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Abstract

Tissue engineering aims to combine cells, soluble cues, and biomaterials to repair
tissue injuries that surpass the body’s innate healing ability. While physical and chemical
aspects of regeneration are well-represented in this paradigm, electrical cues are not.
This is a significant oversight, as bioelectricity, voltage-mediated communication
between cells, plays a critical role in homeostatic and regenerative events in vivo. To
address this shortcoming, researchers have included electrically conductive additives in
biomaterials to mimic the electrical activities and environment cells and tissues
experience during healing. Cells grown on conductive substrates frequently demonstrate
improved behaviors such as proliferation, differentiation, and maturation, even in the
absence of electrical stimulation. While these results are promising, their mechanism of
action is not well understood. Additionally, the potential for conductive materials to direct
cells has drawn attention away from characterizing how a material’'s conductivity and
biophysical properties influence each other. Examining both characteristics is important
since the physical properties of a material are also well-known to orchestrate cell
behavior.

For this work, we sought to develop an electrically and mechanically tunable
hydrogel platform that could be used to interrogate the relationship between these two
properties and understand how their interplay influences cells towards regeneration. The
studies conducted for this work involve an electrically conductive, synthetic, conjugated
polymer, referred to as PEDOT:PSS, and we mixed it with two well-known hydrogel

materials, agarose and polyethylene glycol. We established conditions under which the

vii



electrical and mechanical properties of these hydrogels were decoupled, then
demonstrated mesenchymal stromal cells had improved adhesion and spreading on
conductive gels over non-conductive ones. To explain this observation, we used solutions
of proteins with different isoelectric points (hence different charged in physiological pH)
to understand the hydrogels’ surface characteristics. More proteins adsorbed to
conductive gels, suggesting greater surface charge. These studies begin to fill
foundational knowledge gaps by providing a high-level understanding of how
electroactive materials improve cell behavior, even in the absence of external stimulation.

We next investigated how the interplay of conductivity and the physical cue,
porosity, facilitated myogenic differentiation for muscle tissue engineering applications.
Myoblasts grown in conductive microporous scaffolds had markedly greater myosin
heavy chain expression at both the gene and protein level. Upregulation of this late
myogenic marker is indicative of maturation, suggesting the importance of both
electroactivity and microporosity for muscle generation.

These studies help improve our understanding of cell interactions with electrically
conductive biomaterials which begin to address important deficits within the field. We
hope this work contributes to the development of materials that are intentionally
designed to recapitulate the electrical environment of healing or that facilitate
communication between endogenous and implanted tissue. We believe such a material
would have significant implications for clinical translation and has the potential to

improve the quality of life for millions of patients.
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Chapter 1: Introduction

1.1 PROBLEM STATEMENT

Electrically and mechanically tunable biomaterials have great potential to address
the clinical challenge of healing critically sized and non-healing wounds, which in addition
to diminishing quality of life, can have significant socioeconomic costs. For example, non-
healing wounds sustained from volumetric muscle loss or bone non-unions led to striking
costs estimated at $400B in 2015". The current gold standard of treatment is autograft,
where tissue from a healthy site in the patient’'s body is removed and transferred to the
site of injury. Autograft faces numerous disadvantages, however, including donor site
morbidity and pain, and is not a sustainable source for tissue repair. This provides a ripe
opportunity for biomaterials scientists and tissue engineers to develop strategies to
replace autograft. Progress to engineering tissues has made significant strides over the
past 20 years, but the field still faces challenges with replacing tissues in critical wounds
and completely restoring tissue function. Tissue engineering strategies generally follow
the “Tissue Engineering Triad” in which a scaffold, seeking to replace the extracellular
matrix and physical architecture of the in vivo environment, delivers cells to an injury site
and provides appropriate signals to direct desired behaviors within the cells (e.g.,
differentiation, proliferation, etc.)2. Physical and soluble cues are represented in the

conventional Tissue Engineering Triad, but electrical cues are not.



Bioelectricity, voltage-mediated communication inherent to all cells and tissues,
plays an important role in cell behavior and tissue modulation, but is rarely considered in
tissue engineering research. Bioelectricity originates from the transmembrane potential
of each cell and gives rise to endogenous electric fields, which guide cell function and
can even override topographical cues®~°. On the cellular level, endogenous electric fields
are involved in orientation, migration, adhesion, proliferation, and differentiation. On the
tissue and organismal level, electric fields play a major role in development, wound
healing, and tissue homeostasis*®. Externally applied electrical stimulation is linked to
enhanced anatomical and behavioral recovery of tissue injuries and has been used in vitro
to influence cell behaviors previously listed’. However, the parameters of electrical
stimulation vary between studies, which hinders scientific reproducibility. Further,
mechanisms of how electrical stimulation influences cell behavior are not well
characterized, creating a roadblock to clinical translation.

Electrical stimulation is frequently used in conjunction with biomaterials
containing conductive additives to augment electrical activity. Conjugated polymers such
as polypyrrole (PPy), polyaniline, and poly(3,4-ethylenedioxythiophene) (PEDOT); carbon-
based materials such as carbon nanotubes and graphene; and metallic additives like gold
and silver nanoparticles have all been used to increase the conductivity of biomaterials®®.
In recent years, bio-ionic liquids (bio-ILs), have been used to increase substrate
conductivity by facilitating ion movement, rather than electron movement'®'. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), which is used in this work,

is frequently added to hydrogel materials for nerve and cardiac tissue engineering due to



its high electrical conductivity, low cytotoxicity, and commercial availability®'415,
PEDOT:PSS also boasts the advantage over unmodified PEDOT of being water-
dispersible, owing to its PEDOT* core, PSS  micellar shell structure that allows it exist as
a homogeneous emulsion in aqueous solutes’. While electrical stimulation often
enhances these effects, multiple studies suggest conductive materials, alone, direct cell
differentiation, aid in maturing electroactive cell types, and promote tissue
functionality'?'3, though these mechanisms are not well understood, either. Further,
despite the increased popularity of using conductive materials in tissue engineering,
questions of how electron-conducting materials can influence ion-conducting cells
remain unanswered.

Additionally, while some groups investigating the influence of substrate electrical
properties on cell behavior also characterize the material’'s mechanical properties, the
practice is not conserved across studies. We believe this is an oversight, as adding
components to a material to make it electrically conductive could affect its physical
structure and numerous reports highlight the importance of mechanical cues on dictating
cell behaviors like differentiation?%2'. Beyond this, characterizing the interplay between
electrical and physical properties could reveal its potential effect on cell behavior.
Without thorough material characterization and appropriate experimental controls, it is
not possible to elucidate which input has the effect of interest. Therefore, we believe it is
crucial to report how inclusion of conductive additives influences material mechanical

properties.



Finally, many studies employing electrically conductive materials demonstrate
improved cell behaviors when cells are seeded on top of the substrate (i.e., monolayer
culture), thereby creating a 2D in vitro system. However, cells and tissues are arranged in
3D in vivo, and evidence dictates significant differences in cell behavior when cultured in
3D versus 2D''® Some cells, notably neuronal-type cells, are difficult to culture
successfully in 3D, further blunting progress towards 3D composite tissue regeneration®.
Therefore, narrowing knowledge gaps pertaining to how substrate conductivity may
influence cell behavior in 3D is of the utmost importance.

To address the current knowledge gaps pertaining to the relationship between
different material properties and their subsequent interplay on cell behavior, | propose the

hypothesis and specific aims, described next.



1.2 HYPOTHESIS AND SPECIFIC AIMS

Hypothesis: The interplay of electrical and physical cues, including storage modulus and
porosity, improves cell behaviors towards regeneration more than when a physical or

electrical cue is provided alone.

Aim 1: Establish the conditions under which hydrogel electrical and physical properties

are decoupled.

Aim 2: Evaluate the interplay of scaffold conductivity and biophysical properties on

protein adsorption and cell adhesion.

Aim 3: Characterize the interplay of scaffold conductivity and porosity on myogenic

differentiation in 3D hydrogels.



1.3 SIGNIFICANCE AND INNOVATION

While the use of conductive materials for tissue engineering is on the rise, several
mechanistic knowledge gaps persist regarding how conductivity influences other
material properties and cell behavior. This project seeks to perform fundamental

materials and in vitro research with the following innovations:

1.3.1 Characterizes the interplay between conductivity and biophysical properties
The promise of conductive materials being able to influence cell behavior and

differentiation has diverted attention from characterizing how conductivity and substrate

biophysical properties influence each other, alter overall properties of a scaffold, and

possibly influence cell response.

1.3.2 Elucidates potential biological mechanisms by which electronically conductive
substrates influence ion-conducting cells

Despite studies illustrating the positive effects of culturing cells on conductive
substrates, the mechanisms dictating how electron-conducting materials influence the
behavior of ion-conducting cells have not yet been reported. Some studies postulate that
conductive substrates affect protein adsorption, but investigations thus far do not
explicitly probe this relationship and how it may influence downstream cell behavior.
Addressing knowledge gaps related to the role of material electrical properties in
promoting cell behaviors would be a significant contribution to the field of

electroconductive biomaterials.



1.3.3 Incorporates electrical properties into an established microporous hydrogel
system that improves three-dimensional tissue regeneration

Mounting evidence suggests microporous annealed particle (MAP) scaffolds
better promote three-dimensional wound healing??. Thus far, most studies using MAP
scaffolds focus on tuning the mechanical properties of the annealed scaffolds, but this
work introduces electrical properties as an additional input within this modular hydrogel

system.

1.3.4 Increases accessibility of conductivity testing for tissue engineering
applications

Commonly reported methods for testing conductive substrates for tissue
engineering require expensive equipment (e.g., potentiostats, semiconductor parameter
analyzers, and four-point probes), which can impair tissue engineering and other
biological labs from including conductivity in their experimental design?3. This work
increases accessibility by using inexpensive equipment in a custom setup to measure

conductivity of hydrogels.



1.4 THESIS OVERVIEW

Chapter 2 provides background information about electrical signaling within the
body and how biomaterials have been used to interface a variety of cells and tissues in
an electrical fashion. Chapter 3 presents experimental data in support of Aims 1 and 2,
and chapter 4 describes data that relates to Aim 3. Chapter 5 provides an overall
conclusion of this dissertation and discusses future directions for this work. The first two
appendices document unpublished data that pertain to Aim 1. An additional appendix

documents commonly used protocols for this work.
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Chapter 2: Endogenous electric signaling as a blueprint for

conductive materials in tissue engineering

2.1 INTRODUCTION

Bioelectricity is a term that describes voltage-mediated communication inherent
to all cells and tissues. Bioelectricity plays a major role in cell behavior during
development and tissue homeostasis but is understudied within tissue engineering. The
development and application of biomaterials for tissue engineering is broadly focused on
providing mechanical and chemical cues in their scaffolds to influence cell behavior (e.g.,
survival, migration, differentiation, etc.), yet few seek to incorporate electrical cues’.
Bibliometric analysis using PubMed illustrated that, from 2000 to 2019, there were ten
times more publications in the field of tissue engineering and regenerative medicine
related to the influence of mechanical (greater than 2 million publications) or chemical
cues (more than 3 million publications) than those related to electrical cues (200,000
publications). By acknowledging and catering to the electrical aspects of tissues and
organs, the potential to improve communication between engineered and endogenous

tissue will be increased, which could improve clinical translation.

This chapter is published as Casella A, Panitch A, Leach JK. Endogenous electric
signaling as a blueprint for conductive materials in tissue engineering. Bioelectricity. 2021

Mar 1;3(1):27-41.
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Nerve cells and cardiomyocytes consistently exhibit improved growth and
differentiation when seeded on conductive substrates, even in the absence of electrical
stimulation (ES)?~"4. While possible mechanisms for this phenomenon are explained in
later sections of this review, it grossly appears that these materials support the function
of electroactive cell types by capturing and disseminating electrical signals. Synthetic
polymers including polypyrrole (PPy), polyanaline (PANI), and poly(34-
ethylenedioxythiophene) (PEDOT), or carbon-based materials such as carbon nanotubes
and graphene oxide, are frequently used to increase conductivity of biomaterials’>~20,
Although these materials provide at least physiologically relevant, and in some cases,
metallic-like?!, conductivity to a system, they also face a number of disadvantages. Most
conductive polymers are hydrophobic, which is beneficial for protein adsorption but leads
to poor cell adhesion. Some materials (e.g., PANI) trigger an immune response. Also,
most synthetic conductive materials are neither degradable nor resorbable, and the
effects of their permanent presence in the body is damaging or unknown3?2724_ The
mechanism of conductivity of these synthetic materials comes from electron transfer,
whereas in the body, conductivity arises from the movement of ions. While this has not
impeded encouraging results, the gap in mechanistic understanding surrounding these
materials is a roadblock for optimal design. Given these drawbacks, there is an important
need for approaches that use natural biomaterials to interact with endogenous tissues

and confer physiological conductive signals.
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This review summarizes recent work using synthetic and naturally derived
conductive materials to aid in tissue regeneration. It contextualizes the use of conductive

materials in tissue engineering and postulates the future direction of the field.

2.2 ORIGIN AND ENDOGENOUS EFFECTS OF BIOELECTRICITY

2.2.1 Endogenous electric fields

Bioelectricity was first described in the late 1700s by Luigi Galvani while
experimenting with frogs. Bioelectricity remains a topic of great importance to biologists,
as it is a key player in regulating many cell and tissue behaviors?®. On the cellular level,
bioelectricity is derived from differences in the endogenous membrane potential of each
cell. The transmembrane potential is generated by the separation of charges by
transmembrane pumps, transporters, and ion channels and results in a resting potential
between -90 and -50 mV for most cells?%. Membrane potentials give rise to endogenous
electric fields, which then guide cell behavior and may even override chemical and
topographical cues?6~28. Charge gradients (i.e., electric fields) are also created when ions
and other charged molecules pass from cell to cell via gap junctions?6. On the cellular
level, endogenous electric fields are involved in orientation, migration, adhesion,
proliferation, and differentiation??3%. On the tissue and organismal level, electric fields
play a major role in development, wound healing, and healthy tissue function (Fig. 2.1)2%.
Many literature reviews exist on bioelectricity and provide further detail on its role in

development and homeostasis’?62731 Given the mounting evidence that electrical
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signals can influence cell behavior, there is great interest in developing techniques to

electrically stimulate injuries and repair tissue to improve healing.

2.2.2 Electrical stimulation

Electrical stimulation refers to an externally generated electric field applied via
electrodes to influence cell or tissue response. In tissue injuries, application of an external
electric field has enhanced anatomical and behavioral recovery3233, Electrical stimulation
can alter cell behaviors such as migration, adhesion, proliferation, and differentiation.
However, the specific molecular mechanisms of electrical stimulation on cell behavior
remain elusive, preventing optimal design of materials for clinical use33. While most
electrical stimulation protocols set key parameters including field strength (0.00048 -
6000 mV/mm), current density (0.015-5 A/m?), and frequency (usually under 100 Hz)34
within previously reported ranges, the variation in setup between studies limits the ability
to directly compare results and draw conclusions about the effects of electrical

stimulation as a whole33.

2.2.3 Bioelectric signaling at the cellular level

Numerous reports describe the role of endogenous or applied electric fields at
physiological levels on cellular migration, adhesion, proliferation, and differentiation
during development and wound healing?’3536, Generally, applied electric fields affect cell
surface receptors, enzyme activity, charge distribution throughout the cell membrane,

and membrane protein conformation?837:38_ |t is believed to trigger similar responses cells
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would have to other chemical or physical stressors (e.g., fluid shear stress®?) that also
promote cell survival*®=42, Upstream signal transduction pathways and calcium ion flux
mediate many of the cell behaviors listed, but electric fields also affect cells by
stimulating cytoskeletal reorganization, surface receptor redistribution, ATP synthesis,
heat shock protein activation, and reactive oxygen species and lipid raft formation33.
Electrical stimulation elevates the activity of mitogen-activated protein kinase (MAPK),
which initiates multiple signaling pathways, each associated with different cell behaviors

related to migration, adhesion, proliferation, and differentiation333743,

A Bioelectricity B Development

Origin

)_‘ Spatial organization

C Wound Healing

= Keratinocyte
_®> Electric field === Fibroblast

P stromal cell

Figure 2.1: Summary of the effects of bioelectricity on the cell, tissue, and organismal

level, as well as its role in development and wound healing. (A) Bioelectricity originates
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from the separation of charges across the cell membrane, generating a voltage, and can
influence cell behaviors including proliferation, migration, and differentiation. Tissue
development and homeostasis are also dependent on bioelectric signaling, even if those
tissues are outside of the nervous system. Many tissues (e.g., cardiovascular and
musculoskeletal) are highly dependent on electrical signals and are disrupted in their
absence. (B) During development, electric fields are critical for proper morphogenesis
and spatial organization of organ systems as well as directing stem cell differentiation.

(C) Endogenous electric fields arise from wounds and recruit cells to accelerate healing.

2.2.3.1 Migration

Electrical stimulation can also influence cell migration by causing lipids to
accumulate into rafts*4. Lipid rafts are believed to be the principal sensors of electric field
within cells, and their formation can activate integrins and other membrane proteins
involved in directional cell migration*®. During development, endogenous electric fields
are key players in initial cell polarization and provide cues to guide long-distance
migration of neurons and neural stem cells (NSCs) throughout the central and peripheral
nervous systems?’46. When electrical stimulation is applied, many cell types preferentially
travel towards the cathode, while others favor anodal electrotaxis#’, and numerous
studies illustrate cell migration changes directions when the field direction is switched3®.
Some cell types exhibit accelerations in migration speed as a function of field strength?>,
whereas others do not®¢. In the context of wound healing, endogenous electric fields

recruit stem cells to wound sites and direct fibroblasts, keratinocytes, and other cell types
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within the wound to promote healing?°#8-50, When combined with topographical cues,
electrical stimulation caused a synergistic directional migration of corneal epithelial cells

mediated by upregulated MMP-3 activity®'52.

2.2.3.2 Adhesion

Cell adhesion is a foundational event that is influenced by electric signals and
must be considered when developing new materials for tissue engineering applications.
When a cell is triggered by an electric field, cells arrange their cytoskeletal elements to
shape to the trigger33°3. For example, a2B1 integrins of ligament fibroblasts polarized and
clustered after the cells were electrically stimulated. Integrin clustering led to intracellular
RhoA polarization which is directly involved in cell membrane protrusion and migration®4.
Conductive materials can also affect cell adhesion, even in the absence of an electric
field>>. One possible explanation of this observation is that increased electrostatic
interactions characteristic of conductive substrates cause cells to strongly adhere
without forming focal adhesion complexes (FACs). Because this adhesion is not derived
from FACs, growth arrest occurs, which ultimately leads to decreased cell proliferation
(Fig. 2.2A)%0. Increases in seal resistance that arise between a cell and a conductive
substrate may also contribute to increased cell adhesion (Fig. 2.2B)>’. Seal resistance
originates from the collection of ionic solution in the cleft between the cell membrane
and the surface and can be physically considered as adhesion strength between the cell
and the surface. Electrical stimulation may increase extracellular matrix protein

adsorption to substrates, providing additional sites for integrin-ligand interactions (Fig.
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2.2C)"8. The variation within these explanations and their conjectural nature highlight the

need for more mechanistic studies of how cells and conductive substrates interact.

2.2.3.3 Proliferation

Due to changes in ion pump permeability and function throughout the cell cycle,
the resting membrane potential of proliferating cells is more depolarized than non-
proliferating cells®®. For example, compared to that of quiescent cells, proliferating cells
have a membrane potential between -30 and -10 mV?¢. Potassium and chloride channels
are key regulators of ion flow (i.e., endogenous electric fields) that can affect
proliferation. This relationship could be used to promote cell growth in tissue engineering
applications or leveraged to inhibit cell growth (e.g., developing
chemotherapeutics)?’°6€0 As with other cell behaviors, all cell types may not behave
similarly given the same inputs. For example, cardiomyocytes grown on a conductive
surface without electrical stimulation showed increased proliferation, yet fibroblasts in
the same system exhibited no proliferative response®’. However, most reports indicate
that cells grown on conductive surfaces or treated with ES (or both) experience growth
arrest, which is believed to be caused by increased cell adhesion without FAC formation.
Other studies contrast these observations by reporting improved proliferation when
stimulated with pulsed EFs®2. In such cases, increased proliferation may be due to
electrokinetic flow of media that circulates nutrients and increases their availability to
cells®3. Overall, the presentation of electrical cues, whether through the material substrate

or external ES, varies between cell types and is dependent on environmental parameters.
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The complexity of such systems necessitates the interrogation of cell proliferation when

incorporating electrical elements.

A B C

Conductive Material Seal Resistance Addition of ES
Only

Cells more sensitive to

. . Rseat than material o
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—l
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Figure 2.2: Cell interactions with conductive materials with and without electrical
stimulation. (A) Conductive materials present more electrostatic charge, which increases
electrostatic interaction with cells. (B) Conductive materials promote cellular attachment
through increased seal resistance (Rseal). Rseal Originates from the collection of ionic
solution in the cleft between the cell and the surface and can be considered as adhesion
strength between the cell and the substrate. (C) Protein adsorption is enhanced by

applying an electric current to a conductive substrate, facilitating cell adhesion.

2.2.3.4 Differentiation and maturation

Electrical signaling can initiate differentiation in vivo and influence cell fate during

development and tissue homeostasis®*. Endogenous currents also arise from wounds
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and signal to begin the differentiation process of depolarized, undifferentiated cells
towards a reparative phenotype?’32. Altering the transmembrane potential of a variety of
stem cells with electrical stimulation can influence their differentiation fate and has been
demonstrated in neural, hepatic, and mesenchymal stromal cells (MSCs), as well as in
cancer?’. Applied electric fields can increase cellular uptake of calcium ions and generate
reactive oxygen species®, both of which are linked to stem cell differentiation toward the
neurogenic and osteogenic lineage®>~%8. For instance, electrical stimulation caused bone
marrow-derived MSCs to express neural markers including Nestin and MAP2%%7°, Human
neural progenitor cells undergoing electrical stimulation on a conductive substrate
showed increased MMP-9 gene expression and VEGF-A secretion, indicating increased
capacity for angiogenesis and survival’l. Electrical stimulation also induced
chondrogenesis of human MSCs without exogenous growth factors’? and enhanced

calcium deposition by adipose-derived human MSCs”3.

2.2.4 Bioelectric signaling at the tissue/organism level

In the developing embryo, endogenous electric fields play an important role in
orchestrating organ shape and in anterior/posterior and left/right patterning, which is
important for the development of asymmetrically spaced organs such as the heart,
organs in the digestive tract, and liver. By de- or hyperpolarizing the membrane potential,
electric fields can induce the expression of signaling factors that influence morphological
patterns (e.g., folding, proliferation, and migration of cell groups)’4. Transfer of bioelectric

information between cells in both the embryo and adult organism may occur by gap
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junctions, tunneling nanotubes, non-synaptic neuronal (i.e., ephaptic) field effects,
transepithelial potentials, and transfer of ion channels via exosomes?628. Electric field
patterns also precede and even pinpoint major morphological events in development
such as limb bud development?6-28,

In addition to the cellular processes that are influenced by inherent electrical
properties, musculoskeletal tissue is also highly interdependent with nervous tissue
during development, adult tissue function, and tissue repair. During development, bone,
muscle, ligaments, and tendons all exchange trophic factors with nerves that, when
interrupted, can result in less innervation and consequent reduction in tissue volume and
function, increased chance of developing osteoporosis in the case of bone tissue, and
incomplete development of attachment sites for tendons and ligaments, all of which can
result in joint weakness and loss of function’®.

When properly innervated, the signal exchange between nerves and these tissues
continues to contribute to proper tissue function. In muscle, the neuromuscular junction
is responsible for all skeletal muscle movement, and many sources report that peripheral
nerve regeneration is enhanced by brain-derived neurotrophic factor (BDNF), which while
largely expressed by the nerves, themselves, is also expressed by myogenic progenitor
cells (satellite cells)’®. In bone, the presence of nerves is believed to play a role in cell
migration out of the bone marrow””, providing regulatory cues for bone metabolism’8, and
supporting the hematopoietic stem cell niche’®. In tendons and ligaments, the main role
of nerves is to regulate the vascular system supplying blood to these tissues, though

other trophic and nociceptive functions are believed to exist for those nerves ending in
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the outermost or synovial layers of these soft tissues®. These studies provide sufficient
evidence that the role of nerves and their secretions are active players in musculoskeletal
tissue development and regulation, and warrant involvement in studies related to
musculoskeletal tissue engineering.

Finally, the nervous and vascular systems are closely linked during development
and continue to provide key trophic factors to each other during tissue homeostasis. For
example, blood vessels supply oxygen and nutrients to nerve networks and neuropeptides
secreted by nerve fibers—including neuropeptide Y (NPY), calcitonin gene-related
peptide-I (CGRP-I), and substance P (SP)—support angiogenesis®'~8% Delivery of vascular
endothelial growth factor (VEGF) and insulin-like growth factor-1 (IGF-1) supported
functional reinnervation in mice after sciatic nerve ligation®. On the other hand, MSCs,
ECs, and sensory neurons grown on hydrogels containing the laminin-derived IKVAV
adhesion peptide showed increased osteogenic, angiogenic, and neuronal markers,
respectively®’. This vascular-nervous supportive interplay has great implication for
clinical translation. The dual pursuit of vascularization and innervation gives engineered
tissues the best chance of successful integration upon implantation by allowing the
systems to support each other during. Given the popularity of materials and protocols
designed to improve vascularization, it makes sense to also consider that innervation can
also serve to promote blood vessel formation and vice versa.

Endogenous bioelectric signaling plays a key role in many behaviors and functions
at both the cell and tissue level. When electrical stimulation is combined with other inputs,

whether mechanical or chemical, synergistic effects are generally observed. However,
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given conflicting reports about ES®, the variation in application parameters, and the
overall mechanistic knowledge gaps, more studies are necessary before electrical
stimulation becomes common clinical practice®3. There is also great opportunity to use
biomaterials as a means to magnify, leverage, or mimic the influence of bioelectric

signaling.

2.3 CONDUCTIVE MATERIALS FOR TISSUE ENGINEERING

Synthetic materials with enhanced electrical properties have great potential for
numerous biological applications. Comprehensive reviews?~%3 and articles detailing the
use of conductive polymers®%24-%7 nanoparticles®®-1%, carbon-based’®!, and metal-based
structures®®102103 for yse in nerve®4101.104-106 and cardiac’%'%7 tissue engineering have
become increasingly prevalent over the last decade. A variety of additives have been used
to tune the conductivity of biomaterials (Fig. 2.3), and those used in the most recent
reports are summarized in Table 2.1. Conductive additives incorporated into hydrogels
(Table 2.2) result in scaffolds that better approximate endogenous tissue (Table 2.3).
The following sections summarize and provide critical analysis of the most up-to-date

research using these materials.
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Figure 2.3: Electrical properties of biomaterials with conductive additives used in tissue
engineering. Non-doped hydrogels have reduced conductivity, ranging from 10 S/cm
observed in polyacrylamide to 1 S/cm, observed in alginate. Other unmodified hydrogels
within this electroconductive range include collagen type |, PEGDA, and chitosan.
Conductive additives including polymers like PPy, PANI, and PEDOT, CNTs, and AuNPs
have much higher conductivity (~107-108 S/cm) and are used to enhance the conductivity

of hydrogels.

2.3.1 Synthetic conductive polymers
Electrically conductive synthetic polymers were first reported in 1977 by Heeger,
MacDiarmid, and Shirakawa using polyacetylene. Their fabrication of a “conductive

plastic” with metallic-like electroactivity was a major breakthrough in the field and
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resulted in the 2000 Nobel Prize in Chemistry'%819°  Since then, over 25 types of
conductive polymers have been developed, the most common of which are illustrated in
Fig. 2.4A""°. The mode of conductivity for all of these polymers arises from the freedom
with which electrons move within and between their polymer chains™'. Conductive
polymers contain moieties that consist of alternating single and double bonds (i.e.,
conjugated double bonds). The double bonds within the polymer structure are made up
of a 0 bond and a it bond. Electrons are not as strongly bound to 1t bonds, which allows
them to delocalize. To activate electron movement, the polymer chain must be disrupted
by the introduction of a dopant. Oxidation, or p-doping, removes electrons from the
system and reduction, or n-doping, inserts electrons into the system'%. Charge
delocalization can also occur when polymers contain aromatic rings spaced such that
their m-orbitals overlap (i.e., -1t stacking). This phenomenon can result in organic
materials having metallic-like conductivity''2113. Conjugated double bond structures are
frequently seen in synthetic materials used for tissue engineering but can also appear in
natural conductive materials. Understanding the origin of conductivity can promote

purposeful design of materials and aid in understanding material synthesis.

Table 2.1: Electrical characterization and properties of synthetic conductive materials

Material Conductivity (S/cm) Reference
PPy 0.02-7.5 x 102 fﬁ%fgﬂﬁ 201821 & Kaur et
i 22
PANI 0.11-105 2//|,ng§ ;4.1‘%01 822 & Pan et
PEDOT 0.4111-50022 2/;.”; 82 24.11201 822 & Kaur et
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Pristine PEDOT:PSS
Pure PEDOT:SS Hydrogel

Carbon nanotubes

Single layer Graphene

Mildly oxidized graphene
sheets (MOGS)

0.2-111%
20-40
10%-10°

2000-10°

67522

YuZetal. 2016'"° & Sigma
Aldrich

Lu et al. 2019776

Min et al 201822 & Wang et
al. 2018"7

Alam et al. 20177 & Wang
etal. 2018"/

Alam et al. 201717

Table 2.2: Electrical characterization and properties of synthetic conductive composites

Composite

Conductivity (S/cm)

Reference

PPy in HA
PPy in Alginate
PPy in PCL

PANI in PCL

Poly(glycerol sebacate)-co-
aniline
PEDOT-HA nanoparticles in
chitosan

PEDOT:PSS in PEG diglycidyl
ether

CNTs in PCL + silk fibroin

MWCNT in PEG

Carbon nanotubes + rGO sheets
in PEG

Graphene in collagen
GO in polydopamine

AuNPs in chitosan

Collagen doped with iron oxide
nanoparticles

~1.2-7.3x10°

3.3x10°1.1x10%

~103-10"

~2x10%

1.4%x10%-8.5x107

~104-1072

5.22 x 102

6.5-8.1x 107

~103-102

5.75x10°

6.5x 102

8x 102

1.3x103

3.7x10°

26

Yang et al. 20160
Yang et al. 20168
Zhang et al. 201673
Wibowo et al. 2020™"°
Wu et al. 201620
Wang et al. 201711
Solazzo et al. 2019722

Wu et al. 2017123

Imaninezad et al.
2018124

Liu et al. 20177

Ryan et al. 20188
Han et al. 2017'%°
Baei et al. 2016°

Bonfrate et al. 2017°8



2.3.1.1 Polypyrrole

Polypyrrole (PPy) is the most studied conductive polymer for biomedical
applications following its initial description by Wong et al., who tested the stability of
conductive polymers in cell culture conditions'®. When oxidized, PPy exhibits
conductivity on the order of 103 S/cm, where S is siemens. Its environmental stability,
capacity to support adhesion and growth of many cell types, and ease of synthesis make
it an attractive additive for biomedical applications™’.

Because PPy is mechanically rigid and brittle after synthesis, it is frequently
combined with other polymers to achieve more desirable mechanical properties for
tissue engineering applications®3127. Peripheral nerve conduits composed of electrospun
poly(L-lactic acid-co-e-caprolactone) (PLCL) coated with PPy were created to facilitate
ES. When tested in vivo as a nerve conduit, the stimulated conductive scaffolds
performed similarly to autograft®®. These findings not only imply that the presence of a
conductive material can influence cell response but also raise questions about how
conductivity and other properties (e.g., topography) influence each other'52,

PPy has also been used for musculoskeletal tissue engineering. For example,
adipose-derived MSCs grown on PPy-PCL composites achieved a 100% increase in
calcium deposition when electrically stimulated. The investigators interrogated the role
of voltage-gated ion channels to better understand the mechanistic downstream effects
of electrical stimulation for bone tissue engineering’3. Through inhibitory experiments,
they determined that voltage-gated Ca?* channels play a more significant role in

regulating adipose-derived MSC functions than other ion channels. Additionally, de
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Castro et al. observed increased alkaline phosphatase (ALP) activity in osteoblasts grown
on electrospun scaffolds containing PPy and poly(butylene adipate-co-terephthalate)
(PBAT) after 21 days compared to PBAT controls, indicating that substrate conductivity

can enhance osteogenic potential’?8,

Table 2.3: Conductivities of native tissues, unmodified biomaterials, and natural

conductive materials

Tissue Type Conductivity (S/cm) Reference
. Surowiec et al. 19877%° &
~105_103
ALY ==l Noshadi et al. 20173
Nerve/Spinal cord ~102-107 Zhou L et al. 2018%
Skeletal muscle (feline, ~9-8 x 10°? Surowiec et al. 19877%° &
porcine) Gabriel et al. 2009730
Bone ~9.1x10° Balmer et al. 2018731
Cartilage (porcine) ~103 Binette et al. 200432
. Gabriel et al. 2009730 &
106 — 103
Skin 10%-10 Zarrintaj et al. 2018133
2.98 x 1010 Bonfrate, V et al. 201798
Collagen Type | ~2.5x1073 Sun, H et al. 2017734
3x10°3 MacDonald et al. 200873%
~0.1-2 Kaklamani et al. 2018736
Alginate
8.2x10° Yang et al. 20168
PEGDA 7.6 x10M Guarino et al. 2013787
Polyacrylamide ~1076 Alam et al. 2017"
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Chitosan 1.91 x 10710 Marroquin et al. 201338

Wild type G.
. Malvankar et al. 20117112 &
-3 -3
sulfurreducens PilA 5x10°-188x10 Adhikari et al. 2016139
monomers
Modified G.
sulfurreducens PilA ~107-102 Tan et al. 2016140
monomers
ACITCT I ~107? Amdursky et al. 201714
albumin
GelMA-Bio-IL ~107 - 10° Noshadi et al. 20173

2.3.1.2 Polyaniline

Polyaniline (PANI) is another commonly used conjugated polymer, owing to its low
cost of production, environmental stability, and greater range of conductive properties
over PPy?293142 Degpite these advantages, PANI is used less frequently given multiple
conflicting reports of it stimulating an elevated immune response or chronic
inflammation?3142-144. However, when combined with natural biomaterials such as
chitosan, some groups have shown promising scaffolds for cardiac’®’, nerve'’, and
musculoskeletal tissue engineering. Murine-derived C2C12 myoblasts exhibited
increased proliferation and myogenic differentiation markers when grown on silk fibroin
combined with a PANI-based material (poly (aniline-co-N-(4-sulfophenyl)aniline)’#°. In a
different study, C2C12s were cultured on aligned, PANI-coated PCL fibers and
demonstrated greater capacity towards myotube formation than controls’#®. Endothelial
cells better adhered to and proliferated on PANI-coated PCL fibers as well, and
proliferation was further improved by ES'#. Chen et al. combined PANI and PCL to make

conductive nanofibers, and the addition of PANI caused MSCs to undergo osteogenic
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differentiation and deposit higher levels of calcium compared to PCL-only controls,
making it a relevant additive for bone tissue engineering. It is important to note that these
results were achieved with the material containing an intermediate amount of PANI,
which should redirect strategies that are focused on continuously increasing the

conductivity of materials they intend to use for similar applications™.

2.3.1.3 Poly(3.4-ethylenedioxythiophene)

Poly(3,4-ethylenedioxythiophene) (PEDOT) is frequently used as a conductive
additive for making electroactive materials, whether alone or in combination with
poly(styrene sulfonate) (PSS). PEDOT alone has distinct advantages over other
conductive polymers including higher conductivity and better chemical stability’?. Wang
et al. incorporated hyaluronic acid (HA)-doped PEDOT nanoparticles into PLLA films,
which improved PC12 cell adhesion, spreading, and survival compared to PLLA control
films. Electrically stimulated PC12 cells grown on the conductive films exhibited more
advanced neurite extension compared to unstimulated controls™°. When incorporated
into chitosan/gelatin gels, these HA-doped PEDOT nanoparticles promoted nerve
regeneration’213121,

Despite the positive effects of PEDOT alone, PEDOT:PSS has risen to the forefront
in tissue engineering studies. By doping hydrophobic PEDOT with hydrophilic PSS, the
conductive agent is easier to disperse and incorporate into hydrogels. Its structure also
uniquely provides both electron conduction via PEDOT and ionic conduction through PSS,

making it a more suitable material for bridging biological and synthetic systems.
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PEDOT:PSS is associated with low cytotoxicity, though like many other polymers, its
stability in biological applications can be greatly influenced by choice of polymer
crosslinker'16122. PEDOT:PSS incorporated into collagen-alginate hydrogels at low
concentrations improved cardiomyocyte coupling and maturation, even without ES'.
Multiple groups have used PEDOT:PSS to dope methacrylated gelatin (GelMA) for
bioprintable, electroactive materials for tissue engineering'°0.157,

Although some novel polymer-based materials address several physical
disadvantages of more ubiquitous polymers®'2°, all synthetic conjugated polymers thus
far share the limitations of being unable to be degraded or resorbed by the body and
having unknown long-term toxic effects, which calls into question their use in tissue

replacements.

2.3.1.4 Carbon-based materials

Carbon-based materials such as graphene and carbon nanotubes (CNTs) receive
attention for applications in tissue engineering because of their versatility, high
conductivity, and ease of synthesis'®. Many reports also indicate carbon-based materials
enhance nerve cell response’®. These properties make carbon-based materials attractive
for use in other tissue engineering applications.

CNTs are perhaps best known for their unique mechanical and thermal properties
for applications in non-medical fields, but their high conductivity has resulted in greater
attention in recent years for use as electroactive substrates®?. CNTs also have form and

dimensions similar to biological structures such as neurological processes or proteins of
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the extracellular matrix that may aid in tissue organization'®'52, Functionalized CNTs and
reduced graphene oxide sheets were incorporated into a poly(ethylene glycol) (PEG)-
based hydrogel to create composites providing both electrical conductivity and positive
surface charge to serve as a nerve conduit’. Compared to unmodified PEG hydrogels,
the conductive substrate with positive surface charge resulted in slightly less circular
PC12s and an increase in the number of cells bearing neurites, both of which are
indicative of neuronal-like behavior. Multi-wall carbon nanotubes (MWCNTs) embedded
in PEG gels were used to investigate the synergistic effects of conductivity, mechanical
properties, and electrical stimulation on neuronal differentiation and extension'?4.
Neuronal outputs were greatest in groups with high PEG concentration (20%), MWCNTSs,
and exposure to ES. With the removal of ES, this hydrogel still outperformed gels with a
lower concentration of PEG, and electrical stimulation further magnified those
differences. These data have two major implications. First, a material's conductive
properties alone can support significant improvements in cell behavior. Second, desired
effects can be significantly enhanced by tuning other material properties and applying
ES.

Graphene is another class of carbon-based materials but tends to be easier and
less expensive to synthesize compared to CNTs"’. Graphene oxide (GO) possesses high
biocompatibility and promotes cell adhesion in many applications but has restricted
conductivity that can be mitigated by chemical reduction, resulting in reduced GO
(rG0)'7153 Pristine graphene has the highest conductivity compared to GO and rGO, but

all three variants are frequently used as conductive additives??. Balikov and colleagues
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used a graphene-based material to investigate how material type, ES, and physical
patterns influence human MSCs toward an osteogenic or neurogenic lineage’*. Physical
cues were necessary for expression of late osteogenic markers (e.g., osteopontin) but
were unable to influence neuronal markers (e.g., MAP2 and Bs-tubulin), which were only
enhanced by ES. Pristine graphene and collagen were combined to stimulate
cardiomyocytes, resulting in increased metabolic activity and sarcomeric structures’®.
The conductive material alone brought about significant changes, but the observations
were enhanced with the addition of ES.

Overall, carbon-based materials are commonly used in tissue engineering
applications to impart electroactivity and are frequently touted for surpassing conductive
polymers in their ability to improve the mechanical properties of hydrogels. However,
these improvements cannot overshadow the reports that carbon-based materials still
face similar drawbacks as synthetic polymers, including cytotoxicity!951,
hydrophobicity, and being nondegradable'’~1%°, which reinforces the need for natural

conductive materials.

33



A

0
B 0
OH
OH
NH
HO ? HN /

. NH,
Tyrosine Tryptophan
General Cation General Anion

0.09 0.2568¢y 0.0529 -0.0873
¥.0.0020 ga0239 ¥ 2 \ -0.4854
: 05928 # 0.1904
» 0.15 °
0.2192f=) -0.2192 04
oY 005
-0.3893

o v 0
0.2397 0.2397
Example Cation Example Anion

lonic Liquid

Figure 2.4: Chemical structure of conductive materials used for tissue engineering
applications. (A) Synthetic polymers and carbon-based materials have conjugated
(alternating single and double bond) structures that facilitate electron movement within
and between polymer chains. (B) Conjugated structures are present in aromatic amino
acids and can give rise to metallic-like conductivity in naturally derived proteins and
peptides. Chemical structures recreated with ChemDraw 19.0. (C) Other natural

conductive materials have charge-dense regions throughout their structure, giving rise to
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ionic conductivity. A molecular dynamics simulation applied to a typical example of bio-
ionic liquid is reproduced from Feng et al. (2019) in which cations and anions are
represented in red and blue, respectively. There are many formulations of ionic liquids,
but the molecular structures of the cations (1-butyl-3-methylimidazolium) and anions
(bis(trifluoromethanesulfonyl)imide) comprising the ionic liquid used by Feng et al'®? are

provided as an example.

2.3.1.5 Metal-based materials

Metal-based materials, namely nanoparticles, nanorods, and nanowires, are
another class of synthetic conductive materials that are under investigation for tissue
engineering. Gold is most often used due to its inert behavior in the body, but iron oxide
has also been used to modify hydrogels, albeit for applications that have not yet been
tested in vivo®8. The use of less common silver, platinum, and zinc nanoparticles have
been summarized elsewhere??. There is an established history of incorporating gold
nanoparticles (AuNPs) into a variety of hydrogel materials and eliciting desired changes
in cardiac applications, making them a popular choice as a conductive additive®.

MSCs incorporated into AuNP-infused chitosan hydrogels exhibited early cardiac
markers and enhanced cardiac differentiation compared to unmodified chitosan gels,
even in the absence of ES'. Cardiomyocytes entrapped in gold-infused GelMA substrates
expressed cardiac-specific markers homogeneously throughout the hydrogel, and the
gold nanorod groups supported synchronous beating?®. When electrical stimulation was

applied, a lower excitation threshold was observed for the groups containing higher
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concentrations of gold nanorods, indicating that the conductive substrates could better
promote electrical integration with endogenous tissue.

Although GNPs are considered biocompatible, have high conductivity, and are
effective for stimulating cells in vitro, gold cannot be resorbed by the body. Long-term
studies using well-characterized GNPs confirm that both acute and chronic exposure to
GNPs can alter the expression of genes related to cell cycle regulation and damaging

oxidative stress?4.

2.3.1.6 Summary

The use of synthetic materials for conductive substrates for tissue engineering is
gaining popularity. However, substantial hurdles and disadvantages remain. Synthetic
materials conduct electric signals through electrons, which does not mimic the
endogenous use of ionic gradients for bioelectricity. Knowledge gaps about the
mechanism by which electrically conductive materials and the body interact prevent
optimal or significant improvement in material performance. Furthermore, there are
conflicting reports about cellular and bodily response to synthetic materials. While most
polymeric materials are reported to be biocompatible, synthetic conjugated polymers are
unable to be degraded or resorbed by the body and there are numerous reports of
elevated immune response when PANI is used. Other conductive polymers, such as PPy
and PEDOT, have only recently begun to appear in biomedical engineering applications,
which limits knowledge of the long-term toxic effects of these materials on the body. The

long-term effects of carbon-based materials and GNPs have been explored and are linked
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to cytotoxicity, permanent elevation of stress response in some cell types, and particle
accumulation in many organs. Though synthetic conductive materials possess many
attractive properties for use in tissue engineering, there is a critical need for conductive
materials that can safely interact with the body’s native tissues, either in a short-term

manner or for permanent implantation.

2.3.2 Natural conductive biomaterials

Whereas the availability of synthetic conductive materials is expansive, the
number of natural, conductive biomaterials can be categorized into two types. The first
is analogous to conjugated polymers in that charge transport originates from m-mt
stacking and is most often seen in materials containing aromatic amino acids (e.g.,
proteins and peptides) (Fig. 2.4B). The other contains charge-dense regions throughout
its chemical structure and mainly derives its conductive properties from the movement
of ions rather than electrons (Fig. 2.4C).

One of the most prominent models for naturally occurring conjugated conductive
“polymers” is the pili proteins of Geobacter sulfurreducens'3139140161-167 These short
proteins conduct electrons over ym to cm distances with conductivity around 5 x 103
S/cm.1213% The mechanism of electron transfer is believed to be electron hopping, made
possible by the -1t interchain stacking which occurs when the phenyl rings of aromatic
amino acids are in appropriate proximity (d-spacing, the distance between atomic planes,
of ~3.5 A)1'2. However, not all aromatic amino acids are equally conductive. The

conductivity of the wild type PilA monomer (the precursor to the G. sulfurreducens pili)
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was increased by 2000-fold by genetically substituting one tyrosine and one
phenylalanine for tryptophan#%. Kalyoncu et al. synthesized peptides and films based on
E. coli secretions with added aromatic amino acids and observed increased conductivity
of those materials when compared to controls. In agreement with previous observations,
the materials containing tryptophan had higher conductivity compared to those
containing phenylalanine or tyrosine. This study suggests that, in addition to conductive
motifs, charged amino acids are also critical to conductivity'816°_ Using peptides to make
conductive materials is a recent development in the field'7°-172, |eaving much room to
explore how peptides can be designed to mimic synthetic conductive polymers used for
tissue engineering.

Beyond peptide structures, other natural conductive materials for tissue
engineering have risen to the forefront. Amdursky and Hsu doped materials with the iron-
based hemin for use in flexible bioelectronic interfaces and neural tissue
engineering'’3, respectively. Hemin is a type of porphyrin, a class of compounds
containing pyrrole subunits, making it a natural corollary to the frequently used PPy. Other
groups have completely deviated from metallic mimics and embraced the conductivity
associated with ionic charges. A new class of conductive hydrogels incorporates choline-
based “bioionic liquids” (Bio-ILs)3. lonic liquids generally possess high ionic conductivity
along with other desirable features for material synthesis (thermal and electrochemical
stability), and biologically based ionic liquids have the preferential property of being
naturally derived, non-cytotoxic, and biodegradable. The conductivity of ionic liquids is

believed to originate from ions “hopping” from one ion-dense site in the molecule to
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another rather than through m-it stacking'®?. When conjugated to GelMA, the addition of
Bio-IL increased conductivity of the hydrogels and supported the adhesion, proliferation,
and maturation of primary cardiomyocytes. These hydrogels also provided sufficient
conductive signaling to cardiomyocytes without ES, as evidenced by the cells’
synchronous beating and upregulated connexin 43 protein expression?. When probing in
vivo degradation, the results indicated that cells were able to enzymatically degrade
GelMA-Bio-IL hydrogels via hydrolysis®. While these results are promising for using
natural and ionically conductive materials for tissue engineering, additional research is
warranted to establish whether ionically conducting materials can be incorporated into a

variety of biomaterials and have similar effects on different cell and tissue types.

2.4 PROGRESS IN CONDUCTIVE MATERIALS FOR TISSUE ENGINEERING

The following section briefly summarizes goals of engineering specific tissues,
describes how conductive materials have improved tissue engineering, and proposes an

outlook for incorporating electroactive elements into tissue engineering.

2.4.1 Conductive materials for nerve tissue engineering

Nervous tissue has limited, or in the case of the central nervous system, no ability
to regenerate on its own upon injury. Therefore, the restoration of nervous tissue after
injury remains a significant medical challenge. One of the major goals when using
neuronal cells to regenerate tissue is directing their differentiation down the neuronal line,

rather than supporting cell types such as astrocytes and oligodendrocytes. Electroactive
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materials have been repeatedly shown to be supportive of neuronal differentiation221.174,
PPy, PEDOT:PSS, and carbon-based materials have been used frequently. Mass ratios of
PPy greater than 0.2 in chitosan-alginate hydrogels led to substrates with conductivity on
the order of 10° S/cm. When used as a nerve conduit, this concentration resulted in
tissues with similar histological characteristics as autograft®. Adding 0.1 w/v% MWCNTSs
to PEG resulted in conductivity around 102 S/cm and greatest PC12 neurite outgrowth
and mean length'?4. The addition of electrical stimulation promotes the generation of
action potentials which improves synaptic function and is linked to increased secretion
of neurotrophic factors, supporting functional recovery in vivo®®. Conductive substrates
have also been associated with increased expression of genes associated with Schwann
cell myelination'?. In light of their capacity to support multiple nerve cell types and
functions, electroactive materials are promising tools for nerve regeneration.
Conductive substrates have been used as conduits for regeneration in both
nervous systems, but the biosafety of and lack of biological mechanistic knowledge
surrounding synthetic materials remain important issues to be addressed in future
studies’’®. Few recent studies have investigated the action potential profile of neuronal
cells grown on conductive substrates to confirm that they behave similarly to uninjured
cells'”®. This information is important to consider, because while conductive hydrogels
can significantly improve functional recovery, they are yet unable to recapitulate uninjured

or autograft tissue.
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2.4.2 Conductive materials for cardiac tissue engineering

Because cardiac tissue is electroactive, conductive materials are frequently used
for cardiac tissue engineering and have successfully recapitulated the conductivity of
native myocardium'?®. Synthetic polymers, carbon-based materials, and gold-based
materials are most often used as conductive additives. Conductive substrates are also
supportive of induced pluripotent stem cell (iPSC), endothelial stem cell (ESC), and
embryoid body differentiation toward cardiomyocytes. The number of myotubes,
myofibrils, and sarcomeres increases when cardiomyocytes are grown on
electroconductive surfaces’’. When seeded with cardiomyocytes, conductive materials
aid in cell maturation, alignment, communication (e.g., gap junction formation),
synchronous beating, and physiological pacing*. Hydrogel composites containing CNTs
resulted in more aligned cardiomyocyte organization, but it is unclear if this result was
due to the mechanical or electrical features of CNTs'%2178_Navaei et al. observed a similar
effect using their hydrogel containing gold nanorods. Cardiomyocytes were more
organized into the microgrooves of constructs containing gold nanorods than those of
the non-doped construct’’®. These characteristics are critical for clinical translation,
where development of arrhythmias remains a risk in cardiac tissue engineering. While
conductive materials have improved synchronous beating, it remains to be explored
whether the improved communication leads to phenotype changes related to cellular
growth®2.

When fabricating cardiac patches, material elasticity and durability are of critical

importance for proper organ function and longevity. Synthetic conductive substrates are
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rarely characterized as highly elastic, nor have there been many reports of patches being
cyclically tested to mimic in vivo performance. Elastic cardiac patches made from 10
w/v% GelMA and 66 v/v% Bio-IL exhibited conductivity around 1.5 x 10® S/cm and
upregulated connexin 43 expression?. Despite promising preliminary results, the long-
term performance of conductive substrates after Ml and their potential for developing co-

morbidities such as constrictive pericarditis and arrhythmia remains to be evaluated?.

2.4.3 Conductive materials for muscle tissue engineering

Muscle tissue is efficient at regenerating small injuries, but critically sized injuries
(e.g., volumetric muscle loss) require intervention. The main goals of muscle tissue
engineering are to promote differentiation of satellite cells or MSCs down the myogenic
lineage, create a tissue with anisotropy to allow myoblasts to fuse into myotubes, and to
develop vascularized, innervated constructs for functional and electrophysiological
recovery. Tissue elasticity is also critical to support muscle contraction. Conductive
materials have been effective at differentiating C2C12 myoblasts, upregulating myogenic
genes and proteins, and promoting cell fusion'”. Silk fibroin and a PANI-based polymer
were combined to make scaffolds with conductivity on the order of 10# S/cm. When
C2C12 myoblasts were seeded on scaffolds with 2 w/v% polymer, myogenic genes such
as myogenic differentiation 1 (MyoD17), myogenin, and troponin T1 (TNNT1) were
upregulated, though the elasticity of these materials was not tested’#®. While elastic

conductive materials have been developed, their material choice (e.g., PA) does not
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facilitate cell attachment or encapsulation, a factor which can be addressed in future
studies’’.

In addition to supporting myogenic differentiation, the future of conductive
materials can also be used to support the electroactivity of muscle tissue at large by
encouraging innervation and neuromuscular junction (NMJ) formation'8. Multiple
studies have probed the cellular interplay between muscle and nerve and have reported
spontaneous NMJ development. However, the majority of studies using conductive
substrates for muscle tissue engineering do not explore co-culture systems. While many
studies investigate how electrical stimulation and physical exercise influence muscle
repair after injury, the possible synergy when using conductive substrates as a tissue

scaffold remains uninvestigated'®.

2.4.4 Conductive materials for bone tissue engineering

The primary goal of bone tissue engineering is to replace critically sized defects
unable to spontaneously heal, whether caused by trauma, bone-related diseases, or
surgical excision. Strategies for bone tissue engineering focus on making a mechanically
stable, osteoinductive, and osteoconductive material to promote bone formation. Bone is
considered piezoelectric, meaning it generates electric potentials as it is mechanically
loaded'®2. While this phenomenon occurs on the tissue level, the mechanosensitivity of
osteocytes creates a connection between electroactive environments and bone
remodeling'8184, Piezoelectric polymers, most commonly polyvinylidene fluoride (PVDF),

have been used to for bone tissue engineering’’”85. Dynamic mechanical loading of
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osteoblasts on piezoelectric scaffolds improved growth and proliferation of
osteoblasts’® and osteogenic differentiation of adipose-derived MSCs'®’. Even in the
absence of mechanical loading, the association of cells with conductive substrates and
electrical stimulation enhances osteogenic activity'®8. PLA scaffolds with 10 wt% PANI
possessed conductivities around 9 x 10° S/cm and promoted osteogenic gene
expression and ALP activity of bone marrow-derived MSCs'#8. Graphene outperformed
non-conductive groups in treating critically sized calvarial defects in vivo'®°. These
findings indicate that substrate electroactivity is an important contributor to the
regenerative capacity of bone cells.

Many bone tissue engineering strategies to date have recapitulated the
mechanical environment of native bone and demonstrated efficacy in vitro and in vivo.
Because bone is piezoelectric, it is important to confirm electrical functional outcomes
in future studies’®. Conductive substrates have been used as scaffold materials to
improve osteogenic behavior. However, few studies have evaluated critical mechanical
properties (e.g., Young’'s modulus) as a function of substrate modification with
electroactive polymers, which may lead to discrepancies in reproducibility. Possible
synergies between electroactivity, mechanical cues, and chemical signals for bone tissue
engineering are largely unexplored and provide great opportunity to expand foundational

knowledge of bone regeneration.
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2.5 CONCLUSION

Cells rely on mechanical, chemical, and electrical information to properly function
during development and homeostasis. The field of tissue engineering has focused on the
composition and mechanical properties of engineered substrates to instruct cell fate.
Evidenced-based advances in bioelectricity motivate the pursuit of novel strategies that
cater to cells’ electrical needs. Despite the promising reports that conductive synthetic
substrates influence cell behavior and promote engineered tissue function, these
materials have several drawbacks that may be mitigated by the design of conductive
natural biomaterials.’® Additionally, the mismatch in conducting mechanism between
electrically conductive substrates and bioelectric tissues has revealed gaps in
understanding in how to design materials for the most relevant and significant clinical
outcomes. Finally, variations across conductivity studies, whether in electrical
stimulation parameters, methods to measure conductivity, and the lack of positive
control groups prevent reproducibility within the field and hinder progress toward clinical
translation.’®® In particular, foundational experiments to understand of the effects of
altering the many parameters of studies using conductive materials (e.g., level of
conductivity, seal resistance, type of material or mechanism of conduction, or how
electrical properties interplay with other properties within cell- and materials-based
therapies) will be important to propel the field forward. The results of such foundational
studies could then be used to design studies with more translational outputs both in vitro
and in vivo. They also establish general fundamental understanding that allow for

extension of using conductive materials for a variety of biomedical applications (e.g.,
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improving in vitro modeling systems). The field of tissue engineering has evolved far
beyond combining cells with materials and implanting in hopes of growing neotissues or
promoting repair. There are many examples of pre-implantation characterization of cell
adhesion, proliferation, migration, and differentiation in response to engineered
materials. In contrast, the application of conductive materials in tissue engineering is only
now emerging. The use of conductive materials for this purpose provides new
opportunities to promote cellular organization in vitro prior to implantation, enabling the
implantation of more advanced, functional tissues that possess greater therapeutic
potential. Thus, there is tremendous opportunity on the horizon for developing materials
that better recapitulate endogenous electrical signaling and support tissue engineering

applications.
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