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Resumen

La cicatrizacién de heridas es una importante cuestion de salud que afecta a
millones de pacientes y genera altos costes al sistema sanitario y la sociedad. Las
heridas aparecen en la piel como consecuencia de dafios en accidentes traumaticos
y también como resultado de incisiones quirurgicas, que a veces no son faciles de
curar.

La cicatrizacién de heridas suele dividirse en tres etapas superpuestas en el
tiempo que pueden durar varios meses o afios. Estas etapas se denominan
inflamacion, epitelizacion y remodelacion de tejido; normalmente siguen un
esquema definido. Entrando en mads detalle, diferentes procesos bioldgicos,
quimicos y mecdanicos pueden ser identificados dentro de cada etapa. Estos
procesos suelen estar guiados por la interaccion entre células, factores quimicos
y estimulos mecénicos y el proceso de cicatrizacion no se puede completar en
ausencia de cualquiera de esos agentes.

Existe muchos tipos diferentes de heridas que dependiendo de su severidad se
curan mds rapido o mds lento. Por ejemplo, cortes o abrasiones superficiales curan
rapidamente siguiendo la progresion habitual. En otras ocasiones, cuando no se
sigue el esquema temporal normal o la persona lesionada sufre de algun tipo de
trastorno fisioldgico, la curacion puede llevar a dificultades tales como cicatrices
patoldgicas (cicatrices hipertroficas y queloides) o heridas crénicas, que tardan
mas en curarse o incluso pueden llegar a no sanar completamente.

La investigacion en el campo de la cicatrizacién de heridas se ha centrado en
trabajos experimentales y computacionales que intentan comprender la influencia
de las diferentes variables en el proceso. Las diferencias entre los tipos de heridas
y geometrias requieren un procedimiento general y adaptable, que se pueda
aplicar para analizar diferentes heridas. Para ello, los modelos computacionales
son una alternativa complementaria a los métodos experimentales, ya que
pueden ser facilmente particularizados a la geometria y las caracteristicas de
la herida deseada. Los modelos computacionales de cicatrizaciéon de heridas
se han estudiado ampliamente en los ultimos afios, a partir de modelos con
geometrias sencillas, incluyendo una variable tnica y han evolucionado a modelos
mds complejos con multiples variables y diferentes geometrias. Sin embargo,
estos modelos han sido practicamente limitados a las geometrias planas en dos
dimensiones, y sOlo algunos de ellos reproducen heridas profundas. Por otra
parte, los modelos existentes tienen otras limitaciones que reducen su potencial
predictivo. Por ejemplo, la mayoria de los modelos existentes consideran la
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piel como un material isétropo viscoeldstico o hipereldstico, dejando de lado
su anisotropia debida fundamentalmente a las contribuciones de las fibras de
coldgeno y su orientacion.

Por lo tanto, el objetivo de esta tesis es el estudio de la cicatrizacién de
heridas en la piel a través de la simulaciéon computacional y el uso de un enfoque
multifisico. Con el fin de lograr este objetivo, se ha propuesto e implementado
un modelo computacional que permite reproducir la cicatrizacién de heridas en
diferentes condiciones. Mds concretamente, el modelo propuesto se centra en la
fase de contraccion de la herida, ya que tiene un fuerte componente mecénico.
El modelo también permite incluir mds procesos que tienen lugar de forma
simultdnea a la contraccién de la herida, por ejemplo la angiogénesis. El modelo
propuesto incluye factores bioldgicos (especies celulares, factores de crecimiento
y coldgeno) y también factores mecanicos (caracterizacion de las propiedades
mecdanicas de la piel y contraccion celular). Se ha utilizado una formulacién
basada en observaciones fisicas de mecanorregulacién y mecanotransduccion
celular para definir la generacion de tensiones por las células y la diferenciacién
celular. El modelo constitutivo de la piel se ha actualizado partiendo del material
viscoeldstico comunmente utilizado hasta una descripcién mas realista utilizando
un modelo hipereléstico anisotropo. Las ecuaciones resultantes se resuelven a
través del método de los elementos finitos, y su formulacion se ha implementado
en dos y tres dimensiones con el fin de poder estudiar cualquier geometria de la
herida. Con todas estas caracteristicas, el modelo aqui presentado permite analizar
la cicatrizacion de heridas desde una perspectiva mucho mas amplia, teniendo en
cuenta no solo los aspectos morfoldgicos, sino también las aspectos especificos
de la bioquimica y la biomecédnica que influyen en la evolucion de las células y
los tejidos.

Palabras clave: cicatrizacion de heridas, piel, contraccidn, angiogénesis, mul-
tifisica, matriz extracelular, biomecanica, fibroblastos, miofibroblastos, células
endoteliales, coldgeno, factor de crecimiento, mecanorregulacion, mecanotrans-
ducciodn, rigidez de la matriz, modelo constitutivo, viscoelasticidad, anisotropia,
hiperelasticidad, fibras, tension celular, conveccion-difusidon-reaccién, elementos
finitos, formulacién en tres dimensiones.



Abstract

Wound healing is an important health matter that affects millions of patients and
generates high costs to the health system and society. Wounds appear in the skin
as a consequence of damage in traumatic accidents but also as a result of surgery
incisions, which sometimes are not easy to heal.

Wound healing is usually divided into three stages overlapped in time that can
lasts for several months or years. These stages are named inflammation, tissue
formation and tissue remodeling and they normally follow a predictable progress.
Going into more detail, different biological, chemical and mechanical processes
can be identified inside every stage. These processes are usually guided by the in-
teraction between cells, chemical factors and mechanical stimulus and the healing
process can not be completed in the absence of any of those agents.

There exists many different wound types which depending on their severeness
heal faster or slower. For instance, superficial cuts or abrasions heal quickly fol-
lowing the usual progression. In other occasions, if the regular time scheme is not
followed or the injured person suffers from any kind of physiological disorder,
healing can lead into difficulties such as pathological scars (hypertrophic scars
and keloids) or chronic wounds, which take longer to heal or even never heal
completely.

Research in the wound healing field has been focused in experimental and com-
putational works that try to understand the influence of the different variables in
the process. Differences between wound types and geometries require a general
procedure, customizable, that can be applied to analize different wounds. To this
purpose, computational models are the best approach, as they can be easily par-
ticularized to the desired wound geometry and characteristics. Computational
models of wound healing have been widely studied during the lasts years, from
simple geometry models including a unique variable to more complex models
with several variables and different geometries. However, these models have been
barely extended out of the two-dimensional planar geometries and just a few of
them reproduced deep wounds. Moreover, existing models have other limitations
that reduce their predictive potential. For instance, most of the existent models
consider the skin as a viscoelastic or hyperelastic isotropic material, neglecting
the contributions of the collagen fibers and their orientation.

Thus, the aim of this thesis is the study of wound healing in the skin through
computational simulation and using a multiphysics approach. In order to achieve
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this objective, a computational model that allows to reproduce wound healing
under different conditions has been proposed and implemented. More specifi-
cally, the proposed model focuses on the wound contraction phase, as it has a
strong mechanical component. The model also allows to include more processes
that take place simultaneously to wound contraction, for instance angiogenesis.
The proposed model includes biological factors (cellular species, growth factors
and collagen) and also mechanical factors (characterization of the skin mechan-
ical properties and cellular contraction). A physically based formulation of cell
mechanosensing and mechanotransduction has been used to describe both cell-
exerted stresses and cell differentiation signals. The constitutive model of the
skin has been updated from the commonly used viscoelasticy to a more realistic
anisotropic hyperelastic description. The resulting governing equations are solved
through the Finite Elements Method, and its formulation has been implemented
in two and three dimensions in order to be able to study any wound geometry.
With all these characteristics, the model here presented allows to analyze wound
healing evolution from a much wider perspective, taking into account not only
morphological aspects but also specific characteristics of the chemical and me-
chanical cues on cellular and tissue evolution.

Keywords: wound healing, skin, contraction, angiogenesis, ECM collagen ma-
trix, biomechanics, fibroblasts, myofibroblasts, endothelial cells, collagen, growth
factor, mechanosensing, mechanotransduction, matrix stiffness, constitutive model,
viscoelasticity, anisotropy, hyperelasticity, fibers, cell-traction, cell-induced stress,
convection-diffusion-reaction, finite elements, three-dimensional formulation, mul-
tiphisics
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CAPITULO 1

Introduccion

Las heridas en la piel son lesiones que la mayoria de las personas sufren a lo
largo de la vida. Cuando la persona herida no tiene problemas serios de salud y la
herida no es muy profunda, las heridas se curan sin implicaciones mas relevantes
que una cicatriz en la piel. Sin embargo, cuando el proceso de curacién no sigue
su evolucién natural puede dar lugar a diferentes complicaciones, tales como
heridas crénicas y otros problemas. Las heridas crénicas afectan a 6,5 millones
de pacientes en los Estados Unidos generando un coste anual de 25000 millones
de ddlares (Sen et al., 2009), reducir estos nimeros es un objetivo permanente del
sistema de salud.

Encontrar como mejorar el proceso de curacién necesita una inversion de
tiempo y un elevado gasto econdmico. Ademds, las implicaciones éticas estdn
siempre presentes cuando los experimentos implican seres vivos. Por ello, los
modelos matemadticos de curacion de heridas han aumentado su popularidad en las
ultimas décadas. Los modelos matematicos permiten estudiar un amplio nimero
de casos modificando pardmetros con un reducido coste econdmico y de tiempo,
afladiendo la posibilidad de estudiar casos especificos, individualizados para cada
paciente. Por ello, el objetivo de esta tesis es el desarrollo de un modelo de
cicatrizacion de heridas para predecir la evolucion de la cicatrizacion de heridas
bajo diferentes condiciones y que permita el estudio de un amplio rango de heridas
y factores que influyen en su curacion.

1.1 La piel

La piel es la cubierta exterior de los animales vertebrados y presenta diferente
estructura y propiedades en cada especie. En los humanos, la piel es el 6rgano mas
grande y representa el 8 % de la masa corporal (Gray et al., 1995). La piel cubre la
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totalidad del cuerpo humano y su espesor varia seguin la parte del cuerpo (Odland,
1991), entre 1,5 mm y 4 mm considerando la epidermis y la dermis. El tejido
inferior tiene una gran variabilidad en cuanto a su profundidad y composicion en
funcién de su localizaciéon anatémica. La piel se clasifica normalmente en dos
tipos: fina y gruesa. La piel fina se encuentra en partes tales como los parpados
o zonas donde hay foliculos capilares, mientras que la piel gruesa no presenta
normalmente foliculos capilares y esta localizada principalmente en las palmas de
las manos y las suelas de los pies. La piel constituye una interfaz entre el cuerpo
y el medio ambiente, es una barrera natural que protege los 6rganos internos
de agresiones externas. Ademds de ser una barrera fisica, la piel tiene varias
funciones; evita la deshidratacién regulando la pérdida de agua y actia como
barrera térmica. Los mecanismos que la piel utiliza para regular la temperatura
corporal son principalmente la evaporacion de sudor y la conveccion, regulando
el flujo sanguineo en la superficie corporal. Una de las funciones mas importantes
de la piel es su papel como parte del sistema inmunoldgico, evitando la entrada
de particulas extraias y patogenos (cualquier agente que pueda causar dafio) en el
cuerpo (Fore-Pfliger, 2004). Ademds, numerosos sistemas fisioldgicos necesarios
para el funcionamiento correcto del cuerpo, tales como nervios, capilares o el
sistema linfatico, estan localizados en la piel. Por lo tanto, mantener la estabilidad
de la piel y evitar cualquier factor que pueda reducir sus propiedades es altamente
importante. Ademads, también es de gran importancia conseguir una recuperacion
rapida y funcional de la piel cuando sufre daio.

1.1.1 Estructura de la piel

La piel humana estd formada por coldgeno, elastina y un numero variable de
especies celulares (Tabla 1.1). Estd organizada en tres capas principales, desde
la mas externa a la mas interna: epidermis, dermis e hipodermis (Wilkes et al.,
1973).

Las heridas en la piel normalmente atraviesan la epidermis y alcanzan la dermis.
La epidermis es la capa mds externa de la piel y es la que estd en contacto con el
medio ambiente, y por lo tanto tiene un papel principal en la funcion protectora
de la piel. La epidermis constituye una barrera frente a la pérdida de agua y la
entrada de substancias extrafias. A pesar del papel importante de la epidermis,
ésta es también la capa mads fina de la piel, con un espesor de entre 75-150wm
(Odland, 1991), y se divide en 5 capas: Stratum corneum, Stratum lucidum,
Stratum granulosum, Stratum spinosum y Stratum germinativum (Figura 1.1).
La epidermis estad constituida principalmente por keratinocitos, que son también
parte del sistema inmunitarios y producen mediadores anti-inflamatorios. Puesto



CAPITULO 1. Introduccién 5

que la epidermis estd en contacto directo con el medio ambiente, su capacidad de
autorrenovacion es crucial; la produccién y muerte de células en la epidermis se
encuentran en equilibrio.

Stratum corneum

Stratum lucidum
Stratum granulosum

‘z;

8 Stratum spinosum

Figura 1.1: Imagen histolégica de las capas de la dermis. Fuente:
http://en.wikipedia.org/wiki/File:Epidermal layers.png

La dermis es la capa intermedia de la piel y se encuentra conectada a la
epidermis por la membrana basal. Tiene un espesor variable de entre 1-4mm y
por lo general se divide en dos regiones, la region papilar y la region reticular
(Figura 3.2). La dermis estd compuesta principalmente de coldgeno tipo I
y III embebido en una sustancia fundamental compuesta de proteoglicanos,
fibronectina (Gray et al., 1995) y especies celulares variables (fibroblastos,
miofibroblastos, células endoteliales, macréfagos, neutréfilos o linfocitos entre
otros (Tabla 1.1)). Mientras que algunas especies celulares, como los fibroblastos,
estan naturalmente en la piel otras especies sélo aparecen cuando se necesitan.
Este es el caso de los miofibroblastos, que sélo aparecen cuando se produce una
lesion, o los macrofagos que migran a los lugares donde hay patégenos para
eliminarlos. Uno de los principales componentes de la dermis es el coldgeno.
El colageno es la proteina mds abundante en la piel y se organiza por lo general
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en una red de fibras con propiedades eldsticas proporcionando integridad a la piel.
De hecho, la resistencia a traccion de la piel se debe a esta red de coldgeno.

Los cortes y heridas profundas penetran en la dermis y pueden llegar a la capa
subyacente, la hipodermis, que se encuentra debajo de la region reticular de la
piel.

Figura 1.2: Imagen histolégica de la epidermis y las capas de la dermis. Fuente:
http://upload.wikimedia.org/wikipedia/commons/8/84/Epidermis-delimited.JPG

La hipodermis, también llamada tejido subcutdneo o fascia superficial, es
la capa més profunda de la piel y su espesor puede alcanzar el orden de los
centimetros, dependiendo de su localizacion anatémica. Por lo general, se
compone de grasa subcutdnea y tejido conectivo y contiene numerosos sistemas
fisiolégicos importantes, como vasos sanguineos (ver Figura 1.3) y nervios.
Ademads, como la epidermis y la dermis, la hipodermis contiene varias especies
celulares, principalmente fibroblastos, células adiposas y macréfagos. Los huesos,
musculos y 6rganos internos se encuentran bajo la hipodermis, haciendo necesaria
la rpida recuperacion de la hipodermis después del dafio para recuperar la
estabilidad fisioldgica.
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Figura 1.3: Imagen esquemadtica del sistema circulatorio a través de las capas de
la piel (Gray et al., 1995).

La funcién combinada de las tres capas es crucial para el funcionamiento del
cuerpo, y el mantenimiento de la integridad de toda la estructura es necesaria
para la vida. Por lo tanto, conservar la piel sin dafio y con buenas propiedades
mecanicas es una de las cuestiones de salud mas importantes.

1.1.2 Propiedades mecanicas de la piel

Las propiedades mecanicas de la piel han sido estudiadas desde hace siglos. Uno
de los primeros experimentos en este campo lo llevd a cabo Langer (1861),
mostrando que la piel estd naturalmente sometida a tension anisétropa. La
pretension de la piel se observa claramente cuando se produce una herida y la
piel se relaja, causando un aumento del tamano inicial del defecto.

Ademas, las propiedades mecanicas de la piel varian no solo dependiendo de la
ubicacion, orientacién y profundidad de la piel, sino que también dependen de la
edad del sujeto; la piel pierde su elasticidad y capacidad de recuperacién a lo largo
de tiempo (Escoffier et al., 1989). La mayoria de las propiedades mecdnicas de la
piel se deben a las fibras que componen su matriz extracelular (ECM), que tiene
un modulo elastico de 150-300 kPa (Wilkes et al., 1973). Las fibras de la matriz
tienen una alta resistencia a la traccidn derivada de la organizacioén en forma de
hélice de tres proteinas primarias (coldgeno, elastina y fibrina) (Kerr, 2010). El
componente principal de estas fibras es el coldgeno, que da la mayor parte de la
resistencia a la traccion a la ECM. El segundo componente principal de la ECM
es la elastina que da propiedades eldsticas a la piel y permite que se recupere su
estado original después de ser estirada.
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Las fibras de proteinas estdn embebidas en una sustancia fundamental
compuesta de proteoglicanos y fibronectinas (Gray et al., 1995), que ayuda a las
células a moverse a través de las fibras. Las fibras de coldgeno se alinean en
la piel siguiendo las lineas de tension o lineas de Langer, que estdn presentes
en la superficie del cuerpo y fueron descubiertas por Langer (1861). En su
investigacion, Langer realizé cortes circulares en la piel a lo largo de toda la
superficie del cuerpo, encontrando que estos cortes se convertian en elipses
alineadas con las lineas de tension cuando la piel se relajaba. La orientacion de
estos cortes define la orientacion natural de las fibras de coldgeno, por lo general
paralela a los musculos subyacentes (Figura 1.4). La importancia de estas lineas
se ha demostrado experimentalmente en algunos procesos como la cicatrizacién
de heridas, donde se ha encontrado que las heridas se curan de manera diferente
en funcion de su orientacion relativa respecto a las lineas de Langer. La posicion
relativa de las heridas en la piel ha mostrado que las heridas paralelas a las lineas
de Langer curan mejor y producen menos cicatrizacion mientras que las heridas
que son perpendiculares a las lineas de Langer presentan mds dificultades para
curarse (Motegi et al., 1977).

Por otra parte, la magnitud de la pretension de la piel descrita por Langer (1861)
ha sido medida en el brazo y el antebrazo por Flynn et al. (2011a), donde se
encontraron valores que van desde 28 hasta 92 kPa.

El conocimiento de las propiedades de la piel ha sido una cuestion de estudio
importante en las investigaciones experimentales, en las que se han desarrollado
numerosos métodos de medicion. Durante las tltimas décadas, se han disefiado
tanto estudios in-vivo como in-vitro para caracterizar el comportamiento mecéanico
de la piel y encontrar valores precisos de los pardmetros necesarios para el
modelado y desarrollo de sustitutos de la piel.

La mayor parte de los estudios in-vivo para medir las propiedades de la
piel se llevan a cabo en el antebrazo o la parte superior del brazo utilizando
diferentes ensayos mecdanicos, tales como extension, indentacion, aspiracion o
torsion. Diridollou et al. (2000) utilizé pruebas de succién en el antebrazo y un
método inverso para identificar los pardmetros que caracterizaban la piel como
un material no lineal. Para ello aplicaron una presion negativa en la superficie
de la piel y midieron la deformacién de la misma, encontrando que la piel se
vuelve mas rigida para deformaciones mayores. Boyer et al. (2007) estudio las
propiedades mecénicas de la epidermis y la dermis utilizando un dispositivo de
micro ranura y lo caracterizé como un material viscoeléstico, encontrando que el
moédulo complejo alcanza valores de 47,3 a 128,3 N/m, donde el médulo complejo
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Figura 1.4: Distribucion de las lineas de tension en el tronco del cuerpo humano
(Langer, 1861).

es definido como una variable que tiene una parte independiente y otra parte
dependiente de la frecuencia.

Silver et al. (2001) estudi6 las propiedades viscoelasticas de los componentes
de la piel a partir de datos experimentales (Dunn and Silver, 1983), estimando que
la constante elastica para el colageno de la piel es de 4,4 GPa y para la elastina
es 4,0 MPa. Para realizar los ensayos de tension-deformacion utilizaron piel del
térax y del abdomen.

Otros trabajos caracterizan la piel como un material hiperelastico. Estos
materiales no muestran propiedades elasticas lineales en su relacion tension-
deformacion y permiten definir otras propiedades del material tales como
anisotropia o incompresibilidad. Flynn et al. (2011a) midieron la relacion fuerza-
desplazamiento en la piel del antebrazo al aplicar deformaciones. Mas tarde,
encontraron los pardmetros del material que se ajustan al modelo hipereléstico
de Ogden y al modelo de Tong y Fung (Flynn et al., 2011b). Gahagnon et al.
(2012) estudiaron la anisotropia de la piel del antebrazo in-vivo usando pruebas
elastograficas. Para ello estiraron la piel paralela y perpendicularmente a las lineas
de Langer encontrando comportamiento anisotropo.
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Los ensayos in-vivo para determinar las propiedades de la piel son dificiles de
realizar y la variabilidad entre los sujetos es alta. El amplio rango de valores
obtenidos se debe a las diferentes localizaciones anatomicas de la piel, la unién de
la dermis con el tejido subyacente y las caracteristicas especificas del paciente, lo
que hace dificil encontrar una caracterizacion tnica valida para todas las pieles.

Mientras que los estudios in-vivo proporcionan informacién acerca de la piel
en su entorno natural, sin la eliminacién de los procesos naturales, los estudios
in-vitro proporcionan experimentos mas controlados, donde diferentes aspectos
pueden ser aislados y se pueden realizar ensayos destructivos. Por lo tanto, los
ensayos in-vitro dan informacion acerca de diferentes propiedades tales como la
resistencia o la elasticidad de la piel, mientras que los ensayos in-vivo muestran
la reaccidn de la piel frente a cargas externas en situaciones reales (Edwards and
Marks, 1995). Annaidh et al. (2012b) investigaron la influencia de la ubicacién
y la orientacion de la piel en sus propiedades, centrdndose en la anisotropia de la
piel. Realizaron ensayos in-vitro de traccion a muestras de piel humana obtenidas
de diferentes partes de la espalda (Figura 1.5), encontrando una correlacion entre
la orientacion de las lineas de Langer y las fibras de coldgeno. Més tarde, Annaidh
et al. (2012a) relacionaron sus resultados con el modelo hipereléstico desarrollado
por Gasser et al. (2006).

Figura 1.5: Orientacion de las muestras de la espalda estudiadas por Annaidh et al.
(2012b) con respecto a las lineas de Langer (Langer, 1861). (b) Dimensiones de
la probeta (mm) utilizada por Annaidh et al. (2012b)

Groves et al. (2013) realizaron ensayos de traccién utilizando probetas
circulares de piel humana para medir las propiedades de la piel. Para observar
el efecto de la anisotropia realizaron pruebas a lo largo de tres ejes de carga
diferentes. Encontraron que la piel tiene un comportamiento hipereldstico
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anisétropo y utilizaron el modelo de Weiss et al. (1996) para caracterizar este
comportamiento.

Otros estudios se han centrado en investigar fendmenos puntuales que se
producen en procesos como la cicatrizacion de heridas. Hinz et al. (2001)
estudi6 el efecto de la tension en el tejido granular y en la diferenciacién de
los fibroblastos a miofibroblastos, mientras que Graham et al. (2004) estudiaron
el comportamiento de las fibras de colageno cuando se someten a distintas
deformaciones.

A pesar de la gran cantidad de datos que se ha generado como resultado de
los estudios anteriormente mencionados, la bisqueda de un conjunto dnico de
parametros para definir las propiedades de la piel humana es casi imposible debido
a la alta variabilidad de los resultados entre los diferentes sujetos y localizaciones
anatomicas y la dificultad de preservar la piel sin necesidad de modificar sus
propiedades.

1.2 Cicatrizacion de heridas

La cicatrizacién de heridas es un tema de salud importante que afecta a millones
de pacientes y genera un alto coste para el sistema sanitario y la sociedad (Sen
et al., 2009). Cada afo se realizan millones de procedimientos quirurgicos con el
posterior tratamiento de la herida creada y las cicatrices. También se estima que
alrededor de 6,5 millones de pacientes se ven afectados por heridas crénicas en
EE.UU., lo que genera un coste de 25000 millones de délares al afio. Se calcula
también que el cuidado de cicatrices en la piel genera un gasto anual de alrededor
de 12000 millones de ddlares.

Las heridas pueden aparecer como consecuencia de dafios en accidentes
traumaticos, pero también como resultado de las incisiones necesarias en cirugia,
que muchas veces no son féciles de curar. Por otra parte, las heridas como las
tilceras por presion pueden aparecer a causa de largos periodos de inmovilidad y
pueden conducir a infecciones y complicaciones mds graves, incluso la muerte.
Las complicaciones en la curacién de heridas tienden a aparecer en personas con
enfermedades crénicas como la diabetes y la obesidad, que presentan dificultades
para una correcta cicatrizacion.

La cicatrizacion de heridas se produce después de que ocurra el dafio en la piel.
Las heridas leves se cicatrizan generalmente a través de una serie de procesos bien
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organizados sin necesidad de tratamiento especial, pero en aquellos casos en los
que las heridas causan un dafio excesivo es necesario aplicar diferentes técnicas
para lograr su curacién. Ademds, los procesos de curacién anormales, como
lesiones fibroproliferativas (queloides o cicatrices hipertroficas) o las heridas
cronicas (iilceras venosas, ilceras por presion, y tulceras de pie diabético),
no pueden lograr una cicatrizaciéon adecuada sin ayuda externa debido a su
incorrecta actividad fisiologica. Por lo tanto, es de gran importancia entender
los mecanismos de cicatrizacion con el fin de proponer nuevas técnicas que
favorezcan el proceso de cicatrizacion y prevenir la aparicion de complicaciones.
Estos avances incluyen la aplicaciéon de diferentes factores de crecimiento o
farmacos a los pacientes, la eleccion de una geometria de la incision que facilite la
cicatrizacion en los procedimientos de cirugia, creando menos cicatrizacion, o el
desarrollo de técnicas de sutura que permitan reducir al minimo la formacién de
la cicatriz (Hall-Findlay, 1999; Pollock and Pollock, 2000). Sin embargo, cuando
no se produce la cicatrizacién normal ni siquiera con ayuda, deben aplicarse otras
técnicas mas complejas y costosas.

1.2.1 Etapas de la cicatrizacion de heridas

La cicatrizacion de heridas se suele dividir en tres etapas superpuestas en el
tiempo que pueden durar varios meses o anos (Figura 3.6). Estas etapas se
denominan: inflamacién, epitelizacion y remodelacion (Singer and Clark,
1999). Los procesos bien definidos que tienen lugar durante cada etapa se explican
a continuacion:

Coagulation Inflammation |
‘ ‘ ‘ | ‘ ‘ Polymorphonuclear netifrophils predominant Macrophages predomingnt ‘ J
. L Fibroplasi an‘d \j g.ﬁlahio tissue formation  50% offpormal i strength
iasoconstnstion NITHES I * Maturation and remodelin
'~ Vasodilation | 7
| | . Angiogenesis
i T incomplete basement membrane
- complete t{asément II“UIII. ran
| A S I it
d 2 345 10 20 30 \ 2 3456 12 d 2 3 456\ 3 2 3 456 1 2
minutes 60 | hours 24 48 [\days 7 14 \weeks 7 10] \months 12 [\years

Figura 1.6: Distribucion temporal de las fases de cicatrizaciéon de heridas,
incluyendo los procesos mds importantes, a lo largo del tiempo. Fuente:
http://commons.wikimedia.org/wiki/File : Wound_healing_phases.png.

1. Inflamacion: Esta etapa comienza cuando aparece la lesion. Cuando se
produce una herida, la matriz extracelular se sustituye por un coagulo de
sangre proveniente de los vasos rotos, y factores inflamatorios tales como
el factor de crecimiento derivado de las plaquetas (PDGF) (Figura 1.7(a))
para estimular la actividad celular. Posteriormente, los vasos se cierran



CAPITULO 1. Introduccién 15

para detener el sangrado (hemostasia) y un codgulo de fibrina reemplaza
el codgulo de sangre (Gurtner et al., 2008). En este punto, el oxigeno
ha desaparecido del tejido de la herida induciendo hipoxia, y no puede
volver a ser suministrado ya que los capilares no se han regenerado todavia.
Las células inflamatorias (neutréfilos y macrdéfagos) limpian la herida y
eliminan bacterias, tejido muerto y otras particulas extrafias (Singer and
Clark, 1999). La inflamacion dura aproximadamente 48 horas, hasta que
se eliminan todas las particulas extranas. Al final de la fase inflamatoria
se liberan factores de crecimiento tales como el TGF-8 'y VEGEF, necesarios
para guiar la actividad de las células en la siguiente etapa (Gray et al., 1995).

2. Epitelizacion: La epitelizacion o formacién de nuevo tejido comienza al-
gunas horas después de que aparezca la herida y se superpone con la etapa
final de la inflamacidn, durando habitualmente entre 2 y 10 dias (Gurtner
et al., 2008). Esta etapa se caracteriza por la migracién y proliferacion de
varias especies celulares, principalmente fibroblastos y células endoteliales,
a la zona de la herida, atraidas por los factores de crecimiento liberados al
final de la fase inflamatoria. El coagulo de fibrina es eliminado y reem-
plazado por tejido granular (Figura 1.7(b)). Mas tarde, el tejido de granu-
lacién es sustituido por una nueva matriz extracelular constituida principal-
mente por coldgeno. Los fibroblastos que se han infiltrado en el sitio de
la herida se activan y diferencian a miofibroblastos. Ambas especies celu-
lares secretan coldgeno, inicialmente de tipo III, que se sustituye a lo largo
del tiempo por coldgeno mas fuerte, de tipo I, el cual forma inicialmente
una red de fibras desorganizada, que da soporte mecénico para la formacion
del nuevo tejido. En esta etapa, las células epiteliales estimuladas por el
VEGF forman nuevos vasos sanguineos a partir de los dafiados, en el pro-
ceso llamado angiogénesis (Risau, 1997). Este proceso permite restable-
cer el flujo normal de sangre y nutrientes al tejido (Gray et al., 1995) y
también el suministro de oxigeno necesario para la actividad celular. Sin
embargo, la angiogénesis también es un fendmeno importante en otros pro-
cesos fisioldgicos tales como la embriogénesis y la formacion de tumores
(Carmeliet and Jain, 2000), que puede resultar negativo cuando es excesivo.

Por otra parte, en esta etapa se produce la contraccion de la nueva matriz
extracelular que contiene los nuevos capilares y varios tipos de células. La
contraccion del tejido se debe a las fuerzas que las células (fibroblastos
y miofibroblastos) ejercen en respuesta al cambio en las propiedades del
material en la zona dafnada. De hecho, los miofibroblastos son capaces
de ejercer fuerzas de traccidon mads elevadas que los fibroblastos. Por lo
tanto, una proporcién adecuada entre ambos tipos de células es crucial
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Figura 1.7: Etapas de la cicatrizacion de heridas a) inflamacion, b) epitelizacion,
c¢) remodelacion. Dibujo de Gurtner et al. (2008).

para evitar trastornos en la cicatrizacion. Al final de la reepitelizacion las
células innecesarias desaparecen del tejido de granulacion, principalmente
por apoptosis. Una vez concluido este proceso, se forma la cicatriz inicial.
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3. Remodelacion: Una vez que el nivel de coldgeno en la herida recupera
el de la piel sana, el colidgeno comienza a reorganizarse. Al comienzo
del proceso, las fibras de colageno estan orientadas aleatoriamente. Sin
embargo, las fibras de coldgeno tienden a orientarse con el tiempo a lo largo
de direcciones preferenciales, por lo general paralelas a las lineas de tension
de la piel. Las propiedades del tejido evolucionan aumentando su resistencia
a traccion. Sin embargo, la funcionalidad del tejido se recupera después
de varios meses o afios dependiendo de la herida (Figura 1.7 (c)) aunque
una recuperacion completa nunca se logra debido a que las propiedades del
tejido recién formado siguen siendo ligeramente inferiores a las propiedades
del tejido sano.

Durante cada etapa tienen lugar simultineamente varios fendmenos que se
rigen por la presencia de especies celulares y factores de crecimiento (ver Figura
3.6). La mayoria de los procesos celulares que ocurren durante la curacién de
heridas, tales como la proliferacion, la diferenciacién y el crecimiento, estdn
altamente influenciados por factores de crecimiento. Los factores de crecimiento
son sustancias quimicas secretadas normalmente por las células, que también
estimulan la actividad de estas. Se ha incluido una lista de los principales factores
de crecimiento que guian los procesos de cicatrizacion de heridas (Tabla 1.2).

1.2.2 Complicaciones en la cicatrizacion de heridas

Las etapas de la cicatrizacion de heridas normalmente siguen un esquema pre-
decible. Los cortes o abrasiones superficiales se curan rapidamente siguiendo la
progresion habitual. Si esta progresion temporal normal no se sigue o si la per-
sona lesionada sufre algun tipo de trastorno fisiolégico pueden aparecer compli-
caciones en la cicatrizaciéon como cicatrices patoldgicas (cicatrices hipertroficas
y queloides) o heridas cronicas (tales como ulceras por presion, iilceras de pie
diabético y ulceras venosas).

La cicatrizacién de heridas termina con la creacion de la cicatriz, que
se compone de una masa no-funcional de tejido fibrético (Gurtner et al.,
2008). Este tejido estd compuesto principalmente por fibroblastos y matriz
extracelular que contiene la misma proteina (coldgeno) que el tejido sano pero
con una composicion diferente (Gauglitz et al., 2011). Las cicatrices anormales
pueden aparecer cuando la produccién y la degradacion de ECM no estdan bien
equilibradas. Los trastornos fibroproliferativos generan cicatrizacion excesiva,
que puede conducir a diferentes tipos de cicatrices caracterizadas por la cantidad
y el tipo de coldgeno sobreproducido. Mientras que las cicatrices hipertrdficas
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estan formadas por coldgeno tipo III, las gueloides contienen coldgeno de tipo Iy
tipo III. Las cicatrices hipertroficas estan causadas por una produccion excesiva
de colageno. Se producen cuando hay una lesion grave en la piel, como infeccion
de la herida o tension excesiva en la herida (Gauglitz et al., 2011) y el40-70 % de
las cicatrices quirdrgicas puede conducir a cicatrices hipertrdficas. Las cicatrices
hipertroficas normalmente s6lo crecen hacia arriba, mientras que las gueloides
son un tipo de cicatrices hipertroficas tumorales caracterizadas por su crecimiento
excesivo, que afecta a los tejidos que en un principio no pertenecian a la herida.
Estas cicatrices suelen aparecer en zonas de elevada tension y causar contractura,
con la consiguiente disminucion de la calidad de vida del paciente (Gauglitz et al.,
2011).

Igualmente problemdtico que la cicatrizacion excesiva es la cicatrizacion
impedida, que da lugar a las heridas cronicas. Las heridas crénicas tardan
mds tiempo en curarse que las heridas normales y por lo general no se curan
completamente sin ayuda. Hay una serie de factores que contribuyen a la aparicion
de heridas cronicas tales como enfermedades sistémicas (diabetes), insuficiencia
arterial, infecciones o la edad avanzada. La primera causa de las heridas crénicas
son las ilceras venosas (Snyder, 2005), causadas por el mal funcionamiento de
las vélvulas venosas y un crecimiento vascular no adecuado. Las uilceras venosas
suelen aparecer en las piernas, son mds probables en pacientes diabéticos y en
casos criticos pueden terminar en la amputacion de la extremidad. Los pacientes
diabéticos tienen alrededor de un 15% de probabilidades de sufrir una ilcera de
pie diabético, una llaga abierta situada en la parte inferior del pie. Los principales
factores que dan lugar al pie diabético son la diabetes y las neuropatias vasculares,
que producen disminucién de la sensacion de dolor causada por el dafio de los
nervios después de mantenerse los niveles de glucosa en sangre excesivamente
altos. Por otra parte, la diabetes afecta a la evolucion normal del proceso de
curacion, prolongando la fase inflamatoria, lo que retrasa la formacién de tejido
de granulacién y reduce la fuerza de contraccion en la herida (Ogawa and Hsu,
2013). Debido a su alto impacto, se han desarrollado una serie de soluciones para
el tratamiento de heridas crénicas en pacientes diabéticos, incluida la aplicacién
de factores de crecimiento, el uso de sustitutos de la piel, las terapias de presion
negativa y la terapia hiperbarica de oxigeno (HBOT) .

Las iulceras por presion son también una de las heridas mas complicadas de
curar, y se producen generalmente cuando el paciente debe permanecer inmovil
durante largos periodos de tiempo, sobre todo en cama o silla de ruedas. Por
este motivo, las tlceras por presion aparecen por lo general en lugares donde hay
una prominencia 0sea, tales como el sacro, el coxis, las caderas o los talones,
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como resultado de la presion constante que se aplica al tejido blando (Bluestein
and Javaheri, 2008). Como consecuencia, el flujo sanguineo se reduce dando
lugar a isquemia y necrosis de los tejidos. A medida que la iilcera por presion
evoluciona (Figura 3.8), el espesor del tejido se reduce hasta que se destruye la
dermis y la grasa subyacente queda expuesta. En las etapas mas graves (3 y 4) de
las iilceras por presion, la grasa también desaparece y los huesos y los musculos
quedan al descubierto (Topman et al., 2012). Las primeras etapas de la ilcera por
presion aparecen después de unas pocas horas de inmovilidad. Por lo tanto, la
mejor manera de evitar que se produzcan es un cambio constante de la posicion
del paciente, por lo general cada dos horas (Bluestein and Javaheri, 2008), para
permitir un cambio en la distribucién de la presion. El tratamiento mds extendido
para las uilceras de presion consiste en el desbridamiento del tejido necrético para
evitar el crecimiento bacteriano .

N
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Figura 1.8: Etapas de la dlcera por presion (Gauglitz et al., 2011)

Por ultimo, otra de las complicaciones que pueden surgir de la cicatrizacion de
heridas es la contractura del tejido. Se produce cuando el tejido cicatrizado de
la dermis continda contrayéndose después de que la cicatrizacion haya concluido
debido a la presencia de un exceso de miofibroblastos (Tomasek et al., 2002; Li
and Wang, 2011). Las fuerzas generadas por los miofibroblastos dan lugar a una
contractura excesiva permanente que disminuye la funcionalidad de los tejidos
reduciendo su movilidad en casos extremos.

Estas complicaciones se encuentran resumidas junto con sus tratamientos en la
Tabla 1.3.



Modelado mecanoquimico de la cicatrizacion de heridas

22

"SOJUQIUWIBIRI) SNS A UQIDBZLNEIIO B[ UD SQUOIoedI[dwod ap BIsIy ¢ B[qe],

opila
[eP pepI[euorouny e[ 9p uorONUIWSI(]
0opeZLIIEdId OpIla) [9p OJUSIWEBII0dY

s0Ise[qoIq
-JOTW 9P BAISIOXQ UQIOR[qOd

eINOBNUO))

[o1d ap soualug

aid [op ugrel [0 U2 vlI2Iqe B3e[ ]

sojeqeI(
SOIB[NOSEA SOPEPaULIQjuy

oongqerp aid ap vIO[N

[o1d ap soralug

SBSOUQA SB[NATBA
Se[ 9p ojudIWRUOIOUN} [BJA

SBSOURA S®BIdJ[)

00110109U
op1la) [op ojusruIEpLIqSaJ
Jyuaroed SISOIOON]
[ep uortatsod e[ ap orquie) erwanbsy uaroed [op pepijiaowu uorsaid 10d se1ao[n
SVIOINOYD SVAIYHdH
BIN}ORIIUOD)
oo
epLIoy S0AD (sorezown) seoyontadiy
SOJUSTWILIQNOAI A SBININS B[ 9P BIONJ BAISAOXQ UQIORZINEOL) -eIdjrjoidoiqy  Souapiosa( SOOLITBOID) soprofang)
SOJURIWILIqNOAI A seIng BINIORIIUOD)
(LO9H) lojod SOAD
uorsaxd  op  eideray, BQLLIE BIOBY BAISOOXQ UOIORZINEOI)  -BIojijoidoiqy  Souapiosa( seoyonadry soornesr)
SVOIDOTOLVd SHOIMLVIIOD
ojudIuIe)RI], 0399JHq BSne) uonpedduo)




CAPITULO 1. Introduccién 23

1.2.3 Tratamientos para la cicatrizacion

Prevenir la aparicion de complicaciones en la cicatrizacion es la primera estrategia
para una recuperacion adecuada tras una lesion. Una de las terapias mas
extendidas para estimular la cicatrizaciéon cuando ésta se ve dificultada es la
aplicacion de injertos de piel, que consiste en el trasplante de tejidos del mismo
paciente o de otro sujeto de la misma o diferente especie a la zona afectada
(Billingham and Medawar, 1951). Se utiliza normalmente en el tratamiento del
pie diabético, ilceras venosas o heridas de microcirugia (Lineaweaver, 2013). En
este procedimiento, la piel dafiada se retira del paciente y se sustituye por el nuevo
tejido. Los implantes pueden tener el espesor parcial o total de la piel cuando las
heridas son mas complicadas (Rose et al., 2014). Con menor frecuencia, se realiza
el trasplante de tejidos creados artificialmente con un proposito especifico en lugar
de los naturales (Tauzin et al., 2014). Algunas de las complicaciones que pueden
surgir de esta técnica son infecciones, dafio a los nervios o rechazo de los tejidos.

Debido a que la curacién de heridas tiene un alto componente mecanico, un
gran numero de tratamientos estdn basados en cambiar las condiciones mecanicas
en las que la herida cicatriza, modificando el estado mecénico de la herida. Se ha
demostrado que el uso de dispositivos que permiten fijar la herida como suturas,
cintas o ldminas que limitan estiramiento de la piel reducen la tension en la
herida para evitar la aparicion de cicatrices hipertrdficas (Visscher et al., 2001;
Widgerow et al., 2000). Sin embargo, existen un gran ndmero de tratamientos
disponibles cuando no es posible evitar que estas heridas aparezcan.

Uno de los dispositivos mds aplicados es el cierre asistido por vacio (VAC), que
consiste en un recubrimiento de espuma que se coloca sobre la herida y se sella
con una lamina. Utilizando una bomba de vacio y un tubo de drenaje se aplica
presion negativa para estimular el crecimiento mas rapido del tejido (Argenta and
Morykwas, 1997; Scherer et al., 2002). Estos dispositivos permiten regular los
gradientes de presion hidrostética y las tensiones tangenciales.

Otra terapia basada en el uso de diferentes presiones es la terapia de oxigeno
hiperbérico (HBOT), que consiste en aplicar oxigeno al 100% de concentracion a
una presion superior a una atmosfera. Se ha aplicado a diversos tipos de heridas,
en heridas graves, heridas crénicas y heridas diabéticas (Eskes et al., 2011). Eskes
et al. (2011) realizaron un estudio para analizar el efecto de la HBOT en las heridas
graves, encontrando que la HBOT es beneficiosa en pacientes con lesiones por
aplastamiento y quemaduras, y es mas eficaz cuando se aplica junto con injertos
de piel. La terapia de oxigeno hiperbarico tiene multiples efectos positivos, tales
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como la reduccién de la infeccion y la muerte celular, la generacion de radicales
libres de oxigeno, la inhibicién de las funciones bacterianas y la mejora del
transporte de ciertos antibidticos. Por otra parte, la HBOT amplifica los gradientes
de oxigeno alrededor de las heridas isquémicas y mejora la formacién de coldgeno
(Gill and Bell, 2004). Los principales efectos negativos de la HBOT son la elevada
presion y la hiperoxia, que pueden causar problemas en el sistema auditivo y en
la vista.

Uno de los métodos mas utilizados para el tratamiento de cicatrices
hipertréficas es la terapia de presion. Los efectos de esta terapia son principal-
mente la aceleracion del proceso de remodelacion y la reduccion del espesor de la
cicatriz junto con una disminucién de la rigidez.

Por tltimo, aunque atin no ha sido aplicada a los seres humanos, se ha
observado que el uso de factores de crecimiento especificos para promover la
cicatrizacion de la herida resulta eficaz. Kwon et al. (2006) estudi6 el efecto
de la aplicacion de un factor de crecimiento epidérmico (factor de crecimiento
epidérmico humano recombinante EGFhr) en ratas. Kwon et al. (2006) aplicaron
por via topica el EGF, encontrando que el cierre de la herida era mayor en
presencia del factor de crecimiento. El uso de EGF increment6 la proliferacion
de miofibroblastos y la tasa de produccion de colageno. Por otra parte, se ha
demostrado que el EGF disminuye la formacion de cicatrices.

1.2.4 Propiedades mecanicas del tejido cicatrizado

Cuando una herida se cura, el nuevo tejido creado no tiene las mismas propiedades
que el inicial. Se ha observado que el tejido de la herida muestra sélo alrededor
del 20% de su resistencia en las tres primeras semanas. Ademds, el tejido
cicatrizado sélo presenta alrededor del 70% de la resistencia mecdnica del tejido
sano (Levenson et al., 1965).

Aunque no hay muchos trabajos experimentales que midan las propiedades
del tejido de la cicatriz algunos autores lo han hecho. Entre ellos, Clark
et al. (1996) midieron el moédulo eldstico y la deformaciéon de la piel para
determinar la severidad de cicatrices hipertréficas derivadas de quemaduras.
Las cicatrices hipertréficas presentan propiedades diferentes de las cicatrices
normales, presentado mayor rigidez y menor elasticidad conforme la cicatriz es
mas severa. Clark et al. (1996) eligi¢ grandes cicatrices en el brazo y el antebrazo
y realiz0 pruebas extensometricas de las cicatrices y de la piel sana del brazo no
afectado cuando fue posible para su comparacion.
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1.2.5 Mecanorrecepcion y mecanotransduccion en cicatrizacion
de heridas

Los procesos fisioldgicos dependen de multiples factores bioldgicos y quimicos.
Por ejemplo, Vaughan et al. (2000) estudiaron el efecto del factor de crecimiento
transformante-3; (TGF-£;) en los miofibroblastos. Encontraron que la fuerza
generada por los miofibroblastos depende de la dosis de TGF—8;, ya que regula
la expresion de actina a—SM. Por otra parte, el TGF—£; también estimula la
diferenciacion de los fibroblastos en miofibroblastos y aumenta la produccién de
colageno (Petrov et al., 2002).

Aunque estos factores bioquimicos tienen un papel fundamental en la cica-
trizacién, no son el tnico factor regulador. Multiples estudios han demostrado
la influencia de la mecdnica en los procesos bioldgicos. Los estimulos mecanicos
como la tensién y la compresion, entre otras, son percibidas por los mecanor-
receptores celulares (Ogawa, 2011).

Hinz et al. (2001) investigo si la tension mecdnica influia en la diferenciacion
de los fibroblastos in-vivo. Para ello, estudi6 heridas de espesor completo en ratas,
usando un marco de pléstico en algunas heridas para estirarlas e inducir en ellas
una tension mecdnica superior. Hinz et al. (2001) encontr6 que el aumento de
la tensién inducia una mayor contractilidad del tejido y de los miofibroblastos,
como consecuencia de la formacion de fibras de estrés. Ademads, la expresion de
a—SMA se ve favorecida por la tension mecdanica (Grinnell, 2000).

La observaciones experimentales sugieren que las células sienten y reaccionan
ante los estimulos mecanicos de su entorno (mecanorrecepcion) para regular
su actividad y modificar su entorno para hacerlo mas cémodo. Andlogamente,
las células pueden traducir informacién bioquimica en actividad mecénica
(mecanotransduccion). Se ha demostrada que procesos como la migracién celular,
la diferenciacion o la generacion de fuerzas se ven modificados por los estimulos
mecanicos.

Uno de los factores mecédnicos mas estudiado es la rigidez del tejido. La
atraccion de las células a los sustratos rigidos se llama durotaxis, y es uno
de los mecanismos implicados en el crecimiento de tumores (Harland et al.,
2011). Pelham and Wang (1997) investigaron la movilidad de los fibroblastos
en sustratos con diferente rigidez. Su hipétesis es que las células son capaces
de evaluar la rigidez del sustrato que les rodea empujando y tirando de sus
receptores de integrina. Esta observacion es consistente con la idea de que las
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células evalian su entorno mecénico a través de su mecanismo de actina-miosina.
Por otra parte, observaron que las adhesiones focales se hacian més estables al
aumentar la rigidez del sustrato. Las células se anclan al sustrato a través de las
adhesiones focales (FA), que muestran diferentes comportamientos dependiendo
de las propiedades mecdnicas del sustrato. Discher et al. (2005) estudiaron la
influencia de la rigidez del sustrato en la actividad celular. Por otra parte, las
células se adhieren sélo a los sustratos que tienen una rigidez superior a un valor
umbral, las adhesiones focales creadas en sustratos rigidos resultan més estables
y la regulacion de la generacion de la fuerza en respuesta a la resistencia del
sustrato. Wells (2008) también recogi6 el efecto de la modificacién de la rigidez
del sustrato en funciones celulares tales como la diferenciacion y la proliferacion,
encontrando en las células del higado conclusiones similares a Pelham and Wang
(1997).

Mitrossilis et al. (2009) también demostraron que las células sobre sustratos
elasticos modifican su actividad en funcién de la rigidez. Mitrossilis et al. (2009)
queria dilucidar si la respuesta celular se determina por la rigidez o las fuerzas,
aplicando una traccién uniaxial a una tunica célula viva. Sus experimentos in-
vitro demostraron que las fuerzas ejercidas por las células aumentan a medida que
el sustrato se vuelve mas rigido, y que se alcanza un nivel limite de fuerza de
saturacion. Finalmente, Jones and Ehrlich (2011) realizaron pruebas in-vitro en
superficies de coldgeno de diferente rigidez. Sus resultados demostraron que la
rigidez del sustrato condiciona la secrecion de integrinas.

1.3 Modelos computacionales de cicatrizacion de
heridas

Durante las tdltimas décadas, se han desarrollado modelos mateméticos para
estudiar diferentes procesos bioldgicos y fisioldgicos, tales como el dafio en
tejidos y su recuperacion. En particular, un numero elevado de estos modelos se
han centrado en la piel y la curacién de heridas en la piel. Estos modelos tedricos
son de gran importancia, ya que pueden ayudar a dilucidar por qué una herida se
cura correctamente o evoluciona a una herida crénica. Por otra parte, los modelos
tedricos ofrecen la posibilidad de estudiar los factores que tienen influencia en
la cicatrizacion de heridas. Estos factores pueden ser analizados aislados o junto
con otros factores y de esta manera es posible entender qué factores son mas
importantes.
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Durante los udltimos afios la curacién heridas y, concretamente, algunos
procesos tales como la contraccion de heridas y la angiogénesis han sido
ampliamente modelados utilizando modelos continuos. Sin embargo, no se ha
desarrollado todavia un modelo que incluya todas las etapas de la cicatrizacion,
ya que el nimero de procesos y variables que intervienen es demasiado grande, y
requeriria una elevada capacidad computacional y grandes tiempos de célculo.

Los aspectos mads relevantes de los modelos revisados se resumen en la Tabla
1.4.

1.3.1 Modelos de cicatrizacion de heridas epidérmicas

El primer trabajo sobre la cicatrizacion de heridas epidérmicas fue desarrollado
por Sherratt and Murray (1990). EI cierre de heridas epidérmicas se debe solo
a la migracién de células epidérmicas y no se ve afectado por la contraccion
de la herida, que s6lo tiene lugar cuando las capas més profundas de la piel se
ven afectadas. Sherratt and Murray (1990) propusieron un modelo continuo de
reaccion-difusion estableciendo que un factor de crecimiento quimico producido
por las células epidérmicas difundia a través del tejido. Ademads, la variaciéon
de la cantidad de células proviene de la migracién y la mitosis regulada por el
factor producido y también por la apoptosis de las células (Clark, 1988; Folkman
and Moscona, 1978). El modelo se utilizo para predecir la cicatrizacion de
una herida epidérmica con geometria circular considerando que la herida estaba
cicatrizada al alcanzar una densidad celular superior al 80% de la densidad de
células del tejido sano. Sherratt and Murray (1990) compararon sus resultados
con uno de los pocos trabajos experimentales existentes sobre la cicatrizacion
de heridas epidérmicas, realizado por Van den Brenk (1956) en orejas de conejo.
Sherratt and Murray (1990) propusieron el primer modelo incorporando el control
quimico, y este ha sido la base para la mayoria de los modelos de curacion
y contraccion de heridas. Ademds, su modelo ha sido adaptado también para
simular la cicatrizacién de heridas en otros tejidos. Por ejemplo, Dale et al.
(1994) lo adapto para estudiar la cicatrizacion de heridas epiteliales en la cornea
en funcion del factor de crecimiento epitelial (EGF). Ademas, la cicatrizacion de
heridas epidérmicas se ha simulado junto con otros procesos que tienen lugar al
mismo tiempo, tales como la angiogénesis (Maggelakis, 2003).
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1.3.2 Modelos de contraccion de heridas

Aunque las heridas epidérmicas representan una buena primera aproximacién
para el estudio de la cicatrizacion de heridas, las heridas que afectan a las capas
mds profundas y presentan mds dificultades para cicatrizar también son mas
interesantes para estudiar. Se ha observado que las heridas que llegan a la dermis
no se curan solo con el efecto de la migracion celular y son necesarios mecanismos
mas complejos para una curacion exitosa.

La contraccion de heridas es uno de los procesos mas importantes durante la
cicatrizacion de heridas dérmicas y esta fuertemente influenciada por la mecénica.
La reduccién del tamafio de la herida es debida en parte a la retraccion del
contorno de la herida hacia adentro. Este desplazamiento es creado por el
equilibrio entre las fuerzas que generan las células en el tejido en el que estin
alojadas y la resistencia que ofrece el tejido a ser deformado.

El primer modelo de contraccion de heridas fue propuesto por Tranquillo and
Murray (1992). Este ha sido la base para la mayoria de los modelos de contraccion
de heridas hasta el momento. EIl modelo estd compuesto por un conjunto de
ecuaciones diferenciales que describen la conservacion de una especie celular
(fibroblastos) y la densidad de coldgeno de la ECM y el momento lineal de la
matriz. Tranquillo and Murray (1992) incluyeron el efecto de la proliferacion
celular, la migracién y la difusién junto con la conveccién pasiva debida al
movimiento de la ECM. En una primera aproximacion se consideré que la
variacion de ECM se debia s6lo a su conveccion pasiva. Mas tarde, propusieron
una ley de evoluciéon de la ECM mas realista que incluia la sintesis de ECM
por los fibroblastos. Por otra parte, en el mismo trabajo propusieron un modelo
bioquimico més completo incluyendo el efecto quimiotictico de un factor de
crecimiento quimico. La ley de momento lineal incluye el equilibrio de fuerzas
entre la matriz (caracterizado como un material viscoeldstico) y las fuerzas de
traccion ejercidas por las células. Consideraron un dominio de estudio dividido
en dos partes, la herida y la piel sana circundante. El modelo se utiliz6 para el
estudio de heridas unidimensionales y se sigui6 el desplazamiento del margen de
la herida durante el tiempo para medir el tamaio de la herida.

El modelo de Tranquillo and Murray (1992) fue extendido mads tarde por
Olsen et al. (1995). Olsen et al. (1995) propusieron un modelo de contraccién
de heridas que incluia el desplazamiento del tejido contraido y lo aplicaron a
heridas normales y patolégicos. Una de las principales diferencias entre los
trabajos de Tranquillo and Murray (1992) y Olsen et al. (1995) es la incorporacién
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del efecto de los miofibroblastos en el proceso de contraccién por Olsen et al.
(1995). Los miofibroblastos son fibroblastos activados no moéviles que, debido
a sus similitudes con las células musculares son capaces de ejercer fuerzas de
traccion superiores a las que crean los fibroblastos. Se ha observado que un
nivel de contraccién adecuado no se puede alcanzar sin las fuerzas ejercidas por
los miofibroblastos (Tomasek et al., 2002). EIl modelo de Olsen et al. (1995)
describe la evolucion temporal de los fibroblastos, miofibroblastos, un factor de
crecimiento y la matriz extracelular durante la contraccion de la herida. Para
modelar la evolucién celular se incluye la mitosis celular, la diferenciacion, la
apoptosis, la conveccion pasiva para ambas especies y la migracion de fibroblastos
debido a la dispersion aleatoria y a la quimiotaxis. El modelo predice la evolucion
de la herida hasta alcanzar un estado de equilibrio. Siguiendo a Tranquillo and
Murray (1992), se aplic6 el modelo a geometrias unidimensionales, lo que reduce
su aplicabilidad a heridas circulares asumiendo axisimetria.

Cook (1995) propuso un modelo mecanoquimico para la reparacién dérmica
incluyendo la contraccidn del tejido. Cook (1995) utiliz6 la hipotesis del estado de
tension nula, que asume un estado sin tensiones para todos los elementos, respecto
a los cuales se miden las deformaciones.

A pesar de que estos modelos incluyen un gran nimero de los factores que
guian la cicatrizacion de heridas, la contraccion de la herida estd altamente
influenciada no sé6lo por estimulos celulares y quimicos, sino también por la
mecdnica. Las células son capaces de sentir el entorno mecanico donde estan
y regulan su actividad, por ejemplo para la generacién de fuerzas, en funcién
de ciertas propiedades mecénicas o estimulos. Se ha demostrado que procesos
como la migracién celular, la diferenciacidon o la generacién de fuerzas se ven
influenciados por estimulos mecdanicos (Discher et al., 2005; Mitrossilis et al.,
2009; Harland et al., 2011). Por lo tanto, los modelos de curacién y contracciéon
de heridas han evolucionado incluyendo el efecto regulador de las variables
mecanicas en diferentes procesos bioquimicos (Javierre et al., 2009; Murphy et al.,
2011, 2012). Sin embargo, no hay una opinién comun sobre cual es el estimulo
mecanico que regula el mecanismo mecanosensor celular.

Siguiendo el trabajo de Olsen et al. (1995), Javierre et al. (2009) propusieron
un modelo matematico de contraccién de heridas incluyendo fibroblastos, miofi-
broblastos, coldgeno, un factor de crecimiento genérico y los desplazamientos del
tejido. El modelo incluye el efecto de la tension mecdanica para regular los pro-
cesos celulares, definiendo las tensiones de traccion generadas por las células a
través del concepto de tension neta de un fibroblasto por unidad de matriz in-
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troducido por Moreo et al. (2008). Moreo et al. (2008) propusieron un mod-
elo mecanosensor aplicable a procesos celulares, tales como la migracion o pro-
liferacion, basado en el modelo de Hill para el comportamiento del musculo
esquelético. En su trabajo, se propone un modelo para evaluar las tensiones
octaédricas ejercidas por las células en funcion de la rigidez del tejido. La tension
se evalia por medio de dos componentes. Las primera mide las tensiones de
contraccion generadas por el mecanismo de miosina transmitidas a través de los
haces de actina y el segundo término estd relacionado con la tension contréctil
soportada por la resistencia pasiva de la célula (absorbida por los microtibulos).
Estas dos contribuciones dan lugar a la tension que la célula transmite eficaz-
mente a la ECM. Este enfoque considera que la deformacién que el sustrato y
la célula sufren es la misma. Javierre et al. (2009) también incluy6 este factor
en la expresion de la diferenciacion de fibroblastos en miofibroblastos, ya que se
habia observado experimentalmente que la diferenciacion es guiada por la tension
mecanica (Hinz and Gabbiani, 2003; Tomasek et al., 2002). Javierre et al. (2009)
centraron también su modelo en el estudio de diferentes geometrias de la herida,
creando uno de los primeros modelos mecanoquimicos de heridas en 2D. Con
este modelo se estudidé como la elongacion de las heridas elipticas afecta a la con-
traccion de la herida.

Siguiendo a Cook (1995), Murphy et al. (2011) desarrollaron un modelo
1D para reproducir la interaccion entre los fendmenos celulares, quimicos y
mecanicos afladiendo nuevos factores. Como se ha demostrado que el TGF-8
es critico en la reparacion dérmica (Shah et al., 1992), Murphy et al. (2011)
incluyeron su cinética en su modelo. Murphy et al. (2011) propusieron un
mecanismo de diferenciacién de fibroblastos a miofibroblastos, activado por el
TGF-g y la tension de los tejidos. Aplicaron el modelo para investigar cdémo
se curan las heridas al producirse ciertos trastornos. Cuando hay un exceso
de TGF-B esto da lugar a contractura causada por las fuerzas excesivas de
los miofibroblastos. Por otra parte, la herida contrae insuficientemente cuando
el TGF-B desaparece demasiado rdpido y no hay suficientes miofibroblastos
para generar fuerzas. Observaron el mismo efecto cuando la cinética de los
miofibroblastos se modifica cambiando su diferenciacion desde fibroblastos o la
tasa de muerte. Como principal diferencia con los modelos anteriores, Murphy
et al. (2011) utilizaron la elasticidad lineal para modelar el comportamiento de la
piel en lugar del modelo viscoeléstico elegido por otros autores (Tranquillo and
Murray, 1992; Olsen et al., 1995).

Siguiendo el trabajo de Tranquillo and Murray (1992), Murphy et al. (2012)
propusieron un modelo mds complejo que incluia el efecto de mds factores.
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Ademas de la cinética del TGF-B, aiadieron el efecto de la colagenasa (una
enzima que contribuye a la formacion de nuevo tejido) en la concentracion de
coldgeno. Una de las principales diferencias del modelo de Murphy et al. (2012)
con modelos anteriores era el mecanismo de diferenciacion de los fibroblastos
a miofibroblastos. El modelo establece que el estimulo mecdnico que guia la
diferenciacion es la tension eldstica positiva. Esta idea fue introducida por primera
vez por Hall (2008), mientras que los enfoques anteriores proponian que este
estimulo era la traccion celular (Javierre et al., 2009). Murphy et al. (2012)
siguieron el enfoque propuesto por Tranquillo and Murray (1992) para evaluar
las fuerzas de traccion ejercidas por las células, considerdndolas proporcionales
a la densidad del coldgeno y de la concentraciéon de células y despreciando los
términos de saturacion que dependen de las densidades de células (Tranquillo
and Murray, 1992) o la densidad de ECM (Olsen et al., 1995; Javierre et al.,
2009). Como diferencia principal con los modelos anteriores (Olsen et al., 1995;
Javierre et al., 2009), Murphy et al. (2012) consideraron que los miofibroblastos
generan fuerzas de traccion, incluso en ausencia de fibroblastos, tal como se pone
de manifiesto experimentalmente (Tomasek et al., 2002). También supusieron
que no hay diferenciacion inversa de miofibroblastos a fibroblastos. Siguiendo a
Olsen et al. (1995), consideraron que la piel es un material viscoelastico, aunque
Murphy et al. (2012) utilizaron una ley evolutiva para evaluar el médulo de
elasticidad proporcional a la concentraciéon de coldgeno. Al igual que en los
modelos anteriores, estudiaron heridas circulares superficiales aproximadas por
un modelo axisimétrico unidimensional.

1.3.3 Modelos computacionales de angiogénesis durante la
cicatrizacion de heridas

El crecimiento vascular también ha sido ampliamente modelado y simulado, prin-
cipalmente la angiogénesis y la vasculogénesis. Mientras que la vasculogénesis es
la formacion de nuevos vasos sanguineos cuando no hay vasculatura preexistente,
la angiogénesis consiste en la formacion de nuevos vasos sanguineos a partir de
los vasos preexistentes, siendo este el fendmeno que se produce durante la cica-
trizacion de heridas. La angiogénesis también estd involucrada en otros procesos
bioldgicos, por ejemplo, el crecimiento de tumores o la embriogénesis, y por su
impacto la mayoria de los trabajos computacionales sobre angiogénesis se cen-
tran en la simulacién de la angiogénesis en el cancer (Anderson and Chaplain,
1998; Chaplain, 2000; Mantzaris et al., 2004). Sin embargo, la angiogénesis en
la cicatrizacion de heridas ha sido también ampliamente modelada. Pettet et al.
(1996a) presentaron el primer modelo de angiogénesis aplicado a la cicatrizacion
de heridas, basdndose en el modelo de crecimiento fungico de Edelstein (1982).
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El modelo se compone de un conjunto de ecuaciones diferenciales para modelar
la evolucion de las células endoteliales de las fuentes de los capilares que migran
quimiotacticamente hacia un quimioatrayente derivado de los macréfagos regu-
lado por la densidad de la vasculatura. El suministro de oxigeno no se incluy6 en
el modelo y los niveles de oxigeno se suponian proporcionales a la densidad de
los vasos. Mas tarde la densidad de oxigeno se incluyé como una variable prin-
cipal en un modelo extendido (Pettet et al., 1996b), en el que también se incluyo
el efecto de los fibroblastos y la matriz extracelular. Ambos modelos reproducian
geometrias en dos dimensiones aproximadas por un modelo unidimensional y per-
mitian simular la evolucién de heridas normales y también de heridas que no ci-
catrizan.

Maggelakis (2003) desarrollé un modelo de angiogénesis incluyendo el efecto
de factores de crecimiento derivados de macrofagos (MDGF), la densidad capilar
y la concentracién de oxigeno en el tejido, en una dimensién. Maggelakis (2003)
propuso que el oxigeno es proporcionado a la herida por los capilares y es
consumido por los macréfagos, que aparecen cuando hay una baja concentracion
de oxigeno y secretan MDGF, al mismo tiempo que se difunde a través del
tejido. Por ultimo, los altos niveles de MDGF mejoraron la aparicion de capilares,
regulados también por un bucle de retroalimentacién negativa hasta alcanzar la
capacidad maxima. El modelo fue utilizado para estudiar la dependencia de la
curacion de una herida circular con el suministro de oxigeno. Un modelo posterior
fue propuesto por Javierre et al. (2008), agregando una nueva variable: el factor
de crecimiento epidérmico (EGF). Javierre et al. (2008) propuso un acoplamiento
entre la angiogénesis y una interfaz de la herida debido a la migracién celular
para estudiar el efecto de la disponibilidad de oxigeno durante la cicatrizacién de
heridas epidérmicas en dos dimensiones.

Uno de los factores que impide la cicatrizacion de heridas es la hipoxia, falta
del oxigeno necesario para la actividad celular (Schreml et al., 2010). El oxigeno
se suministra principalmente por los capilares y por lo tanto la angiogénesis es
crucial para restaurar el flujo regular de oxigeno. Por lo tanto, muchos autores
han propuesto modelos de angiogénesis centrados en el papel del oxigeno durante
la angiogénesis. Schugart et al. (2008), propusieron un modelo de siete variables
siguiendo a Pettet et al. (1996b) y afiadiendo el efecto de los macréfagos. Se
estudié por primera vez el papel de la tension de oxigeno del tejido en el proceso
de cicatrizacién de la herida y se estableci6 que existe un nivel éptimo de hipoxia
para el crecimiento vascular y la cicatrizacion de heridas. En algunos casos,
el suministro de oxigeno natural no es suficiente para una curacion adecuada,
causando hipoxia y terminando posteriormente en la aparicion de heridas crénicas.
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Flegg et al. (2009) simularon una de las técnicas que se utilizan para el tratamiento
de esta patologia, la terapia de oxigeno hiperbarico (HBOT), que consiste en
la elevacion de los niveles de oxigeno de manera deliberada. Se estudid el
efecto de la HBOT en la angiogénesis en heridas graves y crénicas. En un
primer modelo Flegg et al. (2009) estudiaron la evolucién de la densidad de
oxigeno, fuentes de capilares y vasos sanguineos. Flegg et al. (2009) predijeron
que la HBOT intermitente ayuda a curar a las heridas crénicas, pero el oxigeno
normobdrico no tiene efectos positivos. Mas tarde, Flegg et al. (2010) ampliaron
el modelo incluyendo el efecto de un quimioatrayente, los fibroblastos y la matriz
extracelular, y lo aplicaron a las heridas cronicas causadas por la diabetes. Ellos
estudiaron el efecto de diferentes presiones, porcentaje de oxigeno, tiempo de
exposicion de la herida y frecuencia de aplicacion. En todos los casos estudiados
se encontro que el tratamiento es beneficioso s6lo bajo ciertas condiciones.

De la misma manera que la contraccién de la herida depende de factores
mecanicos, la angiogénesis también se ve influida por la mecédnica. Aunque
existen multiples modelos mecanoquimicos de curacién de heridas (Tranquillo
and Murray, 1992; Olsen et al., 1995; Javierre et al., 2009; Murphy et al.,
2011, 2012) el nimero de modelos mecanoquimicos de angiogénesis durante la
contraccion de heridas es reducido. Vermolen and Javierre (2010) desarrollaron
un modelo incluyendo angiogénesis, contraccion y el cierre de la herida. Para ello
combinaron el modelo de Tranquillo and Murray (1992) para modelar el proceso
de contraccion y el de Maggelakis (2003) para el proceso de la angiogénesis. Sin
embargo, estos procesos son tratados de manera aislada, sin tener en cuenta su
interaccion. Se estudiaron los procesos por separado en la dermis y la epidermis
permitiendo el estudio de heridas profundas. Mas tarde, Vermolen and Javierre
(2012) modificaron el modelo afiadiendo el proceso de regeneracion dérmica
acoplado con el proceso de angiogénesis .

Manoussaki (2003) desarrollé un modelo mecanoquimico de la angiogénesis
teniendo en cuenta las fuerzas de traccion ejercidas por las células en la matriz,
modelada como un material viscoelastico. Por otra parte, el movimiento de las
células es causado por quimiotaxis guiadas por un factor quimico regulado por si
mismas. Aunque Manoussaki (2003) no se centrd en la cicatrizacién de heridas,
su modelo podria ser adaptado a esta aplicacion. Xue et al. (2009) extendieron el
modelo de Schugart et al. (2008) incorporando el comportamiento mecénico de la
piel.
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1.3.4 Limitaciones de los modelos existentes

Los modelos matematicos de procesos biolégicos normalmente proceden de un
mismo modelo inicial. Aunque los autores extienden y modifican este modelo
inicial afadiendo nuevos factores y variables, muchas veces no se centran en
resolver las limitaciones del modelo original, y estas se transmiten de un modelo
a los siguientes.

Una de las limitaciones principales de los modelos de contraccién de heridas es
que suelen limitarse a geometrias unidimensionales (Murray et al., 1998; Sherratt
and Murray, 1990; Schugart et al., 2008; Murphy et al., 2011; Olsen et al., 1995,
1996; Murphy et al., 2012). Estas geometrias son ttiles para estudiar heridas
simples con geometrias axisimétricas ya que permiten reducir el problema a un
modelo unidimensional, con un menor coste de tiempo y recursos. Sin embargo,
esta simplificacion de la geometria real de la morfologia de la herida limita el
poder predictivo del modelo. En este sentido, algunos trabajos recientes estudian
geometrias en dos dimensiones (Javierre et al., 2008, 2009; Vermolen and Javierre,
2010, 2012), acercando los modelos a situaciones reales, sin embargo los modelos
en tres dimensiones son necesarios para obtener una representacion fiel de los
procesos que suceden.

Otra de las limitaciones de los modelos existentes es que la mayoria se centran
en el estudio de heridas superficiales atendiendo a la evolucién de su area
superficial y sin tener en cuenta la influencia de la profundidad de la herida en
la contraccién. Por lo tanto, Olsen et al. (1995); Javierre et al. (2009); Murphy
et al. (2012) utilizan la hipdtesis de tension plana para simplificar la geometria
real de las heridas. Sin embargo, los fendmenos que tienen lugar a lo largo
de la profundidad de la herida son igualmente importantes, aunque no han sido
modelados por su complejidad. Por lo que nosotros sabemos, s6lo Vermolen
and Javierre (2012) han estudiado heridas profundas utilizando hipétesis de
deformacion plana para reducir la geometria de la herida a dos dimensiones. El
uso de geometrias tridimensionales proporcionaria los resultados més realistas,
sin embargo, utilizar el modelo de deformacién plana para estudiar las heridas a
lo largo de su profundidad puede revelar informacion ttil sin la complejidad y el
coste computacional de los modelos tridimensionales.

Existen algunas diferencias cuando se consideran las simplificaciones de
tension plana y deformacion plana. En primer lugar, cuando se simulan heridas
profundas, una parte de la frontera no estd rodeado por la piel, mientras que las
heridas superficiales estin completamente rodeadas por tejido sano. La parte de la
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frontera que estd en contacto con el aire estd representada por una frontera libre.
La implicacion principal es que se puede mover libremente, ya que no hay tejido
unido a él. Cuando se formula el modelo matematico, esta frontera libre debe ser
tratada de manera diferente al resto del contorno. Algunas de las simplificaciones
supuestas para el contorno no libre no son aplicables a esta frontera libre. Desde
una perspectiva numérica las heridas planas bajo hipétesis de tension plana son
mas faciles de modelar ya que no es necesario tener en cuenta las condiciones de
contorno naturales.

Otra diferencia entre el estudio de heridas planas y profundas es la consid-
eracion de las distintas capas de la piel. Cuando se simulan heridas planas solo las
propiedades de la capa mas superficial de la piel se consideran, como es el caso
de los modelos de curacion de heridas epidérmicas (Sherratt and Murray, 1990;
Maggelakis, 2003; Javierre et al., 2008) y algunos modelo de cicatrizacién de heri-
das dérmicas (Tranquillo and Murray, 1992; Murphy et al., 2011, 2012). Cuando
se simulan heridas profundas, dependiendo de la profundidad considerada de la
herida, no es posible caracterizar toda la geometria con las mismas propiedades.
Se sabe que la capa mdas externa de la piel, la epidermis, tiene un espesor de
micrémetros. Sin embargo, la dermis por lo general tiene un espesor de 1,5 mm
a4 mm y la hipodermis alcanza diferentes profundidades dependiendo de la parte
considerada del cuerpo. Por lo tanto, cuando se estudian heridas profundas las
propiedades de las diferentes capas de la piel deben ser consideradas con el fin de
obtener resultados mas realistas.

Por dltimo, uno de los aspectos mds limitantes en el modelado de la cica-
trizacion de heridas es la caracterizacion mecdnica de la piel. Tradicionalmente,
se ha utilizado un modelo de material viscoelastico para modelar el compor-
tamiento mecanico de la piel. Este material reproduce con exactitud algunas de
las propiedades de la piel que dependen del tiempo, pero también presenta algu-
nas limitaciones. Se ha demostrado experimentalmente que el modelo constitutivo
hipereldstico encaja mejor en el comportamiento de la piel, aunque su caracteri-
zacion es mas complicada. La mayoria de los modelos de cicatrizacion de heridas
que incluyen aspectos mecanicos (deformacién del tejido) han considerado la piel
(o sus capas) como un material viscoelastico (Olsen et al., 1995; Javierre et al.,
2009; Murphy et al., 2012). Sin embargo, la simulacion de la piel como un ma-
terial hiperelastico permitiria reproducir el comportamiento de la piel con mas
precision, incluyendo la posibilidad de afadir anisotropia tejido.
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1.4 Trabajos experimentales

A pesar de la existencia de un gran nimero de modelos computacionales que
simulan los diferentes aspectos de la curacién de heridas, el nimero de estudios
experimentales en el campo para validar los resultados computacionales es muy
reducido.

Debido a razones éticas, los experimentos de cicatrizacion de heridas en sujetos
Vvivos no son frecuentes, casi inexistentes en seres humanos. En consecuencia, los
ensayos con animales son la mejor opcion a pesar de que también son objeto de
consideraciones éticas. Por otra parte, la piel de los mamiferos presenta diferentes
propiedades mecdnicas a las de la piel humana, y los resultados obtenidos en estos
experimentos s6lo se pueden utilizar como un patrén cualitativo para los seres
humanos.

Uno de los primeros estudios experimentales se debe a Van den Brenk (1956).
Van den Brenk (1956) estudié heridas epidérmicas en orejas de conejo. Sus
resultados fueron utilizados para la validacién de los resultados de Sherratt and
Murray (1990).

McGrath and Simon (1983) estudiaron la influencia de la forma y el tamafio
de las heridas profundas en ratas. Observaron la evolucion de heridas con tres
geometrias distintas: una herida cuadrada pequefa y otra grande y una herida
circular con la misma superficie que la herida cuadrada grande. Para medir el
tamafio de la herida, McGrath and Simon (1983) siguieron el movimiento de
algunos puntos que definian la frontera de la herida. Diferenciaron la curacion
debida a la contraccién de la herida y a la epitelizacién. Después de una
distraccion ripida de la herida y una fase de seis dias sin variaciones, las heridas
se contrajeron durante alrededor de 30 dias, y posteriormente permanecieron
practicamente sin variaciones. McGrath and Simon (1983) observaron que
después de 70 dias todas las heridas habian experimentado una tasa de contraccién
similar, reduciendo su tamano al 35% del tamafio inicial.

La mayoria de los mamiferos tales como ratas y conejos presentan una piel
mads flexible y més eldstica que los seres humanos, y los niveles de contracciéon
que estos experimentan no son comparables con los de los seres humanos.
Sin embargo, la piel del cerdo presenta una estructura mds similar a la de la
piel humana, por lo tanto el modelo porcino es ampliamente aceptado para las
comparaciones. Roy et al. (2009) observaron la evolucion de heridas circulares
isquémicas y no isquémicas en cerdos. Se realizaron incisiones y mientras algunas
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heridas se dejaron curar normalmente, en otras se introdujeron ldminas de silicona
entre la dermis y el tejido subyacente. De esta manera se pudieron reproducir
las heridas isquémicas, en las que la re-epitelizacion estd impedida. Roy et al.
(2009) fueron capaces de medir la concentracion de oxigeno y la presion parcial de
oxigeno en la herida, encontrando niveles de saturacion de oxigeno mds elevados
en las heridas no isquémicas. También observaron el cierre de la herida a lo
largo de 31 dias, cuando la herida no isquémica casi habia cerrado pero la herida
isquémica solo habia logrado alrededor del 80% del cierre.

Al comparar los resultados experimentales con modelos humanos, hay que
tener en cuenta que cada especie tiene diferentes parametros, debido a sus
diferentes cinéticas celulares y tisulares (Reina-Romo et al., 2010). Por lo
tanto, si se obtiene una equivalencia adecuada entre especies, es posible la
comparaciéon de los resultados experimentales en animales y los resultados
obtenidos computacionalmente en los modelos humanos.

1.5 Objetivos

El objetivo principal de esta tesis es el estudio de la cicatrizacién de heridas
en la piel a través de la simulacién computacional y el uso de un enfoque
multidisciplinar. Con el fin de lograr este objetivo, se ha propuesto e
implementado un modelo computacional que permite reproducir la cicatrizacion
de heridas en diferentes condiciones. Mas concretamente, el modelo propuesto se
centra en la fase de contraccion de la herida, ya que tiene un fuerte componente
mecdanico. El modelo también permite incluir mas procesos que tienen lugar
de forma simultdnea a la contracciéon de la herida, tales como la angiogénesis.
El modelo propuesto incluye factores bioldgicos (especies celulares, factores de
crecimiento y coldgeno) y también factores mecénicos (caracterizacion de las
propiedades mecdnicas de la piel y contraccion celular). Para encontrar la soluciéon
del problema resultante, se aplica el método de los elementos finitos (MEF). El
modelo esta constituido por dos partes, una relacionada con el andlisis bioquimico
del proceso y otra en relacion al andlisis mecédnico de la piel. En primer lugar, la
evolucion de las especies bioquimicas se evaliia con un sistema de ecuaciones
de reaccion-difusion. En segundo lugar, el comportamiento mecanico de la piel
se modela teniendo en cuenta las relaciones mecdnicas fundamentales para el
modelo de material constitutivo elegido para caracterizarla. Las dos partes estan
relacionadas a través de un mecanismo mecanosensor y mecanotransductor, que
regula el comportamiento de las células en funcién de las variables mecanicas.
El modelo permitird estudiar diferentes casos de curacion y diferentes tipos de
heridas. Los objetivos principales se resumen a continuacion:
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e Adaptacion del modelo para el estudio de heridas planas y heridas profundas

en dos dimensiones. Las heridas planas se caracterizan por su drea
superficial, utilizando hipétesis de tension plana. Las heridas largas y
profundas se estudian a través de su seccion transversal, bajo un enfoque
de deformacion plana y teniendo en cuenta las diferentes capas de la piel
que se ven afectadas por la lesion.

Utilizaciéon de varios modelos constitutivos (viscoeldstico, hiperelastico
isétropo e hipereldstico anisétropo) para caracterizar el comportamiento
mecdnico de la piel. Los materiales viscoeldsticos son una buena opcion
para reproducir el comportamiento de la piel. Por otra parte, los
materiales viscoeldsticos se pueden utilizar cuando se aplica la teoria de las
pequenas deformaciones, pero no cuando el material trabaja con grandes
deformaciones. En este caso, se deben utilizar materiales hipereldsticos.

Incorporacion de otros fendmenos que tienen lugar de forma simultdnea a
la contraccion de la herida, como la angiogénesis. Como se sabe, todos los
fendmenos que tiene lugar durante la cicatrizacion estan relacionados entre
si, por lo que la inclusion de la mayor cantidad de procesos proporciona un
modelo mas completo y realista. El principal inconveniente es el aumento
de los recursos necesarios para resolver el problema al incrementar la
precision del modelo.

Incorporacion de nuevas leyes de cinética celular en funcioén de eviden-
cias fisicas, basadas en estudios experimentales en lugar de las leyes
fenomenoldgicas propuestas hasta ahora.

Resolucion de los problemas bioquimicos y mecdnicos utilizando un
enfoque totalmente acoplado o un enfoque no acoplado. Si bien un enfoque
totalmente acoplado permite resolver todo el problema al mismo tiempo, un
enfoque no acoplado permite dividir el problema y resolverlo en diferentes
etapas. Esto es especialmente util para separar el andlisis bioquimico y
el andlisis mecéanico debido a sus diferentes escalas de tiempo. Por otra
parte, permite utilizar un lagrangiano actualizado y la actualizaciéon de
determinadas variables entre las dos etapas.

Aplicaciéon del modelo a heridas con diferentes tamafios y formas en dos
dimensiones, tanto heridas planas como profundas. La capacidad del
modelo para reproducir geometrias complejas, tales como las consideradas
en trabajos experimentales, permite una validacién mas completa de los
resultados.
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e Aplicacién del modelo para simular heridas en tres dimensiones, en las que
el efecto de la forma superficial y profundidad de la herida se examinan
simultineamente.

e Incorporacién de las fibras de coldgeno en la piel sana. Las fibras de
colageno permiten simular la anisotropia real de la piel en lugar de utilizar
simplificaciones isétropas, lo cual es importante en la piel sana que rodea a
la herida.

1.6 Financiacion

Los estudios incluidos en esta tesis han sido financiados por:

¢ El Ministerio Espafiol de Ciencia e Innovacion a través de la beca BES2010-
037281 y el proyecto DPI2009-07514. Este proyecto fue parcialmente
financiado por la Unién Europea (a través de los fondos FEDER).

e El Ministerio Espafiol de Economia y Competitividad a través del proyecto
DPI2012-32888. Este proyecto estd parcialmente financiado por la unién
europea (a través de los fondos FEDER).

e El Consejo Europeo de Investigacion (ERC) a través del proyecto ERC-
2012-StG 306751.
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CAPITULO 2

Conclusiones

La motivacién principal de esta tesis es el estudio de la piel después de sufrir una
lesion. Entender el proceso de cicatrizacion de la herida con el fin de reproducirla
mediante modelos computacionales es fundamental para avanzar en el desarrollo
de soluciones curativas y procedimientos quirurgicos. Para lograr este objetivo, se
ha propuesto e implementado un modelo de contraccion de heridas en piel humana
para ayudar a entender el proceso y sus posibles soluciones cuando este no sigue
la evolucién normal.

El trabajo se ha centrado en el punto de vista tedrico del problema, incluyendo
ecuaciones espacio-temporales de difusion-conveccion para describir el problema
bioldgico combinado con la formulacién del problema mecénico.

2.1 Conclusiones generales

Las conclusiones principales que se han obtenido de esta tesis, considerando los
estudios numéricos realizados, se presentan a continuacion. Teniendo en cuenta
que las heridas que se contraen en menor medida generan cicatrices mas pequeias,
lo cual es muy conveniente, las principales conclusiones desde el punto de vista
bioldgico, son las siguientes:

e Cuando se estudian heridas profundas a través de su seccion transversal,
se observa que las heridas con la misma area pero diferente longitud de
superficie libre presentan diferentes porcentajes de contraccion. Las heridas
que son mds profundas y més estrechas se contraen menos que las heridas
mas anchas y menos profundas.

e Cuando la contraccion de la herida y la angiogénesis son simuladas juntas
en heridas planas, se ha encontrado que las heridas més alargadas (elipticas)

49
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muestran una vascularizaciéon més rapida que las circulares. Sin embargo, la
contraccion experimentada por ambas heridas estudiadas, en comparacion
con el tamafio inicial, es similar. La mayor rapidez de los procesos
bioquimicos en la herida eliptica pueden ser causados por la difusién mas
rédpida de las sustancias, debido a la relacién mds elevada de contorno
respecto a la superficie de la herida.

Cuando se analiza el efecto del tamafio en las heridas planas, se observa que
las heridas grandes comienzan a contraerse antes en el tiempo. Sin embargo,
al final del proceso de contraccion estas heridas han contraido menos que
las heridas mas pequeiias, en relacion con el tamaifio inicial de la herida.

En heridas profundas, es muy importante tener en cuenta las diferentes
capas de la piel. La dermis y los tejidos subyacentes tienen diferentes
propiedades mecdnicas y la dermis es mds rigida que el tejido subyacente.

En relacion al modelo, su implementacion y sus aspectos numéricos, las
conclusiones mas importantes son:

e Cuando las heridas se analizan en dos dimensiones, la decisién mas

importante es elegir el estudio de la herida bajo un enfoque de deformacion
plana o de tensién plana. Esto implica el estudio de la herida a través de
su seccion transversal o de su drea superficial. La seleccion entre los dos
enfoques depende de qué tipo de herida se esté estudiando.

El modelo mecdanico constitutivo del material determina altamente la
evoluciéon del proceso de contraccién. El uso de modelos mas realistas,
como el hipereldstico ayuda a obtener también resultados mas realistas.
Incluir las fibras en el modelo hipereldstico de la piel permite modelar
el comportamiento anisétropo real de la piel. Se ha encontrado que
la orientacién de las fibras en la piel no modifica altamente la tasa de
contraccién de la herida, pero modifica la distribucién de las deformaciones
volumétricas alrededor de la herida.

Las variables mecdnicas influyen en procesos biol6gicos como la diferen-
ciacion celular y la generacion de tensiones. Se ha postulado que la defor-
macion volumétrica es el estimulo mecanico que regula este proceso, ya que
depende de la rigidez del tejido.

La inclusion de leyes basadas en evidencias experimentales en lugar de
las leyes fenomenoldgicas existentes proporciona resultados igualmente
buenos.
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2.2 Contribuciones originales

El desarrollo de esta tesis ha dado como resultado un modelo computacional para
simular la curacion de heridas que permite incluir diferentes procesos y estudiar
distintas variables y su efecto en el proceso de curacion. Los aspectos de esta tesis
que son completamente nuevos y que no han sido incluidos en modelos previos
de cicatrizacion de heridas, por lo que sabemos, son:

e La tension generada por las células se ha modelado a través de una
nueva ley basada en evidencias experimentales. Los mecanismos consid-
erados anteriormente para representar estas tensiones eran principalmente
fenomenoldgicos, y aunque los resultados son igualmente buenos, no ex-
istia justificacion fisica para estas leyes. El modelo propuesto generaliza los
modelos anteriores con un mecanismo de regulacion de la actividad celular
regulado por la rigidizacion de la matriz extracelular.

e La ley fenomenoldgica de diferenciacion de fibroblastos también se ha
actualizado por una ley basada en evidencias fisicas. Una vez mads, la ley
propuesta sigue observaciones experimentales reguldndose a través de la
rigidez del tejido, facilmente medible.

e Se ha presentado un modelo de cicatrizacion de heridas, que incluye
la angiogénesis y la contraccion de la herida en tres dimensiones. La
mayoria de los modelos existentes reproducen geometrias bidimensionales,
utilizando simplificaciones de tensiéon plana o de deformacién plana o
incluso simplificaciones unidimensionales. El desarrollo de un modelo
tridimensional para estudiar la cicatrizacion permite reproducir geometrias
mas complejas y realistas; también analizar el comportamiento global de la
herida.

e Se ha utilizado un material hiperelastico que incorpora el efecto anisétropo
de las fibras de coldgeno para modelar el comportamiento de la piel. Los
modelos existentes de cicatrizacién de heridas no tienen en cuenta este
comportamiento, que en parte regula el proceso de curacidn.

Desde el punto de vista numérico las contribuciones principales son:

e Se ha formulado el problema de manera totalmente acoplada y por otra
parte de manera desacoplada. La forma tradicional de resolver este tipo
de problema es utilizando la implementacion totalmente acoplada, que
permite evaluar los problemas bioquimico y mecanico al mismo tiempo.
La contribucién de este trabajo es el desacoplamiento de los dos modelos.
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Este enfoque permite hacer frente a las dos escalas de tiempo diferentes
de los problemas bioquimico y mecanico. Ademads, permite actualizar las
variables entre la solucion de los dos problemas.

e Se ha implementado la actualizacion de la malla para resolver el problema
de manera més precisa, mediante un algoritmo lagrangiano actualizado,
necesario para utilizar las hipétesis de pequeiias deformaciones. Utilizando
esta técnica se evita que las deformaciones sufridas por la malla sean
mayores que las permitidas cuando se utilizan las hipétesis de pequefias
deformaciones.

e Se ha implementado una subrutina de elemento de usuario utilizando el
programa comercial de elementos finitos Abaqus® (Hibbit et al., 2008). Este
elemento incorpora las ecuaciones del modelo que describen el problema y las
condiciones de contorno del problema, que se resuelve con el método de los
elementos finitos. Por otra parte, la aplicacion de las condiciones de contorno
naturales para un problema con frontera libre se han incluido en la formulacién. El
elemento desarrollado permite elegir entre los enfoques de tensién y deformacién
plana en dos dimensiones, permitiendo simular heridas planas y heridas profundas.

2.2.1 Publicaciones y comunicaciones

El trabajo desarrollado en esta tesis ha dado lugar a tres articulos publicados en
revistas JCR y otro articulo que se encuentra en el proceso de revision. Ademas,
un quinto articulo ha sido publicado en una revista JCR, como resultado del
trabajo desarrollado durante una estancia de investigacion en los EE.UU. Estos
documentos se enumeran en la Tabla 2.1.

Ademads de estos articulos, se han presentado un total de 12 contribuciones en
congresos nacionales e internacionales. Las contribuciones estan detalladas en la
Tabla 2.2.

Finalmente, se recibi6 la invitacion para la colaboracién en la escritura de un
capitulo de libro con los resultados de este trabajo:

Autores: E. Reina-Romo, C. Valero, C. Borau, R. Rey, E. Javierre, M.J. Gomez-
Benito, J. Dominguez, J.M. Garcia-Aznar

Titulo: Mechanobiological modelling of angiogenesis: impact on tissue engi-
neering and bone regeneration

Libro: Computational Modeling in Tissue Engineering, pp.379-404

Fecha: 01/2013
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DOI:10.1007/84152011_111 ISBN: 978-3-642-32562-5
Editorial: Springer-Verlag Berlin Heidelberg
Editor: Liesbet Geris.

2.3 Lineas futuras

Teniendo en cuenta los resultados y las conclusiones obtenidas a partir de los
trabajos desarrollados en esta tesis y sus limitaciones, se definen algunas lineas de
trabajo futuro:

e Extension del modelo de contraccion bidimensional a tres dimensiones.
El uso de las hipotesis de deformacion plana y de tension plana permite
estudiar un gran nimero de geometrias y casos de heridas, pero también
implica la pérdida de informacidn en el proceso de simulacién. El modelo
tridimensional actual incluye la angiogénesis y la contraccion de la herida
guiada solamente por los fibroblastos. El modelo estd listo para ser
ampliado con los miofibroblastos y la cinética de coldgeno.

e El comportamiento volumétrico de la célula se podria mejorar utilizando
una descripciéon mds completa, teniendo en cuenta el comportamiento
anisotropo de la célula. El modelo propuesto en la tesis considera
que las células ejercen la misma traccion en todas las direcciones
independientemente de la direccion en la que la célula se ha deformado.
Un modelo més evolucionado distinguird la magnitud en la que la célula se
ha deformado a lo largo de cada direccién y, por lo tanto, podra regular las
fuerzas ejercidas como consecuencia de estas diferentes deformaciones.

e Incorporacion de los fendmenos de remodelacion en el tejido de la herida
después de la curacion. El modelo actual incluye el efecto de las fibras en la
piel sana, pero no reproduce la produccion y la remodelacion de las fibras
en la herida cicatrizada. Un enfoque més realista incluird la produccién de
fibras y su orientacion en el tejido, siempre y cuando se alcance un nivel de
curacion adecuado. Por otra parte, la orientacion de las fibras serd regulada
por la direccion de los mayores niveles de tension.

e Incorporacion de todas las capas de la piel en la geometria tridimensional.
De igual manera que la dermis y el tejido subyacente se modelan
separadamente en el modelo de deformacién plana, estas capas se pueden
separar en el modelo de tres dimensiones, incluyendo sus diferentes
propiedades. Esta modificacién proporcionard un comportamiento mas
realista.
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¢ Estudio de patologias de la herida, en las que la cicatrizacion estd impedida,
es excesiva o presenta otras dificultades tales como las ulceras por presion
o queloides. El estudio de estos casos podria ser simulado ajustando
adecuadamente la cinética bioquimica o las propiedades de la piel.

e Estudio de diferentes tratamientos, tales como suturas u otros dispositivos
que modifican las condiciones mecdnicas en las que se curan las heridas. La
simulacién de estos fendmenos serd importante para ayudar a los médicos
en la eleccion de soluciones favorables en casos especificos.
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GENERAL INTRODUCTION AND
CONCLUSIONS

Mechanochemical modeling
of wound healing:
multiphysics finite element simulations.
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CHAPTER 3

Introduction

Wounds in the skin are a major health matter that most people suffer along their
live. When the injured person has not serious health problems wounds heal with-
out more relevant implications than leaving a scar in the skin. Nevertheless, when
the healing process does not follow its natural evolution several complications
arise from it, leading to chronic wounds and other healing disorders. Chronic
wounds affect around 6.5 million patients in the United States with an annual cost
of US$25 billion (Sen et al., 2009) and reducing these numbers is a permanent
objective for the health system.

Finding healing improvements is time consuming and has high economic cost.
Moreover, ethical implications are always present when experiments involve liv-
ing subjects. Thus, mathematical models of wound healing have become more
popular during the last decades. Mathematical models allow to study a wide num-
ber of cases varying parameters with a low time and economic cost, adding the
possibility of studying specific cases for individual patients. Therefore, the goal
of this thesis is the development of a wound healing model to predict the healing
evolution of wounds under different conditions and that allows the study of a wide
range of wounds and factors influencing healing.

3.1 The skin

Skin is the outer coverage of vertebrate animals and presents different structure
and properties in every species. In humans, skin is the largest organ in the body
and it represents 8 % of the body mass (Gray et al., 1995). Skin covers the whole
human body and its thickness varies in every anatomical location (Odland, 1991),
ranging from 1,5 mm to 4 mm considering the epidermis and the dermis. The un-
derlying tissue has a highly variable thickness and composition depending on the
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anatomical location. Skin is usually classified into two types: thin and thick. Thin
skin is found in parts such as the eyelids or where hair follicles are present, while
thick skin is usually hairless and it is mainly located on the hand palms or the
feet soles. Skin constitutes the interface between the body and the environment
and it is a natural barrier that protects internal organs from external aggressions.
More than just a physical barrier, skin has several functions; it avoids dehydration
regulating water loss and acts as a thermal barrier. The mechanisms that skin uses
to regulate the body temperature are mainly the evaporation of sweat and convec-
tion, regulating the blood flow along the body surface. One of the most important
functions of the skin is its role as a part of the immune system, it avoids the en-
trance of strange particles and pathogens (any agent that can cause disease) in the
body (Fore-Pfliger, 2004). In addition, several physiological systems necessary
for the proper body functioning, such as nerves, capillary and lymphatic systems,
are allocated in the skin. Thus, keeping the skin stability and avoiding any factor
that would decrease its properties is highly important. Moreover, it is also crucial
to achieve a fast and functional recovery of the skin when it suffers a damage.

3.1.1 Structure of the skin

Human skin consists of collagen, elastin and a variable number of cellular species
(Table 3.1). It is organized into three main layers, from the more external to the
more internal: epidermis, dermis and hypodermis (Wilkes et al., 1973).

Wounds in the skin usually go through the epidermis and reach the dermis. The
epidermis is the most external layer and it is in contact with the environment,
which makes it to have the principal role in the protection function of the skin.
Epidermis constitutes a barrier against water loss and against the entrance of ex-
ternal substances. Despite of its important role, epidermis is also the thinnest
layer, presenting a thickness of 75-150wm (Odland, 1991), and it is divided into
five layers: Stratum corneum, Stratum lucidum, Stratum granulosum, Stratum
spinosum and Stratum germinativum (Figure 3.1). Epidermis is mainly consti-
tuted by keratinocytes, which are also part of the immune system and produce
anti-inflammatory mediators. As it is in direct contact with the environment, the
epidermis capacity of self-renovation is crucial; it presents equal cell production
and cell death rates in equilibrium.

The dermis is the intermediate skin layer and it is connected to the epidermis
by the basement membrane. It has a variable thickness of 1-4mm and it is usu-
ally divided into two regions, the papillary region and the reticular region (Figure
3.2). The dermis is mainly made of collagen type I and III embedded on a ground
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Stratum corneum

Stratum lucidum
Stratum granulosum

'I

o Stratum spinosum

S Stratum
8l basale

Figure 3.1:  Histologic image of the epidermis layers. Source:
http://en.wikipedia.org/wiki/File:Epidermal layers.png

substance composed of proteoglicans, fibronectins (Gray et al., 1995) and variable
cellular species (fibroblasts, myofibroblasts, endothelial cells, macrophages, neu-
trofils or linfocits among others (Table 3.1)). While some cellular species, such
as fibroblasts, are naturally in the skin other species appear only when they are
needed. This is the case of myofibroblasts, that only appear when an injury is pro-
duced, or macrophages that migrate to the locations where there are pathogens to
eliminate them. One of the main components of the dermis is collagen. Collagen
is the most abundant protein in the skin and it is usually organized in a fiber net-
work with elastic properties that gives integrity to the skin. In fact, the mechanical
tensile strength of the skin is due to this collagen lattice.

Deep cuts and wounds penetrate the dermis and reach the underlying layer, the
hypodermis, which is located under the reticular region of the skin.
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Figure 3.2: Histologic image of the epidermis and the dermis layers. Source:
http://upload.wikimedia.org/wikipedia/commons/8/84/Epidermis-delimited.JPG

The hypodermis, also called subcutaneous tissue or superficial fascia, is the
deepest layer and its thickness can reach the order of the centimeters depending
on the anatomical location. It usually consists of subcutaneous fat and connective
tissue and it also contains many important physiological systems, such as blood
vessels (see Figure 3.3) and nerves. Furthermore, as the epidermis and the dermis,
the hypodermis contains several cellular species, mainly fibroblasts, adipose cells
and macrophages. Bones, muscles and internal organs lay under the hypoder-
mis, making its recovery after damage to be necessary for a global physiological
stability.

RETE =
VENDSUY ) — EPIDERMIS
SUBPAPILLARY
NETWORK 'l’llun\‘uv:n}

| CORIUM
RETICULAR LAYER

RETE ARTERIOSUM
CUTANEUM

SUBCUTANEQUS
TISSUE

RETE
VENOSUM

Figure 3.3: Schematic image of the vascular system through the skin layers, (Gray
et al., 1995).



CHAPTER 3. Introduction 67

The combined function of the three layers is crucial for the body functioning,
and maintaining the integrity of the whole structure is necessary for living. There-
fore, preserving the skin undamaged and with a good mechanical properties is one
of the most important health matters.

3.1.2 Mechanical properties of the skin

The mechanical properties of the skin have been studied since centuries ago. One
of the first experiments on this field was performed by Langer (1861), illustrating
that skin is naturally subjected to anisotropic stress. Skin’s pre-stress is clearly
observed when a wound occurs and the skin relaxes and looses, causing that the
initial defect size increases.

In addition to that, the mechanical properties of the skin vary depending on the
skin location, orientation and depth but also on the age; skin loses its elasticity
and recovery capacity along time (Escoffier et al., 1989). Most of the mechanical
properties of the skin are due to the fibers that compose its extracellular matrix
(ECM), which have an elastic modulus of 150-300 kPa (Wilkes et al., 1973). Ma-
trix fibers have a high tensile strength derived from the organization of three pri-
mary proteins chain (collagen, elastin and fibrin) into a superhelix (Kerr, 2010).
The main component of these fibers is collagen, that gives most of the tensile
strength to the ECM. The second main component of the ECM is elastin which
gives elastic properties to the skin and allows it to recover its original state after
being stretched.

Protein fibers are embedded on a ground substance made of proteoglicans and
fibronectins (Gray et al., 1995), that help cells to move through the fibers. Col-
lagen fibers align in the skin following the stress lines or Langer lines, which are
present in the body surface and were discovered by Langer (1861). In his re-
search, Langer (1861) performed circular cuts in the skin in all the body surface,
finding that these cuts turned into ellipses aligned with tension lines when the skin
relaxed. The orientation of these cuts defined the natural orientation of collagen
fibers, usually parallel to the underlying muscles (Figure 3.4). The importance of
these lines has been experimentally proved in some processes like wound healing,
where it has been found that wounds heal differently depending on their relative
orientation to Langer lines. The relative position of wounds in the skin has shown
that wounds parallel to Langer lines heal better and produce less scaring while
wounds that are perpendicular to Langer lines present more difficulties to heal
(Motegi et al., 1977).
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Moreover, the magnitude of the skin pre-stress found in Langer (1861) experi-
ments has been measured in the arm and forearm by Flynn et al. (2011a), where
they found values ranging from 28 to 92 kPa.

a0
//’/",Hfl

N

i

e _{/,51//,,_11’4‘ v

Figure 3.4: Distribution of the stress lines in the human trunk (Langer, 1861).

Further knowledge of the skin properties has been an important issue for exper-
imental researches, and several measurement methods have been reported. During
the last decades, both in-vivo and in-vitro experiments have been designed to char-
acterize the mechanical behavior of the skin and find accurate parameter values,
necessary for modeling and developing skin substitutes.

Most of the in-vivo studies to measure skin properties are carried out in the
forearm or the upper arm and use different mechanical assays such as extension,
indentation, suction or torsion. Diridollou et al. (2000) used suction tests in the
forearm and an inverse method to identify the nonlinear material parameters of
the skin. They applied negative pressure at the skin surface and measured the
skin deflection, finding that the skin becomes stiffer for higher strains. Boyer
et al. (2007) studied the mechanical properties of the epidermis and the dermis
using a micro indentation device and characterized it as a viscoelastic material,
finding that the complex modulus has values of 47.3 to 128.3 N/m. They defined
the complex modulus as a variable that has a part which is independent of the
frequency and other part dependent of the frequency.
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Silver et al. (2001) studied the viscoelastic properties of the skin components
from experimental data (Dunn and Silver, 1983), and estimated that the elastic
constant for skin collagen is 4.4 GPa and for the elastin is 4.0 MPa. They used
thoracic and abdominal skin to perform their stress-strain tests.

Other works characterize skin as a hyperelastic material. These materials do
not show linear elastic properties in their strain-stress relationship and allow to
describe other material properties such as anisotropy or incompressibility. Flynn
et al. (2011a) measured the force-displacement response in the forearm skin when
three-dimensional deformations were applied. Later, they found the material pa-
rameters that fit the Ogden hyperelastic model and the Tong and Fung model
(Flynn et al., 2011b).

Gahagnon et al. (2012) studied the anisotropy of forearm skin in-vivo using
elastographic tests. They stretched the skin parallel and perpendicularly to Langer’s
lines finding anisotropic behavior.

In-vivo assays to determine the skin properties are difficult to perform and vari-
ability between subjects is high. The wide range of values obtained is due to the
different anatomical locations of the skin, the attachment of the dermis to the un-
derlying tissue and patient specific characteristics, which makes difficult to find a
unique characterization valid for every skin.

While in-vivo studies provide information about the skin in its natural environ-
ment, without eliminating natural processes, in-vitro studies provide more con-
trolled experiments, where different aspects can be isolated and more destructive
essays can be performed. Thus, in-vitro tests give information about different
properties such as strength or elasticity, whereas in-vivo tests show the reaction
of the skin against external loads (Edwards and Marks, 1995). Annaidh et al.
(2012b) investigated the influence of location and orientation of the skin on its
properties, focusing on skin anisotropy. They performed in-vitro tensile tests to
human skin samples obtained from different parts of the back (Figure3.5), finding
a correlation between the orientation of Langer lines and collagen fibers. Later,
Annaidh et al. (2012a) fit their results with the hyperelastic model developed by
Gasser et al. (20006).

Groves et al. (2013) used tensile test on circular human skin specimens to mea-
sure the skin properties. To find skin anisotropy they performed the test along
three different load axes. They found that skin has anisotropic hyperelastic behav-
ior and used the model by Weiss et al. (1996) to characterize it.
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Figure 3.5: Orientation of samples from the back studied by Annaidh et al.
(2012b) with respect to the Langer lines (Langer, 1861). (b) Dimensions of cus-
tom made dye (mm) used by Annaidh et al. (2012b)

Other studies have focused on punctual phenomena that take place in processes
like wound healing. Hinz et al. (2001) studied the effect of tension in the granular
tissue and in myofibroblasts differentiation, while Graham et al. (2004) studied
the behavior of collagen fibers when they are subjected to deformations.

Despite the large amount of data that has been generated with all the above-
mentioned studies, finding a unique set of parameters to define human skin prop-
erties is almost impossible due to the high variability of the results among differ-
ent subjects and anatomical locations and the difficulty of preserving skin without
modifying its properties.

3.2 Wound healing

Wound healing is an important health matter that affects millions of patients and
generates high costs to the health system and society (Sen et al., 2009). Millions
of surgical procedures are performed every year with the subsequent wound and
scar treatment. It is also estimated that around 6.5 million patients are affected of
chronic wounds in the U.S., which generates a cost of US $25 billion every year.
It is also calculated that skin scarring care generates an annual cost of around US
$12 billions.

Wounds can appear as a consequence of damage in traumatic accidents but also
as a result of surgery incisions, which sometimes are not easy to heal. Moreover,
wounds such as pressure ulcers can appear caused by long periods of immobility
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and may lead into infections and more severe complications, even death. Compli-
cated wounds are more likely to appear also in people with chronic diseases such
as diabetes and obesity, presenting difficulties for a proper healing.

Wound healing takes place after damage occurs in the skin. Minor wounds heal
usually through a series of well organized processes without special treatment, but
in those cases in which wounds cause an excessive damage it is necessary to apply
different techniques to achieve healing. Besides, abnormal healing processes, such
as fibroproliferative diseases (keloids or hypertrophic scars) or chronic wounds
(venous ulcers, pressure ulcers, and diabetic foot ulcers), can not achieve a proper
healing without external help due to their aberrant physiological activity.

Thus, it is of great importance understanding the healing mechanisms in order
to propose new techniques that favor the healing process and prevent the appear-
ance of complications. These advances include applying different growth factors
or drugs to patients, choosing in surgery procedures a better incision geometry
that helps healing, creating less scaring, or developing suture techniques that al-
low to minimize the scar formation (Hall-Findlay, 1999; Pollock and Pollock,
2000). Nevertheless, when normal healing does not occur, not even with aid,
more complex and expensive techniques must be applied.

3.2.1 Stages of wound healing

Wound healing is usually divided into three stages overlapped in time that can
lasts for several months or years. These stages are named: inflammation, tissue
formation and tissue remodeling (Singer and Clark, 1999). The well-defined
processes that take place during each stage are here explained:

" Coagulation ‘ ‘ L infammaton \
‘ Polymorphonuclear neutrophils predominant Macrophages predomingnt |
v - Fibroplasia andigranulation tissue formation  50% GffioTmal fissue{strengt
A —— BTG ‘ Mat‘ura‘. ioq and remodeling
I _ Angiogenesis
Epithelializati - incomplete basement membrane
b - complete basedment membrang ‘
MR 0 s
2 345 10 2030 \___2 3456 12 \___ 2 3 456\ 3 2 3456 \__ 2
minutes 60 | hours 24 48 [\days 7 14 \weeks 7 10] \months 12 [\years
Figure 3.6: Temporal distribution of wound healing phases, in-
cluding the most important phenomena along time. Source:

http://commons.wikimedia.org/wiki/File : Wound_healing_phases.png.

1. Inflammation: This stage begins when the injury appears. After a wound
is produced, extracellular matrix is replaced by a blood clot made of blood
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from disrupted vessels, and inflammatory factors such as platelet derived
growth factor (PDGF) which are secreted by platelets (Figure 3.7(a)) to
stimulate cellular activity. Subsequently, vessels are closed, stopping bleed-
ing (hemostasis) and a hypoxic fibrin clot replaces the blood clot (Gurtner
et al., 2008). At this point oxygen has disappeared from the wound tissue,
inducing hypoxia, and cannot be supplied, as vessels have not grown again
yet. Inflammatory cells (neutrophils and macrophages) clean the wound site
and eliminate bacteria, dead tissue and other strange particles (Singer and
Clark, 1999). Inflammation lasts approximately 48 hours, until all strange
particles are removed. At the end of the inflammatory phase, growth factors
such as TGF-B and VEGF, necessary to promote cell activity in the next
stage, are released (Gray et al., 1995).

. Epithelialization: Epithelialization or new tissue formation begins some

hours after the wound appears and it overlaps with the final stage of inflam-
mation, lasting from 2 to 10 days (Gurtner et al., 2008). This stage is char-
acterized by migration and proliferation of several cellular species, mainly
fibroblasts or endothelial cells to the wound site, driven by the growth fac-
tors released at the end of the inflammatory stage. The fibrin clot is removed
and replaced by granulation tissue (Figure 3.7(b)). Later, the granulation
tissue is substituted by a new extracellular matrix mainly made of collagen.
Fibroblasts that have infiltrated the wound site are activated and differenti-
ate into myofibroblasts. Both cellular species initially secrete collagen type
IIT which is replaced in time by stronger collagen type I. Collagen forms ini-
tially a disorganized fiber network, that gives mechanical support to the new
tissue. In this stage, epithelial cells stimulated by VEGF form new blood
vessels from the damaged ones, in the process called angiogenesis (Risau,
1997). This process allows to reestablish the normal blood and nutrients
flux to the tissue (Gray et al., 1995) and also the oxygen supply necessary
for cellular activity. Nevertheless, angiogenesis is also a crucial phenomena
in other physiological processes such as embryogenesis and tumor forma-
tion (Carmeliet and Jain, 2000), resulting negative when excessive.
Moreover, the new extracellular matrix that contains vessels and several cell
types is contracted in this stage. The contraction of the tissue is due to the
forces that cells (fibroblasts and myofibroblasts) exert in response to the
change in the material properties in the damaged area. Indeed, myofibrob-
lasts are able of exerting higher traction forces than fibroblasts. Thus, an
adequate proportion between both cell types is crucial for avoiding heal-
ing disorders. After reepithelialization superfluous cells disappear from the
granulation tissue, mainly by apoptosis. Once this process is concluded, an
initial scar is formed.
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Figure 3.7: Phases of wound healing. a) inflammation, b) epithelialization, c)
remodeling. Picture from Gurtner et al. (2008).

3. Remodeling: Once the collagen level in the wound reaches that of the
undamaged skin, collagen begins to reorganize. At the beginning of the
process, collagen fibers are randomly oriented. However, as time evolves,
collagen fibers tend to orientate along preferred directions, usually paral-
lel to the skin tension lines. Tissue properties evolve increasing its tensile
strength towards that of healthy skin. Despite tissue functionality is mostly
recovered after several months to years (Figure 3.7(c)), a complete recovery
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is never achieved because the properties of the newly formed tissue remain
slightly lower than the properties of the healthy tissue.

During each stage several phenomena governed by cellular species and growth
factors take place simultaneously (see Figure 3.6). Most of the cellular processes
that occur during wound healing, such as proliferation, differentiation and growth,
are highly influenced by growth factors (GF’s). Growth factors are chemical sub-
stances usually secreted by cells, that also stimulate cell activity. A list of the
principal growth factors that guide wound healing processes is included in Table
3.2

3.2.2 Complications of wound healing

Wound healing stages normally follow a predictable progress. Superficial cuts or
abrasions heal quickly following the usual progression. If the regular time scheme
is not followed or the injured person suffers from any kind of physiological dis-
order, healing can lead into healing difficulties such as pathological scars (hyper-
trophic scars and keloids) or chronic wounds (such as pressure ulcers, diabetic
foot ulcers and venous ulcers).

Wound healing ends with the creation of the scar, which is composed of a non-
functioning mass of fibrotic tissue (Gurtner et al., 2008). This tissue is made
mainly of fibroblasts and extracellular matrix which contains the same protein
(collagen) as the unwounded tissue but with a different composition (Gauglitz
etal., 2011). Abnormal scars can appear when the production and degradation of
ECM is not well balanced. Fibroproliferative disorders generate excessive scar-
ring, which can lead into different scar types characterized by the amount and type
of overexpressed collagen. While hypertrophic scars are made of type III colla-
gen, keloids contain type I and type Il collagen. Hypertrophic scars are caused
by an excessive collagen production. They occur when there is a traumatic skin
injury, such as wound infection or excessive wound tension (Gauglitz et al., 2011)
and 40-70% of surgery scar can lead into hypertrophic scars. Hypertrophic scars
usually grow only upwards, whereas keloids are a type of tumoral hypertrophic
scars characterized by their excessive growth, affecting tissue that initially did not
belong to the wound. This aberrant scars usually appear in zones with high ten-
sion and cause pain, pruritus and contracture, decreasing the quality of life of the
patient (Gauglitz et al., 2011).
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Equally problematic than excessive scarring is impaired wounding, which give
place to chronic wounds. Chronic wounds take longer than normal wounds to
heal and usually they do not heal completely without help. There are a number of
factors that contribute to the occurrence of chronic wounds such as systemic dis-
eases (diabetes), arterial insufficiency, infection or advanced age. The first cause
of chronic wounds are venous ulcers (Snyder, 2005), caused by the malfunction
of venous valves and a non adequate vascular ingrowth. Venous ulcers usually ap-
pear in the legs, are more likely in diabetic patients and in critical cases they end
in the amputation of the limb. Diabetic patients have around 15% of probability
of suffering a diabetic foot ulcer, an open sore located in the bottom of the foot.
The main factors that give place to diabetic foot are vascular disease and diabetes
neuropathy, a decrease in sensing pain caused by nerve damage after maintained
high blood glucose levels. Moreover, diabetes impairs the normal evolution of the
healing process, prolonging the inflammatory stage, which delays the formation
of granulation tissue and reduces wound tensile strength (Ogawa and Hsu, 2013).
Due to its high impact, a number of solutions have been developed to treat chronic
wounds in diabetic patients, including the application of growth factors, the use
of skin substitutes, negative pressure therapies and hyperbaric oxygen therapy
(HBOT).

Pressure ulcers are also one of the most complicated wounds to heal, and are
produced usually when the patient must stay immobile for long periods of time,
mostly in bed or wheelchair. Thus, pressure ulcers appear usually in places where
there is a bony prominence, such as the sacrum, coccyx, hips or heels, as a result
of the constant pressure that is applied to the soft tissue (Bluestein and Javaheri,
2008). As a consequence, blood flow is decreased, leading to ischemia and tissue
necrosis. As the pressure ulcer evolves (Figure 3.8), tissue thickness is reduced
until the dermis is destroyed and the underlying fat is exposed. In the most severe
stages (3 and 4) of pressure ulcer, fat also disappears and bones and muscles
are uncovered (Topman et al., 2012). The first stages of pressure ulcer appear
after a few hours of immobility. Therefore, the best way to prevent them is a
constant change of the patient position, usually every two hours (Bluestein and
Javaheri, 2008), to allow a change in the pressure distribution. The most extended
treatment for pressure ulcers consists on the debridement of the necrotic tissue to
avoid bacterial growth.

Finally, another complication that can arises from wound healing is tissue con-
tracture. It 1s caused when dermal scar tissue continues shortening after healing
by shortening of the ECM material caused by an excessive myofibroblasts popu-
lation (Tomasek et al., 2002; Li and Wang, 2011). The forces generated by my-
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Figure 3.8: Pressure ulcer stages (Gauglitz et al., 2011)

ofibroblasts give place to a permanent excessive contracture that decreases tissue
functionality reducing the tissue mobility in extreme cases.

These healing disorders together with their solutions are summarized in Table
3.3.

3.2.3 Healing strategies

Preventing the appearance of healing complications is the first strategy for a proper
recovery after injury. One of the most extended therapies to help impaired heal-
ing is applying skin grafts, which consists on the transplantation of tissues from
the same patient or from another subject of the same or different species (Billing-
ham and Medawar, 1951) to the affected area. It is usually used in diabetic foot
disease, venous ulcers or microsurgery wounds (Lineaweaver, 2013). In this pro-
cedure, damaged skin is removed from the patient and replaced by the new tissue.
Implants can be half-skin thickness or full-skin thickness when wounds are more
complicated (Rose et al., 2014). Less frequently, tissues artificially created with a
specific purpose are transplanted instead of the natural ones (Tauzin et al., 2014).
Some complications that can arise from this technique are infection, nerve damage
or tissue rejection.

As it is known that wound healing has a high mechanical component, there
exist a number of mechanical-based solutions, that modify the mechanical state
of the wound. It has been proved that the use of fixable materials such as sutures,
tapes or sheetings that limit skin stretching and reduce tension in the wound help
to avoid the appearance of hypertrophic scars (Visscher et al., 2001; Widgerow
et al., 2000). Nevertheless, when it is not possible to avoid this wounds to appear
a number of treatments are available.
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One of the most applied devices is the vacuum assisted closure (VAC), which
consist on a foam cover that is laid over the wound and sealed with a film. Neg-
ative pressure is applied using a vacuum pump and a drainage tube to promote
faster tissue growth (Argenta and Morykwas, 1997; Scherer et al., 2002). Hydro-
static pressure gradients and shear forces can be regulated with these devices.

Another therapy based on the use of different pressures is the hyperbaric oxygen
therapy (HBOT), that consists on applying 100% oxygen to the body at a pressure
higher to 1 atmosphere. It has been applied to various wound types, for instance
acute wounds, chronic wounds and diabetic wounds (Eskes et al., 2011). Eskes
et al. (2011) performed a review to find the effect of HBOT on acute wounds.
They found that HBOT is beneficial in patients with crush injuries or burns, and it
is more effective when applied together with skin grafts. HBOT has multiple pos-
itive effects such as reducing infection and cell death, generation of oxygen free
radicals, inhibition of bacterial functions and the improvement of the transport of
certain antibiotics. Moreover, HBOT amplifies oxygen gradients around ischemic
wounds and improve the formation of collagen matrix (Gill and Bell, 2004). The
main negative effects of HBOT are elevated pressure and hyperoxia, which can
cause problems in the photoreceptor and hearing system.

One of the most used methods for treating hypertrophic scars is pressure ther-
apy. the effects of this therapy are mainly acceleration of the remodeling process
and reduction of the scar thickness together with a stiffness decreasing.

Finally, although it has not been yet applied to humans, the use of specific
growth factors to promote wound healing has been seen to be effective. Kwon
et al. (2006) studied the effect of applying certain epidermal growth factor (re-
combinant human epidermal growth factor rhEGF) in full thickness wounds in
rats. They applied EGF topically, finding that wound closure was higher in pres-
ence of the growth factor. The use of EGF increased the proliferation of myofi-
broblasts and the rate of collagen production. Moreover, it has been proved that
EGF decreases scar formation.

3.2.4 Scar mechanical properties

After a wound heals, the newly created tissue has not the same properties as the
initial one. It has been reported that wound tissue shows only about 20 % of their
normal strength in the first three weeks. Moreover, healed tissue only presents
around 70 % of the resistance of the undamaged tissue (Levenson et al., 1965).
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Although there are not many experimental works that measure the scar tissue
properties, some authors have done it. Among them, Clark et al. (1996) used the
elastic modulus and the strain of the skin to determine the severeness of post-
burning hypertrophic scars. Hypertrophic scars present different properties from
normal scars, becoming stiffer and less extensible as long as the scar is more se-
vere. Clark et al. (1996) chose large scars on the arm and forearm and performed
extensometer test of the scars and healthy skin of the unaffected arm when possi-
ble.

3.2.5 Mechanosensing and mechanotransduction in wound heal-
ing

Physiological processes are dependent of multiple biological and chemical fac-
tors. For example, Vaughan et al. (2000) studied the effect of transforming growth
factor-B; (TGF-B;) on myofibroblasts. They found that the force generated by
myofibroblasts is dependent of the TGF—g; dose, as it regulates the expression
of @—SM actin. Moreover, TGF—g, also stimulates fibroblasts differentiation into
myofibroblasts and increases collagen production (Petrov et al., 2002).

Although these biochemical factors, have a crucial role in physiology, they are
not the only regulatory factor. Multiple studies have shown evidence about the
influence of mechanics on these processes. Mechanical forces such as stretching
tension, shear force, scratch and compression, among others, are perceived by
cellular mechanoreceptors/mechanosensors (Ogawa, 2011).

Hinz et al. (2001) elucidated whether mechanical tension enhanced fibroblasts
differentiation in vivo. With this purpose, they studied full-thickness wounds in
rats, using a plastic frame in some wounds to splint them and induce a higher
mechanical tension. Hinz et al. (2001) found that higher tension induced greater
tissue contractility and myofibroblasts markers, which should be a consequence
of the formation of stress fibers. Furthermore, a—SMA expression is favored by
mechanical tension (Grinnell, 2000).

Experimental evidence suggest that cells feel and react to mechanical stimuli
from their environment (mechanosensing) to regulate their activity and to turn
their environment into a more comfortable one. Analogously, cells can translate
biochemical information into mechanical activity (mechanotransduction). Pro-
cesses like cell migration, differentiation or force generation have been proved to
be influenced by mechanical stimuli.
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One of the most studied mechanical stimuli is tissue stiffness. The attraction
of cells to rigid substrates is called durotaxis, and it is though to be one of the
mechanisms involved in tumor growth (Harland et al., 2011).

Pelham and Wang (1997) investigated the motility of fibroblasts on substrates
with different stiffness. They hypothesized that cells evaluate the stiffness by
pushing and pulling their integrin receptors. This observation is consistent with
the idea that the mechanical environment is evaluated by the cell through their
actin-myosin mechanism. Moreover, they observed that focal adhesions became
more stable when the substrate stiffness was increased. Cells are anchored to the
substrate through focal adhesions (FA) and show different behaviors depending
on the mechanical properties of the substrate. Discher et al. (2005) reviewed the
influence of the substrate stiffness in cellular activity. Cells generate contractile
forces through their actin and myosin filaments. Moreover, cells adhere only to
substrates that have a stiffness higher than a threshold value, creating more stable
focal adhesions in stiffer substrates and regulating the force generation in response
to the resistance of the substrate. Wells (2008) also summarizes the effect on cell
functions such as differentiation and proliferation when the substrate (ECM) stiff-
ness is modified, finding in liver cells similar conclusions to Pelham and Wang
(1997).

Mitrossilis et al. (2009) also demonstrated that cells on elastic substrates modify
their activity according to the substrate stiffness. Mitrossilis et al. (2009) wanted
to elucidate whether cellular response was determined by stiffness or forces by
applying a uniaxial traction to a single living cell. Their in-vitro experiments
demonstrated that the forces exerted by cells increase as the substrate becomes
stiffer, and that a saturation force level is reached.

In addition, Jones and Ehrlich (2011) performed in-vitro tests on collagen sur-
faces of different stiffness. Their results demonstrate that substrate stiffness con-
ditions the secretion of integrins.

3.3 Computational models of wound healing

For the last decades, mathematical models have been developed to study differ-
ent biological and physiological processes such as tissues damage and recovery.
In particular, a number of these models have focused on skin and wound heal-
ing. Theoretical models are of great importance, they can help to elucidate why
a wound heals properly or leads into a chronic wound. Moreover, theoretical
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models offer the possibility of studying the factors that have influence in wound
healing. These factors can be analyzed isolated or together with other factors and
it is possible to elucidate which factors are more important.

During the last few years wound healing and more particularly some processes
such as wound contraction and angiogenesis have been broadly modeled using
continuous models. Nevertheless, a model that includes all the wound healing
stages has not been developed yet, as the number of processes and variables in-
volved is too large and it would require a high computational capacity and would
take large calculation times.

The most relevant aspects of the reviewed models are summarized in Table 3.4.

3.3.1 Epidermal wound healing models

A first work about epidermal wound healing was developed by Sherratt and Mur-
ray (1990). Epidermal wound closure is due only to epidermal cells migration and
it is not affected by wound contraction, that only takes place when deeper layers of
the skin are affected. Sherratt and Murray (1990) proposed a continuous reaction-
diffusion model setting that a chemical growth factor produced by epidermal cells
diffuses through the tissue. Furthermore, cell variation comes from migration and
mitosis regulated by the produced chemical factor and also by apoptosis (Clark,
1988; Folkman and Moscona, 1978). The model was applied to predict epidermal
wound healing in a circular wound considering that the wound had healed when it
reached a cell density higher than the 80 % of the cell density of the healthy tissue.
Sherratt and Murray (1990) compared their results with one of the few experimen-
tal works about epidermal wound healing, performed by Van den Brenk (1956) in
rabbits ears. Sherratt and Murray (1990) proposed the first model including chem-
ical control, and it has been the base for most of the subsequent wound healing
and contraction models. Moreover, their model has been also adapted to simu-
late wound healing in other tissues. For instance, Dale et al. (1994) adapted it to
study corneal epithelial wound healing as a function of the epithelial growth fac-
tor (EGF). In addition, epidermal wound healing has been simulated together with
other processes that take place simultaneously, such as angiogenesis (Maggelakis,
2003).
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3.3.2 Wound contraction models

Although epidermal wounds represent a good first approach to study wound heal-
ing, those wounds that affect deeper layers and present more difficulties to heal
are also more interesting to study. It has been observed that wounds that reach
the dermis do not heal only with the effect of cell migration and more complex
mechanisms are needed for a success healing.

Wound contraction is one of the most important processes during dermal wound
healing and it is highly influenced by mechanics. The reduction of the wound size
is due in part to the retraction of the wound contour inward. This displacement is
created by the balance between the forces that cells generate in the tissue where
they are embedded and the resistance that the tissue offers to be deformed.

The first wound contraction model was proposed by Tranquillo and Murray
(1992) and it has been the base for most wound contraction models until now. The
model was composed by a set of differential equations describing the conservation
of a cellular species (fibroblasts) and the collagen density of the ECM and the lin-
ear momentum of the matrix. Tranquillo and Murray (1992) included the effect of
cell growth, migration and diffusion together with the passive convection due to
the ECM movement. On a first approach they considered that the ECM variation
was due only to its passive convection. Later, they proposed a more realistic ECM
evolution law that includes ECM synthesis by fibroblasts. Moreover, in the same
work they proposed a more complete biochemical model including the chemo-
tactic effect of a chemical growth factor. The linear momentum law included a
force balance between the matrix (characterized as a viscoelastic material) and
the traction forces exerted by cells. They considered a domain divided into two
parts, the wound and the surrounding healthy skin. The model investigated one
dimensional wounds and followed the displacement of the wound margin during
time to measure the wound size.

The model of Tranquillo and Murray (1992) was later extended by Olsen et al.
(1995). Olsen et al. (1995) proposed a wound contraction model that included
the displacement of the contracted tissue and applied it to normal and patholog-
ical wounds. One of the main differences between the works of Tranquillo and
Murray (1992) and Olsen et al. (1995) is the incorporation of the effect of my-
ofibroblasts in the contraction process by Olsen et al. (1995). Myofibroblasts are
non-motile activated fibroblasts that due to their similarities to muscle cells are
able to exert higher traction forces than fibroblasts. It has been reported that a
proper contraction level is not reached without myofibroblasts forces (Tomasek
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et al., 2002). Olsen et al. (1995) model describes the temporal evolution of fibrob-
lasts, myofibroblasts, a chemical growth factor and the extracellular matrix during
wound contraction. To model the cellular evolution they included cell mitosis,
differentiation, apoptosis, passive convection for both species and fibroblasts mi-
gration due to random dispersal and chemotaxis. They predicted the evolution of
the wound until reaching a steady state. Following Tranquillo and Murray (1992),
they applied the model to unidimensional geometries, which reduces its applica-
bility to circular wounds assuming axisymmetry.

Cook (1995) proposed a mechanochemical model for dermal repair accounting
tissue contraction. Cook (1995) uses the zero stress state approach, that assumes
an unstressed state for all the elements, to which a relative strain is measured.

Despite, these models included a great number of the factors that guide wound
healing, wound contraction is highly influenced not only by cellular and chemi-
cal stimuli, but also mechanics. Cells are able to feel the mechanical environment
where they are and regulate their activity, for instance force generation, in function
of certain mechanical properties or stimuli. Processes like cell migration, differ-
entiation or force generation have been proved to be influenced by mechanical
stimuli (Discher et al., 2005; Mitrossilis et al., 2009; Harland et al., 2011).

Therefore, wound healing and wound contraction models have evolved includ-
ing the regulatory effect of mechanical variables in different biochemical pro-
cesses (Javierre et al., 2009; Murphy et al., 2011, 2012). Nevertheless, there is
not a common opinion about which is the involved mechanical stimulus that reg-
ulates the cellular mechanosensing mechanism.

Following the work of Olsen et al. (1995), Javierre et al. (2009) proposed a
mathematical model of wound contraction including fibroblasts, myofibroblasts,
collagen, a generic growth factor and the tissue displacements. They included
the effect of mechanical stress to regulate cellular processes, defining the traction
stresses generated by cells through the concept of net stress of one fibroblasts cell
per unit of ECM matrix introduced by Moreo et al. (2008). Moreo et al. (2008)
proposed a mechanosensing model applicable to cellular processes such as migra-
tion or proliferation, based on the Hill’s model for skeletal muscle behavior. On
their work, they proposed a model to evaluate the octahedral stresses exerted by
cells as a function of the tissue stiffness. They evaluated this stress trough two
components. The first measures the contractile stresses generated by the myosin
machinery transmitter thorough actin bundles and a term related to the contrac-
tile stress supported by the passive resistance of the cell (absorbed by the micro-
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tubules). These two contributions give place to the stress that the cell effectively
transmit to the ECM. This approach considers that the strain that the substrate
and the cell suffer is the same. They also included this factor in the expression of
fibroblasts differentiation into myofibroblasts, as it had been experimentally ob-
served that differentiation is guided by mechanical tension (Hinz and Gabbiani,
2003; Tomasek et al., 2002). Javierre et al. (2009) also focused their model on the
study of different wound geometries, creating one of the first 2D wound contrac-
tion mechanochemical models. Thus, they studied how the elongation of elliptical
wounds affects the wound contraction.

Following Cook (1995), Murphy et al. (2011) developed a 1D model repro-
ducing the interaction between the cellular, chemical and mechanical phenomena
adding new factors. As it has been proved that TGF-g is critical in dermal repair
(Shah et al., 1992), they included its kinetics on their model. They proposed a
differentiation mechanism, from fibroblasts to myofibroblasts, activated by TGF-
B and tissue stress. They applied the model to investigate how the wound heals
producing certain disorders. When there is excessive TGF-S it gives place to con-
tracture caused by excessive myofibroblasts forces. On the other hand, the wound
contracts insufficiently when TGF-£ disappears too fast and there are not enough
myofibroblasts to generate forces. They found the same effect when the myofi-
broblasts kinetics were modified by changing its differentiation from fibroblasts
and death rate. As a main difference with previous models, Murphy et al. (2011)
used linear elasticity to model the skin behaviour instead of the viscoelastic model
chosen by other authors (Tranquillo and Murray, 1992; Olsen et al., 1995).

Following the work by Tranquillo and Murray (1992), Murphy et al. (2012)
proposed a more complex model that included the effect of more factors. In addi-
tion to the TGF-g kinetics, they added the effect of collagenase (an enzyme that
contributes to new tissue formation) on the collagen concentration. One of the
main differences of Murphy et al. (2012) model with previous models was the dif-
ferentiation mechanism from fibroblasts to myofibroblasts. They set that the me-
chanical stimuli which guides differentiation was the positive elastic stress. This
idea was first introduced by Hall (2008), while previous approaches proposed that
this stimulus was cell traction stress (Javierre et al., 2009). They followed the ap-
proach proposed by Tranquillo and Murray (1992) to evaluate the traction forces
exerted by cells, taking them proportional to the collagen density and cell concen-
tration and neglecting the saturation terms dependent on cell densities (Tranquillo
and Murray, 1992) or ECM densities (Olsen et al., 1995; Javierre et al., 2009). As
a main difference with previous models (Olsen et al., 1995; Javierre et al., 2009),
Murphy et al. (2012) assumed that myofibroblasts generate traction forces even
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in the absence of fibroblasts, as it is experimentally evidenced (Tomasek et al.,
2002). They also assumed that there is not differentiation back from myofibrob-
lasts to fibroblasts. Following Olsen et al. (1995) they considered the skin to be a
viscoelastic material, although Murphy et al. (2012) uses a evolutive law to evalu-
ate the elastic modulus proportional to the collagen concentration. As in previous
models, they studied superficial circular wounds approximated by an unidimen-
sional axisymmetric model.

3.3.3 Computational models of angiogenesis during wound heal-
ing

Vascular growth has been also broadly modeled and simulated, mainly angio-
genesis and vasculogenesis. While vasculogenesis is the formation of new blood
vessels when there is no pre-existing vasculature, angiogenesis consists on the
formation of new blood vessels from pre-existing ones, being this the case during
wound healing. Angiogenesis is also involved in other biological processes, for
instance tumor growth or embryogenesis, and most of the computational works
about angiogenesis are focused on simulating angiogenesis in cancer (Anderson
and Chaplain, 1998; Chaplain, 2000; Mantzaris et al., 2004) due to its social
impact nowadays. Nevertheless, angiogenesis in wound healing has been also
broadly modeled. Pettet et al. (1996a) presented the first angiogenesis model ap-
plied to wound healing, based on the fungal growth model of Edelstein (1982).
It comprises a set of differential equations to model the evolution of capillary-tip
endothelial cells migrating chemotactically to a macrophage-derived chemoattrac-
tant regulated by the vasculature density. Oxygen supply was not included in the
model and oxygen levels were assumed proportional to the vessel density and
later included as a primary variable in a model extension (Pettet et al., 1996b),
in which they also included the effect of fibroblasts and the extracellular matrix.
Both models were used to reproduce two-dimensional wound geometries approx-
imated by a one-dimensional model, and allowed to reproduce the evolution of
normal wounds and also non-healing wounds.

Maggelakis (2003) developed an angiogenesis model that included the effect of
macrophage-derived growth factors (MDGF), the capillary density and the tissue
oxygen concentration in one dimension. She proposed that oxygen is provided to
the wound by capillaries and consumed by macrophages, that appear when there
is a low oxygen concentration and secrete MDGEF, at the same time that diffuses
through the tissue. Finally, high levels of MDGF enhanced the appearance of cap-
illaries regulated also by a negative feedback loop until reaching the maximum
capacity. The model was applied to study the dependence of the healing of a circu-
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lar wound with the oxygen supply. A subsequent model was proposed by Javierre
et al. (2008), adding a new variable: the epidermal growth factor (EGF) concen-
tration. They proposed a coupling between angiogenesis and a wound interface
due to cell migration to study the effect of oxygen availability on cell function
during epidermal wound healing in two dimensions.

One of the factors that impairs wound healing is hypoxia (the lack of oxygen)
(Schreml et al., 2010), which is necessary for cellular activity. Oxygen is mainly
supplied by capillaries and thus angiogenesis is crucial for restoring the regu-
lar oxygen flux. Therefore, many authors have proposed angiogenesis models
focused on the role of oxygen during angiogenesis. Schugart et al. (2008), pro-
posed a seven-variables model, following Pettet et al. (1996b), adding the effect
of macrophages. They studied for the first time the role of the tissue oxygen ten-
sion in the wound healing process and set that there is an optimal level of hypoxia
for vascular growth and wound healing. In some cases, natural oxygen supply
is not enough for an adequate healing, causing hipoxia and ending subsequently
in chronic wounds. Flegg et al. (2009) simulated one of the techniques used to
treat this pathology, the Hyperbaric Oxygen Therapy (HBOT) which consist on
the deliberated elevation of oxygen levels. They studied the effect of the HBOT in
angiogenesis in acute and chronic wounds. On a first approach Flegg et al. (2009)
studied the evolution of oxygen density, capillary tips and blood vessels. They
predicted that intermittent HBOT helps chronic wounds to heal but normobaric
oxygen has not positive effects. Later, Flegg et al. (2010) expanded the model
including the effect of a chemoattractant, fibroblasts and the ECM, and applied it
to chronic diabetic wounds. They studied the effect of different pressures, oxygen
percentage, exposition time and frequency. From all the studied cases they found
that the therapy is beneficial only under certain conditions.

In a similar way that wound contraction depends on mechanical factors, angio-
genesis is also influenced by mechanics. Although there exist multiple mechanochem-
ical wound healing models (Tranquillo and Murray, 1992; Olsen et al., 1995;
Javierre et al., 2009; Murphy et al., 2011, 2012) there is still a lack of mechanochem-
ical models of angiogenesis in wound contraction. Vermolen and Javierre (2010)
developed a model including angiogenesis, wound contraction and wound closure.
They combined the model by Tranquillo and Murray (1992) to model the contrac-
tion process and Maggelakis (2003) model for the angiogenesis process. However,
they treated these processes isolated, without considering their interaction. They
studied the processes separately in the dermis and the epidermis, which allows the
study of deep wounds. Later, Vermolen and Javierre (2012) modified the model
adding the dermal regeneration process coupling it with the angiogenesis process.
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Manoussaki (2003) developed a mechanochemical model of angiogenesis tak-
ing into account the traction forces exerted by cells on the ECM, which was mod-
eled as a viscoelastic material. Moreover, cells movement was caused by chemo-
taxis guided by a chemical factor regulated by themselves. Although Manoussaki
(2003) did not focused on wound healing, her model could be adapted to this
application. Xue et al. (2009) extended the model by Schugart et al. (2008) incor-
porating the mechanical behaviour of the skin.

3.3.4 Limitations of existing models

Mathematical models of biological processes usually come from a same initial
model. Although authors extend these models adding new factors and variables,
sometimes they do not focus their effort on solving model limitations, that are
transmitted from one model to the subsequent ones.

One of the main limitations of wound contraction models is that they are limited
to one dimensional geometries (Murray et al., 1998; Sherratt and Murray, 1990;
Schugart et al., 2008; Murphy et al., 2011; Olsen et al., 1995, 1996; Murphy et al.,
2012). This is useful for studying simple axisymmetric geometries because they
allow the spatial problem to be reduced to a one-dimensional model, which is less
time and resources consuming. However, this oversimplification of the real wound
morphology limits their true predictive capacity. In this direction, some recent
works allow to study two dimensional geometries (Javierre et al., 2008, 2009;
Vermolen and Javierre, 2010, 2012), bringing models closer to realistic situations,
despite three dimensional models are required to obtain accurate representation of
the involved phenomena.

Another limitation of prior wound healing works is that they are focused on
tracking the evolution of superficial wounds, studying the evolution of the super-
ficial area and not taking into account the influence of wound depth on the contrac-
tion kinetics. Thus, Olsen et al. (1995); Javierre et al. (2009); Murphy et al. (2012)
use a plane stress approach to simplify the geometry of real wounds. However, the
phenomena that take place along the wound depth are equally important, although
have not been modeled due to its complexity. To our knowledge, only Vermolen
and Javierre (2012) study deep wounds, though the plane strain hypotheses are
adopted to reduce the wound geometry to two dimensions. As a matter of fact,
while using three dimensional geometries is the most realistic approach, using a
plane strain approach to study wounds along its depth can reveal useful informa-
tion without the complexity and computational cost of three-dimensional models.



CHAPTER 3. Introduction 97

There are some main differences when plane stress and plane strain approaches
are assumed. In first place, when simulating deep wounds there is part of the
boundary that is not surrounded by skin, while plane wounds are completely sur-
rounded by non-wounded tissue. This part of the boundary is in contact with the
air and it is represented by a free boundary. The major implication to this is that
it can move freely, as there is no tissue attached to it. When the mathematical
model is formulated, this free boundary must be treated differently to the con-
strained boundaries. Some of the simplifications that are assumed for the attached
boundaries are not applicable to this free boundary. From a numerical perspec-
tive planar wounds under plane stress hypotheses are easier to model as natural
boundary conditions do not need to be taken into account.

Another difference between the study of planar and deep wounds is the consid-
eration of the different skin layers involved in the model. When plane wounds are
simulated only the properties of the most superficial layer of the skin are taken
into account, as it has been the case in models of epidermal wound healing (Sher-
ratt and Murray, 1990; Maggelakis, 2003; Javierre et al., 2008) and some models
of dermal wounds healing (Tranquillo and Murray, 1992; Murphy et al., 2011,
2012). When deep wounds are represented, depending on the depth of the con-
sidered injury it is not possible to characterize the whole geometry with the same
properties. It is known that the most external layer of the skin, the epidermis, has
a thickness of micrometres. However, the dermis usually has a thickness from 1,5
mm to 4 mm and the hypodermis reaches different depths depending on the con-
sidered part of the body. Thus, when deep wounds are studied and the properties
of the different skin layers need to be considered in order to obtain more realistic
results.

Finally, one of the most limiting aspects in wound healing modeling is the me-
chanical characterization of the skin. Traditionally, a viscoelastic material model
has been used for modeling the mechanical behavior of the skin. This approach
captures accurately some time-dependent properties of the skin but also presents
some limitations. It has been experimentally proved that a hyperelastic consti-
tutive model fits better the skin behavior, although its characterization is more
complicated. Most of the wound healing models that include mechanics (tissue
deformation) have treated the skin (or its layers) as a viscoelastic material (Olsen
et al., 1995; Javierre et al., 2009; Murphy et al., 2012). However, implementing
skin as a hyperelastic material would allow to reproduce the skin behavior more
accurately, including the possibility of adding tissue anisotropy.



98 Mechanochemical modeling of wound healing

3.4 Experimental works

Despite there is a high number of computational models that simulate different
aspects of wound healing, there is a lack of experimental works in the field that
can help to corroborate the computational outcomes.

Because of ethical reasons, wound healing experiments in living subjects are
not frequent, almost inexistent in humans. Consequently, animal assays are the
best approach although they are also subjected to strong ethical considerations.
Moreover, mammals skin presents different mechanical properties to human skin,
and results obtained in these experiments can be used only as a qualitative pattern
for humans.

One of the firsts experimental studies is due to Van den Brenk (1956). Van den
Brenk (1956) studied epidermal wounds in rabbits ears. Their results were used
to validate Sherratt and Murray (1990) results.

McGrath and Simon (1983) studied the influence of shape and size in deep
wounds on rats. They observed the evolution of three wound geometries: a small
square, a large square and a circular wound with the same area as the large square.
To measure the wound size, McGrath and Simon (1983) tracked the movement of
some points defining the wound border. They differentiated healing due to wound
contraction and epithelialization. After a rapid wound distraction and a six-days
plateau phase, the wounds contracted during around 30 days, followed by a long
almost steady plateau. McGrath and Simon (1983) observed that after 70 days
all the wounds had experienced a similar contraction rate, reducing its size to the
35% of the initial size.

Additionally, most mammals such as rats and rabbits present a looser and more
elastic skin than humans, and the contraction levels are not comparable with those
from humans. However, pigs present a skin structure more similar to human, thus
the porcine model is widely accepted for comparisons. Roy et al. (2009) observed
the evolution of ischemic and non-ischemic circular wounds in pigs. They per-
formed the incisions and while some wounds were left to heal normally, others
were disrupted introducing silicon sheets between the dermis and the underlaying
tissue. In this way, ischemic wounds -in which re-epithelialization is impaired-
were reproduced. Roy et al. (2009) were able to measure the oxygen concentra-
tion and the partial oxygen pressure in the wound, finding higher oxygen satura-
tion levels in the non-ischemic wounds. They observed also wound closure along
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31 days, when the non-ischemic wound had almost closed but the ischemic wound
had achieved only around 80% of closure.

When comparing experimental results with human models, it must be taken into
consideration that each species has different time parameters due to their different
cellular and tissue kinetics (Reina-Romo et al., 2010). Thus, if a proper equiva-
lence between species is obtained, it is possible the comparison of experimental
results on animals to computational results on human models.

3.5 Objectives

The main objective of this thesis is the study of wound healing in the skin through
computational simulation and using a multiphysics approach. In order to achieve
this objective, a computational model that allows to reproduce wound healing un-
der different conditions has been proposed and implemented. More specifically,
the proposed model focuses on the wound contraction phase, as it has a strong
mechanical component. The model also allows to include more processes that
take place simultaneously to wound contraction, for instance angiogenesis. The
proposed model includes biological factors (cellular species, growth factors and
collagen) and also mechanical factors (characterization of the skin mechanical
properties and cellular contraction). To find the solution of the resulting governing
equations, the finite element method (FEM) is applied. The model is constituted
by two parts, one related to the biochemical analysis of the process and the other
regarding the mechanical analysis of the skin. First, the evolution of the biochemi-
cal species is evaluated with a reaction-diffusion system of equations. Second, the
mechanical behavior of the skin is modeled assuming the fundamental mechanical
relationships for the constitutive material model chosen to characterize it. The two
parts are related through a mechanosensing and mechanotransductor mechanism,
that regulates the behavior of the cells as a function of mechanical variables. The
model will allow to study different healing cases and different wound types. The
main objectives are summarized next:

e Adaptation of the model for the study of planar and deep wounds, in two
dimensions. Planar wounds are characterized by their superficial area, using
plane stress approach. Long and deep wounds can be studied through their
transversal section, under a plane strain approach and taking into account
the different skin layers that are affected by the injury.

e Use of several constitutive models (viscoelastic, hyperelastic isotropic and
hyperelastic anisotropic) to characterize the mechanical behavior of the skin.
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Viscoelastic materials are a good approximation to reproduce skin behav-
1or. Moreover, viscoelastic materials can be used when small deformations
theory is applied but not when the material works with large deformations.
In this case, hyperelastic materials should be used.

e Inclusion of other phenomena that take place simultaneously to wound con-
traction, such as angiogenesis. As it is known that every phenomena which
takes place during healing are interrelated, the inclusion of as much pro-
cesses as possible gives a more complete and realistic model. As a disad-
vantage, the resources needed to solve the problem increase together with
the model precision.

e Incorporation of new cellular kinetics laws depending on physical evidences,
based on experimental studies instead of the phenomenological laws pro-
posed until now.

e Solving the biochemical and mechanical problems with a fully coupled ap-
proach or a non-coupled approach. While a fully-coupled approach allows
to solve the whole problem at the same time, a non-coupled approach al-
lows to divide the problem and solve it in different stages. This is specially
useful to separate the biochemical and the mechanical analysis due to their
different time scales. Moreover, it allows us to use an updated Lagrangian
and updating certain variables between the two stages.

e Application of the model to different size and shape wounds in two dimen-
sions, both planar and deep wounds. The model capacity of reproducing
complex geometries, such as those considered in experimental works, al-
lows for a more thorough validation of the results.

e Application of the model to simulate three-dimensional wounds, in which
the effect of the superficial shape and wound depth are considered simulta-
neously.

e Incorporation of the collagen fibers in the healthy skin. Collagen fibers

allow to simulate the real anisotropy of the skin instead of isotropic simpli-
fications, which is important in the healthy skin surrounding the wound.
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CHAPTER 4

Conclusions

The main motivation of this thesis is the study of the skin after suffering an injury.
Understanding the wound healing process in order to reproduce it by computa-
tional models is crucial for advancing in developing healing solutions and surgical
procedures. To achieve this goal, a wound contraction model for human skin has
been proposed and developed to help in the understanding of the process and its
possible solutions when it does not follow the normal evolution.

The work has been focused on the theoretical point of view of the problem, in-
cluding spatio-temporal convection diffusion equations to describe the biological
problem combined with the formulation of the mechanical problem.

4.1 General conclusions

The main conclusions that have been obtained from this thesis, considering the
conducted numerical studies, are now summarized. Taking into account that
wounds that contract less will generate smaller scars, which is highly desirable,
the main conclusions from the biological point of view are the following:

e When deep wounds are studied through their transversal section, it is found
that wounds with the same area but different free surface length present
different contraction rates. Wounds that are deeper and narrower contract
less than wider and shallower wounds.

e When wound contraction and angiogenesis are simulated together in planar
wounds, it is found that more elongated planar wounds (elliptical) show a
faster vascularization than circular wounds. However, the contraction ex-
perienced by both wounds, in comparison with the initial size, is similar.
Faster biochemical processes in the elliptical wound can be caused by the
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faster diffusion of substances in that case, thanks to the higher relation of
contour respect to the wound surface.

e When the effect of size is analyzed in planar wounds, it is found that large
wounds begin to contract earlier in time. However, at the end of the con-
traction process they have contracted less than smaller wounds, in relation
to the initial wound size.

e In deep wounds it is very important to take into account the different skin
layers. The dermis and the underlying tissues have different mechanical
properties and the dermis is stiffer than the underlying tissue.

Regarding the model and its implementation and numerical aspects, the most im-
portant conclusions are:

e When wounds are analyzed under two dimensional simplifications, the most
important decision is whether to study the wound under a plane strain or
plane stress approach. This means, studying the wound through its transver-
sal or superficial area and geometry. The selection between the two ap-
proaches depends on what type of wound is being studied.

e The mechanical material constitutive model highly determines the evolu-
tion of the contraction process. The use of more realistic models such as
the hyperelastic gives also more realistic results. Including the fibers into
the hyperelastic model of the skin allows to model its real anisotropic be-
havior. It has been found that the orientation of the fibers in the skin does
not modified highly the contraction rate but modifies the volumetric strain
distribution.

e Mechanical variables influence biological processes such as cell differen-
tiation and stresses generation. It has been postulated that the volumetric
strain is the mechanical stimulus that regulates this process as it depends on
the tissue stiffness.

¢ Inclusion of evidence-based laws instead of the existing phenomenological
ones provides results equally good but without the assumption component.

4.2 Original contributions

The development of this thesis has given as a result a computational model to
simulate wound healing that allows to include different processes and to study a
number of variables and their effect in the healing process. Aspects of this thesis
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that are completely new and had not been included in existing wound healing
models, as far as I know, are:

e The stress generation by the cells was modeled through a new law based
on experimental evidences. The previous mechanisms to represent these
stresses were mainly phenomenological, and although they provided good
results, there was no physical justification for them. The proposed model
generalizes from previous models with a cell-regulatory mechanism that
handles ECM rigidization and its impact on cell function.

e The phenomenological law for fibroblasts differentiation has been also up-
dated by a physical evidence-based law. Again, the proposed law follows
experimental observations using the tissue stiffness, which is easily measur-
able, as the guiding variable.

e A wound healing model that includes angiogenesis and wound contrac-
tion in three dimensions has been presented. Most of the existing models
reproduce two-dimensional geometries, using plane stress or plane strain
approaches or by one-dimensional simplifications. The development of a
three-dimensional model allows to study more complex and realistic ge-
ometries and also to analyze the global wound behavior.

e A hyperelastic material including the anisotropic effect of the collagen fibers
has been used to model the skin behavior. Existing wound healing models
do not take into account this behavior that clearly regulates the healing pro-
cess.

From a numerical point of view the main contributions are:

o A fully coupled approach and a fully decoupled approach have been for-
mulated to solve the problem. The traditional way of solving these kind of
problem is using the fully coupled implementation, that allows to evaluate
the biochemical and the mechanical problems at the same time. The contri-
bution from this work is the decoupling of the two models. This approach
allows to deal with the two different time scales of the biochemical and the
mechanical problems. Moreover, it allows to update variables between the
solution of the biochemical and the mechanical problems.

¢ A mesh update has been implemented for solving the problem on a more ac-
curate way. An updated Lagrangian algorithm has been used to upgrade the
mesh, which is needed to use the small strains approach. As the mesh can
suffer deformations higher than the allowed for the small strains approach,
considering the incremental deformations avoid this problem.



106 Mechanochemical modeling of wound healing

e A user element subroutine has been implemented using Abaqus® Hibbit
et al. (2008). This element incorporates the model equations that describe the prob-
lem and the boundary conditions of the problem, which is solved with the finite
element method. Moreover, the implementation of the boundary natural conditions
for a problem with a free boundary has been included in the formulation. Plain
stress and plain strain approaches are included in the two-dimensional element,
which allows to simulate planar and deep wounds.

4.2.1 Publications and communications

The work developed in this thesis has given place to three papers, published in JCR
journals and other paper is at the moment in the submission procedure. Moreover
a fifth paper has been published in a JCR journal as a result of the work developed
during a research stay in the USA. These papers are listed in Table

In addition to that, a total of 12 contributions have been presented in national
and international conferences. These contributions are listed in Table 4.2.

Finally, we have been invited to write a book chapter as a result of this work

Authors: E. Reina-Romo, C. Valero, C. Borau, R. Rey, E. Javierre, M.J. Gémez-
Benito, J. Dominguez, J.M. Garcia-Aznar

Title: Mechanobiological modelling of angiogenesis: impact on tissue engineer-
ing and bone regeneration

Book: Computational modeling in tissue engineering, pp.379-404

Date: 01/2013

DOI:10.1007/84152011_111 ISBN: 978-3-642-32562-5

Editorial: Springer-Verlag Berlin Heidelberg

Editors: Liesbet Geris.
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4.3

Future lines

Considering the results and conclusions obtained from the work developed in this
thesis and its limitations, some lines of future work could be defined:

Extension of the contraction two-dimensional model to three dimensional
geometries. The use of plane strain and plane stress simplifications allow to
study a large number of wound geometries and cases, but they also imply
loss of information in the simulation process. The actual three-dimensional
model includes angiogenesis and wound contraction guided only by the fi-
broblasts. The model is ready to be extended with the myofibroblasts and
collagen kinetics.

The volumetric cell behavior could be improved by a more complete ap-
proach, considering the anisotropic cell behavior. The model proposed in
the thesis considers that cells exert the same traction in every direction in-
dependently of the direction in which they are been deformed. A more
evolved model will distinguish the magnitude in which the cell is been de-
formed along each direction and thus will regulate the forces exerted as a
result of these different strains.

Incorporation of the remodeling phenomena in the wound tissue after heal-
ing. The actual model includes the fibers effect in the dermis while the
wound heals, but it does not reproduce the production and remodeling of
fibers in the healed wound. A more realistic approach will include the fiber
production and orientation in the tissue as long as it presents an adequate
healing level. Moreover, the fiber orientation will be regulated by the direc-
tion of higher stress levels.

Include all the skin layers in the three dimensional geometry. In a same way
than the dermis and the underlying tissue are distinguish in the plane strain
model, these layers can be separated in the three dimensional model, pre-
senting different properties. This modification will provide a more realistic
behavior.

Study of wound pathologies, in which healing is impaired, excessive or
presents other difficulties such as pressure ulcers or keloids. The study of
these cases could be simulated by properly adjusting the biochemical kinet-
ics or the skin properties.

Study of different healing solutions, such as sutures or other devices that
modify the mechanical conditions in which wounds are healed. The sim-
ulation of these phenomena will be of great help for clinicians to choose
favorable solutions in specific cases.
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SUMMARY

Wound healing is a process driven by biochemical and mechanical variables in which a new tissue is
synthesised to recover original tissue functionality. Wound morphology plays a crucial role in this process,
as the skin behaviour is not uniform along different directions. In this work, we simulate the contraction
of surgical wounds, which can be characterised as elongated and deep wounds. Because of the regularity
of this morphology, we approximate the evolution of the wound through its cross section, adopting a plane
strain hypothesis. This simplification reduces the complexity of the computational problem; while allows
for a thorough analysis of the role of wound depth in the healing process, an aspect of medical and com-
putational relevance that has not yet been addressed. To reproduce wound contraction, we consider the role
of fibroblasts, myofibroblasts, collagen and a generic growth factor. The contraction phenomenon is driven
by cell-generated forces. We postulate that these forces are adjusted to the mechanical environment of the
tissue where cells are embedded through a mechanosensing and mechanotransduction mechanism. To solve
the nonlinear problem, we use the finite element method (FEM) and an updated Lagrangian approach to
represent the change in the geometry. To elucidate the role of wound depth and width on the contraction
pattern and evolution of the involved species, we analyse different wound geometries with the same wound
area. We find that deeper wounds contract less and reach a maximum contraction rate earlier than superficial
wounds. Copyright © 2014 John Wiley & Sons, Ltd.
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KEY WORDS: finite elements; free boundary problem; wound healing; nonlinear convection-diffusion-
reaction; mechanosensing and mechanotransduction

1. INTRODUCTION

Skin is the protective barrier between internal organs and external aggressions. Occasionally, this
barrier is damaged and a number of complicated processes are needed to recover the initial func-
tionality of the skin. Different injuries such as burns, cuts, ulcers and surgery scars cause a reduction
in skin quality, making the wound healing process to recover the appropriate properties [1].

Wound healing is mainly driven by different cellular species (fibroblasts, myofibroblasts, epithe-
lial cells and macrophages) and growth factors (macrophage-derived growth factor, transforming
growth factor (TGF)—«, TGF—p, platelet-derived growth factor and vascular endothelial growth
factor). These species undergo several processes (proliferation, differentiation, migration and apop-
tosis) that modify their concentration, regulating the evolution of the wound. Wound healing is
usually divided into three stages: inflammation, tissue formation and scar remodelling [2]. During
the inflammation stage, a fibrin clot is formed at the wound site and a number of growth factors are
released. During the second stage, different cellular species are attracted to the clot by the growth

*Correspondence to: C. Valero, Multiscale in Mechanical and Biological Engineering, Aragén Institute of Engineering
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factors released during inflammation. Epidermal cells proliferate into the wound area, granulation
tissue appears and new blood vessels begin to grow to supply oxygen and nutrients to the new tissue
[1]. Fibroblasts secrete collagen to create a new extracellular matrix (ECM) that will replace the
temporary fibrin clot. In this stage, the wound reduces its size and acquires a tensional state that will
slowly relax. Finally, in the remodelling stage, previously synthesised collagen fibres align with ten-
sion lines in such a way that the damaged tissue gradually recovers most of its initial functionality.
In the last stage, previously initiated processes end, and cell types that are no longer needed die and
are removed.

Wound contraction is one of the most important processes during wound healing. This process
is strongly influenced by not only cellular and chemical species but also mechanics. Cells feel the
mechanical changes on the substrate in which they are embedded and regulate the forces they exert
corresponding to this mechanical environment [3—5]. Therefore, most wound healing studies include
both biological and mechanical factors in their models [6—10]. In addition, wound geometry is one
of the most important characteristics in determining the evolution of the healing process. Wounds in
the skin can be classified according to their dimensions. Wounds with a large superficial area and a
shallow depth should be treated differently than deep wounds with a relevant depth.

For a number of years, mathematical models have been developed to study different biological and
physiological processes [11]. Prior wound healing works have focused on tracking the wound super-
ficial area over time, neglecting any influence of wound depth on the contraction kinetics [6,9, 12].
Previous works on wound healing [8, 13—15] and wound contraction [9, 12, 16] have mostly studied
wounds from a one-dimensional (1-D) perspective or under the assumption of plane stress. These
models consider simple axisymmetric geometries and allow the spatial problem to be reduced to
a 1-D model. Recent works have considered more realistic wound geometries [6, 10], solving the
two-dimensional (2-D) spatial problem but neglecting the wound depth. 2-D models allow the study
of complex wounds with more realistic geometries. From a numerical perspective, planar wounds
are easier to model as the boundary conditions are the same for the whole boundary and the natu-
ral boundary conditions do not need to be taken into account. Therefore, in this work, we focus
on the numerical solution of the governing system without boundary simplification to obtain a
model applicable to both wound types. Hence, we present a mathematical model that can repro-
duce the evolution of both (superficial and deep) wounds. We focus on the simulation of deep and
elongated wounds to consider the different behaviours of wounds along different directions. The
healing of deep and elongated wounds varies from that of planar wounds because all involved phe-
nomena mainly occur along the wound depth. From a mechanical perspective, the hypotheses of
plane strain and a free boundary on the top surface of the wound are adopted. Note, moreover, that
this approach to wound healing is the closest approximation to a three-dimensional spatial model
of wound healing. Three-dimensional models are desirable to capture more realistic and complex
wound morphologies. However, they are much more complex to develop and more expensive com-
putationally. There are still many hypotheses on cell and tissue behaviour that need to be properly
addressed using the predictive power of three-dimensional wound healing models. Therefore, from
a modelling and simulation point of view, 2-D models present the most affordable option with less
simplification of hypotheses than 1-D models. To the best of our knowledge, a model with these
characteristics has not been developed previously.

The FEM is used to conveniently manage the complex wound geometries and free boundary. A
nonlinear finite element is implemented to solve the mechanical equilibrium of the tissue and evo-
lution of the chemical and cellular species simultaneously. The finite element approximation of the
highly nonlinear and coupled convection-diffusion-reaction governing equations allows us to pro-
pose a strict linearisation of the governing equations, which yields a linear system of equations that
are easy to solve on each time increment.

2. MATHEMATICAL MODEL

The aim of this work is to address the difference between planar and long deep wounds, specifi-
cally the effects of wound morphology and mechanical behaviour. Superficial wounds are studied
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assuming a plane stress approach because their depths are much smaller than their other dimen-
sions. In contrast, long deep wounds are studied under a plane strain approach because the wound
behaviour is assumed to be the same along their lengths, and thus, only the transversal section should
be studied. Furthermore, in long deep wounds, the upper part of the wound edge is in contact with
the external environment with no constrains on its movement, which allows a different contraction
pattern.

In this work, we present the formulation and numerical solution of a model that reproduces
the contraction of elongated and deep wounds. The model formulation used here, based on the
mechanochemical coupling of different cellular species, growth factors and the ECM, is similar to
those in earlier works [6,9, 12], but fewer simplifications are assumed in its implementation than in
previous models.

Thus, to reproduce the wound status over time, we take into account biological and mechanical
factors that affect both the cellular kinetics and ECM mechanical evolution. This mechanochemical
coupling is supported by experimental results proving that cells not only respond to biochemical
stimulus but also modify their behaviour depending on the mechanical evolution of the skin [3,4].
Moreover, the mechanical contribution of the skin determines the way the wound contracts, a crucial
element of the healing process.

2.1. Governing equations

The model reproduces the temporal and spatial evolution of four different species within the wound
space and surrounding tissue. Following previous works [6,9,12], we considered two different cel-
lular species: fibroblasts and myofibroblasts. Fibroblasts (n) are motile cells inside the skin that
secrete ECM and exert traction forces on the tissue in which they are embedded. Myofibroblasts
(m) are nonmotile cells that appear in the skin because of the combined action of inflammatory
growth factors and mechanical stimulus and amplify the forces exerted by fibroblasts [17, 18]. The
secreted ECM is mainly composed of collagen (p), which gives structural support to the skin and
determines its mechanical properties. Collagen forms fibres that are synthesised and degraded by
fibroblasts and myofibroblasts [19]. Thus, we assume that collagen is the main component in the
skin that causes the stiffening effect of the newly synthesised ECM. The elastic modulus (E) is
therefore dependent on the collagen density through the equation £ = Eyp/po, where Eg and pg
are the elastic modulus and collagen density of the undamaged skin, respectively, considering that
the skin becomes stiffer as the collagen density increases [20, 21]. Finally, we consider a generic
growth factor (¢) accumulated at the wound site during the inflammatory phase that regulates cell
migration and cell function during the contraction process.

Each of the aforementioned cellular and chemical species follows a conservation law that incor-
porates the biological cues previously described. In general terms, this conservation law can be
expressed as

2—Q+V~JQ=fQ, D
t
where Jo denotes the net flux of the species Q and its net production, fp.

If we single out this equation for each of the four species, we find that the corresponding laws can
be written for fibroblasts (Eqn (2)), myofibroblasts (Eqn (3)), collagen (Eqn (4)) and growth factor
(Eqn (5)) as follows,
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where u represents the tissue displacements. The parameter values and descriptions can be found in
Tables I and II.

As the model reproduces wound contraction, we consider that wound healing is driven by not only
biochemical laws but also mechanical stimuli. Regarding the mechanical behaviour of the system,
we express the balance between the internal stresses and the external forces as

' (o'ecm + acell) = fouts (6)

where 0., denotes the ECM stress contribution. Following most works in wound contraction
[6,9, 12], we assume that the skin behaves as a viscoelastic material. Therefore, o .., can be
written as

O 0y E ( . 91) %)
Oeem = o . — | € 5
’“az Mzaz 1+v 1—2v

Table I. List of model parameters related to fibroblasts and myofibroblasts kinetics.

Parameter Description Value Observations
no Fibroblasts density in undamaged dermis 10* cells/cm? [12]
Dy, Fibroblasts diffusion rate 2.1072 cm?/day [221F
an Together with b, determines the maximal chemotaxis
rate per unit of GF concentration 410719 g/cm day [6]
bn GF concentration that produces 25% of the maximal
chemotactic response 21072 g/cm?3 [6]
'n Fibroblasts proliferation rate 0.832 day_1 [22]
T'n max Maximal rate of GF-induced fibroblasts proliferation 0.3 day_1 [6]
Cy /2 Half-maximal GF enhancement of fibroblasts proliferation 10~8 g/cm3 [12]
K Fibroblasts maximal capacity in dermis 107 cells/cm? [12]
K1 max Maximal rate of fibroblasts differentiation 0.8 day_1 [6]
Cy Half-maximal GF enhancement of fibroblasts differentiation 10-8 g/cm3 [6]
ko Myofibroblasts dedifferentiation rate 0.693 day_1 [6]
dy Fibroblasts death rate 0.831 day~! dp=rpn ( - %)i
€r Proportionality factor 0.5 [12]
dm Myofibroblasts death rate 2.1:1072 day_1 [6]

GF, growth factor.
f Adjusted to fit reported migration rate with a traveling wave model.
¥ Determined fibroblasts proliferation kinetics to remain in equilibrium away from the wound.
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Table II. List of model parameters related to collagen and growth factor kinetics.

Parameter Description Value Observations
e Collagen concentration in undamaged dermis 0.1 g/cm?3 [12]
Pini Initial collagen concentration in the wound 1073 g/em? [12]
co GF concentration in the wound 108 g/cm3 [12]
p Collagen production rate 7.59.10710 g3 /cm6 cellday rp = dppo (R% + p(z])i
T p,max Maximal rate of GF-induced
collagen production 7.59-107° ¢3 /cm6 cell day [12]
Cp Half-maximal GF enhancement
of collagen synthesis 1072 g/em3 [12]
n Proportionality factor 2 [12]
Rp Half-maximal collagen enhancement
of ECM deposition 0.3 g/em?3 [12]
dp Collagen degradation rate per unit
of cell density 7.59:10~8 cm3/cell day [12]
D. GF diffusion rate 5.1072 cm?/day [12]
ke GF production rate per unit of cell density 7.5-107% cm3/cell day [61%
¢ Proportionality factor 1 [12]
r Half-maximal enhancement
of net GF production 1078 g/em? [12]
de GF decay rate 0.693 day~! [6]

GF, growth factor; ECM, extracellular matrix.
¥ Determined collagen degradation kinetics to remain in equilibrium away from the wound.
§ Downestimated to prevent fibro-proliferative disorders [16] with the used GF decay rates.

where the elastic modulus of the ECM varies with the collagen density, 6 denotes the volumetric
strain of the ECM, & denotes the ECM deformation and I refers to the second-order identity tensor.
In contrast, 0 ..;; represents the stress exerted by the cells in the ECM

np

O cell = pcell(g) (] + ém) ml (8)

Cell densities play a crucial role in determining the contractile stress [18, 19], which is limited
by the collagen density and modulated by a mechanical stimulus, p.;;. This stimulus repre-
sents the net stress of one cell per unit of ECM [23] and is a function of the matrix volumetric
strain (0),

Koct Pinax
Pean(®) = 2P (01— 0) yi5, 4+1(6)
Kactel — Pmax (9)
Kactpmax
_— — * K6
A — (62— 0) x(0*.6,1(0) + Kpast

In this expression, the contributions of two different components of the cell to the generation of
stresses are considered, following the assumptions proposed by Moreo ef al. (2008) [23]. The active
contribution is a linear stiffness-dependent actuator that corresponds to the contractile mechanism,
simulating the force provided by the actin and myosin cross-bridges at the sarcomere level dur-
ing shortening. In fact, p,,, is the maximum force provided by the actomyosin system. Following
this approach, the series element K,.; corresponds to the stiffness of the actin components that are
aligned with the actomyosin motors. This model also considers a parallel component, K s, which
corresponds to the stiffness of different mechanical components of cells, such as the membrane,
microtubules and cytoplasm.
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Table III. List of model parameters related to the mechanical behaviour of cells and extracellular matrix.

Parameter Description Value Observations
Pmax Maximal cellular active stress per unit of ECM 107> N g / em? cell [6]
Kpas Volumetric stiffness moduli of the passive

components of the cell 2.107° Ng / cm? cell [23]
Kact Volumetric stiffness moduli of the actin

filaments of the cell 1074 N g/cm? cell [23]
61 Shortening strain of the contractile element —-0.6 [6]
6> Lengthening strain of the contractile element 0.5 [23]
T4 Half-maximal mechanical enhancement

of fibroblast differentiation 1075 N g/cm? cell [61
n1 Undamaged skin shear viscosity 200 N day/cm? [6]
7%} Undamaged skin bulk viscosity 200 N day/cm? [6]
E, Dermis Young’s modulus 33.4 N/cm? [24]
Vg Dermis skin Poisson’s ratio 0.3 [24]
Eyt Underlying tissue Young’s modulus 0.82 N/cm? [25]
Vut Underlying tissue Poisson’s ratio 0.459 [26]
& Myofibroblasts enhancement of traction

per unit of fibroblasts density 1073 em?/g [12]
R: Traction inhibition collagen density 5.107* g/cm? [12]
K Dermis tethering factor 107! N/em g Estimated

ECM, extracellular matrix.

Finally, fey; denotes the tethering forces created by the attachments to the underlying tissue, which
are proportional to the collagen density and the tissue displacements,

f. = spu. (10)

The parameter values and descriptions of the mechanical equilibrium equations can be found in
Table II1.

2.2. Boundary conditions

When modelling deep wounds, special attention should be paid to the evolution of species and
mechanical tension along the wound depth. Thus, detailed descriptions of the boundary conditions
for the different species are given in this section.

Given the fixed morphology of the wound (deep and elongated), we assume that the mechanical
evolution of the wound follows the plane strain hypotheses, neglecting deformations along its lon-
gitudinal direction. Furthermore, we simulate only the cross section of the wound. The wound is
assumed to behave in the same way in all its cross sections, except near the two ends, considering
the wound length is much larger than its other two dimensions (Figure 1). Let us denote the com-
putational domain as 2 (Figure 1). The computational domain consists of two parts, the wound and
the surrounding undamaged tissue. The undamaged tissue consists of two layers, the dermis and
the underlying tissue. The boundary of the domain d<2 consists of two distinct and nonintersecting
parts: the free boundary (I'y), which is in contact with the environment and can move freely, and the
fixed boundary (I'y), which is attached to the underlying tissue. Mathematically, it can be written as
Q=T Ul with[,NTy=4.

The computational domain €2 is large enough so that boundary effects on the evolution of the
species can be disregarded. Hence, on the outer boundary I, diffusive fluxes and displacements are
not allowed:

VO-np =0 and u=0 on [, (11)

for all species Q that migrate or diffuse through the tissue (that is, fibroblasts 7 and the generic
growth factor ¢). Here, nj denotes the normal vector pointing out from 2. On the upper boundary
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Figure 1. Boundary conditions.

I't, the situation is slightly different. The mass conservation of species Q implies, again, that there
is no diffusive flux. However, there is no constrain on the displacement profile. Consequently, the
stress vector t = on  should be zero, which yields

VO-n; =0 and t=0 on I} (12)

Hence, I'y behaves as a free boundary. Note that models focusing on the evolution of the wound
surface do not address this moving boundary; therefore, the boundary conditions in those cases are
given in Eqn (11) for the complete boundary.

2.3. Initial conditions

We initialise the analysis at the beginning of the proliferative stage, when cells have not yet begun
to appear in the wound site. As initial conditions, we fix the concentration of the species in the
entire domain. The cellular species, fibroblasts and myofibroblasts are not yet present in the wound.
However, the undamaged tissue is full of fibroblasts; myofibroblasts are not present here because
they only appear where damage has occurred. The new ECM has not begun to form in the wound
site; thus, there is only a small concentration of collagen belonging to the temporary fibrin clot.
The undamaged tissue has a normal collagen density. Finally, because during the previous stages
different growth factors were released into the wound site, we initiate our analysis with the wound
site full of growth factors but no growth factors present in the undamaged skin.

3. NUMERICAL METHOD

3.1. Weak formulation

Using Gauss’ theorem, the integrals over the domain of computation of Eqns (1) and (6) multiplied
by sufficiently smooth weighting function vg and v, respectively, result in

0
/QUQdQ—/JQ'VUQdQZ/ fQUQdQ—/ Jo -nivpdTl, (13)
Q 01 Q Q 9
1
[a:f(Vv—f—VvT)dQ:f for - 0dQ +/ t-vdT, (14)
e 2 Q Elo)

where nj denotes the normal vector pointing out from 2 and ¢ comprises the ECM stress
contribution and the stress exerted by the cells

0 = 0ccm + O cell- (15)
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For all considered species, the flux term Jg, consists of a passive convection term Qg—'; and addi-
tional diffusive fluxes. Given that there are no diffusive fluxes across the boundaries I'y and I, and
u = 0 on Iy, we can write the boundary integral in Eqn (13) as

d
/ JQ~nvad1"=/ QUQ£~nldF (16)
Q T ot

without a loss of generality. Because of the boundary conditions, v satisfies v =0on 'y and t =0
on ['y. Hence, the boundary integral in Eqn (14) vanishes

/t~vdF=/ t-vdF+/t~vdF=0. a7
Q Ty T

Therefore, the weak formulation of the problem results in

5 ]
/—QdeQ—/JQ~VdeQ=/ vastz—/ Qvg o -ny dT,
Q ot Q Q T, Jat

1
/Uif(vv—l—VvT)dQ:[ £ vdSQ, (18)
o 2 Q

for all weighting functions vg and v that are sufficiently differentiable and satisfy v = 0 on T',.
Note that because of the considered wound morphology, an integral over the free boundary of the
domain arises. As the wound geometry dynamically changes, the position of I'y and the computa-
tion of the normal vector n need to be updated for each time increment. We nevertheless assume a
small deformation approach during each time increment. The geometry was updated after each time
increment using an updated Lagrangian approximation to take the change in the normal outward
vector and the change in the wound geometry into account.

We implement and calculate all integrals that are not present in existing wound contraction works
due to their plane stress assumptions. Nevertheless, it is necessary to calculate these terms only for
those elements that belong to the free boundary in the plane strain or three-dimensional simula-
tions. In this work, this effect cannot be neglected as the boundary is moving and its contribution
is significant.

3.2. Finite element approximation

To reach the finite element approximation, it is necessary to express the primary unknowns in terms
of their nodal values through their associated shape functions [27]:

0"(x,1) =No®)Q(t), u"(x,1)=Nyx)U(r), (19)
where the finite element solution is denoted by the superscript /4. The final discrete and nonlin-
ear system of equations is reached by substituting these approximations into the weak formulation
(Eqn(13) and Eqn(14)) and setting the weighting functions equal to the shape functions. The time-

dependent nodal values of the primary unknowns are determined from the resulting system of
equations, which can be expressed as a balance of internal and external forces matrices

F (Zng1) :=F"™ (Zn41) —F (Zn41) =0, (20)

where F™ comprises the temporal derivative and flux terms and F® the reaction terms on the
governing equations. The vector of unknowns, Z, denotes the ordered primary variables nodal values

7. = (nT m’ pT o UT)T. (21)
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Hence, nodal submatrices for the fibroblasts are given by

. on a Ju
Fr'= | NT—4Q /VNT D,Vn——"  _nVe—n— | dQ
n /Q nar T L P T G o™ T

0
+/ NI n dr 22)
T ot
maxC kl maxC pcell(e)
F”’=/NT|:(,, u) 1_2 _ 2L k dQ
" e " : +C1/2+C n( K) Ck+CTd+PL»e11(9)n+ 2
—/ Nl d,n dS. (23)
Q

The remainder matrices are included in Appendix A. To obtain the solution of the resulting
non-linear system of equations we use an explicit time integration m‘ethod [28] and a Newton—
Raphson linearisation. The non-zero entries of the Jacobian matrices % and % are presented in
Appendix A.

To properly reproduce the natural boundary conditions on the free boundary, it is necessary to
compute the corresponding boundary integrals. As our model is 2-D, the element integrals are sur-
face integrals, and the boundary integrals are line integrals. To determine the boundary conditions,
we need to calculate the boundary integrals only for those elements that belong to the free bound-
ary and only in those element faces that belong to the boundary, as they are zero in the rest of the
domain.

The finite element formulation is implemented using an updated Lagrangian approach. Hence, the
reference configuration is updated after each time increment, even though a small strain assumption
is considered. This update is needed to accurately compute the boundary conditions effect on the
process, which depends strongly on the surface of the wound, as the natural boundary conditions
contribution changes along the outwards normal direction. To perform the calculation process, we
initially have the wound geometry, the species densities along the entire wound and the boundary
conditions. We simulate the wound evolution over 30 days, in shorter steps of 0.1 day, to obtain
an accurate model of the evolution of the geometry. After the first analysis (corresponding to one
step of 0.1 day), we update the wound geometry and perform a new analysis. This process can be
repeated as many times as needed to complete the total time studied.

4. EXAMPLE OF APPLICATION

Two different wound geometries are studied in this work: two long wounds with a semicircular or
semielliptical transverse section. These wounds are characterised by having a large length and a
nondepreciable depth. Therefore, the wounds can be studied through their transverse sections using
the plane strain approach (Figure 2). The semicircular wound has a diameter (d) of 0.5 cm, whereas
the semielliptical wound has an aspect ratio of two, that is, its depth (b) is twice its width (a). The
dimensions of the semielliptical wound are such that it has the same cross-sectional area as the semi-
circular wound. Both wounds are surrounded by healthy skin, with the domain being sufficiently
large to neglect the boundary effects. The undamaged tissue consists of two different layers: the
dermis and the underlying tissue. Human dermis varies in depth depending on its anatomical loca-
tion; it can have a thickness between 1 and 4 mm [29]. Here, we assume that the dermis has a depth
of 1.5 mm and that the simulated wounds are deep enough to penetrate the dermis. Considering the
symmetry of the wound and the surrounding skin, we simulate half of the entire geometry.

5. RESULTS

First, we study the spatial contraction and temporal evolution of the wound. In Figure 3, we present
the normalised contraction curve for the two studied geometries. In this curve, we represent the area
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Figure 2. Scheme of the semicircular and the semielliptical wounds.
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Figure 3. Normalised contraction curve for the semicircular and the semielliptical wounds.

of the simulated domain (half of the wound) during the simulated time (30 days) with respect to its
initial area. We observe that, for both wounds, the main part of the contraction occurs during the first
few days, after which the wound contracts more slowly. The highest contraction percentage occurs
around day 10 in the semielliptical wound and around day 12 in the semicircular wound. From this
point to the end of the 30 days, the wounds expand slowly. If we compare the contraction of both
wounds, we see that the semicircular wound contracts more than the semielliptical one, reducing its
size to 84.2% of its initial area, whereas the semielliptical wound contracts to 86.5% of its initial
size. In the early stages of wound contraction (5 days), the semicircular wound contracts faster than
the semielliptical wound. After this transitory phase, both wounds seem to reach a stationary state at
the same time. We observe that the wound centre (Figure 2) is the point where the downward bound-
ary displacement is the highest, approximately 0.66 mm in the semicircular wound and 0.82 mm in
the semielliptical one. We also observe that the further we move from this point, the smaller the
downward displacement of the free surface is.

Regarding the final geometry of the wound, Figure 4 shows the evolution of the wound geometry
at different times and how the free boundary of the wound moves down due to the myofibroblasts
contraction forces. Observing the evolution of different species in the wound (Figure 4), we see
fibroblasts invade the wound site as the wound heals. The fibroblast’s movement in the semiellipti-
cal wound is faster than in the semicircular wound; the semielliptical wound site is almost saturated
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Figure 4. Fibroblast concentration in the semicircular (top) and semielliptical (bottom) wounds at different
time points (from left to right; days 0, 3, 6, 15 and 30).

X (em)
02

LIS
ST
S
LA TH
SRR
SRR
SOSSRS

Y (em)
Y (cm)
Y (em)

Y
o

X (cm)

o

04

Y (em)
Y (em)
Y em)

Figure 5. Myofibroblast concentration in the semicircular (top) and semielliptical (bottom) wounds at
different time points (from left to right; days 0, 3, 6, 15 and 30).

with fibroblasts by day 3, whereas the semicircular one never reaches this level within the simu-
lated period. The fibroblast’s concentration far from the wound site remains invariable during the
entire process. Similarly, we observe the evolution of myofibroblasts in both wounds (Figure 5).
Myofibroblasts quickly appear in the wound and in the closest healthy skin when there is damage
and disappear after contraction. We observe that the higher contractions occur while myofibroblasts
are in the tissue, and the wound stabilises when they disappear.

Finally, we observe how the volumetric strain of the wound and the surrounding tissue evolves
(Figure 6) over time. The volumetric strain (f) denotes how much the tissue has deformed (con-
tracted or expanded) from its initial state. During the entire process, the tissue that is far from the
wound does not experience any contraction. Inside the wound site, we observe that contraction
begins at the boundary between the wound and healthy skin. Furthermore, as the cell concentration
increases and cells invade the wound centre, the wound contracts. We observe that the final contrac-
tion is highest in the wound centre. The distributions remain without changes from the moment that
the contraction becomes stabilised in the contraction curve (Figure 3).
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Figure 6. Total volumetric deformation in the semicircular (top) and semielliptical (bottom)wounds at
different time points (from left to right; days 0, 3, 6, 15 and 30).

6. DISCUSSION

Computational models have become more important during recent years [11,30]. These models can
reproduce the evolution of wounds, which has not been deeply studied experimentally. There are
few computational studies on human wounds, and those in the literature have mostly studied pla-
nar wounds. Long, deep wounds are more difficult to study computationally than planar wounds.
Because long deep wounds are more complex, a deeper knowledge of the different phenomena
that occur during wound healing is essential to establish a successful healing model. In this work,
we present a model that predicts how deep elongated wounds contract depending on how different
species that are present in the skin evolve and behave. Our work follows the work of Javierre et al.
[6], which was based on a previous biochemical wound contraction model developed [12]. Javierre
et al. [6] studied the behaviour of 2-D planar wounds with different sizes and geometries. There are
a number of models [9, 12, 15] that also studied planar wounds but took a 1-D perspective with sim-
pler and more restrictive models. Although those models properly reproduce the healing process,
they are only useful for a small number of wound geometries (straight and circular); they are not
applicable to real complex wounds.

All the previous 1-D and 2-D models only reproduced the behaviour of planar wounds. These
wounds are superficial, and their area determines the healing process of the wound.

There are few animal models for the study of wound contraction [31, 32]. Most of them study
superficial wounds, not examining the processes that occur along the transversal section of the
wound. The present model elucidates the role of wound depth on contraction kinetics; hence, one of
the most relevant outcomes of this work is the direct relationship among wound morphology, wound
contraction and scar formation. As wound contraction represents an intermediate step between heal-
ing and scar formation, the results here obtained could predict the final scar aspect from wound
geometry. Wound contraction will determine the posterior size and shape of the scar. In fact, we
expect that deeper wounds will lead into more pronounced scars, because the downward tissue dis-
placement is higher in deeper wounds. Thus, scars from deeper wounds are expected to be more
perceptible. This model is a step forward to analyse suture patterns in a three dimensional model.
This relationship could be used to identify a suture pattern that minimises the contraction of the
wound and consequently results in a smaller scar [33]. This prediction would be of special interest
in plastic surgery, where the size and visibility of scars is one of the most important factors.

More serious wounds, such as ulcers and surgery scars are not comparable with planar wounds.
In these wounds, the transversal behaviour (along its depth) is more relevant than the superficial
behaviour. Most of the change in the geometry is due to the movement of the free boundary, which
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is in contact with the environment and can move without any constraint. These wounds have more
importance as they more closely resemble real clinical wounds, which are often difficult to heal and
usually require help to heal properly. Previous models cannot reproduce these wounds as they do not
mimic the real behaviour of the species in the free boundary. A first attempt to study deep wounds
was made in [7]. However, this work focused on the coupling of wound closure, angiogenesis and
contraction.

In this work, we present a model to simulate deep wounds and reproduce the behaviour along
their depths. Although these wounds are more similar to real wounds, their behaviour is also much
more difficult to reproduce. Mathematically, the difficulty of these wounds is translated into a higher
number of terms in the weak formulation. As the effect of the free boundary is not negligible, it is
necessary to solve both the element and the boundary integrals that define the problem. In planar
wounds, the boundary integrals vanish during the formulation. To the best of our knowledge, long
deep wounds have not been previously studied, and these equations have not been solved with-
out neglecting the natural boundary conditions term and updating the geometry using an updated
Lagrangian approach. Wounds with different areas and same depth were also analysed (not included
in the paper). Results for those geometries show a similar evolution of the wound area (normalised
with respect to the initial wound size). From this observation, we can conclude that wound depth
has a larger influence on the contraction kinetics than wound width. Deeper wounds, with less
area in contact with the surrounding environment with respect to its depth, contract less than wider
wounds, similar to semicircular wounds. Although there are no other studies on the wound contrac-
tion process in deep wounds our results qualitatively agree with experimental works [34,35] and
computational [12, 13] results for the contraction curves of planar wounds. The major difference in
these curves is that the contraction is faster in deep wounds.

To perform this analysis, several simplifications were needed. First, the model considers a small
strain approach and uses an updated Lagrangian approach; we update the reference configuration
every time increment. The deformations in the tissue are small enough to satisfy the small strain
hypothesis (lower than 0.6% at all time increments).

The contraction process is also known to be influenced by the relative position of the wound with
the skin tension lines. Wounds parallel to tension lines heal better, creating smaller scars, whereas
wounds perpendicular to tension lines generate larger scars [36]. Another limitation of the model is
that we neglect the effect of the collagen fibres orientation in the tissue, which would modify the
effect of the stress exerted by cells. Including the effect of these fibres would provide the model
with more realistic anisotropic behaviour. In the simulated contraction stage, the wound fibres are
randomly dispersed in the matrix; however, its reorganisation takes several months [14]. Thus, the
effect of the collagen fibres would be more important during the remodelling phase.

Wound healing in the skin is one of today’s major medical challenges. Although surgery tech-
niques have improved and surgeons can now perform a number of different surgeries, the most
severe difficulties, caused by scarring, usually occur after surgery. Moreover, ulcers and cuts are
difficult wounds to control. Thus, mathematical models that reproduce the healing process can help
us to understand the healing mechanism and learn how to improve it.

APPENDIX A: MATRICES OF THE INTERNAL AND EXTERNAL FORCES

The matrices of the internal and external forces appearing in Eqn(20) can be written as
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F’"’:/NT—dQ /VNT DyVn— —"—nVe—n— | dQ
n Ny + o n aVn (b,,—i—c)zn c "at
d
+[ N nydr (24)
Ty ot
; a a ad
Fint =f N,f,—mdfzf/ VN,Cm—udQ+/ NI mSon,dT 25)
Q ot Q at I at
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2014)

DOI: 10.1002/cnm

139



C. VALERO ET AL.

i 0 ou ou
sznt:f N7 apdsz [VN/{pEdQ-I—/FN;pEm_dF (26)
Fgmzf Tacdsz+/ UN! (Dch—cg—l;)dQ
r du
Neegmidl @7
T

Fi:lt — / BE [DelaspﬁB“U + Dvi,rL'()BllU
Q 0

pa®)1 + m) 5" 1] g (8)

and

max k max ce 9
Fff’:/ NT [(r,,+7r”’ < )n(1—£>— Lnart _ Pec(0) n+k2m] dQ
Q

Cijp+ec K Ck + ¢ tg + peen(9)
_[ Nl dun dR2 29)
Q
max kl maxC prell(g)
F& — NT u 1—ﬁ a2 /NT
m /Q e (rn+C1/2+c m( K) * " Cr + ¢ ta + peen(9)
_f NT (kym + dpm) d 2 (30)
Q
max + npm
Fe — NT p,max€ ni —d d2 31
P /Q p|:(r’]+Cp+c R2 + p? p (0 +nam) p @D
» ke(n +¢m)c
Fc’=/QNcT (CFT_dcc dQ (32)
F&' = —/ NZspudQ, (33)
Q

where all the terms containing n; refer to the boundary and are the terms that allow us to repro-
duce the boundary behaviour. To obtain the solution of the resulting system of equations we use an

explicit integration method taking the nonzero entries of the Jacobian matrices mgz and W“’.
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Abstract Angiogenesis consists of the growth of new blood
vessels from the pre-existing vasculature. This phenomenon
takes place in several biological processes, including wound
healing. In this work, we present a mathematical model of
angiogenesis applied to skin wound healing. The developed
model includes biological (capillaries and fibroblasts), chem-
ical (oxygen and angiogenic growth factor concentrations)
and mechanical factors (cell traction forces and extracellu-
lar matrix deformation) that influence the evolution of the
healing process. A novelty from previous works, apart from
the coupling of angiogenesis and wound contraction, is the
more realistic modelling of skin as a hyperelastic material.
Large deformations are addressed using an updated Lagrang-
ian approach. The coupled non-linear model is solved with
the finite element method, and the process is studied over
two wound geometries (circular and elliptical) of the same
area. The results indicate that the elliptical wound vascular-
izes two days earlier than the circular wound but that they
experience a similar contraction level, reducing its size by
25%.
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1 Introduction

Skin is the largest organ of the human body. It covers the
whole external body surface and has a critical function
in maintaining the integrity of the internal organs and in
preventing the transmission of infections and dehydration
(Williams and Warwick 1980). Skin consists of various tis-
sue layers: the epidermis, the dermis and the hypodermis and
can reach a thickness of 1.5-4 mm depending on the body
part. The dermis is an irregular connective soft tissue, with a
collagen fibre matrix where nerves, blood vessels and several
cellular species are allocated. It provides the skin with high
resistance to traction and the ability to contract elastically.

Wounds in the dermis can appear as a result of surgery or
traumatic accident. In both cases, successful healing is cru-
cial for a perfect functional and aesthetic recovery. However,
in some situations, optimal healing is not possible without
appropriate medical treatment (Gurtner et al. 2008).

Wound healing is a natural process in which the dam-
aged skin layers regenerate autonomously through several
complex biochemical processes. The different processes tak-
ing place during wound healing overlap in time and can
be divided into three stages: inflammatory, proliferative and
remodelling (Singer and Clark 1999). After wound forma-
tion, the wound edge contracts inwards creating mechanical
stresses in the surrounding skin and inducing the inflamma-
tory response that initiates the healing process (Murray et al.
1998). After that, several phenomena take place in the pro-
liferative phase: angiogenesis, granulation tissue formation,
epithelization and wound contraction (Gurtner et al. 2008). In
this stage, new blood vessels and extracellular matrix (ECM)
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are created while the wound reduces in size. In the final stage,
the collagen fibres are remodelled and realigned and cells that
are no longer needed are removed (Singer and Clark 1999).

Angiogenesis involves the formation of new blood vessels
from the pre-existing vasculature in response to biochemi-
cal and mechanical stimuli (Risau 1997). The growth of the
blood vessels is crucial for supplying the necessary blood
and nutrients to the tissue and sustaining the healing pro-
cess. At the beginning of the inflammatory phase, inflamma-
tory cells migrate into the wound site and release angiogenic
growth factors (Schugart et al. 2008) that, at the appropriate
time, stimulate capillary growth and collagen deposition. In
addition, these species cause the appearance of mechanical
stresses on the tissue. Cells like fibroblasts have an actomy-
osin machinery that regulates these stresses depending on
the volumetric strain of the surrounding tissue (Moreo et al.
2008). Therefore, it is clear that wound evolution, and in par-
ticular wound angiogenesis and contraction, depends both on
biochemical signals and on the mechanical properties of the
skin.

It should be mentioned here that angiogenesis also occurs
in other complex biological phenomena such as bone tis-
sue reconstruction (Glazier and Graner 1993), embryogen-
esis (Risau 1997) and tumour growth (Carmeliet and Jain
2000). Hence, the work presented here is relevant and could
be applied to other important pathologies.

Over recent years, a large number of mathematical mod-
els have been proposed to simulate and predict vascular
growth. Most of these models focus on angiogenesis in can-
cer (Anderson and Chaplain 1998; Chaplain 2000; Mantzaris
etal. 2004), but there are also a number of angiogenesis mod-
els in wound healing. The first continuum model of angi-
ogenesis in wound healing was developed by Pettet et al.
(1996a). This model has three variables (capillary-tip endo-
thelial cells, macrophage-derived chemoattractants and the
new blood vessels) and it is composed of a number of differ-
ential equations that describe its behaviour. The model was
used to predict the rate of wound healing through a travelling
wave analysis of the governing equations. The model was
subsequently expanded adding the influence of fibroblasts,
oxygen and the extracellular matrix (Pettet et al. 1996b) in
order to analyse the effect of the angiogenic growth fac-
tor PDGF (platelet-derived growth factor) on pathological
wound healing.

Maggelakis (2003) developed a three-variable model that
relates the production of macrophage-derived growth factors
(MDGF) with the capillary density and the tissue oxygen
concentration in one dimension. This model suggests that
wound healing is sustained only at locations where the oxy-
gen supply is sufficient. Javierre et al. (2008) modified this
model adding the epidermal growth factor (EGF) concentra-
tion. They proposed a coupling between angiogenesis and
a wound moving interface caused by cell migration in two

@ Springer

dimensions in order to analyse the effect of oxygen availabil-
ity on the rate of wound closure.

There are also a number of models focusing on the role
of oxygen and its influence on the angiogenesis process, as
wound healing may be impaired due to the lack of oxygen
(Schreml etal. 2010). Schugart et al. (2008) proposed a model
with seven variables that relate the angiogenesis process with
the tissue oxygen tension. Flegg et al. (2009) proposed a
model that simulates the deliberate elevation of oxygen lev-
els at the wound site in order to study angiogenesis in chronic
wounds. They recently applied it to predict the treatment for
chronic diabetic wounds with hyperbaric oxygen (Flegg et al.
2010).

All the above-mentioned works focus on biochemical
aspects of angiogenesis but do not take into account the influ-
ence of mechanical signalling on cellular behaviour. There is
still a lack of mechanical models of angiogenesis in wound
healing. Manoussaki (2003) developed a mechanochemical
model of blood vessel formation during vasculogenesis tak-
ing into account the traction forces exerted by cells. Xue et al.
(2009) extended the angiogenesis model by Schugart et al.
(2008) incorporating the mechanical behaviour of the skin.

On the other hand, there is a large number of mechano-
chemical models of wound healing (Tranquillo and Murray
1992; Olsen et al. 1995; Javierre et al. 2009; Geris et al.
2010; Murphy et al. 2011). However, these models are mostly
focused on the contraction stage and do not take into account
other processes (such as angiogenesis) taking place simul-
taneously. Furthermore, all the above mechanical models
assume the skin to behave as a viscoelastic material, which
is suitable for small deformations but not for the large defor-
mations that take place during wound contraction. In fact,
wounds in humans experience a reduction of around 20-30 %
of their original size due to contraction (Olsen et al. 1996).
Another limitation of previous works is that, in most cases,
wound morphology has been idealised to one-dimensional
geometries (Olsen et al. 1995; Pettet et al. 1996a,b; Schugart
et al. 2008; Flegg et al. 2009, 2010; Olsen et al. 1995; Mur-
phy et al. 2011). This is only valid for simulating linear and
circular wounds.

In this work, we have modified the model proposed by
Javierre et al. (2008), based on the model of Maggelakis
(2003), in order to introduce the effect of fibroblasts on the
process. The main advance of this model with respect to that
of Javierre et al. (2008) is the replacement of the EGF with
the fibroblast density, which allows angiogenesis to be cou-
pled with wound contraction, and the use of a more realistic
constitutive model of healthy and damaged skin. We use a
hyperelastic model of the skin behaviour, which on the one
hand provides a more accurate approximation of the mechan-
ical state of the tissue and on the other hand eases the future
incorporation of fibre remodelling in the model (Flynn et al.
2011). Our overall objective is to move forward towards a
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more complete model of wound healing incorporating all the
phases (inflammation, proliferation and angiogenesis, con-
traction and remodelling).

The main purpose of this work is the development and
implementation of a numerical model that allows the angi-
ogenesis and wound contraction processes taking place in
the skin during wound healing to be simulated. We consider
the influence of biochemical and mechanical factors, paying
special attention to the influence of oxygen availability on
the healing kinetics.

2 Materials and methods

In this work, we propose a continuous angiogenesis model
that couples biochemical and mechanical factors. We have
implemented the biochemical and the mechanical behaviour
of the skin separately, due to the different time scales at which
these events occur during wound healing. Hence, we first
present the biochemical part of the model for the cellular
and biological species, followed by the mechanical model
for the contractile cells (fibroblasts) and the skin. Finally, we
explain how this model has been implemented into a FE code
to have a complete approach to the angiogenesis and wound
contraction processes.

2.1 Biochemical model of angiogenesis

The proposed biochemical model of angiogenesis includes
biological and chemical factors and consists of a number
of coupled reaction-diffusion equations. The primary vari-
ables of the model are the concentrations of oxygen (u1),

MDGF—such as VEGF (vascular endothelial growth factor)
or others, henceforth MDGF—(u3), capillary density (u3)
and fibroblasts (12). We propose a different conservation law
for each species that includes the most important mechanisms
of cellular and chemical regulation: production, transport and
decay.

2.1.1 Oxygen (u1)

Oxygen is required for wound healing. Low levels of oxygen
impair the healing process (Schreml et al. 2010) since repar-
ative processes such as cell proliferation and angiogenesis
require high oxygen availability. We assume that the oxygen
transport can be modelled as a diffusion process, that oxy-
gen is supplied by the capillary vasculature (Schugart et al.
2008) and that it is subject to chemical decay. The resulting
equation for the oxygen variation is

duy

\u u u u
ot 182‘ 1 1 3,1U3 1,141

where u is the ECM displacement vector due to the contrac-
tion of the wound, which gives rise to the passive convection
term. The values and physiological meaning of the parame-
ters in this and the subsequent equations are given in Table 1.

2.1.2 Macrophage-derived growth factor (MDGF) (u3)

Macrophages appear at the wound site when the concentra-
tion of oxygen is low. Macrophages release chemical sub-
stances, MDGFs, that stimulate vessel growth and collagen
deposition (Maggelakis 2003). We assume that the trans-
port of MDGFs can be modelled as a diffusion process, that

Table 1 List of normalised model parameters related to the biochemical model

Parameter Description Dimensionless value Reference

D, Oxygen diffusion rate 432 %1073 Javierre et al. (2008)
A31 Oxygen supply per unit of capillary density and unit of time 0.864 Javierre et al. (2008)
ALl Oxygen half life 0.864 Javierre et al. (2008)
Dy MDGEF diffusion rate 0.0864 Javierre et al. (2008)
A2 MDGEF density per unit of time under hypoxia conditions 1.22 Estimated

X2 MDGEF half life 0.864 Javierre et al. (2008)
D3 Capillaries diffusion rate 432 x 107 Estimated

A3 Capillary production rate per unit of oxygen 1.0 Estimated

A33 Capillary production rate under normal conditions 1.0 Estimated

us! Capillary density in undamaged skin 1.0 Javierre et al. (2008)
D, Fibroblast diffusion rate 2x 1072 Javierre et al. (2009)
Ann Fibroblast death rate 0.7488 Javierre et al. (2009)
rn Maximal rate of fibroblast proliferation 0.832 Javierre et al. (2009)
K Fibroblast maximal capacity in dermis 10.0 Javierre et al. (2009)
uf 2 Oxygen concentration below which MDGFs are produced 0.5 Xue et al. (2009)
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MDGFs appear at specific locations as a response to the oxy-
gen availability and that, as chemical factors, MDGFs are
subject chemical decay. Hence, the equation for the MDGFs
is

dun ou 2

—+V. (uzf) = DoViup + A 2P(u1) — Azous (2)
dt at

where P represents the function describing the production

of MDGF when the levels of oxygen are low,

1— 4L if u < uﬁz;
P(uy) = i ! 3)
0 otherwise

and u'f % is the oxygen concentration below which MDGFs
are produced.

2.1.3 Capillary density (u3)

Capillaries are the smallest blood vessels and are part of
the microcirculation system. They are responsible for sup-
plying nutrients and oxygen to the tissue (Singer and Clark
1999). When a wound occurs, capillaries are damaged and
their recovery is crucial for correct healing. It is assumed
that capillary cells (i.e. the endothelial cells on the capil-
laries) undergo migration, which is modelled as a diffusion
term, and are produced according to a logistic model with the
growth rate proportional to the MDGF density (Maggelakis
2003). Hence, the equation for the capillary density is

dus Jdu 2
DLy (’”5) = D3V-uz + (133

+)»3,2M2)M3(1 -4 ) )

us!
where u§q denotes the maximal capillary density in the
undamaged skin.

2.1.4 Fibroblasts (n)

Fibroblasts are motile cells that can exert traction forces
on their surrounding tissue. It is known that fibroblasts are
responsible for ECM synthesis and serve as an indicator of
ECM maturity (Singer and Clark 1999). Hence, as a novelty
from the previous model (Javierre et al. 2008), we incor-
porate the fibroblast density into the angiogenesis model.
Fibroblast proliferation is modelled with a logistic term with
an oxygen-dependent rate (Schugart et al. 2008). Moreover,
the fibroblast migration is modelled as random diffusion,
whereas fibroblast net production is due to cell proliferation
and death. Therefore, the fibroblast governing equation can
be written as

a"+v ( a“) D, V?n + (1 ") At (5)
— \n—) = n+rpun|l ——)— n

ar ar g nitl K i
@Springer

2.2 Mechanical model of wound contraction

As stated previously, angiogenesis is a biological process
that is influenced not only by biochemical factors but also
by mechanical stimuli. When mechanical stresses appear in
the skin due to its contraction, the geometry of the wound is
modified. This also affects the evolution of the biochemical
process.

Fibroblasts are the most important cell type in wound con-
traction as they exert the traction forces deforming the tissue
where they are allocated. This mechanical behaviour is due
to their actomyosin mechanism (Moreo et al. 2008). From
the species density values, we can obtain the net stress of
one fibroblast cell per unit of extracellular matrix (ECM),
Pecell, Which, in this work, is considered to be the mechan-
ical stimulus that regulates the forces exerted by the cells.
We take pcelr following Moreo et al. (2008), where an active
mechanosensing model is proposed based on Hill’s model
for skeletal muscle behaviour, applicable to cell-substrate
interaction situations. In this work, pc is a piecewise linear
function depending on the tissue volumetric strain

Kpast 0 < 0,
Kaapma (g, )+ K 00 0 <6 < 0

pCell(e): K‘}?i:;rrl‘?:dx pas . = = (6)
oo o (0—=02)+ Kpas6 6" <6 <6
Kpas® 0> 6,

where 6* can be defined as pmax/Kact-

With this definition, pcep is @ mechanosensing vari-
able that depends on the volumetric strain, 6, of the tissue
where cells are allocated. As the cell actomyosin machin-
ery responds actively only between certain limits, we have
considered 61 and 6, which are the compression and tension
strain limits within which the machinery works. ppmax denotes
the maximal contractile force that the actomyosin machin-
ery can exert, and Kycr and Kpys the stiffness moduli of the
active and passive components of the cell. The values of these
parameters (Javierre et al. 2009) are included in Table 2.

Hence, pcenn and the ECM and fibroblast densities deter-
mine the stresses that cells create in the surrounding tissue.
In this work, we have considered that the traction stresses
exerted by cells can be written as

NPecm
. ™)

Ocell = Peell(0) 55—5—
R? *t Peem

following Javierre et al. (2009). The parameter values are
given in Table 2. Hence, we assume cell traction stresses to
be isotropic, generated by fibroblasts and inhibited at high
ECM density.

In addition, endothelial cells are active in ECM produc-
tion, and we assume that the ECM density is proportional to
the capillary density. Therefore, the ECM density (pecm) is
expressed as
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Table 2 List of normalised model parameters related to the mechanical behaviour

Parameter Description Dimensionless value Reference

Pmax Maximal cellular active stress per unit of ECM 0.25 Estimated

Kpas Volumetric stiffness moduli of the passive components of the cell 2 x 107! Moreo et al. (2008)
Kact Volumetric stiffness moduli of the actin filaments of the cell 1.0 Moreo et al. (2008)
01 Shortening strain of the contractile element —-0.6 Javierre et al. (2009)
[2)) Lengthening strain of the contractile element 0.5 Moreo et al. (2008)
R; Traction inhibition collagen density 5 x 1073 Olsen et al. (1995)
Keem ECM production rate per unit of capillary density 1.0 Estimated

Table 3 Values of the hyperelastic parameters

Parameter ni na o o) D

Value 20.764 0.695 1.223 41.672 3.65273

Units are kPa for y¢1, Pa for up and mm?N~! for D (Flynn et al. 2011;
Cheung et al. 2005)

Pecm = Kecmu3, (3

where Kecm is a proportionality constant (see Table 2).

2.3 Constitutive model for skin

Skin has been modelled with a large range of material behav-
iour laws. In wound healing evolutive models, skin is tradi-
tionally modelled as a viscoelastic material (Javierre et al.
2009; Manoussaki 2003; Xue et al. 2009), which gives a
first-order approximation of the ECM deformation while the
focusis placed on the biochemial signalling of different cellu-
lar processes. However, other works, focused on skin behav-
iour, consider it as a hyperelastic material (Linder et al. 2008;
Cheung et al. 2005; Lapeer et al. 2011; Hendriks et al. 2003).
Nevertheless, Delalleau et al. (2008) found that a Neo-Hook-
ean approach is not suitable for modelling human skin. Thus,
in this work, we use an Ogden approach (Flynn et al. 2011)
, which is more suitable for modelling skin and whose strain
energy function has the form

=3

i=1

2
| :
(7423 +245) + 5 > Ua=DF )

i=1

)

i
2
i

o

where 1@ is the strain energy per unit of reference volume,
Wi, o; and D are material parameters and A1, A2, A3 are the
principal stretches. The values of the material parameters
i, a; and D; have been taken from previous skin studies
(Flynn et al. 2011), where the parameters were obtained in
vivo from anterior forearm skin. The values of these parame-
ters are presented in Table 3. As far as we know, there are no
works in the literature in which the mechanical properties of
damaged skin are determined. Thus, in a first approach, we
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assume that the mechanical properties of the damaged skin
can be determined from the ECM density and the mechanical
properties of the undamaged skin through

Y =y Leem (10)

Pecm

where ¢ and pecm are the strain energy function and the
matrix density of the wounded skin and pecy denotes the
ECM density of undamaged skin. Hence, we treat the heal-
ing skin as a damaged material that is being repaired. In
fact, we propose Eq. (10) in a similar manner to the damage
model proposed by Holzapfel (2000), equivalently defining
the original reduction factor by pecm/fecm-

2.4 Numerical implementation of the mechanobiochemical
model

The model has been implemented through an Abaqus user
subroutine (Hibbit et al. 2011). The weak formulation of the
model is included in ‘Appendix A’.

The mechanical analysis is performed separately from the
biochemical one due to the different time scales at which
they occur. However, both parts of the model have some vari-
ables in common (displacements, ocel and matrix composi-
tion). These variables are used to couple the biochemical and
mechanical parts of the model. The scheme of the implemen-
tation is shown in Fig. 1.

In the transport (biochemical) analysis, we evaluate the
evolution of the species densities in a fixed geometry. The
value of the stresses created by cells depends on the volumet-
ric strain, 6, of their surrounding tissue and it is calculated
through a separate mechanical FE analysis. At the beginning
of the calculation, 6 is zero as the tissue has not yet been
deformed.

The value of the stresses o¢j (Eq. (7)) in every node of the
mesh is calculated in the biochemical analysis and introduced
in the hyperelastic analysis. From the mechanical analysis,
we obtain the new position of the mesh nodes, that is, the
new (deformed) geometry of the wound and the undamaged
surrounding tissue. This new geometry is introduced as the
initial geometry of the next biochemical step. Thus, we use
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Initial conditions at day 0:
Initial geometry
Initial species densities
8=0

‘ time =0

TRANSPORT
ANALYSIS

time # 0

New species
densities

v

Stresses created
by cells (0}

New geometry

Volumetric
strain (8)

ANALYSIS

time = 30 days

Results at day 30:
- Final geometry
Final species densities

Fig. 1 Scheme of the complete mechanochemical model

an updated Lagrangian formulation. As initial conditions of
each transport analysis step, we introduce the node concen-
trations obtained from the previous transport analysis step,
as they are not modified in the mechanical analysis. In this
analysis, we also calculate the volumetric deformation 6 that
the tissue suffers in every node. These nodal values are intro-

Undamaged skin

Qﬁfﬁpuﬁiuuﬁf‘uugﬁg

duced into the transport analysis to calculate the new stresses
and species concentrations. As a first approach, we assume
that residual stresses in the damaged skin are relaxed and
that when skin is damaged, it loses its ‘in vivo’ pre-stresses.
As the skin recovers its undamaged properties, it can bear
stress. The residual stresses in the healthy skin are accumu-
lated after each mechanical analysis and introduced as initial
stresses in the subsequent mechanical analysis.

To carry out the full analysis, we alternate the two analy-
ses several times to complete the total desired period of time.
In this work, we study a whole time period of 30 days.

In a first approach, a circular and an elliptical wound have
been studied. The diameter of the circular wound is 2cm,
and the elliptical wound has the same area as the circular
wound with an aspect ratio of 5. In both cases, the wound is
surrounded by a sufficiently large circumference of undam-
aged skin to avoid boundary effects. In both cases, we have
simulated one-quarter of the whole geometry as we have con-
sidered symmetry in the two axes.

3 Results

The model described above is used to evaluate the angiogen-
esis progress for two wounds of the same size but different
shapes (circular and elliptical).

First, we analyse the distribution of the various biochem-
ical species at the centre of the wound (Fig. 2). The wound
centre is the furthest point from the healthy skin and, in nor-
mal conditions, the last point to heal. Figure 3 shows the
densities of oxygen, MDGEF, capillaries and fibroblasts at
the wound centre over the simulated period (30days). The
results demonstrate how the oxygen concentration regulates
the rest of the variables. While there is no oxygen in the
centre of the wound, the level of MDGF increases rapidly,

Undamaged skin

IR - S - . -

Fig. 2 Scheme of the studied geometries circular (a) and elliptical (b) showing the studied point (red circle)
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Fig. 3 Evolution of the oxygen density (a), MDGF density (b), capillary

the simulated time

which causes the appearance of capillaries. When the cap-
illary density grows, more oxygen is supplied to the wound
centre and the MDGF gradually disappear. The high level of
MDGEF promotes the rapid growth of capillaries to reach the
capillary density of undamaged tissue (ugq) and after that the
oxygen density stabilises. Finally, when the oxygen density
is high enough, the fibroblast density grows indicating that
the dermis is being restored.

In addition, the results obtained show a more severe
hypoxia at the wound centre for the circular wound, reflected
in a higher and more enduring MDGF production. A more
thorough analysis of the effect of wound morphology on the
progress of wound contraction can be carried out by looking
at the contour plots of fibroblasts () and fibroblasts-induced
traction stresses (ocell) (Figs. 4, 5). The results show how
fibroblasts invade the wound region faster for the elliptical
wound. Furthermore, the contraction stresses on the elliptical
wound are higher and more localised at the surrounding of
the edge wound. However, this does not result in a faster
contraction of the elliptical wound. In fact, both wounds
seem to contract at a similar rate and to the same extent
(Fig. 6a). A comparison with previous experimental and com-
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density (c) and fibroblast density (d) in the centre of the wound during

putational results (Fig. 6b) shows a good agreement of the
relative uncontracted wound area for the circular wound. This
is the difference between the current and the fully contracted
wound area divided by the difference between the initial and
the fully contracted area. We show our results together with
those of Olsen et al. (1995) and McGrath and Simon (1983)
in Fig. 6b. It can be observed that initially our results show
a faster contraction but as from day 10, they are very similar
to the experimental data.

Finally, we present the geometry of the wound at day 30
post-wounding to see how it has evolved. The contraction of
the wound is appreciable, at the conclusion of the analysis,
as can be seen in Fig. 7. As a result of the stresses in the skin,
the geometry of the wound modifies during the simulated
time, as can be observed in a real wound. In fact, the circular
wound contracts by around 27 % of its original size and the
elliptical wound around 24 % of its original size (Fig. 6a).

4 Discussion

Angiogenesis is a relevant process in several important bio-
logical processes such as wound healing. A number of studies
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Fig. 5 Evolution of the fibroblast normalised density (above) and fibroblasts-induced traction stress (below) at different time instants for the
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Fig. 6 aEvolution of the normalised wound area. b Evolution of the relative uncontracted wound area compared to experimental and computational
data of our model and previous works (McGrath and Simon 1983; Olsen et al. 1995)

have been carried out to understand and explain the mecha-
nisms of angiogenesis in depth (Risau 1997; Carmeliet and
Jain 2000), but there is still a lack of experimental studies due
to the complexity of obtaining experimental data of capillary
growth. This makes research from an in silico perspective
more important. Moreover, the social and economic impact
of unsuccessful wound healing and vascular growth adds to
the importance of this field. In recent years, a number of

@ Springer

mathematical models have been proposed to predict angio-
genesis during wound healing (Pettet et al. 1996a; Schugart
et al. 2008), but only a few of them incorporate mechanical
stimulus as a key factor (Xue et al. 2009).

In this work, we present a model of angiogenesis in
wound healing based on the work of Javierre et al. (2008)
but incorporating the contraction role of fibroblasts in the
model. Among the modifications, the incorporation of the
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Fig. 7 Initial (day 0) (doted) and final (day 30) (lined) grids for the circular (lef) and elliptical wounds (right) at day 30

mechanical forces that fibroblasts exert on the surrounding
tissue (Moreo et al. 2008) is one of the most important. With
this modification, we can reproduce the contraction of the
wound as a function of the oxygen tension, which is deter-
mined by the angiogenesis progress. We consider in this work
that cells (fibroblasts) exert isotropic contraction forces on
the surrounding tissue. This hypothesis is a first simplifica-
tion of the reality, and cell orientation should be incorporated
to obtain a more accurate model. However, the goal of this
work is to provide a continuous model describing the most
relevant features of wound angiogenesis and contraction at
the expense of detailed cellular models.

Another novelty in our model, compared to preceding
works, is the use of a hyperelastic material model to simulate
skin behaviour. Skin is traditionally treated as a viscoelastic
material in wound healing models (Manoussaki 2003; Xue
etal. 2009). However, adopting a hyperelastic material model
is more appropriate for skin (Flynn et al. 2011) as it under-
goes large strains, especially during wound contraction. It
would also allows for a more straightforward coupling with
wound remodelling processes allowing features such as fibre
(re)orientation to be incorporated (Flynn et al. 2011). To our
knowledge, this is the first wound healing model that assumes
skin as a hyperelastic material. In this work, strains are sig-
nificative and we use an updated Lagrangian approach to
model all the full healing event. Maximum strains in a time
increment are around 13 % in the first days of the healing
process.

Several simplifications had to be made to develop this
model. First, the proposed model neglects any anisotropic
or viscoelastic effect on the mechanical behaviour of skin
despite the fact that recent works include these properties
in a hyperelastic constitutive model (Flynn et al. 2011). The
incorporation of anisotropy and viscoelasticity would make
the proposed model more general, but would also increase
the number of model parameters. Second, the properties of
the hyperelastic skin were considered as a function of the
matrix density instead of the skin composition, which would
be more accurate. Third, residual stresses in the damaged
skin were assumed to be completely relaxed when the wound
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occurs. Finally, the model needs a large number of param-
eters that were taken from the literature when possible but
some were estimated. The determination of these parameters
is very complicated, especially for human skin for which in
vivo studies are not easy to carry out.

In this work, we have proposed a model of angiogene-
sis and wound contraction to study the effect of the wound
shape on both processes. The results show a faster vascular-
ization in the more elongated wound (Fig. 3). However, the
contraction experienced by both wounds is similar.

Unfortunately, it is difficult to find experimental data in
the literature, especially concerning human skin, to validate
the computational results. Several wound contraction experi-
mental studies have, however, been performed with different
animal species (mainly rats and pigs). McGrath and Simon
(1983) studied wounds in rats and obtained a higher contrac-
tion than that predicted with our model, due to the different
properties of human and rat skin. However, the contraction
curve (Fig. 6b) has a similar shape, although in our model,
contraction occurs faster and the wound area stabilizes ear-
lier. McGrath and Simon (1983)’s results also showed that
wounds with a relatively larger perimeter to area ratio (in our
case the elliptical wound) start the contraction process later,
which is also observed in our results. Gross et al. (1995) stud-
ied wounds with different geometries in pigs. They also found
higher contraction rates than those predicted by our model
and also higher than those observed by McGrath and Simon
(1983). However, the contraction curve was qualitatively the
same. In addition, Roy et al. (2009) presented experimen-
tal results for ischaemic and non-ischaemic wounds in pigs.
The closure curve is similar to ours, though it should be noted
that they represent the ratio of wound closure. Moreover, the
macrophage density curve of non-ischaemic wounds is qual-
itatively equal to ours, showing the highest level between day
2 and 3 in both cases. Therefore, we can conclude that the
proposed model captures both phenomena, angiogenesis and
wound contraction, in accordance with experimental results.

Regarding computational results, Schugart et al. (2008)
studied angiogenesis in wound healing as a function of
the oxygen concentration. They show the evolution of the
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endothelial cell in time for different constant oxygen con-
centrations. Comparing the results of Schugart et al. (2008)
to ours, we observe for low oxygen levels a similar modifi-
cation in the capillary density to that observed by them in the
endothelial cell. In fact, when an oxygen concentration equal
to the unit is reached, we observed a similar steady value for
the capillary/endothelial cell density. Schugart et al. (2008)
focused on the chemical aspects of the process, in contrast to
the model proposed here, and they did not include the influ-
ence of mechanics on the angiogenesis process. Like other
models, they only simulated one-dimensional geometries.

In this work, we have presented a model that simulates
two different processes, angiogenesis and wound contrac-
tion, simultaneously. Most of the previous computational
models studied only one of these processes. Tranquillo and
Murray (1992), Olsen et al. (1995), Javierre et al. (2009),
Murphy et al. (2011) presented models of wound contraction
in wound healing while Pettet et al. (1996a,b), Schugart et al.
(2008), Flegg et al. (2009, 2010) modelled different aspects
of angiogenesis in wound healing. Moreover, we present
results for two different two-dimensional geometries while
pastmodels (Olsen et al. 1995; Pettet et al. 1996a,b; Schugart
etal. 2008; Flegg et al. 2009, 2010; Olsen et al. 1995; Murphy
etal. 2011) only simulated one-dimensional geometries. The
use of two-dimensional models provides additional insights
useful for studying more realistic geometries similar to those
of real wounds.

In this work, we have gone a step forward in developing
a complete model of wound healing. We have proposed a
new mechanochemical model which couples angiogenesis
and wound contraction processes. Results of these kind of
models could help, in the future after further validation, in
the prescription of more appropriate healing treatments for
each different wound type. These models could also help to
understand unsuccessful wound healing process under cer-
tain conditions.
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Appendix A: Weak formulation of the model

The primary unknowns (u1, u2, u3, n) are interpolated from
nodal values through shape functions (N) and the time deriva-
tives are approximated with a generalised trapezoidal method
(Hughes 1987).

To obtain the complete coupled non-linear system of equa-
tions that describe the biochemical discrete model, we obtain
first the weak formulation of the governing equations. For
this, we use the Gauss theorem under the assumption of suf-
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ficient differentiability. To obtain the weak formulation, we
take into account the boundary conditions of the primary
unknowns that determine the space of admissible solutions.

The model primary unknowns can be written in function
of their nodal values through their associated shape func-
tions (Zienkiewicz and Taylor 2000). For a general species
0, where x are the node coordinates in a time #, the expres-
sion is as follows

0"(x,1) = No(x)Q(1), (11)

where Q is a vector that comprises the primary unknown
species (11, u2, u3, n) and the superscript 4 denotes the finite
element solution and N4 (x) the shape functions. To achieve
the algebraic discrete and non-linear system of equations,
these approximations are substituted in the weak formula-
tion, choosing the weighting functions equal to the shape
functions. The nodal values of the primary time-dependant
unknowns can be obtained from the resulting system of equa-
tions. This system can be expressed as a balance of internal
and external forces:

F(Znt1) = F™(Zy1) = F(Zos1) =0, (12)
where 7 comprises the time-dependant nodal values of the
primary variables, expressed as

Z= (T wTul nT)T (13)

and the subscript (n + 1) represents the time step where the
solution is calculated. The internal and external forces F'™
and F®** can be represented in a vectorial form

pint _ [(Fiﬂ‘)T (FL“;)T (Fi?;)T (Finm)T]T’ »

T T T T
P = [ (F" )" (F)] (1)
where the form of the components is calculated in the form
int T 9 T
Fit = [ Nj == d2+ [ VN; DiVuidQ (16)
Q Q
int T du2 T
Fib = [ Ni,— 242+ [ VNJ, D:VurdQ (17
Q Q
int T 93 T
Fiy = [ N, = d2+ [ VN, D3VuzdQ (18)
Q Q
A 3
Fint — / N}a—:’ aQ + / VNI D, Vnd (19)
Q
o = /Nglkg_lmdﬂ —/ Ny A1 1u1d2 (20)
Q Q
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us
POl = /NI3 (1 - ueq) (M3.3 + A3 2u2)u3dQ2 (22)
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The Jacobian matrices corresponding to the linearisation
of internal and external forces with values resulting from the
system of equations are now presented. In the used nota-
tion, « represents the characteristic temporal parameter of
the trapezoidal integration method. The non-zero terms of
the Jacobian matrices dF™™ /97 and 9 /97 are:
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From these expressions, it is possible to obtain the neces-
sary block matrices to assemble the global stiffness matrix.
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STRESS EVALUATION DURING ANGIOGENESIS IN SKIN WOUND
HEALING

C. Valero', E.Javierre'?, J.M.Garcia-Aznar! and M.J. Gdmez-Benito*

1. ABSTRACT

Several phenomena occur during the wound healing process, including angiogenesis,
the formation of new blood vessels from the damaged ones. All these processes are
highly influenced by biological factors but also by mechanical stimuli. In this work we
present a mathematical model to simulate wound healing angiogenesis taking into
account the effect of wound contraction, which causes the modification of the wound
geometry during the process. We include biochemical and mechanical factors and
consider the skin as a hyperelastic material. We assume that cells in the skin
(fibroblasts) are able to exert stresses in the tissue that surrounds them, promoting its
contraction. We implement the model using the Finite Element Method and we apply it
to two-dimensional wounds with two different geometries, circular and elliptical. The
obtained results allow analysing the role of the skin stresses that appear as a
consequence of the angiogenesis process together with wound contraction, and also the
evolution of the wound geometry during healing.

2. INTRODUCTION

Skin is the largest organ in human body, it covers the whole external body surface and
constitutes about the 8% of the human body mass [1]. Skin has a critical function in
maintaining the integrity of the internal organs under it and in preventing the
transmission of infections and dehydration. Moreover, it is also important its
autoregenerative capacity after an injury, getting a perfect healing in almost every case.

Skin consists of various tissue layers: the epidermis, the dermis and the hypodermis.
When important injuries occur in the skin, damage can reach the dermis and the
hypodermis, and wound healing is more difficult. The dermis is an irregular connective
soft tissue, with a collagen fibber matrix where nerves, blood vessels and several
cellular species are also located. From a mechanical point of view, the dermis provides
to the skin a high resistance to traction and also a high ability to contract elastically, due
to the number and location of the collagen fibres.

Wounds in the dermis can appear as a result from a surgery or from a traumatic
accident. In both cases, a successful healing is crucial for a perfect functional and
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aesthetic recovery. However, in some situations an optimal healing without an
appropriate medical treatment is not possible. Wound healing is a natural process in
which human body has to regenerate the damaged skin. During the tissue recovery
process, several complex biochemical processes take place to repair the damage. This
phenomena overlap in time and can be divided in three stages: inflammatory,
proliferative and remodelling. After the wound formation both sides of the wound
contract towards the centre of the wound, creating mechanical stresses in the skin and
inducing the inflammatory response that initiates the healing process. After that, several
phenomena take place in the proliferative phase: angiogenesis, granulation tissue
formation, epithelization and wound contraction. In this stage new blood vessels and
extra cellular matrix (ECM) are created while the wound reduces its size. In the final
stage, the collagen fibers are remodelled and realigned and cells that are no longer
needed are removed.

Angiogenesis involves the formation of new blood vessels from the pre-existing
vasculature, where capillaries are formed in response to biochemical and mechanical
(external) stimuli and it is present in the wound healing process. When a wound occurs,
blood vessels are cut and the wound site is full of blood. To supply the necessary blood
and nutrients to the tissue again, the growth and the repair of the blood vessels is
crucial. At the beginning of the inflammatory phase cells migrate into the wound site
and release angiogenic growth factors [2] that stimulate capillary growth and collagen
deposition. This process depends on the biological and chemical species that are present
in the skin and the wound. In addition, these species cause the appearance of mechanical
stresses in the tissue. Cells like fibroblasts have an actomyosin machinery that regulates
these stresses depending on the volumetric strain of the surrounding tissue [3].
Therefore, the evolution of the process depends also on the mechanical properties of the
skin. It shall be mentioned here that angiogenesis is also present in other complex
biological phenomena such as bone tissue reconstruction [4], embryogenesis and
tumour growth. Hence, the work presented here is relevant and applicable to other
important pathologies.

During the last years a number of mathematical models have been proposed to simulate
and reproduce the vascular growth. Maggelakis [5] developed a three variable model
that relates the production of macrophage-derived growth factors (MDGF), with the
capillary density and the tissue oxygen concentration in one dimension. This model
suggests that the healing of a circular wound depends on the oxygen supply. Javierre et
al. [6] modified this model, adding a new variable, the epidermal growth factor (EGF)
concentration. They propose a coupling between angiogenesis and a wound moving
interface which simulates cell migration in two dimensions. A different kind of models
was developed by Pettet et al. [7]. This model has three variables (capillary-tip
endothelial cells, macrophage-derived chemoattractants and the new blood vessels) and
it is composed by a number of differential equations that describe their behaviour. Later,
this model was expanded adding the influence of fibroblasts, oxygen and extracellular
matrix [8]. Schugart et al. [2], proposed another model with seven variables that relates
the angiogenesis process with the tissue oxygen tension.

The main purpose of this work is the development and implementation of a numerical
model that allows simulating the angiogenesis process in the skin, which takes place
during the wound healing process. We will study the mechanical stresses created by
cells in the skin during the process in two wounds with different geometries of the same
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size. The model is used for two dimensional wounds.
3. MATERIALS AND METHODS

In this work, we propose a continuous angiogenesis model that incorporates biological,
chemical and mechanical factors, consisting of a number of coupled reaction-diffusion
equations. The primary variables of the model are the concentrations of oxygen (ui),
macrophage-derived growth factors -such as VEGF (vascular endothelial growth factor)
or others, henceforth MDGF (uy), capillary density (us) and fibroblasts (n). We have
modified the model proposed by Javierre et al. [6], based on the model of Maggelakis
[5], in order to introduce the effect of fibroblasts in the process.

The evolution of the biological and biochemical species stated above follows a
conservation law

20
=4V do=fo O

where Q denotes the species (us, Uz, Uz OF n), Jg its net flux (which takes into account
the dragging term due to ECM deformation) and fq its net production [9].

We have also implemented the mechanical behaviour of the skin and cells. Fibroblasts
can exert traction forces due to their actomyosin mechanism [3]. The net stress of one
fibroblasts cell per unit of extra-cellular matrix is evaluated as

npecm
RZ + péem

Ocett = Peen (0) 2)

where peer is @ piecewise linear function depending on the tissue volumetric strain of the
tissue, pecm IS the density of the extra-cellular matrix and R, the traction inhibition
collagen density.

In this work we assume that skin behaves as a hyperelastic material, which is more
suitable [10, 11] than a viscoelastic approach, which has been usually used to model
skin in the wound healing process [7]. We assumed an Ogden energy function.

We have solved the resulting problem using a finite element analysis. It has been
implemented through an Abaqus user subroutine.

In this work two wounds with different geometries were studied. The first one is a
circular wound with a diameter of 2 cm and the second one is an elliptical wound with
the same area and with aspect ratio of 5. Both wounds are surrounded by a sufficiently
large circumference of undamaged skin to avoid boundary effects and are evaluated
during 30 days.

4. RESULTS
In first place we observe the evolution of the wound area during the studied time. The
contraction in both wounds is similar, the circular wound contracts by around 27% of its

original size and the elliptical wound around 24% of its original size. We show the
initial and the final geometry of both wounds after 30 days in Figure 1. The contraction
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ratio experimented by both wounds is very similar.

Fig. 1 Initial (day 0) (white) and final (day 30)(lined) geometries for the circular (left) and elliptical wounds (right).

We also include contour plots of the oxygen (Figure 3) and MDGF (Figure 4)
concentration at different time instants. We observe how as long as the oxygen
concentration increases and the wound heals, the MDGF concentration decreases as
they are no longer needed. At the beginning of the process, there are not stresses in the
wound and as long as the wound heals and oxygen invades it the wound stresses are
higher. We have also observed that stresses around the elliptical wound are higher than
around the circular one as the elliptical wound needs higher forces to experience the
same contraction.

Fig. 3 Oxygen concentration at days 1, 3 and 10 in the circular (above) and the elliptical wound (below).

Fig. 4 MDGF concentration at days 1, 3 and 10 in the circular (above) and the elliptical wound (below).

5. DISCUSSION
Wound healing is a complex process crucial in the healing of burns and traumatic and

surgical wounds. Angiogenesis is one of the biological processes that take place during
wound healing, and it is very important as it involves the formation of new blood
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vessels from the pre-existing vasculature, which allows the distribution of oxygen to the
new tissue. In the last few years some numerical models that reproduce the angiogenesis
process have been proposed. In this work we have presented a model that includes
biological and mechanical parameters.

We have studied the effect of mechanics in the angiogenesis process, focusing our
attention in the stresses created by cells, which are not frequently studied. The main
advantages of the model are the use of a hyperelastic approach and two-dimensional
geometries, not included in previous models [2, 5, 6, 7, 8].

From the results we can conclude that mechanics influences the angiogenesis process
due to the modification of the wound geometry. It is easy to see that the combination of
biochemical and mechanical models in these kinds of processes gives more information
that would be lost with the use of just one model. Results of this kind of models can
help in the prescription of more appropriate healing treatments for each different wound
type. These models can also help to understand unsuccessful wound healing process
under certain conditions.
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Abstract

Wound healing is a process driven by cells. The ability of cells to sense mechanical stimuli from the extracellular matrix that
surrounds them is used to regulate the forces that cells exert on the tissue. Stresses exerted by cells play a central role in
wound contraction and have been broadly modelled. Traditionally, these stresses are assumed to be dependent on
variables such as the extracellular matrix and cell or collagen densities. However, we postulate that cells are able to regulate
the healing process through a mechanosensing mechanism regulated by the contraction that they exert. We propose that
cells adjust the contraction level to determine the tissue functions regulating all main activities, such as proliferation,
differentiation and matrix production. Hence, a closed-regulatory feedback loop is proposed between contraction and
tissue formation. The model consists of a system of partial differential equations that simulates the evolution of fibroblasts,
myofibroblasts, collagen and a generic growth factor, as well as the deformation of the extracellular matrix. This model is
able to predict the wound healing outcome without requiring the addition of phenomenological laws to describe the time-
dependent contraction evolution. We have reproduced two in vivo experiments to evaluate the predictive capacity of the
model, and we conclude that there is feedback between the level of cell contraction and the tissue regenerated in the
wound.
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Introduction

Wound healing is an intricate process that combines biological,
chemical and mechanical signals for collective cell function.
Normal wound healing evolves over three overlapping phases:
inflammation, proliferation and remodeling [1,2]. When homeo-
stasis is reached a few hours after wounding, the inflammatory
phase begins with neutrophil and macrophage cell invasion and
debridement of the wound site [1]. Subsequently, these cell types
secrete and/or recruit specialized biochemical growth factors, such
as TGF—f, PDGF and MDGF which control the subsequent
stages of the healing process. Re-epithelialization of the wound
also occurs during the inflammation phase. Epithelial cells
proliferate and move to the top of the wound. During the
proliferative phase, biochemical mediators recruited during the
inflammatory phase control the migration, proliferation and bio-
signal production of fibroblasts and endothelial cells. Fibroblasts
degrade the initial fibrin blood clot [3] and secrete collagen type
III, creating a new extracellular matrix at the wound site that is
more resistant than the blood clot but has inferior mechanical
properties than the undamaged tissue. The inferior mechanical
properties of the granulation tissue are due to, among other
factors, the random alignment of the new secreted collagen fibers.

PLOS ONE | www.plosone.org 1
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Matrix remodeling occurs over a period of months, increasing the
proportion of collagen type I and causing the formation of scar
tissue that resembles healthy skin. Endothelial cells follow
migrating fibroblasts and re-establish the vascular system that
provides the oxygen and nutrients required for cell function. There
is evidence that both biochemical factors (such as TGF-f) [4] and
mechanical stimuli induce the differentiation of fibroblasts into
myofibroblasts [5], leading to wound contraction.

Tissue cells are anchored to a substrate and use their acto-
myosin system to exert and transmit contractile forces to their
surroundings [6]. Mechanical stimuli are known to influence
several cellular processes such as migration, differentiation and
orientation [7-12]. Moreover, there is evidence that the mechan-
ical stimulus that regulates these processes is the stiffness of the
substrate that surrounds the cells [5,8,13-17]. To clarify this
phenomenon, Mitrossilis et al. [15] demonstrated that cells on
elastic substrates modify their activity according to the substrate
stiffness. Their in-vitro experiments demonstrated that the forces
exerted by cells increase as the substrate becomes stiffer [15], and
that a saturation force level is reached. Cells are anchored to the
substrate through focal adhesions and show different behaviors
depending on the mechanical properties of the substrate; they are
stronger on stiffer surfaces.

March 2014 | Volume 9 | Issue 3 | €92774
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Computational modeling makes it possible to reproduce and
evaluate the wound healing progress under different conditions.
To provide valuable predictions, the healing process needs to be
fully understood and translated into mathematical equations.
Moreover, computational models can be of great aid for the
discussion of certain biological hypotheses. Early wound healing
models [18-20] could predict the evolution of epidermal wounds.
Murray et al. [19] developed the first biochemical model of wound
contraction in one dimension, which was used to study the
evolution of a cellular species and the extracellular matrix (ECM)
density and displacement. Sherratt et al. [20] proposed a
biochemical model in which cell proliferation and migration are
dictated by a generic growth factor. These models have been
further developed to incorporate biophysical evidence acquired
from in vitro or animal models. Olsen et al. [21,22] proposed the
first mechano-chemical model of wound contraction, in which the
major events in fibroplasia and wound contraction are taken into
account, including the addition of a new cellular species under
study, the myofibroblasts, which have a relevant role in wound
contraction. A thorough analysis of these model equations enabled
the establishment of the effect of chemical net production on the
occurrence of fibroproliferative disorders, particularly the effect of
a permanently contracted state. Adam [18] investigated the
occurrence of non-healing wounds and the so-called critical size
defect with a simple model that describes the evolution of a generic
growth factor activating cell proliferation at the wound edge.
Olsen’s model [21] has been recently revised by different authors
[23-25]. These works incorporate the decreased mechanical
properties of the granulation tissue and combine for the first time
the coupled actions of chemical and mechanical factors on the
fibroblast to induce myofibroblast differentiation, although the
studies differ in the mechanical stimulus used to drive the
differentiation. Both works suggest that differentiation is guided
by stress. Whereas Javierre et al. [23] claim that the stress that
guides the process is the force exerted by the cells, Murphy et al.
[24] propose that this stress comes from the elastic component of
the ECM. Additionally, Javierre et al. [23] investigated the effect
of wound shape on the contraction kinetics, whereas Murphy et al.
[24,25] focused on a more detailed representation of the
biochemical signaling of wound contraction. Furthermore, Ja-
vierre et al. [23] considered a unique growth factor that regulates
differentiation and collagen production, whereas Murphy et al.
[25] included the chemical kinetics of two different growth factors
(PDGF and TGF-p) separately.

Several cellular mechanisms have been found to be driven by
the stiffness of the substrate that surrounds the cells and not by the
stresses  that the cells support [8,15]. Thus, we propose a
differentiation mechanism that combines both chemical factors
and a mechanical stimulus, as performed in previous works, but we
assume that the mechanical stimulus that regulates the differen-
tiation process is the ECM deformation, which depends directly on
the ECM stiffness.

Therefore, in this work, we propose a unified constitutive theory
consistent with experimental observations of individual and
collective cell populations. This theory is based on a rigidity
sensing mechanism that cells use to control the level of contraction
that they exert on the ECM to drive its deformation. This
deformation of cells is able to indirectly regulate the progression of
different cellular events, such as cell differentiation and tissue
formation.

PLOS ONE | www.plosone.org

A Cell-Regulatory Mechanism Guides Wound Healing

Results

Cell traction forces are modulated in response to the
rigidity of the surrounding ECM

Early works on wound contraction assumed that cells exert a
constant traction force (denoted by 79 or 4) on the ECM. This
constant traction force is subsequently scaled (or modulated) by the
ECM density (p) and the cellular densities of fibroblasts (1) and
myofibroblasts (7). Traditionally, a linear relationship between
cell-induced stresses and cell densities is assumed. Moreover, the
myofibroblasts-enhanced traction forces are modeled through the
proportionality factor &. Finally, the most significant difference
between these models arises in the term for the ECM density. This
term represents the different properties on the involved tissues (the
wound and the partly recovered and healthy skin) during
contraction progression. All of these hypotheses have been
included through different phenomenological laws, such as [21,23]

JceH:Toﬁpz(lﬂLim)nl (1

or [25]

UcelI:)~p(n+ém)l (2>

These expressions aim to induce an increase in the cell-exerted
stresses in the middle of the wound, creating a stress gradient
between the wound and the surrounding healthy tissue. Note that
this gradient is therefore dependent on the initial conditions of the
model with respect to the ECM density and the cell populations.

Other authors instead proposed phenomenological laws that are
non-linear to the cell population. In those cases, the stresses
exerted by cells tend to become saturated due to contact inhibition
and competition for ECM binding sites at high cell densities [26]

Ceell =T (3)

p
———nl
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However, there are multiple experiments that suggest that the
cellular capacity to exert traction forces on the ECM strongly
depends on the ECM stiffness [27]. Therefore, in this work we
propose a purely mechanical and self-regulated traction force
dependent on the ECM stiffness through

Geell = Peent(0)(n+ Em)l (4)

In this expression, we consider the role of the ECM stiffness
through pe.y, which denotes the force that a cell exerts depending
on the volumetric strain (0) of the ECM [28]. Unlike other models,
we do not explicitly include the ECM density in the expression for
acei- However, the ECM density does play an indirect role in cell-
induced stresses through the value of p.. (see File SI). As the
collagen density increases, the tissue becomes stiffer [29],
regulating the volumetric strain of the tissue (6), which in turn
defines the value of p..;; and the stresses exerted by the cells on the
ECM. We consider also that o depends on the concentration of
fibroblasts and myofibroblasts, with a term (rn+ &m) similar to the
one proposed by Murphy et al. [25]. Contractile forces exerted by
fibroblasts can initiate wound closure and myofibroblasts are
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known to contribute to the transmission of these contraction forces
[29,30]. Furthermore, any of these species can be present in the
absence of the other. Hence, when one of them is not present, the
other one can still generate stress [31]. This basic effect is not
included in most of the previous models, in which myofibroblasts
are not considered [26] or in which the generated forces are
always zero in the absence of fibroblasts [21,23].

Figure 1 shows that the initial stress distributions (o) exerted
by the cells in the wounded and unwounded tissues are very
similar in all considered theories. Therefore, we can conclude that
all previous phenomenological laws represent similar behavior and
thus, we can find a clear biophysical interpretation of this behavior
which is the mechanosensing mechanism provided by cells.

Fibroblast to myofibroblast differentiation is driven by
cell deformation

We assume that fibroblasts differentiate into myofibroblasts in
response to the strain (0..;) supported by the fibroblasts. This
strain is the same as the strain of the ECM because we consider
cells and the ECM to occupy the same domain and because they
both support the same strain as the compatibility condition.

This assumption for fibroblast differentiation into myofibro-
blasts is based on the following phenomena. When a wound occurs
and healing events are activated, fibroblasts exert contractile forces
as a mechanosensing mechanism. Thus, fibroblasts shrink the
external domain of the wound, and consequently, the inner part of
the wound is extended. This effect forces the fibroblasts inside the
wound to stretch. To overcome this effect, we hypothesize that
fibroblasts differentiate into myofibroblasts regulated by the
passive stretching that fibroblasts support inside the wound due
to the fibroblast contraction in the external part of the wound.
This result is consistent with experimental evidence that establishes
that mechanical forces such as stretching can drive fibroblasts to
differentiate toward a myofibroblast phenotype [29,32,33]. When
the population of myofibroblasts inside the wound also exerts
contractile stresses, the full contraction of the wound occurs, and
the differentiation of fibroblasts to myofibroblasts is stopped.
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Figure 1. Normalized cell stress (o) distributions created by
different laws [21,25,26] and the proposed model at the
beginning of wound contraction. The wound has a radius of
0.5 cm. Every law produces a similar stress distribution despite
dependence on different variables.
doi:10.1371/journal.pone.0092774.9001
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Therefore, the first observable consequence of an injury is the
distraction of the wound due to fibroblasts distribution (Figure 2).
This deformation causes the ECM volumetric strain, 0, to be
positive at the wound center and negative (although very close to
zero) in the surrounding undamaged tissue (Figure 3), which in
turn causes myofibroblasts to appear inside the wound, close to its
edge (Figure 4).

As time passes, fibroblasts and myofibroblasts accumulate inside
the wound, creating the necessary traction forces to overcome the
passive stretch of the wound. From that moment on, the wound
contracts, and the sign of ECM volumetric deformation gradually
changes from positive to negative from the wound boundary
inward (see Figure 3).

Therefore, there are two different behaviors in the wound
caused by the non-uniform cell and matrix densities. Cells can
deform, contracting the matrix, or cells can be stretched due to the
matrix deformation. Therefore, fibroblasts contract the ECM near
the wound edge and stretch the wound center. This stretching is
also included in the fibroblasts that are inside the wound site, and
it regulates their differentiation into myofibroblasts (see Figure 4).

Thus, the proposed differentiation mechanism implies that there
is no differentiation from fibroblasts to myofibroblasts in the
healthy skin. This outcome is physically coherent, as myofibro-
blasts appear only inside the wound [31]. The use of volumetric
tensile strains to differentiate provides a biophysical explanation
for a phenomenon that has been previously simulated in a
phenomenological way [21,23,25,26].

Comparative analysis of the predictive ability of the
model with in-vivo experiments

The proposed mechano-chemical model makes it possible to
study the evolution of the wound from two different perspectives.
First, we analyze the deformation of the wound during its
contraction. However, the contraction of the wound is accompa-
nied by the synthesis and deposition of new tissue, which fills the
wound space. Hence, we also analyze the healing of the wound in
terms of collagen density. Collagen does not fill the wound
completely until several months or years have passed [1]. Hence,
we consider the wound to be healed when its collagen density is at
least 75% of the density in healthy skin. It is safe to assume that
when this threshold of collagen concentration is reached, the skin
has mostly recovered its mechanical properties and functionality.

We have reproduced the wound geometries used by Roy et al.
[34] and McGrath and Simon [35] in animal models. Roy et al.
[34] considered a circular wound of area of 0.5¢m* in pigs,
whereas McGrath and Simon [35] considered square wounds with
areas of 6.25¢m* and 12.54cm® in rats. The area of the tissue
initially occupied by the wound is used to determine the
contraction pattern of the considered geometries. The temporal
evolution of this area (normalized with respect to its initial size) is
presented in Figure 6. The release of the skin stresses is a direct
consequence of the injury, which causes a fast increase in the
wound area. However, as time passes, the wound contracts due to
the forces exerted by the cells, finally a size similar to the initial
size. Based on the considered geometries, we can conclude that a
larger wound size leads to a smoother transition between the
distraction-contraction regimes.

The healing pattern for the considered geometries is obtained
via the temporal evolution of the wound area (normalized to its
initial size). As introduced before, we consider the wound to be all
parts of the tissue with less than 75% of the collagen density of the
undamaged tissue. This variable is presented in Figures 7 and 8,
for the experimental results [34,35]. In both cases, we accurately
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Figure 2. Fibroblast distributions in the tissue at t=0 (a), at the beginning of the contraction (b), at halfway through the healing
time (c) and at healing time (d). The black line denotes the edge between the initial wound and the surrounding skin.

doi:10.1371/journal.pone.0092774.9g002

capture the healing kinetics at the early stages of the healing
process. Collagen appears rapidly at the early stages of healing and
it stabilizes after reaching its maximum value of wound closure
(Figure 5).

Roy et al. [34]observed the evolution of an ischemic wound and
a non-ischemic wound in a pig. We have used the non-ischemic
wound for comparison with our results as we simulate a wound in
non-pathological skin. We present wound closure as a function of
time. We simulate wound healing in humans, and the experiments
were performed on different animal species. When comparing the
results, it should be take into consideration that each species has
different time parameters due to their different cellular and tissue
kinetics [36]. Hence, for each set of experiments (simulations and
in vivo) and in order to adjust the differences in time scales, we fix
the healing time as the moment when the maximum healing is
reached. For the small circular geometry (area of 0.5cm2) analyzed
by Roy et al. [34] (Figure 7) the numerical simulation closely
predicts the closure rate at the latter stages of the healing process.
We see that the initial distraction stage lasts for approximately
10% of the healing time and that the healing curves in both cases
follow a similar pattern, reaching a similar healing level. In both
cases, almost complete healing is obtained.

For the larger geometries, we simulate the experiments of
McGrath and Simon [35] (Figure 8), in which square wounds of
different arcas were considered (sizes of 6.25 cm® and 12.54 cm?).
We observe that the numerical simulation underestimates the
percentage of wound closure (for the time period considered). As
in the experimental work, we found that the larger wounds heal
slightly less than smaller wounds. We also found that the elastic

a b

modulus of the rat’s skin is one order of magnitude smaller than
the elastic modulus of the pig’s skin.

The results show differences between the two cases based on
several reasons. First, the mechanical properties of the two animal
species have different orders of magnitude. Moreover, the wound
sizes should be considered to be of different orders of magnitude in
the two experimental works. Although the wound studied by [34]
can be considered small relative to the animal size, the wound
studied by [35] has a large size compared with the animal size.
This fact greatly influences the healing process. In [35] the wound
probably affects the muscular zone with movement, which impairs
greater healing.

When studying square wounds, we find that the healing pattern
tends to soften the curvature of the wound. This phenomenon has
been previously observed in other biological processes, such as
bone ingrowth in bone scaffolds. This phenomenon corroborates
the idea that wound healing is a mechanically driven process [37].

Discussion

The economic and social impact of the treatment of chronic
wounds calls for an integrated and multidisciplinary approach to
the problem. Mathematical modeling and computer simulation
should be used as additional tools to gain a better understanding of
the intricate biochemical and mechanical processes behind wound
healing.

In this work, we present a mechano-chemical wound healing
model with two main novelties that distinguish it from previous
models. We postulate that the main phenomena that occur during
wound healing involves cells and are regulated by mechanical
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Figure 3. Volumetric deformations in the tissue at t=0 (a), at the beginning of the contraction (b), at halfway through the healing
time (c) and at healing time (d). The black line denotes the edge between the initial wound and the surrounding skin.

doi:10.1371/journal.pone.0092774.g003
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Figure 4. Myofibroblasts distributions in the tissue at t=0 (a), at the beginning of the contraction (b), at halfway through the
healing time (c) and at healing time (d). The black line denotes the edge between the initial wound and the surrounding skin.

doi:10.1371/journal.pone.0092774.g004

stimulation. Thus, we propose to update the phenomenological
laws with physical evidence-based laws for fibroblast differentia-
tion and the cell-exerted stresses.

This work provides a mechanical theory of wound contraction
that is consistent with the cell function experimental observations
[15,16] and with wound healing in animal models [34,35]. The
proposed model generalizes from previous models [19,21-23,25]
with a cell-regulatory mechanism that handles ECM rigidization
and its impact on cell function. Our model provides similar results
to those of previous works, but we have proposed a formulation of
cell traction generation and fibroblasts differentiation based on a
biophysical hypothesis instead of a phenomenological assumption.
Taking these modifications into account, the model can help to
clarify our knowledge of regenerative phenomena.

The effect of additional phenomena (naturally produced by the
organism or externally induced) could be analyzed with the
current model definition, either changing the mechanical proper-
ties of the affected tissues to the ones measured for each pathology
or varying specific model parameters. This is the case of certain
pharmacological therapies [38] or genetic mutations involving
modifications in the tissue properties, mostly rigidization, that
could be studied using the present model. Moreover, it will be
possible the study of certain pathologies such as pressure ulcers
[39] or fibroproliferative disorders [40], which have a high
mechanical component and modify the natural evolution of
wound healing. In pressure ulcers, oxygen flow is impaired due to
an excessive pressure in the tissue that comprises blood vessels
[39]. Moreover, the hydrostatic pressure becomes negative in the
skin area subjected to pressure leading to negative volumetric
strains. Thus, fibroblasts differentiation into myofibroblasts will be

0.2 04

a

inhibited once the ulcer has begun, and traction forces generated
by fibroblasts will not be enough for closing the wound. The
opposite cases are fibroproliferative disorders such as keloids and
hypertrophic scars, which appear due to an excessive collagen
production during healing [40]. It is also known that the
appearance of these disorders is promoted by mechanical forces
[41,42]. An overexpression of collagen will cause an excessive
tension in the tissue that surrounds the wound, which will also
produce an excessive fibroblast differentiation. Moreover, it is
known that the collagen type created in every process is different,
having different stiffness properties, which could be included in the
model.

Several assumptions and simplifications were needed to
formulate and implement this model. First, although wound
healing is a three-dimensional process, we considered a two-
dimensional simplification in our work. We considered a plane
stress approach, neglecting wound depth and assuming that the
deformation on the plane is constant.

Most of the existing models [19,21,25] make great simplifica-
tions about wound geometry, considering only one-dimensional
axisymmetric wounds. This simplification is useful for analyzing
theoretical wounds but cannot be applied to simulate real and
more complicated wounds. Thus, we follow [23] and consider a
two-dimensional model that could be extended to three dimen-
sions, which would be more appropriate to reproduce the real
behavior of wounds in the skin.

Other simplifications in the model are made when defining cell
stresses. Although we have assumed that stresses are mainly due to
the cell activity, other sources such as patient motion could
generate stress. We have also considered the volumetric cell strain
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Figure 5. Collagen distributions in the tissue at t=0 (a), at the beginning of the contraction (b), at halfway through the healing time
(c) and at healing time (d). The black line denotes the edge between the initial wound and the surrounding skin.

doi:10.1371/journal.pone.0092774.9g005
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Figure 6. Wound contraction as a function of time for the three
studied geometries.
doi:10.1371/journal.pone.0092774.g006

as the mechanical variable that regulates cell biology, however,
other mechanical variable such as the deviatoric cell strain or the
principal cell strain could have been considered. Moreover, the
influences of other factors such as chemical growth factors are
indirectly included in the model through the cellular kinetics.

Regarding the numerical results, the wound does not reach
complete healing during the studied time. In fact, complete
healing is never achieved after a wound occurs [1]; the tissue keeps
recovering for months or years. Moreover, a critical size defect
(CSD) is known to exist [18]. This CSD is different for each animal
species and denotes the wound size above which a wound will not
heal during the animal’s lifetime.

Although computational simulations reproduce an ideal situa-
tion, there are several external and unpredictable factors in animal
experiments that should be considered. Moreover, the mechanical
properties of the skin vary depending on the location on the body.
The skin can displace and contract in different ways depending on
how it is oriented relative to tension lines.

Scarring is the step that follows wound contraction, and the
model presented here will be of great aid for preliminary
qualitative prediction of the scarring level. Moreover, the model
makes it possible to study different factors that regulate scarring,
such as wound size and shape, the animal species and the
mechanical properties of the skin.

Materials and Methods

In this work, we model the temporal evolution of different
cellular species (fibroblasts and myofibroblasts), chemicals (a
generic growth factor with the combined effects of PDGF and
TGF-f on (myo)fibroblasts and the collagen density) and
extracellular matrix deformation [30,43]. The cellular and
chemical species densities are obtained from a conservation law
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Figure 7. Normalized wound area as a function of the
normalized healing time for a circular wound with a radius of
0.4 cm. Comparison with the experimental work of Roy et al.[34].
doi:10.1371/journal.pone.0092774.9007

where Q denotes the cellular/chemical species, Jo denotes its
net flux over the domain of interest (which may include terms
representing random dispersal -migration or diffusion-, directed
migration (chemotaxis), and may also include a passive convection
term due to ECM deformation), and fp denotes net production.
The matrix deformation is obtained from the conservation of
linear momentum
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Figure 8. Normalized wound area as a function of the
normalized healing time (time/healing time) for two square
wounds with areas of 6.25 cm’ and 12.54 cm?. Solid lines refer to
the small wound, and dashed lines refer to the large wound.
Comparison with the experimental work of McGrath and Simon [35].
doi:10.1371/journal.pone.0092774.9g008
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where @, denotes the passively resistant ECM stress, 0cen
denotes the ECM stress due to the cells-ECM adhesions and £,
denotes the ECM-substrate anchoring forces that resist ECM
deformation.

This work follows the model proposed by Javierre et al. [23],
based on the well-established model of Olsen et al. [21]. We
consider the presence of two cellular species, fibroblasts (n) and
myofibroblasts (m), embedded in a collagen (p) matrix and guided
by the presence of a chemical growth factor (c). We also consider
the matrix displacements () as a primary variable in the model
(see File S1).

Table 1. List of model parameters related to fibroblasts and myofibroblasts kinetics.
Parameter Description Value Observations
no fibroblasts density in undamaged dermis 10* cells/cm? [21]
D, fibroblasts diffusion rate 21072 cmz/day 271
a, together with b, determines the maximal chemotaxis rate per unit of GF 4107 g/cm day [23]
concentration
by GF concentration that produces 25% of the maximal chemotactic response 2:107° g/cmj [23]
n fibroblasts proliferation rate O.832day" [27]
Frmax maximal rate of GF induced fibroblasts proliferation 03 day" [23]
Cip2 half-maximal GF enhancement of fibroblasts proliferation 108 g/cm3 [21]
K fibroblasts maximal capacity in dermis 107 cells/cm? [21]
5, s maximal rate of fibroblasts differentiation 0.8 day ! [23]
Cy half-maximal GF enhancement of fibroblasts differentiation 10-8 g/cm3 [23]
ks myofibroblasts desdifferentiation rate 0.693 dayfl [23]
€, proportionality factor 0.5 [21]
 Adjusted to fit reported migration rate with a traveling wave model.
doi:10.1371/journal.pone.0092774.t001

Fibroblasts, connective tissue cells found in the skin, are the
main cellular species involved in wound contraction. The main
functions of fibroblasts are the synthesis of connective tissue in
response to injury and remodeling of the collagen ECM by the
exertion of traction forces [44]. Fibroblasts are motile cells that
migrate by random dispersal, chemotaxis and passive convection
caused by the ECM displacements. Hence, their net flux term can
be written as
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Table 2. List of model parameters related to collagen and growth factor kinetics.

Parameter Description Value Observations
Po collagen concentration in undamaged dermis 0.1 g/cm3 [21]

Pini initial collagen concentration in the wound 1073 g/cm3 [21]

o GF concentration in the wound 10~ g/cm? [21]

rp collagen production rate 7.59-1071° g* /emPcell day 1y =d,po(R2 + p})F
Tpmax maximal rate of GF induced collagen production 7.59-10~° 93/cm6ce|| day [21]

C, half-maximal GF enhancement of collagen synthesis 10~° g/cm3 [21]

n proportionality factor 2 [21]

R, half-maximal collagen enhancement of ECM deposition 03 g/cm3 [21]

d, collagen degradation rate per unit of cell density 7.59:10~% em?/cell day [21]

D, GF diffusion rate 5102 cm*/day [21]

ke GF production rate per unit of cell density 7.5:10° cm?/cell day 231

4 proportionality factor 1 [21]

r half-maximal enhancement of net GF production 10~% g/cm? [21]

d. GF decay rate 0.693 day ! [23]

¥ Determined collagen degradation kinetics to remain in equilibrium away from the wound.

§ Downestimated to prevent fibro-proliferative disorders [22] with the used GF decay rates.

doi:10.1371/journal.pone.0092774.t002
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Jo=—DVn+ — wern?

0
(by+c)? o’ @)

where D, denotes the fibroblast diffusion rate, and a,, and b,, are
chemotaxis-related parameters. The parameter values can be
found in Table 1 and Table 2.

Fibroblasts kinetics is determined by their proliferation,
differentiation into myofibroblasts, differentiation back from
myofibroblasts and apoptosis. The novelty with respect to Javierre
et al.[23] is the signal that triggers fibroblast differentiation. The
ability of fibroblasts to sense the strain in the ECM [45] and the
regulation of their differentiation to myofibroblasts by mechanical
loads [30,31,46] are well known. Hence, we consider whether the
differentiation process is driven by the deformation of the tissue
where the cells are allocated instead of depending on the
mechanical stress of the matrix itself [29]. We also maintain the
hypothesis that this differentiation is also enhanced by different
growth factors (e.g.,PDGF and TGF-f) [31,47]. Hence, fibroblast
differentiation into myofibroblasts can be expressed through the
term

. kl maxC
i = — —2_ 0" n.
Jag == 20 ®

where ki 4y denotes the maximal rate of fibroblast differenti-
ation and Cj regulates the influence of the growth factor during
differentiation.

Fibroblasts differentiate into myofibroblasts under the influence
of TGF-f and the resulting phenotype is able to exert and
maintain higher contractile forces in the tissue [46]. Fibroblast
differentiation into myofibroblasts occurs when the ECM has a
positive volumetric strain, which is denoted by 07 =max(6,0). In
this situation, cells are able to exert forces on the tissue, which
means that the strain is not mainly caused by the tissue itself.
Myofibroblasts are smooth muscle-like cells [31], which means
that they are not motile and that their flux is only due to passive
convection. Myofibroblast evolution is mainly due to proliferation,

PLOS ONE | www.plosone.org

Table 3. List of model parameters related to the mechanical behavior of cells and ECM.

Parameter Description Value Observations

Yo maximal cellular active stress per unit of ECM 107> N g/cm? cell [23]

Kpus volumetric stiffness moduli of the passive components of the cell 21075 N g/cmz cell 28]

Koot volumetric stiffness moduli of the actin filaments of the cell 104 N g/cmz cell 28]

0, shortening strain of the contractile element -0.6 [23]

0, lengthening strain of the contractile element 0.5 [28]

T4 half-maximal mechanical enhancement of fibroblast differentiation 1075 N g/cmz cell [23]

o undamaged skin shear viscosity 200 N day/cm2 [23]

1o undamaged skin bulk viscosity 200 N day/cmz [23]
undamaged skin Young's modulus 3.34-33.4 N/cm? [51]

v undamaged skin Poisson’s ratio 0.3 [51]

& myofibroblasts enhancement of traction per unit of fibroblasts density 10- cm’/g [211

R, traction inhibition collagen density 5104 g/cm3 211

K dermis tethering factor 107! N/ecm g Estimated

doi:10.1371/journal.pone.0092774.t003

differentiation from fibroblasts, inverse differentiation to fibro-
blasts and apoptosis [48].

Cells in the skin are embedded in the ECM, with the main
components being collagen fibers produced by fibroblasts. Hence,
we model the ECM density through the collagen density. Collagen
fibers are non-motile, and hence their net flux term is expressed in
terms of the passive convection of the skin.

Following the model of Olsen et al. [21] we consider the role of
fibroblasts and myofibroblasts in collagen synthesis [31,49].
Furthermore, collagen production is enhanced by the presence
of growth factors such as TGF-f [50].

The wound-healing process is regulated by several growth
factors. Collagen-matrix contraction is regulated by PDGF [30]
among other factors, and fibroblast differentiation is driven by
TGEF-p [31]. In this work, we consider a unique growth factor that
regulates these processes for simplicity. The net flux of the growth
factor is due to passive convection and also to diffusion through the
tissue. Growth factor production is regulated by fibroblasts and
myofibroblasts, following [23].

After a wound occurs, there is an instantaneous elastic response
of the skin that causes the wound edge to retract, increasing the
wound size. During this distraction process, the pre-stress of the
skin is relaxed. Hence, the factors determining the change in
wound geometry are purely mechanical. The time scale at which
stress liberation occurs (on the order of minutes) is much smaller
than the time scale at which cellular events such as migration,
differentiation, proliferation and matrix production occur (on the
order of days). Therefore, we assume that cells do not have time to
influence the process, except by the death of cells due to the
wounding process.

Once wound distraction has reached equilibrium, we consider
the resulting wound geometry. The deformations accumulated
until full wound distraction are also felt by the cells and they
activate the mechanosensing mechanism controlling wound
contraction. The skin is assumed to be a viscoelastic material
[23,26].

The second major novelty of this work with respect to earlier
works [21,23,25,26] rests on the expression for cell-induced
stresses. The ECM deformation is obtained from the conservation
of linear momentum (Equation (6)), where 6., denotes the cell-
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exerted stresses. If we denote the traction force exerted by one
fibroblast as pe.;(0) [28], we can write the cell-induced stresses as

Ocell =Pcell(0)(n + ém)L (9)

where the parameter values are included in Table 3.
Finally, we consider the observation that the ECM-substrate

anchoring forces resisting ECM deformation are proportional to
the tissue displacement and to the ECM density.
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Supplementary Material

This work follows the model proposed by [1], based on the well established model of [2]. We consider
the presence of two cellular species, fibroblasts (n) and its phenotype myofibroblasts (m), embedded in
a collagen (p) matrix and guided by the presence of a chemical growth factor (c). The density of these
species and substances together with the ECM displacements (u) are the model variables.

Mechano-chemical model

The cellular species (fibroblasts and myofibroblasts) and chemical substances (growth factor and collagen)
densities are obtained from a conservation law

oQ

—+V-Jg = 1

D @=lq (1)
where @ denotes the cellular/chemical species, Jo denotes its net flux over the domain of interest (that
may include terms due to random dispersal -migration or diffusion-, directed migration -chemotaxis-, but
contains a passive convection term due to the extracellular matrix (ECM) deformation), and f¢ its net
production. The matrix deformation is obtained from the conservation of linear momentum

V. (Uccm + Ucell) = fsubs (2)

where o ., denotes the passive resistant ECM stress, o ..;; the ECM stress due to the cells-ECM adhesions
and fg,ps the ECM-substrate anchoring forces resisting ECM deformation.

Species concentrations

Fibroblasts are connective tissue cells found in skin and the main cellular species involved in wound
contraction. The main functions of fibroblasts are the synthesis of connective tissue in response to
injury and the remodeling of the collagen extracellular matrix (ECM) by exerting traction forces on
it [3]. Fibroblasts are motile cells whose migration is due to random dispersal, chemotaxis and passive
convection caused by the ECM displacements. Hence, its net flux term can be written as

n 17}
e 2nVc+n—u, (3)

Jn=-D,V NV ETEAY)
"ot o ot

where all the parameters are listed in Table 1.

Fibroblasts production is due to proliferation, differentiation into myofibroblasts and differentiation
back from myofibroblasts. We propose a similar expression to the one presented by [1] but with a
different differentiation term. It is well known that fibroblasts sense the strains in the ECM [4], and
the differentiation to myofibroblasts is regulated by mechanical loads [5-7]. Hence, we consider that the
differentiation process is driven by the deformation of the tissue where the cells are allocated instead
of depending on the mechanical stress of the matrix [8]. Moreover, the differentiation process is also
enhanced by different growth factors (PDGF,TGF-3) [7,9]. Hence, the fibroblasts net production is
given by the expression

Tn,mazC n kl mazC
= (rp + LrmazC® ) 1— 2y = BmasCyin | gom, 4
fa (T" Cipate n( K) Cr+ec " 2m )

Fibroblasts differentiate into myofibroblasts under the influence of TGF-4 and this resulting phenotype

is capable of exerting and maintaining higher contraction forces in the tissue [6]. We propose a new
differentiation mechanism guided by the cells volumetric strain. We consider that fibroblasts are able to
differentiate into myofibroblasts only when their volumetric strain is negative, that is, when fibroblasts
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are under compression. In this situation cells are able to exert forces in the tissue. Myofibroblasts are
smooth-muscle like cells [7], which means that they are not motile and its flux is uniquely due to passive
convection and can be written as,

Ou
I = Mgy (5)
Myofibroblasts evolution is mainly due to proliferation, differentiation from fibroblasts and inverse
differentiation to fibroblasts and apoptosis [10]. Hence, myofibroblasts net production can be written as
follows
77“"’7"”0) ( - m) L"mMCQJrn — kom. (6)

f'm = €r <7‘7L + 01/2 p T Ck Te

K

Cells in the skin are embedded in the ECM, whose main components are the collagen fibers, which
are produced by fibroblasts and myofibroblasts. Hence, we model the ECM density through the collagen
density. Collagen fibers are non motile, and hence their net flux is expressed in terms of the passive
convection of the skin

ou
3= ™)

Following [2] we consider the role of fibroblasts and myofibroblasts on collagen synthesis [7,11]. Fur-
thermore, collagen production is enhanced by the presence of growth factors like TGF-3 [12],

. Tp,mazC n+”bm
jp: (Ter 5p+c>m*d/)(n+ndm)p (8)
P

The wound healing process is regulated by several growth factors. Collagen-matrix contraction is
regulated by PDGF [5] among others and fibroblasts differentiation is driven by TGFS [7]. In this work,
we consider a unique generic growth factor that regulates these processes for simplicity. The net flux of
growth factor is due to passive convection and diffusion through the tissue. This can be written as

J.=—-D.Ve+ c%—ltl. (9)
The growth factor production is regulated by fibroblasts and myofibroblasts. Considering a simplification
of the expression proposed by [2] and following [1] it can be written as

_ke(n+C¢m)c
L

where all the parameter values are included in Table 2.

d.c (10)

Mechanosensing and mechanotransduction mechanism

This work proposes a new expression for calculating the stresses exerted by cells during wound healing.
The new expression presented in the main manuscript is

Ocell = pcell(e) (n + fm) I (11)

where the traction force per cell, p.ey, is a function of the ECM volumetric deformation, 6. In this
expression we consider the stiffening effect of the ECM through pce;;, that depends on the volumetric
strain of the tissue [13]. Traction force per cell was introduced by Moreo et al. [13] and is defined as
follows,

180



Ka,cf,pmam
Kactel — Pmaz
Kactpmaa:
Kact92 — Pmax

Peett(0) (61 — 0)x(0,.0+(0) +

(92 - H)X(alﬂ"](e) + Kpase (12)

where all the parameters and their values are included in Table 3.

In this expression the two mechanisms that a cell uses to generate the stress are considered. The
actin mechanism only actuates between some deformation limits, while the passive mechanism is always
activated.

Initial distributions of cells and substances

Initial species distributions have been set according to experimental observations. The wound site is
occupied by hematoma tissue with low mechanical stiffness and null cell population at the beginning of
the analysis. However, we consider that the healthy tissue is saturated with fibroblasts, collagen and
growth factor. Nevertheless, the initial density of myofibroblasts in the healthy tissue is zero, as they
appear only where there has been damage.

Constitutive relation for the skin material

The skin was assumed as a viscoelastic material [1,14]. For this kind of materials the passive resistant
ECM stress o cenm is defined

Oe 00 E v
Uecm:ﬂla"_#QEI""1+V(€+172V01>7 (13)

where the skin’s Young’s modulus (E) evolves following the expression E = Ey-£, that considers a stiffer
ECM as the collagen density increases. All the model parameters are listed in Table 3.

Model implementation

The problem has been solved using the finite element analysis and implemented using an Abaqus User
Subroutine ®. Usual shape functions are used to interpolate the values of the primary unknowns (that
is, m, m, p, ¢ and u) from their nodal values. Time derivatives are approximated using a generalized
trapezoidal method.

‘Weak formulation

Equations (7) and (11) can be written equivalently using Gauss’ theorem to obtain the weak formulation
of the problem

@’L}Qdﬁ - / JQ . V’L}Qdﬂ = / fQUQdQ - / JQ . HLUQdF (14)
o Ot Q Q )
/a:3<vU+vUT)dQ:/fsubs.mm +/ t - vdl (15)
o 2 Ja Joa

where o denotes the sum of o ¢, and e vg and v represent the weighting functions and n denotes
the normal vector pointing outwards 2 and t := on_ denotes the tension vector. it is possible to obtain
the weak formulation.
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System of equations nonlinearly coupled
The model primary unknowns can be written as a function of the shape functions and their nodal values
Q"(x.t) = No(x)Q(t), u"(x.t) =Nu(x)U(1), (16)

where the superscript i denotes the finite element solution. The fully discrete and nonlinear algebraic
system of equations is found when substituting the above expressions in the weak form (14) and (15).
We choose the weighting functions equal to shape functions. Denoting the time-dependent values of the
primary variables as Z

Z = (nT m” pT T UT)T, (17)
the system of equations can be expressed as a balance of internal and external forces as follows:
F(Zns1) = F (Zy 1) — F (Zopy) = 0, (18)

where the subscript n + 1 denotes the time step on which the solution is being computed. Moreover,
forces F™* and F**! can be written in a vectorial form

. . . . . ) T
ant — [(F:Lnt)T (F:Zt)T (F;nt)T (cmnt)T (F;nt)T] (19)
T
Fewt — [(FZLt)T (ng:t)T (F;wt)T (Fiwt)T (FﬁLt)T] (20)
where
Fint = /NTa" dQ+/ VNT DV — ainnVc—n@] o (21)
L " (bn, + ¢)? ot
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o / m 5y d /V m 8td (22)
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kc(n+{m)c
ext __ T _
Rt = /QNC [ e dcc]dQ (28)
Fert = / NTspudQ (29)
Q

The solution of the nonlinear system of equations is obtained using a standard Newton-Raphson
method
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Abstract

Biological soft tissues exhibit non-linear complex properties that are difficult to quantify. Nevertheless, these properties highly
influence different processes that take place in soft tissues and thus its correct identification is crucial to understand them. In both
cases, experimental and computational works are needed in order to find the most precise model to replicate the tissues properties.
In this work, we present an angiogenesis and wound contraction model in three dimensions that relies on the accurate representation
of the mechanical behavior of the skin. Thus, an anisotropic hyperelastic model has been considered to analyze the effect of fiber
orientation on the evolution of a healing wound. The implemented model accounts for the contribution of the ground matrix and
two families of fibers. Results show that wound volume evolution is hardly influenced by the orientation of the wound with respect
to the fibers. However, the strain distributions show pronounced differences depending on the wound relative orientation. Hence,
effects such as skin deformation while movement (for instance due to walking) may strongly contribute to enlarge the observed
differences. .

© 2011 Published by Elsevier Ltd.

Keywords:
Finite Elements, anisotropic hyperelastic, wound healing, angiogenesis, collagen fibers

1. Introduction

Skin covers the entire human body and thus, keeping its integrity is crucial for human living. The two most
external layers of the skin are the epidermis and the dermis and they are made of a ground substance and embedded
collagen fibers. These collagen fibers are the component that support most of the mechanical loads of the skin. The
mechanical properties of the skin decrease when an injury occurs and a wound appears. The regeneration of the skin
properties occurs during wound healing, a physiological process that is usually divided into three overlapped stages:
inflammation, epithelialization and remodeling.

During the inflammatory stage, inflammatory factors that stimulate cell activity are released and inflammatory
cells such as macrophages eliminate strange particles [1]. During this stage the normal oxygen supply is not possible

Corresponding author at: Multiscale in Mechanical and Biological Engineering (M2BE), Aragén Institute of Engineering Research (I3A),
University of Zaragoza, Zaragoza, Spain.
E-mail address: claraval@unizar.es (C. Valero).
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due to capillaries that were disrupted during injury have not yet been repaired [2]. The formation of new blood vessels
from the pre-existing ones is called angiogenesis and it takes place during the epithelialization stage. It allows to re-
establish the oxygen supply, necessary for cell activity. This stage is characterized by the contraction of the wound due
to the stress generated by cells, mainly fibroblasts and myofibroblasts [3]. These cellular species are the responsible
of the new collagen secretion. As long as healing advances, collagen form fibers, initially dispersed, that align with
skin stress lines. Protein fibers are embedded on a ground substance, made of proteoglicans and fibronectins [4],
which helps cells to move through the fibers. Collagen fibers align in the skin following the stress lines or Langer
lines, which are present in the body surface and were discovered by Langer [5]. Langer [5] performed circular cuts
in the skin in all the body surface, finding that these cuts turned into ellipses aligned with tension lines when the
skin relaxed. The orientation of these cuts defined the natural orientation of collagen fibers, usually parallel to the
underlying muscles.

Skin’s mechanical properties varies with different factors. This variation really influences healing when a wound
occurs. One of the governing factors is collagen density and its organization. Collagen is one of the main proteins
that constitutes the skin and it usually forms fibers that aligns with the skin stress lines or Langer lines [5]. Most of
the mechanical properties of the skin are due to the fibers, which have an elastic modulus of 150-300 kPa [6], and
compose the extracellular matrix (ECM).

There are a number of experimental works focused on the determination of the mechanical properties of the skin.
Although it is clear that this behavior is not linear, there are discrepancies about considering the skin a viscoelastic
or hyperelastic material. Some experimental works have characterized the skin as a viscoelastic material [7, 8].
Nevertheless, a large number of experimental works have demonstrated that the hyperelastic approach is most suitable
to reproduce the skin behavior. Flynn et al. [9] measured in-vivo the force-displacement response in the forearm skin
when three-dimensional deformations were applied. Later, they found the material parameters that fit the Ogden
hyperelastic model and the Tong and Fung model [10]. Gahagnon et al. [11] studied the anisotropy of forearm skin in-
vivo using elastographic tests. They stretched the skin parallel and perpendicularly to Langers lines finding anisotropic
behavior.

In-vivo assays to determine the skin properties are difficult to perform and show a high variability between sub-
jects. The wide range of values obtained is due to the different anatomical locations of the skin, the attachment of the
dermis to the underlying tissue and patient specific characteristics, which makes difficult to find a unique characteri-
zation valid for every skin.

A useful alternative to in-vivo assays is in-vitro experiments. In-vivo studies provide information about the skin in
its natural environment, without eliminating natural processes, while in-vitro studies allow to perform more controlled
experiments, where different aspects can be isolated and more destructive essays can be performed. Hyperelastic
characterization of the skin has been also obtained from in-vitro studies. Annaidh et al. [12] investigated the influence
of location and orientation of the skin on its properties, focusing on skin anisotropy. They performed in-vitro tensile
tests to human skin samples obtained from different parts of the back, finding a correlation between the orientation of
Langer lines and collagen fibers Annaidh et al. [13]. They fit their results with the hyperelastic model developed by
Gasser et al. [14]. Groves et al. [15] used tensile test on circular human skin specimens to measure the skin properties.
To find skin anisotropy they performed tests along three different load axes. They found that skin has anisotropic
hyperelastic behavior and used the model defined by Weiss et al. [16] to characterize it. Moreover, it must be noted
that the mechanical properties of the skin vary depending on the anatomical location, orientation and depth but also
on the age; skin turn to be less elastic with time and loses its recovery capacity [17].

Having accurate skin properties is highly important for studying processes like wound healing, experimentally
and computationally. Wound healing models have been broadly proposed during the last decades. The first wound
healing model was developed by Sherratt and Murray [18] and only included the effect of cells guided by a chemical
attractant factor. It was later extended by Tranquillo and Murray [19] who included the mechanical behavior of the
skin, being the first work to simulate wound contraction. This model has been extended and modified by multiple
authors [20, 21, 22, 23, 3]. On the other hand, a number of angiogenesis in wound healing models have been also
developed [24, 25, 26, 27, 28, 29, 30, 31, 32]. In this work we extend to three dimensions a model previously
developed which considers angiogenesis and wound contraction [32].

It is well established that wound healing is highly influenced by the mechanical properties of the surrounding skin.
Although different mechanochemical models have been proposed to simulate wound healing, these have been focused
on the interaction between biochemical species and the deformation of a linear elastic extracellular matrix, and little

2
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(or no) attention has been paid to the role that the mechanical properties of the surrounding undamaged skin may have
on the outcome of healing. Thus, this work focuses on the coupling of an anisotropic hyperelastic model for the skin
with a previously developed mechanobiological model of healing that includes angiogenesis and wound contraction
[32]. The model is implemented in three spatial dimensions, which eliminates previously considered simplifications
on the wound morphology or the mechanical behavior of the tissues, and it is used to determine the influence of wound
orientation with respect to the skin collagen fibers.

2. Materials and methods

In this work we present the evolution of angiogenesis and contraction during wound healing in the skin coupled
with a complex constitutive behavior of the healthy skin. Thus, the angiogenesis and contraction model presented
in [32] is extended to three spatial dimensions. In this extension, the mechanical constitutive model of the skin is
updated to cope with anisotropic effects coming from the orientation of two families of collagen fibers. To this end,
we adopt the anisotropic hyperelastic material model presented in [14]. Although this material model was originally
proposed to simulate arterial tissue, it can also be used to represent other biological tissues. Thus, Annaidh et al.
[12, 13] performed in-vitro experiments with human skin to find the parameters values that fit the constitutive model.

The model can be divided into three major components that are interconnected. On the one hand, there is the
coupling of the angiogenesis model, which is mainly driven by the interplay of the oxygen availability, an angiogenic
factor and the endothelial cells throughout the tissue, and the healing model, which is driven by the fibroblasts kinetics.
On the other hand, we have the traction forces that cells (fibroblasts in this case) exert on the surrounding tissue.
Finally, to complete the model we have the constitutive law of the skin material model that controls the contraction of
the wound. Each of these modules is described in detail below.

2.1. Biochemical model

The biochemical part of the model reproduces the angiogenesis process and the replacement of the fibrin clot
formed during inflammation with a fibroblast-rich extracellular matrix.

Angiogenesis consists on the formation of new blood vessels from the pre-existing ones that were disrupted when
the wound occurred. Following [21, 32], we consider that the most relevant factors in this process are the oxygen
concentration, the presence of angiogenic factors and the density of endothelial cells. In order to provide a simplified
model, we assume that the role of all the involved angiogenic factors can be represented by the macrophage derived
growth factor (MDGF), and that the density of endothelial cells can be identified with the density of capillaries through
the tissue. Thus, the principal variables of the model are the concentration of oxygen (#;) and MDGF (u;), and the
density of capillaries (#3). The time evolution of these species is modeled through reaction-diffusion equations.

Oxygen concentration (u;) varies because of passive convection (due to the tissue deformation), diffusion and
chemical decay. Moreover, oxygen kinetics include the capillaries supply of oxygen. Thus, the oxygen concentration
can be formulated as

K} o0
§+V.(Mla_l;)=l)1vzul + A31u3 — A1 M

where (u) denotes the tissue displacements.
The MDGF concentration (u,) follows an equivalent equation due to diffusion, chemical decay, passive convection
and production,

% s (uzaa—l;) = DyV2uy + A12Puy) — Dy, @
where the production of MDGEF, is formulated through the term A;,P(u;). Macrophages appear on locations with
low oxygen concentration, and the production of MDGEF is inhibited once the oxygen density is restored. Hence, this
dependence of MDGF on oxygen availability is modeled through the function P(u; ), defined as,

P(u1)={é_W < 3

otherwise,
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Parameter  Description Dimensionless value  Reference
D, Oxygen diffusion rate 4.32:1073 [26]
VER! Oxygen production rate caused by the capillary 0.864 [26]
A1 Oxygen consumption rate 0.864 [26]
D, MDGEF diffusion rate 0.0864 [26]
A2 MDGEF production rate in hypoxia state 2.592 [32]
D22 MDGEF death rate 0.864 [26]
D Capillary diffusion rate 4.32:1073 [32]
PED) Capillary production rate 1 [32]
33 Capillary production rate 1 [32]
uy! Maximal capillary density 1.0 [26]
D, Fibroblasts diffusion rate 2.1072 [21]
Apn Fibroblasts death rate 0.7488 [21]
I Maximal rate of fibroblasts proliferation 0.832 [21]
K Fibroblasts maximal capacity in dermis 10.0 [21]
I/: 2 Oxygen concentration below which MDGFs are pro- 0.25 [33]
duced

Table 1. List of normalized model parameters related to the biochemical model.

where Lffg denotes the oxygen concentration below which MDGFs are produced.
The capillaries density (u3) is modeled as a classical logistic growth equation with passive convection and with a
growth rate that is enhanced with the density of MDGF

0 0

ﬂ +V. (ug—u) = vazu"; + (/lz Uy + /1"; 3)u";(1 — MT3), (4)
or or ’ ’ uy!

where u3? is the maximal capillary density in the non-damaged skin.

Finally, the healing of the wound can be addressed from the evolution of the fibroblast density (n). Fibroblast
evolution is modeled with a logistic growth equation with passive convection, where the fibroblast proliferation rate
is dependent on the oxygen concentration

o 0

6—? +V. (na—l;) =D, Vn + r,,uln(l - %) — Apan. (5)
Under this hypothesis, healing cannot proceed in absence of oxygen and it is delayed until angiogenesis is (locally)
completed.

A complete description of the parameters introduced in the biochemical model is given in Table 1

2.2. Cellular mechanical model

We follow the model of cell induced stresses given in [3] neglecting the contribution of myofibroblasts, since my-
ofibroblasts are not directly included in the angiogenesis model, although their effect is considered by an enhancement
of the stress inside the wound. Hence, the fibroblast exerted stresses is given by

Ocell = Pcell(g)”ll» (6)

where p..;(6) depends on the volumetric strain of the ECM. This variable, p..;(6), represents the net stress of one
fibroblast cell per unit of ECM matrix [34] defined as

Kﬁas’ 6 if 6<6,
act Pmax _ ; *
pce”(e) _ K"[gi:;ﬁjm (01 6) + Kpase, lf Gi < 6 < 6 (7)
m(9—€2)+1(pa59, lf 0" <0<6,
K pas9, if 6>6,,
4
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Parameter  Description Dimensionless value  Reference
Pmax maximal cellular active stress per unit of ECM 1 [32]
Kpas volumetric stiffness moduli of the passive components of 2. 107! [34]

the cell
Kuer volumetric stiffness moduli of the actin filaments of the 1 [34]

cell
0, shortening strain of the contractile element -0.6 [21]
0, lengthening strain of the contractile element 0.5 [34]

Table 2. List of normalized model parameters related to the cellular mechanical model.

where 6, and 6, are the threshold values for the volumetric strain denoting the compression and traction limits within
the active part of the cell machinery works. Finally, 6" is defined as 6" = pyux/Kqer-
A complete description of the parameters introduced in the cellular mechanical model is given in Table 2.

2.3. Constitutive material model

Skin is modeled as an anisotropic hyperelastic material following [14], which is based on the constitutive law
developed by Holzapfel [35], but incorporates the effect of the collagen fibers dispersion « in the strain energy density
function. Furthermore, it has been found that there are two collagen fiber families in the skin [12], whose direction is
defined by the mean orientation y (see Figure 1). With all this in mind, the strain energy density function of the skin
¥ can be decomposed as the sum of the contributions from the ground matrix Wg and the fiber families (Wf,-, i=1,2)

Figure 1. Orientation of the two collagen fibers families.

2
¥(C.H) = ¥,(C) + ) ¥,u(C. i@y, )

i=1

®

where C is the symmetric modified right Cauchy-Green tensor [36], aj; denotes the unit tensor that defines the fiber
orientation and H; is a symmetric tensor that represents the fiber distribution [35].
The strain energy density function of the ground matrix corresponds to an isotropic neo-Hookean model,

— 1 - 1
Y, = 50(11 -3)+ B(Jel - 12
5
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Parameter Description Value Reference

c Material parameter 0.1007 MPa [12]

D Compressibility material parameter 0.3766 Estimated

ki Material parameter related to the 49.06 MPa [12]
initial stiffening stage

ko Material parameter related to the 0.1327 [12]
latter stiffening stage

K Dispersion factor of the collagen 0.1404 [12]
fibers

b% Mean orientation of the collagen 42° [12]
fibers

Table 3. Parameter values of the hyperelastic material model.

where J,; represents the elastic volume ratio, ¢ and D are material constants and 1, denotes the first invariant of the
isochoric part of the right Cauchy strain tensor of the ground matrix material

I, = trC. 10

The strain energy of the fiber families Wf,- (i=1,2) provides the anisotropic component to the material, and is given
by

¥(C,H)) = Zk—k'z[exp{kz[xil +(1 -3 — 117 =11, i=1,2 an

The parameter « is used to measure the degree of dispersion or anisotropy of the families, and it varies its value
from totally anisotropic (x = 0) to isotropic (k = 1/3). Moreover, /4; is an anisotropic invariant equal to the square of
the stretch in the direction of ay;, associated to each family of fibers

74,' =ap ®ay : C. (12)
A complete description of the parameters introduced in the constitutive material model is given in Table 3.

2.4. Implementation

The simulated domain is a three-dimensional cube with two distinct parts: the wound and the surrounding tissue.
The material model above-explained is being implemented to reproduce the behavior of the wound and the surrounding
healthy tissue. We assume that fibers are not being formed inside the wound in the time frame that we simulate (up to
30 days after wounding). Hence their concentration -inside the wound- remains low and when they begin to appear
they are isotropically dispersed. Thus, the wound is considered to be composed only by the ground substance, and the
newly created tissue inside the wound is less stiff than the usual healthy tissue. The lower properties of the new tissue
drives higher deformations caused by cells force generation than the ones that would appear in healthy tissue.

The studied geometry is a semi-ellipsoidal wound of 8 cm length, 2cm width and 2 cm depth (Figure 2) surrounded
by healthy tissue. Due to the wound dimensions, it can not be considered as a planar wound or a deep wound and thus
plane stress or plane strain approaches are not suitable. In this case, the whole wound geometry has been simulated.
Note, moreover, that skin anisotropy would not be observed if geometric symmetry simplifications were taken.

Regarding the numerical implementation of the complete model, an approach similar to [32] was followed. The
Finite Element Method was used to discretize the governing equations, and the time integration of the mechanical and
biochemical modules were decoupled in the implementation due to the different timescales to which they respond. The
biochemical model was solved at time increments of 0.1 days. When necessary, the cell-induced stresses (o) were
computed at the end of the biochemical step and transferred to the mechanical step to obtain the tissue displacements
(u) and volumetric deformation (¢). The computational domain was the updated (using a Lagrangian approach) and
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Figure 2. Wound geometry at the initial time.

the control was returned to biochemical step. This procedure was repeated until the final simulation time was reached.
The interested reader is referred to [32] to find a more detailed description of the implementation.

In order to study the influence of wound location with respect to collagen fibers, we analyze the wound in two
different relative positions. In one of them, the longitudinal axis of the wound is aligned with the middle direction
of the fibers, while in the other case the longitudinal axis of the wound is aligned with one family of the fibers (see
Figure 3).

Figure 3. Location of wounds in relation to the collagen fibers, viewed from the top.

3. Results

We evaluate the performance of the proposed model through two sets of results. First we address the temporal and
spatial evolution of the biochemical species driving angiogenesis and wound repair for a fixed wound. Subsequently
we address the evolution of the wound volume and the spatial distribution of the tissue deformation when the wound
orientation (relative to the collagen fibers) is changed. The first set of result allows us to check that the healing kinetics
is captured accurately, while the second one allows us to elucidate the role of skin anisotropy on the evolution of the
wound. To this end, we follow the semi-ellipsoidal wound described above during a time-frame of 30 days.

The healing kinetics is evaluated first at the center of the wound. The center of the wound is defined as the center
point of the wound surface. The temporal evolution of the biochemical species on this point is presented in (Figure
4). We find that capillaries, and subsequently oxygen, fill the wound tissue fast, allowing to re-establish the regular
oxygen flow around day 10. Moreover, MDGF shows a rapid kinetics, with a maximal concentration around day 2.5
followed by a gradual decay as oxygen flow goes back to normal. MDGF concentration is completely extinguished
after day 10. Finally, we observe that fibroblasts fill in the wound slower than oxygen and capillaries because of their
necessity of oxygen to function. A steady level on the fibroblasts density is not reached after 30 days.
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&

MDGF density

Oxygen density

Figure 4. Evolution of the model variables in the wound centre.

In addition to this point-wise characterization of healing, a more general measure of healing is also provided.
Figure 5 presents the fibroblast distribution over the wound and also across four different cross-sections at different
times (days 0, 10, 20 and 30). These cross-sections are placed at distances 0, 1, 2 and 3 cm from the symmetry
transversal plane, as highlighted in Figure 5. Initially there are not fibroblasts inside the wound. This is modeled with
a smoothly varying density function, being null at the wound center, gradually increasing towards the wound surface
and reaching the density of undamaged skin outside the wound. Density images show how fibroblasts fill the wound
as time evolves. This evolution is more clearly seen on the cross-section plots. In all the cases we observe that wound
healing is due to fibroblast influx from the wound surface (fibroblast density is always higher on the wound surface
than in the wound center). More interestingly, the fibroblast density of undamaged tissue (i.e. the actual healing) is
reached earlier in time as the section distance from the middle plane increases. This is due to the decrease on both
wound width and depth, and it is certainly related to the density gradients on those directions. Furthermore, the faster
healing away from the wound middle section indicates that wound healing of an elongated wound proceeds as zip
fastener, being initiated on the extremes and progressing towards the center.

Furthermore, the cross-section plots in Figure 5 also give valuable insights into the wound deformation over time.
It is clearly seen that the most notable contraction of the wound is due to the retraction of the wound upper surface
and not by the contraction of the wound surface in contact with the undamaged tissue.

In order to complete the analysis of the wound healing kinetics, the cell-induced stresses (o) at the chosen times
(0, 10, 20 and 30 days post wounding) are presented in Figure 6. Results show that stresses on the undamaged tissue
remain unchanged, while stresses inside the wound increase in time (from the wound surface indwards) as fibroblast
infiltrate the wound.

Finally, the role of skin anisotropy is discussed. To this end, the wound relative orientation with respect the
two families of collagen fibers is changed (see Figure 3). The temporal evolution of the wound volume for the
two considered wound locations is presented in Figure 7. Independently of the wound location (relative to fibers
orientation), we observe the initial distraction of the wound followed by its gradual contraction over time. This
observation agrees with experimental results [37, 38]. In the distraction step, the wound volume increases around 2%,
which gives an overall wound contraction of the 10% (relative to its initial volume). We also observe that, for the set
of parameters used in the simulation, the overall evolution of the wound is (apparently) hardly affected by its relative
position to the collagen fibers.

If we turn into the volumetric deformation of the tissue (Figure 8), we observe different profiles depending on
the relative orientation of the wound. Results demonstrate that volumetric deformation follows the fiber directions,
i.e. the distraction is higher in the fibers directions. Nevertheless, the local strains are not high enough to make a
significant difference in the global contraction of the wound.

4. Discussion

Biological tissues present anisotropic mechanical properties that regulate physiological processes. In this work,
the combined effect of angiogenesis and wound contraction has been evaluated on three-dimensional wounds. Al-
though skin has been traditionally assumed to behave as a viscoelastic material in mathematical models [19, 20, 39,
33, 21, 30, 22, 31, 40, 23, 32] the assumption of a hyperelastic material helps in the development of more realistic
models. Moreover, characteristics such as anisotropy, that are clearly observed in experimental works give an addi-
tional realistic degree. Thus, in this work, an anisotropic hyperelastic material has been chosen to simulate the skin.
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Figure 5. Distribution of fibroblasts in different wound sections along time.

In addition, previous works studied wounds under the assumption of two-dimensional geometries [26, 21, 30, 31, 32]
or using one-dimensional simplifications [18, 19, 20, 28, 29, 22, 23]. Therefore, this work provides an important step
forward on the modelling and simulation of wound healing. On one hand, the three dimensional approach (which,
to our knowledge, has not been previously adopted for this application) allows to simulate any desired geometry. On
the other hand, the inclusion of skin anisotropy on the mechanical model of the skin (which, to our knowledge, has
neither been tackled for this application) allows to simulate the healing kinetics more accurately. The combination of
the two, moreover, opens the discussion of the healing kinetics from aspects that have not been yet considered, and
whose impact on the study of both physiological and pathological wounds is extremely high.

In order to demonstrate the model performance, a semi-ellipsoidal wound of fixed dimensions is considered on
two different locations (relative to the fibers orientation). Attending to the obtained results, no relevant differences are
found on the temporal evolution of the wound volume when the orientation of the wound with respect to the fibers
is modified. This observation does not mean that fibers are not acting and some conclusions can be obtained. Fibers
give stiffness to the tissue, that other way would be too soft and would not support mechanical loads along its depth.

Firstly, we obtain strains that are relatively small. According to results reported in [12], differences between skin
samples with different fiber orientations are not obtained until strains higher than 10% are reached (Figure 10 in
Annaidh et al. [12]). Hence, the obtained results agree with quantitative observations for the skin. The strain range
obtained in our simulations, not higher than 10%, show that the effect of skin anisotropy is moderate.

Another issue to take into account is the natural stretching of the skin due to the body motion. In this work
this deformations is neglected, as it is difficult to quantify and show varying values depending on the body location.
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Figure 6. Distribution of the cellular stresses (ocen) at 0, 10, 20 and 30 days post-wounding. Distribution in the whole geometry (up) and in the
wound (down).

For instance, skin in joints is subjected to higher strains than skin in the trunk. Thus, the predictive potential of the
model could be enhanced when analyzing cases in which the mechanical component is higher. Moreover, we have not
included the stress lines or Langer lines, which are highly influencing the wound healing process. The orientation of
the fibers in relation to these lines would probably show higher differences in the contraction process than the fibers
alone.

Moreover, skin is transversally isotropic, which means that shows different behavior along its depth, because fibers
are displaced in planes parallel to the skin surface.

An important point is that although the material behavior is modeled as anisotropic, the mechanical stimulus
considered to regulate the stresses generated by cells is volumetric. This assumption has strong influences because it
implies that it is a mean value from the strains that appear in three-dimensional conditions, being better to take into
account the directional contributions. Thus, the stresses would be more accurate depending on each direction, which
will give to a different stress distribution and probably a different final shape.

In this work we have advanced in designing of a realistic wound healing computational model. The improvements
achieved through the implementation of a realistic hyperelastic model in three-dimensional geometries have not been
done before and it can be used as a starting point to simulate more complex phenomena in the skin.
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Abstract

We apply a recently developed model of cytoskeletal force generation to study a cell’s intrinsic contractility, as well as its
response to external loading. The model is based on a non-equilibrium thermodynamic treatment of the mechano-chemistry
governing force in the stress fiber-focal adhesion system. Our computational study suggests that the mechanical coupling
between the stress fibers and focal adhesions leads to a complex, dynamic, mechano-chemical response. We collect the results
in response maps whose regimes are distinguished by the initial geometry of the stress fiber-focal adhesion system, and by
the external load on the cell. The results from our model connect qualitatively with recent studies on the force response of

smooth muscle cells on arrays of polymeric microposts (Mann et al., Lab. on a Chip, 12, 731-740, 2012).
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INTRODUCTION

In contractile cells, such as smooth muscle cells and fibrob-
lasts, the generation of traction force is the result of two
different actions: myosin-powered cytoskeletal contractility
and external mechanical stimuli (applied stretch or force).
The cooperation between these two aspects determines the
level of the force within the cell and influences the develop-
ment of cytoskeletal components via the (un)binding of pro-
teins. Important cytoskeletal components that mediate this
interplay of mechanics and chemistry are stress fibers and
focal adhesions.

Stress fibers are bundles of 10-30 actin filaments held
together by the binding protein «-actinin (1); fascin, epsin,
filamin and myosin, among other proteins, have also been
detected in stress fibers. Cytoskeletal contractility originates
from the action of myosin molecules, which attach them-
selves to the actin filaments and step along them, causing
anti-parallel filaments to slide past each other, thus gener-
ating a contraction of the stress fiber. The speed at which
filament slide past each other decreases with tensile force
(2). The myosin stepping rate reaches a stall at some critical
value of tensile force, at which contractility ceases.

The binding rates of actin and myosin (and presumably
of other proteins, also) into the stress fiber is force-dependent
(3); within some regime of tensile force auto-generated
by stress fiber contractility, the binding rates appear to be

© 2013 The Authors
0006-3495/08/09/2624/12  $2.00
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boosted, and the fibers grow in thickness (4, 5). Eventu-
ally, a sufficiently high force, perhaps externally applied,
must cause rapid unbinding of the proteins and cytoskele-
tal disassembly. The complexity of this mechano-chemical
response is enhanced because the stress fibers also demon-
strate, besides the aforementioned active response due to
myosin action, a passive viscoelastic force-stretch behavior
(6).

Focal adhesions are integrin-containing transmembrane
structures that anchor the cytoskeletal stress fibers to the
extra-cellular matrix (ECM). In addition to integrin they con-
tain scores of other proteins including paxillin, tensin, focal
adhesion kinase, talin and vinculin. The latter two proteins
connect the integrins to f-actin in the stress fibers, to com-
plete the linkage of the cytoskeleton to the ECM. However,
focal adhesions are not merely static anchors. They them-
selves demonstrate a complex dynamics of growth, disas-
sembly, and even a translational mode in which they appear
to slide over the interface between the cell membrane and
ECM, strikingly shown by Nicolas and co-workers (42).
These regimes of the dynamics are caused by (un)binding
of focal adhesion proteins, and notably are force-sensitive;
cytoskeletal contractility forces as well as externally applied
loads may elicit this mechanosensitive response (7, 8).

It is inevitable that the combination of two such
mechano-chemically dependent systems (stress fibers and

doi: xx.xxxx/biophysj.XXX.XXXXXX
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Figure 1: Schematic representation of the model.

focal adhesions) in the cytoskeleton leads to a rich dynamic
response, where the force as well as the systems’ structures
themselves continuously evolve. Some of these aspects have
been addressed in the literature, and a variety of models have
been proposed which study stress fibers and focal adhesions
separately (9-15) or, in some cases, in combination (16—
19). They focus on different aspects of the problem, such as
cell traction (20), effects of substrate stiffness (21, 22), cell
shape (23), cell contractility (24), cytoskeletal orientation
under dynamic load (12, 25-27), and stress fiber viscoelas-
ticity (6, 24). Some studies also address the role of the small
GTPases, Rho and Rac, in regulating stress fiber formation
(28-30).

In this paper, we use a recently developed model for
the coupled mechano-chemical response of stress fiber-focal
adhesion systems to study the development of contractile
force, as well as the behavior of such systems under load.
The model is based on non-equilibrium thermodynamics
and has been described in detail in a work by Maraldi and
Garikipati (31). Our focus here is on the modes of generation
and decay of the force in the system, as well as on the growth
and disassembly of the stress fibers and focal adhesions.
These questions are addressed in the context of both cell con-
tractility in absence of external load and system response to
an external stretch. Our motivation comes from studies of
force generated by smooth muscle cells plated on microp-
ost arrays (32); nevertheless, our model is capable of much
greater detail than is accessible experimentally. The experi-
ments demonstrate variability in the response both between
cells and between individual stress fibers in the same cell;
accordingly, our aim is to reproduce the broad trends seen in
the experiments and provide a key to interpret the response
variability observed in the experiments, while examining in
greater detail the underlying mechano-chemical dynamics
that the model reveals.

THE UNDERLYING MODEL

Calculations were carried out using a modified version of a
model proposed by Maraldi and Garikipati (31); the model
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does not include chemical signaling in order to explicitly
highlight the role of mechanical force as a signal, instead.
The original layout has been adapted to include the presence
of elastic microposts, in order to simulate the behavior of the
stress fiber - focal adhesion ensemble under the conditions of
the experimental tests performed by Mann et al. (32). Specif-
ically, the model adopted here (Fig. 1) consists of a stress
fiber connected to a focal adhesion at each end, with each
focal adhesion being attached to the top of a PDMS micro-
post, and an elastic (PDMS) substrate underlying the micro-
posts; the cytosolic reservoir supplying proteins to the stress
fiber and focal adhesions is also included. The substrate
can be stretched to introduce an external mechanical load-
ing of the system. The stress fiber and the focal adhesions
are mechano-chemical subsystems formed by assembly of
representative proteins supplied by the cytosol.

To substantiate the discussion of the results provided in
this paper, we briefly report the main concepts behind the
model we adopted; further details can be found in the Sup-
porting Material and elsewhere (31, 33). In the model, the
stress fiber is considered to span between two focal adhe-
sions and to be always under tension; hence, its reference
length, x_gf, is fixed, as it would not be possible to add pro-
teins at its ends without first abrogating the tension. Pro-
tein binding/unbinding therefore only affects the thickness
of the stress fiber. On the other hand, protein binding/un-
binding is allowed to occur anywhere along the focal adhe-
sion; however, to compute the relevant kinematic quanti-
ties for this sub-system, only the binding rates at its ends
need to be tracked. The force is assumed to be uniformly
distributed along the focal adhesion and through the stress
fiber’s thickness (31).

The number of stress fiber representative proteins and the
focal adhesion distal and proximal ends’ positions (Vg¢, 24
and x,, respectively) are the variables tracked with respect
to time. The ordinary differential equations constituting the
model are (31, 33):

i e ) (1 el )

e i eXer (e*(usffuzfu)/kBT - 1) , (1) M

(e, ®

4= kL exia (@—(u?‘a—uﬂayf)/k'sT _ 1) (),
W CACEEC e E (b)

ip = A 3)

B e (e (RoBRT 1)),

where the label (b) indicates the equations used for the case
in which po — pcyy < 0 (proteins binding) for sub-system
a = sf, fa, whereas (u) indicates the equations for the case in
which pa — pgye > 0 (proteins unbinding). In Eq. (1), pusr is
the chemical potential of representative proteins in the stress
fiber, uzgt is the chemical potential of stress fiber proteins
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Figure 2: System response map with no applied stretch. R
is the region in which the stress fiber and the focal adhe-
sion reach full development (robust stress fiber and focal
adhesion region). The dashed curves are iso-time contours of
micropost coverage by the growing focal adhesion. R’ is the
region in which focal adhesion translation causes stress fiber
force relaxation to zero. The system collapses in regions FA-
¢ and FA-¢’ due to focal adhesion resorption (focal adhesion
collapse regions), and in SF-c due to stress fiber resorption
(stress fiber collapse region).

in the cytosolic reservoir, and N;'** is the maximum num-
ber of stress fiber proteins available to the given stress fiber.
In Eq. (2) and Eq. (3), u?a and pf, are the chemical poten-
tials of the proteins in the focal adhesion evaluated at its
distal and proximal ends, respectively, uﬁayt is their chemical
potential in the cytosol and \ is the size of a focal adhe-
sion complex. For the detailed expressions of the chemical
potentials see Egs.(1) in the Supporting Material. Moreover,
kP, k% > 0 are respectively the binding and unbinding coef-
ficients for sub-system «, kp is the Boltzmann constant, and
Xa = Xa (P) is a force-dependent exponent regulating the
rapid dissociation of molecular bonds (31, 34). We note that
the form of Eqs. (1-3) comes from classical non-equilibrium
thermodynamics, and incorporates the assumption of local
equilibrium (41).

Mechanical equilibrium is assumed to hold; hence, the
forces developed within the stress fiber, the focal adhesions
and the microposts are equal to one another and identified
as the force within the system: P = Py = Py = Pyp.
The determination of P is essential for calculating the chem-
ical potentials of the focal adhesion, the stress fiber and
the cytosol, which are the driving forces for the chemical
processes (31) and appear in the rate equations Eqs.(1-3).

In the Discussion Section, we will observe that the stress
fiber’s constitutive nature plays a major role in the complex
mechanical response of the system. Indeed, the contractile
and viscoelastic features of the stress fiber strongly influ-
ence the development of the force within the whole system.
In particular, the force developed within the stress fiber (and
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consequently within the whole system, due to mechanical
equilibrium) can be expressed as the sum of three different
contributions: Pyt = Pg+ Py°+ P3¢, where Pg is the elastic
component, P accounts for the viscous response and P3°
is the active contractile force. Fig. 1 also shows the acto-
myosin contractile units that make up the stress fiber. Each
unit consists of one myosin motor and one half-length of
each interleaved, anti-parallel actin filament that the motor
causes to intercalate. The units also are assumed to have
the same length, and the total number of contractile units
is therefore proportional to Ng. We take each such unit to
have the same strain rate in the stress fiber. See Eqs. (2)
and the ensuing discussion in the Supporting Material for
the complete active contractile force model.

A specific set of parameters was chosen (Tab. 1 in the
Supporting Material) and the model was tested for its abil-
ity to reproduce the main features of the force response of
smooth muscle cells plated on an array of polymeric micro-
posts (32). To access a variety of responses, the initial stress
fiber length was varied over a range typically reported for
a cell (10-65 pm), while the initial focal adhesion length
was varied in the 0-2 pm range. For the tests in which an
external load was applied to the system, the extent of the
substrate stretch was varied between 0.05 and 0.15, to make
connections with Mann et al. (32).

RESULTS

System response map and collapse mechanisms
with no applied strain

We first seek to model the contractility of a cell on an array
of microposts when the substrate is not subjected to an exter-
nal strain. The corresponding system responses are collected
in the map of Fig. 2.

In region R, a robust, fully developed system is obtained,
with a stable stress fiber and a growing focal adhesion. Fig.
2 shows that this region may extend down to 2], = A\ = 58
nm (black dashed line in Fig. 2), which is the size of a sin-
gle complex of focal adhesion proteins, and represents the
smallest focal adhesion in our model.! Notably, even this
smallest initial focal adhesion gives rise to a robust system
if 2% is small. Region R spans a wider range of 22, values
than any other region. However, for larger values of z{; this
range of 2{, becomes increasingly narrow, as other failure
mechanisms become dominant (regions FA-c and SF-c).

Inside region R in Fig. 2, the system exhibits different
behaviors, some of which are induced by the fact that the
focal adhesion is constrained to develop on the surface of the
micropost, which has finite area. The dashed curves indicate
the times at which the focal adhesion has grown to the size
of the micropost diameter. Smaller a%(f)a translates to greater

The term focal complex may be more appropriate in this limit.
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Figure 3: Time evolution of a) force, P; b) number of actin monomers in the stress fiber, Ng; ¢) focal adhesion distal (negative
values, x?a) and proximal (positive values, xfa) ends positions; and d) focal adhesion centroid position, Zt, for three different
system initial configurations belonging to region R in Fig. 2. In c) the dashed black lines indicate the position of the micropost

edges.

growth times, as would be expected. Further details are pro-
vided in the following sub-section. The dash-dot green line
in Fig. 2 delimits the sub-region R’, characterized by low val-
ues of 2% and £9,. For these configurations the system does
not collapse, but the stress fiber force vanishes at small times.
Here, treadmilling of proteins through the cytosol allows the
focal adhesion structure to translate in the direction of the
force, causing the force in the system to relax to zero (blue
curves in Fig. 3).

Outside region R, the system collapses due to different
failure mechanisms; in region FA-c, characterized by low
values of the 40 /0 ratio, the collapse is due to the com-
plete resorption of the focal adhesion. Under these condi-
tions, in fact, the stress fiber is able to generate a high active
force, Pi°; as a consequence, the force within the system
P is high and exceeds the focal adhesion’s ability to sustain
mechanical load (see the discussion on the focal adhesion
critical load in the Discussion Section), causing its complete
resorption by unbinding at its distal end. Similarly, for high
values of 2% (subregion FA-c’) the system experiences focal
adhesion collapse due to the finite surface area of the micro-
post which constrains the growth of the focal adhesion (See
Section 2 in the Supporting Material for details).

Biophysical Journal 00(00) 1-0

In region SF-c the system collapses due to stress fiber
failure. The large focal adhesion increases the system stiff-
ness so that a high force P can be developed under strain
control. This ultimately causes stress fiber resorption, and
the system collapses even as the large focal adhesion sur-
vives.

Time-dependent response of the system with no
applied strain

The detailed dynamics of the system in terms of the time evo-
lution of force P, number of proteins in the stress fiber Ny,
position of the focal adhesion proximal and distal ends (z},
and z‘f*‘a, respectively) and centroid position ¢, are depicted
in Fig. 3 for three typical system configurations belonging to
region R of the response map in Fig. 2. For configurations in
region FA-c of the response map, a similar discussion is pro-
vided as Supporting Material. The force within the system,
P, is often referred to as the contractile force in literature;
however, we prefer not to use this terminology, as, accord-
ing to the stress fiber constitutive model used for the present
study (31), this force depends not only on contractility, but
also on the passive elastic or viscoelastic response of all the
sub-systems (see Eqgs. (2) in Supporting Material, and the
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Figure 4: Contour plots of the maximum contractile force P
and of the focal adhesion resorption time ¢ for configurations
belonging, respectively, to regions R and FA-c of the map in
Fig. 2.

discussion on stress fiber rheology in the Model Section) and
on loads external to the system (see the discussion related to
Fig. 6).

Fig. 3a shows the evolution of P; in all cases, the force
initially increases and, after a time interval that depends on
the initial values :E?a and ng, it attains a near-plateau char-
acterized by a negative slope. Accordingly, Ny increases
until a critical concentration is reached at which protein
recruitment stops (Fig. 3b).

Although the cases in Fig. 3 all fall into region R, the
detailed dynamics differ notably from one another. The blue
curves, for instance, refer to a configuration in region R’:
while P completely vanishes, neither the stress fiber nor the
focal adhesion dissolve, as shown, respectively, in Figs. 3b
and 3c. Indeed, the stress fiber grows continuously until the
aforementioned critical actin concentration is attained and
the focal adhesion also grows, by addition of complexes at
both its ends. Interestingly, the relaxation of P corresponds
with focal adhesion translation due to protein treadmilling,
as seen in the evolving position of the focal adhesion cen-
troid (Fig. 3d). Region R’ may therefore be regarded as an
enhanced translation region.

The red curves in Fig. 3 show the system dynamics when
the finite cross-section of the micropost limits focal adhesion
growth. A stiffening effect is imposed on the system (as seen
from the red curve in Fig. 3a, at ¢ ~ 3000 s). As shown in
Fig. 3c, the faster-growing proximal end of the focal adhe-
sion is first to reach the corresponding micropost edge (this
holds for all system configurations). Consequently, the focal
adhesion continues to grow only at the distal end, and its cen-
troid, which is the center of action of the stress fiber force,
moves backward (Fig. 3d). The focal adhesion translation
away from the direction of the force induces a kinematic
stiffening - in the same manner as a translation in the direc-
tion of the force induces a kinematic relaxation (see the
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Figure 5: System response map for applied strain. Regions R
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in parentheses in subregions of FA-c.

preceding discussion, as well as the forthcoming one on the
competition between stress fiber contractility and focal adhe-
sion translation) - which makes the chemical potential term
(pst — ,uii,t) of Eq. 1 negative and re-establishes a growth
regime for the stress fiber. Consequently, more actin and
myosin are recruited to the stress fiber and P starts rising
again until the slower-growing distal end of the focal adhe-
sion reaches the corresponding micropost edge. The focal
adhesion has no more room for growth, Ny reaches a sec-
ond, higher, critical concentration and the contractile force
plateaus out. The stress fiber-focal adhesion system is at
equilibrium in this case.

When the system configuration falls outside region R’ of
the response map in Fig. 2 and neither end of the focal adhe-
sion reaches the micropost edge, the dynamics follow the
green curves of Fig. 3: the critical value of Ny is reached
in the stress fiber, which stops growing, while the focal
adhesion continues to grow by recruiting complexes at both
ends (Fig. 3c). The observed force relaxation is related to
translation as explained above.

The maximum value attained by the force in the system,
P, is of interest for robust systems; it depends on ng and
22, as reported in the contour plot of Fig. 4 for configura-
tions in region R. It can be noted that a higher x% results in
a higher value of the maximum of P. However, :%?a also has
some influence: especially for low 2%, a high 2, leads to an
increased maximum P. Turning to the stress fiber growth,
the maximum, or critical, value of Ng is proportional to the
stress fiber radius rg and to the number of actin filaments
Np1. From our computations we found that N varies as the
maximum value of P (data not shown). No equivalent quan-
tities can be identified that are intrinsic to the focal adhesion,
as it always remains far from equilibrium and, consequently,
its length Z,, and centroid position Z¢,, are always changing.

The time to failure is a relevant quantity for systems
collapsing due to full resorption of the focal adhesion. A
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of the micropost edges.

contour plot of this parameter is shown in Fig. 4 for con-
figurations in region FA-c of the response map. The time
to failure rapidly decreases for decreasing 55?&, and slowly
decreases for increasing 2%, i.e for configurations far from
the boundary between regions R and FA-c.

For large values of £{, (region SF-c in the response
map of Fig. 2) the system always collapses due to complete
disassembly of the stress fiber over very short time scales
(dynamic data not shown); a large focal adhesion acts as a
very stiff support, allowing the force within the system, and
hence the strain energy, to increase and drive the stress fiber
to a rapid disassembly.

Collapse-mechanisms and system behavior with
applied strain

Fig. 5 depicts the system response map under an applied
step strain. The numbers in parentheses are the strains for
which failure occurs by focal adhesion resorption for that
configuration in region FA-c (see the discussion on Fig. 6,
and Fig.S2). On comparing with the response map under no
strain in Fig. 2, it is apparent that region FA-c has grown
at the expense of R; this suggests that, upon stretching,
the system is more prone to collapse due to focal adhesion
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resorption. The region in which the system does survive is
restricted to initial configurations with progressively smaller
2% and larger &9, .

Our model admits substrate strains that are arbitrary
functions of time, but we chose to apply time-discontinuous
strains to make connections with the results of Mann et
al. (32). The strain was always applied at ¢ = 1800 s,
well after the system had attained a near-equilibrium state
characterized by Ng and Zp, being steady, and the con-
tractile force in a near-plateau regime (Fig. 6). As in the
unstretched test-cases, 22, and 2% were varied; addition-
ally, time-discontinuous strains of 0.05, 0.10 and 0.15 were
applied to the system by varying the stretch of the underlying
substrate.

Time-dependent response of the system under dif-
ferent levels of strain

The analysis of the detailed dynamics of the system for dif-
ferent strain amplitudes allows a greater appreciation of the
effects of an external strain to the system and enables a more
direct comparison with the experiments conducted by Mann
et al. (32), in which two different levels of stretch were
applied to the cells. The plots in Fig. 6 show the system
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dynamics for applied strains of 0.05, 0.10 and 0.12 (the ini-
tial geometric configuration being fixed in order to allow a
meaningful comparison between the different cases). Upon
stretching, P spikes instantaneously (Fig. 6a) because of the
elastic response of the system. The force then drops very
rapidly due to the passive viscoelastic response of the stress
fiber. The inset in Fig. 6a shows these elastic and viscoelas-
tic responses at a finer force-time resolution for the applied
strain of 0.05. The externally applied strain also drives the
dynamics of the stress fiber (Fig. 6b): more actin monomers
are recruited, and the stress fiber grows until a second criti-
cal value of Ny is reached. As a consequence, P rises again,
driven by PZ°, until it reaches a second maximum (this will
be referred to as the global maximum force for that strain)
followed by a second near-plateau, with a slightly negative
slope. Notably, the global maximum of P and the post-strain
critical value of Ny increase if the applied strain increases.
An exception, however, occurs if the system experiences
focal adhesion collapse: in Fig. 6a, for instance, the global
maximum of P for the strain of 0.12 is lower than that for
the strain of 0.10.

The focal adhesion has a greater range of responses
than the stress fiber (Fig. 6¢ and 6d). The proximal end
always grows upon stretching, while the distal end can either
suffer an initial resorption followed by restoration of the
growth regime (green curve in Fig. 6c, strain of 0.10) or
grow monotonically (blue curve in Fig. 6c, strain of 0.05).
Consequently, the focal adhesion can either have a transi-
tory resorption stage or show monotonic growth (Fig. 6d).
In contrast to P, the focal adhesion length decreases for
increasing strain (Fig. 6d, strain of 0.10 versus 0.05). At
higher applied strains the focal adhesion begins to shrink
irreversibly, causing the system to collapse (red curves in
Fig. 6).

DISCUSSION

The key to deciphering the system’s complex mechano-
chemical coupling lies with the chemical potentials of the
stress fiber, focal adhesion and cytosol and with the com-
plex, non-linear mechano-chemical coupling in the model.
On this basis, in the following subsections we highlight some
aspects of the dynamics of the model that will be relevant to
the discussion of the results presented in this paper.

Critical loads for assembly and disassembly

The chemical potentials that drive stress fiber and focal adhe-
sion dynamics are themselves functions of the force, P,
developed within the system (Fig. 7). By comparing P with
suitable critical values it can be established whether the focal
adhesion or stress fiber undergoes growth or disassembly. It
is important to recognize, however, that these critical values
vary, because they depend upon N and cg,, which evolve.
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Figure 7: Chemical potentials as functions of the force P at:
a) the focal adhesion distal end; b) the focal adhesion proxi-
mal end; c) the stress fiber for the set of parameters listed in
Tab. 1 in the Supporting Material.

With regard to the focal adhesion sub-system, experi-
ments show that no growth is observed in the absence of
force (7, 8); for this reason, all the parameters were chosen
such that i, — /Lf;;,t = 0if P = 0 (see Fig. 7a and Fig. 7b).
As a result, only one critical value of P can be identified
for both the distal and the proximal ends of the focal adhe-
sion (namely P3¢ and P! in Fig. 7); below this force,
the chemical potential drives focal adhesion complexes to
bind, whereas above it unbinding is experienced at the given
focal adhesion end. For P > Pcdr‘fa‘, it is the growth rate
at the focal adhesion proximal end that determines whether
the focal adhesion as a whole undergoes growth, translation,
or resorption leading to eventual focal adhesion collapse;
nevertheless, P > Pci"r'fa is a necessary condition for focal
adhesion resorption.

Given the parameter values chosen for the present study
and system configurations explored, the critical load Pg’fa -
above which (uf, — ,ui“)‘,t) becomes positive leading to pro-
tein unbinding at the proximal end — is much greater than
the value of P observed in our simulations. Hence, it is not
of interest.

On the other hand, for the set of parameters used here,
two critical loads can be identified for the stress fiber sub-
system (namely P . and P2 in Fig. 7c). The dynamics of
the sub-system are therefore dictated by comparing P with
such critical forces; in particular, for P < Pl . or P >
P2, ¢, the term (pqp — ,u,ig,t) is positive and the stress fiber
undergoes disassembly, whereas for Pclr)Sf <P< PCZr’Sf, the
term (pusf — uigt) is negative, and proteins are recruited to the
stress fiber.

Our mechano-chemical model highlights the interplay
between the mechanics and chemistry in determining the
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dynamics of the system. Through the chemical potential, the
force in the system affects the protein binding and unbind-
ing rates, which determine the focal adhesion length and
the stress fiber thickness. In turn, these system geometric
parameters influence the chemical potentials by changing the
critical loads. They also control the passive and active contri-
butions to the stress fiber force, and, ultimately, the force in
the system, by varying the system stiffness and the number
of motor proteins in the stress fiber.

Non-linearities, mechano-chemistry and response maps

The relevant critical loads PZ , P2 . and P4 .
linear functions of the geometry of the system. The relations
between the force P and these critical loads dictate assembly
or disassembly of a sub-system. The overall system dynam-
ics that yield the response maps in Fig. 2 and Fig. 5 depend
on the rate of change of the critical loads with respect to
that of P. In the next few sections we will observe some
aspects of the behavior of the system which arise from this
mechanism. In summary, in our model the stress fiber can
reach a critical concentration only because P! ; increases
faster than P and, after some time, the stress fiber reaches
a configuration for which protein binding ceases (see Fig.
8 and the associated discussion). Similarly, but with oppo-
site results, Fig. 9 shows that the focal adhesion collapses
because P . increases faster than P and, after some time,
the focal adhesion is in a configuration for which unbinding
starts and proceeds at a increasingly faster rate (see the dis-
cussion related to Fig. 9 for further details). The rate at which
P and the critical loads change is driven by the model’s cou-
pled mechano-chemistry, and by non-linearities in the con-
stitutive relations for chemical potentials, mechanical forces
and rate laws. These are critical to the form of the response
maps (Figs. 2 and 5).

are non-

Stress fiber growth stops when the critical actin
concentration is reached

The attainment of a critical value of Ny at which the stress
fiber stops recruiting proteins, is explained by the evolu-

tion of P relative to Pclrrsf, as shown in Fig. 8a. Initially,
cyt

P > Pl ; makes (uss — pgf) < 0, which drives actin
and myosin recruitment to the stress fiber (Fig. 8b). Conse-
quently, P increases due to both enhanced acto-myosin con-
tractility and the increased system mechanical stiffness (the
stress fiber becomes thicker and the focal adhesions longer).
However, Pclr’sf, which is a function of N, also increases.
When P},  exceeds the stress fiber force, (psr — pil,) > 0
and actin unbinding should occur. However, x4 in Eq. 1
is negative; therefore, actual unbinding rates remain low,
and the stress fiber appears stable at its critical concentra-
tion (Fig. 8b). Correspondingly, P attains a near-plateau
regime in which it slowly decreases under the effect of focal

Biophysical Journal 00(00) 1-0

Computational study of SF-FA dynamics

20
=
E 10
o
05 )
0.0 - -
100 200 30 40 00 60
t[s] a)
o) I O P SO N
o
.‘g:{ 00
&
=W
=
'E )
E .’.‘_\
= 5
o
0 100 200 30 40 %0 600
ths) b)

Figure 8: Time evolution of a) stress fiber force P (blue line)
and stress fiber critical force Pclr,sf (dashed red line); b) Ni.

System initial configuration: z% = 18um; 22 = 0.520um
(region R in Fig. 2).

adhesion translation (see the discussion below on compe-
tition between stress fiber contractility and focal adhesion
translation).

From this state, if P increases due to external pertur-
bations to the system, but P < P2 . is maintained, a
growth regime can be re-established because the condition
(pst — ,uig,t) < 0 is regained. Actin and myosin are then
recruited until attainment of a second critical value of Ng¢
for which the stress fiber stops growing. In the present study,
the perturbation was applied in the form of a substrate strain
(see Fig. 6). A different perturbation induced by the finite
cross-section of a micropost has been shown in Fig. 3, also.

Stress fiber activity can trigger different focal adhe-
sion responses

A longer stress fiber contains more myosin proteins and
therefore is able to generate a higher active force, P3°. For
this reason, as shown in Fig. 4, the maximum total force is
higher for system configurations with longer stress fibers.
Secondarily, the passive contribution to the stress fiber force
also plays arole in determining its maximum value. As Fig. 4
shows, focal adhesions that are initially large lead to systems
developing higher forces, because the mechanical stiffness is
higher. Besides having a major effect on the the active force,
stress fibers of different geometries also can trigger differ-
ent focal adhesion responses: for instance, region R in Fig.
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2 becomes increasingly narrow for longer stress fibers. The
reason is that in order to sustain the greater active force gen-
erated by a longer stress fiber, the initial focal adhesion needs
to be longer. A longer focal adhesion has a higher critical
load PC‘JLfa and can be subjected to a greater force without
collapsing. On the other hand, if the stress fiber is short, the
active force generated is lower; hence, even focal adhesions
developing from a single focal adhesion complex can sustain
the load without failing (see the response map in Fig. 2 and
related discussion).

Fig. 9a shows the evolution of both the total force, P,
and the focal adhesion critical load, Pcdrwfa, for a system with
initial configuration in region FA-c¢ of Fig. 2. Due to the
incorporation of more actins and myosins in the stress fiber,
P increases and exceeds Pcdl. ta- Then, the focal adhesion’s
growth slows down (Fig. 9b5 because unbinding occurs at
the distal end (as a consequence, the focal adhesion critical
load also increases more slowly). However, as Ng; is far from
its critical value, P continues to increase above Pcdr’fa, even-
tually leading to severe resorption at the distal end, and focal
adhesion collapse (Fig. 9b). Protein resorption is boosted by
the force-dependent term xy, in Eq. 2, which makes the

unbinding rate grow exponentially with the stress fiber force.

The focal adhesion size can determine the fate of
the stress fiber

For initial configurations in region SF-c of Fig. 2, £{, is large
and the stress fiber disassembles within the first few mil-
liseconds of the computation. The reason is that a large f(f]a
makes the stress fiber-focal adhesion system mechanically
very stiff. Therefore, contractility drives P to rapidly exceed
Pfr,sf, causing stress fiber disassembly. The disassembly is
boosted by the force-dependent term X,y in Eq. 1, which
enhances the actin unbinding rate. The focal adhesion thus
can control the fate of the system, by acting as a very stiff
support.

Competition between stress fiber contractility and
focal adhesion translation determines the force
behavior

For the system configurations in region R of Fig. 2 (or of
Fig. 5 for the applied strain case), the force reaches a plateau
after an initial growth stage. The slope of the plateau is reg-
ulated by the competition between stress fiber contractility
and focal adhesion translation due to protein treadmilling.
The action of motor proteins in the stress fiber causes the
active component of the stress fiber force P3¢ (and, conse-
quently, the total force P) to increase, whereas when the
focal adhesion centroid moves towards the stress fiber, P
relaxes. Our computations show that for the overall system
dynamics this kinematic relaxation mechanism and its inter-
play with stress fiber contractility is more relevant than the
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Figure 9: Time evolution of a) P (blue line) and focal adhe-
sion critical force, Pcd!_"f,(1 (dashed red line); b) #¢,. System
initial configuration: 2% = 36um; 22 = 0.800um (region
FA-c in Fig. 2).

relaxation induced by passive viscoelasticity, because the lat-
ter occurs over very short time scales (see the inset in Fig.
6a). For instance, for system configurations in region R’ of
Fig. 2, the relaxation induced by focal adhesion translation
towards the stress fiber has a major influence and prevails
over the stiffening effect provided by the addition of myosin
to the stress fiber. Focal adhesion translation is enhanced
for small values of z%: the low values of the stress fiber
force developed within the system lead to a large difference
between the chemical potentials at the focal adhesion dis-
tal and proximal ends (Fig. 7); thus, the binding rates of the
focal adhesion ends prove to be very different. This results in
a high rate of focal adhesion translation, which in turn causes
the stress fiber force to relax and vanish in a short time (blue
curves in Fig. 3).

The influence of substrate loading on the overall
system response

As shown in Fig. 6, larger external strains result in system
collapse due to complete resorption of the focal adhesion. A
high strain leads to a high value of the force in the system,
P, which can exceed the focal adhesion critical load, PST_VS s
and induce severe resorption at the focal adhesion distal end
(as shown by the red curves in Fig. 6).

On the other hand, if the strain is sufficiently small, the
stress fiber force reaches a second plateau; correspondingly,
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Figure 10: The computed stress fiber force versus time com-
pared with force on individual microposts from the work
of Mann and co-workers (32). (a) Robust stress fiber-focal
adhesion systems (Region R in Fig. 5). (b) Systems that suf-
fer focal adhesion collapse (Region FA-c in Fig. 5). The
strain of 0.06 is applied at 1800 s in both cases.

the stress fiber recruits more actins and myosins. The focal
adhesion also grows, demonstrating that to some extent an
external load can stimulate growth of the stress fiber-focal
adhesion system. The strain is externally imposed as a sub-
strate strain in our model, but in living cells may come
from the ECM, neighboring cells or other stress fiber-focal
adhesion complexes within the same cell.

Connection to recent cell traction force experi-
ments on micropost arrays

Our results can be related to the experiments of Mann et al.
on the force response of smooth muscle cells on arrays of
polymeric microposts (32). Fig. 10 shows data from their
study for the force on individual microposts versus time in
response to a substrate strain of 0.06. Fig. 10a corresponds
to stress fiber-focal adhesion systems that remain robust over
the period of the experiments — Region R in Fig. 5. Notably,
the computed response has a spike in force at the instant of
strain application due to the intrinsic viscoelastic response of
the stress fiber, which has a relaxation time 7 = 10 s (see the
inset in Fig. 6a and the related discussion, and Tab. 1 in the
Supporting Material). The 1-minute time resolution of the
experiments was too coarse to capture such a spike.
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In Fig. 10b stress fiber-focal adhesion systems from
Region FA-c (focal adhesion collapse) of Fig. 5 have been
compared with experimental curves that show a signifi-
cant decrease in force. Notably, while the computed curves
demonstrate decreases down to zero force, the experiments
show a less sharp decreases followed by a plateau. Upon
examining the experimental force data we have found that
the force trace on each of the two microposts represented in
Fig. 10b is not complemented by a force trace that is equal
in magnitude and opposite in direction on another microp-
ost. This suggests that while each end of a stress fiber is
indeed connected to a focal adhesion on a micropost, dif-
ferent parts of the focal adhesion on these microposts have
different stress fibers connected to them. Each stress fiber
and the part of the focal adhesions connected to each of
its ends would form a system of the type considered in the
model, and this system would have well-defined dynamics.
However, the force trace on a micropost is the magnitude of
the vector resultant of all these different systems, some of
which may collapse and all of which have different dynam-
ics. This yields the experimental curves in Fig. 10b charac-
terized by sharply decreasing, but non-vanishing forces. In
all cases, matches to the experimental curves were obtained
by varying the initial focal adhesion length and the stress
fiber unstretched length.

Mann et al. speculate that all the different observed
behaviors may be due to the force acting on the focal adhe-
sion before the application of the stretch. Our study shows
that the force does affect the system behavior,but is itself
determined by the system’s initial geometrical configura-
tion — Figs. 2 and 5. This diversity of stress fiber and focal
adhesion geometries has not been reported by Mann et al.

Further capabilities of the model

The discussion of Fig. 3 identified an equilibrium state for
the system when the focal adhesion grows to cover the
micropost cross-section. A non-uniform force distribution
over the focal adhesion (33) also allows the attainment of
an equilibrium state, but has not been considered here.

The model discussed here can be embedded in a whole
cell model, where the effects of location within the cell and
history, as well as of cell type, can be considered. Notably, a)
both stress fibers and focal adhesions vary in size and length
throughout a cell, depending also on cell history, and from
one cell type to another; b) the external strain field to which
cells are subjected is non-uniform; and c) the kinetic rates of
proteins binding/unbinding and the structural and chemical
properties of both the stress fibers and the focal adhesions
change with the cell type. All these varying conditions, and
the different responses they elicit, can be accounted for in
the model presented here.
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SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.

Note for the printed version of the manuscript

For the printed version of the manuscript, the following con-
vention has been used for Figs. 3, 6, 8 and 9: solid red lines
have been substituted with solid gray lines; solid green lines
with dash-dot black lines; solid blue lines with solid black
lines; and dashed red lines with dashed gray lines.
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