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Summary

Cardiovascular diseases are the leading causes of death worldwide. The stenosis or
blockage of blood vessels results in a decrease in blood flow and causes tissue damage
due to inadequate nutrient supply. Conventional surgery is the main surgical option for
the treatment of these diseases through the use of autologous vascular grafts.
However, in certain patients, especially the elderly, the use of these grafts is not
possible. In this situation, tissue-engineered vascular grafts are a promising

therapeutic option that can replace or restore the biological functions of blood vessels.

The aim of this PhD thesis is to analyze and validate the physicochemical and
biological properties of materials that can be used for the development of tissue-
engineered vascular grafts. To this end, this research has been divided into several
chapters. The first chapter addresses the current state of development of tissue-
engineered vascular grafts, focusing on the methods and procedures used in the
development of these grafts, as well as the advances and challenges in this field. The
second chapter focuses on the manufacture and analysis of basic architectures
designed with silk fibroin and poly(vinylidene fluoride) using various tissue engineering
techniques. These studies provided information on the physicochemical and biological
properties of the polymers, the results of which were used to determine they are

optimal for vascular graft engineering, and select the best manufacturing method.

In summary, we have validated silk fibroin and poly(vinylidene fluoride) polymers
for the development of tissue-engineered vascular grafts. Promising results have been
obtained with electrospinning technology, establishing a new branch of research in the

field of materials and tissue engineering.






Resumen

La principal causa de muerte en el mundo se relaciona con patologias del sistema
cardiovascular. El estrechamiento o la obstruccién de los vasos sanguineos provocan
una reduccion del flujo sanguineo y dafos en los tejidos debido a un aporte deficiente
de nutrientes. La cirugia convencional mediante el uso de injertos vasculares autélogos
es la principal opcién quirdrgica para el tratamiento de estas patologias. Sin embargo,
en determinados pacientes, especialmente en aquellos de avanzada edad, puede no
ser posible utilizar estos injertos. Por este motivo, los injertos vasculares basados en
ingenieria tisular resultan prometedores como tratamiento quirurgico, los cuales
tienen la capacidad de sustituir o reparar las funciones bioldgicas de los vasos

sanguineos.

Esta tesis doctoral tiene como objetivo primordial el analisis y validacion de las
propiedades fisicoquimicas y bioldgicas de materiales destinados al disefio de injertos
vasculares de ingenieria tisular. Para ello, el presente trabajo se ha divido en dos
bloques tematicos. El primer bloque se centra en el estado actual del desarrollo de los
injertos vasculares de ingenieria de tejidos para conocer datos relativos a los
materiales y metodologias empleados en el desarrollo de estos injertos, asi como
esclarecer los avances y desafios hallados en este campo. El segundo bloque aborda la
fabricacion y analisis de estructuras basicas disefiadas con fibroina de seda y fluoruro
de polivinilideno mediante diversas técnicas de ingenieria tisular. Estos estudios
aportaron informacion de las caracteristicas fisicoquimicas y biolégicas de los
polimeros, cuyos resultados sirvieron para comprobar si son 6ptimos para el disefio de

injertos vasculares, asi como hallar la mejor metodologia para su desarrollo.

En definitiva, la presente tesis doctoral ha permitido la validacién de los polimeros
de fibroina de seda y fluoruro de polivinilideno para su uso en el disefio de injertos
vasculares de ingenieria tisular. Hemos obtenido unos resultados prometedores con la
tecnologia del electrohilado, estableciendo una linea de investigacion en el ambito de

materiales e ingenieria tisular.
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Introduccion

Introduccion
1. Perspectiva histdrica: Injertos vasculares de ingenieria tisular

Las patologias relacionadas con el sistema cardiovascular son la principal causa de
muerte en el mundo [1]. La reduccidon del flujo sanguineo provocado por el
estrechamiento o bloqueo de los vasos nativos genera dafio tisular debido al
suministro insuficiente o inadecuado de nutrientes. Ademas, la inactividad fisica,
dietas no saludables, el consumo de alcohol y tabaco, entre otros, son factores de
riesgo conductuales que aumentan la aparicion de estas patologias, previéndose una

tasa de mortalidad mundial superior a 20 millones de personas en el aifio 2030 [2,3].

La intervencion farmacéutica y quirdrgica es requerida en la mayoria de las
ocasiones. Entre los tratamientos, destacan las cirugias endovasculares, como la
angioplastia, procedimiento que se emplea para paliar estas patologias mediante el
dilatacion de la estenosis [2]. A pesar de ello, la cirugia convencional mediante el uso
de injertos vasculares autélogos sigue siendo la principal opcion para el tratamiento de
estas patologias, siendo la vena safena, arteria radial o la arteria mamaria interna las

de eleccidn para reestablecer el flujo sanguineo [4].

Estos injertos vasculares autdlogos pueden no estar disponibles en ciertos
pacientes, especialmente en aquellos de edad avanzada o que presenten alguna
patologia vascular previa. Por esta razon, se introdujeron los primeros injertos
sintéticos en la década de 1950. Esta circunstancia supuso el origen de nuevos avances

en farmacologia, ciencia de los materiales y metodologias de fabricacién [5,6].

En términos generales, estas protesis sintéticas resisten muy bien el
enroscamiento y las diferentes presiones vasculares [7]. Se han obtenido muy buenos
resultados clinicos en sustituciones arteriales de gran diametro [8], como por ejemplo
en bypass aortoiliacos (Fig. 1). El politetrafluoroetileno expandido (ePTFE) o el
tereftalato de polietileno (PET), son materiales sintéticos utilizados en el disefio de
injertos sintéticos comerciales. Sin embargo, se hallaron problemas clinicos al usarse

estas protesis comerciales en vasos de pequefio didmetro (<6 mm de didmetro) debido

13



Introduccion

a la disminucién de la permeabilidad vascular y aparicion de trombos [6]. Ante esta
situacidn, surgieron los primeros injertos vasculares de ingenieria de tejidos (TEVGs;
tissue-engineered vascular grafts) como alternativa, cuyo objetivo es disefiar injertos

vasculares capaces de sustituir o reparar las funciones biolégicas de los vasos

sanguineos.
Aorta
abdominal
Lesion _
Injerto
Arteria
iliaca
externa
derecha

Figura 1: Bypass aortoiliaco derecho donde el injerto vascular permite la circulacién
de la sangre desde la aorta abdominal hacia la arteria iliaca externa derecha.
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Weinberg y Bell fueron quienes crearon el primer TEVG que imitaba las tres capas
histolégicas de las arterias [9]. Este injerto estaba disefiado a partir de un tubo de
colageno, una fina malla de Dacron y cultivo de células, tales como células endoteliales
aodrticas bovinas, células del musculo liso y fibroblastos procedentes de la adventicia.
Este TEVG no fue implantado en modelos in vivo, ya que el punto de rotura de este
injerto era de 300 mmHg, siendo bastante inferior con respecto al de los vasos nativos,
los cuales presentan valores superiores a 1500 mmHg [10,11]. Posteriormente,
L'Heureux et al. consiguieron desarrollar un TEVG completamente biodegradable, el
cual estaba formado por colageno a partir de células del musculo liso y fibroblastos, y
cultivados con células endoteliales [12]. Este injerto mostré tener una resistencia a la
rotura similar a la de los vasos nativos, pero la permeabilidad de los TEVGs solo durd

una semana.

Estudios posteriores disefiaron injertos vasculares utilizando materiales sintéticos,
como fue el caso de Hoerstrup et al., donde desarrollaron un TEVG disefiado con
polimeros sintéticos (acido poliglicélico/poli-4-hidroxibutirato) y cultivado con
miofibroblastos y células endoteliales [13]. Surgieron una amplia variedad de injertos
vasculares fabricados con materiales sintéticos, cuya aplicabilidad estuvo restringida
debido a la aparicion respuestas inmunes por parte del organismo [14]. En 2001, se
realiz6 un estudio en humanos [15], donde los autores disefaron un andamio
biodegradable compuesto por un copolimero de L-lactida y e-caprolactona, reforzado
con acido poliglicdlico, y sembrado con células autdlogas de médula dsea. Este injerto
fue utilizado para reemplazar la arteria pulmonar debido a un defecto cardiaco

congénito que producia niveles bajos de oxigeno en un paciente pediatrico.

Actualmente, y después de mas de medio siglo de investigaciones, existe un
amplio abanico de estudios destinados a mejorar el desarrollo y disefio de estos TEVGs

aprovechdndose de las nuevas tecnologias y materiales.
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2. Principios basicos para el disefio de injertos vasculares de ingenieria

tisular

La ingenieria tisular es un campo interdisciplinar que aprovecha la biologia celular
y los principios de la ingenieria para disefar y desarrollar estructuras que restauren,
imiten o mejoren las condiciones biolégicas de los tejidos y érganos [16]. Por tanto, los
injertos vasculares disefiados mediante ingenieria tisular tienen como objetivo sustituir
o reparar las funciones biolégicas de los vasos sanguineos dafiados. En términos
generales, los TEVGs deben ser capaces de remodelarse, crecer, autorrepararse y
responder al entorno inmediato [7]. Estos injertos deberian disefarse con una
conformacion similar o idéntica a los vasos sanguineos nativos, siendo importante

estudiar su organizacion histoldgica antes de proceder a su desarrollo.

Histologicamente, las paredes arteriales y venosas se dividen en tres tunicas
diferentes: intima, media y adventicia (Fig. 2). La intima, capa concéntrica mas interna,
provee a los vasos de una capa lisa. Esta estructura esta formada principalmente por
células endoteliales, las cuales son claves para prevenir la coagulacién y regular el
intercambio de oxigeno y nutrientes, asi como controlar la sefalizacion del
componente muscular a la capa media [17]. Debemos destacar la existencia de una
serie de valvulas venosas procedentes de unos repliegues de la capa intima, cuya
principal funcion es evitar el reflujo y estancamiento de la sangre, especialmente en las
partes inferiores del cuerpo [18]. La tunica intermedia estd constituida por una
poblacién densa de células musculares lisas, dilatandose y contrayéndose de forma
coordinada cuando reciben sefales de las células endoteliales de la capa intima, de tal
manera que pueden regular la funcidn contractil a medida que cambia la presion de los
vasos sanguineos [19]. Por ultimo, la tunica adventicia compone la capa mas externa,
formado principalmente por fibras de colageno y fibroblastos. A diferencia de la capa
intima que proporciona elasticidad al vaso sanguineo, la capa adventicia aporta rigidez

[19,20].
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ARTERIA VENA

Valvula

Tlnica intima
Células endoteliales
Membrana elastica interna

Tunica media
Células musculares lisas
Membrana eldstica externa

TUnica adventicia
Fibras de coldageno
Fibroblastos

Figura 2: llustracion histoldgica de una arteria y una vena con sus respectivas capas y
componentes principales.

A la hora de disefiar un TEVG, hay que tener en cuenta una serie de caracteristicas
propias del injerto, tales como sus propiedades fisicoquimicas (resistencia mecanica,
elasticidad, grado de cristalinidad del polimero, etc.) y bioldgicas (biocompatibilidad,
adhesion y proliferacion celular, etc.). Los TEVGs deben, en primera instancia, evitar la
rotura tras su implantacién y ser flexibles para acomodar el flujo sanguineo, asi como
ser capaces de aguantar una presién pulsatil [6]. Ademas, los TEVGs tiene que estar
disefiados con materiales no inmunogénicos y no trombogénicos, evitando la aparicion
respuestas inmunes e inflamacién por parte del paciente y la formacién de trombos,
respectivamente [7]. Finalmente, las células utilizadas en la fabricacién del TEVG
(endoteliales, musculares, fibroblastos, etc.), asi como las procedentes del organismo,
deben de ser capaces de adherirse y proliferar en el injerto, de tal manera que exista
una integracion entre las células del huésped y el TEVG, mejorando la

biocompatibilidad y regeneracion del tejido [6].
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2.1. Materiales utilizados en el diseino de andamios vasculares

Un TEVG deberia estar formado por un andamio o scaffold, el cual da forma y
resistencia mecanica al injerto. La arquitectura del andamio puede presentar
porosidades, las cuales permiten y mejoran la adhesion y proliferaciéon en el propio
injerto. Idealmente, los andamios deberian ser biodegradables, reemplazandose por el
nuevo tejido funcional procedente del organismo [7]. Sin embargo, esta degradacidn
del andamio debe producir productos no téxicos y que sean facilmente liberados por el
organismo [21]. Por otra parte, los andamios tienen que ser biocompatibles, no
trombogénicos y presentar unas propiedades mecanicas (resistencia mecdnica,
elasticidad, etc.) aptas para su implantacién, capaces de aguantar la presion pulsatil
del flujo sanguineo y evitar su rotura [6,22]. Debemos destacar que, aunque se
recomienda usar andamios, se pueden desarrollar TEVGs sin ellos, por lo que los
injertos estdn Unicamente formados por células [23,24]. En cuanto a los tipos de
materiales que pueden ser utilizados en el disefio de andamios vasculares, existe una

amplia variedad, siendo principalmente naturales y sintéticos (Tabla 1).

Tabla 1. Resumen de las ventajas e inconvenientes de los materiales que pueden ser utilizados
en el disefio de los TEVGs.

Materiales Ventajas Inconvenientes
Biocompatibilidad Propiedades mecanicas
Naturales Adhesion y proliferacion celular Precio elevado
Componentes de vasos nativos Procesado complejo
Propiedades mecanicas Reaccion inmune
Sintéticos Econdmicos Hidrofdbicos
Rapidez de fabricacién Toxicidad en productos degradados

La principal ventaja de los polimeros naturales es su gran biocompatibilidad [25].
Estos materiales pueden obtenerse de una multitud de fuentes, como los tendones o
la piel. Algunos ejemplos son el coldgeno, el cual presenta baja antigenicidad,
reduciendo la apariciéon de respuestas inmunitarias, y mejora la adhesion vy
proliferacién celular [26,27], o la elastina, la cual previene la hiperplasia de la tunica

18
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intima [28]. No obstante, los andamios vasculares fabricados con estos polimeros
naturales presentan propiedades mecanicas, tales como la resistencia a la rotura o
elasticidad, inferiores a los vasos nativos [29,30]. Ademas, el procesado de estos

polimeros es complejo, de larga duracion y caro [25,28].

Por otro lado, los materiales sintéticos, como el acido poliglicélico, el acido
polilactico y la policaprolactona, destacan por su comportamiento mecanico, los cuales
son capaces de adaptarse a las diferentes necesidades clinicas en términos de
elasticidad y flexibilidad [31]. Entre todos ellos, debemos destacar el acido poliglicélico,
ya que diferentes estudios demostraron que este polimero puede soportar presiones
equivalentes a la adrtica e incluso tener una resistencia mecdnica superior a la de la
vena safena [32,33]. Ademas de las propiedades mecanicas, los materiales sintéticos
son econdmicos Yy faciles de obtener, consiguiendo tiempos de fabricacidn cortos. Sin
embargo, algunos polimeros presentan una baja biocompatibilidad, provocando
reacciones inmunes, y generalmente presentan un comportamiento hidrofébico, el
cual interfiere en la adhesién y proliferaciéon celular [28]. Por otro lado, muchos de
estos polimeros son degradables, cuyos productos de descomposicién pueden ser

toxicos para el organismo [25,34].

2.2. Tipos de células utilizadas en ingenieria de tejidos vasculares

Las células usadas en ingenieria de tejidos deben ser no inmunogénicas,
funcionales y faciles de obtener. La necesidad de utilizaciéon de un injerto vascular
puede ser inmediata, por lo que se requieren tiempos de cultivos y procesado
celulares cortos, asi como un correcto funcionamiento celular y que no estén alteradas
su comportamiento fisiologico. En la Tabla 2 se resumen las principales técnicas de

siembra celular aplicadas en los TEVGs [31,35].
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Tabla 2. Principales tipos de siembra celular aplicadas en los TEVGs.

Siembra Celular Técnica Ventajas Inconvenientes
Mala eficiencia de
Suspension y cultivo celular Economico siembra celular
- directamente sobre el G ;
Estatica ' Procedimiento sencillo Distribucién no
lumen o el exterior del h i de
. i = omogénea de las
S, Evita dafio celular )
células
Técnicas complejas
Distribucion y penetracién
. . . homogénea de las células Mayor susceptibilidad a
Dinamica Siembra rotacional, al vacio e e EE &
y tensidn de fluido. Eficiencia de siembra
celular Condiciones especificas
para cada técnica
Alta eficiencia de siembra Las células solo se
Altera las cargas eléctricas celular adhieren a la superficie
Electroestatica | de| andamio para B ' '
., Acelera maduracion Existen pocos estudios
promover adhesion celular. o
celular de viabilidad celular
Uso de perlas magnéticas
; 4 . Necesidad de evaluar
Masnt para seleccionar células | = itivo celular completoy o afect
agnetica icacidé , posibles efectos
g deseadas y aplicaciéon de homogéneo '
un campo  magnético secundarios
externo.

Por otro lado, existe un amplio abanico de fuentes celulares. A continuacion, se

resumen los principales tipos celulares utilizados en la produccion de TEVGs.

Células autdlogas

Son aquellas procedentes del propio paciente, por lo que la principal ventaja es la
ausencia de reaccion inmune [36]. Algunos ejemplos son las células endoteliales o las
células del musculo liso, las cuales son muy importantes para la estructura y funcion de
los vasos sanguineos, como ya se ha explicado. En un estudio clinico realizo por
Herrmann et al., se fabricaron TEVGs de 3-6 mm de didmetro mediante la obtencion
de injertos de vena safena procedentes de donantes de 6rganos, se descelularizaron'y
recelularizaron con células endoteliales autdlogas. Estos injertos vasculares se

implantaron en cirugias de bypass coronario de 12 pacientes con una edad media de
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69 aios, los cuales tuvieron una supervivencia de 9 afos. Los resultados del final del
estudio mostraron la presencia de estenosis en el injerto de 7 pacientes, y una
permeabilidad del 50% [37]. Comentar como limitacién de que el hecho de que estas
células sean autdlogas implica la obtencidn de las mismas mediante biopsia. Por otro
lado, el uso de TEVG suele ser destinado a personas de avanzada edad, por lo que la
capacidad proliferativa y regenerativa de estas células autdlogas es limitada. Ademas,

la realizacion de la biopsia y cultivo celular son procedimientos largos y costosos [34].

Células madre embrionarias

Estas células proceden, como su propio nombre indica, de embriones en la fase de
blastocisto, por lo que presentan la capacidad de diferenciarse en cualquier célula de
las capas germinales [38], tales como células endoteliales o células del musculo liso
[34]. Sundaram et al. consiguieron desarrollar TEVGs de pequefio diametro utilizando
estas células. Los resultados in vitro demostraron la capacidad de las células madre
embrionarias para diferenciarse en células del musculo liso y de ser cultivadas en
TEVGs de acido poliglicélico. Histoldgicamente, los injertos mostraron similitudes con
respecto a los vasos nativos en términos de celularidad y expresion de marcadores de
células de musculo liso [39]. Existen pocos estudios con el uso de estas células, ya que
hay riesgo de rechazo inmunitario y tumorigenicidad, asi como problemas éticos

derivados de su uso en humanos [34,40].

Células madre mesenquimales

Las células madre mesenquimales son células madre adultas capaces de
autorrenovarse y obtener células de linaje mesodérmico [41]. Estas células se obtienen
en una multitud de fuentes, tales como el cordéon umbilical o el tejido adiposo.
Ademds, son capaces de secretar factores inmunosupresores, reduciendo las
respuestas inmunogénicas [42,43], e incluso pueden promover la angiogénesis [44].
Zhao et al. fabricaron TEVGs de 2 mm de diametro disefiados con células madre

mesenquimales autélogas procedentes de la médula dsea. Los injertos fueron
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implantados en la arteria carotida de 4 conejos durante 4 semanas, los cuales fueron
permeables durante todo el estudio, no hallando signos de respuesta inmune,
estenosis o formacion de trombos [45]. Por otro lado, Jiao et al. desarrollaron injertos
vasculares de 3 mm de didmetro a partir de arterias carodtidas porcinas
descelularizadas, las cuales fueron cultivadas con células madre mesenquimales
procedentes de médula ésea. Tras un tiempo de cultivo de 7 dias, se observaron
células endoteliales en la capa interna de los TEVGs, asi como la existencia de
marcadores mecanorreceptores y de angiogénesis [46]. Sin embargo, durante el
procesamiento in vitro de las células madre mesenquimales, éstas pierden
rapidamente su capacidad de diferenciacion, presentando una limitada e insuficiente
expansion celular [34,42,47]. Adema3s, se han reportado algunos casos en los que el
tratamiento con estas células puede provocar trombosis debido a un incremento de

los factores procoagulantes y de la respuesta inflamatoria [48,49].

Células progenitoras endoteliales

La sangre o la médula dsea son fuentes en las que se pueden obtener y aislar las
células progenitoras, las cuales tienen el potencial diferenciarse en células endoteliales
[34]. Las células procedentes de la sangre del corddn umbilical son mas estables que
las de la sangre periférica, pero su utilizacidon es escasa debido a que no todos los
pacientes pueden tener acceso a su propio corddn umbilical [50]. Los injertos
vasculares desarrollados con las células progenitoras muestran potencial para la
endotelizacidon [51], asi como un mantenimiento de la permeabilidad vascular [52].
Allen et al. demostraron que las células endoteliales procedentes de células
progenitoras presentaban un crecimiento, fenotipo y funciones similares a las de los
vasos nativos [53]. En otro estudio realizado por Muniswami et al., se cultivaron células
progenitoras endoteliales en TEVGs descelularizados, los cuales se implantaron en la
aorta abdominal de 3 ratas durante 1 semana. Los resultados mostraron que los
injertos vasculares expresaban marcadores endoteliales y no se hallaron respuestas
inmunogénicas [54]. Sin embargo, el uso de estas células esta limitado debido a su

dificultad de aislamiento y existencia de heterogeneidad relacionada con su potencial
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angiogénico y especificidad tisular, asi como desconocimiento de las caracteristicas y

mecanismos exactos de diferenciacion de las células progenitoras endoteliales [42,54].

Células madre humanas pluripotentes inducidas

Las células madre humanas pluripotentes inducidas (hiPSCs; human induced
pluripotent stem cells) son capaces de generar células especificas para el disefio de
TEVG. Estos tipos de células pueden llegar a presentar propiedades similares al de las
células madre embrionarias, ya que se generan a partir de la reprogramacién genética
de las células somaticas mediante factores de transcripcién de pluripotencia [55]. Las
principales caracteristicas de estas células son su gran capacidad de autorrenovacion y
diferenciacidn en cualquier célula somatica, como por ejemplo las células endoteliales
y las células musculares lisas. Ademas, las células somaticas pueden proceder del
paciente, evitando reacciones inmunogénicas [56,57]. En un estudio reciente realizado
por Luo et al.,, se disefaron TEVGs sembrando hiPSCs en un andamio de 4cido
poliglicdlico, las cuales se diferenciaron en células del musculo liso. Los injertos con un
didmetro de 3 mm se implantaron en la aorta abdominal de 6 ratas durante 60 dias, los
cuales permanecieron permeables durante todo el seguimiento y no se observaron
reacciones inmunogénicas [58]. A pesar de todas las ventajas de las hiPSCs, existe el
riesgo de teratogénesis y tumorigénesis debida a la activacién no deseada de genes de
pluripotencia [59-61]. Todavia se requieren mads estudios para asegurar su aplicacién

clinica.

2.3. Metodologias aplicadas en el diseiio de injertos vasculares

Como se ha descrito con anterioridad, los diferentes materiales y células
modifican las propiedades fisicoquimicas y bioldgicas del injerto. La arquitectura de un
TEVG es clave para el correcto funcionamiento del injerto, ya que su estructura interna
modifica el comportamiento del mismo y su funcién, e influye en la adhesién vy
proliferacién celular del huésped en el propio injerto [21,62]. La metodologia

empleada deberia dar lugar a estructuras con poros, ya que es importante que las
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células del huésped proliferen en el injerto vascular para que exista una integracién
entre las células del huésped y el TEVG [6], como se comentd anteriormente. Asi pues,
la metodologia empleada en el disefio y desarrollo de los TEVGs influye directamente
en la arquitectura del injerto, existiendo una amplia variedad de técnicas destinadas a
la fabricacién de injertos vasculares. A continuacidon, se exponen las principales

metodologias usadas en la fabricacién de TEVGs (Fig. 3).

MOLDES

B. LAMINACION DE HOJAS

—>

A.
. - .
c DESCELULARIZACION \ / &
. :";, \ - ACELULAR > ‘ ‘
§78 ;
7 CELULAR

€& ELECTROHILADO \

Figura 3: Principales metodologias utilizadas en la fabricacién de injertos vasculares de
ingenieria tisular, siendo (a) el uso de moldes, (b) laminacion de hojas cultivadas con células,
(c) obtencién de un injerto vascular procedente de fuentes xenogénicas y descelularizarlo,
(d) bioimpresién 3D, y el (e) electrohilado. Una vez fabricados, se puede llevar a cabo el cultivo
celular del injerto, implantandose con o sin células.
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Uso de moldes

Es una técnica relativamente sencilla en la que se utilizan moldes para fabricar
estructuras tubulares con una morfologia similar a los vasos sanguineos nativos. En
términos generales, la solucion polimérica, ya sea con materiales naturales o
sintéticos, se inyecta dentro de un molde cilindrico. Dicho molde presenta un tubo
interior, cuyo tamafo coincide con el diametro interno deseado del injerto, y una

pared externa, la cual delimita el grosor de la pared del TEVG [6].

Otras técnicas, como la lixiviacién de sales, pueden utilizarse para crear injertos
vasculares con porosidad. Sin embargo, las propiedades mecdnicas de estos injertos,
tales como la resistencia mecanica o la elasticidad, suelen ser insuficientes para su
implantacién, por lo que esta metodologia puede combinarse con otras para mejorar
dichas caracteristicas y proporcionar resistencia adicional al TEVG, como la insercion
de una malla o el revestimiento con fibras de electrohilado [63]. Un ejemplo de esta
metodologia seria el estudio de Jiao et al., donde disefiaron injertos vasculares con un
didmetro de 3-6 mm utilizando moldes en los que se introdujo una solucion de
gelatina/alginato cargado de células madre con factores de crecimiento. Estas células
se diferenciaron en células endoteliales y células de musculo liso para imitar la tunica
intima y media, respectivamente, y se afadié una capa externa de acido polilactico-

glicdlico para mejorar la resistencia mecanica de los injertos vasculares [64].

Laminacion de hojas

En primer lugar, se disefian laminas de células y, posteriormente, se enrollan sobre
una estructura tubular para crear una morfologia tridimensional [6]. Tradicionalmente
se ha utilizado el laminado celular secuencial, el cual consiste en el cultivo de varias
laminas celulares, dando lugar a un injerto multicapa formado exclusivamente por
células. Debido a que se trata de un proceso largo, existe la opcion de cultivar largas
[dminas con diferentes grupos celulares y, posteriormente, obtener en un solo paso un

injerto vascular multicapa.
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Por otro lado, se pueden mejorar las propiedades de los injertos combinandolos
con otras técnicas, como el moldeo o el electrohilado [63]. Baba et al. disefiaron un
TEVG con un diametro de 4 mm utilizando |dminas de fibra de vidrio sembradas con
fibroblastos, células musculares lisas y células endoteliales, imitando las capas
adventicia, media e intima, respectivamente. Los resultados in vitro demostraron que
la maduracién de las capas en un biorreactor mejoré significativamente la resistencia
mecanica del injerto vascular [65]. A pesar de que esta técnica permite la obtencién de
TEVGs disefiados con células autdlogas, evitando respuestas inmunes por parte del
organismo, asi como disefiar estructuras bioldégicas muy similares a los vasos
sanguineos nativos, se trata de un proceso complejo y laborioso. Se necesitan biopsias
para poder conseguir las células del huésped para, posteriormente cultivarlas y realizar
la técnica de laminacion. Ademas, estas laminas celulares son muy susceptibles a

danarse durante el proceso [63].

Descelularizacion

Consiste en la obtencion de una matriz extracelular eliminando todas las células
de un tejido u d6rgano mediante el uso de agentes fisicos, quimicos y enzimaticos
[66,67]. Esta matriz extracelular puede ser obtenida a partir de fuentes alogénicas o
xenogénicas, ya que en general la composicién de la matriz extracelular es similar a la
del ser humano, o a partir del cultivo de células autdlogas en un andamio disefiado con
materiales naturales o sintéticos y posteriormente descelularizada, donde se
promueve la proliferacién de las células del huésped [68-70]. En un estudio realizado
por Liu et al., se fabricaron un TEVG de 2 mm mediante la descelularizaciéon de una
membrana amnidtica humana, cuya resistencia mecdnica fue mejorada afadiendo
externamente una capa electrohilada de policaprolactona y fibroina de seda. Este
injerto fue implantado en la aorta abdominal de 10 ratas durante 24 semanas. Los
resultados mostraron una rapida endotelizacion y una resistencia mecdanica similar a la

de la aorta nativa [71].

La descelularizacion permite al TEVG mantener una composicidn y arquitectura

similar a las de los vasos sanguineos nativos, por lo que presentan una
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biocompatibilidad, adhesién y proliferacién celular similar a ellos [72-74]. Al eliminar
todo el material celular y antigénico, se disminuye el riesgo de reacciones
inmunogénicas e inflamatorias [75]. Sin embargo, esta metodologia implica un
procesamiento complejo, donde las técnicas de descelularizacién pueden dafiar la

matriz extracelular, empeorando las propiedades mecanicas [76].

Impresion 3D y Bioimpresion

La impresidn 3D es una técnica innovadora en el area de ingenieria tisular, ya que
tiene la capacidad de disefar y fabricar estructuras complejas con gran
reproducibilidad [28]. La utilizacién de esta metodologia comprende la obtencién de
imagenes del tejido u drgano diana mediante resonancia magnética o tomografia
computarizada, diseno de la estructura utilizando un software informatico, eleccion de
una tinta imprimible y el desarrollo de un objeto 3D por medio de una impresora 3D
[77]. Sin embargo, su aplicacion en el campo de injertos vasculares ha sido poco
estudiada debido a la generacién de estructuras duras y rigidas [28], restringiendo su
empleo en la planificacion y ensefianza de procedimientos vasculares [78,79]. Por este
motivo, la impresidn 3D se utiliza en mayor medida en la fabricacion de tejidos duros,

tales como el hueso o el cartilago [67,80].

Un derivado de la impresion 3D es la bioimpresion, en la cual se utiliza una
biotinta, es decir, la combinacién de un polimero (coldgeno, fibrina, alginato, etc.) y
células (células del musculo liso, endoteliales, fibroblastos, etc.), obteniendo
estructuras en 3D con células [81]. Existen una amplia variedad de estudios en los que
se han disefiado y desarrollado injertos vasculares mediante bioimpresion. Algunos
ejemplos son la fabricacién de TEVGs combinando gelatina y fibroblastos [82], o el uso
de una biotinta de metacrilato de gelatina cargado con células de musculo liso y
posteriormente el cultivo de células endoteliales en la superficie interna de la
estructura tubular [83]. La bioimpresion permite el disefio y fabricacidon de TEVGs con

una adecuada densidad y distribucidn celular. Sin embargo, la resistencia y fuerza
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mecanica son inferiores con respecto a los vasos nativos, estando limitado su

implantacién [28,77,84].

Electrohilado

El electrohilado o electrospinning es una técnica versatil utilizada para producir
nanofibras de polimero, ya sea natural o sintético, mediante la aplicaciéon de una
corriente eléctrica [63,85]. En términos generales, el electrohilado se realiza mediante
una jeringa en el que se encuentra la solucién del polimero, una bomba para impulsar
el émbolo de la jeringa, una canula con punta roma por la que sale el polimero, un
colector metdlico donde se acumulan las fibras resultantes, y fuentes de alimentacion
de alto voltaje para generar un campo eléctrico (Fig. 4). En el caso del electrohilado
destinado a TEVG, el colector tiene forma cilindrica, cuyo grosor coindice con el

diametro interno del injerto vascular.

Fibras electrohiladas

Cono de Taylor

Solucién polimérica

e

Bomba inyectoria _
Voltaje Colector

Figura 4: Representacion de la configuracion basica del electrohilado.
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El factor clave de esta técnica es el empleo de un campo eléctrico entre la punta

de la aguja y el colector metdlico. Resumidamente, el electrohilado se puede dividir en

las siguientes fases [85,86]:

1)

2)

3)

4)

Al principio, la solucidon del polimero se mantiene en la aguja por tension
superficial. Al aumentar el voltaje, las cargas electrostaticas se acumulan en la
punta de la aguja, haciendo que la solucién se reorganice formando un cono

conocido como “cono de Taylor” [87].

Cuando la fuerza generada por el campo eléctrico logra superar la tensién
superficial, se genera un chorro o jet del cono, en el que la solucidn fluye
estable y uniformemente en linea recta desde la jeringa hacia un colector

metalico cargado en sentido opuesto.

A medida que el chorro avanza se generan una serie de complejas

inestabilidades en el chorro, provocando movimientos de flexién [88].

La evaporacion del disolvente se produce durante el desplazamiento de la
solucion desde la jeringa al colector, lugar donde se forman las fibras de

polimero.

El electrohilado es una metodologia que permite realizar estructuras formadas por

fibras de polimero, creando andamios con porosidades. Esas estructuras son capaces

de replicar la arquitectura y propiedades mecanicas de los vasos sanguineos nativos

[89]. Ademas, diferentes estudios han demostrado que esta técnica mejora la adhesion

y proliferacién celular [90,91]. Por otro lado, existen una serie de pardmetros, ya sean

de la solucién, del propio proceso de electrohilado o ambientales, que modifican la

morfologia de las fibras de polimero. En la Tabla 3 se resumen los efectos de estos

factores [63].
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Tabla 3. Parametros que afectan a la morfologia de las fibras del polimero electrohiladas.

Parametros Efecto en la Morfologia de la Fibra Referencias
Con un aumento en la viscosidad se obtienen
Viscosidad fibras continuas, y con una disminucion se Shenoy et al. [92]

Solucion

forman particulas en lugar de fibras.

Concentracion

del polimero

A mayor concentracion, mayor diametro de

fibras.

Gu et al. [93]

Cuando aumenta la tension superficial de la

Tensién
solucion, se necesitan valores mas altos de Lee et al. [94]
superficial
voltaje.
Se puede incrementar el diametro de las
fibras con un aumento de la velocidad de
Velocidad de flujo. Cuanto mayor sea la velocidad de flujo, Zarghman et al.
flujo mayor es la probabilidad de que se creen [95]
defectos en las fibras por una evaporacion
insuficiente del disolvente.
Intrinsecos del
electrohilado
Voltaje A mayor voltaje, menor diametro de fibra. Deitzel et al. [96]
Cuanto menor es la distancia aguja-colector,
Distancia menor es la evaporacion del disolvente,

aguja-colector

generando defectos y modificaciones en el

diametro de las fibras.

Gaumer et al. [97]

Ambientales

Cuanta mas baja sea la humedad, se obtienen

superficies mas lisas. Cuanto mayor sean los

Casper et al. [98]

Humedad
valores de humedad, mayor cantidad de De Vrieze et al. [99]
poros se generan en la superficie de las fibras.
Afecta a la velocidad de evaporacién del
Temperatura De Vrieze et al. [99]

disolvente y a la viscosidad de la solucidn.
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3. Cirugia en injertos vasculares

El injerto vascular disefiado debe poseer unas propiedades fisicoquimicas y
bioldgicas aptas para su implantacion. Ademas, su diametro y longitud tienen que ser
similares al lugar anatdomico donde se vaya a realizar la sustitucion vascular. Una vez
desarrollado el TEVG, es importante llevar a cabo correctamente la cirugia
reconstructiva mediante la realizacion de una anastomosis vascular (Fig. 5 y 6), cuyo
objetivo es la unién del injerto con el vaso nativo, consiguiendo sellar ambos extremos,

sin hemorragia y usando el menor numero posible de suturas.

A)

4 //; d
w

D)

ey ey

E)
P e ——
% : ;

Figura 5: Implantacién de un injerto vascular mediante anastomosis término-terminal.
a) colocacién de clamps hemostaticos, los cuales se sitian lo mas proximal y distal posible del
vaso disecado; b) seccién de la arteria o vena diana; c) sutura del injerto vascular empezando
por un extremo de la anastomosis dejando puntos guia para facilitar la manipulacion del vaso
sanguineo y del injerto; d) suturada toda la circunferencia en un lado, se realizan los mismos
procedimientos en el extremo contrario; e) completada la anastomosis, se procederd a la
retirada de los clamps vasculares y comprobacidon de si existen fugas de sangre tras la
eliminacidn de los clamps, las cuales se tratan con suturas adicionales.
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Aunque Alexis Carrel describié por primera vez la triangulacidon para realizar de
forma segura una anastomosis, actualmente existe una amplia variedad de técnicas
gue se pueden llevar a cabo en dicho procedimiento quirdrgico [100,101]. En términos
generales, se recomienda dejar 2 o 3 puntos guiaS con cabos largos para facilitar la
manipulacion del vaso y del injerto durante la cirugia [102]. La Unica diferencia entre
ambas técnicas es la separacion entre los puntos guia, siendo de 180° o 125°,
respectivamente. Por otro lado, las suturas pueden realizarse de manera interrumpida
o continua. A pesar de que la aplicacion de sutura continua es mas rapida y muestran
resultados de permeabilidad similares que el patrdn de puntos sueltos, se han hallado
problemas asociados a estenosis vasculares. Por esta razodn, la sutura interrumpida se
aplica a anastomosis de pequefio calibre (menor de 6 mm), mientras que la continua a
injertos de mediano-gran tamafio (mayor de 6 mm) [103,104].

A) B)

—_—

%

Figura 6: Implantaciéon de un injerto vascular mediante anastomosis término-lateral, donde a)

colocacién de clamps hemostaticos y realizacion de una arteriotomia o venotomia en la
superficie del vaso diana; b-c) sutura de un extremo del injerto vascular con respecto a el
defecto creado previamente; d) se llevan a cabo los mismos procedimientos en el extremo
contrario del injerto y el vaso diana, retirada de los clamps vasculares, y consecucion de la
revascularizacidon de una arteria o vena mediante un bypass.
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3.1. Fisiopatologia vascular

Durante la cirugia vascular hay una serie de factores que se deben de tener en
cuenta para asegurar el resultado clinico tras la realizacion de la anastomosis.
Concretamente, el espasmo vascular y la formacién de trombos son los principales
problemas que pueden aparecer durante y tras la cirugia. Existe una multitud de
causas que pueden provocar ambos procesos, tales como maniobras bruscas,
sequedad de los tejidos, tensién o desgarros en la linea de sutura, etc. Todos estos
factores provocan la disminucion del calibre del vaso debido contraccion de las fibras
musculares lisas, en el caso del espasmo vascular [105], y la activacidn de las vias de
coagulacion y mecanismos trombogénicos, provocando la agregacion de plaquetas y

aparicién de trombos [106].

No obstante, el espasmo vascular y la trombosis se pueden prevenir. Algunas de

las estrategias son:

- Minimizar el dafio quirdrgico [105,107], ya sea con el uso de clamps
atraumaticos, uso correcto del material quirdrgico, evitar tensién en la linea de

sutura, etc.

- Mantener la capa intima, ya que esta formado por células endoteliales, las
cuales son clave para prevenir la coagulacion y controlar la sefializacién del

componente muscular a la capa media [17,108].

- Utilizacidén de sustancias anticoagulantes como la heparina, la cual regula la
actividad plaquetaria y evita la formacién posterior de coagulos o trombos
[102,109].

- Utilizacién de diferentes farmacos para prevenir los espasmos, como la
lidocaina [110]. Este farmaco se puede utilizar antes de realizar la anastomosis

debido a su efecto vasodilatador.

- Uso de suero atemperado localmente para prevenir que los tejidos se enfrien y
se sequen. Ademas, se puede diluir junto a sustancias anticoagulantes para
prevenir la formacidn de coagulos en el lumen vascular. Segun se cree el

defecto y antes de finalizar el ultimo punto de la anastomosis, también se
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puede lavar con suero salino heparinizado y atemperado para eliminar los

restos de sangre [102,110].

3.2. Pruebas diagndsticas de permeabilidad vascular

Tras la finalizacidn de la cirugia, es importante el seguimiento posoperatorio del
paciente para comprobar la evolucion, asi como la permeabilidad del injerto. Existen
varios métodos para analizar y diagnosticar la evoluciéon del injerto vascular,

destacando la ecografia y angiografia.

Ecogradfia

Se trata de un método no invasivo en el que se registra el flujo de la sangre gracias
a la emisidon y recepcién de ultrasonidos. Se puede diagnosticar la presencia de
coagulos, estenosis, flujometria, oclusiones vasculares, existencia de permeabilidad
vascular, etc. [111,112]. Para la realizacién de este método diagndstico, se debe
colocar gel entre la sonda o transductor y la piel para permitir una adecuada
trasmisién de los ultrasonidos. El funcionamiento consiste, en términos generales, en
la emisién de ultrasonidos mediante la sonda, los cuales se trasmiten por los diferentes
tejidos. Parte de estas ondas atraviesan el tejido, mientras que otras se reflejan y
vuelven al transductor, obteniendo una imagen en escala de grises [113], que es lo que
se conoce como Modo B. Los tejidos que no dejan pasar los ultrasonidos (hiperecoico),
se veran de color blanco. Por otro lado, las zonas donde los ultrasonidos atraviesan los

tejidos (anecoico), corresponden con las partes de color negro.

Existen varios modos durante la ecografia, los cuales permiten detectar e
interpretar las zonas en las que existe movimiento. Para el diagndstico de la

permeabilidad vascular, se pueden diferenciar [113]:

- Modo Doppler espectral: representacion grafica de la variacion de velocidad del

flujo sanguineo con respecto al ciclo cardiaco.
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Introduccion

- Modo Doppler Color: representa la velocidad media y direccidn flujo sanguineo.

En funcion de la direccion del flujo, se representa en una escala de colores.
Puede ser de color rojo, si el flujo se acerca al transductor, y de color azul, si se

aleja de la sonda.

- Modo Power-Color: permite valorar la intensidad o potencia del flujo

sanguineo. A diferencia de los anteriores, no cuantifica la velocidad ni direccién
del flujo. Sin embargo, tiene una mayor sensibilidad a la existencia de
permeabilidad vascular. Se representa la existencia movimiento con una escala

de rojos.

Angiogrdfia

Representa un método diagndstico minimamente invasivo que consiste en un
examen de diagndstico de los vasos sanguineos mediante la utilizacién de rayos X y
medios de contraste. Con este método se pueden identificar aneurismas, estenosis,

malformaciones vasculares, trombos, etc. [114,115].

Generalmente, para el acceso vascular se emplea la técnica de Seldinger [116].
Esta técnica consiste en la puncion percutdnea con una aguja hasta localizar el vaso
sanguineo, dentro de la cual se avanza una guia. Una vez que la guia se encuentre
dentro de la arteria, se retira la aguja y se introduce un catéter o introductor sobre la
guia hasta estar en la localizaciéon deseada. Finalmente, se extrae la guia. La arteria
femoral sigue siendo el acceso arterial mas habitual y comun, aunque actualmente
existen otras alternativas como la arteria braquial, axilar o poplitea [117]. Por otro
lado, se tiene que elegir adecuadamente el tipo de catéter en funcién de la anatomia
especifica del vaso diana. Algunos de los parametros que se deben tener en cuenta
para la eleccién del catéter son la longitud, didmetro del vaso, o la presencia de ramas,
entre otros. Algunos ejemplos son la utilizacion del catéter Judkins para la
cateterizacién de vasos coronarios [118,119], o el catéter Headhunter para vasos

cerebrales o arteria cardtida [120,121].
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Justificacion Unitaria de la Tesis

Justificacion Unitaria de la Tesis

La mayor causa de muerte en el mundo son patologias relacionadas con el sistema
cardiovascular. Un aporte deficiente de nutrientes debido a la estenosis u obstruccion
de los vasos sanguineos puede provocar dafos irreparables en el tejido afectado. Se
prevé un aumento progresivo de la mortalidad por patologias cardiovasculares durante
los préximos afos debido a los nuevos estilos de vida sedentarios, dieta poco
saludable, la inactividad, el consumo de tabaco y alcohol, entre otros. La cirugia
convencional mediante el uso de trasplantes autdlogos es la principal opcién
terapéutica. No obstante, puede no existir la posibilidad de dicho tratamiento en
ciertos pacientes, especialmente en aquellos de edad avanzada o que presenten algun
tipo de patologia vascular previa. Por esta razén, la ingenieria tisular es una tecnologia
prometedora como tratamiento clinico, ya que permite disefiar injertos vasculares de
diferentes tamanos capaces de sustituir o reparar las funciones biolégicas de los vasos

sanguineos.

Los injertos vasculares de ingenieria de tejidos deberian estar fabricados con un
material capaz de tener una alta resistencia mecanica para evitar su rotura y facilitar su
manipulacién, asi como un disefio que pueda sustituir o reparar el tejido del huésped y
un tamano de injerto adecuado para su uso clinico. Actualmente existen una amplia
variedad de materiales que son utilizados en el disefio y desarrollo de injertos
vasculares de ingenieria de tejidos, los cuales pueden ser categorizados como
naturales o sintéticos. En primer lugar, los materiales naturales presentan baja
antigenicidad y adecuada biocompatibilidad. Sin embargo, sus caracteristicas
mecanicas, tales como la resistencia mecdnica o elasticidad, son inferiores a los
materiales sintéticos. Por otro lado, los polimeros sintéticos presentan cualidades
bioldgicas (biocompatibilidad, adhesién y proliferacién celular, etc.) inferiores a los
naturales. Todas estas caracteristicas deben ser tenidas en cuenta, ya que son
esenciales en el disefio de injertos vasculares de ingenieria tisular. Por esta razon,
nuestra hipétesis de la presente tesis doctoral se fundamenta en que la evaluacion de
las propiedades fisicoquimicas y bioldgicas de los polimeros permitiria seleccionar el

material mas eficaz para el disefio de injertos vasculares basados en ingenieria tisular.
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Justificacion Unitaria de la Tesis

La ejecucion de los distintos trabajos de investigacidon desarrollados para tal fin se
ha realizado entre varias instituciones. Por un lado, el Centro de Cirugia de Minima
Invasion Jesus Usén (CCMIJU) es una institucion dedicada a la investigacion y
formacion quirurgica. Dicho centro es uno de los Grupos de Investigacion incluidos en
el Centro de Investigacion Biomédica en Red de Enfermedades Cardiovasculares
(CIBERCV), dependiente del Instituto de Salud Carlos lll, cuyo propdsito es contribuir a
reducir el impacto de las enfermedades cardiovasculares en nuestro entorno,
liderando la investigacion, la innovacién y la formacién en esta disciplina dentro del
marco nacional e internacional. Ademas, el CCMIJU participa en una Red Cooperativa
Orientada a conseguir resultados en Salud, concretamente en el area de Terapias
Avanzadas (RICORS-TERAV). Esta red pretende promover investigaciones de utilidad
para el conjunto de la ciudadania, coordinando el tejido investigador del Sistema
Nacional de Salud, y orientando su actividad investigadora hacia objetivos comunes

con resultados transferibles a la poblacion.

Por otro lado, parte de la investigacién de la presente tesis se ha llevado a cabo en
la “Universidade do Minho”, concretamente en el “Centro de Fisica das Universidades
do Minho e do Porto (CF-UM-UP)” y en el “Institute of Science And Innovation for Bio-
Sustainability (IB-S)”. Una de las lineas de investigacién de estas instituciones es el
desarrollo de materiales inteligentes y funcionales para aplicaciones biomédicas.
Durante la estancia internacional hemos estado involucrados en la eleccién de los
polimeros y en el desarrollo de estructuras desarrollados por ingenieria tisular, asi
como en el analisis de los resultados obtenidos que quedan recogidos en la presente

tesis doctoral.
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Objetivos

Una vez introducidos los conceptos generales sobre los que se desarrolla este
trabajo, la presente tesis doctoral tiene como objetivo general el analisis y validacién
de las propiedades fisicoquimicas y bioldgicas de materiales destinados al disefio de
injertos vasculares de ingenieria tisular. A continuacidon se enumeran los objetivos

especificos perseguidos para conseguir este hito.

1. Estudio de los materiales y metodologias mayormente empleados en el disefio

de injertos vasculares de ingenieria tisular.

2. Analisis de los desafios hallados en la implantacién de los injertos vasculares de

ingenieria tisular.

3. Determinar las propiedades fisicoquimicas y biolégicas de un polimero natural y

otro sintético seleccionados en el presente trabajo.

4. Evaluar la alteracion de las caracteristicas fisicoquimicas y bioldgicas de los
polimeros utilizados en funcion de la metodologia de ingenieria tisular

empleada.

5. Seleccién de la metodologia mas eficaz para el disefio de injertos vasculares de
ingenieria tisular fundamentada en los resultados obtenidos tras el analisis de

los polimeros.
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Publicaciones Cientificas

Publicaciones cientificas

Los resultados cientificos de la presente tesis doctoral estdn estructurados en dos
partes. A continuacidn, se exponen los distintos articulos cientificos que desarrollan

cada uno de estos bloques tematicos.

Bloque ) Estado actual de los injertos vasculares de ingenieria

tisular.

- Systematic review of tissue-engineered vascular graft
Duran-Rey D, Criséstomo V, Sanchez-Margallo JA, Sanchez-Margallo FM.
Front Bioeng Biotechnol. 2021; 9: 771400.
DOI: 10.3389/fbioe.2021.771400. PMID: 34805124.

[Published]
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Pathologies related to the cardiovascular system are the leading causes of death
worldwide. One of the main treatments is conventional surgery with autologous
transplants. Although donor grafts are often unavailable, tissus-engineered vascular
grafts (TEVGs) show promise for clinical treatments. A systematic review of the recent
scientific literature was performed using PubMed (Medline) and Web of Science databases
to provide an overview of the state-of-the-art in TEVG development. The use of TEVG in
human patients remains quite restricted owing to the presence of vascular stenasis,
existence of thrombi, and poor graft patency. A total of 92 original articles involving human
patients and animal models were analyzed. A meta-analysis of the influence of the vascular
graft diameter on the occurrence of thrombosis and graft patency was performed for the
different models analyzed. Although there is no ideal animal model for TEVG research, the
murine madel is the most extensively used. Hybrid grafting, electrospinning, and cell
seeding are currently the most promising technologies. The results showed that there isa
tendency for thrombosis and non-patency in small-diameter grafts. TEVGs are under
constant development, and research is oriented towards the search for safe devices.

: A |

Keywords: ti ed

graft, patency, thrombosis, scaffold, animal model, human patient

1 INTRODUCTION

Cardiovascular diseases (CVDs) are the main cause of death globally (W orld Health Organization,
2020). The narrowing or blockage of blood vessels are disorders that induce reduced blood flow and
tissue damage due to poor nutrient provision (Pashneh Tala et al, 2015). Annual mortality from
CVDs is expected to increase to 23.3 million people worldwide by 2030 (Mathers and Loncar, 2006).

A change in lifestyle, including a healthy and balanced diet, could be adequate to prevent CVD.
However, surgical and pharmaceutical intervention are often required (Abdulhannan et al, 2012).
Endovascular surgeries, including angioplasty, can be used to mitigate these diseases (Pashneh Tala etal,
2015). However, conventional surgeries using autologous saphenous veins, radial arteries, or internal
mammary artery transplants—which create a bypass to restore normal blood flow—are often required
(Row et al, 2017). Many studies have been conducted aiming to treat vascular disorders through the use
of vascular grafts, and their efficacy in animal models and human patients has been demonstrated.

In certain patients, and especially in the elderly, the use of autologous grafts may not be possible
(Mozaffarian et al,, 2015). Consequently, new technologies, such as tissue engineering, have begun to
be developed. Tissue-engineered vascular grafts (TEVGs) show promise as a clinical treatment
(Radke et al,, 2018).

Frontiers n Bbengineerng and Biotechnoogy | wvaw.frontiersin.org 1

Nowverrber 2021 | Volume 9 | Arficle 771400

40



Duzn-Rey et al.

Publicaciones Cientificas — Bloque |

Tssue-Enginearsd \Vascutar Grafls

Synthetic materials have been studied for the creation of
vascular grafts for more than 50 years. In the middle of the
last century, vascular grafts were developed using two s of
synthetic materials: polytetrafluoroethylene (PTEE, Teflon ) and
polyethylene terephthalate (PET, Dacron’). Promising results
have been obtained in aorto-iliac replacements and in arteries
with medium-sized diameters (6-8 mm). However, these
materials have not produced satisfactory results in small-
caliber grafts owing to thrombus formation or poor patency
rates (Lovett et al, 2007; Pashneh-Tala et al., 2015).

Weinberg and Bell created the first TEVG designed with
biosynthetic materials in 1986, created from collagen gel tubes and
cultures of vascular cells, such as bovine aortic endothelial cells (EC),
smooth musde cells (SMCs), and fibroblasts from adventitia
(Weinberg and Bell, 1986). In the following years, other authors
conducted studies using similar materials (Pashneh-Tala et al, 2015).
However, one of the problems encountered was that the vascular
grafts did not support arterial pressure. Conversely, the use of
nondegradable materials may have harmful effects in organisms
(I'Heurewx et al, 2007). Different vascular graft scaffolds have
been developed to correct these effects, wherein animal cells were
seeded in partially resorbable polymers (Shum-Tim et al, 1999
Shin‘oka et al,, 2001). The developed animal models were able to
reproduce the different mechanical vascular properties and yiclded
satisfactory results. However, when human cells were used, vascular
grafts did not exhibit adequate mechanical properties for potential
applications in humans (Poh et al, 2005).

Ideal TEVGs should be designed with scaffolds that shape the
graft with an adhesive matrix mainly consisting of fibrin and
vascular cells (Baguncid et al,, 2006). ITn addition, TEVGs should
have high strength to prevent rupture and facilitate manipulation,
a design capable of replacing the host’s tissue, and an adequate
graft size for clinical use (Mahara et al,, 2015).

Many of the challenges that hampered the development of vascular
grafts have been overcome, particularly during the last decade.
Nevertheless, there are still many aspects to be improved and
problems to be solved to guarantee their safe use. A wide variety
of new materials and technologies have been developed to create
TEVGs, each providing different properties to these grafts. Therefore,
we believe that this systematic review provides an update of the results
recently published in the scientific literature, emphasizing the
methods, and innovations used in the development of TEVGs. It
also summarizes the current results obtained in animal models and
human patients and influence of the graft diameter and heparin use
on the occurrence of thrombasis and patency in these grafts. Thus, the
objective of this work is to provide an overview of the current state-of-
the-art in the development of TEVGs to demonstrate the advances
and challenges faced over the last decade and present the objectives
and clinical applications pursued by the authors.

2 MATERIALS AND METHODS

2.1 Search Strategy

A structured bibliographical search was conducted in the PubMed and
Web of Science databases. We used a set of keywords related to
TEVGs to identify relevant studies published from September 16,

2010, to September 15, 2020 (see Supplementary Materials, full
search strategy). This systematic review has been registered on
PROSPERO with the registration number CRD42020191561.

2.2 Selection of Articles

A series of inclusion and exclusion criteria were considered to
select the articles that best applied for our objectives (see
Supplementary Materials). In general, articles whose subject
was TEVG, written in English, and including surgical
procedures and follow-up in animal models or human patients
were selected. A flowchart showing the different phases of the
systematic review was designed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement for reporting systematic reviews and
meta-analyses (Moher et al., 2015).

2.3 Statistical Analysis

A meta-analysis of the influence of the vascular graft diameter on
thrombosis occurrence and patency was performed for the different
models analyzed. For this purpose, the normality of the data
distribution was analyzed using the Kolmogorov-Smirnov test. As
the distribution of the data was not normal, we used the
nonparametric Mann-Whitney U-test for independent samples to
compare the data. Additionally, the relationship between qualitative
variables of heparin use during surgery and graft patency and the
onset of thrombosis was analyzed. The Fisher's exact test was used for
this purpose. All statistical analyses were conducted using R (version
4.0.0, R Foundation for Statistical Computing, Vienna, Austria). For
all tests, p < 0.05 was considered to be statistically significant. Only the
models with adequate data for statistical analysis were shown in the

graphs.

3 RESULTS

3.1 Selection of Articles

A total of 680 and 838 records were identified in PubMed and
Web of Science databases, respectively. Based on the analysis of
the title and abstract of each article, 907 records were excluded
because: 1) the subject did not comply with the goal of this review
(431); 2) they were types of studies that did not meet the inclusion
criteria (454); or 3) they were in a language other than English
(22). After completely reading these articles, 92 studies were
selected, 89 of which used animal models and three were
conducted with human patients (Figure 1).

3.2 Animal Models and Human Trials for
TEVG

Regarding experimental animal models, studies with rodents,
ovine, pigs, rabbits, dogs, and baboons were included in this
systematic review. In addition, human trials were also analyzed in
the review (Table 1).

3.3 Place of Implantation
Grafts were implanted in the abdominal aorta, carotid,
pulmonary, femoral, and iliac arteries, and the portal, cava,

Frontiers in Bioengineerng and Bictechnology | www.frontiersin.org

41

November 2021 | Volume 9 | Article 77 1400



Durgn-Rey et d

Publicaciones Cientificas — Bloque |

Tissue-Engineered Vascular Grafts

g PubMed (Medline) Web of Science
g (n=680) (n=838)
s
Remove duplicates
(n = 285)
A
5
E Records
= (n=1233)
>
o
Excluded
" (n=2907)
\d

Complete articles

Exclusion criteria:
n = 186 (wrong subject)

Y

(n =326)
=
o A
Included
(n=92)

|

n =25 (no total transplantation)
n = 18 (in vitro)
n =5 (others, letters, editorials, etc.)

.

Animal model
(n=289)

Inclusion

FIGURE 1 | PRISMA flow dagram. Diagram showing the manuscript selection process in accordance with PRISMA guideines.

.

Human patients
(n=3)

and jugular veins. There were some studies where bypass or shunt
procedures were performed (Prichard et al, 2011; Koenneker
et al, 2012; Tillman et al, 2012; Syedain et al, 2017; Ong et al,
2017a; Valencia-Rivero et al., 2018; Bai et al,, 2019; Furukoshi
et al., 2019; Itoh et al, 2019).

3.4 Design of TEVG

Four groups were differentiated in this systematic review
according to the materials used in the graft design: 1)
TEVG created with biodegradable polymers, 2) TEVG
developed with natural materials, 3) TEVG created with
biodegradable polymers and natural materials or hybrid
grafts, and 4) tissue-engineered scaffolds or acellular
tissue-engineered grafts (Table 2).

3.5 Statistical Results
Rodents led to a greater occurrence of thrombosis for large-
diameter grafts (Figure 2). Conversely, grafts with a large
diameter in rodents had good patency (Figure 3). Both
porcine and ovine models did not show statistically
significant differences in the relationship between the graft
diameter and onset of thrombosis (Figure 2) and in the
relationship between the graft diameter and patency
(Figure 3).

There was a statistically significant correlation between the
patency of the vascular graft and the absence of thrombus in
murine, ovine, porcine, rabbit, and canine models (Figure 4).

There was a correlation between the non-patency of the vascular
graft and the onset of thrombosis during surgery in the
nonhuman primate model. In the case of human patients,
there was a correlation between the nonpatency of the grafts
and the occurrences of thrombi.

There was no relationship between the use of heparin and the
onset of thrombosis during surgery in the murine and porcine
models (Figure 5).

4 DISCUSSION

Conventional surgery with the use of vascular grafts, such as
autologous transplants, is a treatment for many CVDs (e.g.,
atherosclerosis) (Row et al, 2017). However, such
autologous vascular grafts are often unavailable
(Mozaffarian et al., 2015). Therefore, the development of
tissue-engincered vascular grafts (TEVGs) represents an
innovative area of research that aims to offer continuous
availability. Tissue engineering is a multidisciplinary field
combining biomedical engineering, material science,
regenerative medicine, and immunology (Best et al,
2018). Although many studies using various materials and
methods for the development of TEVGs have been published
(Row et al,, 2017), some of the defects they entail, such as the
occurrences of thrombi, have not been fully corrected yet. In
this work, we conducted a comprehensive review of recently
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TABLE 1 | Studies with animal models and human patients ircluded in the systematic review.

Animal model/h Number of Per g References

trials studies of total (%)

Rodents 44 46.31 Lovett et al. (2010}, Song et al. (2010), Harington et &, {2011), Hbino et al. (201 1), Hwang et al. (2011),
Assmann et al. (2012), Quint et d. 2012), DeVaencs &t 4. (2013), Conconl et al.(2014), Lea et al. (2014),
Tz t al. (2014), Udelsman et al. (2014), Itoh et al. (2015), Tara st al. (2015), Wu et al. (2015), Fukurnishi
at al (2018}, Guist a (2016), Hibino et al (2016), Jiang et al. (2016), Knosraviet al (2016), Tondreau et al
{(2016), Wang et al 2016), Yanget al. (2016), Li et al. (2017), Maxfieid et al. {2017), Negishi etal. {2017),
Best et al, (2018), Lee et 4. (2018), Li et al. (2018}, Qin et 4. (2018), Shafiq et 4. (2018), Wu et 4. {2018),
Xuetal (2018), Aubinetal. {2019), Baiet a {2019, Best et al. (2019), Katsimpoulas et al. (2019), Liu et al
(2019), Ran et al {2019), Sni et al. (2019), Smith et al. (2019), Sologashvil et al (2019), Yamanami et al
(2019)

Ovine 19 20 Cummings et d. (2012), Koenneker &t d, (2012), Tliman et al (2012), Msier et al. {2014), Stacy et al
(2014), Row et al. (20 Aper et al. (2016), Fukunishi et al. {2016), Koobatian et 2 (2016}, Syedan etal
(2016), Fukunishi et 117). Ju et al. (2017), Pepper et al (2017), Ong et al. (2017a), Madhavan et al
(2018), Valencia-Riverc st al. (2018), Weber et al. (2018), Alessandrino et al. (2019}, Wolf et al. (2019)

Figs 13 13.68 Quint et al. (2011), Mrowezyriski et al. {2014}, Koans &t al. (2015), Mahara et al (2015), Palegata et al
(2015), Rothuzen et al, (2016), Dahan et al. {2017), lacobazz et al. (2018), Vaenca-Hivero at al. {2018},
Alessandring et al. (2018), ltoh et al. (2019), Wang et al {2013), Yeung et al. (2019)

Rabbis 7 7.37 Zhao et al. {20 cihenny st a. [2015), Hu et al. (2017), Tseng etal. (2017), Jnetal (201%a), Jnetal
(20190), Kajbatzadeh et al. 2019)

Dogs 7 7.37 Matsumura at al. (2012), Aytemiz et al. (2013), Matsumura et al. (2013), lsayama et al. (2014, Ma et al.
(2017), Furukoshi et al. (2019}, Jang et al. (2020)

Human patients 3 3.16 Sugura et al. 2018), Herrmann et al. (2019), Kirkton et & (2019)

Baboons 2 M1 Prchard et al. (2011), Syedan et 4. (2017)

published results in the field of TEVG development, both in
animal models and for use in humans. Emphasis has been
placed on the influence of the graft diameter and the use of
heparin on the occurrence of thrombi and patency of
the graft.

4.1 Animal Models for TEVG

Six experimental animal models have been included in this
review. The ideal animal model should exhibit a cardiovascular
anatomy and physiology very similar to that of humans.
However, each animal model has a series of peculiarities
(Table 3). Rodents were the most commonly used model in
the studied literature owing to their low cost. Further, besides
being ideal for biocompatibility and cell infiltration studies
(Pashneh-Tala et al, 2015), they provide information about
the molecular and cellular bases of cardiovascular biology
(Lelovas et al, 2014). Furthermore, there are genetically
modified strains and immune-deficient rodents that are
used to simulate cardiovascular disease in humans
(Bergmeister et al, 2019). Nevertheless, cardiovascular
physiology, thrombogenicity, and hemostasis mechanisms
are different from those in humans (Pashneh Tala et al,
2015; Bergmeister et al, 2019). It seems that the
biocompatibility of rodents allows them to withstand TEVG
without the use of heparin to prevent the appearance of
thrombosis and to have a good long-term patency.
Nevertheless, the use of heparin is advisable to prevent
possible thrombus formation (Asloni et al, 2020). The second
most used animal model was the ovine model. Unlike rodents,
sheep have thrombogenicity mechanisms and fibrinolysis system
very similar to humans, as well as endothelialization and
neointimal formation of blood vessels (Pashneh-Tala et al, 2015;
Bergmeister et al, 2019). However, they have a high tendency of

hypercoagulability (Pashneh-Tala et al, 2015). Porcine have a
cardiovascular anatomy very similar to that of humans; therefore,
there are numerous cardiovascular studies using porcine models in the
scientific literature (I.clovas et al., 2014). However, because porcine
grow rapidly, they become difficult to handle; thus, some studies
have utilized miniature pigs (Mahara ct al, 2015; Alessandrino
etal., 2019; Ttoh et al., 2019; Wang et al,, 2019). Extensive heparin
has been used in porcine models but there was no evidence for the
formation of thrombi during surgery. The immune responses
against vascular grafts were very intense and tended to
hypercoagulate after surgical intervention (Mulier et al, 2012;
Pashneh-Tala er al, 2015). Thus, the use of heparin was
fundamental in this animal model. Further, muscular spams
are very common in the arteries of pigs and are fragile
(Bergmeister et al, 2019). Rabbits present thrombogenicity
pathways comparable to other models (Pashneh Tala et al,
2015), and hemostasis and endothelialization are more similar
to that of humans than in the case of rodents. There are some
heritable disease models that can be used for certain pathologies,
such as hypercholesteremic Watanabe rabbit (Bergmeister et al,,
2019). Nevertheless, their vascular physiology is quite different
from human physiology (Pashneh- Tala et al,, 2015). In the case of
the canine model, the main advantages are that the anatomy has
been extensively studied and lack of spontaneous
endothelialization, which makes their control and monitoring
advantageous. However, thrombogenicity presents different
mechanisms with respect to the human model (Pashneh-Tala
et al, 2015), and have a potent fibrinolytic system (Bergmeister
et al, 2019). There are cthical aspects related to a diminished
acceptance from an experimental point-of-view. Finally, two
studies were conducted with nonhuman primates (Prichard
et al, 2011; Syedain et al, 2017). This model has clear
similarities with humans in terms of physiology,
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cardiovascular anatomy, and thrombogenicity mechanisms.
However, this model is costly and presents -ethical
considerations regarding its use (Pashneh-Tala et al, 2015).

According to the results found, the ovine and porcine models
seem to be appropriate models for TEVGs research. On the one
hand, ovine model has an anatomy and hemodynamic
mechanism quite similar to human. Further, these animals
have a long neck, greatly facilitates surgery. Moreover, porcine
is widely used for translational studies due to its strong
physiological resemblance to humans. All studies related to
new TEVGs should evaluate their biocompatibility, patency,
hemodynamic factors, and cell infiltration, among others. As
each animal model has a series of advantages and limitations, it is
important to know the different characteristics of each animal
model to allow their results and possible effects in human patients
to be interpreted correctly.

4.2 Human Trials with TEVG

Regarding human patients, this systematic review found three
studies conducted in human published in 2018 (Sugiura et al,
2018) and 2019 (Herrmann et al,, 2019; Kirkton et al., 2019). This
is indicative of the fact that considerable progress has been
achieved in the field of TEVGs. However, the use of these
vascular grafts in humans remains very restricted owing to
certain limitations, such as the presence of stenosis, existence
of thrombi, and poor graft patency, among others. Kirkton et al.
(2019) developed a vascular graft composed of primary human
vascular cells isolated from cadaveric donors and seeded on
polyglycolic acid (PGA) scaffolds. Scaffolds were decellularized
to remove cellular antigens and were recellularized by vascular
cells and noninflammatory host progenitors. Arteriovenous grafts
with an internal diameter of 6 mm were implanted in the upper
arm in 60 patients with end-stage renal disease to provide access
for hemodialysis. The mean follow-up period was 3.8 years.
Thromboses or pseudoaneurysms owing to cannulation
trauma occurred in 13/60 patients. Herrmann et al. (2019)
presented a vascular graft design composed of saphenous veins
harvested from multiple organ donors that were cryopreserved,
de-endothelialized, and seeded with human, autologous, venous

EC from patient vein segments. Fifteen vascular grafts with
diameters in the range of 3-6 mm were implanted by coronary
artery bypass in 12 patients. The mean survival of patients after
surgery was 9.1 + 1.8 years. At the 6-months follow-up, the
vascular graft patency was 80%. Tt decrcased to 50% at
9 months, and at the endpoint, 7/12 patients (8/15 grafts) had
graft occlusions or stenosis. Finally, Sugiura et al. (2018)
implanted vascular grafts that consisted of woven poly-L-
lactide acid (PLLA) or PGA coated with a copolymer sealant
solution of polyL-lactic-co-e-caprolactone (PLCL) in 25
children. The grafts were seeded with autologous bone marrow
mononuclear cells (BM-MNCs). The graft size ranged from 12 to
24mm. These grafts were implanted as extracardiac total
cavopulmonary connections. The mean follow-up period was
11.1 years. There were no lethal complications related to the graft,
but a thrombus was detected in one patient, and seven other
patients presented asymptomatic stenosis. Asymptomatic
complications were diagnosed in the human studies
mentioned above (Sugiura et al, 2018; Herrmann et al,, 2019;
Kirkton et al, 2019). Long-term research is needed to study all the
side effects that these TEVGs could produce, thus achieving safe
and satisfactory use. The use of TEVGs is still not completely safe
in clinical studies due to the high failure rate, such as presence of
stenosis, thrombi, or other complications.

4.3 Materials Used in the Design of TEVGs
TEVGs should resemble native blood vessels as closely as
possible and have the ability to remodel, grow, self-repair,
and respond to the immediate environment (Chlupac et al.,
2009). Each article analyzed in this review created its own
TEVG, although there were certain materials that were
commonly used, such as biodegradable polymers, or
biological materials. Notably, some researchers used heparin
in the design of TEVGs (Jiang ct al., 2016; Koobatian et al., 2016;
Hu et al., 2017; Ju et al., 2017; Madhavan et al., 2018; Xu et al,,
2018; Jin et al., 2019a; Jin et al., 2019b; Ran et al., 2019; Shi et al.,
2019; Smith et al., 2019; Wang et al.,, 2019). The addition of
heparin to materials prevents thrombosis and enhances
biocompatibility (Aslani et al., 2020).
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The most commonly studied and used polymer is PGA, which
has high level of flexibility and lacks of inflammatory response
(Pepper et al., 2017; Sugiura et al,, 2018; Luo et al., 2020). When
seeded with human EC in vascular grafts, PGA can withstand
mechanical stress equivalent to the aortic pressure (Chlupacetal.,

2009; Mauri et al., 2013). However, PGA should be used in
association with other polymers due to short degradation time
(6-8 weeks), which is too fast for vascular clinical applications
(Leal et al,, 2021). On the other hand, PLCL is a copolymer of
lactic acid and caprolactone, which presents good
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TABLE 2 | Matenals used in the vascular graft desgn.

Materials Number of P ag References
studies of total (%)

Biodegradable poymers " 11.96 Cummingg et al. 2012), Hamington et al. (2011), Hibino etal. (2011), Lee et al. (2014), Stacy et @l. (2014),
Uddsmean st al (2014), Gui et a (2016), Pepper & al. (2017), Sugiura st al. (2018), Jang et al (2020), Luo
et al {2020)

Natiral materials 17 1848 Quint et al. 2011), Kosnnekere 2012), Timan et al. (2012), Zhao et al (2012), Meier et al. (2014), toh
etal (2015), Mcilnenny et d. (2015), Palegata atal (2015), Row et al. (2015), Wu etal. (2015), Aper etal.
(2018], Rothuizen et @ (2016), Dahan at 4. 2017), Ma et al (2017), Tseng et al (2017), lacobazzi ef al
(2018], Herrmann et 4. (2019), itoh et 4. (2019)

Hybrid grafts 5 543 Hu et &, (2017), Ju &t d. (2017), Madhavan et al. (2018), Shafiq st al. (2018)

Tissue-engineered 59 84.13 Lovett et 4. (2010), Song et al (2010), Hwang et al. (2011), Prchard et al. (201 1), Assmann et al. (2012),

scaffolds Matsumura et al. (2012), Quint &t al. (2012), Aytemiz &t al. (2013), De Valence et al. (20183), Matsumura

et al. (2013), Conconi et dl. (2014), lsayama et al. (2014), Mrowczynski et al. (2014), Tara et d. (2014),
Koens et al. (2015), Mahara st d. (2015), Tara et al (2015), Fukunishi et al. {20186), Hibno et a. (2016),
Jang et al. (2016), Khosrav et al. (2016), Koobatian et al. 2016), Syedan et al. {2016), Tondreau et al,
(2016}, Wang et al (2016}, Yang et a. (2018), Fukunishi et al. (2017), Li etal. (2017), Maxfied et al. (2017),
Negishi et al. (2017), Ong et al. (20173), Syedain et al. (2017), Best et al. (2018), Lee et . (2018), Lietal
(2018}, Qin et al. (2018}, Valencia-Rivero et 4. 2018}, Weber et al. (201 8), Wu et al. (2018), Xu et al. (2018),
Alessandrino et al. (2018), Aubin et al. (2019), Bai et al. (2019), Best et al (2019), Furukoshi et al. (2019),
Jn et al. (20193), Jn et &l (2019b), Kajpalzadeh &t al. (2019), Katsimpoulas et al. (2019), Kirkton et al.
(2019], Liu et al. {2019), Ran et al. (2018), Shi et al. (2019), Smith et al. (2019), Sobgashwili et al. (2018),
Wang et d. (2019), Wolf et al. (2019), Yarmanami et al. (2018), Yeung ot 4. (2019)

biocompatibility and slow degradation (Hu et al., 2017; Pepper
etal,, 2017). Authors used the combination of PGA with PLCL to
increase graft degradation time (Hibino et al., 2011; Lee et al,
2014; Stacy et al, 2014; Hibino et al., 2016; Pepper et al,, 2017;
Sugiura et al., 2018). Polylactic acid (PLA) is a polymer with a
very similar structure and mechanical properties to PGA, but
with a longer degradation time (Naito et al., 2011; Ong et al,,
2017h). However, PLA exhibits a hydrophobic structure, which
interferes in cell adhesion and proliferation (Leal et al., 2021).
PLLA is an isomeric form of PLA and is the most studied polymer
for cardiovascular tissue engincering applications (Mishra, 2015;
Ong et al , 2017b), and the studies showed improved cell viability
(Sugiura et al, 2018). Polycaprolactone (PCL) presents
mechanical properties that exceed those of natural vessels,
such as maximum stress or tensile strength. In addition, PCL
has a good biocompatibility and slow biodegradability (Fukunishi
et al, 2016; Shafig et al, 2018). Nevertheless, PCL has

hydrophobic characteristics, so needs to be combined with
other polymers.

Contrarily, there were TEVGs created from biological
materials.  Collagen  has  low  antigenicity,  high
biocompatibility, and enhances cell adhesion and proliferation
(Shafiq et al,, 2018; Itch et al., 2019). Further, this material is the
main component of the extracellular matrix (ECM) (Ong et al.,
2017b). Chitosan is a new material use in TEVG, and provides
low toxicity and anticoagulant properties, as well as inhibiting
inflammation, and meodifying viability chemically (Wu et al.,
2015; Fukunishi et al, 2016). Elastin is part of ECM and
maintains the elasticity of the blood vessels under blood
pressure (Hu et al, 2017). The use of this material prevents
intimal hyperplasia in native vessels and provided an
organization of the collagen fibers (Lcal et al., 2021). Due to
the few studies performed with chitosan and elastin, more
research should be conducted to provide information on the
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TABLE 3 | Summary of the advantages and disadvantages of animal models analyzed.

Animal model Advantages Disadvantages
Rodents Low cost Cardiovascular physiology
Biocompatibility and cell nfiltration studies Thrombogenidty mechanisms
Genetically modfied strairs Hemostasis mechanisms
Ouneg Thrombogenicity mechanisms Hypercoagulablity
Fibrinolysis system
Endothelalization and necintimal formation
Porcine Cardibvascular anatomy Grow rapidly
Translational studies Hypercoagulablity
Rabbits Thrombogenicity mechanisms Vascular physiclogy
Heritable disease models
Canire Anatomy extensively studied Thrombogeniaty mechanisms

Lack of spontaneocus endotheliaization

Potent fbrinolytic system

Ethical aspecis
Nonhuman primates Physiology High cost
Cardiovascular anatomy Ethical congiderations
Thrombogenicity mechanisms

effects of these materials in the design of vascular grafts. Another
material used relatively frequently is silk fibroin, which is a
natural, biodegradable, and biocompatible polymer (Lovett et al.,
2010; Aytemiz et al, 2013; Alessandrino et al, 2019; Jin et al,
2019b). This natural proteic material is not immunogenic in
humans, favors angiogenesis (Alessandrino et al, 2019), and
presents good cell compatibility and hydrophilicity responses
(Liuet al, 2019; Jin et al., 2019b). Also, native blood vessels can
be decellularized to obtain ECMs (Assmann et al.,, 2012; Dahan
et al, 2017; Bai et al, 2019). These matrices maintain the
biological properties of native blood vessels (Simon et al., 2003).

Based on the studies analyzed in this systematic review, it
appears that cellular recruitment or endothelialization tended to
be used in grafts with biological materials, but mechanical
properties were superior for biodegradable polymers. The
porosity of biodegradable polymers allows a customized graft
design, as well as withstanding different pressures, twisting and
stretching, However, they do not seem suitable for cell adhesion
and proliferation. On the other hand, natural materials have the
capacity for cell adhesion, but have poor mechanical properties.
Nevertheless, both endothelialization and mechanical properties
are essential for the long-term patency of TEVGs (Wu et al,
2018). For these reasons, a hybrid graft emerged. This graft is a
type of TEVG formed by mixing biodegradable polymers and
biological materials. An example of this type of hybrid graft was
used by Hu et al (2017) who designed grafts with PLCL, collagen,
and elastin. Better results were obtained by the different authors
who designed a hybrid graft. The hybrid strategy could be used to
create a highly favorable composite material for TEVGs, since
these grafts present the advantages of both materials.

4.4 Manufacturing Technology

There are different techniques to produce TEVGs, with
electrospinning being the most commonly used method. This
technique produces porous and fibrous scaffolds from polymers
(Dvir etal, 2010), thereby enhancing the transfer of nutrients and
residues through the scaffold. The alignment of the nanofibers
allows the scaffold’s strength to be increased to promote cell

alignment (Woods and Flanagan, 2014). The second most
commonly used method is decellularization. Native blood
vessels can be decellularized to obtain ECMs. These matrices
maintain the biological properties of native blood vessels. Thus,
the grafts contain functional proteins capable of promoting cell
recruitment. However, the decellularization process can also
damage the ECM (Simon et al, 2003), thus negatively
affecting the integrity, and mechanical properties of the graft.
On the other hand, lyophilization is a physical technique that
reduces calcification, and provides a stable graft (Conconi et al,,
2014; Bai et al,, 2019). Nevertheless, mechanical properties, such
as suture strength, are not sufficient for clinical use (Reinhardt
etal, 2019). Another technology, known as “biotubes,” involves
the development of blood vessels by subcutaneous implantation,
and is associated with a biological defense mechanism (Rothuizen
etal,, 2016; Tseng et al., 2017; Furukoshi et al., 2019; Yamanami
et al, 2019). Finally, some authors used the innovative 3D
bioprinting technique to manufacture TEVGs (Itoh et al,
2015; Itoh et al, 2019; Jang et al, 2020). This technology
provides an adequate cell distribution with a high cell density
(Leal et al, 2021). However, results showed that 3D bioprinting
designs TEVGs with a low mechanical property (Leal et al, 2021).
Further, a scaffold may or may not be present ina graft (Campbell
and Campbell, 2007), but it would have to be degradable to allow
the growth of new tissue from the body itself (Chlupic et al,
2009). There are researchers who designed scaffold-free grafts,
wherein tubular tissues were created with 3D bioprinting (Itoh
et al, 2015; Itoh et al., 2019).

It should be noted that some studies have designed
decellularized vascular grafts with ECs (Koennerker et al,
2012; Mcllhenny et al, 2015; Pellegata et al, 2015). This
combination avoids the drawbacks of this methodology,
obtaining native-like ECM. Nevertheless, research presents
electrospinning as the technology most widely used by the
authors in the development of TEVGs. The porosity of the
scaffold is essential to design a graft in which good cell
adhesion and tissue regeneration take place. It is possible to
create vascular grafts with conditions very similar to those of a
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native vessel due to the great advance of this technology.
Electrospinning allows controlling the porosity of the scaffold,
providing an excellent cell adhesion and proliferation. However,
3D bioprinting seems to be a promising technology because any
3D organ can be manufactured using a computer software that
simulates the structure itself, in addition to selecting the material
to be used for printing. Although further studies are needed to
ensure the effectiveness of this method.

4.5 Cell Seeding and Cell Types

Cell seeding facilitates cell fixation and infiltration, thus improving
graft endothelialization. There are different ways to perform cell
seeding, such as static, dynamic, electrostatic, and magnetic
techniques. Static or gravitational cell seeding involves direct
application of the cell suspension into the scaffold (Ong et al,
2017b; Radke et al.,, 2018). However, this technique has a series of
disadvantages, such as risk of contamination, non-uniform
sceding, or the risk of platelet adhesion due to the use of
adhesion molecules in the lumen, among others (Radke et al,
2018). The most commonly cell seeding technique was dynamic
cell seeding, which enhances seeding efficiency, uniformity and
scaffold penetration due to the use of rotational seeding, vacuum
seeding, and fluid sheer stress (Ong et al, 2017b; Radke et al,
2018). However, adequate graft porosity is required for optimal
utilization of dynamic cell seeding, especially with the use of
vacuum pressure that draw cells in through the micropores of
the TEVG (Ong et al, 2017b; Radke et al, 2018). The material
properties of the TEVG are an important factor for electrostatic cell
seeding, which uses a temporary positive charge on the negatively
charged graft lumen (Ong et al, 2017b). Finally, magnetic cell
sceding use magnetic beads and application of an external
magnetic field. This novel technique improves the efficiency of
cell seeding due to a better regulation of cellular distribution, in
addition to providing faster cell culture (Radke et al, 2018).
Nevertheless, beads may cause side effect, so they need to be
analyzed to ensure the validity of this technique (Radke et al,
2018). These last two techniques of cell seeding need to be further
evaluated to ensure long-term cell retention and other side effects
after in vivo implantation, in addition to the fact that there are
hardly any studies using these cell seedings.

In terms of cell type, mesenchymal stem cells (MSCs) can be
obtained from different origins, such as adipose tissue, bone
marrow, and umbilical vein blood (Radke et al., 2018). MSCs
are a promising cell type for TEVG because improve the patency
due to their anti-thrombogenic property, and they can also recruit
ECs on site (Hashi et al., 2007; Zhao et al,, 2012; Itoh et al,, 2015).
A wide variety of vascular cells could be obtained with induced
pluripotent stem cells (iPSCs) because they could be induced into
specific lineages (Radke et al,, 2018; Luo et al, 2020), such as
SMCs or ECs. Finally, BM-MNCs were the second most
commonly used cell type by some of the authors (Hibino
et al., 2011; Tee et al,, 2014; Stacy et al, 2014; Pepper et al,
2017; Sugiura et al, 2018). BM-MNCs include ECs, MSCs,
immune-related cells and hematopoietic stem cells, which
main property is their anti-thrombotic effect (Radke et al,
2018). Although various cell types can be used, ECs are the
most commonly used cell in the design of TEVGs (Cummings

et al, 2012; Koennerker et al, 2012; Mcllhenny et al, 2015;
Pellegata et al, 2015; Ma et al, 2017), as they provide
anticoagulant effects (Ju et al, 2017) and improve
endothelialization (Radke et al., 2018). In the study by Ju et al.
(2017), the authors compared the effects of EC on a vascular
scaffold fabricated by electrospinning of polycaprolactone and
type T collagen. The results showed that the control group
(scaffold without EC) had no patency owing to the appearance
of thrombosis, whereas in the experimental group (scaffold with
EC), the graft patency was maintained during the 6-
months study.

Nevertheless, cell seeding is currently a challenging field of
research because the optimal number of cells for seeding is
unknown. Therefore, there is controversy about the need and
clinical relevance of cell seeding (Ong et al,, 2017b). Furthermore,
it has been determined that many of the seeded cells are lost,
owing to either cell death or lack of union with other cells
(Villalona et al., 2010). For this reason, many researchers have
designed cell-free vascular grafts, scaffolds, or acellular vascular
grafts. Based on the results, the development of tissue-engineered
acellular grafts is a promising technique due to the wide variety of
materials that can be employed, both natural materials and
biodegradable polymers. These grafts have demonstrated good
patency and regeneration potential, biocompatibility, and lack of
immunogenicity (Smith et al, 2019). Additionally, TEVG
scaffolds provide good mechanical strength and promote
cellular proliferation and maturation (Ong et al, 2017b; Yeung
etal, 2019). These scaffolds play a fundamental role in functional
tissue regeneration because they interact with nearby biomolecule
cells, regulating complete tissue regeneration. Also, the addition
of vascular endothelial grow factors in the scaffold is very
common in order to promote endothelization (Koobatian
et al,, 2016; Row et al, 2017; Smith et al., 2019).

In addition to all of the above, artidles analyzed showed quite
similar results in cell-based and cell-free TEVGs, in which the graft
was effectively implanted and showed good mechanical and cell
proliferation properties. However, cell-free TEVGs may correct
some of the problems associated with the use of cells, such as
immune rejection, long cell culture times, and avoidance of taking
biopsies from patients. As mentioned, cell seeding is currently a
challenging field of research, where insufficient cell seeding, damage or
lack of cells can lead to the development of thrombosis and have poor
patency rates. Cell-free scaffold is favorable for vascular graft design. In
contrast to cell seeding, manufacturing techniques are evolving
rapidly, and it is becoming easier and safer to design TEVGs.

Although a perfect material and manufacturing technology have
not yet been identified, research in this field has become effective from
a clinical point-of-view. The studies included in this review achieved to
improve vascular grafts in a way that yielded very promising results
compared with similar studies conducted previously.

4.6 Challenges of These Studies

Regarding the surgical outcomes, the researchers generally used
small-diameter vascular grafts. However, it has been documented
that 1) small-diameter TEVGs are especially prone to failure from
thrombus adherence and vascular obstruction (Jin et al., 2019a;
Jin et al, 2019h), and 2) current vascular grafts have a limited
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durability and patency (lacobazzi et al, 2018). These
circumstances seem to be related to poor endothelialization
and smooth muscle layer remodeling (Jin et al, 2019b). Some
of the strategies used to avoid thrombosis and subsequent graft
stenosis and improve patency involve anticoagulant substances
during surgery, such as heparin (Siemionow, 2015). However,
some researchers did not use heparin during surgery. For this
reason, we decided to anmalyze the relationship between the
existence of thrombosis and the patency of the vascular grafts
with respect to their diameter, as well as the use of heparin during
surgery.

Several studies have been conducted to manufacture small
TEVGs to achieve the phenotype of native blood vessels. Results
in rodents showed that vascular grafts with larger diameters were
patent, and grafts with smaller diameters were occluded. Contrary
to expectations, rodents exhibited a greater onset of thrombosis in
grafts with larger diameters. Among the analyzed studies, large-
diameter vascular grafts had endothelial injury (Quint et al,, 2012;
Yang et al., 2016) or lack of EC (Assmann et al., 2012; Conconi
et al, 2014; Gui et al, 2016; Luo et al., 2020). Therefore, any
inappropriate movement may cause trauma to the graft and a
blood flow mismatch. A complete endothelial layer plays a critical
role in maintaining patency and provides anticoagulant effects (Ju
et al., 2017; Wu et al., 2018).

In the porcine model, in contrast, it seems that there is a trend
based on which vascular grafts with small diameters leads to
thromboses. TEVG is a medical device in contact with the
patient’s blood. Thus, the formation of thrombi constitutes a
common type of failure. For this reason, it is important to use
anticoagulants, antiplatelet agents, or both, to avoid the
occurrences of thrombi (Jaffer et al., 2015; Siemionow, 2015).

As expected, the results also showed a correlation between the
vascular graft patency and the absence of thrombi in mice, ovine,
porcine, and canine models. Likewise, the lack of graft patency
correlated with the occurrence of thrombi in the nonhuman
(baboon) model. Therefore, considering all previous results, it
appears that when a small-diameter TEVG is used, there is a
tendency for the formation of thrombi and poor vascular graft
patency.

Surgical experience and skills, differences in graft diameter
from the native vessel, damage or lack of EC, tension in the suture
line, damage during surgery, and hemodynamic factors leading to
blood flow mismatch are (among others) potential risk factors
that could lead to the appearance of thrombi and poor patency of
vascular grafts (Pashneh-Tala et al, 2015), especially for small-
diameter TEVGs. The surgery must be performed perfectly as any
inappropriate movement can cause trauma to the graft.
Additionally, a mismatch in the TEVG diameter could cause
turbulence in the blood flow, thus triggering a coagulation
cascade that can form thrombi.

Good graft porosity, good EC conditions, and the
aforementioned recommendations are key factors associated
with the prevention of the appearance of thrombosis and the
achievement of good patency of vascular grafts.

The three studies on humans included in this review did not
indicate the use of heparin. Specifically, 13/60 patients (21.67%)
in the study by Kirkton et al. had to be treated for thromboses in

the arteriovenous graft (Kirkton et al, 2019), and 1/25 patients
(4%) in the study by Sugiura et al. had thrombi in the TEVG
(Sugiura et al, 2018). These patients received anticoagulation
therapy, such as aspirin or warfarin (Sugiura et al, 2018; Kirkton
etal, 2019), which started 2 days after surgery and continued up
to 3-6 months. A study by Hibino et al. (2010) on 25 human
patients also employed the same anticoagulant therapy during
implantation of TEVGs. The TEVG was composed of PGA and
PLCL and was seeded with autologous BM-MNCs. The grafts
measured between 12 and 24 mm and were implanted in the
forms of extracardiac total cavopulmonary connection. After
surgery, 24/25 patients (96%) had no evidence of thrombosis
for 6 months, and 10/25 patients (40%) did not require long-term
medication. This type of anticoagulation therapy has also been
used extensively in animal model research. It should be noted that
no correlation was found between the use of heparin and the
onset of thrombi in the animal model studies investigated in this
review. This fact may be attributed to the lack of information
regarding the use of heparin during surgery in many of these
studies, which made analysis difficult.

When PET or PTFE are used to design artificial vascular grafts,
human patients require the long-term use of warfarin and aspirin
(Giannico et al, 2006; Nakano et al, 2007; Kim et al., 2008). In
contrast, one of the advantages of TEVGs is the fact that they
allow antiplatelet or anticoagulation therapy to be skipped owing
to the creation of autologous tissue (Hibino et al, 2010).
However, the results showed that the use of these therapies to
prevent thrombus formation remains relevant. Further, based on
the animal models results, there is not yet a TEVG design that
presents suitable mechanical and cellular recruitment conditions.
Also, the few studies conducted on human studies showed a high
percentage of thrombi. The use of TEVGs is not advisable in
clinical studies due to tendency for thrombus formation and poor
vascular graft patency.

4.7 Blood-Contacting Surfaces in TEVGs
In addition to all of the above factors, as well as the different materials
used for TEVG design, there are other factors, such as the topography
and architecture of the blood-contacting surface, that have a
significant impact on thrombus formation. The topographic
gradients of the material surface significantly modify the platelet
adhesion and activation (Radke et al, 2018). Those surfaces with a
rough topography cause that platelet are less adherent and activated
with greater difficulty than smooth one (Hulander et al, 2013).
Further, a surface with structured ridges and grooves affects
platelet adhesion, which significantly reduces its thrombogenic
effect (Radke ct al, 2018). Others factors involved in the regulation
of platelet adhesion, spreading, and activation are the mechanical
properties of the surface that comes into contact with the blood. Stiffer
surfaces are more prone to platelet adhesion and spreading (Radke
et al, 2018). All of these factors should be taken into account to
improve the design of TEVGs. However, articles studied in this
systematic review did not indude this information in their
research, so it was not possible to analyze these data.

Moreover, authors had employed different strategies to produce
successful blood-contacting surfaces in TEVGs. One of these strategies
is to incorporate anti-thrombotic cells (ECs, MSCs, or BM-MNCs)
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and use safe cell seeding (dynamic cell seeding), which have a vital role
in avoiding thrombus formation, as previously mentioned. Another
strategy was the use of autologous cells, which avoid immune
rejection. However, this strategy has a number of disadvantages,
such as the need to perform a biopsy, long-term culture period,
cells depend on the patient’s health, and age, among others (Radke
et al, 2018). Finally, the use of heparin was used as strategy to
successfully produce blood-contacting surfaces in TEVGs. As already
indicated, this anticoagulation molecule regulates platelet activity and
enhances biocompatibility (Aslani er al. 2020).

4.8 Futures Perspectives

The field of TEVG research is very extensive, with a wide variety of
materials and techniques used in the development of these grafts.
TEVGs manufacturing technology advances at an exponential pace,
and it is expected that in a few years it will be possible to create
vascular grafts with the same characteristics as native ones. In the
future, more advanced biomaterial fabrication methods will be
developed. These advances will allow the development of scaffolds
with complex architecture and topography that could imitate the
native ECM of the vessel and provide suitable mechanical properties
tailored to clinical needs. In addition, the development of hybrid grafis
now largely emulates the native blood vessel due to the combination of
natural materials and biodegradable polymers, so the safe dinical use
of TEVGs in human patients is getting doser.

Each TEVG analyzed in this systematic review has its own design.
However, there are still many aspeats that should be taken into
account in the future. One of them is that there are a wide variety of
animal models, so future research should be oriented according to the
objective of the study. As mentioned above, each animal model has a
number of limitations. Therefore, it is important to know the different
characteristics of cach animal model to be able to correctly interpret
their results and their possible effects on human patients. In addition,
most studies have been performed in young healthy animals.
Nonetheless, the clinical use of these grafts is usually carried out in
elderly humans, and these patients often suffer from some type of
disease, either renal (TEVGs for hemodialysis) or cardiovascular, in
addition to concomitants disorders. Consequently, the design of
TEVGs tested in a young and healthy animal model may behave
differently in these patients. For this reason, future studies with
experimental models with different pathologies should be induded.

Substantial variability in TEVG implantation time has been
observed, ranging from less than 1h (i et al, 2017) to 3 years
(Kajbafzadeh et al., 2019). Most articles, however, have follow-up
durations in the range between 1 and 6 months. This temporal
analysis is very important because in human studies asymptomatic
complications were diagnosed. Therefore, long-term research is
needed to study all the side effects that these TEVGs could
produce, thus achieving subsequent safe and satisfactory use.
Additionally, patients generally require the use of vascular grafis
immediately. For this reason, studies should be aimed at creating
vascular grafts in a rapid and effective way.

TEVGs emerged as altemative replacement vessels for dinical
applications. Small-diameter vascular grafts hold promise to overcome
the limitations of synthetic grafts. As observed in this review, studies
were mainly focused on the development of small-caliber TEV Gs, but
there is a tendency for thrombus formation and poor vascular graft

patency. However, advances in TEVG fabrication technology may
address these problems in the near future. Flectrospinning showed
very encouraging results, developing grafts with good patency and
mechanical properties very similar or superior to native vessels.
Moreover, it is now possible to 3D print a vascular graft with very
satisfactory properties. Although these technologies are promising, the
correct use of materials remains a challenge, and mechanical
properties and cell recruitment of TEVGs need to be controlled in
order to maintain long-term graft patency. All these issues should be
further addressed to develop safe TEVGs for clinical applications.
Therefore, future studies should be aimed at the development of new
materials or combinations of them, as well as testing emerging
technologies, and study the cell-material interaction to develop a
suitable TEVG.

Finally, it is fundamental that the research should be aimed at
designing TEVGs with similar or equal characteristics to the site
to be replaced. For this purpose, images of the native vessel should
be taken by MRI, computed tomography or any other medical
imaging method that allows the dimensions and characteristics of
the vessel to be replaced to be analyzed.

4.9 Limitations of the Study

This study has a number of limitations. Research on TEVG has
grown exponentially, and a wide variety of results has been
obtained. Therefore, because of the high multiplicity in the
materials and technologies used in the development of these
grafts, considering all studies is challenging. On the other hand,
only three studies in human patients were included in the
review, so it has not been possible to extract significant
results. There is heterogeneity in the protocols and a lack of
information in the results obtained from human patients and
animal models, which hinders the analysis and interpretation of
the data. Finally, the topography, architecture and mechanical
properties of the blood-contacting surface could not be analyzed
due to lack of data.

4.10 Conclusion
Although there is no ideal animal model for TEVG research,
rodent models are the most commonly used animal model.

Continuous progress is currently being made in the
development of TEVGs, and hybrid grafting, and
electrospinning are presented as the most promising

technologies. Nevertheless, the major complication arising
from the use of TEVGs is the occurrence of thrombosis and
the lack of patency, which limits the implementation of TEVGs in
clinical applications. These complications seem to be aggravated
by the use of small-diameter TEVGs and the lack of
anticoagulation therapy. In vive studies are oriented toward
the safety of these devices, pursuing a suitable design, and
further clinical applications.
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ABSTRACT: Silk fibroin (SF) is a biocompatible natural protein with
excellent mechanical characteristics. SF-based biomaterials can be
structured using a of techniq llowing the tuning of materials
for specific biomedical applications. In this study, SF films, porous
membranes, and electrospun membranes were produced using solvent-
casting, salt-leaching, and electrospinning methodologies, respectively. SF-
based materials were subjected to physicochemical and biological
characterizations to determine their suitability for tissue regeneration
applications. Mechanical analysis showed stress—strain curves of brittle
materials in films and porous membranes, while electrospun membranes
featured stress—strain curves typical of ductile materials. All samples
showed similar chemical composition, melting transition, hydrophobic
behavior, and low cytotoxicity levels, regardless of their architecture.
Finally, all of the SF-based materials promote the proliferation of human

High wndathulial groliferatizn

umbilical vein endothelial cells (HUVECs). These findings demonstrate the different relationship between HUVEC behavior and
the SF sample’s topography, which can be taken advantage of for the design of vascular implants.

1. INTRODUCTION

Tissue engineering (TE) aims to develop structures or
scaffolds to regenerate damaged organs or tissues.'” Currently,
there are a wide variety of materials that can be used in TE,
including synthetic and natural polymers. Polyglycolic acid,
poly-i-lactide acid, or polycaprolactones are examples of
synthetic polymers with mechanical properties adequate for
their use in TE applications such as vascular, intestine, bone,
and liver grafts, among others.”* Regarding natural polymers
with potential for TE applications, collagen, chitosan, and
elastin are among the most studied ones. In general terms,
these materials are characterized by good biocompatibility and
low antigenicity and allow good cellular infiltration, but show
poor mechanical properties.”™

A natural polymer with strong potential in the TE field is silk
fibroin (SF). This protein is obtained from the cocoons of the
Bombyx mori silkworm. SF is biocompatible, not immunogenic
in humans,™ and presents piezoelectric properties.” Different
silk fibroin structures have been observed, among which silk 1
and silk II are the dominant ones.” Silk I is a metastable
structure made from hydrophobic polar groups (a-helix), while
silk 1 is formed by f-sheets.” Also, SF presents a crystalline
dimorphism between crystalline units of silk 1 and IL° the
piezoelectric activity of the SF being related to the lack of a
center of symmetry. Further, the C—O—-N—H dipoles of a-
helix and #-sheets are oriented along the longitudinal direction
© 2023 The Authors. Published by
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of the fibers in electrospun SF samples. When a stress is
applied in the thickness direction, dipole movements are
generated, resulting in an electric polarization of the fiber.”'"
Therefore, the alignment of the polymer chains and the dipole
orientation within the fibers provide good electroactive
properties to SE.''

Materials with piezoelectric properties have been employed
in biomedical applications in order to imitate the biophysical
cues characteristic of tissues such as skin, bone, and
tendon.'™"* Consequently, SF has been applied in a wide
variety of areas in the scope of TE, including vascular grafts as
it favors angiogenesis,”” bone tissue regeneration where it
promotes osteogenic differentiation,” and skin tissue regener-
ation due to its ability to promote keratinocyte and fibroblast
attachment,'* among others.

Electric fields are known to modulate the phenotype of
vascular endothelial cells'” and promote neovessel formation in

vivo.'” Furthermore, electric fields can regulate the vascular
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endothelial permeability, an important parameter of tissue
regeneration and wound healing.l-"18 In this way, SF has a
demonstrated ability to induce tissue regeneration, including
endothelial tissue, which helps to yrevent the thrombosis
development during vascular grafting.'”

SE-based biomaterials can be engineered in different ways,
such as solvent-casting, particle-leaching, or electrospinning
processing, among others, that result in structures such as flat
and porous films and electrospun membranes. However, each
of these structured materials displays different morphological,
mechanical, and biological characteristics depending on its
architecture and the methodology employed for its prepara-
tion. These factors are essential for determining the potential
of the structured materials for TE applications and, thus,
should be thoroughly evaluated.”*’

Previous studies have shown that the above-mentioned
material characteristics are important factors in the develop-
ment of structures intended for cardiovascular repair.” In the
present work, SF constructs with different morphologies have
been obtained for cardiovascular repair applications. Therefore,
films, porous membranes, and electrospun membranes with
random and paralle]l fiber orientations were prepared using
solvent-casting, salt-leaching, and electrospinning method-
ologies, respectively. All of these structured materials were
characterized using physicochemical methods, contact angle
measurements, cytotoxicity assessment, cell proliferation, and
degradation testing in order to establish their applicability in
TE.

2. EXPERIMENTAL SECTION

2.1. Materials. Cocoons of Bombyx mori silkworm were provided
by APPACDM from Castelo Branco, Portugal. Calcium chloride
(CaCly), sodium chloride (NaCl), sodium carbonate (Na,CO;), and
formic acid (FA), were acquired from Sigma-Aldrich. Distilled water
was prepared in our laboratory. All chemicals and materials were used
as received.

2.2. Silk Fibroin Solution Preparation. The cocoons from
Bormbyx mori were first cleaned and then cut into pieces of 1 cm®
before being boiled at 80 °C in 0.05 wt % Na,CO, water solution for
60 min in a silk to water ratio (w/v) of 1:40 (i.e., 40 mL of aqueous
Na,COj solution for each 1 g of silk). After that, the resultant solid
fibers of SF were cleaned and rinsed with abundant distilled water,
squeezed out to remove water, and dried overnight (JP Selecta oven,
Model 2000208). Once the SF fibers were totally dried, they were
dissolved in a 0.17 M solution of FA/CaCl, in a 10:1 v/w ratio (10
mL of FA per each gram of SF). The solution was then centrifuged at
7500 rpm for 10 min in order to remove residues and impurities. The
silk solution was placed in an airing chamber at room temperature for
24 h to evaporate the FA. Progressive washing with a distilled water
bath was used in the resulting material to remove the CaCl;. The next
step was drying overnight at room temperature. In a last step, SF was
dissolved in FA in a 10:1 v/w FA:SF ratio to obtain an SF/FA
solution suitable for further sample processing.

2.3. Sample Preparation. Diflerent processing techniques and
corresponding post-treatments were used to obtain different SF-based
structures with tailored architectures and physicochemical properties.

2.3.1. Film Preparation. The SF/FA solution was homogencously
dissolved using a magnetic stirrer. Subsequently, the solution was
placed in a Petri dish, which was left at room temperature for 24 h to
remove the solvent. The obtained fAlms had a thickness of ~40/60

pm.

2.3.2. Porous Membrane Preparation. The salt-leaching method
was used to prepare the porous membranes (PM). Sifted NaCl
particles with an average diameter of ~90 #m were added in a 10:3
w/w (SF/salt) ratio to the previously prepared SF/FA solution.
Energetic stirring was used for 1 h to obtain a homogeneous mixture
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containing dispersed NaCl and dissolved SF. The resulting solution
was poured over glass Petri dishes, placed in an airing chamber at
room temperature, and dried until complete solvent evaporation.
NaCl was then removed from the SF/NaCl samples by washing in a
distilled water bath at room temperature. Several water changes were
applied until the solution showed constant values of electrical
conductivity, indicative that NaCl was completely eliminated. The
obtained PM were finally dried for 24 h in an airing chamber.

2.3.3. Electrospun Randomly Oriented and Oriented Fiber Mats.
The SF solution was collected in a 10 mL single use syringe and
placed in a syringe pump (New Era NE-1000) at a 0.5 mL h™' flow
rate. A blunt steel needle was placed in the syringe, which had an
inner diameter of 500 gm, and electrospinning was performed at 15
kV with a high voltage power supply (Glassman PS/EC30P04). A
grounded 20 X 15 cm rotating drum collector at a speed of 120 rpm
was used to obtain the resulting SF electrospun randomly oriented
(ES-NO) membranes. The collector was placed 15 cm from the
needle. To obtain electrospun oriented (ES-O) membranes, a
grounded rotating drum collector was used rotating at 1500 rpm.

2.4, Sample Characterization. 2.4.1. Physicochemical Charac-
terization. Cross-section and surface images of the silk fibroin
membranes were obtained by scanning electron microscopy (SEM)
using a JEOL JSM-7000F instrument. The images were also used to
evaluate the average pore size and fiber diameter distributions by
image analysis (Image] scvfhnmre).:l

Sample porosity was obtained with a pycnometer by the liquid
displacement method. The pycnometer was flled with ethanol,
weighed, and labeled as W,. The sample with a weight labeled W, was
immersed in the ethanol, and after the sample was saturated, the
volume of the pycnometer was filled by adding additional ethanol.
The system was then weighed and labeled as W;. The sample was
finally taken out of the pycnometer; the weight of the system with
ethanol was labeled W, and the porosity of the sample was calculated
as the average of three values using eq 1

W, - W - W,
Wi— W,

E=

(1)

Ethanol was used as the displacement liquid as it is 2 nonsolvent for
SF membranes, and it can penetrate the pores without inducing
sample degradation, shrinking, or swelling. The values of the porosity
for the different samples were calculated as the average + standard
deviation of § replicates of each type of sample.

A Data Physics OCA20 instrument was used to perform the water
contact angle assays with ultrapure water, following the static sessile
drop method. A water drop was placed on the surface of the sample,
and the contact angle was measured with SCA20 software. The
average contact angle and the corresponding standard deviation were
obtained after measuring at six different positions for each sample and
for three different samples.

For porosity and contact angle assays, the statistical analysis was
performed using GraphPad by Dotmatics, and the results were
analyzed statistically using the t test. Differences are considered
statistically significant when the p-value < 0.05.

Stress—strain mechanical measurements in the tensile mode were
performed. A Shimadzu AD-IS universal testing system with a load
cell of 50 N was used for the assays at a stretching rate of 1 mm min~"
in samples cut in 15 mm long and 10 mm wide rectangles. Average
sample thicknesses for the films, PM, ES-NO membranes, and ES-O
membranes samples were ~106.3, ~274.7, ~103, and ~110 um,
respectively, measured using a Fischer Dualscope MPOR instrument.
ES-O SF membranes were stretched along and at an angle of 90°
regarding the direction of the fibers [ES-O (90°)]. The measurements
of each membrane were performed in triplicate.

Infrared measurements (FTIR) were carried out with an Agilent
4300 apparatus (from 4000 to 650 cm™', after 64 scans with a
resolution of 4 cm ') in the attenuated total reflectance mode (ATR).

The deconvolution of the FTIR spectral region corresponding to
amide 1 was performed with OriginPro 8.1 software (OriginLab,
Northampton, MA), to obtain the relative content of the secondary

hrtpss//doi.org/10.1021/acs biomac 2¢01 124
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Figure 1. SEM images of the silk fibroin membranes: (a) flm, (b) porous membrane (inset: magnification of a pore microstructure), (c)
electrospun randomly oriented fibers (ES-NO), and (d) electrospun oriented fibers (ES-O).

structures present in each sample. This region was fitted by a linear
baseline correction and 15 points with the Savitzky—Golay method.?
The number of components and peak positions identified by the
second derivative were the starting parameters for curve fitting
iteratively (R* > 0.999) with a Gaussian function using the
Levenberg—Marquardt algorithm,l" Caurve fitting was carried out
based on the same set of parameters for all samples in order to achieve
comparable secondary structure assignment. The contribution of each
component to the amide T band was obtained from the relative area of
the bands by integrating the area and normalizing to the total area of
amide L

Differential scanning calorimetry (DSC) studies were carried out in
a Mettler Toledo DSC822e setup at a heating rate of 10 °C min™".
Small pieces of the samples were cut and placed into 40 L aluminum

ans.

2.4.2. Cytotoxicity Assay. Indirect cytotoxicity of the different SF
samples was evaluated using the ISO 10993-S standard method.
Samples were first cut into 1§ cm? pieces and sterilized under
ultraviolet (UV) illumination for 1 h on both sides. Samples were then
washed with sterile phosphate-buffered saline solution (PBS, pH 7.4)
and incubated for 24 h in DMEM in a 24-well tissue culture plate.

Simultaneously, L929 adipose cells were cultured at 37 °C with 5%
CO, using Dulbecco’s modified Eagle's medium (DMEM, Bio-
chrom), containing 4.5 g L' glucose, 10% fetal bovine serum (EBS,
Biochrom), and 1% (v/v) penicillin/streptomycin solution (P/S,
Biochrom), seeded in a 96-well tissue culture plate (5 X 104 cell
mL™"), and were incubated for 24 h to ensure the cell attachment.
The cell culture medium was then removed and replaced with 100 uL
of the culture medium in which materials were incubated. As negative
and positive controls, fresh DMEM and dimethyl sulfoxide (DMSO)
at 20% were used, respectively. Subsequently, cells in the 96-well
culture plate were incubated for 72 h, after which (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophen-
yl)-2H-tetrazolium) (MTS, Promega) was used to quantify the cell
metabolic activity of the cells in each well. Briefly, the cell culture
medium was removed; new medium with the MTS solution (in a 1:5
ratio) was added, and it was incubated for 2 h. Then, a
spectrophotometric plate reader (Biotech Synergy HT) at 490 nm
was allowed to obtain the optical density. Cell viability was obtained
according to eq 2** and was presented as the average and standard
deviation of four replicates.

absorbance of sample

cell viability (%) = x 100

negative control absorbance

(2)

1123

58

2.4.3. Degradation Assays. The degradation of the SF samples was
obtained by measuring the weight loss in PBS at pH 7.4. Samples
were cut in 1 cm® and placed in 12-well tissue culture polystyrene
plates, which were in contact with air or immersed in 3 mL of PBS at
37 °C. The variations of pH and ion concentration were avoided by
exchanging the PBS weekly. Each sample was weighted using a
Sartorius Cubis IT Micro Lab balance and compared with the initial
weight at weeks 1, 2, and 4. For this purpose, at the different time
points, the samples were washed with distilled water and placed in an
oven (JP Selecta, model 2000208) at 37 °C for 6 h for drying prior to
weighing,

2.5. Cell Culture Assays. In vifro assays were carried out in
circular SF samples (films, PM, ES-NO, and ES-O) with a diameter of
13 mm. The samples were sterilized by washing 5 times in PBS IX
solution for S min each and then by exposing to UV light for 2h (1 h
cach side). Finally, the samples were placed in 24-well cell culture

lates.
E HUVECs (human umbilical vein endothelial cells) were grown in a
75 em? cell-culture flask and cultured with endothelial cell growth
medium (Pan Biotech). Incubation took place at 37 °C in humidified
air containing a $% CO; atmosphere. The cell culture medium was
changed every 2 days, and cells were detached with Accutase (GRisp)
when they reached 80—-90% confluence.

For cell proliferation assays, HUVECs were seeded on the samples
at a density of 7500 cells cm™” The drop method was used in order to
allow cell attachment to the different samples. The plates containing
the cells seeded on the samples were incubated at 37 ”C in a saturated
humidity atmosphere (95% air and $% CQ,). The samples were
analyzed by cell viability at specific times.

The evaluation of the cell viability of HUVECs on the developed
materials was analyzed by the MTS assay, carried out after | and 4
days. At these times, the cell/films were transferred to new wells, and
new medium containing MTS solution (1:5 proportion) was added.
The plate was incubated at 37 °C for 3 h, and the absorbance was
measured at 490 nm (Biotech Synergy HT, microplate reader). The
experimental data were obtained from four replicates for each sample
and are provided as mean + standard deviation. All data were
analyzed with GraphPad by Dotmatics and statistically analyzed using
the t test. Differences were considered statistically significant when the
p-value < 0.05.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization. The morphol-
ogy of the SF membranes was determined by SEM imaging

hrps://doi org/10,1021 /acs.biomac.2¢01124
Biomacromolecules 2023, 24, 1121-1130
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Figure 2. (a) Porosity of the silk fibroin (SF) films, porous membranes (PM), randomly oriented electrospun membranes (ES NO), and oriented
electrospun membranes (ES-O). Data are expressed as the mean + standard deviation with n = 5. *p < 0.0001 vs SF film, *p < 0.003, and *p <
0.0001. (b) Respective contact angle. Data are expressed as the mean + standard deviation with # = 6. *p < 0.0001 vs SE ES-NO, ¥p < 0.05, and °p

< 0.0004.

(Figure 1). Bulk films prepared using the solvent casting
method showed a compact and smooth surface with no
apparent fractures or voids (Figure la). This specific
morphology is attributable to the solvent evaporation
conditions during the processing of the films. In order to
ensure slow solvent evaporation and, therefore, avoid
Marangoni instabilities, the solution used for the preparation
of the SF films should have a high solvent content, and the
solvent should be evaporated at room temperature,™ as rapid
solvent evaporation leads to the development of Marangoni
instabilities, which results in a rougher air surface of the film. %

The salt-leaching method was used to manufacture porous
SF membranes. For that, NaCl particles were added to the SF
mixture, resulting in porous scaffolds with an approximate pore
size of 90 um (Figure 1b and corresponding magnification in
the inset). It is worth noting that the salt-leaching method
provides a means to control the pore size of the membranes by
varying the size of the NaCl particles. Nevertheless, structures
with a network of regular interconnected pores are difficult to
obtain with this methodology due the variations in the
dispersion of the NaCl particles. In addition, this techmque
results in irregular and nonreproducible morphologies.”’

Finally, fiber-based SF membranes were produced by
electrospinning. ES-NO and ES-O membranes present a
smooth fiber surface, as well as cylindrical random and
oriented fibers (Figure lc,d). Topographical characterization
reveals an average fiber diameter of 467 + 45 and 448.1 + 37
nm for ES-NO and ES-O, respectively. The difference in fiber
size between ES-NO and ES-O is caused by the stretching
during their collection in the rotating drum.***°

The degree of porosity is above 45% in all samples,
independently of the processing method and sample
morphology, except for the compact films (Figure 2a). The
degree of porosity of porous, ES-NO, and ES-O membranes
was 47.2 + 4.11, 61.7 + 6.18, and 66.1 + 4.29%, respectively.
The lower porosity values of the ES-NO samples with respect
to the oriented ones can be explained by the tighter packing of
the randomly distributed fibers (Figure 1).*” Note that
porosity, morphology, and fiber diameter can be further
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tuned depending on the specific processing garameters,
methodology, and natural variations of silk fibroin.™"

The wettability of the samples was determined by water
contact angle assays. SF is a natural polymer whose surface
wettability varies depending on the topography, surface
chemistry, and surface energy.“ Furthermore, surface wett-
ability is an essential parameter for cell adhesion and
proliferation.*”* Surfaces are considered hydrophobic when
the water contact angle is above 90° and hydrophilic if the
contact angle is below that value.*

The obtained water contact angle values were around 105°
in SF membranes (Figure 2b). However, scaffold structuring
had some impact on surface wettability. Films and porous, ES-
NO, and ES-O membranes showed an average contact angle
value of 104.58 + 1.94, 101.45 + 2.92, 114.87 + 3.34, and
105.52 + 2.77°, respectively. The SF PM presented a slightly
lower contact angle value than the other SF constructs due to
their relatively large pore size, which allows liquid percolation
into the pores. On the other hand, electrospun membranes, in
particular ES-NO membranes, display higher surface roughness
than films, yrhlch is a parameter that strongly affects surface
wettability.”" Nevertheless, variations in terms of compactness,
composition, and crystallinity, as well as surface roughness, are
factors that explain the variations in wettability, once surface
chemistry is the same for all developed structures.”””

The mechanical properties of SF membranes are a key
parameter to be considered in order to obtain safe and durable
biomedical components. Consequently, stress—strain measure-
ments were performed in all SF samples. The mechanical
characteristics of the developed samples are mainly determined
by their morphology and internal structure. In general, the
characteristic stress—strain mechanical curves of SF feature a
linear elastic regime followed by a plastic regime after
yielding. * Materials can show a behavior with differentiated
elastic and plastic zones, or present little or no plastic
deformation, and are named ductile and brittle materials,
respectively. The Young's modulus was calculated by applying
Hooke's law in the linear regime of the curves.”

The prepared SF scaffolds presented different stress—strain
mechanical responses depending on their morphology (Figure

hitps//doi.org/10.1021/acs biomac2c01124
Biomacromolecules 2023, 24, 1121-1130
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3). Further, there were relevant differences in their Young’s
moduli. The films feature the highest Young's modulus of
2246.71 + 58.32 MPa, followed by PM with 553 + 26.17 MPa.
The Young's modulus value in SF films is determined by the
intrinsic characteristics of the material due to their compact
morphology. Films showed an initial elastic deformation
followed by a very short plastic deformation until the final
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rupture, while SF PM did not show plastic deformation. In
other words, films and PM feature stress—strain curves typical
of brittle materials due to the ternary configuration of SF
structures. This material mainly consists of nonordered
amorphous regions (random coils), and a hydrogen-bond
network of f#-structured crystallites (f-sheets). Random coils
provide flexibility and are responsible for the elasticity, while f-

https//doi.org/10.1021/acsbiomac2c01124
Biomacromolecules 2023, 24, 1121-1130
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sheets are related to the strength and rigidity of the material."’
Slow evaporation of the solvent was used during sample
preparation in order to improve polymer cham organization,
which results in a highly crystallized structure. ! Consequently,
SF structures with high p-sheet and low random coil content
were the result of the solvent casting process.”’ Therefore, the
accumulated structural force is maintained by the random coils
at the beginning of the deformation, which causes the
entangled chains to unwind, and results in the elastic regime
of the films and PM. Since the amorphous regions are
completely unfolded, f-sheet nodes support the deformation
and endure the stress until their breakage.”

On the other hand, electrospun membranes feature the
lowest Young's moduli when compared with films and PM. For
the electrospun samples, the highest value of the effective
Young's modulus, 37849 + 17.23 MPa, was obtained for the
electrospun membranes when stretched along the fiber
direction [ES-O (0°)], and the lowest for the ES-O samples
when deformed perpendicular to the fiber orientation (907),
which presented Young's modulus values of 26.71 + 1.88 MPa.
On the other hand, ES-NO samples present an intermediate
Young modulus of 265.63 + 12.11 MPa independently of the
deformation direction.

In fact, it has been shown that the elastic modulus of
electrospun membranes strongly depends on the relative
orientation between the fibers and the stretching direction,
which decreases when the angle between fiber orientation and
strain  direction increases.””~** This is due to fiber
reorientation and pore collapse as fibers are constricted in
the direction of the applied stress.'' All electrospun SF
membranes are characterized by stress—strain curves typical of
a ductile material. This mechanical behavior can be explained
by the variation of the structure of the sample (compaction)
before fiber deformation. The SF electrospun membranes are
characterized by an increase in random structures and a
decrease in fi-sheets due to the fast solvent evaporation rates
during the electrospinning process.” In the same way, results
showed that yield strain and stress of ES-O (0°) are larger than
those of ES-NO and ES-O (90°), as the force is applied along
the fibers in the case of ES-O (0°), while in ES-NO and ES-O
(90°), the applied stress initial effect is the reorientation of the
fibers along the stretching direction. * The electrospinning
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technology causes the SF to have a ductile behavior, increasing
its plastic regime. It is also worth noting that SF exhibits
superior mechanical properties when compared to other
natural materials, such as elastin, resilin, or wool, among
others.”*

FTIR spectra (Figure 4a) of different SF membranes showed
no relevant differences among them, indicating that the
processing methods did not induce chemical changes in SF.
Amide I (which corresponds to C=0 stretching) and IT (N—
H in-plane bending) bands with peaks at 1645 and 1537 cm ™!
are evidenced in the spectra of all samples. The bands
identifying amide II (—N and N—H functionalities) at
around 1235 cm™" are less apparent in ES-O and ES-NO SF
morphologies, which might be related to variations of the
secondary structure or to an increase of the proportion of
random coils to fI-sheet conformations.”" This change can be
attributed to the slower process of solvent evaporation during
the casting process of SF films and PM, which results in
improved polymer chain organization and as a . consequence
the formation of a highly crystallized structure.”

The secondary structure of SF was studied trough an
analysis of the amide I region at 1700—1580 cm™'. This region
corresponds to the most prominent vibrational bands of the
protein backbone, being related with the C=0O stretching
vibration, CCN deformation, out of phase CN stretching
vibration, and NH in-plane bending.*” The amide I
deconvolution was applied to determine the relative amount
of secondary structures, by fitting (hidden) peaks from the
original spectra (Figure 4b, as an example). The disclosed
structures are f-sheets (1703—1697 and 1628—1615 cm™"),
random coils (1655—1628 cm™), a-helices (1662—1656
cm™'), turns (1696—1663 c¢cm™'), and side chains (1615—
1605 cm™").*** Hidden bands corresponding to the five
structures appear in all samples after peak fitting (Figure 4c).

p-sheet conformation is the most abundant in all
morphologies, comprising more than 60% of the total amide
I peak area in films and PM and nearly 35% in ES-O and ES-
NO. As indicated before, this demonstrated that the differ-
ences in the rate of the solvent evaporation process play an
essential role in the crystalline conformation of the different
morphologies. The formic acid used as solvent for the
preparation of the different samples leads to strong interactions
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with SF due to its polar character. Thus, SF self-interactions
are weakened, and therefore, the SF secondary structure
unpacks to random coils. Further, the removal of formic acid
induces the crystallization into f-sheets.””

As expected, the random coil conformation presents an
inverse behavior regarding the presence of f-sheets, being less
represented in the PM ~9.15% and increasing in the O-ES
~33.52%."

Regarding the slight differences in f-sheet conformation
between SF films and PM, the presence of salt leads to an
increase in the f-sheet content with respect to the SF films,
which is ascribed to the interaction of the salt with SF, due to
the ionic character of the former.™

Figure 4d shows the DSC thermograms of the different
samples in the range from 0 to 350 °C. Since no preheating
was carried out, the firsts endothermic peaks around 85 °C are
due to the solvent that remains trapped within the membrane
structures. SF ES-NO and ES-O are characterized by an
endothermic peak around 280 °C due to the degradation of
the crystalline SF structures, in particular the side chains group
amino acid residues and the cleavage of peptide bonds.”™* SF
Films also present an endothermic peak near 280 °C, proving
that the physical structure does not significantly affect the
thermal properties of the material.” ! On the other hand, the SF
PM display an endothermic peak around 300 °C (an increase
of 20 °C compared with the other samples), which is attributed
to the formation of p-sheet conformations during the
continuous diffusion process of the salt particles in ultrapure
water.

3.2. Degradation Assays. To test whether SF material
architecture affects the material degradation rate, the mass loss
was analyzed over time when incubated in PBS at 37 °C. The
results show that SF in the form of electrospun fiber
membranes has a higher rate of degradation than SF films
and SF PM. Furthermore, SF films have a lower rate of
degradation than SF PM (Figure 5b). The greater or lesser
weight loss of the different samples strongly depends on their
surface area, related to the morphology and microstructure.
Electrospun SF membranes consist of porous structures
composed of fibers with large surface areas. On the other
hand, SF films display no porosity, with PBS therefore just
contacting the external part of the sample, which ultimately
results in a slower degradation. Finally, SE PM represent an
intermediate situation. Additionally, previous studies have
demonstrated that the degradation rate increases when the
contact angle decreases.””*"

Although degradation varies among the membranes, results
show a degradation of approximately 5% after 4 weeks in all
structures. Research on rats implanted with SF scaffolds
demonstrated their complete degradation after one year.** The
degradation time of the SF-based structured materials in vivo is
difficult to predict, as it varies depending on the scaffold
architecture, implantation site, and the type and concentration
of enzymes.

3.3. Cytotoxicity Assessment. Low cytotoxicity is key for
the applicability of materials in TE.>® For this reason, 1929
cells derived from adipose tissue were used to determine the
effect of SF-based materials on cell survival (Figure 5a). In the
scope of the ISO standard 10993-5, if the values of cell viability
are higher than 70%, the material is considered to be
noncytotoxic. It is shown that, independently of their
architecture, in indirect contact, all studied materials displayed
cell viability values close to 100%. This result is consistent with
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previous studies that proved the good biocompatibility of SF-
based materials.*’

3.4. Cell Proliferation. The cell proliferation of HUVECs
on the different SF samples was evaluated through MTS assay
(Figure 6).

Proliferation rate (%)

Figure 6. Proliferation rate determined by the MTS assay on
HUVECs seeded on the SF samples after 4 days. The proliferation
rate was calculated regarding the cells growing on the material after 24
h of cell adhesion. Results are reported as mean + standard deviation
with = 4. *p < 0.05, **p < 0.003, ***p < 0.0007, ****p < 0.0002
and **=*%p < 0.0001.

HUVECs proliferate when cultured on all of the different
samples, with the higher proliferation observed on SF films and
the lowest on the SF PM. Since the wettability of all of the SF
samples is similar, the difference observed can be assigned to
the surface topography. Regarding electrospun fibers, HU-
VECs proliferate faster on randomly distributed ones as
compared to on the oriented ones. Previous studies with a
terpolymer based on hexyl methacrylate (HMA), methyl
methacrylate (MMA), and methacrylic acid (MAA) demon-
strated that electrospun membranes can significantly improve
the proliferation of endothelial cells, especially the samples
with a random fiber distribution.>®

These findings show the response of HUVECs on different
SF topographies, which is suitable for the design of vascular
implants.

4. CONCLUSIONS

Silk fibroin is a biocompatible natural protein with excellent
mechanical properties and low immunogenicity in humans,
and is consequently widely used for TE applications. However,
depending on the processing methods used for the preparation
of SF scaffolds and on the resulting architecture, the material
displays different physicochemical and biological properties. In
the present work, SF films, PM, and electrospun membranes
were designed, produced, and subjected to physicochemical
characterization, cytotoxicity estimation, and degradation
analysis. Films and PM are characterized by high f-sheet and
low random coil content due to the slow evaporation of the
solvent, presenting stress—strain curves of brittle materials. In
scaffolds generated by electrospinning, an increase in random
structures and a decrease in f-sheets of SF were observed,
resulting in a stress—strain mechanical response typical of
ductile materials. Independently of the processing method and
sample morphology, there were no relevant chemical differ-
ences among them, with the observed amide I (C=O
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stretching), 11 (N—H in-plane bending), and III (—N and
N—H functionalities) bands. On the other hand, SF
electrospun membranes and films showed similar endothermic
peaks around 280 °C, proving that the physical structure does
not significantly affect the thermal properties of the material.
However, SF PM showed a slightly higher endothermic peak
around 300 °C, likely due to an increased formation of f-sheet
conformations during the diffusion process of the salt particles
in ultrapure water. In relation to surface wettability, all SF
membranes presented a hydrophobic behavior, as electrospun
membranes are slightly more hydrophobic probably due to
their surface roughness. Cytotoxicity and degradation rate are
key factors to determine the applicability of materials intended
for tissue engineering. All SF scaffolds showed low cytotoxicity
regardless of their architecture, demonstrating that SF is well
suited for TE applications. Finally, degradation rate depends
on the design and morphology of the SF structure. With
respect to cell proliferation, all of the produced SF samples
promote the HUVECs proliferation, which is higher on the
films and randomly oriented electrospun membranes. The
results confirm that SF is a suitable candidate to be explored
for cardiovascular applications, based on its intrinsic character-
istics and the possible morphological variations.
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Tissue engineering (TE) aims to develop structures that improve or even replace
the biological functions of tissues and organs. Mechanical properties, physical-
chemical characteristics, biocompatibility, and biological performance of the
materials are essential factors for their applicability in TE. Poly{vinylidene
fluoride) (PVDF) is a thermoplastic polymer that exhibits good mechanical
properties, high biocompatibility and excellent thermal properties. However,
PVYDF structuring, and the corresponding processing methods used for its
preparation are known to significantly influence these characteristics.

In this study, doctor blade, salt-leaching, and electrospinning processing
methods were used to produce PVDF-based structures in the form of films,
porous membranes, and fiber scaffolds, respectively. These PVDF scaffolds
were subjected to a variety of characterizations and analyses, including
physicochemical analysis, contact angle measurement, cytotoxicity
assessment and cell proliferation.

All prepared PVDF scaffolds are characterized by a mechanical response typical
of ductile materials. PVDF films displayed mostly vibration modes for the
a-phase, while the remaining PVDF samples were characterized by a higher
content of electroactive p-phase due the low temperature solvent evaporation
during processing. No significant variations have been observed between the
different PVDF membranes with respect to the melting transition. In adaition, all
analysed PVDF samples present a hydrophobic behavior. On the other hand,
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cytotoxicity assays confirm that cell viability is maintained independently of the
architecture and processing method. Finally, all the PVDF samples promote
human umbilical vein endothelial cells (HUVECs) proliferation, being higher on
the PVDF film and electrospun randomly-oriented membranes. These findings
demonstrated the importance of PVYDF topography on HUVEC behavior, which
can be used for the design of vascular implants.

KEYWORDS

PVDF, films, membranes, electrospinning, tissue engineering, scaffolds

1 Introduction

Properties of the extracellular matrix (ECM) such as porosity,
stiffness and architecture strongly affect cell behavior. Therefore,
there is a need to control these parameters in scaffolds and
materials intended for tissue engineering (TE) applications
(Khorshidi et al, 2015). A large number of materials have
been proposed for the repair of different tissues or organs,
such as cardiac (Weinberger et al, 2017), gastrointestinal
(Penkala and Kim, 2007), vascular (Durdn-Rey et al,, 2021),
nerve (Motamedi et al.,, 2017a), and bone tissues (Fermandes
et al., 2019). Characteristics, such as their mechanical propertics,
biocompatibility and physicochemical characteristics, together
with the biological performance of the scaffolds, are essential to
ensure an optimal cell response.

Active and smart materials are increasingly being
implemented for advanced tissue regeneration strategies, being
piezoelectric materials of particular interest, as they can generate
an electrical potential in response to an applied stress or
mechanical deformation (Motamedi et al. 2017b; Li et al,
2019; Mokhtari et al, 2021). Considering that electric
stimulation has shown great promise for the development of
materials for TE by mimicking the dynamic electroactive
microenvironment of specific cells and tissues (Balint et al.,
2013), the development of scaffolds that combine piezoelectric
properties and topographical cues known to induce specific
cellular responses are of particular interest.

Poly(vinylidene fluoride) (PVDF) (-CH,-CF,-) is a
thermoplastic polymer which is widely used in biomedical
applications (Ahmed et al,, 2014; Fernandes ct al.,, 2019). This
synthetic material shows a number of properties that makes it an
ideal piezoelectric candidate for TE applications, including high
biocompatibility and good mechanical performance (Motamedi
et al,, 2017a; Haddadi et al., 2018; Mokhtari et al., 2021). In
addition, the piezoelectric response of PVDF and copolymers is
the highest among polymer materials (Motamedi et al, 2017b; Li
et al., 2019; Mokhtari et al., 2021).

A wide variety of structured scaffolds based on PVDF have
been developed so far. One of the most widely used
methodologies for the manufacturing of PVDF-based films
on rigid or flexible large-area surfaces, is doctor blade (Ribeiro
etal,, 2018), whichrenders flat films ofhomogenous thickness.
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This PVDF architecture is the most used in sensor and
actuator applications (Seminara et al., 2011). On the other
hand, porous PVDF structures, such as porous membranes,
can be produced by salt-leaching or phase separation methods
(Ribeiro et al., 2018), among others. These structures have
been proposed as candidates for the repair of a number of
tissues, including as vessels, bones, and muscles (Ribeiroet al.,
2018). Finally, PVDF scaffolds using electrospinning
technology are composed of nano- or microfibers with
controlled orientation (Maciel et al., 2017). The effect of
such ECM-like topographies has shown to have a great
impact on cell behavior, and this structuring approach has
been consequently widely proposed for biomedical TE
applications (Li et al,, 2019; Mokhtari et al., 2021).

The physicochemical and biclogical characteristics of PVDF
scaffolds strongly depend on their architecture and preparation
methodology. In addition, studies have identified that these
factors are important for the development of structured
scaffolds for cardiovascular system repair (Durdn-Rey et al,
2021).

Endothelial cells are important constituents of the blood
vessels playing a critical role in the cardiovascular
homeostasis (Sun et al, 2020). Furthermore, when the
biomaterial is implanted, the interaction between the
material and the endothelium, that is the cellular
membrane formed by endothelial cells that line the inside
of the heart and blood vessels, is a key factor that determines
the outcome (Hauser et al,, 2017). In most of the studies, this
interaction has been investigated with human umbilical vein
endothelial cells (HUVECs), that represent a widely used
source of the endothelial cells for in vitro studies (Kocherova
et al, 2019). Previous studies have demonstrated the
importance of surface electric charges and of the
piezoelectric activity of biomaterials on the adhesion of
endothelial cells and on their function (Bouaziz et al,
1997; Hitscherich et al., 2016).

In this context, PVDF-based structures have been developed
by doctor blade, salt-leaching, and electrospinning
methodologies to generate films, porous membranes, and
electrospun scaffolds with random and oriented architectures,
in order to tune their physicochemical properties and
biocompatibility with HUVECs.
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2 Materials and methods
2.1 Materials

Poly(vinylidene fluoride), PVDF, 10/10 powder was obtained
from Solvay (Brussels, Belgium). N,N-dimethylformamide
(DMF) and absolute ethanol were obtained from Merck and
Sodium Chloride (NaCl) was obtained from Sigma. All reagents
and solvents were used as received.

2.2 Sample preparation

Several processing techniques and post-treatment protocols
were employed to produce the different PVDF based structures.

2.2.1 PVDF solution preparation

First, a 10 wt% solution of PVDF powder was dissolved in
DMF under magnetic stirring. A slight heating at 30°C was
applied during the first 30 min of dissolution to speed up the
process and the solution was then allowed to cool under magnetic
stirring until a homogeneous and transparent solution was
obtained, which took no more than 3h. The polymer
concentration was defined in order to obtain a solution
compatible with the processing techniques and conditions in
order to obtain the membranes (Ribeiro et al., 2018).

2.2.2 Films preparation

The PVDF solution was homogeneously distributed by
doctor blade method (~450um spacer) over clean glass
substrates. The samples were then placed in an oven (JP
Selecta, Model 2000208) for 10 min at a temperature of 210°C
for polymer melting and complete remaval of the solvent. Next,
films were removed from the oven and allowed to cool at room
temperature. Samples with an average thickness of ~24.53 pm
were obtained.

2.2.3 Porous membrane preparation

Porous membranes were prepared by a salt-leaching
method. NaCl particles with an approximate size of 2um
were added to the PVDF solution in a proportion of 10:3 (w:
w) PVDF:salt. After a 1 h of energetic stirring, a homogeneous
mixture was obtained. The resulting solution containing the
dispersed NaCl was poured over glass Petri dishes and the
solvent was evaporated at room temperature. The PVDF/NaCl
membranes were then washed by distilled water bath at room
temperature until the washing solution showed constant
electrical conductivity values indicating the completely
of the NaCl Finally, the obtained porous
membranes were placed in an airing chamber and dried for
24 h. Samples with an average thickness of ~252.67 um were
obtained.

removal
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2.2.4 Electrospun fiber mats

The PVDF solution was transferred to 10 ml disposable
syringes fitted with a blunt steel needle with an inner
diameter of 500 pm and placed in a syringe pump (New Fra
NE-1000). Electrospinning was conducted using a high voltage
power supply (Glassman PS/FC30P04) set at 15kV and the
syringe was pumped with a flow rate of 0.5ml h™'. The
resulting  randomly electrospun  PVDF 10/
10 membranes were collected on a grounded 20 x 15cm
static plate collector placed 15cm from the ncedle. The
processed membranes are identified in the following as ES-
NO membranes.

Oriented PVDF membranes were obtained after a process
similar to the one described above, except for the use of a
grounded rotating drum collector, which was set at a speed of
1,500 rpm. The processed membranes are identified as ES-O
membranes. Samples with an average thickness of ~137.5 pum and
~26.53 um were obtained for the randomly oriented and oriented
samples, respectively.

oriented

2.3 Sample characterization

2.3.1 Physicochemical characterization

Scanning electron microscope (SEM) JEOL JSM-7000F was
used to obtain the surface and cross section morphalogies of the
PVDF membranes. From these images, the pore size and fiber
diameter distributions were determined using the software
Image] (Brito-Pereira et al,, 2018).

Pycnometer was used to measure the porosity of the samples
by liquid displacement. The pycnometer was filled with ethanol,
the weight was measured and labelled as W,. The sample, which
weight was (Ws), was immersed in ethanol. Once the sample was
saturated, additional ethanol was added to completely fill the
volume of the pycnometer, and the system was weighed (W,).
Finally, the sample was taken out of the pycnometer. W was the
weight of the system with ethanol. The porosity of the sample was
obtained as the average of three values according to Eq. 1 (Brito
Pereira et al., 2022);

W, -W, -W;

T )

£=

Absolute ethanol is a non-sclvent for PVDF, so it was used as
displacement liquid since it can penetrate the pores without
inducing swelling, shrinking or sample degradation.

The wettability of the samples was evaluated with an
OCA20 instrument by the static sessile drop method with
ultrapure water. For that, a water drop was placed onto the
surface of the samples and the SCA20 software was used to
measure the contact angle. The mean contact angle and standard
deviation were calculated from the measurement at six different
positions for each sample.
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The different PVDF structures were subjected to stress-stress
measurements using a Shimadzu AD-IS universal testing set up
with a load cell of 50 N. The dimensions of the samples were
15 mm long and 10 mm wide. Average sample thickness for the
samples, as measured using a Fischer Dualscope MPOR were
~24.53 pm (films), ~252 67 pm (porous membranes), ~137.5 ym
(electrospun randomly oriented scaffolds), and ~26.53 um
(electrospun oriented scaffolds). Samples were stretched at a
rate of 5 mm/min™' for films and 1 mm/min™" for the remaining
scaffolds. Three samples of each structure of PVDF were used to
perform the measurements, and the ES-O PVDF membranes
were stretched along and in 90" regarding the direction of the
fibers [ES-O (90%)].

Infrared measurements (FTIR) and differential scanning
calorimetry (DSC) were also performed to evaluate polymer
phase and thermal behaviour and degree of crystallinity,
respectively. FTIR was performed using a Jasco FT/IR 4100
(Agilent 4300) system in attenuated total reflectance mode
(ATR) from 4000 to 650 cm™. A resolution of 4cm™ was
used to obtain FTIR spectra after 64 scans. The 763 and
840 cm™ absorption bands are attributed to a and P phases of
PVDF, respectively (Martins et al., 2014). The p phase content of
the produced samples was calculated according Eq. 2.

Ap

—(K,/K.)A, e % 100

E(p)= 2

where, F(p) is the 8 phase content; A, and Ag the absorbance at
763 and 840cm™ respectively; K, and Kz the adsorption
coeffidients at the respective wavenumber, with values of 6.1 x
10* and 7.7 x 10" cm® mol™, respectively (Martins et al,, 2014).
Differential scanning calorimetry (DSC) studies were
performed in a Mettler Toledo DSC822e apparatus using a
heating rate of 10°C.min"'. The samples were cut into small
pieces and placed into 40 pL aluminum pans. Through the
obtained thermograms, the degree of crystallinity (xc) was
determined by Eq. 3 (Maciel et al, 2017):
AH;

XN pai

x 100 3)
where, according to FTIR- ATR measurements, x and y are the
fraction of a and P phases of PVDF, respectively. AH; is the
melting enthalpy of the samples and AH, (93.04 ] g™') and
AHg (103.4] g™') are the melting enthalpies of the a and p
phases of a 100% crystalline ssmple of PVDF (Benz and Euler,
2003).

2.3.2 Cytotoxicity assay

The ISO 10993-5 standard test was used to evaluate the
indirect cytotoxicity of the different samples, For this purpose,
L929 adipose cells were cultured in 75 cm” cell culture flask in a
humidified environment at 37°C with 5% CO,, using Dulbecco’s
modified Eagle’s medium (DMEM, Biochrom), with 4.5 g.L™
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glucose, 10% fetal bovine serum (FBS, Biochrom) and 1% (v/v)
penicillin/streptomycin solution (P/S, Biochrom).

Before the assay. the samples were cut in 1.5cm* and
sterilized using ultraviolet radiation for 1h on each side. After
that, samples were washed with sterile phosphate-buffered saline
solution (PBS, pH 74).

After sterilization, samples were incubated in DMEM in a 24-
well tissue culture plate for 24 h. Simultaneously, 5 x 10* cell/mL
cells were seeded in a 96-well plate and allowed to adhere for
24 h. After that, the culture medium in the 96-well culture plate
was removed and replaced with 100 pL of the culture medium,
which was in contact with the PVDF samples. As positive control
dimethylsulfoxide (DMSO) at 20% and a negative control (fresh
DMEM) were used. After 72 h (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium)
(MTS, Promega) was used to quantify cell survival. Briefly, the
culture medium was replaced with fresh medium containing
MTS solution in a 1:5 ratio and cells were incubated for 2 h. After
that, a spectrophotometric plate reader (Biotech Synergy HT) at
490 nmwas used to measure the optical density. The cell viability
was calculated according to Eq. 4 (Fernandes et al,, 2019):

absorbanceof sample

cell viability (%) = negative control absorbance <

100

(4

2.4 Cell culture assays

For the in vifro assays, PVDF samples (films, porous
membrane, ES-NO and ES-O) were cut into circular shapes
with 13 mm of diameter. For sterilization, the samples were
washed 5 times in PBS Ix sclution for 5min each.
Subsequently, the samples were exposed to ultraviolet (UV)
light for 2 h (1 h each side). Finally, 24-well cell culture plates
were used to place the samples.

Human Umbilical Vein Endothelial Cells (HUVEC's cells,
ATCC) were grown in 75 cm® cell-culture flask and cultured with
endothelial cell growth medium (Pan Biotech). A humidified air
containing 5% CO, atmosphere was used to incubate the flask at
37°C. The culture medium was changed every 2 days. Accutase
(Grisp) was used to detach the cells when they reached 80%-90%
confluence.

For proliferation tests, HUVEC's cells were seeded on the
different samples at a density of 7,500 cells. cm™, The drop
method was used to allow the cell attachment on the different
samples. Samples were incubated at 37°C in a saturated humidity
atmosphere containing 95% air and 5% CO». Afterselected times,
cell viability and immunofluorescence microscopy were used to
analyse the samples.

For the proliferation assays, the MTS assay was used to
evaluate the cell viability of HUVEC’s on the different
materials. This method can be used as indirect assay to
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FIGURE 1
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Representative SEM images of the processed PVDF structures, namely: (A) films, (B) porous scaffold, (C) electrospun randomly-oriented fibers,

and (D) electrospun orientad fibers

evaluate cell proliferation, according to the increase of cell
viability. The MTS assay was carried out after 1 and 4 days.
At these time points, the cell/films were transferred to new wells
and fresh medium containing MTS sclution (1:5 proportion of
medium) was added. The plate was incubated at 37°C for 3 h.
Finally, a microplate reader (Biotech Synergy HT) was used to
measure the absorbance at 490 nm. Experimental data were
obtained from four replicates of each sample. Results were
expressed as mean + standard deviation. All quantitative data
were analyzed using GraphPad by Dotmatics. The results were
analyzed statistically using the t-test. Differences were considered
statistically significant when p-value < 0.01.

After 4 days, fluorescent labelling was used to staining the
actin and nucleus of the cells in the different samples. For that,
the medium from each well was removed, the samples were
washed with PBS Ix and fixed with 4% formaldehyde for
10 min at 37°C ina 5% CO, incubator. After fixation, PBS 1x
(three times) was used to wash the samples, and they were
permeabilized with 0.1% Triton X-100 for 10 min at room
temperature. After that, all samples were incubated for 45 min
at room temperature 0.1ug of
Phalloidin-Tetramethylrhodamine B isothiocyanate
(TRITC, Sigma-Aldrich). Then, 1pg ml™ of DAPI (Sigma-
Aldrich) was used to incubate the samples for 5min.

in ml!

Afterwards, the samples were washed again with distilled
water (two times)., Finally, fluorescence microscopy

Frontiers in Bioengineering and Biotechnology

05

71

(Olympus BX51 Microscope) was used to visualise the
samples.

3 Results and discussion
3.1 Physicochemical characterization

[n order to verify the morphology of the PVDF membranes
after processing, representative SEM images of the PVDF
membranes were obtained (Figure 1). From these images, the
main pore size and fiber diameter distributions were determined
using the image analysis software Image].

The images reveal the different characteristics ofeach PVDF-
based structure. First, PVDF films produced by doctor blade lack
porosity, while PVDF membranes prepared by salt-leaching
method are characterized by pores of approximately 2 um. It
is to notice that the used methodology allows the control of the
pore size by tuning the size of the NaCl particles added to the
mixture. However, structures manufactured with salt-leaching do
not present an interconnected network of pores, and frequently
show irregular and non-reproducible architectures (Cardoso
et al, 2015; Ribeiro et al, 2018). Finally, fibrous PVDF
scaffolds with randomly distributed (ES-NO) and oriented
fibers (ES-O) produced by electrospinning contained average
fiber widths of 634.7 + 31 and 598.1 + 27 nm, respectively. These
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FIGURE 2

(A) Porosimetry results of the PVDF film, porous membrane (PM), electrospun randomly-oriented membranes (ES-NO) and electrospun
oriented memoranes (ES-O) (B) Representative contact angle cf the PVDF film, PM, ES-NO and ES-O

results are consistent with previously published data of PVDF
electrospun scaffolds ( Brito- Pereim et al., 2021). The fact that ES-
O scaffolds had a smaller average fiber diameter than ES-NO
scaffolds can be attributed to the stretching of the oriented fibers
during their collection in the rotating drum (Ribeiro et al, 2010).

Independently of the processing method and porous
membrane architecture, the mean degree of porosity was
above 50% (Figure 2A). Porosity values of 63.51% + 7.45%,
51.9% + 5.8%, and 62.3% + 6.89% were calculated for porous
membranes, ES-NO, and ES-O scaffolds, respectively.
Nevertheless, the degree of porosity, as well as pore structure
and fiber widths, can be further tune according to the selected
processing parameters and methodology (Bhardwaj and Kundu,
2010; Ribeiro et al., 2010; Ribeiro et al., 2018).

Wettability is a key parameter affecting cell adhesion,
proliferation and differentiation (Razafiarison et al, 2018;
Kitsara et al,, 2019). The water contact angle of the
processed films, porous scaffolds, ES-NO and ES-O
membranes were 111.98 + 4.12°, 9499 + 1.43°, 11501 +
4.68°, and 112.19 = 3.90°, respectively (Figure 2B). Note
that hydrophobic surfaces show water contact angles higher
than 90°, while values below 90° correspond to hydrophilic
surfaces. In turn, materials with water contact angle values
above 150 and below 10" are termed superhydrophobic and
superhydrophilic, respectively (Otitoju et al, 2017).
Therefore, all PVDF membranes showed a hydrophobic
behavior, though slight differences in the surface wettability
are observed depending on the topography of the membranes.
Electrospun membranes show a more hydrophobic behavior
than other membrane structures (Ahmed et al, 2014
et al, 2018). In particular, PVDF porous
membranes show a relatively large pore size, which causes

Szewczyk

the liquid to percolate into the pores and, therefore, slightly
lowers the contact angle value (Szewczyk et al, 2018).
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The
applications are particularly relevant for the development of
safe and durable solutions. Although the PVDF structures are
composed of the same material, their mechanical stability varies
depending on the geometry and manufacturing methodology.

mechanical properties of biomaterials for TE

Therefore, stress-strain measurements were performed in all
PVDF samples. PVDF is a thermoplastic elastomer which
characteristic stress-strain mechanical response (Figure 3)
feature a first linear elastic regime, where the structure returns
to its original shape when stress ceases, followed by a plastic
regime after yielding, where the material does not recover its
original shape. undergoing permanent deformation. Finally, the
rupture stress-strain is reached if the sample is stretched further.
On the other hand, materials can be divided mainly into ductile,
which have a typical elastic and plastic zone that is perfectly
differentiated, and brittle materials, which typically present little
or no plastic deformation. Hooke’s law is applied to calculate the
Young's modulus from the linear regime of the curves (Brito-
Pereira et al., 2021).

All analyzed PVDF structures feature stress-strain curves
characteristic of ductile materials (Figure 3A). However, there are
significant differences in the Young’s moduli and in the
mechanical properties of the materials depending on the
architecture of the structures (Figure 3B).

PVDF films are stiff with a flat and dense morphology and
characterized by a Young’s modulus higher than the PVDF
porous membranes (Cardoso et al, 2015), being 279.22 *
13.27 and 83.01 £ 2.52 MPa, respectively. On the other hand,
mechanical analysis of films and porous membranes showed a
maximum elongation of approximately 24% and 18%,
respectively, which correspond to their rupture stress-strain,
Films have generally higher stress-strain values than porous
membranes, as the mechanical response of the latter is first
determined by the deformation of the porous structure.
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Furthermore, stress-strain values of porous membranes have a
higher variability due to the random distribution of the pores
(Cardoso ¢t al,, 2015).

Regarding the electrospun membranes, samples deformed
along the main fiber direction (ES-O (0°)) showed a higher value
of the effective Young’s modulus (214.77 + 8.64 MPa), followed
by ES-NO (10273 + 5.39 MPa) and ES-O (90°) (3116
2.26 MPa), respectively. These results are consistent with
previous studies, where the Young’s modulus decreases with
increasing angle between fiber orientation and strain direction
(Heo et al,, 2011; Wang et al., 2014; Maciel et al, 2017). This is
due to fiber reorientation and collapsing of paores as fibers are
recruited toward the direction of applied strain (Heo et al, 2011).

+

L

On the contrary, electrospun membranes showed an elongation
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larger than 28%. Previous studies indicated that the elongation at
break of electrospun PVDF membranes could reach 142%,
displaying good ductility (Cai et al., 2019). [n fact, ES-O (0°)
showed a yield strain and stress larger than ES-NO and ES-O
(90°). This is because the stress is applied mostly along the fiber
direction in the case of ES-O (0°), while in ES-NO and ES-O (90°)
the stress is first devoted to the reorientation of the fibers along
the stretching direction (Maciel et al, 2017). In this way, the
mechanical properties of the material are dependent on the
orientation of the fibers and, therefore, can be adjusted to the
specific biomedical application.

Further, FTIR analysis show that the processing method used
to generate PVDF structures has a great influence on the
crystalline phase of the scaffolds (Figure 4A). PVDF films
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TABLE 1 p-Phase content, melting temperature and degree of
crystallinity of the produced PVDF samples, as obtained from FTIR
and DSC respectively.

B phase content Ta CC) X, (%)
PVDF Film 63 £ 0.1 1357 £ 3.5 491 £21
PVDF PM 990+ 08 138,8 + 4.0 38714
PVDF ES-NO 900+ 18 1387 £ 4.1 S13+36
PVDF ES-O BRI+ 16 1389 37 504 £25

processed at high temperatures display higher content of a-phase
(762, 796 and 975 cm™'), as the processing temperature is one of
the key factors determining the crystalline structure of the
polymer (Ribeiro et al, 2010). On the other hand, when
processed at room temperature, structured PYDF (porous, ES-
NO and ES-O) are characterized by having a higher content of
electroactive f-phase (840 cm'). Table | summarizes the
electroactive f-phase content of the different samples,
calculated after Eq. 2, showing that the samples processed at
room temperatures show an electroactive -phase content above
88%, whereas for the films obtained after high temperature
processing it is reduced below 7%.

=
S’

40
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Publicaciones Cientificas — Bloque Il

10.3389/ive.2022.1044667

DSC measurements were performed in all membranes
(Figure 4B) and just slight variation are observed in the
melting transition (T,4), which occurs at 135.7 + 3.5°C for
PVDEF films and 138.8 + 4.0°C for the remaining membranes.
The different is fully attributed to the crystallization
conditions: whereas the films are processes from the melt,
the membranes are the final result of a solvent evaporation
process. The melting enthalpy obtained from the area
underneath the melting peak of each thermogram, and the
degree of crystallinity were calculated after Eq. 3, resulting in
49.1% + 2.1% for films, 38.7% + 1.4% for porous membranes,
51.3% + 3.6% for randomly oriented fibers and 50.4% + 2.5%
for oriented fibers (Table 1),

It can be concluded that the degree of crystallinity slight
differs for all different membranes with 2 mean value between
40% and 55%, which is typical for PVDF membranes and that the
decrease of the B phase content of the films does not induces
significant changes the degree of crystallinity (Ribeiro et al,
2010). Thus, the variations of the mechanical properties are
just attributed to the different morphological features of the
PVDF membranes and not in differences in the degree of
crystallinity, which agrees with the literature (Brito-Pereira
et al, 2021).

FVOT Fim

b) 100
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90 - - PVOF E3
504

704

60 4
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FIGURE 5
(A) Cell viability of control L929 cells, in contact with th
oriented membranes [E5-NO!

are expressed as mean + standard devation, n = 4

traction media of PVDF films. porous membrane (PM), electrospun randomly
and electrospun oriented membranes (ES-O) (relative metabolic activity was presented as the percentage
negative control with n = 4 4 standard deviaticn). (B) Proliferation rate detemmined using the MTS assay on HUVEC's calls seeded on the dif
PVDF samplesafter 4 days. The proliferation rate calculated regard ng the cells growing on the material after 24 h of cell adh
#p < 0.002 and *p < 0.0001 (C) HUVEC's cells after 4 days of cell culture on PVDF films

on. Results

Frontiers in Bioengineering and Biotechnology

08

74

frontiersin org



Durén-Rey et al

3.2 Cytotoxicity assay

Low cytotoxicity is essential for biomaterials for TE
applications. PVDF has been used as a scaffold for different
TE applications (Motamedi et al., 2017a; Ribeiro et al., 2018b;
Fernandes et al.,, 2019). Nevertheless, since different processing
techniques were used and in order to prove that they did not
affect the toxicity of the produced samples, an indirect
cytotoxicity assay was carried out. For this reason, analysis of
indirect toxicity using L929 adipose cells was used to assess the
cytotoxicity of all generated structures (Figure 5A). According to
the ISO 10993-5, when the cell viability suffers a reduction larger
than 30%, the samples are considered cytotoxic. All PVDF
morphologies showed cell viability values close to 100%,
independently of their architecture and processing conditions,
which is in concordance with previous studies (Ribeiro et al.,
2018c).

3.3 Cell proliferation

HUVEC cell viability after incubation with extraction
media, and proliferation after seeding on the different PVDF
samples were evaluated through MTS assay (Figure 5B).

None of the generated PVDF scaffolds did show toxicity in
indirect culture conditions (Figure 5A). In addition, when seeded
on the structured materials HUVEC cells did proliferate, being
the highest proliferation ratios observed in cells seeded on PVDF
films and ES-NO membranes.

Fiber diameter and porosity affect cell adhesion,
ingrowth and proliferation, and for that reason, these are
parameters must be carefully considered for the production
of materials for tissue engineering applications. Previous
studies have demonstrated an increase in the initial
attachment of endothelial cells on fibers with lower fiber
diameters (Bergmeister et al., 2013). In our experiments,
scaffolds of PVDF randomly and oriented fibers display
similar fiber diameter and porosity, so the differences
observed on HUVECs proliferation are most likely
caused by fiber orientation. Nevertheless, the specific
response to fibrous topographies has been shown to be
highly affected by the composition of the fibers and
environmental factors (Veleva et al, 2009; Cui et al,
2017; Yu et al., 2020).

In order to evaluate the cytoskeleton morphology of the cells
and to verify cell viability, immunofluorescence tests were also
performed in the films (Figure 5C), It is shown that all PVDF
samples promote the formation of HUVEC monolayers
composed of well-spread cells.

Overall, it is demonstrated that the electroactive PVDF
based scaffolds with different morphologies can be used for
HUVECs cell culture, allowing the further design of vascular
implants,
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4 Conclusion

PVDF is a thermoplastic electroactive polymer which is
widely used in TE applications. [t has been shown that, when
structured, PVDF displays different characteristics depending on
the architecture of the scaffold and processing methodology.
Thus, PVDF has been processed in the form films, porous and
electrospun membranes. It is shown that all PVDF membranes
feature stress-strain curves typical of a ductile material. However,
films and porous membranes present a maximum elongation of
approximately 24% and 18%, respectively, while electrospun
membranes show an elongation greater than 28%. The
crystalline phases of the PVDF samples is affected by the
processing method, where PVDF films mainly crystallize in
the non-polar a-phase, while the remaining PVDF membranes
are characterized by having high electroactive 8-phase contents,
The processing temperature is one of the key factors that affect
the crystalline structure of PVDF, as PVDF film that was
processed at high temperatures, and the remaining PVDF
membranes (porous and electrospun membranes) were
processed at room temperature. Despite the methodology
employed for the design of PYDF membranes, no significant
variation was observed in the melting transition, and all PVDF
showed hydrophobic behavior. However, surface wettability is
affected by the morphology of the PVDF membrane, having a
higher hydrophobic behavior the electrospun membranes due to
its surface roughness. Finally, cytotoxicity assay proved that,
independently of the topography, PVDF maintained high levels
of cell viability, and promoted HUVEC cell proliferation, being
this higher on the film and electrospun randomly-oriented
membranes. All these material characteristics should be taken
into account when designing a PVDF membrane for TE
applications, including but not limited to cardiovascular
system. The results demonstrate that PVDF is a promising
candidate to be used for cardiovascular applications.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding author,

Author contributions

DD-R and RB-P: Conceptualization, writing—original draft
and methodology; CR, SR, II, and US: Writing—cell culture
assays; DD-R, RB-P, and J$-M: Investigation, formal analysis;
VC, US, SL-M, and FS-M: Writing—review and; Editing; SL-M
and FS-M: Supervision and funding acquisition. The manuscript
was written through contributions of all authors. All authors have
given approval to the final version of the manuscript.

frontiersin.org



Duran-Rey et al

Funding

This work has been partially funded by the Junta de
Extremadura (Spain), the Spanish Ministry of Science and
Innovation, the European Social Fund, the European Regional
Development Fund, and the European Next Generation Funds
(Grant Numbers PD18077, TA18023, and GR21201). The
authors also thanks to Portuguese Foundation for Science
and Technology (FCT) for financial support under grants
SFRH/BD/140698/2018 (RP), 2020.04163. CEECIND (CR).
The also authors acknowledge funding by Spanish State
Research Agency (AEI) and the European Regional
Development Fund (ERFD) through the project PID 2019-
106099RB-C43/AEI/10.13039/501100011033 and from the
Basque Government Industry Departments under the
ELKARTEK program.

References

Ahmed, F., Duﬁa. N. K. Zannettino, A., Vandyke, K. I, and Choudhury. N. R.
(2014). E ction b bone marrow derived endothelial cells and
electrospun surfaces for artificial vascular graft appliations, Biomacromolecules 15,
1276~1287. dot10.1021/bm401825c

Balint, R, Cassidy, N. ], and Cartmell, S. H. (2013). Eledrical stimulation: A
novel tool fortissue engineering, Tissue Eng. Part B Rev. 19,48-57 dai:10.1089 /ten.
TEB2012.0183

Benz, M, and Edler, W. B. (2003). Detarmination of the aystalline phases of
poly(vinylidene fluoride) under different preparation conditions using differential
scanning calorimetry and infrared spectroscopy. J. Appl. Polym. Sci. 89, 1093-1100.
doi:10.1002/app. 12267

Bergmeister, H., Schreiber, C., Grasl, C., Walker, L, Plasenzotti, R,, Stoiber,
M, et al. (2013). Healing characteristics of electrospun‘ro lyurethane grafis
with various porosities. Acta Biomater. 9, 6032-6040. 10. 1016/).adblo
2012.12.009

Bhardwa, N, and Kundu, S. C. (2010) Electrospinning A fascinating fiber
fabrication technique. Biotechnol. Adv. 28, 325-347. d0i:10.1016/j.biotechadv.2010.
01,004

Bouaziz, A, Richert, A, and Caprami, A. (1997). Vasaular endothelial cell
responses to different elecrically charged poly(vinylidene fluoride) supports
under static and oscllating flow conditions. Biematerials 18, 107-112. doi10.
1016/80142-9612(96)001 14-7

Brito-Pereira, R, Correia, D. M., Ribeiro, C, Francesko, A., Etxebarria, 1, Pérez-
Alvarez, L., et al. (2018). Silk fibmin-magnetic hybrid composite dectrospun fibers
for tissuc engincering applications. Compos. Part B Eng. 141, 70-75. doi:10.1016/j.
compositesb.2017.12.046

Brito-Pereira, R, Macedo, A. S, Ribeiro, C, Cardoso, V. F, and Lanceros-
Méndez, S. (2022). Natural based reusable materials formicrofiuidic substrates: The
silk road towards sustainable portable analytical systems. Appl Mat. Today 28,
101507, dok:10.101&/Japmt.2022.101507

Brito-Pereira, R, Macedo, A. S, Tubio, C. R, Lancaros-Méndez, S, and Cardoso,
V. E. (2021). Fluorinated polymer m as advanced for portable
Analytical systems and their proof of cancept for colorimetric bicassays. ACS Appl.
Mat. Interfaces 13, 18065-18076. doi:10.1021/acsami.1c00227

Cai, M., He, H., Zhang, X,, Yan, X, Li,]., Chen, F, ctal. (2019). Efficient synthesis
of PVDF/PI side-by-side bicomponent nancfiber membrane with enhanced
mechanical strength and good themmal stability. Nanomater. (Baszl) 9. 39.
doi:10.3390/nan 09010039

Cardoso, V. F., Lopes, A. C,, Botelo, G, and Lanceros-Méndez, S. (2015).

Poly(vinylidene fluoride-triflucroethylene) porous fims: Tailoring microstructure

physical properties by solvent casting strategies. Soft Mat. 13, 243-253. dot:10.
1080/1539445X.2015.1083444

Cui, L., Li, ], Long, Y., Hu, M., Li, ], Lei, Z, et al. (2017). Vascularization of LBL
structured nanofibrous matrices with endothdial cells for tissue regeneration. RSC
Adv. 7, 11462-11477. doi:10.1039/c6ra26931a

Frontiers in Bioangineering and Biotechnology

76

Publicaciones Cientificas — Bloque Il

10.3389/Mloe.2022.1044667

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or daim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

Duran-Rey, D, Criséstoma, V., Sinchez- Margallo.l A, and Sinchez-Margallo,
F. M. (2021). Sy ic review of tis: d vascular grafts. Front. Bioeng.
Biotedhmol. 9, 771400. doi: 10.3389/ﬂ>|0e.2021.7714w

Femandes, M. M,, Cormreia, D. M., Ribelro, C., Castro, N Ourren. V., and
Lancercs-Mendez, S. (2019). Bioinspired three-di yactive
scaffdds for bone tissue engineering ACS Appl Mat. Intnﬁns 11,
45265-45275. doi;10.1021 facsami9b14001

Haddadi, . A., Ghaderi, S. ,Ammn,M and Ramazani, 5. A. A (2018). Mechanical
and piezoelectric charac of electrospun PV DF-nanosilica fibrous
scaffolds for biomedical applications. Mater. Today Proc. 5, 15710-15716. Part
3. doi:10.1016/j.matpr.2018.04.182

Hauser, S, Jung, F,, and Pietzsch, . (2017). Human endothelial cell models in
biomaterial research. Trends Biotechnol 35, 265-277. doi:10.1016/.tibtech.2016.
09.007

Heo. S. .. Nerurkar, N. L. Baker, B. M., Shin. 1. W., Ellictt, D. M., and Mauck. R.
L. (2011). Fiber stretch and reorientation modulates mesenchymal stem cell
morphology and  fibrous  gene  expression  on  oriented  nanofibrous
microenvironments. Ann. Biomed. Eng. 39, 2780-2790. do:10.1007/s10439-011-
0365.7

Hitscherich, P, Wn, S, Gordan, R, Xie, L. H., Arinzeh, T, and Lee, E. J. (2016)
The cffect of PVDP-TrPE scaffolds on stem cdll derived cardiovascular cells,
Biotechnol. Bioeng. 113, 1577-1585. doi:10.1002/0it.25918

Khorshidi S, Sclouk, A., Mirzadeh, H., Mazinani, S., Lagaror, J. M., Sharifi, S.,
et al. (2015). A review of key challenges of eectrospun scaffolds for tissue-
engincering applications. ] Tissue Eng. Regen. Med. 4, 524-531. doi:10.1002/
term. 1978

Kitsara, M., Blanquer, A., Murillo, G, Humblot, V., Vizira, S. B, Nogués, C., etal
(2019). Pemxanently hydrophilic, plaoelectnt PVDF nanofibrous scaffolds
alecticinbchaical it on blasts. N I 11,

8906—8917 doi:10.1039/¢8nr10384d

Kocherova, [, Bryja, A, Mozdzak, P., Volponi, A. A, Dyszkiewicz-Konwinska,
M., Piotrowska-Kempisty, H., et al. (2019). Human umbilical vein endcthelial cells
(HUVECS) co-culture with osteagenic cells: From molecular communication to
cngincering prevascularised bone grafts. ], Clin. Med 8, 1602. doi:10.3390/
JamB 101602

1i, Y., Liao, C.,and Tjong,S. C. (2019). Electrospun polyvinylidene fluoride-based
fibrous scaffolds with piezoelectric characteristics for hone and neural tissue
engineering, Nanomater. (Basel). 9,952, doi:10.3390/nano9070952

Maciel, M. M., Ribeiro, §., Ribeiro, C., Francesko, A., Maceiras, A.,Vilas, J. L,,etal.
(2017). Relation btetween fiber orientation and mechanical properties of nano-
engineered poly(vinylidene fluoride) electrospun composite fiber mats. Compos.
Part B Eng. 139, 146-154. doi:10.1016/j.compositesb 2017.11.065

Martins, P., Lopes, A. C., and Lanceros-Mendez, S. (2014). Electroactive phases of
poly(vinylidene fluoride): Determination, processing and applications. Frog. Polym.
Sci. 39, 683-706. doi10.1016/j.progpolymsci2013.07.006

frontiersin.org



Duran-Rey =tal

Mokhtari, F, Azimi, B, Qabl'u M., H’nhernlha. S, and D'mh S. (2021) Pecenl
advances of polymer-based piczock for b di
J. Mech. Behav. Biomed. Mat. 122, 104669. (bl.lo 1016/).jmbbm.202 1. 104669

i, A. S., Mirzad eh, H, Haji ilbalgi, F,, Bagherl-Khoulenfani, S, and
Shokrgozar, M. A. (2017a). Piezoelectric electrospun nanocomposite comprising
Au NPs/PVDF for nerve tissue engineering, J. Biomed. Mat. Res. A 105, 19841993,
doi:10.1002/jbm.a 36050

Motamedi, A. S., Mirzadeh, H, Hajiesmaeilbaigi, F., Bagheri-Khoulenjani, S, and
Sho! . M. A (2017b). Piczoclectric clectrospun nanocomposite comprising
Au NPs/PVDF for nerve tissue engineering. /. Biomed. Mat. Res. A 7, 1984-1993,
doi:10.1002/jbm.a 36050

Ofitoju, T. A, Ahmad, A. L, and Ooi, B. S, (2017). Superhydrophilic
(superwetting) surfaces: A review on fabrication and application. J. Ind. Fng
Chem. 47, 19-40. doi:10.1016/}.jicc.2016.12.016

Penkala, R. A, and Kim, S. S. (2007). G | tissue
Rev. Med. Devices 4, 65-72. d0i:10.1586/17434440.4.1.65

Rezafiarison, T., Holenstcin, C. N, Stauber, T., Jovic, M, Vcrtudu. E. laparlc.

gi ing Expert

Publicaciones Cientificas — Bloque Il

10.3389/fbioe.2022.1044667

Ribeiro, ., Ribeiro, T., Ribeiro, C., Correia, D. M., Farinha,]. P. S, Gomes, A.C,
ct al. (2018¢c). Multifunctional platform bascd on clectroactive polymers and silica
nanoparticles for tissve engineering applications. Nanomaterials 8, 933. doi:10.
3390/nano8110933

Seminara L., Capurro, M., Cirillo, P., Canmata, G, and Valle, M. (2011).
Electromechanical charadermmon of piezoelectric PVDF polymer films for
tactile sensors in rob ions. Sensors Actu A Phys. 169, 49-58.
doi:10.1016/j.5n2.201 105004

Sun, H.-],, Wu, Z.-Y., Nie, X.-W., and Bian, ].-S. (2020). Role of endothelial
dysfunction in cardiovascular diseases: The link between mnflammation and
hydrogen sulfide. Front. Pharmacol. 10, (1568. doi:10.3389/fphar.2019.01568

Szewczyk, P. K, Umn, D. P., Metwally, S, Knapazyk-Karczak, J., Gajek, M,
Marzec, M. M., et al. (2018). Roughness and fiber fraction dominated wetting of
clectrospun  fiber-based porous meshes. Polymi. (Basel) 11, 34, doi:10.3390/
polym11010034

Veleva, A. N,, Heath, D. E,, Jehason, J. K., Nam, ], Patterson, C,, Lannutti, J. ],
etal (Z(X)Q) lmeramons beMEm mdothehal cdls and electrospun methacrylic
i d vascular

M, et al (2018). Biomamial surface energy-driven ligand
] stem cell mech sitivity and fate on very soft substrates. Proc
Narl Acad. Sci. U1 S. A. 115, 4631-4636. doi10.1073/pnas. 17045431 15

Ribeiro, C., Costa, C M., Correia, D. M., Nunes-Pereira, 1., Oliveira, ], Martins,
P, et al. (2018a). Electroactive poly(vinylidene fluoride)-based structures for
advanced applications. Nat. Protoc. 13, 681-704. doi:10.1038/0prot.2017.157

Ribare, C, Sencadas, V., Rbdks. J. L. G, and Lanceros-Méndez, S. (2010).
Influence of processing conditi lymorphism and morphology of
electroactive poly(vinylidene ﬂuondc) eled:rospun membranes. Soft Mat. 8
274-287. doi:10.1080/1539445X.2010.495630

Ribeiro, S, Gomes, A. C, Fhebarrn I, lznce’os-Mendm S., and Ribeiro, C.
(2018b). Elect | surface i g effects on muscle cells
differentiation. Mater. Sdi. Eng. C 92, 868-874. dol 10. lOlGI] msec.2018.07.044

ctive b

Frontiers in Bioengineering and Biotechnology

77

P bers for engi I. Biomed Mat. Res. A 91,
1131-1139. doi:10.1002/jbm.a.32276

Wang, H W_, Zhou, H. W, Gui, L., Ji, H. W, and Zhang, X. C.(2014). Analysis
of effect of fiber on Yo dulus for unidirectional fibar reinforced
compesites. Compos. Part B Eng. 56, 733-739. doi:10.1016fj.compositesb.2013.
09.020

Weinberger, F., Mannhardt, I, Eschenhagen, T. (2017), Engineering cardiac
muscle tissue: A maturating field of research. Circ Res. 120, 1487-1500. doi:10,
116 /AARCRESAHA, 117310738

Yu, C, Xing, M., Wang, L, and Guan, G. (2020). Effects of aligned
clectrospun  fibers with different diameters on hem patibility, cell
behaviors and infl ion in vitro. Biomed. Mat. 15, 035005. doi:10.1088/
1748-605X/ab673c

frontiersin.org



Resultados y Discusion

Resultados y Discusion

Bloque ) Estado actual de los injertos vasculares de ingenieria

tisular.

A continuacion, se presentan los principales resultados hallados en el analisis del
momento actual de los injertos vasculares de ingenieria de tejidos obtenidos de la
revision sistematica recogida en la publicacion Systematic review of tissue-engineered
vascular grafts (Duran-Rey et al., 2021) y que aparecen en esta tesis doctoral en el

Bloque I.

Como se ha comentado con anterioridad, el tratamiento de las patologias
vasculares es la cirugia convencional mediante el uso de injertos autdlogos. Sin
embargo, pueden no estar disponibles estos injertos en ciertos pacientes. Por otro
lado, existen prétesis comerciales disefiadas a partir de materiales sintéticos como el
politetrafluoroetileno expandido (ePTFE), los cuales exhiben resultados satisfactorios
en anastomosis arteriales de didmetros superiores a 6 mm [8,122]. No obstante, las
prétesis comerciales de pequeno diametro (inferior a 6 mm) estan asociadas a la
obstruccion del vaso sanguineo tras un breve periodo de implantacién debido a los
bajos indices de permeabilidad y posterior formacién de trombos [123]. Por
consiguiente, los TEVGs representan un area innovadora de investigacion que tiene
como objetivo ofrecer una disponibilidad continua y tratamiento inmediato para
patologias vasculares. Los TEVGs son un campo multidisciplinar que combina ingenieria
biomédica, ciencia de los materiales y medicina regenerativa. Por esta razon, este
estudio analiza los resultados publicados recientemente en el campo del desarrollo de
TEVG, asi como la influencia del diametro del injerto y el uso de heparina en la
apariciéon de trombos y la permeabilidad del injerto. Se utilizaron una serie de criterios
de inclusidn y exclusién predeterminados, seleccionando finalmente un total de 92

articulos para su analisis.
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Modelos experimentales

Se hallaron investigaciones realizados en seis modelos animales diferentes, siendo
de mayor a menor frecuencia de uso el roedor, ovino, porcino, conejo, perro y
primate. Para poder obtener resultados traslacionales, el modelo experimental
seleccionado para estos estudios deberia presentar una anatomia y una fisiologia
cardiovascular muy similar a las del ser humano. Sin embargo, cada uno presenta una
serie de peculiaridades, no existiendo un modelo ideal. Aunque los roedores son los
mas empleados, se debe en gran medida a su bajo coste y por la facilidad de obtener
un gran tamafio muestral [8]. Por esta razén, de todos los modelos experimentales y
de acuerdo con los resultados hallados, cabe destacar el ovino como un modelo
adecuado para el estudio de los TEVGs. Estos animales presentan una endotelizacién,
mecanismos de trombogenicidad y sistema de fibrindlisis muy similares al de los
humanos [8,124]. Ademads, la anatomia de los ovinos les confiere un cuello alargado,
facilitando la implantacion de los TEVGs [125]. Sin embargo, la principal desventaja de

esta especie es que tienen una alta tendencia a la hipercoagulabilidad [8].

Tipos de materiales

Idealmente, del anadlisis se desprende que los TEVGs deberian parecerse lo mas
posible a los vasos sanguineos nativos. En otras palabras, deben tener capacidad de
remodelarse, crecer, autorrepararse y responder al entorno inmediato [7]. Se han
hallado una amplia variedad de materiales utilizados en el disefio de TEVGs en los
articulos analizados, pudiéndolos dividir en materiales naturales y sintéticos. En
términos generales, los materiales naturales presentan baja antigenicidad y buena
biocompatibilidad, mientras los materiales sintéticos tienen propiedades mecanicas
superiores a los naturales, siendo capaces de soportar diferentes presiones, torsiones
y estiramientos [25,28,34]. Analizando los articulos seleccionados, hallamos que el
coldgeno (natural) y el dacido poliglicdlico (sintético) son los materiales mas
ampliamente utilizados, ya que mejoran la adhesion y proliferacion celular, y por su
alto nivel de flexibilidad y ausencia de respuesta inflamatoria, respectivamente [27,58].
Sin embargo, hay una propension en el uso de polimeros sintéticos debido a sus

79



Resultados y Discusion

propiedades mecdnicas y al crecimiento exponencial de investigaciones destinadas a
comprobar la biocompatibilidad de estos materiales, siendo mas seguro su uso clinico.
Ambas caracteristicas, mecanicas y bioldgicas, son esenciales en el disefio de un TEVG.
En vista de que cada material, ya sea natural o sintético, tiene una serie de cualidades
propias, surgio la posibilidad de crear un injerto hibrido. Este tipo de TEVG esta
compuesto por la hibridacién de materiales sintéticos y bioldgicos, consiguiendo un
injerto vascular con las ventajas de ambos materiales, es decir, presentan unas

condiciones bioldgicas y mecanicas mejoradas [126].

Por otro lado, apreciamos que existe una tendencia en el uso de materiales
biodegradables. Cuando se utiliza un TEVG, lo ideal seria que al principio el material
otorgue al injerto la suficiente resistencia para poder ser utilizado, pero
progresivamente éste se iria degradando y reemplazando al mismo tiempo por el
nuevo tejido procedente el propio organismo [7]. Sin embargo, el tiempo de
degradacion de los materiales puede variar en funcion de diferentes factores del
material, tales como el peso molecular, cristalinidad, entre otros factores [31,127].
Ademads, hay que tener en cuenta que el tiempo de degradacidn de los TEVGs es dificil
de predecir en los estudios in vivo, ya que varia en funcién de la arquitectura del

injerto, lugar de implantacidn, y el tipo y concentracién de enzimas [128].

Metodologias y técnicas

Actualmente existe un amplio abanico de metodologias y técnicas para desarrollar
un TEVG, tales como la descelularizacidon de un vaso nativo en la que se obtiene la
matriz extracelular y se conserva las propiedades bioldgicas [67], o la biompresion 3D
gue proporciona una alta densidad y distribucién adecuada [28], entre muchos otros.
Sin embargo, la técnica mdas empleada y con la que mejores resultados se ha obtenido
es el electrospinning o electrohilado. Esta metodologia tiene la capacidad de producir
estructuras con nano o microfibras, las cuales pueden tener una orientacién o no
controlada [129], proporcionando de tal manera porosidad [130]. El electrohilado
puede disefiar TEVGs con una topografia muy similar al de la matriz extracelular de los

vasos sanguineos nativos, demostrando tener un gran impacto positivo en el
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comportamiento celular y en las propiedades transferencia de nutrientes y residuos
[131]. Por todos estos motivos, el electrohilado es una técnica ideal para el desarrollo

de estructuras destinadas a aplicaciones biomédicas, incluyendo los TEVGs.

Durante el diseio de los TEVGs, éstos también pueden ser sembrados con células.
Las células madre mesenquimales las hiPSCs, son algunas de las células que pueden ser
utilizadas en el sembrado celular debido a su capacidad, entre muchas otras, de
reducir el rechazo inmunitario [8,31]. Debemos destacar que las células endoteliales
son el grupo celular mas utilizado entre los autores. Estas células son un componente
clave en los vasos sanguineos, ya que la capa endotelial de los vasos sanguineos
desempefia un papel fundamental en el mantenimiento de la permeabilidad [108].
Cualquier dafio o falta de éstas son factores de riesgo que pueden provocar la
aparicién de trombos [8]. Por esta razon, el cultivo de células endoteliales en TEVGs
proporciona efectos anticoagulantes [108] y mejoran la endotelizaciéon [35]. No
obstante, actualmente existe controversia en el sembrado celular de los TEVGs, ya que
se desconoce el numero dptimo de células, puede existir falta de unién entre ellas, se
puede producir muerte celular durante el procesamiento del injerto, etc. [132].
Ademas, el uso de estas células conlleva la toma de biopsias a los pacientes y largos
tiempos de cultivo celular, no ofreciendo la opcion de un tratamiento inmediato. Por
otro lado, los articulos analizados mostraron resultados bastante similares entre los
TEVGs con y sin sembrado celular, demostrando que ambos tipos de disefio de injerto
vascular presentan buena permeabilidad, ausencia de inmunogenicidad y una

regeneracion tisular funcional.

Desafios y avances en los TEVGs

Actualmente, los TEVGs disefiados tienen una durabilidad y permeabilidad
limitadas. Esto se debe en gran medida a que el enfoque de la ingenieria de tejidos en
el ambito cardiovascular es el desarrollo de injertos vasculares de un diametro menor
a 6 mm, ya que existen protesis comerciales con resultados éptimos en anastomosis
vasculares de un didmetro mayor. Estos TEVGs de pequeio didmetro son

especialmente propensos a la aparicion de trombos, reduccion de la permeabilidad vy,
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por tanto, la posterior obstruccién vascular [8,31,133]. El uso de sustancias
anticoagulantes intraoperatorias, como la heparina, puede ser de utilidad para
prevenir la aparicion de trombos y evitar una estenosis vascular [102]. Por
consiguiente, en el articulo correspondiente a este bloque tematico [134], se analizé la
influencia del diametro de los diferentes TEVGs disefiados con respecto a la aparicién
de trombos y la permeabilidad vascular, asi como el uso de heparina durante la cirugia.
Los resultados mostraron en general que la tasa de aparicién de trombos y la falta de
permeabilidad era mayor cuanto mds pequeno era el didmetro del injerto vascular
desarrollado. Ademas, parece que existe una correlacidon positiva entre el uso de
heparina, la mejora de permeabilidad y la ausencia de trombos. En esencia, los TEVGs
son dispositivos médicos que estan en contacto con la sangre del paciente. Por ello,
hay una serie de factores de riesgo a tener en cuenta que deben evitarse para prevenir
la aparicidon de trombos y mejorar la permeabilidad del injerto vascular, especialmente
en aquellos que presenten un didmetro pequeno. Estos puntos criticos pueden estar
asociados principalmente con la técnica quirdrgica, tales como falta de experiencia y
habilidad quirurgica, tensidon en la linea de sutura, dafios del propio injerto durante la
cirugia, factores hemodinamicos por diferencias en el diametro del injerto con
respecto al vaso nativo que provoquen un desajuste en el flujo sanguineo, etc. [8], o
por problemas del propio TEVG, como la falta de porosidad del injerto que provoque
una endotelizacidon insuficiente, propiedades mecanicas inadecuadas, reaccién
inmunitaria por una mala eleccion del material, mala topografia interna del injerto que

provoque adhesion plaguetaria, entre otros [31,35,135].

Como se ha comentado con anterioridad, el uso de anticoagulantes durante la
cirugia es necesario para evitar la aparicién de trombos y mejorar la permeabilidad
vascular. Ademas, la terapia anticoagulante a largo plazo es requerida cuando se
implantan protesis comerciales [136]. Por otro lado, una de las metas del campo de
investigacion de los TEVGs es prescindir de dicho tratamiento [137]. No obstante,
actualmente sigue siendo relevante el uso de estas terapias para prevenir la aparicion
de trombos, debido a que aun no existe un disefio ideal de TEVG que presente las

condiciones fisicoquimicas y biolégicas aptas para estudios clinicos.
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Por ultimo, es preciso destacar también los tres estudios en humanos analizados
en este bloque tematico [37,138,139]. La utilizacién de estos injertos vasculares en
pacientes humanos sigue siendo muy restringida debido a la aparicion de patologias
asociadas a la implantacién, tales como presencia de estenosis, trombos, o escasa
permeabilidad, entre otras, ademas del uso de terapias anticoagulantes durante el
periodo posoperatorio. Ante estos resultados, esta claro que mds estudios son
necesarios plazo para corregir todos los efectos no deseados. No obstante, la
existencia de estudios clinicos en humanos es indicativa de los avances logrados en el

campo de TEVG.

Bloque Il) Analisis fisicoquimicos y bioldgicos de materiales

naturales y sintéticos destinados a ingenieria tisular.

Una vez analizados de forma objetiva y sistematica los diferentes materiales,
metodologias, avances y retos hallados en el desarrollo de los TEVGs, abordamos el
segundo bloque tematico de la presente tesis doctoral. Comparando los resultados del
primer bloque, seleccionamos un material natural, fibroina de seda (SF; silk fibroin), y
un material sintético, fluoruro de polivinilideno (PVDF; poly(vinylidene fluoride)).
Ambos materiales fueron utilizados para disenar estructuras basicas, como son las
membranas, a partir de diferentes metodologias de ingenieria tisular para analizar sus
condiciones fisicoquimicas y bioldgicas. Los objetivos de estos estudios fueron
comprobar si ambos materiales presentan unas condiciones validad para ser utilizados
en la ingenieria de tejidos, y se selecciond la mejor metodologia para el disefio de

TEVGs.

A continuacién, se muestran los resultados conjuntos del articulo publicado en
Biomacromolecules (Durdn-Rey et al., “Development of silk fibroin scaffolds for
vascular repair”), y de otro publicado en Frontiers in Bioengineering and Biotechnology
(Durdn-Rey et al., “Development and evaluation of different electroactive
poly(vinylidene fluoride) architectures for endothelial cell culture”). Dichos articulos

cientificos forman parte del Bloque II.
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Un material natural citado en el bloque tematico | es la SF. Esta proteina es
biocompatible y no inmunogénica [140]. Ademds, gracias a sus propiedades
piezoeléctricas, promueve la angiogénesis [141]. Este proceso fisiolégico esta
modulado por sefiales eléctricas que promueven la migracion, crecimiento vy
diferenciacion de células endoteliales, las cuales pueden ser moduladas mediante
campos eléctricos [142,143]. Debido a este fendmeno, la SF puede promover el
crecimiento de células endoteliales, induciendo la regeneracién tisular y ayudando a la
prevencion del desarrollo de trombos durante la implantacién de un injerto vascular

[141].

Por otra parte, el PVDF (-CH2-CF2-) es un polimero sintético ampliamente utilizado
en aplicaciones biomédicas, tales como implantes de hueso [144], musculo [145],
nervio [146], entre otros. Su resistencia quimica, propiedades mecanicas y eléctricas,
asi como su biocompatibilidad [147], hacen que este material termoplastico sea ideal
para aplicaciones de TEVGs. Ademds, se ha comprobado que las caracteristicas

eléctricas de este material ayudan a la regeneracidn tisular [146].

Es preciso remarcar que la SF y el PVDF presentan una cualidad comun, y es que
exhiben propiedades piezoeléctricas [148,149]. Ante una estimulacion, ya sea por
deformaciéon mecdnica o estrés fisico, los materiales piezoeléctricos tienen la
capacidad de imitar el microambiente electroactivo de las células. Por dicho motivo,
este tipo de materiales podrian ser muy dutiles para emplearse en diferentes
aplicaciones biomédicas de regeneracion de tejidos y combinarse con otras
particularidades (rigidez, tamano de poros, grado de porosidad, topografia, etc.)
propias de tejidos como la piel, el hueso y el tendén, asi como en el ambito de los

injertos vasculares.

Por otro lado, como se indicod en el bloque tematico | [134], existe una amplia
variedad de metodologias utilizadas en la creacién de injertos vasculares, siendo el
electrohilado la técnica mayormente empleada y con mejores resultados obtenidos.
Por esta razén, quisimos investigar dicha técnica y compararla con otras metodologias
utilizadas en ingenieria de tejidos, tales como solvent-casting y lixiviacién de sales,

obteniendo estructuras bdsicas, como son las membranas electrohiladas, films o
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peliculas, y membranas porosas (PM; porous membrane), respectivamente. De esta
manera, pudimos caracterizar las peculiaridades fisicoquimicas y bioldgicas de la SF o

el PVDF cuando se disefian morfologias a priori similares.

Para analizar dichas propiedades, las diferentes estructuras de SF y PVDF fueron
sometidas a estudios de microscopia electronica de barrido, humectabilidad
(capacidad de un liquido para extenderse sobre una superficie), mecanicos, quimicos y

bioldgicos.

Estructura microscopica

Una vez disefiadas las estructuras de SF y PVDF, las diferentes morfologias se
analizaron mediante un microscopio electrénico de barrido. Las peliculas presentaban
una estructura lisa y sin huecos, las PM resultaron en estructuras porosas, y las
membranas electrohiladas estaban compuestas por una superficie lisa compuesta por
fibras cilindricas. La morfologia microscépica de estas estructuras es de gran
importancia en las aplicaciones biomédicas, ya que estas arquitecturas deberian ser
diferentes en funcidén de las condiciones biofisicas del tejido diana. Las peliculas son
morfologias compactas, por lo que su implantacién en tejidos que necesiten porosidad
se ve dificultada. Por su parte, se puede controlar el tamafio y cantidad de los poros de
las PM variando el tamafio y numero de las particulas de sal. Sin embargo, dichas
particulas se distribuyen aleatoriamente y dificultan la obtencién de estructuras con
una red de poros regulares no interconectados, resultando en morfologias irregulares
y no reproducibles [150,151]. En cuanto a la técnica del electrohilado, las fibras
pueden ser disefiadas para que estén orientadas (ES-O; electrospun oriented fibers) o
aleatorias (ES-NO; electrospun non-oriented fibers), proporcionando una porosidad
variable. Esta técnica puede modular las propiedades biofisicas de los tejidos, ya que la
porosidad, la morfologia, direccion, e incluso el didmetro de las fibras pueden ajustarse
en funcidon de los parametros de procesamiento especificos del electrohilado

[150,152,153].
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Humectabilidad

Por otro lado, también se determind la humectabilidad o wettability de SF y PVDF,
la cual es un parametro clave para la adhesion y la proliferacién celular [154,155]. Para
ello, se calculd el dangulo que forma la superficie de una gota de agua al entrar en
contacto con las diferentes estructuras (angulo de contacto). Un material se considera
gue presenta superficies hidréofobas cuando muestran valores superiores a 90°,
mientras que los inferiores a 90° corresponden a superficies hidréfilas [156]. Todas las
morfologias analizadas en nuestros estudios [157,158] mostraron un angulo de
contacto superior a 90°, por lo que presentan un comportamiento hidrofébico. La
compacidad, composicion, cristalinidad, y rugosidad de superficie son factores que

afectan en la humectabilidad del material.

Caracteristicas mecdnicas

Las propiedades mecdnicas de un material son esenciales para obtener
morfologias seguras y duraderas para su aplicacion biomédica, ya que dichas
caracteristicas vienen determinadas principalmente por su estructura interna. Por
consiguiente, se hallaron las mediciones de tensién-deformacidn, las cuales son claves
para entender el comportamiento de las estructuras disefiadas, tanto de SF como de
PVDF. Para una mayor comprension, cuando a un material se le aplica una fuerza de
tension, éste presenta un primer régimen elastico lineal, en el que la estructura
recupera su forma original al cesar la tensién, seguido de un régimen plastico, en el
qgue el material no recupera su forma original, sufriendo una deformacion permanente.
Si la fuerza continla, se alcanza el punto de ruptura. Por tanto, dependiendo del
comportamiento del mismo, podemos dividirlos en materiales ductiles, que presentan
una zona elastica y plastica tipica perfectamente diferenciada, y fragiles, que suelen
presentar poca o ninguna deformacidn plastica. Ademas, también se calculé el médulo
de elasticidad o de Young, el cual caracteriza el comportamiento de un material

elastico, aumentando su valor cuando mayor es la rigidez del material [159].
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Las peliculas, tanto de SF como de PVDF, presentaban el valor mas alto del médulo
de Young. Esta estructura presenta una morfologia compacta y densa, siendo por
consiguiente mas rigido [151]. Por otra parte, las PM de ambos materiales presentaban
valores del mddulo de elasticidad y de tensidn-deformacion mas bajos que las
peliculas. La rigidez de las PM viene determinada por la deformacién de la estructura
porosa. Ademds, estos valores presentan una mayor variabilidad debido a la

distribucidn aleatoria de los poros [151].

Es preciso remarcar que los valores del mdédulo de Young y de tensidn-
deformacion de la SF también vienen determinados por las caracteristicas intrinsecas
del material. La SF esta formada principalmente por regiones amorfas no ordenadas
(random coils) y una red de enlaces de hidrogeno de cristalitos con estructura B (8-
sheets). Las primeras estructuras son las encargadas de proporcionar flexibilidad y
elasticidad, mientras que las segundas generan la resistencia y rigidez del material
[160]. Durante el procesado y preparacion de las muestras de las peliculas y PM de SF,
se realizd una evaporaciéon lenta del disolvente para evitar inestabilidades de
Marangoni, tales como la aparicion de superficies mas rugosas [161,162]. Esta
evaporacion lenta da lugar a estructuras con una buena organizacién en su cadena
polimérica y altamente cristalizada [163], con un contenido mayor en 8-sheets y menor
en random coils [161]. Esto puede verse reflejado en los altos valores del mdédulo

Young en las peliculas y PM, presentando una gran rigidez estas dos estructuras de SF.

Las peliculas y PM de SF muestran curvas de tensidon-deformacion tipicas de los
materiales fragiles, en la que presentan poca o ninguna deformacién plastica,
respectivamente. Esto es debido al alto contenido en 8-sheets y bajo en random coils,
previamente explicado, mostrando una elongacion maxima del 4% con respecto al
tamafo original de las muestras, valor que corresponde al punto de rotura de las
curvas de tensidn-deformacion. En cuanto a las peliculas y PM de PVDF presentaban
curvas de tensidn-deformacién tipicas de los materiales ductiles, es decir, tienen una
zona eldstica y plastica. Esto es indicativo de que el comportamiento mecanico de

dichas muestras es intrinseco de la arquitectura de las estructuras, y que no se ven
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influenciadas por el tipo de procesamiento llevado a cabo, llegando a elongaciones

maximas cercanas al 20%.

En cuanto a las membranas electrohiladas de SF y PVDF, el médulo de Young es
mayor en ES-O orientada en la misma direcciéon de la fuerza ejercida (ES-O (0°)),
mientras que ES-NO y ES-O orientada perpendicularmente a la direccion de la fuerza
aplicada (ES-O (90°)) presentan valores menores. El médulo de elasticidad varia en
funcién de la orientacion relativa de las fibras y la direccion de estiramiento,
disminuyendo dicho valor cuando aumenta el angulo entre la direcciéon de
deformacioén y la orientacién de las fibras [129,164,165]. Cuando se aplica una tensién
mecdnica en una membrana disefada por electrohilado, se produce una reorientacién
de las fibras y un colapso de los poros a medida que las éstas se contraen en la

direccion de la fuerza aplicada [164].

Todas las membranas disefiadas con electrohilado, independientemente de que
hayan sido desarrolladas con SF o PVDF, mostraron curvas de tensidon-deformacion de
materiales ductiles. La tensién y limite eldstico son mayores en ES-O (0°) que en ES-NO
y ES-O (90°). Cuando se ejerce fuerza en el caso de ES-O (0°), la tensién se aplica a lo
largo de las fibras. Sin embargo, el efecto inicial en la tension ejercida en ES-NO y ES-O
(90°) produce la reorientacion de las fibras a en la direccién de estiramiento [129]. De
hecho, ambos materiales presentan puntos de rotura superiores al 20%. En el caso de
SF, sus propiedades mecdnicas son superiores a las de otros materiales naturales,
como la elastina, la resilina o la lana, entre otros [166]. Por su parte, las membranas
electrohiladas de PVDF pueden llegar a una elongacién del 142%, indicando su gran
comportamiento ductil [167]. En definitiva, las propiedades mecanicas de los
materiales de SF y PVDF disefiadas con electrohilado, pueden modificarse en funcién

de la orientacion de las fibras, ajustandose en funcion de la aplicacién biomédica.

Finalmente, es preciso destacar que la tecnologia de electrohilado provoca que la
SF se comporte como un material ductil, aumentando su régimen plastico. Esto es
debido a la rapida evaporacion del disolvente durante el proceso de electrohilado,
provocando un aumento de los random coils y una disminucién en la formacion de 8-

sheets [161].
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Caracteristicas quimicas

Para analizar las caracteristicas quimicas de las diferentes membranas se utilizé la
espectroscopia de infrarrojos (FTIR; Fourier transform infrared spectroscopy), la cual
utiliza la interferometria (método de medicién que utiliza el fendmeno de interferencia
de ondas) para codificar informacién sobre una muestra colocada en el haz de
infrarrojos, de tal manera que se obtienen datos relativos a la estructura de los
materiales. Se hallaron diferencias tanto en SF como en PVDF, indicando que el
método de procesado induce ciertos cambios quimicos. Por una parte, se encontraron
un aumento en las proporciones de random coils respecto a las B-sheets en las
membranas electrohiladas de SF. La conformacién B-sheets es la que se encuentra en
mas proporcion en todas las morfologias, siendo mas del 60% en las peliculas y PM, y
del 35% en las membranas electrohiladas [158]. Ademas, la presencia de sal en el caso
de las PM conlleva un aumento en el contenido B-sheet [168], mostrando solamente
un 9% de random coils, hallazgo que explica la ausencia de zona plastica en los
estudios mecanicos anteriores. Como se comentd anteriormente, estas variaciones en
la estructura se deben a la metodologia empleada, donde una evaporacion lenta del
disolvente provoca una mejor organizacién de la cadena polimérica y, por tanto, la
creacion de una estructura altamente cristalizada [161,169], como es en el caso de las
peliculas y PM. Por su parte, la fase cristalina del PVDF también se ve afectada por la
metodologia empleada. El PVDF presenta varias formas dependiendo de Ia
conformacidn de la cadena molecular [170], destacando la fase a, la cual tiene la
energia potencial mas baja, y la fase B, responsable de gran parte de la actividad
piezoeléctrica del material [171]. La temperatura de procesado es un factor clave que
determina la fase cristalina del polimero [147], presentando un mayor contenido en la
fase a de las peliculas por su disefo a altas temperaturas. En el caso del resto de
estructuras de PVDF, al ser procesadas a temperatura ambiente, se caracterizan por
tener un mayor contenido de fase P electroactiva. Concretamente, aquellas
morfologias de PVDF desarrolladas a temperatura ambiente presentaban un contenido
de fase B electroactiva superior al 88%, mientras que para las peliculas obtenidas tras

el procesado a alta temperatura se reduce por debajo del 7% [157].
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Otra caracteristica quimica importante es la estabilidad térmica de los materiales,
la cual se calcula mediante la calorimetria de barrido diferencial (DSC; differential
scanning calorimetry). Esta técnica permite determinar el punto de fusién de una
muestra, el cual resulta evidenciado por un pico endotérmico. Los termogramas de SF
se caracterizaron por tener un pico endotérmico similar, aproximadamente 280°C,
demostrando que la estructura fisica no afecta sustancialmente a las propiedades
térmicas del material [172]. Sin embargo, las PM de SF mostraron un pico endotérmico
ligeramente superior en torno a los 300°C, probablemente debido a una mayor
formacion de conformaciones 8-sheets durante el proceso de difusidén de las particulas
de sal en agua ultrapura. Por su parte, en las estructuras de PVDF se encontraron
pequefias variaciones en el punto de fusidn entre las peliculas (135.7 £ 3.5°C) y el resto
de las membranas (138.8 + 4.0°C), las cuales se atribuyen a las condiciones de
cristalizacion, previamente explicadas. Ademas, también se hallé6 el grado de
cristalinidad en las estructuras de PVDF, el cual fue calculado mediante la entalpia o
calor de fusidn obtenida a partir del area bajo el pico de fusidon de cada termograma.
Todas las morfologias de PVDF presentaron grados de cristalinidad similares (40-55%),
por lo que la disminucién de la fase B de las peliculas no provoca cambios significativos
en dicho valor [147]. Por consiguiente, las variaciones en los resultados mecanicos de
las estructuras de PVDF, previamente explicados, no se ven afectadas por el grado de

cristalinidad del material, sino por diferencias en las caracteristicas morfoldgicas [159].

Degradacion del material

Un dato relevante para tener en cuenta con respecto a SF y PVDF es la
degradacion del material. Como se comentd en el bloque tematico |, los materiales
pueden ser o no biodegradables. Sin embargo, lo ideal en el disefo de un TEVG es que
sea biodegradable para que se vaya degradando y reemplazando al mismo tiempo por
el nuevo tejido procedente el propio organismo [7]. Una de las propiedades de SF es
gue es un material biodegradable [173], mientras que el PVDF presenta estabilidad
guimica [174]. La mayor o menor pérdida de peso de las muestras se ve afectada por

su superficie y arquitectura de la muestra, la cual esta a su vez relacionada con la
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metodologia empleada, ya que varia su morfologia y microestructura. Como se explicd
en el bloque |, la degradacién es dificil de predecir, ya que hay muchos factores que
pueden intervenir, tales como la propia arquitectura, cristalinidad, tipo vy
concentracion de enzimas, lugar de implantacion, etc. [128]. Esto puede verse
reflejado en nuestro estudio [158], donde obtuvimos una tasa de degradacion in vitro
de aproximadamente el 5% a las 4 semanas en todas las membranas de SF, pero un
estudio in vivo realizado en ratas con scaffolds de SF demostraron una degradacién

completa de los mismos en un afio posimplantacién [175].

Caracteristicas bioldgicas y cultivo celular

Bioldgicamente, un factor esencial para asegurar el uso seguro de estos materiales
en un paciente es conocer como afecta el material a la viabilidad celular. De acuerdo
con la norma ISO 10993-5, si los valores de viabilidad celular son superiores al 70%, se
considera que el material no es citotéxico. Todas las morfologias de SF y PVDF,
independientemente de su arquitectura, mediante un ensayo de contacto indirecto,
mostraron una viabilidad cercana al 100%, demostrando que ambos materiales no son
citotoxicos [128,176]. Conociendo estos datos, se procedid al cultivo de células
endoteliales de vena umbilical humana (HUVECs; Human Umbilical Vein Endothelial
Cells). Como se comenté en el bloque tematico I, las células endoteliales forman parte
de uno de los principales componentes de los vasos sanguineos, y cualquier dafio o
falta de las mismas puede desencadenar la aparicién de trombos [8]. Por esta razén, se
llevé a cabo el cultivo de las HUVECs en todas las morfologias de SF y PVDF para
comprobar la adhesidn y proliferacion celular de las mismas [157,158]. En general, las
HUVECs crecieron en todas las estructuras, obteniendo una mayor tasa de
proliferacién en las peliculas y en menor medida en las PM. Dado que todas las
estructuras presentan una humectabilidad similar, esta diferencia puede atribuirse a la
topografia de la superficie, ya que las estructuras de PM presentan morfologias
irregulares [150, 151], dificultando la adhesién y, por tanto, posterior crecimiento
celular. En cuanto a las membranas electrohiladas, las ES-NO presentan una mayor

tasa de proliferacion celular. Estudios anteriores demostraron que, efectivamente, el
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electrohilado puede mejorar sustancialmente la proliferacidon de células endoteliales,
especialmente cuando la distribucién de las fibras es aleatoria [177]. Nuestros
resultados mostraron una tasa de proliferacion en SF de las ES-NO muy similares a las
de las peliculas [157]. Debemos destacar que las ES-NO de SF mostraron un
crecimiento de las HUVECs de aproximadamente 150% a los 4 dias, frente al 70% de las
ES-NO de PVDF. En resumen, estos hallazgos demuestran que las células endoteliales

son capaces de proliferar en todas las muestras disefadas con SF y PVDF.
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Conclusiones

1. El electrohilado y los polimeros sintéticos son la metodologia y materiales mas
prometedores y ampliamente utilizados en el disefio de injertos vasculares de

ingenieria tisular.

2. La principal complicaciéon derivada del uso de los injertos vasculares de
ingenieria tisular es la aparicion de trombos y la falta de permeabilidad,
agravandose en injertos de pequefio diametro y limitando su implantacion en

aplicaciones clinicas.

3. Existe una mayor tasa de proliferacién de células endoteliales en morfologias
disefiadas con fibroina de seda, mientras que las arquitecturas de fluoruro de
polivinilideno destacan por sus caracteristicas mecanicas y comportamiento

ductil.

4. Las propiedades fisicoquimicas y bioldgicas de la fibroina de seda y el fluoruro
de polivinilideno se ven afectadas en funcion de la metodologia de

procesamiento.

5. Las estructuras de fibroina de seda y de fluoruro de polivinilideno desarrollados
con la técnica del electrohilado muestran propiedades fisicoquimicas y

bioldgicas validas para el disefio de injertos vasculares de ingenieria de tejidos.
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Conclusions

1. Electrospinning and synthetic polymers are the most promising and widely
used methodology and materials in the design of tissue-engineered vascular

grafts.

2. The main complication of using tissue-engineered vascular grafts is the
occurrence of thrombosis and lack of patency, which are exacerbated by the

use of small-diameter grafts and limit their use in clinical applications.

3. The proliferation rate of endothelial cells is higher in morphologies with silk
fibroin, whereas poly(vinylidene fluoride) architectures are characterized by

their mechanical properties and ductile behaviour.

4. Silk fibroin and poly(vinylidene fluoride) have different physicochemical and

biological properties depending on processing method.

5. Silk fibroin and poly(vinylidene fluoride) structures developed by
electrospinning technology exhibit physicochemical and biological properties

suitable for tissue engineering vascular design.
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Perspectivas Futuras

Como se ha podido comprobar, el campo de investigacion de los TEVGs es muy
amplio y crece a un ritmo exponencial, existiendo una gran variedad de materiales y
metodologias que se pueden aplicar. Esta tesis doctoral sirve como base para nuevos
estudios, especialmente en la aplicabilidad de SF y PVDF en el ambito vascular. Se ha
demostrado que ambos materiales son validos para el disefio de TEVGs cuando se
utiliza la técnica del electrohilado, ya que se obtienen buenas propiedades
fisicoquimicas y bioldgicas. Ademas, esta metodologia tiene la capacidad de crear
estructuras formadas por fibras de polimero, las cuales pueden replicar la arquitectura

y propiedades mecanicas de los vasos sanguineos nativos [89,91].

Los siguientes pasos en la investigacion de SF y PVDF seria el desarrollo de injertos
vasculares mediante la técnica del electrohilado para comprobar que las condiciones
halladas se mantienen o cambian. Actualmente, nuestro equipo de investigacién ha
disefado y desarrollado prototipos de injertos vasculares de SF y PVDF. Para ello,
durante el electrohilado se utilizé un colector cilindrico con un didmetro de 6 mm,
obteniendo TEVGs. Los resultados preliminares hallados en el injerto de SF es que sus
cualidades se vieron modificadas, resultando ser muy heterogéneos y relativamente
fragiles, los cuales se fracturaban con bastante facilidad, incluso con el paso de la aguja
de sutura. Estos hallazgos pueden ser debidos a un alto contenido en 8-sheets y bajo
en random coils en la estructura de SF. Por otro lado, el prototipo de PVDF mantuvo las
caracteristicas fisicoquimicas y bioldgicas halladas en la presente tesis doctoral,
procediendo a la evaluacidon preclinica. Este injerto es el primer prototipo de TEVG

fabricado e implantado con PVDF y la tecnologia de electrohilado.

El protocolo experimental fue aprobado por el Comité Etico de Investigacion
Animal del Centro de Cirugia de Minima Invasion Jesus Usén (Referencia: 004/22) y
cumplié integramente con la Directiva 2010/63/UE del Parlamento Europeo relativa a
la proteccion de los animales utilizados para fines cientificos. El estudio preclinico
estuvo constituido por un total de 12 ovejas merinas hembras asignadas

aleatoriamente al grupo de PVDF (n=6) y al grupo control (n=6), en el cual se utilizaron
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injertos comerciales de ePTFE con un diametro interno de 6 mm. Ambos tipos de
injertos vasculares se implantaron en la arteria carétida comun derecha del modelo
ovino. Como se comentd en el bloque I, un modelo experimental ideal es aquel que
presente una anatomia y fisiologia cardiovascular similar o igual a la del humano. De
todos ellos, el modelo ovino puede ser apropiado para llevar a cabo las investigaciones
de los TEVGs debido a presentan mecanismos de endotelizacién y trombogenicidad
parecidos al ser humano [8,124]. Adema3s, la anatomia de los ovinos les confiere un
gran cuello, facilitando la cirugia de implantacion de los injertos [125]. Sin embargo,
estos animales tienen una alta tendencia a la hipercoagulabilidad [8]. Para reducir la
apariciéon de trombosis, se administréo diariamente por via oral una inhibicion
plaquetaria dual postoperatoria hasta el final del periodo de investigacion del estudio.
Tras la cirugia, se llevé a cabo un seguimiento de los animales a las 2, 4 y 6 semanas
mediante ecografia. Se obtuvieron imagenes en Modo B y Power-Color de los injertos
vasculares para evaluar la existencia de trombos y estenosis, y la permeabilidad
vascular, respectivamente. Después de la realizacién del ultimo estudio con
ultrasonidos, se llevaron a cabo angiografias del cuello para determinar la
permeabilidad vascular de ambas arterias carétidas y comparar el estado del injerto
vascular y el vaso contralateral sano. Tras finalizar el estudio, se extrajeron los injertos
y la arteria contralateral, se fijaron en formol al 4% y se reservaron para estudios
histolégicos. Actualmente los resultados, tanto in vitro como in vivo, estan siendo

analizados y, tras su interpretacién, seran publicados.

Otra posibilidad de investigacién futura es la hibridacion de varios materiales,
consiguiendo un TEVG con las ventajas de los polimeros utilizados [126]. Un ejemplo
seria la hibridacion de PVDF y SF, obteniendo las propiedades fisicoquimicas del
primero, y las bioldgicas del segundo. Ademads, cabe la posibilidad de afiadir algun
farmaco al propio injerto vascular, como puede ser la heparina. El principal hallazgo
encontrado en los TEVGs de es la apariciéon de trombos. El uso de heparina puede
prevenir dicho fenédmeno, por lo que el material utilizado puede ser heparinizado
mediante adsorcion fisica o conjugacidn quimica, y aumentar la permeabilidad vascular

[109].
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Por otro lado, los estudios analizados en este campo se han llevado a cabo en
modelos experimentales jévenes y sanos. Las patologias cardiovasculares suelen
acontecer en pacientes adultos y con comorbilidades. Por esta razén, una vez
conseguido resultados 6ptimos en los modelos experimentales sanos, los TEVGs
deberian ser implantados en modelos adultos y que presentaran condiciones similares
a las de los pacientes humanos. También seria recomendable realizar estudios a largo
plazo, en los cuales se puedan estudiar todos los efectos secundarios de los injertos
vasculares. Estos andlisis de temporalidad son muy importantes, ya que de esta
manera se podra comprobar el uso satisfactorio y seguro de los TEVGs y, en el futuro,

poder implantarlos en el ser humano.

Las futuras investigaciones deberian centrarse en obtener un injerto vascular con
caracteristicas similares a las de los vasos sanguineos nativos, y especialmente a la
zona que se desea realizar la implantacion. El uso de diferentes tecnologias o técnicas,
como la tomografia computarizada, la resonancia magnética o la angiografia, pueden
ayudar a proporcionar datos relativos a las dimensiones del vaso afectado que se
quiere sustituir, pudiendo fabricar un TEVG con un tamafio acorde al sitio anatémico.
En el futuro, estos injertos podrian superar todas las limitaciones mencionadas, ya que
existen una amplia variedad de posibilidades de disefio, probando y combinando las
nuevas tecnologias y materiales emergentes. Todas estas cuestiones deben de ser

abordadas para desarrollar TEVGs seguros para su aplicacidn clinica.
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Anexo I: Iconografia

Figura 7. Formato comercial de PVDF 10/10 en polvo.

Figura 8. Diferentes perspectivas del instrumental Doctor Blade para disefiar peliculas con un
grosor de 200, 450, 700 0 950 mm mediante solvent-casting.
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Figura 9. Procesado de SF, donde: a) se obtienen huevos de Bombyx mori comerciales;
b) extraccién de la crisalida y eliminacién de las impurezas macroscépicas; c) troceado del
huevo en tamafios de aproximadamente 1 cm?; d) separacion de la sericina de SF mediante
una disolucién de carbonato de calcio o el uso de agua destilada en autoclave; e) lavado con
agua destilada y secado de la muestra a 30°C en un horno; f) disolucién de la muestra con
acido férmico y cloruro calcico, y centrifugacién para separar SF de las impurezas; g) el
sobrenadante proveniente del centrifugado se vierte en placas de Petri y se dejan secar a

temperatura ambiente bajo una mampara; h) eliminacion de sales e igualar el pH a valores
neutros o cercanos a 7 mediante lavados en agua destilada; i) secado de las muestras en un
horno a 30°C y obtencién de SF lista para usarse.
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Figura 10. Proceso de tamizado de la sal para obtener membranas porosas, donde: a)
utilizacién de un mortero para disminuir el tamafio de las particulas de sal; b) tamizador con
tamafios de poros de 2 mm; c) particulas de sal con un tamafio aproximado de 2 mm listas
para ser usadas en el disefio de membranas porosas.

Figura 11. De izquierda a derecha, peliculas, membranas porosas, membranas electrohiladas

aleatorias, y membranas electrohiladas orientadas, siendo el material: a) PVDF; y b) SF.
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Figura 12. a-c) TEVGs de SF disefiados con la técnica de electrohilado.

Figura 13. TEVGs disefiados con PVDF mediante la técnica de electrohilado. a-c) Diferentes
desarrollos de injertos vasculares variando las configuraciones del electrohilado; d) prototipo
final de injerto vascular de PVDF.
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Cirugia de craneo y columna en pequeiios animales

Sdnchez-Margallo FM, Usén-Gargallo J, Vérez-Fraguela JL,, Latorre-Reviriego R,

Kostlin R, Climent-Peris S, et al.
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Sdnchez-Margallo FM, Durdn-Rey D, Sdnchez-Margallo JA, Criséstomo V.

Cir Esp. 2020; 98(Espec Congr 1): 17.

0-162 - Andlisis de la curva de aprendizaje de un nuevo disefo de
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Sanchez-Margallo FM, Duran-Rey D, Sanchez-Margallo JA.

Cir Esp. 2020; 98(Espec Congr 1): 454.
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0-179 - Uso de dispositivos inteligentes para la prediccion de la carga de

trabajo durante la practica laparoscépica
Sdnchez-Margallo FM, Gloor PA, Duran-Rey D, Sanchez-Margallo JA

Cir Esp. 2020; 98(Espec Congr 1): 471.

Dispositivo laparoscépico mecanico articulado: Analisis de la curva de
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BrJ Surg. 2023; 110 (Supplement 1). DOI: 10.1093/bjs/znac443.013.

126



Anexo Il: Contribuciones Cientificas

Comunicaciones cientificas en Congresos y Jornadas

Terapia larvaria con Protophormia terraenovae en ovinos: Estudio Histoldgico
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Duran-Rey D.
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Sdnchez-Margallo JA, Gloor PA, Duran-Rey D, Sanchez-Margallo FM.

European Association for Endoscopic Surgery and other Interventional
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Sdnchez-Margallo JA, Gloor PA, Duran-Rey D, Sanchez-Margallo FM.
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