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RESUMO

Ao longo da existéncia humana, a perda de membros foi considerada um prejuizo irreversivel
e perda permanente de funcdo. Até recentemente, a restauracdo do feedback sensorial para
usuarios de préteses e individuos com neuropatias variadas era inimaginavel. No entanto,
desenvolvimentos multidisciplinares tornaram a recuperacdo dessa funcdo cada vez mais
factivel. A falta de pele inervada, que permite que uma miriade de estimulos tateis seja detetada
e interpretada, tem sido um dos principais obstaculos na restauracdo do feedback sensorial
completo. Isso foi combatido através do design de substitutos artificiais da pele, permitindo
aos usuarios um feedback sensorial parcial, mas ndo padrdo. Esta tese enfoca a criacdo de um
sistema somatossensorial de bioengenharia, tanto em termos de substrato micro ambiental
como em ambiente celular. N6s criamos um modelo de sistema somatossensorial projetando
uma construcdo tridimensional, biocompativel, elastomérica, eletrocondutora, permedvel,
sensivel a pressdo, capaz de atuar como uma interface para as células do sistema
somatossensorial. A validacdo dos componentes individuais e do constructo completo foi
realizada. Comecamos avaliando métodos mecéanicos, avaliando as propriedades de
deformacao elastica, alongamento na ruptura e fadiga. Em seguida, analisamos a condutividade
eléctrica, tanto em estase como durante varios pontos de fadiga eletromecanica, bem como em
ambientes secos e liquidos. Além disso, avaliamos a piezoeletricidade do constructo, validando
0 uso da capacidade do nosso constructo para funcionar como um elétrodo macio. A anélise do
nosso sistema somatossensorial foi validada com varios tipos de células encontradas no sistema
somatossensorial, tais como: fibroblastos, queratindcitos, células de Schwann, células
ganglionares da raiz dorsal e células progenitoras neuropaticas. Citotoxicidade, adesao,
expansdo e diferenciacdo foram todas avaliadas. Além disso, células neurais e co-culturas
contendo células neurais foram avaliadas em campos elétricos para entender os efeitos da
eletricidade no nosso modelo de sistema somatossensorial. Experimentos de campo elétrico
usando tais estruturas (scaffolds) podem eventualmente tornar-se um método padrdo para
realizar modelagem in vitro de terapias do sistema somatossensorial baseadas em eletricidade.
Sistemas somatossensoriais de bioengenharia podem ser potencialmente integrados em
interfaces homem-maquina bidirecionais, levando a uma funcdo sensorial melhorada para
usuarios de proteses e possibilitando a criagdo de modelos de doencas do sistema
somatossensorial que possam ajudar a entender as neuropatias sensoriais e analgesia congénita.

Palavras-chave: Polimeros biocompativeis, elastdmeros, propriedades mecanicas,
eletrocondutores, piezoeletricidade



ABSTRACT

Throughout human existence, limb loss has been considered an irreversible detriment and
permanent loss of function. Until recently, restoration of sensory feedback for prosthesis users
and subjects with varied neuropathies was unimaginable. However, multidisciplinary
developments have made recovery of this function increasingly attainable. Lack of innervated
skin, which allows for a myriad of tactile stimuli to be detected and interpreted, has been one
of the key hindrances in the restoration of complete sensory feedback. This has been combated
through design of artificial skin substitutes, enabling users with partial—but not standard—
sensory feedback. This thesis focuses on the creation of a bioengineered somatosensory system,
both in terms of the micro-environmental substrate and cellular environment. We went about
creating a physical somatosensory system model by designing a biocompatible, elastomeric,
electroconductive, perdurable, pressure-sensitive, three-dimensional construct capable of
acting as an interface for somatosensory system cells. Validation of both individual
components and the complete construct was performed. We began by assessing mechanical
methods, assessing the tensile deformation, elongation at break, and fatigue properties. We
subsequently analysed electroconductivity, both in stasis and during various points of electro-
mechanical fatigue, as well as in dry and liquid environments. Furthermore, we assessed the
piezoelectricity of the construct, validating the use of our construct’s ability to function as a
soft electrode. Analysis of our somatosensory system construct was validated with various cell
types found in the somatosensory system, namely: fibroblasts, keratinocytes, Schwann cells,
and dorsal root ganglion cells. Material cytotoxicity and cellular adhesion, expansion, and
differentiation on materials were all assessed. Additionally, neural cells and co-cultures
containing neural cells were assessed under electrical fields to understand the effects of
electricity on our somatosensory system model. Electrical field experiments using such
scaffolds can eventually become a standard method of performing in vitro modelling of
electricity-based somatosensory system therapies. Bioengineered somatosensory systems can
potentially be integrated into novel, bi-directional human-machine interfaces, leading to
enhanced sensory function for users of prostheses and enable the creation of somatosensory
system disease models to better understand sensory neuropathies and congenital analgesia.

Keywords: Biocompatible polymers, elastomers, mechanical properties, electroconductive,
piezoelectricity



RESUMO ALARGADO

Como seres humanos, damos por certo nossa capacidade de sentir prazer, dor, temperatura,
textura e uma miriade de outras sensacOes através da estereognosia. De fato, a sensibilidade
tatil tem sido tida como certa ao longo do tempo em que as modalidades sensoriais humanas
tém sido pesquisadas ha menos de dois séculos. O sistema somatossensorial humano
desempenha um papel fundamental nas fungdes exterorrecional, interoceptiva e proprioceptiva,
cujos papéis estdo relacionados a percepc¢do dos estimulos, reagdo aos estimulos e controle da
posicdo e do equilibrio corporal, respectivamente. Todos os trés sdo criticos para a fungdo

completa do corpo humano, sensibilidade e feedback sensorial.

Embora a totalidade do sistema somatossensorial seja incrivelmente complexa, esta tese optou
por enfocar seus componentes exterorreceptivos e proprioceptivos por causa da relagdo entre
essas partes do sistema somatossensorial e os estimulos externos. Escolhemos especificamente
estudar a relacdo da pele com as funcGes exterorreceptivas e proprioceptivas. A funcao
exterorreceptiva refere-se a uma variedade de sensacdes superficiais, como dor, prazer e
temperatura. O sistema somatossensorial detecta sensacdes exterorreceptivas via neurdnios
sensoriais nos ganglios da raiz dorsal e nos ganglios sensitivos cranianos. Dentro do sistema
nervoso, 0s ganglios da raiz dorsal pseudo-unipolar estendem-se simultaneamente aos seus
alvos periféricos e a medula espinal, ou nacleos da coluna dorsal do tronco cerebral. Enquanto
isso, a pele é inervada por mecanoreceptores de baixo e alto limiar capazes ou respondendo a
uma variedade de estimulos indcuos e prejudiciais. Existem varios mecanorreceptores
especializados na pele relacionados com a fungdo exteroceptiva, em particular, terminagdes
nervosas livres no plexo do cabelo radicular, nos bulbos finais de Krauses, nos corpusculos de
Meissner e nos discos de Merkels. A fungdo proprioceptiva contribui para a consciéncia
corporal, o0 movimento e o controle. Semelhante & cinestesia e ao sistema vestibular, a
propriocepcdo fornece um feedback sensorial que permite a precisdo da posicdo e movimento
do membro, a tensdo e o equilibrio. Os proprioceptores sao normalmente encontrados em
6rgdos tendinosos de Golgi, fusos musculares e dentro e ao redor das capsulas articulares. Eles
sdo capazes de influenciar os nervos motores, fazendo sinapses com 0s neurdnios motores
inferiores e com o sistema nervoso central, a fim de interpretar sinais e até mesmo induzir
movimentos reflexos. Os dois principais tipos de proprioceptores sdo corpusculos de Pacini e

terminacGes de Ruffini.



A funcéo e a disfungéo somatossensorial continuam sendo assuntos extremamente complexos
que afetam uma série de condicGes, desde a perda do membro até as neuropatias autonémicas
e periféricas. A perda de membros, em particular, é tipicamente considerada um prejuizo
irreversivel, pois resulta em perda permanente de funcdo, irregularidades sensoriais, como a
sindrome do membro fantasma, e é frequentemente associada ao estigma psicossocial que
resulta em problemas de saude mental. As proteses tentaram substituir os membros e digitos
perdidos por milhares de anos. No entanto, muitos deles funcionam principalmente como
dispositivos cosméticos passivos, ndo dando aos usuarios nenhum feedback sensorial e agindo
como pouco mais que ganchos. Nos Ultimos anos, proteses osteointegradas e mioelétricas
tornaram-se popularizadas, e 0s ensaios clinicos em andamento envolveram até mesmo a
incorporacdo de eletrodos implantaveis. Essas novas proteses integradas incluem componentes
que permitem a estimulacao neural e musculoesquelética. Isto levou a avangos revolucionarios,
melhorando a amplitude de movimento e controle. Apesar disso, esses dispositivos biomédicos
ainda ndo podem fornecer aos usuarios um feedback sensorial e, consequentemente,
permanecem a anos de mimetizar com sucesso a funcdo motora e somatossensorial completa.
A falta de pele inervada, que permite que uma miriade de estimulos tateis seja detectada e
interpretada, € um obstaculo fundamental para dar aos amputados um feedback sensorial
completo. Isso foi combatido através do uso de eletrodos implantaveis e do design de
substitutos artificiais da pele, permitindo aos usuarios um feedback sensorial parcial, mas ndo
padrdo. A Gnica maneira de restaurar atualmente a funcéo do sistema somatossensorial é atraves
do transplante. Embora os recentes avancos nas cirurgias de tecidos compostos tenham
permitido o transplante completo dos membros, 0s imunossupressores ao longo da vida e as
avaliacOes psicoldgicas sdo obrigatorios, tornando essa técnica inadequada para todos 0s

amputados.

Neuropatias autondmicas e periféricas sdo outras questdes do sistema somatossensorial que
requerem uma compreensao adicional do sistema somatossensorial em nivel celular antes que
possam ser totalmente resolvidas. Este crescente campo de conhecimento foi determinado por
ter um componente genético gracgas a casos hereditarios, onde familias inteiras com percepcao
alterada de dor foram identificadas. No entanto, varias neuropatias resultam mais tarde na vida
devido a doenca e / ou lesdo. Essas neuropatias podem ser debilitantes e, em muitos casos, 0s
medicamentos padrao usados para controlar a dor sdo inuteis. A estimulacéo elétrica do nervo,

disponivel nos formatos externo e interno, tem sido usada para combater a disfuncéo do sistema
Vi



somatossensorial, reduzindo os sintomas como hiperalgesia e inflamacéo e alteragdo dos niveis
de neurotransmissores envolvidos na patologia. No entanto, essas técnicas terapéuticas foram
desenvolvidas apenas na decada de 1960. Em muitos paises, eles estdo disponiveis apenas
como tratamentos experimentais ou privados. Estudos adicionais sobre a influéncia de campos
elétricos no sistema somatossensorial sdo essenciais para entender as mudangas em nivel
celular e molecular, a fim de avancar na pesquisa neste campo. Esta tese enfoca a criacdo de
um sistema somatossensorial de bioengenharia, tanto em termos de substrato micro-ambiental
e ambiente celular. A bioengenharia bem-sucedida do sistema somatossensorial pode ser
integrada a interfaces homem-maquina novas e bidirecionais, levando a uma fungéo sensorial
aprimorada para usuarios de proteses. Até recentemente, a restauracdo do feedback sensorial
para usuarios de proteses e individuos com neuropatias variadas era inimaginavel. No entanto,
0s avangos nos campos cientificos multidisciplinares tornaram possivel uma recuperacao
potencial da funcdo. NGs criamos 0 nosso préprio ambiente de sistema somatossensorial
projetando uma construcdo tridimensional, biocompativel, elastomérica, eletrocondutora,
perduravel, sensivel a pressdo. Esta construcdo é capaz de atuar como uma interface para o
sistema somatossensorial de bioengenharia e modelos de pele. A anélise da sensibilidade dos
mecanorreceptores da pele em um microambiente apropriado aumentaria a compreensao de
aspectos da funcdo somatossensorial que sao dificeis de serem replicados na substituicéo
artificial de membros ou que se recuperam totalmente por meio de transplante. Além disso,
isso permitiria a criacdo de modelos melhorados de patologia do sistema somatossensorial para
melhor compreender as neuropatias sensoriais € a analgesia congénita. Isto permitiria
adicionalmente compreender melhor as terapias de campo elétrico a nivel celular e molecular.
Para criar uma construcdo, validamos os componentes individuais e o modelo completo.
Comecamos avaliando as propriedades mecéanicas (nomeadamente a deformacdo a tracao, o
alongamento na ruptura e as propriedades de fadiga) de nossas misturas elastoméricas
selecionadas e materiais fibrosos e flexiveis para identificar quais materiais tinham maédulos
de deformacdo semelhantes aqueles da pele. Como a pele é um material anisotrépico Unico,
com capacidade de regeneracdo in vivo, usamos pele suina fresca para realizar nossa anélise
comparativa. Descobrimos que 0 nosso material selecionado nao sé tinha um moédulo de Young
semelhante ao da pele, mas era capaz de resistir a grandes quantidades de fadiga mecénica,
apenas se deformando depois de passar por substancial alongamento. Além disso, fomos
capazes de eliminar materiais da selecdo processada com base em fatores como a fadiga
baseada na desidratacdo. Em seguida, analisamos a eletrocondutividade em ambientes secos e

liquidos para validar o comportamento de cada componente individualmente, bem como o
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construto completo. Também avaliamos o elastdbmero eletrocondutivo e o elastbmero
eletrocondutor piezoelétrico em estase e em varios pontos de tensdo para avaliar a fadiga
eletromecénica e piezoelétrica. Finalmente, fomos capazes de criar elastdmeros
eletrocondutores com valores de resisténcia variavel e controlada, otimizando a camada
piezelétrica. 1sso nos permitiu avaliar a piezoeletricidade da construcdo, validando sua
capacidade de funcionar como um eletrodo macio. A analise celular do nosso sistema
somatossensorial foi realizada com varios tipos celulares encontrados no sistema
somatossensorial, a saber: fibroblastos, queratindcitos, células de Schwann, células
ganglionares da raiz dorsal e células progenitoras neuronais (ReN). A citotoxicidade foi
avaliada segundo os padrdes ISO usando fibroblastos L929. A adesdo, expanséo e diferenciagdo
de longo prazo foram avaliadas usando queratindcitos, células de Schwann, células
ganglionares da raiz dorsal e células ReN. Além disso, as células neurais e co-culturas contendo
células neurais foram avaliadas em campos elétricos para entender os efeitos da eletricidade
nas células que residem dentro do nosso microambiente projetado. Nossos achados sugerem que
nosso material é um substrato preferido para analise celular de longo prazo, cicatrizacdo de
feridas, proliferacdo e modelagem de diferenciacdo. Outros estudos podem ser realizados para
avaliar os efeitos do estresse fisico e da atividade eletromecanica e piezelétrica ao utilizar este
material em cultura de células. Esta tese fornece as validagdes fundamentais necessarias para
usar 0 nosso construto para criar produtos que podem ser implantados ou usados a longo prazo.
Experimentos de campo elétrico usando nossa construcdo 3-D podem, eventualmente, ser
usados como um microambiente padrdo ao realizar a modelagem in vitro de sistemas
somatossensoriais, bem como avaliacfes da terapéutica do sistema somatossensorial baseado

em eletricidade.

Palavras-chave: Polimeros biocompativeis, elastdmeros, propriedades mecanicas,

eletrocondutores, piezoeletricidade
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1.1 Introduction

Human beings often take their capacity for stereognosis for granted. Sensory modalities have
only been studied for the last two centuries, and the somatosensory system remains one of the
least studied human organ systems.! Despite this, the somatosensory system is spread
throughout multiple parts of the body and is comprised of both external and internal sensory
receptors.? Receptor pathways in the skin, joints and muscle communicate with root ganglion
cells, so that sensory information moves through the medial lemniscal pathway and into the
spinal cord and brainstem.® This allows the regulation of sensations such as pain, pleasure,
temperature, and texture. The somatosensory system also controls perception and reaction to

stimuli, as well as body position and balance.!

The complexity of the somatosensory system has allowed for a variety of models, both
computational and cellular, to be created. However, most somatosensory system models are
only focused on one sensory component of the somatosensory system microenvironment.
Creation of more complex, multidimensional microenvironments would allow for the study of
cells and tissue in vitro, while allowing their culture within structures that more similarly mimic

their natural environment’s mechanical and electrical properties.

1.2 Motivation, Objectives, Research Questions and Strategy

The aim of this project was to design, manufacture and characterize a biocompatible,
elastomeric, electroconductive, perdurable, pressure-sensitive material construct to support a

multidimensional somatosensory system interface.

The motivation to develop somatosensory system constructs is their use, primarily, as an
interface for in vitro research. Although there are a variety of medications and medical
treatments for somatosensory system disorders, these conditions are poorly understood. The
treatment of these conditions is often simply to manage symptoms. However, a variety of these
diseases have a complex, unknown pathology that manifests neurally, but is expressed via the
skin - a tissue with unique viscoelastic properties. Somatosensory system constructs would

enable the variety of cell types that make up this bodily system to be simultaneously cultured






together. This, in turn, would enable strategic modelling of neuronal pathways and cell-cell

interactions.

Somatosensory system constructs also may have potential secondary applications as
components of implantable and wearable biomedical devices. Throughout the development of
the construct, we took into consideration advancements in multidisciplinary fields including
prosthetic and neural cuff design, biomaterials research, and electrical and magnetic-based
stimulation therapeutics. We particularly focused on the impact of electrical fields used in
invasive and non-invasive neurostimulation and neuroprosthetic research, which allowed us to

optimize the multipurpose design of our work.

Unlike other material constructs designed for neurostimulation or as wearables, we wanted our
creation to be multipurpose and functionally implantable in various capacities. The construct
created in this study needed to be capable of acting as an interface for bioengineered skin and
somatosensory system models. We chose to bioengineer a construct that would be able to act
as a multidimensional microenvironment for skin, given the few existing models capable of

replicating a somatosensory system environment.

To our knowledge, the construct created during this thesis is unique. Both second skin and
artificial skin substrates have been studied extensively and possess many of the same attributes.

However, the properties of other similar constructs are critical discussed on section 1.3.6.

The material construct that was created also has potential uses as a soft electrode in
neurostimulatory devices, as a component of neuroprostheses, and as substrate for both the
modelling and expansion of autologous skin grafts prior to transplantation. Five main factors

related to this construct will be discussed as objectives:

1) The mechanics of creating a soft, stretchable, electroconductive construct.

2) The electroconductive approaches required to maintain both high elasticity and low
electrical resistivity in such a device.

3) The natural sensorial capacity of such a device, namely its piezoelectric qualities.
4) The biocompatibility of the full construct with various cell types, including an

assessment of different co-culture systems
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5) Creation of different co-culture systems to help model different aspects of the

somatosensory system.

Given the complexity and multidisciplinary nature of this work, Figure 1.1 outlines the research
strategy taken in this thesis. Chapters 3, 4, and 5 are comprised of three main bodies of work,
namely: Materials based work, electroconductive and piezoelectric analyses, and finally,

validation of biocompatibility and cellular analysis.
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Commercially available materials were utilized in the research approach taken in order to
mitigate further limits of supply. A three-layered approach was used to design this concept.
This construct was comprised of elastomers, electroconductive materials, and piezoelectric

polymers, in which:

i) Elastomers were selected from planar materials which had Young’s moduli similar
to skin, as well as electrospun materials that had structural properties more similar to
those found in this organ. Not only was the initial stress-strain of importance, but
capacity to withstand repeated fatigue and resist deformation.

i) Electroconductive materials could be incorporated into the elastomer blend or
utilized as a surface layer, providing the material did not greatly affect the mechanical
properties and deformation of the elastomer. As with the primary layer, this material
also had to retain its ability to be conductive under mechanical stress. Highly
conductive materials capable of withstanding repeated strain were sought, given the
incorporation of the potentially insulating third layer.

iii) A final piezoelectric material was utilized as a component that would provide
stimulus to cells cultured on the construct. Planar piezoelectric sheets are less
comparable to skin as they are prone to mechanical fatigue. Consequently, electrospun
piezoelectric polymers were created. Such piezoelectrics would present a lower

modulus and experience segmented fatigue during deformation.

The selection of such materials was the result of an intensive search across industrial and
academic groups worldwide. Assembling these materials whilst maintaining the
aforementioned properties required the development of several protocols and techniques. The
final construct produced was designed to be soft and perdurable, rather than degradable or re-

absorbed.

Materials characterization was performed in tandem to support and validate construct
development. Specifically, mechanical, electroconductive and piezoelectric analyses were
performed along with in vitro cellular analysis of the construct’s individual components and

the complete construct.



The studies comprised in this thesis were organized to answer the following research questions:

1. How does the functionality of elastomeric polymers compare to skin, specifically the
tensile and fatigue properties? (Chapter 3)
Rationale: This chapter focuses on the screening of soft materials that are appropriate
for use as skin substitutes from a mechanical perspective. While mechanical properties
of polymers are reported in the literature, few are compared to real-world systems. This
study considers the full tensile strain curve and fatigue capacity of various materials
before and after different processing techniques. Given that the mechanical properties
of materials can be altered based on their conformations, different conformations of
planar and porous materials are assessed. All results were directly compared with

multiple regions of porcine skin.

2. Can elastomeric substrates possess electroconductive properties, despite the high
electrical resistivity typically associated with soft materials? (Chapter 4)
Rationale: Constructs involving electroconductive materials blended with elastomeric
ones typically result in loss of electroconductivity or loss of elasticity. This chapter
explored whether an elastomer with limited insulating properties exists, as well as
different techniques that could facilitate the creation of an electroconductive elastomer

with minimal loss of either property.

3. Does heat treatment impact the piezoelectric functionality of electrospun P(VDF-
TrFE)? (Chapter 4)
Rationale: Piezoelectrics integrated into any construct need to be combined in specific
ways. While heat treatment of planar P(VDF-TrFE) is well-studied, similar data for
electrospun or mechanically-produced fibers is limited. It is possible to over-heat
P(VDF-TrFE), thereby reducing the piezoelectric functionality. This chapter focused
on finding the optimal heat treatment for planar and electrospun P(VDF-TrFE) and

identifying any processing limitations that could alter piezoelectric function.



4. Do the mechanical and insulating properties of elastomers impact piezoelectric
functionality? (Chapter 4)
Rationale: Piezoelectrics integrated into the construct must be created at certain
thicknesses in order for a functional electrode to be formed. This chapter focused on
identifying the processing requirements in order to seamlessly integrate all three layers
of the construct: elastomer, electroconductive material, and piezoelectric. Furthermore,
the effect of using a soft material as an electrode base was assessed in order to determine

if this factor was self-limiting in the creation of the complete construct.

5. Can skin cells (namely fibroblasts and keratinocytes) as well as neuronal cells be grown
on a piezoelectric, electroconductive, elastomeric construct? (Chapter 5)
Rationale: A range of cells are found in skin, ranging from fibroblasts to keratinocytes
to neuronal cells associated with sensory neuron pathways. Each cell type is known to
have different preferences in terms of substrate type. This chapter focused on assessing
the culture of four different cell types on each segment of the construct. Proliferation
and long-term culture were both assessed. Furthermore, several co-culture models were
created in order to identify growth patterns and proliferation that would occur when
cells were allowed the opportunity to choose between porous, multi-layered substrates

and textured, planar ones.

6. Isthe creation of a biocompatible, elastomeric, electroconductive, perdurable, pressure-
sensitive, three-dimensional construct feasible? (Chapter 6)
Rationale: This chapter summarizes the results achieved to date and focuses on the

discussion of future directions for this technology.



1.3 State of the Art

1.3.1 Motivation for the Creation of a Biocompatible, Electroconductive Elastomer

Human beings are able to perceive and understand complex environments through the
combined functions of the central nervous system, musculature, and skin, regardless of the
intricacy of the stimuli.*” Skin functions as a barrier to pathogens while preventing excess water
loss, and simultaneously receiving sensorial information from the environment.*® 4 It allows
for a myriad of tactile stimuli to be detected and interpreted. For example, the oiliness of a
liquid is perceived as both resistance and smoothness, while awareness of snowfall versus hail
requires pressure, temperature, and texture to be detected and processed. Skin acts as our first
line of defence, and we are utterly dependent on its innervation to discern and interact with the

world.

Lack of innervated skin can result following injury, illness, or even limb loss. Following most
types of damage, skin is able to rapidly regenerate, restoring sensory function to the damaged
area. However, severe damage can result in irreversible and devastating loss of function. Severe
burns and limb loss lead to permanent sensory damage, as well as serious psychological and
physiological effects. Historically, resolving severe damage to skin has involved some form of
transplantation - the most reliable way of restoring somatosensory function. Skin grafting,
which has been performed for over 3,000 years, enables neural migration from the grafted skin
to nerve pathways within the injured region.5® ! Skin burns can be resolved through either
autologous or allogenic transplantation, depending on the size of the affected area and the
severity of the injury. In extreme cases, burns can be so severe that transplantation is not
suitable, and amputations may be necessary. Amputations once implied permanent loss of
function to the severed area. However, advances in composite tissue surgeries have enabled
complete limb transplantation, allowing amputees the best chance of recovering both

somatosensory and motor function.

Medical centres around the world offer composite tissue transplants for full limbs, but the
eligibility criteria is quite stringent.® Following an amputation, candidates are selected based
on varied anatomic and physiologic eligibility criteria, which includes an assessment of nerve

conduction velocity and confirming a lack of immunosuppressive conditions.>?° Extensive
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psychological and social assessments are also mandatory.>?>° Regardless of fitness or desire
for a limb, certain patients may always be deemed ineligible for transplantations due to a lack
of the limb’s representation in the brain. The longer the concept of the amputated limb remains
within the brain, the less likely the amputee’s brain is to accept a limb. If transplanted, such a
patient would likely not be able to regain functionality of their new appendage.*’ Given the
selectiveness of the process, composite tissue transplants are not suitable for all amputees.
Approximately 113 hand transplants have been successfully performed since 1998—a tiny

fraction of the total amputees worldwide.>

A B

Figure 1.2: Before and After Images of a Hand Transplant Patient. Reproduced with permission from
Jones et al., The New England Journal of Medicine 343.7 (2000): 468-473, Copyright Massachusetts
Medical Society.>

Following transplantation, new nerve fibers must regenerate along the existing nerve pathways
of the patient’s stump and transplanted limb. This is a time-consuming process as nerve fibers
grow at a maximum speed of 1mm/day.>® Additionally, fibers are not guaranteed to migrate
correctly along the original pathways. For instance, following a hand transplant, nerve fibers
from one finger may regenerate into another, requiring the brain to completely reorganize its
viewpoint of the somatosensory cortex.> This process consequently involves extensive
physical therapy and psychological therapy, as patients struggle with limbs they feel no
ownership of. Patients can expect to find themselves undergoing extensive physical therapy for
six months or more.>® Despite the rigorous pre-selection and post-assessment procedures, there
is never any guarantee of regaining complete somatosensory function post-transplant.>” %8
Return of motor and sensory function can take anything from months to years.*® Optimizing
this surgical technique going forward may require the addition of perdurable or long-life extra-
or intra-neural electrodes to guide nerve pathways and accelerate rehabilitation.



An alternative to transplantation exists in the form of integrated prosthetics that utilize neural
and musculoskeletal stimulation. With training, humans have been able to transfer hand
sensitivity to foreign objects and perceive these objects as part of themselves.*” Through
osseointegration and similar surgical techniques, amputees can recognize prosthetics as an
extension of themselves. This has increased more so with the development of myoelectric and
neurally-controlled prosthetics, which often utilize implantable extra- and intra-muscular
and/or extra- and intra-neural electrodes to create a human-machine interface to link body to
prosthesis.>®®! Such prostheses restore variable amounts of motion and movement control,

depending on the prosthesis model and subject’s nerve pathways.
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Figure 1.3: Components Required for Direct Neural Stimulation in a Prosthesis User.
Taken from Tan et al., Science Translational Medicine 6.257 (2014): 257ra138-257ra138.%% Reprinted with
permission from AAAS.

Neurally-controlled prosthetics are controlled by users through targeted innervation and
subsequent thought-based control. However, these are particularly unique as they are capable
of restoring partial somatosensory feedback through direct nerve stimulation. Neurostimulation
techniques have allowed for pressure, pain, and various types of moving touch to be detectable
thus far.>%-%2 Despite restoring only limited somatosensory system function, the progress in this
field has been ground breaking. However, although the neurostimulatory components required
to restore sensory function have been successfully tested, they cannot yet be fully integrated

into neuroprostheses. Due to the invasiveness of direct neural stimulation and lack of
10



miniaturization of the sensory feedback component, sensory feedback for neurally-controlled
prosthesis users is still experimental and in limited clinical trials. However, sensor-embedded

prostheses and various artificial skin substitutes have been developed as alternatives.

Artificial skin is often referred to by a variety of names, including electronic skin, e-skin, or
second skin. Due to the overlap in other skin-based technologies, it should not be confused
with the degradable biomaterials or biological sprays used on open body surfaces in order to
prevent infection and promote wound healing (discussed further in section 1.3.5).54% Artificial
skin should not be confused with cosmesis, the process of making artificial limbs resemble
organic limbs. Cosmesis tends to utilize vinyl or silicone based materials, focusing solely on
replicating the natural appearance and texture of a limb. Although sensor-focused artificial skin
and cosmesis may one day be integrated, none have thus far, though several prototypes are in
development. The artificial skin discussed throughout this thesis refers to material-based

products that are typically used to enhance robotics and prosthetics.®’

< Artificial skin

Figure 1.4: Stretchable Prosthetic Skin Equipped with Silicon Nanoribbon Arrays. Reprinted with
permission from Springer Nature: Nature Communications. [Stretchable Silicon Nanoribbon Electronics
for Skin Prosthesis, Jaemin Kim, Mincheol Lee, Hyung Joon Shim, Roozbeh Ghaffari, Hye Rim Cho et
al.] Copyright 2014

The generalized goal of artificial skin substitutes is to create a construct that can mimic skin’s
sensory feedback and tactile function. Such products are typically flexible or elastic electronic
constructs that equip users with increased sensory feedback. Currently, artificial skins are so
advanced that they contain humidity, pressure, and temperature sensory arrays, in addition to

electroresistive heaters and stretchable multi-electrode arrays for nerve stimulation.5®
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However, the creation of most artificial skins has been focused on only one or two sensory
aspects. Certain artificial skin substitutes have a sense of pressure is equivalent to that of a
human fingertip.%® Others are capable of resistance over a 130 °C temperature range, while
others are capable of discriminating between both temperature and pressure.’® " Artificial skin

substitutes may even have self-healing properties.’

Artificial skin substitutes must be integrated into prostheses or directly link to some aspect of
the biological interface.” Despite the availability of highly stretchable electronic devices today,
and several tactile and temperature sensors that perform better than human skin, most artificial
skin substitutes struggle to combine these factors into a medically sound, long-term product.”®-
78 Although integration and read-out of combined arrays can be both difficult and costly, the
biggest issue by far is neural interfacing. The challenges to be addressed on materials/neural
interface are primarily related to biocompatibility. There are also related concerns that
electrodes, which are typically not made from soft materials, may fracture, enter the
bloodstream, and cause internal damage.®® However, advances in materials design, as shown in
Table 1.2, will undoubtedly allow artificial skin products substitutes to soon become natural,
integrated extensions of the human body.

Given the complexity of the somatosensory system and the variety of potential methods for the
restoration of somatosensory function, neurostimulation through biocompatible, stretchable
electronics is necessary to further research in composite tissue transplantation, neuroprosthetic
design, and artificial skin substrates. Each field requires such materials to be modified in

slightly different ways, but all have the same end goal.

To date, different studies have focused on different aspects of somatosensory system
restoration such as: 1) understanding the somatosensory system, 2) the clinical relevance of
neurostimulation in its ability to correct sensory dysfunction, and 3) materials research that can
assist in the functional restoration of the somatosensory system.?:304863 The research presented
in this thesis primarily focused on the latter: A materials-based approach. Rather than replicate
individual aspects of the somatosensory system individually, a system was developed that
could support the function of a healthy somatosensory system. We propose the creation of a
system that can be used to repair, restore and enhance somatosensory system function, rather

than create a novel somatosensory system from the ground up.
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1.3.2 An Overview of the Somatosensory System

As human beings, we take for granted our ability to feel pleasure, pain, temperature, texture,
and a myriad of other sensations through stereognosis. Indeed, tactile sensibility has been so
taken for granted throughout the human experience that analysis of human sensory modalities
has been researched for less than two centuries.! Novel aspects of the somatosensory system
are still constantly being discovered. For instance, five novel chemoreceptors— specifically,
olfactory receptors, typically found in nasal epithelium— were recently identified within
keratinocytes, the skin’s primary cell type.*® The human somatosensory system is notably
complex as it plays a role in exteroreceptive, interoceptive, and proprioceptive functions—
whose roles are related to perception of stimuli, reaction to stimuli, and control of body position
and balance, respectively.! All three aspects are critical to the complete function, sensibility,

and sensory feedback of the body’s limbs and digits.

Exteroreceptive function refers to a variety of superficial sensations such as pain, pleasure, and
temperature. Skin is innervated by both low and high threshold mechanoreceptors capable of
responding to a variety of innocuous and harmful stimuli.® Several types of specialized
mechanoreceptors exist in the skin: In particular, free nerve endings on the root hair plexus,
Krause’s end bulbs, Meissner’s corpuscles, and Merkel’s discs. As we experience superficial
sensations, these signals are perceived by our skin’s receptors and travel through our
myelinated nerves. Exteroreceptive sensations travel via sensory neurons into dorsal root
ganglia and cranial sensory ganglia.! These dorsal root ganglia extend through the nervous

system to their peripheral targets and the spinal cord, or dorsal column nuclei of the brainstem.!

Interoceptive function refers to the feeling of self: visceral feelings within the human body,
such as those caused by vasomotor activity or thermoregulation, that have an inherent
association with emotion and self-awareness.”® The lamina I spinothalamocortical pathway, the
most superficial layer of the spinal dorsal horn, conveys these types of sensations to the central
nervous system via A- and C-fibers throughout the body.’® This aspect of the somatosensory

system is a complex function with various motor, sensory, and neuropsychological aspects.



Proprioceptive function contributes to bodily awareness, movement, and control.®° Similar to
kinaesthesia and the vestibular system, proprioception gives sensory feedback that enables
accurate limb position and movement, tension, and balance.®’ Proprioceptors, typically
Pacinian corpuscles and Ruffini endings, are typically found in Golgi tendon organs, muscle
spindles, and in and around joint capsules.® They are able to influence motor nerves, synapsing
with lower motor neurons and the central nervous system in order to interpret signals and even

induce reflex movements.®?
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Figure 1.5: Skin-Spinal Cord Interconnections within the Somatosensory System. Diagram depicting the

sensory neurons in the skin, alongside the pathway through the somatosensory system via the dorsal root
ganglion and spinal cord to the brain.

Functional components of the somatosensory system can be lost with age, disease, nutrient
deficiencies, or injury. In some cases, genetic mutations can alter somatosensory system
function from birth, leading to conditions such as congenital analgesia.”* Somatosensory
system issues commonly arise from injuries to skin, nerves, or the brain. This is obvious with
amputees or burn victims, where skin and nerve damage is evident. However, conditions such
as multiple sclerosis, shingles, diabetes, and stroke can result in similar issues. Within the
exteroceptive somatosensory system, this can present as neuropathic pain which can be
perceived as burning, tingling, numbness, or aching. Such issues may resolve themselves with
time, or evolve into debilitating conditions, including chronic neuropathic pain or fibromyalgia.
Once malfunctioning or lost, somatosensory function can be challenging to regain. There are
no known cures for genetic diseases, like congenital analgesia, that result in somatosensory

system issues. Sensory malfunctions related to illness or injury are typically associated with
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permanently damaged nerve pathways. Mononeuropathy and polyneuropathy can present as
pain, hypersensitivity, and numbness, as well as various proprioceptive issues including
weakness and mobility issues. Neuropathies can be treated through the administration of
various medications, including corticosteroids, immunosuppressants, antidepressants, and
opioids. However, neuropathies are often treatment-resistant. They may be so severe that

elective amputations are sometimes requested.®

Interestingly enough, neurostimulatory technologies have become a promising therapy for
treatment-resistant somatosensory disorders, including those which originate from
neurodegenerative and autoimmune conditions.84# Electrical stimulation has also been used to
accelerate wound healing of the skin, and increase both cutaneous perfusion and venous flow.®’
Such therapeutic approaches involve stimulation of the brain or the damaged area of the body,

and exist in both implantable and non-invasive formats.

1.3.3 Electrical Stimulation for Wound Healing and Regeneration

Electrical stimulation has been used therapeutically since 15 AD, when ‘electric eel’-type fish
were used to treat headaches, migraines, and gout.®® Over the past 2,000 years, electrical
stimulation has moved far past harnessing electricity from marine creatures. The development
of defibrillators, pacemakers, and various other electricity-dependent medical devices have led
to a greater understanding of human nervous system. Virtually all mammalian tissues are
excitable due to the way that neuronal and muscle cells communicate. As such, electricity can
be used to regulate various issues, including cardiac dysrhythmias, respiratory dysfunction, and
nerve hypersensitivity.® In recent years, advances in electrical stimulation have been found to
have noteworthy clinical implications in wound healing, the creation of neural interface

systems, and neurostimulation therapies.

Electrical stimulation in the context of wound healing and tissue regeneration has been
explored for many years. Studies of limb regeneration, which occurs naturally in organisms
such as zebrafish, axolotls, salamanders, and cervines, have identified genetic and
immunologic components involved in re-growing complete composite tissue.®% Further
exploration of limb regeneration under electric fields has led to a more in-depth understanding

of cellular migration, proximal and distal wound healing, and the limitations of regenerative
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ability in mammals.®* % While non-mammalian models have provided us with excellent models
that can be used to study these biological mechanisms, replicating such regenerative processes
in mammalian limbs has been limited. However, the principles discovered through such studies

have shown that electrical stimulation can be used to accelerate healing.

Epithelial and endothelial cells, fibroblasts, lymphocytes, macrophages, and neuronal cells are
all receptive to electrical stimulation.® Electric fields have been show to activate ion transport
and endogenous electric fields in damaged cells, help direct cell migration, and affect stem
cell-based regenerative responses.® The induction of intracellular signalling has also been

identified in keratinocytes and corneal epithelial cells following electrical stimulation. %

Electrical stimulation has shown particular promise in the treatment of chronic and non-healing
wounds.”®° In humans, electrical stimulation has been shown to increase angiogenesis,
improve tissue oxygenation, and improve the healing of venous insufficiency wounds, wounds
resulting from non-ischemic diabetic neuropathy, and lower extremity ischemic wounds.* This
type of electrical stimulation is typically performed with biocompatible substrates through a
non-invasive format. Various electrical stimulation devices for wound healing exist. These
include the branded products Procellera (a silver-zinc matrix on polyester) and Posifect (a
battery-embedded hydrogel), as well as many unbranded electrical stimulation devices that
have been used in clinical trials.**1% In addition to promoting wound healing, electrical

stimulation can help prevent infection and reduce both pain and inflammation,%9-1%

Despite these successes, the current applied to produce each individual result is highly variable.
This limits the use of each device. A neurostimulatory device will be capable of producing a
large, variable-strength electric field, while products specifically designed for direct skin
contact and wound healing will be far more limited. This ultimately means that there is no ‘one
size fits all’ material that can be used when developing stimulatory bioelectrical devices. Given
the rise of personalized medicine, novel devices should be customizable, or at a minimum less
restrictive in the parameters that affect their conductivity. For research in this field to progress,

device design and the duration of stimulation are also parameters that need to be optimized.®
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1.34 Electrical Stimulation as a Neurostimulatory Technigue

Neurostimulation is a bioelectric medicine that is available in both non-invasive and implanted
formats. In the last few decades, various neurostimulation techniques have become popular,
including (but not limited to): deep brain stimulation (DBS), vagus nerve stimulation (VNS),
transcranial magnetic stimulation (TMS), motor cortex stimulation (MCS), and spinal cord
stimulation (SCS).1%41%7 Most neurostimulatory techniques are multipurpose; for instance,
vagus nerve stimulation alone can be used to treat Alzheimer’s disease, chronic heart failure,
cluster headaches and migraines, treatment-resistant depression, epilepsy, inflammatory bowel
disease, and rheumatoid arthritis.1%”1* VNS has also been shown to suppress pain.!*® Like
VNS, spinal cord stimulation has also been used to treat chronic pain of various types.*®
However, it has become particularly renowned for helping paraplegics with regaining control

of mobility.*’

The clinical implications of neurostimulation are huge, given the wide range of medical
treatments it is able to provide. Implantable neurostimulatory techniques are highly regulated,
while non-invasive devices are readily available throughout the European Union and USA as
portable, non-FDA approved devices. The difference between these techniques and treatment
methods is based on three main factors: 1) The placement of the electrodes, 2) the frequency
of the neurostimulation, and 3) the regularity of the stimulation. Although neurostimulation
techniques can be literally “non-invasive”, even external electrical stimulation can affect the

cortical excitability of the brain in adverse and beneficial ways.%

For instance, spinal cord stimulation involves spinal surgery in order to implant an electrode
array onto the epidural surface of the spinal cord. Weeks of recovery time must be factored in
before commencing therapy. Spinal cord stimulation can vary, with commonly used
frequencies at 15, 20, and 40 Hz for 0.21 milliseconds with a voltage range of 0-to-6 V. Positive

results could be seen just weeks after stimulation.t’

In contrast, implantable pulse generators used in vagus nerve stimulation for Alzheimer’s
disease, use a frequency 20 Hz and current 0.25 mA. Stimulation lasts for 30 second periods,
with 5 minute breaks. Results can be seen within a three month period, but stimulation

continues for a year or more. X7



Finally, non-invasive neurostimulatory devices that use techniques like TMS — applied above
the scalp — involves frequencies that range from 1 Hz to 20 Hz. Lower frequencies typically
inhibit cortical excitability and higher frequencies increase it. However, neurostimulation using
such techniques can be applied in a variety of ways. These different stimulatory protocols can
in turn produce different amounts of aftereffects that can last for less than one hour or as long
as eight. Non-invasive stimulation may occur one-to-five times a week for a few days, months,

or longer.’

Non-invasive and invasive neurostimulatory techniques do not differ substantially in concept,
but utilize completely different materials. Non-invasive neurostimulatory techniques typically
utilize electrodes and a source to apply controlled current to a person’s head or the site of nerve
damage. Electrodes can be made out of a variety of metals, and direct contact is made through
use of adhesive jellies or gels.!'® Alternatively, an electric current travelling through a coiled
wire creates a magnetic field that can be placed upon the person to produce an alternative type
of stimulation.2 Unlike the electrical stimulation used in wound healing, TMS and other forms

of neurostimulation typically require direct contact.

Invasive neurostimulatory techniques are similar in principle to non-invasive neurostimulation,
but utilize implantable, miniaturized devices for electrostimulation instead of external ones.
Invasive devices are FDA-approved, surgically implanted, and typically range between the size
of a battery and that of a pill. Modern neurostimulatory devices typically consist of a soft
polymeric component and an electroconductive component. Commonly implanted
electroconductive materials include titanium nitride (TiN), iridium oxide (IrOx), and platinum
(Pt), which are capable of capacitive, three-dimensional faradaic, and pseudocapacitive charge-
injection mechanisms, respectively.*'® Such materials are selected as they are capable of
producing reversible mechanisms of charge, are easily controlled, and do not result in the
production of any unsafe, reactive species.!® Implantable devices are typically for people with
incurable neurological or inflammatory diseases that require regular electrical stimulation to
remain asymptomatic. Neurostimulation can also be performed through nerve cuff electrodes,
which may be implanted for the treatment of spinal cord injury, stroke, and sensory deficits.!*°
Nerve cuff electrodes have also been implanted into amputees using neutrally-controlled

prostheses in order to create a human-machine interface.***# Such implants include non-
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penetrating peripheral nerve cuff electrodes, spiral cuff electrodes, transversal intrafascicular
multichannel electrodes, longitudinal intrafascicular electrodes, monopolar epimysial

electrodes, and flat interface nerve electrodes.'*-12

Currently, non-invasive neurostimulation is a fairly costly medical technique that is not yet
available worldwide. It has remained somewhat experimental and unregulated. In contrast,
implantable neurostimulation devices are becoming increasingly common, particularly through
clinical trials. However, many (but not all) involve the use of materials that prevent future
treatment via electromagnetic technologies and therapeutics (e.g., magnetic resonance imaging,
ultrasounds, and diathermy). Neurostimulation devices are quite typically unable to work
synergistically with other implanted electrostimulatory devices, such as pacemakers. They
must also be replaced with some amount of regularity, depending on the model and purpose of

the device.

1.3.5 Soft Biocompatible and Electroconductive Materials Used in Neurostimulation

There are a variety of materials that are used in the development of neural cuff electrodes,
implantable neurostimulation devices, and in electrically-active wound healingsubstrates. We
identified some of the more recent developments in biocompatible, electroconductive materials

that are elastic or at least flexible (see Table 1.1).

Electroconductive materials used in these biocompatible constructs included carbon-based
materials, polyaniline fibers, and PEDOT, as well as the incorporation of protocols in which
doping agents are applied to materials. As shown in Table 1.1, the electroconductivity or
resistivity listed varies substantially from construct to construct, due to the materials and
processing techniques used. Carbon-based materials, namely single and multi-walled carbon
nanotubes and nanoparticles, were found to be the most popular electroconductive material
used. 0. 13.24.32.34,.39 Carhon-based materials are often used as a component of neural electrodes,
and have become increasingly popular in biomedical devices since their preparation became
standardized in 1991.1112° Certain carbon-based materials have a lower percolation threshold
than others, influencing conductivity and giving them a wide range of potential uses.?1?” They
are particularly interesting as an alternative electroconductive material compared to the more

commonly used TiN, Pt, and IrOx.!*® The primary issues with carbon-based materials are
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related to biocompatibility and mechanical properties. Although they have been shown to
promote neural differentiation and simulate neural cell growth, many carbon-based products
have shown biocompatibility-based issues. 1?13 This is particularly related to the size of the
material, as with nanotubes, and the synthesis process, which can result in cytotoxicity.'331%
Carbon-based products of various types were considered in the development of our work, but

eventually ruled out because of these issues and their impact on the elasticity of the construct.

PEDOT is another increasingly popular electroconductive material. It is a water-dispersable
polymer that can easily be blended with other polymers or electroconductive materials. 6138 |t
too has been used in neural electrodes and neural cell culture, and has provided positive results
both alone and as a composite.’**42 However, PEDOT has shown mixed results in the
literature. PEDOT electrodes have formed cracks and undergone delamination, resulting in
issues related to stability and preventing its use in clinical products. Another issue related to
the use of PEDOT is that it requires the addition of a dopant (typically poly(styrene
sulphonate)). The addition of such dopants have historically shown to increase
biocompatibility-related issues.'** #* Different PEDOT processing and dopants have resulted
in improved effects on both counts. PEDOT was explored throughout the course of this thesis
due to the promising results our group has had using this material as an electroconductive

substrate.' It was not, however, chosen as the final material for our construct.

C2020322P6 is a cross-linked polymeric platinum paste with a solids content between 85.5 and
86.5% and resistivity of 0.32 Ohm/sq, produced by the Gwent Group (SunChemical®). This
product was specifically designed for low temperature systems and to be cured onto polymeric
substrates. Like other Gwent polymeric products, C2020322P6 platinum paste is screen
printable and can be used to create electrochemical sensors. However, unlike other similar
materials (e.g., Gwent platinum paste C2010309P3 and C2011004P5), the C2020322P6

platinum paste is well-suited to soft materials and can be cured at low heat.***
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This material is consequently fairly unique; there are currently no publications discussing its

use. The most similar material utilized is Gwent C2050804P9, a platinum polymer paste also

suited to low temperatures and capable of being cured on a wide range of polymeric materials.

There are minimal differences between these two products; however, the C2050804P9

platinum polymer paste has a slightly lower conductivity and more polymer trapped between

particles of the platinum, resulting in a rougher texture when applied to surfaces.

Table 1.1: Biocompatible Electroconductive and Piezoelectric Elastomer Constructs

Study Polymer Maximum Storage Conductive or Maximum
Functional or or Piezoelectric Conductivity/
at Break Young’s Material Resistivity
Elongation Modulus
Super Stretchable Electroactive ~ PEG2k-AT6-TMP  1643% 3.8-7.7 Polyaniline 8.2-10%t00.1
Elastomer Formation Driven by MPa nanofibers, S/cm
Aniline Trimer Self- nanosized carbon
Assembly(0 black
Electromechanically Liquid crystal 35% 2.1-8.1 Carbon black 02-385Q 'm
Responsive Liquid Crystal elastomers kN nanoparticles
Elastomer Nanocomposites for
Active Cell Culture®®
Carbon Nanotube-Coated Silicone Tested up to Single and 0.86 to 1.5x103
Silicone as a Flexible and 20% multiwall carbon kQ/sq
Electrically Conductive nanotubes
Biomedical Material?¥
Development of a Regenerative  Silicone PEDOT
Peripheral Nerve Interface for
Control of a Neuroprosthetic
LimbG0
A Conductive Composite Carboxy- Multiwall carbon ~1.2-4-10*S/m
Nanomaterial with methylcellulose nanotubes
Biocompatible Matrix and matrix and
Multilayer Carbon flexible polymers
Nanotubes©?
Silicone Substrate with PDMS, Silicone Carbon nanotubes 760 — 827 Q
Collagen and Carbon
Nanotubes Exposed to Pulsed
Current for MSC
Osteodifferentiation®4
Simple and Cost-Effective PDMS 25-110% 2-4MPa  Carbon nanotubes 2.03-5225Q/sq
Method of Highly Conductive
and Elastic Carbon
Nanotube/Polydimethylsiloxane
Composite for Wearable
Electronics®?
Synthesis and Characterization ~ Conductive 75-728% 3.1-179  Doped with 2.7-10%-73.
of Conductive, Biodegradable, Polyurethane MPa camphorsulfonic 105S/cm

Elastomeric Polyurethanes for
Biomedical Applications®!)
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To date, this polymeric platinum has only been discussed in two publications: It has been
utilized to create electrochemical biosensors to monitor oxidative stress during embryo
development and to produce flexible chloride sensors, which can be used for various

biomedical, environmental and food-related purposes.> 15

Polymers used in these biocompatible constructs included silicone, PDMS, liquid crystal
elastomers, polyurethane, and PLLA:PEG copolymers. The most popular polymer was found
to be silicone-based.?* 3% 3439 Gjven the ease of manipulation of silicone-based substrates, these
polymers are often the material of choice for biological and perdurable artificial skins, wound
healing substrates, and components of implantable medical devices, such as neural arrays,

catheters, and slow-release birth control, such as the Implanon. 145149

The use of artificial skin in medicine dates back to the 1970s, with the Yannas-Burke group
trialling the first biological artificial skin in 1979.%%° This artificial skin substrate was a porous,
biodegradable matrix made of animal collagen and glycosaminoglycan molecules that
encouraged cell growth, combined with a silicone based cover. This created a new dermis that
allowed gas permeation and mitigated infection, providing a rough temporary substitute for the
epidermis. This artificial skin led to the commercial product Silastic, as well as various other

artificial skin products including Matriderm, Integra, Dermagraft, and Myskin,°1-1%3

From a materials perspective, all of these products are, notably, very much unlike those
presented in Tables 1.1 and 1.2, as they are degradable and focus primarily on an elastomer
layer, rather than any stimulatory component. This is the primary rationale that separates our
work from that of most biodegradable hydrogels, which are typically utilized to promote wound
healing or to improve the adherence of skin grafts.'®® Furthermore, these materials are often
tailored to the growth of fibroblast and keratinocyte-type cells, rather than complete skin with
the potential for long-term growth, including the integration of vascularization and neural
components. Although there are obviously a multitude of material constructs that can be used
in the creation of skin substrates (see Table 1.2), the majority of these have not been assessed

using the same methodologies as our own construct.
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1.3.6 Summary of Electroconductive and/or Pressure-Sensitive Elastomer Constructs
Not all electroconductive elastomers are created equally. Many do not have the same features
as our construct. Specifically we aimed to produce a construct with elastic mechanical
properties, high tensile strength, conductivity, piezoelectricity, and biocompatibility. Table 1.2,
which summarizes the properties of other similar constructs to the one aimed to be developed
on this thesis, compiles recent electroconductive elastomers that have been designed with
biomedical purposes in mind. In cases where the attribute is not listed, this aspect of the
construct has not yet been assessed.

This table shows that in many cases, the overall research approach is similar although the
ultimate design and explicit purpose differ. Most notably, at the time this work was started,
most of the constructs listed in Table 1.2 had not yet been created. Out of the 42
electroconductive and piezoelectric elastomer constructs in Table 1.2, only eight have been

assessed in cell culture scenarios and validated for biocompatibility.

It should also be noted that certain constructs are not made of entirely biocompatible materials.
For instance, PANi (polyaniline), used in the construct of Yu et al., releases cytotoxic
impurities (e.g., ammonium persulfate).*® However, this may not make this polymer unusable
in biocompatible contexts, as it is often doped, reducing the extent of the cytotoxicity; or
produced as a core layer within nanofibers, which prevents any released impurities from
reaching the cells.® In stasis, the latter solution may result in a functional biocompatible
construct; yet in motion, there is the potential for degradation of the external layer over time,
which may result in cytotoxicity.

Out of these biocompatible constructs, the maximum functional elongation or at break
elongation percentages have been assessed for only three.'® 3% 4! This is noteworthy since
elastomers are typically characterized as materials with elongation values between one hundred
and several thousand percent.“® While it is easy enough to create blended materials (i.e., mixing
carbon nanotubes into rubber), increases in electroconductivity typically result in decreases in
elasticity.



Finally, out of the remaining three constructs, two can be considered perdurable, like our
construct.'® 3 The remaining third construct is biodegradable.*! Perdurability was not listed in
this chart as the degradation rates of the constructs in Table 1.2 were not commented on unless

one of their established attributes was biodegradability.

In summary, based on our review of existing publications, there are only two electroconductive
elastomers that have comparable properties to the construct created in this thesis: those of Chen
et al and Kim et al. Both utilize carbon-based materials as their primary electroconductive
material and are extremely soft, with moduli comparable to skin. However, the functional
properties between the two differ otherwise, with elongation at break values that are over ten-
fold apart. Kim et al.’s construct, with the lower elongation at break value, was designed for
wearable electronics. In comparison, Chen et al.’s construct, with an elongation at break value

in the thousands, was developed for soft tissue engineering.
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Table 1.2: A Summary of Electroconductive and/or Pressure-Sensitive Elastomer Constructs

(Part 1/4)
Study Polymer Maximum Storage or Conductive Maximum Bio-
Functional Young’s or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material
1. Study of Two Types of Sensors Electroconduc 0.98 -10™ Brass plates Changes
of Static Forces—a Piezoelectric  tive rubber MPa PZT4M based on
Sensor and a Piezoelectric volume of
Elastomer Sensor® rubber
Z Liquid Single Crystal Liquid Single 30 — 50% 2.8 GPa PEDOT:PSS Actuates
Elastomer/Conducting Polymer Crystal based on
Bilayer Composite Actuator: Elastomer conductive
Modelling and Experiments®) layer
thickness
3 Investigation of Polyvinyl Changes Graphitized 102-10"Q
Electroconductive Films alcohol based on carbon black
Composed of Polyvinyl Alcohol polymer to
and Graphitized Carbon Black® carbon ratio
4 Characterization of Kraton G1645 1800 - 8-14MPa  Carbonblack 6.1-95-10%
Thermoplastic Elastomers Based  (styrene-b- 2475% S/m
Composites Doped with Carbon ethylbutylene-
Black® b-styrene)
5 Study of the Reinforcing Poly(styrene-  60% was the  Varies Carbonblack  10-2- 1014
Mechanism and Strain Sensing in  co-butadiene)  maximum based on S/cm based on
a Carbon Black Filled tested carbon carbon
Elastomer® content content
5 Relationship Between Poly(styrene- < 650% Carbonblack  1.4-14S/m
Conductivity and Stress—Strain co-butadiene) and super-
Curve of Electroconductive or conductive
Composite with SBR or Polycaprolact carbon black
Polycaprolactone Matrices® one
7 Super Stretchable Electroactive PEG2k-AT6-  1643% 38-77 Polyaniline 8.2-10%to Yes
Elastomer Formation Driven by TMP MPa nanofibers, 0.1 S/em
Aniline Trimer Self-Assembly(9 nanosized
carbon black
8 Dielectric and Microwave Natural rubber Carbonblack  2.2-10%-1.2
Properties of Elastomer SVR 10 and doping <108 Q - m
Composites Loaded with agents
Carbon-Silica Hybrid Fillers®?
% Superhydrophobic and Fluorinated Multi-walled 25S/m
Electroconductive Carbon acrylic carbon
Nanotube-Fluorinated Acrylic copolymer nanotubes
Copolymer Nanocomposites from  Capstone ST-
Emulsions®? 100
10- Electromechanically Responsive Liquid crystal ~ Testedupto 2.1-8.1KkN Carbonblack 02-385Q-  Yes
Liquid Crystal Elastomer elastomers 35% nanoparticles m
Nanocomposites for Active Cell
Culture®®
I Reduced Graphene Styrene- 318-632% 2.32-7.48 Reduced 1.3S/m
Oxide/Hydroxylated Styrene— butadiene- MPa graphene
Butadiene—Styrene Tri-Block styrene oxide
Copolymer Electroconductive
Nanocomposites: Preparation and
Properties4
12 Simultaneous Improvement in Polyamide 6 63-311% 0.85-1.11  Carbonblack 7.1 x10%S/m
Both Electrical Conductivity and GPa

Toughness of Polyamide 6
Nanocomposites Filled with
Elastomer and Carbon Black
Particles(®




Table 1.2: A Summary of Electroconductive and/or Pressure-Sensitive Elastomer Constructs

(Part 2/4)

Study Polymer Maximum Storage or Conductive Maximum Bio-
Functional Young’s or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material

13 Effect of Small Additions of Polyurethane <30 MPa Single wall Varies based
Carbon Nanotubes on the carbon on carbon
Electrical Conductivity of nanotubes concentration/
Polyurethane Elastomer®6) temperature

14 Fabrication and Evaluation of the  Silicone <200% Carbon-Silica  1.62 - 10"to
Novel Elastomer Based 5.-104Q-
Nanocomposite with Pressure cm
Sensing Function®”

15 Electroconductive Composites Polystyrene 17% 50 - 150 Cu-Al03 4.35-10%%t0
from Polystyrene Block block MPa 7.7 -
Copolymers and Cu—-Alumina copolymers 1073 S/cm
Filler®

16 Hybrid Nanocomposites of Poly (styrene- Graphene 1.2-10"to
Thermoplastic Elastomer and b-ethylene- nanoplatelets 2.2 Slem
Carbon Nanoadditives for ran-butylene- and carbon
Electromagnetic Shielding®® b-styrene) nanotubes

7. Continuously Producible Polyolefin ~575% No change  Agnanowires 10 Q
Ultrasensitive Wearable Strain elastomer in modulus
Sensor Assembled with Three- nanofibrous after
Dimensional Interpenetrating Ag  yarn nanowire
Nanowires/Polyolefin Elastomer addition
Nanofibrous Composite Yarn®@o

18 Design and Fabrication of Soft Silicone Failure 63 kPa Eutectic 25-3.1Qat
Artificial Skin Using Embedded rubber begins at gallium- rest
Microchannels and Liquid 250% indium
Conductors®V)

19 Polyisoprene-Nanostructured Polyisoprene Carbon black  10°t0 101 Q -
Carbon Composite — A Soft m
Alternative for Pressure Sensor
Application®?

2. Conductivity and Mechanical Styrene- 16.3-94.1  Multiwall 10%t0 1.6
Properties of Composites Based butadiene- MPa carbon S/cm
on MWCNTs and Styrene- styrene nanotubes
Butadiene-Styrene Block™
Copolymers®@?

2L Carbon Nanotube-Coated Silicone Tested up to Single and 0.86 to Yes
Silicone as a Flexible and 20% multiwall 1.5x10%kQ/sq
Electrically Conductive carbon
Biomedical Material®@¥ nanotubes

22 Electrically Conducting Poly(n-butyl Doped with 2-102-1-
Polyaniline-PBMA Composite methacrylate) dodecyl- 10-9S/cm
Films Obtained by Extrusion®) - polyaniline benzene

sulfonic acid

2. Electro-Conductive Sensors and Cotton yarn; Carbonblack 0.1 -3.6kQ -
Heating Elements Based on polyethylene; cm; varies
Conductive Polymer polyamide; based on
Composites®) latex carbon content

24 Electrical Properties of Flexible Silicone/PDM Carbonblack ~ 10%-10°Q -
Pressure Sensitive S and natural m
Chezacarb/Silicone Rubber graphite
Nanocomposites@”)

2. Carbon Nanotube-Based Polyurethane- Multiwalled
Thermoplastic Polyurethane- poly(methyl carbon
Poly(methyl Methacrylate) methacrylate) nanotubes

Nanocomposites for Pressure
Sensing Applications®®
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Table 1.2: A Summary of Electroconductive and/or Pressure-Sensitive Elastomer Constructs

(Part 3/4)
Study Polymer Maximum Storage or Conductive Maximum Bio-
Functional Young’s or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material
2 Single-Walled Carbon Silicone Testedupto 0.399-4.6 Single walled 18 - 63 S/cm
Nanotube/Silicone Rubber 300% MPa carbon
Composites for Compliant nanotubes;
Electrodes®® ionic liquid
27 Development of a Regenerative Silicone PEDOT Yes
Peripheral Nerve Interface for
Control of a Neuroprosthetic
Limb(9)
2. Electrical, Mechanical and Piezo-  Polyaniline- 50 - 250% 60 - 140 Doped with 105-10°Q
Resistive Behaviour of a poly(n-butyl MPa n-dodecyl- /sq
Polyaniline/Poly(n-butyl methacrylate) benzene-
Methacrylate) Composite©D sulfonic
acid
2. A Conductive Composite Carboxy- Multiwall ~1.2-4-10*  Yes
Nanomaterial with Biocompatible methylcellulo carbon S/m
Matrix and Multilayer Carbon se matrix and nanotubes
Nanotubes®? flexible
polymers
3. Piezoresistive Behavior Study on  Silicone Graphite Piezoresistive
Finger-Sensing Silicone rubber nanosheets under low
Rubber/Graphite Nanosheet pressure
Nanocomposites©?)
3L Silicone Substrate with Collagen ~ PDMS, Carbon 760 — 827 Q Yes
and Carbon Nanotubes Exposed Silicone nanotubes
to Pulsed Current for MSC
Osteodifferentiation®*
3. An Ultra-Sensitive Resistive Polypyrrole Low elastic  Doped with 0.5 S/cm
Pressure Sensor Based on modulus phytic acid
Hollow-Sphere Microstructure changing
Induced Elasticity in Conducting with
Polymer Film.®5) compression
3. Electrical Properties of PPy- Polypyrrole Tested up to Doped with 0.67-3.83 kQ
Coated Conductive Fabrics for 25% 97%
Human Joint Motion Anthraquinon
Monitoring©®) e-2-sulfonic
acid sodium
salt
Monohydrate;
oxidized with
98% iron(111)
chloride
(FeCI3)
hexahydrate
3. A Supramolecular Biomimetic Acrylic acid 10,000% <5KPa >2-107°
Skin Combining a Wide and 3- S/cm
Spectrum of dimethyl
Mechanical Properties and (methacryloyl
Multiple Sensory Capabilities®”?  oxyethyl)
ammonium
propane
sulfonate
3. Strain and Damage Monitoringin  Styrene- >300% 15-128 Carbon black ~ 102-10-1°
SBR Nanocomposites Under Butadiene MPa and carbon Slecm
Cyclic Loading®® Rubber nanotubes




Table 1.2: A Summary of Electroconductive and/or Pressure-Sensitive Elastomer Constructs

(Part 4/4)
Study Polymer Maximum Storage or Conductive Maximum Bio-
Functional Young’s or Conductivity/  comp
or at Break Modulus Piezoelectric Resistivity atible
Elongation Material
3. Simple and Cost-Effective PDMS 25 - 110% 2 -4 MPa Carbon 2.03-5225Q  Yes
Method of Highly Conductive nanotubes /sq
and Elastic Carbon
Nanotube/Polydimethylsiloxane
Composite for Wearable
Electronics®?
7. Enhanced Electrical Conductivity — Styrene- 10.5-23.8 Graphene 1010 1.64 -
and Mechanical Property of butadiene- MPa oxide 102S/m
SBS/Graphene Nanocomposite“®  styrene
3. Synthesis and Characterization of ~ Conductive 75 - 728% 31-179 Doped with 2.7-1010- Yes
Conductive, Biodegradable, Polyurethane MPa camphor- 7.3-10°
Elastomeric Polyurethanes for sulfonic acid S/cm
Biomedical Applications®?
39 Electronic Properties of PDMS 30 - 200% PEDOT:PSS 100 - 550
Transparent Conductive Films of S/em
PEDOT:PSS on Stretchable
Substrates“?
40 3D-Stacked Carbon Composites Polystyrene—p  Assessed up 2.1 KPa Ni nano- 2.1-6S/cm
Employing Networked Electrical ~ oly isoprene-  to 300% particles and
Intra-Pathways for Direct- polystyrene reduced
Printable, Extremely Stretchable graphene
Conductors®3) oxide
4 Highly Sensitive, Stretchable, Polyurethane Carbonblack  <6.04 S/cm
and Wash-Durable Strain Sensor
Based on Ultrathin Conductive
Layer@Polyurethane Yarn for
Tiny Motion Monitoring®4
42 Patterned, Highly Stretchableand  Polyaniline 22% for PVDF Pressure-
Conductive Nanofibrous recovery of related
PANI/PVDF Strain Sensors strain; max conductivity
Based on Electrospinning and in of 110%

situ Polymerization(5)
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