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ABSTRACT OF THE DISSERTATION 

 

Remote-Activated Electrical Stimulation via Piezoelectric Scaffold System for Functional 
Nerve Regeneration 

 
by 
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University of California, Riverside, December 2017 
Dr. Jin Nam, Chairperson 

 
 

A lack of therapeutic technologies that enable electrically stimulating nervous 

tissues in a facile and clinically relevant manner has partly hindered the advancement in 

treating nerve injuries for full functional recovery. Currently, the gold standard for nerve 

repair is autologous nerve grafting. However, this method has several disadvantages, such 

as necessity for multiple surgeries, creation of functionally impaired region where graft 

was taken from, disproportion of graft to nerve tissue in size and structure, and most 

substantially, high risk of neuroma formation. Therefore, there is an increasing need for 

the development of alternative strategies to enhance nerve regeneration. To address 

these limitations, the development of a piezoelectric neuroconduit that can self-generate 

optimized levels of electrical stimulation can be utilized to wrap a damaged nerve and 

remotely activated by acoustically-driven piezoelectricity. Unlike biochemical-embedded 

conduit in which the release of neurotrophic factors is limited by loading or electro-

conductive conduit in which only passive electrical stimulation by autologous cells is 

possible without intrusive electrodes, the piezoelectric conduit provides unlimited 
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opportunity to properly stimulate the neuronal cells in vivo. In this regard, a piezoelectric 

scaffold was developed using electrospinning technology and its piezoelectric 

performance was optimized by controlling the fiber diameter and scaffold thickness. 

Various types of neural cells including PC12 cells, Schwann cells, and neural stem cells 

(NSCs), were subjected to mechanical/electrical stimulation to examine their behavioral 

changes. When PC12 cells, a model system for neurons, were subjected to multi-day 

application of mechanical/electrical stimulation, enhancements in neurite formation and 

elongation were observed.  Alternatively, mechanical/electrical stimulation induced 

Schwan cells, the glial cell of the peripheral nervous system, to differentiate into its 

myelinating phenotype and induced the enhanced production of the neurotrophic 

protein, nerve growth factor. Aside from enhancing the functionality of neuronal and glial 

cells, mechanical/electrical stimulation also induced the differentiation of NSCs towards 

the functional cell types of the central nervous system, neurons, oligodendrocytes, and 

astrocytes. Therefore, this project develops a novel method for enhancing nerve 

regeneration by modulating neuron and glial cell functionality for the repair of nerve 

injuries.   
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

 

Abstract 

 Severe injuries to the peripheral and central nervous system present a significant 

clinical problem with limited or lack of treatment for fully functional recovery. When the 

nerve is damaged by injuries/diseases, such as peripheral nerve transection, spinal cord 

injury, and diabetic neuropathy, a cascade of cellular events occur to the affected cells 

and neighboring cells, extracellular matrix of the injury site, and the tissue.  Although the 

peripheral nervous system is more capable of nerve regeneration than the central 

nervous system, appropriate clinical solutions for nerve damage with large gaps have yet 

to be found. Recently, various nerve tissue engineering strategies, such as nerve guidance 

conduits, hydrogels, cell-based therapies, and electrical stimulation, have been explored 

to enhance nerve regeneration by promoting a permissive environment or inhibiting 

factors that prevent regrowth from occurring. 
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1.1 Anatomy of a nerve  

The nervous system is composed of the central and peripheral nervous systems. 

The central nervous system (CNS) consists of the brain and spinal cord, and is responsible 

for integrating information and coordinating activity from the entire body. In contrast, 

the peripheral nervous system (PNS) refers to the nerves outside of the CNS, processing 

bio-directional electrical signals of the motor and sensory neurons. There are two types 

of neural cells found in both nervous systems: neurons and glial cells. Neurons transmit 

information to other nerve cells, muscles, or gland cells. Most neurons possess long axons 

that extend from the cell body that are either myelinated or unmyelinated.  

Glial cells are axillary cells that are responsible for maintaining the function of 

nerves. Schwann cells in the PNS and oligodendrocytes in the CNS are the glial cells that 

encapsulate the axon with myelin and provide neurotrophic factors. Myelin increases 

conduction velocity of the electrical signal along the axon by limiting ionic transfer to the 

nodes of Ranvier, resulting a faster action potential propagation. Astrocytes, another glial 

cell of the CNS, anchor neurons to their blood supply to help regulate its surroundings by 

removing excess ions and neurotransmitters. In addition to these cells immediately 

neighboring the axon, many layers of connective tissue surround the axon. The layer 

closest to the myelinated axon is the endoneurium, which helps contains the nutrient 

fluid. The perinerium surrounds bundles of endoneurium-covered axons to form fascicles. 

Lastly, the epinerium is the outermost connective tissue layer of the nerve. The 

epifascicular epinerium fills in the spaces between the fascicles, while the epineural 
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epinerium completely surrounds the nerve trunk. Blood vessels are dispersed throughout 

the nerve to provide the axons with nutrients. A bundle of axons is called a nerve in the 

PNS and tract in the CNS (Figure 1.1).  

 

1.2. Nerve pathophysiology 

Nerve injuries are classified into five categories, ordered by the degree of damage 

on the overall structure of the nerve (Table 1) [1]. The mildest form of injury, Grade I or 

neuropraxia, is defined as damage to the myelin sheath without any damage to the axons 

or the connective tissue layers. Grade II through IV, or axonotmesis, involve damage to 

the myelin sheath as well as the axon itself. The surrounding connective tissue layers 

remain intact. The grade of injury increases with the amount of damage to the 

endoneurium, perinerium, and epinerium. The most severe form of nerve injury, Grade V 

or neurotmesis, is when the nerve is completely transected. The capability of nerve 

regeneration critically dpends on the degree of nerve damage. 

 

1.2.1. Peripheral nervous system 

The PNS has a much greater capacity for nerve self-regeneration than the central 

nervous system (Figure 1.3). When a traumatic injury to the axon of a PNS neuron occurs, 

either compressed or transected, initially, a retrograde signal is sent to the nucleus by 

importin, an early injury responsive protein. Importins form a complex with dynein, a 

cytoskeletal motor protein responsible for driving retrograde axonal transport, on the 
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axon and sends a cocktail of transcription factors associated with regeneration, such as c-

Jun, Oct6, Sox11, and p53, to determine the fate of the injured neuron [2].   

When these signaling cascades are initiated, the distal end of the injured axon 

undergoes molecular changes to create an environment for axon regeneration. The 

process, known as Wallerian degeneration, that begins in the axon on the distal end of 

the injured nerve completely degenerates the axon by removing and recycling axonal and 

myelin-derived components towards the target tissue. Existing Schwann cells clear the 

axonal and myelin debris, leaving behind an empty endoneurial tube. Macrophages are 

recruited to the injury site, releasing growth factors to induce the proliferation of 

Schwann cells and fibroblasts. The proliferating Schwann cells line the inner surface of the 

empty endoneurial tube, which form the bands of Bungner, to direct the regenerating 

axon through the distal nerve stump towards the target tissue. On the proximal end of 

the injury site, the axon degenerates up to the adjacent node of Ranvier, where 

subsequent axon regrowth begins. These series of events are critical to create a 

supportive environment for successful axon regeneration. 

Once the debris is cleared from the distal nerve stump, a cascade of cellular events 

occur to regenerate the axon from the adjacent node of Ranvier of the proximal nerve 

stump into the distal segment. About 50-100 nodal sprouts develop from the node of 

Ranvier into a growth cone. Neurotrophic factors from the target tissue and denervated 

motor and sensory receptors signal the growth cone to elongate. From the growth cone, 

many axon extensions elongate until they connect with a receptor. If a receptor or the 
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endoneurial tube is not reached, the growth cone continues to elongate in a disorganized 

manner forming a neuroma. The more severe the injury is, the more disorder occurs, 

therefore less effective axon regeneration. Therefore, there is a need for tissue 

engineering strategies to aid in the elongation process by environmental, cellular, and 

biochemical factors. 

 

1.2.2. Central nervous system 

When the brain or spinal cord is injured, complex cellular and molecular 

interactions occur in attempt to repair the damaged tissue (Figure 1.4).  Unlike the PNS 

neurons, CNS neurons have not been shown to possess the innate ability to regenerate 

the axon of a damaged nerve. It was shown that the CNS lacks the permissive 

environment for proper axonal regeneration [3].  However, several studies found that 

CNS axons are capable of small amounts of regeneration, short distance neurite growth 

within the lesion site under certain conditions [4-6]. The main factors responsible for 

intrinsically limiting CNS axon regeneration have been believed to be inhibitors found 

within myelin and the formation of glial scars.  

Myelin-associated inhibitors (MIAs) are secreted by oligodendryocytes. Three 

types of MIAs have been identified, Nogo, myelin-associated glycoprotein (MAG), and 

oligodendrocyte myelin glycoprotein (OMG) [7]. Nogo, found on the surface of 

oligodendrocytes and the innermost surface of the myelin membrane in contact with the 

axon, induces the collapse of the axon growth cone. On the other hand, MAG, found in 
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the periaxonal membrane which is in contact with axonal receptors, inhibits neurite 

elongation of mature neurons. Lastly, OMG, found next to the Node of Ranvier, inhibits 

neurite elongation as well as induces growth cone collapse.  

 Glial scars are formed by astrocytes when the CNS is injured.  The scar creates a 

physical barrier to prevent axon regeneration from occurring. Also, the molecular 

composition of the glial scar and the synthesis of inhibitory molecules, such as certain 

chondroitin sulfate proteoglycans (CSPGs) and cytotactin/tenascin (CT), contribute to 

regeneration failure [8, 9]. The upregulation of CSPGs near glial scars has been associated 

with the creation of non-permissive neurite growth environment in the CNS [10]. 

Therefore, strategies to reduce inhibitory factors and promote permissive factors will help 

overcome the limitation of nerve regeneration of the CNS. 

 

1.3. Functional restoration of nerve 

1.3.1. Peripheral nervous system 

Despite advancement of surgical technologies, complete functional recovery 

following nerve damages is rarely achieved due to the poor or absent inherent neural 

regenerative capabilities of the peripheral nervous system. Damages can be caused by 

traumatic injuries, infectious diseases, degeneration, autoimmune disorders, and tumors. 

The functional success of surgical nerve repair following a nerve injury is determined by 

the degree of injury, the type of repair performed on the damage nerve, delay before 

surgical intervention, and patient’s age. Understanding how these factors affect the result 
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of nerve regeneration can be beneficial for designing and optimizing tools to enhance 

recovery for both PNS and CNS. For regeneration to occur, it is a prerequisite for the 

proximal end of the axons must be able to regrow, the distal site of the injury must be 

able to support regrowth, and for the target tissue to accept new axons. Different 

biomaterial and cellular approaches have been attempted to achieve such requirements 

to enhance nerve regeneration. 

 

1.3.1.1 Nerve grafts  

In the case of nerve gaps greater than 30 mm, the current gold standard to repair 

transected nerves is autologous nerve grafting. This method provides the structural 

support to guide axon regeneration, preventing the formation of neuromas [11]. Because 

it is surgically removed from the patient’s own body, the autograft, most commonly taken 

from the sural nerve of the calf region, acts as an immunogenically inert scaffold, 

providing viable Schwann cells and appropriate neurotrophic factors for axon 

regeneration [12]. However, this technique possesses many limitations, including the 

necessity of multiple surgeries, the induction of functionally impaired region where graft 

was taken from, and disproportion of graft to nerve tissue in size and structure. 

Furthermore, the patient is at high risk of a neuroma formation in the transplanted area. 

Alternative clinical options include cadaver allografts [13-15], veins and arteries as grafts 

[16], and natural/synthetic conduits, but each of these possess their own disadvantages . 

When using allografts, patients risk a systemic immunoresponse and is not suitable for 
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nerve gaps greater than 30 mm [17]; vein and artery grafts also cannot bridge nerve gaps 

greater than 30 mm [18]; and lastly, current clinically-approved natural and synthetic 

conduits are have not been able to fully repair transected nerves with nerve gaps greater 

than 30 mm to regain full functionality [19]. To address these limitations, tissue 

engineering strategies seek to develop nerve guidance conduits to address these 

limitations. 

 

1.3.1.2. Nerve guidance conduits 

 When selecting a biomaterial for developing a neuroconduit, the physicochemical, 

biomechanical, and biological properties must be considered. The material should 

possess the proper permeability and porosity for nutrition and ion transport. The 

mechanical properties, such as stiffness and elasticity, should match the native tissue for 

better integration with surrounding tissue. Lastly, it should be biocompatible and possess 

the proper surface chemistry.  

 

Natural conduits 

 Natural biomaterials for neuroconduits are typically either (1) autologous non-

neural tissues and decellularized allogenic/xenogenic neural/non-neural tissues or (2) 

naturally-derived polymers including ECM proteins (collagen, laminin, hyaluraonan) and 

polysaccharides (agarose, chitosan). Avance® offers commercially available human 

decellularized nerve allografts. Studies showed that Avance® improved nerve functional 



9 
 

recovery of sensory, motor, and mixed nerves with nerve gaps up to 30 mm [20, 21]. 

However, the use of the allografts requires additional administration of 

immunosuppressants for 18 months as well as it is limited in the gap length. Naturally-

derived polymeric neuroconduits are immunologically inert. There are several of these 

neuroconduits that have been FDA approved and are commercially available to use in the 

clinical setting. NeuroGen®, a commercially available conduit made of collagen type I, 

showed improved sensory scores for a variety of nerves, but was limited to nerve gaps of 

an average 13 mm [21]. The common limitation of the wide variety of tested materials is 

that none have shown reliable success for nerve gaps greater than 30 mm.   

 

Synthetic conduits 

 Silicone neuroconduits were the first to demonstrate the feasibility of synthetic 

materials for nerve repair by bridging nerve defects up to 15 mm [22]. However, due to 

its immunogenic non-permeable properties, the implanted conduit induced permanent 

fibrotic tissue formation ultimately leading to nerve compression. This led to the 

development of absorbable synthetic conduits. Biodegradable synthetic biomaterials, 

including polyglycolic acid (PGA) and poly(D,L-lactide-co-ε-caprolactone) (PCL), have been 

investigated as a scaffolding material for nerve regeneration. PGA, an FDA-approved 

biomaterial, has been shown have 86% meaningful recovery of nerve defects less than 30 

mm [23]. However, PGA rapidly degrades to lactic acid in 90 days, possibly before the 

completion of nerve regeneration [24]. PCL, another FDA-approved biomaterial, produces 
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less acidic degradation byproducts [25]. However, it has reported only a 25% meaningful 

recovery of nerve defects up to 20 mm [26]. Neurotube ®, made of PGA, and Neurolac®, 

made of poly(D,L-lactide-co-ε-caprolactone) are neuroconduits that are FDA-approved 

and commercially available. 

The issue with large nerve gaps is limited by the rate of axonal elongation. Native 

Schwann cells eventually advance ahead of the regenerating axons, no longer providing a 

sufficient environment for axon growth [27]. Another issue with large nerve gaps is that 

the disorganization of axon extensions from the growth cone continues to increase as the 

length of the nerve gap increases [28, 29]. To enhance the outcome of peripheral nerve 

regeneration through the use of neuroconduits alone, efforts have focused on the 

incorporation of biochemical cues, such as supportive cells, growth factors and electrical 

input in order to provide a supportive environment for successful axon regeneration. 

 

1.3.1.3. Cell-based therapy 

A method to accelerate axon regeneration and bridging large nerve gaps is the 

addition of supportive cells to nerve injury site. The cell types currently researched 

include primary cells, such as Schwann cells and olfactory ensheathing cells (OECs), and 

stem cells, such as embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), 

neural stem cells (NSCs), and mesenchymal stem cells (MSCs). Cell-based therapy has the 

potential to create a supportive environment by secretion of axon-promoting factors 

from these cells for peripheral nerve regeneration. 
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Schwann cells play an important role in peripheral nerve regeneration, therefore 

they have been an ideal candidate as transplantable supportive cells. They produce many 

neurotrophic factors, such as nerve growth factor (NGF), brain-derived neurotrophic 

factor (BDNF), and plate-derived growth factor (PDGF), to promote the regeneration and 

enhance the survival of damaged axons [30-33].  Experimentally, transplanted Schwann 

cells seeded in neuroconduits have been shown to enhance axon regeneration in vivo [34-

36].  

Another source of glia cells, OECs, can synthesize neurotrophic factors. Under 

normal conditions, OECs can be found in both PNS and CNS. They can provide the 

neurotrophic support to regenerate nerves and contribute to the myelination process 

[37-39]. However, to obtain Schwann cells or OECs, a functional nerve must be sacrificed 

and both have limited expansion capabilities. Therefore, stem cells provide an alternative 

cell source with promising potential for the development of cell-based therapy for nerve 

regeneration. 

ESCs and iPSCs have the potential to differentiate into derivatives of all three 

embryonic germ layers. They can provide an unlimited source of cells with long-term 

proliferation capacity and superior differentiation potential. ESCs have demonstrated the 

ability to differentiate into neural crest cells [40], which then can further transform into 

neurons [41] and Schwann cells [42] amongst other mesodermal and ectodermal lineage 

phenotypes [43, 44]. However, ESCs can induce an immune response, have the potential 

of teratoma formation, and ethical issues of ESCs harvested during the blastocyst stage 
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of embryos. iPSCs derived from somatic cells present an alternative cell source for 

patient-specific therapy, eliminating limitations of ESCs. Established protocols have been 

developed for iPSC differentiation towards neural lineages [45-47]. However, similar to 

ESCs, efficient differentiation to end-type cell phenotypes remain challenging, limiting 

their clinical translatability.  

NSCs, derived from the brain, can directly differentiate towards neuronal and glial 

phenotypes and have been studied for both peripheral and central nerve regeneration 

[48]. A study determined the efficacy and mechanism of NSCs on sciatic nerve injury in 

rats [49]. A silicon conduit filled with NSCs bridged a 10 mm nerve gap and observed that 

NSCs increased the expression of neurotrophic factors, NGF and HGF, of the sciatic nerve. 

Therefore, it was evident that NSCs have the potential to foster a supportive environment 

for nerve regeneration. In another study, NSCs implanted into a transected tibial nerve 

were able to restore function in a denervated rat muscle [50]. Within the transected area, 

NSC differentiated into neuron-like cells with positive expression of βIII tubulin and glial-

like cells with positive expression of GFAP. Native Schwann cells secreted various 

neurotrophic factors that aided in the differentiation and survival of NSCs.  

In contrast to ESCs and NSCs, MSCs derived from bone marrow and adipose tissue 

provide an easy access and autologous source to stem cells for transplantation therapies. 

Bone-marrow derived MSCs (BMSCs) and adipose-derived MSCs (ADSCs) can differentiate 

into neurons, astrocytes, and Schwann cell-like cells [51-53]. Both BMSCs and ADSCs have 

shown enhanced axon regeneration and myelination capability when transplanted in cell-
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seeded scaffolds [54-56]. When directly comparing the performance between BMSCs and 

ADSCs, there were no significant differences in performance. Low morbidity of harvest 

site, easy accessibility and wide availability, and superior stem cell characteristics have 

made ADSCs the preferred option for pre-clinical studies. 

 

1.3.2. Central nervous system 

 As compared to the PNS, the CNS has a much more limited capacity to self-

regeneration. Therefore traumatic injuries and diseases are very debilitating to the 

patient, often leading to loss of motor, sensory, and cognitive functions, especially for 

injuries occurring in the C4 or C5 of the cervical spinal cord [57]. The inability of neurons 

to regenerate after an injury is due to the inhibitive microenvironment created by the 

presence of inhibitory factors and lack of axon-growth promoting factors [58]. Currently 

there are no cures for injuries in the CNS, there are only a few treatment options to delay 

the progression of CNS diseases. Two main strategies for CNS treatment include: 

neuroprotection and neuroregeneration. Neuroprotection refers to the inhibition of the 

death of CNS neural cells. Neuroregeneration refers to the regeneration of severed axons 

and sprouting of existing axons to reinnervate denervated target muscle/organ. 

 

1.3.2.1. Pharmacological treatments 

 It is critical to immediately begin treatment at the onset of a traumatic injury to 

prevent complete neurological death. Specifically for spinal cord injury, after the patient 
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is immobilized to prevent further neural damage, methylprednisolone, a glucocorticoid, 

can be administered within 8 hours of injury to reduce damage to nerve cells and decrease 

inflammation [59]. Currently, methylprednisolone is the only approved pharmacotherapy 

for spinal cord injury, but it has not shown clinically significant effects. Therefore, neural 

tissue engineering strategies have aimed to address this severely limited area of 

treatment. 

 

1.3.2.2. Cell-based therapy 

 Cell-based therapies aim to promote the survival of damaged neural cells or 

manipulate the local area to more conducive for regeneration by providing neurotrophic 

factors. MSCs and NSCs are the most investigated for treatment strategies to either 

regenerate damaged native tissue by replacing damaged cells and directly integrating into 

the tissue or secreting neurotrophic factors to promote neural regeneration or protection 

[60-65]. However, the clinical efficacy of cell transplantation strategies have been limited 

due to uncontrolled differentiation, poor cell survivability, and poor integration with the 

host tissue. 

 MSCs have been utilized as a short-term immunosuppressant to preserve 

threatened neurons and glial cells after injury. They have been shown to stimulate  

recovery from acute symptoms aggravated by inflammation [66, 67]. However, 

transplanted MSCs have low survival rate in the adult human CNS [68]. 
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 Adult NSCs are capable of differentiating into the three types of neural cell types 

found in the CNS, neurons, oligodendrocytes, and astrocytes. They have been 

investigated in combination with growth factors and immunosuppression to treat spinal 

cord injury [61].  NSCs displayed enhanced survival and differentiation into myelinating 

oligodendrocytes [69]. More recently, investigators have challenged the negative 

reputation of astrocytes in CNS regeneration.  

 

1.3.2.3. Injectable hydrogel 

 Hydrogels mimic the physical, mechanical, and chemical properties of native 

extracellular matrix to promote cell adhesion, self-renewal, and differentiation [70]. 

Combining biomolecules and neural cell strategies with hydrogel can further promote 

cell-material interactions. Studies have shown that NSCs are prone to neuronal 

differentiation on softer hydrogels, while glial differentiation is induced on stiffer 

scaffolds [71, 72]. Tseng et al. developed an injectable chitosan-based hydrogel and 

demonstrated the ability of neurosphere-like NSC aggregates to proliferate than 

differentiate towards neuronal-linages [73]. Next, they injected the NSC aggregate loaded 

hydrogel into zebrafish with neural system disorder and monitored the functional 

recovery. The zebrafish injected with NSC-hydrogel demonstrated the 81% functional 

recovery, as oppose to 38% recovery with just the hydrogel alone. Although these results 

show the promising potential of cell-based and hydrogel-based therapies, they are limited 

by their uncontrollable gelation kinetics, which may result in needle clogging during 
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hydrogel delivery. Also, due to their slow gelation process, the embedded cell or drug may 

lose its function due to degradation or diffusion from the target area. Its applicability in 

humans with structurally distinctive mammalian nerve system is still questionable.  

 

1.3.2.4. Neuroprosthetics  

 Individuals with C4 or C5 damage in the spinal cord suffer from tetraplegia, the 

functional loss of upper and lower extremities. Damage occurring at the C5 range results 

in limitation or completely loss of finger functionality; where as C4 damage also includes 

limited or loss of function of the hands and elbow movement [74]. Individuals lose their 

ability to accomplish basic daily tasks and their independence. Since currently there is no 

treatment to regenerate damaged axons in the spinal cord to regain full functional 

recovery, neuroprostheses based on functional electrical stimulation can compensate the 

loss of functional upper extremities. By electrically stimulating the downstream nerves in 

the forearms, individuals are given the ability to reach, grasp, and pinch with their hands.  

 Commercially available grasp neuroprostheses have been offered to patients at 

very early stage of rehabilitation [75].  Multiple surface electrodes are placed on the 

surface of the skin above muscles responsible for hand movement. A forearm sleeve 

securely wraps the electrodes and a metal splint is integrated into the sleeve to stabilize 

the wrist. The electrodes will deliver short electrical current impulses to formally excitable 

tissue.  If a minimum charge density surpasses a threshold, the electrical pulses induce 

physiological action potentials on nerves, causing contractions of innervated, yet 
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paralyzed muscles of the hands and the forearms. However, the grasp prostheses possess 

several disadvantages, such as reproducibility of desired grasping movements. There is 

significant variation of the grasp patterns in dependence of the wrist rotation angle. 

Individuals have also complained about complications of placement of electrodes at 

home, varying muscle function if not placed correctly. Therefore, on-going research is still 

seeking strategies to restoring full functionality by complete repair of CNS nerves.  

 

1.4. Electrical stimulation 

Due to the innate electrical properties of the nervous system, the potential of 

utilizing electrical stimulation to enhance nerve regeneration and functional recovery has 

been widely investigated. Electrical stimulation has been shown to facilitate the processes 

of axonal regeneration by enhancing the secretion of neurotrophic factors from glial cells 

promoting neurite outgrowth [76, 77]. Several in vivo studies demonstrated the efficacy 

of electrical stimulation promoting nerve outgrowth in rat models of nerve injury, 

resulting in earlier muscle reinnervation and functional recovery. When electrical 

stimulation was applied at the time of nerve repair, this resulted in an increased number 

of sensory neurons that expressed BDNF and its trkB receptor, subsequently accelerating 

nerve regeneration [78]. When electrical stimulation was applied for 14 days to damaged 

motor neurons, evident by motor reinnervation occurred at 21 days rather than at 

approximately 42 days and all the motor neurons had regenerated their axons into the 
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motor nerve branch within 21 days instead of 56-70 days observed in the sham control 

[79].  

The first human clinical trial showed a promising potential of therapeutic electrical 

stimulation, where improved post-surgical outcomes were achieved by localized low 

frequency of electrical stimulation on patients with carpal tunnel syndrome [80]. Despite 

these positive outcomes, the application of electrical stimulation in the clinical setting is 

limited by several factors; most significantly, its invasive nature requires the implantation 

of electrodes protruding through the skin. Furthermore, the electrode approach can 

activate only neuron(s) in direct contact with or close proximity to the electrodes, 

resulting in a small localized effective area. 

 

1.5. Piezoelectric materials 

Piezoelectric materials can self-generate electric fields under dynamic mechanical 

strain. Under the direct piezoelectric effect, the materials induce an electric charge 

separation due to the re-orientation of dipole domains in response to mechanical 

deformation (tension or compression), providing a means to produce electric potentials 

without a separate electrical source [81]. Due to its flexibility and biocompatibility, 

piezoelectric polymers have been used for biomedical applications over its piezoceramic 

counterparts. There have been several attempts to utilize piezoelectric properties for 

nerve regeneration [82, 83]. Especially, poly(vinylidene fluoride) (PVDF) and its copolymer 

poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE), have been extensively studied for 
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such applications due to their excellent biocompatibility and relatively high 

piezoelectricity [84, 85].  

PVDF may exist in four crystalline phases, α, β, γ, and δ phases, depending on the 

molecular chain conformations as trans or gauche linkages (Figure 1.4). It is non-polar in 

the α crystal phase, while it is polar in the β and γ crystal phases.  In order to induce its 

piezoelectric properties by traditional synthesis methods, the polymer is mechanically 

stretched to 300% strain followed by poling to induce a net dipole of trans linkage, 

transforming into the highly polar β crystal phase [86]. Once it is poled, PVDF becomes a 

ferroelectric polymer, exhibiting both piezoelectric and pyroelectric properties. On the 

other hand, PVDF-TrFE is directly crystallized into the polar β crystal phase, because TrFE 

acts as a phase stabilizer. Its degree of crystallinity, thus piezoelectric performance can 

be further enhanced by thermal treatment.  

 The first use of PVDF and PVDF-TrFE as a nerve guidance conduit was 

demonstrated in a rat model. The poled PVDF conduit was implanted into the sciatic nerve 

of a rat with a 4 mm gap. 4 weeks after implantation, there were a significantly higher 

amount of myelinated axons than the control group [87]. They also implanted the 

piezoelectric PVDF-TrFE conduit into a rat sciatic nerve with a 10 mm gap and observed 

bridging of myelinated axons in 4 weeks, demonstrating the capability of PVDF-TrFE as a 

nerve guidance conduit for nerve regeneration [88].  

More recently, a group of researchers exploited the enhanced piezoelectricity of 

PVDF-TrFE scaffolds synthesized by electrospinning to accelerate neurite outgrowth of 
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dorsal root ganglion neurons [89] or promote neural differentiation of human neural 

stem/progenitor cells in vitro [90]. In spite of favorable results, these studies were likely 

unable to utilize the true potential of piezoelectricity as it requires dynamic straining of 

the materials to generate electric potentials. They attributed the enhancement of cellular 

behaviors to piezoelectric responses of the PVDF scaffold by cell exerting forces, but 

considering minimal straining possible by the cells, the effects were probably due to 

intrinsic surface charges of the material (Figure 1.5). 

 

1.6. Electrospinning 

 The development of fibrous scaffolds processed by the electrospinning technique 

has received much attention for neural tissue engineering applications to facilitate the 

regrowth of damaged nerves [91]. The technique can produce a non-woven or aligned 

network of fibers that mimic native extracellular matrix (Figure 1.6). An engineered 

scaffold can be loaded with cells and growth factors to promote functional restoration. 

The surface and mechanical properties of the scaffold, similar to the environmental cues 

in the extracellular matrix, can stimulate cell self-renewal and differentiation [92, 93]. It 

also possesses the same architecture as native extracellular matrix, which high surface to 

volume ratio, allowing more contact between the cells and the scaffold. A wide range of 

polymers can be used to manipulate the physical and biological properties of the scaffold, 

from biodegradability, mechanical properties, and surface wettability.  
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 The electrospinning process consists of a high voltage power source, syringe and 

needle, syringe pump, and a grounded collector. A polymer dissolved in a solvent is 

loaded into a syringe with a needle and placed on a syringe pump. The polymer solution 

is ejected at a controlled flow rate by the syringe pump. A high voltage charges the 

polymer solution and when the electrostatic force overcomes the surface tension of the 

polymer solution at the tip of the needle, a Taylor cone is formed, elongating the polymer 

solution into a jet. The charged jet is deposited on to a grounded collector due to the 

electric field between the needle tip and targeted collector. Randomly-oriented fibers can 

be collected on a static flat collector, while aligned fibers are typically collected on a high 

speed rotating mandrel, which allows the fibers to collect in the direction of rotation. 

 The polymer solution properties (viscosity, conductivity and surface tension), 

electrospinning parameters (electric field, solution flow rate, and collector type), and 

environmental conditions (temperature and relative humidity) are the main governing 

parameters to precisely control the fiber diameter and orientation [94]. It was found that 

the factor that has the greatest impact on fiber diameter is solution properties, more 

specifically the solution viscosity, while electro-conductivity and dielectric properties of 

the solution significantly affect individual fiber morphology. 

Structural characteristics of electrospun scaffolds, such as fiber diameter and 

alignment have been shown to modulate cellular behaviors, especially neural cell types. 

NSCs have been shown to exhibit the greatest differentiation potential towards neurons 

on aligned microfibers than that of random and nano-sized electrospun fibers, due to 
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having a larger platform to extend its neurites in one direction [91]. An aligned 

electrospun platform also enhanced Schwann cell maturation [95]. These results 

demonstrate the potential of aligned electrospun scaffolds to prime cells for neural 

applications. 

 

1.7. Conclusion 

A lack of technologies that enable electrically stimulating nervous tissues in a facile 

and clinically relevant manner has partly hindered the advancement in treating nerve 

injuries for full functional recovery. In this regard, we aim to develop a 

mechanical/electrical stimulation system and its utilization in a previously unexplored 

manner, with which optimized levels of electrical stimulation can be applied to damaged 

tissue by remotely activating the conduit wrapping around injured nerves via acoustically-

driven piezoelectricity. Unlike biochemical-embedded conduit in which the release of 

neurotrophic factors is limited by loading or electro-conductive conduit in which only 

passive electrical stimulation by autologous cells is possible without intrusive electrodes, 

the piezoelectric conduit provides unlimited opportunity to properly stimulate the 

neuronal cells in vivo. Therefore, this project will develop a novel method of peripheral 

and central nerve treatment that will allow functional recovery of nerve injuries with a 

previously untreatable large gap in a shorter duration (Figure 1.7).  
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Figure 1.1. Microanatomy of nerve bundle. A nerve bundle is a multi-structured tissue 

comprised of a bundle of myelinated or unmyelinated axons that are wrapped in 

connective tissue and blood vessels. [96] 
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Seddon’s classification 
Sunderland’s 
classification 

Tissues injured 

Neurapraxia Grade I Myelin 

Axonotmesis Grade II Myelin, axon 

Axonotmesis Grade III Myelin, axon, endoneurium 

Axonotmesis Grade IV 
Myelin, axon, endoneurium, 
perineurium 

Neurotmesis Grade V 
Myelin, axon, endoneurium, 
perineurium, epineurium 

 

Table 1.1. Classification of nerve injuries 
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Figure 1.2. Process following nerve injury in the peripheral nervous system. When a 

peripheral nerve is injured, compressed or transected, Wallerian degeneration begins to 

remove old nerve from injury site to target muscle/organ leaving behind a connective 

tissue tube. Once the old nerve is degenerated, peripheral nerve regeneration begins to 

a certain capacity. [97] 
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Figure 1.3. Process following nerve injury in the central nervous system. Natively, the 

central nervous system has a limited capacity of nerve regeneration. When a central 

nerve is injured, glial cells infiltrate the injury site to begin repair, forming scar tissue. [97] 
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Figure 1.4. Molecular structures of piezoelectric poly(vinylidene fluoride) (PVDF) and 

their effects on piezoelectricity. PVDF can exist in the (A) non-piezoelectric α crystal 

phase and (B) piezoelectric β crystal phase.  
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Figure 1.5. Mechanical/electrical stimulation modulates cellular behavior. (a) The static 

state with native surface charges and (b) activated state under mechanical stress 

generates surface electric charges that can directly affect adherent cells. [98] 
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Figure 1.6. Electrospinning produces native extracellular matrix (ECM)-like structures. 

An electric field elongates a polymeric solution to synthesize fibrous structures with 

enhanced piezoelectric properties that resemble native ECM.  
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Figure 1.7. A schematic of a piezoelectric neuroconduit composed of electrospun 

aligned PVDF-TrFE. The implanted neuroconduit can be activated by externally applied 

mechanical stimulation to produce electric fields for enhancing and promoting nerve 

regeneration in the PNS and CNS. 
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CHAPTER 2. DEVELOPMENT OF A PIEZOELECTRIC CELL CULTURE SYSTEM 

FOR NEUROENGINEERING STUDIES 

 

Abstract 

 Due to the innate electrical behavior of nerve tissue, the use of electrical 

stimulation to enhance nerve regeneration is widely investigated. The activation of neural 

cells by electrical stimulation has been demonstrated to play a significant role in 

enhancing functional recovery of degenerated neurons. However, the application of 

electrical stimulation for axon regrowth has been limited in the clinical setting due to the 

invasiveness of electrodes and limited effective area. In the present study, we designed 

and developed a cell culture system to deliver electrical stimulation to neural cells in vitro, 

by non-contact activation of a piezoelectric-responsive polyvinylidene fluoride 

trifluoroethylene (PVDF-TrFE) to demonstrate the feasibility of using piezoelectric 

materials for nerve regeneration. The electrospinning technique was utilized to 

synthesize aligned nanofibrous structures to control the nanostructure of the PVDF-TrFE. 

We demonstrate the capability the piezoelectric cell culture system to precisely control 

the electric potential generation of the PVDF-TrFE by modulating the fiber diameter and 

scaffold thickness while the system provides a means to sterilely culture cells. This cell 

culture system can be utilized for various neuroengineering studies to examine the effects 

of mechanical/electrical stimulation on nerve regeneration. 
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2.1. Introduction 

Nerve damage due to traumatic injuries or degenerative diseases, such as diabetic 

neuropathy or neurofibromatosis, is not only potentially fatal, but also have a debilitating 

effect on the quality of life. Despite surgical intervention, full functional recovery is rarely 

achieved. The deficiency of complete axon regeneration is not due to the lack of cellular 

capability, rather the unfavorable growth environment within the damage tissue 

preventing axon regeneration. To overcome this, tissue engineering strategies have 

focused on altering the cellular, molecular, and physical environment to promote proper 

nerve regeneration. Researchers have incorporated various types of stem cells, including 

induced pluripotent stem cells (iPSCs) [1, 2], neural stem cells (NSCs) [3, 4], and 

mesenchymal stem cells (MSCs) [5, 6] into implantable neuroconduits to enhance axonal 

regeneration. In addition to these cellular strategies, nerve growth factor (NGF), a 

neurotrophic protein, has been incorporated to further stimulate nerve regeneration [7-

9]. However, such biochemical factors have a short half-life and fast diffusion rate, limiting 

its use in vivo for axonal regeneration that requires long-term stimulation. 

As a biophysical cue, electrical stimulation has been shown to have the ability to 

initiate an action potential of a damaged neuron to enhance the axon regeneration 

process [7-9]. When a neuron is exposed to electrical current, i.e., by ion movement 

across the cell membrane, it creates a gradient of extracellular electrical potential. If the 

electrical potential is above a threshold, it induces the depolarization of the axon 

membrane, generating an action potential. Exogenous electrical stimulation has been 
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also shown to initiate such signaling processes, which induce anabolic activities of neural 

cells, collectively promoting nerve regeneration. In this regard, conductive materials have 

been commonly used as an electrical substrate suitable for the electrical stimulation of 

neural cells [7-9]. However, their invasive implantations of electrodes to activate the 

conductive materials make its translational usage limited.  

To address this issue, piezoelectric materials have drawn attention as a potential 

generating material activated by mechanical stimulation. Especially, polyvinylidene 

fluoride (PVDF), a piezoelectric polymer, provides an opportunity to develop nerve 

conduits due to its high piezoelectricity, biocompatibility, and mechanical compliance. 

Indeed, several studies have shown enhanced nerve regeneration by the utilization of the 

PVDF in vitro, such as neurite elongation dorsal root ganglion [10], and in vivo, such as 

partial functional recovery when a PVDF conduit was implant [11].   

Electrospinning is a facile technique to synthesize nanofibers of almost any 

polymers, including PVDF, producing a structure that closely resembles the native 

extracellular matrix (ECM) of tissues [12, 13]. Modification of the electrospinning process 

easily controls the physical properties of the scaffold, such as fiber diameter and 

alignment, which affect the piezoelectricity of PVDF and modulate cellular behaviors [10, 

14]. The fiber diameter of electrospun PVDF regulates the uniformity and alignment of 

piezoelectric domains, determining piezoelectric constants [15]. Such changes in 

substrate morphology also affect cellular behaviors. When comparing neurite growth of 

neural cell types on randomly-oriented and aligned fiber mats, the cells displayed 
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enhanced neurite elongation on the aligned morphology, likely due to the native 

elongated structure of neurons[10] .  

In this regard, a system composed of a chamber with an insertable piezoelectric 

cell culture scaffold and a vertical translation stage, was develop to apply non-contact 

electrical stimulation to adherent cells to examine cellular behaviors for neural 

applications. Aligned piezoelectric fibers made of polyvinylidene fluoride 

trifluoroethylene (PVDF-TrFE) were synthesized by electrospinning and their 

morphological and piezoelectric properties were characterized. The effects of PVDF-TrFE 

fiber diameter and scaffold thickness on electric potential generation were investigated 

to determine an optimum condition for cellular studies. 

 

2.2. Materials and Methods 

2.2.1. Synthesis and morphological characterization of nanofibrous PVDF-TrFE scaffolds 

PVDF-TrFE (Solvay, Belgium) was dissolved at various concentrations in different 

solvent systems to produce a range of different electrospun fiber diameters, similar to 

our previous report (ref). A 16 wt.% PVDF-TrFE (70:30 mol%) was dissolved in a 60/40 

volume ratio of N,N-dimethylformamide (DMF) (Sigma Aldrich, St. Louis, MO) to methyl 

ethyl ketone (MEK) (Sigma Aldrich) solvent system. 11.5 wt.% and 7 wt.% PVDF-TrFE were 

dissolved in a 60/40 volume ratio of DMF to acetone solvent system, with the addition of 

1 wt.% pyridinium formate (PF) buffer (Sigma Aldrich). The solutions were magnetically 

stirred at 1200 rpm for 3 hr at room temperature. The PVDF-TrFE solutions were 
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individually electrospun using a high speed grounded mandrel rotating at 47.9 m/s to 

produce aligned fibers (Figure 2.1). To further enhance the piezoelectric properties of 

PVDF-TrFE, the electrospun fiber mats were subjected to annealing at 90 °C for 24 hr. 

The fiber morphology, diameter and alignment were characterized using scanning 

electron microscopy (SEM, Vega3, Tescan, Pleasanton, CA). The fibers were sputter-

coated with gold to visualize under SEM. Using the ImageJ software, at least 100 individual 

fibers were assessed to determine the average fiber diameter and alignment. The 

thickness of the fiber mat was controlled by adjusting the deposition time. 

 

2.2.2. Cell culture chamber design 

A cell culture system was designed to apply non-contact mechanical/electrical 

stimulation to the nanofibrous PVDF-TrFE scaffolds while sterilely culture cells adherent 

to the scaffolds (Figure 2.2A). The device was designed to fit into a standard 6-well tissue 

culture plate. The top and bottom casings were 3D printed with acrylonitrile butadiene 

styrene (ABS) to sustain a silicone o-ring on both sides. When assembled, the PVDF 

scaffold is securely held by the silicone o-rings. Stainless steel screws were utilized to hold 

the two casings together. The hollow center provides a space to host a PVDF-TrFE scaffold 

having the dimensions of 15 mm x 5 mm with cell culture media. 
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2.2.3. Potential generation measurement 

To determine the potential generation of the PVDF-TrFE nanofibers, acellular 

nanofibrous scaffolds assembled in the cell culture system were subjected to non-contact 

mechanical stimulation (Figure 2.2B). PVDF-TrFE scaffolds were cut to the dimensions of 

45 mm by 5 mm. The excess length allows the scaffold to protrude outside of the chamber 

for alligator clamp attachment to an oscilloscope. Gold electrodes with the dimension 40 

mm by 4 mm were sputtered on both sides of the scaffolds. A hydrophobic polymer, 

poly(styrene-b-isobutylene-b-stryrene) (SIBS) was applied to the gold sputtered scaffolds 

in the location where it would be compressed by the silicone o-rings, to prevent damage 

to the fiber structures and solution leak.  The scaffold was then assembled into the cell 

culture system and 3 mL of DI water was added to the center of the chamber. The 

chamber was placed on a vertical translation stage, actuated by a subwoofer speaker 

(Figure 2.2C). The speaker was controlled by a function generator operated by LabView 

to stimulate the PVDF-TrFE scaffold inside the device at 3 Hz with various magnitudes. 

The strains experienced by the scaffolds under various magnitudes of actuation were 

calculated from the captured images of scaffolds under stimulation. The resulting voltage 

generation was recorded by an oscilloscope. The peak to peak output voltage was 

determined for 200, 500, and 800 nm fiber diameter at various scaffold thicknesses. 
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2.3. Results 

2.3.1. Synthesis of piezoelectric PVDF-TrFE nanofibers 

 Figure 2.3 shows the microstructure of electrospun fibers synthesized by various 

concentrations of PVDF-TrFE examined by SEM. Due to the high angular velocity of the 

rotating mandrel, the fibers are aligned with a relatively uniform size having a typical 

cylindrical morphology. A quantitative analysis of the fibers indicates the tightly 

controlled average fiber diameter for the three conditions (Figure 2.4A-C). The average 

fiber diameter from 7% PVDF-TrFE dissolved in DMF/Acetone with PF buffer is 205 ± 28 

nm; 11.5% PVDF-TrFE dissolved in DMF/Acetone with PF buffer is 498 ± 57 nm; and 16% 

PVDF-TrFE dissolved in DMF/MEK is 802 ± 16 nm. Fiber diameters will be referred as 800, 

500, and 200 nm from here on. The fiber alignment was also assessed by measuring tilt 

angles of individual fibers from an arbitrary neutral axis, showing above 90% within 20° 

deviation in all conditions (Figure 2.4D-F). A comprehensive table including the solution 

mixture, electrospinning parameters, and fiber morphological analyses can be found in 

Table 2.1. The thickness of the fiber mat was controlled by adjusting the electrospinning 

duration. The deposition rates for 200, 500, 800 nm fiber diameter scaffolds were 

approximately 11.5, 46.3, and 103.0 µm/hr, respectively (Figure 2.5). 

 

2.3.2. Quantification of potential generation from PVDF-TrFE nanofibers 

 When the PVDF-TrFE scaffolds are subjected to mechanical stimulation within the 

piezoelectric cell culture system, a charge separation occurs with an opposing polarity on 
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each side (Figure 2.2B). This charge separation was recorded as a positive to negative 

voltage peak by an oscilloscope. The peak-to-peak voltage was recorded at various strains 

to determine a relationship between strain and output voltage. As expected, when the 

applied strain increased, the peak-to-peak voltage increased (Figures 2.6, 2.7, and 2.8). 

For a fiber mat with the fiber diameter of 200 nm and a fiber mat thickness of 54 µm, at 

the highest strain of 0.037%, the scaffold produced 437 ± 78 mVp-p and at the lowest strain 

of 0.027%, it produced 38 ± 34 mVp-p. At the same fiber mat thickness, a scaffold with the 

fiber diameter of 500 nm produced 234 ± 27 mVp-p at 0.035% strain and 34 ± 12 mVp-p at 

0.024% strain; a scaffold with the fiber diameter of 800 nm produced 191 ± 13 mVp-p at 

0.033% strain and 27 ± 17 mVp-p at 0.023% strain. Finally, the output voltage was recorded 

at various thicknesses. Figure 2.9 shows the relationship between applied strain to the 

PVDF-TrFE scaffold and its output voltage production at 200, 500, and 800 nm fiber 

diameter at various thicknesses.  

 

2.4. Discussion 

Due to the innate electro-responsive characteristics of neural cells, electrical 

stimulation has been widely studied to enhance neural cell behavior in vitro [16-19] and 

in vivo [20-23]. Typically, this method was approached by implantation of external 

electrodes alone for a large stimulation area or combined with electro-conductive 

material for direct and localized electrical stimulation. In this regard, piezoelectric 

materials provide an opportunity to subject a precisely localized neural tissue area to 
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electrical stimulation without invasive electrodes via non-contact mechanical 

perturbation. For example, PVDF-TrFE, a piezoelectric polymer, becomes a charged 

capacitor under mechanical strain to induce electric charge separation between to the 

two parallel surfaces.  

Electrospinning provides a facile means of synthesizing nanofibrous scaffolds by 

controlling polymer solution properties, electrospinning parameters, and environmental 

conditions. It can also induce the formation of β crystal phase of PVDF-TrFE, the crystal 

structure making it piezoelectric [15]. During electrospinning, a high voltage source is 

applied to the polymeric solution to elongate into a very fine jet, making the polymer 

chains orientate along the fiber length. The molecular conformation for the β crystal 

phase has the longest chain length amongst the possible five crystal phases. Therefore, 

the intensive stretching by the electrospinning processes facilitates the conversion of 

PVDF into β crystal phase, while the solvent evaporation helps retain β crystal phase 

conformation in the solid fiber. β crystal phase has a direct relationship to voltage output, 

therefore, the greater the β crystal phase content, the greater the voltage output.  

In order to mechanically stimulate the implanted piezoelectric material in a non-

contact manner in vivo, extracorporeal shockwave therapy (ESWT) is an ideal candidate. 

ESWT is a widely utilized method to regenerate damaged tissue by externally applying 

focused acoustic energy on the skin surface of an injured area and has been an effective 

therapeutic tool in the field of regenerative medicine. It generates a sonic pulse of 

mechanical energy driving rapid changes in pressure in a 3-dimensional space. It is 
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characterized by a positive peak within 10 ns, followed by a negative peak up to -10 MPa, 

with a total life cycle 10 µs [24]. It has been measured to impact tissues of bones, muscle, 

etc. ESWT has also been used to enhance nerve regeneration in rats [25, 26]. When 

applied with an energy flux rate of 0.1 mJ/mm2 at 3 Hz, an increase in myelination, 

increased expression of the neurotrophic factor, neurtrophin-3, and improved functional 

recovery were observed [27]. In this regard, we developed a method to apply non-contact 

mechanical perturbation to the PVDF-TrFE scaffold to mimic the energy of ESWT by using 

a subwoofer speaker that oscillates at a controlled frequency and power.  

To measure the potential generation of the electrospun PVDF-TrFE scaffold, a 

cantilever set up with two fixed points, adopted from Ico et al. [28], was developed to 

measure this surface electric charge separation, or voltage output, during mechanical 

oscillation at a fixed frequency and amplitude. Because water is transmitting 

environmental noise to the gold, the gold-sputtered electrodes on both sides of the PVDF-

TrFE scaffolds were insulated with a flexible hydrophobic polymer, poly(styrene-b-

isobutylene-b-stryrene) (SIBS), to prevent water infiltration. SIBS has been used as an 

encapsulating coating for biomedical applications that require devices to operate in a 

liquid environment.  

To emulate the applied energy of the shockwave system, a subwoofer speaker 

controlled by a custom LabView problem was utilized to subject the PVDF-TrFE scaffolds 

to mechanical actuation within the assembled cell culture device. An oscilloscope 

recorded its potential generation from electric charge separation. A positive to negative 
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potential peak was recorded. This profile occurs when the subwoofer drives down first, 

the PVDF-TrFE concaves upwards and produces a negative voltage signal. When the 

subwoofer returns back to the neutral state, the scaffold bends back to the neutral 

position, causing the signal to reverse and approach back to zero. As the speaker oscillates 

passed the neutral axis to its maximum point, the scaffold continues to bend and concave 

downwards due to the driving force of the media within the chamber, the potential 

continues towards its maximum positive potential. Finally, when the speaker returns back 

to the neutral state, the scaffold also returns back to the neutral position, thus the 

potential is zero again. There is a residual potential peaks due to continuous water 

movement within the chamber following a speaker oscillation. 

The effect of various fiber diameters and thicknesses of electrospun PVDF-TrFE 

scaffolds were measured for potential generation under a range of strains. When 

measuring the effects of fiber diameter on potential generation, as expected, as the fiber 

diameter increases, the voltage output decreases. Fiber diameter is significantly affected 

by polymer concentration. It becomes more difficult to elongate and stretch a polymer 

solution with higher polymer concentration due to the high viscosity and stronger 

macromolecular chain entanglement [29]. Therefore, the β crystal phase content 

decreases with increasing fiber diameter, ultimately, leading to lower voltage production.  

On the other hand, as the fiber mat thickness increased, an increase in voltage 

output was observed. Due to the capacitive nature of a PVDF nanofiber mat, as the fiber 

mat thickness increased, there is a greater charge separation, hence a greater output 
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voltage. However, increasing the mat thickness could also decreased the amount the 

scaffold could strain, negatively affecting the performance of the piezoelectric scaffold. 

Previous studies have shown that cell alignment for greater neurite outgrowth of 

neural cell types requires a certain minimum fiber size [12, 30]. Neural cell types 

preferentially grows on larger fiber sizes, which would compromise the performance of 

the piezoelectric scaffold. Electrospun fiber morphology and scaffold thickness will 

collectively influence charge separation on the piezoelectric scaffold surface while the 

fiber diameter is the predominant factor affecting cellular alignment. Therefore, the 

scaffolding system needs to be optimized to balance the potential generation of PVDF-

TrFE electrospun scaffolds with topographical cue to guide cellular alignment. 

 

2.5. Conclusion 

 In this study, we demonstrated the ability to generate potentials from PVDF-TrFE 

scaffolds by non-contact mechanical stimulation using the developed cell culture system. 

We were able to precisely control the potential generation by controlling the fiber 

diameter and scaffold thickness via the electrospinning technique. This piezoelectric cell 

culture system will allow us to generate electrical potentials by non-contact mechanical 

activation to stimulate neural cells for modulating their behaviors.   
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Figure 2.1. Electrospinning using a rotating mandrel. An electric field elongates a 

polymeric solution onto a high speed rotating mandrel to synthesize an aligned fibrous 

structure that is ideal for culturing neural cell types.  

  

High Voltage 
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Figure 2.2. Piezoelectric cell culture system. (A) A schematic of the expanded cell culture 

system. (B) Mechanism for driving PVDF-TrFE nanofibers to produce an electric potential. 

(C) A schematic of a subwoofer speaker set up for activating PVDF-TrFE scaffolds and 

measuring the potential generation. 
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Figure 2.3. Morphological characterization of electrospun PVDF-TrFE aligned nanofibers 

with various fiber diameters. Representative SEM micrographs of PVDF-TrFE aligned 

nanofibers from (A) 7% PVDF-TrFE dissolved in DMF/Acetone with PF buffer, (B) 11.5% 

PVDF-TrFE dissolved in DMF/Acetone with PF buffer, and (C) 16% PVDF-TrFE dissolved in 

DMF/MEK. 

  

A B C 
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Figure 2.4. Quantitative analysis of electrospun PVDF-TrFE aligned nanofiber 

morphologies. SEM images of PVDF-TrFE aligned nanofibers were quantified to 

determine (A – C) average fiber diameters and (D – F) alignment from (A,D) 7% PVDF-TrFE 

dissolved in DMF/Acetone with PF buffer, (B,E) 11.5% PVDF-TrFE dissolved in 

DMF/Acetone with PF buffer, and (C,F) 16% PVDF-TrFE dissolved in DMF/MEK. 
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Solution  

[Polymer] (%) 7 11.5 16 

Solvent 
DMF/ 

Acetone/PF 
DMF/ 

Acetone/PF 
DMF/MEK 

Electrospinning conditions 

Flow rate (mL/hr) 2 6 6 

Distance (cm) 10 

Rotating speed (m/s) 47.9 

Environmental conditions 

RH (%) 40 

T (°C) 23 

Resulting fibers 

Fiber diameter (nm) 205 ± 28 498 ± 57 802 ± 17 

Alignment (% within 10°) 79 86 93.5 

Alignment (% within 20°) 92 94 98.4 

 

Table 2.1. Optimized electrospinning parameters of PVDF-TrFE nanofibrous scaffolds 

having various fiber diameters and their morphological characterization. 
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Figure 2.5. Deposition rate of electrospun PVDF-TrFE fiber mat. A relationship between 

the thickness of fiber mat as a function of electrospinning duration was determined to 

control fiber mat thickness for (A) 200, (B) 500, and (C) 800 nm fiber diameter scaffolds. 
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Figure 2.6. Potential generation of PVDF-TrFE nanofibers with an average fiber diameter 

of 200 nm. Representative plots of the peak-to-peak voltage response to different strains 

at (A) 46, (B) 54, (C) 65 µm.  
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Figure 2.7. Potential generation of PVDF-TrFE nanofibers with an average  fiber 

diameter of 500 nm. Representative plots of the peak-to-peak voltage response to 

different strains at  (A) 48, (B) 103, (C) 202 µm.  
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Figure 2.8. Potential generation of PVDF-TrFE nanofibers with an average fiber diameter 

of 800 nm. Representative plots of the peak-to-peak voltage response to different strains 

applied at  (A) 46, (B) 103, (C) 133 µm.  
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Figure 2.9. Potential generation of PVDF-TrFE nanofibers with various fiber diameters 

and fiber mat thickness stimulated at different strains. A relationship between the peak-

to-peak output voltage as a function of applied strain was determined for (A) 200, (B) 500, 

and (C) 800 nm fiber diameter scaffolds. 
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CHAPTER 3. ELECTRICAL STIMULATION OF NEURONAL CELLS VIA 

MECHANO-RESPONSIVE PIEZOELECTRIC SCAFFOLDS ENHANCES THEIR 

FUNCTIONAL GAIN THROUGH NEURITE ELONGATION 

 

Abstract 

 An estimated 20 million people in the US suffer from some form of peripheral 

neuropathy, a condition resulting from damage to the peripheral nervous system, by 

disease or injury. Due to the complex nature of nerve regeneration, full functional 

recovery is difficult to achieve, especially for large nerve gaps. Therefore, there is an 

increasing need for strategies to enhance nerve regeneration for full functional recovery. 

Electrical stimulation has been shown to facilitate the promotion of axon regrowth and 

induce the secretion of neurotrophic factors from glial cells to further enhance the axon 

regeneration process. In this study, we demonstrate the use of non-contact electrical 

stimulation using a biocompatible, piezoelectric polyvinylidene fluoride trifluoroethanol 

(PVDF-TrFE) by taking advantage of its piezoelectric properties to enhance neurite 

elongation of the neuronal PC12 cells.  Under mechanical/electrical stimulation for 96 hr 

PC12 cells elongated their neurites up to an average of 100 µm and with 60% of the cell 

population possessing elongated neurites as compared to 72 µm and 20%, respectively 

for the statically cultured cells. Of this population of cells, 40% possessed neurites that 

were 6 to 7 times longer than the nucleus body. These results demonstrate the usage of 
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piezoelectric materials to their full capacity provides a promising potential for nerve 

regeneration of severe nerve damage with large gaps.  
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3.1. Introduction 

Despite the advancement of surgical procedures and strategies, complete 

functional recovery of severe damage to the peripheral nerve, caused by traumatic injury 

or disease, is rarely achieved due to inherently poor regenerative capabilities of neural 

system, especially for large nerve gaps [1]. The process of nerve regeneration requires a 

series of well-orchestrated steps including Wallerian degeneration of axon and re-

mapping of nerve connection from the proximal nerve stump into the distal muscle 

targets. The success of this process is significantly impacted by pre-treatment duration, 

patient’s age, and distance of injury to target tissue. Especially, the size of injured nerve 

gap is the critical factor, determining the efficacy of nerve regeneration. A large defect 

gap size of 30 mm or greater typically causes diversion of axon regrowth into 

inappropriate areas and/or uncontrollable branching which ultimately fails to reinnervate 

the proper target tissue.  

To repair nerve gaps sizes that are 30 mm or larger, the current gold standard in 

the clinical setting is surgically removing a less used nerve, i.e., the sural nerve, the greater 

auricular nerve, or the medial antebrachial cutaneous nerve, from the patient and 

utilizing it as an autologous nerve graft [2]. Because it is acquired from the patient, it has 

no immune-responsive and possibility of rejection; it provides the biological cues ideal for 

cells to infiltrate the injury site, proliferate, and perform axon regeneration; and it is 

structurally stable and can withstand physiological stress. However, sacrificing the donor 

nerves typically lead to donor site morbidity, including loss of sensory function, prolonged 
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operative and recovery times, and the invasiveness of multiple surgeries. The autologous 

nerve graft also poses other limitations, such as differences in nerve trunk size and limited 

length. In this regard, non-biological nerve conduits have been developed to guide nerve 

regeneration, but current clinically-approved natural and synthetic conduits are typically 

biologically inert and cannot fully repair transected nerves to regain full functionality. 

Recently, electrical stimulation has gained attention as a potent regenerative 

signal to modulate electro-responsiveness of neural cells for the auto-regulation of 

neurotropic factors to enhance nerve regeneration [3-5]. Specifically, studies 

demonstrated that bioelectric fields that induce local surface electrical charges, enhance 

nerve regeneration by inducing the secretion of various growth factors from neural cells 

to promote nerve fiber outgrowth [6-8]. In in vitro studies, electrical stimulation has 

shown to excite neurons to upregulate the release of several neurotrophic factors, such 

as brain-derived nerve factor (BDNF), NT4/5, and trkB, for nerve regeneration [4, 9]. It has 

also shown to stimulate ion flow in the plasma membrane of Schwann cells to induce the 

production of neurotrophins, nerve growth factor (NGF) and BDNF [10, 11]. Despite its 

promising potential for stimulating nerve regrowth, the application of electrostimulation 

has been limited in clinical settings due to its invasive nature and small effective area to 

apply electrical charges.  

In this regard, piezoelectric materials provide an effective modality for non-

contact electrical neuromodulation. By the direct piezoelectric effect, a mechanical strain 

on the electroactive materials induces electrical charge separation on the surface [12]. 
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There were several attempts to utilize biocompatible poly(vinylidene fluoride) (PVDF) or 

its derivatives including P(VDF-trifluoroethanol) (PVDF-TrFE), an organic piezoelectric 

polymer, for nerve regeneration in vitro  as well as in vivo. PVDF has been shown to 

enhance neurite outgrowth of neuronal cells in vitro [13]. In vivo, implanted PVDF-TrFE 

conduits demonstrated the ability to bridge short nerve gaps to regain partial 

functionality[14]. Although those studies showed some favorable phenomenological 

observations from the use of PVDF-TrFE, a lack of systematic piezoelectric 

characterization and its utilization for the material’s design limited the realization of its 

full potential.  

In this study, PVDF-TrFE nanofibrous scaffolds were synthesized by 

electrospinning to determine their potential for nerve regeneration. The optimization of 

piezoelectric scaffolds such as fiber size, scaffold thickness, and the magnitude of 

mechanical perturbation for piezoelectric activation was systematically approached to 

maximize the regenerative responses of a neuronal cell line. We demonstrated the 

capability of non-contact mechanical/electrical stimulation on neuronal cells cultured on 

electrospun PVDF-TrFE scaffolds to induce nerve regeneration via neurite elongation. 

 

3.2. Materials and Methods 

3.2.1. Synthesis and morphological characterization of PVDF-TrFE nanofibrous scaffolds 

PVDF-TrFE (Solvay, Belgium) was dissolved at various concentrations in different 

solvent systems to produce a range of different electrospun fiber diameters, as described 
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in Chapter 2. Briefly, a 16 wt.% PVDF-TrFE (70:30 mol%) was dissolved in a 60/40 volume 

ratio of N,N-dimethylformamide (DMF, Sigma Aldrich, St. Louis, MO) to methyl ethyl 

ketone (MEK, Sigma Aldrich) solvent system. 11.5 wt.% and 7 wt.% PVDF-TrFE were 

dissolved in a 60/40 volume ratio of DMF to acetone solvent system, with the addition of 

1 wt.% pyridinium formate (PF) buffer (Sigma Aldrich). The solutions were magnetically 

stirred at 1200 rpm for 3 hr at room temperature. The PVDF-TrFE solutions were 

individually electrospun using a grounded rotating mandrel to produce aligned fibers. The 

thickness of the fiber mat was controlled by adjusting the deposition time. A 

comprehensive table including the electrospinning parameters can be found in Table 2.2. 

To further enhance the piezoelectric properties of PVDF-TrFE, the electrospun fiber mats 

were subjected to annealing at 90 °C for 24 hr. The fiber morphology, diameter and 

alignment were characterized using scanning electron microscopy (SEM, Vega3, Tescan, 

Pleasanton, CA). The fibers were sputter-coated with gold to visualize under SEM. Using 

the ImageJ software, at least 100 individual fibers were assessed to determine the 

average fiber diameter and alignment.  

 

3.2.2. Cell culture chamber for mechanical/electrical stimulation 

 A piezoelectric cell culture system was fabricated to apply non-contact 

mechanical/electrical stimulation to the nanofibrous PVDF-TrFE scaffold/cell constructs 

by a vertical actuation stage as described in detail in Chapter 2 (Figure 3.1). The chamber 

was designed to fit into a standard 6-well tissue culture plate. Briefly, the top and bottom 
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casings were 3D-printed with acrylonitrile butadiene styrene (ABS). When assembled, the 

PVDF scaffold is securely held by the silicone o-rings. Stainless steel screws hold the two 

casings together. The center cavity provides an area to hold media while allowing free 

deflection of the cell/scaffold construct under vertical actuation. The exposed area of the 

cell/ scaffold construct has the dimensions of 15 mm x 5 mm.  

 

3.2.3. Piezoelectric characterization of electrospun nanofibers 

 To quantify the potential generation of the PVDF-TrFE scaffolds in the actuation 

system, acellular scaffolds were subjected to mechanical/electrical stimulation inside the 

cell culture system. PVDF-TrFE scaffolds were cut to the dimensions of 45 mm by 5 mm 

with various thicknesses. Gold electrodes with the dimension 40 mm by 4 mm were 

sputtered on both sides of the scaffolds. A hydrophobic poly(styrene-b-isobutylene-b-

stryrene) (SIBS, Sibstar, Kaneka, Pasadena, TX) coating was spray coated on top of gold 

sputtered surfaces to prevent an electrical short circuit.  The processed scaffold was 

assembled into the cell culture chamber and 2 mL of DI water was added. The chamber 

was placed on the vertical actuator and various magnitudes of strains were applied at 3 

Hz while simultaneously measuring resultant potential generation by an oscilloscope 

(Pico Technologies, St. Neots, UK). The peak to peak output voltage was determined for 

200, 500, and 800 nm fiber diameter at various scaffold thicknesses. The magnitude of 

applied strain was determined from images captured during the deflection of scaffolds 

under various magnitudes of actuation. 
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3.2.4. PC12 cell culture 

PC12 cells, a rat adrenal pheochromocytoma cell line, were purchased from ATCC 

(Manassas, VA). The cells were maintained on tissue culture plates coated with type I 

collagen from rat tail (Sigma Aldrich) in F12K medium (ATCC), supplemented with 15% 

horse serum (Sigma Aldrich), 2.5% fetal bovine serum (FBS, VWR, Radnor, NJ), and 1% 

antimycotic/antibiotic solution (Corning, Corning, NY). To pre-differentiate the PC12 cells, 

the cells were detached from the surface by a cell scraper. To disintegrate cell clumps, 

the cells were passed through a 22 G needle several times. The cells were then seeded 

onto tissue culture plates at a density of 30,000 cells/cm2
 in starvation differentiation 

media (F12K medium supplemented with 1% FBS and 1% antimycotic/antibiotic solution). 

The cells were allowed to adhere for 6 hr, followed by the supplementation of the media 

with 50 ng/mL nerve growth factor (2.5S) (Corning). The cells were allowed to pre-

differentiate for 48 hr before detaching by mechanical scraping for subsequent cell 

seeding on the scaffolds.  

 

3.2.5. The effects of scaffold morphological and electrical stimulation on cellular behaviors 

 To determine the effects of PVDF-TrFE fiber diameter on neurite elongation, pre-

differentiated PC12 cells were separately seeded onto PVDF-TrFE scaffolds with fiber 

diameters of 200, 500, or 800 nm at a density of 40,000 cells/cm2
. The cells were cultured 

for 96 hours, before fixation in 4% paraformaldehyde (PFA) for the morphological analysis 

as described below.  
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To determine the effects of the various magnitudes of applied potential regimen, 

pre-differentiated PC12 cells on the PVDF-TrFE scaffolds having an average fiber diameter 

of 500 nm were electrically stimulated without mechanical perturbation. The cell/scaffold 

construct was placed on a conductive surface to apply an electric field with respect to the 

thickness of the construct (Figure 3.1 (A)). Gold-coated polystyrene were cut out to the 

dimensions of 15 mm x 5 mm and adhered to a tissue culture plate. A PVDF-TrFE scaffold 

with the same dimensions was glued to the surface of the polystyrene. A hole was drilled 

through the tissue culture plate to expose the conductive polystyrene to make electrical 

connection to a function generator. A grounded gold-coated coverslip was placed 5 mm 

above the gold-coated polystyrene. A function generator was utilized to control the 

electrical impulses applied to the conductive surface at 100, 200, and 400 mVp-p, with its 

shape similar to potential peaks generated from piezoelectrically actuated PVDF-TrFE 

scaffolds. The cell culture plates for this electrical stimulation were sterilized by ethanol 

and UV treatment of 30 min and 1 hr, respectively. The pre-differentiated cells by NGF 

treatment for 48 hr were detached and reseeded onto the PVDF-TrFE scaffolds at the 

density of 40,000 cells/cm2
. The cells were allowed to attach for 24 hr prior to being 

subjected to electrical stimulation. The PC12 cells were either electrically stimulated once 

for 2 hr, followed by 72 hr of static culture or daily stimulated for 2 hr for three days. For 

both conditions, the cells were cultured in a total duration of 96 hrs before fixation in 4% 

paraformaldehyde (PFA). 

 



74 
 

3.2.6. The effects of mechanical/electrical stimulation on cellular behaviors 

Once the optimal scaffold fiber diameter and applied potential regimen were 

determined as described above, the differentiated PC12 cells were subjected to 

mechanical/electrical stimulation on PVDF-TrFE by using the vertical actuation stage. The 

scaffolds with the dimensions of 45 mm x 5 mm were treated with 20% FBS for 12 hr 

before cell seeding to enhance the adhesion of PC12 cells to the scaffolds. A hydrophobic 

SIBS coating was applied to leave an area of 10 mm x 5 mm to confine cell culture space. 

The scaffolds were assembled into the sterile chamber individually and the pre-

differentiated cells were seeded onto the scaffolds at a density of 40,000 cells/cm2
 . The 

seeded cells were allowed to attach for 2 hrs before filling up the chamber with additional 

media. The cells were cultured for 24 hrs before subjecting them to mechanical/electrical 

stimulation. Similarly to the method used for determining potential generation of 

acellular PVDF-TrFE scaffolds, the cell-seeded scaffold was actuated by the vertical 

actuation stage to produce the optimum potential determined in the electrical 

stimulation study as previously described. The cell/scaffold constructs were either 

stimulated once for 2 hrs followed by 72 hrs of static culture or daily stimulated for 2 hrs 

for three days. For both conditions, the cells were cultured in a total duration of 96 hrs 

before fixation in 4% PFA. 
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3.2.8. Morphological characterization of PC12 cells 

To visualize the elongation of neurites, the fixed cells were immune-stained with 

beta III-tubulin (Thermo Fisher), and counter-stained the nucleus with 4’,6-Diamidino-2-

Phenylindole (DAPI, Vector Labs, Burlingame, CA) nucleus and actin with Alexa Fluor 488-

Phalloidin (Invitrogen, Carlsbad, CA). By imaging analysis using the ImageJ, neurite length, 

percentage of cell population bearing neurites, and the percentage of neurite-bearing 

cells possessing neurite lengths, within a certain range, greater than the nuclei length 

were quantitatively determined for both electrical and mechanical/electrical stimulation 

studies. 

 

3.2.9. Statistical analysis 

Statistical analysis was performed with at least three biologically independent 

samples, and represented as an average ± standard deviation (SD) or standard error of 

mean (SEM) as indicated. The data were subjected to ANOVA with Tukey’s post-hoc test 

using the SPSS software (IBM) to determine statistical significance (p < 0.05). 

 

3.3. Results 

3.3.1. Effects of nanofibrous piezoelectric PVDF-TrFE on neurite elongation 

The fiber diameter of electrospun scaffolds has been shown to significantly affect 

the alignment of neuronal cells, thus the neurite elongation (ref). In addition, we have 

recently shown that the fiber diameter of electrospun PVDF determines the piezoelectric 
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performance of the scaffolds as smaller fiber diameters exponentially enhance the 

piezoelectric constant (ref). To optimize fiber diameter that achieves a balance between 

high piezoelectric properties while promoting the elongation of neurites, PVDF was 

electrospun to produce three distinctly different fiber diameters. Various electrospinning 

conditions including solution properties (solvent system, polymer concentration, 

additives), processing parameters (solution flow rate, spinneret-to-collector distance), 

and environmental conditions (temperature and humidity) were optimized to 

reproducibly produce an average fiber diameter of 200, 500, or 800 nm (Figure 3.2 (A)). 

These scaffolds were morphologically characterized for their fiber diameter and 

alignment using SEM (Figure 3.2 (A)). Larger fiber diameter enhanced alignment, but all 

scaffolds exhibited relatively high fiber alignment within 20° of the neutral axis (Figure 

3.2 (B)).  

The fiber size-dependent piezoelectric performance of the electrospun PVDF 

scaffolds was determined by subjecting the samples to the vertical actuator at 3 Hz 

(Figure 3.3). The mechanical perturbation of the scaffolds generated electric potentials 

exhibiting the characteristic piezoelectric double peaks during each oscillation (up and 

down translational motion of the chamber). As expected from our previous study 

demonstrating the fiber size-dependency of piezoelectric constants in electrospun PVDF-

TrFE, the smallest fiber diameter scaffolds generated the highest output voltage. 

Furthermore, the potential generation increased as the scaffold thickness increased for 

all fiber sizes. These results provided a means to tune the morphological properties of the 
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scaffolds (i.e., fiber diameter and scaffold thickness) accordingly for designed 

piezoelectric performance in the subsequent experiments. 

 We next examined the effects of fiber diameter on neuronal cell behaviors as the 

direction of neurite elongation is guided by the combination of fiber diameter and 

alignment (Figure 3.4). PC12 cells exhibited greater directionality on the scaffolds with 

larger fiber diameters that likely prevented spreading of the cells across adjacent fibers. 

The greater alignment of the cells on larger fiber diameters appears to positively affect 

neurite formation and its elongation. The average neurite length of the cells cultured on 

scaffolds with 800 nm fiber diameter was approximately 81 µm. The average number of 

neurites per cells was also greater in the cells on the scaffolds with larger fiber diameters 

(Figure 3.4B).The larger fiber diameter also induced a greater number of the cells to 

possess neurites longer than 4 times of the nucleus size (Figure 3.4D). To balance the 

better piezoelectric performance of the smaller fiber and the greater neuronal cell 

behaviors on the larger fiber, the scaffolds with an average fiber diameter of 500 nm were 

utilized for the remainder of the experiments. 

 

3.3.2. Effects of electrical stimulation on neurite elongation 

To determine the optimal electric potential to promote neurite elongation in PC12 

cells, the cells were subjected to different magnitudes of electric fields (Figure 3.5 (A)). 

To take into account the contribution from scaffold morphology on cellular behaviors, the 

cells were cultured on electrospun PVDF with an average fiber diameter of 500 nm and 
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during electrical stimulation. A peak-to-peak electric potential of 100, 200, or 400 mV at 

3 Hz, with a wave form similar to piezoelectric potential generation shown in Figure 3, 

was applied to the cells. Cellular responses were quantified by imaging analysis (Figure 

3.5). As the magnitude of electrical stimulation increased from 0 (control) to 200 mVp-p, 

PC12 cells increased neurite formation and elongation. However, a high magnitude of 400 

mVp-p resulted in a significant decline neurite length due to cell death. The multi-day 

application of both 100 and 200 mVp-p, induced a greater percentage of PC12 cells that 

possessed neurites as well as promoted greater neurite elongation. Lastly, multi-day 

stimulation induced the greatest number of cells that possess neurites in the range of 6-

10 times longer than the nucleus body.  

 

3.3.3. Effects of mechanical/electrical stimulation on neurite elongation 

From the previous results, the thickness of PVDF-TrFE scaffold with an average 

fiber diameter of 500 nm was optimized to produce 200 mVp-p under mechanical 

perturbation. Pre-differentiated PC12 cells were seeded on these scaffolds and stabilized 

for 24 hr before the mechanical/electrical stimulation in the cell culture system. Based on 

the electrical stimulation study, a multi-day mechanical/electrical stimulation regimen 

was selected and carried out for 96 hr. Cellular responses were quantified by imaging 

analysis (Figure 3.6). Both mechanical/electrical stimulation conditions enhanced neurite 

formation and elongation as compared to static culture. At the end of the culture 

duration, mechanical/electrical stimulation condition induced the greatest number of 
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neurite-formed cells with its average length greater 6 to 8 times greater than their nucleus 

body. These results demonstrate that electrical activity from the PVDF-TrFE induced 

neurite formation and promoted elongation parallel to the direction of the fiber mat. 

 

3.4. Discussion 

Electrical stimulation has been shown to facilitate nerve regeneration by 

enhancing the secretion of neurotrophic factors from glial cells to support axon 

regeneration and/or directly promoting neurite elongation [10, 15, 16]. Several in vivo 

studies demonstrated the efficacy of electrical stimulation promoting nerve outgrowth in 

rat models of nerve injury [17-19]. The first human clinical trial showed a promising 

potential of therapeutic electrical stimulation, where improved post-surgical outcomes 

were achieved by localized low frequency of electrical stimulation on patients with their 

median nerve compressed in the carpal tunnel causing loss of functional nerve-muscle 

contracts [20]. Despite these positive outcomes, the application of electrical stimulation 

in the clinical setting is limited by several factors; its invasive nature requires the 

implantation of exposed electrodes. Furthermore, the electrode approach can activate 

neuron(s) only in direct contact with or close proximity to the electrodes, resulting in a 

small localized effective area.  To address these issues, various methodologies have been 

developed to globally deliver electrical stimulation to a severed nerve using a continuous 

graft connecting the nerve gap. 
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 Conductive nerve guidance conduits provide an opportunity to implement 

electrical stimulation as a means to guide the regeneration and regrowth of axons while 

reducing the infiltration of fibrous tissue. Several in vitro studies demonstrated enhanced 

neurite elongation of neuronal cells under electrical stimulation via conductive polymer 

scaffolds [6, 7, 21, 22]. In vivo, Xu et al. recently showed enhanced functionality of 

regenerated nerve using a PPy-PDLLA conduit in a rat sciatic nerve transection model, 

where a higher density of thick myelin sheaths of the cells in the PPy-PDLLA conduit was 

observed as compared to an autograft [23]. These studies collectively suggest a great 

potential of electrical stimulation to drive nerve regeneration, but it requires the use of 

implanted electrodes for clinical applications.  

In this regard, piezoelectric materials provide a means to non-invasively induce 

electrical potentials. Especially, PVDF and its derivatives including PVDF-TrFE have been 

utilized for such applications due to their excellent biocompatibility and relatively high 

piezoelectricity for polymers. Early evidence of the implantation of poled PVDF conduits 

compared to unpoled conduits demonstration the feasibility of piezoelectric materials to 

enhance partial axon regeneration with myelination [24]. Recently, Lee et al. exploited 

the enhanced piezoelectricity of PVDF-TrFE scaffolds synthesized by electrospinning to 

accelerate neurite outgrowth of dorsal root ganglion neurons or promote neural 

differentiation of human neural stem/progenitor cells [13, 25]. However, these studies 

were likely unable to utilize the true potential of piezoelectricity as it requires dynamic 

straining of the materials to generate electrical potential. Although they attributed the 
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enhancement in cellular behaviors to piezoelectric responses of the PVDF fibers 

developed by cell exerting forces, they would be likely due to surface charges of the fibers 

[26].  

In contrast, we optimized piezoelectric properties of PVDF-TrFE with a systematic 

approach and thorough material characterization, to generate the appropriate electric 

potential of 200 mVp-p to stimulate neuronal cells by non-contact mechanical 

perturbation of electrospun PVDF-TrFE scaffolds. A  recent study showed the novel use of 

aligned conductive polymer PLLA-graphene oxide scaffolds to induce PC12 cell neurite 

length of 90 µm in 6 days. With our optimized PVDF-TrFE scaffolds, we demonstrated that 

PC12 cells exposed to multi-day mechanical/electrical stimulation exhibited significantly 

enhanced neurite formation of 100 µm in merely three days of stimulation and 60% of 

the population possessed neurites. This signifies the potency of external piezoelectric 

stimulus for nerve regeneration. Furthermore, considering the relatively porous structure 

of electrospun PVDF-TrFE scaffolds that allow for selective diffusion of macromolecules 

and neurotrophic factors, our results demonstrate the promising potential of PVDF-TrFE 

to enhance nerve regeneration. 

 

3.5. Conclusion 

In the present study, we demonstrated that mechanical/electrical stimulation was 

effective in enhancing neuronal cell elongation. Under multi-day application of 

mechanical/electrical stimulation for 96 hr produced an average neurite length of 



82 
 

approximately 100 µm with 60% of the cell population possessing elongated neurites as 

compared to 72 µm and 20%, respectively for the statically cultured cells. Of this 

population of cells, 40% possessed neurites that were 6 to 7 times longer than the nucleus 

body.  These results exemplify the potential of utilizing non-contact electrical stimulation 

induced by PVDF-TrFE for enhancing neuronal activities for the application of nerve 

regeneration.  
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Figure 3.1. Piezoelectric cell culture system. (A) A schematic of the expanded cell culture 

system. (B) A photograph of an assembled cell culture device with a PVDF-TrFE aligned 

scaffold. 

  

Top casing 

Cell-seeded 
PVDF scaffold 

Silicone o-ring 

Bottom casing Dimension of scaffold exposed to 
mechanical stimulation: 0.5 cm x 1.4 cm 

(A) (B) 
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Figure 3.2. Morphological characterization of electrospun PVDF-TrFE aligned 

nanofibers. (A) SEM images of PVDF-TrFE aligned nanofibers with various average fiber 

diameters (inset: fiber diameter histogram). (B) Fiber alignment histograms of PVDF-TrFE 

aligned nanofibers with various fiber diameter. 
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Figure 3.3. Piezoelectric characterization of PVDF-TrFE scaffolds having various fiber 

diameters and scaffold thicknesses. (A) The characteristic voltage response of PVDF-TrFE 

nanofibers with fiber diameters of 200, 500, and 800 nm and a fiber mat thickness of ~50 

µm at the strain values of: 200 nm = 0.037%, 500 nm = 0.035%, 800 nm = 0.033%. The 

inset represents the recording of several peaks. (B) The relationship between the applied 

strain and output voltage when subjected to mechanical perturbation.  
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Figure 3.4. Effects of different fiber diameter on neurite formation and elongation. (A) 

Representative immunofluorescence images showing actin morphology of PC12 cells 

cultured on 200, 500, and 800 nm fiber diameter. Quantification of (C) the percentage of 

cell population bearing neurites, (D) the percentage of neurite-bearing cells possessing 

neurite lengths, within a certain range, greater than the nuclei length, and (E) the average 

neurite length. (Scale bar = 100 µm) 
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Figure 3.5. Effect of electrical stimulation on neurite formation and elongation. (A) A 

schematic of the electrical stimulation set up. (B) Representative immunofluorescence 

images showing actin morphology of PC12 cells subjected to a single or multi-day 

application of 100, 200, and 400 mVp-p. Quantification of (C) the percentage of cell 

population bearing neurites, (D) the percentage of neurite-bearing cells possessing 

neurite lengths, within a certain range, greater than the nuclei length, and (E) the average 

neurite length. (Scale bar = 100 µm) 
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Figure 3.6. Effects of mechanical/electrical stimulation on neurite formation and 

elongation. (A) Representative immunofluorescence images showing actin morphology 

of PC12 cells subjected to multi-day mechanical/electrical stimulation and static. 

Quantification of (C) the percentage of cell population bearing neurites, (D) the 

percentage of neurite-bearing cells possessing neurite lengths, within a certain range, 

greater than the nuclei length, and (E) the average neurite length. (Scale bar = 100 µm) 
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CHAPTER 4. MECHANICAL/ELECTRICAL STIMULATION ENHANCES GLIAL 

CELL FUNCTIONALITY 

 

Abstract 

 Glial cells of the peripheral and central nervous system play an essential role in 

the process of axon regeneration when the nerve is injured. When a peripheral nerve is 

damaged, Schwann cells, the glial cell type of the peripheral nervous system, are 

responsible for clearing necrotic axon and myelin debri, secreting neurotrophic factors to 

induce axon regrowth, and myelinate the regenerated axon. Following injury of a central 

nerve, neural stem cells differentiate into oligodendrocytes and astrocytes, the glial cell 

types of the central nervous system, to remyelinate the axon and for glial scar tissue 

which possess supportive factors for axon regrowth, respectively. Electrical stimulation 

has been widely investigated for its use to enhance nerve regeneration due to the innate 

electrical nature of the nervous system. Specifically, electrical stimulation has shown to 

enhance the functionality of glial cells. In this study, we demonstrated the capability of 

subjecting electrical stimulation by non-contact mechanical/electrical stimulation of 

aligned electrospun PVDF-TrFE scaffolds to induce the maturation of functional glial cells 

from the PNS and CNS. Mechanical/electrical stimulation induced Schwann cells of the 

PNS produced NGF for enhancing axon regrowth. Alternatively, mechanical/electrical 

stimulation induced differentiation of NSCs toward myelin-secreting oligodendrocytes 

and axon permissive factor-producing astrocytes.  
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4.1. Introduction 

 Injury to the peripheral and central nervous systems often leads to minimal or 

permanent loss of motor and sensory functions. It is debilitating and significantly 

decreases an individual’s quality of life. Functional recovery depends of the capacity of 

axon regeneration following neural damage, whether it be from a traumatic injury or 

disease.  The peripheral nervous system (PNS) is naturally more capable of axon repair 

than the central nervous system (CNS) after injury as a result of its own promoting cellular, 

environmental, and intrinsic factors (Figure 4.1) [1]. Specifically, the behaviors of glial 

cells, such as Schwann cells in the PNS, and oligodendrocytes and astrocytes of the CNS, 

play an important role in the regeneration process [2, 3].  

 When the PNS is damaged and axons are transected, a process known as Wallerian 

degeneration occurs and the distal axon stump degenerates to the target tissue [4]. 

Native Schwann cells, the glial cell of the PNS, dedifferentiate and convert into a repair 

Schwann cells phenotype to create and enhance a permissive environment to facilitate 

axon regeneration. These reprogrammed cells are responsible for the upregulation of 

neurotrophic factors, including nerve growth factor (NGF), elevation of pro-inflammatory 

(IL-1β and TNFα) and anti-inflammatory (IL-4 and IL-10) cytokines, recruitment of 

macrophages and additional Schwann cells for myelin breakdown and clearance , and 

formation of regeneration pathway for directing axons towards their target tissue [5, 6]. 

 In contrast, when a CNS axon is damaged, i.e. spinal cord injury or traumatic brain 

injury, it does not spontaneous regenerate due to its prohibitive inflammatory 
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environment [7]. In response to an injury, adult neural stem cells in the white matter of 

the spinal cord differentiate into oligodendrocytes and astrocytes [8]. The differentiated 

mature myelinating oligodendrocytes, a glial cell type of the CNS, quickly remyelinates 

axons and secrete metabolic factors to maintain CNS neurons. However, reactive 

astrocytes form glial scars that create a physical barrier, inhibiting axon regeneration [9]. 

It was originally believed that the formation of glial scar tissue was the major inhibitory 

factor for regeneration following CNS injury. However, it has been recently demonstrated 

that regeneration cannot occur in the absence of glial scar formation [10]. In fact, scar-

forming astrocytes upregulate growth supportive factors, CSPG4 and CSPG5, that 

promote axon regrowth. Therefore, it is essential to modulate the cellular activities of 

both myelinating oligodendrocytes and extracellular matrix-producing astrocytes to 

promote nerve regeneration across severe CNS injuries.  

 Applied electric field has been demonstrated to accelerate nerve regeneration in 

both PNS [11-13] and CNS [14-16]. In particular, glial cells have been shown to respond to 

electrical cues by activation of voltage-gated ion channels [17, 18]. In Schwann cells, 

electrical stimulation induces calcium influx through T-type voltage-gated calcium 

channels and subsequently enhances nerve growth factor (NGF) production, a 

neurotrophic protein essential for axon growth [19]. Electrical stimulation can also 

modulate neural stem cell behavior to differentiate towards the two glial cell types in the 

CNS, oligodendrocytes and astrocytes, as well as neurons [20, 21]. Despite its promising 

potential for stimulating glial cell differentiation and functionality, the application of 
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electrical stimulation has been limited in clinical settings due to its invasive implantation 

of electrodes and limited stimulation area. 

 In this regard, piezoelectric materials can be utilized as a non-contact electrical 

stimulation platform for glial cell differentiation. When the piezoelectric material is 

subjected to mechanical stress, an electric charge is generated at the surface of the 

material [22]. Poly(vinylidene fluoride) (PVDF) and its derivatives including P(VDF-

trifluoroethanol) (PVDF-TrFE), biocompatible piezoelectric polymer, have been explored 

as a platform for nerve regeneration, including the stimulating Schwann cells to secrete 

neurotrophic factors, inducing differentiation of neural stem cells, and promoting neurite 

elongation of dorsal root ganglia [23-25]. However, due to the lack of systematic 

piezoelectric characterization and limited mechanistic understandings, the full potential 

of the piezoelectric polymer is yet to be explored.   

In this study, PVDF-TrFE nanofibrous scaffolds were utilized to determine their 

potential for enhancing glial cell differentiation and functionality. Schwann cells and 

neural stem cells were subjected to mechanical/electrical stimulation and their changes 

behaviors were observed by assessing changes in gene and protein expression.  We 

demonstrated the anabolic activities of mechanical/electrical stimulation to promote the 

functionalization of Schwann cells to mature myelinating cells and the differentiation of 

neural stem cells to oligodendrocytes and astrocytes for potential enhancement of nerve 

regeneration. 
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4.2. Materials and methods 

4.2.1. Synthesis and morphological characterization of PVDF-TrFE nanofibrous scaffolds 

11.5 wt.% PVDF-TrFE (Solvay, Belgium)  was dissolved in a 60/40 volume ratio of 

dimethylformamide (DMF, Sigma Aldrich, St. Louis, MO) to acetone (Sigma Aldrich) 

solvent system, with the addition of 1 wt.% pyridinium formate (PF) buffer (Sigma 

Aldrich). The solution was magnetically stirred at 1200 rpm for 3 hr at room temperature. 

A high voltage source was utilized to apply -18.4 kV to charge the solution dispensing 

through a 22 G needle at 6 ml/hr and elongate the fluid jet across a 10 cm needle tip to 

grounded collector distance. Finally, the fluid jet was collected onto a high speed 

grounded mandrel rotating at 47.9 m/s to produce aligned fibers. The fibers were 

collected for 4 hr to produce a 200 µm thick scaffold. Lastly, the electrospun fiber mats 

were subjected to annealing at 90 °C for 24 hr to further enhance the piezoelectric 

properties of PVDF-TrFE. 

 

4.2.2. Cell culture for mechanical/electrical stimulation 

 A custom cell culture system was utilized to apply non-contact 

mechanical/electrical stimulation to the cell-seeded electrospun PVDF-TrFE scaffolds by 

a translational actuation stage (Figure 2.5). PVDF-TrFE scaffolds were cut into 45 mm X 5 

mm strips. A hydrophobic SIBS coating was applied to leave an area of 15 mm x 5 mm to 

confine the cell culture space. The cell culture chamber and PVDF-TrFE strips were 

sterilized separately in 70% ethanol for 1 hr. The cell culture chamber was dried overnight 
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drying to remove any ethanol vapor. The PVDF-TrFE strips were washed in PBS before 

assembling into the dried, sterile chamber.  

 Immortalized rat neuronal Schwann cells (RSC96) were purchased from ATCC 

(Manassas, VA). They were cultured in high glucose Dulbecco’s Modified Eagle Medium 

(DMEM, Lonza, Morristown, NJ), supplemented with 10% fetal bovine serum (FBS, VWR, 

Radnor, NJ) and 1% penicillin/streptomycin (Mediatech, Manassas, VA) and maintained 

in a standard 37 °C incubator with 5% CO2. Medium was replaced every 2-3 days and once 

it reached 70-80% confluency the cells were detached using 0.25% Trypsin/EDTA (Life 

Technologies, Carlsbad, CA) for 3 min at 37 °C. The RSC96 were seeded onto the PVDF-

TrFE scaffold assembled in the cell culture chamber at 5,000 cells/cm2 and allowed to 

attach for 2 h prior to filling the cell culture chamber. During the experiment, the cells 

were maintained in the maintenance media with no additional growth factors. 

 Alternatively, C17.2 neural stem cells (NSCs), derived from the cerebellum of 

neonatal mouse, were cultured in high glucose DMEM, supplemented with 10% FBS 

(Sigma Aldrich, St Louis, MO), 5% horse serum (Gibco, Gaithersburg, MD), 1% sodium 

pyruvate (Gibco), and 1% penicillin/streptomycin in a standard 37 °C incubator with 5% 

CO2. The cells were cultured up to 70-80% confluency and medium was replaced every 2-

3 days. Once the cells reached confluency, the cells were incubated in 0.05% trypsin 

EDTA/PBS for 2 min at 37°C. The NSCs were seeded onto the sterile PVDF-TrFE scaffolds 

assembled in the cell culture chamber at 5,000 cells/cm2 and the cells were allowed to 

attach for 2 hours before filling up the chamber with additional media. During the 
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experiment, the cells were maintained in the maintenance media with no additional 

growth factors. 

The cells seeded on the PVDF-TrFE scaffolds were cultured for 24 hr before 

subjecting them to mechanical/electrical stimulation. The cell-seeded scaffold was 

vertically actuated on the vertical oscillation stage to apply a surface strain of 

approximately 0.03%, which was determined to generate 200 mVp-p for a 200 µm thick 

PVDF-TrFE scaffold when oscillating at 3 Hz. The cell/scaffold constructs were either 

stimulated daily for 2 hr for seven days. As a control, cells were cultured in the cell culture 

system statically as well as on tissue culture plates for the same duration. At the 

conclusion of the experiment, cells were subjected to lysis buffer for gene expression 

analysis or 4% paraformaldehyde (PFA) for protein expression analysis. 

 

4.2.3. Protein expression analysis 

To determine if mechanical/electrical stimulation induced the production of NGF 

by RSC96, NGF receptors on the cells were stained with anti-NGF (Santa Cruz 

Biotechnology, Dallas, TX) as the primary antibody and with Alexa Fluor-594 (Jackson 

ImmunoResearch, West Grove, PA) as the secondary antibody. The samples were 

subsequently counter-stained with 4’,6-Diamidino-2-Phenylindole (DAPI, Vector 

Laboratories, Burlingame, CA) for nuclei and Alexa Fluor-488 Phalloidin (Invitrogen, 

Carlsbad, CA) for actin. 
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To characterize the phenotypic changes to NSCs that occurred during 

mechanical/electrical stimulation, the cells were immuno-stained with primary 

antibodies for markers of either NSCs (Nestin, DSHB, Iowa City, IA), neurons (βIII tubulin, 

Thermo Fisher Scientific, Waltham, MA), oligodendrocytes (O4, R&D Systems, 

Minneapolis, MN), or astrocytes (GFAP, Santa Cruz Biotechnology) with the appropriate 

secondary antibody Alexa Fluor-488. The samples were counter-stained with DAPI and 

Alexa Fluor-594 followed by analysis using immunofluorescence microscopy. The ImageJ 

software was utilized to determine the fluorescence intensity of each protein of interest. 

 

4.2.7. Gene expression analysis 

The effects of mechanical/electrical stimulation on RSC96 and NSCs, gene 

expression after 7 days of mechanical/electrical stimulation were determined at the gene 

level by real-time polymerase chain reaction (RT-PCR). Total RNA was extracted using an 

RNeasy Micro Kit (Qiagen, Valencia, CA), and cDNA synthesis was performed using iScript 

cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to manufacturers’ protocols. Real-

time PCR was performed to determine the gene expression of myelinating factors of rat 

RSC96s (Table 4.1) and phenotypic markers for mouse NSCs (Table 4.2). Data were 

analyzed by the comparative threshold cycle (CT) method using Rps18 for RSC96s and 

Gapdh for NSCs as an endogenous control. 
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4.2.8. Statistical analysis 

Statistical analysis was performed with at least three biologically independent 

samples, and represented as an average ± standard deviation (SD) or standard error of 

mean (SEM) as indicated. The data were subjected to ANOVA with Tukey’s post-hoc test 

using the SPSS software (IBM) to determine statistical significance (p < 0.05). 

 

4.3. Results 

4.3.1. Effects of non-contact mechanical/electrical stimulation on RSC96 

 Based on our previous study, the solution and electrospinning parameters were 

optimized to produce 200 µm thick scaffold of uniform cylindrical structures with a fiber 

diameter of 500 nm and 90% alignment within 20° deviation. RSC96 cells, a rat Schwann 

cell line, were seeded on the piezoelectric scaffolds and subjected to a dynamic strain 

regimen to produce approximately 200 Vp-p, which has shown to enhance neuronal 

functions. The effects of mechanical/electrical stimulation by PVDF-TrFE on the cells were 

was determined by immunocytochemistry (Figure 4.2) and real-time polymerase chain 

reaction (rt-PCR) (Figure 4.3). RSC96 cells cultured statically on the scaffolds and on tissue 

culture plastics served as controls.  Under the static condition on the scaffolds, the cells 

grew in colonies, similar to those cultured on tissue culture plates. In contrast, 

mechanical/electrical stimulation induced more single cell formation (Figure 4.2 (A)). 

Coincidently, the expression of NGF by RSC96 was significantly greater in the 

mechanical/electrical stimulation condition as compared to statically cultured cells on 
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PVDF-TrFE (Figure 4.2 (B)). Furthermore, the application of mechanical/electrical 

stimulation induced a significant upregulation in gene expression of pro-myelinating 

Schwann cell markers, NGF, Krox20, and PMP22, while there was suppression of the 

immature Schwann cell marker, NCAM-1 (Figure 4.3).  

   

4.3.2. Effects of mechanical/electrical stimulation on NSCs 

 To determine the effects of mechanical/electrical stimulation on the phenotypic 

fate of NSC, changes in protein and gene expression by immunocytochemistry (Figure 4.4 

and 4.5) and rt-PCR (Figure 4.6, 4.7 and 4.8), respectively, were analyzed. At the protein 

level, expression of Nestin, a NSC marker, is prevalent in both static and piezoelectric 

conditions, indicating there are still naïve undifferentiated cells differentiating (Figure 

4.5). It is also observed that the NSC maintained its typical round morphology. Although 

both mechanical/electrical stimulation and static condition expressed the neuronal 

marker, βIII tubulin, as well as having an elongated cellular morphology characteristic of 

neurons,0 there is greater intensity of expression in the stimulated condition. 

Interestingly, the expression of oligodendrocyte marker, O4, and astrocyte marker, GFAP, 

were only observed in the mechanical/electrical stimulation conditions. Relative changes 

in gene expression for the maintenance of NSC phenotype or for differentiation towards 

the three neural cell types of the CNS was analyzed by rt-PCR. There was a downregulation 

of NSC genes in both static and mechanical/electrical stimulation conditions, indicating 

the on-going differentiation of cells (Figure 4.6), while there was a downregulation in the 
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immature neuron marker, Tubb3, but an upregulation of mature neuron marker, Map2 

and Eno2, under mechanical/electrical stimulation. This gene expression agrees with the 

observation of greater expression of βIII tubulin at the protein level. As expected from 

the immunocytochemistry results, mechanical/electrical stimulation induced a significant 

upregulation in gene expression for both oligodendrocyte (Olig1, Cldn11, and Mog) and 

astrocyte (Gfap, Cspg4, and Ntf3) markers, signifying the capability of 

mechanical/electrical stimulation to differentiate NSCs into glial cell types. 

 

4.4. Discussion 

 The present study demonstrated that mechanical/electrical stimulation was 

effective in modulating glial cell behavior. In Schwann cells (RSC96), a glial cell type in the 

PNS, mechanical/electrical stimulation enhanced the production of a neurotrophic factor, 

NGF. In NSCs, mechanical/electrical stimulation induced the differentiation towards 

oligodendrocytes and astrocytes, glial cell phenotypes of the CNS, required for nerve 

regeneration. 

A peak-to-peak voltage of 200 mV produced by PVDF-TrFE at 3 Hz, 2 hr per day for 

7 days resulted in changes in gene and protein expression of myelinating markers and 

neurotrophin secretion in Schwann cells. Nerve growth factor (NGF), early growth 

response 2 (Krox20), and peripheral myelin protein 22 (PMP22) are markers that indicate 

myelination of Schwann cells [26, 27]. In contrast, NCAM-1 is expressed in immature 

Schwann cells during development. When Schwann cells convert into their myelinating 
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phenotype, a downregulation of NCAM-1 is observed, while an upregulation of NGF, 

Krox20, and PMP22 occurs.  Schwann cells have been shown to respond to electrical cues 

due to activation of voltage-gated calcium channels [28].  Calcium ions have been 

demonstrated to regulate many electrical stimulation-induced intracellular events, 

including its important role in regulating neurotrophin expression [17, 19, 29]. 

Specifically, NGF production in Schwann cells has been shown to require both an influx of 

calcium across the plasma membrane as well as calcium immobilization from internal 

calcium reservoirs [19, 30]. Both of these events can occur when the Schwann cells are 

exposed to electrical stimulation.  

Neural stem cells predominately exist in the white matter of the spinal cord within 

the CNS [31]. Their phenotypic fate is glial cells, mainly oligodendrocytes and astrocytes. 

At the onset of CNS pathological diseases or injuries, NSCs are activated and differentiate 

into myelinating oligodendrocyte and astrocytes [8]. Neuronal activity, i.e., action 

potential propagation, is also important for inducing this transformation of NSC to 

myelinating oligodendrocytes and astrocytes for axon regrowth. These newly 

differentiated cells migrate to the location of the injury site and begin responding 

damaged tissue. The oligodendrocytes begin to remyelinate the damaged axon, while 

astrocytes begin to secrete inhibitory and permissive factors for glial scar formation.  

Recent studies have demonstrated the capability of electrical stimulation to 

induce NSC differentiation [20, 32, 33]. Due to the native electrical activities of neurons, 

NSC differentiation towards neurons has been widely studied [34-36]. Although the 
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mechanism is not clear, electrical stimulation has been found to modulate signaling 

cascades that regulate calcium influxes which subsequently affects mitogenesis [37]. 

Biphasic electrical current has been demonstrated to induce the proliferation and 

differentiation of neural stem cells towards neuronal lineages [38]. Furthermore, 

electrical stimulation by conductive polymers have been utilized to differentiate NSC 

towards neurons with elongated neurites [39]. A similar differentiation of NSCs under 

mechanical/electrical stimulation was observed in this study, evident from the 

downregulation of NSC gene markers. Interestingly, βIII tubulin, a neuronal marker, was 

observed in both stimulated and static conditions. NSCs have been reported to respond 

to substrate morphology, enhancing differentiation towards neurons, due to their 

elongated nature [40, 41]. By culturing the cells on aligned PVDF-TrFE was sufficient to 

induce the cells to differentiate towards neurons, as seen in the static condition. At the 

gene level, there was downregulation of Tubb3, a marker for immature neurons , in both 

mechanical/electrical stimulation and static conditions. However, there was an 

upregulation in Map2 and Eno2, both markers for mature neurons, only under 

mechanical/electrical stimulation, suggesting the functional maturation of the cells [42]. 

Unlike neuronal differentiation of NSCs, their differentiation towards 

oligodendrocytes and astrocytes is less explored.  In the present study, we observed an 

upregulation of oligodendrocyte and astrocyte markers when the NSCs were subjected to 

mechanical/electrical stimulation as compared the static control. At the protein level, 

mechanical/electrical stimulation was enough to induce expression of O4, an 
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oligodendrocyte marker, and GFAP, an astrocyte marker, while there was no expression 

observed in the static conditions. At the gene level, an upregulation of Olig1, a marker for 

the maturation of oligodendrocytes, Cldn11, and Omg, both markers indicating 

myelination of oligodendrocytes [43]. There was also a significant upregulation of Gfap, a 

filament marker of astrocytes, Cspg4, and Ntf3, both markers of secreted protein by 

astrocytes that promote axon regeneration [10]. 

Mechanical/electrical stimulation may either directly or indirectly affect glial 

differentiation of NSC. Mechanical/electrical stimulation can directly affect neural stem 

cells  by activating voltage-gated ion channels, specifically calcium ions, similarly to how 

the stimulation affects Schwann cells . Glial cells can also indirectly benefit from the 

activity of functional neurons activated by mechanical/electrical stimulation. Studies have 

shown that neuronal activity can drive oligodendrocyte progenitors to mature 

oligodendrocytes capable of remyelination of damaged nerves [44, 45]. It has been 

demonstrated that active neurons initiate ATP signaling, which stimulates astrocytes to 

release promoting factors of axon regeneration, such as neuroglycans and neurotrophins. 

The contribution and decoupling of direct and indirect piezoelectric effects on the glial 

cell differentiation of NSCs need further controlled experimentation. Nevertheless, we 

demonstrated that mechanical/electrical stimulation provides a means to enhance the 

functionality of glial cells to promote nerve regeneration. 
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4.5. Conclusion 

 Due to their impact on nerve regeneration, strategies for enhancing glial cell 

functionality can improve methods for effective nerve repair. In this study, we 

successfully demonstrated the feasibility of non-contact mechanical/electrical 

stimulation by aligned electrospun PVDF-TrFE scaffolds to induce the maturation of 

functional glial cells from the PNS and CNS. Mechanical/electrical stimulation induced 

Schwann cells of the PNS produced NGF for enhancing axon regrowth. Alternatively, 

mechanical/electrical stimulation induced differentiation of NSCs toward myelin-

secreting oligodendrocytes and axon permissive factor-producing astrocytes. 
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Figure 4.1. Cellular components of the nervous system. The nervous system is broken 

down into the peripheral and central nervous system. Each system possesses their own 

neuronal and glial cell types. 
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Primer Forward Reverse 

Rps18 5’-CCCGAGAAGTTTCAGCACATC-3’ 5’-ATGGCAGTGATAGCGAAGGCT-3’ 

Ngf 5’-TTCCAGGCCCATGGTACAAT-3’ 5’-AAACTCCCCCATGTGGAAGAC-3’ 

Krox20 5’-TGCGCCTAGAAACCAGACCTT-3’ 5’-ATGCCCGCACTCACAATATTG-3’ 

Pmp22 5’-TGTACCACATCCGCCTTGG-3’ 5’-GAGCTGGCAGAAGAACAGGAAC-3’ 

Ncam-1 5’-TGGAACGCCGAGTACGAAGTA-3’ 5’-TGAACACGAAGTGAGCTGCCT-3’ 

 

Table 4.1. Primer sets for rat RSC96 used for rt-PCR analysis  
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Table 4.2. Primer sets for mouse NSCs used for rt-PCR analysis. 
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Figure 4.2. NGF protein expression of RSC96 cells subjected to mechanical/electrical 

stimulation for 7 days. (A) Protein expression for secretory protein, NGF, of myelinating 

RSC96 cells cultured (A) statically or (B) subjected to mechanical/electrical stimulation on 

PVDF-TrFE. (B) The fluorescent intensity was compared between the two conditions. 

(Scale bar = 100 µm) 
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Figure 4.3. The relative gene expression of RSC96 subjected to mechanical/electrical 

stimulation for 7 days determined by RT-PCR. Myelination markers (Krox20, PMP22, and 

NCAM-1) and secretion of NGF. The gene expression of RSC96 cultured on tissue culture 

plates was used as a control. 
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Figure 4.4. Nestin protein expression of mNSCs subjected to mechanical/electrical 

stimulation for 7 days. Protein expression for neural stem cell marker, Nestin, of mNSC 

cultured statically or (B) subjected to mechanical/electrical stimulation on PVDF-TrFE. 

(B) The fluorescent intensity was compared between the two conditions. (Scale bar = 

100 µm) 
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Figure 4.5. The relative gene expression of neural stem cell markers of mNSCs subjected 

to mechanical/electrical stimulation for 7 days determined by RT-PCR. The gene 

expression of mNSC cultured on tissue culture plates was used as a control. 

  



114 
 

 

Figure 4.6. βIII tubulin protein expression of mNSCs subjected to mechanical/electrical 

stimulation for 7 days. Protein expression for neuronal marker, βIII tubulin, of mNSC 

cultured statically or (B) subjected to mechanical/electrical stimulation on PVDF-TrFE. 

(B) The fluorescent intensity was compared between the two conditions. (Scale bar = 

100 µm) 
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Figure 4.7. The relative gene expression of neuron makers of mNSCs subjected to 

mechanical/electrical stimulation for 7 days determined by RT-PCR. The gene expression 

of mNSC cultured on tissue culture plates was used as a control. 
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Figure 4.8. O4 protein expression of mNSCs subjected to mechanical/electrical 

stimulation for 7 days. Protein expression for oligodendrocyte marker, O4, of mNSC 

cultured statically or (B) subjected to mechanical/electrical stimulation on PVDF-TrFE. 

(B) The fluorescent intensity was compared between the two conditions. (Scale bar = 

100 µm) 
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Figure 4.9. The relative gene expression of oligodendrocyte markers of mNSCs subjected 

to mechanical/electrical stimulation for 7 days determined by RT-PCR. The gene 

expression of mNSC cultured on tissue culture plates was used as a control. 
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Figure 4.10. GFAP protein expression of mNSCs subjected to mechanical/electrical 

stimulation for 7 days. Protein expression for astrocyte marker, GFAP, of mNSC cultured 

statically or (B) subjected to mechanical/electrical stimulation on PVDF-TrFE. (B) The 

fluorescent intensity was compared between the two conditions. (Scale bar = 100 µm) 
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Figure 4.11. The relative gene expression of astrocyte markers of mNSCs subjected to 

mechanical/electrical stimulation for 7 days determined by RT-PCR. The gene expression 

of mNSC  
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CHAPTER 5. CONCLUSION 
 

5.1 Summary 

 The work presented in this doctoral dissertation demonstrates a novel 

methodology enabling effective peripheral and central nerve regeneration by enhancing 

the functionality of neuronal and glial cells, as well as the differentiation of neural stem 

cells towards the three phenotypes of the CNS utilizing non-contact mechanical/electrical 

stimulation. Electrospinning technique to synthesize nanofibrous PVDF-TrFE, a 

biocompatiable, piezoelectric polymer, allowed for precise control the fiber morphology 

(i.e., diameter), structure (i.e., uni-directional alignment), and dimensions (i.e., scaffold 

thickness) to ultimately modulate the piezoelectric performance, as well as neuronal 

cellular behaviors. We developed a piezoelectric cell culture system to subject neural cells 

to electric potentials generated from the nanofibrous PVDF-TrFE scaffolds by non-contact 

mechanical stimulation. This system was utilized to determine the effects of 

mechanical/electrical stimulation on neuronal, glial, and neural stem cell behaviors.  

When PC12 cells, a neuronal cell type, were subjected to mechanical/electrical 

stimulation, it enhanced the neurite growth in the direction of the fiber alignment and 

increased the population of neurite bearing cells as compared to a static control. 

Alternatively, mechanical/electrical stimulation induced the production of a neurotrophic 

factor, NGF, from Schwann cells, a PNS glial cell. As well as enhancing functionality of 

these neural cells, mechanical/electrical stimulation induced the differentiation of neural 



125 
 

stem cells towards the three phenotypes of the central nervous system, including 

functionally active oligodendrocytes and astrocytes, CNS glial cells. Collectively, the 

induction of glial phenotyp differentiation and the enhancement of their functionality are 

expected to facilitate nerve regeneration. 

 

5.2 Future directions 

 The results from these studies demonstrate the promising potential of using 

piezoelectric technologies to modulate cellular behavior in vitro. To further progress this 

work, future studies should include a non-piezoelectric PVDF control to decouple the 

effects of mechanical stimulation and electric stimulation. Mechanical stimulation has 

been reported to induce mechano-responsive ion channels of neuronal and Schwann cells 

which can initiate signaling cascades for nerve regeneration. Therefore, by decoupling the 

two stimulation will elucidate the true role of piezoelectricity has on neural cell types. 

Having a better understanding on these mechanisms will allow for further optimization 

of the system to induce specific functionality or differentiation of neural cells. 

 The functionality of the elongated neurites from PC12 cells or differentiated 

neurons from NSCs subjected to piezoelectrical stimulation need to be assessed to 

determine the translational efficacy of the engineered tissues. We can utilized the multi-

electrode array (MEA) technology. The MEA can stimulate neural cells by transducing 

electrical currents by the ionic movement within the media. This ionic flux triggers the 

voltage-gate channels on the plasma membrane of the excitable cells to depolarize and 
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induce an action potential. To recording these electrical signal propagations, the 

electrodes on the MEA detect potential changes within the media by ions into electrical 

current. 

 Since we observed enhanced functional behavior of neuronal cells and Schwann 

cells by mechanical/electrical stimulation separately, a co-culture of the two cell types 

will determine if the piezoelectric cell culture system can enhance in vitro myelination by 

Schwann cells onto the existing neuronal cells. Myelin is an essential component of the 

PNS and CNS. Damages to the nerve by injuries/diseases has a detrimental effect on 

myelin. We can utilize this in vitro model can give us better understanding of the 

mechanism of myelination to potentially finding therapeutic interventions for treating 

demyelinating diseases by our piezoelectric culture system. 

 Currently, we are inducing mechanical/electrical stimulation by actuation of a 

vertical platform controlled by a subwoofer speaker. To have relevant translational usage, 

we must test the ability of external mechanical stimulation via a shockwave system to 

acoustically stimulate the piezoelectric neuroconduit to generate electrical potential 

through a medium similar to skin and muscle. 

 Ultimately, in vivo implantation of the neuroconduit will determine the efficacy of 

this piezoelectric material to facilitate neuronal and glial cell functionality to enhance the 

functional recovery of nerve damage with large gaps. This can be validated in a rat model 

by transecting a sciatic nerve to create a 15 mm gap. A hollow PVDF-TrFE conduit will be 

wrapped around the two nerve stumps and the application of shockwave pulses will be 
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transmitted to the injury site. We can utilize OCT technology to monitor the elongation of 

axons within the tube as well as myelination of the axons. 
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Appendix A. Polyaniline/poly(ε-caprolactone) composite electrospun 

nanofiber-based gas sensors: optimization of sensing properties by 

dopants and doping concentration 

 

Abstract 

Electrospinning was utilized to synthesize a polyaniline (PANI)/poly( -caprolactone) (PCL) 

composite in the form of nanofibers to examine its gas sensing performance. Electrical 

conductivity of the composite nanofibers was tailored by secondary doping with protonic 

acids including hydrochloride (HCl) or camphorsulfonic acid (HCSA). FT-IR and diffuse 

reflectance UV-Vis spectroscopy were utilized to examine doping-dependent changes in 

the chemical structure and the protonation state of the nanofibers, respectively. The 

oxidation and protonation state of the composite nanofibers were shown to strongly 

depend on the doping agent and duration, demonstrating a simple way of controlling the 

electrical conductivity of the composite. PANI/PCL electrospun nanofibers having various 

electrical conductivities via varying dopants and doping concentrations, were configured 

to chemiresistors for sensing various analytes, including water vapor, NH3, and NO2. 

Secondary doping with Cl- and CSA differentially affected sensing behaviours by having 

distinctive optimal sensitivities. Biphasic sensitivity with respect to electrical conductivity 

was observed, demonstrating a facile method to enhance gas sensitivity by optimizing 
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secondary doping. A balance between Debye length of the nanofibers and overall charge 

conduction may play an important role for modulating such an optimal sensitivity. 

 

Keywords:  electrospinning, gas sensor, composite nanofibers, polyaniline, 

poly caprolactone) 
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1. Introduction 

The increasing need for sensors in various applications ranging from agriculture, 

automotive industry, medical diagnosis and public/national security demands the 

development of sensitive, reliable, fast responsive, and inexpensive chemical and 

biological sensors [1]. Solid-state sensors have been sought after due to their ability to 

alter their electrical properties (e.g., electrical resistance and capacitance) upon exposure 

to analytes. Among the variety of sensing materials used for solid-state sensors, 

conducting polymers (CPs) such as polyaniline (PANI) [2], polypyrrole (PPy) [3], or 

polythiophene (PT) [4] have shown a promising potential as gas sensing materials because 

of their excellent physical, chemical, electrical and material properties including tunable 

electrical behaviour by dopants and doping levels, diverse monomer chemistry, and ease 

of functionalization [5]. More importantly, their low operating temperature and power 

consumption are enticing to configure them for various types of sensors such as 

amperometric and chemiresistive/conductometric devices [5]. 

CPs have some physical and chemical limitations, presenting difficulties in 

manufacturing [6]. In this regard, various polymer hosts have been used to improve 

processability, resulting in a composite that combines the excellent electrical properties 

of the CPs with the robust mechanical properties of the polymer host [6]. In addition to 

enhanced processability, introduction of polymer hosts provide an opportunity to tailor 

the gas sensing performance by optimizing the ratio of CPs dispersed in the host polymer 
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[7]. The advantages of these composites include tunable analyte selectivity, lower 

detection limits, fast response time, and improved environmental stability [7]. 

One-dimensional (1-D) nanostructures, such as nanowires, nanorods, nanobelts, 

and nanotubes, have emerged as attractive platforms for the fabrication of these gas 

sensors. They exhibit properties that their bulk material counterparts lack, such as a large 

surface-to-volume ratio for greater interaction between surface and analyte, two 

dimensional diffusion, and efficient electron transport to generate fast responses and 

quick recovery [8-11]. Fabrication strategies, such as solution or vapor-phase approaches 

[12], template-directed methods [13], solvothermal synthesis [14], and self-assembly 

methods [15] have been employed to produce 1-D CP composite nanostructures. 

Although these methods enable tight dimensional control, they typically require multi-

step fabrication resulting in a low manufacturability. In comparison, electrospinning 

provides an alternative approach to mass-produce ultra-long 1-D composite nanofibers 

in a facile and cost-effective manner [16]. The feasibility of tuning the properties of the 

gas sensor by altering electrospinning parameters that control fiber dimensions and 

composition and by introducing secondary protonic dopants that modulate electrical 

properties, makes electrospinning an attractive method for the development of a highly 

sensitive 1-D nanostructured solid-state sensor towards various gases. 

In this study, PANI/poly caprolactone) (PCL) composite nanofiber mats were 

bulk-synthesized and configured in a chemiresistor for gas sensing studies. Because of its 

insolubility in water, PCL was selected as the insulating polymer host to provide structural 
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stability in humid air. The composite offers a competent platform to investigate the 

effects of secondary protonic doping to enhance the sensitivity of electrospun PANI/PCL 

composite nanofibers. 

 

2. Experimental Methods 

2.1. Synthesis of PANI/PCL composite nanofibers 

A 5 wt. % solution of PCL (Mw = 65,000, Sigma-Aldrich, St. Louis, MO) was dissolved 

in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (Oakwood Products, Inc., Indianapolis, IN). 

PANI (3 mg/ml)- camphorsulfonic acid (HCSA, 3 mg/ml) solution was prepared by first 

adding (1R)-(–)-10-camphorsulfonic acid (Sigma-Aldrich, St. Louis, MO) in HFIP followed 

by rigorous stirring at 1,200 rpm to fully dissolve HCSA. Then, PANI in the emeraldine base 

form (Mw = 100,000, Sigma-Aldrich) was dispersed into the solution. The mixed solution 

was sonicated for 5 min and stirred at 1,200 rpm for 5 min at room temperature. The 

sonication/stirring process was repeated 4 times, and the solution was stirred for 4 hours 

in order to further disperse PANI. Subsequently, the PANI-HCSA solution was filtered with 

a 0.2 m pore size membrane filter (Whatman, GE Healthcare Life Sciences, NJ) by vacuum 

filtration to remove undispersed particles. The filtered PANI was mixed with the PCL 

solution at a 4:1 volume ratio.   

To synthesize nanofibers, the PANI/PCL solution was electrospun using a high 

voltage D.C. power supply (Glassman High Voltage, NJ) at -19 kV with a flow rate of 0.4 
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mL/hr and a 30 cm tip to plane collector distance to produce an approximately 2 m-thick 

fiber mat. The thickness of the fiber mat was controlled by adjusting the deposition time. 

 

2.2. Secondary doping by hydrochloric acid (HCl) and HCSA 

To investigate the effects of dopants and doping concentration on the electrical 

resistivity and sensing performance of PANI/PCL composite nanofiber, the fiber mats 

were separately incubated with a solution of 1M HCl, 1M HCSA, or 1M NaOH for various 

durations ranging from 1 min to 12 hours. After the doping process, the solution was 

aspirated out and the fiber mats were rinsed with DI water, followed by air drying for 1 

hour. The fiber mats were subsequently characterized for its chemical and electrical 

properties. 

 

2.3. Characterization of PANI solution and PANI/PCL nanofibers 

To determine PANI loss during the filtration process, the PANI concentration after 

filtration was quantified using a UV-Vis spectrometer (DU 800, Beckman Coulter, CA). 

Various concentrations of unfiltered PANI solution were prepared, and their absorbance 

spectra were obtained from the UV-Vis spectrometer by scanning the solutions at the 

wavelength ranging from 200 to 1100 nm to generate a calibration curve. The absorption 

spectrum of the filtered solution was compared to the calibration curve to quantify PANI 

content.   
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Fourier-transform infrared spectroscopy using the Equinox 55 FT-IR (Bruker, 

Billerica, MA) was utilized to characterize the chemical structures of the as-prepared and 

doped PANI/PCL composite nanofibers. The mat was placed on a highly polished NaCl 

substrate and measured with 32 scans at a resolution of 0.5 cm-1. The transmission 

spectra were determined in the wavenumber range between 600 and 3000 cm-1. 

In order to determine doping states, diffuse reflectance spectroscopy was used to 

measure the absorbance of the as-prepared, secondary doped PANI/PCL composite, and 

pure PCL nanofiber mats using a UV-Vis Spectrometer (Evolution 300, Thermo Scientific, 

Waltham, MA). The absorbance spectra were measured in the wavelength range between 

190 and 1100 nm. 

The morphology and fiber diameter of the fiber mats were characterized using 

scanning electron microscopy (SEM, Nova NanoSEM450, FEI, Hillsboro, Oregon). The 

composite nanofibers were sputter-coated with platinum-palladium to visualize under 

SEM. 

 

2.4. Characterization of electrical properties 

To determine the electrical property of nanofibers, a 4 mm x 6 mm sized strip of 

nanofiber mat with a controlled thickness ~2 m was placed onto 500 m-thick oxidized 

silicon substrate. Using an aluminum stencil with a gap size of 1 mm x 80 mm, gold 

microelectrodes with the thickness of ~300 nm were deposited onto the sample by 

sputtering using the EMS 575X sputter (Electron Microscopy Science, Hatfield, PA). The 
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electrical characterization of PANI/PCL fiber mat was obtained from probing source and 

drain microelectrodes by sweeping the potential of -0.5 V to 0.5 V to generate I-V curves 

using a source-meter (Kiethley 2363, Cleveland, OH). The electrical conductivity of 

PANI/PCL composite nanofibers was determined by normalizing it to the thickness of the 

sample.  

   

2.5. Device fabrication 

 The sensing device was fabricated and connected to the sensing system as 

previously reported [17]. Briefly, the fiber mat integrated with gold microelectrodes was 

mounted onto a sample holder and enclosed by a glass chamber with the volume of 3.15 

cm3 with a gas inlet and outlet ports for gas flow (figure 1). The chip was then clipped to 

a Kiethly source-meter to establish an electrical connection. 

 

2.5. Gas sensing measurement 

The doped PANI/PCL nanofibers were examined against various gases including 

water (H2O) vapor, ammonia (NH3), and nitrogen dioxide (NO2) at room temperature with 

a custom built gas sensing system with the Alicat mass flow controllers (MFC) operated 

by Labview as described elsewhere [8]. Prior to exposure to various concentrations of 

analyte, dry air was introduced over the sensor for an hour to establish the sensor 

baseline. Afterward, the sensor was subjected to various concentrations of analyte, 

followed by a recovery period with dry air in a step-wise manner. All the analytes were 
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thoroughly mixed with carrier gas (dry air) before introduced to the sensor. Water-

saturated dry air was prepared by bubbling the carrier gas through water. This was 

followed by varying the mixing ratio of dry air and water-saturated air to produce 

humidity-controlled air. The volumetric flow rate was kept constant to 200 standard cubic 

centimeters per minute (sccm) while various percentages of saturation were tested. The 

ratio of the two MFCs was used to control the exposure concentration.  

 

3. Results and discussion 

3.1. Synthesis of PANI/PCL composite nanofibers and their material characterization 

 Homogeneous incorporation of PANI into the electrospun blend PANI/PCL 

nanofibers is essential to prevent the bead formation of aggregated PANI particles along 

the nanofibers, which may deteriorate electrical and sensing properties [18]. Based on 

our preliminary studies, HFIP was selected as a common solvent because of its 

appropriate vapor pressure at room temperature that enables electrospinning nanofibers 

less than 100 nm in fiber diameter [19]. Additionally, HFIP may enhance the electrical 

conductivity of the composite nanofibers by inducing linear extension of PANI [20]. 

However, the emeraldine base of PANI has low solubility in organic solvents including 

HFIP [21]. Thus, HCSA was used to protonate the emeraldine base of PANI, making it a 

polyelectrolyte (or well-dispersion of PANI) in HFIP to enhance the uniform dispersion of 

PANI [22]. This dispersed PANI solution was then vacuum-filtered to remove non-

dispersed PANI particles.  
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Due to possible changes of PANI content during filtration, the filtered PANI 

solution was quantified by UV-Vis spectroscopy. Various concentrations of unfiltered 

PANI solution were prepared and their UV-Vis absorption spectra were examined (figure 

S1). The absorption peak at wavelength of 300 nm that represents  transition of the 

benzenoid ring [23], was utilized to generate a calibration curve for determination of the 

final PANI content [24]. The final concentration of filtered PANI solution was estimated to 

be ~5.8 mg/ml, exceeding the initial PANI content of 3 mg/ml. The increase in PANI 

content after filtration may result from evaporation of HFIP during the vacuum filtration 

process. Multiple experiments confirmed the content change is consistent among 

experiments. The filtered PANI solution was mixed with PCL solution and then 

electrospun as described earlier. Figure 2(a) shows the microstructure of electrospun 

PANI/PCL composite nanofibers examined by SEM. The nanofibers are randomly oriented 

with relatively uniform size having a typical cylindrical morphology. A quantitative 

analysis of the fibers indicates the tightly controlled average fiber diameter at 83 ± 16 nm 

(figure 2(b)).  

 

Prior to examining the structural and oxidation level changes of the PANI/PCL 

composite electrospun nanofibers, the surface of the nanofibers was examined for 

morphological changes after protonic acid doping by SEM (figure 3). The nanofibers 

maintained its morphology after 12 hours of doping treatment with HCl and HCSA. 
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In order to examine the effects of doping on the composite, FT-IR and diffuse 

reflectance UV-Vis spectroscopy were performed. The structure and the oxidation level 

of PANI/PCL composite electrospun nanofibers were analyzed after doping with protonic 

acids (i.e., HCl and HCSA) and de-doping with a base (i.e., NaOH) (figure 4). Figure 4(a) 

displays the FT-IR absorption spectra of de-doped, as-electrospun, Cl- and CSA doped 

PANI/PCL nanofibers. The FT-IR characteristic absorption bands at 2949, 2866, and 1730 

cm-1 are specific to asymmetric CH2, symmetric CH2 and carbonyl stretching of PCL, 

respectively [25]. The other bands at 825, 1161, 1297, 1493, and 1586 cm-1 are specific to 

C-H bending vibration of benzene ring, vibration mode of quinoid ring, stretching 

vibration of C-N, stretching vibration of N-benzenoid ring and stretching vibration of N-

quinoid ring of PANI, respectively [26]. To determine changes in the levels of protonation 

by acidic doping and basic de-doping, the ratio of the peak area intensity between the 

benzenoid (protonated PANI) and quinoid (undoped PANI) rings at 1493 and 1586 cm-1 in 

the  FT-IR spectra, respectively, was quantified [27]. The ratio of as-electrospun PANI/PCL 

is 0.91:1. This is close to the intrinsic emeraldine salt of PANI which has 1:1 ratio between 

benzenoid and quinoid rings [28]. De-doping the sample with NaOH decreased the value 

to 0.78:1, inferring that the benzenoid structure was deprotonated to quinoid rings after 

the treatment. Conversely, the increasing ratio values to 1.04:1 and 1.28:1 by doping with 

Cl- and CSA for 5 min, respectively, indicate that PANI was further protonated. The smaller 

value obtained from Cl- doping indicates slower protonation rate than that of CSA.  
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 In addition to the PANI/PCL structural changes observed by FT-IR spectra, the 

protonation states of PANI/PCL composite nanofibers upon de/doping was further closely 

examined by diffuse reflectance UV-Vis spectroscopy. Figure 4(b) shows the diffuse 

reflectance UV-Vis spectra of 1 min de-doped in NaOH, as-electrospun, 1 min or 5 min 

doped with HCl, 1 or 5 min doped with HCSA PANI/PCL samples, and pure PCL sample 

along with their representative fiber colours. A colour change from green to blue was 

observed in de-doped PANI/PCL nanofibers in 1M NaOH, whereas that of protonic acids 

(i.e., HCL and HCSA) doping turned the green colour lighter proportional to doping 

duration. These colour changes were closely related to the protonation states of the 

PANI/PCL characterized by the diffuse reflectance spectra in figure 2(b) [23]. The 

absorbance peak at wavelength of 206 nm is specific to PCL as shown by pure PCL sample 

[29]. Two absorbance peaks in de-doped PANI/PCL in NaOH appear at the wavelengths of 

325 and 605 nm, respectively, denote the benzenoid and quinoid structures which are 

characteristics of PANI in emeraldine base form [24]. The larger absorbance peak at 

wavelength of 605 nm as compared to rest of the samples, indicates more quinoid 

contents, similarly observed in the FT-IR spectrum of de-doped PANI/PCL. As-electrospun 

PANI/PCL nanofibers exhibited a significant decrease in the peak intensity at 605 nm, 

indicating the conversion of quinoid rings to its polaron state [24]. A peak at 425 nm that 

was missing in the de-doped specimen indicates the degree of protonation resulting in 

bipolaron formation [30]. Upon doping with protonic acids, either HCl or HCSA, the peak 

at 605 nm vanished, and a free carrier tail became visible at 850 nm [31]. This 
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characteristic is consistent with the relaxation of the PANI chain as its typically coiled 

structure becomes more linearly extended by the reduction of  defects that cause the 

compact structure [32]. This uncoiling process induces the delocalization of electrons in 

the polaron band of the PANI chain [24]. Interestingly, CSA doped nanofibers exhibit 

higher absorbance intensity of a free carrier tail than the Cl- doped samples, indicating 

greater efficiency of doping. The greater intensity also is observed when the nanofibers 

were doped for a longer duration. This observation, combined with the FT-IR 

spectroscopy data, demonstrates that protonation of PANI/PCL composite strongly 

depends on the doping agent as well as doping duration.  

 

3.2. Electrical properties of electrospun PANI/PCL composite nanofibers 

After chemical characterization, the electrical properties and sensing performance 

of PANI/PCL nanofibers were investigated. The electrical conductivity of nanofibers was 

obtained from I-V characteristics generated by sweeping the voltage between -0.5 to 0.5 

V across source and drain electrodes. Figure 5(a) and 5(b) show the typical I-V curves of 

Cl- and CSA doped PANI/PCL nanofibers, respectively, as compared to that of as-prepared 

PANI/PCL nanofibers. The I-V curve of as-prepared nanofibers has a smaller slope with 

non-linear and asymmetric, indicating its insulating electrical property with Schottky 

contact prior to doping [33]. This observation is consistent with the high quinoid content 

within PANI/PCL nanofibers observed from its FT-IR and diffuse reflectance UV-Vis 

spectra. Electrical current increased after doping with Cl- and CSA. The electrical 
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characterization also showed a linear I-V relation, a characteristic of Ohmic contact, 

indicating that the devices exhibit a good electrical contact between the nanofibers and 

the gold microelectrodes [34].  

The electrical conductivity of doped PANI/PCL nanofibers was determined from 

slopes of I-V curves normalized by the geometry of the nanofiber mats after various 

treatments (figure 5(c)).  The as-prepared composite nanofibers exhibited an electrical 

conductivity of ~9X10-7 S/cm. After doping in 1 M HCl for 5 min, the electrical conductivity 

increased to ~1X10-5 S/cm, and further increased to ~5X10-4 S/cm after 10 min. In 

contrast, CSA was a more effective dopant as the electrical conductivity became ~8X10-2 

S/cm after 5 min doping. This substantiates dopant-dependent electrical property of 

PANI, corresponding to the observations from UV-Vis and diffuse reflectance 

spectroscopy. Electrical conductivities of PANI/PCL nanofibers doped with both Cl- and 

CSA were saturated after certain thresholds, indicating that the extent of doping is 

diffusion controlled [35].   

 

3.3. Gas sensing properties of electrospun PANI/PCL composite nanofibers 

 Various analytes including H2O vapor, NH3, and NO2 were examined. Prior to 

exposure to various concentrations of analyte, dry air was introduced over the sensor for 

an hour to establish the sensor baseline. Afterward, the sensor was subjected to various 

concentrations of analyte, followed by a recovery period with dry air in a step-wise 

manner. The  normalized change in electrical resistance (ΔR/Ro) and sensitivity of Cl- and 
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CSA doped PANI/PCL nanofibers plotted against different concentrations of various gas 

are shown in figures 6 and 7. The Ro and ΔR were defined as the initial base-line resistance 

and change in resistance upon subjected to analytes, respectively.   

Figure 6(a)-(c) and 6(d)-(f) show the ΔR/Ro responses of Cl- and CSA doped 

PANI/PCL nanofibers, respectively, to H2O vapor, NH3 and NO2. During H2O exposure, the 

sensors show negative ΔR/Ro responses as compared to the positive ΔR/Ro responses 

seen in NH3 and NO2 sensing. These sensing behaviours may result from different sensing 

mechanism depending on analyte interactions with PANI/PCL electrospun nanofibers. 

The decrease in electrical resistance of PANI/PCL nanofibers upon exposure to H2O vapor 

may be attributed to proton exchange-assisted conduction of electrons (PEACE) 

mechanism [36]. The protonating agents, including H2O, protonate the imine group and 

forms polarons, allowing free movement of charge carriers along the PANI backbone. On 

the other hand, a deprotonating agent such as NH3 interacts with protons on the PANI 

backbone and yields ammonium ion, NH4
+ [2]. This phenomenon reduces free charge 

carriers, causing an increase in electrical resistance of PANI/PCL nanofibers. Additionally, 

the sensors show a recovery in ΔR/Ro responses during pure dry air flow in both H2O vapor 

and NH3 due to their easy adsorption and desorption process from the PANI surface [37].  

Although the sensors also display increases in ΔR/Ro in response to NO2, the mechanism 

of electrical resistance changes differs from that of NH3 sensing. Unlike NH3, NO2, a 

reducing gas, oxidizes emeraldine salt by removing electrons from the aromatic rings [38]. 

As a result, no recovery is observed due to strong interaction between NO2 and PANI, 
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which makes the desorption rate of NO2 become much slower, instigating a poisoning 

effect [38].  

Figure 7(a)-(c) and 7(d)-(f) show the effect of dopant and doping concentration on 

the sensitivity of sensors. The data demonstrate that the extent of gas sensor sensitivity 

can be tailored by protonic doping that determines the electrical conductivity of PANI/PCL 

nanofibers. Interestingly, it was observed that the sensitivity change increased with 

increasing gas concentration, but at a fixed gas concentration, there was not a linear 

relationship between sensitivity change and the electrical conductivity of sensor. For 

closer examination, sensitivity changes per ppm with respect to different electrical 

conductivity for various gases were plotted (figure 8). The semi-log plots of the sensitivity 

are shown as a function of the electrical conductivity. The sensitivity was determined from 

the slope of the sensor response (ΔR/Ro) plotted against the gas concentration in the 

linear region (figure 7). Sensitivity values that have been reported using PANI blends are 

0.12 %/percent saturation for H2O vapor [39], 4.23 %/ppm for NH3 [40], and 19.91 %/ppm 

for NO2 [41]. In this study, the Cl- doped PANI/PCL nanofibrous composite exhibited 

sensitivities of 1.36 % for H2O vapor, 13.75 and 70.31 %/ppm for NH3 and NO2, 

respectively, while CSA doped fiber mats showed sensitivities of 0.76 % for H2O vapor, 

21.43 and 54.41 %/ppm for NH3 and NO2, respectively, which is shown to be greater than 

literature values for PANI composites [39-48]. As shown in figure 8, the device shows 

biphasic sensitivity in the conductivity range of 10-5 to 10-3 S/cm, with the exception of 

CSA doped PANI/PCL upon exposure to NH3.  
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The above observation is significant in that it demonstrates a means to optimize 

the sensitivity of an electrospun chemiresistive sensor with a simple secondary doping 

process (dopant and doping duration) without altering the composition of materials, 

which may affect processability and mechanical stability. The mechanisms underlying 

how doping modulates the optimum sensitivity are still elusive. One possible explanation 

could be a balance between Debye screening length and overall charge conduction. 

Sensitivity of chemiresistive sensor is proportional to Debye length, a scale that describes 

the alteration of conductance by an adsorbed charged molecule [11, 49]. Debye length is 

inversely related to charge carrier density, thus electrical conductivity as shown in our 

previous report [11]. In this study, we observed that the sensitivity increases when the 

electrical conductivity decreases (i.e., less doped) above a threshold (optimum electrical 

conductivity yielding a maximum sensitivity). However, below this threshold, sensitivity 

reduces by lower electrical conductivity due to decrease in overall charge conduction. The 

discrepancies in the optimal electrical conductivities for the maximum sensitivity 

depending on dopants (i.e., Cl- and CSA), are probably due to their differences in 

hydrophilicity affecting responses to H2O vapor and molecular size influencing molecular 

structures [50]. However, how these individual attributes collectively affect overall 

sensing performance needs to be further investigated. Nevertheless, we demonstrated 

that secondary doping significantly impacts the sensing performance of electrospun 

composite nanofibers. 
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4. Conclusion 

In this study, we synthesized a sensitive PANI/PCL composite nanofibrous sensor 

using electrospinning and characterized its gas sensing performance. The electrical 

conductivity of this 1-D nanostructured sensor was further tuned by secondary protonic 

doping with Cl- and CSA. More significantly, we demonstrated that optimal sensitivities 

toward H2O vapor, NH3, and NO2 can be achieved by optimizing doping, where dopant- 

and doping duration-dependent biphasic sensitivity were observed. 
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Figure A.1. A representative picture of gas sensor. 
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Figure A.2. Absorption spectra of PANI dispersion and their changes over concentration. 
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Figure A.3. Morphological characterization of as electrospun PANI/PCL composite 

nanofibers. (a) A representative scanning electron microscopy (SEM) image and (b) fiber 

diameter distribution.  
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Figure A.4. Surface morphological characterization of electrospun PANI/PCL composite 
nanofibers (a) as prepared, (b) after Cl- doping, and (c) after CSA doping.  
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Figure A.5. Chemical characterization of PANI/PCL fiber mats with various doping agents 

and time using (a) FT-IR and (b) diffuse reflectance UV-Vis spectroscopy. Insets in (b) 

show representative color changes of the samples depending on doping agent and time.   
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Figure A.6. I-V plots of (a) Cl- and (b) CSA-doped electospun PANI/PCL composites. (c) 

Conductivity of Cl- or CSA-doped PANI/PCL composite sensor is plotted as a function of 

doping time. 
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Figure A.7. Transient sensing profiles of ((a) – (c)) Cl- and ((d) – (f)) CSA-doped 

electrospun PANI/PCL composite sensors at various as-fabricated conductivities in 

response to various concentrations of ((a) and (d)) H2O vapor, ((b) and (e)) NH3, and ((c) 

and (f)) NO2.  
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Figure A.8. Normalized responses of (a, b, and c) Cl- and (d, e, and f) CSA-doped 

electrospun PANI/PCL composite sensors at various as-fabricated conductivities in 

response to various concentrations of (a and d) H2O vapor, (b and e) NH3, and (c and f) 

NO2.  
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Figure A.9. Sensitivity of Cl- or CSA-doped electrospun PANI/PCL composite sensors at 

various as-fabricated conductivities to (a) H2O vapor, (b) NH3, and (c) NO2. 
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Appendix B. Composition-dependent sensing mechanism of electrospun 

conductive polymer composite nanofibers 

 

Abstract 

Electrospinning provides a means to synthesize nanofibrous structures with very 

high surface area-to-volume ratio that enhance the sensitivity of conductive polymer 

(CP)-based gas sensors in a cost effective manner. Despite these advantages, high 

intrinsic conductivity prevents electrospinning of pure CPs, therefore requiring an alloy 

with insulating polymers. Unlike CPs, the contribution of insulating polymers on overall 

sensing performance of composites has not been systemically investigated. To examine 

the effects of insulating polymers on the sensitivity to various analytes, different 

composition ratios of polyaniline (PANI)/poly( -caprolactone) (PCL) nanofibers were 

produced by electrospinning. FT-IR spectroscopy was utilized to determine the mass 

composition of the composites. The nanofibers were secondary doped with 

camphorsulfonic acid to modulate their conductivity to a range appropriate for sensing. 

Diffuse reflectance UV-Vis spectroscopy was used for chemical characterization to 

determine its protonation state. The PANI/PCL electrospun composite nanofibers were 

configured in a chemiresistor and subjected to different analytes, including H2O vapor, 

NH3, and NO2. H2O vapor and NO2 showed a polarity change in sensitivity past a 

threshold of PANI-to-PCL composition ratio. To investigate this polarity change, the 
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temperature dependence of electrical conductivity was examined. When H2O vapor was 

exposed to the composite with the highest PANI content, there was a decrease in 

hopping distance; on the other hand, an increase in hopping distance was observed 

when H2O vapor was exposed to the composite with the lowest PANI content. These 

results show an existence of competition between the conductive polymer, PANI, and 

the insulating host polymer, PCL, for analyte interaction, both of which integratively 

determine the overall sensitivity. The work demonstrates that the host polymer plays an 

important role in structural swelling as well as chemical interaction with analytes, which 

critically modulate sensing behavior.   

Keywords: Polyaniline, poly( -caprolactone), composite, host polymer, sensor, 

electrospinning 
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1. Introduction 

Conductive polymers (CPs), such as polyaniline (PANI), polypyrrole (PPy), and 

poly(3,4-ethylenedioxythiophene) (PEDOT), have been extensively studied as sensing 

materials [1-4]. They provide ideal characteristics for sensing such as high sensitivity, 

short response time, and room temperature operation, as compared to conventional 

metal oxide sensors [5, 6]. These organic polymers behave similarly to semiconductors, 

where their electrical properties are tunable with dopants to induce conductivities 

ranging from metallic to insulating [7]. Moreover, their polymer chain structure provides 

an opportunity to control their interaction with specific analytes by modifying functional 

side groups or blending with different polymers as a composite [8, 9]. 

 The sensitivity of gas sensors depends on the amount of analyte interaction with 

the sensing material. Therefore, the development of rapid responding and ultrasensitive 

sensors has focused on increasing the surface area-to-volume ratio by engineering their 

microstructure. In addition, nano-scale morphology improves sensitivity when the 

dimensions approach the Debye length, which significantly affects local charge transport 

[10]. In this regard, one-dimensional (1D) structures, such as nanowires and nanorods, 

have been developed to enhance sensitivity, response and recovery time, and low gas 

detection limits of CP gas sensors [10-14]. 

Many fabrication techniques have been employed to synthesized 1D structures 

in bulk quantities, such as electrochemical polymerization [15], interfacial 

polymerization [16], rapid-mixing reaction [17], and radiolytic synthesis [18]. 
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Particularly, electrospinning provides a simple and low cost method of bulk-synthesizing 

long 1D nanostructures. The structures of electrospun nanofibers, such as fiber 

diameter dimensions and morphology, can be easily controlled by modifying processing 

parameters including the applied electric field and flow rates, and solution parameters 

including solvent selection, viscosity and conductivity of the electrospinning solution 

[19-21]. As a result, electrospinning allows the synthesis of polymeric nanofibers in a 

tunable and scalable manner.  

Despite the many advantages of electrospinning for polymer processing, pure 

CPs cannot be directly electrospun due to its intrinsically high conductivity. Highly 

charged solution creates electrical instability during electrospinning that frustrates the 

formation of Taylor cone [22]. This leads to charged polymer chain repulsion before 

their entanglement to produce a continuous fibrous morphology [23]. In addition to its 

unsuitable electrical properties for electrospinning, pure CPs are typically brittle due to 

tight coil-like conformation in the backbone, resulting in mechanical instability [24]. 

Therefore, to improve the processability of electrospinning with CPs, they are 

incorporated into a non-conducting host polymer solution to enable electrospinning, 

improve mechanical properties, and control fiber morphology [25-27]. Furthermore, the 

chemical structure of the host polymer in the composite affects electron or proton 

transfers during charge conduction [28], providing an opportunity to tune the electrical 

properties of the composite. In addition to influencing charge conduction, the host 

polymer interacts with the analyte, depending on the solubility of the gas to the 
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polymer [29]. Therefore, it is important to understand the interaction between CP and 

host polymer with an analyte to improve sensor technology. 

For electrospun CP-based configurations, there are two major approaches to 

modulate gas sensing performance: (1) controlling electrical conductivity of PANI gas 

sensor to enhance sensitivity and (2) varying CP : host polymer composition ratio to 

alter sensing behavior. Previously, we have shown how dopant and doping duration 

affect the electrical properties of PANI/poly(ε-caprolactone) (PCL) composite nanofibers, 

thus their sensitivity to various analytes [30]. In this study, we aimed to further 

understand how the composition of CP and host polymer affects the electrical 

properties and sensing behavior of electrospun PANI/PCL composite nanofibers. 

Different ratios of PANI/PCL composite nanofibers were synthesized and their responses 

to H2O vapor, NH3 and NO2 gases were examined. 

  

2. Experimental Methods 

2.1. Synthesis of PANI/PCL composite nanofibers 

Camphorsulfonic acid (HCSA, 2.75 mg/mL) solution was prepared by dissolving 

(1R)-(–)-10-camphorsulfonic acid (Sigma-Aldrich, St. Louis, MO) in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) (Oakwood Products, Inc., Indianapolis, IN) with rigorous 

stirring at 1,200 rpm. Polyaniline (PANI, 3 mg/mL) in the emeraldine base form (Mw = 

50,000, Sigma-Aldrich) was then dispersed into the prepared HCSA solution. The mixed 
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solution was sonicated for 5 minutes and stirred at 1,200 rpm for 5 minutes at room 

temperature. The sonication/stirring process was repeated 4 times, followed by a final 

continuous stirring for 4 hours in order to achieve a homogenous PANI dispersion. The 

PANI-HCSA solution was filtered with a 0.22 m syringe filter to remove agglomerates, 

and its loss due to filtering was quantified by ultra-violet visible (UV-Vis) spectroscopy as 

previously described [30]. A 7 wt.% solution of PCL (Mw = 65,000, Sigma-Aldrich) was 

separately prepared by dissolving the pellets in HFIP. The filtered PANI solution was 

mixed with the PCL solution at various volume ratios of 7:3, 6:4, 5:5, and 4:6.  

These PANI/PCL solutions with different compositions were electrospun to 

synthesize nanofibers having similar dimensions by adjusting their viscosity through 

dilution with solvent. Viscosity, one of the major solution properties that affect 

electrospinning, was determined by a Brookfield cone-and-plate viscometer. The stock 

PANI-PCL solutions with different compositions were serially diluted with HFIP to yield 

similar viscosity values. A high voltage D.C. power supply (Glassman High Voltage, NJ) at 

an applied voltage of approximately -5.8 kV with a solution flow rate of 0.3 mL/hr and a 

55 cm tip to plane collector distance were set to produce an approximately 1.5 m-thick 

fiber mat. The thickness of the fiber mat was controlled by adjusting the deposition 

time.  The fiber mats were stored under vacuum to preserve the samples before any 

further experimentations. 
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2.2. Secondary doping by HCSA 

Due to intrinsically low conductivity of PCL, the electrospun fibers were further 

doped with aqueous HCSA to increase their conductivity to appropriate levels in order 

to determine their gas sensing behavior. All the fiber mats were incubated in 50 L of 1 

M HCSA at room temperature for various durations ranging from 30 minutes to 9 hours. 

After the doping process, the acid was aspirated and the fiber mats were rinsed with DI 

water, followed by air drying for 1 hour at room temperature. 

 

2.3. Characterization of PANI/PCL nanofibers 

The morphology and fiber diameter of the electrospun fiber mats were characterized by 

using a scanning electron microscope (SEM, Nova NanoSEM450, FEI, Hillsboro, Oregon). 

The composite nanofibers were sputter-coated with platinum-palladium prior to 

visualization under SEM. At least 100 individual fibers were assessed to determine 

average fiber diameter. 

To confirm the various compositional ratios of the PANI/PCL composite 

nanofibers, Fourier-transform infrared spectra were examined by the Equinox 55 FT-IR 

(Bruker, Billerica, MA). The HCSA-doped nanofiber mat was placed on a polished NaCl 

substrate and its infrared light transmission was measured with 32 scans at a resolution 

of 0.5 cm-1 in the range between 600 and 3000 cm-1. 
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In order to determine doping states, diffuse reflectance UV-Vis spectroscopy was 

used to measure the absorbance of the various ratios of secondary doped composite 

nanofibers using a UV-Vis Spectrometer (Evolution 300, Thermo Scientific, Waltham, 

MA). The absorbance spectra were measured in the wavelength range between 190 and 

1100 nm. 

 

2.4. Characterization of electrical properties 

To determine the electrical property of the composite nanofibers, a strip of 

nanofiber mat having an approximate dimension of 4 mm x 6 mm with a thickness of 1.5 

m was placed onto a 500 m-thick oxidized silicon substrate. Gold microelectrodes 

with the thickness of ~300 nm were deposited onto the sample by sputtering using the 

EMS 575X sputter (Electron Microscopy Science, Hatfield, PA). The electrical 

characterization of a PANI/PCL fiber mat was performed by sweeping the potential of -

0.5 V to 0.5 V from probing source and drain microelectrodes to generate I-V curves 

using a source-meter (Keithley 2363, Cleveland, OH). The electrical conductivity of 

PANI/PCL composite nanofibers was determined by normalizing it to the thickness of 

the sample.    
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2.5 Gas sensing measurement 

A custom gas sensing device was fabricated to measure the analyte sensing 

performance of different composite nanofibers as previously described [31]. Briefly, the 

fiber mat integrated with gold microelectrodes was mounted onto a sample holder and 

enclosed by a glass chamber with the volume of 3.15 cm3 with an inlet and outlet port 

for gas flow. The chip was then clipped to a Keithley source-meter to establish an 

electrical connection. The gas sensing performance of HCSA-doped PANI/PCL nanofibers 

were examined against various gases including water (H2O) vapor, ammonia (NH3), and 

nitrogen dioxide (NO2) at room temperature with a custom built gas sensing system with 

Alicat mass flow controllers (MFC) operated by LabVIEW. All the analytes were 

thoroughly mixed with carrier gas (dry air) before being introduced to the chamber. The 

volumetric flow rate was kept constant to 200 standard cubic centimeters per minute 

(sccm), and the ratio of the two MFCs was used to control the exposure concentration. 

 

2.6. Characterization of charge transport properties 

To understand the electronic conduction mechanism for various ratios of 

PANI/PCL composite nanofibers, the temperature dependence of electrical conductivity 

of the composite nanofibers was investigated. I-V plots were obtained by sweeping from 

-0.5 to 0.5 V at temperatures ranging from 300 K down to 30 K. The change in 

temperature was controlled by a vacuum sealed refrigerator and compressor (Model 
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8200, Janis Research Company, INC), which was controlled by custom LabVIEW 

program. 

 

3. Results and Discussion 

3.1. Fabrication of PANI/PCL nanofibers and its material characterization 

Electrospinning is a method for synthesizing nanostructured polymers with a 

high surface area-to-volume ratio in a cost effective manner, which provides an 

opportunity for the mass-production of ultrasensitive sensors. However, due to their 

high intrinsic conductivity, CPs are typically electrospun with insulating polymers. In this 

regard, understanding how analytes interact with the insulating polymer in addition to 

CPs is critical to manufacture a sensor with desired selectivity and optimal sensitivity. 

Therefore, the effects of composition in the electrospun composite nanofibers on 

sensing behavior were investigated in this study. 

To produce similar nanofiber diameters with different ratios of PANI (CP) and 

PCL (insulating host polymer), the viscosity of the electrospinning solutions, one of the 

main factors that determines the electrospun fiber diameter, was adjusted for each 

condition (Table 1). The viscosity of 7:3, 6:4, 5:5, and 4:6 PANI/PCL solution mixtures 

was measured at the calculated solution shear rate during electrospinning at the 

spinneret (3.74 s-1). Based on these measurements, the solutions were further diluted 

by 5%, 20%, 30%, and 40 V% in HFIP, respectively, which resulted in a close range of 
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viscosities among the solutions as shown in Table 1. Fig. 1 shows the resultant 

microstructure of electrospun PANI/PCL composites from each solution, exhibiting 

randomly oriented nanofibers with relatively uniform fiber diameter and a typical 

cylindrical morphology. Quantitative analysis of the fibers shows the tightly controlled 

average fiber diameter of approximately 150 nm for all conditions (Table 1). The fiber 

mat thickness was controlled to be approximately 1.50 m. 

FT-IR spectroscopy was performed to precisely determine the mass composition 

of PANI content of each resultant composite. Fig. 2 displays the FT-IR absorption spectra 

of 7:3, 6:4, 5:5, and 4:6 (V/V) PANI/PCL composites. PANI is characterized by the 

absorption bands at 825 for C-H bending vibration of benzene ring, 1161 cm-1 for 

vibration mode of quinoid ring, 1297 cm-1 for stretching vibration of C-N, 1493 cm-1 for 

stretching vibration of N-benzenoid ring, and 1586 cm-1
 for stretching vibration of N-

quinoid ring of PANI [32, 33]. On the other hand, the FT-IR characteristic absorption 

bands at 2949 cm-1 is for asymmetric CH2, 2866 cm-1 is for symmetric CH2, and 1730 cm-1 

is for carbonyl stretching of PCL [34]. The mass composition was determined by the ratio 

of the PANI peak area (1294 cm-1) to the total peak area of PANI and PCL (1728 cm-1) 

[35]. This calculation resulted in the mass composition of approximately 20, 16, 12, and 

9 wt.% PANI, corresponding to 7:3, 3:2, 1:1, and 2:3 (V/V) PANI/PCL solutions, 

respectively (Table 1). 
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3.2. Electrical characterization of electrospun PANI/PCL nanofibers 

The electrospun PANI/PCL composites were further doped with HCSA to increase 

conductivities to a range appropriate for analyte detection [30]. The electrical 

properties of as-spun PANI/PCL nanofibers and those after various HCSA secondary 

doping durations were obtained from I-V characteristics by sweeping the voltage 

between -0.5 to 0.5 V and by normalizing them to the geometry of the nanofiber mats 

(Fig. 3). All the conductivities of the nanofiber mats with various compositions stabilized 

after 9 hours of HCSA secondary doping, resulting in the electrical conductivities of 20, 

16, 12, and 9 wt.% PANI nanofiber mats to be approximately 7.0X10-4, 1.9X10-4, 7.2X10-5, 

and 4.1X10-5 S/cm, respectively. Based on these measurements, HCSA doping for 9 

hours was used for the remainder of the study. 

To observe the protonation state of the PANI/PCL composite nanofibers after the 

secondary doping, diffuse reflectance UV-Vis spectroscopy was utilized. Fig. 4 shows the 

diffuse reflectance UV-Vis spectra from the various ratios of PANI/PCL composites based 

on the Kulbeka-Munk Function [36]. During the doping process, the sulfonic group from 

HCSA induces the increase of the number of charge carriers by protonating the imine on 

PANI [37]. As a result, the band gap for electron excitation is altered during the doping 

process. The slope of the peak at approximately 2.8 eV, which indicates the protonation 

level of PANI, was used to calculate the band gap [38]. The band gaps of PANI in the 

various compositions exhibited a similar value at 2.3 eV, demonstrating that the 
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protonation state of the PANI is consistent after the secondary doping for all 

compositions. 

 

3.3. Gas sensing properties of electrospun PANI/PCL nanofibers 

To examine how different compositions of PANI/PCL nanofibers affect the 

composite’s sensing behavior, responses to various analytes including H2O vapor, NH3, 

and NO2 were tested. Prior to analyte exposure, dry air was introduced over the sensor 

for an hour to establish the baseline. Afterward, the sensor was subjected to various 

concentrations of analytes, followed by a recovery period with dry air in a step-wise 

manner. The normalized changes in electrical resistance (ΔR/Ro) and sensitivity of 

various compositions of CSA-doped PANI/PCL nanofibers were plotted against different 

concentrations of various gas in Fig. 5 and Fig. 6. The Ro and ΔR were defined as the 

initial base-line resistance and the change in resistance from the base-line upon being 

subjected to an analyte, respectively.  

During H2O vapor exposure, at higher PANI content, the sensors show a negative 

ΔR/Ro similar to pure PANI thin film [39]. In this study, despite having slightly different 

conductivities, both 20 and 16 wt.% PANI exhibited negative responses, indicating 

proton exchange-assisted conduction of electrons (PEACE) mechanism, in which the 

imine group of PANI is protonated by H2O vapor [40]. As the ratio of PANI content 

decreases and PCL increases, the sensing profile changes from a negative to a positive 
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ΔR/Ro. Interestingly, 12 wt.% PANI exhibited both negative (at lower concentrations of 

H2O vapor) and positive (at higher concentrations) ΔR/Ro. The positive response of 

ΔR/Ro to H2O was further intensified in 9 wt.% PANI.  Fig. 6a shows the effect of 

different composition ratios of PANI to PCL on H2O vapor sensitivity. The data 

demonstrate that the changes in PANI content can alter the polarity of sensitivity, 

indicated by the sign of the slope in ΔR/Ro vs. concentration of analyte. A possible 

explanation of this change in the polarity of sensitivity is the alteration in the underlying 

sensing mechanism from PANI dominant to PCL dominant charge conduction. PCL is a 

semi-crystalline polymer. When water interacts with the structure, hydrolysis occurs at 

the ester linkage of PCL [41]. This causes swelling of PCL chains in the radial direction 

[42]. Considering that the changes in resistance during gas sensing by PANI is due to 

proton movement along the backbone of the polymer, the volume increase of host 

polymer is likely to increase the path length of charge transport, thus increasing overall 

resistance. 

On the other hand, all compositions of PANI/PCL composite nanofibers show a 

positive ΔR/Ro to NH3 similar to the sensing profile of pure PANI film (Fig. 5) [43]. When 

introduced to the PANI/PCL nanofibers, NH3, a deprotonating agent, interacts with 

protons on the PANI backbone and transforms to ammonium ion, NH4
+. This reduces the 

number of free charge carriers in the system [44]. As a result, the electrical resistance of 

PANI/PCL nanofibers increases. When the PCL content increases, the sensitivity to NH3 

decreases significantly, possibly due to a decrease in available PANI polymers to interact 
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with the analyte and an increase in charge conduction pathway (Fig. 6). However, unlike 

H2O vapor, high PCL content did not change the polarity of the sensitivity.  

Lastly, NO2, an oxidizing gas, chemically reacts with PANI, leading to changes in 

the doping level of PANI and altering its resistance. Due to its greater electron affinity, 

NO2 typically removes electrons from the -conjugated region of an undoped PANI 

backbone [45]. But in the case of the doped emeraldine salt form of PANI, when NO2 

interacts with it, it will further increase the oxidation state, decreasing the conductivity 

[46].  In parallel with this observation, there was an increase in ΔR/Ro in the highest 

PANI content (Fig. 5). Due to the strong interaction between NO2 and PANI, the 

desorption rate of NO2 is very low, inducing a poisoning effect [45]. Past a threshold, 12 

and 9 wt.% PANI exhibit a change in response, from positive to negative ΔR/Ro (Fig. 5 

and Fig. 6). Although the effects of NO2 on PCL are unclear, higher PCL content does 

affect overall sensing response, depicted by the change of sensitivity polarity. To the 

best of our knowledge, there has not been any reports of chemical interaction between 

PCL and NO2. Nevertheless, Ryan et al. showed an increase in ΔR/Ro when PCL-carbon 

black composite was exposed to SO2, a reducing gas [47].  Carbon black is widely used as 

a conductive medium without specific sensing functionality and relays electrical signals 

detected by insulating polymers in an electronic nose [48]. In this setup, SO2 interacts 

with the ester linkage, reacting with the carbonyl functional groups by donating its 

electron [49]. This interaction increases ΔR/Ro of the sensor. Based on this observation, 
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it is possible that an oxidizing gas like NO2 would induce the opposite response, 

decreasing ΔR/Ro as observed in Fig. 5 and Fig. 6.  

 

3.4. Composition-dependent charge transport 

In order to investigate the charge conduction behavior of PANI/PCL composite 

nanofibers at different compositions, the charge hopping mechanism was examined by 

the temperature dependence of the electrical conductivity. The samples were subjected 

to different temperatures ranging from 30 to 300 K and the resistance of the nanofibers 

was obtained from I-V characteristics generated by sweeping the voltage between -0.5 

to 0.5 V across source and drain gold electrodes. All compositions exhibit ohmic contact 

in this temperature range (Fig. S1).  CPs are composed of branched 1D chains; thus, the 

charge carriers are primarily transported intra-chain or inter-chain by a hopping 

mechanism [50]. Fig. 7a shows the temperature-dependent resistivity of PANI/PCL 

nanofibers with various compositions. As expected, 9 wt% PANI showed the greatest 

change in resistivity with respect to temperature change, due to higher content of 

insulating polymer. To explain the disorderly movement of charge, the mechanism of 

Mott’s variable-range hopping was utilized [51]. In the variable-range hopping model, 

the conductivity in three dimensions is given by [52]: 

σ = σo exp[-(To/T)]1/4 (1) 
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and 

σo = e2vR2N(E) (2) 
 

To=λα/kN(E) (3) 
 

, where e is the electronic charge, v a hopping frequency, λ≈18.1 a dimensionless 

constant [53], α the inverse rate of fall of the wave function [54], k Boltzmann’s 

constant, N(E) the density of states at the Fermi level. The hopping distance, R, and 

hopping energy, W, can be then determined by: 

 

R=[9/(8παkTN(E))]1/4 (4) 
 

W =(3/4)πR3N(E) (5) 
 

Assuming a reasonable value of α = 10 Å and characteristic phonon frequency γ = 

1013 s-1 [53], the calculated values of N(E) were 1.27, 55.6, 61.9 and 779 Å-3 for 20, 16, 

12, and 9 wt.% PANI composites, respectively. Fig. 7b and 7c show the calculated the 

hopping distances and the required energy for charge hopping to distant, energetically 

available sites, demonstrating a significant increase of those values in 9 wt.% PANI. 

Overall, the higher PCL content increases the charge conduction pathway, which 

requires greater hopping distance and hopping energy. 
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The above observation is significant to understand the mechanism that changes 

the composition-dependent sensitivity of PANI/PCL. As shown in the sensing response 

to H2O vapor, as the ratio of PANI/PCL decreases, the polarity of sensitivity changes 

from a negative to a positive ΔR/Ro. To further investigate the mechanism behind this 

phenomenon, two extreme compositions that showed different polarity of sensitivity, 

20 and 9 wt%. PANI, were subjected to the temperature-dependent electrical 

conductivity measurement under 50% H2O vapor exposure (Fig. 8). 50% H2O saturation 

was chosen due to the greatest response shown in the sensing performance (Fig. 5) 

while preventing water condensation at the low range of the examined temperatures. 

When exposed to H2O vapor, the hopping distance decreased in the higher PANI content 

while it increased in the higher PCL content. It demonstrates that the composition-

dependent change is likely due to the switch of the conduction mechanism from PANI to 

PCL dominant. This can be explained by the percolation theory in conjunction with two 

competing mechanisms of PANI-protonation and PCL-swelling [55]. When the 

concentration of PANI is high, a conduction pathway is formed for charge carriers to 

move along the PANI backbone. Thus, the protonation of PANI by H2O vapor, a p-type 

semiconductor, decreases resistance. However, as the PCL content increases, the effect 

of PCL swelling that increases resistance due to lengthened charge hopping distance, 

dominates the overall conduction mechanism competing with the increase in charge 

carrier density by PANI protonation. 
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4. Conclusion 

Various compositions of PANI/PCL nanofiber mats with similar structural and 

chemical characteristics were synthesized by controlling electrospinning parameters. 

When the different composite nanofiber sensors were exposed to H2O vapor or NO2, 

there was a change in the polarity of sensitivity past a threshold of PANI/PCL 

composition. This change in sensing behavior is attributed to competition between 

interactions of each polymer in the composite to analytes. Specifically, when there are 

competing mechanisms by the CP and the insulating host polymer that oppositely affect 

charge conduction, a polarity change in sensitivity exists depending on the composition 

ratio. This study demonstrates the importance of host polymer on the sensing behavior 

due to chemical interaction as well as physical swelling. Therefore, in addition to sensing 

properties of CPs, physiochemical interaction of host insulating polymer with various 

analytes must be accounted for when developing and optimizing sensors using 

conductive polymer composites.  
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Figure B.1. Nanofiber morphologies from (a) 7:3, (b) 6:4, (c) 5:5, and (d) 4:6 (V/V) 

PANI/PCL solution mixtures. 
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Figure B.2. FT-IR spectra of un-doped PANI/PCL composite nanofibers electrospun from 

7:3, 6:4, 5:5, 4:6 (V/V) PANI/PCL solution mixtures.  
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Figure B.3. Effect of HCSA secondary doping time on the electrical conductivity of 

PANI/PCL nanofiber composites. 
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Figure B.4. UV-Vis spectra of CSA-doped 20, 16, 12, and 9 wt.% PANI composite 

nanofiber mats. 
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Figure B.5. Transient sensing profiles of ((a), (e), and (i)) 20, ((b), (f), and (j)) 16, ((c), (g), 

and (k)) 12 and ((d), (h), and (l)) 9wt.% PANI composite sensors to various 

concentrations of ((a) – (d)) H2O vapor, ((e) – (h)) NH3, and ((i) – (l)) NO2. 
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Figure B.6. Normalized responses of 20, 16, 12, 9 wt.%PANI composite sensors to 

various concentrations of (a) H2O vapor, (b) NH3, and (c) NO2 gas. 
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Figure B.7. I-V characteristic of (a) 20wt.%, (b) 16wt.%, (c) 12wt.% and (d) 9wt.% PANI 

composite sensors over a range of temperatures. 
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Figure B.8. (a) Resistivity, (b) hopping distance, and (c) hopping energy for 20, 16, 12, 

and 9 wt.% PANI composite with respect to temperature. 
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Figure B.9. Hopping distance for 20wt.% and 9wt.% PANI composite under exposure to 

50% H2O vapor for a range of temperatures.  
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Appendix C. Physicoelectrochemical characterization of pluripotent stem 

cells during self-renewal or differentiation by a multi-modal monitoring 

system 

 

Abstract 

Monitoring pluripotent stem cell behaviors (self-renewal and differentiation to 

specific lineages/phenotypes) is critical for a fundamental understanding of stem cell 

biology and their translational applications. In this study, a multi-modal stem cell 

monitoring system was developed to quantitatively characterize physicoelectrochemical 

changes of the cells in real time, in relation to cellular activities during self-renewal or 

lineage-specific differentiation, in a non-destructive, label-free manner. The system was 

validated by measuring physical (mass) and electrochemical (impedance) changes in 

human induced pluripotent stem cells undergoing self-renewal, or subjected to 

mesendodermal or ectodermal differentiation, and correlating them to morphological 

(size, shape) and biochemical changes (gene/protein expression). An equivalent circuit 

model was used to further dissect the electrochemical (resistive and capacitive) 

contributions of distinctive cellular features. Overall, the combination of the 

physicoelectrochemical measurements and electrical circuit modeling collectively offers 

a means to longitudinally quantify the states of stem cell self-renewal and 

differentiation. 
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Introduction 

Human induced pluripotent stem cells (IPSCs), derived from individual patients, 

provide an excellent cell source for personalized regenerative medicine [1]. The efficacy 

of IPSCs has been well documented in animal models and the first human clinical trial 

using patient-derived IPSCs for retinal transplant is currently on-going [2]. In addition to 

their clinical applications, IPSCs also provide an ideal platform to develop patient-

oriented and disease-specific in vitro models that can be utilized to understand 

pathological and molecular mechanisms during disease progression. For example, IPSCs 

have been used to study the pathology of amyotrophic lateral sclerosis (ALS) by 

reprogramming the patient’s fibroblasts to IPSCs and differentiating the cells into 

functional motor neurons [3-5]. Such IPSC-derived in vitro models are especially 

valuable for drug screening aimed at developing personalized pharmaceutical therapies 

[6, 7]. Therefore, it is critical to quantitatively monitor the cellular behaviors during the 

course of IPSC self-renewal or differentiation toward specific lineages to fully utilize 

these diverse potentials of IPSCs. 

 Traditionally, stem cells have been characterized by biochemical techniques, 

such as polymerase chain reaction (PCR) and immuno-blotting, to determine changes in 

gene and protein expression. Although these traditional techniques offer semi-

quantitative measurements for cellular behaviors, they are destructive in nature, which 

prevent tracking of specific populations of the cells throughout its biological processes. 

The most common non-destructive analytical method is flow cytometry, but this 
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technique requires labeling of surface-expressed biomarker as well as detachment of 

the cells from substrates, thus limiting longitudinal monitoring of the cells. In this 

regard, physical changes of the cells, i.e., mass and morphology, provide another means 

to assess cellular behaviors. Stem cell proliferation or self-renewal is distinguished by 

increased cell quantity, which corresponds to mass change. On the other hand, 

differentiation is typically associated with changes in cell morphology which can be 

qualitatively characterized by size, shape, and structural features [8-10]. For this reason, 

albeit semi-quantitative at best, morphology characterization via optical microscopy has 

been the gold standard to routinely observe cellular behaviors.   

 Such physical changes in cells, occurring during self-renewal or differentiation, 

result in corresponding alterations in their electrical properties as the cell acts as both a 

resistor and a capacitor [11-14]. Diverse morphological features (i.e., cell spread, 

roundness, and compactness), as well as changes in the type and quantity of cell-cell 

and cell-substrate junctions, affect the resistive and capacitive properties of the cell 

layer. Electrochemical impedance spectroscopy (EIS) is an analytical method to measure 

such electrical properties [15]. This technique applies alternating current (AC) voltage 

perturbation at a low amplitude over a range of frequencies to an electrochemical 

system, for example, composed of extracellular matrix (ECM), cells, and cell culture 

media. Cell adhesion and its morphological changes on a substrate surface causes 

alterations in the impedance derived from the resistive and capacitive components of 

the system. Especially, spectroscopic analysis of AC impedance over a range of 
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frequencies provides important information regarding cell-substrate and cell-cell 

interactions. 

The electrical properties of cells were recently analyzed by EIS during the 

differentiation of stem cells [12, 16, 17]. These pioneering works have demonstrated a 

possibility of using changes in impedance as a biomarker for stem cell behaviors. 

However, the studies were limited to qualitative analyses, unable to fully realize the 

quantitative potentials of EIS to correlate the physical (cell quantity and morphology) 

and electrical (resistive and capacitive) properties of the cells with stem cell self-

renewal/differentiation.  

In this study, we developed a cell culture system to quantitatively monitor stem 

cell behaviors in real time during self-renewal and differentiation of IPSCs. The system 

combines quartz crystal microbalance (QCM) to monitor mass changes and EIS to 

measure impedance, in addition to optical clearance for cell visualization. The non-

destructive, label-free nature of the system allows for longitudinal monitoring of the 

same population of the cells. Using this QCM-EIS real-time monitoring system, mass and 

impedance changes of IPSCs were correlated to changes in cell quantity and 

morphology. Furthermore, an equivalent circuit model was utilized to further dissect the 

changes in resistive and capacitive electrical properties of the cells, which were 

correlated to the progression of IPSC self-renewal and differentiation. 
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Results 

Development of the multi-modal cell monitoring system 

To non-destructively and quantitatively monitor stem cell behaviors in real time, 

a QCM-EIS device was developed using a three-electrode setup (Figure 1). The setup 

incorporates the working, reference, and auxiliary electrodes used for both QCM and 

EIS. A polytetrafluoroethylene (PTFE) bottom casing houses two gold electrodes, which 

are in contact with the electrode pattern on the QCM crystal. The working electrodes 

deliver an AC potential perturbation to resonate the crystal at its resonant frequency for 

monitoring mass changes. An indium tin oxide (ITO) QCM crystal was used due to its 

transparency, which allows for visual observation of the cells during culture. The 

electrode on the top surface of the QCM crystal was alternatively used as the voltage 

source when the device was used in the EIS mode. The top casing holds the Ag/AgCl 

reference electrode and platinum wire auxiliary electrode to complete the three 

electrode setup for the EIS system. A glass window is secured by a stainless steel ring 

above the top casing to provide an optical pathway while maintaining sterility during cell 

culture. 

 

Morphological characterization of IPSCs during self-renewal and mesendodermal/ 

ectodermal differentiation 

 To obtain baseline morphological characteristics of IPSCs during self-renewal and 

differentiation, cells were cultured on Geltrex-coated tissue culture plates and subjected 
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to either self-renewal or differentiation conditions for various durations (Figure 2). The 

maintenance of pluripotency in the self-renewal condition and the differentiation 

efficiency toward mesendodermal and ectodermal lineages under the differentiation 

conditions were determined by immunofluorescence imaging (Figures 2A and S1). As 

expected, NANOG, a marker for pluripotency, was expressed throughout the duration of 

the culture for the self-renewal condition. GSC expression under the mesendodermal 

differentiation condition gradually increased beginning at Hour 72, while Nestin, an 

early ectodermal marker, was detected at Hour 96 for the cells subjected to the 

ectodermal differentiation condition. 

 To further confirm the pluripotency or differentiation state, gene expression 

after 96 hours for each condition was determined by real-time polymerase chain 

reaction (RT-PCR) (Figure 2B). For the self-renewal condition, there was no significant 

changes in the expression of OCT4, NANOG, and DNMT3B after 96 hours of culture in 

the system. For the mesendodermal differentiation condition, a significant upregulation 

of T, GSC, and MIXL1 was observed after 96 hours. Similarly, a significant upregulation of 

PAX6, NES, and SOX1 was induced by the ectodermal differentiation condition. The data, 

together with the protein expression analyses, indicate that the conditions utilized in 

this study resulted in the maintenance of the pluripotency or differentiation toward 

mesendodermal and ectodermal lineages. 

 The immunofluorescent images were utilized to determine the number of cells 

(Figure 2C) and cell morphology (Figures 2D-2F). Up to Hour 60, all three conditions 
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exhibited an increase in cell number. Following Hour 60, self-renewal and ectodermal 

differentiation continued to increase in cell number, while mesendodermal 

differentiation began to decrease. A slight decrease in cell number was observed for all 

three conditions after Hour 84, likely due to contact inhibition when reaching 100% 

confluency. The changes in cell morphology were characterized by the morphological 

features of individual nucleus at various time points, based on the previous reports 

showing a strong correlation between cell and nuclei shape (Figures 2D-2F) [18, 19]. Cell 

size estimated from nucleus size, circularity, and aspect ratio were quantified based on 

their distinctive morphological changes during IPSC self-renewal and differentiation. 

Self-renewing cells exhibited a decrease in cell size while maintaining relatively constant 

values for circularity and aspect ratio. This behavior is one of the characteristics of IPSCs 

during self-renewal in which compact cell colonies are formed and expand [20, 21]. 

Similarly, cells undergoing ectodermal differentiation also showed a decrease in cell size 

during differentiation, but they exhibited a deviation from the round cell morphology 

observed in the self-renewal condition. Unlike self-renewal or ectodermal 

differentiation, cells undergoing mesendodermal differentiation exhibited a sharp 

increase in cell size and aspect ratio at Hour 60 and a decrease in circularity, signifying 

that the cells were spreading and elongating during the differentiation period.  
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Cell behavior monitoring using QCM-EIS device 

  In comparison to imaging analysis of IPSCs cultured on tissue culture plates for 

various durations as described above, cells were alternatively cultured in the QCM-EIS 

device and subjected to the same self-renewal and differentiation conditions. Cell 

colony expansion was optically monitored during culture, enabled by the transparent 

ITO QCM crystal (Figure 3). The optical observation was conducted every 12 hours 

starting at Hour 24 post-device assembly, which typically showed approximately 70% 

confluency (Figures 3A and S2). Cell coverage on the crystal was quantified from the 

optical images (Figure 3B). By Hour 60 post-assembly, the cells for all conditions reached 

100% confluency. 

 The optical observations in cell growth were compared to the mass changes that 

were continuously measured by QCM (Figure 4). During the initial 24 hours, the mass 

change exhibited two phases, the initial lag phase followed by a sharp increase, which is 

typical for the growth behavior of adherent cells. Differentiation initiated at Hour 24 

resulted in different mass change behaviors among the three conditions. Self-renewal 

and ectodermal differentiation conditions exhibited similar mass change trends up to 

approximately Hour 48, while the mesendodermal differentiation condition showed a 

slower mass increase (Figure 4). After the cells reached 100% confluency at Hour 60 

with peak masses for all three conditions, they exhibited dramatically different 

behaviors. While the cells under ectodermal differentiation condition maintained a 

relatively constant mass, those under self-renewal and mesendodermal differentiation 
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conditions exhibited a decrease in mass. Combined with the optical observation where 

all three conditions maintained 100% confluency after Hour 60, these results suggest 

that there are significant changes in cell number and morphology (e.g., size) among the 

three conditions. Pearson’s correlation analysis showed statistically significant 

relationship between the cell number and the mass change for each condition (self-

renewal: 0.588, p < 0.05; mesendodermal: 0.229, p < 0.05; ectodermal: 0.975, p < 0.01). 

In addition to optical observations and mass change measurements, the 

impedance was determined every 12 hours during the culture by EIS using the multi-

modal system. Impedance changes at various time points are presented in the form of 

Bode magnitude/phase plots (Figures 5A and 5B), or the Nyquist plot (Figure 5C). 

Representative impedance data sets for the time points that exhibited significant 

differences in mass among the three conditions, Hours 48, 72, and 96, are shown 

(complete data sets for all time points are shown in Figure S3). In the Bode magnitude 

plot at Hour 48, all three conditions exhibited similar impedance values at low 

frequencies, indicating similar cell-substrate interaction (e.g. surface coverage by the 

cells) (Figure 5A). However, at high frequencies, mesendodermal differentiation 

exhibited a different impedance behavior, suggesting changes in cell membrane [22]. 

Over the course of IPSC culture, all three conditions showed different impedance 

changes, indicating differential development of the electrochemical interfaces (e.g., cell 

morphology, cell coverage, cell-cell and cell-substrate interactions). The phase angle 

plots clearly showed a differential peak development over the duration of cell culture 
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for the three conditions, also indicating significant differences in cell-cell and cell-

substrate interactions (Figure 5B). During the culture period, for example, the 

mesendodermal differentiation condition formed a shoulder, while self-renewal lost its 

shoulder approximately at 200 Hz. Similar to the Bode plots, the Nyquist spectra also 

showed clear differences in resistance and capacitance of the cells subjected to different 

conditions at various time points (Figure 5C). However, these impedance data do not 

readily deconvolute the contributions of cellular and extracellular components and their 

resistive and capacitive behaviors. 

 

Equivalent circuit modeling  

For a detailed analysis of impedance changes during the cell culture, an 

equivalent circuit model based on a cell/protein layer/electrode system was utilized 

[23]. The model consists of the resistance of the media (Rm), the impedance of the 

cellular components (resistance: Rc and capacitance: Cc), and the impedance of the 

extracellular components (Geltrex/electrode; resistance: Re, capacitance: Ce, and 

constant phase element: CPEe) (Figure 6A). Assuming that Zc (combination of Rc and Cc) 

is the only component significantly changing during culture, fixed values for Rm and Ze 

(Re, Ce and CPEe) were determined by direct solution measurement and impedance 

measurement without cells, respectively. Figure 6B shows a relatively good fitting of the 

equivalent circuit model on the representative experimental data for the self-renewal 

condition (a complete set of fitted data can be found in Figure S4). The fitted values of 
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Rc and Cc from impedance results of IPSCs during the course of self-renewal and 

differentiation are presented in Figures 6C and 6D, respectively. There was a steady 

increase in Rc in all conditions up to Hour 48 after which different behaviors were 

observed (Figure 6C). Rc was strongly correlated to the changes of cell number as 

determined by Pearson’s correlation analysis (self-renewal: 0.717, p < 0.01; 

mesendodermal differentiation: 0.927, p < 0.01; ectodermal differentiation: 0.927, p < 

0.01). Interestingly, Rc was positively correlated to the cell size in the self-renewal 

renewal (-0.628, p < 0.01) and ectodermal differentiation (-0.714, p < 0.01) conditions 

while it was negatively correlated to that in the mesendodermal differentiation 

condition (0.264, p < 0.01). Cc also exhibited different trends after reaching confluency 

(Figure 6D). The values for Cc increased for cells undergoing self-renewal and 

ectodermal differentiation after Hour 48 while Cc for the mesendodermal cells remained 

relatively constant. The changes in Cc strongly correlate with changes in cell size for self-

renewal (-0.604, p < 0.01) and ectodermal differentiation (-0.385, p < 0.01), while there 

is no correlation between the Cc and the cell size/morphology for the mesendodermal 

differentiation condition. 

 

Discussion 

During stem cell differentiation, the cells undergo transient changes in cell shape 

until reaching end-phenotypes. These physico-morphological changes are important 

markers to determine the differentiation state of the cells [24, 25]. Optical microscopy 
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has been a choice of non-destructive analytical methods to monitor cellular behaviors. 

However, an optical analysis is semi-quantitative at best, and often subjective by 

observers. In this regard, a new quantitative analytical methodology enabling real-time 

observation of cellular behaviors in a non-destructive manner would advance our 

fundamental understanding in stem cell biology. Recently, Raman spectroscopy 

demonstrated its ability to assess the degree of stem cell differentiation by non-

destructively detecting macromolecular compositional changes [26-28]. However, such 

chemical changes are associated with protein expression, which typically occur at the 

later stages of stem cell differentiation. In this study, we demonstrated that the 

differentiation lineage/state-dependent morphological changes of human IPSCs were 

significantly correlated to the changes in mass and impedance spectra that were 

continuously monitored throughout the culture period, providing a quantitative means 

to determine stem cell development. 

 The changes in cell mass (or surface coverage) and cell morphology are the most 

apparent characteristic features associated with the self-renewal and differentiation of 

the stem cells. During IPSC self-renewal, the cell morphology relatively maintained a 

round and compact shape as cell surface coverage increased by the formation and 

expansion of the cell colonies. In contrast, differentiation of IPSCs was marked by their 

transformation in cell shape as distinctive morphology was developed between 

differentiation toward different lineages, i.e., mesendodermal and ectodermal cells. 

Cells undergoing mesendodermal differentiation exhibited spreading and elongation. In 
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contrast, cells undergoing ectodermal differentiation showed a slightly round 

morphology, and exhibited stacking to form a multi-layered structure at a later stage. 

Such overall physical changes including cell surface coverage, morphological features of 

individual cells and cell-cell interactions collectively influence impedance of the cells, 

providing quantitative distinction among different states of cell growth/differentiation 

when optical visualization do not provide sufficient information. 

Monitoring the mass changes provides information about general cell expansion, 

but it alone cannot completely depict cellular behaviors especially after reaching 100% 

confluency. For example, there was an increase in mass corresponding to an increase in 

surface coverage up 100% coverage at Hour 60. Following Hour 60, there were 

differences in mass change patterns, yet the surface coverage remained at 100%, due to 

changes in cell size. In this regard, impedance measurement can supplement the missing 

information, i.e., cell morphology, as impedance response depends on the electrical 

current pathway determined by cell surface coverage and cell morphology [22, 29-31]. 

As expected, impedance measurements were similar at Hour 48 before the cells reached 

100% surface coverage at Hour 60, regardless of their culture conditions. Thereafter, 

differential and dynamic impedance changes were observed among the conditions likely 

due to the combinational effects from lineage-/stage-dependent cell morphology 

changes. Interestingly, after the cells undergoing ectodermal differentiation reached 

100% confluency, up to which similar mass and impedance changes to the self-renewal 

condition were observed, there was a differential development in impedance spectrum. 
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Typically, cells subjected to ectodermal differentiation become tightly packed to form 

neural rosettes [32, 33]. These tightly packed cells stack on top of each other, therefore 

affecting the electrical pathway, leading to possible increase in impedance at lower 

frequencies. In contrast, cells undergoing mesendodermal differentiation exhibited a 

slightly different development of impedance spectrum from the initiation of 

differentiation as compared to the other conditions. This is likely due to the changes in 

cell shape before reaching 100% confluency. The changes in cell size and morphology 

continued with a mass decrease while maintaining 100% surface coverage. This resulted 

in fewer cell-cell junctions that may have led to the changes in impedance. However, it 

is not readily available to decouple the individual contributions of such changes in cell 

coverage, shape and cell-cell/cell-substrate interactions from the overall impedance of 

the complex system. 

 In this regard, equivalent circuit modeling provides a means to extract the 

contribution of individual components (i.e., cell, substrate, and cell culture media) from 

overall impedance changes. There were several studies that attempted to characterize 

stem cell differentiation via monitoring impedance measurements at a specific 

frequency [17, 34, 35]. While those studies pioneered the application of EIS in the stem 

cell field, they were limited to comparing impedance changes to unidentified cellular 

changes during stem cell differentiation in a semi-quantitative manner. The studies 

lacked the full realization of electrochemical analysis to link physico-morphological 

changes associated with various stem cell states. This study attempts to correlate the 
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relationship between physical properties and electrochemical responses of IPSCs in 

order to characterize stem cell development. An equivalent circuit model was utilized to 

dissect the individual contributions from resistive and capacitive reactances of the 

cellular components. A mechanism model for impedance responses associated with cell 

morphology changes during stem cell self-renewal/differentiation is proposed in Figure 

7. As shown in Figure 6, Rc, resistance of the cells, increased proportionally with cell 

coverage before it reached 100% confluency at Hour 60. The fastest expansion of cell 

colonies during this period under the self-renewal condition likely led to the greatest 

resistance increase as compared to the differentiation conditions. At a later stage, there 

was a decrease in Rc in the self-renewal condition while an increase was observed in the 

ectodermal differentiation condition. Considering the fact that the conditions have 

relatively similar cell number and morphology changes, cell stacking in the ectodermal 

differentiation may result in a greater resistance. For mesendodermal differentiation, 

after 100% confluency, cell size continued to increase, leading to fewer cell-cell 

junctions and the highest Rc. 

 Changes in Cc typically indicate alterations in the cell membrane [36-38]. Clear 

differences in Cc among the conditions began to appear after the cells reached 100% 

confluency. As expected, there was a strong correlation between Cc to cell size, 

indicating that cellular capacitance depends on the membrane area. The Cc of self-

renewing cells and cells undergoing ectodermal differentiation gradually increased up to 

Hour 72, strongly correlated with cell size decreases, hence increased membrane area. 
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Differences in Cc become apparent between the two conditions at the later stage where 

there is a decrease in Cc in the ectodermal differentiation condition, probably due to 

stacking. However, the Cc for mesendodermal cells remained relatively constant unlike 

the other conditions. During mesendodermal differentiation, cell size increases while 

they elongate (decrease in circularity and increase in aspect ratio), effectively 

maintaining a relatively uniform cell membrane area. This probably resulted in 

statistically insignificant correlation between capacitance of mesendodermal cells and 

their size/shape. Nevertheless, the deconvolution of electrical components 

demonstrated lineage and stage-specific changes, enabling the determination of stem 

cell behaviors during self-renewal and differentiation. 

 Although we have not tested this multi-modal system for different kinds of stem 

cells, we fully expect that any stem cell differentiation associated with mass and 

morphology changes can be detected by the system. It is supported by the observation 

that lineage-specific impedance changes at a specific frequency occur during osteogenic 

and adipogenic differentiation of mesenchymal stem cells [16]. In addition, the system 

should be able to distinguish further lineage specification that induces morphological 

changes, e.g., cell alignment and elongation during long-term cardiac and neural 

differentiation, which affect cell-substrate and cell-cell interactions, thus impedance. 

The EIS measurements can be continuously conducted without affecting cellular 

behaviors for any culture duration as long as the cells do not detach from the QCM 

crystal [16]. However, the system cannot detect cellular behaviors that are not 
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associated with morphological changes (i.e., protein secretion). In this regard, the use of 

the QCM-EIS system complemented by another non-destructive, label-free analytical 

tool that can detect chemical/macromolecular changes, like Raman spectroscopy, would 

further enhance the analysis of cellular behaviors. 

In summary, we have demonstrated that our multi-modal system offers a 

powerful technology to non-destructively monitor stem cell behaviors in real time by 

incorporating three analytical techniques, QCM, EIS, and optical microscopy. The 

combination of QCM and EIS provides the capability to simultaneously quantify cellular 

mass change and electrical impedance of the system; QCM provides information about 

cell growth, while EIS offers a means to characterize cell morphology changes. 

Additionally, the optical visualization capability allows linking such 

physicoelectrochemical changes to the morphological changes of the cells. Therefore, 

the combination of these quantitative information and electrical circuit modeling 

collectively offers a means for an in-depth understanding of cellular processes during 

stem cell self-renewal and differentiation. 

 

Experimental Procedures 

QCM Crystal Preparation 

 The ITO QCM crystal (Microvacuum, Budapest, Hungary) was cleaned by 

ultrasonication in the sequence of acetone, isopropanol, then deionized water for 30 

minutes per bath, followed by drying in a gentle flow of nitrogen gas. The crystal was 
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subjected to 30 seconds of oxygen plasma treatment (Electron Microscopy Sciences, 

Hatfield, PA) at 30 W, then sterilization with 70% ethanol for one hour, and subsequent 

UV-sterilization for 30 min. A commercially available basement membrane matrix, 

Geltrex (Life Technologies, Carlsbad, CA), was coated onto the crystal surface overnight. 

The Geltrex layer allows for better IPSC attachment and adhesion. Following the 

completion of each experiment, the crystal was subjected to an ammonia-peroxide 

water mixture (1:1:5 volume ratio of NH4OH, H2O2, and H2O, respectively) for 5 minutes 

at 75° C to effectively remove secreted proteins adhered to the crystal surface. 

 

IPSC Culture 

A well-characterized human IPSC line was utilized in this study [39-41]. Cells 

were seeded on to the Geltrex-coated QCM-crystal at approximately 75,000 cells/cm2. 

The cells were then cultured in an incubator for 24 hours in 37°C and 5% CO2 with 

mTeSR1 maintenance media (StemCell Technologies, Vancouver, Canada) supplemented 

by a ROCK inhibitor (Y-27632, 1:1000, Reagents Direct, Encinitas, CA) to ensure cell 

survival and attachment. After the 24 hours of incubation, when the cells were 

approximately 40% confluency, the cell-seeded ITO QCM crystal was then assembled 

into the device. ROCK inhibitor was removed from the culture media and cells were 

maintained in mTeSR1 to monitor self-renewal until reaching 70% confluency. Cells 

were then cultured for 72 hours under mTeSR1 maintenance media or subjected to 

mesendodermal or ectodermal differentiation. Optical images using a microscope were 



211 
 

taken every 12 hours to monitor changes in cell morphology and quantify surface 

coverage. For the positive controls, the same batches of IPSCs were seeded at the same 

seeding density onto Geltrex-coated glass coverslips in a tissue culture plate. Samples 

were fixed every 12 hours with 4% paraformaldehyde (Fisher Scientific, USA) and stored 

in PBS for subsequent immunocytochemistry. 

 

In vitro differentiation of IPSC toward mesendodermal and ectodermal lineages 

 Differentiation was induced at 70% cell confluency. For mesendodermal 

differentiation, the cells were subjected to a medium composed of DMEM-F12, L-

glutamine, ITS, non-essential amino acids, B27, and β-mercaptoethanol supplemented 

with the following growth factors: Day 1: 25 ng/µL Wnt3a (R&D Systems, Minneapolis, 

MN), 10 µg/µL Activin-A (Peprotech, Rocky Hill, NJ) ; Day 2: 25 ng/µL Wnt3a, 10 µg/mL 

Activin-A, 4 ng/mL bFGF (R&D Systems), Day 3: 25 ng/µL Wnt3a, 10 µg/µL Activin-A, 4 

ng/µL bFGF, 50 ng/µL BMP4 (R&D Systems) [39]. Media was exchanged daily in the 

QCM-EIS device, as well as the positive controls. 

 For ectodermal differentiation, the cells were maintained in neurobasal media, 

supplemented with B27, N2, L-glutamine, and non-essential amino acids. The media was 

exchanged every 36 hours with the growth factors, 0.1 µM retinoic acid (Sigma-Aldrich, 

St. Louis, MO) and 2 µM dorsomorphin (Sigma-Aldrich), according to an established 

protocol for ectodermal differentiation [39]. The positive controls were treated on the 

same schedule.  
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Protein and gene expression of IPSC self-renewal and differentiation  

 Fixed cells of the positive control samples were stained for NANOG, a 

pluripotency marker, to confirm the maintenance of pluripotency during the culture; 

Goosecoid (GSC), a mesendodermal marker (R&D Systems), and Nestin, an ectodermal 

marker (DSHB, Iowa City, IA) to confirm for the presence of differentiated cells. 4’,6-

Diamidino-2-Phenylindole (DAPI, Vector Laboratories, Burlingame, CA) and Phalloidin 

(Life Technologies, Carlsbad, CA) staining were used to identify nuclei and actin 

structure, respectively. 

 Alternatively, the maintenance of pluripotency, or differentiation toward 

mesendodermal or ectodermal lineage was confirmed at the gene level by real-time 

PCR. Total RNA from the positive control samples was extracted using an RNeasy Micro 

Kit (Qiagen, Valencia, CA), and cDNA synthesis was performed using iScript cDNA 

Synthesis Kit (Bio-Rad, Hercules, CA) according to manufacturers’ protocols. Real-time 

PCR was performed to determine the gene expression of pluripotency and various 

differentiation markers using the custom primers (Table S1). Data were analyzed by the 

comparative threshold cycle (CT) method using GAPDH as an endogenous control [42]. 

 

Quantification of nucleus morphology 

The shape descriptors feature from ImageJ was utilized to quantify the area, 

circularity, and aspect ratio of nuclei from immunofluorescent images [43]. A total of 
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450 cells from nine images taken from different areas of three biologically independent 

samples per condition were subjected to morphological characterization. Circularity is 

defined with  4𝜋 ×
(𝐴𝑟𝑒𝑎)

(𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟)2 with a value of 1.0 indicating a perfect circle, and a value 

approaching 0 representing an elongated shape. The aspect ratio is calculated by 
𝑎

𝑏
, 

where a and b are defined as the primary and secondary axis, respectively, of the best 

fitting ellipse. 

 

Mass change and impedance measurements during cell culture 

The QCM function of the system continuously monitored changes in cell mass 

throughout the cell culture period. EIS was set to measure impedance by applying an AC 

perturbation of 10 mV using a potentiostat (CH Instruments, Austin, TX) every 12 hours. 

The frequency sweep ranged between 10-1 to 104 Hz with 12 measurements performed 

per decade. The resulting data provided impedance values (real, imaginary, and 

magnitude), and phase shift that corresponded to each frequency measurement.  

 

Fitting and Simulation 

EIS Analyser software was used to fit the experimental data with the proposed 

equivalent circuit model. The circuit model was modified from the previous study of Qiu 

et al. [23]. The Nelder-Mead algorithm was utilized to determine the fixed circuit values 

for the impedance of the extracellular components without cells. Once the fixed values 
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were determined, the same algorithm was used to determine the impedance of the 

cellular components. 

 

Statistics 

QCM and EIS measurements were repeated in triplicate with different batches of 

human IPSCs. The same batch of the cells were used for the positive controls with at 

least three samples per condition for morphological characterization. Data are 

presented as mean ± standard error of means (SEM). Student T-test was used to 

determine statistical significance of gene expression. Pearson’s correlation coefficient 

was determined to reveal bivariate correlation between cellular characteristics (number, 

size and shape) and measured impedance (resistance and capacitance). Statistical 

significance among the experimental conditions (i.e., self-renewal to mesendodermal 

differentiation, self-renewal to ectodermal differentiation, and mesendodermal 

differentiation to ectodermal differentiation) for cell number, morphological features, 

the resistive and capacitive values from EIS measurements/model fitting was 

determined by ANOVA with Tukey’s post-hog test. It was considered statistically 

significant when a ‘p’ value was less than 0.05.  
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Figure C.1. A schematic of the multi-modal QCM-EIS device. (A) An assembly view of 

the device labeled for individual components. (B) An assembled view of the device. (C) A 

photograph of the prototype QCM-EIS device. 
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Figure C.2. Characterization of human induced pluripotent stem cells under self-

renewal/differentiation conditions and immunofluorescence analyses of cell number 

and morphology. (A) Representative immunofluorescence images showing protein 

expression of pluripotency marker, NANOG, mesendodermal marker, GSC, and 

ectodermal marker, Nestin for self-renewal, mesendodermal and ectodermal 

differentiation conditions, respectively over 96 hours. (blue: nucleus, green: protein of 

interest, scale bar: 50 μm) (See also Figure S1, images reused in). (B) RT-PCR analysis of 

pluripotency (OCT4, NANOG, DNMT3B) and differentiation (mesendodermal: T, GSC, 

MIXL1; ectodermal: PAX6, NES, SOX1) markers after 96 hours of culture (S: self-renewal, 

M: mesendodermal differentiation, E: ectodermal differentiation. Data are represented 

as mean ± SEM of six independent samples. ‡ and ns denote p < 0.01 and not significant, 

respectively). Comparison of (C) cell number change and cell morphology 
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characterization ((D) nuclei coverage area, (E) circularity, and (F) aspect ratio) via nuclei 

analysis during IPSC self-renewal and differentiation from immunofluorescence images. 

(Data are represented as mean ± SEM (n = 450 cells from nine different areas of three 

biologically independent samples). *, + and # denote p < 0.05 between S and M, S and E, 

and M and E, respectively). 
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Figure C.3. Optical monitoring of IPSCs during self-renewal or differentiation in the 

QCM-EIS device. (A) Representative optical images taken every 24 hours during the 

course of cell culture up to 100% confluency (See also Figure S2, images reused in). Red 

dotted outlines represent a single cell colony within the culture (Scale bar, 1 mm). (B) 

Cell surface coverage during IPSC culture quantified from optical images. (S: self-

renewal, M: mesendodermal differentiation, E: ectodermal differentiation. Data are 

represented by mean ± SEM (n = 9) of three independent experiments. *, + and # 

denote p < 0.05 between S and M, S and E, and M and E, respectively). 
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Figure C.4. Mass changes during IPSC self-renewal or differentiation by 

QCM. Representative data sets of cell mass change measured by QCM during IPSC 

culture. The shaded region indicates the initial self-renewal phase for all three 

conditions. Differentiation was induced at Hour 24 for either mesendodermal or 

ectodermal lineage. The broken lines indicate time points used for EIS analysis at Hours 

48, 72, 96 (S: self-renewal, M: mesendodermal differentiation, E: ectodermal 

differentiation). 
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Figure C.5. Impedance measurements of IPSC self-renewal or differentiation by 

EIS. Representative (A) Bode magnitude, (B) Bode phase, and (C) Nyquist plots of EIS 

measurements at Hours 48, 72, and 96 for IPSCs subjected to self-renewal or 

differentiation (S: self-renewal, M: mesendodermal differentiation, E: ectodermal 

differentiation) (See also Figure S3). 
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Figure C.6. Equivalent circuit modeling of IPSCs. (A) A schematic of an equivalent circuit 

model for Geltrex/electrode-IPSC-culture media interfaces consisted of resistance, 

capacitance, and CPE of the extracellular components (Re, Ce, and CPE), resistance and 

capacitance of cellular components (Rc and Cc), and resistance of cell culture media 

solution (Rm). (B) Representative Bode magnitude curves fitted with the equivalent 

circuit model for self-renewal. (Scattered plot – experimental data, line plot – fitted 

data). (C) Rc and (D) Cc values derived from the equivalent circuit model over the course 

of cell culture period. (S: self-renewal, M: mesendodermal differentiation, E: ectodermal 

differentiation. Data are represented by mean ± SEM of three independent 

experiments. *, + and # denote p < 0.05 between S and M, S and E, and M and E, 

respectively) (See also Figure S4). 
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Figure C.7. Proposed mechanisms for cellular and electrochemical changes during 

stem cell self-renewal and differentiation. 
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