the maintenance of the amount of HPCs), and hair follicle epidermal stem cells (HFESCs;
which show the ability of regenerating skin tissue and produce epidermal structures, such
as sweat glands, hair follicles, and sebaceous glands), play an important role in the
regeneration of hair follicles (367).

Skin TE strategies are being focused on the use of autologous cells for avoiding
graft rejection and personalizing treatments. In patients that need a skin graft the cell
obtaining is difficult since the injury is usually extensive, so alternative cell sources must
be used. With the emergence of stem cell technology, several stem cell types have been
studied to be applied in skin TE. Due to the easy availability of adipose tissue, and the
popularity of plastic surgery liposuctions, high quantities of ADSCs can be obtained from
tissue isolation to be applied in bioprinting. ADSCs can exert several positive functions
in skin regeneration, such as liberating cytokines that promote hDFs migration in the
wound healing process, and promote neovascularization by secreting VEGF (368). MSCs
hold great therapeutic potential for tissue regeneration and repair, since they have been
seen to increase the epithelialization, accelerate wound closure, generate granulation

tissue, and promote angiogenesis in acute and chronic wounds (369). It has also been
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demonstrated that BMSCs represent an ideal source of stem cells for skin appendages
regeneration, since they play an essential role in tissue regeneration and wound repair
(370). AFSCs are also an interesting source of stem cells for regenerative medicine due
to their multipotency, immunomodulatory activity, lack of immunogenicity, high
proliferation rate, and, unlike ESCs, AFSCs do not produce teratomas in immunodeficient
mice (370,371). As well, these cells are an easy to isolate, achieving high outcomes of
cells from only 2 ml of amniotic fluid (371,372). On the other hand, iPSCs shows the
great potential of being able to differentiate in vivo into any cell type of the three germ
layers. It has been seen that iPSCs can differentiate into skin cell types with the ability to
generate a differentiated epidermis with glands and hair follicles (373), as well as into
IPSCs-derived hEKSs, hDFs, and MCs (364). Stem cells hold great potential in the Skin
TE field, although several mechanisms by which these cells help the wound healing

process remains unclear, and it is not easy to avoid potential risks such as tumorigenicity.
1.3.5.1.2 Biomaterials for skin 3D bioprinting

The mechanical performance of biomaterials used in bioinks formulation need to
be improved while maintaining a good biocompatibility. Previous studies have reported
that mixing PCL with gelatine could overcome the drawbacks of both natural and
synthetic biomaterials, improving the physical, chemical, and mechanical properties
while maintaining good biocompatibility (374-377). It has also been seen that blending
PCL with chondroitin sulphate allowed to fabricate, via electrospinning, a 3D bilayered
structure that could mimic the ECM hierarchy of found in the skin. This nanofibrous 3D
structure allows the inflow of host cells, grafting successfully in the wound bed,
preventing water loss, and offering a base for the KC migration (378). As well, several
studies have shown that combining GelMA with natural polymers could significantly
enhance its mechanical properties (379). The addition of HA (380) or collagen (381) to
GelMA was evidenced to improve the rheological an biological features over GeIMA

alone.
1.3.5.2 Dermis bioprinting

The structural reliability of the dermal layer is strongly related to the flexibility
and elasticity of the skin. The ability to reconstruct the continuity and integrity of a dermal
skin tissue structure using 3D bioprinting has provided a significant progress towards the

effective skin wound repair. Researchers have already achieved to create dermal
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substitutes using laser-assisted bioprinting by laying hDFs on a commercial collagen
matrix (MatriDerm®) (79). This dermal substitute was grafted over a full-thickness skin
wound in nude mice. After 11 days blood vessel formation was observed at the wound
bed and edges, and normal skin was found growing into the printed dermis. 3D
bioprinting of dermis has also been achieved using composite biomaterials, such as
polyelectrolyte gelatine-CS hydrogels (117), which inherent antimicrobial activity and
haemostatic properties made it an adequate blend for skin wound healing applications.
This hydrogel was showed good high shape-fidelity printability at RT, as well as good
biocompatibility towards hDFs.

1.3.5.3. Full-thickness skin 3D bioprinting

Skin 3D bioprinting enables the production of customized autologous skin for a
specific patient wound, or even to perform in situ bioprinting of the patient. Studies have
shown that 3D bioprinted skin could closer recreate the native skin properties after
maturation. Lee et al. (382) used Col | as a dermal skin matrix, and hEKs and hDFs were
printed to reproduce a bilayered skin construct. The optimization of the bioink bioprinting
parameters is essential to maximize the cell viability, as well as the cell seeding densities
in the dermis and epidermis for physiologically mimic the human native skin. The 3D
bioprinted skin tissue showed outstanding results compared to native human skin
regarding the histological and immunostaining assays. Likewise, Cubo et al. (352) used
a free-form fabrication bioprinting technique to fabricate also a bilayered skin with
bioinks based on human plasma and human hEKs and hDFs. Similarly, Pourchet et al.
(353) used a scaffold-free approach to also bioprint a bilayered skin, where hDFs were
embedded in the dermal equivalent matrix, and hEKs seeded on the top. They used a
mixture of gelatine, alginate, and fibrinogen, obtaining a nicely developed skin bioink
that not only assured to not damage the cells due to shear forces thanks to its shear-
thinning properties, but also demonstrated to be highly 3D-printable. In addition, their
printed skin also showed similar histological and immunostaining characteristics that
resembled the human native skin structure. To extend the cross-linking duration and
overcome the poor printability of collagen-based biomaterials, researchers have designed,
and printed scaffolds structured as a bilayered membrane (BLM) composed by an external
layer of a PLGA membrane, and an internal layer of alginate, trying to reproduce the
epidermal and dermal structure, respectively (383). The alginate layer promoted in vitro
cell proliferation and adhesion, while the PLGA membrane maintained the hydrogel
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moisture and prevented bacterial infection.

In situ bioprinting can be described as the deposition of cells over the patient’s
injury for wound healing, enabling the skin maturation directly on the wound bed. The
accurate bioprinting of cells over the wound bed, reducing the number of multiple
surgeries, or avoiding time-consuming and expensive in vitro differentiation are some of
the advantages that the in situ bioprinting technology shows towards the burn wound
treatment (384). Inkjet bioprinting was used to carry out in situ bioprinting on nude mice
full-thickness injured backs with wounds of 7.5 cm? using a hDFs -laden bioink based on
a fibrinogen-collagen blend, furtherly seeding 10’ hEKs/cm? on top of the hDFs layer
(385). The developed device was as a portable, relatively affordable, user-friendly in situ
bioprinting system that was able to scan the wound bed continuously with a 3D laser
scanner, while converting the topographical scanned area into a 3D model. The results
showed an accelerated wound closure of < 15% of the starting wound size after 14 days,
reaching the full wound closure 21 days after surgery. The regenerated skin showed a

similar dermal structure and composition compared to native skin.

The aforementioned studies have enlightened the feasibility of the 3D bioprinting
of artificial skin substitutes, acting as precursors for clinical applications. Besides wound
healing, skin 3D bioprinting can also be used for creating in vitro models for personalized
drug screening or cosmetic tests, as well as skin pathological models for

pathophysiological research (386).
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Hypothesis

3D printing is an emerging technology that evolved fast since it was firstly

developed, showing amazing applications in several fields for the past few decades.

Regarding the biomedical field, it has been used for prototyping biomedical devices,

translating clinical imaging to 3D physical objects to help the planning of surgical

approaches, creating customized prosthesis, and even for bioprinting artificial tissues.

However, these applications have required the selection of suitable biomaterials that

should be biocompatible and able to provide support to be used with cells, as well as the

development of protocols and bioinks to produce artificial tissues.

This PhD thesis is based on the following hypothesis:

1)

2)

RE seeks to fabricate biomimetic implants that reproduce the mechanical and
biological features of the native target tissue. For this purpose, biomaterials with
tailorable properties are the most attractive. We hypothesize that the validation of
1,4-Butanediol thermoplastic polyurethane (b-TPUe) as a novel material for 3D
bioprinting applications would not only enable the production of scaffolds capable
of sustaining high load-bearing environments, but also, the development of elastic

biomedical devices as well.

The use of natural biomaterials has been one of the most attractive strategies for
the design of bioinks for skin TE, since they show high biocompatibility.
However, the obtained extracellular environment usually lacks complexity and
similarity towards the target tissue. One of the growing trends in TE is the
development of biomimetic bioinks for obtaining biological constructs that
resembles more closely the native tissue. Here, we hypothesize that the use of
skin-related elements, such as Col I, DS, HA, EL, Kt, and sphingolipids (Sph),
used in a layer-specific structure and in combination with hMSCs, hDFs and
hEKSs, would allow to obtain bioinks for producing full-thickness skin models and

substitutes with enhanced biomimicry.
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Obijectives

Main objectives

1)

2)

To validate the 1,4-Butanediol thermoplastic polyurethane elastomer (b-TPUe)
derivative filament as a novel elastic and high load-bearing environment 3D

bioprinting material for cartilage regeneration.

To develop a three-layered skin model/substitute using layer-specific biomimetic

bioinks for its future application in skin 3D bioprinting.

Specific objectives (per chapters):

Specific objectives of Chapter 1:

1) To characterize the frictional and elastic behaviour of b-TPUe scaffolds
compared to PCL and PLA.

2) To determine the in vitro biocompatibility of b-TPUe with toxicity,

proliferation and viability assays using hMSCs.

3) To analyse the ability of b-TPUe scaffolds to support hMSCs chondrogenic

differentiation.

4) To determine the in vivo biocompatibility and integration of b-TPUe scaffolds

in mice.

Specific objectives of Chapter I:

1) To design a biomimetic hydrogel formulation mixed with skin extracellular

matrix-related components.

2) To physically characterize the biomimetic Agarose/Col I/DS/HA/EL
(ACDHE) hydrogel formulation.

3) To analyse the wound healing ability of the biomimetic ADCHE hydrogel

93



Objectives

94

formulation.

4) To develop a bi-layered ADCHE hydrogel using hDFs and hMSCs.

Specific objectives of Chapter 11I:

1) To biofabricate a three-layered skin model/substitute using layer-specific
biomimetic bioinks, adding an epidermal layer to the dermo-hypodermal
bilayered hydrogel designed in Chapter II.

2) To physically characterize the three-layered hydrogels.

3) To evaluate, in vitro and in vivo, the biocompatibility and functionality

properties of the three-layered hydrogel as a skin substitute.
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CHAPTER I: Validation of an elastic 3D printing material for cartilage TE application

1. Background

The biofabrication research field is currently emerging as a powerful approach for
the design and production of artificial living tissues that are urgently required for
regenerative medicine and disease models (387). Several lesions that provoke tissue loss
require replacements, for instance, cartilage, as an avascular and stratified tissue, presents
a limited capacity of repair. However, the clinical surgical treatments, such as the
autologous chondrocyte implantation (ACI) or the matrix-induced ACI (MACI), which
uses a bilayer type /111 collagen membrane, lack of long-term effectiveness (388-390).
Mosaicplasty, a treatment for focal chondral lesions, shows results that are relatively
acceptable for the first 2 years but develops a sudden failure rate (approximatively 55%)
over the successive 2 years (391). Currently, the strategies for cartilage repair are
concentrated on Tissue Engineering (TE) (392), consisting in the creation of a complex
material that biologically mimics the native tissue. Hence, many biomaterials are being
used to create scaffolds for cartilage TE, such as fibrin, silk, HA, CS, PLA or PCL (393),
but, on one hand, natural-based biomaterials do not show enough mechanical integrity,
and on the other hand, synthetic-based biomaterials lack sufficient elasticity.
Nevertheless, new biomaterials that aim to get close to the biomechanical properties of
native cartilage are being developed. In the last few years the 3D bioprinting technology
has shown promising results in the biofabrication of artificial tissues for TE applications
(394). This emerging technology uses CAD and CAM techniques, which in combination
with the layer-by-layer fabrication nature of 3D printing, allows to create structures with
different geometries while controlling the spatial distribution of cells, biomaterials, and
growth factors (395,396). Furthermore, 3D bioprinting brings advantages to the clinical
field such as shorter fabrication time, higher precision than conventional TE techniques,
and tailored production (397).

The main 3D bioprinting techniques are extrusion-based, laser-assisted, inkjet and
stereolithography (SLA) (398). Each of these approaches shows both advantages and
disadvantages regarding material availability, printing resolution, speed, and precision.
Among these techniques, extrusion-based bioprinting is the most extended as it offers the
possibility to print a wide variety of biomaterial viscosities and is the most adaptable
technology to be transferred to the clinical field (399). Additionally, there are several
commercially available extrusion-based bioprinters, and they can also be adapted for
testing novel biomaterials. Although this approach holds great promises for TE and

regenerative medicine, as an emerging technology it also entails some bottlenecks. One
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of the main challenges is the restricted accessibility of biomaterials necessary to produce
constructs that can properly mimic the native tissue properties. The most common type
of material used for this purpose are hydrogels, since they can offer a suitable 3D
microenvironment that mimics the extracellular matrix (ECM) of natural tissues,
promoting cell attachment and proliferation (400). However, hydrogel scaffolds usually
lack mechanical strength and structural integrity, therefore, their mechanical properties
need to be tuned or combined with synthetic stiffer biomaterials to enhance its mechanical
properties (401).

Several synthetic biomaterials such as PLA (402-404), PCL (405-408) or
polylactic-co-glycolic acid (PLGA) (409-412) have been used to generate bioprinted
scaffolds for TE applications. However, these biomaterials do not easily achieve to mimic
the native tissue mechanical characteristics. The stiffness of porous scaffolds produced
using rigid biomaterials, such as PLA (413), are in the MPa magnitude order comparable
to those found in hard tissues such as porous bone (414). Therefore, significant efforts are
being made for engineering flexible tissues that suffer mechanical loading such as
ligaments, tendons, cartilage, blood vessels, skin, or muscles (415).

On other hand, polyurethane elastomers are a type of adaptable synthetic
biomaterials broadly applied to biomedical purposes because of their biocompatibility
and good mechanical properties (416—418). Recently, a novel elastic 3D printing filament
consistent of a 1,4-Butanediol Thermoplastic Polyurethane (b-TPUe) derivative shows a
combination of mechanical properties that makes it a promising candidate for TE (419).

In this study we evaluate, for the first time, the potential use of b-TPUe filament
as a new 3D bioprinting material for biomedical applications. We carried out a rheological
characterization to analyse their mechanical properties (in shear and compression) and a
tribological study to evaluate the frictional behaviour in synovial fluid-lubricated b-
TPUe-cartilage tribopairs. Moreover, we compared in vitro and in vivo the
biocompatibility of b-TPUe 3D printed scaffolds versus PCL and showed the potential
application of this material for cartilage tissue engineering. Finally, we described the
induced chondrogenic differentiation of MSCs isolated from infrapatellar fat pad when
cultured in 3D bioprinted b-TPUe scaffolds. In conclusion we present a novel use of b-
TPUe filament with potential to support the development of cartilage-like phenotype as a
promising TE biomaterial.

98



CHAPTER I: Validation of an elastic 3D printing material for cartilage TE application

2. Materials and Methods
2.1. Patients

Human infrapatellar fat pad, cartilage tissue and synovial fluid were obtained from
patients with knee OA during joint replacement surgery. Ethical approval for the study
was obtained from the Ethics Committee of the Clinical University Hospital of Malaga,
Spain. Informed patient consent was obtained for all samples used in this study. None of
the patients had a history of inflammatory arthritis or crystal-induced arthritis. Hoffa’s fat
pad was harvested from the inside of the capsule excluding vascular areas and synovial
regions. Human articular cartilage was obtained from the femoral side, selecting the non-
overload compartment. Only cartilage that looked normal macroscopically was used for
this study. Samples collected at joint arthroplasty were transported to the laboratory in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA) with 1%
penicillin/streptomycin (P/S). Synovial fluid (SF) was pooled from knee joints and mixed
on an orbital shaker. Only samples that were free of blood contamination were used, as
assessed visually. SF was stored at -20°C between testing sessions (420).
2.2. Isolation and culture of human MSCs from infrapatellar fat pad

Infrapatellar fat pad tissue was minced and digested with an enzymatic solution
of 1 mg/mL collagenase type IA (Sigma) and incubated in shaking at 37°C for 1 h. Once
digested, collagenase was removed with a single wash of sterilized phosphate-buffered
saline (PBS), followed by two washes of DMEM supplemented with 10% foetal bovine
serum (FBS) (Sigma). The cell pellet was resuspended in DMEM supplemented with 10%
FBS and 1% Penicilin/Sreptomycin, placed into tissue culture flasks, and cultured at 37
°C in a 5% COz atmosphere. After 48 h the medium was removed to discard non-adherent
and dead cells (421). When 80% of confluence was reached, cells were released with
Tryple Express (Gibco) and sub-cultured.
2.3. Bioprinting process

A Regemat 3D V1 bioprinter (REGEMAT 3D S.L., Spain) was used for 3D
printing with a direct extruder to fabricate the scaffolds (422). Commercial PCL
(3D4Makers, 1.75 mm filament, printing temperature: 70 - 90 °C; semi-crystalline
aliphatic polyester) was melted at 75 °C and printed at rate of 1.1 mm/s. Commercial PLA
(Smart materials 3D, Spain, 1.75 mm filament, printing temperature: 190 - 210 °C;
polymerized polylactic acid) was melted at 200 °C and printed at rate of 1.2 mm/s.
Commercial b-TPUe (Recreus industries S.L., 1.75 mm filament, printing temperature:
200 - 230 °C; based on methylene diphenyl diisocyanate (MDI) and 1,4-Butanediol) was
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melted at 200 °C and printed at rate of 1.4 mm/s. Printing parameters were optimized for
each material in order to obtain the best printability and scaffold quality layout. PCL,
PLA and b-TPUe scaffolds were designed to be extruded with triangular patterns for the
infill with a pore size of 0.6 mm, solid walls consisting of a perimeter of 0.4 mm width,
and 3 solid layers for the bottom, with a 0.2 mm layer height (Figure 6A). The scaffolds
were printed as 3D cylindrical frameworks in a triangular inner lattice from alternately
stacking filament fibres (Figure 6B). For 3D bioprinting with cells, the Regemat 3D V1
bioprinter was placed in a laminar flow hood. In the same process, the thermal extruder
unit of the bioprinter was used to print the scaffolds, and then the syringe unit of the
bioprinter was used to seed the cell suspension into the porous structure with a 200 um
diameter needle (1 x 10° cells/scaffold). PCL was used as a control material instead of
PLA as it is more used for biomedical purposes than its counterpart. For all in vitro assays
the scaffold dimensions were designed to fit in a 24-well plate (10 mm in diameter and 3
mm in height; 15 layers), with smaller dimensions for the in vivo assays (5 mm in diameter
and 3 mm in height; 15 layers). Once bioprinted, the scaffolds were introduced in a 24-
well plate and incubated for at least 1 h to allow the cells to adhere to the fibres. Finally,
the scaffolds were submerged in culture medium containing DMEM supplemented with
10% FBS and 1% P/S and then, stored at 37 °C in a 5% CO> atmosphere. Scaffolds used
to support MSCs chondrogenic differentiation were cultured in DMEM supplemented
with 10% FBS, 1% P/S, 50 pg/uL 1-ascorbic acid 2-phosphate (Sigma), 40 pg/mL proline
(Sigma), 1% insulin-transferrin-selenium (ITS) (Gibco), 40 pg/uL L-proline (Sigma), and
10 ng/mL TGF-B3 (423).
2.4. Tribological tests

A ball-on-three plates tribometer was adapted to a rheometer (Anton Paar,
Austria) to interrogate the lubricating behaviour of the different materials. The contact
consisted in a plastic ball (made of PLA, PCL or b-TPUe) that slides along three cartilage
surfaces (cartilage disks with a diameter of 5 mm) lubricated by synovial fluid. The
MCR501 rheometer head (Anton Paar) was used to calculate the friction coefficient. A
schematic diagram of the test set-up is shown in Figure 7A. In this set-up, a ball is pressed
at a given normal force Fn against three plates that are mounted on a movable stage. The
experimental protocol was as follows. First, the test rig was assembled, and 400 pL of SF
was added. This amount was enough to fully immerse the three-point contacts to a depth
of 1. mm. Next, temperature was stabilized at 25 °C and the plastic ball was loaded against

the cartilage plates. Then, the ball was made to slide over the plates at a controlled
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(decreasing) speed V, from 2500 to 0.1 rpm under a normal force of Fy =1 N (5 s per
data point), while the resulting torque T sensed by the ball was monitored. The friction
coefficient 4 was computed with u = T /(FyR) being R the radius of the ball.

2.5. Mechanical assays

Specimens for mechanical assays were printed with 20 mm in diameter and 5 mm
in height, solids and porous to analyse the effect of the infill over the mechanical
characteristics of the scaffold (n = 3). Porous samples were printed with the same pattern
of the ones used for cell culture tests. A MCR302 (Anton Paar) head was used to carry
out rheological measurements at 25 °C. A three-step test was designed to obtain
information on the compression and shearing characteristics of specimen. First, the
scaffold was placed onto the base of the rheometer. Then, the rheometer head was
approached at a constant speed (10 um/s) up to a normal force of 40 N. Next, the specimen
was oscillatory sheared according to a strain amplitude of 0.00001% at a frequency of 1
Hz and normal force of 40 N to determine the shear viscoelastic moduli and, finally, the
upper plate was separated at a constant speed (10 pm/s).

2.6. Cell viability assay

Cell viability in the 3D printed scaffolds was determined on days 7 and 21 after
bioprinting using Live/Dead™ Viability/Cytotoxicity Kit (Invitrogen). The printed
constructs were incubated in PBS containing calcein AM (2uM) and ethidium homodimer
(4 uM) at 37 °C for 30 min to stain live and dead cells (424). Scaffolds were imaged by
confocal microscopy (Nikon Eclipse Ti-E Al, Amsterdam, Netherlands) and analysed
using NIS-Elements software (Amsterdam, Netherlands).

2.7. Scanning electron microscopy (SEM)

The morphology and structure of b-TPUe scaffolds were analysed using a
variable-pressure and environmental scanning electron microscope (ESEM) FEI, mod.
Quanta 400 (Oregon, USA). The analysis was performed in high vacuum mode to
characterize the surface structure of scaffolds and cell growth. Samples were fixed with
2% glutaraldehyde and then, were rinsed in 0.1 M cacodylate buffer and incubated
overnight at 4 °C. For critical point, the samples were then maintained with Osmium
tetroxide 1% RT during 1h and dehydrated in a series of ethanol solutions (50%, 70%,
90%, 100%, 100%, 100%), by soaking the samples in each solution for 15 min.
Subsequently, samples were critical point dried (Anderson, 1951) in a desiccator (Leica

EMCPD300), and covered by evaporating them in a carbon evaporator (Emitech K975X).
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2.8. In vitro cytotoxicity test

MSCs culture medium aliquots were conditioned with b-TPUe samples as
previously described (425). Briefly, b-TPUe sterilized scaffolds for a total mass of 3 g
were placed in T-75 tissue culture flasks and soaked in 100 mL of complete cell culture
medium for 10 days at 37 °C in a cell culture incubator on a rocking platform. Control
medium was incubated in parallel, but without the b-TPUe scaffolds. MSCs were plated
in a 6-well plate at 1 x 10° cells/well. After 24 h the medium was replaced with a mix of
a 1:1 fresh medium: b-TPUe-conditioned medium or with fresh control medium. Cell
growth was analysed at different time points: 1, 3, 5 and 7 days using AlamarBlue® assay
(Bio-Rad Laboratories, Inc., manufactured by Trek Diagnostic System. U.S.). Cells were
incubated with AlamarBlue® solution at 37 °C for 3 h. Fluorescence of reduced
AlamarBlue® was determined at 530/590 nm excitation/emission wavelengths (Synergy
HT, BIO-TEK).
2.9. Cell proliferation assay

Cell proliferation was analysed using AlamarBlue® assay after 1, 3, 5, 7, 14 and
21 days. The scaffolds were incubated with AlamarBlue® solution at 37 °C for 3 h.
Fluorescence of reduced AlamarBlue® was determined at 530/590 nm
excitation/emission wavelengths.
2.10. RNA isolation and real time-PCR analysis

Total cellular RNA was isolated using TriReagent (Sigma) and reverse transcribed
using the Reverse Transcription System kit (Promega). Real-time PCR was performed
using the SYBR-Green PCR Master mix (Promega) according to the manufacturer's
recommendations. PCR reactions were performed as follows: an initial denaturation at 95
°C for 2 min, 40 cycles of 95 °C for 5 s followed by 60 °C for 30 s, and final cycle of
dissociation of 60 — 95 °C. The gene expression levels were normalized to corresponding
GAPDH values and are shown as relative fold expression to the control sample. All
samples were analysed in triplicate for each gene. Primer sequences used are shown in
Table 8.
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Table 8. Primer sequences

Gene Forward Reverse

Coll ATGGATGAGGAAACTGGCAACT GCCATCGACAAGAACAGTGTAAGT
Col 2 GAGACAGCATGACGCCGAG GCGGATGCTCTCAATCTGGT
Acan AGGATGGCTTCCACCAGTGC TGCGTAAAAGACCTCACCCTCC
Sox 9 GAGCAGACGCACATCTC CCTGGGATTGCCCCGA
Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

2.11. Glycosaminoglycan quantification

The dimethylmethylene blue (DMMB) assay was used to study the
glycosaminoglycans (GAGSs) content as previously described (426). Briefly, 50 pL of
papain-digested sample harvested at day 21 were added in triplicate to a 96-well plate and
combined with 200 uL of DMMB dye, and the absorbance at 540 nm was immediately
read. To determine the GAGs content of the samples chondroitin sulphate from shark
cartilage (Sigma) was used as standard.
2.12. Type Il Collagen quantification

Type Il collagen content produced in the scaffolds was quantified by ELISA (Type
IT Collagen Detection kit #6018; Chondrex, Redmond, WA) according to manufacturer’s
instruction. Briefly, samples were digested using pepsin in 0.5 M acetic acid: collagen
ratio of 1:10 (w/w) for 2 days. Once digested, samples were incubated at 4 °C overnight
in elastase: collagen ratio of 1:10 (w/w). Then, standard and samples were placed in a
pre-coated 96-well plate with capture antibodies and incubated for 30 min. The detection
antibody was added and incubated for 1.5 h and then washed. The plate was incubated
with streptavidin peroxidase for 1 h, washed, and incubated with ortho-phenyldiamine
(OPD) solution for 30 min. A solution of 2N sulphuric acid was added to stop the reaction,
and the content of type 11 collagen was quantified by absorbance at 490 nm.
2.13. In vivo assays

In vivo assays were carried out in accordance with the approved guidelines of
University of Granada following institutional and international standards for animal
welfare and experimental procedure. The Research Ethics Committee of the University
of Granada approved all experimental protocols. Experiments were performed in
immunocompetent CD-1 mice and immunodeficient NOD SCID (NOD.CB17-
Prkdcscid/NcrCrl) (NSG) mice purchased from Charles River (Barcelona, Spain). To

evaluate the biocompatibility, PCL and b-TPUe cell-free scaffolds were transplanted into
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two independent small subcutaneous pockets made on the back of CD-1 mice
anesthetized by isoflurane inhalation (n = 5 per group). In addition, MSCs cell-laden
scaffolds cultured for 21 days were implanted into two independent small subcutaneous
pockets created on the back of NSG mice anesthetized by isoflurane inhalation to evaluate
engraftment. Cell-laden or cell-free scaffolds were implanted in each pocket with a single
biomaterial per mouse (b-TPUe or PCL) (n = 5 per group). Animals were maintained in
a micro-ventilated cage system with a 12-h light/dark cycle with food and water ad
libitum. Mice were manipulated within a laminar airflow hood to maintain pathogen-free
conditions. Three weeks later, mice were sacrificed via an overdose injection of an
aesthetic, and the scaffolds were photographed to evaluate the implantation within the
surrounding mouse tissue and recovered for histological analyses. For the histological
analysis, samples were dehydrated, embedded in Technovit 7200 and polymerized. The
blocks were sectioned with a diamond-coated band saw (Exakt 310 CP) and then,
grounded, and polished with a high precision grinder (Exakt 400). The total histological
processing, including Toluidine Blue and Masson staining, were performed by Histology
Unit of BIONAND (Malaga, Spain) following the Donath and Bruener cutting/grinding
technique (427).
2.14. Statistical analysis

Statistical calculations were performed using SPSS 13.0 software for Windows
(SPSS, Chicago, IL, USA). All graphed data represent the mean + standard deviation
(SD) from at least three experiments. Differences between treatments were tested using
the two-tailed Student’s T test. Assumptions of Student’s T test (homoscedasticity and
normality) were tested and assured by using transformed data sets [log(dependent
variable value + 1)] when necessary. P-values < 0.05 (*) and P-values < 0.01 (**) were

considered statistically significant in all cases.

3. Results
3.1. Scaffold fabrication

3D b-TPUe scaffolds were designed with a regular geometry and structure to
enable an adequate cell bioprinting (Figure 6A) and successfully fabricated with the
desired shape and dimensions, like the CAD model (Figure 6B). Scanning electron
microscope (SEM) images (Figure 6C and D) show the obtained scaffold pores and
filament surfaces and demonstrate that the thickness of the fibres of the b-TPUe printed

scaffolds (200 - 400 um) is maintained during the fabrication process (Figure 6E-J). As

104



CHAPTER I: Validation of an elastic 3D printing material for cartilage TE application

can be clearly seen, the pores are large, ranging from 500 to 700 um (Figure 6C and D)

and have a regular structure, uniformly distributed, and interconnected.

Figure 6. b-TPUe scaffolds design: (A) CAD model of the scaffold design. (B) 3D printed
b-TPUe scaffold (10 mm in diameter and 3 mm in height). (C, D) SEM images of the top
surface of b-TPUe 3D printed scaffolds (scale bars: 1 mm and 300 um respectively). (E-
G) Macroscopic view of b-TPUe, PCL and PLA scaffolds, respectively. (H-J) Scaffold
fiber width of b-TPUe, PCL and PLA scaffolds, respectively.
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3.2. Frictional test

The frictional behaviour of the different plastics used in this work is exemplified
in Figure 7A and B. For this, plastic-cartilage point contacts were lubricated by synovial
fluid and data are plotted in terms of a Stribeck curve, where friction coefficient is
represented as a function of the sliding speed for a constant normal load of 1 N. Only for
b-TPUe, the contact operates in the full film lubricated regime as demonstrated by the
increase in friction for large sliding speeds. As observed, a lower friction was measured
for b-TPUe, with average friction coefficients (1) under 0.1, closer to the cartilage-to-
cartilage interaction (0.03 p) (428), followed by PCL and PLA, with average p above 0.1,
as seen in Figure 7B.
3.3. Compression test

The compression curves of PLA, PCL, b-TPUe and cartilage are shown in Figure
7C. These strongly non-linear curves clearly demonstrate that b-TPUe is more compliant
than the other biomaterials investigated (PLA and PCL). Also, unlike PLA and PCL,
results for solid (s) and porous (p) b-TPUe scaffolds showed different behaviours in
compression. Interestingly, porous b-TPUe scaffolds were significantly softer than their
solid counterparts, suggesting that b-TPUe scaffold elasticity can be tailored by changing
the porosity. So, b-TPUe scaffolds with greater porosity present a mechanical behaviour
closer to the one of native cartilage. In addition, for low strains ¢, the mechanical
behaviour of b-TPUe was closer to that observed in natural cartilage when compared with
PCL or PLA. Moreover, the shear moduli obtained in the second interval of the test
showed a clear correlation with the compression data, again demonstrating that b-TPUe
exhibited a much lower storage modulus in contrast to the conventional plastics, PCL,
and PLA (Figure 7D).
3.4. Effects of b-TPUe-conditioned medium on MSCs proliferation

We conducted a proliferation assay to evaluate if the exposure to b-TPUe could
have a negative effect in the proliferative potential of MSCs. Results showed no adverse
effects in the proliferative potential of MSCs cultured in b-TPUe-conditioned medium for
7 days when compared with MSCs cultured with control medium (Figure 8A).
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Figure 7. Tribological and mechanical characterization. (A) Schematic diagram of the
tribological set-up. (B) Frictional behaviour of PLA (black), PCL (red) and b-TPUe

(green). (C) Compression curves corresponding to the studied samples (s: solid; p:

porous). (D) Linear viscoelastic moduli (G’ and G*”) for the biomaterials studied (** = p

< 0.01). Graphs created using the Origin 9.0 software.
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3.5. Proliferation and viability of MSCs cultured in b-TPUe scaffolds

Cell proliferation of MSCs cultured in b-TPUe bioprinted scaffolds was evaluated
with an AlamarBlue® assay. PCL filament was used as a control material since it is a
reference biomaterial used in cartilage bioprinting (429-432). As can be observed in
Figure 8B, cell proliferation increased from day 1 to day 21 with a significant increase at
day 7 of culture in both bioprinting biomaterials, while at day 21 no significant differences
were observed in the proliferation rate between cells printed in b-TPUe and those in PCL
control scaffolds (Figure 8B).

The viability of MSCs was also evaluated to validate the biocompatibility of b-
TPUe printed scaffolds using a live/dead assay. Confocal images (Figure 8C) show a
majority of green viable MSCs covering both b-TPUe and PCL scaffold fibre surfaces at
day 7 and 21 after bioprinting.

3.6. Chondrogenic differentiation of MSCs cultured in b-TPUe bioprinted scaffolds

To investigate the capacity of b-TPUe scaffolds to support the induction of
cartilage-like phenotype, chondrogenic key markers were evaluated by RT-PCR after 21
days of culture of bioprinted cell-seeded b-TPUe scaffolds under chondrogenic
conditions. Cells extracted from b-TPUe bioprinted scaffolds cultured under
chondrogenic media showed a significant increment in type Il collagen, aggrecan and
Sox9 gene expression when compared with cells grown in monolayer and onto b-TPUe
scaffolds without chondrogenic media (Figure 9A).

The ECM produced under induction of chondrogenic differentiation was
evaluated assessing glycosaminoglycans (GAGs) and type Il collagen concentration in
cell culture supernatants of MSCs monolayers and printed MSCs b-TPUe scaffolds
cultured with (Diff) or without (CTL) chondrogenic medium for 21 days. The GAGs
analysis showed that b-TPUe printed scaffolds in chondrogenic conditions produced a
high significant number of GAGs compared to control b-TPUe scaffolds or monolayer
conditions (Figure 9B). Similarly, collagen type Il production was also markedly greater
in b-TPUe printed scaffolds cultured under chondrogenic conditions at 21 days compared
to control b-TPUe scaffolds and monolayer conditions (Figure 9C).

Moreover, SEM images showed cell growth and wide cell spread throughout the
scaffold over the b-TPUe filament after 21 days of cell growth with and without
differentiation conditions. It is relevant to note that cells attached to the filament surface
and junctions via formation of filopodia and started to form a network of cell and matrix

(Figure 9D-F). Also, an enhanced cell growth that covered the pore spaces (Figure 9G
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and H) and over the filament surfaces was observed (Figure 91).
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Figure 8. In vitro biocompatibility of b-TPUe bioprinted scaffolds with MSCs. (A)
Proliferative potential of MSCs cultured with control (DMEM 10% FBS, 1% P/S) or b-
TPUe-conditioned medium up to 7 days (** = p < 0.01). (B) MSCs proliferation cultured
in both b-TPUe and PCL bioprinted scaffolds up to 21 days with no significant differences
between PCL and b-TPUe (no significance: ns). Significant cell growth was observed at

day 7 of culture in both biomaterials (** = p < 0.01) (RFU: Relative fluorescence units).
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(C) Representative confocal images of MSCs grown in both b-TPUe and PCL bioprinted
scaffolds at day 7 and 21. Live/dead assay was employed, using calcein (green) and
ethidium homodimer (red), live cells were stained green while dead cells were stained

red. Scale bars: 500 um. Graphs created using the GraphPad Prism 6.01 software.
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Figure 9. MSCs chondrogenic differentiation in b-TPUe bioprinted scaffolds.
Chondrogenic differentiation was evaluated in MSCs cultured in monolayer, b-TPUe
scaffolds (CTL), and b-TPUe scaffolds under differentiation conditions (Diff) after 21
days in culture. (A) RT-PCR analysis of chondrogenic key markers. (B) GAGs
quantification. (C) Type Il collagen quantification. (D-F) SEM representative images of
MSCs growing in b-TPUe bioprinted scaffolds at day 21 (** = p < 0.01). (G-I) SEM
representative images of MSCs growing in b-TPUe bioprinted scaffolds under
chondrogenic differentiation conditions. Scale bars: 500 um (D), 50 um (E), 10 pum (F),
500 pm (G), 200 pm (H), 100 um (I). Graphs created using the GraphPad Prism 6.01
software. SEM images false-coloured using the cross-platform image editor GIMP
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(version 2.10.14).

3.7. In vivo assay

Biocompatibility of cell-free b-TPUe scaffolds was assessed in vivo by
subcutaneous in situ implantation in the back of immunocompetent CD-1 mice using PCL
as control material (Figure 10A-D). During the study, no cases of mice showing pain
behaviour that could be induced by the scaffold implantation or infection were observed.
The scaffolds were excised 21 days after implantation, and both scaffolds and mice were
photographed to evaluate their appearance and integration within the subcutaneous
surrounding tissue. Both b-TPUe and PCL scaffolds were firmly anchored and integrated
within the subcutaneous tissue maintaining their shape and integrity. Moreover, no sign

of oedema or macroscopic inflammation was detected (Figures 10B and D).

Figure 10. In vivo biocompatibility of b-TPUe. (A) Macroscopic image of the locations of
implanted b-TPUe scaffolds in CD1 mice. Scaffolds were implanted in the dorsal region
of 8 weeks old CD1 mice and resected 21 days after surgery procedure. (B) Images of b-
TPUe scaffolds recovered from CD1 mice. (C) Macroscopic image of the locations of
implanted PCL scaffolds in CD1 mice. (D) Images of PCL scaffolds implanted in the

dorsal region of CD1 mice.

To assess the integration of the scaffolds within the surrounding tissue, both b-
TPUe-MSCs and PCL- MSCs bioprinted scaffolds cultured for 21 days were transplanted
into subcutaneous tissue on the flanks of immunodeficient NSG mice, as well as b-TPUe

and PCL cell-free scaffolds and harvested 3 weeks later for subsequent analysis. The
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implanted bioprinted cell-laden scaffolds were well tolerated by the mice showing the
integration of both polymer scaffolds (Figure 11A). Toluidine blue staining showed the
presence of GAGs in both b-TPUe and PCL scaffolds. Masson’s Trichrome staining
showed that the deposition of collagenous fibres occurred in both biomaterials and in both

cell-free and cell-laden conditions (Figure 11B).
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Figure 11. In vivo biocompatibility of b-TPUe bioprinted scaffolds with MSCs. (A)
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Macroscopic images for cell-free and cell-laden b-TPUe and PCL scaffolds fabricated by
3D bioprinting. Scaffolds were implanted in the dorsal region of 8 weeks old female NSG
mice and resected 21 days after surgery procedure. (B) Histologic analysis of Toluidine
blue and Masson’s Trichrome staining of cell-free and cell-laden b-TPUe and PCL
scaffolds 3 weeks post-implantation. Scale bars: 800 um for black-labelled images, and

400 pm for red-labelled images.

4. Discussion

The 3D bioprinting technology allows high precision, fabrication, and customized
production, which are important features for biomedical applications. Traditional
methods for scaffold manufacturing comprise phase separation (433), electrospinning
(434), freeze-drying (337), and gas forming (435). Comparing this methods to 3D
bioprinting, they lack a high precision control of the pore size and shape (436).

In this study, a polyurethane-based 3D printing material, b-TPUe, was
successfully used to fabricate scaffolds by 3D bioprinting that were able to maintain
cellular viability and growth. We selected the b-TPUe since it belongs to the polyurethane
thermoplastics, an adaptable category of biomaterials broadly used for biomedical
purposes thanks to their biocompatibility, elasticity and strength (79,437—440). Similarly
to the PEG-based adhesive-hydrogels composites, which are designed to fill and integrate
irregular cartilage wounds, and are also already being tested in clinical trials (441), the b-
TPUe can be designed to be printed with the customized shape of the patient wound. As
well, the 3D bioprinting technology allows to fabricate the b-TPUe scaffolds with the
desired thickness of fibre and pore size, biomimicking the tissue microstructure, and thus
ameliorating the integration of the scaffold within the specific location. The porosity and
interconnectivity of the scaffold plays a significant role in nutrient supply, gas diffusion
and metabolic waste removal (442,443). Therefore, cells can penetrate the pores
following their growth on the scaffold (444).

A selected biomaterial for treating joint replacements is expected to preserve the
remaining native cartilage from degradation while maintaining the frictional properties
of the joint (445). Analysing the friction profile of the studied biomaterials, b-TPUe
showed to exert less friction towards the native cartilage surface than PLA and PCL,
showing | values closer to the cartilage-to-cartilage interaction (428). Also, the
mechanical properties of a scaffold are important for engineering tissues, especially for

cartilage, which is subjected to cyclic mechanical forces (446). Although scaffolds based
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on hydrogels mimic more adequately the mechanical properties found in native tissues
(447), their compressive modulus are typically an order of magnitude less than native
cartilage tissue (448,449). Otherwise, scaffolds produced with thermoplastics possess
higher Young’s modulus than those based on hydrogels (450,451). The obtained results
suggests that b-TPUe scaffold elasticity can be tailored, by changing the porosity, to
achieve a closer values to the natural cartilage Young’s modulus than hydrogel scaffolds
and synthetic polymers such as PCL or PLA (447), thus exhibiting promising
customizable elastic properties.

Polyurethanes are considered to have good biocompatibility properties and are
widely used for long-term medical implants, such as cardiac pacemakers and vascular
grafts (452). Since b-TPUe is a recently developed polyurethane-based 3D printing
filament, no previous data concerning the possible cytotoxicity of this material on cell
growth has been previously published. Biocompatibility must be a priority when selecting
biomaterials for TE (453), therefore, and regarding the results of the cytotoxicity,
proliferation and viability assays, b-TPUe showed no cytotoxic effects, that it can provide
an environment that supports MSCs proliferation in a same manner as PCL (454). In fact,
large spaces between the fibres allowed the adhered cells to start accommodating between
the stacking fibres.

Regarding cartilage ECM production, type 1l collagen and aggrecan genes, which
appear to be the main proteins of the hyaline cartilage ECM (455), showed to be
upregulated in cells cultured in b-TPUe scaffold under chondrogenic media compared
with control conditions. Similarly, Sox9, which is a known transcription factor of
chondrogenesis that acts in the early stages of chondrogenic differentiation inducing type
Il collagen production (456) also shown to be upregulated. In addition, non-increased
expression of Col I in b-TPUe scaffolds under chondrogenic media compared with their
counterparts cultured in non-differentiated media or cells cultured in monolayer without
chondrogenic media was observed. Type | collagen has been described in fibroblastic
differentiation and could indicate the formation of fibrous cartilage (457). The
upregulation of chondrogenic genes, together with the low expression of Col | of h(MSCs
bioprinted in b-TPUe scaffolds, indicate the ability of this material to support the
differentiation of MSCs into chondrocyte-like cells. In accordance with these results, an
increased GAGs and collagen type Il deposition in the ECM of b-TPUe MSCs printed
scaffolds cultured under chondrogenic conditions indicated the development of a

cartilaginous-like matrix (458).
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In the present study, we tried to evaluate qualitatively the macroscopic response
to b-TPUe scaffolds in an in vivo environment. The lack of pain behaviour, infection,
oedema or macroscopic tissue inflammation during the in vivo assay with
immunocompetent CD-1 mice, as well as the maintenance of shape and integrity of the
scaffold, and its integration within the implantation surrounding tissue indicate the in vivo
biocompatibility of b-TPUe as previously described for other 3D polyurethanes (459).
Similarly, when implanted in immunodeficient NSG mice, cell-free scaffolds showed that
b-TPUe can promote the formation of new tissue since host cells infiltrated, adhered, and
grew into the scaffold, confirming the integration of b-TPUe within the host’s tissue.
These results suggest that b-TPUe can allow in vivo GAGs and collagenous fibre
production as well as PCL. Thus, it can be stated that b-TPUe polymer scaffolds showed

good in vivo ECM deposition and host integration (460).
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1. Background

The skin, also known as the integumentary system, is one of the largest organs of
the body. Comprising 15% of the total adult body weight, skin plays a vital role in
maintaining the homeostasis of the body, as it protects the inner organs from potential
chemical, biological and physical threats. It also exerts many other functions, such as
preventing and excessive water loss, thermoregulation, excretion, and perception through
specialized receptors (461-463).

Skin pathologies can occur from diverse origins, either by genetic diseases, such
as dermatitis or psoriasis (464,465); infections, like those caused by Staphylococcus
aureus (466); or caused by injuries, such as burns, wounds derived from acute trauma,
surgery; or other diseases like diabetic ulcers (467-469). A standard approach for the
treatment of severe and chronic skin wounds is to replace the injured skin with a graft
from the patient (autograft), a donor’s skin (allograft), or from animal species (xenograft).
Despite, these techniques cannot be applied in two main scenarios: low donor’s healthy
skin availability, and large wounds (470,471). To overcome these restrictions, the skin
TE field research is trying to develop skin substitutes loaded with cells that can
biologically mimic the native human skin to meet the growing demand of skin substitutes.

Due to their unique properties, such as biocompatibility, elasticity, and high water
content, hydrogels are considered the best option for manufacturing skin substitutes
(472,473). For instance, hydrogels hold great potential due to their intrinsic cellular
interaction capacity (474), providing a 3D network similar to the native ECM that
supplies mechanical support, as well as an adequate porosity, facilitating the
encapsulation of living cells (475).

Different biomolecules and cell types can be incorporated into hydrogels, offering
the possibility of customizing their composition to mimic native skin. Collagen is the
main component of the skin ECM and represents approximatively the 25% of the total
dry weight of mammal tissues (476). It is the principal skin ECM protein (477) and has
been widely used in skin TE, as it provides an optimal environment by enhancing the
structure of the hydrogel, promoting cell adhesion and proliferation (468,478,479). Col |
is the current gold standard in the field of TE, not only providing tensile strength, but also
will provide a substrate on which cells can migrate, sensing the ECM constituents (480).
Collagen is produced by fibroblasts and after an injury it is able to accelerate and support
the wound healing process, remodelling the ECM of the wound for regenerating the loss

tissue (481). GAGs are complex polysaccharides that are present in diverse tissues,
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including skin, and play a key role in cell proliferation, differentiation and migration
(482). For instance, HA, the main skin GAG, has been widely used in skin care products
and TE since it promotes lubrication, wound healing, and angiogenesis (341). The GAGs
water-binding properties help to maintain skin’s hydration, lowering the transepidermal
water loss (483). HA interacts with different cell surface receptors, such as the receptor
for hyaluronan-mediated motility (RHAMM) (484), which is up regulated in
keratinocytes and migrating fibroblasts in the wound healing process to enhance the
wound contraction and re-epithelization (485,486). On the other hand, DS is a sulphated
GAGs that contributes to the ECM reconstruction during the wound healing process
(487,488). In addition, EL is one of the main proteins of the native skin ECM, specifically
in the dermal ECM, where it confers elasticity to the tissue matrix. As it is a highly
crosslinked protein, soluble forms, such as tropoelastin or a-elastin are frequently used
for developing elastin-based biomaterials (489).

Among polysaccharide-based biomaterials, agarose (Ag) it is not only a promising
choice for skin substitutes fabrication, but has also been investigated for biofabrication of
artificial human organs and tissues such as corneas (490), or skin (336), obtaining optimal
physical properties that allowed surgical implantation.

Regarding the cellular fraction, typically the dermal compartment of artificial skin
is populated by hDFs to mimic the biological feature of the dermis (478). hDFs do not
only generate and remodel the skin ECM, but they also play an essential role in
intercellular communication, regulating the skin physiology, which also involves wound
healing processes (491). On the other hand, the use of hMSCs could provide healing
capacities, since they have been seen to migrate to the injury, differentiate, and replace
the damage tissue by promoting regeneration (492,493).

In this study we designed and characterized an Ag-based hydrogel enriched with
skin native components, such as Col I, DS, HA, and EL, loaded with hDFs and hMSCs
to obtain an optimized bilayered hydrogel for its application in skin TE. The present
manuscript describes the biomaterials screening for the hydrogel formulation with
adequate physicochemical properties, as well as their in vitro ability effect of these
biomaterials on wound healing. Once optimized, the hydrogel formulation was used to
biofabricate a bilayered hydrogel using hDFs and hMSCs, and its physicochemical,
mechanical and biocompatibility properties were analysed.
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2. Materials and Methods
2.1. Cell culture

hDFs were obtained from American Type Culture Collection (ATCC® PCS-201-
012) and cultured in DMEM (Sigma) containing 10% FBS (Sigma), 100 U/mL penicillin,
and 100 mg/mL streptomycin (Invitrogen) at 37°C in a humidified atmosphere at 5% CO..
Medium was changed every 3 days. When 80% of confluence was reached, cells were
released with Tryple Express (Gibco) and sub-cultured. hDFs were used between
passages 4 and 6 for all the experiments.

hMSCs were obtained from human adipose tissue and characterized as reported
previously (494,495). All human samples used in this study were obtained after informed
consent (Hospital Vithas, Granada, Spain) and authorization was provided from the
Granada Provincial Ethics Committee (Ministry of Health and Families, Andalusia,
Spain, reference: 0467-N-20). hMSCs were cultured in high-glucose DMEM (Sigma)
supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin
(Invitrogen) at 37°C in a humidified atmosphere containing 5% CO.. Medium was
changed every 3 days. At 80% of confluence, cells were sub-cultured. hMSCs were used
between passages 4 and 6 for all the experiments.
2.2. Hydrogel formulation

To prepare the hydrogel two different concentrations of Ag were prepared, an Ag-
Col I (AC) hydrogel formulation previously reported (Ag 1.5% w/v) (479), and an AC
hydrogel with a decreased agarose concentration (1.2% w/v) (ACiow). Ag solutions were
prepared by dissolving Agarose UltraPure Low Melting Point (Thermo Scientific)
powder in PBS. This solution was autoclaved at 120°C for 2 h and stored at 4°C. Before
its use, Ag was preheated up to 70°C and kept in a water bath at 37°C to temper and avoid
gelation. Col I solution (4.42 mg/mL rat tail collagen I, Corning) was kept on ice prior to
its use, and neutralized with 0.8 M NaHCOg, as Col | gels at neutral pH. The pH of the
Col I solution after neutralization was 7.4. Then, three stock solutions were prepared
using DS, HA, and EL (Bioiberica S.A.U) diluted in PBS (DS; DS + HA; DS + HA +
EL) and added to Col I at final concentrations shown in Table 9. Col | solutions were
filter-sterilized through a 0.22 pm membrane (Merck Millipore) before their use.
Similarly, DS, HA, and EL freeze-dried powder were sterilized using UV irradiation for
at least 30 min. Finally, cell-laden hydrogels were prepared by mixing the solutions with
hDFs or hMSCs and pre-heated Ag was added to the blend, obtaining 1.1 mL of hydrogel
with 1x10° cells/mL.
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Table 9. Hydrogel formulations (mg/ml)

Dermatan Hyaluronic

(mg/ml) Agarose Collagen sulphate acid Elastin
AC 15.0 2.2
ACD 15.0 2.2 8.4
ACDH 15.0 2.2 8.4 1.0
ACDHE 15.0 2.2 8.4 1.0 1.0

2.2.1. Preparation of hDFs-loaded ACDHE hydrogels
ACDHE hydrogels loaded with hDFs were prepared as described above (see
section 2.2) and manually casted to create a dermal equivalent using a sterile pipette,

obtaining a hydrogel with 30 x 15 x 1.4 mm (X, y, z) dimensions.

2.3. Physical characterization of the ACDHE hydrogel
2.3.1. Tube inversion test

To analyse the hydrogel gelation the tube inversion test was carried out, and AC
and ACDHE formulations were assayed. The hydrogel mixture was poured into a glass
vial for the preparation of the hydrogels. To check the formation of a stable gel the vial

was inverted upside down every 1 minute and time for gelation was noted.

2.3.2. pH determination
pH values of hydrogels at room temperature were determined using a calibrated
digital pHmeter Hach Sension™ (Hach Lange S.L.) at 25.0 £ 0.5 °C. Measurements were

conducted by direct contact of the pHmeter electrode on hydrogels.

2.3.3. Environmental Scanning Electron Microscopy (ESEM)

ESEM was used to observe the surface morphology of the hydrogel blends and
the inner cell distribution. Hydrogel samples were fixed with glutaraldehyde 2.5% wi/v
(Merck) during 1 h at 4°C, then washed and kept in 0.1 M sodium cacodylate buffer
(EMS, Electron Microscopy Science). Before its analysis, samples were processed using
the critical point drying technique. Four samples were fixed with osmium tetroxide 1%
wl/v, dehydrated in a series of ethanol solutions of increasing concentration (50, 70, 90
and 100%) for 15 min each, and critical point dried in a Leica EM CPD300 dryer. Finally,

the samples were covered in carbon using the EMITECH K975X carbon evaporator.
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Images were acquired using the ESEM QEMSCAN 650F and hydrogel pore sizes were
analysed using the software ImageJ (Fiji) (496).

2.3.4. Swelling assay
The swelling rate was calculated as previously described (497). Briefly, pre-
weighed freeze-dried hydrogels were submerged in PBS. The weight of the prepared

hydrogels was calculated at different time points. Swelling ratio was calculated [1].
Swelling ratio (%) = (M) x 100 [1]
Wo

Where Wy represents the sample dry weight at day zero, and W; represents the wet
weight of the samples at a specific time point.

2.3.5. Degradation test

The degradation behaviour of hydrogels was analysed by weighing known
amounts of hydrogel samples. Hydrogel samples were then incubated under gentle
agitation in a hybridization oven at 37°C. Samples were retrieved at different time points
from the hybridization oven and centrifuged at 5000 rpm for 2 min. After removing the
supernatant, hydrogel samples were finally weighed (498). The degradation rate (%) as a

measure of weight loss was calculated [2].
Degradation ratio (%) = (W) x 100 [2]
0

Where Wy represents the initial weight of the sample, and W: represents the wet

weight of the samples at a specific time point.

2.3.6. Mechanical studies

Mechanical analyses were carried out in a torsional rheometer MCR302 (Anton
Paar) at 25°C. Cell-free and hDFs-laden hydrogels were casted with a cylindrical shape
in moulds (20 x 5 mm). A three-step test was designed to obtain information on the
compression and shearing characteristics of the samples. Firstly, the samples were placed
on the base of the rheometer. Then, the rheometer head was approached at a constant
speed (10 pum/s) up to a normal force of 0.5 N. Next, the specimen was oscillatory sheared

according to a strain amplitude of 0.00001% at a frequency of 1 Hz and normal force of
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0.5 N to determine the shear viscoelastic moduli and, finally, the upper plate was
separated at a constant speed (10 pum/s).
2.4. Wound healing assay

hDFs and hMSCs were seeded in 12-well multiwell plates and cultured at 37°C
for 72 h (499). Culture media was removed, cells were rinsed with PBS, and incubated
with culture medium supplemented with 8.4 mg/mL DS, 1.0 mg/mL HA, and 1.0 mg/mL
elastin for 24 h. Culture medium without supplements was used as a non-treated control
condition. After 24 h, medium was removed, and cells were washed with PBS and
wounded by manual scratching with a 200 pL pipette tip. Supplemented and control
media were replaced, and images of the wounds were taken at 0, 6, 12, 24, 48 and 72 h.
Samples were maintained at 37°C in a 5% CO_ atmosphere. Images were taken using a
Leica DMi8 microscope (Leica Microsystems) with the Leica Application Suite (LAS) X
software and analysed using the software ImageJ (Fiji) (496).
2.5. Cell viability assay

Cell viability was determined using the LIVE/DEAD ™ Viability/Cytotoxicity Kit
(Invitrogen). Samples were incubated in PBS containing calcein AM (2 uM) and ethidium
homodimer (4 uM) at 37°C for 30 min to stain live (green) and dead (red) cells. Hydrogels
were imaged by confocal microscopy at different time points and analysed using NIS-
Elements software (Nikon Eclipse Ti-E Al). Live and dead cells were counted using the

ImageJ (Fiji) software (496), and cell viability was determined as follows:

Cell viability (%) = Live cells x100 [3]

(Live cells+Dead cells)

2.6. Cell proliferation assay

Cell proliferation was analysed using the AlamarBlue® assay (Invitrogen) at 1, 3,
5, 7, 14 and 21 days. This reagent is a resazurin solution, a blue non-fluorescent cell-
permeable compound that is modified by the reducing environment of the viable cells
into resorufin, a red fluorescent compound. Fluorescence after incubation can be
measured, and therefore, the generated signal related to the metabolic activity of the
samples. Hydrogels were incubated with AlamarBlue® solution at 37°C for 3 h.
Fluorescence of reduced AlamarBlue® was determined at 530/590 nm

excitation/emission wavelengths.
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2.7. Bilayered hydrogel design

Separate ACDHE hydrogels laden with hMSCs or hDFs were prepared in conical
tubes and loaded in 3 mL sterile syringes. Then, hydrogel layers were stacked sequentially
locating the hMSCs layer at the bottom and the hDFs layer at the top (Figure 12). The
bilayered hydrogels were allowed to gel and then placed in a rectangular 4-well multiwell
plate with DMEM containing 10% FBS and 1% penicillin/streptomycin and cultured at
37°C in a 5% CO2 atmosphere.

a D r .
i m
ACDHE Hydrogel ! ! -
% | | | -
- . —
@‘"——_-/ hDFs-loaded  hMSCs-loaded ’ B S —
S-l0oaqde S-l0ade .
Cells hydrogel hydrogel First layer (hMSCs) Second layer (hDFs)

Figure 12. Bi-layered hydrogel design fabrication process. hMSCs or hDFs were cultured
and mixed with an ACDHE hydrogel solution in separate conical tubes, loaded in 3 mL
sterile syringes, and stacked sequentially, locating the hMSCs and hDFs at the bottom

and at the top, respectively. Figure created with BioRender.com.

2.8. Morphological characterization of the bilayered hydrogels

The monitorization of the hydrogel shape maintenance was carried out over a
culture period of 21 days. To observe the size of the hydrogels overtime, three hydrogel
samples were prepared and seeded with hDFs and hMSCs, submerged in culture medium
and maintained in an incubator. At preestablished time intervals (0, 7, 14 and 21 days)
hydrogels were retrieved from the solution, the excess of medium was removed using a
filter paper, and the length and width of the samples was measured (500).
2.9. Statistical analysis

Results in this work are represented as mean + SD. Differences between two
groups of data were tested using the two-tailed Student’s T test for non-paired samples.
Differences were considered statistically significant at p < 0.05 (*), p < 0.01 (**), and p
< 0.005 (***).
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3. Results
3.1. Hydrogel formulation

To determine the fittest Ag concentration, cell viability of ACiw and AC
hydrogels was investigated with the Live/Dead assay. Confocal images were used to
calculate the cell viability percentage. Although both concentrations showed good
viability rates, cell viability at ACiow hydrogels was significantly lower compared with
AC hydrogels at days 7 and 14 (Figure S1). Moreover, a loss of structural integrity was
observed at ACiow hydrogels after 7 days in culture. Hence, the referenced Ag
concentration was maintained in further experiments (479).

To create a hydrogel that mimics the skin ECM composition, AC-based hydrogels
were supplemented with skin native components. Therefore, DS and HA, GAGs found in
native human skin; and EL, a protein responsible for the skin ECM elasticity, were added
to the AC blend generating three formulations: Ag-Col 1-DS (ACD), Ag-Col I-DS-HA
(ACDH) and Ag-Col I-DS-HA-EL (ACDHE). Hydrogel solutions loaded with hDFs were
pipetted on a petri dish surface, allowed to gel, gently transferred to a multiwell culture
plate, and cultured for 21 days. All conditions were mostly populated by live cells,
showing a uniformed distribution within the hydrogels (Figure 13A). Results for all the
formulations displayed no negative effects on hDFs viability up to 21 days. Control (AC
samples) and hydrogel formulations enriched with skin-related materials were able to
maintain hDFs viability levels above 78 and 86%, respectively (Figure 13B), for at least
21 days. These results match with the viability specifications of pharmaceutical products
before administration to patients, based on the primary criteria for quality stablished by
the FDA and the European Medicines Agency (EMA) (=70% and >80%, respectively)
(501). The ACDHE hydrogels showed higher viability levels after 21 days compared to
AC, ACD and ACDH hydrogels. Cell viability rates of the ACDHE condition remained
higher than 93% during the entire experiment. Therefore, the ACDHE hydrogel
formulation with all ECM components was used for the subsequent experiments.

3.2. Physicochemical properties of ACDHE hydrogel
3.2.1. Tube inversion test and pH

The elapsed time for the solution to turn into a gel was recorded using the tube
inversion test. The average gelling times of AC and ACDHE hydrogels were 3.4 + 0.2
and 4.1 + 0.2 min, respectively. Figure 14A shows evidence of AC (white cap vial) and
ACDHE (black cap vial) hydrogels in their liquid and gelled form. The pH value of
ACDHE hydrogels was 7.36 = 0.05.
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Figure 13. Cell viability assay of AC, ACD, ACDH and ACDHE hydrogel samples. (A)
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Confocal images of hDFs-loaded hydrogels at 0, 7, 14 and 21 days. Calcein (green
fluorescence) stains live cells, while EthD-1 (red fluorescence) stains dead cells. Scale
bar = 500 um. (B) Cell viability (%) in the hydrogel scaffolds after 0, 7, 14 and 21 days.
Two-tailed Student T test analysis were performed for ACD, ACDH, ACDHE samples
compared to AC samples at each time point at significance levels of: * p < 0.05, and **
p <0.01; and for ACDHE samples compared to ACD, ACDH samples at each time point
at significance levels of: # p < 0.05, and ## p < 0.01.

3.2.2. Hydrogel’s ultrastructure

To physically characterize the hydrogels, ESEM analysis was carried out for
ACD, ACDH and ACDHE formulations. The three hydrogel formulations showed a
uniform and homogeneous lattice organization, with an interconnected porous network
(Figure 14B). Mean pore size increased proportionally with the complexity of the
hydrogel formulation, (0.17 £ 0.03 um, 0.38 £ 0.04 um, and 0.73 £ 0.04 um for the ACD,
ACDH, and ACDHE hydrogels respectively) (Figure 14C).

3.2.3. Swelling and degradation behaviour of ACDHE hydrogels

Freeze-dried ACDHE hydrogels were immersed in PBS (pH 7.4) to study the
swelling behaviour of this formulation. Hydrogel swelling kinetics results are shown in
Figure 15A. The average swelling rate of the ACDHE hydrogel was found to be 42 +
8%. The swelling kinetics of the ACDHE hydrogel reached an intake plateau phase
around 3 days after starting the assay, with a maximum peak at day 14. To study the
stability of the ACDHE formulation, hydrogel degradation was determined by measuring
weight variation overtime up to 21 days (Figure 15B). Maximum degradation rate was
found after 14 days with 7.14 + 0.22 %.

3.2.4. Mechanical properties of the hydrogels

The mechanical properties of AC and ACDHE hydrogels were determined by
compression assays. As stated in the materials and methods section, cell-free and hDFs-
loaded hydrogels were casted in cylindrical-shaped moulds (20 mm in diameter and 5
mm in height) and maintained at 37°C in a 5% CO> atmosphere. In Figure 15C the Young
moduli obtained from the compression assays for AC and ACDHE hydrogels up to 21

days in culture are shown and compared with human skin.
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Figure 14. Tube inversion test and ultrastructure of the hydrogels. (A) Representation of
AC (white cap) and ACDHE (black cap) hydrogels withstanding the tube inversion test.
(B) ESEM images (scale bar = 1 um) and (C) pore size characterization of the ACD,
ACDH and ACDHE hydrogels. Two-tailed Student T test analysis were performed for
ACDH and ACDHE samples compared to ACD samples at significance level of: *** p <
0.05.

Despite slight variations were found between Young moduli of cell-free AC and
ACDHE hydrogels over time, cell-free AC hydrogel after 21 days in culture (10.14 £ 0.72
kPa) showed significant differences compared with the elasticity range observed in
human native skin samples (5.22 + 0.39 kPa), while no significant differences were found
at day 21 of culture in ACDHE cell-free hydrogels (7.50 £ 0.94 kPa) compared with
human native skin. On the other hand, besides Young moduli of cell-loaded hydrogels
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also showed variations over time, after 21 days of culture neither AC (5.68 = 0.00 kPa)
nor ACDHE hydrogels (5.86 + 0.38 kPa) showed significant differences compared with
human native skin (5.22 = 0.39 kPa). The range of strain analysed for the Young moduli
obtained in hydrogels and skin samples is depicted in Figure S2.

The viscoelastic moduli of AC and ACDHE hydrogels, with and without cells, are
shown in Figure 15D and E. The storage moduli of AC and ACDHE hydrogels, either
cell-free (3.19 £ 0.61 and 2.56 = 0.29 kPa, respectively) or cell-laden (2.49 + 0.03 kPa
and 1.89 + 0.12 kPa, respectively) showed an oscillation in a range around the values
obtained from human native skin samples (2.94 + 0.27 kPa) (Figure 15D).

On the other hand, as it can be observed in Figure 15E when analysing the loss
moduli, significant differences were found at day 21 for AC and ACDHE hydrogels,
either for cell-free (0.19 = 0.04 kPa and 0.17 = 0.00 kPa, respectively) or cell-laden
hydrogels (0.14 + 0.00 kPa and 0.12 £+ 0.00 kPa, respectively) when compared with
human native skin samples (0.63 + 0.13 kPa).

3.3. Scratch wound assay

To study the wound healing effect of the soluble biological compounds
supplemented in the hydrogel formulation, a scratch wound assay was carried out on
hDFs and hMSCs adding DS-HA-EL (DHE) solution to culture media (Figure 16A).
Interestingly, hDFs cultured with DHE-supplemented media displayed an important
wound healing effect, showing a higher wound closure rate after 6 and 12 h, even
achieving a 100% of wound closure 24 h earlier than the control group (Figure 16B). As
well, the wound closure effect of the DHE formulation on hMSCs showed a significant
higher wound healing rate at 48 h compared with the control group; however, full wound
closure was achieved at 72 h in treated and control conditions (Figure 16C). These results
indicate that the DHE supplementation can significantly promote the wound healing rate,
especially for hDFs.

3.4. ACDHE bilayered hydrogel

For the biofabrication of a bilayered hydrogel two types of cells were used. On
one hand, hDFs, an essential component of skin dermis, and on the other hand, hMSCs,
which can provide growth factors, cytokines, and chemokines that promote cell survival
and regulate the tissue regeneration. The ACDHE hydrogel formulation was prepared in
a bilayered way with hDFs located at the top layer and hMSCs at the bottom layer.
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Figure 15. Swelling, degradation, and mechanical assays. (A) Swelling behaviour and
(B) degradation rates of ACDHE hydrogel in a time lapse of 21 days. (C-E) Mechanical
measurements: (C) Young moduli, (D), storage and (E) loss moduli of AC and ACDHE
hydrogels without cells and cell-laden at 1, 14 and 21 days under culture conditions,
compared with human native skin. Two-tailed Student T test analysis were performed for
human skin samples compared to AC and ACDHE samples at day 21 at significance
levels of: * p < 0.05, and *** p < 0.005; and for AC samples compared to ACDHE
samples at each time point at a significance level of: # p < 0.05.
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Figure 16. In vitro scratch wound healing assay of hDFs and hMSCs treated with DHE

supplemented media. Culture medium without supplements was used as a control for non-
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An hMSCs-loaded ACDHE layer was placed on a petri dish surface and allowed
to gel while preparing the hDFs-loaded ACDHE solution. Then, the hDFs-loaded
ACDHE layer was added on the top of the hMSCs-loaded ACDHE layer. Due to the
viscosity of the ACDHE formulation, the two layers did not mix during the process, but
remained adhered together while gelling. Once fully gelled, the samples were transferred
to multiwell culture plates and submerged in cell culture medium. Figure 17A shows the
macroscopic appearance of the ACDHE bilayered hydrogel at days 0 and 21,
demonstrating that it could hold its shape overtime.

To assess the distribution of the cells within the hydrogels, hDFs and hMSCs were
previously stained with CellTracker™ Green CMFDA and CellTracker™ Red CMTPX,
respectively. Two well differentiated layers with the two different cell types could be
observed (Figure 17B). The bottom view of the cross section allowed seeing the cells
evenly distributed along the bilayered structure. Furthermore, this structure kept its
distribution, and both layers could be observed during the entire culture time. Cell
viability images acquired at days 0, 7, 14 and 21 showed that most of the cells were viable,
with few dead cells. Bilayered ACDHE hydrogel samples showed to support cell viability
up to 21 days (Figure 17C), maintaining the bilayered distribution clearly differentiated,
with hDFs showing a fibroblastic cell morphology (top), and the hMSCs showing a
spherical shape (bottom) (Figure 17D). Proliferation rate of the bilayered hydrogels
displayed an initial decrease in proliferation rate (at days 1 - 5) and a later significant
increase (from day 10 — 21).

Also, cell laden ACDHE bilayered hydrogels were also analysed by ESEM. Cells
were observed encapsulated inside the hydrogel matrix (Figure 18A and B), and it even
seemed that they were able to produce ECM-like structure (Figure 18C and D). Figure

18E and F show false-coloured cells in blue and deposited ECM in red.
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Figure 17. Bi-layered ACDHE hydrogel. (A) Macroscopic appearance of the bi-layered
ACDHE hydrogels. (B) Vertical cross section image of the bi-layered hydrogel acquired
by confocal microscopy. Side and bottom views are also included on the right-hand and
bottom sides of the figure. hDFs and hMSCs are stained with CellTracker™ Green
CMFDA (CTG, green) and CellTracker™ Red CMTPX (CTR, red), respectively.
Dimensions = width: 5.65 mm; Height: 2.66 mm; Depth: 0.18 mm. (C) Confocal
microscopy images of the cell viability of the ACDHE hydrogel at days 0, 7, 14 and 21.
(D) Augmented image of the bi-layered ACDHE hydrogel at day 21, the white dotted line
separates the fibroblast layer (top) from the hMSCs layer (bottom). Scale bar = 500 pum.
(E) Proliferation results of the ACDHE hydrogels up to 21 days.
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Figure 18. ACDHE bi-layered hydrogel ESEM. (A-F) ESEM images (Scale bar = 1 pm)
of ACDHE hydrogels. Scale bars: (A) 20 um; (B) 10 um; (C and E) 3 um; (D and F) 2
um. (E and F). False-coloured ESEM images showing cells (light blue) and cell-produced
ECM-like structures (light red).

4. Discussion

A future perspective of TE strategies is the treatment of patient’s injuries by
isolating specific autologous or allogenic cells taken from a biopsy, and implant them in
the patient within a supporting matrix (57). For this purpose, the use of biomimetic
hydrogels for the development of TE and regenerative medicine therapies could provide
enhanced biological and physicochemical properties to reproduce those found at the
human native tissue ECM (502-504). Hydrogel cultures have been shown to improve cell
proliferation, differentiation, spreading and migration compared to traditional 2D culture

conditions (505). Indeed, in skin TE most of the current approaches for the manufacture
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of full-thickness skin substitutes involve embedding hDFs in hydrogels. Nevertheless, it
has also been demonstrated that hMSCs can be an optimal option for healing skin wounds,
as they can reduce the inflammatory response, promote angiogenesis, and even help to
improve the aesthetic appearance (506). Collagen-based hydrogels have been widely used
for 3D cell cultures, showing optimal results; however, they lack mechanical stability and
biological complexity (507). In this study, the AC hydrogel was chosen as a core
formulation since it has shown to have a good gelation Kkinetic, allowing its injectability
through a small lumen. Also, to mimic the skin native ECM and recreate a
microenvironment that closely simulates the physicochemical and biological cues of the
native tissue, DS, HA, and EL were incorporated into the AC hydrogel. Then, the ACDHE
hydrogel formulation was loaded with cells to study its applicability for skin TE.

As a first stage, different combinations of DS, HA and EL were combined with
AC hydrogel, where Ag acts as a fast gelling thermosensitive agent, and Col | as a slower
gelling pH-dependent biomaterial that provides biomimicry since it is the most ECM
ubiquitous protein of the dermis (508,509). All studied formulations showed good
cytocompatibility, maintaining viability levels over 86% up to 21 days. In fact, the
ACDHE hydrogel formulation endowed with all the supplements showed the highest
viability rates compared with the control and the other formulations. This is because DS,
HA and EL are biological components of the dermal ECM, that act enriching the
biomimetic properties of the formulation (510-512). Those components also exert
biological properties related to wound healing in the skin. DS, besides being a ubiquitous
dermal glycan, it is released at high concentrations during wound repair to act as a
cofactor for important growth factors in the proliferative phase of wound healing (513).
HA displays anti-inflammatory activity, helps the skin to maintain moisture, it is also
involved in the regulation of collagen synthesis, and promotes wound healing during the
non-scar healing of foetal skin (514), as well as during wound healing after injury. EL,
which promotes biological responses in cells through its role as a biologically active
ligand (515), inducing a range of cell activities, such as cell migration, proliferation, ECM
synthesis, and protease production (516). In a wound healing context, EL properties can
establish a parallelism with the characteristics found in foetal skin, which can heal skin
wounds with no scar formation (517).

The gelling time and pH value of the ACDHE hydrogel were suitable for skin TE
applications (518). An appropriate gelation time plays a vital role in wound healing since

too short gelation times are unfavourable for surgery, which needs enough time for

136



CHAPTER I1: Design and evaluation of a bilayered dermal/hypodermal 3D model

applying treatments, while a long gelation time cannot timely seal the wounded site (519).
The temperature-sensitive properties of the hydrogel allow its injectability as well as an
in situ gelation to ensure matrix cohesion and its cytocompatibility. ACDHE hydrogel
displayed a neutral pH of 7.36, optimal for skin applications as it has been seen that
collagen-based hydrogels should be neutral for maintaining a good skin barrier function
(520).

We observed that ACD, ACDH and ACDHE formulations showed porous
structures similar to previously reported AC hydrogels (479). Interestingly, the pore size
of the enriched hydrogels with the supplements proportionally increased together with
the complexity of the formulation. In effect, it has been reported that the addition of
different components, such as Col | or chitosan to Ag hydrogels could increase the
hydrogel porosity, offering an attractive topology for cell adhesion and migration,
promoting cell growth and proliferation (521). This highly porous micro/nanostructure
enables the flow of nutrients and metabolic waste, and could positively affect migration
and cellular activity (522).

The ability to absorb liquid or swelling is an important feature in the development
of hydrogel scaffolds, since it affects the nutrient transport with the surrounding
environment and can provide high mechanical resiliency (523). The water content that
the hydrogel is able to hold will favour the cell viability of the encapsulated cells by
lowering the interfacial tension, and will also increase the nutrients, ions and metabolites
exchange with the surrounding environment (524). ACDHE hydrogel formulation also
showed long-term degradation rates, revealing an 8% maximum mass loss over an
incubation period of 21 days. Still, the ACDHE samples kept their original shape, which
indeed qualifies this combination for long-term incubation after the cell encapsulation
(525). These results about the time-related swelling and mass loss of the ACDHE
hydrogel agree with those found in AC hydrogel formulation which are suitable for
applications that require shape fidelity and volumetric accuracy (526).

Matching the mechanical properties of target tissues is crucial in terms of
promoting an adequate tissue regeneration (527). Since Young’s modulus of Col I-based
hydrogels range around units of kPa (528), blending Ag with Col | and adding the DHE
supplements could combine the mechanical and biological advantages of those elements.
Compression and viscoelastic moduli of ACDHE hydrogels were analysed, using AC
hydrogels as a control condition, and human skin as a target tissue mechanical behaviour

reference. It was observed that after 21 days of culture the Young modulus of both cell-
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free and cell-laden ACDHE hydrogels were in the human skin sample range of kPa (529).
In addition, regarding viscoelastic modulus, although significant differences were found
for loss modulus between the studied hydrogels and human skin, ACDHE hydrogel
samples shared a similar storage modulus (G’, elastic modulus) range of kPa found in
human skin tissue. In addition, our results also match with those found in the literature
related to hydrogels studied for skin applications. For instance, other researchers also
obtained similar values (G* = 2 — 4 kPa; G” = 0,1 — 0,4 kPa) when developing
polysaccharide-based hydrogels for skin (530). These results point out that the ACDHE
hydrogels demonstrate an elastic behaviour as same as skin does, since G’ > G”
corresponds to an elastic behaviour (531,532).

The wound healing is an intricate process of multiple biological events and
coordinated collaboration of several different cell types. Among them, fibroblast
proliferation and ECM production, epithelial-mesenchymal interaction, and
neovascularization of the wound bed are relevant (533,534). Our results showed that the
DHE supplementation induced a shorter wound healing on hDFs than the control non-
treated hDFs. Otherwise, DHE supplementation did not induce a shorter wound healing
on hMSCs, though it successfully prompted a faster wound healing. It has been
demonstrated that hMSCs are prone to exert paracrine functions, reduce the inflammatory
response and promote angiogenesis (535-537). hMSCs can modulate wound healing by
secreting paracrine factors such as EGF, keratinocyte growth factor (KGF), VEGF,
insulin growth factor (IGF), skin derived factor (SDF-1); and immunomodulatory
cytokines such as interleukin 1 alpha (IL-1a), interleukin 1 beta (IL-1p), tumour necrosis
factor alpha (TNF-a) and interferon-A (538,539). The management and performance of
these paracrine functions could explain the similar closure rate of the wounds of control
non-treated hMSCs and hMSCs treated with DHE supplemented media. Together, the
combined use of hDFs and hMSCs could synergistically improve the reconstruction of
the dermal and hypodermal layers, respectively, of skin (540).

Then, the viability and proliferation studies of the bilayered ACDHE hydrogel
with hDFs and hMSCs revealed the cytocompatible nature of the formulation for both
cells. Additionally, encapsulated hDFs showed outstanding cell morphology after 21 days
of culture. The influence of chondroitin sulphate-based hydrogels (structurally similar to
DS (541), HA (99), and EL (542)) over cell motility and migration has already been
described, showing an improvement of cell migration and morphology. Among important

factors for TE applications, a scaffold microstructural architecture that can offer suitable
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physical properties is essential. The ACDHE hydrogels showed a regular pore distribution
with ECM-like structures that may have been produced by the encapsulated cells, since
hDFs are known to synthesize collagen and other ECM components and other proteins
which support the structural integrity of the skin (543). Similarly, in the past few years,
commercially available bilayered in vitro skin models have already been developed;
however, little attention has been paid to the hypodermal layer, as they mainly focus on
reproducing the dermo-epidermal structure of the skin, like StrataTest® or EpiDerm™
(544,545). Moreover, those models are focused on producing tissue-like structures by 2D-
culturing in collagen matrices, restricting their production in matters of size and time. In
a biological approach, the ACDHE bilayer hydrogel not only reproduces the dermo-
hypodermal structure of the skin, but also includes skin-related molecules, enhancing its
biological mimicry. This model enables the incorporation of other cells, such as
endothelial cells, sweat gland cells, dermal papilla cells for hair follicles, melanocytes, or
keratinocytes to address the engineering of more complex skin substitutes. Additionally,
conversely to the 2D produced skin models, using a bioink widens the fabrication
possibilities, allowing adapting their use to an automatized manufacturing. Taken
altogether, these preliminary studies suggest that the ACDHE formulation could be a
promising bioink candidate to develop skin biofabrication research. Among all the
potential applications of this formulation, this hydrogel could be used to produce models
of disease, cosmetic product testing, identification of potentially harmful substances, and

3D bioprinting bioinks.
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1. Background

The skin, one of the largest organs of the body, comprising approximately 15% of
the total body weight, plays paramount roles in preserving the body homeostasis, and
protects inner organs from physical, chemical, and biological hazards. It is also involved
in many essential functions, such as preventing an excessive transepidermal water loss
(TEWL), thermoregulation, sensorial perception through specialized receptors, or
excretion (463,546,547). In addition, the skin may also operate as a biofactory that
synthesizes, processes and/or metabolizes a wide range of proteins, glycosaminoglycans
(GAGsS), lipids and signalling molecules (548).

Skin substitutes, typically manufactured by TE, are an important field of research
with great impact on dermatological pathology treatments. Skin substitutes should show
biocompatible properties, help to restore the epidermal barrier function and cutaneous
homeostasis (temperature, pH, TEWL, elasticity and moisture), and ensure a correct
clinical outcome (549).

Although conventional TE manufacture strategies led to the first generations of
engineered tissue, such processes usually consume time and are restricted to having
mainly flat and predetermined geometries. To overcome these limitations, first skin 3D
bioprinting approaches were achieved (550), and the potential of skin bioprinting has
already been demonstrated using different techniques to create complex engineered
tissues with a predefined structural architecture (353,551-554).

However, despite these progresses, more mimicry regarding design and
biomolecule composition should be ameliorated in skin models. To conduct such
research, our laboratory has developed three biomimetic bioinks, each one designed to
resemble the ECM found in each skin layer (Figure 19A). The epidermal bioink was
based on Col | as a scaffolding biomaterial, supplemented with Kt, a natural structural
protein mainly found in epithelial tissues (e.g., epidermis, hair, wool), which is used in
biomedical research (555,556), and Sph, which contribute to the maintenance of the
epidermal barrier against desiccation and penetration of xenobiotics (557). The dermal
and hypodermal bioinks were based on Ag, which provides mechanical support and fast
gelation, and Col I, which provides slow gelation and represents the most ubiquitous
protein in dermal ECM (477). Both bioinks were supplemented with a blend of DS, a
highly relevant glycan in skin ECM that participates in the ECM reconstruction at the
wound healing process (487,488), and HA, which it is the main GAG found at the dermal

ECM. HA is commonly used in skin care products and TE, promoting wound healing,
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skin moisture maintenance and cell proliferation (485,558-561). As well, EL was added
to the dermal bioink supplementation, a highly crosslinked protein which is frequently
used to develop EL-based biomaterials in TE (562,563), as it is the main protein in the
native skin that confers elasticity to the dermal ECM (564).
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Figure 19. (A) Design of the BT Skin hydrogel compared with Native Skin. Cells such
as hEKs, hDFs and hMSCs, and biological components such as Kt, Sph, Col I, DS, HA,
and EL are depicted. Tube inversion test images (B) and results (C) of Hypodermal,
Dermal and Epidermal bioinks. (D) Experimental design of the injectability assay. (E)
Minimum force needed to extrude bioinks through a 3 mL bioprinter syringe. Statistical
significance: *P < 0.05; ***P < 0.005
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Regarding the cellular fraction, the epidermis is typically populated by human
epidermal hEKs and the dermis by human dermal hDFs. Therefore, to mimic the
biological features of the epidermis and the dermis, epidermal and dermal bioinks were
populated with hEKs and hDFs, respectively (341,353). On the other hand, human
hMSCs were used at the hypodermal layer, as they can promote wound healing and have
been described to migrate to the wound site, differentiate and repopulate the injured tissue
by promoting regeneration (565).

Consequently, the main objective of this study was to develop and characterize
bioactive and biomimetic hydrogels for fabricating a skin substitute with epidermal,
dermal, and hypodermal layers for skin TE. After evaluation of the diverse
physicochemical, mechanical, and biological properties of the bionks formulated
specifically to simulate each layer of the skin, we BT skin substitute that was
characterized in vitro, and its full-thickness skin wound healing properties were assessed

in vivo.

2. Materials and Methods
2.1. Cell cultures

hMSCs were isolated from human adipose tissue and characterized as previously
reported (494,495). These samples were transported to the laboratory in DMEM (Sigma)
with 1% P/S (Invitrogen). hMSCs were cultured in high-glucose DMEM supplemented
with 10% FBS and 1% P/S, at 37 °C in a humidified atmosphere containing 5% CO..
Medium was refreshed every 3 days. At 80% of confluence, cells were passaged, and
used between passages 4 and 6 for all the experiments. hDFs and hEKSs were isolated
from human skin samples obtained from donors as previously reported (30). Once skin
samples were excised, they were transported to the laboratory in sterile recipients
containing high-glucose DMEM without phenol red (Sigma) supplemented with
antibiotics (341). Once isolated, hDFs and hEKSs were cultured as previously described
(336). All human samples used in this study were obtained after informed consent and
authorization was provided from the Granada Provincial Ethics Committee (Ministry of
Health and Families, Andalusia, Spain, reference: 0467-N-20).
2.2. Bioinks and BT skin substitute preparation

Firstly, an Ag (UltraPure™ Low Melting Point Agarose Thermo Scientific™)
solution was prepared in PBS, autoclaved at 120°C for 2 h and stored at 4°C until use. Ag

was preheated and maintained at 37 °C in a water bath to avoid gelation and stabilize its

145



CHAPTER I11: Biofabrication and in vivo assessment of a three-layered skin substitute

temperature at 37°C. Col I solution (3.3 mg/mL rat tail collagen I, Corning®) was
neutralized with 0.8 M NaHCOz. Then, three solutions using Kt (Kerapro S, Proalan S.A.,
Barcelona, Spain), Sph, DS, HA, and EL (Bioiberica S.A.U, Barcelona, Spain) diluted in
PBS were prepared: i) Kt + Sph (KS); ii) DS + HA (DH); iii) DHE. Each solution was
blended with Col 1 at final concentration as shown in Table 10. All component solutions
were filtered through a 0.22 pm membrane (Merck Millipore) before their use. To
biofabricate the BT skin substitute, cell-loaded dermal and hypodermal bioinks were
prepared by mixing Col I + DHE with hDFs and Col | + DH with hMSCs, respectively,
and pre-heated Ag was added to each blend, obtaining a final concentration of 1 x 108
cells/mL. Once both hypodermal and dermal layers were obtained, the epidermal bioink
(Col 1 + KS) was laid on top and let to gel inside an incubator at 37°C during 15 min.
Once the epidermal layer gelled, 2-10% hEKs were seeded on top of the BT skin hydrogel
and cultured for 1 week. After this time, samples were partially dehydrated by the
application of 100 g of pressure for 2 min, giving the hydrogels a higher resistance and
enhancing their stiffness and mechanical properties (341,566,567).

Table 10. Final concentrations of the bioinks

(mg/ml) Agarose Collagenl DS HA EL Kt Sph
Epidermal bioink - 4.4 - - - 152 50
Dermal bioink 15 2.2 84 10 10 - -
Hypodermal bioink 15 2.2 84 10 - - -

2.3. Physical characterization of hydrogel bioinks
2.3.1. Macroscopic characteristics

The physical appearance of the hydrogel bioinks was inspected visually before
and after sterilisation. Macroscopic aspect, turbidity and colour were also evaluated.
2.3.2. Tube inversion test

The tube inversion test was used to define the gelation time of the hydrogel
bioinks. The bioinks were poured in glass vials, inverting the vials upside down every 1
min to check the formation of stable gels. The gelation time was estimated as the time
point when the samples formed a stable gel that remained at the bottom of the vials when

inverted.
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2.3.3. pH determination
The pH of the hydrogels obtained from the bioinks was determined using a

calibrated digital pH meter Hach Sension* (Hach Lange S.L., Spain) at room temperature
(RT).
2.3.4. Injectability test

The force required to extrude the different biomaterial blends was measured using
a torsional rheometer MCR302 (Anton Paar, Austria). The equipment used for the assay
was disposed as seen in Figure 19D, where a 3 mL syringe was maintained surrounded
by heated water at a temperature of 37 °C to avoid fast gelation and reproduce the
environment of a 3D bioprinter heated syringe. Samples were placed in the syringe, and
the force required to extrude the bioinks was monitored.
2.4. Physical characterization of BT skin substitute
2.4.1. Swelling test

Swelling rates of freeze-dried samples were determined as previously described
(497). Briefly, samples were pre-weighed and submerged in PBS. The swelling rate of

the BT skin substitute was calculated at different time points as follows [1]:

Swelling ratio (%) = (@) x 100 [1]
0

W, represents the initial weight of samples at day zero and W: represents the wet
weight of samples at the corresponding time point.
2.4.2. Degradation test

The degradation rate was analysed quantifying the weight loss of samples over
time. The BT skin substitute was incubated under gentle agitation at 37°C, retrieved at
different time points, and centrifuged at 5000 rpm for 2 min. Supernatant was removed,
and samples were weighed (498). Degradation rate (%) was calculated as a measure of
weight loss as follows [2]:

Degradation ratio (%) = (%) x 100 [2]

Wi represents the initial weight of samples and W represents the wet weight of

hydrogels at the corresponding time point.
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2.4.3. Mechanical analysis

Mechanical properties were evaluated using a torsional rheometer MCR302
(Anton Paar, Austria). BT skin samples were casted using a 20 mm in diameter and 5 mm
in height mould. A three-step assay was designed to obtain data on the compression and
shearing characteristics of hydrogels. At the first step, specimens were placed on the base
of the rheometer, approaching the rheometer head at 10 pum/s up to a normal force of 0.5
N. Secondly, the samples were oscillatory sheared with a strain amplitude of 0.00001%
at a frequency of 1 Hz and normal force of 0.5 N to analyse the shear viscoelastic moduli,
and lastly, the upper plate was removed at a constant speed of 10 um/s. Cell-free and cell-
loaded BT skin substitute before (pre cell-free BT skin and pre BT skin) and after (cell-
free BT skin and BT skin) partial dehydration were generated and maintained at 37 °C in
a 5% COz atmosphere until measurement.
2.5. Cell viability assay

The LIVE/DEAD™ Viability/Cytotoxicity Kit (Invitrogen, Massachusetts,
EEUU) was used to analyse cell viability. Separated hydrogels for hypodermal and
dermal layers and BT skin substitute were stained using a calcein AM (2 uM; green) and
ethidium homodimer (4 uM; red) solution diluted in PBS at 37 °C for 30 min. Samples
were observed using confocal microscopy (Nikon Eclipse Ti-E Al) at different times and
analysed using NIS-Elements software. Live and dead cells were quantified using the

ImagelJ (Fiji) software (496), determining the cell viability percentage as follows [3]:

Live cells
(Live cells+Dead cells)

Cell viability (%) = x 100 [3]

2.6. Cell proliferation assay

The AlamarBlue HS® assay (Invitrogen) was used to analyse the cell proliferation
of the samples after 1, 3, 5, 7, 14 and 21 days of culture. The fluorescence after incubation
was measured, separated hydrogels for hypodermal and dermal layers and BT skin
substitute were incubated with the AlamarBlue HS® solution at 37 °C for 1h. The
fluorescence of the reduced solution was determined at 530/590 nm excitation/emission
wavelengths.
2.7. In vivo assay
2.7.1. Wound healing animal model, surgical procedures, and experimental groups

A total of 32 ATHYM-Foxnlnu/nu male and female, immunodeficient, athymic,
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nude and albino mice of 4 weeks of life, were employed for the in vivo assay (Janvier
Labs, Le Genest-Saint-Isle, France). All animal handling procedures followed the
national and European Union legislation (Spanish RD 53/2013 and EU Directive
2010/63) for the protection of animals used for scientific purposes and in accordance with
the Ethical Principles and Guidelines for the Use of Animals approved by Provincial
Ethics Committees of Granada.

A surgery to remove a skin area of 2 cm? from the upper dorsal, in a longitudinal
position to the mouse spine, was performed using surgical scissors. A sterile, 3D printed
1,4-butanediol thermoplastic polyurethane elastomer (b-TPUe) (568), donut-shaped,
porous splint designed with a hinged lid (Figure S3) was centred over the wound and
secured with seven interrupted sutures (569). Then, mice were transplanted with a BT
skin, a cell-free BT skin, a skin autograft from the lower back (autograft) or were left
untreated as control conditions (Control) (n = 8 per group). Finally, the splint lid was
closed with eight interrupted sutures.

For all groups, samples and splints were grafted and an antibiotic ointment
(Mupirocina 20 mg/g; ISDIN) was applied. Also, an analgesic (Bupredine 0.3 mg/mL 10
mL; Fatro Ibérica, Desvern, Barcelona, Spain) and an antibiotic (Ganadexil
Enrofloxacino 5% 100 mL; Industrial Veterinaria, S.A. Invesa) were subcutaneously
injected as postoperative treatment.

2.7.2. SKin repair monitoring

Throughout 8 weeks, a follow-up was carried out, collecting clinical information,
such as scar/wound area, and several homeostasis parameters. As well, after 8 weeks,
scars were evaluated using an adaptation of the Patient and Observer Scar Assessment
Scale (POSAS) (570,571). Each 2 weeks, mice were anesthetized using isoflurane
inhalation to avoid unnecessary stress and homeostasis skin parameters were measured
using the Microcaya probe system (Microcaya S.L., Bilbao, Spain), allowing to monitor:
the Thermometer® probe allowed to measure skin temperature in °C; the Skin pH-meter®
probe measured the skin pH; the Tewameter® probe determined the TEWL, as the
evaporation of water in g/h/m?; the Cutometer® probe analysed the skin elasticity (um)
with suction (450 mbar of negative pressure — 2 s); the Corneometer® probe determined
the skin moisturization through the capacitance of a dielectric medium; and the
Mexameter® probe, based on the light absorption/reflection of three wavelengths, was
able to measure the erythema and pigmentation of the skin, obtaining indirect information

about the vascularization (haemoglobin levels) and pigmentation (melanin), respectively.
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Values of healthy skin were obtained by measuring a healthy area of skin (native skin)
from each mouse from the study.
2.7.3. Histological and Immunohistochemical analysis

Four and eight weeks later, mice were sacrificed by cervical dislocation once
anesthetized by isoflurane inhalation. Graft biopsies and native skin samples were
collected, fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin or in Optimal
Cutting Temperature (OCT) compound (Tissue-Tek®, Sakura Finetek), and cut into 5 um
or 8 um sections using a microtome and a cryostat, respectively.

Paraffin sections were deparaffinized, rehydrated, and stained with haematoxylin
& eosin (H&E) and Masson’s Trichrome to reveal the histological structure. For
immunofluorescence analysis, cryosections were incubated with primary antibodies
against fibronectin (Santa Cruz Biotechnology, 1:100) and cytokeratin (Invitrogen,
1:100). Sections were then incubated with a secondary Alexa-488-conjugated anti-rabbit
antibody (ThermoFisher, 1:500) and counterstained with Hoechst. Images were obtained
using a Leica DM 5500B microscope and analysed with Image J software.
2.8. Statistical analysis

Results in this work are represented as mean + standard deviation (SD).
Differences between two groups of data were tested using the two-tailed Student’s T test
for unpaired samples. Differences were considered statistically significant at P < 0.05
(*/#), P <0.01 (**/##) and P < 0.005 (***/##).

3. Results
3.1. Physicochemical properties of bioinks
3.1.1. Macroscopic characteristics

In Figure 19B the three bioinks in their liquid state can be observed. Both
hypodermal and dermal bioinks presented a whitish nearly transparent aspect, while the
epidermal bioinks showed a brownish colour, quite turbid. The brownish colour of the

epidermal bioink is given by its Kt component, which holds this shade.

3.1.2. Tube inversion test and pH
The gelling time was monitored by applying the tube inversion test for hypodermal,
dermal, and epidermal bioinks. Figure 19B shows representative images of the bioinks

in their liquid and gelled form. The average gelling times of the hypodermal, dermal, and
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epidermal bioinks were 0.76 + 0.03, 0.91 £ 0.03 and 5.22 = 0.09 min (Figure 19C),
respectively.
3.1.3. Injectability of bioinks

To characterize the injectability of the bioinks, the force required to extrude the
solutions from a 3 mL syringe was measured. Results ranged between 0.34 to 2.3 N
(Figure 19E and S4). The epidermal bioink (0.34 £ 0.03 N) showed the lowest value,
even lower than the force needed to extrude Col | (1.04 + 0.04 N). Regarding the
hypodermal (1.82 £ 0.57 N) and dermal bioinks (2.30 £ 0.49 N), although they showed
no differences between them, they showed a higher range of N (1.25 — 2.79 N) than both
Col I and epidermal bioink conditions (0.34 — 1.08 N).
3.2. Physicochemical properties of the BT skin substitute
3.2.1. Macroscopic characteristics

Figure 20A shows the macroscopic aspect of the BT Skin (black arrow signalling
the epidermal layer), as it can be observed, two main sections can be visually
differentiated: a) the upper opaque epidermal layer, made of Col | with Kt and Sph
supplementation, seeded with hEKs on its top; and b) the lower double dermal and
hypodermal layers made of the blend of Col | and Ag, supplemented with DS-HA-EL and
DS-HA, respectively. Both hypodermal and dermal layer showed a translucid whitish
shade, remaining undifferentiated from each other. Figures 20B and C show the height
difference of the hydrogel before and after the partial dehydration process, where 2 mm
of the hydrogel height is reduced.
3.2.2. pH, swelling and degradation performance of BT skin hydrogels

The pH value of the full BT skin hydrogel was 7.5 + 0.1. Moreover, freeze-dried BT

skin hydrogels were immersed in PBS (pH 7.4) to observe their swelling behaviour.
Swelling kinetics of the BT skin for an elapsed time of 21 days is shown in Figure 20D.
The average swelling was 70 = 7 %. The BT skin (freeze-dried) hydrogel showed to reach
a plateau stage after 7 days. To analyse the endurance over time, a degradation assay was
carried out by measuring the weight change up to 21 days (Figure 20E) showing that the
maximum degradation rate was reached after 14 days with an 8.8 = 1.5 % of mass loss.
3.2.3. Mechanical behaviour of the BT Skin hydrogels

The Young moduli of the hydrogels maintained up to 21 days compared to human
native skin biopsies are depicted in Figure 20F. Even though variations were found in
pre BT Skin (7.49 £ 0.62 kPa) and cell-free BT Skin (13.24 + 0.30 kPa) compared to
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native skin (9.46 = 0.79); however, BT skin (9.06 + 0.21 kPa) showed no significant
differences in comparison with the target tissue.

The viscoelastic moduli of cell-free and cell-loaded BT skin hydrogels before and
after dehydration were also measured and are shown in Figure 20G. Although the four
tested conditions were found to share the same loss modulus range of the native skin (2.92
+ 0.91 kPa), only the BT skin hydrogels loss modulus (0.28 + 0.10 kPa) showed no
significant differences when compared to the native skin loss modulus (0.83 + 0.33 kPa).
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Figure 20. Macroscopic images of the BT Skin hydrogel (A; black arrow: epidermal
layer), before (B) and after (C) partial dehydration (Scale bars =5 mm). Swelling (D),
degradation (E) and rheological assays (F and G). (D) Swelling behaviour and (E)
degradation percentage of BT Skin hydrogel over 21 days. Young moduli (F) and
viscoelastic moduli (G) of BT Skin hydrogels, with or without cells, before and after
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partial dehydration process, after 21 days in culture, compared with native skin. Statistical
significance: *P < 0.05, ***P < 0.005.

The viscoelastic moduli of cell-free and cell-loaded BT skin hydrogels before and
after dehydration were also measured and are shown in Figure 20G. Although the four
tested conditions were found to share the same loss modulus range of the native skin (2.92
+ 0.91 kPa), only the BT skin hydrogels loss modulus (0.28 + 0.10 kPa) showed no
significant differences when compared to the native skin loss modulus (0.83 + 0.33 kPa).
3.3. Biological characterization of bioinks and the BT Skin model

A biological characterization of the hypodermal and dermal bioinks was carried
out with cell proliferation and viability assays. Since epidermal bioink manipulation was
complicated, as it showed to be brittle once gelled, this bioink was incorporated to the BT
skin substitute once the biological characterization of the full skin substitute was carried
out. Cell proliferation rates of both hypodermal and dermal bioink hydrogels at days 0, 1,
3,5,7,10, 14, 18 and 21 are shown in Figures 21A and C, respectively. Hypodermal
hydrogels showed an increase of cell proliferation at day 5, maintaining a plateau stage
until the end of the experiment. Likewise, the dermal bioinks increased their cell
proliferation from day 14, maintaining its level until the end of the experiment. Both
bioinks were able to maintain cell viability level above 97% during the duration of the
assay (Figures 21B, D and E), as evidenced by the images acquired at 0, 7, 14 and 21
days.

The BT skin substitute was prepared in a three-layered way with the hypodermal
layer at the bottom, a middle dermal layer, and the epidermal layer over the top (Figure
21A), and partially dehydrated.

Similarly, to the hypodermal and dermal bioinks, the BT Skin substitute showed
a rise in cell proliferation rate from day 5, remaining in a plateau stage until the end of
the experiment (Figure 22A). As well, BT skin substitute showed cell viability rates
between 90.9 — 98%. Moreover, to observe the distribution of the three cell types within
each layer, hMSCs, hDFs and hEKSs were stained with CellTracker™ Green CMFDA,
CellTracker™ Red CMTPX, and CellTracker™ Green CMFDA, respectively (Figure
22B). In some areas of the hydrogels, cells were able to adhere and grow in contact with
the surrounding cells (Figure 22C). As it can be observed in Figure 22D the three layers
of the bioactive BT skin hydrogel were well differentiated and maintained the structure

throughout all the study time.
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Figure 21. Hypodermal bioink cell proliferation (A) and viability (B). Dermal bioink cell
proliferation (C) and viability (D). Representative confocal images of Hypodermal and
Dermal bioinks at days 0, 7, 14 and 21. Live/dead assay was employed, using calcein

(green) and ethidium homodimer (red), live cells were stained green while dead cells were

stained red. Scale bars: 200 pm.
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Figure 22. BT Skin hydrogel cell proliferation (A) and viability (B and C). Confocal
fluorescence image of BT Skin hydrogel after 21 days of culture (D; hEKSs labelled in
green at the top, hDFs labelled in red in the middle, and hMSCs labelled in green at the

bottom).
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3.4. In vivo assay
3.4.1. Clinical assessment

An adequate stabilization of the wound was observed for all groups of mice after
4 weeks, with no complications (Figure 23A). Wound resolution was faster in the case
of the groups treated with autograft, cell-free BT skin, and the BT skin substitute than in
the control group. Similarly, wound repair was faster and more effective in the case of
the BT skin group, while control, autograft, and cell-free BT skin groups experienced
slower improvement. In the case of BT skin, total skin repair was observed after 8 weeks.

Results evaluation by visual clinical observation (Figure 23A) correlated with
quantitative analysis of wound/scar area (Figure 23B and C), where significant
differences were found between cell-free BT skin and the BT skin substitute groups when
compared with control group at week 2, indicating a positive effect of these conditions
on the wound healing process, but at the end of the experiment, only the BT skin group
showed significant differences with the control group.
3.4.2. Homeostasis study

Temperature, pH, TEWL, elasticity and moisture were monitored (Figures 24
and S5), comparing all groups towards native skin of mice. Temperature (Figures 24A,
H, O and V) and pH results (Figures 24B, I, P and W) showed a homogeneous evolution
in all groups overall the study, with no differences compared to native skin. Temperature
values of all groups during the study ranged 31.8 °C— 36.6 °C, overlapping the range of
the native skin temperature (34.0°C — 36.0 °C). Similarly, pH ranges of all groups (5.2 —
7.8) and native skin (6.4 — 7.3) also overlapped overall the duration of the experiment.
TEWL (Figures 24C, J, Q and X) showed a significant decrease after 2 weeks in all
groups (Figure S5), reaching native skin levels. Regarding elasticity (Figures 24D, K, R
and Y), although in control and BT skin groups showed an oscillatory behaviour
throughout the experiment, there were no significant differences between all groups and
the native skin overall the 8 weeks. Finally, similarly to TEWL results, moisture
monitorization (Figure 24E, L, S and Z) showed a recovery after 2 weeks, restoring the
native skin levels at 4 weeks in all groups.
3.4.3. Erythema and pigmentation evaluation

Erythema assessment (Figure 24F, M, T and AA) of control, autograft, and cell-
free BT skin groups reported no significant differences towards native skin; however, BT
skin showed significantly higher levels during the 8 weeks of the experiment. Regarding

pigmentation (Figure 24G, N, U and AB), control and autograft groups were not able to
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reach native skin melanin levels until 4 weeks; however, after 2 weeks cell-free BT skin

and BT skin groups had already restored those levels.
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Figure 23. (A) Macroscopic images of wound healing process over time. Type of
treatment is indicated in each row, while progression time (week O, 2, 4, 6 or 8) is
represented in each column. Scale bars are represented in each image: 1 cm. Quantitative

evaluation of wound/scar area through time for all groups (B) and in separated groups
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(C). Statistical significance compared to control: *P < 0.05; **P < 0.01; ***P < 0.005.
Statistical significance compared to day 14: #P < 0.05; ##P <0.01.
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Figure 24. Analysis of homeostasis parameters per week and group. Graphics show
results for each group of treatment against Native Skin group. (A, B, C, D, E, F and G)
Control group; (H, I, J, K, L, M and N) Autograft group; (O, P, Q, R, S, T and U) Cell-
free BT Skin; (V, W, X, Y, Z, AA and AB) BT Skin. Results per week were calculated
as the mean value of all mice measures at each time of study; Control, Autograft, Cell-
free BT Skin and BT Skin groups (n week 2, 4, 6, 8 = 8, 8, 4, 4); Native Skin group (n
week 2, 4, 6, 8 = 32, 32, 16, 16). Statistical significance: *P < 0.05; **P < 0.01; ***P <
0.005.

3.4.4. Histological and Immunostaining analysis

H&E and Masson’s Trichrome staining’s of wound biopsies (Figure 25 and S7)
showed a correct regeneration of the epidermis and dermis after 4 and 8 weeks in all
groups; however, autograft, cell-free BT skin and BT skin groups presented a more
complex dermal matrix structure closer to native skin than control group, which showed
a less dense dermal matrix structure after 4 weeks of surgical procedure. As it can be
observed in Figure 26, the immunohistological analysis showed an increased expression
of fibronectin, a typical protein found in dermal ECM. As well, the expression of
cytokeratin, a specific epidermal differentiation marker, was observed in all groups,
showing that a good re-epithelialization and epidermal differentiation was achieved.
Regarding the hypodermal layer, the absence of subcutaneous adipose tissue of the

samples could have been caused by the histological processing of the samples.
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Figure 25. Haematoxylin and eosin (H&E) and Masson’s Trichrome histological
stainings from biopsies of mice wound/scar area and native skin after 4 and 8 weeks.

Scale bar: 50 pm.
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Figure 26. Fibronectin and cytokeratin profiles of mice wound/scar area and native skin

biopsies after 4 and 8 weeks. Fluorescent microscopy observations. Scale bar: 100 pm.
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4. Discussion

Recently, three-layered skin substitutes that intend to better mimic the anatomy of
the skin (epidermis, dermis, and hypodermis) have attracted attention. The epidermal
layer is populated by hEKs in a ECM enriched in Kt and Sph; the dermal layer mainly
consists of hDFs embedded in a ECM formed by a variety of proteins (such as collagen
and EL) and GAGs (such as HA and DS) which are produced by them; and the
hypodermal layer mainly consists of adipocytes and MSCs conforming fat tissue,
surrounded by connective tissue and basal membrane (572). However, most of these
three-layered constructs only use a one-component hydrogel, such as col I (573,574) or a
biomaterial that does not even relate to the native skin ECM, such as fibrin (575).
Nevertheless, more biomimetic constructs are trying to be developed, such as using Kt to
reproduce the epidermal ECM (576). Here, we present a study in which the ECM of each
of the three layers of the skin have been customized to biofabricate a more bioactive and
biomimetic skin substitute.

As a first step, a physicochemical characterization was carried out for each of the
three bioinks and for the BT skin substitute. The gelling time of the bioinks was assessed
since it is an important parameter during the biofabrication process. All three bioinks
showed optimal gelling times, since good printability and 3D structures can be achieved
with gelling times t < 15 min (577). The injectability of a bioink is essential to ensure
their good printability and avoid syringe clogging due to an early gelation in 3D
bioprinting applications. The three bioinks also showed that minimal forces are needed to
be extruded without clogging, which would enable their application through bioprinter
syringes (578).

Regarding the BT Skin, it showed a neutral pH (7.5 £ 0.1) suitable for skin TE as
it has been observed that, to maintain an optimal skin barrier function, collagen-based
hydrogels should be pH-neutral (520). Moreover, the hydrogel swelling is an essential
characteristic as it is involved in nutrient and water transport within the surrounding
media, also providing remarkable mechanical resiliency (523), lowering the interfacial
tension, promoting metabolite exchange and improving cell viability (524). In our case,
the BT skin substitute presented a high swelling capacity that stabilized after 3 weeks and
showed slow degradation rates. Nevertheless, these swelling and degradation
characteristics match for applications like 3D bioprinting, which require volumetric

accuracy and shape fidelity (579).
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Fitting the mechanical characteristics of the targeted tissue is a relevant issue to
help in promoting a correct tissue regeneration (578). Since the core blend of the bioinks
are Ag/Col I-based, the biological advantages of the DS-HA, DS-HA-EL and Kt
supplementation could be combined with the Ag/Col I Young’s modulus kPa range,
which complies with native skin Young’s modulus. Additionally, BT skin storage and
loss moduli showed proper properties close to those found in native skin.

Once the physicochemical properties were characterized, the hypodermal and
dermal bioinks, as well as the BT skin hydrogel’s biological yield was assessed, revealing
that both bioink hydrogels and the full BT skin substitute were able to maintain cell
proliferation with high viability levels up to 21 days. Additionally, the BT skin substitute
was also able to maintain its integrity after suffering a partial dehydration, decreasing its
thickness, and displaying the three differentiated cellular layers along its height for 21
days. This partial dehydration was used as a plastic compression technique (566), which
rapidly removes the excess fluid of the supersaturated hydrogels, to produce mechanically
strengthened hydrogels with a dense matrix and cellular structure. One of the main
advantages of this technique used in the clinical field (336,341,580), is the ability of
introducing microlayering, mechanical properties, and micrometric topographies that
increase the biomimetic potential in minutes instead of days or weeks (566).

Wound healing is a complex biological process that leads to resolution
(regeneration) or repair (healing) (581). The tissue regenerates the ECM, cell population
and function in wound resolution, while scarring or fibrosis due to the lack of ability to
fully regenerate a tissue occurs in wound repair (582). In the current study we evaluated
closure rates, homeostatic and histological characteristics of mice excision wound models
treated with BT skin, cell-free BT skin, and autograft compared to an untreated control.
Cell-free BT skin and BT skin showed higher reduction of the wound/scar area than
control, as well as similar results than autograft in the POSAS scale. Regarding
homeostasis and epidermal barrier function, autograft, cell-free BT skin and BT skin
showed similar results than native skin. According to previous studies (341), it has been
seen that similarly to humans, mice skin temperature varies in a range of 30 —36°C in a
stable environment (24 °C). Therefore, the lack of significant differences between the
groups indicates the correct restoration of this function.

When skin is harmed, its barrier function is compromised resulting in a high water

loss (583,584) and, consequently, producing a reduction of skin moisture (585,586).
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TEWL is considered as an in vivo indicator of the skin barrier integrity; in this study all
groups were able to restore skin function, showing similar TEWL values than native skin.

The redness of the skin caused by hyperaemia in superficial blood vessels can be
studied analysing the erythema. Control, autograft, and cell-free BT skin presented
similar levels to native skin, except BT skin, which showed significantly higher values
than native skin during all the duration of the experiment. This higher erythema levels
could be a result of angiogenesis related to the hydrogel wound healing properties
(559,560,564,587,588).

Melanin is a pigment produced by melanocytes whose main role is to minimize
the deleterious effects of UVR (589). Within a wound, melanocytes would be expected
to be the first cells to repopulate the damaged area, as part of the initial wound healing
response. However, melanocytes seem to enter the wound later once it has re-
epithelialized (590). In the present study, both cell-free BT skin and BT skin groups at
week 2 had already recovered native skin melanin levels, while control and autograft
groups were not able to reach those values until week 4. The outcome of this last condition
was as expected, since skin autografts can experience an abrupt reduction of the
melanocyte population of the graft when transplanted, which gradually increases between
1 and 3 weeks after transplantation (591).

In addition, histological and immunohistochemical staining revealed that healed
skin showed a structure and morphology like native skin after 4 and 8 weeks, presenting
a multi-layered epithelium, with an appropriate dermis and hDFs layout, although,
absence of skin appendages and rete ridges was observed. Nevertheless, unlike the control
group, which showed a less dense dermal matrix (592), autograft, cell-free BT skin and
BT skin groups were able to develop a more reliable dermal matrix that resembled to
native skin. As well, fibronectin and cytokeratin, which are involved in epidermal
stability and re-epithelization, were abundantly expressed in mice healed skin,
demonstrating the reconstruction and remodelling of wounds (593,594).

While the available variety of skin substitutes found on the market focus on
restoring the dermal and epidermal structures, the subcutaneous layer is often neglected.
To answer this pitfall several research groups have developed three-layered constructs in
an attempt to reproduce the three-layered structure of the skin. Taking as a starting point
single-material hydrogels, they used atelocollagen (595), type | collagen (573,596), or
fibrin (597) and they successfully achieved to place hEKSs at the epidermal layer, hDFs at
the dermal layer, and AD-MSCs (595,597) or adipocytes (573,596) in the hypodermal
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equivalent. Some results of these studies were improved with our BT skin substitute, like
those obtained at the in vivo wound healing assay in a mouse model skin injury, where
we reached an early wound closure after 14 days, instead of the 21 day-period with non-
closure of the wound yet when using an atelocollagen three-layered construct (595).
Additionally, the BT skin substitute showed an enhanced ECM complexity compared to
its published counterparts, that only use a single-material component, adding a plus to our
bioactive and biomimetic final product.

In summary, our results successfully demonstrate that the combination of human
cells with the biomaterials conforming the BT skin were able to effectively promote skin
wound healing and regeneration processes and could be the best alternative to autografts
for skin wound treatment. Further studies will be taken into consideration to test the
potential application of these hydrogel formulations as bioinks by using the 3D

bioprinting technology and to implant this biofabricated BT skin substitute in the clinic.
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CONCLUSIONS

10.

11.

The elastic characteristics of b-TPUe changes when modifying the porosity,
improving the customization of the mechanical properties of the constructs,
therefore offering the possibility to better adapt this parameter to the desired target
tissue

b-TPUe demonstrated a much closer compression and shear behaviour to native
cartilage than PCL and PLA, as well as closer tribological properties to native
cartilage.

b-TPUe 3D printed scaffolds were able to maintain proper proliferative potential,
cell viability, and supported hMSCs chondrogenesis.

In vivo studies revealed excellent biocompatibility after scaffolds implantation,
and integration within the surrounding tissue.

The ACDHE biomimetic hydrogel shows the best cell viability outcome of the
screened combinations.

The DHE supplement blend alone shows the ability to promote a faster in vitro
wound healing.

The ACDHE hydrogel presents interesting physicochemical and mechanical
properties for its application as a skin substitute or an injectable hydrogel.

The bilayered ACDHE hydrogel with hDFs and hMSCs allows the growth and
proliferation of the hosted cells.

The BT Skin hydrogel simulates the three-layered distribution of skin-related
biomolecules and cells.

The physicochemical characteristics of the BT Skin hydrogel support that this
strategy has potential application for 3D bioprinting, allowing to achieve similar
mechanical properties like those found in the native skin tissue.

The BT Skin substitute can help restore the in vivo physiological homeostatic

169



CONCLUSIONS

equilibrium and epidermal barrier function of skin wounds.
12. The BT Skin hydrogel promotes wound healing and the reconstruction of the

histological architecture of native skin tissue in mice.
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10.

Las caracteristicas elasticas de b-TPUe cambian al modificar la porosidad,
mostrando una mayor capacidad de personalizacion de las propiedades mecéanicas
de los objetos impresos, ofreciendo asi la posibilidad de adaptar mejor este
parametro al tejido objetivo deseado.

b-TPUe mostré comportamientos de compresion, cizallamiento, y friccion mucho
mas cercanos al cartilago nativo que el PCL y el PLA. Los andamiajes de b-TPUe
impresos en 3D muestran una alta biocompatibilidad al cultivar hMSCs,
manteniendo su proliferacion.

Los andamiajes impresos en 3D con b-TPUe pudieron mantener un potencial
proliferativo, viabilidad celular y condrogénesis de las hMSC adecuados.

Los estudios in vivo revelaron una biocompatibilidad excelente después de la
implantacion de andamiajes, asi como la integracion dentro del tejido circundante.
El hidrogel biomimético ACDHE muestra el mejor resultado de viabilidad celular
de las combinaciones seleccionadas.

La mezcla de suplementos de DHE por si sola muestra la capacidad de promover
una cicatrizacion de heridas in vitro mas rapida.

El hidrogel ACDHE presenta propiedades fisicoquimicas y mecanicas
interesantes para su aplicacion como sustituto de la piel o hidrogel inyectable.

El hidrogel de ACDHE bilaminar con hDF y hMSC permite el crecimiento y la
proliferacion de las células.

El hidrogel BT Skin simula la distribucion en tres capas de biomoléculas y células
relacionadas con la piel.

Las caracteristicas fisicoquimicas del hidrogel BT Skin respaldan que esta
estrategia tiene una aplicacion potencial para la bioimpresién 3D, permitiendo

alcanzar propiedades mecanicas similares a las del tejido de la piel nativa.
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CONCLUSIONES

11. El sustituto de la piel trilaminar biofabricado puede ayudar a restaurar el equilibrio
homeostatico fisioldgico in vivo y la funcion de barrera epidérmica de las heridas

de la piel.
12. El hidrogel BT Skin favorece la cicatrizacion de heridas y la reconstruccion de la

arquitectura histologica del tejido cutaneo nativo en ratones.
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8. ABBREVIATIONS LIST






ABBREVIATIONS LIST

ABBREVIATIONS LIST

A
AC: Ag-Col |

ACCS: Amnion-derived cellular
cytokines

ACDHE: AC hydrogels supplemented
with DHE

ACI: Autologous chondrocyte
implantation

ACiow: AC hydrogel with decreased
agarose concentration

AD: Atopic dermatitis

AD-MSCs: Adipose derived
mesenchymal stem cells

ADSCs: Adipose-derived stem cells

AFSCs: amniotic fluid-derived stem
cells

Ag: Agarose

ALLO-ASC: Allogenic adipose-derived
MSCs

AM: Additive manufacturing

ATMP: Advanced therapies medicinal
products

B
BCT: Blood cell therapy

BM-MSCs: Bone marrow derived
mesenchymal stem cells

BMPs: bone morphogenic proteins

BMSCs: Bone marrow mesenchymal
stem cells

BMTs: Bone morphogenic proteins
BT: Bio-fabricated three-layered

b-TPUe: 1,4-Butanediol thermoplastic
polyurethane elastomer

C
CAD: computer-aided design

CAM: computer-aided manufacturing
CCS: Collagen-Chitosan

CEAs: Cultured epithelial autografts
Ch: Chitosan

CIJB: Continuous inject bioprinting
Col I: Type I collagen

CTG: Cell tracker green

CTR: Cell tracker red

D
DBB: Droplet-based bioprinting

dECM: decellularized extracellular
matrix

DFU: Diabetic foot ulcer
DH: DS-HA
DHE: DS, HA, and EL cocktail

DMEM: Dulbecco’s modified Eagle’s
medium

DMMB: Dimethylmethylene blue
DODB: Drop-on-demand bioprinting
DS: Dermatan sulphate

E

EBB: Extrusion-based bioprinting
ECM: Extracellular matrix
EGF: epidermal growth factor

EHDJB: Electrohydrodynamic jetting
bioprinting

EL: Elastin

ELISA: Enzyme-linked immunosorbent
assay
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ABBREVIATIONS LIST

EMA: European medicines agency
ESCs: Epidermal stem cells

ESEM: Environmental scanning
electron microscope

F

FACS: Fluorescence-activated cell
sorting

FBS: Foetal bovine serum
FDA: Food and Drug Administration
FGF: Fibroblast growth factor

G

GAG/s: Glygosaminoglycan/s

GAPDH: Glyceraldehyde-3-Phosphate
Dehydrogenase

GelMA: Gelatine methacrylate
GelMA: gelatine methacrylate
GMP: Good Manufacturing Practice

H

H&E: Hematoxylin and eosin

HA: Hyaluronic acid

hDFs: human dermal fibroblasts
hEKs: Human epidermal keratinocytes

hESC-MSCs: Human embryonic stem
cell-derived mesenchymal stem cells

HFDSCs: Hair follicle dermal stem
cells

HFESCs: Hair follicle epidermal stem
cells

HFESCs: Hair follicle stem cells

hMSCs: human mesenchymal stem cells

HPCs: Hair papilla cells
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hUCB-USCs: Human umbilical cord
blood derived-universal stem cells

HUVECs: human umbilical vein
endothelial cells

IFP-MSCs: Infrapatellar fat pad
mesenchymal stem cells

1JB: Inkjet bioprinting
iIPSCs: Induced pluripotent stem cells
IPSCs: Induced pluripotent stem cells

ITS: Insulin-transferrin-selenium
K

KS: Kt-Sph

Kt: Keratin

L

LAB: Laser-assisted bioprinting

LAS: Leica application suite

M

MACI: Matrix-induced ACI

MCs: Melanocyte

MDI: Methylene diphenyl diisocyanate
MeHA: methacrylated hyaluronic acid
MEW: Melt electrowriting

MSCs: Mesenchymal stem cells

@)

OA: Osteoarthritic

OCT: Optimal cutting temperature
OPD: Ortho-phenyldiamine

P

P/S: Penicillin and streptomycin



ABBREVIATIONS LIST

PAD: Peripheral arterial disease
PBB: Photocuring-based bioprinting
PBS: Phosphate-buffered saline
PCL: Poly-g-caprolactone

PCR: Polymerase Chain Reaction
PDGF: platelet-derived growth factor
PEG: Polyethylene glycol

PEGDA: poly(ethylene glycol)
diacrylate

PGA: Poly-glycolic acid

PLA: Poly-L-lactic acid

PLGA: Poly lactic-co-glycolic acid
PLGA: Polyglycolic acid

PLLA: Poly-L-lactic acid

POSAS: Patient and observer scar
assessment scale

PRP: Platelet-rich-plasma
R

RFU: Relative fluorescence units

RGD: Arginylglycylaspartic acid
RHAMM: Receptor for hyaluronan-
mediated motility

RNA: Ribonucleic acid

RT: Room temperature
S

SCID: Severe combined
immunodeficiency

SD: Standard deviation
SEM: Scanning electron microscopy

SLA: Stereolithography

SMSCs: Synovium derived
mesenchymal stem cells

Sph: Sphingolipids

T

TB4: Thymosin beta 4

TE: Tissue engineering

TEWL.: Transepidermal water loss
TGFs: Transforming growth factors
TGF-B3: Transforming growth factor B3

U
UV: Ultraviolet
V

VEGF: Vascular endothelial growth
factor
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10.1. Supplementary data

Figure S1. Cell viability of ACiow and AC hydrogel formulations. (A) Confocal images
of hDFs-loaded hydrogels at 7 and 14 days. Calcein (green fluorescence) stains live cells,
while EthD-1 (red fluorescence) stains dead cells. Scale bar = 500um. (B) Cell viability
(%) in the hydrogel scaffolds after 7 and 14 days. Two-tailed Student T test analysis were
performed for ACiow and AC samples at a significance level of: *P < 0.05.
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Figure S2. Range of strain analysed for the Young moduli obtained in cell-free and cell-
laden AC and ACDHE hydrogels, and human skin samples.
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Figure S3. TPUe splint design and surgical protocol for the in vivo assay wound excision

model.
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Force (N)

Figure S4. Injectability of bioink core biomaterials (Col 1 and Agarose) and bioinks
(Epidermal, Hypodermal and Dermal bioinks).
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Figure S5. Analysis of individual homeostasis parameters. Graphics show results for

each group of treatment against native skin group. Results per week were calculated as

the mean value of all mice measures at each time of study: control, autograft, cell-free

BT skin and BT skin substitute groups (n week 2, 4, 6, 8 = 8, 8, 4, 4); Native Skin group
(nweek 2, 4, 6,8 =32, 32, 16, 16). Statistical significance: ***P < 0.005.
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Figure S6. Haematoxylin and eosin (H&E) and Masson’s Trichrome histological staining
from biopsies of mice wound/scar area and native skin after 4 and 8 weeks. Scale bar:
500 pm.
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DO NOT GO GENTLE INTO THAT GOOD NIGHT
Dylan Thomas - 1914-1953
Do not go gentle into that good night,
Old age should burn and rave at close of day;

Rage, rage against the dying of the light.

Though wise men at their end know dark is right,
Because their words had forked no lightning they

Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green bay,

Rage, rage against the dying of the light.

Wild men who caught and sang the sun in flight,
And learn, too late, they grieved it on its way,

Do not go gentle into that good night.

Grave men, near death, who see with blinding sight
Blind eyes could blaze like meteors and be gay,

Rage, rage against the dying of the light.

And you, my father, there on the sad height,
Curse, bless, me now with your fierce tears, | pray.
Do not go gentle into that good night.

Rage, rage against the dying of the light.












