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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 
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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 20151. 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. 
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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 cues3–5. 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 homeostasis4,6. 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 listed7. 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 biomaterials8,9. 

In recent years, bio-ionic liquids (bio-ILs), have been used to increase substrate 

conductivity by facilitating ion movement, rather than electron movement10,11. 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 
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its high electrical conductivity, low cytotoxicity, and commercial availability8,14,15. 

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 solutes16. 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 

functionality12,13, 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 differentiation20,21. 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. 
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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 2D17,18. Some cells, notably neuronal-type cells, are difficult to culture 

successfully in 3D, further blunting progress towards 3D composite tissue regeneration19. 

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, I propose the 

hypothesis and specific aims, described next. 
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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. 
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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. 
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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 healing22. 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 design23. This work 

increases accessibility by using inexpensive equipment in a custom setup to measure 

conductivity of hydrogels. 
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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 cues1. 

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)2–14. 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(3,4-

ethylenedioxythiophene) (PEDOT), or carbon-based materials such as carbon nanotubes 

and graphene oxide, are frequently used to increase conductivity of biomaterials15–20. 

Although these materials provide at least physiologically relevant, and in some cases, 

metallic-like21, 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 unknown3,22–24. 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 behaviors25. 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 cells26. Membrane potentials give rise to endogenous 

electric fields, which then guide cell behavior and may even override chemical and 

topographical cues26–28. Charge gradients (i.e., electric fields) are also created when ions 

and other charged molecules pass from cell to cell via gap junctions26. On the cellular 

level, endogenous electric fields are involved in orientation, migration, adhesion, 

proliferation, and differentiation29,30. On the tissue and organismal level, electric fields 

play a major role in development, wound healing, and healthy tissue function (Fig. 2.1)28. 

Many literature reviews exist on bioelectricity and provide further detail on its role in 

development and homeostasis1,26,27,31. 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 recovery32,33. 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/m2), 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 healing27,35,36. Generally, applied electric fields affect cell 

surface receptors, enzyme activity, charge distribution throughout the cell membrane, 

and membrane protein conformation28,37,38. It is believed to trigger similar responses cells 



15 

would have to other chemical or physical stressors (e.g., fluid shear stress39) that also 

promote cell survival40–42. 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 differentiation33,37,43.  

 

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 rafts44. 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 migration45. 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 systems27,46. When electrical stimulation is applied, many cell types preferentially 

travel towards the cathode, while others favor anodal electrotaxis47, and numerous 

studies illustrate cell migration changes directions when the field direction is switched36. 

Some cell types exhibit accelerations in migration speed as a function of field strength35, 

whereas others do not36. 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 healing29,48–50. When combined with topographical cues, 

electrical stimulation caused a synergistic directional migration of corneal epithelial cells 

mediated by upregulated MMP-3 activity51,52.  

 

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 trigger33,53. For example, α2β1 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 migration54. 

Conductive materials can also affect cell adhesion, even in the absence of an electric 

field55. 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)56. Increases in seal resistance that arise between a cell and a conductive 

substrate may also contribute to increased cell adhesion (Fig. 2.2B)57. 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)58. 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 cells59. For example, compared to that of quiescent cells, proliferating cells 

have a membrane potential between -30 and -10 mV26. 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)27,56,60. 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 response61. 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 EFs62. In such cases, increased proliferation may be due to 

electrokinetic flow of media that circulates nutrients and increases their availability to 

cells63. 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. 

 

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 homeostasis64. Endogenous currents also arise from wounds 



20 

and signal to begin the differentiation process of depolarized, undifferentiated cells 

towards a reparative phenotype27,32. 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 

cancer27. Applied electric fields can increase cellular uptake of calcium ions and generate 

reactive oxygen species65, both of which are linked to stem cell differentiation toward the 

neurogenic and osteogenic lineage65–68. For instance, electrical stimulation caused bone 

marrow-derived MSCs to express neural markers including Nestin and MAP269,70. 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 survival71. Electrical stimulation also induced 

chondrogenesis of human MSCs without exogenous growth factors72 and enhanced 

calcium deposition by adipose-derived human MSCs73.  

 

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)74. 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 exosomes26,28. Electric field 

patterns also precede and even pinpoint major morphological events in development 

such as limb bud development26,28. 

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 function75.  

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)76. In bone, the presence of nerves is believed to play a role in cell 

migration out of the bone marrow77, providing regulatory cues for bone metabolism78, and 

supporting the hematopoietic stem cell niche79. 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 tissues80. 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 angiogenesis81–85. Delivery of vascular 

endothelial growth factor (VEGF) and insulin-like growth factor-1 (IGF-1) supported 

functional reinnervation in mice after sciatic nerve ligation86. 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, 

respectively87. 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 ES88, the variation in application parameters, and the 

overall mechanistic knowledge gaps, more studies are necessary before electrical 

stimulation becomes common clinical practice33. 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 reviews89–93 and articles detailing the 

use of conductive polymers90,94–97, nanoparticles98–100, carbon-based101, and metal-based 

structures98,102,103 for use in nerve94,101,104–106 and cardiac102,107 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 10-16 S/cm 

observed in polyacrylamide to 1 S/cm, observed in alginate. Other unmodified hydrogels 

within this electroconductive range include collagen type I, PEGDA, and chitosan. 

Conductive additives including polymers like PPy, PANI, and PEDOT, CNTs, and AuNPs 

have much higher conductivity (~10-1-106 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 Chemistry108,109. Since then, over 25 types of 

conductive polymers have been developed, the most common of which are illustrated in 

Fig. 2.4A110. The mode of conductivity for all of these polymers arises from the freedom 

with which electrons move within and between their polymer chains111. 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 σ bond and a π bond. Electrons are not as strongly bound to π 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 system109. Charge 

delocalization can also occur when polymers contain aromatic rings spaced such that 

their π-orbitals overlap (i.e., π-π stacking). This phenomenon can result in organic 

materials having metallic-like conductivity112,113. 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 × 103 
Zhou et al. 201821 & Kaur et 
al. 2015111 

PANI 0.11-105 
Min et al. 201822 & Pan et 
al. 2012114 

PEDOT 0.4111-50022 
Min et al. 201822 & Kaur et 
al. 2015111 
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Pristine PEDOT:PSS 0.2-1115 
Yu Z et al. 2016115 & Sigma 
Aldrich 

Pure PEDOT:SS Hydrogel 20-40 Lu et al. 2019116 

Carbon nanotubes 104-105 
Min et al 201822 & Wang et 
al. 2018117 

Single layer Graphene 2000-106 
Alam et al. 201717 & Wang 
et al. 2018117 

Mildly oxidized graphene 
sheets (MOGS) 

675±22 Alam et al. 201717 

 

Table 2.2: Electrical characterization and properties of synthetic conductive composites 

Composite Conductivity (S/cm) Reference 

PPy in HA ~1.2-7.3 × 10-3 Yang et al. 201610 

PPy in Alginate 3.3 × 10-5-1.1 × 10-4 Yang et al. 2016118 

PPy in PCL ~10-5-10-1 Zhang et al. 201673 

PANI in PCL ~2 × 10-4 Wibowo et al. 2020119 

Poly(glycerol sebacate)-co-
aniline 

1.4 × 10-6 - 8.5 × 10-5 Wu et al. 2016120 

PEDOT-HA nanoparticles in 
chitosan 

~10-4-10-2 Wang et al. 2017121 

PEDOT:PSS in PEG diglycidyl 
ether 

5.22 × 102 Solazzo et al. 2019122 

CNTs in PCL + silk fibroin 6.5-8.1 × 10-7 Wu et al. 2017123 

MWCNT in PEG ~10-3-10-2 
Imaninezad et al. 
2018124 

Carbon nanotubes + rGO sheets 
in PEG 

5.75 × 10-5 Liu et al. 201715 

Graphene in collagen 6.5 × 10-3 Ryan et al. 201818 

GO in polydopamine 8 × 10-2 Han et al. 2017125 

AuNPs in chitosan 1.3 × 10-3 Baei et al. 201619 

Collagen doped with iron oxide 
nanoparticles 

3.7 × 10-5 Bonfrate et al. 201798 
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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 conditions126. 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 applications111.  

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 applications93,127. Peripheral nerve conduits composed of electrospun 

poly(L-lactic acid-co-ε-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 autograft55. 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 other11,52.  

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 engineering73. Through inhibitory experiments, 

they determined that voltage-gated Ca2+ 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 potential128.  

 

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

conductive materials 

Tissue Type Conductivity (S/cm) Reference 

Myocardium ~10-5 - 10-3 
Surowiec et al. 1987129 & 
Noshadi et al. 20173 

Nerve/Spinal cord ~10-2-10-1 Zhou L et al.  201821 

Skeletal muscle (feline, 
porcine) 

~2-8 × 10-3 
Surowiec et al. 1987129 &  
Gabriel et al. 2009130 

Bone ~9.1 × 10-5 Balmer et al. 2018131 

Cartilage (porcine) ~10-3 Binette et al. 2004132 

Skin ~10-6 – 10-3 
Gabriel et al. 2009130 & 
Zarrintaj et al. 2018133 

Collagen Type I 

2.98 × 10-10 Bonfrate, V et al. 201798 

~2.5 × 10-3 Sun, H et al. 2017134 

3 × 10-3 MacDonald et al. 2008135 

Alginate 

~0.1-2 Kaklamani et al. 2018136 

8.2 × 10-6 Yang et al. 2016118 

PEGDA 7.6 × 10-11 Guarino et al. 2013137 

Polyacrylamide ~10-16 Alam et al. 201717 
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Chitosan 1.91 × 10-10 Marroquin et al. 2013138 

Wild type G. 
sulfurreducens PilA 

monomers 
5 × 10-3 – 188 × 10-3 

Malvankar et al. 2011112 & 
Adhikari et al. 2016139 

Modified G. 
sulfurreducens PilA 

monomers 
~10-1 - 102 Tan et al. 2016140 

Hemin-doped serum 
albumin 

~10-3 Amdursky et al. 2017141 

GelMA-Bio-IL ~10-7 – 10-5 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 PPy22,93,142. Despite these advantages, PANI is used less frequently given multiple 

conflicting reports of it stimulating an elevated immune response or chronic 

inflammation93,142–144. However, when combined with natural biomaterials such as 

chitosan, some groups have shown promising scaffolds for cardiac107, nerve137, 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)145. In a 

different study, C2C12s were cultured on aligned, PANI-coated PCL fibers and 

demonstrated greater capacity towards myotube formation than controls146. Endothelial 

cells better adhered to and proliferated on PANI-coated PCL fibers as well, and 

proliferation was further improved by ES147. 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 applications148.  

 

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 stability12. 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 controls149. When incorporated 

into chitosan/gelatin gels, these HA-doped PEDOT nanoparticles promoted nerve 

regeneration12,13,121.  

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 

crosslinker116,122. PEDOT:PSS incorporated into collagen-alginate hydrogels at low 

concentrations improved cardiomyocyte coupling and maturation, even without ES14. 

Multiple groups have used PEDOT:PSS to dope methacrylated gelatin (GelMA) for 

bioprintable, electroactive materials for tissue engineering150,151.  

Although some novel polymer-based materials address several physical 

disadvantages of more ubiquitous polymers5,120, 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 synthesis18. Many reports also indicate carbon-based materials 

enhance nerve cell response15. 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 substrates92. 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 organization16,152. 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 conduit15. 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 extension124. 

Neuronal outputs were greatest in groups with high PEG concentration (20%), MWCNTs, 

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 CNTs17. 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 

(rGO)17,153 Pristine graphene has the highest conductivity compared to GO and rGO, but 

all three variants are frequently used as conductive additives22. 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 lineage154. Physical 

cues were necessary for expression of late osteogenic markers (e.g., osteopontin) but 

were unable to influence neuronal markers (e.g., MAP2 and β3-tubulin), which were only 

enhanced by ES. Pristine graphene and collagen were combined to stimulate 

cardiomyocytes, resulting in increased metabolic activity and sarcomeric structures18. 

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 cytotoxicity155,156, 

hydrophobicity, and being nondegradable157–159, which reinforces the need for natural 

conductive materials. 
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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 al160 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 vivo98. The use of less common silver, platinum, and zinc nanoparticles have 

been summarized elsewhere22. 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 additive19.  

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 ES19. Cardiomyocytes entrapped in gold-infused GelMA substrates 

expressed cardiac-specific markers homogeneously throughout the hydrogel, and the 

gold nanorod groups supported synchronous beating20. 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 stress24.  

 

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 π-π 

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 sulfurreducens113,139,140,161–167. These short 

proteins conduct electrons over µm to cm distances with conductivity around 5 × 10-3 

S/cm.112,139 The mechanism of electron transfer is believed to be electron hopping, made 

possible by the π-π 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 Å)112. 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 tryptophan140. 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 conductivity168,169. Using peptides to make 

conductive materials is a recent development in the field170–172, leaving 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 interfaces141 and neural tissue 

engineering173, 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. Ionic 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 π-π stacking160. 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 expression2. When probing in 

vivo degradation, the results indicated that cells were able to enzymatically degrade 

GelMA-Bio-IL hydrogels via hydrolysis3. 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 differentiation12,21,174. 

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 10-3 S/cm. When used as a nerve conduit, this concentration resulted in 

tissues with similar histological characteristics as autograft6. Adding 0.1 w/v% MWCNTs 

to PEG resulted in conductivity around 10-2 S/cm and greatest PC12 neurite outgrowth 

and mean length124. 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 vivo55. Conductive substrates 

have also been associated with increased expression of genes associated with Schwann 

cell myelination120. 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 

studies175. Few recent studies have investigated the action potential profile of neuronal 

cells grown on conductive substrates to confirm that they behave similarly to uninjured 

cells176. 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 myocardium129. 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 surfaces177. When seeded with cardiomyocytes, conductive materials 

aid in cell maturation, alignment, communication (e.g., gap junction formation), 

synchronous beating, and physiological pacing4. 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 CNTs152,178. 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 construct179. 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 

growth92.  

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 × 10-3 S/cm and 

upregulated connexin 43 expression2. Despite promising preliminary results, the long-

term performance of conductive substrates after MI and their potential for developing co-

morbidities such as constrictive pericarditis and arrhythmia remains to be evaluated2.  

 

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 fusion177. Silk fibroin and a PANI-based polymer 

were combined to make scaffolds with conductivity on the order of 10-4 S/cm. When 

C2C12 myoblasts were seeded on scaffolds with 2 w/v% polymer, myogenic genes such 

as myogenic differentiation 1 (MyoD1), myogenin, and troponin T1 (TNNT1) were 

upregulated, though the elasticity of these materials was not tested145. 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 

studies17.  

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) formation180. 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 uninvestigated181.  

 

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 

loaded182. While this phenomenon occurs on the tissue level, the mechanosensitivity of 

osteocytes creates a connection between electroactive environments and bone 

remodeling183,184. Piezoelectric polymers, most commonly polyvinylidene fluoride (PVDF), 

have been used to for bone tissue engineering177,185. Dynamic mechanical loading of 
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osteoblasts on piezoelectric scaffolds improved growth and proliferation of 

osteoblasts186 and osteogenic differentiation of adipose-derived MSCs187. Even in the 

absence of mechanical loading, the association of cells with conductive substrates and 

electrical stimulation enhances osteogenic activity188. PLA scaffolds with 10 wt% PANI 

possessed conductivities around 9 × 10-3 S/cm and promoted osteogenic gene 

expression and ALP activity of bone marrow-derived MSCs148. Graphene outperformed 

non-conductive groups in treating critically sized calvarial defects in vivo189. 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 studies190. 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.188 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.189 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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Chapter 3: Electroconductive agarose hydrogels modulate 

mesenchymal stromal cell adhesion and spreading through 

protein adsorption 

 

3.1 INTRODUCTION 

Bioelectricity is involved in tissue homeostasis and plays a critical role in 

developmental processes such as embryonic development and tissue regeneration. 

Bioelectricity directs cell migration, adhesion, and proliferation1,2 and aids in the 

maturation of electroactive cell types. For example, bioelectric signaling promotes 

neuronal cell differentiation and synchronous beating of cardiomyocytes3,4. Unlike other 

biophysical properties of hydrogels such as stiffness and viscoelasticity, the potential of 

electrical cues to influence cell behavior is less investigated. Electrically conductive 

materials can promote nerve5,6, cardiac7,8, muscle9,10, and bone11,12 regeneration, and 

numerous reports indicate that conductive materials can alter cell behavior towards 

desired outcomes even in the absence of external electrical stimulation13,14. However, the 

mechanism of how conductive materials promote these outcomes is not well 

This chapter is composed from data published in Casella A, Panitch A, Leach JK. 

Electroconductive agarose hydrogels modulate mesenchymal stromal cell adhesion and 

spreading through protein adsorption. J Biomed Mater Res. 2023;1‐13. doi:10.1002/jbm. 

a.37503 
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understood, thereby limiting our capacity to design new materials for tissue 

regeneration15. 

Many studies investigating electrically conductive hydrogels report both electrical 

and mechanical characterization of their materials, and some demonstrate synergistic 

effects between physical and electrical cues on cell behavior16,17. However, few report 

whether they can be decoupled and how their interplay affects cell behavior. Thus, there 

is a significant need to develop an effective model system to interrogate these basic 

relationships. There is a substantial body of evidence that demonstrates the importance 

of directing cell behavior via biophysical properties18–20 that may be tuned using multiple 

approaches (e.g., increasing polymer concentration, varying crosslinker type or strength, 

modulating adhesivity14,20,21). For electrically conductive hydrogels, the conductive 

properties are commonly tuned by doping with electrically or ionically13 conductive 

additives such as carbon- or metal-based materials and synthetic polymers with 

conjugated bond structures. These materials all face drawbacks of being 

nondegradable22,23 and are poorly soluble, making them difficult to incorporate into 

hydrogels without further modification24. PEDOT:PSS is commonly added to hydrogel 

biomaterials owing to its commercial availability, water-dispersibility, and non-

cytotoxicity25,26.  

Here, we used poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) to manipulate the conductivity of hydrogels and interrogate the interplay of 

substrate stiffness and conductivity on cell behavior. We developed a mechanically and 

electrically tunable hydrogel system using widely available materials and methods that 
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are accessible for most research groups. We interrogated the contribution of protein 

adsorption to these hydrogels as a potential mechanism of action. We then investigated 

human MSC response to physical and electrical cues and hypothesized that cells cultured 

on conductive hydrogels would have increased cell adhesion regardless of biophysical 

properties.  

 

3.2 MATERIALS AND METHODS 

3.2.1 Fabrication of PEDOT:PSS agarose hydrogels 

Agarose (Thermo Fisher Scientific, Waltham, MA) was dissolved in ultrapure water 

to 2.5 wt% and mixed with PEDOT:PSS (PH1000, Ossila, Sheffield, UK) and water in 

various ratios to make hydrogels with final concentrations of 0.5 or 1.0 wt% agarose and 

0.0, 0.2 or 0.6 wt% PEDOT:PSS (Table 3.1). PEDOT:PSS was sonicated for 15 min prior to 

hydrogel fabrication, and water was warmed to extend gelation time, allowing for 

adequate mixing. Hydrogel pre-polymer was deposited into glass-mounted PDMS molds 

(1.5 mm thick × 8 mm I.D.) and allowed to set at room temperature for at least 10 min to 

make 80 µL gels. After complete gelation, hydrogels were transferred to 24 well plates 

containing 1 mL of either αMEM (Invitrogen, Waltham, MA) supplemented with 10% FBS 

(GenClone, San Diego, CA) and 1% penicillin-streptomycin (Gemini Bio Products, West 

Sacramento, CA) or ultrapure water to remove any unreacted reagents. Gels stored in 

αMEM were maintained in standard cell culture conditions (i.e., 37°C, 5% CO2), whereas 

gels stored in water were kept at room temperature. Pure PEDOT:PSS gels were 

fabricated by mixing PEDOT:PSS and 4-dodecylbenzenesulfonic acid (Sigma, St. Louis, 
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MO) at 3 v/v% according to Zhang et al.27 and used as controls for some biochemical 

assays (Fig. 3.1A). 

 

Table 3.4: Mechanically and electrically tunable hydrogel formulations 

Final wt% 
agarose 

Final wt% 
PEDOT:PSS 

Volume of 2.5 
wt% agarose 

(µL) 

Volume of 1.0 wt% 
PEDOT:PSS 

(µL) 

Volume of 
water 
(µL) 

0.5 
0.0 

100 
0.0 400 

0.2 100 300 
0.6 300 100 

1.0 
0.0 

200 
0.0 300 

0.2 100 200 
0.6 300 0.0 

 

 

Figure 3.5: Characterization of pure PEDOT:PSS gels.  (A) Gross image of a pure 

PEDOT:PSS hydrogel post-fabrication. (B) Scanning electron micrograph of a pure 

PEDOT:PSS hydrogel illustrating formation of a dense, fibrillar network (60,000X 

objective; scale bar = 1 µm). (C) Storage modulus of pure PEDOT:PSS hydrogels 

compared to 0.5 and 1.0 wt% agarose gels with 0.6 wt% P:P stored in water, measured 

on 1d (p≤0.001; n=4-5). (D) Conductivity of pure PEDOT:PSS gels was 4 orders of 

magnitude higher than the agarose-based gels (p≤0.0001; n=4-5). 
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3.2.2 Characterization of PEDOT:PSS elution and hydrogel degradation  

Fifty µL samples of the solution used to store hydrogels (αMEM or ultrapure water) 

were removed daily in triplicate into clear, flat 96-well plates. Absorbance was measured 

at 550 nm. The remaining storage solution was aspirated and replaced with fresh 

solution. 

At 1, 3, 7, and 10d, hydrogel wet mass was measured using a standard lab scale 

after blotting away excess fluid. Gels were then frozen and lyophilized for at least 24 h or 

until dry. The dry mass of hydrogels was measured with a Mettler Toledo XPR2 

Microbalance (Mettler Toledo, Columbus, OH). Swelling ratio (Q) was calculated using 

Equation 3.1, as described previously28. 

 

Equation 3.1:  𝑄 =
(

𝑊𝑆𝑤𝑜𝑙𝑙𝑒𝑛−𝑊𝐷𝑟𝑦

𝜌𝑊𝑎𝑡𝑒𝑟
) +

𝑊𝐷𝑟𝑦

 𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟
𝑊𝐷𝑟𝑦

𝜌𝑃𝑜𝑙𝑦𝑚𝑒𝑟

 

where ρ is density and ρWater is 1 g/mL and ρPolymer is 1.64 g/mL for agarose29,30. 

 

3.2.3 Mechanical characterization of hydrogels 

At 1, 3, 7 and 10d, we measured the gel shear storage modulus using a Discovery 

HR2 Hybrid Rheometer (TA Instruments, New Castle, DE) with a stainless steel, cross-

hatched, 8-mm plate geometry. After pre-loading each gel with approximately 0.03-0.04 

N of axial force in compression, an oscillatory strain sweep ranging from 0.004% to 4% 

strain was applied to each gel to obtain a linear viscoelastic region (LVR)31. At least 5 

data points were collected for each LVR and averaged to obtain shear storage modulus. 
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3.2.4 Scanning electron microscopy of hydrogels 

Eighty µL hydrogels were prepared as described above and immediately 

transferred to a 35% ethanol solution to initiate critical point drying. Gels were stored in 

increasing concentrations of ethanol (35%, 50% 75%, 100%) for 15 min each. Then gels 

were stored in a 1:1 solution of hexamethyldisilazane (HMDS, Sigma) and 100% ethanol 

and stored for 1 h. Finally, pure HMDS was added to the gels for 5 min. To complete the 

dehydration process, HMDS was removed, and gels were allowed to air dry for at least 1 

h. Gels were then mounted to aluminum stubs with double-sided carbon tape. Prior to 

imaging, samples were sputter-coated with gold/palladium. Micrographs were taking 

using a Thermo Fisher Quattro S Environmental SEM. 

 

3.2.5 Qualitative evaluation of hydrogel hydrophobicity 

The hydrophobic or hydrophilic properties of 80 µL gels were assessed 

qualitatively using solvents with varying surface tension and polarity. A drop of ultrapure 

water (γ = 72.8 dyn/cm), glycerol (γ = 64.0 dyn/cm; USB Corp., Cleveland, OH), hexane (γ 

= 18.4 dyn/cm; EMD), or cottonseed oil (γ = 14.9 dyn/cm32; Sigma) were applied to the 

surface of a hydrogel and an image of the beading or spreading of the drop was captured 

using a Nikon D3300 DSLR camera with an APO 180 mm F2.8 EX macro lens (Sigma 

Corporation, Japan).  
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3.2.6 Electrical characterization of hydrogels 

The electrical properties of hydrogels were measured using a custom two-point 

setup depicted in Figure 3.7A. Hydrogels were constrained by a PDMS mold (I.D. 10 mm, 

thickness 1.0 mm) and sandwiched between two brass plates. The sandwich was then 

stabilized between the jaws of a tabletop angle vise using PDMS blocks as a barrier 

between the plate and the jaw. One brass plate was connected to a power supply (BK 

Precision 1735A, Yorba Linda, CA) using alligator clips. One lead of a multimeter 

(SparkFun Electronics, Niwot, CO) was connected to the other brass plate and the second 

lead was connected to the power supply to create a complete circuit through which 

current could be measured. Voltages ranging from 100 to 500 mV, a range selected to 

avoid electrolysis of water, were applied to the gels to obtain current-voltage curves. After 

testing, hydrogel thickness and diameter were measured with calipers. Current-voltage 

curves were analyzed for linearity, and datasets with an R2 value of ≥0.9 were accepted 

for resistance calculations. Conductivity was calculated using Pouillet’s law (Equation 

3.2). 

 

Equation 3.2:   𝜎 =
𝑡

𝑅𝐴
 

where σ is conductivity in S/cm, t is thickness of the hydrogel (cm), R is resistance (Ω), 

and A is cross-sectional area (cm2). Hydrogels for conductivity testing were stored in 

ultrapure water to eliminate the confounding effects of ions in PBS and αMEM. 
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3.2.7 Adsorption of fibronectin to acellular gels 

Acellular gels for protein adsorption studies were stored in 1X PBS. After 

aspirating the storage solution, 1 mL of a 40 µg/mL fibronectin solution in PBS (FN, EMD 

Millipore, Burlington, MA) was added and allowed to incubate at 37°C for 24 h. FN was 

added to wells without gels to calculate protein adsorption to the plate. After incubation, 

the solution in each well was collected and analyzed for protein content using the Micro 

Bicinchoninic Acid (MicroBCA) Protein Assay Kit (Thermo Fisher Scientific). To 

characterize the kinetics of FN adsorption, this experiment was repeated with incubation 

times of 10 s and 30 min. 

Protein concentration was calculated using the Assayfit Pro online software 

(https://www.assayfit.com) with a 2° polynomial curve fit. Concentrations were divided 

by an absorbance ratio to account for protein-to-protein variation, since bovine serum 

albumin (BSA) was used for the standard curve. The absorbance ratio was calculated by 

dividing the concentration of protein reported by the assay by the known concentration 

of protein (Equation 3.3). 

 

Equation 3.3:  𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜 =
𝐶𝐴𝑠𝑠𝑎𝑦

𝐶𝐾𝑛𝑜𝑤𝑛
 

 

The concentration of FN adsorbed to the gels (CGel) was calculated by subtracting the 

concentration of FN adsorbed to the plate (CPlate) and the concentration of FN in solution 

(CSol) from the concentration of protein initially delivered to each gel (CTot), as shown in 
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Equation 3.4. The percent of FN solution retained by the gel was calculated by dividing 

CGel by CTot and multiplying by 100.  

 

Equation 3.4:  𝐶𝐺𝑒𝑙 = 𝐶𝑇𝑜𝑡 − (𝐶𝑃𝑙𝑎𝑡𝑒 + 𝐶𝑆𝑜𝑙) 

 

3.2.8 Adsorption of charged proteins to acellular gels 

 To study the influence of conductive polymer on protein adsorption more 

broadly, gel formulations (100 µL from Table 3.1) were pipetted into 96-well plates and 

stored in ultrapure water. After aspirating the storage water, 200 µL of protein solution 

were pipetted on top of gels and allowed to incubate for 24 h. Charged protein solutions 

were PBS containing 1 mg/mL of BSA (Gemini Bio Products), which takes on a negative 

charge in neutral solution; lysozyme from chicken egg (EMD) which takes on a positive 

charge in neutral solution; or myoglobin from equine heart (EMD), which is neutral in 

neutral solution. After 24 h, the protein solutions were analyzed using a BCA Protein 

Assay Kit (Thermo Fisher Scientific) and analyzed as described above, but with a four-

parameter logistic curve fit, per the manufacturer’s instructions. 

 

3.2.9 Cell culture 

Human MSCs (RoosterBio, Frederick, MD) were cultured in complete media 

(αMEM, 10% FBS, 1% P/S) in standard culture conditions. MSCs were used at passage 4-

6 for all experiments. 
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Eighty µL gels were fabricated as described above and stored in sterile ultrapure 

water in a cell culture incubator. Prior to cell seeding, storage water was changed three 

times, with at least 4 h between changes, to allow for PEDOT:PSS elution. MSCs were 

trypsinized, pelleted, and resuspended with fresh media at 5 × 105 cells/mL. After 

aspirating the storage water from the gels, 10 µL of cell suspension were pipetted onto 

one side of the gel followed by a 10 min incubation in standard culture conditions. Next, 

gels were flipped and 10 µL of the same cell suspension were added to the other side of 

the gel. After 10 min, 1 mL of αMEM was added to each well. Media was changed every 

2-3 days, and gels were analyzed after 1, 3, and 7d. 

 

3.2.10 Assessment of viability, proliferation, and metabolic activity  

Metabolic activity from the cells was measured with the alamarBlue assay 

(Thermo Fisher Scientific) according to the manufacturer’s instructions. Results were 

normalized to DNA content measured using the Quant-iT PicoGreen™ dsDNA Assay Kit 

(Thermo Fisher Scientific). Viability of the cells on gels was determined using a 

LIVE/DEAD stain where viable cells were stained green with calcein AM (Invitrogen) and 

dead cells were stained red with propidium iodide (Millipore Sigma, St. Louis, MO). Cell 

adhesion and spreading was visualized by fixing the gels in 4% paraformaldehyde in PBS 

and staining the cells with Alexa Fluor 488 Phalloidin and DAPI (both from Invitrogen). 

Cells on gels were imaged using a Nikon Eclipse T32000U microscope. 
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3.2.11 Statistical analysis 

Data are presented as means ± standard deviation. Statistical analysis was 

performed using GraphPad Prism 9 software using t-tests and one-way or multi-way 

analysis of variance with Tukey correction for multiple comparison. A mixed-effects 

analysis model was used for datasets with unequal group sizes. Differences were 

considered statistically significant at p≤0.05. Groups that are significantly different are 

denoted with different letters, while groups that share letters are statistically similar. 

 

3.3 RESULTS 

3.3.1 PEDOT:PSS-laden agarose hydrogels maintain their structure over time  

Mechanical properties of hydrogels were tuned using two different concentrations 

of agarose (0.5 or 1.0 wt%), while electrical properties were tuned via concentration of 

PEDOT:PSS (0.0, 0.2, or 0.6 wt%). All hydrogels remained intact for the course of the study 

(Fig. 3.2A). The incorporation of higher concentrations of PEDOT:PSS, a blue-black 

polymer, resulted in hydrogels becoming increasingly dark and opaque. While each gel 

was formulated such that respective groups contained either the same amount of 

agarose or PEDOT:PSS, the color difference between 0.5 and 1.0 wt% agarose gels 

containing PEDOT:PSS (both 0.2 and 0.6 wt%) indicates that less electrically conductive 

polymer was incorporated. This may be due to fewer polymeric entanglements or PSS-

agarose crosslinks formed in gels containing less polysaccharide. 

After formation, gels were stored in αMEM or ultrapure water to wash away any 

unincorporated reagents, and storage solution was replaced daily. Storage αMEM did not 
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grossly appear to change color over time (Fig. 3.2B). Absorbance values fluctuated only 

slightly and did not appreciably deviate from baseline (Fig. 3.2C). These data suggest 

minimal PEDOT:PSS leaching from the gels. Swelling ratio decreased over time for 

groups containing PEDOT:PSS (Fig. 3.2D). With daily replenishment of αMEM, we predict 

that charged moieties from the cell culture media (e.g., salts and proteins) accumulated 

within the hydrogel, causing an increase in dry mass over time, which we report in Fig. 

3.3. 

Observations of PEDOT:PSS elution in water contrast strikingly to gels stored in 

αMEM. Storage water was noticeably gray after 24 h (Fig. 3.4A) and absorbance values 

of the water decreased significantly between 1 and 2 d, indicating PEDOT:PSS elution 

from the gels. After the initial time point, absorbance values were near zero and gels 

appeared to reach an equilibrium with the storage water (Fig. 3.4B). The dry mass of 

hydrogels containing PEDOT:PSS also exhibited a decline after 1d, though this may be 

attributed to the loss of PEDOT:PSS (Fig. 3.4C). Hydrogel swelling ratio increased after 

fabrication but equilibrated after 1d (Fig. 3.4D). The 0.5 wt% agarose gels had 

significantly higher swelling ratios at each time point, regardless of PEDOT:PSS 

concentration (Fig. 3.4E), which may also be attributed to the reduced polymeric 

entanglements compared to the 1.0 wt% agarose gels.  

These data establish the degradation and dissociation properties of the hydrogels 

used for the remaining studies. Furthermore, these findings illustrate the capacity of 

conductive additives to elute out of hydrogel materials, emphasizing the importance of 

material storage prior to characterization.  
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Figure 3.6: Hydrogels stored in αMEM maintain gross structure over 10 days. (A) Gross 

images of agarose hydrogels with tunable mechanical ([agarose]) and electrical 

([PEDOT:PSS]) properties over time. (B) Representative images illustrate the lack of color 

change of gel storage αMEM over time, indicating gel structural integrity. (C) Absorbance 

of hydrogel storage αMEM fluctuated over time but is not appreciably different than 

baseline. Arrows indicate a significant difference (p≤0.05) in absorbance between the 

marked time point and the one preceding it. (D) Hydrogel swelling ratio decreased 

steadily over time. Arrows indicate a significant difference (p ≤0.05) in swelling ratio 

between the marked time point and the one preceding it. 
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Figure 3.7: Gels stored in αMEM accumulate media components over time. Dry mass of 

gels increased from 1 to 10d for all groups except the 0.5 wt% agarose, 0.0 wt% 

PEDOT:PSS gels (p≤0.05 for 1.0 wt% Ag + 0.0 wt% P:P, p≤0.01 for 0.5 wt% Ag + 0.2 wt% 

P:P and 1.0 wt% Ag + 0.6 wt% P:P, p≤0.001 for 1.0 wt% Ag + 0.2 wt% P:P, and p≤0.0001 

for 0.5 wt% Ag + 0.6 wt% P:P; n=4). Two-way ANOVA for the simple effect of time was 

used to analyze the differences in dry mass within each group. Only differences between 

1 and 10d are displayed. Groups denoted by different letters are statistically significant; 

ns=not significant. 
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Figure 3.8: Hydrogels maintain gross structure in water over 10 days, despite leached 

PEDOT:PSS after 1 day. (A) Representative images illustrate the color change of gel 

storage water over time. (B) Absorbance of hydrogel storage water over time decreases 
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significantly for groups containing PEDOT:PSS after 1d, but begin to equilibrate by 2d. 

Arrows indicate a significant difference (p≤0.05) in absorbance between the marked time 

point and the one preceding it. (C) For the hydrogels containing 0.2 or 0.6 wt% 

PEDOT:PSS, dry mass significantly decreases after 1d. The 1.0 wt% agarose + 0.6 wt% 

PEDOT:PSS group is an exception, but its dry mass trends in decline over time. After 1d, 

dry mass does not change in any groups. (D) Hydrogel swelling ratio equilibrates after an 

initial increase on 1d for all groups. These data correspond to the decrease in storage 

water absorbance, indicative of eluted PEDOT:PSS from (A). (E) The 0.5 wt% agarose 

hydrogels have a significantly higher swelling ratio than the 1.0 wt% agarose gels 

(p≤0.0001 for most time points; n=11-12) when the effect of PEDOT:PSS concentration is 

removed by pooling data. These data indicate that greater agarose content contributes 

to increased polysaccharide entanglements, which may contribute to changes in 

PEDOT:PSS elution. Groups denoted by different letters are statistically significant within 

each time point. Groups that do not contain PEDOT:PSS have unchanging dry mass over 

time. Arrows indicate a significant difference (p≤0.05; n=4) in swelling ratio between the 

marked time point and the one preceding it.  

 

 

3.3.2 Mechanical and electrical properties of agarose hydrogels can be decoupled 

Hydrogel storage modulus was predominantly influenced by wt% agarose when 

gels were stored in αMEM, though increases (p≤0.05) were observed in the 0.5 wt% 

agarose gels when 0.6 wt% PEDOT:PSS was added (Fig. 3.5A). To confirm the driving 
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factor was wt% agarose, we analyzed the storage moduli for all hydrogels at each agarose 

concentration, regardless of PEDOT:PSS loading. There was a significant increase in 

storage modulus from approximately 1.75 kPa to 9.5 kPa with increasing agarose content 

(p≤0.0001) (Fig. 3.5B). While 0.6 wt% PEDOT:PSS caused a significant increase in storage 

modulus in the 0.5 wt% agarose gels (p≤0.0001) (Fig. 3.5C), the magnitude of this 

difference was less than the magnitude of the difference in storage modulus between the 

0.5 and 1.0 wt% agarose gels (Fig. 3.5B). By contrast, when storage modulus was 

analyzed as a function of PEDOT:PSS content for the 1.0 wt% agarose gels, PEDOT:PSS 

did not cause a change in mechanical properties (Fig. 3.5D). Pure PEDOT:PSS gels had 

statistically similar mechanical properties to the 0.5 wt% agarose gels, with an average 

storage modulus of approximately 2.6 kPa (Fig. 3.1C). 

Gels stored in ultrapure water exhibited similar relationships but were more 

susceptible to changes with the addition of 0.2 wt% PEDOT:PSS (Fig. 3.6A, p≤0.05). This 

may be due to more pronounced dissociation over time when gels were stored in water 

(Fig. 3.4). Although both 0.5 and 1.0 wt% agarose gels had higher storage moduli with 

the addition of PEDOT:PSS, the magnitude of change in storage modulus as a function of 

wt% agarose (Fig. 3.6B, p≤0.0001) was greater than as a function of wt% PEDOT:PSS 

(Fig. 3.6C,D; p≤0.0001). These data further highlight the importance of storage conditions 

on material characterization. Taken together, analysis of storage modulus indicates that 

below a certain concentration, the addition of PEDOT:PSS does not affect hydrogel 

biophysical properties. Thus, these data fulfill half of the requirements towards our aim 

of developing a hydrogel system that is electrically and mechanically decoupled. 
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Figure 3.9: Storage modulus of hydrogels stored in αMEM is driven by agarose content. 

(A) Mechanical properties were predominantly affected by wt% agarose, but addition of 

0.6 wt% PEDOT:PSS caused significant increases in storage modulus of the 0.5 wt% 

agarose gels at most time points (p≤0.05 at 1 and 10d, p≤0.01 at 7d; n=3-4). Two-way 

ANOVA for the simple effect of PEDOT:PSS concentration was used to analyze the 

differences between groups within each time point. Tests were run separately for 0.5 and 

1.0 wt% agarose gels. (B) Storage moduli of PEDOT:PSS-loaded agarose hydrogels was 

driven by wt% agarose (p≤0.0001; n=47-48), calculated with a two-tailed t-test. (C) 

Storage moduli of 0.5 wt% agarose gels increased with addition of 0.6 wt% PEDOT:PSS 

(p≤0.0001; n=16). (D) The storage moduli of 1.0 wt% agarose gels were unchanged by the 

addition of PEDOT:PSS (p≤0.0001; n=16). One-way ANOVA was used to analyze 
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differences between groups for (C) and (D). Groups denoted by different letters are 

statistically significant, ns=not significant. 

 

 

Figure 3.10: Storage modulus of hydrogels stored in water is driven by agarose content. 

(A) Mechanical properties were predominantly affected by wt% agarose, but addition of 

0.2 wt% PEDOT:PSS caused significant increases in storage modulus of the 0.5 wt% 

agarose gels at 7 and 10d (p≤0.05; n=3-4). Incorporating 0.6 wt% PEDOT:PSS caused 

significant increases in storage modulus of the 1.0 wt% agarose gels at nearly all time 

points (p≤0.05; n=4). Two-way ANOVA for the simple effect of PEDOT:PSS concentration 

was used to analyze the differences between groups within each time point. Tests were 

run separately for 0.5 and 1.0 wt% agarose gels. (B) Storage moduli of PEDOT:PSS-loaded 
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agarose hydrogels is driven by wt% agarose (p≤0.0001; n=48), calculated with a two-tailed 

t-test. (C) Storage moduli of 0.5 wt% agarose gels is affected by the addition of 0.2 wt% 

PEDOT:PSS, but when more polymer is added, storage modulus does not increase 

(p≤0.0001; n=15-16). (D) The storage moduli of 1.0 wt% agarose gels are unchanged by 

the addition of 0.2 wt% PEDOT:PSS. Additional PEDOT:PSS yields stiffer gels (p≤0.0001; 

n=16). One-way ANOVA was used to analyze differences between groups for (C) and (D). 

Groups denoted by different letters are statistically significant, ns=not significant. 

 

As expected, electrical conductivity of PEDOT:PSS agarose hydrogels was 

predominantly driven by PEDOT:PSS content (Fig. 3.7B). When conductivity was analyzed 

as a function of agarose concentration, conductivity increased 1.2-fold with increased 

agarose concentration (p≤0.05) (Fig. 3.7C). Conductivity measurements of hydrogels 

formed from each agarose concentration without PEDOT:PSS confirmed that agarose 

has some intrinsic conductivity (Fig. 3.7B), which may contribute to trends of increased 

conductivity between 0.5 and 1.0 wt% agarose gels for all concentrations of PEDOT:PSS. 

However, when analyzing conductivity as a function of wt% PEDOT:PSS only, we observed 

nearly a 2-fold increase in conductivity when increasing PEDOT:PSS concentration from 

0 to 0.2 wt% (p≤0.0001) (Fig. 3.7D). Interestingly, we did not detect significant increases 

in conductivity when PEDOT:PSS concentration was further increased. Conductivities 

ranged from approximately 2 × 10-6 to 8 × 10-6 S/cm, classifying these materials as 

semiconductors and appropriate for biological applications. At approximately 3 × 10-2 
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S/cm, pure PEDOT:PSS hydrogels had 4 orders of magnitude higher conductivity than the 

agarose-based gels (Fig. 3.1D). 

These data provide evidence that the physical and electrical properties of this 

hydrogel model system can be decoupled. For example, while storage modulus did not 

change for 1.0 wt% agarose gels doped with 0.0 or 0.2 wt% PEDOT:PSS (Fig. 3.6), there 

was a difference in conductivity between these groups (Fig. 3.7D). While not all groups 

within this hydrogel platform had decoupled electrical and mechanical properties, we 

studied cell response to all hydrogel conditions. This strategy allowed us to interrogate if 

cells respond differently to substrates with and without decoupled properties. 

Additionally, since no differences in storage modulus or conductivity were observed 

between the gels on 7 and 10d (data not shown), the subsequent in vitro studies were 

carried out only to 7d. 
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Figure 3.11: Hydrogel conductivity is driven by PEDOT:PSS concentration. (A) i: 

Schematic of conductivity setup, where ii) hydrogels are placed on one brass plate and 

contained by a PDMS sheet. The hydrogel is then iii) sandwiched between both brass 

plates. The power supply connected to one plate provides a source of voltage and a 

multimeter connected to the other plate displays output current. After taking current 
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measurements, (iv) hydrogel geometric parameters are recorded and (v) current-voltage 

curves are generated. I-V curves are assessed for linearity and used to calculate 

resistance. (B) Conductivity is predominantly driven by wt% PEDOT:PSS. Differences in 

the conductivity of 0.5 and 1.0 wt% agarose groups containing no PEDOT:PSS indicate 

some intrinsic conductivity of agarose (p≤0.01; n=3-4). The differences due to agarose 

concentration were not observed in PEDOT:PSS-containing groups. Multiple t-tests for 

the simple effect of agarose concentration were used to analyze the differences between 

groups within each time point. Tests were run separately for the 0.0, 0.2, and 0.6 wt% 

PEDOT:PSS gels. (C) Pooled data eliminating the contribution of wt% PEDOT:PSS indicate 

conductivity of gels increases with increasing agarose content (p≤0.05; n=47-48), 

calculated with a two-tailed t-test. (D) When conductivity is analyzed as a function of wt% 

PEDOT:PSS, the level of significance is much greater (p≤0.0001; n=31-32). One-way 

ANOVA was used to analyze differences between groups. Groups denoted by different 

letters are statistically significant; ns=not significant. 

 

3.3.3 Conductive hydrogels support cell viability and metabolic activity at early time 

points 

MSCs cultured on 0.5 and 1.0 wt% agarose exhibited greater viability at 7d when 

gels were conductive (Fig. 3.8A,D). LIVE/DEAD imaging showed the most cell adhesion 

to substrates containing PEDOT:PSS with little adhesion to non-conductive controls. 

Minimal cell adhesion was observed at 1d, and cell viability via the LIVE/DEAD assay 

appeared to peak on 3d (Fig. 3.9). Of the cells that adhered, most were viable, indicated 
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by calcein AM staining. Pure PEDOT:PSS supported cell viability through 7d, but cells 

appeared most viable at 3d (Fig. 3.10A). 

Metabolic activity via alamarBlue was higher for cells cultured on conductive 

substrates, and raising the concentration of PEDOT:PSS further increased cell activity at 

1 and 3d (Fig. 3.8B,E). DNA content was nearly constant for all 0.5 wt% agarose groups 

at each time point, but DNA mass was greatest on 3d (p≤0.0001), indicating cell 

proliferation (Fig. 3.8C). A similar relationship was observed in the DNA content of cells 

cultured on 1.0 wt% agarose gels, though conductivity promoted cell proliferation at 3 

and 7d over non-conductive controls (Fig. 3.8F). While cell metabolic activity decreased 

over time, conductivity boosted cell behavior compared to the non-conductive controls, 

which had nearly no cell activity, even at 1d. Pure PEDOT:PSS gels did not consistently 

promote MSC metabolic activity (Fig. 3.10B). 
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Figure 3.12: Conductivity supports cell viability and metabolic activity of MSCs at early 

time points. (A) LIVE/DEAD images of MSCs on 0.5 wt% agarose gels indicate overall 

viability of adhered cells at 7d. Gels containing at least 0.2 wt% PEDOT:PSS supported 

greater cell adhesion compared to non-conductive controls (10X objective, scale bars = 

500 µm). (B) Metabolic activity of cells cultured on 0.5 wt% agarose gels was significantly 

greater when the substrate was conductive (p≤0.05 for 3d, p≤0.01 for 1 and 7d; n=4). (C) 

DNA mass was nearly constant between groups within each time point (p≤0.05 for 7d) 

but was highest overall on 3d (p≤0.0001). (D) LIVE/DEAD staining of MSCs grown on 1.0 

wt% agarose gels indicate similar cell behavior, though the 0.2 wt% PEDOT:PSS group 

supported cell adhesion and viability better than the 0.6 wt% PEDOT:PSS group. (E) 

Metabolic activity of cells cultured on 1.0 wt% agarose gels was also greater when the 

gel was conductive (p≤0.05 for 1 and 7d, p≤0.01 for 3d; n=4). (F) DNA mass increased 

with PEDOT:PSS concentration on 3 and 7d (p≤0.05), but was highest overall on 3d 

(p≤0.0001). Two-way ANOVA for the simple effect of PEDOT:PSS concentration was used 

to determine differences between groups within each time point for (B),(C),(E), and (F). 

Two-way ANOVA for the main effect of time was used to determine overall differences 

between time points for (C) and (F). Groups denoted by different letters are statistically 

significant within each time point, ns=not significant. 
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Figure 3.13: Conductive substrates support cell viability of MSCs at early time points. 

LIVE/DEAD images of MSCs on (A) 0.5 and (B) 1.0 wt% agarose gels with increasing 

conductivity (4X objective, scale bars = 500 µm). Gels containing at least 0.2 wt% 

PEDOT:PSS supported greater cell adhesion compared to non-conductive controls at all 

time points. Viability was greatest at 3d. Viable cells were stained green with calcein AM 

and dead cells were stained red with propidium iodide. 

 

 

Figure 3.14: In vitro properties of pure PEDOT:PSS gels.  (A) LIVE/DEAD images of MSCs 

grown on pure PEDOT:PSS gels indicate lack of adhered cells over 7 days (4X objective, 

scale bars = 500 µm). (B) Metabolic activity of cells was not consistently supported by 

pure PEDOT:PSS gels (p≤0.05; n=4). One-way ANOVA was used to analyze differences 

between groups. Groups denoted by different letters are statistically significant, ns=not 

significant. 
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3.3.4 Conductive hydrogels support cell adhesion and spreading 

MSCs cultured on gels were fixed and stained with DAPI and phalloidin to visualize 

adhesion and spreading (Fig. 3.11A). While some cells adhered to the non-conductive 

controls, their morphology was rounded. Furthermore, irregular staining on these gels at 

7d is indicative of debris. This contrasts strikingly with the cells on gels containing 0.6 

wt% PEDOT:PSS, which exhibit cytoskeletal projections and take on the fibroblastic 

morphology of healthy MSCs. Pure PEDOT:PSS gels were not effective at retaining cells 

or facilitating spreading (Fig. 3.12A). While adhesion to all gels was low overall, the 

addition of PEDOT:PSS allowed cells to form strong enough bonds to spread, even in the 

absence of adhesion ligands and external stimulation. 

To elucidate possible mechanisms of this observation, we measured the amount 

of fibronectin (FN) adsorbed to gels as a function of agarose concentration, PEDOT:PSS 

concentration, and time. We observed more FN in gels with higher PEDOT:PSS 

concentration (p≤0.05) starting as early as 30 min, though this may have been due to FN 

diffusion into the bulk gel. After 24 h of equilibration, FN content was still greater in 

PEDOT:PSS-containing groups, which we attributed to a combination of diffusion and 

adsorption (Fig. 3.11B,C). This trend was also observed in pure PEDOT:PSS gels (Fig. 

3.12B). The trending increase in protein adsorption between gels containing 0.2 and 0.6 

wt% PEDOT:PSS required further investigation, as there were no significant differences in 

conductivity between these groups (Fig. 3.7D). As such, we performed scanning electron 

microscopy on dehydrated gels. Hydrogels with 0.0 and 0.2 wt% PEDOT:PSS had clear 

fibrillar and network-like structures, whereas the 0.6 wt% PEDOT:PSS groups had more 
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globular structures, leading to increased surface roughness (Fig. 3.11D). Surface 

roughness contributes to protein adsorption, in part by increasing the available surface 

area. Thus, the 0.6 wt% PEDOT:PSS gels may facilitate more FN interaction due to their 

topography33. We also qualitatively investigated the hydrophobic properties of the 

hydrogels. We did not observe striking differences in hydrophobicity with presence of 

PEDOT:PSS, with the exception of the 0.5 wt% agarose gels, where the edges of the water 

drop are visible on the gels containing PEDOT:PSS (Fig. 3.13). 

 

 

Figure 3.15: Conductive hydrogels support greater cell adhesion and spreading even in 

the absence of binding sites. (A) Cells adhered to and spread more effectively on 

conductive substrates compared to non-conductive controls. Cell cytoskeleton was 
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stained for phalloidin (green), and nuclei were stained with DAPI (blue) (7d, 10X objective, 

scale bars = 50 µm). (B) The concentration of adsorbed fibronectin (FN) to 0.5 wt% 

agarose gels increased with increasing concentrations of PEDOT:PSS (p≤0.05 for 30 min, 

p≤0.01 for 24 h; n=4). (C) Similarly, FN adsorbed better to conductive 1.0 wt% agarose 

gels (p≤0.05 for 30 min, p≤0.01 for 24 h; n=4). (D) Scanning electron micrographs of 

hydrogels demonstrate surface network characteristics (50,000X objective for 0.5 wt% 

Ag. + 0.0 wt% P:P; 25,000X objective for all other groups; scale bars = 1 µm). Two-way 

ANOVA for the simple effect of PEDOT:PSS concentration was used to analyze the 

differences between groups within each time point for (B) and (C). Groups denoted by 

different letters are statistically significant, ns=not significant. 

 

 

Figure 3.16: Adhesion and adsorption properties of pure PEDOT:PSS gels.  (A) Cell 

cytoskeleton was stained for phalloidin (green), and nuclei were stained with DAPI (blue) 

(10X objective, scale bars = 50 µm). No cells are visible on 1d and irregular and undefined 

staining on 3 and 7d are indicative of debris. (B) The concentration of fibronectin (FN) in 

the pure PEDOT:PSS gels increased with time (p≤0.0001; n=4), and was approximately 

60% at 24h, exceeding that measured in the 0.5 and 1.0 wt% agarose gels with 0.6 wt% 



91 

P:P at 24h (Fig. 3.11B,C). One-way ANOVA was used to analyze differences between 

groups. Groups denoted by different letters are statistically significant, ns=not significant. 

 

 

Figure 3.17: Qualitative assessment of hydrophobic properties of hydrogels. Droplet 

formation did not vary dramatically among groups for all solvents tested. Owing to the 

phase separation properties of PEDOT:PSS, it is likely that the polymer conformed to 

minimize contact with the aqueous environment of the hydrogel, thereby masking the 

hydrophobic properties of PEDOT. 

 

3.3.5 Conductive hydrogels promote adsorption of charged proteins 

To further understand how conductive hydrogels facilitated fibronectin adsorption 

and cell adhesion in the absence of cell-binding ligands, we examined whether 
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conductivity promoted electrostatically driven protein adsorption. To that aim, we 

dissolved proteins with varying isoelectric points in PBS, where they took on net charge 

(BSA (-), lysozyme (+), and myoglobin (neutral)) (Fig. 3.14A) and added them to acellular 

hydrogels. The adsorption of charged proteins (BSA and lysozyme) mostly correlated 

with PEDOT:PSS concentrations for both 0.5 and 1.0 wt% agarose gels (Fig. 3.14B,C). 

Myoglobin was unaffected by conductivity or storage modulus (i.e., wt% agarose). 

Interestingly, for the 0.5 wt% agarose gels, there was a lower level of protein adsorption 

in the conductive groups compared to those in the 1.0 wt% agarose gels. This may be 

attributed to reduced retention of PEDOT:PSS by the 0.5 wt% agarose gels. 

These data indicate that conductive substrates have increased surface charges 

that electrostatically interact with other charged molecules. Increased cell adhesion to 

conductive substrates is likely driven by the adsorption of charged proteins in the cell-

culture media that facilitate adhesion (e.g., albumin). These findings align with our 

observation of increased FN adsorption, which takes on a moderately negative charge in 

PBS and is known to enable cell adhesion. 
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Figure 3.18: Conductivity facilitates the adsorption of charged proteins. (A) Schematic illustrating 

proteins with different isoelectric points become charged when dissolved in a neutral 

solvent. (B) Conductive 0.5 wt% agarose gels facilitate greater adsorption of the 

positively charged protein, lysozyme, compared to the non-conductive control (p≤0.05). 

Further, adsorption of the neutral protein, myoglobin, is unaffected by substrate 

conductivity (n=3). (C) Similar behavior is observed with 1.0 wt% agarose gels, though 

differences were observed for both charged proteins (p≤0.05; n=2-3). Two-way ANOVA 

for the simple effect of PEDOT:PSS concentration was used to analyze the differences 

between groups within each protein solution. Groups denoted by different letters are 

statistically significant within each protein group, ns=not significant. 

 

3.4 DISCUSSION 

Electrically conductive biomaterials are a promising tool to influence cell behavior 

given their ability to facilitate bioelectric signaling, which is frequently linked to tissue 

development and wound healing. While using conductive materials to imbue hydrogels 
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with electroactive properties is becoming more commonplace, few studies investigate 

how changing the electrical characteristics of a material affect its other properties. 

Beyond that, the interplay of electrical and physical properties and how they affect cell 

behavior is understudied. 

In this work, we used agarose and PEDOT:PSS to create an electrically and 

mechanically tunable hydrogel platform. PEDOT:PSS is frequently used for creating 

conductive biomaterials and boasts the advantage of being water-dispersible compared 

to other synthetic polymers which are strongly hydrophobic. Numerous hydrogels and 

polymers are suitable to make mechanically tunable biomaterials for tissue engineering. 

Agarose is among the easiest to fabricate, and mechanical tunability is controlled simply 

by changing the concentration of polysaccharide, thereby reducing variability between 

samples. While agarose is inherently non-adhesive, cell-binding moieties can be added 

by incorporating collagen or chemically modifying the agarose backbone to make it 

amenable to covalent bonding of adhesive peptides34,35. This contrasts with other 

commonly used biomaterials such as collagen, alginate, or GelMA, which have additional 

variables beyond polymer concentration that affect mechanical properties. 

Interpenetrating networks36 and electrospun scaffolds37 have been formed into 

conductive substrates but require more complex protocols to fabricate. 

With this platform, we interrogated fundamental cell behaviors such as viability, 

adhesion, and metabolic activity. We observed significant differences in protein 

adsorption and cell adhesion on conductive substrates. Without the inclusion of adhesive 

ligands, we did not expect this material to effectively promote cell behavior. However, 
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given significant differences between the PEDOT:PSS-containing groups and agarose-

only controls, this work still illustrates the influence of electrically conductive moieties in 

hydrogels, even in the absence of external stimulation. Future work will incorporate 

conductive additives into other hydrogel materials with different tunable mechanical 

properties (e.g., adhesive ligand concentration, stress-relaxation, etc.) to further probe the 

relationships between biophysical and electrical properties. Additionally, while synthetic 

conductive polymers and carbon-based materials are frequently used in biomaterials, 

emerging studies using naturally derived38 and ionically conductive3,13 additives show 

strong promise for making bioresorbable and clinically translatable biomaterials. 

The stiffness and storage moduli of conductive hydrogels vary greatly depending 

on the application. The storage moduli of our hydrogels ranged from approximately 2-12 

kPa, suitable for mimicking the mechanical properties of a variety of soft tissues (e.g., 

nerve and muscle)18. Similar storage moduli have been reported in studies using collagen-

based- 39 and fibrin-alginate gels40. While storage moduli of our gels was primarily 

influenced by the concentration of agarose, the addition of PEDOT:PSS also affected their 

biophysical properties. For the 0.5 wt% agarose gels, addition of 0.6 wt% PEDOT:PSS 

caused a significant increase in storage modulus, though the magnitude of this increase 

was less than that observed by increasing the agarose concentration. By contrast, the 

storage modulus of the 1.0 wt% agarose gels was unaffected by PEDOT:PSS. Other 

studies have also reported changes in mechanical properties with addition of conductive 

polymers. Song et al. observed increased Young’s modulus and hardness when adding 

polypyrrole to reduced graphene oxide scaffolds41. The addition of polypyrrole to alginate 
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hydrogels also yielded significantly higher Young’s moduli in proportion to polypyrrole 

concentration42. These data demonstrate the importance of testing the influence of 

conductive additives on material biophysical properties. 

The conductive properties of the materials used in this study matched the 

properties of other electrically conductive hydrogels 11. Conductivities for electrically 

conductive hydrogels range from approximately 10-6 S/cm for carbon nanotubes 

incorporated into silk fibroin43 to 10-2 S/cm for PEDOT-hyaluronic acid nanoparticles 

mixed into a chitosan hydrogel44. Most gels fall within the range of 10-6-10-3 S/cm, on par 

with the conductivities of endogenous tissues (10-5-10-3 S/cm)15. For example, Basurto 

and colleagues made polypyrrole-containing scaffolds on the order of 10-5 S/cm and 

reported increased myogenic maturation when C2C12s were seeded on conductive 

scaffolds. Interestingly, the benefits of conductivity are not limitless, as continued 

increases in conductivity can have detrimental effects on cell metabolic activity10. 

Furthermore, a study by Marzocchi and colleagues illustrates changes in proliferation of 

different cell lines depending on the oxidation state of PEDOT:PSS, highlighting the need 

to characterize and control material electrical properties for in vitro applications45. 

Collectively, these data emphasize the importance of designing materials with electrical 

properties that match those of native tissues. However, bioelectricity fluctuates 

throughout regenerative processes and may serve as a new target for material electrical 

properties46. 

The positive effects of conductive substrates on cell behavior are frequently 

attributed to the materials’ ability to facilitate protein adsorption47. In the seminal paper 
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by Schmidt et al., the authors postulate that the negative surface charge of polypyrrole 

led to increased adsorption of positively charged proteins, which led to subsequent PC-

12 adhesion and extension48. However, studies that demonstrate surface charge 

properties of conductive biomaterials are rare. Inspired by prior work49,50, we used 

proteins with different isoelectric points to interrogate the surface charge properties of 

agarose and PEDOT:PSS hydrogels. Adsorption of both positively and negatively charged 

proteins increased with increasing PEDOT:PSS concentrations, particularly for the gels 

containing a higher concentration of agarose. While PEDOT:PSS has both positive and 

negative charges in its chemical structure that may contribute to this phenomenon, 

charged materials also rearrange the distribution of surface charges to accommodate 

other charged moieties with which they interact in order to achieve electroneutrality51. It 

is possible that proteins change their conformation as they interact with a conductive 

substrate, which merits future investigation. However, we believe changes observed in 

the physical properties of the hydrogels corroborate the role of electroneutrality. With 

increased electrostatically driven protein adsorption to the gel surface and throughout 

the bulk construct, we predict charges within the polymer network were progressively 

shielded. Charge shielding limited charge repulsion within the hydrogel, leading to 

decreased swelling ratio, despite increases in dry mass. We also qualitatively assessed 

the hydrophobic properties of the gels and observed minimal differences between 

groups, regardless of PEDOT:PSS presence. We believe that the PSS- shell, PEDOT+ core 

structure of PEDOT:PSS is uninterrupted in the aqueous state of hydrogels, rendering 

similar behaviors between PEDOT:PSS-containing and undoped agarose gels27. It is also 
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possible that, if exposed in a hydrophilic environment, PEDOT will rearrange or phase 

separate to minimize its exposure to the polar, or more hydrophilic, environment52. For 

this reason, it is not surprising that the hydrogels have minimal change in hydrophobic 

character. Finally, our conductive gels promoted MSC adhesion and spreading compared 

to non-conductive control groups. While this may be attributed to increased adsorption 

of proteins found in the cell culture media, it will be important to investigate cell-binding 

pathways in response to conductive substrates. 

In this work, we illustrate the progression of fabricating an electrically conductive 

hydrogel system in which mechanics and conductivity can be decoupled, allowing us to 

study the influence of each on cell behavior. We demonstrate that conductive hydrogels 

facilitate MSC adhesion and spreading and provide evidence that these improvements in 

cell behavior may be linked to changes in protein adsorption to conductive hydrogels. 

These studies fill important knowledge gaps when using electrically conductive materials 

for biological applications. These findings highlight the importance of thorough material 

characterization and provide mechanistic insight into how cell behavior is influenced by 

conductive materials, even when not externally stimulated. Additionally, the methods for 

incorporating conductive additives and characterizing hydrogel electrical properties are 

highly accessible for most research groups, providing a means for others to expand into 

this growing field. 
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Chapter 4: Conductive microgel scaffolds enhance 

myogenic potential of myoblasts in vitro 

 

4.1 INTRODUCTION 

Muscle tissue engineering is an important strategy for repairing large muscle 

wounds such as cases of volumetric muscle loss (VML) that surpass the body’s innate 

healing ability. VML and other musculoskeletal disorders, which affect over 500 million 

people worldwide, can result in reduced mobility (and in some cases disability) and 

significant economic burden on the order of billions of dollars every year1,2. The current 

gold standard of treatment is autologous muscle graft which has negative side effects of 

donor site morbidity and atrophy. Muscle tissue engineering seeks to address these 

shortcomings by providing alternative strategies for healing3,4. An engineered tissue 

approach has numerous and specific requirements to recapitulate muscle’s hierarchical, 

anisotropic, elastic, vascularized, and innervated properties, and VML injuries also face 

the challenge of being irregularly shaped. 

Biomaterials are under investigation for use in filling large muscle defects. 

Synthetic and natural polymers have been developed for specific applications such as 

aligned structures to recapitulate muscle isotropy, elastic materials to mimic the 

contractile function of muscle tissue, and hydrogels for use as volume fillers and cell 

delivery vehicles. Hydrogels are a popular biomaterial for use in cell and drug delivery due 

to their tunability and viscoelastic behavior which mimics that of native tissues5. 
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Microgels are emerging as a promising hydrogel platform due to their modularity and 

microporosity6. Unlike conventional bulk hydrogels which are nanoporous, the inherent 

void space between microgels permits immediate cell migration without the need to first 

remodel the local environment. Furthermore, their ability to be injected and cryopreserved 

increases their accessibility in the clinic7,8. A multitude of studies have examined bulk 

hydrogels for muscle tissue engineering5, yet  there is limited data available on the use of 

microgels. While microgels have been mixed with silver nanoparticles to form a 

conductive mixture that conferred electric signals across ex vivo tissues, their influence 

on muscle cell regeneration was not examined9. 

Electrically conductive biomaterials are rapidly gaining popularity within tissue 

engineering owing to these materials’ ability to direct cell differentiation and maturation, 

particularly for nerve10 and cardiac tissue repair11. Synthetic conductive polymers such 

as polypyrrole, polyaniline, and PEDOT:PSS (poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate)) or carbon-based materials (e.g., carbon nanotubes, graphene, 

etc.) are frequently used to imbue hydrogels with electroactive properties12,13. For 

example, previous reports have developed synthetic electrospun fibers for muscle tissue 

engineering which contained either polyaniline blends14,15 or PEDOT:PSS nanoparticles16. 

Another report used polypyrrole in directionally aligned collagen scaffolds to direct 

myoblast behavior17. While these reports include both electrical and physical cues to 

promote cell differentiation toward myogenesis, the interplay between conductivity and 

scaffold porosity has yet to be directly interrogated.  
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As such, we aim to combine the microporosity of microgels with the conductivity 

of PEDOT:PSS to enhance myogenic differentiation. Herein, we demonstrate a conductive 

microgel platform which outperforms both conductive bulk degradable and non-

conductive scaffolds in promoting myogenic differentiation. We generate microgel 

scaffolds with a conductivity ~3.5 × 10-6 S/cm and a compressive modulus ~28 kPa. We 

show that cell viability and scaffold stiffness is not altered by the addition of PEDOT:PSS, 

and that microgels can be annealed into a contiguous scaffold. We further show that 

gene and protein expression indicative of myotube maturation is upregulated in our 

conductive microgel scaffolds when seeded with murine C2C12 myoblasts, suggesting 

the importance of both electroactivity and microporosity for muscle regeneration. Future 

work will investigate the interplay of porosity and conductivity on the myogenesis of 

clinically relevant, human-derived muscle cells. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Microgel synthesis 

Microgels were fabricated using a microfluidic device previously described18 and 

adapted by our group7. For nondegradable microgels, the aqueous phase consisted of 8-

arm 10 kDa PEG-VS (JenKem, Plano, TX) and RGD (Ac-RGDSPGERCG-NH2, Genscript, 

Piscataway, NJ) in 100 mM HEPES buffer (N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid, pH 5.25, Sigma, St. Louis, MO) mixed with 3.5 kDa PEG-DT (JenKem) 

dissolved in diH2O with or without PEDOT:PSS (PH1000, Ossila, Sheffield, UK). The final 

microgel concentrations were 4.5 mM PEG-VS, 10.8 mM PEG-DT, 1 mM RGD, and 0.25 
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wt% PEDOT:PSS. The oil phase consisted of Novec 7500 Oil and 0.75 wt% Picosurf 

(Sphere Fluidics, Cambridge, UK). After exiting the device, microgels were combined with 

a solution of 1 v/v% triethylamine (TEA, Sigma) in Novec 7500 Oil using a Y-junction (IDEX 

Health and Science, Oak Harbor, WA) and left at room temperature overnight to ensure 

complete crosslinking. Microgels were cleaned to remove residual oil and surfactant as 

described.7 

 

4.2.2 Annealing microgels 

Microgels were annealed as previously described.7 Briefly, microgels were 

suspended in an annealing solution consisting of additional crosslinker in HEPES 

containing 0.4% VA-086 photoinitiator (FUJIFULM Wako Chemicals, Richmond, VA) equal 

to the volume of microgels. After incubating for 1 min, the microgels were spun down for 

3 min at 14,000 × g. The supernatant was removed and microgels were optionally mixed 

with cells before plating in the desired mold. The microgel slurry was then exposed to UV 

light (20 mW/cm2, 320-500 nm, Omnicure S2000) for 2 min to form annealed scaffolds. 

 

4.2.3 Bulk degradable gel synthesis 

GPQ-A (GCRDGPQGIAGQDRCG, Genscript) was substituted for PEG-DT to permit 

MMP-mediated degradation. The final concentrations were 8 mM PEG-VS, 19.2 mM GPQ-

A, 1 mM RGD, and 0.25 wt% PEDOT:PSS. A precursor solution consisting of PEG-VS, RGD, 

and optionally PEDOT:PSS in HEPES (25 mM, pH 7.2) at 2X concentration was combined 

with cells and pipetted into the desired mold. An equal volume of 2X GPQ-A (pH 8.3) in 
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media was then mixed in by pipetting up and down. The gels were incubated at 37°C for 

15 min before being transferred to a well plate. 

 

4.2.4 Conductivity testing 

Annealed microgels were electrically characterized as described previously19. 

Briefly, 6 mm scaffolds were constrained by a PDMS mold and sandwiched between two 

brass plates. The sandwich was then stabilized between the jaws of a tabletop angle vise 

using PDMS blocks as a barrier between the plate and the jaw. One brass plate was 

connected to a power supply (BK Precision 1735A, Yorba Linda, CA) using alligator clips. 

One lead of a multimeter (SparkFun Electronics, Niwot, CO) was connected to the other 

brass plate and the second lead was connected to the power supply to create a complete 

circuit through which current could be measured. Voltages ranging from 100 to 500 mV, 

chosen to avoid the electrolysis of water, were applied to obtain current-voltage curves. 

After testing, hydrogel diameter and thickness were measured with calipers and hydrogel 

cross-sectional area was calculated. Current-voltage curves were analyzed for linearity 

and datasets with an R2 value ≥0.9 were accepted for resistance calculations. 

Conductivity was calculated using Pouillet’s law (Equation 5.1). Hydrogels for 

conductivity testing were stored in ultrapure water to eliminate the confounding effects 

of ions in other solutions. 

  

Equation 5.5: 

 𝜎 =
𝑡

𝑅𝐴
 



108 

where σ is conductivity in S/cm, t is thickness of the hydrogel (cm), R is resistance (Ω), 

and A is cross-sectional area (cm2). 

4.2.5 Mechanical testing 

4.2.5.1 Determination of bulk hydrogel shear storage modulus 

Bulk hydrogel scaffolds were loaded onto a Discovery HR2 Rheometer (TA 

Instruments, New Castle, DE) with a stainless steel, cross hatched, 8 mm plate geometry. 

An oscillatory strain sweep ranging from 0.004% to 4% strain was performed on each gel 

to obtain the linear viscoelastic region (LVR) before failure. 

 

4.2.5.2 Determination of microgel compressive elastic modulus 

Individual microgels were examined using a MicroTester (CellScale, Waterloo ON, 

Canada). Microgels were loaded onto an anvil in a water bath filled with PBS. The 

microgels were then compressed to half their diameter by a stainless-steel platen 

attached to a tungsten rod over 30 s. Displacement and force were traced via MicroTester 

software. The slope of the linear region of the compressive modulus versus nominal 

strain graph was recorded as the calculated modulus. 

 

4.2.6 Cell culture 

C2C12 murine myoblasts (CRL-1772, Lot #70013341, ATCC, Manassas, VA) were 

cultured in DMEM (Thermo Fisher Scientific, Walham, MA) supplemented with 10% FBS 

(GenClone, San Diego, CA) and 1% Penicillin-Streptomycin (P/S, Gemini Bio Products, 
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West Sacramento, CA) (DMEM-G) in standard culture conditions (i.e., 37°C, 5% CO2). 

Cultures were maintained until <70% confluent to prevent myoblast differentiation. 

Differentiation media was prepared by supplementing DMEM with 2% heat-inactivated 

horse serum (Thermo Fisher Scientific) and 1% FBS (DMEM-D). C2C12s were seeded in 

tissue culture plastic flasks at 5,000 cells/cm2. Cells were seeded into microgels at 

100,000 cells per gel to account for some cell loss post-annealing. Cells were seeded into 

bulk degradable gels at 50,000 cells per gel. Cells seeded into gels were handled with 

DMEM-G and cell-laden scaffolds were cultured in 24-well plates containing DMEM-G for 

approximately 24 h (0d) before transferring to a fresh well plate containing DMEM-D (1d). 

Metabolic activity and differentiation of myoblasts in microgel and bulk degradable 

scaffolds were assessed at 3d and 7d. 

 

4.2.7 Biochemical assessment of metabolic activity and proliferation 

Metabolic activity of C2C12s in microgel scaffolds was assessed using the 

alamarBlue™ Cell Viability Reagent according to the manufacturer’s instruction (Thermo 

Fisher Scientific). In short, cell-laden scaffolds were transferred to fresh DMEM-D with 

1:10 alamarBlue reagent™ and incubated at 37°C for 2 h before analysis. Results were 

normalized to the DNA content measured using the Quant-iT PicoGreen dsDNA Kit 

(Thermo Fisher Scientific). 
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4.2.8 Immunostaining 

Scaffolds were fixed in 4% paraformaldehyde for 1 h and incubated in blocking 

buffer composed of 10% goat serum and 10 mg/mL Bovine Serum Albumin (BSA, Gemini 

Bio Products) for 30 min at room temperature. Constructs were then incubated with 

myosin heavy chain antibody conjugated with Alexa Fluor 488 (1:50; Santa Cruz 

Biotechnology, 376157) and myogenin antibody conjugated with Alexa Fluor 680 (1:50, 

Santa Cruz Biotechnology, 12732). Samples were rinsed with PBS and incubated with 

DAPI (1:500 in PBS; Thermo Fisher Scientific) for 10 min. Z-stacks were taken on a 

confocal microscope (Leica Stellaris 5), and max projections were used to illustrate cell 

morphology throughout the scaffolds. 

 

4.2.9 qPCR 

Total RNA was isolated from cells using TRIzol reagent (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. RNA quality and quantity was measured 

using a Nanodrop One© instrument (Thermo Fisher Scientific) before reverse 

transcribing to cDNA with the QuantiTect Reverse Transcription kit (Qiagen, Hilden, 

Germany). All cDNA samples were diluted with PCR-grade ultrapure water to 12.5 ng/µL 

prior to qPCR. qPCR was performed using Taq PCR Master Mix kit (Qiagen), TaqMan 

Gene Expression Assay probes (Cat. 4331182, Thermo Fisher Scientific), and a 

QuantStudio™ 6 instrument (Thermo Fisher Scientific). Samples were activated at 94°C 

for 3 min, followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min, and 

underwent a final annealing step at 72°C for 10 min. All genes were normalized to the 
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housekeeping gene GAPDH (Mm99999915_g1) and fold change relative to the 0.00% 

PEDOT:PSS group at the earliest timepoint was calculated using the 2-ΔΔCt method. 

C2C12 expression of the myogenic differentiation markers MyoD (Myod1, 

Mm00440387_m1), myogenin (Myog, Mm00446194_m1) and myosin heavy chain (Myh7, 

Mm00600555_m1) was interrogated at 3 and 7d.  

4.2.10 Statistical analysis 

Data are presented as means ± standard deviation. GraphPad Prism 9 software 

was used to plot all graphs and perform statistical testing. Statistically significant groups 

are denoted by two conventions: asterisks were used to denote differences when using 

a t-test or 1-way ANOVA, whereas letters were used when a 2-way ANOVA was employed. 

Groups denoted by different letters are statistically significant. Datasets with additional 

interactions were analyzed using MATLAB. 

 

4.3 RESULTS 

4.3.1 PEG microgels can be annealed into conductive scaffolds with mechanical 

properties appropriate for muscle tissue engineering 

PEG microgels were fabricated as previously described and modified with RGD to 

facilitate cell adhesion7. PEDOT:PSS was optionally introduced into the aqueous phase 

of microgel fabrication such that the final concentration within each microgel was 0.25 

wt% (Fig. 4.1A). Microgels could be successfully annealed into 8 mm scaffolds with good 

retention of PEDOT:PSS, as depicted in Figure 4.1B. The addition of PEDOT:PSS caused 
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a significant increase in annealed scaffold conductivity from 1.584 ± 0.684 × 10-6 S/cm 

to 3.517 ± 0.964 × 10-6 S/cm (Fig. 4.1C). Next, we assessed if addition of PEDOT:PSS 

affected the mechanical properties of the microgels and annealed scaffolds. We 

measured the compressive modulus of individual microgels on a MicroTester (Fig. 4.1D) 

which was ~28 kPa for both groups. Using Hooke’s law for isotropic materials and a 

Poisson’s ratio of approximately 0.5, the storage modulus of each microgel is estimated 

to be 10 kPa20. Since cells interact directly with individual microgels, these mechanical 

properties were considered appropriate for muscle tissue engineering applications21. The 

storage modulus of annealed scaffolds also did not significantly differ between groups, 

indicating that PEDOT:PSS did not affect annealing ability (Fig. 4.1E). Together, these 

data illustrate successful incorporation of PEDOT:PSS into PEG microgels without 

altering mechanical properties. The microgels can be annealed to form scaffolds with 

decoupled electrical and mechanical properties suitable for muscle tissue engineering. 
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Figure 4.19: Conductive microgels have decoupled electrical and mechanical 

properties. (A) Schematic of PEG microgel modification and PEDOT:PSS incorporation. 

(B) Gross images of 8 mm scaffolds demonstrate successful annealing with UV light and 

retention of PEDOT:PSS. (C) Scaffolds containing PEDOT:PSS were significantly more 

conductive than non-conductive controls (n=6). By contrast, PEDOT:PSS did not affect 

(D) the compressive modulus of individual microgels (n=4) or (E) the storage modulus of 

annealed microgel scaffolds (n=6). Groups were compared using a two-tailed t-test where 

**p≤0.01 and ns = not significant. 
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4.3.2 Conductive microgel scaffolds support C2C12 myoblast metabolic activity 

indicative of differentiation 

C2C12 mouse myoblasts were seeded into annealed microgel scaffolds and into 

bulk degradable gels as a control. After 3 and 7d, metabolic activity of the cells was 

measured with the alamarBlue assay, the results of which were normalized to DNA 

content. Cells in conductive annealed microgel scaffolds had significantly greater 

proliferation at 3d than those than those in the non-conductive control, evidenced by the 

increase in DNA content (Fig. 4.2A). However, the metabolic activity of cells on 3d 

appeared lower, in the conductive group, though results were not significant (Fig. 4.2B). 

This may indicate the conductive microgels’ ability to promote C2C12 differentiation, 

which is associated with lower metabolic activity22. There were no changes in DNA 

content or metabolic activity of myoblasts in annealed microgel scaffolds at 7d.  

Conversely, C2C12s grown on bulk degradable gels had no difference in DNA 

content or metabolic activity on 3d. On 7d, however, the PEDOT:PSS-containing bulk gels 

had greater DNA content, indicating that conductive substrates may better support cell 

viability (Fig. 4.2C). Metabolic activity on the bulk degradable gels was low at 3d, and the 

reduction in activity on the conductive gels at 7d compared to the non-conductive 

controls is also believed to be suggestive of cell differentiation (Fig. 4.2D).  

Overall, these data suggest microgels containing PEDOT:PSS support increased 

proliferation and differentiation of C2C12s compared to microgels without a conductive 

additive. Furthermore, these data demonstrate the advantage of microporous scaffolds 
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in supporting cell viability, proliferation, and metabolic activity compared to nanoporous 

bulk hydrogels that are frequently used for tissue engineering studies.  

 

Figure 4.20: Microgel structure promotes C2C12 metabolic activity indicative of 

differentiation compared to bulk hydrogels. (A) DNA content of C2C12s in annealed 

microgel scaffolds demonstrate conductive scaffolds promoted myoblast proliferation 

at 3d (n=3, *p≤0.05). (B) When normalized to DNA content, metabolic activity appears 

lower in myoblasts on conductive gels at 3d, which may point to cells undergoing 

differentiation (n=3). (C) C2C12s cultured in bulk degradable hydrogels had lower 

proliferation overall, though the conductive hydrogels supported myoblasts better at 7d 

than non-conductive controls (n=4, ***p≤0.001). (D) When normalized to DNA content, the 

metabolic activity of C2C12s on bulk degradable gels was minimal, indicating the 
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advantage of microporous materials over nanoporous ones (n=4, **p≤0.01). Groups were 

compared using multiple, unpaired t-tests where ns = not significant. 

 

4.3.3 C2C12 differentiation is aided by microporous structure and conductivity 

The myogenic differentiation of C2C12s seeded in microgel scaffolds was 

analyzed at 3d and 7d post-seeding. qPCR to interrogate the early myogenic marker, 

MyoD (Myod1), did not offer a conclusive pattern in gene expression response to microgel 

porosity or conductivity (Fig. 4.3A). The expression of the slightly later myogenic marker, 

myogenin (Myog), indicated cell response was unaffected by substrate conductivity, but 

was sensitive to hydrogel structure and time (Fig. 4.3B). While Myog expression was 

generally downregulated compared to the control, it was higher at 3d than at 7d, as 

expected. When cells were seeded on bulk degradable controls, there was no change in 

gene expression. Expression of the later myogenic marker, myosin heavy chain (Myh7), 

suggested potential interactions between conductivity, physical structure, and time (Fig. 

4.3C). Most notably, there was a significant increase in Mhy7 expression by cells grown 

in conductive microgel scaffolds compared to the non-conductive group at 7d. Few 

differences existed between the remaining interactions, though a trend for greater Myh7 

expression was observed in the cells grown in conductive bulk gels at 7d compared to 

those in their non-conductive counterpart, as well. When the interactions between time, 

physical properties, and electrical properties were analyzed with a three-way ANOVA, 

Myh7 expression was influenced by the combination of time and electrical cues 

(p=0.0002) as well as time and physical cues (p=0.0073).  
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Immunostaining for MHC was much more pronounced in conductive microgels at 

7d compared to non-conductive controls (Fig. 4.3D). Although nuclei staining indicated 

good cell distribution within the microgel scaffolds, there was no discernable MHC 

staining at 3d for either microgel group. C2C12s seeded on bulk degradable gels had 

minimal activity, as evidenced by their rounded morphology and minimal MHC staining. 

Cells were also stained for myogenin, but signal was limited and only visible when cells 

were cultured in the conductive microgel scaffolds for 7 days. The immunostaining data 

corroborates the MHC gene expression analysis and affirms both physical and electrical 

properties of a material influence cell differentiation. 

 

Figure 4.21: Microgel structure aids in expression of early myogenic markers of 

C2C12s, and conductivity further enhances expression of late myogenic markers. (A) 
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Expression of the early myogenic gene, Myod1, is not significantly affected by either the 

electrical or physical properties of the microgel annealed scaffolds (n=2-4). (B) Myogenin 

gene expression (Myog) was not dependent upon scaffold conductivity but was 

significantly different in response to scaffold porosity and time (n=3-4). (C) Expression 

of the gene for myosin heavy chain (Myh7) suggest conductivity, porosity, and time each 

contribute to cell response. Notably, Myh7 expression 7 days after C2C12s were seeded 

in conductive microgels was significantly higher than those cultured in the non-

conductive control and both microgel groups on 3d (n=2-4). The displayed statistics were 

generated using a two-way ANOVA. Groups denoted with different letters are significantly 

different. Groups that share letters are statistically similar. (D) Immunofluorescence 

staining of C2C12s demonstrate an upregulation in myosin heavy chain (MHC) protein 

expression when cultured in conductive microgel scaffolds. Trace myogenin (red arrows) 

was observed in this group, as well, and was not present in cells grown in the non-

conductive gels or bulk gels at both time points. Scale = 100 µm. 

 

4.4 DISCUSSION 

Physical and electrical properties are critical for directing cell behavior and can 

synergistically promote cell differentiation and maturation. In this work we developed 

conductive microgel scaffolds to interrogate myogenic behavior of C2C12 myoblasts. 

While microgels have been used for the regeneration of many tissue types6, to our 

knowledge no studies have investigated the benefit of combining the microporosity of 

microgel scaffolds with conductive material. Herein, we demonstrate the ability of 
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conductive microgels to promote increased myoblast proliferation, differentiation, and 

maturation compared to bulk conductive hydrogels and non-conductive microgel 

scaffolds. 

When designing a biomaterial, the ability for cells to migrate and proliferate is 

essential23,24. To address this, materials are often designed to be enzymatically or 

hydrolytically degradable to permit cellular invasion25. However, these techniques still 

require time for material remodeling after cells are implanted. Unlike bulk hydrogels, 

microgels possess inherent void space in between the particles which permit immediate 

cell migration. Furthermore, the monodisperse nature of microfluidic-produced microgels 

ensures consistent, predictable, and tunable void space. PEG-based microgels with 

defined geometries were used to improve nutrient diffusion and cell dispersal in a 3D 

scaffold. Other groups have utilized microgel fragments to create materials with highly 

tunable mechanical properties26. While these fragments boast a facile workflow, they 

face the drawback of not having defined void spaces, which can be specifically optimized 

to regulate cell behaviors7. 

We used PEDOT:PSS in this work to bestow the PEG microgels with conductive 

properties. PEDOT:PSS is frequently used for fabricating conductive biomaterials owing 

to its commercial availability and its relative homogeneity when suspended in water13. 

The hydrophobic PEDOT+ core is surrounded by a shell of PSS-, which forms micelles that 

can evenly distribute within a water-based material, such as hydrogels27. This contrasts 

starkly to other commonly used synthetic conductive materials such as polypyrrole, 

polyaniline, and graphene, which despite possessing high levels of electrical conductivity, 
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require further chemical processing to overcome their hydrophobic properties and be 

incorporated into hydrogels. Although addition of PEDOT:PSS into the PEG microgels 

caused the conductivity of annealed scaffolds to double, it did not affect the compressive 

modulus of individual microgels or the storage modulus of annealed scaffolds, which 

contrasts previous work in a related system19. In that regard, this hydrogel platform had 

completely decoupled electrical and mechanical properties, allowing for the interrogation 

of how these properties individually influence cell behavior. 

Others have sought to incorporate electrical elements into hydrogels for muscle 

tissue engineering with similar electrical properties12. The PEDOT:PSS-containing 

microgel scaffolds’ conductivity was approximately 3.5 × 10-6 S/cm, which is comparable 

to studies conducted by Basurto et. al.17 and others28,29. Though these studies 

characterize changes in mechanical properties with the inclusion of conductive additives, 

few specifically interrogate the interplay of biomaterial electrical and physical properties 

on influencing cell response. Further, as previously mentioned, the novelty of this work is 

the examination of porosity as a physical property and how it interacts with electroactivity 

to affect cell behavior. 

Ultimately, we found both the microporosity and conductive components of our 

scaffolds to be critical in directing myoblast differentiation. For example, though we 

observed significantly greater DNA content of C2C12s cultured in conductive microgel 

scaffolds compared to non-conductive controls, the metabolic activity of those cells was 

much lower, suggestive of myoblast differentiation. These results are in agreement with 

other studies demonstrating lower metabolic activity in differentiating cells22. Further, 
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when probing for myogenic markers, there was a stark increase in myosin heavy chain 

gene and protein expression in the C2C12s grown in the conductive scaffolds at later 

time points. Myosin heavy chain is a hallmark indicator for muscle cells that are maturing 

from myoblasts to more functional myotubes. Markers that define earlier stages of 

myogenic differentiation include MyoD and myogenin, which we also interrogated30–32. 

The expression of Myod1 did not have a clear dependence on either microporosity or 

conductivity, and myogenin was affected mainly by scaffold physical structure and time. 

Other studies investigating muscle cell differentiation demonstrate strong MyoD 

expression at time points earlier than we measured. Additionally, since our hypothesis 

was that conductive microporous materials would promote myogenic differentiation, it is 

possible that the window in which MyoD and myogenin are expressed was narrowed 

outside of a feasible detectable limit. To explore this concept, future work could include 

gene expression studies 24 h post-seeding. Together, these data indicate that physical 

and electrical cues can effectively differentiate C2C12s without additional soluble cues 

beyond what is suggested for myoblast culture.  

The results of these experiments are promising for recapitulating the porous and 

electroactive aspects of muscle tissue, but one limitation of this work is the random 

alignment of porosity found in microgel scaffolds. Surface topography and muscle cell 

alignment has been shown to be vital in myogenic differentiation due to the highly 

organized structure of muscle3,33. Future work may consider including a mechanism of 

alignment such as application of an external electric field34–36 or bioprinting37–39. 

Additionally, while MHC expression was visibly upregulated on conductive microgels on 
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7d, we did not observe myocyte fusion into myotubes. This may be improved with higher 

seeding density into the annealed constructs or incorporating mechanisms for the 

material to degrade and thus make room for myotubes to assemble. 

This work is, to the best of our knowledge, the first to demonstrate the utility of 

conductive, microporous scaffolds for muscle tissue engineering. Both electrical and 

physical properties were integral for promoting myoblast differentiation at both the gene 

and protein level. The bioactivity and injectable nature of the microgel scaffolds make 

them a promising tool for clinical translation to heal muscle wounds. Future work will 

probe the response of primary human cells to these scaffolds to determine if conductive 

microgels can support even greater, more clinically translatable myogenic differentiation. 
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Chapter 5: Conclusions and future perspectives 

This chapter summarizes the results and implications of the work presented in 

chapters 3 and 4, discusses the challenges faced, and provides a perspective on the 

future of these studies and the field of electroactive materials for tissue engineering, at 

large. 

 

5.1 CURRENT STATE OF ELECTROACTIVE BIOMATERIALS FOR TISSUE 

ENGINEERING 

The overall goal of using electrically conductive biomaterials for tissue 

engineering is to recapitulate the electrical activities cells and tissues experience during 

endogenous homeostatic or regenerative events. Although evidence of incorporating 

conductive additives into biomaterials exists as early as 1963, the number of studies was 

modest until the 1990s (i.e., <100 publications per year), after which there has been an 

exponential increase in interest (Fig. 5.1A). For instance, there were over twelve thousand 

studies published in the past 5 years alone (i.e., 2018-2022), implying a saturated focus 

within the field of biomaterials. However, when narrowed to include which of these 

studies were used for tissue engineering, the number is reduced by nearly 80%. Within 

these reports, less than half include keywords related to the physical properties of 

biomaterials, which provides an opportunity for further investigation into how electrical 

and physical properties influence each other and subsequent cell behavior. 
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A search for studies published in the past 10 years with “biomaterials” and various 

conductive additives as keywords indicates a majority (~60%) of experiments used 

carbon-based materials such as carbon nanotubes and graphene (Fig. 5.1B). Gold 

nanoparticles were also prominently featured (~30%). Synthetic conductive polymers 

such as PEDOT (poly(3,4-ethylenedioxythiophene)), polypyrrole, and polyaniline made up 

about 10% of the total count, and each type of polymer was featured in a similar number 

of papers. Only 0.62% of biomaterials studies used bio-ionic liquids (bio-IL). 

Figure 5.22: PubMed keyword searches indicated trends in electrically conductive 

biomaterials research. (A) Nearly 30,000 studies published over 60 years result when 

PubMed was queried for “conducive” and “biomaterial”. An exponential rise in 

publications on this subject was initiated in the late 1990s and early 2000s. (B) The 

number of studies published between 2012 and 2023 with the keywords “biomaterial” 

and specific conductive additives (e.g., “PEDOT”) indicate popular use of carbon-based 

materials such as graphene and carbon nanotubes (CNT) and gold nanoparticles (AuNP). 

The synthetic polymers PEDOT, polypyrrole (PPy), and polyaniline (PANi) were used in 
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only about 10% of biomaterials studies. Very few studies investigated bio-ionic liquids 

(bio-IL) for biomaterials research.  

 

Conductive biomaterials, regardless of their dopant, are being used for a variety of 

tissue engineering applications. Cardiac tissue engineering is a potent area for use, owing 

to the heart’s well-characterized electroactivity. Numerous studies demonstrate 

conductive biomaterials facilitate synchronous beating of cardiomyocytes, ameliorating 

risk of arrhythmia. Greater alignment of cardiac tissue is generally achieved when 

materials such as electrospun nanofibers are used1, or when exogenous electric fields 

are applied to the material2. Conductive materials are also frequently used for nerve 

tissue engineering, and many studies show increased neurite extension or better 

conferral of nerve signals when used in spinal cord injury models3. Using electroactive 

materials for bone tissue engineering is also popular, given bone’s piezoelectric 

properties4. Incorporating electroactivity in engineering other musculoskeletal tissues, 

however, is still a burgeoning area. For instance, less than 10 publications result from a 

PubMed search for treating volumetric muscle loss with conductive biomaterials. 

 Although great strides have been made to engineer tissues and promote 

regeneration, few hydrogel-based materials have been successfully introduced into the 

clinic5. There are various roadblocks to translation, many of which are due to logistical 

and financial challenges with scaling up cellular components, growth factors, and 

materials. By mimicking the electrical events of regeneration, researchers of conductive 

biomaterials hope to facilitate communication between engineered and endogenous 
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tissues to speed innate healing6. It is also possible that, with their enhanced ability to 

confer electric signals, conductive biomaterials can bridge critical wounds to promote 

healing without also delivering cells. If the cell delivery component of tissue engineering 

could be reduced or eliminated, several hurdles to clinical translation could be removed. 

The work of this dissertation aims to contribute knowledge to better understand how cells 

interact with electrically conductive biomaterials in support of this goal. 

 

5.2 RESULTS AND IMPLICATIONS OF THIS WORK 

Chapter 3 used agarose hydrogels doped with PEDOT:PSS (poly(3,4-

ethylenedioxthiophene) polystyrene sulfonate) to characterize how electrical and 

mechanical properties can be decoupled. It also provided evidence that conductive 

substrates can promote cell adhesion and spreading, even in the absence of external 

electric fields. These observations corroborated other published works, but also 

proposed a high-level mechanism of action behind the observations. Employing soluble 

proteins with different isoelectric charges allowed us to establish that conductive 

hydrogels present increased surface charges that facilitate protein adsorption. We 

believe this protein adsorption provides a layer on the material that permits cell adhesion 

and spreading. This hypothesis was supported when we measured increased adsorption 

of fibronectin and albumin to the conductive hydrogels, as these proteins are well-known 

to play a role in the interaction between a cell and the extracellular matrix. As such, the 

results presented in Chapter 3 begin to fill significant knowledge gaps within the field. In 

support of Aim 1, we provided evidence of certain conditions under which electrical and 
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mechanical properties of a hydrogel can be decoupled. We also suggested a process by 

which conductive materials promote cell behavior even in the absence of external 

stimulation, which satisfies Aim 2. 

Chapter 4 provided preliminary data suggesting physical and electrical properties 

synergistically direct myoblasts down the myogenic lineage, thereby fulfilling Aim 3. 

When C2C12 mouse myoblasts were incorporated into PEDOT:PSS-containing 

microporous scaffolds, they had greater differentiation potential, indicated by the 

increase in myosin heavy chain gene and protein expression. The conductive microgel 

scaffolds also had decoupled electrical and physical properties, which augments the 

evidence to support Aim 1. The data from Chapter 4 suggest both porosity and 

conductivity were integral for promoting myoblast differentiation. Beyond the bioactive 

implications of these data, the fact that microgels can be injected and cryopreserved 

make this hydrogel system a promising tool for muscle repair in the clinic.  

 

5.3 LIMITATIONS OF THIS WORK 

While the work presented in Chapters 3 and 4 provide insight into how various cell 

types respond to electrically and mechanically tunable hydrogels, we acknowledge the 

following limitations: 

 

Although the materials in Chapter 4 contained cell-binding motifs in addition to 

electrical and physical inputs, the work in Chapter 3 did not. While the conductive 

properties of the hydrogels contributed to cell adhesion and spreading, there were only a 
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few cells that adhered to the materials, which is not feasible for clinical translation or 

rigorous in vitro characterization beyond those which we tested. For example, attempts 

to investigate gene expression did not result in RNA samples with high enough quality to 

proceed with PCR. We believe this was due mainly to small amounts of available 

biological data, as our materials were seeded with 10,000 cells per gel and PCR is 

designed to work for samples with at least 1 × 106 cells per sample. 

Cell binding motifs may have been incorporated within the agarose hydrogels by 

coating the gels with collagen type I or another protein, seeding the gels with a solution 

of fibronectin, or leveraging previously reported chemistries to covalently attach cell-

binding peptides to the backbone of the agarose monomers. Alternatively, while we posit 

that agarose was an appropriate material to use owing to its singular crosslinking 

mechanism, we could have tested other materials, such as RGD-modified alginate or 

methacrylated gelatin (GelMA). However, attempts not reported in this dissertation 

included mixing PEDOT:PSS into collagen and alginate hydrogels without success, which 

we anticipate was due to incompatibilities between the strongly acidic conductive 

polymer and the hydrogels’ crosslinking mechanism requiring a neutral pH. We also 

investigated adding a solution of fibronectin to the agarose gels prior to seeding cells but 

observed no difference in cell adhesion. Upon reflection, this strategy may have had 

success if we tested different adsorption times and concentrations of fibronectin, but we 

felt these experiments were out of scope to support the overarching message of Chapter 

3. Further, although measuring adsorption of charged proteins was a positive result for 

Chapter 3, additional studies are needed to determine how much protein adsorption is 
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appropriate for cell adhesion. Without determining an effective concentration, there is 

risk that materials that facilitate protein adsorption may also be susceptible to the 

formation of biofilms, which is a devastating result for implanted therapeutics7. 

While the results of Chapter 4 were very promising for demonstrating how 

microporous and conductive hydrogels promote myoblast differentiation, additional 

studies would need to be done to show restoration of muscle function. Tests that could 

strengthen the results of our work include, for example, determining if muscle cells were 

responsive to neurotransmitters or if the cells could contract within the material upon 

stimulation. The scaffolds used in Chapter 4 also did not recapitulate muscle’s 

hierarchical and aligned structure. As discussed, we hypothesize that making the 

annealed microgel scaffolds degradable may have facilitated some spontaneous 

alignment as the muscle cells continued to fuse and differentiate, but this hypothesis 

requires extensive investigation beyond the scope of what we report. 

Overall, the work of this dissertation contributes foundational knowledge of how 

ionically conducting cells interact with electrically conductive materials. It highlights the 

importance of the interplay between biomaterial electrical and physical properties and 

provides an application of leveraging both properties to promote muscle tissue 

regeneration. Each study has noteworthy limitations, and many additional experiments 

would be necessary before this technology could be translated into the clinic for patient 

use. 
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5.4 CHALLENGES AND FUTURE DIRECTIONS 

5.4.1 Promoting accessibility of electrical characterization techniques 

A major challenge faced in this work was developing a means to characterize the 

conductive properties of hydrogels. Standard techniques for electrical characterization, 

which are largely intended for solid and dry substances, frequently require multiple pieces 

of expensive equipment. Many commonly used potentiostats, for example, are thousands 

of dollars, not to mention the additional supplies needed for accurate measurement (e.g., 

platinum wires, silver paste, etc.). These costs are a significant barrier for research 

groups looking to break into the field. Additionally, very little literature exists describing 

setup and techniques of using said instruments and supplies with enough detail to 

accurately reproduce protocols. 

To overcome these challenges, we developed a custom benchtop conductivity 

setup using inexpensive, accessible supplies and provided detailed instructions for 

measuring the conductivity of hydrogels. Although the measurements provided by this 

setup are not as precise as those derived from standard protocols, they were enough to 

determine differences between groups and are thus sufficient for proof-of-concept 

studies, such as those presented in this work. Establishing standardized testing protocols 

for electrical characterization of hydrogel materials would be invaluable for improving the 

reproducibility of studies fabricating and describing novel electroactive biomaterials. 
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5.4.2 Overcoming the safety limitations of synthetic conductive materials 

There is also the pressing challenge of whether conductive materials are safe and 

efficacious over time. Although numerous studies claim synthetic conjugated materials 

such as PEDOT, polypyrrole, polyaniline, carbon nanotubes, and graphene are 

biocompatible, there are few reports that test safety long term. Most studies demonstrate 

viability of cells cultured on a material at early time points but provide minimal additional 

characterization. Further, compatibility testing is complicated by the difficulty in 

accounting for the effect of material inconsistencies (e.g., surface charge, shape, length, 

etc.) on toxicity8. One study examining the effects of long-term exposure to gold 

nanoparticles indicated that expression of genes related to oxidative stress, cell cycle 

regulation, and inflammation are modified in response to the material9. Another study 

found polyaniline to be toxic depending on its molecular weight and concentration10. 

Additionally, given the synthetic nature of these materials, they are not bioresorbable, and 

are thus not able to be broken down into components that the body can metabolize and 

clear. As such, particles resultant of degradation or wear are likely to be stored in a 

patient’s tissues. If synthetic conductive materials continue to be used in tissue 

engineering cases, thorough long-term testing of the effects of both the material and its 

byproducts are critical to ensure patient safety. However, given the rise of naturally 

derived and ionically conducting biomaterials, perhaps there will be a shift away from 

synthetic conjugated materials in the future. 
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5.4.3 Using naturally derived conductive materials  

Given the shortcomings of synthetic conductive materials, there is great 

motivation to develop strategies using materials the body can readily recognize and 

metabolize. A significant foundation for naturally conductive materials is the pili protein 

secreted by Geobacter sulfurreducens, the conductivity of which is between 10-2 and 10-3 

S/cm, matching the electrical properties of a variety of tissue types11. Modifications of 

the PilA monomer, the pili protein precursor, suggest that aromatic and charged amino 

acids can increase a peptide’s conductivity by several orders of magnitude12. Other 

groups have enhanced the conductivity of amino acid-based materials with similar 

methods13,14, and attempts to develop an electrically conductive peptide are discussed in 

this work in Appendix A1. Despite clear evidence for tuning the electrical properties of 

peptides and proteins to have greater electroactivity, there are, to date, no reports of 

incorporating them into a material for tissue healing. 

By contrast, the use of ionically conducting materials for tissue engineering is on 

the rise. Methacrylated gelatin hydrogels containing a bio-IL had conductivity similar to 

that measured in materials containing synthetic additives and successfully promoted 

synchronous beating of cardiomyocytes15. Further, the material possessed low 

immunogenicity and was effectively degraded, which are marked advantages over 

synthetic materials16. This work is an encouraging pathway for the future of conductive 

materials: not only do ion-conducting materials match the conducting mechanism 

employed by cells, there is evidence that these materials are also effective for promoting 

tissue regeneration. 
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The use of bio-ILs for biomaterials research is highly promising, though attempts 

made in this work to incorporate bio-IL into alginate hydrogels was met with obstacles, 

as discussed in Appendix A2. Evoking differences in electroactivity between alginate 

alone and alginate with bio-IL conjugated to its backbone was a significant challenge. 

These conductivity results suggested, however, that alginate without bio-IL would be 

classified as a semiconductor, and thus begs the question of if it could be used as a 

conductive biomaterial in its unmodified state. Alginate and other polysaccharides have 

charged hydroxyl groups throughout their chemical structures that may give rise to 

ionically conductive properties. Other examples in nature illuminate the potential for 

sulfated materials to be efficient conductors, as well. For instance, the Ampullae of 

Lorenzini, which are tubular structures found in the snouts of some sharks, skates, and 

rays, contain a jelly that allow these animals to detect changes in electric fields generated 

by muscle contractions of prey. Further investigation of the Ampullae of Lorenzini jelly 

implies it primarily consists of keratan sulfate and has a conductivity of 1.8 × 10-3 S/cm17. 

Another naturally occurring conductive material include eumelanin, the most common 

form of the melanin pigments in skin, whose conductivity is approximately 10-5–10-3 

S/cm18,19. Despite the semiconductive classification of these natural materials, few 

studies incorporate them into biomaterials for tissue engineering, which presents a ripe 

opportunity for future biomaterials researchers. As these studies eventually unfold, a 

helpful practice for transitioning between material classes may be to directly compare 

the effectiveness of ionic versus electronic conductors20. 
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5.4.4 Understanding mechanisms of cellular electrical sensing 

One of the most significant challenges when devising strategies to promote the 

electrical behavior of cells is understanding how cells sense electric materials or external 

electric fields. Comprehensive reviews exist about the history and physiology of 

bioelectricity, but even these reports concede a need for better mechanistic 

understanding of how electric fields direct certain cell behaviors (e.g., actin 

polymerization, intracellular cyclic AMP levels, and regulation of cytoskeletal 

molecules)21. Although the effects of exposing cells to electric fields and conductive 

substrates are exciting, there is still a pressing need to better understand how cells 

receive and interpret these stimuli. 

Some groups have hypothesized that materials that conduct electrons engage 

cells in a capacitance-type coupling, where charges from the scaffold accumulate around 

a source cell and the lack of charges in the vicinity creates an electric gradient that can 

stimulate surrounding target cells (Fig. 5.2). Ionic conductors are believed to create a 

current coupling between cells and the substrate. The ionically conductive material offers 

a more attractive route for ions from a source cell to travel through compared to the 

surrounding media, which causes charge accumulation around a target cell. This charge 

accumulation can then trigger an action potential. Changes in cell response to different 

types of conductive materials have not yet been investigated, but exploring the distinction 

between these materials could be a first step in understanding how electron-conducting 

surfaces cause changes in cells, which communicate solely through ionic signaling6. 
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Figure 5.23: Proposed differences in cell sensing mechanisms depending on the 

electron- or ion-conducting nature of a substrate. Electron-conducting materials are 

thought to induce a capacitance-type coupling with cells, whereby charges accumulate 

around a source cell. The lack of charges in the vicinity evokes an electric field that target 

cell experiences. Ion-conducting materials form a current coupling and offer a more 

attractive route for charges to travel through. Charges that accumulate around a target 

cell can thus trigger an action potential. This figure is recreated from Burstine-Townley et 

al. Adv. Func Mater. 2018. 10.1002/adfm.201901369. 
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Beyond understanding how cell sense the electrical properties of their substrate, 

there is also a gap in understanding about what level of conductivity is therapeutic. 

Endogenous tissues possess a wide range of conductive properties (e.g., ~10-6 S/cm for 

skin22 and 10-1 S/cm for nerve3), but it is not well understood how closely an implanted 

material needs to match a tissue’s properties to effectively heal it. Some studies 

demonstrate that the most conductive materials among a group may, in fact, preclude 

functional outputs associated with cell differentiation23. Experiments that deliberately 

investigate cell response to a material’s level of conductivity, similar to the seminal work 

measuring cell response to material stiffness24, would be highly impactful for the future 

of electroactive biomaterials. 

In sum, despite thousands of studies developing electrically or ionically conductive 

biomaterials that promote cell differentiation and tissue repair, understanding the 

mechanisms of action behind cell response to electroactive materials continues to 

present a significant challenge. While we are beginning to define changes in the cell 

membrane in response to electrical stimulation, there is still vast opportunity to uncover 

how cells sense electrical environments and how those cues trigger changes in cell 

genetic regulation and signal transduction. Bioelectricity is well-understood as being 

critical for homeostasis and regeneration, so having deeper understanding of cellular 

activity in response to electrical inputs will be instrumental in advancing electroactive 

biomaterials design. 
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5.4.5 Applying electroactive materials to form composite tissues 

Ultimately, the goal of tissue engineering is to provide a solution to heal large 

tissue wounds that surpass the body’s innate ability to heal. While tissue engineered 

strategies frequently focus on repair using one or two cell types, native tissue structure 

is composite and complex. For example, muscle is grossly composed of myocytes, 

nerves, connective tissue, and vasculature. Very few tissue engineered approaches have 

successfully recapitulated this complexity, but there has been some success promoting 

innervation of muscle25,26, bone27,28, and corneal tissue29. However, none of these reports 

utilized electroactive biomaterials. Future prospects that combine different cell types 

within conductive biomaterials or use conductive materials as a scaffold for electrically 

stimulating in vitro composites could be instrumental for enhancing the performance of 

engineered constructs and thus improve their chance of functionally restoring injured 

tissues.   

In summary, this dissertation contributes foundational knowledge to begin filling 

the many knowledge gaps about how electrically conductive biomaterials are an effective 

strategy for tissue engineering. Our findings are applicable for studying a variety of tissue 

types and can serve as a platform to further investigate the cellular response to electron 

conducting materials. 
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Appendix 1: Designing an electrically conductive collagen-

binding peptide to incorporate into hydrogels and a brief 

survey of conductivity measurement techniques 

 

A1.1 INTRODUCTION 

 The use of electrically conductive materials for biological applications is becoming 

more commonplace as the benefits of catering to the electrical needs of biological 

systems continue to be reported. Studies developing conductive biomaterials frequently 

combine synthetic conductive additives and hydrogel-based materials, which has 

resulted in a versatile library of materials with diverse electrical properties suitable for 

various applications. While metal- and carbon-based materials are featured within this 

library, many studies also use synthetic polymers with conjugated bond structures. 

Electrons are not as strongly bound within these alternating single- and double-bond 

structures, which in some cases, allows for metallic-like conductivity1. Despite their 

effectiveness, these materials face the drawback of not being bioresorbable, which may 

be a significant hurdle to clinical translation in regenerative medicine applications. 

Although the range of synthetic conductive materials is expansive, there is also 

evidence of naturally derived materials with high conductivity. Most notable for this work 

is the pili proteins secreted by Geobacter sulfurreducens, which have conductivity on the 

order of 10-3-10-2 S/cm3,4. The wild-type sequence of the PilA monomer can also be 



145 

modified to raise conductivity up to 102 S/cm5. Other groups have taken inspiration from 

G. sulfurreducens and fabricated shorter peptide sequences with impressive conductive 

properties as summarized in Table A1.1. From these studies, we can ascertain that 

aromatic amino acids, which contain the same π -π interchain stacking structures as 

synthetic conjugated polymers, can be leveraged to increase the conductivity of naturally 

occurring materials that may be significantly more compatible with in vivo systems. 

Previous work from our lab has reported successful synthesis and application of 

a peptide derived from a platelet receptor to collagen type I, abbreviated as SILY 

(RRANAALKAGELYKSILYGC)6–10. This peptide sequence binds to collagen with high 

specificity but can still be functionalized to have specific therapeutic properties. In this 

work, we aim to utilize the collagen-binding properties of SILY to create a conductive 

peptide that can be incorporated into a clinically relevant hydrogel without additional 

crosslinking steps. We hypothesized that a concentrated region of conjugated bond 

structures within a peptide sequence would enhance its electroactivity and, when 

incorporated into hydrogels, confer its electrical properties to the bulk material. 

Another objective of this study was to identify effective methods for measuring 

hydrogel electrical properties. A variety of techniques exist within the literature (Figure 

A1.5) and are discussed below. However, most of these techniques are indicated for 

characterizing either dry materials or materials with immobilized conductive additives 

(i.e., deposited onto electrodes). Thus, measuring the electrical properties of water-based 

materials may necessitate parameter optimization or protocol adjustment.
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Table A1.5: Published examples of conductive peptide sequences, their method of 

assembly, electrical characterization technique, and electrical characteristics 

Peptide Sequence Assembly Method Electrical Characterization 

11R5T3Y: SVNVTQVGFGYYY 
Drop-cast onto 
electrodes 

2-point probe, ±5 V sweep. 
Qualitative analysis. 

5W51W57: 
FTLIELLIVVAIIGILAAIAIPQF
SAYRVKAYNSAASSDLRNLK
TALESAWADDQTWPPES 

Drop-cast onto 
electrodes 

2-point probe, ±0.5 V sweep. 
Conductivity = 90-977 S/cm. 

12GFPRFAGFP 
Self-assembly into a 
film  

2-point probe, ±2 V sweep. 
Conductance on the order of 
10-11 S. 

13YYACAYY Annealed into a film 

2-point probe. 
Resistivity decreases with 
increasing temperature down 
to 1.2 × 10-2 Ω·cm. 

14KAAAAAA (KA6) coated 
DNA nanowires 

Drop-cast onto 
electrodes 

2-point probe, ±8 V sweep. 
Measured current ~40 pA vs. 
~ 50 fA for native DNA 

15ELKAIAQEFKAIAKEFKAIAF
EFKAIAQK in nanofiber and 
gel 

Soluble nanofibers 
(µM) drop-cast 

 
Peptides in higher 
concentrations (mM) 
form gels 

Single nanofiber:  Conductive 
probe AFM 
Conductivity =1.12 ± 0.77 
S/cm 
 
Nanofiber sheet: 2-point 
probe; ± 0.8 V sweep. 
Resistance = 188 ± 36 Ω 
 
 
Dried gel: Electrical 
Impedance Spectroscopy 
Conductance = ~10-7 – 5 × 
10-3 S 
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A1.2 METHODS 

A1.2.1 Peptide synthesis 

The peptide sequence YYYEEYRRANAALKAGELY (YYYGELY) was synthesized on 

an automated solid phase Liberty Blue peptide synthesizer (CEM, Matthews, NC) with rink 

amide resin (CEM)16. Resin-bound peptide was washed 3 times with dimethylformamide 

(DMF), 3 times with dichloromethane (DCM), 3 times with DMF, and 3 times with DCM. 

After thoroughly vacuum drying, peptide was cleaved from the resin by adding a mixture 

of 88 v/v% TFA, 5 v/v% phenol, 5 v/v% Ultra-pure water (UP H2O), and 2 v/v% triisopropyl 

silane (TIPS) and allowing the slurry to mix for 3 h at room temperature (RT) with rotation. 

Cleaved peptide was precipitated 3 times using cold diethyl ether. Peptide purification 

was carried out using reverse-phase chromatography on an ÄKTA Explorer FPLC (GE 

Healthcare, Chicago, IL) using a C18 column (Grace™ Vydac™) and a 0-60% acetonitrile 

gradient against water. Purity was verified using matrix-assisted laser 

desorption/ionization-time of flight (MALDI-ToF). 

 

A1.2.2. Electrical characterization of peptides in solution 

 YYYGELY peptide was dissolved at 0.02 and 0.04 mg/mL in UP H2O. The leads of 

a multimeter (SparkFun Electronics, Boulder, CO) were submerged into the peptide-

containing solution and resistance was recorded (Fig. A1.2A). Multimeter leads were 

wiped thoroughly with UP H2O and ethanol and dried between measurements. Resistance 

was normalized to the resistance of water since the experiment was repeated using a 

different water source. 
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A1.2.3 Surface area calculation of platinum wire electrodes 

Platinum wires (Cat. 45093, Alfa Aesar, Haverhill, MA) were wrapped five times 

around a 20G needle (Becton Dickinson, Franklin Lakes, NJ) to form coil electrodes used 

to test the electrical properties of hydrogels. Electrode surface area (A) was calculated 

according to Equation A1.1. 

 

Equation A1.1: 𝐴 = (
𝐷+𝑡

2
)

2

𝜋 − (
𝐷

2
)

2

𝜋 

 

where D is the inner diameter of the needle (D = 0.9 mm) and t is the thickness (i.e., 

diameter) of the platinum wire (t = 0.25 mm). The surface area calculated with Equation 

A1.1 was multiplied by 5 to account for the number of coils in each electrode. 

 

A1.2.4 Hydrogel preparation 

 Peptide was incorporated into 180 µL collagen type I hydrogels according to Table 

A1.2 such that the mass of peptide was defined by the mass of collagen in each gel. 

Peptide was weighed using a microbalance (Mettler Toledo, Columbus, OH) and 

transferred to a microcentrifuge tube. The neutralizing solution (NS) within the Rat Tail 

Collagen Type I kit (RatCol #5133 Advanced Biomatrix, Carlsbad, CA) was added to the 

peptide-containing tube and vortexed to mix. Sonication for 5 min was required to 

completely dissolve some samples. Using a positive displacement pipette, collagen (3.8 

mg/mL) was mixed with the dissolved peptide solution, taking care to avoid forming 

bubbles. The collagen and peptide solution was dispensed into glass-mounted PDMS 
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molds containing platinum wire electrodes as shown in Figure A1.3A,B. Samples were 

stored in a petri dish containing a dampened Kim wipe and incubated at 37°C for 1 h. 

 

Table A1.6: Formulations of collagen (3.8 mg/mL) hydrogels containing conductive 

peptide or PVP 

Component Volume (µL) 

Total construct 180 

Collagen Type I 162 

Neutralizing solution (1:10) 18 

Component Mass (µg) 

Collagen Type I 615.6 

YYYGELY or PVP (2 w/w%) 12.32 

YYYGELY or PVP (20 w/w%) 123.2 

YYYGELY (50 w/w%) 307.8 

 

 A1.2.5 Electrical characterization 

A1.2.5.1 Cyclic voltammetry on collagen hydrogels 

YYYGELY was incorporated into collagen gels at 2 and 20 w/w% to collagen 

according to Table A1.2. Polyvinylpyrrolidone (PVP, MW 55000 Da, Sigma Aldrich, St. 

Louis, MO) was incorporated into collagen gels as a positive control group. Alligator clips 

were used to connect each electrode to either the reference or working electrode of a 

potentiostat (Gamry, Warminster, PA) (Fig. A1.3B). The potentiostat was programmed 



150 

with a ±5 V range, 50 mV/s scan rate, and a 1 mV step size. Curves were assessed for 

oxidation and reduction peaks to indicate electrical activity. 

 

A1.2.5.2 Conductivity testing with semiconductor parameter analyzer 

YYYGELY was incorporated into collagen gels at 50 w/w% collagen type I 

according to Table A1.2 and crosslinked around platinum wire electrodes as described 

above. The gold electrodes of a Keithley HP4155A semiconductor parameter analyzer 

(Keithley Instruments, Cleveland, OH) were manipulated into place such that they made 

secure contact with the platinum wire electrodes embedded in the collagen gels (Fig. 

A1.4A). A ±2 V sweep with 10 mV steps were applied to the gels to generate current-

voltage curves. Resistance was calculated from current-voltage curves with a linear fit R2 

value ≥ 0.85. Then conductivity was calculated according to Pouillet’s law (Equation 

A1.2):  

 

Equation A1.2:   𝜎 =
𝐿

𝑅𝐴
 

where σ is conductivity in S/cm, L is the distance between electrodes in cm (Fig. A1.3A), 

R is resistance (Ω), and A is the electrode surface area in cm2 (Equation A1.1). Electrode 

distance, L, was measured for each gel. 

  

A1.2.6 Statistical analysis 

Data are presented as means ± standard deviation. Statistical analysis was 

conducted using GraphPad Prism 9 software. Groups were compared using t-tests or 
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one-way analysis of variance (ANOVA) with Tukey correction. Differences were 

considered statistically significant at p≤0.05. 

 

A1.3 RESULTS 

A1.3.1 Peptides with conjugated bond structures and other charged moieties can 

be successfully synthesized and purified 

Based on prior reports, we sought to design a peptide containing a collagen-

binding site, a repeating sequence of amino acids containing conjugated bond structures, 

and charged amino acids throughout its sequence. The collagen-binding site was based 

on previous work with the collagen-binding peptide abbreviated as SILY (Fig. A1.1A)6. 

Kalyoncu and colleagues demonstrated that including repeats of the aromatic amino 

acids, tryptophan (W) or tyrosine (Y), within peptide sequences improved nanofiber 

conductivity11. This result was further enhanced by including charged amino acids (e.g., 

arginine (R) (+), lysine (K) (+), aspartic acid (D) (-), and glutamic acid (E) (-)) throughout 

peptide sequences, which also mimics the native structure of the G. sulfurreducens PilA 

protein5. Thus, we appended the N-terminus of the SILY peptide with a triplicate of 

tyrosine and glutamic acid. We also removed amino acids at the C-terminus of the SILY 

peptide to shorten the peptide and thus improve synthesis (Fig. A1.1B). The original SILY 

peptide already contained various charged amino acids throughout its sequence, which 

were conserved in the YYYGELY peptide. The results of peptide purification via mass 

spectroscopy show a singular predominant peak at approximately 2342 m/z, indicating 

sufficiently pure peptide for future use (Fig. A1.1C). 
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Figure A1.24: Design and purification of a conductive collagen-binding peptide. (A) The 

sequence of the collagen-binding peptide from previous work nicknamed SILY, upon 

which the sequence of this novel conductive peptide, (B) YYYGELY, is based. The yellow 

box highlights the triple repeat of tyrosine (Y), an aromatic amino acid believed to bestow 

this peptide with electron-conducting capabilities. (C) The mass spectrum of purified 

YYYGELY generated using MALDI-ToF reveals a singular, predominant peak at 

approximately 2342 m/z, indicative of successful peptide purification. 
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A1.3.2 Conductive peptides improve the electrical properties of solutions 

We began characterizing the electrical properties of YYYGELY by measuring how 

the resistance of UP H2O changed after incorporating the peptide (Fig. A1.3A). Even at 

0.02 mg/mL, the resistance of water significantly decreased by approximately half. When 

the concentration of peptide was doubled to 0.04 mg/mL, the resistance of the solution 

was again halved (Fig. A1.3B). These results suggest the peptide has some electrical 

properties. The reduction in resistance may also be due to the presence of charged amino 

acids within the peptide sequence, thereby imparting ions to the solution. Although this 

peptide was designed to be electronically conductive with the inclusion of aromatic 

amino acids, the presence of differently charged amino acids throughout the sequence 

is also important for conferring electrical signals along the entire peptide. Therefore, 

these data provide important evidence that the peptide sequence was synthesized 

successfully.  
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Figure A1.25: Resistance measurements of YYYGELY peptide in UP H2O. (A) The leads 

of a multimeter were submerged in a solution of conductive peptide at three 

concentrations. (B) The solution’s resistance had an inverse correlation with the 

concentration of YYYGELY. Solution resistance was normalized to the resistance of water 

since two sources of UP H2O were used. Groups were compared using a one-way ANOVA 

with Tukey correction (n=2, *p≤0.05, **p≤0.01). 

 

A1.3.3 Conductive peptides can be incorporated into hydrogels and may 

demonstrate oxidative and reductive properties with cyclic voltammetry 

Collagen Type I gels containing 2 or 20 w/w% YYYGELY or PVP were crosslinked 

around coil electrodes as depicted in Fig A1.3A, B. When tested using cyclic voltammetry, 

the curves for all groups were relatively flat, indicating minimal electrical activity. 
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However, a slight peak appeared in the 2 w/w% gel’s voltammogram around -1.7 V, 

indicating possible oxidation or other electrochemical activity. 

 

Figure A1.26: Electrical characterization of collagen gels containing YYYGELY using 

cyclic voltammetry. (A) Schematic for embedding two coil electrodes into each hydrogel, 

where the length (L) between electrodes is used in subsequent conductivity 

measurements. (B) Gross images of hydrogels with embedded electrodes connected to 

a potentiostat for cyclic voltammetry measurements. (C) Voltammograms of each 

hydrogel formulation containing either YYYGELY or PVP as a positive control. All curves 
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were flat and not appreciably different than the collagen-only control. However, there was 

a slight peak around -1.7 V in the 2 w/w% YYYGELY group (light purple arrow) that hints 

at potential electrical activity in the gel. 

 

A1.3.4 Conductive peptides improve the conductivity of collagen hydrogels when 

measured in a 2-point probe system 

The conductivity of collagen gels containing YYGELY was also tested using a two-

probe setup connected to an Keithley HP4155A semiconductor parameter analyzer. The 

probes of the analyzer were manipulated so they made contact with the protruding ends 

of the coil electrodes embedded in the collagen gels, as depicted in Fig. A1.4A. Only two 

concentrations of YYYGELY were tested (0 and 50 w/w%, Table A1.2). Current-voltage 

curves for two gels per group were generated from a ±2 V sweep. The collagen-only gels 

(Fig. A1.4B) were not identical, suggesting discrepancies in electrode distance and 

contact with the hydrogel. The output current measured with these gels was also several 

orders of magnitude lower than that of the gels containing conductive peptide (Fig. 

A1.4C). Current-voltage curves were analyzed for linearity and used to calculate 

resistance, which was used in Equation A1.2 to calculate conductivity. Conductivity 

measurements were normalized to electrode surface area (Equation A1.1). Conductivity 

was seven orders of magnitude higher in gels containing 50 w/w% YYYGELY (σ = 2.3 × 

10-3 S/cm) than those with 0.0 w/w% (σ = 3.2 × 10-10 S/cm) (Fig. A1.4D). These results 

demonstrate that YYYGELY confers electroactive properties to collagen gels and thus 

has intrinsic conductive attributes. 
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Figure A1.27: Electrical characterization of collagen gels containing YYYGELY using 2-

point probe. (A) Image of the conductivity testing setup using a 2-point probe connected 

to a semiconductor parameter analyzer. The gold probes of the apparatus were 

manipulated to contact the free ends of the coil electrodes embedded in the gels. (B) 

Current-voltage curves for two collagen-only gels that were used to calculate gel 

resistance. The output current of these gels was several orders of magnitude less than 

that of the (C) gels containing YYYGELY. (D) Calculated conductivity of collagen gels with 

and without YYYGELY was normalized to electrode surface area. The conductivity of the 

50 w/w% YYYGELY hydrogels was several orders of magnitude higher than the collagen-

only gels. Groups were compared using a two-tailed t-test (n=2, ****p≤0.0001). 
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A1.4 DISCUSSION 

In these experiments, we sought to synthesize an electrically conductive peptide 

that could be incorporated into collagen hydrogels without additional crosslinking steps. 

Prior work demonstrated successful fabrication of a collagen-binding peptide, and in this 

work, we adjusted the sequence of the same peptide so that it contained aromatic amino 

acids for enhanced electrical properties. When tested in water, the addition of the 

conductive YYYGELY peptide significantly reduced the resistance of the solution, thereby 

improving its electroactive properties. It is likely this effect was primarily due to the 

inclusion of charged amino acids within the YYYGELY sequence, and it is unknown if the 

peptide remained intact after mixing with water. However, including charged amino acids 

throughout a peptide sequence is necessary for conferring electrical signals across long 

peptide sequences, as seen in the PilA protein of G. sulfurreducens5,11. Thus, the reduction 

of resistance upon addition of conductive peptide is evidence of successful incorporation 

of charge amino acids into the YYYGELY sequence.  

We then incorporated YYYGELY into collagen type I gels and tested conductivity 

using two methods. Cyclic voltammograms were similar for all groups and not 

appreciably different than the collagen-only controls. This trend was observed in the 

groups containing PVP, a polymer known for its electrical conductivity. However, the 

hydrophobicity of PVP may have caused polymer aggregation within the water-based 

collagen gel, which would prevent charges from being conferred throughout the gel. 

Notably, the 2 w/w% YYYGELY group had a slight oxidation-like peak around -1.7 V. 

Although this peak is minimal and the voltammogram does not follow the “duck” shape 
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seen in typical curves, this deviation from the other sweeps may indicate slightly elevated 

electrical activity. The fact that a similar peak was not seen in the 20 w/w% YYYGELY 

group indicates possible faults in contact between the electrodes and the gels or an 

anomaly in the 2 w/w% result. One major shortcoming of this study was small sample 

sizes for all groups, which reduces the reproducibility and robustness of results. 

The other method used for conductivity testing involved a 2-point probe setup, 

which is frequently employed by other studies characterizing electroactive hydrogels. We 

demonstrated that gels containing 50 w/w% YYYGELY were seven orders of magnitude 

more conductive than gels containing no peptide. At 2.4 × 10-3 S/cm, the gels containing 

conductive peptide can also be classified as semiconductors and are comparable to 

other reported conductive hydrogels17–19. However, this study also suffers the limitation 

of small sample size and could be further improved by testing additional concentrations 

of peptide. This would be particularly useful in determining the range of peptide 

concentration that elicits an electroactive effect and thus how versatile this material 

could be for tissue engineering applications. 

The subject of exploring different methods for measuring the electrical properties 

of water-based materials was secondary to developing an electrically conductive peptide 

in this work, but it presented a significant challenge. Using electroconductive materials is 

rapidly expanding within tissue engineering, but issues with reproducibility are prominent 

and limit the field’s ability to make significant strides in developing efficacious 

electroactive constructs. To improve understanding and repeatability of experiments, this 
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section summarizes and describes the frequently used techniques for electrically 

characterization of novel materials. 

There are a variety of methods to measure the conductive properties of materials, 

with ranges in complexity, cost, and resolution, the most common of which are illustrated 

in Figure A1.5. Some techniques, such as 2- and 4-point probe, seek to measure the 

conductive properties of materials directly. While these techniques are historically used 

to test solid substrates, 4-point probe is frequently used to test gel formulations20–22. 

Materials can also be incorporated into simple and inexpensive circuits to determine 

categorically if the material confers electricity (e.g., through an LED)23. This technique, 

however, does not provide quantitative information about the resistance of the material. 

Two-point methods measure conductivity by placing the material between two 

probes that supply voltage and measure current (or vice versa). To improve validation of 

results, detailed descriptions of experimental setups are necessary, as reports using 2-

point probe methods have a range of setups, illustrated in Figure A1.5A. When using two 

point probe methods, it is critical to avoid the formation of Schottky barriers, 

accomplished by using non-rectifying, ohmic contacts24. The simplest way to test these 

materials is to probe the gel directly, rather than connecting the probe tips to other 

electrodes embedded in the gel, though the ability to consistently measure electrode-gel 

contact area should be considered. 
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Figure A1.28: Electrical characterization techniques commonly used in tissue 

engineering studies. (A) Two-point probe techniques use needle-tip probes or sandwich 

a material between plates of conducting materials (e.g., gold). (B) A standard four-point 

probe technique uses inert metal wires affixed to the experimental material with silver 

paste. (C) Linear four-point probe (top) and one type of van der Pauw setup (bottom). (D) 

Cyclic voltammetry (WE = working electrode, RE = reference electrode, CE = counter 

electrode). 

 

Similarly, when using 4-point probe setups, the distinction between standard 

(Figure A1.5C, top) and van der Pauw (e.g., used by Xia et. al25) (Figure A1.5C, bottom) 

needs to be explicit. Standard (i.e., linear) 4-point probe is most appropriate for 

determining surface resistivity in the sensing direction, which is relevant for anisotropic 

materials, whereas van der Pauw is most appropriate for determining average bulk 
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resistivity of a sample. Another method to measure the conductive properties of 

materials is to perform electrochemistry using cyclic voltammetry (CV) (Figure A1.5D)26.  

While there are numerous ways to measure the conductivity of materials, it is 

understudied whether the reported properties remain identical when measured with 

different methods. This lack of understanding is further exacerbated by the observation 

that conductivity studies frequently lack positive controls, which is critical not only for 

determining statistical significance between groups, but also in confirming the 

instrument’s accuracy. 

In this work, we opted to use cyclic voltammetry and a 2-point probe setup with a 

semiconductor parameter analyzer. Making consistent contact between the hydrogel and 

the electrodes was a challenge for both methods. Additionally, the probes were at risk of 

forming a Schottky barrier, as neither method facilitated probing the gels directly. 

Furthermore, the voltage ranges selected for this work were likely inappropriate for water-

based materials. Water electrolysis can begin when ±1.5 V is applied27, and the minimum 

voltage applied in these studies was ±2 V. Future work with this material would adopt the 

conductivity testing setup described in Chapter 3 and test at a lower voltage range. 

 

CONCLUSION  

In this work, we designed a peptide sequence to have electrical properties to 

confer electrical conductivity to collagen gels. We demonstrated successful fabrication 

and purification of the peptide and confirmed that charged moieties were present within 

the sequence. When incorporated into collagen hydrogels, preliminary conductivity 
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measurements indicated that the conductive peptide could, indeed, make collagen gels 

more conductive, though several testing parameters would need to be adjusted to 

reproducibly confirm these observations. Overall, while these data are preliminary, they 

begin the important work of developing conductive additives that are compatible with in 

vivo systems, thereby addressing a significant shortcoming of frequently used synthetic 

conjugated polymers. 

I gratefully acknowledgement the help of Pr. Erkin Şeker and Dr. Jovana 

Veselinovic for their guidance and assistance with the cyclic voltammetry measurements, 

Dr. Yusha Bey and the UC Davis Center for Nano-MicroManufacturing facility (CNM2) for 

guidance and assistance with the semiconductor parameter analyzer experiments, and 

Dr. William Jewell and the UC Davis Campus Mass Spectrometry. 
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Appendix 2: Electroactive alginate hydrogels have 

enhanced conductivity and support cell basic cell behavior 

 

A2.1 INTRODUCTION 

Electrically conductive biomaterials have great potential to advance tissue 

engineering as reports imply electroactive substrates promote nerve, cardiac, muscle, 

and bone regeneration1–3. Additionally, these studies indicate conductive substrates alter 

cell behaviors towards desired outcomes (e.g., enhancing gap junction markers in 

cardiomyocytes), even in the absence of electrical stimulation4. 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, are all used to increase the conductivity of 

biomaterials5. However, the synthetic nature of such subtrates means they cannot be 

resorbed by the body, and the long-term safety of these materials has not been 

established. Some studies even indicate that synthetic conductive materials like gold 

nanoparticles and graphene may elicit an inflammatory response or be toxic to cells6,7. 

Identifying conductive materials that the body can safely metabolize may aid significant 

progress toward clinical translation. Unfortunately, many naturally occurring materials, 

including collagen and chitosan, have low conductivity around 10-10 S/cm8,9.   

In recent years, bio-ionic liquids (bio-ILs), have been used to increase substrate 

conductivity by facilitating ion movement, rather than electron movement. Bio-ILs are 
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used in a variety of sectors, namely as chemical solvents, but only ~5% of studies using 

bio-ILs employed them for tissue engineering10. Reports leveraging bio-ILs for tissue 

engineering demonstrate excellent biocompatibility and show promise for facilitating 

cardiac repair11,12. Although these outcomes are exciting, there are still knowledge gaps 

about cell-scaffold coupling between electron-conducting (e.g., polypyrrole, graphene) 

and ion-conducting (e.g., bio-ionic liquids) materials. Differences in these properties may 

promote distinct effects on cell behavior, but such comparative studies are lacking13.  

In this work, we used alginate hydrogels to investigate differences in myoblast 

behavior on ion- versus electron-conducting substrates. We first functionalized alginate 

with free thiol groups that coordinated covalent binding with a choline-based bio-IL. We 

also tested alginate gels containing electron-conducting graphene and PEDOT:PSS. 

Increased bio-IL content offered a modest increase in gel conductivity, but it was still less 

than conductive properties of gels containing PEDOT:PSS. When seeded with C2C12 

myoblasts, the bio-IL- and PEDOT:PSS-containing gels both facilitated cell adhesion and 

spreading, though metabolic activity was greater on the PEDOT:PSS-containing gels. Cell 

behavior was poor on pure PEDOT:PSS hydrogels, implying that there is a range of optimal 

conductivities for biological applications. 

 

A2.2 MATERIALS AND METHODS 

A2.2.1 Alginate oxidation and modification with RGD peptide 

PRONOVA UltraPure (UP) MVG alginate (>200,000 g/mol, NovaMatrix Sandvika, 

Norway) was oxidized as previously described14,15. Alginate was dissolved at 10 mg/mL 
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in UP H2O overnight before adding 1 mM of sodium periodate to achieve 1% oxidation. 

The reaction was quenched with equimolar ethylene glycol after stirring for 17 h protected 

from light. The alginate was then dialyzed in UP H2O, filtered, and lyophilized. 

The same oxidized MVG alginate and fresh VLVG alginate (<75,000 g/mol, 

NovaMatrix Sandvika) were modified with RGD peptides using standard carbodiimide 

chemistry as previously described16. Alginate was dissolved overnight at 10 mg/mL in 

MES buffer (0.1 M MES, 0.3 M NaCl, pH 6.5). Then N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide sodium salt (Sulf-

NHS) were added in a 2:1 ratio per gram of alginate. The peptide G4RGDSP 

(Commonwealth Biotechnologies, Richmond, VA) was added to achieve a degree of 

substation (DS) of 2. The resulting 1% ox. MVG-RGD and VLVG-RGD were dialyzed against 

UP H2O, sterile filtered, and lyophilized15. 

 

A2.2.2 Alginate thiolation 

A separate sample of VLVG alginate was thiolated using two methods described 

previously, both based on standard carbodiimide chemistry. Alginate was first dissolved 

at 10 mg/mL in MES buffer (pH 6.5) overnight, then varying amounts of either L-cysteine 

methyl ester hydrochloride17 (Sigma-Aldrich, St. Louis, MO) (Fig. A2.1A) or 3,3′-

dithiobis(propanoic dihydrazide)18–20 (DTP, Frontier Specialty Chemicals, Logan, UT) were 

added to achieve 0, 2.5, 5, and 10% thiolation. After dissolving overnight, EDC was 

incorporated in a 5:1 molar ratio to DTP and Sulfo-NHS was included in a 1:2 ratio to EDC. 

Effective thiolation, evidenced by gelation via formation of disulfide bridges was observed 
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soon after adding EDC. While the gel loosened into a liquid as rotational mixing 

proceeded, 1 mL of a molar excess of TCEP was adding the following day to completely 

sever disulfide bridges (Fig. A2.2A). After mixing for 1 day, thiolated alginate (SH-VLVG) 

solutions were dialyzed against UP H2O for 3 days to remove any unreacted reagents. SH-

VLVG was frozen and lyophilized before being reconstituted for additional modification 

(Fig. A2.2B). 

The success of adding free thiol groups to alginate with L-cysteine methyl ester 

hydrochloride was confirmed using H-1 NMR. The molarity of free thiols on VLVG after 

using DTP was quantified using the Ellman’s assay (Thermo Fisher Scientific, Waltham, 

MA) where L-cysteine hydrochloride monohydrate was used to construct a standard 

curve and all samples of SH-VLVG were dissolved at 1 mg/mL in Ellman’s Reaction Buffer 

(0.1 M sodium phosphate, containing 1mM EDTA, pH 8.0). 

 

A2.2.3 Synthesis of bio-ionic liquid 

Choline bicarbonate (Sigma-Alrich) and acrylic acid (Acros Organics) were mixed 

in a 1:1 molar ratio as previously described12 to form choline acrylate, referred here as 

bio-ionic liquid (bio-IL) (Fig. A2.3A). A 100 mL 3-arm mixing flask was attached to a reflex 

column and submerged in a mineral oil bath set to 50°C according to Fig. A2.3B. A stir 

bar and 10 mL of acrylic acid were added to the flask before beginning reflux and stirring 

at 400 rpm. One arm of the flask was stoppered to prevent boiling over while adding 20 

mL choline bicarbonate dropwise through the open arm of the flask. Once temperature 

reached 50°C, the reaction proceeded for 5 h, leaving the arm of the flask open. After the 
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reaction was complete, the solution was transferred to a glass bottle and protect from 

light. Any remaining bicarbonate groups were purged by storing the open bottle in a 

vacuum chamber overnight. Synthesis was confirmed using H-1 NMR. 

 

A2.2.4 Conjugation of bio-IL to SH-Alg using Michael-type addition  

SH-VLVG was reconstituted at 5 mg/mL in 1X PBS for 1 day before adding a molar 

excess (~10:1) of bio-IL to free thiols, determined via the Ellman’s assay (Fig. A2.4A). The 

solution was titrated to pH 7.2-7.4 to initiate Michael-type addition. The reaction was 

quenched after at least 2 h by lowering the pH to approximately 6.5. SH-VLVG+bio-IL 

solutions were dialyzed against UP H2O for 3 days before freezing, lyophilizing, and 

reconstituting. Samples for the Ellman’s assay were dissolved at 1 mg/mL in Ellman’s 

Reaction Buffer. Remaining SH-VLVG+bio-IL was dissolved at 25 mg/mL in 1X PBS (Fig. 

A2.4B). 

 

A2.2.5 Fabricating alginate hydrogels with bio-IL 

All samples of alginate (1% ox. MVG-RGD, VLVG+RGD, and SH-VLVG+bio-IL) were 

dissolved at 25 mg/mL in 1X PBS. Hydrogels contained 33% mixes of each type of 

alginate. In place of SH-VLVG+bio-IL, positive control gels contained 10 mg/mL of either 

graphene (Sigma-Aldrich) or poly(3,4-ethylenedioyxthiophene) polystyrene sulfonate 

(PEDOT:PSS; P:P) (PH1000, Ossila, Sheffield, UK) in water (Fig. A2.5A). All components 

were combined by rotational mixing for at least 30 min prior to hydrogel formation. 

Alginate mixtures (80 µL) were pipetted into 8 mm diameter silicone molds mounted on 
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a glass slide and sandwiched between dialysis membranes. A solution of 200 mM CaCl2 

+ 6 mM BaCl2 was added to the top dialysis membrane and allowed to crosslink for 5 

min. The system was flipped, the glass plate removed, and additional crosslinking 

solution was added to the dialysis membrane. After 5 min of crosslinking, both dialysis 

membranes were removed, and more crosslinking solution was added for 10 min (Fig. 

A2.5B). After formation, gels were stored in UP H2O to remove trace ionic solution. 

 

A2.2.6 Electrical characterization of hydrogels 

The electrical properties of hydrogels were measured using a custom two-point 

setup described previously21. Hydrogels were constrained by a PDMS mold (I.D. 10 mm, 

thickness 1.0 mm) and sandwiched between two brass plates. The sandwich was then 

stabilized between the jaws of a tabletop angle vise using PDMS blocks as a barrier 

between the plate and the jaw. One brass plate was connected to a power supply (BK 

Precision 1735A, Yorba Linda, CA) using alligator clips. One lead of a multimeter 

(SparkFun Electronics, Niwot, CO) was connected to the other brass plate and the second 

lead was connected to the power supply to create a complete circuit through which 

current could be measured. Voltages ranging from 100 to 300 mV, a range selected to 

avoid electrolysis of water, were applied to the gels to obtain current-voltage curves. After 

testing, hydrogel thickness and diameter were measured with calipers. Current-voltage 

curves were analyzed for linearity, and datasets with an R2 value of ≥0.9 were accepted 

for resistance calculations. Conductivity was calculated using Pouillet’s law (Equation 

A2.1). 
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Equation A2.6: 

𝜎 =
𝑡

𝑅𝐴
 

where σ is conductivity in S/cm, t is thickness of the hydrogel (cm), R is resistance (Ω), 

and A is cross-sectional area (cm2). 

 

A2.2.7 Cell culture and in vitro characterization of conductive gels 

C2C12 murine myoblasts (CRL-1772, Lot #70013341, ATCC, Manassas, VA) were 

cultured in DMEM (Thermo Fisher Scientific) supplemented with 10% FBS (GenClone, San 

Diego, CA) and 1% Penicillin-Streptomycin (P/S, Gemini Bio Products, West Sacramento, 

CA) in standard culture conditions (i.e., 37°C, 5% CO2). Cultures were maintained until 

<70% confluent to prevent myoblast differentiation. Cells were seeded on top of alginate 

hydrogels at 10,000 cells per gel. Pure PEDOT:PSS gels were fabricated as described 

previously22 and, after sterilizing with 70% ethanol, were used as a control. At 3d, cell 

metabolic activity was measured with the alamarBlue assay (Thermo Fisher Scientific) 

according to the manufacturer’s instructions. Results were normalized to DNA content 

measured using the Quant-iT PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific). 

Viability of the cells on gels was determined using a LIVE/DEAD stain where viable cells 

were stained green with calcein AM (Invitrogen) and dead cells were stained red with 

propidium iodide (Millipore Sigma, St. Louis, MO). Cells on gels were imaged using a 

Keyence BZ-X700 fluorescent microscope at a 4X magnification. 
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A2.2.8 Statistical analysis 

Data are presented as means ± standard deviation. Statistical analysis was 

conducted using GraphPad Prism 9 software. Groups were compared using one- or two-

way analysis of variance (ANOVA) with Tukey correction. Differences were considered 

statistically significant at p≤0.05. 

 

A2.3 RESULTS 

A2.3.1 Thiolating alginate with cysteine is successful, though not consistent 

Based on prior reports, we sought to add increasing numbers of free thiol groups 

to VLVG alginate using cysteine and carbodiimide chemistry (Fig. A2.1A). Purified 

samples were subject to H-1 NMR spectroscopy. The spectra of unmodified alginate (Fig. 

A2.1B) differed from that of alginate mixed with cysteine to a degree of substitution 10 

(DS10) by a distinct peak at approximately 2.75 ppm (Fig. A2.1C). Other degrees of 

substitution (e.g., 2.5 and 5) had similar results (data not shown). The addition of this 

peak is evidence that alginate was successfully thiolated using cysteine. However, when 

free thiols were quantified using the Ellman’s assay, results were consistently non-linear 

(Fig. A2.1D), thereby necessitating the need to identify an alternate thiolation strategy. 
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Figure A2.29: Alginate can be successfully thiolated using cysteine. (A) Alginate can 

undergo carbodiimide chemistry with L-cysteine methyl ester hydrochloride to add free 

thiol groups to the polysaccharide’s backbone. Comparing H-1 NMR spectra of (B) 
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alginate alone and (C) alginate mixed with cysteine to a degree of substitution 10 (DS10) 

reveals an additional peak (black arrow) indicative of successful modification. (D) The 

results of the Ellman’s assay revealed a non-linear relationship between percent thiolation 

and molarity of free thiols, rendering a need to thiolate alginate a different way. Groups 

were compared using a one-way ANOVA with Tukey correction (n=3, ****p≤0.0001). 

 

A2.3.2 Thiolating alginate with DTP and is effective and consistent 

To address the shortcomings observed when thiolating alginate with cysteine, we 

sought inspiration from previous work that used DTP and carbodiimide chemistry to add 

free thiols to various glycosaminoglycans18–20. Adding EDC and Sulfo-NHS to alginate 

solutions containing DTP resulted in nearly instant gelation, suggesting DTP acts as a 

crosslinker between alginate monomers. Although not a desired outcome, gelation is 

indicative of successful conjugation of DTP to alginate. Gel solutions loosened as mixing 

continued, owing to the acidic pH of the reaction. However, final treatment with the 

reducing agent, TCEP, was necessary to cleave any remaining disulfide bridges (Fig. 

A2.2A). Thorough dialysis was required to remove any unreacted reagents prior to 

characterization via the Ellman’s assay (Fig. A2.2B). The molarity of free thiols increased 

as thiolation % increased, though there was no difference between the 2.5 and 5.0% 

groups (Fig. A2.2C). However, differences between the other groups were large enough 

to anticipate changes in electrical activity due to subsequent bio-IL content. Therefore, 

SH-VLVG generated from reactions containing DTP was used for the remaining 

experiments. 
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Figure A2.30: DTP more consistently increases free thiol groups on alginate. (A) 

Reacting DTP and alginate using carbodiimide chemistry results in crosslinked 

monomers that can be cleaved using the reducing agent, TCEP, which targets disulfide 

bridges. Reducing these bridges results in alginate monomers with free thiol groups. (B) 

Thiolated alginate (SH-VLVG) underwent thorough dialysis before freezing, lyophilizing, 

and reconstituting for the Ellman’s assay and downstream use. (C) There were significant 

differences in the molarity of free thiols for groups modified using DTP. Although there 

were not differences between 2.5 and 5.0%, these results were more linear than those 

gleaned from using cysteine as a source of thiols. Groups were compared using a one-

way ANOVA with Tukey correction (n=3, ****p≤0.0001, ns = not significant). 

 

A2.3.3 Bio-ionic liquid can be successfully synthesized based on prior reports 

 Previous studies used choline bicarbonate and acrylic acid to synthesize choline 

acrylate (Fig. A2.3A), which then imparted ionic conductivity to methacrylated gelatin12. 

Adapting this approach to be compatible with alginate hydrogels alginate hydrogels did 

not require alteration in the bio-IL synthesis. Choline bicarbonate and acrylic acid were 

reacted at 50°C for 5 h under reflux according to the setup in Fig. A2.3B. Synthesis was 

confirmed using H-1 NMR, and the spectrum for choline bicarbonate alone (Fig. A2.3C) 

lacked peaks that were seen in the reaction result (Fig. A2.3D). These data illustrate 

successful synthesis of bio-IL and match the results reported by the study of reference. 
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Figure A2.31: Synthesis of bio-ionic liquid can be successfully synthesized from prior 

studies. (A) The chemical reaction by which choline bicarbonate is mixed with acrylic 

acid to make choline acrylate, referred to as bio-IL. (B) Illustrates the setup of the reaction 

using heating and reflux. (C) The H-1 NMR spectrum of choline bicarbonate contrasts that 

of choline bicarbonate mixed with acrylic acid by a cluster of peaks between 5.5 and 6.5 

ppm. The addition of these peaks suggests successful synthesis of bio-IL. 
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A2.3.4 Bio-IL is conjugated to free thiol groups on SH-VLVG via Michael-type 

addition 

Prior work from our group has demonstrated successful crosslinking of acrylated 

molecules and those with free thiol groups using Michael-type addition19. Therefore, we 

sought to apply the same strategy to conjugate previously synthesized bio-IL to SH-VLVG 

(Fig. A2.4A). Once SH-VLVG was purified and reconstituted, bio-IL was added in a molar 

excess of free thiols and the solution was titrated to pH 7.2-7.4 to initiate Michael-type 

addition. The reaction was quenched by lowering the pH and SH-VLVG+bio-IL was 

purified for later use (Fig. A2.4B). The significant reduction in free thiols measured by the 

Ellman’s assay post-conjugation confirm bio-IL attachment (Fig. A2.4C). Incomplete 

abrogation of the free thiols on 10% SH-VLVG+bio-IL suggests inefficiencies within the 

reaction, and future work may seek to include an even greater molar excess of bio-IL 

during Michael-type addition. 
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Figure A2.32: Bio-IL is conjugated to free thiol groups on SH-VLVG via Michael-type 

addition. (A) We sought to utilize a previously reported strategy to bind the acrylate 

groups of bio-IL to the free thiol groups on thiolated alginate via Michael-type addition. 

(B) SH-VLVG+bio-IL required thorough dialysis before freezing, lyophilizing, and 

reconstituting for the Ellman’s assay and downstream use. (C) Results of the Ellman’s 

assay pre- and post- conjugation demonstrate significant reduction the molarity of free 

thiols after bio-IL is added, thereby confirming successful attachment. Incomplete 

abatement in the 10% SH-VLVG+bio-IL group suggest inefficiencies within the reaction 

that may be addressed in future work. Groups were compared using a 2-way ANOVA (n=3, 

***p≤0.001, ****p≤0.0001). 

 

A2.3.5 Bio-IL can be successfully incorporated into alginate gels and improves 

conductivity over unmodified hydrogels. 

After confirming successful conjugation of bio-IL to SH-VLVG, mixtures containing 

equal parts 1% oxidized MVG alginate, RGD-modified VLVG alginate, and SH-VLVG+bio-

IL were formed into hydrogels. Therefore, the total SH-VLVG+bio-IL content reflected 1/3 

of the initial percent thiolation (i.e., 0, 0.83, 1.66, and 3.33% from 0, 2.5, 5, and 10%, 

respectively). Gels containing graphene or PEDOT:PSS instead of SH-VLVG+bio-IL were 

used as electron-conducting controls (Fig. A2.5A). The alginate-based gels were ionically 

crosslinked using a solution and methods reported by our group previously (Fig. A2.5B)15. 

Hydrogels containing SH-VLVG+bio-IL had the most consistent morphology and were 

optically clear. As an inherently hydrophobic material, graphene was not homogenous 
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within the hydrogel, though it appeared to be dispersed throughout the entire construct. 

PEDOT:PSS, as expected, was homogenously distributed throughout the gel, making it 

opaque (Fig. A2.5C). Conductivity testing revealed 3.33 v/v% bio-IL gels were significantly 

more conductive than the 0 and 0.833% bio-IL gels as well as the graphene-containing 

gels. The PEDOT:PSS-containing gels were more than twice as conductive as all other 

groups at approximately 2.4 × 10-5 S/cm, though all gels’ conductivity was on a similar 

order of magnitude (Fig. A2.5D). These results suggest that bio-IL has the potential to 

imbue hydrogels with heightened conductive properties, though these results do not yet 

outperform electron-conducting synthetic polymers. 
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Figure A2.33: Bio-IL can be successfully incorporated into alginate gels and improves 

conductivity over unmodified hydrogels. (A) Mixtures of SH-VLVG+bio-IL, 1% oxidized 

MVG+RGD, and VLVG-RGD were used to make hydrogels. Gels containing graphene or 

PEDOT:PSS instead of SH-VLVG+bio-IL were used as controls. (B) Alginate gels were 

crosslinked using a solution containing Ca2+ and Ba2+ ions to make 8 mm constructs. (C) 

Gross images of hydrogels illustrate successful crosslinking and consistent morphology 

of bio-IL-containing gels (3.33% shown, but other bio-IL gels looked similar). Graphene 

was not homogenously distributed throughout the gel, given its hydrophobic nature, but 

PEDOT:PSS was evenly dispersed. (D) Conductivity testing revealed the 3.33% bio-IL gels 

were significantly more conductive than the unmodified alginate, 0.83% bio-IL, and 

graphene-containing groups, though PEDOT:PSS-containing gels were more conductive 

than all groups (****p≤0.0001). Bio-IL groups were compared using a 1-way ANOVA. 

Groups with different letters are statistically significant (n=5). Groups whose conductivity 

was statistically similar to the gels containing graphene are marked with # (#p≤0.5, n=5). 

 

A2.3.6 C2C12 myoblast behavior is promoted by electroactive hydrogels within a 

range of conductivity 

Although differences in conductivity between bio-IL containing groups was not 

profound, efforts to increase bio-IL content in gels would be misplaced if bio-IL was 

cytotoxic. Thus, we characterized cell viability and metabolic activity after being cultured 

on conductive gels for 3 days. Only the 0 and 3.33% bio-IL groups and 0.33 wt% 

PEDOT:PSS gels were utilized for this study and pure PEDOT:PSS gels were used as a 
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control. Pure PEDOT:PSS gels experienced significant shrinkage after repeat washes with 

ethanol, but otherwise maintained a circular shape (Fig. A2.6A). The conductivity of pure 

PEDOT:PSS gels was 4 orders of magnitude greater than the other groups at 

approximately 1.35 × 10-2 S/cm (Fig. A2.6B). The conductivity of the other gels was lower 

in this characterization compared to those in Figure A2.5D, which may have been a result 

of the relative insensitivity of the conductivity testing setup. Additionally, differences 

between the 0 and 3.33% bio-IL groups were lost in this characterization. The PEDOT:PSS-

containing alginate, however, was still significantly more conductive than the other 

alginate-based gels. Cell metabolic activity was significantly greater in the 0.33 wt% 

PEDOT:PSS group than all others, including the 100% PEDOT:PSS gels (Fig. A2.6C). 

Additionally, very few cells were visible on the pure PEDOT:PSS gels, indicative of poor 

adhesion. The unmodified alginate gels also did not facilitate myoblast adhesion, which 

was unexpected, given that the majority of the gels’ composition contained RGD-modified 

alginate. By contrast, many cells adhered to and spread on the 3.33% bio-IL and 0.33 wt% 

PEDOT:PSS groups, and most of them were viable, as indicated by the LIVE/DEAD stain 

(Fig. A2.6D). These data suggest that electrical cues can also play a role in support cell 

behavior, though groups with the most conductivity may not have the best effect. 
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Figure A2.34: Electroactive hydrogels promote C2C12 myoblast behavior within a 

certain range of conductivities. (A) Gross images of hydrogels used to interrogate early 

C2C12 myoblast behavior. Pure PEDOT:PSS gels notably shrank after sterilizing with 70% 

ethanol, but maintained a circular shape. (B) Electrical characterization indicated no 

difference in conductivity between bio-IL groups, which contrasts previous observations 

in Fig. A2.5. PEDOT:PSS-containing alginate gels were more conductive than the other 

alginate-based gels, but the pure PEDOT:PSS gels had several orders of magnitude more 

conductivity than all other gels (n=3-4, ****p≤0.0001). Groups were compared using a 1-

way ANOVA. Direct comparison between alginate-based gels is denoted with letters 

where groups with different letters are statistically different. (C) Myoblasts seeded on 

gels had the highest metabolic activity on the 0.33 wt% PEDOT:PSS gels. The lowest 

metabolic activity was observed in the pure PEDOT:PSS gels, and there was no difference 

in the bio-IL groups (n=3-4, *p≤0.05, ***p≤0.001, ns = not significant). (D) Results of the 

LIVE/DEAD stain indicate minimal myoblast adhesion to the 0% bio-IL and pure 

PEDOT:PSS groups. However, the 3.33% bio-IL and 0.33 wt% PEDOT:PSS gels facilitated 

cell adhesion and spreading, and most cells were viable, indicated by green calcein AM 

staining (4X, scale bar = 500 µm). 

 

A2.4 DISCUSSION 

In this work, we sought to incorporate a previously reported bio-IL into alginate 

hydrogels. Alginate hydrogels are physically tunable with a variety of methods (e.g., 

concentration, crosslinking method, etc.) and was thus considered a promising candidate 
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for fabricating an electrically and mechanically tunable hydrogel platform. We 

successfully synthesized a choline-based bio-IL that corroborated the results of other 

reports. We tested two strategies for thiolating alginate and found DTP more effective 

than cysteine. Bio-IL was successfully conjugated to the backbone of alginate and did not 

prevent the alginate from ionically crosslinking into a hydrogel. The conductivity of these 

gels trended upwards with increasing concentrations of bio-IL. However, when compared 

to gels containing PEDOT:PSS, the bio-IL gels had significantly lower conductivity. 

Attempts to raise the degree of thiolation were unsuccessful as, disulfide bridges were 

unable to be reduced with an excess of TCEP (data not shown). When the hydrogel 

formulation was adjusted so two-thirds of the composition contained conductive 

additives, there were still no differences between groups (data not shown). Therefore, one 

major limitations of this study was reaching a limit on the amount of bio-IL that could be 

tethered to the alginate backbone. 

When C2C12 myoblasts were seeded on a subset of gels, the cells had the highest 

metabolic activity on alginate gels containing PEDOT:PSS. Although pure PEDOT:PSS 

gels had the highest conductivity, very few cells adhered to the material and metabolic 

activity was poor. These results indicate that, while conductive properties can facilitate 

improved cell behaviors, there appears to be a window of conductivity outside of which 

effects can be detrimental. Another study measuring how scaffolds containing 

polyaniline influenced the osteogenic potential of mesenchymal stromal cells reached a  

similar conclusion23. This has important implications for future research on electroactive 
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biomaterials, as the optimal level of conductivity for tissue engineering applications has 

not been specifically addressed. 

An intention of this work was to address the knowledge gap of how cell response 

might differ when they are cultured on electron- versus ion-conducting materials. 

Although there is a growing body of evidence illustrating electrically conductive 

biomaterials orchestrate cell behavior, the mechanism behind this effect is not well 

understood, particularly since cells communicate electrically via ion gradients, whereas 

the majority of electroactive materials conduct electrons. However, because we were not 

able to generate a bio-IL-containing gel with similar conductivity to the P:P-containing 

group, we could not interrogate this relationship. 

Finally, although thiolated alginate conjugated with bio-IL was not an efficacious 

ionically conductive material, there are numerous studies using other naturally derived 

molecules with great potential. For example, peptides inspired by the pili protein secreted 

by Geobacter sulfurreducens, have been designed with charged and aromatic amino acids 

to have greater conductivity than similar peptide sequences without such moieties24.  

Other examples in nature, namely sulfated materials, also have great promise. In fact, 

some such materials have conductivities on the order of 10-3 S/cm25,26, which is 

significantly higher than any of the gels tested in this work, save those made purely of 

PEDOT:PSS. Our group has previously used sulfated hyaluronic acid19, chondroitin 

sulfate20, and sulfated alginate15 to make hydrogels, and techniques described in this 

study could be used to specifically interrogate their electroactive effects on cells in the 

future. 
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CONCLUSION 

The experiments described in this work illustrate techniques for conjugating 

choline-based bio-ionic liquids to increase ionic conductivity of hydrogels. Although the 

electrical properties of the ion-conducting gels did not meet those of alginate gels 

containing the electron-conductor, PEDOT:PSS, both materials exhibited biocompatible 

properties via cell adhesion and viability. These preliminary insights serve to inform future 

work that test different techniques to increase bio-IL content in hydrogels or that 

investigate different ionically conductive materials, completely. This work and related 

future work help address the need for alternative electroactive substrates for tissue 

engineering that overcome the safety limitations of synthetic polymers. Validating the 

long-term safety and efficacy of ionically conductive biomaterials could be instrumental 

for clinical translation and help heal wounds of millions of patients. 

I gratefully acknowledge the assistance of Dr. Ping Yu and the UC Davis Nuclear 

Magnetic Resonance (NMR) Facility for her assistance collecting H-1 NMR data. Chemical 

structures and schematics were made using ChemDraw and BioRender, respectively. 
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Appendix 3: List of Protocols 

 

A3.1 PBS PREPARATION 

Materials/Reagent preparation 

 

• Dulbecco’s Phosphate-Buffered Saline powder (GIBCO #21600-044) 
• Ultra-Pure (UP) water 

• HCl (to lower pH) 
• NaOH (to raise pH) 

• Sterile filter 0.22 µm (Genesee #25-233) 

 

Protocol steps 

 

1. Dissolve 9.55 g of Dulbecco's Phosphate-Buffered Saline powder in 950 mL of UP 
water using a magnetic spin bar. 

2. When dissolved, titrate with HCl or NaOH to achieve pH of 7.25±0.02 if used sterile 
or to 7.35±0.02 when planning to use non-sterile. 

3. Top off to 1 L with UP water.  
4. If required for cell culture or sterile culture, sterile filter under sterile conditions into 

an autoclaved 1 L glass bottle. 
 
 

  



194 

A3.2 MINIMUM ESSENTIAL MEDIA ALPHA MEDIUM (αMEM) 

PREPARATION 

Materials/Reagent Preparation 

• αMEM, 10% FBS, 1% P/S 

• Minimum Essential Media Alpha Medium (αMEM) (GIBCO #12000-022)  
• Ultra-pure (UP) water 

• Sodium Bicarbonate (NaHCO3) (Fisher Bioreagents #BP328-1) 
• Fetal bovine Serum (FBS) (GenClone #25-514, Lot P110822) 

• 10,000 U/mL Penicillin, 10 mg/mL Streptomycin (P/S) (Gemini Bio Products #400-
109) 

• HCl (to lower pH) 
• NaOH (to raise pH) 

• Sterile filter 0.22 µm (Genesee #25-233) 
 

Protocol steps 

1. Dissolve full media packet (α-MEM) in 850 mL of UP water. 
➢ Be sure to spray UP water within packet to get all the packet contents. 

2. Add 2.2 g of sodium bicarbonate (NaHCO3). 
3. Add 100 mL of fetal bovine serum (FBS) to achieve 10 % in 1 L. 
4. Add 10 mL of penicillin-Streptomycin (PS) to achieve 1% in 1 L. 
5. Titrate with HCl or NaOH to achieve pH of 7.25±0.02.  
6. Top off to 1 L with UP water. 
7. Sterile filter under sterile conditions into an autoclaved 1 L glass bottle. 
8. Keep in the fridge until use. Good for about 1 month. 
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A3.3 MSC CULTURE AND HANDLING 

Materials/Reagent preparation 

• Mesenchymal stem/stromal cells (MSC) 

• Growth media (αMEM with 10% FBS + 1% P/S) 
• PBS 

• 0.25% Trypsin/0.1% EDTA, Corning™ 25053CI 

Warm media (αMEM) and trypsin to 37ºC before starting. 
 

Protocol steps 

This protocol is written for cells with a fibroblast-like morphology (specifically 
mesenchymal stem/stromal cells, MSCs) cultured in T225 flasks. Volumes will have to 
be adjusted if a different cell type or flask size is used. 
 
Passage cells when they reach 90-95% confluence. 

1. Aspirate the media from the flask. 
2. Rinse flask with sterile PBS to remove any remaining media which contains trypsin 

inhibitor. Aspirate. 
3. Add 10 mL of Tryspin-EDTA solution to each flask. 
4. Place flasks back in incubator (trypsin is a heat activated enzymatic solution).  
5. Wait 5 min and check for cellular detachment. 

➢ Additional time can be added at 1 min intervals if a substantial number of cells 
remain adherent. 

6. Add 10 mL media to each flask to neutralize the trypsin. 
7. Pipette the trypsin + media + cell suspension out of the flask and into a 50 mL 

conical tube.  
8. Count the cells using a Countess™ automated cell counter. 

➢ See Cell Countess™ protocol for cell counting instructions.  
9. Pellet cell suspension via centrifugation (900 rpm for 8 min). 
10. Aspirate the trypsin + media solution, taking care to not aspirate cell pellet.  
11. Re-suspend cells in media at a concentration such that between 5 × 105 - 1 × 106 

cells will be seeded per T225 flask. 
➢ T225 flasks seeded at 5 × 105 cells take ~1 week to reach confluency (donor 

and passage number dependent).  
➢ T225 flasks seeded at 1 × 106 cells take ~5 days to reach confluency (donor 

and passage number dependent). 
12. Add media to the flask such that the total final volume will be 50 mL. 
13. Add cell suspension at the desired seeding concentration to the flask using a 

micropipette. 
14. Place flasks in incubator, change media every 2 to 3 days. 
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A3.4 CELL COUNTING WITH COUNTESS™ AUTOMATED CELL COUNTER 

Materials/Reagent preparation 

• Countess™ slides (Invitrogen #C10283) for cell counting are specific to the 
Countess™ cell counter and come with 0.4% trypan blue when purchased. 

• The only additional materials needed are a sample of cell suspension, 
micropipettes, and pipette tips.  

 

Protocol steps 

1. Prepare the sample to be counted by adding 20 µL of your cell suspension to a 
microcentrifuge tube. 

2. Add 20 µL of 0.4% trypan blue stain to the microcentrifuge tube. 
3. Gently pipette up and down. 
4. Load 10 µL of the sample mixture to each side of the Countess™ chamber slide. 
5. Insert the slide, sample side up, into the slide port. 

➢ The instrument automatically illuminates the sample and focuses on the cells. 
6. Press “Capture” and record the total cell number and percent viability. 
7. To count the sample in the second chamber of the slide, remove and rotate the 

slide 180º, and reinsert the slide into the instrument. Repeat step 6. 

Data analysis 

1. If the viability was 90% or higher, average both total cell number counts. 
2. Multiply this number by the volume of media you re-suspended your cells in before 

pelleting to calculate total cells. 
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A3.5 DULBECCO’S MODIFIED EAGLE MEDIUM (DMEM) PREPARATION 

This protocol includes formulations to expand and differentiation myoblasts (e.g., 
C2C12s) 
 

Materials/Reagent preparation 

Growth Medium (1L) 

• Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO #12800-017) 

• 890 mL ultra-pure (UP) water 

• 3.7g sodium bicarbonate (NaHCO3) (Fisher Bioreagents #BP328-1) 

• 10 mL 10,000 Unit-10mg/mL Penicillin-Streptomycin (1%) (Gemini Bio Products 
#400-109) 

• 100 mL Heat-inactivated Fetal Bovine Serum (FBS) (10%) (GenClone #25-514, Lot 
P110822) 

 
Differentiation Medium (1L) 

• Dulbecco’s Modified Eagle Medium (DMEM) 
• 970 mL UP water 

• 3.7g sodium bicarbonate (NaHCO3) 

• 10 mL 10,000 Unit -10mg/mL Penicillin-Streptomycin (1%) 

• 20 mL Heat-inactivated Horse Serum (2%), Thermo Cat.#26050088, Lot#2534240 
o Myotube formation is enhanced when the medium is supplemented with 

horse serum instead of FBS. 

Note: To heat-inactivate serum, warm at 56°C for 30 min. Shake every 10 min or 
continuously. 

 

Protocol steps 

1. Dissolve full media packet (DMEM) in 850 mL of UP water. 
➢ Be sure to spray UP water within packet to get all the packet contents. 

2. Add 3.7 g of sodium bicarbonate (NaHCO3). 
3. Add aliquots of Penicillin-Streptomycin and FBS or horse serum  
4. Titrate with HCl or NaOH to achieve pH of 7.25±0.02.  
5. Top off to 1 L with UP water. 
6. Sterile filter under sterile conditions into an autoclaved 1 L glass bottle. 
7. Keep in the fridge until use. Good for about 1 month. 
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A3.6 C2C12 CULTURE AND HANDLING 

Materials/Reagent preparation 

• Murine C2C12 myoblasts 

• Growth media (DMEM with 10% FBS + 1% P/S) 
• PBS 

• 0.25% Trypsin/0.1% EDTA (Corning™ #25053CI) 

Warm media (DMEM) and trypsin to 37°C before starting. 
 

 

Protocol steps 

• *IMPORTANT ­ DO NOT ALLOW CULTURES TO BECOME CONFLUENT 

• This protocol is written for culture in a T225 flask. 

 
Cell thawing 

 

1. Thaw the vial in water bath at 37°C until just thawed (~2 min). 
2. Transfer vial contents into a centrifuge tube with 9 mL of growth medium. 
3. Spin at 125 × g for 7 min. 
4. Discard the supernatant and resuspend the cell pellet in fresh growth medium. 
5. Seed new flasks at cell concentration of 5 × 103 viable cells/cm2. 

➢ This corresponds to about 3.75 × 105 viable cells for a T75 flask. 
➢ This corresponds to about 1.125 × 106 viable cells for a T225 flask. 

 
Maintenance 

 

1. Growth medium in the flask must be changed every 2-3 days after the initial 
seeding. 

2. Split cells once the cells in the flask have reached 70% confluence. 
➢ Cultures must not be allowed to become confluent as this will deplete the 

myoblastic population in the culture. 
➢ Confluent C2C12 cultures will begin differentiation into myotubes. 
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Differentiation 

 

1. Seed cells in a well plate at concentration of ~ 5 × 104 viable cells/cm2.  
a. Seed cells at confluence to increase rate of differentiation. 
b. 6 well plate (Area = 9.5 cm2) – ~47,500 cells 
c. 12 well plate (Area = 3.8 cm2) – ~19,000 cells 
d. 24 well plate (Area = 1.9 cm2) -- ~9,500 cells 

2. Culture cells in differentiation medium to promote myogenic differentiation. 
3. Change medium every other day.  
4. After roughly 5-6 days in culture the myoblasts will differentiate into skeletal 

muscle myotubes. 

 
Subculture 

*Note: Passage >15 will have reduced proliferation/differentiation. 
 

1. Aspirate the media from the flask. 
2. Rinse flask with sterile PBS to remove any remaining media which contains trypsin 

inhibitor. Aspirate. 
3. Add 10 mL of Tryspin-EDTA solution to each flask. 
4. Place flasks back in incubator (trypsin is a heat activated enzymatic solution). 
5. Wait 3-5 min and check for cellular detachment. 

➢ Additional time can be added at 1 min intervals if a substantial number of cells 
remain adherent. 

➢ To avoid clumping, do not agitate the cells by hitting or shaking the flask while 
waiting for the cells to detach. 

6. Once cells have detached, add 20 mL media to each flask to neutralize the trypsin. 
7. Pipette the trypsin + media + cell suspension out of the flask and into a 50 mL 

conical tube.  
8. Count the cells using a Countess™ automated cell counter. 

➢ See Cell Countess™ protocol for cell counting instructions.  
9. Pellet cell suspension via centrifugation (125 × g for 7 min). 
10. Aspirate the trypsin + media solution, taking care to not aspirate cell pellet. 
11. Seed new flasks at cell concentration of 5 × 103 viable cells/cm2. 

➢ This corresponds to about 3.75 × 105 viable cells for a T75 flask. 
➢ This corresponds to about 1.125 × 106 viable cells for a T225 flask. 

a. 6 well plate (Area = 9.5 cm2) – ~47,500 cells 
b. 12 well plate (Area = 3.8 cm2) – ~19,000 cells 
c. 24 well plate (Area = 1.9 cm2) -- ~9,500 cells  

12. Add media to the flask such that the total final volume will be 50 mL.  
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13. Add cell suspension at the desired seeding concentration to the flask using a 
micropipette. 

14. Place flasks in incubator, change media every 2 to 3 days. 
 

Cryopreservation 

 
Cryopreservation Media is complete growth medium supplemented with 5 v/v% DMSO. 
 

1. Based on cell count, calculate the number of vials needed for 1.125 × 106 viable 
cells in 950 µL for each vial. 

2. Add freezing solution to cells for a resulting concentration of 1.125 × 106 cells/mL. 
➢ Note: add DMSO last, this is toxic to cells at room temperature. 
➢ Note: This means ~1.184 × 106 cells/mL before adding DMSO. 

3. Pipette 1 mL of cell solution to each vial. 
4. Place all vials in a cryopreservation vessel (e.g., Mr. Frosty) and freeze at -80°C 

overnight. 
5. Transfer all vials from -80°C to liquid nitrogen storage. 

 
 

  



201 

A3.7 PICOGREEN™ DNA ASSAY 

This protocol is based on the Invitrogen™ Quant-iT™ PicoGreen™ dsDNA Assay Kit’s 
(Thermo Fisher Scientific #P11496) instructions. Samples should be collected in an 
appropriate volume of 5X Passive Lysis Buffer (PLB) (Promega #E1910) diluted to 1X for 
this procedure. 
 

Materials/Reagent preparation 

• 1X TE Buffer 
o 2.5 mL of 20X stock solution in 47.5 mL of Ultra-pure H2O 

• Working strength PicoGreen™ 
o 5 μL of 200x stock from freezer per 1 mL of TE buffer 
o MAKE FRESH AND PROTECT FROM LIGHT 

• DNA standard 

Protocol steps 

1. This protocol is performed in a black opaque round-bottom 96-well plate 
2. Prepare the DNA Standard Curve (1000, 100, 10, 1, 0 ng) 

➢ Add 6 μL of 50x λ-DNA standard to 294 μL of TE for a 1000 ng/mL standard. 
Mix well. 

➢ Add 225 μL of TE buffer to each of 3 additional tubes. Transfer 25 μL of 1000 
ng/mL standard to the first tube and mix well. Repeat serial dilution for each of 
the following tubes. 

 

3. Transfer 100 μL of each DNA standard concentration to a 96-well plate in 
duplicate. Add 100 μL of TE buffer for the 0 ng standard. 

4. Thaw samples in 1X PLB if necessary and sonicate for approximately 20 s at 40% 
power. 

5. Spin down samples at 5000 × g for 5 min to pellet cell debris. 
6. Add 75 μL of TE buffer to each sample well of the 96-well plate, and pipette 25 μL 

of each sample to the plate in triplicate. 
7. Add 100 μL of working strength PicoGreen™ to each well of the plate containing 

DNA (both samples and standards). 
8. Incubate in the dark for 5 min and quantify fluorescence at 528 nm excitation/485 

nm emission on a plate reader. 
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Data analysis 

1. Subtract the reagent’s blank fluorescence reading from each sample. Plot a 
standard curve of DNA concentration against fluorescence (RFU). 

 

2. Using the standard curve, determine the DNA concentration of each unknown 
sample. 
➢ Concentration × 4 (i.e., the sample was diluted 1:3 with TE buffer) × mL of 

solution sample collected in. 

 

 

  

DNA 
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A3.8 RNA ISOLATION USING TRIZOL™ REAGENT 

This protocol is based on the TRIzol™ Reagent (Thermo Fisher Scientific #15596018) 
instructions. 
 

Materials/Reagent preparation 

• TRIzol™ Reagent 

• Chrolorform, molecular biology grade (Fisher Scientific # ICN19400290 
• Isopropanol, molecular biology grade (Fisher Scientific #BP2618500) 

• Ethanol, molecular biology grade (Millipore Sigma #E7023) 

• Homogenizer (e.g., Tissue Tearor) 

• Nanodrop machine (e.g., Nanodrop One©, Thermo Fisher Scientific) 
 

Protocol steps 

1. Lyse and homogenize samples in TRIzol™ Reagent according to your starting 
material.  

• Tissues:  
i. Add 1 mL of TRIzol™ Reagent per 50–100 mg of tissue to the sample 

and homogenize using a homogenizer. 

• Cell grown in monolayer: 
i. Remove growth media. 
ii. Add 0.3–0.4 mL of TRIzol™ Reagent per 1 × 105—107 cells directly to 

the culture dish to lyse the cells. 
iii. Pipet the lysate up and down several times to homogenize. 

2. Incubate for 5 min to allow complete dissociation of the nucleoproteins complex. 
3. Add 0.2 mL of chloroform per 1 mL of TRIzol™ Reagent used for lysis, securely cap 

the tube, then thoroughly mix by shaking. 
4. Incubate for 2–3 min. 
5. Centrifuge the sample for 15 min at 12,000 × g at 4°C.  

➢ The mixture separates into a lower red phenol-chloroform, an interphase, and 
a colorless upper aqueous phase. 

6. Transfer the aqueous phase containing the RNA to a new tube by angling the tube 
at 45° and pipetting the solution out. 
➢ IMPORTANT! Avoid transferring any of the interphase or organic layer into the 

pipette when removing the aqueous phase. 
7. (Optional) If the starting sample is small (<106 cells or <10 mg of tissue), add 5–

10 µg of RNase-free glycogen as a carrier to the aqueous phase. 
➢ Note: The glycogen is co-precipitated with the RNA but does not interfere with 

subsequent applications. 
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8. Add 0.5 mL of isopropanol to the aqueous phase per 1 mL of TRIzol™ Reagent 
used for lysis. 

9. Incubate for 10 min at 4°C. 
10. Centrifuge for 10 min at 12,000 × g at 4°C. 

➢ Total RNA precipitate forms a white gel-like pellet at the bottom of the tube. 
11. Discard the supernatant with a micropipettor. 
12. Resuspend the pellet in 1 mL of 75% ethanol per 1 mL of TRIzol™ Reagent used for 

lysis. 
➢ Note: The RNA can be stored in 75% ethanol for at least 1 year at -20°C, or at 

least 1 week at 4°C. 
13. Vortex the sample briefly then centrifuge for 5 min at 7500 × g at 4°C. 
14. Discard the supernatant with a micropipettor. 
15. Vacuum or air dry the RNA pellet for 5–10 min. 

➢ IMPORTANT! Do not dry the pellet by vacuum centrifuge. Do not let the RNA 
pellet dry, to ensure total solubilization of the RNA. Partially dissolved RNA 
samples have an A230/280 ratio <1.6. 

16. Resuspend the pellet in 20–50 µL of RNase-free water, 0.1 mM EDTA, or 0.5% SDS 
solution by pipetting up and down. 
➢ IMPORTANT! Do not dissolve the RNA in 0.5% SDS if the RNA is to be used in 

subsequent enzymatic reactions. 
17. Incubate in a water bath or heat block set at 55-60°C for 10-15 min. 
18. Quantify RNA quality and quantity by reading 1 µL samples on a Nanodrop reader. 
19. Proceed to downstream applications, or store the RNA at -70°C. 
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A3.9 RNA CONVERSION TO cDNA VIA REVERSE TRANSCRIPTION 

This protocol is based on the QuantiTect Reverse Transcription Kit (Qiagen #205313) 
instructions. 
 

Materials/Reagent preparation 

• Two heat blocks that can accommodate microcentrifuge tubes. Set one heat block 
to 42°C and the other to 95°C. 

• Thaw template RNA on ice. 

• Thaw gDNA Wipeout Buffer, Quantiscript® Reverse Transcriptase, Quantiscript RT 
Buffer, RT Primer Mix and RNase-free water at room temperature (15–25°C). 

• Mix each solution by flicking the tubes. Centrifuge briefly to collect residual liquid 
from the sides of the tubes, and then keep on ice. 
 

Protocol steps 

1. Prepare the genomic DNA elimination reaction on ice according to Table A3.1 
below. Mix and then keep on ice. 

 Table A3.7: Genomic DNA elimination reaction components. 

 

 
 
 
 
 

➢ *This amount corresponds to the entire amount of RNA present, including any 
rRNA, mRNA, viral RNA and carrier RNA present, and regardless of the primers 
used or cDNA analyzed. 

➢ Use the variable volumes to reverse transcribe an equal mass of RNA in each 
reaction. This theoretically means the same mass of DNA will be used in each 
PCR reaction. 

2. Incubate for 2 min at 42°C, then place immediately on ice. 
➢ Note: Do not incubate at 42°C for longer than 10 min. 

3. Prepare the reverse-transcription master mix on ice according to Table A3.2. Mix 
and then keep on ice. The reverse-transcription master mix contains all 
components required for first-strand cDNA synthesis except template RNA. 

Component Volume/reaction 

gDNA Wipeout Buffer, 7x 2 µl 
Template RNA, up to 1 µg* Variable 
RNase-free water Variable 
Total reaction volume 14 µl 
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➢ Note: If setting up more than one reaction, prepare a volume of master mix 10% 
greater than that required for the total number of reactions to be performed. 
Distribute the appropriate volume into individual tubes. 

➢ Note: If using >1 µg RNA, scale up the reaction linearly. For example, if using 2 
µg RNA, double the volumes of all reaction components for a final 40 µl 
reaction volume. 

4. Add template RNA from step 3 (14 µl) to each tube containing reverse-
transcription master mix. Mix and then store on ice. 
 

Table A3.8: Reverse-transcription reaction components. 
 

 

 

 

 
* Also contains RNase inhibitor. 
† Includes Mg2+ and dNTPs. 

5. Incubate for 15 min at 42°C. 
➢ Note: In some rare cases (e.g., if the RT-PCR product is longer than 200 bp or 

if analyzing RNAs with a very high degree of secondary structure), increasing 
the incubation time up to 30 min may increase cDNA yields. 

6. Incubate for 3 min at 95°C to inactivate Quantiscript Reverse Transcriptase. 
7. Place the reverse-transcription reactions on ice and dilute cDNA with DNAse- and 

RNAse-free, ultra-pure water to achieve a concentration of 12.5 ng/µL. 
8. Proceed directly with real-time PCR. For long-term storage, store reverse-

transcription reactions at -20°C. 

  

Component Volume/reaction 

Reverse-transcription master mix 
Quantiscript Reverse Transcriptase*  

1 µl 

Quantiscript RT Buffer, 5x† 4 µl 
RT Primer Mix 1 µl 
Template RNA 
Entire genomic DNA elimination reaction (step 3)  

14 µl (added at step 5) 

Total reaction volume 20 µl 
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A3.10 POLYMERASE CHAIN REACTION (PCR)  

This protocol is based on the Taq PCR Master Mix Kit’s (Qiagen #201445) instructions. 

Materials/Reagent preparation 

• PCR thermocycler (e.g., QuantStudio™ 6, Thermo Fisher Scientific) 

• MicroAmp™ Fast Optical 96-well reaction plate, 0.1 mL (Thermo Fisher Scientific 
#4346907) 

• MicroAmp™ Optical Adhesive Film (Thermo Fisher Scientific #4311971) 

• Gene primers (Thermo Fisher Scientific #4331182) 

• Thaw primer solutions and template nucleic acid. Keep on ice after complete 
thawing, and mix thoroughly before use. 

• Thaw Taq PCR Master Mix and mix by vortexing briefly to avoid localized 
differences in salt concentration. 
 

Protocol steps 

1. Prepare a reaction mix according to Table A3.3. 
➢ Note: The reaction mix typically contains all the components required for PCR 

except the template DNA. Prepare a volume of reaction mix 10% greater than 
that required for the total number of reactions to be performed. 
 

Table A3.9: Reaction setup using Taq PCR Master Mix. 
 

 

 

 

2. Mix the reaction mix gently but thoroughly, for example by pipetting up and down 
a few times. Dispense appropriate volumes into PCR tubes or the wells of a PCR 
plate. 

3. Load diluted cDNA to each well. 
4. Cover the plate with a plate sealer and seal each well. 

➢ First, remove any bubbles or wrinkles by scrubbing a crumpled Kim wipe all 
over the plate sealer surface. Next, run the thin edge of an implement around 
the entire plate seal (in a rectangle). Then run the implement between each row 
and each column.  

Component Volume/reaction 

Reaction mix 
Taq PCR Master Mix, 2x 

5 µl 

10x primer mix (2 µM of each primer) 0.5 µl 
RNAse-free water (provided) 2 µl 
Template DNA (added at step 5) 2.5 µl (added at step 5) 
Total reaction volume 10 µl 
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5. Pull the side strips out from the plate (not up). 

6. Centrifuge the plate at 900 rpm for 1 min. 

7. Run the reaction using a thermocycle programmed according to the 
manufacturer’s instructions. A typical PCR cycling program is outlined in Table 
A3.4. 

Table A3.10: Optimized PCR cycling conditions. 
 

 

 

 

 

 

  

Step Time Temperature 

Initial denaturation 3 min  94°C 
3-step cycling:   
1. Denaturation 30 s 94°C 
2. Annealing 30 s 65 
3. Extension 1 min 72°C 
Number of cycles 40  
Final Extension 10 72°C 
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A3.11 PIERCE™ BCA ASSAY 

This protocol is based on the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific 
#23225) instructions. 
 

Materials/Reagent preparation 

• Preparation of diluted albumin (BSA) standards 
o Dilute the contents of one Albumin Standard (BSA) ampule into several 

clean vials, preferably using the same diluent as the samples. 
o Use the Table A3.5 as a guide to prepare a set of protein standards. 
o Each 1 mL ampule of 2 mg/mL Albumin Standard is sufficient to prepare a 

set of diluted standards for either working range suggested in the table. 
There will be sufficient volume for three replications of each diluted 
standard. 

Table A3.11: Preparation of diluted albumin (BSA) standards for the standard microplate 
procedure. 

 

• Preparation of the BCA working reagent (WR) 
o Use the following formula to determine the total volume of WR required:  

(# standards + # unknowns) × (# replicates) × (volume of WR per sample) 
= total volume WR required 

▪ Example: for the standard test-tube procedure with 3 unknowns and 
2 replicates of each sample: 
(9 standards + 3 unknowns) × (2 replicates) × (2 mL) = 48 mL WR 
required 

▪ Note: 2.0 mL of the WR is required for each sample in the test-tube 
procedure, while only 200 µl of WR reagent is required for each 
sample in the microplate procedure. 

Vial 
Volume of Diluent 

(µL) 
Volume and Source of 

BSA (µL) 
Final BSA Concentration 

(µg/mL) 

A 0 300 of Stock 2000 
B 125 375 of Stock 1500 
C 325 325 of Stock 1000 
D 175 175 of B 750 
E 325 325 of C 500 
F 325 325 of E 250 
G 325 325 of F 125 
H 400 100 of G 25 
I 400 0 0 
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o Prepare WR by mixing 50 parts of BCA Reagent A with 1 part of BCA 
Reagent B (50:1, Reagent A:B). For the above example, combine 50 mL of 
Reagent A with 1 mL of Reagent B. 

▪ Note: When Reagent B is first added to Reagent A, turbidity is 
observed that quickly disappears upon mixing to yield a clear, green 
WR. 

▪ Prepare sufficient volume of WR based on the number of samples to 
be assayed. The WR is stable for several days when stored in a 
closed container at room temperature (RT). 
 

Protocol steps 

1. Pipette 25 µL of each standard or unknown sample replicate into a microplate well  
➢ Note: If sample size is limited, 10 µL of each unknown sample and standard 

can be used (sample to WR ratio = 1:20). However, the working range of the 
assay in this case is be limited to 125–2000 µg/mL. 

2. Add 200 µL of the WR to each well and mix plate thoroughly on a plate shaker for 
30 s. 

3. Cover plate and incubate at 37°C for 30 min. 
4. Cool plate to RT. Measure the absorbance at or near 562 nm on a plate reader. 

 

Data analysis 

1. Subtract the average 562 nm absorbance measurement of the Blank standard 
replicates from the 562 nm measurements of all other individual standard and 
unknown sample replicates. 

2. Prepare a standard curve by plotting the average Blank - corrected 562 nm 
measurement for each BSA standard vs. its concentration in µg/mL. Use the 
standard curve to determine the protein concentration of each unknown sample. 
➢ Note: If using curve-fitting algorithms associated with a microplate reader, a 

four-parameter (quadratic) or best-fit curve provides more accurate results 
than a purely linear fit. If plotting results by hand, a point-to-point curve is 
preferable to a linear fit to the standard points. 
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A3.12 MICRO BCA™ ASSAY 

This protocol is based on the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific 
#23235) instructions. 
 

Materials/Reagent preparation 

• Preparation of Diluted Albumin (BSA) Standards 
o Use Table A3.6 as a guide to prepare a set of protein standards. Dilute the 

contents of one Albumin (BSA) Standard ampule into several clean vials, 
preferably using a diluent similar to the sample buffer. 

Table A3.12: Preparation of diluted albumin (BSA) standards for the Micro BCA™ 
microplate procedure. 

 

• Preparation of the Micro BCA Working Reagent (WR) 
o Use the following formula to determine the total volume of WR required: 

(# standards + # unknowns) × (# replicates) × (volume of WR per sample) 
= total volume WR required 

▪ Example: for the standard Test Tube Procedure with 3 unknowns and 
2 replicates of each sample: 
(9 standards + 3 unknowns) × (2 replicates) × (1 mL) = 24 mL WR 
required (round up to 25 mL) 

▪ Note: 1 mL of the WR is required for each sample in the Test Tube 
Procedure, while only 150 µL of WR is required for each sample in 
the Microplate Procedure. 

o Prepare WR by mixing 25 parts of Micro BCA Reagent MA and 24 parts 
Reagent MB with 1 part of Reagent MC (25:24:1, Reagent MA:MB:MC). For 
the above example, combine 12.5 mL of Reagent MA and 12.0 mL Reagent 
MB with 0.5 mL of Reagent MC. 

Vial 
Volume of Diluent 

(mL) 
Volume and Source of 

BSA (mL) 
Final BSA Concentration 

(µg/mL) 

A 4.5 0.5 of Stock 200 
B 8.0 2.0 of A 40 
C 4.0 4.0 of B 20 
D 4.0 4.0 of C 10 
E 4.0 4.0 of D 5 
F 4.0 4.0 of E 2.5 
G 4.8 3.2 of F 1 
H 4.0 4.0 of G 0.5 
I 8.0 0 0 
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▪ Note: When Reagent MC is initially added to Reagents MA and MB, 
turbidity occurs that quickly disappears upon mixing to yield a clear-
green solution. Prepare sufficient volume of WR based on the 
number of samples to be assayed. 

▪ The WR is stable for one day when stored in a closed container at 
room temperature (RT). It is not necessary to protect the solution 
from light. 

Protocol steps 

1. Pipette 150 µL of each standard or unknown sample replicate into a microplate 
well. 

2. Add 150 µL of the WR to each well and mix plate thoroughly on a plate shaker for 
30 seconds. 

3. Cover plate using Sealing Tape for 96-Well Plates (Product No. 15036) and 
incubate at 37°C for 2 h. 
➢ Note: Limit incubations of microplate to less than or equal to 37°C, otherwise 

high background and aberrant color development may result. Most polystyrene 
assay plates deform, leach, and become cloudy at 60°C. 

4. Cool plate to room temperature (RT). 
5. Measure the absorbance at or near 562 nm on a plate reader. 

 

Data analysis 

1. Subtract the average 562 nm absorbance reading of the Blank standard replicates 
from the 562 nm reading of all other individual standard and unknown sample 
replicates. 

2. Prepare a standard curve by plotting the average Blank-corrected 562 nm reading 
for each BSA standard vs. its concentration in µg/mL. Use the standard curve to 
determine the protein concentration of each unknown sample. 
➢ Note: If using curve-fitting software, use a best-fit polynomial equation rather 

than a linear equation for the standard curve. If plotting results by hand, a point-
to-point fit is preferable to a linear fit to the standard points. 
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A3.13 LIVE/DEAD STAINING 

Materials/Reagent preparation 

• Fluorescent microscope (e.g., Nikon Eclipse T32000U) 

• Dimethyl sulfoxide (DMSO) 
• Phosphate-Buffered Saline (PBS) 

• Calcein AM (Thermo Fisher Scientific #C3100MP) 
o Stock from vendor = 50 µg in powder form 
o Add 25 µL DMSO to the powder in the stock vial to make a 2 mM solution. 
o 2 µM solution is needed for imaging. 

▪ For example: Add 25 µL of the 2 mM calcein AM solution to 25 mL 
of sterile PBS to make a 2 µM solution. This must be done in 
biological hood with the light off. 

• Propidium Iodide (Thermo Fisher Scientific #P3566) 
o Stock solution from the vendor is 1 mg/mL = 1.5 mM 
o 5 µM solution is needed for imaging. 
o Add propidium iodide to the same PBS that to which the calcein AM was 

added.  
▪ For example if 25 mL of PBS used in previous section add 83 µL of 

1.5 mM stock propidium iodide to the same 25 mL PBS in biological 
safety cabinet with the light off. 

Protocol steps 

1. Rinse cells or gels with sterile PBS. 
2. Add previously prepared staining solution directly to wells. 

➢ Add solution in the biological hood with the light off. 
➢ Make sure that the cells are completely covered. 

3. Return cells or gels to the incubator and incubate for 30-60 min. 

 

Imaging  

1. Turn on the microscope and ensure the fluorescent lamp is on. 
2. Place cells on microscope stage and focus using bright-field. 
3. Turn off the bright-field light, and set the filter wheel to “GFP”. 
4. Open the fluorescent lamp shutter. 
5. In imaging software (e.g., NIS Elements), use the auto expose feature, making sure 

to select the “FITC” filter. 
6. Set the exposure time to slightly lower than the auto expose recommended to 

better visualize your cells and lessen background fluorescence. 
7. Select “capture”. 
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8. Save the image, indicating that this is the “live” stain. 
9. Reset the filter wheel to “TRITC”. 
10. Change the filter on the computer to “TRITC”. 
11. Select auto exposure for the new TRITC filter. 
12. Set the exposure time to slightly lower than the auto expose recommended to 

better visualize your cells and lessen background fluorescence. 
13. Select “capture”. 
14. Save the image, indicating that this is the “dead” stain. 

➢ The LIVE/DEAD images can be merged to visualize colocalization of the dyes.  
15. To compare viability between groups, the exposure time on each channel must 

remain constant. 
➢ If a 200 ms exposure time is used for the FITC channel for the positive control 

then 200 ms must be used for all live images. 
➢ If a 100 ms exposure time is used for the TRITC channel for the negative control 

then 100 ms must be used for all dead images. 
➢ It is acceptable for the FITC and TRITC channels to have different exposure 

times. 
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A3.14 DAPI AND PHALLOIDIN STAIN 

Materials/Reagent preparation 

• Fluorescent microscope (e.g., Leica Stellaris Confocal) 

• 4% Paraformaldehyde 
• Dimethyl sulfoxide (DMSO) 

• Phosphate-Buffered Saline (PBS) 
• Alexa Fluor Phalloidin 488 (Thermo Fisher Scientific #A12379) 

o Stock from vendor = 300 U in powder form 
o Dissolve the vial contents in 150 µL of anhydrous DMSO to yield a 400X 

stock solution, which is equivalent to approximately 66 µM. 
o Working concentration = 1:400 

▪ Sample calculation: 25 µL 400X Phalloidin in 10 mL PBS 
• 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) (Thermo Fisher Scientific 

#D1306)  
o Stock from vendor = 500X DAPI 
o Working concentration = 1:500 

▪ Sample calculation: 20 µL 500X DAPI in 10 mL PBS  

• Triton X-100 (Sigma #X100) 
o Working concentration = 0.5% 

▪ Sample calculation: 10 mL DI Water + 50 µL of Triton X-100 

Protocol steps 

1. Fix cells/scaffolds in 4% Paraformaldehyde at room temperature (RT) for 1 h or at 
4°C overnight. 

2. Wash cells/scaffolds with 1X PBS twice. 
3. Permeabilize cells with 0.5% Triton X-100 for 5 min at RT. 
4. Wash with PBS once. 
5. Stain with Phalloidin working solution for 1 h at RT. 
6. Wash with PBS twice. 
7. Stain nuclei with a working concentration of DAPI for 10 min at RT. 
8. Wash three times with PBS. 
9. Image using fluorescent microscope (absorbance/emission: 540 nm/564 nm). 
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A3.15 ELLMAN’S ASSAY 

This protocol is based on the Ellman’s Reagent (Thermo Fisher Scientific #22582) user 
instructions. 
 

Materials/Reagent preparation 

• DTNB (Ellman's Reagent) (5,5-dithio-bis-(2-nitrobenzoic acid) 

• Reaction Buffer: 0.1 M sodium phosphate, pH 8.0, containing 1mM EDTA 
• Cysteine Hydrochloride Monohydrate: M.W. = 175.6 

• Ellman’s Reagent Solution: Dissolve 4mg Ellman’s Reagent in 1 mL of Reaction 
Buffer 
 

Protocol steps 

1. Prepare a set of cysteine standards by dissolving Cysteine Hydrochloride 
Monohydrate in Reaction Buffer according to Table A3.7. 

Table A3.13: Preparation of standard curve using Cysteine Hydrochloride Monohydrate. 

 

2. Prepare a set of test tubes, each containing 50 µL of Ellman’s Reagent Solution 
and 2.5 mL of Reaction Buffer. 

3. Add 250 µL of each standard or unknown to the separate test tubes prepared in 
step 2. 
➢ Note: For the unknown(s), make dilutions so that the 250 µL sample applied to 

the assay reaction has a sulfhydryl concentration in the working range of the 
standard curve (0.1-1.0 mM is ideal). 

4. Mix and incubate at room temperature for 15 min. 
5. Measure absorbance at 412 nm. 

 

Data Analysis 

Standard 
Volume of Reaction Buffer 

(mL) 
Amount of 
Cysteine 

Final Concentration 
(mM) 

A 100 26.34 mg 1.5 
B 5 25 mL of A 1.25 
C 10 20 mL of A 1.0 
D 15 15 mL of A 0.75 
E 20 10 mL of A 0.5 
F 25 5 mL of A 0.25 
G 30 0 0 
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Plot the values obtained for the standards to generate a standard curve. Determine the 
experimental sample concentrations from this curve. 

➢ Note: The most accurate results are obtained from the linear portion of the 
standard curve (i.e., the portion yielding an R2 value equal to 1.0. One or more 
of the high standards may exceed the linear range). 
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A3.16 MEASURING THE RHEOLOGICAL PROPERTIES OF HYDROGELS 

Materials/Reagent preparation 

• 8-mm cross-hatched stainless-steel geometry 

• Make hydrogels with 8 mm diameter to fit the geometry. 
• In between testing hydrogels should be kept in media to remain hydrated. 

• Gels cannot be tested more than once, as the rheometer tests them to failure. 

 

Protocol steps 

1. Turn on the air supply to the rheometer. 
➢ Pressure requirements for all DHR models: 30 psi. 

2. Remove the black bearing lock by holding it in place while turning the draw rod 
knob at the top in a counter-clockwise direction. Once the bearing lock is removed, 
make sure that the spindle rotates freely. 
➢ NOTE: If air supply is interrupted while bearing lock is off, DO NOT TURN the 

DRIVE SHAFT; this will cause damage to the radial bearing. Locate another gas 
source, attach it to the gas port on the rheometer, and then attach bearing lock 
while the radial air bearing is floating. 

3. Turn on the power to the rheometer. 
4. Switch the power button, located on the rear of the electronics control box, to the 

ON position. 
➢ NOTE: If step 3 is performed before step 2, an alarm will sound and the 

instrument controller display will read “optical init. fail”. At this point, turn off 
the power and perform step 2. 

5. When the instrument has finished the system check, start the instrument control 
software: Start>Programs>TA Instruments TRIOS>TRIOS. Then click “connect” to 
begin communication to your rheometer. You can also double-click on the TRIOS 
icon shortcut located on your PC desktop. 

6. Determine the instrument inertia by selecting under the File Manager, the 
Calibration tab and then Instrument.  

  



219 

 
 
➢ This value is unique for each bearing assembly. An acceptable range for this 

value is ~21 – 22 μNms2 for the DHR series. The value for the instrument 
should not change by more than 10% of the original Inertia value. 

➢ NOTE: This calibration is recommended to be performed each time upon 
startup.  

7. Attach test geometry by sliding it up the drive shaft and hold it stationary while 
turning the draw rod at the top in a clockwise direction. If the smart swap 3 
geometry option “smart swap enabled” is selected, the appropriate geometry file 
is automatically applied to your experiment. If the smart swap geometry option is 
disabled, choose the appropriate geometry from the list of geometry files 
previously created, or create a new geometry by selecting NEW, and follow the New 
Geometry Wizard. 

 
8. Determine the geometry inertia by selecting under the File Manager, the 

Geometries tab, Calibrations page, and then Calibrate. 
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➢ The value of the inertia for each measuring system differs because they all 

have been uniquely engineered and have different masses. It is important to 
calibrate the inertia value for each geometry, particularly if high frequency 
oscillations are being used, or if low viscosity fluids are being measured. 

➢ NOTE: This calibration is required when a new geometry file is first setup. For 
verification purpose, one can do it any time when changing geometry, but this 
is not required. 

9. Calibrate bearing friction correction 
➢ A magnetic bearing is used to set the drive shaft afloat and provide virtually 

friction free application of torque to the sample. However, there will always be 
some residual friction. With most test materials, this is insignificant, but in 
about 1% of the low viscosity samples, this inherent friction causes 
inaccuracies in the final rheological data. To overcome this, the software has 
a bearing friction correction that should be activated. The bearing friction value 
without any geometry attached is ~0.25 – 0.3 μNm/(rad/s). With attaching a 
geometry, this value may raise up to about 0.3 – 0.5 μNm/(rad/s). Bearing 
friction correction can be found just below the Geometry Inertia calibration. 
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➢ NOTE: Please ensure that the Instrument Inertia (step 6) and Geometry Inertia 
(step 8) have been calibrated before determining the bearing friction correction 
value. 

➢ NOTE: This calibration is required when a new geometry file is first setup. For 
verification purpose, one can do it any time when changing geometry, but this 
is not required. 

10. Locate the zero gap icon located on the Front Control Panel of the DHR, or select 
GAP from the Control Panel and follow the directions on the screen. 

 

➢ NOTE: The upper geometry should be at the testing temperature before zeroing 
the gap. This will account for the change in dimensions due to the coefficient 
of thermal expansion of the testing geometry/system. 

➢ NOTE: Zero gap needs to be performed every time when the geometry is 
removed or replaced. The gap closure profile options are located in Options> 
GAP 

 

11. Perform a rotational mapping. 
➢ Due to the micron-level tolerances needed to make the magnetic bearing to 

work, any bearing will have small variations in torque behavior around one 
complete revolution of the shaft. They are consistent over time unless changes 
occur in the magnetic bearing. 

➢ By combining the absolute angular position data from the optical encoder with 
microprocessor control of the motor, these small variations can be mapped 
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automatically and stored in memory for subsequent real-time corrections in the 
test. 

➢ To create a mapping, the software rotates the drive shaft at a fixed speed, 
monitoring the torque required to maintain this speed through a full 360° of 
rotation. These variations in torque can then be accounted for automatically by 
the microprocessor, which is in effect carrying out a baseline correction of the 
torque. This results in a very wide operating range of the bearing without 
operator intervention – a confidence check in bearing performance. 

➢ Perform a rotational mapping on the geometry when the test procedure will be 
applying either a flow or transient (Creep or Stress Relaxation) mode of 
deformation. 

➢ Hold the “Lock” button on the instrument control panel until you hear a beeping. 
This will lock the drive shaft to its “home” position. Then attach the geometry 
with the line on the side aligned with the maker on the bottom of the instrument 
head. 

 
12. Begin the rotational mapping by going to the Geometries tab, Calibrations page, 

and then choose Rotational Mapping. 
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➢ The number of points in the map and the speed of rotation used are dependent 
upon the mapping type used. When mapping the geometry, the recommended 
settings are two iterations and standard type. For critical low-torque 
measurements, using < 1 μNm, precision mapping with two iterations is more 
suited. When using fast, standard or precision mapping the number of 
iterations should be set greater than one. If performing Creep procedure and 
using fast, standard or precision mapping, the number of iterations should be 
set to four, if the Recovery step is set to zero. Otherwise, setting the number of 
iterations greater than three has diminishing returns in the mapping 
performance. 

➢ NOTE: This calibration is required when a new geometry file is first setup. The 
mapping history is recorded in each individual geometry file. If every time the 
geometry is loaded at the “home” position. There is no need for any additional 
mapping. 

13. Create a new procedure by selecting Procedure from the Experiments tab or open 
a previously created procedure by selecting the appropriate file. The procedure can 
be viewed, edited, and adapted in the Procedure segments. 

 

14. Select the directory/folder from File Path to save your data file. Experimental tests 
will auto-save directly to the designated folder. The name of the file can be the 
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same as your sample name or others by adding more Tokens. The sample 
information can be entered in the Notes box. 

 

15. Load sample 
➢ The amount of sample volume that is required, based on the dimensions 

entered in the Geometry step for a cone, parallel plate and concentric cylinder 
systems, can be found in the Geometry Information step. 

➢ Avoid contact between a metal spatula used to transfer a sample and the metal 
stage. 

16. Close the gap after loading a sample using one of three methods 
i. Manually enter the desired gap in the Control Panel – Gap window 
ii. Automatically have the instrument go to the gap value entered in the 

Geometry file information. 
iii. Manually raise or lower the gap by using the Front Control Panel 

arrows. 
➢ NOTE: The up and down arrows are also available in the Control Panel – Gap 
➢ NOTE: When using the cone geometry, the gap set must be equal to the 

truncation gap value that is scribed on the geometry shaft or stored in the 
smart swap file. 

➢ NOTE: When using the parallel plate geometry, the gap is variable, and should 
be between 500 microns and geometry diameter (microns)/10. 

17. Trim the gap by loading extra material and close the gap to a value of 10% larger 
than the required gap, so that excess material is expelled from between the upper 
geometry and ower plate, (i.e., overfilled state). Then lock the bearing with the 
bearing lock button on the Front Panel in order to keep the geometry from rotating, 
and trim the excess material using a right edged tool. Then lower the gap to the 
final test gap. The correct filling condition is shown in the following picture. You 
can also lower the gap until the axial force reads ~0.1 N.  
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18. Run a test by selecting the start experiment icon.  
 

Data analysis 

 
Take the values at the horizontal linear region of the storage modulus and average these 
values to get the modulus. 
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A3.17 CHARACTERIZING HYDROGEL CONDUCTIVITY 

Materials/Reagent preparation 

• Power supply (e.g., BK Precision #1735A) 

• Digital multimeter (e.g., SparkFun Electronics #VC830L) 
o Requires a 9V battery 

• Angle vise (e.g., Amazon # B0B4KM6CPG) 

• Alligator clips 
• 2 brass plates, each with an end bent at an angle 

• Insulating material (e.g., PDMS, silicone rubber, etc.) 

• Calipers 
o Requires a coin 357 battery 

• Spatula 

• Something to record results (e.g., pen and paper if you do not want to record 
directly into a digital spreadsheet). 
 

*Allow adequate time for the power supply to warm up prior to testing per the 
manufacturer’s instructions. If no instructions are provided, allow 2 hours. 

Protocol steps 

Circuit setup 

1. Ensure all tools are dry before testing. 
2. Use insulating materials as a layer between the brass 

plates and the jaws of the angle vise. 
3. Slowly lower the top jaw of the angle vise to sandwich 

an insulating material between the brass plates. 
4. Attach alligator clips to each brass plate. 
5. Attach the free end of one clip to the red lead of the 

multimeter. Attach the free end of the other clip to the 
black lead of the power supply. 

6. Use another alligator clip to connect the black lead of 
the multimeter to the red lead of the power supply. 

7. Confirm you have set up your circuit correctly by 
switching the multimeter to the Continuity Buzzer 
setting (pink asterisk) and gently touch the plates 
together. The buzzer should sound, indicating a short circuit.  
➢ Note: If the buzzer does not sound, try connecting different leads within the 

system (e.g., the red lead of the power supply to a brass plate or the black lead 
of the multimeter to the brass plate). 
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Material testing 

1. Blot your material to remove excess storage liquid (e.g., media, water) before 
testing. 

2. Repeat steps 1-6 above, but instead of using an insulating material in step 3, use 
your test material. 

3. Use a thin sheet of insulating material with a cutout to accommodate the material 
you are testing to prevent movement of your sample. 
➢ Note: This also creates a gap between the brass plates and ensures that the 

current measured is only what travels through the material 
➢ Tip: If your material is very thin, use labeling tape to create a thinner barrier 

between the brass plates. 
4. Switch the multimeter to the lowest read setting in the current mode (i.e., 20 µA, 

blue asterisk) 
5. Use the course and fine knobs in the voltage section of the power supply to apply 

voltage to the material. 
➢ Note: The maximum voltage that should be applied to a water-based material 

(i.e., hydrogels) is 500 mV. Higher voltages may result in electrolysis, which not 
only confounds results, it also destroys your material.  

 

➢ Tip: The course knob is VERY sensitive. If you are new to testing with this setup, 
practice using an insulating material (i.e., a PDMS block). 

6. For the first voltage tested, allow the system to equilibrate for 30 s. Record the 
current reading on the multimeter. 
➢ Note: Best results are achieved when the highest voltage in your chosen range 

is tested first. Then work towards the lowest voltage in your chosen range. 
➢ Tip: It is unlikely that the multimeter will settle on a number throughout testing. 

To ensure all samples are treated as equally as possible, use a timer (count-up 
mode) and record the reading on the multimeter as soon as the time is up (or 
a similarly consistent system that suits your needs). 

7. After the first voltage is tested, use the knobs to apply the next voltage. Allow the 
circuit to equilibrate for 5 s. Record the current reading on the multimeter. 
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➢ Tip: Test a range of at least four voltages. This system is not very sensitive and 
water-based materials are difficult to characterize. That creates challenges for 
achieving a linear current-voltage curve (necessary for calculating resistance). 
At least 3 points are needed for a current voltage curve, so testing 4+ voltages 
allows you to delete 1 or 2 rogue data points. 

➢ Note: Try to use the same current reading setting on the multimeter throughout 
testing. However, if the multimeter ever displays a 1 during testing, the 
maximum value for that range has been surpassed, and you will need to switch 
the dial to the left to increase the range. If the multimeter ever displays a 0 
during testing, the minimum value for that range has been surpassed, and you 
will need to switch the dial to the right to decrease the range. 

8. Repeat step 7 until all voltages in your chosen range have been tested. 
9. Turn the power supply to 0 V and the multimeter to the lowest current reading 

setting. 
10. Wait until the multimeter reads 0 µA before raising the jaws of the angle vise off 

your material. Support the top brass plate during this process, then move it to the 
side. 

11. Use a spatula to slide your material off the bottom brass plate. Measure the 
material’s diameter and thickness using calipers. 

12. Repeat this process for each sample, making sure to wipe the brass plates dry 
before beginning a new round. 
 

Data analysis 

 
Use the accompanying spreadsheet for analyzing conductivity data. All formulas for 
calculations should be pre-populated. 

1. Plot the current-voltage curves and analyze for linearity. R2 values of ≥0.9 are 
acceptable. Plot voltage along the x-axis and current along the y-axis. Identify 
points whose removal improves the R2 value of a linear curve fit. 

2. Calculate the resistance (R) of your material using the following equation: 

𝑉 = 𝐼𝑅 → 𝑅 =
𝑉

𝐼
 

3. Note: Be sure to convert units. Voltage should be in volts (V) and current should 
be in amps (A). 

4. Calculate the cross-sectional area (A) of your hydrogel and convert the units so 
they are in cm2. 

5. Convert thickness (t) to cm. 
6. Calculate conductivity using the following relationship dictated by Pouillet’s law: 

𝜎 =  
𝑡

𝑅𝐴
 [

𝑆

𝑐𝑚
] 

 




