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Introduction 

The brain is a wondrous and complex organ, a biological machine forged by the 

evolutionary forces of nature. The human brain contains 100 billion neurons and each neuron 

is connected by synapses to several thousand other neurons. Connected neurons work together 

to produce perceptions and sensations, memories and emotions, physical movements and 

abstract constructs. The neurons communicate by means of electricity that passes along and 

across their cellular membrane. Much of what is known about brain physiology is through the 

measurement of this electrical activity, either with relatively large electrodes placed on the 

scalp or tiny microelectrodes inserted into the brain tissue itself. At the finer end of this scale, 

scientists have discovered much about the way individual neurons extract sensory 

information, adapt their behavior to form a memory, and convey signals to other regions of 

the brain. However, it has long been recognized that the brain operates on a global scale, 

through the collective behavior and interaction of its neural units1. Information is processed 

in several regions of the brain simultaneously, and the activity of neighboring neurons can be 

quite different from one another. By one analogy, the attempt to assess brain function by 

observing a single neuron is like looking at the output of one transistor to learn how a computer 

works. Thus, the recording of many neurons simultaneously is necessary to truly reveal the 

mechanisms of the brain2. In recent decades, a variety of recording techniques have been 

developed for a neural interface such as electroencephalography (EEG), magneto-

encephalography (MEG), electrocorticography (ECOG), local field potential (LFP) 

recordings, micro-electrode array (MEA) and peripheral nerve interfaces (PNIs) to the 

micron-level precision required for multi-neuron recording. Their small size allows many 

recording channels to be placed onto one device.  
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One of the goals of neural interface research is to create a seamless connection between 

the nervous system and the neuroprostheses either by stimulating or by recording from neural 

tissue to restore or substitute function for individuals with neurological deficits or disabilities. 

Hence, significant amount of scientific and technological efforts have been devoted to develop 

neural interfaces that link the nervous system with robotic prosthetic devices. The creation of 

a novel neural interface is essential for developing the full potential of advanced prosthesis 

technology required to replace lost limbs. Additionally, meticulous studies of a single neuron 

and between neurons utilizing the neural interface technology should be made to elucidate 

fundamental biological phenomena such as cellular processes and heterogeneities. 

Particularly, an electrophysiological study of neural networks can provide knowledge to 

unravel the functions of brain. When fundamental research about molecular and cellular 

mechanisms of a single neuron and electrophysiological studies using neural interfaces on 

both the central and peripheral nervous systems are done together, it has a synergistic effect 

on neural interface technology. 

The research and methodologies described in this dissertation stem from our research 

group’s efforts to optimize the design and expand the applications of neural interfaces. The 

dissertation is organized into four chapters. Chapter 1 is a review of neural interface 

technology and study of neural signal detection. This chapter provides a foundation for 

Chapter 2 and 3. Chapter 2 is a study of a neural interface as cellular level research. We present 

an advanced single-neuronal cell culture and monitoring platform using a fully transparent 

microfluidic dielectrophoresis (DEP) device for unabated monitoring of neuronal cell 

development and function. The device is mounted inside a sealed incubation chamber to 

ensure improved homeostatic conditions and reduced contamination risk. Consequently, we 
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successfully trap and culture single neurons on a desired location and monitor their growth 

process over a week. Chapter 3 deals with the specific application of PNIs to the sciatic nerve 

of a rat as a nervous system-level research. We developed novel devices, “cuff and sieve 

electrodes” (CASE), that integrate microfabricated cuff and sieve electrodes capable of broad 

(via cuff) and precise (via sieve) selectivity to increase the strengths and simultaneously 

decrease the weaknesses of traditional electrode designs. We performed terminal device 

implantations in a rat sciatic transection and repair model to test the capacity of the CASE 

interface. The sciatic nerve was stimulated by the sieve portion of the CASE electrode and 

somatosensory evoked potentials were recorded from the somatosensory cortex via micro-

eletrocorticography. The ability to elicit cortical responses from sciatic nerve stimulation 

demonstrates the proof of concept for both the implantation and chronic monitoring of CASE 

interfaces for innovative prosthetic control. Lastly, in Chapter 4, I will identify areas in which 

further investigation is needed and propose future directions of both cellular and system-level 

neural interface. 
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Chapter 1 

Neural interface technology 

1.1 Neural interfacing 

Neural interfaces can be used to implement sensorimotor neuroprostheses, to map epileptic 

neural activity, and to study systems neuroscience more generally in animal models. The 

technological approaches can be tailored to interfaces at various levels of the central and 

peripheral nervous systems, from individual neurons to the superimposed activity of neural 

populations.  

1.1.1 Neural interfacing with the central nervous system 

The central nervous system (CNS) is the part of the nervous system which is comprised of 

the brain and spinal cord.  The CNS receives information from sensory nerve extremities 

and in return controls the function of muscles throughout the body. The nerves conducting 

this information are made of bundles of tightly packed axons, each leading to a different 

neuron in the peripheral nervous system (PNS) or the CNS. In case of traumatic injury, 

however, the axons in motor pathway hardly regenerate and partial or total paralysis can 

occur. One of the leading applications for BCI devices is the development of 

neuroprosthetics to allow direct connection of sensory and motor brain function to a 

computer. Most of the neurons of the CNS are located in the cerebral cortex, a thin 

convoluted neural layer at the surface of the forebrain3, making them readily accessible by 

surface interfacing devices. The cerebral cortex has specialized areas that control sensory, 
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motor function, visual, auditory, language, comprehension, speech, memory, awareness 

and consciousness. It is the electrical characteristics of the central nervous system and its 

connectivity that interests the researchers and allows us to design the innovative devices 

and methods to interface with this complex system. Measuring these signals has been a 

goal for developing research (and now also commercial) brain-interfacing tools, such as 

the well known electroencephalogram (EEG) which can record the brain activity along the 

scalp4. However, as the electrical fields produced are very small, decay rapidly and contain 

important spatial information, more accurate interfacing devices have been developed such 

as the electrocorticogram (ECoG) which can record brain activity directly from cerebral 

cortex5. More recently, this approach has been improved using flexible thinfilm micro-

fabrication techniques to create a less invasive high-resolution electrode array called micro-

ECoG 6. Micro-ECoG technology is still in its infancy, and while significant improvements 

have been accomplished in the fabrication of flexible electrodes for this application, a lot 

remains to be understood about the material interaction with the brain, particularly in the 

context of chronic implantation. These devices have multiple applications, from providing 

a communication interface for paralyzed patients, monitoring or predicting epileptic 

seizures, or controlling computer interfaces. In addition, some brain interface devices rely 

on recording of an evoked activity in CNS after stimulation of sensory function to evaluate 

their proper function. The two main categories of neural interfaces for the CNS are near-

field CNS measurements and far-field CNS measurements. The near-field extracellular 

CNS measurements are performed by amplifying the potential difference between a 

microelectrode tip implanted in the cortex and a reference electrode located within a few 

millimeters. The far-field CNS measurements record the electric potential sub-durally, epi-
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durally or on the scalp. The recorded signals can be divided in two components, one is the 

local field potential (LFP) which measures coherent low frequency changes in the 

membrane potential (<300 Hz) associated with synaptic current of many neurons and the 

other is higher frequency signal (300 Hz-10 kHz) consisted of multi-unit activity resulting 

from action potential of nearby neurons. The different frequency components represent the 

different spatial ranges, up to 100 µm for single-unit signals, hundreds of microns for multi-

unit signals and a few millimeters for local field potential (LFP). Devices such as the micro-

electrocorticogram (micro-ECoG), the electroencephalogram (EEG) are typically used for 

measuring these signals, with varying efficacies. 

1.1.2 Neural interfacing with the peripheral nervous system 

PNS is one of two components that make up the nervous system. The main function of the 

PNS is to connect the CNS to limbs and organs. The peripheral nervous system is divided 

into the somatic nervous system, and the autonomic nervous system. The somatic nervous 

system is under voluntary control, and transmits signals from the brain to end organs such 

as muscles. The sensory nervous system is part of the somatic nervous system and transmits 

signals from senses such as taste and touch (including fine touch and gross touch) to the 

spinal cord and brain. The autonomic nervous system is a 'self-regulating' system which 

influences the function of organs outside voluntary control, such as the heart rate, or the 

functions of the digestive system.  

 Peripheral nerve injuries are serious health problems that can lead to loss of 

sensation and mobility, as the resulting loss of innervation impairs voluntary muscle 

movements and normal sensation. In Europe more than 300, 000 cases of peripheral nerve 
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injuries occur annually and in the United States, 360, 000 people suffer from upper 

extremity paralytic syndromes on an annual basis7,8. In recent years, many scientific and 

technological efforts have been devoted to develop hybrid bionic systems that link, via 

neural interfaces, the human nervous system with electronic and/or robotic prostheses, with 

the main aim of restoring motor and sensory functions in patients with spinal cord injuries, 

brain injuries, or degenerative diseases. A number of neuroprostheses, developed to 

artificially substitute or mimic sensorimotor functions in patients with neurological 

impairment, include interfacing the PNS or muscles by means of appropriate electrodes, 

which may allow neuromuscular stimulation and neural signal recording. Recent 

developments in the technology of electronic implants and in the understanding of neural 

functions have also made feasible the construction of interfaces that work by bi-

directionally interchanging information between the CNS and computerized artificial 

instruments, by means of microwire or microelectrode arrays implanted in the brain9 or in 

the spinal cord10. Considering the application of different types of electrodes, the desired 

selectivity of stimulation or recording from individual nerve fibers or motor units increases 

in parallel with the invasiveness of the electrode implantation (Fig. 1.1). For example, 

surface and muscular electrodes can record EMG activity from and stimulate only the 

underlying or implanted muscles. Extraneural electrodes, such as cuff and epineurial 

electrodes, provide simultaneous interface with many axons in the nerve, whereas 

intrafascicular and sieve electrodes inserted in the nerve may interface small groups of 

axons within a nerve fascicle. On another hand, the state of the nerve varies; cuff and 

intrafascicular electrodes can be applied to intact nerves in acute or chronic studies, 



5 
 

 

whereas, by definition, regenerative sieve electrodes are implanted in transected nerves 

that need to regenerate across the electrode sieve over several months. 

 

Figure 1.1. The different types of PNIs. PNIs can be categorized into several types 

based on levels of invasiveness and selectivity. This represents a general classification, 

despite that selectivity actually depends on the type of nerve and anatomical and 

physiological considerations for each particular application. 

 

1.2 Neural signal detection 

1.2.1 Electrical activity in the brain 

Cell-to-cell signaling in the nervous system arises through the movement of charged ions 

through specialized channels in the cellular membrane. The charged particles – sodium, 
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potassium, and chloride being the most important species of ions – bring about voltage 

changes in the cells through which they flow. Occasionally, a single voltage transient 

known as an action potential occurs. The pattern of pulse-like action potentials that a brain 

cell, or neuron, elicits is the method of signaling in the brain. An action potential from one 

neuron, for instance, may cause a connected neuron to generate an action potential, and so 

on. An action potential, or “spike”, is detectale as a rapid voltage change occurring inside 

of a neuron. In laboratory studies, this voltage change is measured with a very fine micro-

electrode, usually made of glass, inserted through the cell membrane11. As shown in Fig. 

1.2, the initail upswing of an intracellularly recorded action potential waveform 

corresponds to an influx of sodium ions (Na+), which is following by a slower efflux of 

potassium ions (K+). Note that the positive-going phase of the spike lasts about 1ms, and 

the entire action potential spans 80-90 mV. 
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Figure 1.2. Extracellular action potential, also called a “spike”.  

 The occurrence of an action potential can be inferred through the detection of 

electrical current flowing in the tissue outside the neuron. This extracellular current exists 

as a counterpart to the intracellular ionic current, forming a closed circuit that allows the 

action potential to take place. The preferred method of detecting action potentials 

extracellularly is with a fine metal micro-electrode12. The metal forms a capacitive 

coupling to the aqueous tissue medium, allowing it to detect changes in the in the potential 

field created by action potential currents. Traditionally, metal micro-electrodes are made 

from stainless steel, tungsten, or platinum wire. An example of an extracellular spike is 
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shown in Fig. 1.2. Detecting action potentials extracellularly circumvents the need of cell 

impalement, an often laborious technique that can damage the cell membrane. 

1.2.2 Recording from multiple neurons 

One additional advantage of extracellular electrodes is their ability to record from multiple 

neurons in the vicinity of the electrode tip. Intracellular electrodes cannot record from more 

than one neuron, and maintaining impalements with multiple electrodes is extremely 

difficult, even when the brain tissue is immobilized in a petri dish. An abundance of local 

neural activity, however, means that extracellularly recorded spikes must be assigned to 

their respective neural sources in order for meaningful single-unit spike analysis to take 

place. This task is confounded by the possibility that two or more spikes may overlap in 

time. Moreover, distant neurons contribute to the voltage fluctuations at the tip, appearing 

as random noise. The identification of multiple-unit action potentials, then, becomes a 

challenging problem of signal detection and classification. Many spike classification 

methods have been developed over the years13. The underlying principle of these methods 

is that spikes produced by one nearby neuron have a different amplitude and shape than 

those produced by another neuron. The characteristic appearance of a spike waveform is a 

result of many factors: the cellular mechanisms generating the action potential, the neuron-

electrode and surrounding conductive tissue. Some typical features of an extracellularly 

recorded spike are indicated in Fig. 1.2. 

 

 



9 
 

 

1.3 Thin-film neural interface device fabrication methods 

The development of thin film neural devices has been largely based on the innovations 

made in microfabrication techniques, used in many other applications including electronics 

devices. Amongst the various materials available, two are of particular interest in the 

context of thin film neural devices, polyimide and parylene C. To be considered as a thin-

film neural interface device substrate, the polymer has to possess good dielectric property, 

moisture uptake resistance, chemical resistance, biocompatible and excellent mechanical 

properties. These two materials have distinctive properties that make them suitable for 

different applications. Polyimide is one of the most commonly available polymers that has 

excellent moisture and electrical insulation properties and if flexible. Currently there are 

different types of polyimide polymers available in the market, but the photodefinable 

polyimide is the preferred choice due to its simplicity in microfabrication that does not 

require hazardous chemicals, such as Hydrofuric Acid (HF) for the etching process. 

Parylene C is one of the first and few materials that have been approved by the FDA for 

chronic implant devices. It also has higher light transmission property than polyimide and 

looks transparent. The detailed electrode fabrication process is described in the following 

chapter. 
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Chapter 2 

Single-neuronal cell culture and monitoring platform 

using a fully transparent microfluidic DEP device 

2.1 Abstract 

Dielectrophoresis using multi-electrode arrays allows a non-invasive interface with 

biological cells for long-term monitoring of electrophysiological parameters as well as a 

label-free and non-destructive technique for neuronal cell manipulation. However, 

experiments for neuronal cell manipulation utilizing dielectrophoresis has been constrained 

because dielectrophoresis devices generally function outside of the controlled environment 

(i.e. incubator) during the cell manipulation process, which is problematic because neurons 

are highly susceptible to the properties of the physiochemical environment. Furthermore, 

the conventional multi-electrode arrays designed to generate dielectrophoretic force are 

often fabricated with non-transparent materials that confound live-cell imaging. Here we 

present an advanced single-neuronal cell culture and monitoring platform using a fully 

transparent microfluidic dielectrophoresis device for the unabated monitoring of neuronal 

cell development and function. The device is mounted inside a sealed incubation chamber 

to ensure improved homeostatic conditions and reduced contamination risk. Consequently, 

we successfully trap and culture single neurons on a desired location and monitor their 

growth process over a week. The proposed single-neuronal cell culture and monitoring 

platform not only has significant potential to realize an in vitro ordered neuronal network, 
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but also offers a useful tool for a wide range of neurological research and 

electrophysiological studies of neuronal networks. 

2.2 Introduction 

Single-cell analysis has attracted an increasing amount of attention over the past decades, 

and paves the way for elucidating fundamental biological phenomena such as cellular 

processes and heterogeneities14-17. Of particular importance to the field of neuroscience, 

meticulous studies of single neurons and between spatially isolated neurons provide a 

better understanding of the dynamics of functional neuronal networks as well as their 

fundamental molecular and cellular mechanisms. Also, elucidating the link between neural 

activity and sensation or motor control remains major challenges. This research is essential 

to push forward personalized treatments of neurological disorders including epilepsy, 

Parkinson’s disease, Alzheimer’s disease, and other cognitive and motor disorders. 

To date, various cell manipulation techniques such magnetophoresis, optical 

tweezers, acoustic means, and dielectrophoresis (DEP) 18, have been explored for the field 

of single-cell analysis. Among these techniques, DEP, an electrokinetic phenomenon 

acting on polarizable particles in a non-uniform electric field, benefits from the fact that 

cells can be trapped, aligned and patterned without requiring additional elements (i.e. 

optical device, magnet and light source)19-26. Moreover, DEP provides a healthy 

environment for neurons to reside by incorporating electrode structures that are designed 

to minimize the electric field intensity27. 

Nevertheless, the availability of DEP for realizing an in vitro cultured neuronal 

network is limited by the difficulty of the neuron cultures, which are highly susceptible to 
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the properties of the physiochemical environment (i.e. pH, osmotic pressure, humidity, and 

temperature) and infection28-31. In addition, imaging the morphology and activity of 

cultured neurons using inverted microscope is often confounded by the use of non-

transparent electrodes and substrate28-30,32. 

Here, we propose an advanced single-neuronal cell culture and monitoring platform 

using a fully transparent microfluidic DEP device. This device consists of multi-electrode 

arrays (MEAs) made of indium-tin-oxide (ITO) and a PDMS microfluidic chip. To reduce 

the risk of culture contamination, the device was mounted inside an incubated microscope 

system. A target neuron was trapped and released sequentially by an array of ring-shaped 

electrodes arranged in a row to demonstrate the capabilities of the proposed system. 

Consequently, we were able to successfully culture and monitor single-neuronal cells over 

time. This advanced platform for trapping of single-neuronal cells and monitoring of its 

electrophysiological parameters enables novel and detailed neurological studies. 

2.3 Theory 

2.3.1 Dielectrophoresis 

DEP is a translational motion of polarizable particles suspended in a medium induced by a 

non-uniform electric field18,22. The behavior of neutral body should be carefully 

distinguished from motion cause by the response to free charge on a body in an electric 

field. In a uniform electric field, a charged particle is attracted to the electrode of opposite 

polarity but a neutral body will just be polarized in the same field (Fig. 2.1a). We can 

observe different behavior of the neutral, polarizable body in a nonuniform electric field 

(Fig. 2.1b). The charged one still attracted to the electrode of opposite polarity electrode. 
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In this case, a translational force is exerted on the neutral, polarizable body and it pulled 

toward region of high electric field intensity. In fact, the two charges on the body are equal 

because the particle is neutral. But the fields operating on the two regions are unequal. This 

uneven electric field intensity on each side of the polarized particle gives rise to a net force.  

 

Figure 2.1. Behaviors comparison of neutral body and charged body. (a) Neutral and 

charged body in uniform field. (b) Neutral and charged body in nonuniform field. 

 

 

In Fig. 2.1, we have not specified which electrode is positive or negative when the force is 

induced on neutral body under the nonuniform field. It does not matter in the case of neutral 

body. The force upon the neutral, polarizable body in the nonuniform field is normally in 

the same direction no matter which electrode is charged positive or negative (Fig. 2.2). 
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That is the reason why we can apply the AC signal to generate a dielectrophoretic force. 

As shown in Fig. 2.2, positively charged particle is attracted to the negative electrode while 

polarized neutral body moves towards the region of highest field intensity.  

 

 Figure 2.2. Behaviors comparison of neutral and charged body in an nonuniform 

electric field. Highest electric field intensity region: (a) positive electrode, (b) negative 

electrode. Both of cases, neutral bodies are attracted to the highest field intensity region. 

 

 

The resulting force felt by the particle is due to an induced dipole as described by the 

Maxwell-Wagner (MW) theory33,34. The dielectrophoretic force on a sphere can be derived 
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directly from the induced dipole model. The time-averaged DEP force on a particle in a 

non-uniform electric field can be expressed as 

𝐹⃗𝐹𝐷𝐷𝐷𝐷𝐷𝐷 = 2𝜋𝜋𝑅𝑅3𝜀𝜀𝑚𝑚Re[𝑓𝑓𝐶𝐶𝐶𝐶(𝜔𝜔)]∇𝐸𝐸�⃗ 𝑟𝑟𝑟𝑟𝑟𝑟
2     (1) 

where R is the radius of the particle, 𝜀𝜀𝑚𝑚  is the relative permittivity of the surrounding 

medium, Re[𝑓𝑓𝐶𝐶𝐶𝐶(𝜔𝜔)] is the real part of the Clausius-Mossotti (CM) factor, ∇ is the del 

vector operator, and 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 is the root-mean-square value of the applied electric field22. For 

the case of a spherical, homogeneous particle of permittivity 𝜀𝜀𝑝𝑝 , the CM factor which 

describes the effective polarizability of the particle which varies with the applied 

frequency33 is given by 

𝑓𝑓𝐶𝐶𝐶𝐶(𝜔𝜔) = 𝜀𝜀𝑝𝑝∗−𝜀𝜀𝑚𝑚∗

𝜀𝜀𝑝𝑝∗+2𝜀𝜀𝑚𝑚∗
     (2) 

where 𝜀𝜀𝑝𝑝∗  and 𝜀𝜀𝑚𝑚∗  are the complex permittivities of the particle and the medium, 

respectively, with 𝜀𝜀𝑝𝑝∗ = 𝜀𝜀𝑝𝑝 − 𝑗𝑗 𝜎𝜎𝑝𝑝
𝜔𝜔

, and 𝜀𝜀𝑚𝑚∗ = 𝜀𝜀𝑚𝑚 − 𝑗𝑗 𝜎𝜎𝑚𝑚
𝜔𝜔

 where 𝜀𝜀𝑝𝑝  and 𝜀𝜀𝑚𝑚  are the 

permittivities of the particle and the medium, respectively, 𝜎𝜎𝑝𝑝  and 𝜎𝜎𝑚𝑚  are the 

conductivities of the particle and the medium, respectively, and ω is the angular frequency 

of the applied electric field. The real part of the CM factor (Re[𝑓𝑓𝐶𝐶𝐶𝐶(𝜔𝜔)]) has a value 

between -0.5 and 1 and determines the direction of the DEP force. When the particles that 

are more polarizable than the surrounding media, the Re[𝑓𝑓𝐶𝐶𝐶𝐶(𝜔𝜔)] is positive and the 

particles are attracted to the regions of electric field intensity maxima, positive 

dielectrophoresis (pDEP), whereas when the particles that are less polarizable than the 

media, Re[𝑓𝑓𝐶𝐶𝐶𝐶(𝜔𝜔)] is negative and the particles move toward electric field intensity 

minima (i.e. repelled from field maxima), negative dielectrophoresis (nDEP). The 
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calculation result of the real part of the Clausius-Mossotti factor (fCM) is shown in Fig. 2.3. 

The result plot as s function of frequency by using a neuronal single-shell model 35. The 

parameters for the single-shell model of neuronal cell were shown in Table 1. In our 

experiment, conductivity of neuronal cell culture medium is 1.2 S/m, as the working 

solution for manipulating neurons. 

 

Table 1. Parameters for the single-shell model of cortical rat neuron 

Parameter Value 

Cytoplasm permittivity 7.1 × 10−10 F/m 

Cytoplasm conductivity 0.75 S/m 

Membrane permittivity 1.8 × 10−12 F/m 

Membrane conductivity 1 × 10−7 S/m 

Medium permittivity 7.1 × 10−10 F/m 
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Figure 2.3. Real part of the Clausius-Mosotti factor as a function of frequency for a 

cortical neuron. The curve was calculated for a medium conductivity: 𝜎𝜎𝑚𝑚=1.2 S/m. 

As we can see in Fig. 2.3, nDEP will occur over the entire frequency range up to very high 

frequencies. For neuroscience applications, the nDEP is better suited as it makes possible 

the use of commonly used neuronal cell culture media due to the conductivity and 

permittivity of the media being higher than those of neurons 19,20,30 as well as allows 

neurons to reside in a healthy environment by attracting the neurons to the region of electric 

field intensity minima.  

 

2.3.2 Transmembrane potential 

A transmembrane potential may be induced when cells are exposed to an electric field. 

This potential changes with the magnitude and frequency of the electric field, and when it 

reaches a certain level, breakdown of the cellular membrane will occur 36. According 

to the single-shell model, assume a cell can be represented as a homogeneous sphere 

surrounded by a thin shell. Neglecting the membrane conductivity, membrane thickness 

and resting membrane potential, when an alternating (sinusoidal) electric field is applied, 

the induced transmembrane potential Vm can be simplified as Marszalek et al. (1990) 37:

 𝑉𝑉𝑚𝑚 = 1.5�𝐸𝐸�⃑ �𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝛼𝛼
�1+(2𝜋𝜋𝑓𝑓𝜏𝜏)

       (3) 

where 𝛼𝛼 represents the angle between the electric field line and a normal from the center 

of the sphere to a point of interest on the membrane (the maximal transmembrane potential 

is induced at the membrane patch facing an electrode, 𝛼𝛼 = 0◦ or 180◦); and τ is the time 

constant of the membrane, which can be written as: 
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τ = 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 �
1
𝜎𝜎𝑖𝑖

+ 1
2𝜎𝜎𝑚𝑚

�    (4) 

where 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚  and 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚  represent the specific membrane resistance and capacitance per 

unit area; and 𝜎𝜎𝑖𝑖 represents the conductivity of the cytoplasm. Transmembrane value, 𝑉𝑉𝑚𝑚, 

have an important impact on the viability of the neurons manipulated by nDEP forces, and 

a lower transmembrane potential is desirable. 

2.4 Materials and methods 

2.4.1 Fabrication of fully-transparent microfluidic DEP device 

The proposed fully-transparent microfluidic DEP device is composed of the MEAs 

integrated glass substrate and microfluidic chip 38. The fabrication process is described 

with schematic illustrations in Fig. 2.4a. The fabrication began with ITO deposition and 

patterning. A 250 nm thick ITO film with a sheet resistance of 6 Ω/□ was deposited on a 

clean glass substrate by radio frequency (RF) magnetron sputtering at room temperature. 

Then, a photolithography and wet-etching processes using hydrochloric acid (HCl) and 

buffered oxide etchant (BOE) solution were carried out to define the ring-shaped trap 

electrode and counter electrodes. A bilayer of Ti (20nm)/Au (200nm) was deposited using 

an electron beam evaporator to serve as the pad electrode for making a connection between 

the DEP device and the signal generator (Fig. 2.4a). Then, a dielectric insulator (SiO2) with 

a thickness of 200 nm was deposited by an electron-beam evaporator and patterned by the 

wet-etching process to define the pad electrodes. The internal diameter and the width of 

the ring-shaped electrode were 40 μm and 20 μm, respectively. The gap between the ring 

electrode and the ground plane was 20 μm. Other parts of the device, such as the contact 
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pads and traces, were made of metal (Ti/Au). The PDMS-based microfluidic chip was 

fabricated on a silicon wafer following a previously described soft lithography protocol39. 

The master replica for rapid prototyping of the PDMS microstructure was patterned using 

negative photoresist (SU-8 50, MicroChem Co., Newton, MA) on a silicon wafer. First, a 

layer of SU-8 was spin-coated at 4000 rpm. The SU-8 coated wafer was baked and exposed 

through a photomask containing the desired patterns. After the post-baking treatment, the 

SU-8 coated wafer was developed leaving master patterns. Liquid PDMS was poured onto 

the master replica and cured. And then peeled off the cured PDMS from the master replica 

after 24 hours. The fabricated PDMS chip was oxygen plasma treated and bonded with the 

target substrate in which MEAs were fabricated to form the microfluidic channel (Fig. 

2.4b). The diameters of inlet and outlet holes in the microfluidic chip were 2 mm. The 

microfluidic channel height, width, and length were 40 μm, 250 μm, and 3 cm, respectively. 

Before cells were injected into the microfluidic channel, the fabricated device was cleaned 

by 75% ethanol and distilled water, and then sterilized by autoclave. After the autoclaving 

process, all subsequent procedures were performed in a sterile environment. Poly-D-lysine 

(PDL) is commonly coated on tissue cultureware to promote surface adhesion to the cell 

membrane. If the channel was immersed in the PDL solution first, the solution would have 

hindered at the entrance of the channel due to surface tension29,32. Hence, the device was 

first treated with 95 % ethanol for 5 min, followed by rinsing five times with sterile 

deionized water. Finally, the inside of the microfluidic channel was coated with a PDL 

(concentration of 0.1mg/mL) and followed by rinsing five times with sterilized water as 

well. Actually, it is hard to coat the PDL in the surface of the inside of microfluidic channel.  
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Figure 2.4. Fully transparent microfluidic DEP device. (a) Schematic illustration of the 

fabrication process of the microfluidic DEP device: ITO patterned to form neuron trapping 

electrodes. Metal patterning of traces and pads on ITO patterned glass. Electrodes are 

insulated with SiO2 except metal PADs. Alignment and bonding between electrode 

patterned substrate and the PDMS microfluidic chip. (b) Image of the fabricated 

microfluidic DEP device and optical microscope image of the electrode arrays. Each ring-
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shaped electrode is surrounded by the reference electrode and connected to the metal pads 

to apply AC signals.  

2.4.2 System set-up 

The DEP device consists of electrodes arrays patterned on a glass slide and 

polydimethylsiloxane (PDMS) microfluidic chip fabricated using standard 

photolithography and soft lithography processes as shown in Fig. 2.4a. The device features 

a total of eight trap electrodes located in the center of the device with the ability to control 

each electrode independently to trap and release cells. The use of metal (Ti/Au) pads 

ensures a stable mechanical connection to the cable connectors used for applying the AC 

signal. Fig. 2.4b shows an image of the fabricated microfluidic DEP device after the PDMS 

chip was bonded to the MEAs. 

A schematic of the overall experimental set-up for single-neuronal cell trap and 

culture is depicted in Fig. 2.5a. The fabricated microfluidic DEP device was placed in the 

incubator that incorporates a motorized inverted microscope (BioStation, Nikon, Inc.). and 

a CCD digital camera (DS-Qi1, Nikon, Inc.) to facilitate live-cell imaging. A mixture of 

cell culture media and neurons was loaded onto a 1mL syringe and the needle inserted into 

the inlet tube (6.25×10-2 inch inner diameter) connected to the microfluidic channel 

designed to flow the mixture. The syringe was placed in a syringe pump (Kent Scientific, 

Genie plus, CT) set a flow rate of 2.5 µL/min. The AC signal used to trap cells on the 

electrodes was generated by a function generator (HP 33120A) and its amplitude and 

frequency were 8 Vpp and 10MHz, respectively. In order to prevent signal attenuation, AC 

signal was applied to the electrode via RF coaxial cable connectors (Taoglas Limited 
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CAB.058 semi-rigid SMA RF connector), by which impedance was matched to 50 ohms, 

and was confirmed by the signal measurement using an oscilloscope (Agilent 54621A). 

Operation of the microfluidic DEP device is depicted in Fig. 2.5b. When the target neuron 
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Figure 2.5. Single-neuronal cell trapping and culture system. (a) Overview of the cell 

incubator and monitoring system, as well as an image of the microfluidic DEP device 

placed in the incubator. The set-up is composed of a syringe pump, a function generator, 

an oscilloscope, a camera, a microscope and a monitoring computer. Each metal pad of the 

eight ring-shaped electrodes is connected to the positive terminal of the function generator 

and the two reference electrodes are connected to the ground terminal of the function 

generator. (b) Schematic illustration of the cross-section of the microfluidic DEP device.  

 

 

approaches the trap, the electrode is energized to immobilize the neuron at the center of the 

electrode. After neurons are positioned inside the electrodes, a medium without neurons 

was introduced into the microfluidic channel to remove the excess cells. Neurons attached 

to the target electrodes after the medium stopped flowing. The immobilized neurons were 

cultured and the growth of the neurons was recorded in the incubator. 

2.4.3 Cortical neuron culture 

All animal procedures were approved by the University of Wisconsin Institutional Animal 

Care and Use Committee (IACUC) and were in accordance with National Institutes of 

Health guidelines. Embryonic day (E) 18 cortical/hippocampal neuron cultures were 

prepared from Sprague-Dawley rats of either sex (Envigo) as described previously40. 

Briefly, cortices were dissected, trypsinized and dissociated. Dissociated cortical neurons 

were plated on 1.0 mg/mL poly-D-lysine (PDL) (Sigma-Aldrich)-coated DEP device. 

Neurons were plated in plating media (PM) (Neurobasal medium with 5% FBS (Hyclone), 



24 
 

 

B27 supplement, 2 mM glutamine, 37.5 mM NaCl and 0.3% glucose). After 1 h, the 

medium was replaced with serum-free medium (SFM), which was PM without FBS.  

Neurons were then fixed and imaged after 5DIV.  

2.4.4 Immunocytochemistry and imaging 

For wide-field imaging, neurons were fixed in 4% paraformaldehyde/Krebs/Sucrose at 

37°C. Cultures were rinsed three times with phosphate buffered saline (PBS) solution and 

blocked with 10% BSA/PBS, permeabilized in 0.2% Triton X-100/PBS and labelled with 

primary and secondary antibodies. Primary antibodies to the α-tubulin, specifically, 

Tyrosinated-Tubulin (Millipore) and Tau-1 (Chemicon) and secondary antibodies to goat 

anti-rat and goat anti-mouse IgG Alexa Fluor 488, 568 and 647 (Invitrogen) were used to 

visualize microtubules. Phalloidin coupled to Alexa 488, 568 or 647 (Invitrogen) was used 

to label actin filaments (1:25 to 1:100). Neurons were imaged on a Nikon TE300 inverted 

microscope equipped with a 40X/1.3NA Plan Apo (DIC-fluor) and 20X/0.5NA (phase-

fluor) objective. Images were captured on a Coolsnap EZ cooled interline CCD camera 

(Photometrics). 

2.5 Results 

2.5.1 Device modeling and simulation 

To verify the feasibility of the proposed DEP device for single neuronal cell manipulation, 

the strength of the electrical field and the direction of the DEP force over the device 

including electrodes were numerically solved using finite element simulation software 

(Comsol Multiphysics 4.2, Comsol Ltd). The amplitude and frequency of the applied 
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voltage in this simulation were 8 Vpp and 10 MHz, respectively. For the designed ring-

shaped electrodes, we presumed the electric field distribution to be cylindrically symmetric 

in any plane orthogonal to the plane of the array of electrodes.  

For the simulation, various physical parameters of the structure and a dipolar model 

of the DEP force were established. The parameters of the neuronal cell and medium were 

as follows: the radius of the cell: 5 µm, permittivity of the cell: 80, cytoplasm permittivity: 

7.1×10-10 F/m, cytoplasm conductivity: 0.75 S/m, membrane permittivity: 1.8×10-12 F/m, 

membrane conductivity: 1×10-7 S/m and medium permittivity: 7.1×10-10 F/m24,30,35,41,42. As 

for the boundary conditions, applied AC electric potentials were on the ring-shaped 

electrodes and the outer surfaces were set to electrical insulation.  

Figure 2.6a shows the distribution of the electric field magnitude (E2) for each trap 

electrode with an applied signal of 8 Vpp at 10 MHz. As can be seen in this figure, the 

magnitude of the electric field changed over the position (x-axis), with a minimum in the 

center of the ring-shaped trap electrode and maximum at the edge of electrode in the gap 

between the trap electrode and surrounding counter electrode. Dielectrophoretic forces 

(white arrows) are directed toward the center of the ring-shaped electrode and repellent 

forces are displayed near the surrounding electrodes. This simulation result indicates that 

invisible trap formed at the center of the electrode with low electric field magnitude. 

The numerical simulation results of the neuron motion tracking at each instant are 

illustrated in Fig. 2.6b. Neurons were modeled as blue particles with a radius of 5 µm and 

distributed uniformly at the initial stage (I) of the simulation. The blue particles placed near 

the ring trap were driven toward regions of low field strength and collected in the center of 

the ring trap. However, the particles placed outside of the ring trap moved upwards, 
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repelled by the repulsive force over time. This simulation indicates that our microfluidic 

DEP device is suitable for single cell manipulation. 
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Figure 2.6. Schematic illustrations of trap electrode arrays and its cross-sectional 

view with numerical simulation results. The color bar shows the electric field intensity 

(in V/m) for an applied AC signal. (a) Distribution of the electric field magnitude (in V/m), 

based on an applied potential of 8 Vpp at 10 MHz, is shown for each trap electrode inside 

the fluidic channel with color-scale plot. The white arrows, normalized vectors, indicate 

the direction of the dielectrophoretic force. The intensity of the applied electric field is 

maximal in close proximity to the edge of each ring-shaped electrode and is reduced to its 

minimum value at the center of the trap zone. (b) Motion trajectories of neurons with a 

radius of 5 µm under the distribution of applied electric field magnitude (in V/m). Numerals 

I-IV correspond to time: (I) Initial distribution of neurons in the domain, (II) position of 

the neurons after 0.3 s, (III) 1 s, and (IV) 2 s. 

 

2.5.2 Single-neuronal cell manipulation 

To demonstrate the performance of our proposed fully-transparent microfluidic DEP 

device, single-neuronal cell manipulation was conducted as shown in Fig. 2.7. The cell 

trapping process was carried out inside an incubator and monitored with a built-in CCD 

camera (DS-Qi1, Nikon, Inc.). 

The single-neuronal cell trapping process is illustrated in Fig. 2.7a. The neuronal 

cells were trapped and released sequentially by an array of ring electrodes arranged in a 

row. Details of the neuronal cell positioning process are as follows: (I) A target neuron (red 

arrowhead) flows to the 1st electrode. (II) When the target neuron comes in proximity to 

the 1st electrode, the 1st electrode is energized and the neuron is immobilized in the center 
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of the 1st trap site. (III) Non-cellular particles (blue arrowhead) are repelled by the 1st 

electrode and keep flowing while the trapped neuron remains at the 1st trap site (green 

arrows). (IV) The trapped neuron is released by turning the 1st electrode off, travels with 

the flow of the media, and then is trapped again in the center of the 2nd trap site. (V-VI) 

The neuron is then subsequently released and trapped in turn by the 3rd and 4th trap sites. 

We also observed neurons being repelled from the electrode. The images in Fig. 2.7b show 

the bouncing motion of the neuron which is subject to a repulsive force induced by the 

nDEP. (I and II) While the target neuron was immobilized in the ring trap (red arrowhead), 

another neuron comes in close proximity to the ring trap and it appears to have bounced 

off the invisible wall created by the repulsive force (black arrow). (III) The repelled neuron 

travelled along the invisible wall carried by the flowing media, while the target neuron 

stays in the trap. The trapping and bouncing motion of the neuron was in concordance with 

the particle trajectory simulation results (Fig. 2.6b). 

2.5.3 Single-neuronal cell culture, monitoring and imaging 

After the cell trapping process, the media was aspirated and replaced with fresh 

culture media to remove any redundant neurons and cellular debris remaining in the 

microfluidic chamber and deliver nutrients to the trapped neurons. The fluid flow was shut 

down and the system was stabilized for 5 min. Then, the nDEP forces were turned off so 

that the trapped neurons levitating above the electrode plane were released from its 

levitated position and plated down for culture. During the cell culture period, we changed 

the culture media once a day to supply nutrients to the neurons by aspirating away 

approximately half of the media and replacing the amount removed with fresh media. The 
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cultivation images were recorded by a CCD camera integrated inside the incubator. Red 

LED illumination was used for phase contrast imaging. 

To confirm whether the trapped single neurons settle and grow well on the trap 

electrode, we monitored the morphological changes of growing neurons for 20 hrs. Figure 

2.8a shows the time-lapse phase contrast images of neurite outgrowth in an in vitro culture 

of a trapped single neuron. As can be seen in this figure, the morphology of neuron changed 

slightly after 1 hr and minor neurites began to form after 2 hrs. 
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Figure 2.7. Recorded images of single-neuronal cell manipulation on the array of ring-

shaped traps. (a) Incoming neuron (I) entering the 1st trap. (II) The neuron is then 

immobilized in the 1st trap electrode against a fluid flow. (III) While the neuron is trapped, 

a repelled particle continues to move in the flow of media. (IV) The released neuron is 

captured again in the 2nd trap. (V and VI) The neuron is trapped in the 3rd and the 4th ring 

trap in turn. (b) Bouncing motion of the neuron subject to a repulsive force. While the 

target neuron was trapped in the desired electrode, an incoming neuron was repelled by 

DEP force. When the incoming neuron reached the outside of the electrode, the repulsive 

force pushed the neuron out of the ring. 
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After 4 hrs, we observed that several minor neurites protruded the cell body and continued 

to extend over time. These results demonstrate the viability of the technique as we 

confirmed that a single neuron successfully adhered to the trap electrode and grew well 

over time. 

All of the neurons cultured on the fabricated devices show the same developmental 

trajectory. First, neurons exhibited a stereotypical series of events in which they first attach 

to a substrate and extend both lamellipodia and filopodia (stage 1). Over time, filopodia 

merge and form several distinct neurites, all of which contain a growth cone at their tip 

(stage 2). Within 48 hours of plating, one of the neurites elongates rapidly to form an axon 

(stage 3), while the remaining neurites develop slowly into dendrites (stage 4)43. A DIC 

and a fluorescent image of a single neuron cultured on the trap electrode are shown in Fig. 

2.8b. Neurons cultured on PDL-coated DEP devices were fixed at 5 days in vitro (5DIV) 

and labelled for microtubules (red) and actin (green). Phalloidin staining at the tips of both 

neurites and growth cones show typical stage 2 to 3 development, as well as prominent 

tyrosinated tubulin staining, which labels dynamic microtubules, in both dendrites and 

axons44.  
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Figure 2.8. Images of cultured neurons on trap electrodes. (a) In vitro time-lapse 

imaging of outgrowth of a single neuron on the trap electrode for 20 h. The trapped neuron 

was attached on the surface at the initial stage of the imaging. Time-lapse phase contrast 

images of a living cortical neuron show outgrowth of neurites. (b) Microscope image of a 

cultured neuron on a trap electrode (left). Neuron was fixed at 5 days in vitro (5DIV). 

Image of neuron immunolabeled for microtubules (red) and actin (green) (right). 
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2.6 Conclusion 

We have presented an advanced single-neuronal cell culture and monitoring platform 

which enables single-neurons to be positioned at a desired location. Further, we conducted 

real-time live-cell imaging within a controlled environment to monitor the outgrowth of 

neurons while preventing exposure of the neuronal cells to hostile environments. Finite 

element simulation was used to guide the appropriate design parameters and verify the two-

dimensional model of the proposed structures. Following fabrication of the device, we 

demonstrated the capability to trap individual neurons on specific target electrodes with 

our DEP device. Changes in cell morphology, such as neurite outgrowth, were accurately 

observed through the transparent substrate in phase contrast, while avoiding photodamage 

to neurons that often accompanies fluorescent imaging. Importantly, the applied electric 

field for DEP did not adversely affect cell health, as demonstrated by live-cell imaging and 

immunolabelled images as presented in Fig. 2.8a and b. Additionally, the accessibility of 

neurons appropriately grown on the MEAs makes it possible to record the electrical activity 

of multiple neurons at the same time, and to investigate the electrical communication 

between them. Therefore, DEP using MEAs allows not only a label-free and non-

destructive technique for cell manipulation but also a non-invasive interface with biological 

cells for long-term (days to weeks) monitoring of electrophysiological parameters32,45,46. 

Thus, the proposed advanced platform has great potential to form an in vitro ordered 

neuronal network and allows novel and detailed studies of cellular physiology. 
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Chapter 3 

The novel combination of cuff and sieve electrodes (CASE) for bi-

directional peripheral nerve interfacing 

3.1 Abstract 

A number of peripheral nerve interfaces for nerve stimulation and recording exist for the 

purpose of controlling neural prostheses, each with a set of advantages and disadvantages. 

The ultimate goal of neural prostheses is a seamless bi-directional communication between 

the peripheral nervous system and the prosthesis. The creation of novel neural interfaces 

and the surgical methods for their implantation are essential for exploiting the full potential 

of advanced prosthesis technology required to replace lost limbs. Here, we developed a 

novel interfacing electrode array, the “cuff and sieve electrodes” (CASE), integrating 

microfabricated cuff and sieve electrodes to a single unit, to ultimately decrease the 

weaknesses faced by these electrode designs in isolation. This paper presents the design 

and fabrication of CASE with ex vivo and in vivo testing towards chronic application.  

Electrochemical impedance spectroscopy (Average 820.9±92.9 kΩ at 1kHz), cyclic 

voltammetry and energy dispersive spectroscopy were performed to determine electrode 

viability for in vivo applications. Finally, terminal device implantations were performed in 

a rat sciatic transection and repair model to test the ease of implantation and capacity of 

the CASE interface to write sensory information into the biological system. CASE 

stimulation of the sciatic nerve at different amplitudes elicited significantly different 

cortical responses (p<0.005) as demonstrated by somatosensory evoked potentials, 
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recorded via micro-electrocorticography. The ability to elicit cortical responses from 

sciatic nerve stimulation demonstrates the proof of concept for both the implantation and 

chronic monitoring of CASE interfaces for innovative prosthetic control. 

3.2 Introduction 

There are at least 1.6 million people living with limb loss in the United States and an 

estimated 185,000 new cases occur each year. The number of Americans living with major 

limb loss is increasing, and expected to double by 20507. Hence, considerable technological 

efforts have been devoted to develop neural prosthesis devices capable of replacing the 

motor and sensory functions of lost limbs required to return normative function to 

amputees47-50. With state of the art prostheses now capable of emulating a wide range of 

limb functions that stand to significantly improve the quality of life of many amputees, the 

push is now on to develop the ultimate control methods for intuitive control. Peripheral 

nerve interfaces (PNIs) are one particularly attractive method, offering direct connections 

between the biological peripheral nervous system and the robotic prostheses.  

3.2.1 Peripheral nervous system 

The peripheral nervous system (PNS) refers to the parts of the nervous system that are 

outside the central nervous system, the brain and spinal cord. PNS is constituted by neurons 

whose cell bodies are located in the spinal cord or within spinal ganglia, their central 

connections, and their axons, which extend through peripheral nerves to reach target organs. 

Peripheral nerves contain several types of nerve fibers as shown in Table 251. Afferent 

sensory fibers terminate at the periphery either as free endings or in specialized sensory 
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receptors in the skin, the muscle, and deep tissues. Sensory fibers convey various classes 

of sensory inputs, mainly mechanical, thermal, and noxious stimuli. Efferent motor fibers 

originate from motoneurons in the spinal cord and end in neuromuscular junctions in 

skeletal muscles. The majority can be divided into alpha-motor fibers that innervate 

skeletal extrafusal muscle fibers, and gamma-motor fibers that innervate the spindle muscle 

fibers. Efferent autonomic nerve fibers in somatic peripheral nerves are unmyelinated 

postganglionic sympathetic fibers that innervate smooth muscle and glandular targets. 

Most of the somatic peripheral nerves are mixed, providing motor, sensory, and autonomic 

innervation to the corresponding projection territory. Nerve fibers, both afferent and 

efferent, are grouped in fascicles that eventually give origin to branches that innervate 

distinct targets, muscular, cutaneous, or visceral. Peripheral nerves are organized 

somatotopically and functionally at the fascicular level. The fascicular architecture changes 

throughout the length of the nerve, with an increasing number of fascicles of smaller size 

in distal with respect to proximal segments. Fascicles innervating a given target remain 

well localized within the nerve for some long distances52, thus facilitating  he selective 

interface of different fascicles within a common nerve53. The Peripheral nerves are 

composed of three supportive sheaths: epineurium, perineurium, and endoneurium54. The 

epineurium is the outermost layer, composed of loose connective tissue and carries the 

blood vessels supplying the nerve. The perineurium that surrounds each fascicle in the 

nerve is composed of inner layers of flat perineurial cells and an outer layer of collagen 

fibers. The endoneurium is composed of collagen and reticular fibers and an extracellular 

matrix occupying the space between nerve fibers within the fascicle. The endoneurial 

collagen fibrils form the walls of the endoneurial tubules, in which axons are accompanied 
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by Schwann cells, which either myelinate or just surround them. The actions of the body 

are controlled by neural signals conducted by efferent nerve fibers to activate different 

muscles. Each spinal motoneuron makes synaptic contacts with a number of muscle fibers, 

constituting a motor unit. Graded contraction of each muscle is produced by increasing the 

number of motor units activated and the frequency of impulses to each motor unit. 

 

Table 2. Categories of the PNS 

Fiber type Function Diameter 
(m) 

Conduction 
velocity (m/s) 

Myelinated 

Aα Alpha-motor efferents, Proprioceptive 
afferents 12-22 60-120 

Aβ Tactile, proprioceptive afferents 6-12 40-70 

Aγ Gamma-motor efferents 3-5 30-45 

Aδ Pain, cold afferents 2-5 10-30 

B Preganglionic autonomic efferents 1-5 3-15 

Unmyelinated 

С Postganglionic autonomic efferents 0.3-13 0.7-2.3 

С Thermal, pain, mechanical afferents 0.3-13 0.5-2.0 
 

Recruitment of motor units follows a size-dependent order, with slow fatigueresistant 

motor units activated first and large fast fatigue motor units activated only at high levels of 

tension. On the other hand, the information transduced by the natural receptors is conducted 

to the CNS by the afferent nerve fibers. Each somatic sensory neuron is specified to a 
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sensory modality, touch, proprioception, temperature, or pain, depending upon the 

specialized terminal receptor. Each sensory neurons subsides a receptive field in the 

peripheral tissue, of variable size according to the body segment. Signals are transmitted 

by the corresponding axons in series of action potentials, with intensity of the signal mainly 

coded by impulse frequency. 

3.2.2 Peripheral nerve electrodes 

PNIs normally detect the bioelectrical activity of the nerve fibers using coupling method. 

Hence, most interface electrodes are implanted around or within a peripheral nerve or 

spinal root to reduce tissue resistance and stimulus intensity. PNIs can be broadly 

categorized into four general schemes based on levels of invasiveness and selectivity: (1) 

regenerative, (2) intraneural, (3) intrafascicular, and (4) extraneural, as shown in Fig. 3.151.  

The selectivity of stimulation or recording individual nerve fibers increases with the 

invasiveness of the electrode implantation.  
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Figure 3.1. Motivation for device development and concepts of CASE implantation. 

Classification of PNIs are depicted in the image. This represents a broad classification. 

CASE is designed to integrate the advantages of both regenerative (sieve) and extraneural 

(cuff) electrodes.  

 

 

Figure 3.2. Traditional peripheral nerve interfaces. (a) Cuff electrode. (b) Penetrating 

Longitudinal Intrafascicular Electrode. (c) Penetrating Utah Slanted Electrode Array. (d) 

Regenerative Sieve electrode. Adapted from Boretius, Biosensors and Bioelectronics, 2010; 

Branner, IEEE Transactions on Biomedical Engineering, 2004; Negredo, Neuroscience, 

200455-57. 
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3.2.2.1   Extraneural electrodes (Cuff electrodes) 

Extraneural electrodes (cuff electrodes) are regarded as having lowest invasiveness and 

selectivity. Extraneural electrodes are wrapped around nerves (Fig. 3.2a) and measure 

electrical potential from the surface of the epineurium. The major caveat to such devices is 

the lack of recruitment selectivity and the requirement for high current thresholds58. 

Extraneural electrodes are the most widely used electrode in clinical applications for their 

ease of implantation and robustness, while regenerative electrodes are yet to be tested in 

clinical application and remain largely experimental. Despite the lack of selectivity cuff 

electrodes provide, there has been a substantial degree of clinical success in both the motor 

and sensory control of neural prostheses59. Recently, MacEwan et al. (2016) demonstrated 

chronic stable implantation of a novel micro-sieve regenerative electrode in rats, assisted 

by the use of nerve guidance tubes for stability, such as those commonly used in nerve gap 

repair60,61. Guidance tubes themselves are but a few electrodes away from being an 

interface of their own, and certainly several novel peripheral interfaces have applied 

guidance tubes in their design in a tissue engineering approach to peripheral interfacing62.  

3.2.2.2   Intraneural Electrodes (Penetrating Electrodes) 

The Longitudinal Intrafascicular Electrode (LIFE) is penetrating interface with a wire like 

electrode that is inserted longitudinally into the nerve along the direction of the axons (Fig. 

3.2b). It also has improved stimulating and recording fidelity and specificity due to 

proximity of electrodes to axons but currently with only a limited number63,64. However, 

while showing a balance between specificity and reliability65, the insertion still causes 

damage to the remaining viable portion of the nerve. Perhaps most importantly, by design 
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the LIFE is limited to a small number of electrodes when compared to the FINE or USEA 

and simply does not scale to the level necessary for functional and viable interfaces for 

amputees. The Utah Slanted Electrode Array (USEA) with 100+ needle-like electrodes 

(Fig. 3.2c) penetrates into the nerve and resides within individual fascicles, axon bundles. 

This design provides direct contact between electrodes and axons and leads has 

demonstrated enhanced specificity over a large number of channels in acute 

experiments53,65. However, the insertion causes irreparable physical damage to the nerve, 

which would have already undergone significant trauma in the case of limb amputation. 

Additionally, the USEA electrodes suffer from chronic inflammation and the eventual 

formation of scar tissue and fibrotic encapsulation. Due to these drawbacks, the overall 

efficacy has been limited to 80% of the electrodes for approximately 5 months in chronic 

experiments56.  

3.2.2.3   Regenerative Electrodes (Sieve Electrodes) 

Regenerative electrodes are designed to contact the transverse face of a severed nerve, 

allowing axonal growth through the electrodes sites and providing direct and independent 

access to the distinct fascicular organisation reducing the amount of current required and 

providing selective spatial recruitment 60,66. There exists a large trade-off between the 

ability to selectively interface with individual axons versus the amount of disruption to the 

nerve and long-term stability as a result of trying to get in close proximity to axons67. In 

order to combat the negative outcomes of trying to get in close proximity to axons, a 

regenerative approach has been explored where amputated nerves are encouraged to 

regenerate into specific geometries within close proximity to electrodes. While this 
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approach is dependent on a previously cut nerve and therefore limited in application, it is 

advantageous because it allows close proximity between axons and electrodes without the 

need to penetrate the nerve68-71. However, these approaches have met again with limited 

success. The Sieve Electrode, the hallmark regenerative interface, is effectively a thin 

perforated disk that is attached to the nerve perpendicularly so the nerve is forced to 

regenerate through the device57. Some of the perforations in the disk have ring electrodes 

that contact the axons regenerating through the holes (Fig. 3.2d). Theoretically, each hole 

could have a ring electrode allowing this device to interface with an extraordinarily large 

number of axons. Designs such as the Sieve Electrode demonstrate highly selective 

stimulation after regeneration but limited recording fidelity. This is in large part due to the 

challenges of recording the very low amplitude action potentials (APs) from axons and a 

spatial dependence of the electrodes to the Nodes of Ranvier where the AP is largest 68,72. 

3.2.3 Concept of the proposed novel peripheral nerve interface 

Despite the lack of selectivity cuff electrodes provide, there has been a substantial degree 

of clinical success in both the motor and sensory control of neural prostheses 59. Recently, 

MacEwan et al. (2016) demonstrated chronic stable implantation of a novel micro-sieve 

regenerative electrode in rats, assisted by the use of nerve guidance tubes for stability, such 

as those commonly used in nerve gap repair 60,61. Guidance tubes themselves are but a few 

electrodes away from being an interface of their own, and certainly several novel peripheral 

interfaces have applied guidance tubes in their design in a tissue engineering approach to 

peripheral interfacing 62. 



44 
 

 

 Here, we present a novel combination of cuff and sieve electrodes (CASE) that 

integrates the advantages of both regenerative and extraneural electrode for future 

applications in prosthesis control as shown in Fig. 3.1.  The electrode array of CASE is 

intended to provide ease of implantation and chronic stability while maximizing electrode 

contacts as well as flexibility in recording/stimulating paradigms through both cuff and 

sieve portions. As a bi-directional translator of biological and computational signals, CASE 

can play a pivotal role for harnessing the full potential of advanced prostheses.  

3.3 Materials and methods 

3.3.1 CASE design and fabrication 

We developed a novel design of CASE which combined multichannel sieve electrodes, 

through which a sciatic nerve regenerates, and cuff electrodes made of a cylindrical sheath 

which wraps around the exterior of a sciatic nerve. Both the sieve and cuff portions are 

intended to provide bidirectional neuronal signal communication, independent of each 

other or in unison. Sieve electrodes provide direct access to the different fascicles that make 

up the nerve, ultimately providing greater specificity in relation to both sensory and motor 

signalling required for prosthetic control. CASE was designed to take advantage of the 

wide range of fascicular topographies that naturally occur in major nerves of the 

extremities73,74.  In order to implant sieve electrodes, some form of guidance material is 

often required to stabilize the device and guide the nerve regeneration through the 

sieve60,75,76. By adding electrode sites to the guidance material, we are able to create an 

additional cuff electrode that not only improves ease of implantation and stability of the 

sieve device but also provides additional degrees of functionality. This study focused on 
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the implantation of the CASE and structural topography of a sciatic nerve; which is a mixed 

sensory-motor nerve, utilizing the additional cuff electrode as the return path.  CASE were 

manufactured by a sandwich structure using flexible and biocompatible material, parylene-

metal-parylene, with exposed electrode sites and pads77. The number and size of electrodes 

can vary according to the desired application. The detailed design of combined cuff and 

sieve electrode (CASE) is depicted in Fig. 3.3a. Eight ring electrode sites spread out 

uniformly to form the sieve portion of the device to make independent contact with the 

varying fascicular topography and two rectangular electrode sites placed across the cuff 

portion of the device to make epineural contact when CASE wrapped around the nerve. 

We designed additional square shaped parylene wings with holes on both sides of sieve 

face to allow easy suture placement when securing the sieve face to the epineurium, 

ultimately forming the interface. Each sieve and cuff electrode is connected to an insulated 

lead wire. Two cuff electrode sites are formed on the body part and can be used for 

grounding or return path for the applied signal as well. In addition, CASE was designed to 

be installed on a peripheral nerve with the use of securing sutures. Five pass-through 

suturing holes were included in the body to adjust the size of the cylindrical sheath of the 

device. The specifications of the electrodes, pads, traces and holes are as follows and 

depicted in Fig. 3a as well: inner and outer diameter of the sieve electrode, 160 µm, 380 

µm, respectively; width of the sieve electrode, 50 µm; diameter of the penetrating holes, 

60 µm; cuff electrode width, 150 µm; cuff electrode length, 1500 µm; diameter of suturing 

hole, 300 µm; width of body part of CASE, 7300 µm; and length of CASE, 11.5 mm.  

Platinum-based electrode arrays were fabricated on Parylene C coated wafers as 

illustrated in Fig. 3.3b. The details of the fabrication process can be found in the 
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experimental section and our previous paper as well77,78. Briefly, metal electrode arrays 

were fabricated on a Parylene C coated silicon wafer. Electrode sites, connecting traces 

and pads are made of stacked titanium (Ti), gold (Au), and platinum (Pt) metals. To 

increase the surface area of the electrode and reduce electrode impedance, platinum gray 

was electroplated on the exposed electrodes 79. The fabricated electrodes were inserted in 

a zero insertion force (ZIF) connector on a printed circuit board (PCB) (Imagineering Inc., 

Elk Grove Village, Illinois) to connect the device to a potentiostat and an electrical 

stimulator.  

 

 

Figure 3.3. Design of CASE and manufacturing process. (a) Detailed design of CASE 

including measurements of relevant features. (b) Fabrication process: metal patterning of 

electrodes, traces and connection pads on Parylene C/silicon wafer. After metal 

patterning, second parylene C was deposited and patterned form device outline. Removal 

of device from silicon wafer. 
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3.3.2 Electrochemical impedance spectroscopy (EIS), Cyclic voltammetry (CV) 

A three electrode system was used for the measurement. The arrayed CASE electrode 

served as the working electrode (WE), a coiled Pt electrode as the counter electrode (CE), 

a Ag/AgCl electrode as the reference electrode (RE), and phosphate-buffered saline (PBS, 

pH 7.4, 0.1M) as an electrolyte solution at room temperature. The 8-channel CASE device 

was connected to the Autolab PGSTAT 128N (Metrohm Autolab, Netherlands) via a zero 

insertion force (ZIF) printed circuit board (PCB). For the EIS, 10 mV sine waves at 

frequencies from 1 to 100 kHz were used and the parameters of the equivalent circuit were 

extracted using Nova 1.10 software (Metrohm Autolab). CV scans were taken from -0.6 to 

0.8 V with a step potential of 10 mV and a scan rate of 50 mVs-1. The details of this 

measurement set-up can be found in our previous papers 77,78,80 

3.3.3 Scanning electron microscopy (SEM) & Energy Dispersive Spectroscopy (EDS) 

The surface features of the electroplated Pt electrode were characterized using field 

emission scanning electron microscopy (FE-SEM, JEOL, JSM-6701F, Japan) at 

accelerating voltage of 10kV with 50,000 magnitudes. And we coated the surface of 

specimen with 30 nm of thickness Au. And a typical EDS spectrum allows one to identify 

what those particular elements are and their relative proportions (Atomic weight% for 

selective area). X-ray spectrum was generated from the selective area. The Y-axis shows 

the counts (number of X- rays received by the detector) and the X-axis shows the energy 

level of those counts.  
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3.3.4 In vivo acute stimulation and recording setup 

Sciatic nerve stimulation was achieved using the sieve portion of CASE, utilizing 

independent electrodes (Fig. 3.4a) to stimulate different areas of the sciatic nerve, while 

the cuff electrode was utilized as the return path. All data was recorded from somatosensory 

cortex via a µECoG placed over the contralateral cortex relating to the interfaced hind limb. 

Both CASE and µECoG were connected to a TDT system via zero insertion force (ZIF-

Clip) Clip Digital Headstage (Tucker-Davis Technologies, Florida, USA). Ground and 

reference wires for both the CASE and µECoG were placed in surrounding musculature. 

Bipolar stimulation of the CASE electrode was performed via a TDT IZ2H stimulator 

controlled by the TDT RZ5 BioAmp Processor. Stimulation was a charge balanced single 

biphasic pulse with 200 µs phase and an amplitude ranging from 100 µA to 500 µA. A 

cathodic leading stimulus was applied to a single channel within the sieve portion of CASE. 

The most proximal pad electrode of the cuff was used as the return path for stimulus. 

Cortical responses evoked by stimulation were amplified (2x), bandpass filtered (corner 

frequencies: 2.2Hz – 2.7kHz) and digitized at 6kHz using a PZ5 NeuroDigitizer (Tucker-

Davis Technologies). Approximately 20 minutes before the start of stimulation, anesthesia 

was switched from isoflurane to a ketamine (25-100mg/kg) and dexmedetomidine (0.05-

0.1mg) cocktail as isoflurane is known to reduce cortical activity. 

3.4 Results 

3.4.1 Fabricated device characterization 

The manufactured CASE is shown in Fig. 3.4a. Anchoring holes for suturing and central 

sieve holes for nerve regeneration were fully etched out (Fig. 3.4b). All traces were 
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connected to the pads formed on the parylene for connection to the ZIF PCB (Fig. 3.4a). 

Traces were covered with parylene, but the pads needed to be opened. And a microECoG 

(µECoG) was also fabricated for data recording from somatosensory cortex. The detailed 

fabrication process and characterization of the µECoG were described well in our previous 

papers 77,78,80-82. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry 

(CV) are fundamental tools used to estimate the abilities of the CASE for recording and 

stimulation83. To increase the surface area of the electrode and reduce electrode impedance, 

platinum was electrochemically deposited to microelectrodes on CASE79. SEM image of 

electroplated platinum microelectrode is shown in Fig. 3.4e. The porous surface 

morphology was observed by SEM imaging. Energy dispersive spectroscopy (EDS) 

analysis results for the electroplated surface are shown in Fig. 3.4f. Main elements, Au 

(72.22wt%), Pt (9.16wt%) and Ti (0.97wt%) are the most abundant in the selected field. 

Impedance spectra were obtained for electrode sites in vitro using an Autolab PGSTAT 12 

potentiostat with 3 electrodes tested in the frequency range from 1 to 100 kHz. We 

measured the electrochemical impedance of each electrode at 1kHz, the benchmark 

frequency of neural electrodes 84,85. The details of measurement setup described in our 

previous papers as well 77,78. Representative EIS measurement results for CASE are shown 

in Fig. 3.4g and h. The average impedance of channels was 280.9±92.9 kΩ for electrodes 

with an area of 39,270 µm2. The phase was over a 75° at 1 kHz, presenting a mainly 

capacitive charge transfer mechanism. This is an ideal property for neural stimulation as 

no chemical change occurs to either the tissue or the electrode. In addition to EIS, cyclic 

voltammetry (CV) was also performed on CASE devices using the Autolab system. CV 

scans were taken from -0.6 to 0.8 V with a step potential of 10 mV and a scan rate of 50 
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mVs-1. The voltage range was chosen in order to stay within the water window. Average 

CV curves for CASE devices are shown in Fig. 3.4i. Except for a small peak at -0.2 V, 

most likely due to the reduction of oxygen, the CV plot shows no faradic reactions.  
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Figure 3.4. Fabricated CASE electrodes and their characterizations. (a) CASE device 

with 8 sieve and 2 cuff electrode sites. CASE is inserted into a ZIF PCB connector. (b) 

Sieve portion of the CASE. (c) Pads for connection to the zero insertion force (ZIF) printed 

circuit board (PCB). (d) µECoG array with 16 electrode sites and a ZIF PCB connector. (e) 

SEM images of the electroplated Pt-gray on the electrode. (f) Energy Dispersive X-ray 

Spectroscopy (EDS) analysis result. The results of (g) electrochemical impedance 

spectroscopy (EIS) for impedance and (h) phase angle. (i) Average cyclic voltammetry 

(CV) results for 8 electrode sites. 

3.4.2 Surgical procedure for CASE Implantation 

 

Figure 3.5. Rat surgery and device implantation procedure. (a) illustration of CASE 

implantation procedure. (b) Implanted CASE on rat. 

Terminal implantations were performed on rats and the implantation procedure is outlined 

in Fig. 3.5a (steps 1-3). All animal procedures were approved by the Institutional Animal 



52 
 

 

Care and Use Committee at the University of Wisconsin-Madison and conformed to US 

National Institutes of Health guidelines. Terminal implantations were performed on male 

Lewis rats, aged 4-6 months (n=4). Procedures were conducted utilizing aseptic techniques 

despite their acute nature. Animals were anesthetized with 5% (induction), and 2% 

(maintenance) inhaled isoflurane. Animals was placed prone in a sterotax for head 

imobilization and the hindlimb was abducted with the knee flexed, and the ankle taped to 

the operating table. Following shaving, a line was drawn along the palpated femur and a 

longitudinal posterolateral thigh incision was made 2-4 mm posterior to this line. The 

biceps femoris was divided, reflected caudally, and the sciatic nerve visualized. 

Microdissection to free the sciatic nerve proceeded circumferentially and proximally until 

fascicular branches of the sciatic nerve could not be identified by epineural inspection. A 

thread of gauze was gently wrapped around the circumference of the nerve and compared 

to the CASE to determine correctly spaced suturing holes (Fig. 3.5b). The CASE, 

connected to a ZIF PCB, was inserted beneath the nerve with the neck of the sieve ring 

underlying the desired transection point. The nerve was then transacted using straight 

microscissors. The proximal and distal ends were then sutured together using two epineural 

stiches, with each passing through one of two sieve insertion tab holes at 0 and 180 degrees. 

During this process, the tightening of the sutures resulted in the upward flexion of the sieve 

at the neck into the site of transection, establishing fascicular contact. Two additional 

epineurial stiches were placed at 90 and 270 degrees independent of the sieve. Suture was 

then passed through two suture holes within the body of the cuff, chosen based on the 

spacing determined as previously described, and tightened to close the proximal portion of 

the cuff. Finally, a sling was tied around the cuff near the distal portion utilizing the distal 
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suture holes for extra support. Finally, a µECoG was placed over somatosensory cortex for 

recording of somatosensory evoked potentials (SSEPs), as previously described81,82. 

Briefly, a skin incision was made over the calvarium, and soft tissue bluntly dissected to 

expose cranial sutures bregma and lambda. A craniotomy was performed contralateral to 

the transacted and repaired sciatic nerve, as close to the coronal and sagital suture lines as 

possible. The µECoG was then placed on the dura with a stereotaxic electrode positioner.  

3.4.3 In vivo acute stimulation and recording results 

Touch perception is not only an integral component of successful prosthesis control, but 

also contributes heavily to a sense of embodiment86. Sensory perception for prosthesis use 

remains one of the major confounding factors to achieving elegant prosthetic control as 

well as acceptance of a prosthesis as a part of oneself, and is therefore the focus of the 

proceeding experiments. The potential for CASE to serve as a viable PNI was examined in 

vivo using an acute implantation model, demonstrating the ability to write sensory 

information to the brain via the CASE interface. Stimulation of the sciatic nerve with CASE 

was performed across a range of amplitudes through two independent electrodes located 

on opposite sides of sieve portion, the resulting responses were recorded cortically as 

somatosensory evoked potentials (SSEPs) via µECoG demonstrating statistically 

significant responses based on amplitude and electrode position (p=<0.005, Fig. 3.6). The 

sciatic nerve is a mixed sensory-motor nerve with a complex anatomical topography that 

we aimed to access specifically with the sieve portion of the CASE and as such the nature 

of the terminal experiments focused on the potential to access this rich information source 

for future chronic studies. As cuff electrodes present a binary stimulation/record paradigm, 
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this function is more applicable to chronic studies and as such, the cuff electrode was 

utilized as the return path in these experiments to simply demonstrate the active electrode 

sites. When the sciatic nerve is stimulated through channel 4 on the sieve face a statistically 

significant cortical response is not achieved prior to the point of saturation at 400µA 

(p=<0.005, Fig. 3.6). Stimulation of channel 12 however, demonstrates a statistically 

significant graded cortical response to stimulation amplitude indicating a superior contact 

with the face of the transacted nerve than channel 4. Heat maps of the SSEP responses 

highlight that while no spatial differences in cortical response were achieved at the point 

of implantation this is likely to change as a function of time being that the purpose of these 

electrodes is to interface with regenerating nerve fibres (Fig. 3.6D-F). These results 

highlight the importance of surgical approach for neural interfacing as we demonstrate that 

direct contact with the regenerating nerve front can be achieved at the point of implantation 

with immediate functional implications. Chronic implantations of CASE interfaces to 

quantify the impact on regenerated nerves is on-going. 

3.5 Conclusion 

In summary, we have demonstrated the fabrication of a novel thin-film peripheral nerve 

interface combining both traditional cuff and sieve electrode (CASE) interfaces with the 

capacity to act in both an intraneural and extraneural capacity. Generation of 

somatosensory evoked potentials generated through the CASE viability of electrical 

stimulation and bi-directional communication with CASE neural electrodes implanted in 

rat. Animal experiments incorporating CASE may be carried out over various time scales 

from hours to years, as long-term recording or behavioural tests may be performed with a 
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chronically implanted device as shown in Fig. 3.7. Long-term recording with a chronically 

implanted CASE to quantify the impact on regenerated nerves is on-going. These 

applications would further validate the use of CASE electrode technology into potential 

clinical applications. Lastly, the use of this technology with CASE will create a multi-

modal platform for investigating the mechanisms of neuromodulation for various 

neurological disorders. 
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Figure 3.6. In vivo acute stimulation results. (a) Illustration of in vivo acute implantation 

of CASE and ECoG. (b) Somatosensory evoked potential (SSEP) from somatosensory 

cortex of rat. (c) Statistical results of peak to peak potential of SSEP. Heat maps of the 

SSEP responses (d) at channel 4 with 200 µA, (e) at channel 12 with 200 µA, (f) at channel 

4 with 400 µA and (g) at channel 12 with 400 µA. 
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Figure 3.7. Chronic implantation of CASE as a future work. (a) surgical model of novel 

device implantation method. (b) Illustration of surgical procedure using CASE. 
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Chapter 4 

Conclusion & Future Directions 

There are at least 1.6 million people living with limb loss in the United States and an 

estimated 185,000 new cases occur each year. The number of Americans living with major 

limb loss is increasing, and expected to double by 20507. While these numbers do not 

compare to those with cancer or heart disease, they are still quite staggering when one 

considers the drastic loss in function and quality of life these individuals are forced to 

endure for their remaining years. To date prosthetics do not adequately replace the function 

of the lost limb. Hence, the creation of a novel neural interface is essential for developing 

the full potential of advanced prosthesis technology required to replace lost limbs in the 

future. In addition to the prosthetic device development, we focused on the single neuronal 

cell analysis to get a better understanding of fundamental molecular and cellular 

mechanisms. This single neuronal cell analysis enables the dynamic study of living neurons 

can increase the understanding of the interconnecting molecular events continually taking 

place in each neuron. Each neuron is more or less different from the other, even within the 

same cell type. Also, meticulous studies of the single neuron and between neurons should 

be made to explain fundamental biological phenomena such as cellular processes and 

heterogeneities. Likewise, it has a synergistic effect on neural interface technology when 

basic research and development of novel neural interfaces are done together. 

Utilizing a cellular level approach, we have presented an advanced single-neuronal 

cell culture and monitoring platform which enables single-neurons to be positioned at a 

desired location. Further, we conducted real-time live-cell imaging within a controlled 
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environment to monitor the outgrowth of neurons while preventing exposure of the 

neuronal cells to hostile environments. Finite element simulation was used to guide the 

appropriate design parameters and verify the two-dimensional model of the proposed 

structures. Following fabrication of the device, we demonstrated the capability to trap 

individual neurons on specific target electrodes with our DEP device. Changes in cell 

morphology, such as neurite outgrowth, were accurately observed through the transparent 

substrate in phase contrast, while avoiding photodamage to neurons that often accompanies 

fluorescent imaging. Importantly, the applied electric field for DEP did not adversely affect 

cell health, as demonstrated by live-cell imaging and immunolabelled images. Additionally, 

the accessibility of neurons appropriately grown on the MEAs makes it possible to record 

the electrical activity of multiple neurons at the same time, and to investigate the electrical 

communication between them. Therefore, DEP using MEAs allows not only a label-free 

and non-destructive technique for cell manipulation but also a non-invasive interface with 

biological cells for long-term (days to weeks) monitoring of electrophysiological 

parameters32,45,46. Thus, the proposed advanced platform has great potential to form an in 

vitro ordered neuronal network and furthers novel and detailed studies of cellular 

physiology.  

As a higher level research, we have demonstrated the fabrication of a novel thin-

film peripheral nerve interface combining both traditional cuff and sieve electrode (CASE) 

interfaces with the capacity to act in both an intraneural and extraneural capacity. 

Generation of somatosensory evoked potentials generated through the CASE viability of 

electrical stimulation and bi-directional communication with CASE neural electrodes 

implanted in rats. Animal experiments incorporating CASE may be carried out over various 
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time scales from hours to years, as long-term recording or behavioral tests may be 

performed with a chronically implanted device as shown in Fig. 3.7. Long-term recording 

with a chronically implanted CASE to quantify the impact on regenerated nerves is on-

going. These applications would further validate the use of CASE electrode technology 

into potential clinical applications. Lastly, the use of this technology with CASE will create 

a multi-modal platform for investigating the mechanisms of neuromodulation in various 

neurological disorders. 

The theoretical and experimental results presented in this thesis form the inception 

of the development of novel neural interface. New ways to investigate both cell properties 

and the phenomenon of electroporation using electrokinetic methods and bi-directional 

interfacing in the peripheral nervous system were developed that can be exploited in future 

research linking biology to technology. 
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