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ABSTRACT

The challenges facing the biomaterials field have intensified during the last
decade. Present research in the design of novel “smart” materials has been directed
towards this field looking for materials that mimic biological tissues and cellular
functionality  through the experimentation with  nanostructured  systems.
Nanobiotechnology provides the possibility of producing textured surfaces and
materials in the nanoscale simulating natural environments. As example, tissue
engineering and regenerative medicine require biomaterials that promote specific
cellular responses generating substrates and scaffolds that influence cell adhesion,
growth, and organization. Therefore, considerable effort has been focused to the
development of new materials and fabrication techniques to generate novel substrates
that exhibit some of the most important chemical, biological and physical characteristics

of the extracellular matrix (ECM).

Genetic engineering techniques offer a straightforward route to design and
biosynthesise protein polymers which provide a base that can incorporate structural and
functional domains to construct an artificial ECM. The elastin-like recombinamers
(ELRs) are based on the recurrence of certain short peptides that are present in the
natural elastin and can be produced with extraordinary degree of complexity and
control. They are made of pentameric repeat amino acid sequences VPGXG (Val-Pro-
Gly-Xaa-Gly), where Xaa is any natural amino acid except L-proline. This family shows
a wide set of interesting properties: extraordinary biocompatibility, excellent
mechanical properties, stimuli-responsive nature and self-assembly behavior. They

undergo a phase transition in response to changes in the temperature in aqueous
9



solutions. Below the so-called Inverse Transition Temperature (ITT) the uncrosslinked
polymer chains are soluble in water; however, above the Transition Temperature (T;) the
polymer chains form nano- and microaggregates which segregate from the solution. The
adequate mechanical properties and biocompatibility make them good candidates to
incorporate short peptides having specific bioactivities, cell attachment REDV (Arg-
Glu-Asp-Val), specific for endothelial cells, or the general RGD (Arg-Gly-Asp) domain
for tissue engineering, cross-linking domains as VPGKG (Val-Pro-Gly-Lys-Gly) those
contain y-amino groups and others. ELRs are a kind of protein materials that exhibit
certain properties that make them suitable for some of the applications were the research
in polymer science nowadays is being more active, such as the use of block copolymers
with tailored characteristics for nano(bio)technological applications. Amphiphilic
elastin-like block corecombinamers (ELbcRs) comprise well-defined blocks of
compositionally dissimilar monomers that have significantly different polarities and
interaction affinities for aqueous solutions that are impossible to obtain by more
conventional chemical techniques. The phase transition in response to changes in the
temperature can be modulated conveniently through manipulation of the
macromolecular architecture, i.e., length, composition, and sequence of the individual
blocks. The identity and sequence of the individual block units within the polymer
dictates the nature of the supramolecular assembly.

The work compiled here is part of a long term project focused on the
development of new biomaterials showing increasing functionality for several
biomedical applications ranging from bioactive hydrogels to nanoparticles with the aim
of opening its promising field of applications. A general introduction is presented in
Chapter 1 showing an extensive bibliographic revision concerning the promising

versatility of ELRs.
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The first objective of this thesis was to obtain hydrogels from multifunctional
ELRs incorporating different cell binding peptides, RGD or REDV, obtained by
chemical cross-linking with hexamethylene diisocyanate (HDI), a lysine-targeted cross-
linker, with well-defined biological activity, appropriate mechanical properties and
controlled topography for tissue engineering. Hydrogels are one of the most promising
and versatile materials with enormous possibilities and potentials in the field of
biomedical sciences. Among the materials used for regenerative applications, hydrogels
are receiving increasing attention due to their ability to entrap large amount of water,
good biocompatibility and mimicking tissue environment. Interestingly, hydrogels
based on ELRSs retain the thermo-responsiveness characteristics of the ELR family and a
clear T, can be studied in crosslinked hydrogels by calorimetric techniques. From this
goal, we established two lines of research: Micropatterned and porous hydrogels.

The first research line presented in Chapter 2 was the combination of soft-
lithographic methods (replica molding) with bioactive hydrogels, to obtain chemically
cross-linked hydrogels with selected patterns of different features in terms of size and
topography and biochemical specificity. These novel bioactive hydrogels showed smart
behaviour in agueous media which would provide functional substrates for studying cell
behaviour mimicking biological systems for tissue engineering purposes. Several
studies are being carried out to investigate cell attachment, growing and proliferation
onto these scaffolds.

The second research line presented in Chapter 3 was to obtain hydrogels with a
suitable space in which transplanted cells can growth and generate their own
extracellular matrix. High porosity is required to offer sufficient space for tissue

ingrowth and to improve the invasion of surrounding tissue. An appropriate pore size
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and interconnecting pore network is also essential for vascularization and diffusion of
nutrients. This study has developed a salt leaching/gas foaming technique for preparing
biodegradable highly porous hydrogels as bioactive implants in cellular therapies. The
results showed clear differences in the physical properties of the hydrogels with the
variation of the weight ratio salt/polymer and the environmental temperature. The
distribution of medium pore size was controlled by the salt particle size. The gas-
forming process, by immersion in a citric acid solution after the cross-linking,
facilitated the interconnectivity and the obtaining of a grooved surface, which is
important to allow cell colonization. Cell viability assays in vitro with endothelial cells
showed the success of the two main general objectives for its future application in tissue
engineering: first to test the biocompatibility of the 3D-hydrogels and secondly to prove
that the porous structure was suitable for the infiltration of cells through their surface
and subsequent cell colonization.

The second objective of this thesis was to study the supramolecular self-
assembly of amphiphilic ELbcRs for development of new nanotherapeutic platforms
based in stimuli-responsive nano-objects and gels. The increasing need for drug-
delivery systems that improve specificity and activity, whilst being biocompatible at the
same time has led to the development of a wide variety of new materials. The bulk of
this effort has been developed in polymeric systems because of their ability to form a
range of different nanoparticulate structures, including micelles, nanospheres,
nanocapsules or polymersomes. In this work, presented in the Chapter 4, amphiphilic
elastin-like di- and triblock corecombinamers exhibit thermally triggered nanoscale self-
assembly in aqueous neutral solution. The control over the molecular weight and the
hydrophilic-to-hydrophobic ratio changing the arrangement and length of the

hydrophilic block affords to different nano-objects as micelles or vesicles with several
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sizes. The potential of ELbcRs to self-assemble in response to environmental changes as
pH or temperature makes them very attractive for the construction of nano-devices for
use as controlled delivery and stimuli-responsive systems or advanced
nanobiotechnological applications.

The subsequent design and development of an amphiphilic tetrablock ELbcR
showed in the last part of this work, Chapter 5, has allowed the obtaining of an in situ
injectable gel performed by temperature-triggered reversible gelation under mild,
physiological conditions. A major limitation of most scaffold materials used for tissue
engineering is the need for surgical implantation. For many clinical uses, injectable
hydrogels would be strongly preferred because could be formed into any desired shape
at the site of the injury and would adhere to the tissue during gel formation minimizing
the invasiveness of the procedure. In addition, they may incorporate various therapeutic
agents (e.g., growth factors) and encapsulate cells, amongst others. Among approaches
that involve solvent exchange, UV-irradiation, ionic cross-linkage and pH change,
temperature-responsive hydrogels under physiological conditions have caused the
interest of many investigators for biomedical applications. In this regard, we have
obtained physically or self-assembly hydrogels with selected patterns combining replica
molding with reversible thermo-gelling properties. This approach could be used to study
cell behaviour on microstructured surfaces with the possibility of tuning the mechanical
properties during the cell culture varying the temperature or could be also exploited in
combined strategies of, for example, cell harvesting, in which, once cells has growth on
the substrate and can be harvested from simply cooling the system below the gelation
temperature. Regarding to the application as injectable gel, the incorporation of

bioactive sequences has allowed its use in different studies to investigate cell
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attachment, growing and proliferation onto these gels developing the outstanding

potential of this novel family of ELRs for tissue regeneration.

In general, the work developed along this thesis intended to contribute to the
evolution of the emerging applications of ELRs to the biomaterial field, some of them
are summarize in the Chapter 6 as future perspectives. Starting with the knowledge of
the required properties of “smart” biomaterials to obtain different hydrogels with
specific functionalities and bioactivity; and ending with new stimuli-responsive

nanoplatforms for nanobiotechnological applications.
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RESUMEN

OBJETIVOS

1.- Esta tesis tiene como objetivo principal el desarrollo de sistemas
multifuncionales con aplicacion en el campo de la biomedicina y nanotecnologia a
partir de polimeros recombinantes tipo elastina disefiados por el GIR Bioforge. Para
la obtencion de dichos sistemas se pretende aprovechar caracteristicas de gran interés
en estos campos y que presentan estos biopolimeros, como su sensibilidad a
diferentes estimulos como la temperatura y el pH, su elevada biocompatibilidad y la

posibilidad de inclusién de diversas bioactividades en su cadena peptidica.

2.- Los primeros sistemas que se pretende obtener son nuevos sustratos para
ingenieria de tejidos con caracteristicas superiores a los descritos en la bibliografia
tanto en relacion a sus bioactividades y especificidad a distintos tejidos o lineas
celulares como a sus propiedades mecénicas, porosidad o biodegradabilidad; de
manera que simulen de forma precisa las caracteristicas de las matrices
extracelulares. Se pretenden obtener sistemas mediante entrecruzamiento quimico de
los recombinameros de tipo elastina que contienen diferentes dominios bioactivos,
tales como péptidos de adhesién celular o de reconocimiento de elastasas, asi como

dominios de entrecruzamiento.

3.- Se pretende también desarrollar soportes mas avanzados como hidrogeles 3D

porosos para su utilizacién como implantes biomédicos o substratos que presenten
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topografias microestructuradas en superficie Gtiles en aplicaciones de confinamiento

y guiado celular.

Para conseguir hidrogeles 3D eficaces debe ser posible obtenerlos con
distribuciones variables de porosidad y tamafio de poro controlado. Ademas sera
necesario optimizar una técnica que nos permita obtener poros interconectados, para

asi conseguir una buena adhesion, proliferacion y colonizacion celular.

Respecto a la consecucién de superficies bioactivas para el guiado celular sera
necesario obtener hidrogeles que presenten diversas topografias del orden de micras

mediante técnicas como micro impresion o litografia suave.

4.- Otro objetivo fundamental de esta tesis ha consistido en desarrollar nuevos
sistemas nanoterapéuticos con aplicaciones en dosificacion de farmacos y otras
biomacromoléculas como hormonas, vitaminas o factores de crecimiento. Los
nanosistemas desarrollados estan basados en corecombinameros de tipo elastina, que
fueron disefiados previamente en el grupo, inspirdndose en los polimeros sintéticos
de bloque anfifilicos y en las propiedades de autoensamblado mostradas por los

recombindmeros de tipo elastina.

Se pretende comprobar si los corecombinameros en bloque anfifilicos pueden
dar lugar, como resultado a la respuesta a un cambio en la temperatura en medio
acuoso, a diferentes nano-objetos autoensamblados, como por ejemplo micelas o

vesiculas mediante interacciones no covalentes, hidrofobas y reversibles.

Determinar si la polaridad media, la masa molecular, la secuencia de

aminoéacidos, asi como la manera en que los bloques estan dispuestos a lo largo de la
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molécula son factores que determinaran la temperatura de transicion, la morfologia y

el tamarfio de los nano-objetos.

5.- Por ultimo y conociendo la capacidad de autoensamblado de los
corecombinameros en bloque de tipo elastina mediante termogelificacion reversible,
se pretende disefiar y obtener un hidrogel inyectable simple en condiciones
fisiolégicas que sirva como soporte o vehiculo tanto celular como de diversos
principios activos o agentes terapéuticos con aplicacion en terapias locales

minimamente invasivas.

Con este objetivo se pretende estudiar el comportamiento de un
corecombinamero tetrabloque de tipo elastina y optimizar los parametros de
gelificacion (concentracion, temperatura, viscosidad) en condiciones fisiolégicas y

caracterizar las propiedades mecanicas del hidrogel.

1. INTRODUCCION

Los biomateriales son materiales especialmente utilizados en aplicaciones

médicas, aungue su uso se ha extendido a aplicaciones biolégicas y de diagndstico en

laboratorios clinicos. El concepto de “biomaterial” ha cambiado en la medida que a la

ciencia de materiales se han incorporado los avances en biologia molecular, ingenieria

tisular, nanotecnologia e ingenieria de superficies." La ciencia de los biomateriales

estudia las propiedades fisicas y bioldgicas asi como las aplicaciones de materiales

(sintéticos o naturales) que van a estar en contacto con sistemas bioldgicos. El avance

en las técnicas del disefio de biomateriales inteligentes ha direccionado la investigacion

en este campo hacia la busqueda de materiales que bio-mimeticen la funcionalidad

celular y tisular, mediante la experimentacion con sistemas nanoestructurados. De este

17



modo, la nanotecnologia provee la posibilidad de producir superficies estructuradas y
materiales que en la nanoescala imitan el ambiente natural de las células y promueven
ciertas funciones. La utilizacion de estos biomateriales en la ingenieria de tejidos tiene
un gran potencial de aplicacion para la medicina regenerativa.’

Mas concretamente, la ciencia de biomateriales necesita obtener soportes mas
sofisticados con una actividad bioldgica y quimica bien definida, adecuadas propiedades
mecénicas y con una topografia controlada. En ingenieria de tejidos, los sustratos deben
proporcionar un espacio adecuado en el cual las células trasplantadas puedan crecer y
generar su propia matriz extracelular (ECM).® En vivo, las células se relacionan con el
ambiente que las rodea a través de sefales extrinsecas e intrinsecas procedentes de
interacciones célula-célula y célula-componentes de la matriz extracelular. Dicha matriz
se compone de una variedad de proteinas y polisacéridos que son secretados localmente
en una red organizada y estrechamente relacionada con la célula productora. Las
variaciones en las cantidades relativas de los diferentes tipos de macromoléculas de la
matriz y la manera en que se organizan dan lugar a una asombrosa diversidad de formas,
cada una adaptada a los requisitos funcionales del tejido en particular. Todas estas
sefiales determinan el comportamiento celular. Las proteinas tienen una funcion
estructural ademéas de bioactiva y las mas abundantes son colageno, elastina,
fibronectina y laminina. Mediante el estudio de estas proteinas se han identificado
distintas secuencias aminoacidicas con influencia decisiva en el comportamiento
celular. Asi, por ejemplo, la secuencia RGD* presente en la fibronectina esta
directamente relacionada con la adhesion celular mediada por integrinas. Ademas de la
secuencia RGD, se encuentran otras secuencias proteicas con diferentes funciones
(REDV,’ YIGSR,® VGVAPG,' DDDEEKFLRRIGRFG,? etc.) que se estan utilizando en

la bioactivacion de sustratos con el fin de promover especificamente la adhesion celular,
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proliferacion, bioabsorcion programada y mediada por elastasas o biomineralizacion
entre otras para crear sustratos optimos para la ingenieria de tejidos. Para reproducir este
dialogo natural entre la célula y el material, se esta realizando un considerable esfuerzo
en el desarrollo de nuevos materiales y nuevas técnicas de fabricacion con el fin de
generar nuevos sustratos que puedan imitar algunas de las caracteristicas quimicas,

bioldgicas y fisicas mas importantes de la ECM.

Los hidrogeles constituyen unos de los biomateriales mas prometedores y
versatiles en el campo de las ciencias biomédicas.® Su amplia gama de propiedades
facilita su uso en numerosas aplicaciones, en particular en los sectores médicos y
farmacéuticos. Se utilizan por ejemplo, en lentes de contacto, recubrimientos médicos,
matrices para la liberacion de farmacos y andamios para la ingenieria de tejidos. Entre
los materiales méas utilizados para aplicaciones regenerativas, los hidrogeles estan
recibiendo una atencion creciente debido a su capacidad para retener grandes cantidades
de agua, su elevada biocompatibilidad y la posibilidad que ofrecen de imitar las
condiciones de los tejidos naturales. Algunos ejemplos de estos materiales incluyen
polimeros naturales como gelatina, quitosano, fibrina, colageno o alginato, y también
polimeros sintéticos como poliésteres, polialcoholes vinilicos o poliuretanos.*® ** Uno
de los principales inconvenientes surgido del uso de hidrogeles para aplicaciones
biomédicas es, por ejemplo, el asociado a su biodegradabilidad; reabsorcion, tiempo de
permanencia, reactividad, subproductos toxicos, lo cual tendria por ejemplo, un efecto
importante en procesos de liberacion de farmacos. Esta consideracion es critica también
en el disefio de hidrogeles para medicina regenerativa, puesto que existe un compromiso
entre la necesidad de un andamio funcional y su degradacion para generar un tejido

emergente durante el proceso de curacion. Este efecto ha sido estudiado examinando la
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viabilidad celular de condrocitos en hidrogeles no degradables basados en
polietilenglicol (PEG) para regeneracion de cartilago.'? Las células dentro del hidrogel
permanecieron viables y uniformemente dispersas, pero debido a la naturaleza no
degradable de estos materiales, el numero de células tendid a disminuir

significativamente con el tiempo.

Otro de los campos que esta mostrando un alto interés es el desarrollo de nuevos
sistemas terapéuticos basados en vehiculos nanoparticulados, que podriamos denominar
sistemas nanoterapéuticos. El objetivo es resolver algunas limitaciones de los sistemas
convencionales de suministro de farmacos no especificos, tales como la biodistribucion
no controlada y su orientacion a dianas especificas, la falta de solubilidad en agua, la
baja biodisponibilidad por via oral, y los bajos indices terapéuticos de los diversos
agentes activos tales como farmacos, biomacromoléculas (factores de crecimiento,
proteinas, hormonas...) o en terapias génicas de ADN o siRNA. Con este fin, diversas
nanoparticulas biodegradables han sido preparadas a partir de proteinas, polisacaridos y
polimeros sintéticos biodegradables como el acido polilactico (PLA), policaprolactona
(PCL) o derivados de polialquilcianoacrilatos (PAC) entre otros con aplicaciones de
liberacién de farmacos o en terapias génicas o vacunales.** Muchos de ellos requieren
de la modificacion de la superficie de las nanoparticulas con polimeros hidrofilicos
como el PEG o por ejemplo con biomoléculas que impidan su reconocimiento como
particulas extrafias por parte del organismo, y asi incrementa el tiempo de vida media en

el sistema circulatorio.

Las principales variables a tener en cuenta en un sistema sencillo de liberacién de
un farmaco y para la seleccion del polimero serian respecto al farmaco, su solubilidad
en agua, estabilidad, etc. y en consecuencia su potencialidad de ser encapsulado en el

polimero; en cuanto a las nanoparticulas, su tamarfio, las caracteristicas de su superficie
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y funcionalidad, el grado de biodegradabilidad y biocompatibilidad; y por ultimo el
perfil de liberacion del principio activo del sistema compuesto por nanoparticula-
farmaco. Pero para obtener sistemas nanoterapéuticos realmente eficaces es necesario
obtener nanoplataformas biocompatibles inteligentes que presenten propiedades
intrinsecas de respuesta a diferentes estimulos (temperatura, luz, reconocimiento celular,
etc.) que permitirdn su orientacion controlada a dianas especificas o su seguimiento en

el interior del organismo.*

En la Gltima década existe un tipo de biomateriales con gran potencial que esta
suscitando un creciente interés en éste area y mas concretamente en los dos campos de
trabajo arriba descritos y de interés para esta tesis. Las técnicas de ingenieria genética
ofrecen una ruta sencilla para disefiar y biosintetizar polimeros proteicos con un grado
incomparable de complejidad y control que permiten incorporar dominios estructurales
y funcionales derivados de proteinas contenidas en la ECM e imposibles de obtener por
métodos convencionales de sintesis quimica. Ademas y mas concretamente, los
“recombindmeros” tipo elastina (“clastin-like recombinamer” ELRs)," han suscitado un
creciente interés debido a su excelente biocompatibilidad, bioactividad y a su naturaleza
intrinseca “inteligente”, como por ejemplo su comportamiento termosensible. Los ELRs
estan basados en secuencias repetidas de aminoacidos presentes en la elastina natural y
pueden contener dominios multifuncionales en su estructura para de esta forma
presentar propiedades adicionales, tales como una bioactividad especifica o adecuadas
propiedades mecéanicas, para asi conseguir imitar las de diferentes tejidos. EI maés
representativo de estos "bloques aminoacidicos” es el pentapeptido (VPGVG) o sus
permutaciones, asi como una amplia variedad de recombinameros que han sido

biosintetizados con diferentes objetivos con la formula general (VPGXG), donde X
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representa cualquier aminoacido natural excepto prolina. Estos biomateriales son
producidos a partir de construcciones de ADN sintético como biopolimeros
recombinantes monodispersos con un rendimiento medio de entre 200 y 300 mg/L de
cultivo bacteriano y mediante un proceso biotecnoldgico. La fermentacion realizada en
Escherichia coli supone un proceso limpio, barato y facilmente escalable, donde el coste
y tiempo de produccion no depende de la complejidad del material obtenido. Ademas,
estos materiales proteicos son absolutamente susceptibles de fabricacion en condiciones
“GMP” (Good manufacture practise) y pueden producirse también en plantas

transgénicas, levaduras o bacterias lacticas.'®

Los ELRs en disolucion acuosa presentan una transicion de fase en respuesta a
cambios en la temperatura. Se denomina transicion inversa, viene definida por la
temperatura a la que tiene lugar (Ty) y es especifica para cada ELR. El recombindmero
sufre una transicion desde un estado disuelto a un estado insoluble, que conlleva una
segregacion de fases, al elevar su temperatura por encima de la T;. Esta transicion es
completamente reversible y se produce mediante un proceso complejo que ocurre como
consecuencia de una asociacién hidréfoba del polimero en el que las cadenas pasan de
un estado de desorden conformacional a una disposicion méas ordenada denominada

espiral 5. 1

Los copolimeros anfifilicos en bloque contienen monémeros con composiciones
distintas y que poseen polaridades sensiblemente diferentes en disoluciones acuosas.!’
Mediante técnicas recombinantes es posible también la sintesis de recombindmeros en
bloque anfifilicos fusionando los genes que codifican los distintos bloques
aminoacidicos individuales con una precisibn muy superior a la alcanzable con
tecnologias méas convencionales. Estos recombinameros en bloque (“elastin-like block

corecombinamer” ELbcR),*® no sélo conservan la transicién de fase en respuesta a
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cambios en la temperatura y en disolucién acuosa, sino que ésta puede ser modulada
convenientemente mediante la manipulacion de su arquitectura macromolecular;
modificando la longitud, la composicion o la secuencia de los blogques individuales.
Dicha posibilidad abre un importante campo de aplicacion de estos biomateriales
consistente en el disefio de sistemas autoensamblables con estructura, morfologia y
dimensiones variadas, pasando de nano-objetos, tales como micelas, vesiculas o

nanotubos a hidrogeles inteligentes. *’

La gran versatilidad de estos recombindmeros inteligentes, ha favorecido en la
ultima década la obtencion de distintos sistemas a partir de recombinameros de tipo
elastina con funcionalidades crecientes y “a la carta” para distintas aplicaciones. En esta
tesis se han recogido dos de las recopilaciones publicadas mas importantes que he
realizado sobre el estado del arte de estos biomateriales como una introduccion en el
capitulo 1 (“‘Recombinamers’’ as Advanced Materials for the Post-0il Age) y una vista
de perspectivas futuras en el capitulo 6 (Emerging Applications of Multifunctional

Elastin-like Recombinamers). Los biomateriales que se han obtenido a partir de ELRs

22,23 24,25

incluyen  hidrogeles,**?°  fibras,®*  superficies, sistemas  inyectables,

7

microparticulas,”® nanoparticulas,?’ etc. de aplicacion biomédica y nanotecnoldgica,

muchos de los cuales se tratan en este trabajo.
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3. METODOLOGIA

3.1. MATERIALES

3.1.1. Reactivos

Todos los reactivos empleados en este trabajo se enumeran en la siguiente Tabla 1.

Tabla 1. Reactivos, medios, material de cultivos celulares utilizados y empresas

proveedoras.
REACTIVOS REACTIVOS DE CULTIVO
QUIMICOS Y ORIGEN CELULARY ORIGEN
ABREVIATURA ABREVIATURA
o Sigma Sigma
Aceite mineral Aldrich Accutase Aldrich
Acido citrico Sigma Cloruro de calcio (CaCly) Sigma
Aldrich 2 Aldrich
- s Sigma .
Acido clorhidrico Aldrich DAPI Invitrogen
Bicarbonato sédico - .
(NaHCO,) Merck Faloidina-Alexa-Fluor 488 Invitrogen
. Sigma . Sigma
Cloruro de sodio (NaCl) Aldrich Glutaraldehido Aldrich
Decalina Sigma Medios de cultivo endotelial Lonza
Aldrich (EGM y EBM)
Diisocianato de metileno . Sigma
(HDI) Panreac Paraformaldehido Aldrich
N . Sigma . . .
Dimetilformamida (DMF) Aldrich Tampon fosfato salino (PBS) Gibco
N . Sigma "y Sigma
Dimetilsulféxido (DMSO) Aldrich Triton X-100 Aldrich
Elastémero de silicona Dow
(PDMS y agente de curado) | Corning
Etanol Merck
Hidroxido sodico Sigma
Aldrich
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Sigma
Metanol Aldrich
Sigma
Tolueno Aldrich

Todas las soluciones empleadas se preparan utilizando agua tipo | (Millipore) y el

pH se ajusta afiadiendo pequefias cantidades de HCI o NaOH 1M.

Las disoluciones acuosas que se utilizaran en técnicas de dispersion de luz se
filtran a través de membranas de polifluoruro de vinilideno (PVDF, Whatman®©) de
tamafio de poro de 0,45 um para asegurar la eliminacién de cualquier residuo de polvo

en la muestra.

La limpieza del material de vidrio (tubos porta muestras) es muy importante, ya
que la presencia de residuos organicos, grasa o polvo modifican drasticamente los
fendmenos observados en dispersion de luz. El procedimiento para el lavado del
material de vidrio se inicia enjuagando abundantemente con agua corriente para
eliminar restos de polvo, después se prosigue con un lavado en una mezcla jabon-agua
de la marca Hellmanex® Il, especial para lavado optico en un bafio de ultrasonidos
durante 15 minutos. Para finalizar, se enjuaga de nuevo con agua tipo | y se deja secar

colocando el material de vidrio en una estufa a 60°C durante 4h.

El resto de material de laboratorio (puntas de micropipeta, microtubos, tubos
conicos, etc.) se adquieren estériles o se esterilizan en autoclave (Autester E-75) a

121°C y 1 atmosfera de sobrepresion durante 20 minutos.
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3.1.2. Recombinameros de tipo elastina utilizados

Todos los recombindmeros (ELRs and ELbcRs) utilizados han sido previamente
sintetizados en nuestro laboratorio mediante tecnologia de DNA recombinante,
producidos en una fermentacion de Escherichia coli y purificados mediante ciclos de
segregacion reversibles termodependientes. Tras la ultima solubilizacién se dializaron

frente a agua de tipo | a 4 °C, posteriormente se liofilizaron y se conservaron a -20 °C.*®

19, 20, 24, 27, 28

Los recoémbinameros que se han utilizado en este trabajo, la abreviatura, el peso
molecular (M) y la secuencia de aminoacidos estan resumidos en la siguiente tabla

(Tabla 2).

Tabla 2. Composicion y peso molecular de los ELRs y ELbsRs utilizados.

Abreviatura Composicidn de aminoacidos (lflg/z;)
ELRs
HRGDs | MGSSHHHHHHSSGLVPRGSHMESLLP{[(VPGIG),VPGKG(VPGIG),] 50.6
(AVTGRGDSPASS)[(VPGIG),VPGKG(VPGIG),],}s
REDVL0 | MESLLP{(VPGIG),VPGKG(VPGIG),EEIQIGHIPREDVDYHLYP(VPGIG) | oo,
VPGKG(VPGIG),(VGVAPG)3}o
ELbcRs
E50A40 | MESLLP[(VPGVG),(VPGEG)(VPGVG),]1-(VPAVG)0 385
E100A40 | MESLLP[(VPGVG),(VPGEG)(VPGVG),],0-(VPAVG)4 59.3
coop0E | eSO O S PGS VPAVG)
(E50160), | MESLLP{[(VPGVG),-(VPGEG)-(VPGVG),]:0-[VGIPGls}> 92.9

3.1.2.1. Recombindmeros quimicamente entrecruzables para la formacion de hidrogeles

bioactivos




Stimuli-responsive systems based on elastin-like recombinamers for biomedical applications

Los recombindmeros (ELRs) HRGD6 y REDV10 se disefiaron con la intencién
de obtener un soporte multifuncional para ingenieria de tejidos, que incluyera las
propiedades generales requeridas para un biomaterial (biocompatible y biodegradable) y
que permitiera mimetizar al mismo tiempo las propiedades estructurales, mecanicas y
funcionales de la matriz extracelular. En ellos, la unidad monomérica contiene tres
bloques funcionales diferentes con el fin de lograr un equilibrio adecuado entre la

bioactividad y las propiedades mecénicas (Figura 1).

Dominios de adhesion
| Dominios elasticos | celular

1

l Dominios de entrecruzamiento ]

Figura 1. Esquema general de la parte central del monémero de los ELRs.

Asi, en ambos mondmeros esta presente el pentapéptido (VPGIG), en verde que
confiere elasticidad, biocompatibilidad, y comportamiento termosensible. Algunos de
los dominios elasticos han sido modificados sustituyendo la isoleucina (1) por lisina (K),
representados en color rojo, con el propdsito de incluir grupos funcionales que
posibiliten reacciones de entrecruzamiento u otras modificaciones quimicas. El bloque
central del monomero, en amarillo, contiene bucles peptidicos encontrados en la
proteina fibronectina que envuelven las secuencias de adhesion celular (RGD universal
0 REDV, especifica para células endoteliales). En el caso del HRGD6 el mondmero esta
repetido 6 veces dando un peso molecular total de 60.6 kDa. Finalmente en el

mondmero del REDV10, se ha introducido una secuencia hexapéptidica (VGVAPG)?,
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repetida 3 veces y reconocida por elastasas, que una vez liberada por la accion
proteolitica presenta propiedades bioactivas adicionales (modulacion de la proliferacion
y migracion entre otras). Este mondémero se ha repetido 10 veces dando un peso

molecular de 83.1 kDa.

3.1.2.2. Corecombinameros: Dibloques, tribloques v tetrablogues para la formacién de

nano-objetos e hidrogeles

Estos corecombinameros en bloque (ELbcRs) se disefiaron inspirandose en los
polimeros sintéticos de bloque anfifilicos y en las propiedades de autoensamblado
mostradas por los recombindmeros de tipo elastina. Los copolimeros en bloque
anfifilicos pueden dar lugar, como resultado a la respuesta a un cambio en la
temperatura en medio acuoso, a diferentes nano-objetos autoensamblados por
interacciones no covalentes, hidrofobas y reversibles. El estudio de la polaridad media,
la masa molecular, la secuencia de aminoacidos, asi como la manera en que los bloques
estan dispuestos a lo largo de la molécula son los factores que determinaran la
temperatura de transicion, asi como la morfologia y el tamafio de los nano-objetos. Con
el fin de obtener diferentes nano-objetos, se disefiaron los corecombinameros (ELbcRS)

E50A40, E100A40 y E50A40E50 de la Tabla 2 y representados en la Figura 2.

Figura 2. Esquema de la arquitectura molecular de los corecombinameros E50A40,

E100A40 y ES0A40ES0.
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En esta tesis se caracteriz6 la formacion de dichos nano-objetos. Estos
recombinameros son también anfifilicos en blogue previamente biosintetizados en el
grupo. El primer bloque, denominado bloque E en azul y de composicion ((VPGVG),-
(VPGEG)-(VPGVG),), es sensible al pH y el segundo bloque (VPAVG) representado
como A y en rojo, es termosensible pero no tiene respuesta al pH. Estos
corecombinameros se diferencian entre si en el nimero de pentapéptidos de cada bloque
dando lugar a distintos pesos moleculares, o en la posicién de los bloques. Es decir, el
numero de pentapéptidos para el blogue hidréfobo A (A40) es fijo, habiéndose variado
el blogue hidrofilo E en la longitud (EL00A40) y en el orden para obtener el tribloque
(E50A40E50), manteniendo el peso molecular constante en los dos Gltimos casos y asi

poder comparar ambas variables en la formacion de los nano-objetos.

Con la misma metodologia se construyé un tetrabloque que en funcién de la
concentracion posibilitaria no solo la formacion de los nano-objetos sino también la

obtencion de un hidrogel inyectable para regeneracion de tejidos (Figura 3).

160 160

Figura 3. Esquema de la arquitectura molecular del (E50160),

El corecombindmero anfifilico (E50160),%° de la Tabla 2 y representado en la
Figura 3 se disefio con el fin de obtener un sistema autogelificable en condiciones
fisiolégicas para su aplicacion como sistema inyectable en terapias celulares de
regeneracion de tejidos. Para ello, era necesario que el sistema fuera un liquido de baja
viscosidad que permitiera su inyeccion a temperaturas inferiores a la temperatura

corporal y que gelificara instantdneamente al ser introducido en el organismo de manera
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gue no difundiera consiguiendo de esta manera una terapia local. Su abreviatura se
relaciona con las cantidades relativas de pentapéptidos de ambos bloques. El primer
bloque E es el mismo descrito previamente en los dibloques y tribloques y el segundo

bloque (VGIPG) identificado como | es termosensible.

3.2. METODOS

3.2.1. Obtencién de hidrogeles quimicamente entrecruzados para ingenieria de

tejidos

Para la obtencién de hidrogeles entrecruzados covalentemente se ha seguido la
reaccion que se representa en el esquema de la Figura 4. Los recombinameros
utilizados en la reaccion de entrecruzamiento han sido el HRGD6 y el REDV10 vy la
reaccion se ha llevado a cabo con diisocianato de hexametileno (HDI) como agente

entrecruzante.

OCN{—fgNCO + 2 H2N S e T M \H/

HDI

Figura 4. Reaccion de entrecruzamiento mediante diisocianato de metileno.

3.2.1.1. Preparacién de moldes microestructurados vy obtencién de hidrogeles

microestructurados en superficie

El prepolimero de polidimetilsiloxano (PDMS) y el agente de curado, se
mezclaron agitando vigorosamente en una relacién en peso 10:1 y se desgasifico la

mezcla durante 1 h en un desecador a vacio. Esta se depositd sobre un master de silicio
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estampado con diversas topografias previamente disefiado en el laboratorio y elaborado
en el Instituto de Microelectronica de Barcelona (CNM-IMB). EI PDMS se curé a 65°C
durante 1 h, y las réplicas de PDMS se despegaron cuidadosamente de la oblea de
silicio y se utilizaron sin tratamiento superficial adicional. Se han utilizado diferentes
obleas de silicio que presentan surcos, pilares circulares y hendiduras hexagonales,
circulares y cuadradas con distintas anchuras (w) e inter-distancias (s) entre ellos. En
concreto, hendiduras hexagonales: w = 100 pum, s = 100 um; hendiduras circulares y
cuadradas: w = s = 40 um, pilares circulares: w =5, 10 um, s = 15, 10 umy surcos: w =
15, 20 0 25 um, s = 25, 50 o 100 y 255 pm respectivamente. La altura de las
microestructuras fue de 15 um para los pilares y las hendiduras y 9 um para los pilares

mas pequefios.

La reaccion de entrecruzamiento se llevd a cabo utilizando DMF como
disolvente a una concentracion de HRGD6 de 100 mg/mL. Por otro lado se prepard una
disolucion de HDI en DMF a 25 mg/mL. Ambas disoluciones se mantuvieron a 4° C. La
mezcla ELR/HDI en una relacion molar de 1:4 y 1:7 se deposito sobre las superficies
microestructuradas de PDMS y se mantuvo a temperatura ambiente durante la noche.
Una vez entrecruzados, los geles se despegaron cuidadosamente del molde para obtener
distintas topografias en superficie.”> Un esquema del proceso de formacién de los
moldes de PDMS y del proceso de réplica en los hidrogeles (“replica molding”) esta

representado en la Figura 5.
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Figura 5. Esquema del proceso de “replica molding ”.

3.2.1.2. Obtencidn de hidrogeles porosos

El REDV10 liofilizado se disolvié a una concentracion de 80 mg/mL en una
mezcla de DMSO: DMF (80:20) siendo DMSO; dimetilsuféxido y DMF;
dimetilformamida, para disminuir la temperatura de trabajo introduciendo DMF en la
mezcla. Por otro lado, se prepard la disolucion de HDI en DMF, manteniendo todas las
disoluciones a -20° C para disminuir la velocidad de reaccion. Posteriormente, los
hidrogeles se obtuvieron mezclando las disoluciones de ELR y HDI en una relacion
molar 1:3 con vigorosa agitacion en un vortex dentro de una cdmara frigorifica a 4° C.
Finalmente, la mezcla se depositd rapidamente (la reaccidn se inicia inmediatamente)
sobre un molde de teflon de 13.5 mm de didmetro y 2 mm de altura y se dejé reaccionar
durante 3h a temperatura ambiente. Los hidrogeles se retiraron del molde y se dializaron

en agua ultra pura durante 3 dias para eliminar el disolvente y los reactivos en exceso.

Para obtener hidrogeles porosos, entrecruzados quimicamente mediante la técnica
de adicidn de sales, se afiadio a la mezcla de reaccion una relacién en peso de sal /
REDV10 de 10:1 0 20:1 y se agité para homogeneizar la muestra en el molde de teflon.
Las sales de NaCl o NaHCO; fueron tamizadas previamente para obtener dos

distribuciones de tamafio con intervalos entre 180 y 250 um y entre 250 y 425 pum.
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Pasadas 3h, las muestras de hidrogel que incorporaban NaHCO3; se extrajeron del
molde y se sumergieron en una disolucion 3 M de acido citrico durante 45 minutos en
un bafio de ultrasonidos para provocar la salida del gas. Finalmente, todas las matrices

se lavaron a fondo mediante dialisis con agua ultra pura durante 3 dias.*® Un esquema

del proceso de formacion de los hidrogeles esta representado en la Figura 6.

e o
e %o 5
UL et L1 SR 11 e 11 i ..
[ J
i e e e esll —> [Jeie e
W TS Entrecruzamiento [ o ® ®g
ELR HDI :
DMSO/DMF Molde de teflon /
Hidrogel Dialisis

poroso

Disolucion acido citrico

Figura 6. Esquema de la formacion de hidrogeles porosos

3.2.2. Obtencidon de hidrogeles mediante autoensamblado y microestructurados en

superficie para regeneracion de tejidos

Los hidrogeles se obtuvieron depositando una disolucion de (E50160), al 15,0%
en peso en PBS sobre las réplicas microestructuradas de PDMS a 5° C y calentando a
37° C. La formacion de los geles es inmediata una vez que la muestra alcanza la
temperatura (inferior a 2 minutos) por lo que la manipulacion de la muestra en
disolucién se debe hacer con todos los materiales previamente enfriados. Los hidrogeles
se despegaron del molde y la topografia de la superficie se observd mediante

microscopia ptica sin ningdn tratamiento o manipulacion adicional de los mismos.”

3.2.3. Cultivo celular
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Los hidrogeles para los ensayos de cultivo celular se prepararon con una relacion
en peso de NaHCOj3;: REDV10 (20/1) utilizando particulas de sal tamizadas de tamafio
180-250pum.*® Se esterilizaron por exposicién a rayos UV durante la noche y se
almacenaron en etanol al 70%. Se lavaron con agua estéril, se liofilizaron, y se
colocaron en una placa de cultivo de 24 pocillos. Las células humanas endoteliales
procedentes del cordon umbilical (HUVECS) se cultivaron en medio EGM, que fue
remplazado cada dos dias, y se incubaron a 37° C en un 5% de CO,. Una vez
confluentes (3-5 pasajes) se incubaron con acutasa, se lavaron y se resuspendieron en
EBM. Se sembraron 10000 células/cm? sobre los hidrogeles liofilizados sumergidos, y
se incubaron a 37° C. Pasadas 48 h de la siembra de las células, los hidrogeles se
lavaron con PBS para eliminar las células no adheridas. Las muestras se fijaron en una
solucion de paraformaldehido al 4% en PBS durante 10 min, se permeabilizaron con
Triton 0,2% X-100, y se tifieron con los reactivos fluorescentes (faloidina-Alexa
Fluor488R y DAPI) para su observacién por contraste de fases y microscopia de
fluorescencia utilizando un microscopio Nikon Eclipse Ti invertido con aumentos de

x10 x20 y x40.

Por otro lado, los hidrogeles sembrados con células para su analisis en
microscopia electronica de barrido fueron fijados en Palay (1% glutaraldehido y
paraformaldehido en solucion 0,1 N de cloruro de calcio) a pH 7,4 durante 2 horas a
temperatura ambiente. Las muestras fueron progresivamente deshidratadas en
soluciones de etanol/agua con un porcentaje creciente de etanol de 15, 30, 50, 70, 90, v,

finalmente al 100% tres veces.
3.2.4. Técnicas experimentales en la caracterizacion de hidrogeles

3.2.4.1. Calorimetria diferencial de barrido
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Para estudiar la transicion inversa con la temperatura de los ELRs con los que se
ha trabajado se utilizé calorimetria diferencial de barrido (DSC). Los experimentos se
realizaron en un DSC Mettler Toledo 822e equipado con un controlador de temperatura
refrigerado con nitrégeno liquido y calibrado con muestras patrén de indio, zinc y n-
octano. Para el andlisis de los ELRs, se depositd 20 puL de una disoluciéon de
concentracion 50 mg/mL en agua ultrapura tipo I en un crisol de aluminio de 40 pL
sellado herméticamente. EI mismo volumen de agua se dispuso en el crisol de
referencia. Para el analisis del hidrogel quimicamente entrecruzado de tipo elastina, se
colocaron 20 mg del hidrogel hidratado en el crisol de muestra. Para tener en cuenta la
cantidad exacta de material en el hidrogel, la muestra se liofiliz6 y se pes6 una vez
terminado el experimento de DSC. Los experimentos consistentes en barridos de
temperatura para ambos tipos de muestras incluian una etapa inicial isotérmica (5 min a
0° C) seguida de un programa de calentamiento a una velocidad constante de 5° C/ min

desde 0 a 50° C.

El proceso reversible de segregacion y redisolucion experimentado por el ELbcR
(E50160), correspondiente a la transicion inversa fue monitorizado también por DSC.
La disolucidn se preparé al 15.0 % en peso en PBS. Para el andlisis se utilizaron 25 pL
y el mismo volumen de PBS fue colocado como referencia. El procedimiento térmico
que se utilizd fue el siguiente: una isoterma durante 5 min a -10° C, seguida de una
rampa de calentamiento de -10 a 20° C. Posteriormente, la muestra se mantuvo a 20° C
durante 1 min, y se realiz6 una rampa de enfriamiento hasta -10 ° C. Las rampas se

llevaron a cabo a una velocidad de 1.0 °C/ min.
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3.2.4.2. Andlisis de porosidad y grado de hinchamiento

El célculo de la porosidad de los hidrogeles hidratados se llevo a cabo mediante la

ecuacion 1;

, Wi-w, _ 100
porosity % = —— ><17 0%

dwater

donde W; y W, se corresponden con el peso del gel hidratado y liofilizado,
respectivamente, dwater €5 la densidad del agua pura, y V (IIr*h) es el volumen medido

del hidrogel en el estado hidratado.

El grado de hinchamiento (Qy) fue estimado con la ecuacion 2:

Qv =3 (2

w;

Todas las mediciones se tomaron 24 h después de la inmersion del hidrogel en agua a
dos temperaturas (4 y 37 °C). El exceso de agua superficial se elimind con un papel de

filtro antes de cada medicién.

3.2.4.3. Ensayos reoldqgicos

Las medidas de las propiedades mecanicas de los hidrogeles se llevaron a cabo
mediante ensayos reoldgicos en un redmetro de esfuerzo controlado (AR2000ex, TA
Instruments) equipado con una placa Peltier de control de temperatura para medir el

modulo de cizalla dindmico (una medida de la rigidez dinamica de la matriz).

Los hidrogeles quimicamente entrecruzados e hidratados se midieron a dos
temperaturas (4° C y 37° C) con una geometria de platos paralelos (12 mm de diametro)
y con una fuerza normal de 0,3 N para evitar el deslizamiento. Se realizo un barrido de

amplitud para confirmar que las muestras se encontraban dentro de la region de
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viscoelasticidad lineal. Las mediciones de G* (moddulo complejo), G’ (mddulo de
almacenamiento) y G” (mddulo de pérdida o viscoso) se llevaron a cabo en funcion de

la frecuencia (entre 0.1 y 10 Hz) en un modo de deformacién constante (0.1%).

Tambien se llevo a cabo el estudio de la conversion de la disolucion a gel,
Ilamado proceso sol-gel, que tiene lugar debido a la termogelificacion reversible del
(E50160), mediante su autoensamblado. Se utilizd una geometria de platos paralelos de
20 mm de diametro y un volumen de muestra de 200uL en PBS. Los barridos en
temperatura y las cinéticas de gelificacion se llevaron a cabo a una deformacién
constante de 0.1% y una frecuencia de 1 Hz. Los experimentos de cinética se realizaron
en el rango de concentraciones de 5.0-15.0% en peso calentando la muestra de 5 a 37°C.
Para la determinacion de la temperatura de gelificacion y de la reversibilidad del
proceso, se realiz6 un ensayo de calentamiento a una velocidad de 1.0° C/min desde 5 a
37° C y a continuacion se realizé el proceso inverso de enfriamiento en las mismas

condiciones.

3.2.4.4. Microscopia Optica v electrénica de barrido.

El analisis morfoldgico de la microestructura en superficie de los hidrogeles se ha
visualizado con un microscopio Optico Nikon ECLIPSE 80i mediante contraste

interdiferencial (DIC).

Ademas, la morfologia superficial y tangencial de las muestras (fracturadas con
nitroégeno liquido) fue evaluada en un microscopio electronico de barrido SEM (JEOL,
JSM-820). Los hidrogeles hidratados a 2 temperaturas (4 y 37 °C) se congelaron
instantaneamente en nitrogeno liquido y se liofilizaron. Posteriormente se metalizaron

con oro (Balzers-SCD 004) antes de su observacién en el microscopio.
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Se ha utilizado también microscopia electrénica de barrido ambiental (ESEM)
en modo de bajo vacio para la observacion de los hidrogeles hidratados y previamente
estabilizados a 4 y 37° C. Los experimentos se llevaron a cabo en un equipo FEI Quanta
200FEG. La microestructura de la superficie de los geles autoensamblados se ha
visualizado también con esta microscopia ya que no se requiere ningun tratamiento

previo de la muestra.

El tamafio medio del poro y las dimensiones de las microestructuras se han
calculado utilizando el software Image J tomando al menos 30 poros en tres areas

diferentes para muestras en triplicado.

3.2.4.5. Andlisis estadistico.

Se realizaron tratamientos estadisticos sobre los datos que se han representado
como media * desviacion estandar (SD), n = 3. Los ensayos estadisticos se llevaron a
cabo en los resultados obtenidos con los hidrogeles porosos entrecruzados de REDV10
y méas concretamente se realizaron mediante ANOVA de un factor con el software
GraphPad Prism 4.0. Un valor de p menor de 0.05 fue considerado estadisticamente
significativo (expresado con un asterisco [*]) y cuando p fue menor de 0.01 se indico

con dos asteriscos [**].

3.2.5. Preparacion de muestras para la obtencion de nano-objetos

Las disoluciones acuosas de los ELbcRs se prepararon a partir de los polimeros
E50A40, E100A40 y ES0A40E5S0 liofilizados en las concentraciones adecuadas a la
técnica de medida (0.02-5 mg/mL) en agua ultrapura tipo | a temperatura ambiente y
filtrandose con membranas de PVDF de 0.45 um. El pH neutro se ajusté mediante la
adicion de pequefias cantidades de HCI o NaOH. Para las mediciones de turbidez y

dispersion de luz se afiadio aceite mineral en la parte superior de las disoluciones
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introducidas en las cubetas porta muestras para evitar la evaporacion y asi el error

asociado a las posibles variaciones en la concentracion de las disoluciones preparadas.

3.2.6. Técnicas experimentales para la caracterizacion de ELbsRs y de la

formacién de nano-objetos

3.2.6.1. Medida de la turbidez

Los experimentos de turbidez se realizaron utilizando un espectrofotémetro UV-
Vis (Varian Cary 50) equipado con agitacion magnética y una camara de muestra
termostatizada. La concentracion de las muestras estudiadas fue de 25 puM. La densidad
Optica (OD) se evalué por el cambio de absorbancia a 350 nm en funcion de la
temperatura mediante barridos en calentamiento y enfriamiento y entre 30 y 80° C. Las
medidas se tomaron cada 5° C estabilizando las muestras a cada temperatura hasta un
valor constante de turbidez, que se consideré como la densidad dptica de la muestra a

esa temperatura.

3.2.6.2. Dispersioén de luz dindmica y estatica

Se utilizo dispersion de luz dindmica (DLS) y estatica (SLS) para caracterizar la

agregacion de los ELbcRs.

El valor del indice de refraccién (np), el cual es necesario para trabajar en SLS, se
estudio experimentalmente para los tres ELbcRs en un amplio rango de concentraciones
((0.02-3.40) x 107 g/ml) y de temperaturas (20-50°C) usando un refractémetro digital
(Mettler Toledo RE50) equipado con un termostato Peltier. El valor del incremento del

indice de refraccion especifico (dn/ dc) se dedujo a partir de la pendiente de las curvas
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del indice de refraccion frente a la concentracién para cada ELbcR en los valores

obtenidos para las cuatro diferentes temperaturas estudiadas.

Los experimentos de dispersion de luz se realizaron con un goniémetro
multidngulo BI-200SM (Brookhaven) con un laser verticalmente polarizado de 33 mW
de He-Ne a una longitud de onda de 632.8 nm, un correlador digital (BI-9000AT) y un

bafo termostatizado de decalina.

Las mediciones DLS fueron monitorizadas en un angulo de dispersion de 90°. Las
disoluciones a una concentracion de 25 mM se introdujeron en tubos portamuestras de
vidrio y fueron estabilizadas durante 10 minutos a la temperatura deseada entre 30 y 80°
C antes de las medidas. Las funciones de autocorrelacion (medidas a 65° C) se
utilizaron para calcular la distribucion del tamafio de las nanoparticulas (radio

hidrdindmico R;) y el indice de polidispersidad.

Las experimentos SLS se realizaron utilizando las disoluciones estabilizadas
previamente a 65° C en un bafio de agua externo y para un intervalo de concentraciones
de entre 1.0 y 5.0 mg/ml y de angulos de dispersion de luz entre 50 y 130°. Los datos
resultantes fueron analizados para determinar el radio de giro (Rg) y el peso molecular

de los agregados (M, agg)-

3.3. CARACTERIZACIONES REALIZADAS EN SERVICIOS

EXTERNOS

3.3.1. Andlisis de aminoacidos

La composicion de aminoacidos de los hidrogeles obtenidos con REDV10 y
qguimicamente entrecruzados fue determinada por el Servicio Cientifico-Técnico de la

Universidad de Barcelona (Espafia). Para ello, los hidrogeles fueron liofilizados y se
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hidrolizaron con HCI. Los aminoacidos se derivatizaron mediante el método de AccQ-
Tag Waters y se analizaron por HPLC (WATERS600 HPLC) con deteccion UV
(WATERS2487) acoplada para su cuantificacion. Cada muestra fue analizada por

triplicado.

3.3.2. Determinacion del peso molecular

Los analisis para la determinacion del peso molecular mediante MALDI TOF
MS han sido realizados en la unidad de proteomica (CRG/UPF) de Barcelona utilizando

un espectrometro de masas (Applied Biosystems Voyager STR).

La determinacion del peso molecular de (E50160), se realiz6 en CovalX (Suiza) y
se utilizé un Bruker Reflex IV MALDI TOF equipado con HM2 que permite la

deteccion de altos pesos moleculares (0 a 1500 kDa).

En ambos casos las muestras fueron analizadas por triplicado.

3.3.3. Calorimetria de titulacion isotérmica

Para la determinacién de la concentracion de agregacion critica (CAC) se
realizaron experimentos utilizando calorimetria de titulacion isotérmica (ITC) en el
Grupo de Fisica de Coloides y Polimeros de la Universidad de Santiago de Compostela
con un microcalorimetro VP-ITC (Microcal). Se inyectaron alicuotas de 5 6 10 ml delas
disoluciones desgasificadas de E50A40, E100A40 y E50A40E50 de concentracion 10
mg/mL con una jeringa Hamilton en la celda de muestra con agua y sometida a una
agitacion a 200 rpm a 65° C. El flujo de calor asociado al proceso de formacién de los
nano-objetos se midié a cada concentracion de ELbcR inyectado y los datos se
analizaron con el software Origin proporcionado por Microcal.
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3.3.4. Dicroismo circular

Los experimentos de dicroismo circular (CD) se realizaron en los Servicios
Técnicos de Investigacion de la Universidad de Alicante. Los espectros de los ELbcRs
se obtuvieron en un espectropolarimetro Jasco J-810 equipado con un sistema Peltier de
control de temperatura. La velocidad de barrido fue de 50 nm/min, la longitud del
recorrido oOptico de la celda de la muestra de 0.1 mm vy la velocidad de los ciclos de
calentamiento fue de 5° C / min estabilizando la muestra 10 minutos a cada temperatura.
Todas las curvas de CD se suavizaron utilizando un algoritmo de reduccion de ruido

mediante una transformada de Fourier.

3.3.5. Microscopia de transmision electronica

La visualizacion de los nano-objetos se realizé mediante microscopia electrénica
de transmision (TEM) en un microscopio JEOL JEM-1230 en la plataforma del CIC
Biogune en el Parque Tecnologico de Vizcaya. Las muestras se prepararon mediante la
deposicién de las disoluciones (25 puM) calentadas previamente a 65° C, en una rejilla
de cobre recubierta con carbono, tratada con plasma previamente. A continuacién se
dejo evaporar el agua a la misma temperatura de 65° C. Algunas de las muestras se
tifieron con una disolucion de acetato de uranilo (1.0% en peso) para mejorar el

contraste de las nanoparticulas.

En la Universidad de Barcelona (SCT-PCB) las muestras se prepararon a partir
de la disoluciones por un proceso de criofractura con un micrétomo (“freeze-fracture”)
y después las muestras fueron replicadas en rejillas metalicas y se observaron en un

microscopio JEM-FS2200 HRP en el Parque Cientifico de la Universidad de Valladolid.

3.3.6. Microscopia de fuerza atémica.



Stimuli-responsive systems based on elastin-like recombinamers for biomedical applications

Los experimentos de microscopia de fuerza atémica (AFM) para la
caracterizacion de los nano-objetos se llevaron a cabo en la Universidad de Barcelona
(CCiTUB). Las muestras se prepararon sobre mica siguiendo el mismo procedimiento
usado para muestras TEM sin tincién. Las medidas de AFM se llevaron a cabo en aire a
25° C con un 8 MultiMode AFM acoplado a un Nanoscope V en el modo de no-

contacto (tapping).
4. RESULTADOS Y DISCUSION

4.1. Hidrogeles bioactivos y quimicamente entrecruzados obtenidos a partir de

recombinameros de tipo elastina para ingenieria de tejidos

En este resumen se mostraran solamente los resultados mas representativos de los
articulos publicados y presentados en los capitulos 2 (3D microstructuring of smart
bioactive hydrogels based on recombinant elastin-like polymers™) y 3 (Synthesis and
characterization of macroporous thermosensitive hydrogels from recombinant elastin-
like polymers®®) de esta tesis. Se han obtenido dos tipos de hidrogeles quimicamente
entrecruzados; microestructurados en superficie®® y porosos®® utilizando dos ELRs el
HRGD6 y el REDV10. Estos ELRs, como ya se comentd, son multifuncionales e
incorporan cada uno una secuencia bioactiva de adhesion celular, RGD (derivada de

fibronectina) o REDV (especifico para celulas endoteliales) respectivamente.

La reaccion de entrecruzamiento quimico tiene lugar entre los grupos g-amino
libres de las lisinas que contiene el recombindmero y un agente entrecruzante
homodifuncional, HDI, que contiene dos grupos isocianato para formar enlaces urea.
Con el fin de que dichos sustratos alcancen las propiedades Optimas se ha llevado a cabo

el estudio de los diferentes pardmetros de reaccion que pueden influir en las
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caracteristicas, tanto fisicas como quimicas de estos hidrogeles. En este sentido, se
ensayaron diferentes mezclas de disolventes organicos (0:100; 50:50; 80:20 y 100:0) de
DMSO: DMF, proporciones de ELR: entrecruzante (1:1; 1:3; 1.4 y 1:7),
concentraciones del polimero (50, 80 y 100 mg/mL) y temperatura (-20, 4 y 25° C) entre
otros, con el fin de optimizar las propiedades de los geles. Estas propiedades se han
medido teniendo en cuenta el caracter termosensible de estos polimeros a dos
temperaturas, por debajo (4° C) y por encima (37° C) de la temperatura de transicion

que es especifica para cada polimero y que se encuentra en todo caso entre ambas.

Una vez optimizada esta reacciéon ha sido posible la elaboracion de dispositivos
mas complejos como pueden ser hidrogeles con superficies microstructuradas para el
estudio del comportamiento celular en sistemas de guiado celular o confinamiento y
sistemas 3D porosos para el desarrollo de implantes biomédicos y su aplicacion como
soporte bioactivo en terapias celulares. Con este objetivo se abrieron dos lineas de
investigacion que consistieron en la obtencion de hidrogeles con superficies

microestructuradas e hidrogeles porosos.

4.1.1. Hidrogeles con superficies microestructuradas

La aplicacion de las microtecnologias en biomateriales basados en ELRs, es un
paso importante hacia el desarrollo de sistemas biomédicos avanzados, basados en el
efecto de la topografia sobre el comportamiento celular en ingenieria de tejidos. De esta
manera, los hidrogeles podrian ser estudiados desde dos perspectivas: En primer lugar,
seria importante estudiar el efecto intrinseco de la bioactividad del sustrato en el
comportamiento celular y en segundo lugar el efecto que podria ejercer una superficie

microestructurada. Asi, hemos obtenido hidrogeles, microestructurados en su superficie,
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quimicamente entrecruzados con HDI sobre moldes de PDMS que presentan distintas

morfologfas del orden de micras tales como: pilares, surcos y hendiduras (Figura 7).*

Figura 7. Microscopias opticas de diferentes topografias de la superficie de los

hidrogeles. Barra de escala: 50 pum.

El grado de hinchamiento y las propiedades mecéanicas de los hidrogeles fueron
modificados variando la proporcién de entrecruzante. Asi, para hidrogeles obtenidos
con relaciones molares ELR: HDI de 1: 4 y 1: 7 los mddulos elasticos (G’) obtenidos

mediante medidas reoldgicas fueron 43114131y 9947 + 230 Pa respectivamente.

Los hidrogeles presentaron una T; de 20° C (obtenida mediante DSC), por lo que
su estudio se realizo a bajas temperaturas (4° C) y a la temperatura fisiolgica de 37° C.
La topografia de la superficie de estos hidrogeles y el efecto en el grado de
hinchamiento que causan los cambios de temperatura para los hidrogeles obtenidos con
una relacion molar ELR:HDI de 1:7 y sumergidos en agua fueron analizados mediante

microscopia éptica (Tabla 3).

Tabla 3. Influencia de la temperatura en las dimensiones de los hidrogeles.

Dimensiones Molde de Hidrogel Hidrogel
PDMS 4°C 37 °C
Didmetro (mm) - 6.8 mm 4.0 mm
Anchura: Interdistancia 25: 25 18.7+0.3:22.2+0.3 11.7+05:13.9+0.6
(um) 20: 100 20.3+1.0:71.8+1.3 13.7+1.0:504+3.1
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Los resultados mostraron una disminucion del tamafio de la muestra al superar la
T: pasando de un didmetro de 6.8 a 4.0 mm. Las dimensiones de los patrones en los
hidrogeles sumergidos en agua a 4° C fue de 18.7 + 0.3: 22.2 + 0.3 um para las lineas de 25:
25 um y de 20.3 + 1.0: 71.8 £ 1.3um para las de 20: 100um como consecuencia del
hinchamiento. EI colapso causado por el cambio de temperatura tanto para los didmetros
de las muestras como para las dimensiones de los patrones de las lineas fue de un 30-
35% para ambas superficies, demostrando que el comportamiento termosensible se
mantiene en los biomateriales entrecruzados. La posibilidad de cambiar las dimensiones
de las microestructuras con la temperatura, ajustando la T;en un intervalo de interés, por
ejemplo modificando la composicion de aminoacidos en el ELR, confiere a los geles un
factor adicional que puede ser de gran interés en el estudio del comportamiento celular

en sistemas dindmicos.

4.1.2. Hidrogeles porosos

En una segunda fase, se han obtenido hidrogeles porosos quimicamente
entrecruzados con porosidades y tamafio de poro controlado con el fin de poder realizar
cultivos celulares tridimensionales (3D) y optimizar las condiciones mas adecuadas para
promover la adhesion y la colonizacion celular. Puesto que estas condiciones dependen
del sustrato, del tipo de células y del entorno en el que se van a implantar, el objetivo de
este trabajo era estudiar la microestructura interna de los hidrogeles y conseguir
diversos entornos de porosidad y tamafio de poro controlado. La optimizacién de estos
sustratos requiere conseguir una elevada porosidad e interconectividad, con una
distribucion controlada del tamafio del poro y adecuadas propiedades mecéanicas y de
esta forma promover su colonizacién celular. Estos hidrogeles se obtuvieron utilizando

el recombindmero REDV10 e incorporando sales durante la reaccion de
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entrecruzamiento con HDI en disolvente organico. **Dichas sales fueron NaCl y/o

NaHCOs3 y el proceso se ha descrito en el apartado 3.2.1.2. de Métodos.

Los hidrogeles entrecruzados sin sales mostraban una microporosidad intrinseca
con tamafios de poro de 29.0 + 11.1um a 4° C y que ademas al colapso producido por su
termosensibilidad reducian su tamafio a 1.3 £ 0.4um a 37° C, lo cual no los hacia
adecuados para cultivos celulares en 3D. Por ello, se realizé un primer ensayo con NaCl
y se conseguia controlar la distribucion del tamafio del poro mediante el tamizado
previo de las sales, pero la ausencia de interconectividad impedia su utilizacién con
éxito para el objetivo perseguido. Por este motivo, a continuacion se utilizé como sal,
NaHCOj3, que ademas de controlar el tamafio de poro, posibilita un proceso efervescente
mediante la utilizacion de é&cido citrico. Con estos hidrogeles entrecruzados con
NaHCO3 vy seguidos del proceso efervescente se realiz6 el estudio de los tamafios de
poro mediante microscopia electronica. Dicha efervescencia permitié romper las
paredes de los poros y la superficie de los hidrogeles mejorando asi la interconectividad

y la infiltracion celular a través de la superficie (Figuras 8A y 8B).
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Figura 8. Micrografias SEM de los hidrogeles obtenidos con NaHCO3/ &cido citrico.
Vistas de la superficie (A, B). Vistas de la seccion transversal fracturada con diferentes
tamafios de sal: (C) 180-250, (D) 250-425 um.

Los hidrogeles fracturados con una relacion en masa de sal/ELR 10:1 mostraron
una distribucién media de tamafio de poro de 208.6 + 33.5 um para la sal tamizada entre

180-250 um y 318.7 £ 60.3 um para el rango 250-425 pm (Figuras 8C y 8D).

Mediante el analisis de aminoacidos de los hidrogeles se comprobd que la
presencia de sales no afect6 al grado de entrecruzamiento que fue del 78% en todos los
casos. La caracterizacion fisica en términos de porosidad, grado de hinchamiento y
propiedades mecénicas (G*) se llevo a cabo a dos temperaturas, por debajo (4° C) y por
encima (37° C) de la T; (20° C) en agua. Los resultados para los hidrogeles obtenidos

con distintas proporciones de sal/ ELR estan reflejados en la Tabla 4.

Tabla 4. Influencia de la temperatura en las propiedades fisicas.

Sal/ Porosidad (%) Hinchamiento G* (Pa)

ELR 4°C 37°C 4°C 37°C 4°C 37°C

0/1 50.38+ 155 30.18+1.65| 3.37+1.10 1.70+£0.30 | 4699 £109 6669 + 205
10/1 | 65.65+148 5098+209 | 2843+3.63 2.61+0.16 | 3186+120 4237+50
20/1 | 7463+1.57 71.75+3.99 | 36.28+1.63 10.10+0.49 | 2589+84 2638 + 209
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En primer lugar estos resultados demuestran que los hidrogeles porosos también
mantienen su comportamiento termosensible y que este colapso origina una
disminucion de la porosidad y del grado de hinchamiento dando lugar en todos los casos
a geles con modulos mayores, es decir, mas resistentes mecanicamente cuando se pasa a
un estado colapsado, excepto en los hidrogeles obtenidos con una relacion de peso de
sal/ ELR 20:1 donde no hay diferencias significativas entre los valores de porosidad y
propiedades mecéanicas a 4° C y 37° C. En segundo lugar, los resultados mostraron
claras diferencias en las propiedades fisicas de los hidrogeles generados con distintas
proporciones de peso de sal/ ELR. La porosidad y el grado de hinchamiento aumentan
significativamente con la cantidad de sal. Sin embargo, la cantidad de sal tiene un efecto
negativo sobre los modulos disminuyendo a medida que se incrementa la relacion en
peso sal/polimero y dando lugar a hidrogeles menos resistentes, como es razonable.
Para concluir cabe destacar que el efecto méas acusado del aumento de sales se produce

en el grado de hinchamiento para todos los casos.

Para comprobar la viabilidad de los hidrogeles como soportes celulares o matrices
extracelulares artificiales se llevaron a cabo ensayos in vitro de cultivos celulares con
celulas endoteliales. Esta Gltima serie de ensayos tenia dos objetivos principales; en
primer lugar, testar la biocompatibilidad del hidrogel in vitro y, en segundo lugar,
comprobar que la estructura porosa de los hidrogeles era adecuada para la infiltracion de
células endoteliales a través de su superficie. La transparencia de los hidrogeles facilitd
la observacion de las células infiltradas con microscopia de fluorescencia (Figura 9A).
Las muestras se fracturaron para ser estudiadas mediante microscopia electronica y esto

permitio observar las células en el interior de los poros (Figuras 9B y 9C).
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50 pm

Figura 9. Captura Optica de fluorescencia (A) y micrografias electronicas de la seccion

transversal (B, C) de HUVECs sembradas en hidrogeles después de 48h de incubacion.

Los hidrogeles demostraron su viabilidad para promover la adhesion y la
colonizacion celular dentro de la estructura tridimensional revelando no sélo su buena
biocompatibilidad sino también su gran potencial para su utilizacion como una matriz
extracelular artificial al conseguir un alto control de sus propiedades vy

termosensibilidad.

Asi en la primera parte de este trabajo consistente en obtener sustratos
entrecruzados adecuados para ingenieria de tejidos se ha estudiado la influencia de la
temperatura a nivel macro- y microscépico en los sustratos obtenidos a partir de
HRGD6 y REDV10. Se ha demostrado que este comportamiento termosensible se
conserva en los hidrogeles entrecruzados, y esto amplia significativamente el potencial
de estos sistemas como herramienta en ingenieria de tejidos porque, por ejemplo, su
naturaleza termo-sensible se podria explotar combinando esta estrategia con procesos de
liberacion de farmacos. Con esta metodologia se pueden modular tanto sus propiedades
mecanicas como su morfologia microestructural interna o en superficie en funcion del
tipo de tejido final que se quiera imitar abriendo la utilizacion de estos sistemas para

numerosas aplicaciones en medicina regenerativa.
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4.2. Estudio de la formacién de nano-objetos a partir de corecombinameros de tipo

elastina

En la segunda parte de la tesis se explord la posibilidad de obtener diferentes
nano-objetos autoensamblados reversibles con recombindmeros anfifilicos de bloque
(ELbcRs).?® En este resumen se mostraran solamente los resultados mas representativos
del articulo publicado y presentado en el capitulo 4 (Temperature-Triggered Self-
Assembly of Elastin-Like Block Co-Recombinamers: the Controlled Formation of

Micelles and Vesicles in an Aqueous Medium?®).

El estudio de la formacion de nano-objetos en medio acuoso y a pH neutro se
llevo a cabo con técnicas de dispersion de luz, turbidimetria, TEM y AFM entre otras.
La preparacion de las muestras se ha descrito en el apartado 3.2.5. Se selecciono para el
estudio de comparacion de los ELbcRs una temperatura de trabajo de 65° C, puesto que
los agregados se formaban a temperaturas superiores a 50° C y una vez formados eran
estables en nimero y tamafio durante al menos 15 dias. En la Tabla 5 se resumen los

resultados obtenidos.

Tabla 5. Propiedades de los nano-objetos.

Rn=Dy/2 CAC | Ry _ Muw,agg ’
ELDbcRs (nm) P @M) | (m) p=R¢/Ry (10°g/ mol) Nagg | Morfologia
E50A40 | 74(x1) |005| 5 [58(*2)| 0.78 1.2 312 Micela
E100A40 | 100(+3) [ 0.06 | 5 |83(+3)| 0.83 2.0 337 | Vesicula
E50A40E50 | 96 (+2) [ 0.04 | 3 [87(x2)| 0091 1.1 185 | Vesicula

Rp, Radio hidrodindmico; Dy, didmetro hidrodindmico; P, polidispersidad; CAC, concentracion
de agregacion critica; p, factor de forma; My, a9, PESO Molecular de los agregados; N,gq, NUMero
de agregacion.

Los sistemas propuestos son capaces de autoensamblarse para formar nano-

objetos monodispersos en solucidén acuosa a pH neutro por encima de la temperatura

critica a través de la desolvatacion selectiva y el colapso de los bloques hidréfobos (A).
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Los resultados del andlisis mostraron distribuciones de tamafio, crecientes con el peso
molecular, resultando valores de Dy, de 140, 205 y 215 nm para E50A40, E100A40 and
E50A40E50 respectivamente. La concentracion de agregacion critica (CAC) fue
determinada mediante calorimetria isotérmica de titulacion reportando valores tipicos de
copolimeros de bloque anfifilicos. Mediante dispersion de luz estatica se determinaron
el radio de giro (Rg) que oscila entre 58 y 87 nm y el peso molecular de los agregados
(My, agg) €ntre (1.1 y 2.0) x 10" g/ mol. Con estos resultados se puede estimar el
parametro p, el cual es sensible a la estructura y proporciona informacién sobre la
distribucion de la densidad de las particulas y por lo tanto de su morfologia. Los valores
de p cercanos a 1.0 se atribuyen a una morfologia de vesiculas, mientras que valores
mas bajos se encuentran generalmente en las micelas esféricas (teéricamente p = 0,77).
Los valores de p de la Tabla 5 sugerian inicialmente que las nanoparticulas
autoensambladas eran micelas esféricas monodispersas para E50A40, mientras que
E100A40 y E50A40E50 se autoensamblaban formando una mezcla de micelas y
vesiculas, siendo la formacion de vesiculas mayoritaria en el tribloque. Estos resultados,
tanto sobre el tamafio como sobre la morfologia, fueron constatados con TEM y AFM,
donde se observa que la estructura de los nano-objetos formados a partir del EL00A40
fue de vesicula. A modo de ejemplo, algunas de las imagenes se han representado en la

Figura 10.
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Figura 10. Imagenes TEM (izquierda) y de altura y fase de AFM (derecha) de los nano-

objetos.

Los resultados de TEM (ver Figura 10 izquierda) revelaron nano-objetos
esféricos y confirmaron la distribucion de tamafios obtenida por DLS. El andlisis de las
muestras tefiidas con acetato de uranilo al 1 % mostré la morfologia caracteristica de
micelas para el E50A40 con un ndcleo oscuro hidréfobo y una corona gris hidrofila
indicativa de la menor densidad electronica. Sin embargo, las imagenes de TEM
correspondientes a E100A40 y E50A40E50 son completamente diferentes mostrando
morfologias de vesiculas convencionales. Por lo tanto, aunque los valores p encontrados
en los experimentos de dispersion de luz no eran demasiado concluyentes,
especialmente para EL00A40, las imagenes de TEM muestran la ausencia de estructuras
micelares y revelan el colapso de las vesiculas debido a la exposicion a alto vacio. Para
completar estos resultados, se utilizo AFM vy asi observar en detalle las diferentes

morfologias (ver Figura 10 derecha). Se observé un efecto similar al visto en TEM en la
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deformacion de las vesiculas, probablemente como resultado de la fuerza inducida por

la sonda de AFM.

De este modo, los resultados obtenidos muestran una evolucion desde una
estructura micelar (E50A40) a una vesicula hueca cambiando simplemente la longitud
en el dibloqgue (E100A40) o el orden de los bloques hidréfilos en un triblogque
(E50A40E50) incluso cuando otras propiedades moleculares, tales como el peso

molecular o la polaridad media, permanecen sin cambios.

También es notable que el diametro de las micelas es mayor que la encontrada
en otros dibloques de polimero sintéticos mas convencionales de peso molecular
similar, lo cual puede ser explicado por el hecho de que la estructura plegada de los

ELbcRs contiene una cantidad sustancial de agua (~ 50%).

Otra de las propiedades generales de estos sistemas de ElbcRs es su
reversibilidad. Sin embargo, estos materiales se disefiaron especificamente para que
presentaran histéresis, de manera que la redisolucion de los nano-objetos no se produce
llevando la muestra a la temperatura de formacidn, sino que solo tiene lugar bajo un
fuerte enfriamiento lo cual es caracteristico y Gnico de la composicion del blogue A. De
esta manera, los nano-objetos podrian tener aplicaciones biomédicas en condiciones

fisiologicas, siempre que se formen a altas temperaturas.

Estos resultados han demostrado por tanto que estos materiales se pueden
utilizar de forma eficaz, ya que la alta precision conseguida con la produccidn genética
de macromoléculas sintéticas permite controlar la morfologia, la reversibilidad y el
tamafo de los nano-objetos. Las micelas pueden actuar como vehiculos de principios
activos ya que pueden encapsular, por ejemplo, farmacos insolubles, vitaminas o

aceites, lo cual las hace muy dtiles en el campo médico, farmacéutico y cosmético
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incrementando el tiempo de residencia del principio activo en el sitio de aplicacién, con
lo que se logra una mejora en la eficacia y en la biodisponibilidad del mismo. Ademas
se ha conseguido con éxito la obtencidn de vesiculas, las cuales son mas versatiles para
el desarrollo de vehiculos de liberacion en terapias combinadas, ya que pueden
secuestrar moléculas hidréfobas en la membrana y encapsular especies hidrofilas en la
cavidad acuosa interior (Figura 11). El siguiente paso en el desarrollo de estos nano-
objetos sera posibilitar simultaneamente diferentes funcionalidades en la superficie para

la focalizacion de dianas terapéuticas en diversas aplicaciones.

MICELAS VESICULAS

Bloque polar

Bloque apolar

Figura 11. Representacion esquematica de micelas y vesiculas.

4.3. Hidrogeles autoensamblados o fisicamente entrecruzados

El desarrollo de hidrogeles inyectables biocompatibles como soportes o
vehiculos tanto celulares como de diversos principios activos o agentes terapéuticos es
de gran interés en la actualidad porque son sistemas minimamente invasivos y
especialmente indicados en terapias locales. En este sentido, los hidrogeles inyectables
constituyen otra parte importante de esta tesis y serian de especial interés porque se
podrian formar “in situ” adaptandose a la forma de la lesion sin difundir, y adherirse al

tejido circundante durante la formacion del gel. Con el fin de conseguir un sistema
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inyectable se ha disefiado un tetrabloque (E50160), anfifilico de mayor orden que los
sistemas anteriores que presenta termogelificacion reversible con la temperatura en
condiciones fisiolégicas.”’ Se mostraran solamente los resultados més representativos
del articulo publicado y presentado en el capitulo 5 (Rapid Micropatterning by
Temperature-Triggered Reversible Gelation of a Recombinant Smart Elastin-Like

Tetrablock-Copolymer®).

Para conseguir que el sistema tuviera una T; inferior a la temperatura corporal se
modificd la secuencia apolar (bloque 1). La formacion de los hidrogeles
autoensamblados tiene lugar al rebasar la T; cuando los bloques apolares (1), en negro,
forman “enlaces” fisicos por agregacion hidrofoba mientras que los bloques polares o
hidréfilos (E), en azul, proporcionan las propiedades elésticas uniendo los diferentes

agregados (Figura 12).

Figura 12. Esquema de agregacion hidrofoba en sistemas acuosos del tetrabloque

(E50160),.

Se ha optimizado la concentracion y las condiciones salinas en tampones fosfato
(PBS) para su utilizacion como un sistema inyectable. Estos ELbcRs son solubles y
facilmente inyectables a 5 °C y gelifican por encima de su T; (8-15 °C) dependiendo de
su concentracion. Las propiedades viscoelasticas se han estudiado mediante ensayos
reoldgicos en funcion del tiempo y de la temperatura para distintas concentraciones del

(E50160), (Tabla 6).
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Tabla 6. Resumen de los valores obtenidos mediante reologia de los hidrogeles de

(E50160), en funcion de la concentracion

Concentracion (% peso) Mddulo elastico Tiempo de gelificacion
G’(Pa) (minutos)
5 3.3x10° 20
10 6.2 x 10" 12
15 1.6 x 10° 3

El calentamiento de 5 a 37° C en PBS mostro claramente una transicion “sol-gel”
(paso de una disolucién a un estado sélido-gel) en un tiempo de gelificacién menor de 5
minutos para un 15,0% en peso.’’ Ademas, combinando este proceso “sol-gel” con
moldes microestructurados de PDMS hemos obtenido geles fisicamente entrecruzados
con distintas topografias que podrian utilizarse para cultivos celulares como en el caso
de los geles quimicamente entrecruzados, sin utilizar disolventes ni reactivos quimicos
que comprometan la viabilidad celular. También, la reversibilidad de este sistema
podria ser explotada en estrategias combinadas en las que, una vez que las células
hubieran crecido sobre el sustrato, podrian ser recogidas enfriando el sistema
simplemente por debajo de la temperatura de gelificacion. El control de la composicion
de los blogues y en particular la secuencia de aminoacidos del bloque apolar pueden
utilizarse para modular la reversibilidad del sistema y la temperatura de gelificacion. No
obstante, ya para esta composicion es posible modificar diferentes parametros ya que
por ejemplo el tiempo de gelificacion varia de pocos segundos a varios minutos segun
sea la concentracion de la muestra. De esta concentracion depende también la
temperatura de gelificacion que varia entre 8 y 15° C. Para examinar la inyectabilidad y
la formacién del gel in vivo, se inyectaron subcutaneamente 100 uL de una disolucion

en PBS al 15% en peso a 4° C en ratones Balb-C (Figura 13). La gelificacion tuvo lugar
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instantaneamente dando lugar a un gel adherente y elastico en el sitio de inyeccion que

pudo ser despegado facilmente en su totalidad.

Figura 13. Formacion del gel in vivo. Las fotografias fueron tomadas 15 minutos

después de la inyeccion subcutanea del (E50160), en el ratén.

De estos resultados se puede concluir que los requerimientos de cada aplicacion
determinaran las condiciones de trabajo mas adecuadas y que la gran versatilidad de
estos sistemas autoensamblables ofrece nuevas perspectivas al disefio de hidrogeles

biocompatibles.

De este disefio inicial del material inyectable, han surgido distintas estrategias en
el grupo que engloban inclusiones de blogues adicionales con distintas propiedades
como bioactividad, proteolisis programada o biomineralizacion. Como ejemplo, hemos
incluido un blogue bioactivo basado en la secuencia general de adhesién celular RGD
en el tetrabloque descrito para obtener un inyectable que induce adhesion y
proliferacion celular. Este sistema ha dado lugar a una patente (PCT/ ES2010/ 070084
(“Biopolimero, implante que lo comprende y sus usos ”)) que se encuentra recogida en
este trabajo. Ademas se han obtenido prometedores resultados en terapias avanzadas
con células madre y como consecuencia ha llevado a cabo a un ensayo preclinico de

regeneracion osteocondral en el modelo de conejo (Figura 14).
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Figura 14. Esquema general del proyecto para la regeneracion de lesiones articulares.

5. CONCLUSIONES

1.- Los recombindmeros (ELRs) y corecombinameros (ELbcRs) de tipo elastina
utilizados han demostrado poseer las propiedades para las que fueron disefiados
originando sistemas biocompatibles y multifuncionales. Estos sistemas son
sensibles a diferentes estimulos como la temperatura y el pH e incluyen diversas
bioactividades en su cadena peptidica mostrando una extraordinaria versatilidad
para aplicaciones biomédicas y nanobiotecnologicas.

2.- Los ELRs (HRGD6 y REDV10) que incorporan diversos dominios bioactivos, tales
como peéptidos de adhesion celular o de reconocimiento de elastasas, junto con
dominios de entrecruzamiento han dado lugar mediante entrecruzamiento quimico
con HDI en disolventes organicos a hidrogeles bioactivos y termosensibles.

» El estudio de las propiedades mecanicas de los hidrogeles mediante reologia ha
demostrado que se pueden obtener hidrogeles con distintos moddulos de

elasticidad variando los pardmetros de la reaccion de entrecruzamiento. El
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analisis de estas propiedades a temperaturas por debajo (4°C) y por encima
(37°C) de su temperatura de transicion ha confirmado que estos biomateriales
entrecruzados mantienen la termosensibilidad de los ELRs de partida.

« Se han obtenido superficies microestructuradas con distintas topografias en los
hidrogeles de HRGD6 utilizando moldes de PDMS con patrones. El estudio de
los cambios en las dimensiones de la microestructura de los hidrogeles con la
temperatura ha permitido confirmar el colapso estructural por encima de la
temperatura de transicion, y por consiguiente, el cambio en las dimensiones a
nivel macro- y microscapico.

« También se han obtenido hidrogeles 3D porosos a partir de REDV10 con las
mismas técnicas de entrecruzamiento quimico en presencia de sales
efervescentes combinando NaHCO3 y &cido citrico. Mediante la optimizacion de
esta técnica se ha conseguido obtener hidrogeles con tamafio de poro controlado
e interconectados, y que van desde 180 hasta 425 um.

* Los hidrogeles porosos obtenidos han demostrado su viabilidad como sistemas
multifuncionales y bioactivos con células endoteliales, observandose una
colonizacion celular completa de toda la estructura del hidrogel y confirmando la
interconectividad entre los poros conseguida mediante esta técnica.

3.- Se ha demostrado que es posible generar distintos nano-objetos a partir de los
ELbcRs anfifilicos (E50A40, E100A40, y ES0A40E50).

* Los nano-objetos formados en medio acuoso y a pH neutro como respuesta al
incremento de la temperatura por encima de la correspondiente temperatura de
transicion han demostrado ser estables tanto en numero como en tamafo durante

al menos 15 dias.
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»  Se ha confirmado que la redisolucion de los nano-objetos no se produce llevando
la muestra a la temperatura de formacion, sino que solo tiene lugar bajo un fuerte
enfriamiento lo cual es caracteristico y unico de la composicién del blogue
hidrofobo introducido para que el fendbmeno de histéresis esté presente

« EIl andlisis del tamafio y la morfologia de los nano-objetos autoensamblados
muestra que se puede modular la formacién de micelas y vesiculas regulando el
tamafo y la disposicion del blogue polar. Los resultados obtenidos muestran una
evolucion desde una estructura micelar (E50A40) a una vesicula hueca
cambiando simplemente la longitud en el diblogue (E100A40) o el orden de los
bloques hidréfilos en un tribloque (ES0A40E50).

»  El conocimiento adquirido en la determinacion de la arquitectura molecular mas
adecuada al tipo requerido de plataforma nanotecnolégica abre el campo de
aplicacién a nuevos sistemas nanoterapéuticos.

4.- El disefio de un tetrabloque anfifilico de ELbcR como el (E50160)2 ha demostrado
su utilidad como hidrogel inyectable en condiciones fisiol6gicas.

« El sistema presenta termogelificacion reversible en condiciones fisioldgicas y en
un amplio rango de concentraciones las cuales permiten modular la temperatura
de trabajo y la cinética del proceso.

» La combinacion de este proceso “sol-gel” con moldes microestructurados de
PDMS ha permitido la obtencion de geles fisicamente entrecruzados con
distintas topografias, y en condiciones fisioldgicas.

« EIl examen de inyectabilidad subcutanea y la formacion del gel in vivo han

revelado su gran utilidad. La gelificacion es instantanea, dando lugar a un gel
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adherente y elastico en el sitio de inyeccion que puede ser extraido facilmente y
en su totalidad.

Estos biomateriales inyectables han abierto el campo a una nueva familia de
corecombindmeros y a una patente posibilitando su utilizacion en terapias
minimamente invasivas y avanzadas de ingenieria de tejidos que estan
demostrando resultados muy prometedores en ensayos “in vivo” y en
regeneracion de diversos tejidos en terapias combinadas con células madre.
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Abstract

Biotechnology offers powerful solutions to the challenges that arise during the
design and development of new complex biomimetic materials to achieve specific
biological responses. Recombinant DNA technologies, in particular, provide unique
solutions in the biomaterials field, especially regarding the control of macromolecular
architectures involving protein sequences with the aim of addressing the multiple
functional requirements needed for biomaterials’ applications. Here, elastin-like
recombinamers are presented as an example of an extraordinary convergence of
different properties that is not found in any other polymer system. These materials are
highly biocompatible, stimuli-responsive, show unusual self-assembly properties and
can include bioactive domains along the polypeptide chain. Applications of these
engineered biomimetic polymers in nanotechnological systems, stimuli-responsive

biosurfaces and tissue engineering will be discussed.

Q
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Polymer science has clearly shown over several decades that macromolecules
are excellent candidates for the creation of highly functional materials. As a result of the
availability of thousands of different monomers and the multiple possibilities arising
from their different combinations, polymer science has succeeded in producing a
specific material for a particular application on many occasions, ranging from very
simple materials for use as bulk commodities to highly sophisticated ones with special
biomedical, engineering or nanotechnological uses. Very few other technical
developments in history have shown the same rapid development and had the same deep
impact on society as polymer science. The number of different technologies enabled by
the existence of the appropriate polymer is amazing, and the crucial role of polymer
science in the development of modern society and human wellbeing is unquestionable.

Most of the synthetic methodologies and the polymers we produce nowadays
are, however, based exclusively on petroleum derived chemicals. Although there is no
consensus regarding how many oil reserves remain, it is clear that this resource is finite
and that its price will continue to increase if we maintain our increasing rate of demand.
Additionally, we would be well advised not to wait until the imminent exhaustion of our
planet’s oil reserves to reduce its use as a source of energy and plastics. Growing
evidence that the recent increase in atmospheric CO, levels is causing a measurable
modification of the global climate could, in the mid- to long-term, lead us to abandon,
or at least drastically reduce, oil as our main source of raw materials for plastics [1].
Polymer science will therefore soon face a similar reduction in its dependence on oil to
that currently being experienced by the energy sector.

Our current state of technological development and well-being cannot be

maintained by sacrificing the expectations of future generations-sustainability must
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therefore also be a key objective in polymer science. However, we must be fully aware
of the actual meaning of ‘sustainability’’. We are obliged to develop sustainable
technologies that fulfill the needs of future generations. This does not mean that we
must search for alternative and sustainable technological solutions, simply to maintain
our current level of development. Therefore, with the degree of technical development
that our grandparents enjoyed, our grandchildren will not be satisfied by a world in
which polymers produced from renewable sources ‘‘only’” match the performance of
the “‘old”’ oil-derived plastics.

The challenge that polymer science is currently facing must therefore be tackled
from all sides. We, as polymer scientists, must develop technologies to change our
current oil-dependence and unsustainability. This challenge must also be considered an
opportunity to create a new polymer science which, in addition to being sustainable,
will launch a technological revolution that will lead to new concepts, materials and
products which will be more efficient, functional and than those we have today. Part of
the aim of the present manuscript is to present evidence that this purpose is not just a
utopian yearning for a better world and that some signs that this is possible may already
be present.

Our level of technological development has been supported by a progressive
abandonment of natural products and the extensive use of ‘‘synthetic’’ elements which,
in terms of composition and concept, are far from being natural substances.
Paradoxically, one of the most promising strategies for solving current problems is to
reconsider natural products, or rather to introduce concepts imported from nature in our
future synthetic materials and systems, and not only for the sake of sustainability. Thus,

taking polymer science as an example, biology discovered long ago that
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macromolecules are the best option for obtaining highly functional materials. Relatively
novel concepts in materials science such a hierarchical organization, mesoscale self-
assembly or stimuli-responsiveness are common to many natural macromolecules such
as proteins, nucleic acids or polysaccharides (or combinations of them). In fact, the slow
but relentless process of natural selection has produced materials that show a level of
functionality significantly more complex than that reached by synthetic materials. One
of the best (and nicest) examples of this is the proteins. The proteins in living cells show
an amazing set of capabilities in terms of functionality, ranging from the structural
proteins, all of which show a significant ability to self-assemble, to the extraordinary
enzymes, with their superior catalytic performance, and highly efficient molecular
machines such as the flagellar rotary motor, etc. Natural proteins are usually large and
very complex molecules which contain diverse specific functional groups that generate
and promote self-assembly and function. Nature also makes use of different physical
processes that allow directed and controlled organization from the molecular to the
macroscopic level. In general, both local organization through functional chemical
groups and the physical properties that give rise to order on larger scales provide the
properties and functions that the biological systems require to function efficiently.
Nevertheless, the basis for all of this amazing functionality displayed by natural
proteins seems to be based on one simple concept, namely a complex and completely
defined primary structure. Protein biosynthesis in living cells occurs with an absolute
control of the amino-acid sequence, from the first amino acid to the last, with a
complete absence of randomness. Indeed, the need for such absolute control becomes
dramatically apparent in some genetic disorders where the lack or substitution of just
one amino acid in the protein leads to a complete loss of the original function, which

can have dramatic consequences in patients with sickle cell anemia, phenylketonuria
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and cystic fibrosis [2]. If we want to create truly functional materials, we must therefore
find a way to synthesize complex and completely defined macromolecules. This task,
which is currently too difficult for even our most sophisticated chemical methods,
occurs routinely in all living cells. One further characteristic of protein biosynthesis
should be highlighted at this point, namely that the machinery for protein biosynthesis is
extraordinarily flexible. Ribosomes are able to process and produce practically any
amino-acid sequence stored in the information elements known as genes, which means
that the flexibility of this process is essentially absolute. From a practical point of view,
if we can therefore somehow control the information that genes deliver into the
machinery, we can also control the biosynthesis process itself.

This idea also has remarkable precedents. In the last few years, significant effort
has been dedicated to replacing petrochemical-based chemical processes with biological
methods using renewable resources. Thus, fermentation processes for the production of
biological monomers have been improved by numerous studies involving the metabolic
engineering of microorganisms and the directed development of enzymes. Such
microorganisms have been widely exploited for medical, agricultural, food and
industrial applications. In addition, they have been engineered to produce recombinant
proteins, amino acids and chemicals for use as drugs and biofuels [3, 4]. For example,
various monomers have been produced via different biological pathways, depending on
the microorganism, from substrates such as succinic acid, lactic acid or some diols [5].
This process involves the whole metabolic and regulatory network together with
fermentation, recuperation and subsequent purification processes.

The development of new technologies has made it possible to follow protein

expression in cells and tissues through proteomics and it has allowed researchers to
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engineer proteins with new functions that lead to extraordinary technical applications.
Nature has designed proteins with specific functional properties, such as the ability to
self-assemble, recognition specificity or monodispersity, and scientists are now starting
to exploit and enhance these properties in protein-based materials. Genetic and protein
engineering provide us with the tools to precisely produce numerous protein-based
polymers far above the current capabilities of synthetic polymer chemistry. These
techniques allow us to synthesize protein chains with absolute control over their
molecular mass, composition, sequence and stereochemistry. This is a key drawback of
conventional chemical synthesis, where any increase in the complexity of the final
molecule unavoidably leads to an almost exponential increase in the time and cost of the
synthesis.

The use of recombinant DNA technologies to obtain protein-based polymers with
total control of the randomness of the polymer sequence permits us to design the
required functionalities of the final biomaterial in a highly precise manner. The success
of engineered protein polymers in material applications will, however, depend on being
able to obtain materials with specified physical and chemical properties. As an example
of these approaches, we show here how elastin-like polymers (ELPs) play an important
role in the synthesis of advanced materials, with a particular emphasis on biomedical
and nanotechnological uses.

1.1. Genetic Engineering of Protein-Based Macromolecules

In the last few years, the application of powerful molecular biological methods
has allowed the design and synthesis of new advanced materials almost at will. The use
of the 20 naturally occurring amino acids in the design and production of genetically
engineered functional protein-based macromolecules with specific or multifunctional

properties offers practically infinite possibilities and a significant number of advantages.
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First, DNA technologies allow the introduction of tailored synthetic genes into the
genetic make-up of a microorganism, plant or other organisms which induces the
production of its encoded protein-based polymer as a recombinant protein [6, 7]. These
macromolecules offer the possibility to obtain materials with some of the complex
properties found in natural proteins in combination with functions of particular
technological interest that are not displayed in living organisms. Secondly, the degree of
control and complexity attained by genetic engineering is clearly superior to that
achieved by conventional chemical synthesis. These polymers, for example, are strictly
monodisperse and can be obtained with molecular weights ranging from a few hundred
Daltons to more than 200 kDa [8]. This has enabled the study of the dependence of
different material properties on molecular mass in a simple and highly precise manner
[9]. Thirdly, the production cost of those materials is not related to their complexity as
the most costly task in terms of both time and money is the gene construction. However,
once the genetically modified (micro)organism is obtained, its fast and cheap
production rapidly compensates for the costs associated with the molecular biology
steps. This intrinsic advantage also has environmental benefits as recombinant protein-
based materials are obtained by an easily scalable technology fermentation that uses
only moderate amounts of energy and temperatures, with water as the only solvent.
Finally, the genetic engineering of protein-based polymers is a relatively new
methodology and only a limited number of research groups and companies have
adopted this approach for their production. Despite the fact that interest in these
materials has mainly concentrated on two major polymer families, namely spider-silk

polymers [10, 11] and ELPs [12-16], and their combinations [17, 18], other interesting
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protein polymers, such as those based on resilin [19], abductin [20] or gluten [21],
among others, have also been studied.
1.1.1. Some Considerations Regarding Nomenclature

There is no consensus on how those materials should be named. The term most
often used in the literature is ‘‘Recombinant Protein Polymers’’, although this term is
unsuitable for many reasons. First of all is too long to be of practical use and, more
importantly, it is confusing and does not describe what it tries to. ‘‘Protein polymer’’
can be understood as a polymer made of proteins, which of course is not the case. These
materials are proteins only because they are produced as recombinant proteins, although
their composition is the result of an engineered design step and the creation of a
synthetic gene which is often totally unrelated to the composition of any natural protein.
In addition, the term ‘‘polymer’’ is not adequate in most cases. The recombinant
materials obtained from an artificial gene are normally macromolecules with a
molecular mass comparable to that of conventional polymers. However, these
recombinant materials are in many cases made from huge and complex monomers that
are only repeated a few times (or do not repeat at all) in the final molecule so, despite
their high molecular mass, they should strictly speaking be termed oligomers. In light of
these considerations, we propose the use of a specific term that can be specifically
associated with this new kind of macromolecules and which is sufficiently informative
to clearly describe the main characteristics of this emerging class of materials. This term
is “‘recombinamer’’, which clearly indicates the oligomeric nature of these compounds
and their production as recombinant proteins. In addition, recombinamer strongly
resembles the term polymer, thereby suggesting the macromolecular nature of these
materials but without requiring that they involve a continual repetition of small and

simple monomers. The term recombinamer also prevents the reader from automatically
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identifying these molecules with natural proteins, or some modification thereof, but
rather suggests a molecule whose composition is defined strictly by engineering design.
This term will therefore be used throughout this manuscript.
1.1.2. The Example of Elastin-Like Recombinamers (ELRS)

ELRs are a promising model of biocompatible protein-based polymers. The basic
structure of ELRs is a repeat sequence found in the mammalian elastic protein elastin,
or a modification thereof [22]. Some of their main characteristics are derived from those
of the natural protein. For example, the cross-linked matrices of these polymers retain
most of the striking mechanical properties of elastin [23], which becomes important
when this behavior is accompanied by other interesting properties, such as
biocompatibility [24], stimuli-responsive behavior, and the ability to self-assemble.
These properties are based on a molecular transition of the polymer chains called the
inverse temperature transition (ITT). This transition is the key to the development of
new peptide-based polymers as molecular devices and materials.

The expansion of molecular biology has allowed the design of complex
bioengineered ELRs as well-defined polymers [9, 15, 25, 26]. The most well known
members within the ELR family are based on the pentapeptide VPGVG (or its
permutations), and a wide variety of polymers with the general formula (VPGXG),
where X represents any natural amino acid except proline, have been (bio)synthesized
[15, 27, 28]. All the polymers with this general formula found in the literature display
functional properties such as acute stimuli-responsive behavior. The substitution of any
of the other amino acids in the pentamer is not so simple. For example, the first glycine

can only be substituted by L-alanine [27].
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All functional ELRs exhibit a reversible phase transition in response to changes in
temperature [29]. In aqueous solution, and below a certain transition temperature (Ty),
the free polymer chains remain disordered, random coils [30] that are fully hydrated,
mainly by hydrophobic hydration. This hydration is characterized by ordered clathrate-
like water structures surrounding the apolar moieties of the polymer with a structure
somewhat similar to that described for crystalline gas hydrates, although with a more
heterogeneous structure that varies in terms of perfection and stability [31, 32]. Above
Ti, however, the chain folds hydrophobically and assembles to form a phase-separated
state containing 63% water and 37% polymer by weight in which the polymer chains
adopt a dynamic, regular, non-random structure known as a f-spiral, which involves
type Il p-turns as the main secondary feature and is stabilized by intra-spiral, inter-turn,
and inter-spiral hydrophobic contacts [27]. This is an effect of the ITT. In this folded
and associated state, the chain loses essentially all of the ordered water structures arising
from hydrophobic hydration. During the initial stages of polymer dehydration,
hydrophobic association of the b-spirals means they take on a fibrillar form. This
process starts with the formation of filaments composed of three-stranded dynamic
polypeptide b-spirals which grow to form particles several hundred nanometers in
diameter before settling into a visible phase-separated state. This folding is completely
reversible on lowering the sample temperature below T; [27].

However, coacervation can be a complex process that is strongly influenced by
the composition of the ELP. This is evident, for example, by examining the molecular
and microscopical phenomena taking place in the coacervation of tropoelastin. Recent
studies suggests the presence of complex structures involved in the coacervation of the
that natural protein. Circular dichroism has showed the importance of a-helices and

subsequent helical side chain interactions that limit the conformation of tropoelastin
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during coacervation [33]. Further, studies support a role for domain 26 [34], a junction
between 10, 19, and 25 [35] and more recently for domain 30 [36].
2. Stimuli-Responsiveness and Self-Assembly Properties of ELRs

The responsive behavior of peptide-based materials has been defined as their
ability to respond to external stimuli. This behavior is even more interesting when the
materials show reversibility at either the structural or functional levels, thereby offering
obvious advantages as stimuli-responsive materials. The T; of the ITT can be measured
by different techniques, the most widely used being turbidity measurements and
calorimetric methods that measure the heat flow during the transition. The turbidity
profile and heat flow from a differential scanning calorimetry (DSC) measurement are

plotted against the temperature in Fig. 1.
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Fig. 1. DSC thermogram of poly(VPGVG) (50 mg/ml) in water (heating rate: 5 °C/min)
and turbidity profile as a function of temperature for a 5 mg/ml aqueous solution of the
same polymer. The two photographs are taken below (4 °C) and above (40 °C) the T;
[16].

The T; values obtained by these methods often differ depending on the method,
with several factors likely to be responsible for these differences [16]. In addition, T;

also depends on the molecular mass, the mean polarity of the polymer [9], and the
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presence of other ions and molecules [37-39]. In conclusion, all these factors make the
comparison of T; values a very delicate matter.

As regards self-assembly, many synthetic strategies have been developed to
obtain advanced devices in an attempt to mimic the behavior of biology in nature. These
techniques have been based on the concept of self-organization and self-assembly in
order to arrange hierarchically ordered complexes. Both of these mechanisms are widely
used by nature and can be exploited in synthetic devices. Peptides and proteins are
useful building blocks to obtain ordered nanostructures via self-assembly due to their
well-stabilized folding, stability, and protein-protein interactions [40].

Natural elastin undergoes a self-aggregation process in its natural environment,
leading to the formation of nanofibrils from a water-soluble precursor called
tropoelastin [27, 41]. This ability resides in certain relatively short amino acid
sequences, which are known to coacervate and form fibrillar aggregates with a high
degree of B-turn structure [42]. The development of genetic engineering techniques has
allowed tailored molecular designs of ELRs with wide-ranging possibilities of being
able to form other topologies and nanostructures to be obtained. Thus, the pH-
responsive ELR [(VPGVG),(VPGEG)(VPGVG),]i5 is able to form polymer sheets

containing self-assembled nanopores (see Fig. 2) [43].

Fig. 2. AFM image of [(VPGVG)y(VPGEG)(VPGVG),]:5 deposited from a water

solution onto a hydrophobic Si substrate. Sample conditions: (A) 10 mg/ml in aqueous
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0.02 M HCI solution (acid solution). (B) 10 mg/ml in aqueous 0.02 M NaOH solution
(basic solution) [43].

An atomic force microscopy (AFM) study of the topology of polymer spin-coated
films of the Glu-containing ELR, from acid and basic solutions, onto a hydrophobic Si
substrate at temperatures below T; has shown that, under acidic conditions, the polymer
film shows only a flat surface with no outstanding topological features (Fig. 2A). When
deposited from basic solution, however, the polymer film clearly shows an aperiodic
pattern of nanopores (width of approximately 70 nm and separated by approximately
150 nm; Fig. 2B). This different behavior as a function of pH has been explained in
terms of the different polarity shown by the y-carboxyl group of the glutamic acid. In
the carboxylate form, this moiety has a markedly higher polarity than the rest of the
polymer domains and the substrate itself. The charged carboxylate groups therefore
impede any hydrophobic contacts in their surroundings, which is the predominant
assembly method for this kind of polymer. These charged domains, along with their
hydration sphere, therefore become segregated from the hydrophobic surrounding, thus
leading to nanopore formation.

3. ELRs as Advanced Materials for Biomedical Applications

ELRs show an additional property which is highly relevant for the use of these
polymers as advanced materials for biomedical applications, namely their extraordinary
biocompatibility [24]. In addition, their biodegradability is obvious as the secondary
products of their bioabsorption are simply natural amino acids.

3.1. Nanotechnological Systems
The increasing need for drug-delivery systems that improve specificity and

activity whilst at the same time reducing toxicity to ensure maximum treatment safety
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has led to the development of a wide variety of new materials, many of which have been
employed to control the release of drugs and other active agents. Polymeric systems are,
however, often the system of choice because of their desirable physical properties [44].
Recombinant polymers, such as thermo-responsive ELRs, represent one of the
possible next steps in the development of drug carriers beyond traditional, synthetic
polymers. Elastin biopolymers respond to external stimuli by undergoing a reversible
phase transition where, at temperatures above T;, the ELR hydrophobically self-
assembles into an insoluble aggregate, thus forming nano- and microparticles which
could be loaded with a drug. The first ELR-based drug-delivery system was a simple
device in which y-radiated cross-linked poly(VPGVG) hydrogels of different shapes
were loaded with a model water-soluble drug (Biebrich Scarlet), which was released by
diffusion. Additionally, the inclusion of some glutamic acids along the polymer chains
was used to control the hydrolyzable cross-linking. The cross-linking was of the
carboxyamide type and the drug was released as these cross-links were hydrolyzed at a
given rate [45]. Poly(VPAVG) nano- and microparticles have also been tested as
carriers of the model drug dexamethasone phosphate in order to develop injectable
systems for controlled drug release [46]. Nanoparticles with a diameter of around 300-
400 nm have recently been obtained from ELRs by a novel application of the
electrospray technique to encapsulate drugs. The morphology and size of these polymer
nanoparticles can be controlled by varying the composition, molecular mass, and
solvent, amongst others [47]. In other recently study, nanoscale protein particles with
less than 100 nm in diameter were constructed using temperature-sensitive ELR and
polyaspartic acid chain under physiological conditions. The critical temperature of

formation of the particle can be adjusted by the lengths of the aspartic acid chain and the
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ELR. Therefore if a lower critical temperature is required, it is only necessary to
elongate the ELR [48].

ELRs are particularly attractive for the synthesis of block copolymers that self-
assemble into polymer nanostructures such as micelles. The first work in this area
involved an elastin-mimetic di-block copolymer containing VPGEG-(IPGAG), and
VPGFG- (IPGVG), as the hydrophilic and hydrophobic blocks, respectively [49]. The
resulting micelles were studied by dynamic light scattering (DLS) and DSC was used to
measure the enthalpy of self-assembly. A tri-block copolymer was subsequently
synthesized and the TEM images of this polymer showed that it formed spherical
aggregates [50]. Other multivalent spherical micelles have been obtained from linear
elastin-like AB di-block copolymers in the temperature range 37- 42 °C with the aim of
targeting cancer cells [51]. Bidwell et al. have also exploited the ELRs for its ability to
serve as macromolecular carriers for thermally targeted delivery of drugs. Attachment
of doxorubicin to ELR-based system showed enhanced cytotoxicity in uterine sarcoma
cells when aggregation was induced with hyperthermia [52].

We have also synthesized amphiphilic di- and tri-block copolymers to study the
micelle self-assembly process. These block copolymers contain two different blocks:
one with the monomer [(VPGVG),-(VPGEG)-(VPGVG),] (E-block) and the second
with the monomer [(VPGAVG)n,] (A-block). Both these blocks are thermoresponsive
and the E-block is also pH-responsive [53]. The spontaneous formation of
nanostructures can therefore be controlled by changing both the pH and the temperature,

and vesicles with different sizes have been obtained [54] (Fig. 3).
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Fig. 3. Cryo-TEM images in aqueous solution: (A) E50A60E50, (B) E50AG0. Scale
bars: 200 nm.
3.2. Biosurface Engineering

Surface engineering is an important tool for understanding the molecular
mechanisms involved in protein adsorption and cell-surface interactions. The design and
control of these features is a key challenge for diverse specific biological applications
[55, 56]. Multiple approaches involving physical and chemical modifications, such as
coatings and grafts or the introduction of small biological ligands (peptides or proteins),
have been developed in the surface engineering of biomaterials [55-59]. These
approaches allow surfaces to be functionalized with fouling-anti fouling features,
specific groups for cell-material interactions, responsive behavior (stimuli or
environmentally sensitive), or with micro- and nano-patterns.
3.2.1. Functionalized Surfaces with ELRs

The modification of surfaces with stimuli-responsive polymers that vary their
physical and chemical properties in response to changes in their environment or external
stimuli makes these polymers excellent candidates for the development of stimuli-
responsive surfaces [60-62]. In most cases, the surface is grafted with derivatives of
poly(N-isopropylacrylamide), a well-known thermo-sensitive polymer. ELRs exhibit
some additional advantages that make them excellent candidates for the development of

responsive surfaces. Therefore, Ozturk et al. have prepared recently micropatterned
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pPNIPAM films as thermo-responsive cell carriers. They were chemically modified by
ELR adsorption containing RGD amino acid sequence to promote cell adhesion. They
have studied the thermal responsiveness to apply mechanical stress on cells under in
vitro conditions to induce bone formation showing that ELR is crucial for maintaining
the cells attached on the surface in dynamic culturing [63]. For instance, genetic
engineering allows them to be designed with extraordinary control of the sequence and
with desirable properties, which means that in addition to their thermo-responsive
behavior they can also respond to other stimuli such as pH, light, or ionic strength,
amongst others. On the other hand, biosynthesis enables precise control of the reactive
sites on the polypeptide chain for use in surface grafting. For example, the nanometric
control of their position leads to a tremendous potential for self-assembly and other
functionalities displayed by these systems. Biosensing surfaces can take advantage of
the reversible phase-transition behavior of ELRs to obtain an active surface whose
properties such as hydrophobicity and functionality can be quickly modulated by a
simple temperature change. However, in spite of the enormous potential of these
biopolymers, there are only a few examples of surfaces functionalized with ELRs, one
of which makes use of the above-described topologically modified self-assembly ability
of the recombinant ELR [(VPGVG),-(VPGEG)-(VPGVG),]is. Thus, by covalently
micropatterning ELRs onto glass surfaces, Chilkoti’s group has created what they have
called ‘‘thermodynamically reversible addressing of proteins’” (TRAP) [55,61]. This
allows the reversible, spatio-temporal modulation of protein binding at a solid liquid
interface and can be applied in different systems for bio-analytical devices.

Other techniques used for ELRs include layer-by-layer deposition of alternating

ELR-polyelectrolytes, which is a simple technique to generate bioactive surfaces [64].
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These ultra-thin nanoscale coatings promote cell adhesion and proliferation and the
results show that the thickness and mechanical integrity of the multilayer assembly
modulates the cell response. Costa et al., for example, have developed thermo-
responsive thin coatings using electrostatic self-assembly (ESA). A recombinant ELR
containing the cell attachment sequence RGD has been deposited onto chitosan and has
been found to show enhanced cell adhesion in comparison with the original chitosan
monolayers or glass substrates [65]. These examples open up the field of polymeric
coatings that include specific biofunctional responses.

3.2.2. Nano- and Microtopographical Surfaces

In the last few years the combination of surface chemistry with microfabrication
techniques has provided new tools to study the interactions of cells with their
environment. Using lithography and patterning techniques, peptides and proteins can be
deposited with complete spatial control on specific regions of a surface [66, 67]. The
ability to obtain nano- and micrometer-sized patterns of biological macromolecules is of
great importance for several applications, including biological assays, miniaturized
biosensors, and biomedical diagnostics.

ELRs have been employed in the design and development of regenerable
biosensors and microfluidic bioanalytical devices, as reported by Chilkoti et al. [68].
Thus, nanostructured surfaces that are able to capture and release proteins using the self-
assembly properties of ELRs have been obtained by combining ELRs and dippen
nanolithography.

In our group, we have adapted the simple method of replica molding to obtain 3D
microstructured thermo-responsive hydrogels [69]. Replica molding is a fast, flexible,
and straightforward micropatterning technique that can be carried out routinely and

consists of only a few steps: dispensing of the polymer on the mold, cross-linking, and
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release of the replica ELR hydrogel. In this study, which aimed to test the thermally
responsive behavior of macroscopic and micropatterned features, we obtained hydrogels
with micropatterns such as lines or pillars with different dimensions and spacings (see

Fig. 4).

Fig. 4. Optical micrographs of different micropatterned hydrogels. Scale bars: 50 pum
[69].

The dimensions of the microfeatures with micropatterned lines were tested with
respect to the water temperature, with a 30- 35% decrease in dimensions being observed
for both patterns at a temperature above the transition temperature of the hydrogels (20
°C). This thermo-responsive behavior does not modify the topography and can be used
to change the dimensions of the micropatterned features during cell culture.
Furthermore, these systems permit controlled topography to be added as a further factor
for studying cell behavior and cell-surface interactions, thereby improving the
extraordinary properties of ELR hydrogels, particularly their bioactivity,
biocompatibility, and the “tenability” of their mechanical properties.

The ability to generate micro/nanoscale features with synthetic and natural

polymers has been improved by using a simple fabrication technology known as
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electrospinning [70, 71]. This process has been widely used in the textile industry and
organic polymer science and has now reappeared as a novel tool for fabricating
biopolymer scaffolds [72-74]. The electrospinning process involves applying a high
voltage to create an electrically charged jet of polymer solution, which dries to leave a
polymer nanofiber mesh. The fibers produced by this process usually have diameters on
the order of a few micrometers down to less than a hundred nanometers. Their structural
properties depend on processing parameters such as polymer concentration and
viscosity, flow rate, and applied voltage, amongst others [75]. The ability to vary fiber
size in the nanometer range opens up the possibility of mimicking the size scale of
fibrous proteins found in the natural extracellular matrix. Indeed, fibers made from
different proteins such as fibrinogen [76], gelatin [73], collagen-elastin mixtures [77], or
silk-like proteins [78] have been obtained. The first elastin-mimetic protein fibers were
produced from a genetically engineered ELR [79]. Different morphological patterns,
such as beaded fibers, thin filaments, or broad with a ribbon-like appearance, were
obtained by varying the solution concentration. To date, electrospun elastin analogs
have only played a key role in modulating the viscoelastic properties of the resulting
blended material the inclusion of bioactive domains in their structure has not been
reported. We have also exploited this technique to obtain nanofibers from an aqueous
solution of multifunctional recombinant ELRs containing cell-attachment sequences
[80]. These fibers were chemically cross-linked after deposition and immersed in water

to study their morphology. Fig. 5 shows the SEM micrographs of our ELR nanofibers.
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Fig. 5. SEM micrographs of ELR nanofibers: A) as-deposited fibers; B) cross-linked

fibers. Scale bars: 5 pum.

The average size indicated a diameter increase of about 15-20% after the cross-
linking reaction. These substrates were tested in different cell human lines and showed
interesting properties in terms of cell adhesion. An ELR with a similar composition but
lacking bioactive domains has shown non-fouling properties, thereby suggesting future
applications where nonspecific adhesion could be desirable [80].

4. Tissue Engineering

The design of functional biomaterials that induce a specific cellular response is a
major challenge in the field of materials science. Methods for fabricating stimuli-
responsive biomaterials have allowed these materials to play a more interactive role in
tissue engineering [81, 82]. However, there are several requirements that a
biocompatible material should provide to promote cell attachment, differentiation, and
proliferation. Thus, the scaffold must be biocompatible and biodegradable and it should
show properties that support tissue morphogenesis. This generally requires an artificial
extracellular matrix that can supply temporary mechanical support until the engineered
tissue has sufficient mechanical integrity to support itself.

The extracellular matrix (ECM), which contains a complex composition of fibrous

proteins and heteropolysaccharides, is an important model for biomaterials’ design.

Recombinant DNA technologies allow the design and expression of artificial genes to
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prepare artificial analogues of ECM proteins with controlled mechanical properties that
incorporate domains to modulate cellular behavior [83]. Future advances in tissue
engineering will depend on the development of biomimetic materials that actively
participate in the formation of functional tissue.

The first candidate ELRs for tissue engineering were poly-(VPGVG) and their
cross-linked matrices [12]. These materials were tested for cell adhesion and it was
found that cells did not adhere to them. This provided a starting point to obtain key
biomaterials which maintain their biocompatibility and adequate mechanical properties
but lack nonspecific bioactivity. The subsequent incorporation of active peptides as cell-
adhesion ligands resulted in a high capacity to promote cell attachment. These bioactive
(VPGVG) derivatives containing the general adhesion peptides RGD and REDV, the
latter of which is specific for endothelial cells, showed similar cell attachment behaviors
to human fibronectin [84]. Once genetic engineering was adopted as the production
method of choice, the molecular designs started to increase in complexity. The addition
of different functionalities as cross-linking domains facilitates the attainment of more
uniform substrates, which are usually based on lysine residues incorporated in the
elastin-based repeat unit (VPGXG) [23,26,85]. ELR hydrogels produced by
photoinitiation [86], irradiation [87, 88], amine reactivity [13, 23, 26, 85, 89-93], and
enzymatic cross-linking by tissue transglutaminase [94] show interesting properties as
stimuli-responsive substrates. These hydrogels are a new class of soft materials which,
in response to a small change in temperature, light, or other environmental stimulus,
swell to several times their original volume or shrink to the same degree [81, 95]. These
materials have proved extremely useful in biomedical and pharmaceutical applications
due to their high water content and rubbery nature, which is similar to that of natural

tissue.



Stimuli-responsive systems based on elastin-like recombinamers for biomedical applications

Chemical cross-linking in organic solvents leads to the formation of more uniform
hydrogels as the ELR molecules exhibit no inverse phase transition. McMillan et al., for
example, have used a bis(sulfosuccinimidyl) suberate cross-linker to join ELRs
containing lysine residues in phosphate buffer at pH 8.5 or in dimethyl sulfoxide. These
authors studied the effect of the solvent on the cross-linking density and the gel
structures [91, 92]. The physical properties of chemically cross-linked hydrogels can be
modulated by varying the ELR’s molecular mass, concentration, and lysine content.
This ability to prepare “tunable” hydrogels allows these ELRs to be used in a wide
range of applications [96]. Although there are many examples of ELR hydrogels cross-
linked in organic solvents, the application of in situ cross-linking in an aqueous medium
is limited by factors such as the toxicity of the reagents and byproducts and slow
gelation kinetics. Lim et al. have reported that the chemical gelation of ELRs in
physiological conditions provides a biocompatible and injectable biomaterial for
support-tissue regeneration [93].

In our group, Girotti et al. have bioproduced the ELR polymer [(VPGIG),-
VPGKG-(VPGIG),-(EEIQIGHIPREDVDYHLPY)-(VPGIG),-VPGKG-(VPGIG),
(VGVAPG)3], (n =10; MW= 80925 Da) [7]. The monomer unit contains four different
functional domains in order to achieve an adequate balance between mechanical and
bioactive responses. The (VPGIG), sequence in this material confers its excellent
mechanical properties, extreme biocompatibility, and stimuli-responsive nature. The
second building block is a modification of the first, with a lysine instead of isoleucine,
which means that the lysine e-amino groups can be used for cross-linking and other
chemical modifications whilst retaining the properties of ELRs. The third group

contains the (REDV) peptide sequence found within the alternatively spliced CS5
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fibronectin domain, which is specifically recognized by the integrin alp4 [97]. This
integrin is present in a few cell lines and its specificity for REDV tetrapeptide has been
confirmed in endothelial cells, which selectively bind to REDV-coated surfaces [98].
Finally, the polymer possesses another functional block, in this case a recurring
hexapeptide derived from the human elastin exon 24-encoded product (VGVAPG);
[99]. This sequence was introduced to drive enzymatic hydrolysis of the synthetic
scaffold by the same physiological pathways as natural elastin during ECM remodeling

as it is a target for certain proteolytic enzyme elastases [99].

o5

REDV-ELR biopolymer biodegradation was tested with a specific protease,

namely human leukocyte elastase | (Fig. 6).
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Fig. 6. SDS-PAGE analysis of ELR proteolysis: A) digested fragments obtained at
different incubation times; B) tricine SDS-PAGE is used to separate the resulting total
digestion fragments. The numbers at the side of the images indicate the position and
size of the molecular mass protein marker.

When recombinant ELRs were incubated under optimal enzymatic conditions the

elastase was found to quickly and completely digest the REDV biopolymer and no
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significant degradation of the control biopolymer (lacking the target hexapeptide) was
observed even when extending the experimental time (Fig. 6A).

The molecular mass of the bands produced in a complete digestion was analyzed
in tricine SDS-PAGESs [100]. This electrophoresis method allows us to separate bands
corresponding to proteins and/or peptides with a molecular mass of less than 9000 Da.
The bands of the ELR proteolytic fragments resulting from complete enzymatic
hydrolysis were found to possess a similar molecular mass to that of the theoretical
fragments produced by specific elastase proteolysis (Fig. 6B).

We have also tested the adhesion of human umbilical vein endothelial cells
(HUVECS) to chemically cross-linked ELR film scaffolds containing REDV adhesion
sequences and to a negative control (lacking the bioactive sequences) [101]. On REDV-
ELR scaffolds the cells showed a spread morphology with the cytoskeleton actin
filaments (stained green) well organized into stress fibers, which is indicative of strong
adhesion (Fig. 7A). The cell number and morphology of the HUVECs seeded on the
ELR-negative control were completely different from those seeded on the REDV
scaffold, with few smaller and rounded cells with minor lamelopodia extensions, thus

indicating that passive adhesion was the main cell-scaffold interaction (Fig. 7B).

Fig. 7. Microscopy images of HUVECs seeded on ELR films after 16 hours of

incubation: A) REDV film; B) negative control.
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This ELR-containing REDV cell-adhesion sequence has also been used to prepare
hybrid scaffolds [102] as the introduction of ELR as an elastic element in collagen-
based scaffolds enhances their mechanical properties. In this study, enzymatic cross-
linked ELR-collagen scaffolds were tested in vitro as substrates to study cell viability
with different cell lines. An increasing ELR fraction in the scaffold was found to have
an antifouling effect in fibroblasts, whereas endothelial cells displayed normal behavior
and proliferation in the hybrid scaffolds. Varying the proportion of both materials
should allow us to design the optimal requirements for future applications, such as
vascular tissue or skin wound healing.

Highly porous hydrogels formed from recombinant elastin-like polymers
chemically cross-linked with hexamethylene diisocyanate have been obtained by the salt
leaching/gas foaming technique for use in 3D cell culture [103]. The pore size of these
gels can be controlled by varying the size of the salt particle incorporated during the
cross-linking reaction. Physical properties such as the porosity, swelling ratio, and
mechanical properties are also influenced by the salt/polymer weight ratio. The thermal
behavior of these gels was also studied in terms of the physical properties. Thus, the
swollen hydrogels were heated to test the effect on the pore size (see Fig. 8). The
collapse observed due to the phase transition above Tt decreased the mean pore size by
about 30%. This technique should provide a simple approach to the fabrication of
advanced scaffolds with “tunable” biological and physical properties in which the
elasticity and thermo-responsive behaviour expand the range of potential applications of

these materials.
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Fig. 8. ESEM micrographs showing the change in pore-size with temperature in swollen
hydrogels in water: A (4 °C); B (55 °C). Scale bars: 100 pm.

Reverse thermosensitive polymers are very promising base materials for ‘‘in situ
generated implants’’. The ability to produce low viscosity physiological solutions at
room temperature which form a gel at higher temperature opens up numerous
possibilities, although these are normally directed in two main directions: hydrophobic
materials which acquire desired mechanical properties or water-based systems for the
controlled release of hydrophilic macromolecules. The structural complexity of ELRs
with specific mechanical, chemical, and biological properties allows us to design
specific features that make it possible to acquire some or all of these properties. The
self-assembly behavior of ELRs, for example, has been triggered by the addition of
different main peptide blocks in the structure. Thus, hydrophilic blocks provide
conformationally elastic properties whereas hydrophobic blocks form physical cross-

links through hydrophobic aggregation (see Fig. 9).
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Fig. 9. Hydrophobic aggregation scheme of ELR tri-block copolymers in aqueous
systems.

In a recent example, ELR tri-block copolymers with different hydrophobic
architecture were found to form gels with a complex shear modulus ranging from 4.5 to
10.5 kPa and which can be increased by changing the hydrophilicity of the inner block
[104]. This elastic modulus has been enhanced by including additional chemical cross-
linking sites in the polymers’ composition [105], thus making them excellent candidates
for biomedical applications.

5. Conclusions

The goal of replacing current oil-based chemical processes with biological
methods has resulted in the development of a method to produce complex
recombinamers with a well-defined sequence and complete control of the molecular
architecture. In this review we have summarized some examples that demonstrate the
versatility of ELRs for a wide range of applications. The potential of ELRs to self-
assemble in response to environmental changes makes them attractive for the
construction of nano-devices for use as controlled delivery systems, stimuli-responsive
biosurfaces, or advanced nanobiotechnological applications. The tailored introduction of
cross-linking groups, cell-binding domains, and enzymatic biodegradation along the
polypeptide chain makes these materials excellent substrates which can be used to

mimic some of the most important characteristics of the ECM for tissue engineering.
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Thus, ELR hydrogels are promising candidates in terms of microstructure, ‘‘tunable’’
mechanical properties, and topography for the study of cell behavior and cell-surface
interactions, which is an important step towards the development of cell-based
biomedical systems.
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Abstract

We describe a simple method of replica moulding to obtain novel 3D microstructured

smart hydrogels based on protein polymers mimicking the structure and behaviour of

the extracellular matrix (ECM).

Pour PDMS Crosslinking
prepolymer ELP

Cure, peel off Release
PDMS
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Future advances in areas of biosciences and biotechnology strongly rely on the
development of appropriate systems mimicking in vivo cellular environments, enabling
in vitro studies of cell-matrix interactions [1]. Numerous studies show the need for
more sophisticated and biologically relevant substrates with well defined biological and
chemical activity, tunable mechanical properties and controlled topography [2, 3, 4].
Therefore, considerable effort has been directed towards the development of new
materials and fabrication techniques to generate novel substrates that exhibit some of
the most important chemical, biological and physical characteristics of the extracellular
matrix (ECM).

Recombinant DNA methods have been exploited to create protein polymers with
programmable sequences of functional oligopeptide blocks and, therefore, desired
properties. These methods allow the design of polymer compositions with unmatched
degree of complexity and control that can incorporate structural and functional domains
derived from ECM proteins.

Elastin-like polymers (ELPs) [5] have been attracting interest because of their
excellent biocompatibility and bioactivity [6] and their intrinsic ‘‘smart’ stimuli-
responsive nature. These protein polymers undergo a phase transition in response to
changes in the temperature. Below the so-called inverse transition temperature (ITT) the
uncrosslinked polymer chains are soluble in water, however, above the transition
temperature (T;) the polymer chains form nano and micro aggregates which segregate
from the solution. ELPs have been used in the form of electrospun fibers [7], hybrid
hydrogels [8] and 2D films [9] showing their great potential as biomimetic materials for
a variety of biomedical applications ranging from scaffolds for tissue engineering to

cell-based microdevices. Interestingly, hydrogels based on ELPs retain the
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thermoresponsiveness characteristics of the ELP family and a clear T, can be studied in
crosslinked hydrogels by calorimetric techniques [10].

Here we demonstrate, for the first time, the fabrication of 3D structures made of
ELP-based hydrogels by means of replica moulding. In this way, we obtain novel
substrates with well controlled micro-topography, tunable mechanical properties and a
smart nature.

For this purpose we synthesized by genetic engineering techniques a
recombinant elastin-like polymer (ELP) with peptidic sequences providing bioactivity
and other functionalities. The monomer unit contains three different functional blocks in

order to achieve an adequate balance of mechanical and bioactive response (Fig. 1).
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Fig. 1 A scheme of the blocks and amino acid sequences of the designed polymer.

The (VPGIG), sequence confers the excellent mechanical properties, the
extreme biocompatibility and the ‘‘smart’” nature. The second building block is a
modification of the first, containing lysine instead of isoleucine, so that the lysine -
amino groups can be used for crosslinking purposes and other chemical modifications.
The last block contains a peptide loop present in the human fibronectin protein with the
well known RGD sequence for cell adhesion. Finally, a tag of histidines (Hisg) was
incorporated to the polymer sequence in the terminal amino position. The Hisg tag can
be used as a tracking epitope of interest, allowing protein analysis and purification [11].

Replica moulding is a fast, flexible, straightforward micropatterning technique

that can be carried out routinely on a bench top and consists of only a few steps:
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dispensing of the polymer on the mould, crosslinking and release of the replica from the
mould. Here the replica moulding was performed on polydimethylsiloxane (PDMS)
micropatterned substrates as moulds.

The PDMS prepolymer and curing agent were thoroughly mixed at a 10:1
(wt/wt) ratio and degassed for 1 h. The mixture was then cast onto previously
fluorosilanized patterned silicon masters and cured at 65 °C for 1 h. The PDMS replicas
were carefully peeled off from the silicon wafer and used without any further surface
treatment. We used four different silicon masters presenting grooves or pillars with
different dimensions and interdistances. Specifically, grooves with 25 um width and 25
pm interdistance, grooves with 20 um width and 100 pum interdistance, pillars with 5
pm diameter and 15 pm interdistance, pillars with 10 pum diameter and 10 pm
interdistance. The step height of the micro-features was 5 um for the grooves 9 um for
the pillars.

The hydrogels were obtained by chemical crosslinking. A polymer solution was
prepared by dissolving 4 mg of RGD containing-ELP (100 mg/ml) in N,N-
dimethylformamide (DMF, Fluka) at 4 °C. A solution of hexamethylene diisocyanate
(HDI, Sigma Aldrich) was prepared at -20 °C in DMF. The two solutions were mixed
under vigorous stirring with desired polymer: HDI ratios, then poured into PDMS
stamps and allowed to react overnight at room temperature. The hydrogels were taken
off and immersed in ultra pure water. They were thoroughly washed in ultra pure water
to remove remaining unreacted chemical reagents and solvent. Crosslinking reaction is
very efficient. The amount of polymer finally incorporated in the hydrogel was always
higher than the 85% in weight of the initial amount used, as determined by the weight of
the lyophilized hydrogels (result not shown).

Fig. 2 shows macroscopic pictures of swollen hydrogels as prepared in this study.
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Fig. 2. Macroscopic pictures of swollen crosslinked hydrogels with different polymer:
crosslinker ratios after 24 h stabilization in water. (A) Molar ratio of polymer:
crosslinker, 1: 4. (B) Molar ratio of polymer: crosslinker, 1: 7.

We could modulate the swelling degree of the hydrated hydrogels and their
mechanical properties by changing the polymer: crosslinker ratio. A lower crosslink
density (2A) resulted in gels of larger dimensions and more transparent appearance.
With a decrease in the ratio of polymer: crosslinker, the size of the hydrogels decreased
and their transparency became poor (2B). Rheological measurements confirmed that the
polymer: crosslinker ratio also strongly affects the mechanical properties of the swollen
gels. The measurements were performed with an AR-2000ex rheometer (TA
Instruments) at room temperature in a constant strain mode. Swollen gels were placed
between parallel plates (12 mm diameter) and the gap was adjusted starting from the
sample to reach a normal force about 10 mN in order to prevent slippage. An amplitude
sweep (storage modulus G’ measured as a function of strain) was performed to confirm
that the measurements were obtained within the linear region of viscoelasticity.
Measurements were then realized in a constant strain (0.5%) mode as a function of
frequency (from 0.1 to 10Hz). Gels formed with molar ratio polymer: crosslinker of 1: 7
have higher elastic modulus (9947 + 230 Pa) than the ones formed with a 1 : 4 ratio with
elastic modulus (4311 + 131 Pa).
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The thermally responsive behaviour of the crosslinked gels with a polymer: crosslinker

ratio of 1: 7 is shown in Fig. 3.

Fig. 3. Optical stereomicroscope images of hydrogels under (A) and above (B) the
transition temperature, after 24 h water immersion. (A) 4 °C, diameter =6.8mm (B) 37
°C, diameter = 4.0 mm. Scale bars, 2.0 mm.

The hydrogels retained the ‘‘smart nature’” of the elastin-like polymers, with a
transition temperature (T;) of 20 °C [10]. A clear difference in the dimensions of the
gels after immersion in water at temperatures below and above the T; is observed. It
demonstrates that genetically engineered ELP polymers may be chemically crosslinked
to yield thermally responsive hydrogels with ‘‘tunable’’ physical properties. In addition
the transition temperature (T;) can be modified with the polymer amino acid
composition among others [12].

The surface topography of these micropatterned RGD hydrogels was analysed using a
Zeiss AxioPlan Imaging light microscope. The four different patterns are presented in

Fig. 4.
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T

Fig. 4. Optical micrographs of different micropatterned hydrogels swollen in DMF.
Scale bars, 50 pm.

These hydrogels were crosslinked with a polymer: crosslinker ratio of 1: 7. The
optical micrographs were obtained after the crosslinking reaction, with swollen gels in
DMF at room temperature. Fig. 5 shows one of the patterns after 24 h equilibration in

water at temperatures below Tt (4 °C, Fig. 5A) and above Tt (37 °C, Fig. 5B).

34
g
2
&
*
4
“y
4
5
&

Fig. 5. Optical micrographs of micropatterned hydrogels previously immersed in water
at (A) 4 °C; and (B) 37 °C. Scale bars, 50 pum.

This equilibration is related with the swelling ratio and both depend on the
crosslinking ratio. To estimate the dimensions of the microfeatures with respect to the

water temperature, two different locations were analysed for each pattern and a total of
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30 measurements were performed. The results obtained for the two patterns of grooves
are presented in Table 1. About a 30-35% decrease in dimensions was observed for
both patterns at a temperature above the transition temperature of the hydrogels.
Therefore, the ‘‘smart’” behaviour does not modify the nature of the topography.
However, some changes in the optical properties and roughness can be observed in Fig.
5A and 5B. In addition, there exists certain hysteresis behaviour during a swelling—
deswelling cycle. The topographical features of the surfaces do not fully recover the
original dimensions after the completion of one cycle, although the observed differences
are small and always below 10% (result not shown).

Table 1. Influence of water temperature on the dimensions of the micropatterns.

Width: interdistance

Width: interdistance

Width: interdistance

PDMS stamp/ pm at4 °C/ um at 37 °C/ um
25: 25 18.7+0.3:22.2+0.3 11.7+05:13.9+0.6
20: 100 20.3+1.0:71.8+1.3 13.7+10:504+3.1

In conclusion, we have demonstrated the processability of ELP polymers by
replica moulding to obtain patterned hydrogels with tunable mechanical properties and
smart behaviour in aqueous media.

Bioactive ELPs containing the RGDdomain show a high capacity for promoting
cell attachment [9, 13]. We can now add controlled topography as a factor to study and
eventually control cell behaviour. Furthermore, the smart nature of the gels makes the
substrates active, with the possibility of changing the dimensions of the microstructures
during cell culture, provided that the Tt is adjusted in the right range. This can be
obtained, for example, by tuning the amino acid composition of the polymer [12].

The application of microfabrication techniques to ELPs is an important step

towards the development of cell-based biomedical systems.
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Abstract

Multifunctional bioactive chemically cross-linked elastin-like polymers (ELPS)
have been prepared as three-dimensional scaffolds for tissue engineering. The salt-
leaching/gas-foaming technique was found suitable to prepare highly porous
biodegradable hydrogels based on this novel material type. The porosity can be
controlled by the amount of sodium hydrogen carbonate incorporated during the cross-
linking reaction, whereas the mean pore size is determined by the salt particle size. The
gas-foaming process, which involves immersion in a citric acid solution after the cross-
linking, facilitates pore interconnectivity and allows a grooved surface essential for cell
colonization. Due to the thermoresponsive nature of the ELPs, their physical properties
are strongly influenced by the temperature of the aqueous medium. The feasibility to
obtain tridimensional scaffolds for tissue engineering has been studied by testing the
adhesion and spreading of endothelial cells into the porous ELP hydrogels. The methods
and structures described herein provide a starting point for the design and synthesis of

macroporous multifunctional elastin-like hydrogels with potential broad applicability.
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1. Introduction

Researchers in the field of tissue engineering are continually searching for
materials with additional tissue-specific properties or which could be tailored to several
tissue systems. The scaffold composition may include desirable properties such as
specific interactions with extracellular matrix components, growth factors or cell-
surface receptors. A great deal of interest is currently being focused on new classes of
biodegradable polymers with specific or controllable bioactivity. The extracellular
matrix (ECM) is a composite material which contains a complex mixture of fibrous
proteins and heteropolysaccharides and provides an important model for the design of
biomaterials [1, 2].

Modern genetic engineering techniques allow the design and expression of
artificial genes to prepare proteinaceous analogues of ECM proteins with controlled
mechanical properties, and which incorporate domains that modulate cellular behavior
[3-6]. The goal of mimicking the ECM’s structure and biological functions requires the
design of artificial scaffolds that reproduce one or, preferably, more of the properties
and functionalities of the natural tissue.

One of the most important examples of this new generation of ECM-mimicking
materials is the family of recombinant elastin-like polymers (ELPS). They are inspired
by the amino acid sequence of native elastin, one of the most abundant ECM proteins.
In its natural state, elastin is an insoluble protein due to the presence of cross-links.
However, its soluble forms, such as tropoelastin [7] or R-elastin [8], are frequently used
as biomaterials. In both cases, although more evident for ELPs, biotechnological
techniques have been exploited to create tailored protein polymers with programmable
sequences. This allows highly complex ELPs containing structural and functional

domains derived from different ECM proteins to be obtained with total control of the
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molecular architecture. These biomimicking biopolymers can include cell-binding
peptides such as RGD, REDV, and so on, which are sequences that promote specific
cellular responses by mediating cell adhesion via integrins [9-11]. The ELP family of
polymers shows a wide range of interesting properties that are rarely found together in
any other polymeric material, namely, biocompatibility, mechanical properties (similar
to those of natural ECM), a stimuli-responsive nature, and self-assembly behavior, and
the obvious possibility of incorporating any function derived from peptidic domains into
their composition. The most peculiar property of these polymers, however, is probably
their stimuli-responsive behavior. ELPs undergo a phase transition in response to
temperature changes. Below a critical temperature, known as the transition temperature
(Ty), the un-cross-linked polymer chains are soluble in water, whereas above T; the
polymer chains form nano- and microaggregates, which separate from solution [3, 12].
An understanding of the molecular basis of this stimuli-responsive behavior has opened
up the opportunity to create ELPs that respond, under isothermal conditions, to a
number of external stimuli, including light, redox changes, pH, concentration of diverse
analytes, and pressure, by exploiting the so-called AT; and amplified AT; mechanisms
[13-15].

The enormous potential of this kind of protein polymer as a truly advanced
material for a variety of biomedical applications, ranging from scaffolds for tissue
engineering and regenerative medicine to cell-based microdevices, has boosted the
exploration of the different ways that these peculiar polymers can be processed to
achieve practical scaffolds and systems for use in different contexts, thereby showing
the potential to improve the currently existing alternatives. In this regard, ELP scaffolds

have been produced in the form of electrospun fibers [16], hybrid hydrogels [17] and
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2D films [18], and ELP hydrogels have been produced by photoinitiation [19],
irradiation [20, 21] amine reactivity [22- 26], and enzymatic cross-linking by tissue
transglutaminase [27]. However, due to the short history of this family and the fact that
these materials are not commercially available, a great deal of fundamental knowledge
regarding their properties is still lacking. For example, although ELP hydrogels with
different compositions have been tested in terms of bioactivity, swelling ratio, or
mechanical properties, their microstructure, which is very important for tissue
engineering applications, has not been studied in-depth. One of the most obvious
knowledge gaps for ELP hydrogels is that few studies concerning the possibility of
obtaining suitable macroporous scaffold structures for subsequent use in 3D cell culture
procedures have been performed.

Three-dimensional polymer scaffolds provide a suitable space in which
transplanted cells can grow and generate their own extracellular matrix. This artificial
scaffold should ideally degrade into nontoxic components that can be eliminated or
reabsorbed from the implant site. A high porosity is required to offer sufficient space for
tissue ingrowth and to improve the invasion of surrounding tissues. A well-defined pore
size and interconnecting pore network are also essential for vascularization and nutrient
diffusion. It is also desirable that these scaffolds are biocompatible, biodegradable, and
exhibit appropriate mechanical properties if required for the application and
manufacturing technique to be used [28, 29]. Several methods have been used to obtain
these kinds of porous scaffolds from biodegradable materials, including solvent
casting/porogen leaching [30, 31], gas foaming with pressurized carbon dioxide [8, 32],
electrospinning [33, 34], emulsion freeze-drying [35, 36], 3D printing [37, 38], salt
leaching/gas foaming [39, 40], and, more recently, combinations of these methods.

These techniques have been used with both natural (gelatin, chitosan or alginate) and
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synthetic biodegradable polymers such as polyesters, poly(vinyl alcohol), or
poly(urethane)s, although their use with ELPs has not been reported [1, 41].

Due to the water solubility of most ELPs, many of the existing methods to create
macroporous structures cannot be used. Among those methods that could be used,
however, salt leaching is one of the most attractive. We have therefore evaluated the
possibility of adapting current technology for this purpose. In this work, we adapt the
standard salt-leaching/gas-foaming method to obtain appropriate bioactive scaffolds for
3D tissue engineering from ELPs. In general, the salt-leaching technique has shown,
with other polymer systems, that porosity and pore size can be controlled by varying the
amount of salt present and its particle size, respectively. The salt (usually NaCl) is
incorporated during the cross-linking reaction with materials such as gelatin, poly-L-
lactic acid (PLLA) or poly-DL-lactic-co-glycolic acid (PLGA), among others [36, 42],
although it is difficult to obtain interconnected structures with this technique and the
scaffolds often present a surface skin layer. It is possible to minimize these
disadvantages of the salt-leaching technique by using the salt-leaching/gas-foaming
method [40], which is based on the idea that sieved particles of bicarbonate salts,
dispersed within a polymer-solvent mixture, generate carbon dioxide gas in the matrix
upon contact with hot water or acid solution, thereby producing highly porous scaffolds.

The pore size required depends on the type of cell to be grown on that scaffold
and on the material. For example, a pore diameter of 100 um and above is required to
ensure a rich blood supply, nutrient delivery and gas exchange to promote the
colonization of bone cells [43, 44]. Pore-size control is therefore critical for controlling
cellular colonization rates, angiogenesis, and organization within an engineered tissue.

The pore morphology can also affect the scaffold degradation kinetics and the
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mechanical properties of the tissue significantly. In tissue engineering, scaffolds should
supply mechanical support for the cellular microenvironment as well as transmit
mechanical stimuli. Hydrogels are not simply elastic materials, but behave
viscoelastically [45- 47]. The viscoelastic properties correlate strongly with the
microstructure and could provide useful information for tailoring their performance
characteristics to suit given applications.

In this study, we present a simple method for preparing ELP-based macroporous
hydrogels with tunable pore sizes and mechanical properties with the aim of gaining a
fundamental understanding of how the introduction of salt particles affects the physical
properties of thermally responsive ELP hydrogels. The reviewed literature suggests that
there is no “ideal” scaffold for all tissue types, and we demonstrate herein that the
physical properties of these materials can be tailored to future applications in tissue
engineering and regenerative medicine by varying the size of the salt particles [48, 49].
Furthermore, we have studied the influence of temperature on scaffolds made from
stimuli-responsive ELPs. If this thermoresponsive behavior is found to remain in the
cross-linked hydrogels, this could significantly broaden the potential of these biological
systems for tissue engineering purposes because, for example, their thermoresponsive
nature could be exploited in combined drug-delivery and tissue-engineering strategies.

2. Experimental Section

Materials. The elastin-like polymer was biosynthesized and its biochemical and
physical properties characterized by previously reported methods [11]. N,N-
Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), hexamethylene diisocyanate
(HDI), sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO3), and anhydrous

citric acid were purchased from Fluka Sigma-Aldrich (Madrid, Spain).
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Salt particles were sieved in two different ranges [250-425 um (A) and 180-250
um (B)] before use.

Human umbilical vein endothelial cells (HUVECsS; cat. no. cc-2517), endothelial
growth medium (EGM; Clonetic, cat. no. cc-3124), serum-free culture medium (EBM
Clonetics cat. no. cc-3121), accutase (cat. no. A6964 Sigma Aldric), DAPI (cat. no. PA-
3013), Phalloidin-Alexa Fluor488 Conjugate (cat. no. PA-3010), and all other tissue
culture reagents were purchased from Lonza. The remaining consumables for cell
culture were obtained from Corning Inc. Costar.

Preparation of Porous ELP Hydrogels. The hydrogels were obtained by
mixing a solution of the ELP (80 mg/mL) in DMSO/DMF (80:20) with an appropriate
solution (25 mg/mL) of the homobifunctional cross-linker hexamethylene diisocyanate
(HDI) in DMF in a polymer/cross-linker molar ratio of 1:3 at 4 °C. The mixture was
stirred and poured into customized Teflon molds (@ = 13.5 mm; h = 2 mm). Previously
sieved NaCl or NaHCO3 was added in a salt/polymer weight ratio of 10:1 or 20:1 and
stirred to homogenize the sample. The reaction mixture was kept at room temperature
for 3 h, then the salt-hydrogel samples incorporating NaHCO3; were extracted from the
mold and immersed in a 3 M citric acid solution for 45 min in an ultrasound bath.
Finally, all the matrices were thoroughly washed with Milli-Q water to eliminate
unreacted reagents and salts. Hydrogels prepared without porogen salts were used for
reference.

Differential Scanning Calorimetry (DSC). The experiments were performed
on a Mettler Toledo 822° DSC with a liquid-nitrogen cooler, calibrated with a standard
sample of indium. For analysis of the ELP, 20 uL of a 50 mg/ mL polymer solution in

Milli-Q water were placed in a 40 puL aluminum pan hermetically sealed. An equal
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volume of water was placed in the reference pan. For ELP-hydrogel analysis, 20 mg of
the hydrated hydrogel was placed on the sample pan. To account for the exact amount
of polymer in the assayed hydrogel, the sample was lyophilized and weighted after the
DSC run. The heating program for both kinds of samples includes an initial isothermal
stage (5 min at 0 °C) followed by heating at a constant rate of 5 °C/ min from 0 to 50
°C.

Amino Acid Analysis. The amino acid composition was determined by the
Technical-Scientific Service at the University of Barcelona (Spain) by HCI hydrolysis,
derivatization by the AccQ-Tag Waters method and subsequent analysis by HPLC with
UV detection for quantification. Each sample has been analyzed by triplicate.

Physical Properties of ELP Hydrogels. The porosity of the hydrogels was

determined in the swollen state in water using eq 1 [50]

porosity % = LEmL L 1)

water 14

The swelling ratio (Qy) of the hydrogels was estimated using eq 2

Qw= > )

W,
where W, and W, are the weight of the swollen and lyophilized gel, respectively, dywater IS
the density of pure water, and V (IIr’h) is the measured volume of the hydrogel in the
swollen state. All measurements were taken 24 h after soaking the hydrogel in water at
the appropriate temperature. Excess surface water was removed with a filter paper
before each measurement.

Lyophilization or freeze-drying (FreeZone 1, LABCONCOQO) was performed
from frozen hydrogels in liquid nitrogen previously swollen in water at the
corresponding testing temperature.

Mechanical tests were performed on a strain-controlled rheometer (AR2000ex,

TA Instruments) to measure the dynamic shear modulus (a measure of dynamic matrix
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stiffness). Swollen gels were placed between parallel plates (12 mm in diameter) and the
gap adjusted starting from the sample to reach a normal force of about 0.3 N to prevent
slippage. An amplitude sweep (storage modulus G’ measured as a function of strain)
was performed to confirm that the measurements were within the linear region of
viscoelasticity. Measurements were then carried out in constant-strain mode (0.1%) as a
function of frequency (from 0.1 to 10 Hz).

All physical properties mentioned above were measured at two testing temperatures:
below (4 °C) and above (37 °C) T..

Microstructural Morphology. Freeze-dried ELP hydrogels were fractured after
immersion in liquid nitrogen. The samples were coated with Au (Balzers-SCD 004)
prior to SEM (JEOL, JSM-820) observation at 15.0 kV.

In addition, swollen hydrogels were heated from 4 to 37 °C and observed
without sample preparation using environmental scanning electron microscopy (ESEM)
(FEI Quanta 200FEG). The mean pore size was estimated using Image J software with
at least 30 pores in three different spots for triplicate samples.

Statistical Analysis. Data are represented as the mean * standard deviation
(SD), n = 3. Statistical comparisons were performed by one-way ANOVA using
Bonferroni corrected t-test with Graphpad Prism 4.0 software. A p-value of less than
0.05 was considered to be statistically significant (expressed in the figure with asterisks
[*]: *P <0.05; **P < 0.01; when present).

Cell Culture Assays. HUVECs were grown in EGM, which was replaced every
two days, and were incubated at 37 °C in a 5% CO, humidified environmental chamber.
Hydrogels for these cell culture assays were made with sodium hydrogen carbonate:

polymer weight ratio of 20/1 using particles in the 180-250 um size range. They were
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sterilized for cell culture by UV exposure overnight and stored in 70% ethanol. Before
use, they were washed with sterile Milli-Q water, lyophilized, and placed in a 24-well
plate. Near confluence HUVECs (passages 3-5) were harvested by accutase treatment
and then washed and resuspended in EBM, seeded at 10000 cells/ cm2 on dried ELP
hydrogels, and incubated at 37 °C. EBM minimal medium was used to promote specific
cell-scaffold interaction. A total of 48 h after cell seeding, the hydrogels were washed
with PBS to remove nonadhered cells and then fixed.

Samples for phase-contrast and epifluorescence were fixed in 4%
paraformaldehyde for 10 min, permeabilized with 0.2% Triton X-100, and stained with
the fluorescent dyes Phalloidin-Alexa Fluor488R and DAPI, as indicated in the text.
The samples were observed by phase-contrast and fluorescence microscopy using a
Nikon Eclipse Ti inverted microscope (Nikon Instruments/Europe) at a magnification of
10-20-40x.

Hydrogels seeded with cells for SEM analysis were fixed in Palay fixative [37]
(1% gluteraldehyde and paraformaldehyde in 0.1 N calcium chloride solution) at pH 7.4
for 2 h at room temperature. Samples were progressively dehydrated in ethanol

solutions (15, 30, 50, 70, 90, and, three times, 100%).

3. Results and Discussion
Cross-Linked Hydrogels and Thermal Behavior.

The bioactive protein polymer used in this work was designed to be employed in
tissue engineering with peptide sequences that provide an appropriate balance of
bioactivity (cell adhesion sequence and specific biodegradability) and other
functionalities (cross-linking domains and mechanical properties) [11]. The monomer

unit contains four different functional blocks (Fig. 1).
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Fig. 1. Scheme of the peptide domains and amino acid sequence of the designed

polymer.

Thus, the (VPGIG), sequence confers elasticity, biocompatibility, and
thermoresponsive nature [12]. Some of the elastic domains have been modified to
include lysines for cross-linking purposes and other potential chemical modifications
while retaining the ELP properties. The next block contains periodically spaced
fibronectin CS5 domains enclosing the cell attachment sequence REDV, which has
been found to be specific for endothelial cells [9]. Finally, a target hexapeptide
sequence for elastase-proteolitic action with bioactive properties (modulation of
proliferation and migration among others) has been introduced.

Polymer cross-linking was performed by forming covalent links between the
homobifunctional cross-linker HDI and the -amine groups of the polymer lysines in the
organic solvent mixture described above. The cross-linking ratio (polymer/crosslinker
1:3) was selected to obtain hydrogels with optimal consistency and transparency (data
not shown). To decrease the solution freezing point, a mixture of DMSO and DMF was
chosen. Both solutions were stored at low temperature (4 °C) before mixing to decrease
the cross-linker reactivity during the initial mixing and molding stages.

The inverse temperature transition (ITT) can be characterized by T; and the
enthalpy involved in the phase transition. Crosslinked ELP hydrogels prepared in the
absence of salt particles retain the thermoresponsiveness characteristics of the ELPs

displaying T; (Fig. 2).
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Fig. 2. DSC thermograms of the ELP and the ELP-hydrogel at heating rate of 5 °C/
min. The enthalpy of the phase transition is shown on the plot.

Tt is lower for the ELP hydrogel than for the free ELP. This was expected as the
reaction of the e-amine groups for cross-linkings causes a decrease in the mean polarity,
which according to the literature is always accompanied by a decrease in T; [12]. The
enthalpy of the transition found in the hydrogel is slightly lower than the one found for
the uncrosslinked polymer. Although, in principle, the decrease in T; should be
accompanied by an increase in the enthalpy [12], the dense cross-linked network leads
to a decrease in chain mobility and partial loss of the conformational freedom. That
would hinder the chain folding that takes place as an ELP is heated above its T;, which
could explain the relatively low value found for the enthalpy. Furthermore, there is a
substantial broadening in the endotherm, caused also by the hindered chain mobility,
which plays an additional kinetic effect.

Cross-linked ELP hydrogels were first prepared in the absence of salt particles.
Those samples exhibited certain intrinsic microporosity, as can be seen from the SEM

micrographs in Fig. 3.
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Fig. 3. Swelling behavior and SEM micrographs of elastin-like hydrogels cross-linked
in the absence of salt particles. Surface views: (A) 4 °C, (B) 37 °C; and cross sections:
(C)4°Cand (D) 37 °C.

However, this intrinsic porosity proved to be of no use for creating 3D scaffolds
for tissue engineering. Inspection of these images reveals that the surface shows a
closed-pore structure. The mean pore size at 4 °C is 29.0 = 11.1 um (Fig. 3A) as the
structure is completely expanded, whereas at 37 °C, above Ty, the hydrogel collapses,
which results in a substantial decrease in the mean pore size (1.3 + 0.4 um; Fig. 3B). In
addition, there is no porous organization inside the lyophilized hydrogel obtained in the
absence of porogen salts at both tested temperatures (Fig. 3C, D). These results show
that the matrix retains the thermoresponsive nature of the original ELP but that the pore
size and internal structure in ELP hydrogels crosslinked without porogen salts would
not be suitable for cell colonization.

These results clearly indicate the need to use suitable methodologies to enhance
the porosity and mean pore size in order to obtain adequate macroporous hydrogels for

3D cell culture. A first option in this direction is the simple method of salt leaching
137



(with sodium chloride). As an example on the possibilities of this approach, ELP
hydrogels were prepared with sieved sodium chloride particles at the following
conditions: polymer weight ratio of 10/1 and particle size in the range 180-250 pm. The

porous structure obtained is shown in Fig. 4.

Fig. 4. SEM micrographs of ELP hydrogels obtained by salt leaching: cross-sectional
(A) and surface view (B).

SEM micrograph in Fig. 4A demonstrates that it is possible to adapt this
standard technique to ELPs to obtain homogeneous porous structures with a controlled
pore size. However, this material contains no interconnected structures and the surface
also exhibits a skin layer (Fig. 4B). These results clearly show that this technique is
suitable for obtaining macroporous scaffolds but that the interconnectivity still needs to
be enhanced and the surface characteristics improved to allow cell colonization. The
salt-leaching/gas-foaming method was therefore utilized to improve the properties of the

hydrogels obtained using the salt-leaching method alone.

Morphological Characterization of Porous ELP Hydrogels Obtained by the Salt-

Leaching/Gas-Foaming Method.
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Fig. 5. Macroscopic pictures of swollen hydrogels in water at 4 °C with different
salt/polymer weight ratios: (A) 0/1, (B) 10/1, and (C) 20/1.
Fig. 5 shows macroscopic pictures of the swollen hydrogels. The hydrogel in Fig. 5A
was prepared in the absence of porogen salts, whereas the porous hydrogels shown in
Fig. 5B and C were prepared by the salt-leaching/gas-foaming method using increasing
amounts of sodium hydrogen carbonate particles. As expected, the presence of pores
clearly results in decreased gel transparency.

Amino acid analysis was used to study the degree of crosslinking; the results are

summarized in Table 1.

Table 1. Amino Acid Analysis Comparing Theoretical and Experimental Results for Un-

Cross-Linked ELP and Cross-Linked Hydrogels®

Amino Experimental | Experimental number for hydrogels
Theoretical
acid number for weight ratio salt/ polymer
number of
type uncross-linked
amino acids 0/1 10/1 20/1
ELP [12]
Lys (K) 20 20.05 5.04+0.03 4.04+0.02 4.11+0.04
Arg (R) 10 11.20 10.58+0.01 10.84+0.06  10.95+0.04
Glx
41 42.13 39.67+0.08  40.55+0.20 40.87+0.17
(E+Q)
Asp (D) 20 20.41 21.34+0.13 21.73+0.06 21.81+0.08
Val (V) 171 172.17 169.82+0.27 170.98+0.43 171.06+0.73

% Date reported as mean + SD (n= 3).
The degree of cross-linking can be determined from the content of free amino

groups in the cross-linked hydrogels. This analysis clearly demonstrates the specific
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reactivity of HDI toward lysines in organic solvents as the content of other amino acids
was not affected by the cross-linking reaction. The good specificity of HDI is of
particular interest as undesirable specific reactions with possible reactive amino acids
such as arginine (R), glutamic acid (E), or aspartic acid (D) involved in cell-adhesion
induction could inhibit the bioactivity of the CS5 domain [24]. The presence of salt
particles during the cross-linking reaction did not affect the degree of cross-linking
significantly, with highly cross-linked hydrogels being obtained in all cases.

Scaffolds were prepared from sieved salt particles in two different size ranges:
180-250 and 250-425 um. The scaffold pore morphology obtained with these two
different size ranges was found to be retained in the hydrogel microstructures. The
hydrogels show a uniform pore morphology with evenly distributed pores, as evidenced
by the cross-sectional SEM micrographs (Fig. 6), as was the case for the ELP hydrogels
obtained using the salt-leaching method alone (Fig. 4), thus, indicating that the salt type

does not influence the pore organization inside the structure.

Fig. 6. SEM micrographs of hydrogels obtained with different salt particle size ranges:
(A) 180-250, (B) 250-425 um. Surface views (C, D) and cross-sectional micrograph (E)

of the 180-250 «m ELP hydrogels.
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The average pore size in the scaffolds was 208.6 + 33.5 um for materials
obtained using salt particles in the range 180-250 um (Fig. 6A) and 318.7 £ 60.3 um for
materials obtained using particles in the 250-425 um size range (Fig. 6B). The pore-size
distribution in the hydrogels is therefore in full agreement with the initial salt particle
size-ranges. The interconnectivity between pores was found to be improved by the
effervescent-ultrasound process, and macropores connected to adjacent pores via
openings in the pore walls can be observed in the cross-sectional SEM micrographs
shown in Fig. 6A, B. The surface of these samples was found to be highly grooved and
did not show any substantial formation of a skin layer, as can clearly be seen in Fig. 6C.
This feature differentiates our materials from many of the other hydrogels reported in
the literature, including the ELP hydrogels mentioned above, where the existence of
such a skin is quite a common feature. A magnified view of a surface pore in the
hydrogel is shown in Fig. 6D. This micrograph shows a pore wall thickness of a swollen
hydrogel, which is about 15 pum. In addition to the macroporous structure induced by the
salt particles, an intrinsic microporosity can still be observed in hydrogels at 37 °C, a
temperature above T, which contributes to the enhanced structure roughness (Fig. 6E)
and could be important for promoting cell attachment.

Changes in the pore size of hydrogels immersed in water, due to the

thermoresponsive behavior of ELPs, were observed by ESEM (Fig. 7).
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Fig. 7. ESEM micrograph showing the change in pore size with temperature in swollen
hydrogels: (A) 4 °C, (B) 37 °C.

A decrease in pore size of about 30% was observed for the same pores as the
temperature was increased to above T:. This responsive nature offers the possibility of
changing the dimensions of the pore during the cell culture to study possible
modifications in cell behavior. In any case, and for the pore sizes used in this work, the
decrease in pore dimensions is not enough to compromise the possibility of cell
infiltration as it will be later demonstrated in the cellular studies.

Effect of Salt Particle Size on Porosity.

Porous hydrogels were prepared with two different salt particle ranges of sodium
hydrogen carbonate to evaluate the dependence of porosity on the salt particle size. All
hydrogels were synthesized by triplicate with a sodium hydrogen carbonate: polymer
weight ratio of 10/1 and quantified using eq 1. In addition, the porosity of the swollen
hydrogels was studied in water at two temperatures, one below (4 °C) and the other
above (37 °C) Tt, to observe the influence of the temperature on the porosity.

The salt particles were sieved in the same ranges as above (180-250 and 250-425

um). The results are plotted in Fig. 8.
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Fig. 8. Effect of salt particle size and T; on the porosity of hydrogels with a salt/polymer
weight ratio of 10:1. Data are reported as mean + SD (n = 3). Asterisk denotes
significantly different p-values (*P <0.05; **P < 0.01).

The most obvious result is that porosity is influenced by temperature. The ELP
hydrogels showed a porosity in the range 51-65% for the salt amount tested. The
collapse above T; due to the phase transition decreases the porosity significantly.
Statistical analysis confirmed that there were no significant differences between the
hydrogels obtained with different particle sizes at the same temperatures (p > 0.05) for
similar amounts of salts. Hydrogels with similar porosity can therefore be prepared with
different pore diameters simply by utilizing microsieved salt particles of different sizes.
Effect of the Salt/Polymer Weight Ratio on Porosity.

Because porosity is not dependent on the salt particle size for equal salt amounts,
hydrogels were prepared in triplicate with a salt particle size range of 180-250 um, to
study the influence of different salt amounts on the porosity. The hydrogels produced in

the absence of salt porogens were used as reference; the porosity was calculated using
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eq 1. Fig. 9 shows the influence of the salt fraction on the porosity below (4 °C) and

above T; (37 °C).
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Fig. 9. Influence of salt/polymer weight ratio on the porosity. SD indicated, n = 3.

An increase in the salt/polymer ratio results in a high porosity of the cross-linked
hydrogels under identical conditions, reaching as high as 75% at the highest salt amount
tested in this work. Raising the temperature from 4 to 37 °C results in a decrease in the
porosity, in agreement with the collapse previously observed in ELP hydrogels.
Significant differences were found between samples with different salt/polymer ratios at
the two testing temperatures except for hydrogels with high salt concentrations (20/1),

which showed no significant differences in porosity with temperature.

Effect of Salt/Polymer Weight Ratio on Swelling.
The swelling ratio was determined from eq 2 by soaking the hydrogels in Milli-

Q water for 24 h. The results of this analysis are summarized in Table 2.
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Table 2. Swelling Ratio of Hydrogels Prepared with Sodium Hydrogen Carbonate (Size

Range: 180-250 um) in Water®

Salt/polymer weight ratio Quw (4°C) Quw (37 °C)
0/1 3.37+1.10 1.70+0.30
10/1 28.43+£3.63 2.61+0.16
20/1 36.28+1.63 10.10+0.49

% Data are reported as mean + SD (n = 3)

The swelling ratio was found to increase significantly with an increase in the
salt/polymer weight ratio. Thus, an increase in the salt/polymer weight ratio from 0/1 to
20/1 resulted in an increase in the swelling ratio (Qy) from 3.37 +1.10 to 36.28 +1.63 at
4 °C. These results are in agreement with the increase in porosity. The swelling ratio
decreases above T; (37 °C) due to hydrogel collapse.

The phase transition of the ELP hydrogels can also be observed in the degree of
swelling and contraction in aqueous solution and its dependence on temperature.

Effect of the Salt/Polymer Weight Ratio on the Rheological Properties.

In general, hydrogels are viscoelastic materials. Their mechanical properties can
be determined by rheological measurements in the linear viscoelastic range. Knowledge
of the linear viscoelastic properties is of great importance since it allows to obtain
information of the material in conditions close to unperturbed state. Therefore, in
compliance with the principle of small deformation rheology [46, 47], the hydrogels
must be tested within their respective linear viscoelastic ranges to ensure their stability.
Samples were tested in their equilibrium swollen state completely immersed in a

thermally regulated water bath during the analysis, and a dynamic strain sweep was
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performed to determine the range of strain amplitudes for which ELP hydrogels exhibit
that linear stress-strain behavior. Results confirmed that linear behavior was observed
up to 0.3% strain, so that all subsequent tests were performed for a 0.1% strain. Thus,
the dynamic shear modulus (a measure of dynamic matrix stiffness) was measured by
frequency sweep tests between 0.1 and 10.0 Hz, showing a lineal behavior. The
magnitudes of the dynamic shear modulus (G*) are reported from data of a single
frequency, 1.0 Hz, to compare among ELP hydrogels of varying salt amounts. Shear
modulus (G*) confirms that there is an inverse dependence between the mechanical

properties and the porosity (Fig. 10).
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Fig. 10. Influence of the salt/polymer weight ratio on the complex shear modulus. SD
indicated, n = 3.

The behavior below T; confirms that the gel networks maintain contractile
sensitivity to temperature changes. Raising the temperature from 4 to 37 °C, however,
results in an increase in the elastic modulus with the salt/polymer weight ratio, thereby
suggesting stiffer hydrogels at higher temperatures. Significant differences were found
between samples with different salt/polymer ratios at both temperatures, except for

those hydrogels with a high salt content (20/1). The thermal behavior of these hydrogels
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confirmed the results obtained on porosity (Fig. 9) upon measuring the rheological
properties.

The comparison with characterized cross-linked ELP hydrogels previously
published in the literature allows to obtain a combined conclusion about their physical
properties (Table 3).

Table 3. Review of Physical Properties of Different Chemically Cross-Linkable ELP

Hydrogels
i Mechanical
_ a
Cross-linker Qw (H20) evaluation Reference
3-36"
HDI G*=2.5-6.5 kPa present study
1.7-10°
b _ 25
HDI 0.37 G=0.13-0.31 MPa
~2-3.5°
TSAT G*=1.6-15 kPa 26
~0.2-0.6°
b
THPP P G*=5.8-45.8 kPa 4

®Abbreviations: HDI, hexamethylene diisocyanate; TSAT, tris-succinimidyl
aminotriacetate; THPP, tris(hydroxymethyl)phosphino-propionic acid. °Swelling
temperature: 4°C. ° Swelling temperature: 37°C.

The swelling capacity of the ELP hydrogels fabricated in this study is
considerable higher than other elastin-based hydrogels, because the addition of different
salt amounts has substantial effect in the swelling behavior. The study of the dynamic
shear modulus indicates that the type of cross-linker has an important effect, in addition
to the cross-linking degree, which allows to tune the mechanical properties. The
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reviewed literature confirms that there is not a study about the microstructure in
hydrogels from ELPs.
Cell Viability and Morphology in Macroporous ELP Hydrogels.

HUVECs have been shown selective binding and retention in REDV-coated
surfaces [51] or REDV-ELP-coated surfaces [22]. Cell culture assays were performed to
assess the suitability of 3D REDV-containing scaffolds toward endothelial cells, in
vitro. This last set of assays has two main goals. First, to test the biocompatibility of the
scaffold in vitro and, second, that the open pore structure is suitable for cell infiltration.
With the aim of promoting cell infiltration in the scaffold, the cells were seeded on
lyophilized hydrogels to achieve quicker diffusion inside of matrices during the
rehydration process. HUVECs viability and colonization of 3D ELP hydrogel were
evaluated by microscopy. Due to the transparency of the hydrogels, we were able to
visualize by fluorescence microscopy the HUVECs integration in the scaffolds. As
shown in Fig. 11 numerous cells can be observed both in surface and inner layers of
hydrogels situated in different focal planes testing that the cells were present in almost

the totality of the hydrogel.
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Fig. 11. Microscopic captures and SEM micrographs of HUVECs seeded in
macroporous ELP hydrogels after 48 h of incubation. Phase-contrast and fluorescence
microscopy (A), fluorescence microscopy with Phalloidin Alexa Fluor488 and DAPI

staining (B, C D). Cross-sectional SEM micrographs (E) and magnified view (F).
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This is specially evident in Fig. 11C and D, where the same spot in the sample
has been photographed at different depths. The macroporous structure of ELP hydrogels
seems to offer a suitable environment for HUVECs that showed a well-spread
morphology with large extensions, and their cytoskeleton actin filaments (green stained)
were well organized in stress fibers (Fig. 11C and D).

A cross-section of the cell-seeded ELP hydrogels was also analyzed by low
vacuum SEM assays of cryo-fractured samples. Fig. 11E, F shows the presence of cells
within the internal pores.

4.  Conclusions

A simple method for obtaining macroporous ELP hydrogels is reported in this
work. Pore size can be controlled by varying the size of the salt particles incorporated
during the cross-linking reaction. The results of this study demonstrate that the salt-
leaching/ gas-foaming technique can be used to synthesize chemically cross-linked
highly porous ELP hydrogels with tunable physical properties. The use of gas-forming
salts allows the formation of a highly interconnected porous structure, which is difficult
to obtain in ELP hydrogels using more conventional salt-leaching techniques. The
porosity, swelling ratio, and mechanical properties have been shown to depend on the
salt/ polymer weight ratio and temperature. The thermal behaviour of these materials
has also been tested with respect to pore size and internal morphology. In addition to the
macroporous structures resulting from the salt particles, these ELP hydrogels have also
been shown to exhibit microporosity, which is intrinsic of these biomimetic materials.

In addition, we have demonstrated the feasibility of these ELP hydrogels to
promote HUVECs adhesion and infiltration inside the porous structure of those
matrices. This technique is therefore a straightforward approach to obtain advanced

scaffolds with tunable biological and physical properties necessary for 3D cell culture.
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Bioactive, multifunctional ELP hydrogels have great potential for use as an artificial
extracellular matrix in which the elasticity and thermoresponsive behavior of these
materials could expand their range of potential applications.
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Abstract

The possibility of obtaining different self-assembled nano-structures in reversible
systems based on elastin-like block co-recombinamers is explored in this work. The
results obtained show how an evolution from a more common micellar structure to a
hollow vesicle can be attained simply by changing the block arrangements and lengths,
even when other molecular properties, such as molecular weight or mean polarity,
remain essentially unchanged. This work sheds light on the possibility of obtaining
hollow nano-objects, based on elastin-like recombinamers, which can assemble and
disassemble in response to a change in their surroundings. This kind of system can be
an example of how high precision in the genetic production of synthetic macro-

molecules can be used, on an exclusive basis, to control the shape and size of their

derived nano-objects.
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1. Introduction

The self-assembly of nano-objects with different shapes is a highly interesting
topic due to its implications and significance in both basic and applied science.
Generally speaking, the most versatile self-assembled nano-objects are obtained from
macromolecules. However, although micelles are most easily obtained by way of many
different molecular interactions, other more complex shapes often require the existence
of precise molecular interactions that drive the self-assembled objects to adopt hollow
vesicular or tubular structures [1-3]. Typically, such interactions are of the hydrogen-
bonding or ion-pair type and give rise to strong and stable cores in which the molecular
segments involved show characteristics such as crystallinity, swelling, directionality and
rigidity, amongst others [4]. However, although such relatively strong interactions can
be tuned to model the shape of the self-assembled object, they tend to lead to practically
irreversible self-assembly.

Many of the applications envisaged for advanced nanocarriers, such as targeted
and/or intracellular gene or drug delivery, require fast delivery of the cargo when the
carrier reaches its target. In most cases, this action requires the disruption of the nano-
object [5, 6], thus meaning that smart behavior of the macromolecule is an excellent
option to create nanocarriers that can load and deliver their cargo in response to a
change in their surroundings. In aqueous environments, for example, the most efficient
smart macromolecules follow lower critical solution temperature (LCST) behavior [7,
8], thus implying that the main intermolecular interactions are weak hydrophobic
interactions, which are more prone to be reversible. Many different materials based in
stimuli-responsive polymers with different molecular architectures have been reported

as the basis of self-assembled nano-objects [9-19]. However, in almost all previous
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cases, the self-assembly driven by LCST behavior leads to the formation of micelles.
Other shapes, such as hollow vesicles, can simultaneously incorporate functionality at
their surface, which makes them excellent candidates as more versatile delivery vehicles
for combinatorial drug therapies [20-23].

The main target of this work is to explore the feasibility of tuning and controlling
the shape and topology of self-assembled nano-objects in recombinant LCST-based
macromolecules, avoiding the use of rigid segments with stronger interaction that could
hamper the reversibility of the self-aggregation. The materials chosen to test this
concept are elastin-like recombinamers (ELRs). The expansion of molecular biology
has allowed the design of complex bioengineered ELRs as well-defined polymers [24-
26]. Different ELR derivatives have been reported being sensitive to stimulus such as
temperature, pH, light and other in aqueous solution. They can also easily include
diverse functionalities such as targeting ligands, cell-adhesion sequences and
fluorescent or contrast agents, amongst others, which, together with their good expected
biocompatibility and favorable degradation rate and products, make them promising
materials for (bio)nanotechnological applications [27-29]. All functional ELRs exhibit a
reversible phase transition in response to changes in temperature. In aqueous solution
and below a certain transition temperature (T;), the free ELR chains are disordered,
consisting in fully hydrated random coils, mainly by hydrophobic hydration. This kind
of hydration is characterized by ordered clathrate-like water structures surrounding the
apolar moieties of the polymer. When the temperature is increased above T the
structure loses the water molecules to form a phase-separated state consisting of 63%
water and 37% polymer by weight and the chains fold and assemble in a dynamic,

regular, nonrandom structure known as a fg-spiral. This structure contains type Il p-turns
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as the main secondary feature, which is formed by intrachain hydrogen bonding around
the L-proline residue, and is stabilized by interturn. In this arrangement, the apolar side
chains of the constituting amino acids point to the outer shell of the S-spiral, facilitating
the existence of extensive intramolecular hydrophobic contacts and, finally, phase
segregation. This folding is completely reversible if the temperature of the sample
decreases again below T; [24].

Recently, recombinant DNA techniques have enabled the formation of block
copolymers with programmed sequences from simple amino acid building blocks with
an absolute degree of control and complexity clearly superior to that achieved by
synthetic copolymers [30]. Amphiphilic elastin-like block co-recombinamers (ELbcRs)
may also boost the formation of stable self-assembled nanoparticles as protein-like
micellar systems [9-12]. However, other nano-objects have not been explored, which
opens up the possibility of using molecular weight and molecular design, in a high
precision approach, as a way of tuning the shape of self-assembled nano-objects using
the acquired knowledge from synthetic block copolymers. For these reasons, the
working hypothesis is the possibility of tuning the self-assembled morphology simply
by varying the block arrangements and lengths in the ELDbcRs. Therefore, in the
reductionist approach used in this work, the designed ELbcRs show a relatively simple
composition in order to isolate the aforementioned factors.

2. Experimental Section

Materials. All reagents were purchased from commercial supplies and used as
received. Standard molecular biology techniques were used to construct the ELbcRs
genes. The production was carried out using cellular systems for genetically engineered
protein biosynthesis in Escherichia coli and the purification was performed with several

cycles of temperature-dependant reversible precipitation. The purity and molecular
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weight of the recombinamers were verified by sodium dodecyl sufate-polyacrylamide
gel electrophoresis (SDS-PAGE) and mass spectrometry (MALDI-TOF/ MS). Detailed
procedures are also found in the Supporting Information.

Sample Preparation. Aqueous solutions of amphiphilic ELbcRs were prepared
from lyophilized purified specimens dissolved at the appropriate concentration in
Millipore ultrapure water at room temperature and filtered using a 0.45 pum PVDF
syringe filter. A neutral pH was achieved by adding small amounts of HCI or NaOH.
Mineral oil was added to the top of solution cells to prevent evaporation in turbidity and
light scattering measurements.

Turbidity and Isothermal Titration Calorimetry (ITC). Turbidity experiments
were conducted using a Varian Cary 50 UV-Vis spectrophotometer (Varian, Cary, NC)
with a thermostated sample chamber. Optical density (OD) was assessed by the change
in absorbance at 350 nm of a stabilized 25 uM ELbcR solution as a function of
temperature in the range 30.0 to 80.0 °C (ramp 2.0 °C/ min). Samples were stabilized at
each given temperature until a constant turbidity value was reached, which was
considered the optical density for the sample at that temperature.

Microcalorimetry was performed using a VP-ITC microcalorimeter (Microcal,
Northampton, MA). We injected 5 or 10 pL aliquots of degassed solutions of ELbcRs
from a Hamilton syringe into a sample cell containing water at 65 °C, with stirring at
200 rpm. The heat flow associated with the process was measured at each titrant
concentration and the data were analyzed with the Origin software provided by
Microcal to determine the critical aggregation concentration (CAC).

Dynamic (DLS) and Static (SLS) Light Scattering. The refractive index value

(np) was studied experimentally for the three ELbcRs in a wide range of concentrations
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((0.02-3.40) x 10 g/ mL) and temperatures (20.00- 50.00 °C) using a digital
refractometer (Mettler Toledo RE50, Mettler-Toledo, Greifensee, Switzerland) with a
Peltier thermostat. The value of the specific refractive index increment (dn/dc) was
deduced from the slope of plots of the refractive index versus concentration for each
ELbcR at the four different temperatures studied.

Light scattering measurements were performed using a BI-200SM multiangle
goniometer (Brookhaven Instrument, Holtsville, NY) with a 33-mW He-Ne vertically
polarized laser at a wavelength of 632.8 nm and a digital correlator (BI-9000AT).

For the DLS measurements monitored at a scattering angle of 90°, recombinamer
solutions at a concentration of 25 uM were introduced into glass cells and stabilized for
10 min at the desired temperature (30-80 °C) in a thermostated decalin bath to compare
the thermally driven aggregation with turbidity experiments. DLS autocorrelation
functions (measured at 65 °C) were also used to calculate the size distribution and
polydispersity index.

SLS measurements were performed using filtered ELbcR solutions equilibrated at
65 °C at concentrations from 1.0 to 5.0 mg/ mL and for scattering angles between 50°
and 130°. The resulting data were fit and used to determine the gyration radius (Rgy) and
molecular weight of the aggregates (My, agg)-

Transmission Electron Microscopy (TEM) and Atomic Force Microscopy
(AFM). TEM measurements were conducted on a JEOL JEM-1230 electron microscope
operating at 120 kV. The specimens were prepared by placing a drop of the stabilized
heated solution (25 puM) at 65 °C on a preheated plasma-treated carbon-coated copper
grid followed by water evaporation at the same temperature. Further samples were

stained with uranyl acetate solution (1.0 wt %) to enhance the contrast of the
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nanoparticles. Samples were also prepared by a freeze-fracture process and observed
with a JEM-FS2200 HRP working at 200 keV.

All samples for AFM were prepared on mica following the same procedure as
used for TEM samples without staining. AFM was performed in air at 25 °C using a
MultiMode 8 AFM attached to a Nanoscope V electronics (Veeco Instruments, Santa
Barbara, CA) in tapping-mode. Both topography and phase signals images were
recorded with 512 x 512 data points.
3. Results and Discussion

Three ELbcRs (E50A40, E100A40 and E50A40E50), which undergo thermal

and pH-responsiveness were used [31]. Translation of the genes in E. coli expression
strains yields monodisperse ELbcRs of totally controlled composition (see Fig. S1 of
the Supporting Information). These compounds are formed by combination of two
different blocks; a L-glutamic acid-containing block (E-block) and a fixed size of the
block that contains the L-alanine residue (A-block). The E block is based on the
monomer [(VPGVG),-(VPGEG)-(VPGVG),], whereas the A block is based on
[VPAVG]. The notation used to name the different blocks includes the letter (E or A)
and a number to indicate the amount of pentamers in the block, which is directly related
to their length. In general, the blocks that form part of the different corecombinamers
structures were found to be in the soluble-extended state when cooled below their
transition temperature (Ty), and in a collapsed-aggregated state above T:. In addition,
even though the E-block did not show an LCST behavior at pH values above the pK,, of
the y-carboxyl group of the glutamic acid, the T associated with the A-block was

modified by the presence and arrangement of the E-block [31].
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The solution behavior of these thermally driven amphiphilic ELbcRs was
investigated in water at neutral pH, where they were found to undergo selective
segregation by hydrophobic interactions. Turbidity and dynamic light scattering (DLS)
measurements were performed as a function of the temperature of aqueous 25 uM
ELbcR solutions in order to investigate the aggregation temperature and the stability of

the aggregates (see Fig. 1).
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Fig. 1. Plots of normalized scattered light intensity (open symbols) and turbidity (filled
symbols) versus temperature. (a) Heating and (b) Cooling.

The thermally driven aggregation (see Fig. 1a), as monitored by DLS, showed
that aggregates were formed at temperatures above 50 °C, with a significant increase in
the scattered light intensity due to the conformational change and self-organization of
the ELbcRs. The normalized scattered light intensity (I/1p) showed an aggregation
temperature in agreement with turbidity results. We therefore selected 65 °C as the
working temperature to compare the three ELbcRs in subsequent experiments, since
their intensity was not dependent on heating. Furthermore, the ELbcRs were found to
display two different particle aggregation behaviors, with E50A40 exhibiting a higher
scattering intensity, thus suggesting the formation of different, or more, aggregates. The

known special self-assembling characteristics of the A-block [32, 33], which, as a
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particularity among others ELRs, were tested in cooling experiments. (See Fig. 1b.) The
reverse dissolution of the aggregates took place only after the temperature was
undercooled down to 15 °C. This degree of large undercooling has been found to be
strongly dominated by Kinetics, and the acute hysteresis behavior seems to govern the
hydration process [32].

The autocorrelation functions obtained from DLS at a scattering angle of 90° (Fig.
S3 of the Supporting Information) were analyzed using the CONTIN algorithm [34].
The results of this analysis (Fig. 2) showed the size distributions for each system and a
set of hydrodynamic diameters, Dy, of approximately 140, 205 and 215 nm,
respectively, for E5S0A40, E100A40 and ES0A40E50. E50A40 therefore forms smaller
nanoparticles than the others, which is in agreement with the decreasing in molecular

weight.
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Fig. 2. Size distributions, as measured by DLS at 65 °C.

The Dy values obtained are higher than those of other reported ELbcRs with
similar molecular weights but different composition, thus indicating that their nanoscale
features can be modulated by the amino acid composition, and particularly for the
presence of L-alanine residues in the ELbcRs [9-11]. For the nanoaggregates obtained

here, an increase in temperature did not affect their size distribution (Fig. S4 of the
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Supporting Information). The stability of the formed aggregates was tested after 3
weeks of storage at 65 °C showing no changes in their geometrical parameters (result
not shown). Polydispersities were determined to be 0.05, 0.06 and 0.04, respectively, for
E50A40, E100A40 and E50A40ES0.

Isothermal titration calorimetry (ITC) was used to determine the CAC of the
ELbcRs. The CACs calculated at 65°C were ~ 3 uM for ES0A40E50, and 5 pM for
E50A40 and E100A40, which is consistent with results reported for other amphiphilic
copolymers [19, 11]. To characterize these aggregates further, we performed static light
scattering (SLS) measurements at 65°C over a concentration range of 1.0- 5.0 mg /mL
(where Dy, remains almost constant) and for scattering angles of between 50 and 130°.
The specific refractive index increment, dn/dc, of the three ELbcR solutions showed a
minimal dependence on temperature and molecular weight (Table S1 and Fig. S2 of the
Supporting Information). In light of this, we used a dn/dc value of 0.170 mL /g for all
three ELbcRs. Since a conventional Zimm plot showed a curvature of the angular
dependence in our self-assembled nanoparticles, a Berry plot was deemed more
pertinent (Fig. S5 of the Supporting Information) for determination of the gyration
radius (Ry) and the molecular weight of the aggregates (Mw, agg) [35-38]. The
aggregation numbers (Nagg) of the nanoparticles (i.e., number of ELbcR chains per
nanoparticle) were calculated by dividing My, ag¢ by the corecombinamer’s My, and the
structure of the self-assembled nanoparticles was further characterized by combining the
DLS and SLS data to calculate the p ratio (p = Ry /Rn), where Ry, is the hydrodynamic
radius. A summary of the properties of the ELbcR self-assembled nanoparticles,

including Ry, Rg, Mw,agg, p ratio and Nagg, is provided in Table 1.
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Table 1. Summary of ELbcR nanoparticles' properties.

Rh:Dh/Z Mw,agg
ELbcRs Rg (nm) p=Rg/Rp Nagg
(nm) (10°g/ mol)
E50A40 74 (£ 1) 58(+2) 0.78 1.2 312
E100A40 | 100 (x3)| 83(x3) 0.83 2.0 337
E50A40E50 | 96 (+2) 87(+2) 0.91 1.1 185

Ry can be seen to range between 58 and 87 nm, and M,y ,qg between (1.1 and 2.0) x
10" g /mol. p is a structure-sensitive parameter that provides information regarding the
density distribution of the particles and thereby on particle morphology [39]. Thus, p
values close to 1.0 are attributed to a vesicle-type morphology, whereas smaller values
are generally encountered with spherical micelles (theoretically p= 0.77) [39]. The p
values in Table 1 therefore apparently suggest the self-assembled nanoparticles to be
relatively monodisperse spherical micelles for E50A40, whereas E100A40 and
E50A40ES50 self-assemble into a mixture of micelles and vesicles, with the formation of
vesicles being majority in the triblock ELbcR. It is also noticeable that the micelle
diameter is higher than the one found in other more conventional polymer diblocks of
similar M,,. This is likely due to the fact that the folded structure of the ELRs still
contains a substantial amount of water (~ 50%) [24]. Relatively few amphiphilic
ELDbcRs have been synthesized and the size comparison with reported micelles [9, 11]
of similar M,, is not so straightforward because the particular composition in the
hydrophobic block, as mentioned above, leads to a more stable folding state [32] and
the hydrophilic block, which is negatively charged at neutral pH and remains hydrated
and molecularly mobile, does not exhibit a transition in the examined temperature
range, persisting as a random coil above the T; of the hydrophobic block [11] (Fig. S7 of

the Supporting Information). In addition, ES0A40E50 displayed similar nanoparticle
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size but differs of reported ELbcRs triblocks [12], which contained similar both central
hydrophilic block and two hydrophobic end blocks, in having lower M, and different
secondary structure, demonstrating that block orientation plays a significant role in the
morphology of the nanoparticles in ELbcRs, specially for protein-based copolymers
[30]. The Nagy of ELbcRs nanoparticles has not been thoroughly reported in the
literature, even vesicles. Kim et al. [11] suggested that at high density of glutamic acid
units, charge repulsion would limit the association of the hydrophilic blocks decreasing
the ELDbcR chains per vesicle and this effect would be more pronounced in the triblock.
These arguments were further supported by TEM (Fig. 3). Samples observed
without staining (Fig. 3, top) revealed nano-objects with spherical shape and confirmed
the data provided by DLS experiments regarding the nanoparticle size. Image analysis
of the stained samples (Fig. 3, middle) clearly showed characteristic core-shell micelles
for ES0A40, with dark cores and gray-colored shells. However, the stained TEM images
corresponding to E100A40 and ES50A40E50 are completely different. TEM
observations for those two show exclusively nano-objects with morphology of
conventional vesicles (Fig. S9 of the Supporting Information). Therefore, although the p
values found in light scattering experiments were not too conclusive, especially for
E100A40, TEM images indicate the absence of micelle structures. In addition, for a
polymeric vesicle or a hollow sphere, p may be less or larger than 1.0, depending on the
thickness and density of the wall [40] and we speculate that the structure of the
nanoparticles becomes more compact than for the triblock, affecting in this way the p
value by making it not too directly comparable to the one found in other vesicles formed
from block copolymers of different chemical nature. Vesicle formation was also
corroborated by the collapse of these structures following exposure to the high vacuum

of TEM (Fig. 3e), whereas the micelles found for ES0A40 preserved a more compact
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structure. The remnants of these freeze-fractured samples were further analyzed by

TEM to support these arguments (Fig. 3, bottom).

100 nm

Fig. 3. TEM images of self-assembled nanoparticles without staining (top), stained
(middle) with 1% uranyl acetate and freeze-fractured (bottom): a, d, g) E5S0A40; b, e, h)
E100A40; and c, f, i) ES0A40ES50.

A schematic representation of the thermally driven self-assembled structures

obtained in water is represented in Fig. 4.
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Fig. 4. Schematic representation of micelles and vesicles obtained from the self-
assembly of the ELbcRs in water.

In light of these results, AFM was used to observe further those different
morphologies (see Fig. 5). A similar effect as in the TEM images was observed,
probably as a result of the force induced by the AFM probe resulting in deformation of
the vesicles. Additionally, the 3D representations of the AFM study clearly show a
plateau in the nanostructures corresponding to ES0A40ES50 (Fig. 5f), while a pointed
shape is observed for the representative E50A40 structure, giving additional support to
the identification of hollow vesicles in the case of E50A40E50, and micelles for

E50A40.
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Fig. 5. Tapping-mode AFM height (top), phase (middle) and 3D images (bottom) of
self-assembled nanoparticles deposited on mica surfaces: (a, ¢, €) E5S0A40; and (b, d, f)
ES50A40ES0.
4. Conclusions

It can be concluded that the ability of these ELbcRs to self-assemble into micelles
or vesicles upon varying their architecture could be used to construct a new type of
drug- and gene-delivery systems. The ability of some of the recombinamers studied to
form vesicles is noteworthy as this structure is much more elusive than that of a micelle.
This work also highlights the possibility of forming hollow vesicles in a molecular
system in which the intermolecular interactions are weak hydrophobic contacts, with no
assistance from stronger and conditioning domains of rigid segments interacting by, for
example, hydrogen bonding. Further studies are needed to get a better insight, especially

on the theory relating each structure to its corresponding aggregate morphology.
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Finally, an appropriate balance of the amino acid composition will allow the
aggregation temperature to be tuned in order to adapt the stimuli-responsive behavior of

such systems to the operating conditions of the desired applications.
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Supporting Information
Temperature-Triggered  Self-Assembly  of
Elastin-Like Block Co-Recombinamers: the
Controlled Formation of Micelles and Vesicles in

an Aqueous Medium.

Experimental details

Materials. Escherichia coli strain XL1-Blue and Tag DNA polymerase were
obtained from Stratagene (La Jolla, CA). E. coli strain BLR (DE3) and pET-25(+) were
obtained from Novagen (Madison, WI). T4 DNA ligase and all restriction enzymes
were obtained from Fermentas (Burlington, Ontario, Canada). Synthetic
oligonucleotides were purchased from IBA GmbH (Goettingen, Germany). Aqueous
solutions of amphiphilic elastin-like block co-recombinamers (ELbcRs) E50A40,
E100A40 and E50A40E50 were prepared from lyophilized specimens of the purified
polymers dissolved at the appropriate concentration in Millipore ultrapure water at room
temperature. A neutral pH was achieved by adding small amounts of HCI or NaOH.
Mineral oil was added to the top of solution cells to prevent evaporation in turbidity and

light scattering measurements.



Stimuli-responsive systems based on elastin-like recombinamers for biomedical applications

Synthetic Gene Construction and Bioproduction. Standard molecular biology
techniques were used to construct the genes, and their sequences were verified by
automated DNA sequencing. Polymer production was carried out using cellular systems
for genetic-engineering protein biosynthesis in E. coli. Expression conditions and
purification protocols were as described previously [1]. Production yields for all
polymers were around 150 mg'L™* of bacterial culture. The final products were
characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), amino-acid analysis and matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) mass spectrometry. High-mass MALDI-TOF MS analyses (Fig.
S1) were performed using an Applied Biosystems Voyager STR mass spectrometer
(Bruker, Bremen, Germany) at the CRG/UPF proteomics unit (Barcelona, Spain). The

theoretical and experimental molecular weights (My,) are listed in Table S1.
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Fig. S1. MALDI-TOF mass spectra of purified E50A40, E100A40 and E50A40E50.
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Table S1. Theoretical and experimental molecular weights (M,,) for the amphiphilic

ELbcRs:
Theoretical Experimental
ELbcRs
My (g/mol) My (g/mol)
E50A40 38513 38428
E100A40 59290 59324
E50A40ES50 59288 59245

Determination of the Refractive Index (np) and the Specific Refractive Index
Increment (dn/dc). Measurements of the refractive index value (np) at 589.3 nm
(Sodium D-line) were carried out using a digital refractometer (Mettler Toledo RE50,
Mettler-Toledo GmbH, Schwerzenbach, Switzerland) with a Peltier thermostat that kept
the samples at the working temperature to an accuracy of 0.02 °C. The apparatus was
calibrated by measuring the refractive index of Millipore quality water. A minimum of
three independent readings were taken for each composition. Standard uncertainties of
measurements were established to be less than 5.0 x 10°. The np was studied
experimentally for the three amphiphilic ELbcRs in a wide range of concentrations
(0.02-3.40 x 10 g/ mL) and temperatures (20.00-50.00 °C). Fig. S2 shows the linear
dependence of np with concentration for E50A40 solutions at different temperatures.
The plots for the other two ELbcRs are similar (figures not shown). In the temperature
range considered, the refractive index varied linearly with concentration and

temperature, decreasing at higher temperatures.
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Fig. S2. Temperature dependence of np for E50A40 in aqueous solution.

The value of the specific refractive index increment (dn/dc) was deduced from the
slope of plots of the refractive index versus concentration for each ELbcR at the four
different temperatures studied. The results are listed in Table S2. The values obtained
for the three ELbcRs showed that the dependence of dn/dc on temperature and
molecular weight is minimal. In light of this, we used a dn/dc value of 0.17 mL/ g for

the three ELbcRs in subsequent static light scattering experiments
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Table S2. Specific refractive index increments, dn/dc, for E50A40, E100A40 and

E50A40E50 in aqueous solution at different temperatures.

dn/dc (mL/g)
ELbcRs T (°C)=20.00 | T(°C)=30.00 | T (°C) =40.00 | T (°C) =50.00
ES0A40 0.170 0.162 0.166 0.167
E100A40 0.176 0.174 0.175 0.171
E50A40E50 0.162 0.164 0.168 0.166

Dynamic (DLS) and Static (SLS) Light Scattering. Light scattering
measurements were performed using a BI-200SM multiangle goniometer (Brookhaven
Instrument Corp., NY, USA) with a 33-mW He-Ne vertically polarized laser at a

wavelength of 632.8 nm and a digital correlator (BI-9000AT).

The temperature-dependent self-assembly of the ELbcRs was monitored by DLS
at a scattering angle of 90° to confirm the results obtained by turbidity. Aqueous ELbcR
solutions at a concentration of 25 uM were filtered at room temperature using a 0.45-
pum PVDF syringe filter, then introduced into glass cells (diameter: 3 mm) stabilized for
10 min at the desired temperature (30-80 °C) in a thermostated decalin bath. The
scattering light intensity (I) as a function of temperature showed an aggregation
temperature in agreement with turbidity results, therefore a temperature of 65 °C was
selected to compare the three ELbcRs in subsequent experiments. The intensity

measurements were normalized against toluene (lo).
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The autocorrelation functions were measured in 25 UM water solutions at 65 °C
(Fig. S3). The measured time correlation function C(z), where z is the delay time, was
used to obtain the size distribution and polydispersity index by the cumulant method

and CONTIN analysis.
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Fig. S3. Autocorrelation functions for aqueous 25 puM ES50A40, E100A40 and

E50A40E50 solutions at 65 °C.

For dilute systems where the decay or relaxation rate (I') is entirely due to
translational, diffusive motion of the center of mass of the scattered nanoparticle, it can
be shown that T’ = Dyyp'0°, Where Dy is the apparent diffusion coefficient at a given
concentration and q is the magnitude of the scattering wave vector. This magnitude is

given by,

O——S i(ng where A is the wavelength of the incident laser beam, n is the
A 2

refractive index of the solution and 6 is the scattering angle. The effective
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hydrodynamic radius (Ry) was calculated from the diffusion coefficient by the Stokes-

Einstein relation:

KT
- 67rR,,

where kg is the Boltzmann constant, T is the temperature,

and n is the viscosity of the solution.

As can be seen in Fig. S4, an increase in temperature above the transition

temperature did not affect the size of the formed nanoaggregates.
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Fig. S4. Temperature-dependence of the hydrodynamic radius (Ry) for aqueous 25 uM

E50A40, E100A40 and E50A40E50 solutions.

Static light scattering (SLS) measurements were performed using filtered
amphiphilic ELbcR solutions equilibrated at 65 °C for at least 15 minutes in the
scattering cell, but at concentrations ranging from 1.0 to 5.0 mg/ mL and for scattering
angles of between 50° and 130°. The elastic (static) intensity was measured using

toluene as the standard with a known absolute scattering intensity. A curvature of the
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angular dependence in a Zimm plot is often observed in our self-assembled
nanoparticles, which present hydrodynamic radius of about 100 nm. This curvature was

best considered using the Berry equation [2]:

The optical constant, K, is defined as K = (2n°no®/A*Na)(dn/dc)?, where ng is the
refractive index of the solvent, dn/dc is the specific refractive index increment, Np is
Avogadro’s number, € is the scattering angle, A is the wavelength, and c is the

nanoparticle concentration.

(Kc/ARg)Y? was plotted against (sin?(6/2) + kc), where k is an adjustable constant
(Fig. S5). Extrapolation of the experimental data to zero concentration and zero angle
yields the molecular weight of the aggregates (Mw,agg), the gyration radius (Rg), and the
second virial coefficient (A2). Only the calculated Rq and M,y app Values were considered
in this work. The aggregation number (Nagy) Was calculated by dividing the My, agq Value
obtained from SLS experiments by the monomers’ My,. The ratio p [3] was calculated as
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Fig. S5. Berry plots of E5S0A40 (A), E100A40 (B) and E50A40E50 (C) obtained by SLS

in water at 65 °C.

Isothermal Titration Calorimetry (ITC)
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Circular Dichroism (CD)

CD spectra were obtained on a Jasco J-810 spectropolarimeter (Jasco Inc., Easton,
MD) at a scan rate of 50 nm/ min. The cell path length was 0.1 mm and heating cycles
were performed at 5 °C/ min with 10 min equilibration at each temperature. All CD

curves were smoothed using a Fourier transform noise reduction algorithm.
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Fig. S7. Circular dichroism spectra for aqueous 25uM E50A40 (A) and E50A40E50 (B)

solutions at 5 and 65 °C upon heating.

Transmission electron microscopy (TEM)

Fig. S8. TEM image of E50A40 stained with 1% uranyl acetate prepared from the

solution at 25 °C.
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Fig. S9. TEM images of self-assembled nanoparticles stained with 1% uranyl acetate

for E100A40.
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Abstract

We report a simple, fast, water-based method to obtain micropatterned
biocompatible gels from a recently described family of elastin-like amphiphilic
multiblock copolymers that combines reversible thermogelling properties under mild,

physiological conditions with a means of replica molding.
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The design and development of systems with a well-defined topography,
biochemical activity and controlled mechanical properties is a hot research topic due to
their potential biomedical applications [1, 2]. However, whereas the versatility of
thermosensitive synthetic copolymers has been widely exploited, the intrinsic toxicity or
biodegradability of these systems is a major limitation. This tetrablock-copolymer
system enables the highly reproducible fabrication of different microstructured surfaces
and can be used as both an “in situ” implantable platform or as a substrate with a well-
controlled microtopography to study spatially controlled cell behavior. The reversibility
of this approach can also be exploited in combined strategies involving, for example,
cell-harvesting procedures. The development of functional materials often involves the
generation of well-defined micro- and nanopatterned surfaces. The huge interest in
emulating natural systems shows the need for more sophisticated superhydrophobic or
superhydrophilic surfaces, such as in biomimetic approaches to the surface properties of
lotus leaves or gecko finger tips [3]. Another field of enormous interest concerns cell—-
material interactions, where cell behavior can be conditioned by a given well-defined
topography of the material surface, either alone or in combination with specific
bioactivity, which leads to a promising strategy for controlling cellular organization and
function in tissue engineering [4, 5]. The major drawback of replica molding, a simple
and straightforward method for fabricating topographically micropatterned structures
with different features, is the choice of material. This implies the use of “in situ”
thermal, photopolymerization, solvent-casting, or cross-linking reactions [6- 8], which
are not reversible and usually result in traces of different chemicals and solvents on the
micropatterned surfaces that can cause cell death. Herein we report a simple, fast, water-

based method for obtaining micropatterned biocompatible gels under mild,
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physiological conditions by exploiting the thermoresponsive nature of a recently

described family of amphiphilic elastin-like multiblock-copolymers.

Elastin-like polymers (ELPs) are a new and attractive family of recombinant
polypeptides that have found many applications as biomaterials due to their excellent
biocompatibility, bioactivity, self-assembly, and “smart” stimuli-responsive nature [9-
11]. Recombinant DNA technologies provide the tools for preparing block-copolymers
with individual blocks with different tailored biological, physical, and mechanical
properties. These blocks include complex well-defined sequences that are beyond the
reach of any other macromolecular synthetic method [12, 13]. ELPs are strictly
monodisperse and can be obtained with molecular weights ranging from a few hundred
Daltons to more than 200 kDa [10]. The production cost is not related to the complexity
and once the genetically modified (micro)organism is obtained, fermentation is a simple
and cheap scalable technology that also shows evident environmental benefits.
Although other options are available, the most basic composition for ELPs involves a
repetition of the pentapeptide (VPGXG), where X represents any natural amino acid
except proline [10]; the physicochemical properties of these polymers can be tuned
simply by varying the amino acid X. Amphiphilic block copolymers based on the
general (VPGXG) formula with a self-assembly behavior coupled to their smart nature
have shown temperature-triggered micellar and other submicrometer structural self-
assembly from aqueous solution. Triblock-copolymers with an apolar-polar-apolar
structure have also recently been reported to form elastomeric hydrogels in which the
hydrophilic blocks provide conformational elastic properties and the hydrophobic

blocks form physical cross-links by hydrophobic aggregation [14].
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The hypothesis of this work is that optimized amphiphilic ELP tetrablock
copolymers could be used to obtain highly resolved micropatterns by biocompatible
replica molding. This process would involve a one-step process in which the aqueous
ELP solution is simply heated slightly above its gelation temperature (Tge). The use of
ELPs involves several advantages, not only restricted to thermal response, which cannot
be found in other conventional biopolymers as proteins or polysaccharides. ELPs are
designed at the gen level, so their properties can be tuned as desired with the adequate
amino-acid composition, which are not easily achievable by more conventional
biopolymers. This means that it is relatively simple obtain multibioactive versions of
these self-gelating polymers with different functionalities, such as the interaction with
cells or others, in addition to their physical gelation. However, in this work, a basic
structural composition was used as the sole function in order to better isolate this
temperature-triggered gelation effect and the proof of concept of obtaining replicas from
this physical function. We therefore biosynthesized a recombinant amphiphilic ELP
tetrablock-copolymer, with the amino acid sequence MESLLP{[(VPGVG),-(VPGEG)-
(VPGVG)2]10-[VGIPG]e0}.V (abbreviated (E50160),), containing two different blocks
(see bioproduction and characterization in the Supporting Information Fig. S1, S2 and
S3). The first block (E-block) is pH-responsive whereas the I-block is a
thermoresponsive polymer with no pH response. The sequences of the respective blocks
were chosen such that only one of the two different blocks in the polymer undergoes a
phase transition in response to temperature changes, exploiting its LCST behavior [13].
This reversible process was monitored by DSC showing a transition temperature (T;) of
8.11°C (see Supporting Information Fig. S4). Both the I- and E-blocks are water-soluble
at temperatures below T; at neutral pH, whereas above T; the I-blocks lose solubility and

start to behave as a hydrophobic polymer, which means that they segregate from
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solution and come into contact via hydrophobic interactions. The final result is a

physical gel.

We investigated the thermogelling characteristics as a function of time and
temperature using a controlled stress rheometer (AR-2000ex, TA Instruments) in a
constant strain of 0.1% and a frequency of 1 Hz. The heating/cooling rate was
1.0 °C-minY. Thus, heating (E50160), from 5 to 37 °C in phosphate-buffered saline
(PBS) resulted in a clear sol—gel transition over a wide concentration range (5.0-15.0 wt
%), thereby confirming the hypothesis of temperature-triggered gelation. The change in
modulus of the thus-formed gel as a function of time was followed by rheological

measurements.

15.0 wt %
e

10.0 wt %

G/ Pa
G/ Paand G'/ Pa

101 - T T r v T 10° T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time/ min Time/ min

G'/Paand G/ Pa

10 20 30 40 50
Temperature/ °C

Fig. 1. Thermogelling properties of the elastin-like tetrablock-copolymer in PBS
solution. (a) Comparison of the evolution of the storage modulus at 37 °C for the ELP

at different polymer concentrations with time. (b) Storage modulus (G') and loss
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modulus (G") as a function of time upon cooling the 15.0 wt % gel from 37 to 5 °C. (c)
Evolution of the viscoelastic properties of the ELP (15.0 wt %) as a function of
temperature. G', G" and tan 0 are the storage, loss moduli and loss tangent,
respectively. The inset within the figure depicts the frequency sweeps for this solution at
20°C and 37°C at strain amplitude of 0.1%. (d) Pictures showing the sol (5 °C) and gel

(37 °C) formed by the 15.0 wt % ELP.

Fig. la shows the change in storage modulus (G') at 37 °C for different
concentrations. The polymer concentration plays an important role in controlling the
gelation kinetic and viscoelastic properties of the gels. The gelation time was taken to
be the time at which a stable G' is obtained in the gel state. This time varies from 5 to 20
minutes for concentrations in the range from 15.0 to 5.0 wt %, respectively. Likewise,
the storage modulus changes from 3.3 x 10* to 1.6 x 10° Pa as the ELP concentration
increases within this range. This is an indication of the extent of gel network formation.
A working concentration of 15.0 wt % was chosen due to its short gelation time.
Furthermore, due to the rapid sol-gel transition, the sample likely begins to form a gel
some seconds before the system reaches the set temperature of 37°C, showing in the
initial point certain contribution of the gel state. The reversibility of this copolymer
system was also monitored by cooling the gel to 5°C (Fig. 1b). The polymer gel
dissolves upon decreasing the temperature below T; due to a gel-sol transition. Both
moduli decrease rapidly even though the cooling device (Peltier) does not cool the
sample so rapidly, and the polymer reaches its initial state in less than 30 minutes at the

working concentration of 15.0 wt %.

The gel point is usually determined by using the G'-G" crossover method where
the gelation temperature (Tge) is the temperature at which G' is equal to G" (viscous

modulus), but this only occurs in certain cases [15], in which this system cannot be
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included. According to the rheological data, the gel formation takes place in the range 9-
14°C, which is evident for both the tan & and the G'/G" plots for the 15.0 wt % PBS
solution (Fig. 1c). The inflexion point for the three curves in that range fall on roughly
13°C for the three plots. This is the value adopted as representative of the sol-gel
transition determined by rheological methods. We have determined the Ty from the
inflexion point in the curve about 12 °C for the 15.0 wt % PBS solution (Fig. 1c).This
value is in agreement with the T, value observed by DSC when taking into account the
thermal lag due to the different masses used in both experiments. When discussing
rheological results, the experimental curves are usually divided into three main regions:
sol, soft gel and hard gel. The first region is found below 15 °C, where G' is lower than
G", thus indicating that the viscous component dominates the system in the sol state and
shows the expected liquid-type behaviour. The sharp increase in G' is considered to be a
result of the partial formation of aggregates by hydrophobic interactions and the onset
of gelation reaching a plateau in G’, which is characteristic of a gel state [16]. The next
regions contain some soft gel (G' > G", low G' = 2000 Pa; 15-27 °C) and an extensive
region of hard gel (G' > G", high G' = 5.0 x 10° Pa) resulting from gel toughening,
which finally leads to the formation of stable gels. The second region is referred to as
the soft gel, since its G' is more than 2 orders of magnitude smaller than that of the high-
temperature gel, named hard gel [17]. The different viscoelastic properties of these gels
at different temperatures were measured as a function of the frequency from 0.1 to 10
Hz in a constant strain of 0.1% showing that the rheological behavior at 20°C is typical
of a “soft gel”, which has frequency dependence. In contrast, G' shows almost no
dependence with frequency at higher temperatures, displaying characteristic features of

a “hard gel”. Pictures of the sol (5 °C) and gel (37 °C) are shown in Fig. 1d.
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This type of thermally triggered gel is an excellent candidate as a new
microstructured substrate for the study of cell adhesion and proliferation that emulates
the microscale structure of tissues “in vivo”. More importantly, ELPs are of particular
interest, due to their peptidic nature and the way they are produced (recombinant
technology), which means that it is relatively simple to obtain multibioactive versions of
these self-gelating polymers that show different abilities to interact with cells
(promoting cell adhesion, including growth factor, etc.) in addition to their physical
gelation [18, 19]. The mild physiological conditions under which these polymers form
gels, the exclusive use of water as solvent, and the absence of any chemical reagents in
the process also make them excellent candidates for the development of new, rapid,
flexible, multifunctional, and clean methods for achieving micropatterning using a
replica molding approach for the fabrication of microscale geometries from
microfabricated elastomeric templates. Replica molding was therefore carried out on
micropatterned PDMS substrates as replicas. The PDMS prepolymer and curing agent
were thoroughly mixed at a 10/1 (w/w) ratio and degassed for 1 h. The mixture was then
cast onto different patterned silicon masters with different features (hexagonal pits:
width (w) = 100 pm, spacing (s) = 100 um; circular and square pits: w = s = 40 um;
grooves: w = 20 pum, s = 50 um or w = 15 pm, s = 25 pm; cylindrical pillars: w =s = 10
pm). The step height of the micro-features was 15 pum for the pits and grooves and 9 um
for the pillars. The mixture was cured at 65% for 1 h. The PDMS was carefully peeled
off from the silicon wafer and used as a mold. The hydrogels were obtained by pouring
the 15.0 wt % polymer solution in PBS onto the PDMS replicas at 5 °C and then simply
heating the system from 5 to 37 °C. The hydrogels were then peeled off and their
surface topography observed, without any treatment or manipulation, by differential

interference contrast (DIC) microscopy with a Nikon ECLIPSE 80i light microscope
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and by ESEM in low vacuum mode (FEI Quanta 200 FEG). The six different patterns
thus obtained are shown in Fig. 2a. The cross-sectional view, as observed by ESEM
(Fig. 2b), clearly shows that the gel’s micropatterns have the same height as the original

silicon masters (15 and 9 um for the grooves and cylindrical pillars, respectively).

—

Fig. 2. Micropatterned gels with different features obtained by replica molding. (a)
Optical micrographs of swollen gels in PBS by DIC microscopy. (b-c), ESEM
micrographs. (b), Cross-section of grooves (h = 15 pm, w = 20 pm, s = 50 um). (c),

Magnified surface and cross-section views of pillars (h =9 um, w = s= 10 um).

These images demonstrate the applicability of replica molding for obtaining
microstructured surfaces with a controlled and well-defined topography. Interestingly,
the micropatterned ELP gels maintain the dimensions of the original stamp with high
fidelity. No significant swelling, shrinkage, or deformation of the microstructures was

observed.
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We have therefore demonstrated that the reversible sol-gel transition in
amphiphilic tetrablock-ELP-copolymers under physiological conditions affords
biocompatible elastic gels. This approach could be used to study cell behavior on
microstructured surfaces created by replica molding with the possibility of tuning the
mechanical properties during cell culture by varying the temperature. The gelation is
fully reversible, thereby providing an interesting opportunity to use these systems in
cell-harvesting procedures. For example, a given type of cell can be manipulated and
compelled to grow under a desired morphology and cell film structure by the
appropriate combination of microstructure and bioactivity of the micropatterned
substrate. This cell film can then be harvested from the substrate simply by cooling the
cell culture below T; in a rapid and mild process that does not compromise cell viability
or biofilm structure. These possibilities make this family of biocompatible tetrablock-
copolymers excellent substrates for the development of cell-based biomedical devices.
Other materials, such as certain polysaccharides, show also thermally-driven gelation
properties. Therefore, the concept of micropatterning by replica molding in this kind of
thermally-sensitive gels could be of use in many other materials, which could expand

the range of applications to many different areas.
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Supporting Information

Rapid Micropatterning by Temperature-Triggered Reversible
Gelation of a Recombinant Smart Elastin-Like Tetrablock-

Copolymer

Bioproduction and Characterization of (E50160),

Standard molecular biology techniques were used to construct the ELP gene and
its sequence was verified by automated DNA sequencing. Polymer production was
carried out using cellular systems for genetic-engineering protein biosynthesis in
Escherichia coli. The (E50160), biopolymer was purified by three cycles of
temperature-driven precipitation and the final bioproduction yield was around 520 mg/L
of bacterial culture. A purified sample of the biopolymer was analyzed by
polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate with

copper staining, which indicated a polypeptide purity of 95% (Fig. S1).
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Fig. S1. Analysis of (E50160), biopolymer purity by SDS-PAGE after staining with
copper chloride. Lane 1: 20 ug of the purified biopolymer. Lane 2: protein markers. The
numbers on the right indicate the corresponding apparent molecular weight values of
the standards (in kDa).

High-mass MALDI TOF MS analyses were performed using a Reflex IV MALDI
TOF mass spectrometer (Bruker, Bremen, Germany) equipped with CovalX’s HM?2
high-mass detector system and focusing on different mass ranges from 0 to 1500 kDa.
An external calibration with clusters of Insulin, BSA and 1gG was applied to calibrate
the instrument. Three spots were analyzed for the sample (300 laser shots per spot). The
MS data were analyzed using the Complex Tracker analysis software.

The main protein detected in the three different spots for the (E50160),
biopolymer corresponds to a protein with a molecular weight of 92,892+19 Da. The
predicted molecular weight for this polymer is 93,176 Da. This is a variation of 0.3%,
which is perfectly reasonable for this technique (Fig. S2).

The following results were obtained for the three spots:

(E50160), Concentration Observed Molecular Weight (Da)
Spot 1 1 mg/ml 92,897
Spot 2 1 mg/ml 92,871
Spot 3 1 mg/ml 92,908
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Fig. S2. MALDI-TOF spectra of one of the spots analyzed for the (E50160),
biopolymer.

The polymer’s amino acid composition was determined by the AccQ-Tag Waters
method. The derivatized amino acids were analyzed by high performance liquid
chromatography (HPLC) with UV detection, using a WATERS600 HPLC gradient
system with a WATERS2487 detector. Quantification of the most represented amino
acids was performed using the 1/10 dissolution.

The results of the amino acid composition analysis match the predicted amino
acid composition very well taking into account the endogenous error inherent to this

technique and the peculiar composition of this sample (Fig. S3).
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Predicted Experimental

Asp 0 0.47
Ser 1 1.09
Glu 21 22.01
Gly 440 432.83
Thr 0 0.22
Ala 0 0.37
Pro 221 224.02
Tyr 0 0.22
Val 301 304.8
Lys 0 0.22

lle 120 119.34
Leu 2 1.91

Fig. S3. Predicted and measured amino acid compositions for the (E50160),

biopolymer.

The reversible process undergone by (E50160), was monitored by DSC, which

showed a transition temperature (T;) of 8.11 °C on heating and 7.35 °C on cooling (Fig.

S4). Experiments were performed with a Mettler Toledo 822e with a liquid-nitrogen

cooler. The solution was prepared at 15.0 wt % in sodium phosphate buffer (PBS)

solution. For analysis, 25 pL of the solution was placed in a standard 40 pL aluminum

pan and sealed hermetically. The same volume of PBS was placed in the reference pan.

The following thermal procedure was used for heating-cooling cycle measurements:
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isotherm at —10 °C for 5 min, ramp 1.0 °C-min™* from —10 to 20 °C, isotherm at 20 °C

for 1 min, and ramp 1.0 °C-min! from 20 to —10 °C.
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Fig. S4. DSC thermo grams for a heating—cooling cycle (1.0 °C-min?) for (E50160), at

15.0 wt % in sodium phosphate buffer (PBS) solution.
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Abstract

Elastin-like recombinamers (ELRs) have grown in popularity in the field of
protein-inspired biomimetic materials and have found widespread use in biomedical
applications. Modern genetic-engineering techniques have allowed the design of
multifunctional materials with an extraordinary control over their architecture and
physicochemical properties, such as stimuli-responsiveness, monodispersity,
biocompatibility or self-assembly, amongst others. Indeed, these materials are playing
an increasingly important role in a diverse range of applications, such as drug delivery,
tissue engineering and "smart" systems. Herein, we review some of the most interesting
examples of recent advances and progressive applications of ELRs in the biomaterial

and nano-engineering sciences in the last years.
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1. Introduction

As a result of their unique and specific interactions with other macromolecules
and inorganic compounds, proteins are an indispensable part of biological structures and
systems, especially as regards control of tissue formation, biological functions or
physical performance [1]. Nano-biotechnological approaches focused on genetically
engineered, protein-based biopolymers have been considered to show great promise for
the development of advanced biomaterials with applications in medicine-related fields
and nanotechnology owing to their valuable properties, such as their propensity to form
hydrophilic networks, their expected good biocompatibility, favorable degradation rate
and products, very low cytotoxicity and immunogenicity, and the ability to design
structurally complex constructs with tunable mechanical, physical or biological
properties [2,3]. Indeed, considerable progress has been made with regards to the use of
these protein-based biomaterials in recent years, with elastin-like polypeptides being

one of the most studied protein-like structures [4-6].

Elastin is an insoluble elastic protein that dominates flexible tissues where
elasticity is of major importance (e.g., skin, ligament, arteries, lungs, and specialized
cartilages). The increasing availability of recombinant forms of elastin that are virtually
invisible to the immune system has allowed the formation of a wide range of
biomaterial constructs and composites that benefit from elastin's inherent properties of
innate assembly and elasticity [4]. The term elastin-like recombinamers (ELRS)
highlights the fact that these constructs are oligomeric macromolecules whose
composition is strictly defined by engineering design, that they are produced as
recombinant proteins that exhibit monodispersity and a high control over amino-acid
sequence, and that they mimic the basic properties of elastin [7]. ELRs, which are made

of repeating amino acid sequences from the five-member unit (VPGX3G), where Xg, IS
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any natural amino-acid except proline, or its permutations, can be tailor-made to form
self-assembled systems with controlled structures and functions [8]. The hydrophobic,
clathrate-like, hydrated chains of ELRs break above a characteristic transition
temperature (Ty), thereby allowing ELRs to fold hydrophobically to form a separated
state in which the polymer chains adopt a dynamic, regular, nonrandom structure known
as a #-spiral. This structure contains type Il g-turns as the main secondary feature and is
stabilized by intraspiral, interturn, and interspiral hydrophobic contacts. This process
starts with the formation of filaments composed of three-stranded dynamic polypeptide
p-spirals, which grow to form particles several hundred nanometers in diameter before
settling into a visibly separate state, and is completely reversible upon lowering the
sample temperature below T; [9]. Although this g-spiral model is the structure that
appears to best account for the available experimental data, there is still some
controversy regarding its actual significance. Indeed, some studies have shown that
other conformations are present in elastin (crosslinking and plastic domains) [10]. These
observations include X-ray crystallography, solution and solid-state nuclear magnetic
resonance (NMR) [11] spectroscopic studies and molecular dynamics simulations [12,
13]. However, in this kind of elastomeric ELR, where large amounts of water play an
active role in increasing the dynamics of the polymer chain, it is not surprising that
different methodological techniques, which observe the ELR chain on different time

scales, give rise to apparently contradictory results.

The characteristic and reversible coacervation exhibited by ELRS in response to
temperature changes in an aqueous environment can be a complex process that is

strongly influenced by the composition of the ELRs but also depends on the molecular
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mass, the degree of ionization of any functional side chains, the mean polarity of the

polymer, salt concentration and the presence of other ions and molecules [7].

The control of nanostructures and the ordered 2D and 3D assembly of materials
into useful functional structures and devices is one of the main challenges in the
development of novel engineered biomaterials. The ability of ELR-based systems to
display stimuli-driven variations in their nanostructures as a consequence of their self-
assembling behavior in aqueous solution has been exploited in the development of
complex “smart” biomaterials in which the combination of specific building blocks has
led to a wide range of sizes, morphologies and functional possibilities. In addition, the
recombinant route allows such polymers to be designed with a view to their intended
use by taking advantage of the superior and easy sequence-control possibilities offered
by this method, hence their physicochemical and mechanical properties can be fine-

tuned to meet the desired applications (Figure 1).
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Figure 1. Summary of some applications of elastin-like recombinamers. Different
ELR-based devices, including aggregates, films (thin films or membranes of polymer
networks, self-assembled LbL films or hybrid systems combining different polymers and
particles), physically or chemically crosslinked hydrogels and nanofibers, and
nanoparticles, such as micelles or multivalent nanoparticles, that assemble in solution
have been developed for use in various applications (e.g., drug delivery, tissue
engineering, cell harvesting, smart and bioactive surfaces and protein purification).
ELR: Elastin-like recombinamer; LbL: Layer-by-layer.

2. Applications

2.1. Tissue Engineering

Owing to the fact that they are biomedical polymers, ELRs have found
widespread use due to their ability to remain essentially invisible to the host immune
system in a large spectrum of applications, mainly in the fields of tissue engineering and
drug delivery. Indeed, the immune system appears to ignore these polymers and their
degradation products (amino acids) as it is unable to distinguish them from natural
elastin [14]. Scaffolds for either in vitro cultivation and subsequent transplantation or in
vivo implantation directly into the body to support or replace specific biological or
physiological functions (e.g., tissue repair or tissue engineering) should be colonized by
cells that proliferate and secrete extracellular matrix and growth factors and must be
suitable for the diffusion of nutrients, oxygen and waste from these cells until the cells
themselves are able to support the defective organ, thus replacing the implanted scaffold
and maintaining healthy cell development and functionality [15]. Thus, aspects related
to both the topology and structure of the scaffolds and their bioactivity are crucial for

the subsequent fate of these cell-supporting systems. However, finding the ideal
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combination of a biomaterial and cells that provide suitable environmental conditions to
form a functional biological system resembling the physiological one is a key challenge
when designing such constructs. In this regard, ELRs are biocompatible starting
materials that can be provided with the appropriate mechanical properties and lack non-
specific bioactivities that could promote non-specific cell adhesion [16]. The anti-
fouling properties and biocompatibility of simple ELRs and their cross-linked matrices
have been reported [17, 18]. Likewise, recombinant human elastin polypeptide
fragments in polymers have been shown to be an efficient coating on synthetic
materials, demonstrating reduced platelet activation and adhesion in platelet-rich plasma
in vitro and therefore great potential as a nonthrombogenic biomaterial [19]. These
simple molecules were subsequently enriched with short peptides to provide specific
bioactivities. To increase the complexity of ELRs, a simple substitution of the amino
acid X in the elastin-based repeat unit (VPGXG) can result in the formation of cross-
linking domains and thus more uniform and stable substrates. Thus, 2D and 3D cross-
linked scaffolds with a lysine in the X position, which can be used in both enzymatic
and chemical reactions for conjugation or cross-linking purposes, have been reported
[20-22]. Likewise, ELR hydrogels have been produced by photoinitiation [23] or

irradiation [24].

ELRs are able to form stable viscoelastic hydrogels with controlled mechanical
and physico-structural features that maintain their interesting properties as stimuli-
responsive substrates. Tirrell and coworkers have demonstrated that chemically cross-
linked hydrogels formed in organic solvents from ELRs containing fibronectin cell-
binding domains can successfully be used to support the growth and spread of
endothelial cells [23, 26]. ELR hydrogels have also demonstrated the ability to induce

the differentiation of adult human adipose stem cells into the chondrocytic phenotype



Stimuli-responsive systems based on elastin-like recombinamers for biomedical applications

and the accumulation of cartilage-specific ECM in the absence of exogenous
chondrogenic supplements in vitro, thereby potentially simplifying and reducing the
cost of the differentiation process [27]. The chemical gelation of ELRs has also been
performed in aqueous solution. Thus, Lim et al. have reported the formation of
hydrogels with controlled mechanical properties in a biocompatible and injectable
biomaterial for supporting tissue regeneration under physiological conditions [28].
Likewise, we have reported the production of 3D-ELR structured hydrogels with
controlled microtopography (lines or pillars, squares, hexagons and so on) and different
sizes and depths by replica molding. The resulting scaffolds showed a controlled
microtopography with modulated mechanical properties and stimuli-responsive
behaviour in agueous media. These hydrogels may find a use in the study and control of
cell behaviour by controlling their topography. Furthermore, the smart nature of these
gels makes the substrates active, with the possibility of changing the dimensions of the

microstructures during cell culture, provided the T; is adjusted in the correct range [21].

Another alternative and very attractive approach, whereby some ELRs are able to
form stable matrices under mild, physiological conditions based on their innate
temperature responsiveness, has been shown to be effective for the formation of ELRs
hydrogels in aqueous solution. Temperature-responsive polymers are very promising
base materials for “in situ-generated implants” owing to their ability to form low
viscosity physiological solutions at room temperature, which form gels at higher
temperatures [29]. The modular structure of ELRs allows the design and incorporation
of specific features to enhance the self-assembly behaviour, thereby resulting in
physically cross-linked ELR hydrogels that are suitable for replacing soft tissue but lack

the strength required for some other tissue-engineering applications [18]. Sallach et al.
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have also developed a recombinant elastin-mimetic triblock-copolymer in the absence
of either chemical or ionic crosslinking that shows a minimal inflammatory response
and robust in vivo stability for periods exceeding 1 year, thus further highlighting the
high and extraordinary biocompatibility of ELRs. These triblock-copolymers could also
be used as structural components of artificial organs and engineered living tissues, as
carriers for controlled drug release, or as biocompatible surface coatings [30]. Likewise,
Martin et al. have demonstrated a simple, fast, water-based method to obtain highly

resolved micropatterns by biocompatible replica molding involving a more complex

optimized ELR amphiphilic elastin-like tetrablock-copolymer (Figure 2).
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Figure 2. Micropatterned gels with different features obtained by replica molding.
(A) Optical differential interference contrast micrographs of swollen gels in phosphate
buffered saline. (B & C) Environmental scanning electron microscope micrographs

[29].

This process involves a one-step process in which the aqueous ELP solution is
simply heated slightly above its gelation temperature (Tqe) to obtain micropatterned
biocompatible gels [29]. The aim of this work was to demonstrate the processability of
ELRs by replica molding to obtain different systems that mimic in vivo cellular
environments, thereby enabling future in vitro studies of cell matrix interactions. There
are currently no generally accepted trends in terms of cell behaviour control owing to
differences in the numerous parameters involved, especially cell type, substrate stiffness
and length scale features, amongst others [31]. A wide range of different geometries
and topographies, with topographical features ranging from 10-100 um in width, have
been prepared. The step height of the micro-features was 15 um for the pits and grooves
and 9 um for the pillars. In addition to the possibility to obtain multibioactive versions
of these self-gelating polymers with different functionalities, such as interactions with
cells or others, this physical gelation approach makes these polymers excellent
substrates to emulate different tissues and as a proving ground for many studies dealing

with cell-material interactions.

Diverse synthetic materials functionalized by the integration of extracellular
adhesion ligands and growth factors have demonstrated their effectiveness in directing
cell-material signaling [32]. Selected amino acid domains can also be incorporated into

ELR monomer sequences with the aim of recreating the mechanical and physiological
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features of ECM proteins. This strategy allows the synthetic biomaterial to be
customized with selected bioactivity to acquire certain desired properties that can

regulate cell-material interactions [33].

Several modular ELRs produced as biomaterials have been designed to mimic the
ECM properties of elasticity, cell adhesion, cell signaling (cell-responsive) and
biodegradability. The first bioactive peptides inserted into the polymer chain were the
well-known, general purpose cell-adhesion peptides Arg-Gly-Asp (RGD) [34], which is
found in several ECM proteins[35-38], and Arg-Glu-Asp-Val (REDV) [39,40], which is
included in the CS5 domain of fibronectin and is specific for endothelial cell binding
[41]. Both these bioactive peptides showed similar cell-adhesion properties to human

fibronectin.

A further property, namely degradation responsiveness, which results in
replacement of the initial artificial support upon reabsorption, thereby allowing the
renovation and replacement of natural ECM by living tissue, has been introduced into
the more advanced ELRs, and their derived tissue engineering scaffolds, for tissue
repair [40, 42]. This process requires that specific cells are able to lead normal
enzymatic processes, as occurs in natural ECM remodeling, principally through matrix
metalloproteinases (MMPs). These enzymes, which are only expressed and secreted
into the ECM when it needs to be renewed, act on specific sequences that are only
present in ECM proteins. It is also known that, once released, some fragments of these
hydrolyzed ECM proteins, known as “matrikines”, show strong bioactivity, including

the promotion of cell differentiation, spreading and regeneration [43].

A sophisticated ELR has been biosynthesized to generate temporary scaffolds that

support neural regeneration, thereby helping to repair injuries to the CNS. This ELR
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was engineered to contain different bioactive domains for cell adhesion and cell-
induced degradation of the artificial scaffold, namely RGD cell-adhesion sequences to
enable neural attachment and sequences sensitive to cleavage by urokinase plasminogen
activator (UPA), a protease secreted locally at the tips of growing neurites to enable
highly localized and tuneable degradation. These ELRs were chemically crosslinked
into highly swollen hydrogels with controllable mechanical properties. In addition, it
was found that increasing the density of RGD peptides present in the protein substrates
led to increased cell adhesion and more extensive neurite growth [42].

One of the ELRs bioproduced by our group is an 877 amino acid complex
polymer (REDV-ELP biopolymer) whose monomer unit contains four different
functional domains in order to achieve a suitable balance between mechanical and
bioactive responses. The polymer framework contains two elastomeric pentapeptides
(VPGIG and VPGKG), which provide the desired mechanical properties, stimuli-
responsive nature, biocompatibility and crosslinking domains, the CS5 domain from
fibronectin, which contains the cell-selective adhesion REDV motif [40], and the human
elastin hexapeptide VGVAPG, which is targeted by the elastases that rearrange and
renew the ECM. 3D matrices with controlled pore sizes formed from chemically cross-
linked REDV-ELR have been obtained for use in cell culture, and salt-leaching and gas-
foaming techniques have been used to improve the homogeneity of the pore size, the
mechanical properties and their interconnectivity. The 3D culture of HUVEC
endothelial cells has shown the suitability of these scaffolds, with infiltration of these
cells inside the porous network being essentially complete [44]. A study of the physical
changes which occurred as a result of their temperature responsiveness showed that the

collapse due to the phase transition above T; decreased the mean pore size by
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approximately 30%. This technique is therefore a straightforward approach for the
synthesis of advanced scaffolds with tunable biological and physical properties suitable

for 3D cell culture (Figure 3).

S50 pm
—

Figure 3. Macroporous thermosensitive hydrogels. (A) Macroscopic picture of
swollen hydrogel. (B) Cross-sectional scanning electron micrograph. (C) Fluorescence
microscopy with Phalloidin Alexa Fluor® 488 and 4’ 6-diamidino-2-phenylindole
staining [44].

This REDV-ELR has also been used as a substrate to culture cells from the ocular
surface. Corneal wound healing requires cell adhesion and proliferation, both of which
are mediated by the binding of epithelial membrane-bound integrins to substrate ligands
such as fibronectin. The corneal epithelial cell-ECM mimicking ELR interaction was
investigated, and a significant improvement in the adhesion and proliferation of the
conjunctival epithelial cell line on the REDV-ELR-coated surfaces was observed. This
enhancement could be due to the epithelial integrins and REDV peptides binding to the
ELR substrate. The REDV-ELR-coated surfaces also supported the normal phenotype
and functions of epithelial cells in vitro, thus confirming that this recombinant polymer

resembling the ocular surface ECM is a suitable substrate for sustaining epithelial cell
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attachment and growth. This type of polymer may therefore be suitable for tissue
engineering to restore vision by reconstructing the ocular surface. One of the potential
applications we envision for this kind of protein-based polymer is the preparation of

scaffolds to be used for ocular surface tissue engineering [45].

Hybrid scaffolds composed of collagen and increasing proportions of the REDV-
ELR described above have been produced to mimic the natural collagen and elastin
networks that contribute to a highly specialized biomechanical response in numerous
tissues [22]. These hybrid hydrogels were obtained by enzymatic transglutaminase
crosslinking, thus mimicking the natural crosslinking of structural proteins in the
generation of functional tissue in vivo. REDV-ELR provides elastic elements in the
collagen-based scaffolds and also increases their functionality, thus contributing to
enhanced proteolytic sensitivity and endothelial cell adhesion. Crosslinking was found
to affect the physicochemical properties of the ELR-collagen scaffolds, especially their
porosity, temperature responsiveness and mechanical strength. The viability of different
cell lines on these enzymatic crosslinked ELR collagen hydrogels was tested in vitro.
The results of this study showed that increasing the proportion of ELR in the hybrid
scaffold resulted in fibroblast antifouling, whereas endothelial cells displayed normal
behavior and proliferation in the hybrid hydrogels. This specific colonization of the
scaffolds by a specific cell type makes these scaffolds an attractive platform for
biomedical applications, as varying the proportion of both materials should allow the
optimal requirements for future applications, such as vascular-tissue or skin-wound

healing, to be designed.

In recent times, complex hybrid scaffolds containing an ELR and collagen have

been produced with the aim of creating an innovative acellular arterial substitute. Thus,
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Caves et al. described the creation of artificial multilamellar vessel-like scaffolds
consisting of several layers of an ELR matrix with the monomeric sequence
[(VPGAG),VPGEG(VPGAG),]n, which supplies appropriate mechanical properties,
biocompatibility and cross-linking domains, reinforced with synthetic collagen
microfibers [46]. The artificial vessels themselves were produced by embedding sheets
of collagen microfibers in ELR solution, then crosslinking and rolling the resulting
material. The authors analyzed the orientation and density of the two components to
obtain the desired mechanical properties, including burst pressure, compliance, and

suture retention strength.

Another type of hybrid scaffold has been synthesized for use as a
provisional bone tissue scaffold. Thus, ELRs were amalgamated with chitosan to
develop hydrogels with applications in bone tissue engineering, which requires
temporary scaffolds to regenerate bone and improve its healing rate. These hydrogels
can be implanted using a minimally invasive procedure by injection of a liquid that gels
in situ. Chemically crosslinked chitosan hydrogels were prepared with an ELR coating
containing an osteoconductive sequence on the preformed hydrogel. Incorporation of
the ELR into the chitosan scaffold drastically improved the mechanical properties of
this gel under physiological conditions and induced precipitation of calcium phosphate
when the materials were soaked in simulated body fluid for 7days [47].

Ozturk et al. have demonstrated recently that RGD-ELR adsorbed on
micropatterned poly(N-isopropylacrylamide) films is crucial to maintain the cell
attachment in dynamic cell culturing. Thus, cell behaviour was studied upon application
of mechanical stress generated by changing the temperature from 37 to 29 °C to shrink
and stretch poly(N-isopropylacrylamide) films under in vitro conditions. This is a

promising strategy to obtain smart cell carriers for bone formation [48].
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2.2. Fusion Protein Purification

One useful application of the thermal phase transition of ELRs in the last few
years has resulted in an improvement in the recovery and purification efficiency of
fusion proteins as an alternative to conventional chromatography methods. Although
chromatography-based protein-purification methods yield proteins of high purity, they
also have several drawbacks that limit their industrial scale-up, including their high
cost, the need to remove the affinity tags, when present, from the purified protein,
which can adversely affect the structure or activity of the protein and may pollute the
final protein recovery with unwanted residues, the fact that the sample volume is limited
by the physical size of the column, and the need to perform several concentration steps
after protein elution [49]. The temperature-dependent, reversible aggregation of ELRs
provides a novel means to avoid this cost-intensive affinity chromatography by one of
several strategies, including direct ELR tagging by simple ELR-based protein
purification or ELR coaggregation and purification by ELR-mediated affinity capture.
In the first case, cleavage of the ELR moiety from the fusion protein by treatment with
specific proteases could raise cost issues for large-scale protein production and could
also result in some of the problems mentioned above inherent to protein recovery using
conventional chromatographic procedures. However, a combination of ELR and intein
technology, which is designed to induce self-cleavage, eliminates the need for post-
purification enzymatic or chemical cleavage of the ELRs. In the second case, namely
ELR-mediated affinity capture, the ELR can bind the fusion protein specifically and
reversibly, thereby eliminating the need for post-purification enzymatic or chemical
cleavage and possibly allowing re-use of the ELR-capture molecule [4]. In this regard,

Araujo et al. have reported the microbial production of a functionalized high molecular
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weight subtilisin for controlled enzymatic hydrolysis of wool surface whose activity
was successfully restricted to the cuticle of wool, thereby allowing a significant

reduction in pilling, weight loss and loss of tensile strength of the wool fibers [50].

2.3. Functionalized Surfaces

Recent progress made in the fields of nanoscience and nanotechnology has
opened up novel frontiers in surface functionalization and characterization, which is
often essential for endowing advanced materials and devices with desirable features.
ELRs are excellent candidates for the development of smart surfaces as their sequence,
length and stereochemistry can be closely controlled using recombinant technologies.
This allows, amongst others, a precise hanometric-scale control of the position where
functionality is located along the polypeptide chain and leads to an extensive potential
for the self-assembly and other advanced functionalities displayed by these systems [7].

Surfaces modified with stimuli-responsive ELRs have been produced by
Chilkoti’s group, who refer to this technique, where an ELR is covalently
micropatterned onto a glass surface against an inert background, as the
"thermodynamically reversible addressing of proteins” (TRAP) [51, 52]. This TRAP
technology enables the reversible, spatio-temporal modulation of ligand-binding
triggered by the phase transition of an ELR at the solid-liquid interface and can be
applied in different systems for bioanalytical applications, such as protein-based
microsensors for detecting single biomolecules. The adhesion of other binding proteins
coupled to designed polypeptides onto solid surfaces by hydrophobic interactions has
also been reported [53]. Another fusion protein combining the RGD sequence, EGF and
a hydrophobic sequence into one molecule has been shown to have both cell-adhesive

and growth-factor activity, whilst its hydrophobic sequence contributed to assembly of
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the RGD and retention of its activity on a solid-phase surface. This fusion protein could

therefore prove to be of use for wound healing and tissue regeneration [54].

Another simple technique commonly used in the field of ELRs is the layer-by-
layer deposition of ELR polyelectrolytes to generate bioactive surfaces to modulate cell
response. Costa el al., for example, have developed thermoresponsive thin coatings by
electrostatic self-assembly (ESA) [55], which involves simple deposition of an ELR
containing the cell-attachment sequence RGD dissolved in aqueous solution onto
chitosan surfaces. The thermoresponsive behavior of these coatings has shown that
these systems can be exploited for tunable cell adhesion and controlled protein

adsorption by nanoscale surface tailoring.

Aqueous ELR solutions are able to form interesting nano-architectures, thus
providing highly reproducible nano- and micro-structured surfaces as both “in situ”
implantable platforms or as substrates with well-controlled micro-topography, in a
simple, one-step process by heating to slightly above the T;. Selection of the appropriate
sequence for the biomimetic modification of surfaces with ELRs has resulted, for
example, in the production of biometallic implants with osteostimulative properties by
polymeric deposition with an optimal combination of random surface topography and
bioactivity [56]. A significant aspect of the biological control over material formation in

these biomineralization processes involves protein/inorganic interactions [1].

2.4. Fibers

The use of polymer nanofibers for biomedical and nanotechnological applications
has many advantages. Recent uses of these materials include tissue engineering, medical

implants, biosensors and drug release, amongst others [57]. The most popular and
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widely used technique is known as electrospinning, whereby a high voltage is applied to
generate an electrically charged jet of polymer solution, which dries to leave a polymer
nanofiber network containing fibers with diameters ranging from a few micrometers to
less than a hundred nanometers. The first elastin-mimetic protein fibers were produced
from a genetically engineered ELR [58]. Different morphological patterns, such as
beaded fibers, thin filaments, or broad with a ribbon-like appearance, were subsequently
obtained by varying the solution concentration. And as in other ELR constructions, the
inclusion of specific biofunctionalities may provide a wide range of possibilities

(Figure 4).
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Figure 4. Elastin-like recombinamer nanofibers. (A) Environmental scanning
electron microscope micrograph of chemically crosslinked nanofibers obtained after
random deposition of an elastin-like recombinamer (ELR)-Arg-Gly-Asp (RGD)
aqueous solution using the electrospinning technique. (B) Fluorescence microscopy
image of a primary human foreskin fibroblast cell (HFF1) specifically adhered to ELR—
RGD nanofibers. Vinculin staining of the focal adhesions shows a strong integrin-
mediated cell-material interaction. Nucleus and fibers (blue), F-actin (green) and

vinculin (red).
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Recently, core-shell nanostructured cadium selenide (CdSe) nanoparticles with a
shell of ELRs have been used as building blocks to fabricate functional 1D
nanostructures. The ELR stabilizes the CdSe nanoparticles in an agueous medium and
controls their nucleation, growth, and spatial distribution, thus leading to the self-
assembly of core-shell building blocks into fibril architectures. The use of non-toxic
nanofibrous materials has shown that the combination of different materials with ELRs
is a promising strategy to find new applications in fields such as medical

nanotechnology and the diagnosis and treatment of various diseases [59].

2.5. Drug Delivery

The combination of genetic engineering techniques as ELRs has permitted the
incorporation of targeting peptides, such as cell-penetrating domains [60, 61] or
receptor ligands, and the introduction of reactive sites for chemical conjugation drugs
[62] or fluorescent probes [63] into the ELR sequences. The polymer self-assembly
process of ELRs may also boost the formation of stable micro- and nanospheres that are
able to trap active substances and can be used for subsequent drug-delivery applications
[64, 65]. The combined release of bone morphogenetic protein-2 and -14 by exploiting
the inverse temperature transition of poly(VPAVG) in a sustained way over a period of
14 days has been reported to show significant potential for future bone tissue
engineering applications [65]. More recent studies showed a hysteresis behavior in this
polymer, with thermal absorption/release of components depending on the salt
concentration of the polymer solution [66]. Electrospraying, which is a versatile,
efficient and flexible technique, has also been used to generate nanoscale,
bioresponsive, peptide-based particles with defined morphology that can encapsulate

drugs, such as the chemotherapy agent doxorubicin [67, 68].
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This ordered nanoscale assembly is sometimes driven by the incompatibility of
the constituents of amphiphilic di- or tri-block polymers, which can give rise to the
formation of monodisperse micelles in a narrow size range or fluid-filled sacs or
vesicles [69]. ELR-based block copolymers can be tailor-made to form smart, self-
assembling, protein-like micellar systems with controlled structure and function. For
instance, MacEwan et al. have focused on potential therapeutic applications by
increasing the affinity of the ELR-targeting vehicle of heat-triggered reversible ELR-
containing micelles [6, 70]. Similarly, Dreher et al. have utilized diblock-ELRs with an
N-terminal peptide ligand to form multivalent spherical micelles when heated slightly
above body temperature. The critical micelle temperature is controlled by the length of
the hydrophobic block, and the size of the micelle is controlled by both the total ELR
length and hydrophilic-to-hydrophobic ratio. This study also identified a subset of
elastin-like block co-recombinamers that could be useful for drug targeting by thermally
triggered multivalency [71]. Recently, Kim et al. have developed stabilized
nanoparticles through the use of disulfide cross-linking between two amphiphilic
diblock polypeptides modified with cysteine residues incorporated at the core-shell
interface that could be stable under complex, physiological conditions [72]. Most of
these studies involve diblocks, although there are also some examples based on
triblocks, including one where a reversible change in micelle compacticity was triggered

by a helix-to-sheet protein folding transition upon raising the temperature above T; [73].

2.6. Hybrid Nanomaterials

Other biomedical applications for which the use of ELRs has been proposed are
based on functional inorganic-ELR hybrid nanostructured biomaterials for advanced
diagnostic and therapeutic applications. These hybrid materials may help to overcome

issues related to the poor solubility of the inorganic component in aqueous
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environments, stability and toxicity, but have also been contemplated for the
manufacture of specific biosensors and detectors and more efficient nanoprobes with
multiple response properties and sensitivities, such as pH, temperature, light,
concentration of ionic species and others, for drug- and gene-delivery applications in

targeted therapy [74, 75].

The “one-pot” ELR-mediated synthesis of smart gold clusters has been reported

recently by our group (Figure 5).

Figure 5. Self assembly exhibited by a gold—elastin-like recombinamer hybrid as a
function of pH and temperature. Cryotransmission electron micrographs obtained at
pH 4, at (A) 15°C and (B) 35°C [74].
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This ELR promoted the formation of 2D linear arrangements of gold clusters with
interparticle distances ranging from 10 to 40 nm. Furthermore, the gold-biopolymer
hybrid displayed spectroscopic properties (UV-Vis absorption) that could be modulated
by varying the pH and temperature of the environment as a result of the reversible

aggregation-expansion of gold particles [76].

In a subsequent step, Alvarez-Rodriguez et al. have explored the use of
cyclodextrins and the formation of alkanethiol mixed-monolayers over the previously
described hybrid ELR in order to decouple the photoisomerization of azobenzene from
the bulk phase absorption [77]. If they can be tuned to work under physiological
conditions, these smart gold-ELR hybrids could be interesting for the development of

multi-stimuli biosensors and drug-delivery applications.
3. Conclusion and Future Perspective

Sequence selection during the construction of ELR-based supports with specific
physicochemical and mechanical properties will always depend on their intended
applications. The wide spectrum of biomedical and biotechnological applications in
tissue engineering, protein purification, drug delivery and surface engineering are only
some examples of the enormous potential of these versatile materials. In tissue
engineering, the tailored inclusion of bioactive domains along with the possibility of
tuning the physical properties by changes in the amino acid composition, inclusion of
crosslinking or self-assembling domains amongst others to induce specific cell
colonization makes these scaffolds an attractive platform for future applications, such as

vascular-tissue or skin-wound healing.

The potential of ELRs to self-assemble in response to environmental changes

makes them hugely attractive for the fabrication of promising nanodevices for numerous
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reasons, including the ability to load them with drugs during hydrophobic self-assembly
above T; under mild conditions of pH or in the absence of organic solvents, the
possibility to target drug delivery to specific organs and tissues, and the ability to
modulate subsequent drug release and optimize scaffold degradation by choosing an

appropriate amino acid sequence for the polymer.

Executive summary

e Elastin-like recombinamers (ELRs), obtained by repeating sequences
found in natural elastin, are produced by genetic-engineering techniques with an
extraordinary degree of complexity and control over their architecture and

physicochemical properties.

e They are monodisperse, highly biocompatible, stimuli-responsive and can

include diverse functionalities along the polypeptide chain.

e Their wide spectrum of biomedical and nanotechnological applications in
tissue engineering, protein purification, drug delivery and surface engineering are

only some examples of their enormous versatility.

e The tailored incorporation of bioactive domains, such as cell-binding
peptides, together with the possibility of tuning the physical properties, which are
retained in the ELR-derived substrates, makes them potentially useful materials

for tissue engineering.

e Their self-assembly and stimuli-responsiveness properties are reversible

at either a structural or a functional level. Furthermore, the increasing need for
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new systems with multiple response properties and sensitivities (pH and light
sensitivity, drug and gene delivery, amongst others) that improve specificity and
activity suggests the potential advantages of these materials in the field of

nanodevices for targeted applications.
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CONCLUSIONS

1.- The elastin-like recombinamers (ELRs) and elastin-like block corecombinamers
(ELbcRs) used here have demonstrated properties that were designed for obtaining
biocompatible and multifunctional systems, sensitive to different stimuli such as
temperature and pH and including different bioactivities in the peptide chain to afford

extraordinarily versatile substrates in biomedical and nanobiotechnological applications.

2.- The ELRs (HRGD6 and REDV10) incorporating various bioactive peptidic
domains such as cell adhesion or sensitivity to proteolitic cleavage (elastases), together
with domains of crosslinking have led to thermo-responsive bioactive hydrogels by

chemical crosslinking with HDI in organic solvents.

The study of the mechanical properties of the hydrogels by rheology has shown that
the hydrogels can be obtained with different moduli of elasticity by varying the
parameters of the crosslinking reaction. The study of these properties at temperatures
below (4° C) and above (37° C) T; has confirmed that these crosslinked biomaterials

maintain the characteristic thermo-responsiveness of the starting ELRs.

Different microstructured HRGD6 hydrogels have been obtained showing
topographies by using patterned PDMS molds. The study of their dimensional changes
of the microstructure with temperature has confirmed the collapse above T;, and

therefore, the change in dimensions both at macro- and microscopical level.

3D porous hydrogels of REDV10 have been obtained by using the same chemical

crosslinking in the presence of NaHCO3 combining effervescent salts and citric acid.
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With this technique, hydrogels have been obtained with controlled pore size between

180 and 425 pum.

The porous hydrogels obtained showed its viability as multifunctional and bioactive
systems with endothelial cells, showing a complete cell colonization of the whole
structure of the hydrogel and confirming the interconnectivity between the pores

obtained with this technique.

3.- The amphiphilic ELbcRs (E50A40, E100A40 and E50A40E50) have shown its
ability to self-assemble into different nano-objects as a consequence of an increase in

temperature.

The formation of the nano-objects takes place in aqueous medium at neutral pH in
response to increasing temperature above the corresponding T; and once formed they are

stable in number and size for at least 15 days.

We have confirmed that the redissolution of the nano-objects do not occurs at the
temperature of formation. Redissolution takes place under a strong undercooling,
caused by the hysteresis behaviour, which is characteristic of the composition of the

hydrophobic block used.

The analysis of the size and morphology of the self-assebled nano-objects shows that
the formation of micelles or vesicles can be modulated by the size and disposition of the
polar block. The results show an evolution from a micellar structure (E50A40) to a
hollow vesicle simply by changing the length of the polar block in the diblock
(E100A40) or the arrangment of the hydrophilic blocks to form a triblock

(E50A40E50).
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The knowledge gained in the determination of the relationship between amino acid
sequence and nanostructure opens the field of application to new nanotherapeutical
systems and their adequacy and tailoring to the required type of nanotechnological

platform.

4.- The design of the amphiphilic tetrablock ELbcR (E50160), has proven its ability

injectable system under physiological conditions.

The system showed reversible thermogelling under physiological conditions in a
wide range of concentrations which can be modulated to adjust the working temperature

and the Kkinetic of the process.

The ocurrence of the "sol-gel” process over microstructured PDMS molds have led
to the formation of physically crosslinked gels displaying different topographies on their

surface. This takes place under physiological conditions.

Subcutaneous injectability and in vivo gel formation have proven successfully.
Gelation takes place instantaneously, giving rise to an elastic gel at the site of injection

that can be easily detached in the explants without breaking or deforming.

These injectable biomaterials have opened the field to a new family of
corecombinamers that are showing very promising results in vivo for the regeneration of
several tissues in combined cell therapies allowing their use in advance minimally

invasive therapies.
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APPENDIX

Patents
> “BIOPOLIMERO, IMPLANTE QUE LO COMPRENDE Y SUS USOS”
Positive report on patentability of Pons Patentes y Marcas

Application of EPO patent no. P200900438. Report of the State of the art: only four
found references classified with type A. The invention meets the requirements of
novelty, inventive step and industrial application. Request Date: 16/02/09. Inventors:
José Carlos Rodriguez Cabello, Matilde Alonso Rodrigo, Fco. Javier Arias Vallejo,

Alessandra Girotti, Laura Martin Maroto, Ana M. Testera Gorgojo.

Request PCT: PCT/ES2010/070084. Request Date: 16/02/10. Date of publication:
21/12/2011 “BIOPOLYMER, IMPLANT COMPRISING IT AND USES THEREOF”.

International publication number: WO 2010/092224 (19.08.2010 Gazette 2010/33)
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epithelial (RPE) cell growth. Journal of Biomedical Materials Research: Part A

2011, 97A, 243-250.
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Chapter books

» Recombinant Antimicrobial Peptides. Rodriguez-Cabello, J. C.; Garcia-Arévalo,
C.; Girotti, A.; Martin, L.; Santos, M. Book: Antimicrobial Polymers (2011),
Wiley (Edit: Lagaron, J. M.; Ocio, M. J.; Lopez-Rubio, A.). ISBN: 978-0-470-

59822-1.

» Developments in recombinant silk and other elastic protein fibers for textile and
other applications. Rodriguez-Cabello, J. C.; Garcia-Arévalo, C.; Martin L.;

Santos, M.; Reboto, V. Book: Advances in Textile Biotechnology (2010),



Stimuli-responsive systems based on elastin-like recombinamers for biomedical applications

Woodhead Publishing Series in Textiles (Edit: Nierstrasz, V.; Cavaco-Paulo,

A.) ISBN-13: 978-1845696252.

» Elastin like macromolecules. Costa, R. R.; Martin, L.; Mano, J. F.; Rodriguez-
Cabello, J. C. Book: Biomimetic Approaches for Biomaterials Development

(2012), Wiley-VCH Verlag GmbH & Co. IGaA (Edit: J. F. Mano). In press.

257



