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Chapter 1 

 
1. Introduction 

My doctoral work involves contributions to two distinct projects.  The major 

project pertains to the effect of carbon nanomaterials on voltage-gated ion 

channels.  The minor project involves the use of dielectrophoresis to control the 

electrokinetic functions of pancreatic beta cells.  This introduction, therefore, 

addresses both areas.   

Carbon nanomaterials are being used in the field of neuroscience with 

increasing frequency, as substrates for neuronal growth and stimulation, to 

electrode coatings to decrease impedance and increase charge transfer.  

However, the majority of research involves complex material and cellular 

systems which preclude a fundamental understanding of how distinct material 

features affect cellular response.  This can lead to contradictions and 

misunderstandings in the literature.  One such contradiction involves the effect of 

carbon nanotubes on calcium homeostasis.  A specific aim of my research has 

been to study the fundamental effects of carbon nanomaterials on voltage-gated 

ion channels.  This is presented in Chapter 3.  The first part of this introductory 

chapter reviews carbon nanomaterials, their application in neuroscience and their 

effect on voltage-gated ion channels; it concludes with a review of the observed 
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nanomaterials‟ effect on voltage-gated ion channels and proposes possible 

mechanisms underlying the cellular response.   

The second part of the introduction addresses the use of dielectrophoresis 

as a technique in tissue engineering the islets of Langerhans.  The incidence of 

diabetes in this country and abroad is increasing.  The finger-prick/insulin 

injection treatment method is sufficient (albeit uncomfortable) for most of the 

affected population.  However, there is a portion of the affected population that 

has inhibited glycemic control, and consequently are unable to maintain proper 

levels even with monitoring.  For this population, pancreatic islet transplantation 

is viewed as a promising experimental treatment strategy.  However, a shortage 

of organ donors limits its use and continued research.  This section of the 

introduction provides an overview of diabetes as a condition, challenges to 

treatment, and suggests tissue engineering as a viable mechanism to overcome 

the shortage of organ donors.  It describes the islet of Langerhans in detail, the 

technique of dielectrphoresis and concludes by suggesting this as a mechanism 

by which islets can be generated.  The first steps in pursuing dielectrophoresis 

for pancreatic islet tissue engineering is provided in Chapter 2.   

Chapter 4 reviews conclusions of the works and looks ahead towards 

future research initiatives.  Some research has already been conducted toward 

these initiatives and will be reviewed in this section. 
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Effect of Carbon Nanotubes on Voltage-Gated Ion Channels 

 

1.1 Carbon Nanomaterials in Neuroscience 

 

Nanotechnology 

 

According to the National Nanotechnology Initiative „Nanotechnology is the 

understanding and control of matter at dimensions of roughly 1 to 100 

nanometers, where unique phenomena enable novel applications.’  While some 

nanomaterials are nanoscale isolations of materials that currently exist in bulk 

macroscale forms; they are considered novel and unique due to the differences 

in material properties observed at the nanoscale versus the macroscale.  As the 

dimensions of the materials change, there is a shift in the dominant forces acting 

to affect material properties.   

At the macroscale, gravitational forces dominate, classical mechanics 

describes the movement of objects, and objects have a small surface-to-volume 

ratio.  At the nanoscale, electrostatic forces dominate, quantum mechanics 

describes movement, and objects have a very large surface-to-volume ratio.  

Consequently, macroscale and nanoscale objects of the same material can have 

differences in optical, mechanical, thermal, magnetic and electrical 

characteristics.   

When interfacing nanomaterials with biological systems, this variation in 

material behavior at the nanoscale provides both the opportunity for novel 

applications as well as the potential for unexpected or undesired cellular 

response.  For this reason, it is imperative to conduct fundamental biological 
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assays evaluating the biological effect of nanomaterials in controlled 

environments.  In this way, known variables can be accounted for, and presently 

unknown variables can be discovered.  Due to the potential applications for 

carbon nanomaterials in neuroscience, and the contradiction in the literature 

regarding their effect on cellular calcium homeostasis, the research presented in 

Chapter 3 is a fundamental assay on the effects of carbon nanomaterials on 

voltage-gated calcium ion channels.   

Carbon Nanomaterials  

 

Carbon nanotubes are well-ordered allotropes of carbon in the form of graphene 

rolled into seamless cylinders (Figure 1.1).  A single-walled nanotube (SWNT) is, 

as the name implies, a nanotube cylinder comprised of only a single wall.   Multi-

walled nanotubes (MWNT) are therefore composed of multiple concentric 

cylinders.  An intermediary structure, the double-walled nanotube, is a double 

layer of concentric cylindrical graphene.  Carbon nanotubes have a high aspect 

ratio with a diameter ranging from 0.5 to 2nm for SWNTs (2nm – 100nm diameter 

for MWNT) and a length varying from tens of nanometers to several hundred 

micrometers.   

Carbon nanomaterials are synthesized through one of three methods: 

laser ablation, chemical vapor deposition or electric arc discharge.  Catalytic 

routes, shown in Figure 1.2, are the most common synthesis methods for large 

scale production.  This method produces materials that contain residual catalytic 

metals.  Even with the addition of vendor purification steps, the catalytic metals  
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Figure 1.1 Carbon Nanostructures.   
Molecular representations of SWNT (top left) and MWNT (top right) with typical 
transmission electron micrographs below.  Figure taken with permission from 
Donaldson et al11  
 

   

 

Figure 1.2 Schematic of Nanotube growth method. 
Left: Schematic of catalytic metal nanoparticles with nanotube growth.  Right: 
TEM of growing nanotubes. Image taken with permission from Donaldson et al11  
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are currently part of the resultant product.  The most common catalytic metals 

are nickel, yttrium, iron, cobalt and molybdenum.   

In addition to a high aspect ratio, carbon nanomaterials have very high 

tensile strength and Young‟s modulus values, making them both strong and 

elastic.  Due to very strong Van der Waals forces, nanotubes tend to bundle or 

aggregate.  Surface modification techniques can be employed to improve 

dispersion or to add biological functionality, such as, antibody-enabled „targeting.‟  

Additionally, carbon nanotubes are electrically conductive.  The conformation of 

the carbon atoms in the graphene sheet comprising the nanotube cylinder into 

either armchair, chiral or zig-zag patterns dictates the conductivity of the 

nanotubes.  These qualities make carbon nanomaterials very attractive for 

biomedical applications and particularly the area of neuroscience as described in 

the next section. 

Applications in Neuroscience 

 

The main applications of carbon nanomaterials in neuroscience thusfar have 

pertained to controlling neuronal growth, stimulation and, more recently, 

neuroprotection.  This section provides an overview of the current literature in 

these areas. 

Carbon nanotubes, being strong, flexible and potentially conductive, are 

also the same size and shape as neuronal processes.  Therefore, while the field 

is not even 15 years old, many research groups have published many papers 

focused on the development of carbon nanotubes as a biomaterial for neuronal 

growth.  A study conducted by Mattson et al44 in 2000 was the first to 
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demonstrate rat hippocampal neurons successfully grown on multi-walled 

nanotube scaffolds.  Since then, the ability to control scaffold surface properties 

has improved.  Neurons have been shown to grow in response to nanotube 

scaffold surface charge21, alignment53 and in response to adhered neurotrophic 

factors43.  Importantly, covalent modification of carbon nanotube scaffolds with 

neurotrophins (protein growth factors that aid in the survival and differentiation of 

neurons) successfully showed that while the neurotrophin is bound to the 

nanotube, it retains its biological functionality and effect on neuronal growth43.  

This demonstrates that factors bound to carbon nanotube scaffolds can retain 

their biological functionality.   

Neurons grown on selectively patterned islands of carbon nanotubes 

positioned on quartz coverslips have been shown to be a novel mechanism for 

developing neural networks.  The neurons preferentially relocate and grow on 

micro-patterned arrays of carbon nanotube islands and extend processes across 

the non-permissive quartz regions to neurons on neighboring islands15, 62.  The 

network can be maintained for up to eleven weeks62 suggesting the potential use 

as a biosensor or in the development of neuropharmaceuticals.   

The electrical conductivity of carbon nanotubes can also be a benefit to 

the field of neuroscience.  It was observed that electrodes used at the brain-

machine interface, coated with nanotubes, have an increased charge transfer 

rate and decreased impedance as compared to native electrodes30.  Moreover, 

vertically aligned microchip arrays of carbon nanotubes are able to stimulate 

neurons grown upon them with high charge transfer and without faradic 
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interactions68.  This increases the ability of the electrode to record and stimulate 

neurons.  On a cellular level, nanotube scaffolds have been used to stimulate 

and record from neurons34 and have been suggested to increase the electrical 

activity of neurons40, 45 through tight electrical contacts45.   

 While the potential for carbon nanomaterials for neurological applications 

is very promising, a great deal of research needs to be conducted in order to 

completely understand the mechanisms underlying the physiological responses 

observed.  In some cases the route of the physiological response may be 

resulting from a minor material feature.  A recurring theme of this dissertation is 

the need for fundamental studies involving cellular-material interactions.  

Therefore, a main objective of this work is to evaluate the effect of carbon 

nanomaterials on voltage-gated ion channels.  A review of voltage-gated ion 

channels and carbon nanomaterial affects is described in the next section. 

1.2  Carbon Nanomaterials Affect Voltage-Gated Ion Channels 

 

Voltage-gated ion channels (VGIC) are essential to all functions of the nervous 

system, from maintaining membrane potential and synaptic transmission, to 

endocrine functions.  Recent research has shown altered channel function and 

consequently, altered nervous tissue response with the addition of certain 

nanomaterials.  This section provides an overview of voltage-gated sodium, 

potassium and calcium ion channels, their structure, function and a review of 

current literature regarding channel interactions with carbon nanomaterials.   
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Voltage-gated Ion Channels  

 

The importance of ion homeostasis to the proper function of nervous tissue has 

been widely known and accepted for over a century.  The early work of Sidney 

Ringer in the late 1800s showed the extracellular solution perfusing a frog heart 

must contain defined concentrations of sodium, potassium and calcium ions in 

order for the heart to beat normally 19.  Today, the cellular roles and mechanisms 

of entry of these ions are well established and applied to the development of 

pharmaceuticals targeting conditions such as anxiety, epilepsy and pain.  

Therefore, the development of novel biomaterials for the nervous system must 

consider the material interaction with the rudiments of cellular excitability, ie 

maintenance of membrane potential through ion channels.  Quantum Dots (QD) 

63, nanometals 16 and carbon nanomaterials 9 have all been shown to alter neural 

network activity.  This section summarizes the available literature regarding the 

interactions of nanomaterials with VGICs and postulates potential mechanisms 

underlying these effects.   

Ion Channels – Types and Functions 

 

The fluid in and around excitable cells of the nervous system is composed of 

numerous ionic species, the most abundant being sodium, calcium, potassium, 

and chloride.  Finite ionic gradients define an electrochemical potential across 

the cellular membrane of excitable cells.  At rest, the flow of ions through ion 

channels and pumps maintains the membrane potential.  Ion channels are 

membrane-bound, pore-forming proteins that enable and facilitate the transfer of 

ions across the cellular membrane (Figure 1.1B).  The response of ion channels 
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to chemical signals, electrochemical gradients and mechanical tension enables 

efficient cellular signaling and control of cellular homeostasis.  Ion channels are 

essential to all forms of life, from humans to single-celled organisms, and many 

pathological conditions derive from, or are exacerbated by, abnormal ion channel 

function.   

Under excitatory conditions, voltage-gated ion channels (VGICs) 

successively open and close in response to alterations in membrane potential, 

enabling the flow of ionic current and the propagation of the action potential down 

the axon.  This process is the hallmark of neuronal communication (Figure 1.3A).  

This section will focus on sodium, calcium and potassium channel members of 

the superfamily of VGICs.  Members of this family are structurally related 19 and 

have three complimentary aspects, namely, ion conductance, pore gating and 

regulation 71.  For all members, the pore motif is formed by the four homologous 

domains consisting of six transmembrane regions (Figure 1.3D) comprising the α 

subunit.  For voltage-gated calcium channels (VGCCs) and voltage-gated sodium 

channels (VGSCs), the four domains of the α subunit are linked together.  In 

voltage-gated potassium channels (VGKCs) they are unlinked.  Each domain 

contains a voltage-sensing transmembrane region which contains repeated 

positively charged amino acid residues 19.  Upon depolarization, the change in 

membrane potential moves this region towards the extracellular space causing a 

conformational shift in the protein that opens the channel to allow the flow of 

current 14  (Figure 1.3C).  Each member of the superfamily has a unique  
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Figure 1.3  Summary of Ion Channel Structure and Function.  

A.  Action potential diagram.  At rest, membrane potential is -70mV.  When an 
action potential is fired, VGSC open and the membrane depolarizes.  
Depolarization opens VGKC which pass potassium ions to the extracellular 
space.  VGKCs are responsible for repolarizing the membrane.  B.  Direction of 
movement of target ions of voltage-gated ion channels.  Relative concentration 
gradients for ions are provided.  C.  VGIC mechanics.  At rest, the membrane 
potential is negative and the voltage sensor is at the interior of the membrane.  
Depolarization causes an influx of positive charge that electrostatically repulses 
the voltage sensor and consequently opens the channel enabling the passage of 
current.  With permission from Elinder et al14.  D.  Simplified schematic of six 
transmembrane regions comprising one domain of the VGKCs α-subunit.  Four 
domains form the channel shown on the right.  Grey transmembrane region is the 
voltage sensor.  With permission from Börjesson et al 5. 
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selectivity filter that extends into the pore to preferentially coordinate the 

throughput of the respective target ions.   

VGSC are responsible for the upstroke of the action potential (Figure 

1.3A) in nerve, muscle and endocrine cells and in some cases contribute to 

pacemaker and subthreshold potentials that underlie the decisions to fire an 

action potential.  Given the higher intracellular potassium concentration, VGKC 

shuttle potassium ions out of the cell and serve to dampen excitation.  In this 

way, VGKCs repolarize the membrane after depolarization events, time the 

interspike interval during repetitive firing, and lower the effectiveness of excitatory 

inputs 19  (Figure 1.3A). 

 VGCC convert membrane depolarization events into an inward calcium 

flux essential for muscle contraction, neurotransmission, hormone secretion, 

gene expression and neurite outgrowth 8.  VGCCs are classified into three 

families: Cav1, Cav2 and Cav3.  Members of the Cav1s are abundant in the retina, 

skeletal and cardiac muscles.  Cav2 members are distributed throughout the 

nervous system and cluster near presynaptic terminals.  The entry of calcium 

through some Cav2 members enables vesicle fusion and release of 

neurotransmitter across the synapse.  Cav3 members activate near resting 

potential and are responsible for establishing oscillating firing patterns and 

rebound bursts  7.   

Carbon Nanomaterials and Voltage-gated Ion Channels 

 

Carbon nanotubes are electrically conductive and on the same scale as growing 

neurons.  Consequently, nanotubes have been considered in a number of 
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studies as potential novel biomaterials for neuronal growth 50 and stimulation 9.  

Neurons grown in the presence of water soluble arc-synthesized SWNT 

functionalized with polyethelene glycol (PEG) demonstrated altered neurite 

outgrowth patterns consistent with alterations in calcium homeostasis.  Using 

calcium sensitive dyes, Ni et al showed that upon exposure to SWNT-PEG, the 

intracellular calcium levels were not being restored, suggesting SWNT-PEG was 

an inhibitor of depolarization-dependent calcium influx50.  A later study focused 

on the interaction of arc-synthesized SWNTs on the cultures of primary neurons 

and glia cells 4.  Whole-cell patch clamp recordings of dorsal root ganglia cells 

exposed to bundled SWNTs revealed diminished inward conductivity and a more 

positive resting potential.  The authors postulate that their results could be 

explained if VGCC were affected by the nanotubes 4.   

 Although these studies demonstrate an inhibition of ion channel 

conductance, and an inhibition of calcium current in particular, other studies 

suggest enhancement of calcium channel activity.  Single-cell electrophysiology 

techniques, which have been used to assess the ability of carbon nanotube mats 

to stimulate networks of neurons, recorded after potential depolarization events 

in stimulated cells.  These events were inhibited by calcium channel blockers 

suggesting the nanotubes were in fact enhancing calcium uptake through 

alterations in the location or function of VGCCs 9. 

Some of the literature regarding multi-walled carbon nanomaterials and 

potassium ion channels is also contradictory.  Early work showed that unmodified 

SWNTs could inhibit potassium channel function in Chinese hamster ovary cells, 
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whereas MWNTs did not show appreciable inhibition.  The authors suggest direct 

pore occlusion as the mode of action51.  Contrastingly, later work suggests that 

MWNTs are antagonists to VGKCs expressed in the pheochromocytoma (PC12) 

cell line 69.  The mode of action of the inhibition is presently unknown, as is the 

relation between wall number, surface chemistry, and metal impurities in the 

nanotubes.   

 Motivated by the contradictory literature regarding SWNTs and calcium ion 

channel homeostasis mentioned above, the specific aim of the research 

presented in Chapter 3 is to evaluate the effect of SWNTs on calcium 

homeostasis in a simplified experimental system of a cell line expressing only the 

neuronal type voltage-gated calcium ion channel.   

1.3 Nanomaterials and Ion Channels 

 

In order to develop hypotheses regarding the mechanisms by which 

nanomaterials may be interacting with voltage-gated ion channels, this section 

expands the background to include a review of current literature regarding 

channel interactions with quantum dots and nanometals.  Based on this 

literature, I postulate potential mechanisms of interaction, namely: release of 

metal ions, adsorption of target ions onto nanomaterial surfaces, direct 

nanomaterial interaction and oxidative stress.   

Interaction of Nanometals with Ion Channels 

 

Low particle concentrations of nanometals in solution have been shown to disrupt 

electrical activity of neural networks grown on multielectrode array neurochips 16.  
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In a series of studies highlighting the effects of ZnO, CuO and Ag nanoparticles 

on VGKC and VGSC currents in rat hipocampal neurons, the following 

contrasting effects were observed.  ZnO nanoparticles increase the transient 

outward potassium current (IA) and delayed rectifier potassium current (IK) while 

increasing the overshoot and diminishing the peak half-width of VGKCs 72.  In 

contrasting, CuO nanoparticles have shown that nanoparticles have no effect on 

IA, but inhibited IK. Furthermore, CuO nanoparticles did not shift the steady-state 

activation curve of IK and IA, whereas the inactivation curve of IK was shifted 

negatively 70.    

Relatedly, ZnO nanoparticles increase the peak amplitudes of the VGSC 

while the inactivation and the recovery from inactivation of the sodium current are 

promoted by ZnO 70.  Silver nanoparticles reduce the amplitude of the sodium 

current, produce a hyperpolarizing shift in the activation–voltage curve of the 

sodium current and delay the recovery after inactivation.  Furthermore, peak 

amplitude and overshoot of the evoked single action potential are decreased and 

half-width is increased with Ag nanoparticles39.  If combined, these results 

suggest that nanosilver decreases peak amplitude and nano-zinc oxide 

increases peak amplitude. More research is necessary in order to understand the 

mechanism underlying each effect.   

Interaction of Quantum Dots with Ion Channels 

 

Quantum dots (QDs) are 2-100 nm fluorescent semiconducting nanocrystals of 

interest to biologists as imaging agents due to their high quantum yield, high 

resistance to photobleaching, broad absorption and narrow emission spectra.  In 
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a study of rat primary cultured hippocampal neurons, exposed to CdSe QDs, the 

QDs were shown to increase cytoplasmic calcium levels through the influx of 

calcium from both extracellular and intracellular (mostly endoplasmic reticulum) 

stores.  Concurrently, the CdSe QDs enhanced activation and inactivation, 

slowed recovery, reduced the percent of available VGSCs and prolonged the 

time-course of activation. Interestingly, the effect is observed with QDs 10nm and 

above; however below 10nm, the effect is not seen65.  The authors suggest that 

some of these channel effects were similar to the effects of β-scorpion toxin and 

may in part be due to the binding of the QDs or QD degradation particles to the 

S3-S4 loop affecting the function of the VGSC voltage sensor.  However, the shift 

in activation to more depolarizing potentials is not consistent with this hypothesis 

and further research suggests a more elaborate mechanism.   

 In studying the mechanisms underlying the elevation of intracellular 

calcium levels, Tang et al (2008a) observed that the addition of T-type calcium 

channel blocker, mibefradil, and L-type calcium channel blocker, verapamil, did 

not block the elevation of intracellular calcium observed with CdSe QD exposure.  

However, the addition of N-type antagonist, ω-conotoxin, partially blocked the 

calcium influx.  Surprisingly, the inhibition of VGSCs with TTX abolished the 

elevation of intracellular calcium associated with CdSe QD exposure.  

Interestingly, the group observed that under exposure to CdSe QDs, VGSCs 

permitted calcium to permeate the channel as readily as sodium and suggested 

oxidative stress as a factor in the loss of channel selectivity.  Additionally, the 



 17 

passage of sodium through VGSCs enhanced the release of mitochondrial 

calcium and contributed to the elevated intracellular calcium levels.64 

 The elevation of intracellular calcium levels in neurons not only affects 

neuronal survivability, but also neurotransmission.  In a follow-up study, the 

effects of CdSe QDs and streptavidin-CdSe/ZnS QDs demonstrated altered 

synaptic transmission and plasticity in the hippocampal dentate gyrus area of 

anesthetized rats.  Paired-pulse facilitation was also suppressed under QD 

exposure.  As intracellular calcium levels enable the release of neurotransmitter 

at the synapse, the elevation of intracellular calcium observed previously may 

account for this suppression. 63  While this study concluded that QDs, regardless 

of modification, could impair synaptic transmission and plasticity; other studies 

have reported no significant alteration of ion channel function from exposure to 

QDs 32.  It is possible that QDs may affect ion channels and processes 

dependent on ion channel flux through the degradation and release of metal ions 

(M+s.)  This will be discussed further in the next section. 

Possible Interaction Mechanisms 

 

Given the biological evidence in the literature reviewed above, along with 

knowledge of the fundamental behaviors of nanomaterials in biological 

environments, I propose four potential mechanisms of nanomaterial interaction 

with ion channels.  As shown in Figure 1.4, mechanisms are free M+ effects, 

adsorption of target ions, direct particle-protein interaction and oxidative stress.  

Each mechanism can potentially act independently or in concert with one or more 

other mechanisms to cause alterations of VGIC dynamics. 
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Free Metal Ion Effects 
 
It is becoming increasingly apparent that the cellular responses to some 

nanomaterials are in fact attributable to M+s released from the nanomaterial 

rather than any direct biological interaction of the particle phase itself. For 

example, the antibacterial action and cytotoxicity of nano-silver is believed to be 

primarily the result of silver ion (Ag+) release and the subsequent binding of Ag+ 

to thiol targets 36, 41.  The response of cells to nickel containing compounds is 

often correlated with the concentration of nickel ions produced by dissolution 

processes 38.  An emerging theme is the effect of ion release from nanomaterials 

on cellular function.  This is particularly relevant as M+s have been shown to 

block the pore, replace target ions and alter the channel dynamics of VGICs.  

This section discusses M+ release from nanomaterials and mechanisms of M+ 

effects on ion channels. 

Evidence of Metal Ion Release from Nanoparticles 

In general, a wide variety of commercially important nanomaterials may coexist 

with free ions or other soluble species in physiological solution.  Many 

nanomaterials are oxides, and often undergo slow dissolution under physiological 

or environmental conditions.  Good examples of this are ZnO and NiO.  Many 

nanomaterials contain zero-valent metals which, with the exception of gold, are 

capable of oxidative dissolution to produce ions.  The release of M+s from 

nanometals, such as nanosilver, decreases with increasing pH, increases with 

increasing temperature, is dependent on oxidation and therefore the 

concentrations of dissolved oxygen in the environment.  Additionally, M+ release 
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is decreased by the addition of humic or fulvic acids.35  This suggests that under 

physiological conditions many nanometals will release ions with the potential to 

act as conventional M+ toxicants.  Even carbon-based nanomaterials contain 

metal catalyst residues that may include Ni, Y, Co, Mo, or Fe. These catalyst 

particle residues have been shown to significantly release soluble metal forms 29, 

38, 56 through oxidative attack on metal catalyst residues that are not fully 

encapsulated by graphenic carbon shells 37, 38.    

In addition to carbon nanomaterials and nanometals, QDs have also been 

shown to release M+s.  A bare core QD is composed of its primary 

semiconducting components, which in this form, make it susceptible to 

interactions with its environment, particularly water and oxygen.  Oxidation of the 

QD will reduce fluorescence and cause degradation24.  Passivation techniques 

involve the modification of the surface with mercaptopropionic acid, silanization 

and polymer coatings.32 The most widely used surface modification is CdSe with 

a ZnS shell.  While shells reduce ion release, weathering under acidic (pH ≤ 4) or 

basic (pH ≥ 10) conditions destabilizes the shell resulting in cadmium/selenite ion 

release (≤ 1 min). 42  Cadmium release from QDs can also occur through 

intracellular degradation.32  Release, however, can be mediated by humic acids, 

bovine serum albumin (cellular media component), oxalate, nitrilotriacetic acid, 

EDTA, citrate and cysteine which are presumed to protect QD surface sites from 

etching. 42   
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Effect of Metal Ions on Voltage-Gated Ion Channels 

In order to predict the interaction of M+s (and potentially nanomaterials) with ion 

channels, two key factors must be considered: the enthalpy of hydration and 

hard-soft characteristics of M+s.  Through solvation, water molecules form a shell 

around the ion.  The enthalpy of hydration is indicative of the attraction of the M+ 

for oxygen groups and is consequently inversely proportional to the water 

substitution rate.  Hydration energies are highest (meaning the ion is more  

 

  

Radius 
(pm) 

Δhhyd 
(kJ/mol) 

Ligand 
Preference   

Target Ions      

Na+ 98 -405 TSYDENQ   

K+ 133 -321 TSYDENQ   

Ca2+ 106 -1592 TSYDENQ   

        VGCC 

Metal ions     IC50 mM 

Ba2+ 143 -1304  1.5 

Sr2+ 127 -1445  2.6 

Cd2+ 103 -1806  0.001 

Co2+ 82 -2054 KRHWCM 0.06 

Zn2+ 83 -2044 KRHWCM 0.03 

Ni2+ 78 -2106 KRHWCM 1.04 

Cu2+ 72 -2100 KRHWCM 1.04 

Y3+ 106 -3620   0.001 

Table 1.1 .  Summary of Ionic Radii, Hydration Energies, Ligand Preferences and 
Effects on VGCC.   
Target ions of VGICs: sodium, potassium and calcium provide a comparison for 
metal ions.  Atomic radius is given in pm.  Table highlights trends mentioned in 
the text.  As charge is increased at constant radius, the enthalpy of hydration 
(ΔHhyd) increases.  For a given charge, as the radius decreases, ΔHhyd  increases.  
The higher the ΔHhyd, the lower the rate at which dehydration occurs in the pore 
and is one factor contributing to ion permeation or pore blockage.  Barium and 
strontium with lower ΔHhyd are known to permeate VGCCs, whereas cadmium 
and yttrium block VGCCs.  Moreover, cadmium and yttrium are the same size as 
calcium, suggesting the possibility of biomimicry.  Ligand preference, refers to 
known preferred complexation ligands, in which the letters denote standard 
amino acids.  Table adapted from 6, 13, 48 
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hydrated) for small ions with large ionic charge (Mg2+, Mn2+, Ni2+, Co2+, Zn2+).  

This affects the metal interaction with ion channels as the solvated water 

molecules are replaced by dipolar groups of the channel inner pore and therefore 

influences whether an ion will permeate or block the channel 66. 

Additionally, hard-soft ionic categorizations influence ionic complexation.  

A hard metal preferably retains its valence electrons and is not easily polarized.  

Traditionally, hard ions are from the alkaline earth metals, lanthanoids and 

aluminum.  They are small in size, high in charge and prefer to complex with hard 

bases such as oxygen (water) or fluoride through electrostatic interaction.  In 

contrast, soft ions are transition metals such as Au+ Cu+ Ag+ or Hg+.  They are 

relatively large, easily polarized and prefer to complex with soft bases such as 

phosphorus, arsenic, nitrogen (amines, histidine) or sulfur (sulfhydryl, disulfide, 

thioether) through covalent interaction.  The distinction between hard and soft is 

not well defined and some ions such as Zn2+ and Ni2+ fall in between. See Table 

1.1 for a summary of ion radii, enthalpy of hydration and ligand preference 13, 66.  

These characteristics influence the interaction of M+s released from 

nanomaterials with ion channels. 

Pore block.  VGICs are designed for high throughput transport of target ions.  Ion 

selectivity is the function of the channel‟s selectivity filter.  Through similarities in 

size and charge, it is possible for M+s to enter the pore through a type of 

biomimicry.  In this way, M+s mimic target ions and hijack the machinery of the 

pore.  Pore block refers to the entry and binding of M+s to the pore, resulting in 

decreased current.  Current may decrease to such a degree that the channel is 
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effectively blocked.  M+s may interact with the selectivity filter of the various 

channels in order to affect a pore-block mechanism.  For voltage-gated calcium 

ion channels, four glutamate residues (EEEE) comprise the selectivity filter.  

Similarly, the selectivity filter of VGSC involves two regions: a ring of four amino 

acids (EEDD) in the outer vestibule of the pore, and an inner ring, also of four 

amino acids (DEKA).  Amino acids (TVGYG) make up the selectivity filter of the 

VGKCs.  Many ions released from common nanomaterials are effective voltage-

gated channel blocking agents.   

Altered Channel Dynamics.  Metal ions can affect channel dynamics without ever 

entering the pore by altering the rates of activation or inactivation.  There are 

three such mechanisms of M+ interaction with voltage-gated channels: charge 

screening, electrostatic modification of the voltage sensor and non-electrostatic 

binding effects3, 13. Each of these methods may act alone or together to affect ion 

channel dynamics.   

At rest, under physiological conditions, a negative membrane potential 

defines the extracellular space to be more positively charged than the 

intracellular space.  When M+s are introduced to the system, the additional 

positive charge in the extracellular media may alter the membrane potential.  The 

charge screening mechanism of M+ interaction with voltage-gated channels 

describes this phenomenon13.  Since high concentrations of M+s are necessary 

to have an effect through charge screening alone, it seems an unlikely 

mechanism for nanomaterial interactions.   
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In the second mechanism, electrostatic modification of the voltage sensor, 

the binding of released M+s to the membrane surface fixes charges, increases 

the ionic concentration near the surface and therefore reduces membrane 

potential.  The reduction in membrane potential affects the action of the voltage 

sensor13.  The rate of channel opening subsequently decreases, and the rate of 

channel closure increases.  In some cases, the action of the ion is dynamic and 

channel state specific.  Zinc is believed to be attracted to the negatively charged 

component of the gating apparatus when the channel is at rest 19.  When the 

channel is activated, however, the positive charge of the voltage sensor prevents 

zinc binding.  In this way, zinc decreases the rate of channel opening; however 

the rate of channel closure remains unaffected.  Contrastingly, intracellular zinc 

does not affect opening but slows closing13, 19.  

Non-electrostatic binding effects is the third mechanism.  Here, M+s bind 

close to the pore to affect gating in a non-electrostatic way.  In general, the 

binding of the ion to a portion of the channel apparatus enables ion-mediated 

steric hindrance or mass effects that inhibit normal function of the channel 13.  

The effect of M+s on channel gating is dependent on channel type, M+ type and 

concentration.  While the aforementioned summarizes general mechanisms, 

exploration into the effect of specific M+s in a given system must be addressed in 

order to fully account for the ionic effects on gating.   

Adsorption of Target Ions 
 
Adsorption refers to the binding of small molecules, proteins or ions to material 

surfaces including nanomaterial surfaces.  This effect can have a two-fold mode 
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of action to alter channel dynamics.  In the first, target ions are chelated from the 

external solution and are no longer bioavailable for transport through the 

channels.  In the second, M+s are adsorbed onto the material surface for later 

exposure.   

Common chelators are BAPTA (calcium specific chelator) and EDTA 

(metal ion chelator).  In vitro, NiO, ZnO, TiO2, CeO2 and Fe2O3 nanometal oxides 

significantly reduce calcium and phosphorus levels in the media.  Sodium levels 

are unaffected 20.  Carbon nanotubes can also be sorbents of target ions 37, 37.  

As the concentration of calcium ions outside the cell is roughly 1.2mM and the 

concentration inside the cell is 100nM, it is unlikely that nanomaterials, unless 

highly concentrated, would adsorb enough calcium to have an appreciable effect 

on VGCC function.  

 The second adsorption mechanism pertains to the adsorption of M+s onto 

the nanomaterial surface for exposure later on.  The adsorption capacity of M+s 

to carbon nanomaterials follows Pb2+> Ni2+ > Zn2+ > Cu2+ > Cd2+.  Adsorption is 

dependent on temperature and the acidity of the solution.  The addition of 

function groups to the nanomaterial surface increases M+ adsorption capacity57.  

As mentioned previously, certain M+s inhibit ion channel conductance and the 

conditions under which nanomaterials will adsorb and release M+s should be 

monitored.   

Direct Particle-Protein Interactions 
 
Some nanomaterials have been suggested to directly interact with ion channels.  

Many of the principles that apply to the interaction of M+s with ion channels and 
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adsorption mechanisms can be combined and extended to understand the 

potential for nanomaterials to directly interact with ion channels.  Such interaction 

could include a physical occlusion of the pore or electrostatic alterations.  The 

channel pore is on the scale of nanometers.  QDs have been shown to enter the 

cylindrical cavity of proteins on the same size scale 23, and early work suggested 

that SWNTs physically occlude the VGKCs 51.  While the mode of action remains 

a mystery, more recent work has shown the non-ROS induced inhibition of 

VGKCs with carboxylated MWNTs of 40-50nm outside diameter 69.  

 Nanomaterials in media form aggregates 16 dependent on ionic strength, 

surface charge, and surface coating. 25  Given that channel dimensions are fixed, 

agglomeration of nanomaterials increases the hydrodynamic radius of the 

material and consequently decreases the likelihood of physical interactions.  

Moreover, in media, nanomaterials are observed to adsorb proteins 17 and ions 57 

increasing the effective size even more.  This suggests that if direct interactions 

are to occur, they would not be mediated by physical occlusion, but rather 

through electrostatic modification through coupling to the cell membrane 9 or 

nanomaterial mediated steric hindrance of the area near ion channels.   

Oxidative Stress 
 
The generation of ROS by nanomaterials and the material features contributing 

to ROS, continues to be of debate.  An increase in intracellular calcium, 

production of ROS and a decrease in mitochondrial membrane potential are 

characteristics of oxidative stress.  In some cases cellular exposure to 

nanomaterials induces rises in intracellular calcium levels.  Some studies have  
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Figure 1.4 Summary of proposed mechanisms of nanomaterial interactions with 
voltage-gated ion channels.   
The membrane above is depolarized and the channel is shown in the open 
conformation.  Adsorption of target ions (T+) are rendered biologically 
unavailable for permeation through the pore due to adsorption onto 
nanomaterials (NMs).  Direct Interaction: NMs interact directly with the pore and 
prevent the permeation of T+ through the pore, or bind to the protein complex, 
alter the structure and disable channel function.  Metal ion effects: NMs release 
metal ions (M+) that enter the pore to affect inhibition, bind to channel 
components outside the pore to alter channel dynamics or locally concentrate 
near the membrane by binding to membrane proteins to affect membrane 
potential and thereby movement of the voltage sensor.  Oxidative stress:  The 
increase of cytosolic calcium associated with oxidative stress affects channel 
dynamics.   
 
suggested ROS production upon exposure to nanomaterials results in altered 

channel function in vitro 64, whereas others observed a disconnect between the 

two 16, 69.  This raises the possibility that nanomaterial induced ROS production 
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may contribute to alterations in ion channel function through downstream 

mechanisms; however, more research is needed.   

Dielectrophoresis for Tissue Engineering of Pancreatic Islets 

 

1.4 Diabetes 

 

In general, diabetes is characterized by uncommonly high blood glucose levels 

(hyperglycemia) that can result in serious health complications such as kidney 

failure, heart disease, blindness and stroke.  The metabolic consequences of 

chronic hyperglycemia can cause neuropathy; characterized by progressive 

axonal loss and manifested by somatic and autonomic neurophysiological 

abnormalities49.  Diagnosis usually occurs when hyperglycemic patients show 

clinical signs of excessive thirst, hunger and urination.  The hyperglycemia is 

caused by abnormal insulin functionality resulting from either Type 1 or Type 2 

diabetes or both.  In Type 1 diabetes, the cells responsible for producing insulin, 

beta-cells in the islets of Langerhans of the pancreas, are destroyed or damaged 

by the body‟s autoimmune system.  The destruction of the islets is 

comprehensive enough to significantly alter the levels of insulin produced to well 

below physiological levels.  It is generally believed that Type 1 diabetes is 

triggered in genetically susceptible individuals through environmental cues2.  In 

Type 2 diabetes, the mechanism for releasing insulin into the blood is functional, 

however, tissues no longer respond to normal amounts of insulin.  This type is 

usually observed in the obese or elderly.   
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 According to the American Centers for Disease Control, 25.6 million 

people, or 11.3% of all Americans over 20 years of age or older have diabetes, 

and 1.9 million were newly diagnosed in 2010.  The prevalence of Type 1 

diabetes in children aged 0-10 years old is roughly 19.7 new cases per 100,000 

people estimated between the years 2002 and 200510.  In Europe, it is predicted 

that if the present trend continues, the number of new cases of Type 1 diabetes 

in children under 5 will double between 2005 and 2020 and the prevalence of 

cases in children younger than 15 will rise by 70%52.  Diabetes is the seventh 

leading cause of death in the United States, and the leading cause of kidney 

failure, non-traumatic limb amputation and new cases of blindness10.  It 

additionally increases the risk of stroke and heart disease.  Since the 

complications of the condition are so grave, and the rate of new cases is 

increasing globally, new and effective treatment options are necessary.  The next 

section describes current treatment options.  

Treatment Options 

 

Insulin Shots 
 
In Type 1 diabetes, autoimmune attack on beta-cell mass or insulin production, 

reduces insulin levels to a critical point at which the diabetic pathology is 

recognized.  The first and simplest treatment strategy is to compensate for this 

loss of functionality by directly replacing insulin in the blood through injections.  

This procedure has been conduced since the 1920s and in ideal situations only 

results in a shortened life expectancy of roughly ten years67.  In 1993, the 

diabetes control and complications trial established that multiple daily 
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determinations of blood glucose levels through the finger stick, and combinations 

of daily injections of insulin, would be the standard of care for the management of 

Type 1 diabetes58.  This treatment is effective unless the patient has autonomic 

insuffiency, and consequently struggles with glycemic control which could 

potentially result in near fatal overdoses of insulin58, 67.  In these cases, whole 

pancreas transplantations are a viable option.   

Stimulation of Insulin Secretion 
 
Treatment with hormones that are observed to enhance insulin secretion from 

the remaining islets is presently under clinical investigation.  Taken from Type 2 

diabetes treatment options, it is observed that hormone, glucagons-like peptide-1 

(GLP-1) and analogs of this hormone, stimulate secretion in the remaining beta-

cells.  However, the effect on beta-cell population or immune response is 

debatable67.   

 
Whole Pancreas Transplantation 

While the multiple daily determinations of blood-glucose levels through the finger 

stick in combination with daily injections of insulin is the standard of care for 

diabetes, this method is not effective for individuals who have autonomic 

insufficiency.  In 2003, the American Diabetes Association encouraged 

pancreatic tissue transplantation for patients with unacceptably poor glycemic 

control.  In most countries, pancreas transplantation is the only accepted method 

available to achieve normal glycemic levels18, 58, 67.  Moreover, pancreas 

transplantation has been observed to stabilize diabetic complications such as 

motor, sensory and autonomic neuropathy49.  As with any transplantation, the 



 30 

procedure is invasive, has inherent risk of procedural complications and, once 

performed, the patient must maintain a regimen of immunosuppressants for the 

remainder of their lives.  However, quality-of-life studies suggest patients feel that 

the freedom from daily insulin injections outweighs the burden of transplantation 

and accompanying immunosuppression58.  A similar, however less invasive 

procedure, is islet transplantation. 

Islet Transplantation 

Insulin producing beta-cells can be isolated from the pancreatic tissue of 

deceased donors and then transplanted into patients with Type 1 diabetes to 

restore normal glycemia.  This procedure is less demanding on the patient as it 

does not involve major surgery, permits a lesser degree of immunosuppression 

and is potentially less expensive58.  It is estimated that roughly 400 patients have 

received isolated islets between the years 1999 and 200918.  Unfortunately, in a 

study following patients receiving isolated islet transplants, it was concluded that 

by 5 years post-transplantation, less than 10% remained insulin independent59.  

However, the majority of the patients have less frequent hypoglycemia and 

require less insulin18.  In order to obtain the 12,000 islets per kilogram body 

weight required to restore normal glycemic levels60, patients need to receive 

islets from roughly 2.1 donors61.  As multiple donors are needed, immune effects 

are controlled with immunosuppressors; however, the immunsuppressors are 

believed to negatively effect beta-cell functonality67.  This is believed to be the 

root of the decreased islet functionality observed in the study.  For this reason, 

the current research involves suppressing the immunological response.  The 
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original protocol has been modified with new immunsupressors and is currently in 

clinical trials67.   

 Once protocols can be developed to protect insulin producing cells once 

they are transplanted into the body, the main limitation of this method is the 

availability of donors18, 58, 67.  For this reason, a renewable source of islets is 

required.  In Chapter 2, we take the initial steps in demonstrating the 

electromagnetic control of insulin-releasing cells in vitro through 

dielectrophoresis.  The long-term goal of the project is to develop insulin 

producing pseudoislets using this method.  The next section describes the islet 

and the use of dielectrophoresis as a method of tissue engineering. 

1.5 Dielectrophoresis for Insulin-Secreting Cells 

 

In the United States, 25.6 million people have diabetes (Type 1 diabetes or Type 

2 diabetes)10, and the country produces only about 8,000 organ donors each 

year18.  As mentioned previously, approximately half of the isolation efforts yield 

islets suitable for transplant61 and consequently, recipients usually require islets 

from multiple donors.  Therefore, the effective donor pool for pancreatic islets is 

very small and can only treat a limited number of patients.  According to Harlan 

et al, efforts to expand the pancreas donor pool, improve isolation techniques 

from each pancreas, and decrease a recipient's islet requirements, even when 

combined, will only marginally improve the current disparity between islet supply 

and potential recipients18.  For this reason research is being conducted to 

attempt to develop a renewable source of insulin secreting structures.  In this 
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section I describe dielectrophoresis as a technique that might be useful for this 

endeavor.   

Islets of Langerhans 

 

The islets of Langerhans are named after Paul Langerhans, the scientist who 

identified them in 1869.  In mammals, islets are 100-200 μm in dimension26 and 

make up approximately 2-3% of total pancreatic volume58.  Given the relatively 

static islet size, as the volumetric size of the pancreas is proportional to the size 

of the mammal, the number of islets in the pancreas is also proportional to 

mammal size26.   

 As shown in Figure 1.5, the islets of Langerhans contain five endocrine 

cell types, alpha, beta, gamma, delta and epsilon cells producing the hormones 

glucagon, insulin, pancreatic polypeptide, somatostatin and ghrelin 

respectively12.  There are differences between species with regard to islet 

archetype.  In rodents, beta cells form the core of the islet with alpha and delta 

cells localized around the periphery; in humans, endocrine cells are interspersed 

throughout the islet31.  Recent studies have focused on determining comparative 

percentages of different cell types in different species with interest in developing 

a structure-function relationship.  As this work is fairly recent, there is still some 

discrepancy between studies.  However, beta cells are believed to comprise 

roughly 60-80% of the islet26, 31.   
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Figure 1.5 Diagram of typical Islet of Langerhans.   
Diagram of islet of Langerhans highlighting the typical elliptical morphology of 
size 100-200 μm.  Islets contain five types of endocrine cells: alpha, beta, delta, 
epsilon and gamma cells, releasing glucagon, insulin, somatostatin, ghrelin and 
pancreatic polypeptide hormones respectively.  In humans, these cell types are 
interspersed throughout the islet.  Figure adapted from Harlan et al 18 
 

The alpha and beta cells of the islet are exclusively sensitive to glucose.  

The sole action of insulin, produced by beta cells, is to promote glucose into 

tissues and decrease gluconeogenesis.  Glucagon, produced by alpha cells, 

stimulates glycogenolysis when hypoglycemia threatens.  Glucose stimulates 

beta cells and inhibits alpha cells58.  In this way normal glycemic levels are 

maintained.  Gap juctions exist between cells of the islet.  It has been observed 

that coupled beta cells secret insulin more effectively than single beta cells; 

moreover, calcium dependent oscillatory action potential patterns in islets 

produce a complimentary bursting pattern of insulin from beta cells26.  This 

mechanism, as well as the interplay between hormones secreted from islets, is a 

recent topic in diabetes research.  The development of pseudoislets will provide 
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a source of transplantable islets.  This will potentially decrease the number of 

required transplants (stemming from the current need of multiple donors to attain 

the required number of islets) to a one-time transplant of the necessary number 

of islets.  This will decreas the use of post-transplant immunosuppression 

treatments which will increase the long-term viability and effectiveness of 

implanted islets.  Moreover, pseudoislets will provide a three-dimensional model 

system for studying synchronous electrical activity, formation of gap junctions in 

three-dimensional tissues, and the testing of new diabetic treatment strategies.  

The next section describes the potential for dielectrophoresis to enable the tissue 

engineering of three dimensional pseudoislets. 

Tissue Engineering with Dielectrophoresis 

 

Availability of organs is a significant hurdle for the treatment of patients in need of 

transplants.  For this reason, the nearly 20 year-old field of tissue engineering, or 

the ex vivo generation of tissues for in vivo use, has seen extensive growth in 

recent years.  Conventional methods require the generation of scaffolds 

composed of biocompatible and ideally biodegradable materials, the seeding of 

select cells onto the scaffolds and subsequent culturing in a bioreactor.  This is 

very effective for planar tissues such as skin, bone, cornea and cartilage; 

however, it is significantly more challenging for three-dimensional tissues that are 

composed of multiple cell types arranged in multiple distinct layers.  Moreover, 

establishing appropriate cell-to-cell interactions physiologically present in 

functioning tissue, is critical to the bioengineered tissue‟s end-functionality in 
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vivo.  There are two overarching methods used to generate tissues ex vivo: cell 

patterning and applied force. 

 Cell patterning applies external guidance cues to arrange cells into 

desired patterns mimicking physiological tissues.  This technique relies on the 

surface chemistry of the substrate and the biological interactions known to exist 

between select cell types and a given substrate.  The effectiveness of this 

method therefore, relies on the natural cell adhesion process and is consequently 

slow, unregulatable and diverse from cell type to cell type33 making it somewhat 

limited in the number of cells that can be patterned in a given experiment. 

 The use of force to actively direct cells to desired locations can be 

accomplished using magnetic, optical, or fluidic manipulation techniques.  The 

magnitude of these optical forces is generally insufficient to firmly trap individual 

biological particles alone, and relies on the trapping of microscopic dielectric 

objects, such as micron-sized polystyrene beads, which can be biochemically 

linked to the cells of interest46. In this way, the beads serve as handles to a 

biological system, allowing its manipulation inside a sample chamber.  Other 

techniques involve the attachment of magnetic particles to cells of interest and 

the use of magnetic fields to direct the patterning of cells.  As with the optical 

tweezer methods, this requires additional surface modification of the cells. 

 Dielectrophoresis is the lateral motion imparted on uncharged particles as 

a result of polarization induced by non-uniform electric fields55.  Several studies 

have demonstrated that dielectrophoresis can be used to „trap‟ and move 

uncharged cells through non-uniform electric field gradients33.  Unlike the 
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previous techniques that are limited in their applicability in the number of cell 

types able to be manipulated, or that require cellular surface modification prior to 

patterning, dielectrophoresis can be used on many cell types at once without pre-

modification.  This makes it an interesting technique for the development of an 

islet of Langerhans, which as mentioned previously, incorporates at least five 

different cell types into a specialized tissue.  The next section describes an 

overview of the principles underlying dielectrophoresis. 

Dielectrophoresis Principles 

 

Dielectrophoresis is the lateral motion imparted on uncharged particles as a 

result of polarization induced by non-uniform electric fields55  The underlying 

fundamentals involved in this technique are well described in the literature 1, 22, 27, 

47, 54, 55 and rely on understanding particle polarizability and Coulombic force. 

Polarization 

Polarization is the process of alignment of charge on a body such that the 

positive and negative bound charges move in an electric field, resulting in the 

centers of charge aligning along the field lines22.  For a particle whose positive 

and negative regions share a common average position, in the absence of an 

external electric field, the particle is unpolarized.  In the presence of an applied 

electric field, the particle will develop an „induced‟ dipole.  An induced dipole is 

not a permanent dipole (such as the case for water).  After the electric field is 

removed, and induced dipole requires time for charges to return to their neutral 

conformation.  The time it takes for a dipole to form and deform is known at the 

relaxation time.   
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 Permittivity is a measure of the effect of charge redistribution within a 

material.  The greater the permittivity, the greater the effect of charge 

redistribution, and the longer it takes the charge to dissipate.  Most materials are 

not strictly capacitors or conductors but, rather, have a quality of each described 

by the complex permittivity (ε*)22, 28.   




 jR  0*     (1)22, 28, 55  

Where ε0 is the permittivity of free space, εR is the relative permittivity of the 

material, j is the imaginary number (√-1), σ is the conductivity of the material 

(S/m) and ω is the frequency of the electric field applied.  The importance of this 

equation is that it demonstrates that complex permittivities are frequency 

dependent.  As the frequency increases, the imaginary part of Eq 1 tends 

towards zero and the complex permittivity is dominated by the relative permittivity 

or polarizability.  At low frequencies, the imaginary part dominates, indicating the 

dependence of the complex permittivity on conductivity. 

 For an unpolarized particle in media within an electric field, the shift in 

complex permittivity dependence on polarization versus conductivity, is 

influenced by shifts that occur within the particle versus those that occur at the 

particle interface.  Briefly, Debye relaxation describes shifts that occur within the 

particle, namely the inability of a dipole to reorient in time with the applied field.  

The reason for this, is the time necessary for an induced dipole to form in relation 

to the cycle frequency of the applied field.  For higher frequencies, induced 

dipoles do not have time to form and as described in Eq 1, the transfer of charge 

by capacitive coupling does not occur.  Shifts that occur at the particle interface 
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with the medium can be described by Maxwell-Wagner interfacial polarization.  If 

the two materials transfer charge in different ways (based on Eq 1), ie dependent 

on conduction versus dependent on polarizability, then charge may build up at 

the interface of the two, creating an interfacial dipole.   

 

Figure 1.6 Dipole effects on a sphere suspended in media exposed to an 
electric field.   
The net dipole on the particle depends on the relative conductance and 
capacitance of both the particle and the media in the presence of an electric field; 
leading to a net dipole across the particle.  A) Particle is more polarizable than 
the media; B) Particle is less polarizable than the media; C) Particle and media 
equally polarizable.  Figure adapted from Hughes 200322 
 
 When a polarizable particle is within an electric field, charge will build at 

the interface of the particle with its surrounding media.  In order to determine the 

behavior of the particle within the field, the overall dipole (m) of the particle must 

be determined.  For a spherical particle the dipole, m, is given by Eq 2.   
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Where ε* is the complex permittivity of the particle (subscript p), media ( 

subscript m) and free space (0).  r is the radius of the sphere.  The bracketed 
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section is the Clausius-Mossotti factor.  As complex permittivities depend on 

frequency of the applied electric field, the dipole of the orientation can therefore 

shift as a function of frequency.   

Figure 1.6 visually describes the process by which the dipole orientation, 

described in Eq 2 occurs.  In Figure 1.6A the particle is more polarizable than the 

media, suggesting the complex permittivity (Eq 1) is dependent on the 

conductivity term.  Since the particle is acting as a conductor, the media is acting 

as a capacitor.  Consequently, charge will build-up on the media side of the 

interface.  Given the relative charge densities shown in Figure 1.6A, the charge 

build-up is occurring on the surface of the particle and is greater than within the 

particle.  Therefore, the net dipole for the particle (including surface charges) will 

be in the same direction as the maximum charge build-up.  In this case, the 

dipole is counter to the direction of the electric field.  If the media is more 

conductive than the particle, as is the case in Figure 1.6B, charges will 

accumulate within the particle at the interface and the net dipole will be in the 

same direction as the electric field.  In Figure1.6C, the permittivities of the media 

and the particle are the same.  As a result there is no charge build-up and there 

is consequently no net dipole.   

 This section describes the theory underlying particle polarization.  Once 

the particle is polarized by an external electric field, for dielectrophoresis to take 

place, the field will apply a force on the particle.   
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Dielectrophoretic Force 

The attractive force between different charges and the repulsive force between 

like charges can be described by Coulomb‟s Law.  This law states that the 

direction and magnitude of the force between charges is proportional to the 

magnitude of the product of the charges and inversely proportional to the square 

of the distance between them.  If a particle is within an electrical field, a dipole is 

induced within the particle and charges build-up as previously described.  If the 

electric field is uniform, then the Coulomb force applied to charges on either side 

of the particle is equal and opposite and consequently the particle experiences 

no net force.  If however, the electric field is non-uniform, then the force on the 

particle is not uniform and there will consequently be a net force in a given 

direction.  The force applied to a polarizable particle in a non-uniform electric field 

is the dielectrophoretic force.  For a spherical particle, the dielectrophoretic force 

(FDEP) is described by the following equation. 
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Again, the bracketed region is the Clausius-Mossotti factor which is dependent 

on the frequency of the electric field.  The factor can be positive or negative.  If 

the factor is positive, the dielectrophoretic force will be positive and the force will 

act towards increasing electric field gradient.  This is called positive DEP.  If the 

factor is negative, then the force will act to repel the particle from regions of high 

electric field gradient.  This is called negative DEP.  The use of dielectrophoresis 

as a means of tissue engineering will then most likely depend on negative 
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dielectrophoresis to corral the cells into aggregates which can then form 

intracellular connections33. 

Electrorotation 

If the polarizable particle is in a rotating field, the field will induce a dipole as 

before; however, it will also cause the particle to rotate.  Take for example, 

Figure 1.7, four electrodes exhibiting an alternating current with a phase shift of 

90°, as the field rotates, the dipole of the particle will rotate to avoid repulsion 

from like-charges.   

 

 

Figure 1.7 Electrorotation 
(Left) Induced dipoles require time to form and dissipate, called the relaxation 
time.  If the relaxation time causes the dipole to lag behind the rotation of the 
electric field, the particle will experience a torque.  (Right) Each electrode is 
receiving an AC current phase shifted by 90°.  The associated charge on the 
electrode corresponds to the amplitude of Y-axis of the respective sine wave.  
Left figure adapted from Hughes 200322 
 

Just as with dielectrophoresis, the sign of the Clausius-Mossotti factor influences 

the direction of rotation.  When the factor is positive, the particle rotates in a 
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direction opposite to the direction of rotation of the electric field.  

Correspondingly, if the sign is negative, the particle will rotate with the field55.  A 

particle can experience electrorotation and dielectrophoresis simultaneously.   

Pearling 
 

When a polarizable particle is in an electric field, if the particle is conductive 

(based on Eq 1) then the induced dipole will alter the electric field lines.  If the 

induced dipole is in the same direction as the system electric field, the particle 

 

Figure 1.8 Dielectrophoretic Pearling 
A.  The net dipole over a particle creates its own electric field.  (Top) When the 
net dipole is in the opposite direction of the overall electric field, the particle is 
conductive and the electric field lines bend in towards the particle.  (Bottom) 
When the net dipole is in the same direction as the electric field, the particle is 
insulating and the electric field lines wrap around the particle.  B.  When two 
conducting particles are close enough together that their induced electric fields 
interact, dielectrophoretic force moves the particles together to form a pearl 
chain.  C.  Pearl chain conformation in which particle dipoles align in the same 
direction to allow Coulombic attraction.  Pearling occurs in both positive and 
negative dielectrophoresis.  Figures adapted from Hughes 200322. 
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is insulating and the field lines will wrap around the particle (Figure 1.8A).  If 

conductive particles are close enough such that their induced electric fields 

interact, dielectric force will pull the particles towards eachother (Figure 1.8B).  

This causes the particles to align in a “Pearl Chain” conformation (Figure 1.8C).  

The particles align in the chain such that Coulombic attraction between charges 

of opposite sign exists between each pearl of the chain.  The phenomena exists 

for both positive and negative dielectrophoresis. 

 

Dielectrophoresis for Pancreatic Islets 

 

The technique described in the previous section is a very powerful tool to control 

the orientation and motion of cells, to non-invasively determine the electrical 

properties of the cells, and to sort cells based on dielectric properties.  The 

application of dielectrophoresis to tissue engineering is novel; however it is very 

well suited for the development of pseudoislets.  First of all, while the explanation 

given is provided in planar 2D, the same phenomena should occur if a 3D 

electrical field is applied.  This would enable the development of three 

dimensional structures.  Moreover, as mentioned in the previous section, human 

islets do not have a well defined overall tissue structure.  That is to say, alpha, 

beta, delta, gamma and epsilon cells are interdispersed within the islet.  While it 

would be possible to generate shells of specific cell types, this lack of specificity 

makes the initial experimental burden dependent on obtaining the correct 

concentration of cell type and not necessarily on ensuring the cells are present in 

the correct „shell‟.  Once the cells are aggregated, dielectrophoresis could again 
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prove beneficial as the technique may be able to detect, through electrokinetic 

data, the development of intercellular gap-junctions and insulin bursting 

mechanisms.   

 Before the technique can be used in three dimensions with multiple cell 

types, basic studies on the electrokinetics of specific cell types with a planar 

dielectrophoretic chamber are necessary.  In particular, the knowledge of a cell‟s 

electrokinetic behavior in electrolytes of known conductivity is necessary to 

predict the conditions necessary to generate either positive or negative 

dielectrophoretic movements of the cells.  The research presented in Chapter 2 

describes these fundamental electrokinetic measurements for INS cells (insulin 

secreting cells) and pancreatic beta cells in electrolytes of known conductivity in 

a dielectrophoretic chamber.   
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Chapter 2 

 
2. Electrokinetic measurements of membrane 
capacitance and conductance for pancreatic β-cells  
 

2.1 Introduction  

In this paper we report determinations of the membrane capacitance and 

membrane conductance for insulin secreting cells, both rat derived insulinoma 

cells and mouse primary β-cell cultures, using the electrokinetic techniques of 

dielectrophoresis (DEP) and electrorotation (ER). These methods avoid the need 

to make electrode contact to the cells, and many cells can be investigated at the 

same time for a range of physico-chemical environments. The magnitude of the 

membrane capacitance can be taken as a measure of the total surface area of 

the cell, and the extent to which this is enhanced by membrane features such as 

blebs and microvilli, for example. The membrane conductance comprises two 

main components, namely the conductance across the membrane associated 

with ion flux through membrane pores and ion channels, together with ionic 

conduction parallel to the membrane surface associated with the electrical 

double-layer induced by the net negative charge carried by all cells.  

Like neurons and muscle cells pancreatic β-cells are excitable displaying 

calcium dependent action potentials in bursting patterns. This activity is a key 

component of glucose responsive insulin release, exhibiting a hierarchal order of 
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control such that isolated cells 1, islets (for rat see 2) and insulin blood levels 3 all 

exhibit a cyclic pulsatile behaviour. To advance our understanding of normal 

insulin release and diabetes we need to generate good models for insulin release 

at the single cell level and build from there. For this study, therefore, the 

pancreatic β-cell, and immortal insulinoma cell lines offer key advantages. Firstly, 

there exists information on the electrical behaviour of these cells, metabolic 

control and vesicle fusion events 4, 5. Secondly, the disease relevance gives any 

methodology that allows large scale observation and modeling of capacitance 

and conductance – attributes that change in response to glucose stimulation – 

clear applications in both the basic biology of insulin release and in the screening 

of novel pharmacological or therapeutic compounds.  

The theoretical and experimental aspects of DEP and ER are well 

described in the literature 6-10. In brief, when a cell is exposed to an electrical field 

it becomes electrically polarized. This polarization takes the form of induced 

charges that are generated at the cell‟s external surface, and also within the cell 

at interfaces between the cytoplasm and the plasma membrane, endoplasmic 

reticulum and nucleus, for example. The distribution of these charges produces a 

macroscopic dipole moment, whose magnitude and polarity depends on the 

dielectric properties of the surrounding solution, as well as those of the various 

components of the cell. If an alternating current (a.c.) field is applied at a 

particular frequency, the induced dipole moment will lag the field by a phase 

angle whose value depends on the dielectric properties of the cell and the 

solution at that frequency. For the frequency range (10 kHz - 10 MHz) and 



 55 

solution conductivities (10 - 100 mS/m) used in this work, the polarizability of a 

viable cell is largely determined by the resistance and capacitance of the plasma 

membrane, and the lagging phase angle has a value greater than 180
o

. If the a.c. 

field is highly non-uniform the cell will move under the influence of a DEP force. 

At the lower frequencies, and for the solution conductivities used in our 

experiments, a viable cell will exhibit negative DEP and be repelled from 

electrode edges. At the higher frequencies the cell will be attracted to the 

electrodes by positive DEP. If the a.c. field is rotated, the cell will experience a 

rotational torque and rotate in an anti-field sense over most of the frequency 

range between 10 kHz and 10 MHz. Values for the membrane capacitance and 

conductance are obtained by determining the frequency where the antifield 

rotation rate reaches its maximum value, and the frequency at which the DEP 

response makes the transition from negative to positive DEP.  

2.2 Theory  

 

A cell of radius r, when exposed to a rotating electric field in a solution of 

conductivity σ
s
, will exhibit a maximum antifield ER rate at a frequency f

pk 
given 

by 7:  
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      (1)  

This relationship holds for the case where the conductivity σ
s 

of the external 

solution is much lower than the internal conductivity of the cell. This condition 

was met in our experiments. In equation (1) C
m 

and G
m 

are the trans-membrane 
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capacitance and conductance values, respectively, and K
ms 

is the surface 

conductance of the cell membrane. Values for C
m 

for mammalian cells (e.g., 

erythrocytes, monocytes, granulocytes, B and T cells) range from around 10 to 

15 mF/m
2 

10, whilst G
m 

values associated with ion channel conduction typically 

range from around 10 to 100 S/m
2 

11. Values for K
ms 

have been assumed to be 

similar to those for cell-sized polystyrene particles (0.2 to 2 nS) and to be 

independent of the solution conductivity and field frequencies between 100 kHz 

and 1 MHz 7.  To accommodate the fact that in our experiments the cells 

exhibited a range of radii, values of for various solution conductivities were 

recorded. From equation (1) we expect a plot of against σrfpk.rfpk.
s 

to be linear (of 

the form y = mx + c) and have a slope m given by  
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1
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and an intercept c given by  
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Huang et al 12 have derived an expression for the DEP cross-over frequency f
xo

, 

and by re-arranging the terms in their equation we obtain:  
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Although not formally stated in the earlier work 12, should be taken as the total 

„effective‟ membrane conductance, which from equation (3) can be given as: 

*mG  









 m
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2

* 2
        (5)  

For the DEP experiments reported here, the average value for r was around 5 

μm, and values for σ
s 
ranged from 49 to 101 mS/m. For G

m 
≤ 600 S/m

2 

the factor 

smrGσ2* should not exceed a value of 0.03, so that (on simple application of the 

Binomial Theorem) to a very good approximation equation (4) can be simplified 

to the form:  
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From equation (6) we expect a plot of against σrfxo.
s 

to be linear and have a 

slope m given by:  

mC
m

2

2
          (7)  

and an intercept c given by:  
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          (8)  

2.3 Experimental  

 

3.1 Cell Samples  

INS-1 (rat insulinoma β-cells) were cultured using standard procedures 13 

summarized here. The cells were grown in RPMI 1640 medium (Invitrogen) 
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supplemented with 10 mM HEPES, 10% heat-inactivated fetal calf serum, 2 mM 

L-glutamine, 1 mM sodium pyruvate, 50 μM β-mercaptoethanol, and 100U/ml 

penicillin–streptomycin. A humidified incubator was used and maintained at 37
o

C 

with 5% CO
2
, 95% air. Immediately before the experiments, the cells were 

centrifuged and washed twice in the media to be used in the DEP and ER 

measurements (see below)  

Pancreatic islets were isolated from Swiss-Webster mice (Charles River) by 

collagenase digestion as previously described by Larsson et al 14. Briefly, 

following CO
2 

asphyxiation, 2 ml of ice-cold collagenase (0.5 mg/ml, Roche) was 

infused into the common bile duct. The inflated pancreas was dissected and 

incubated for 10 minute at 37ºC, followed by vigorous shaking. After three 

washes, islets were picked by hand four times under a dissecting microscope 

and after overnight culture dispersed by incubation in Ca
2+

/Mg
2+ 

free PBS 

containing 3 mM EGTA and 0.05 mg/ml trypsin for 10 minutes at 37°C with 

occasional agitation. Immediately before the experiments, isolated islet cells 

were centrifuged, washed and suspended in the DEP and ER solutions.  

3.2 DEP and ER Solutions  

Cell suspending solutions of physiological osmolarity were prepared to cover the 

conductivity range from 11.5 to 101.4 mS/m at 22.5 
o

C. For the range 11.5 to 

42.5 mS/m, the solutions contained 2mM glucose, 5.5 mM Hepes buffer, and 

adjusted to 300 mos by adding 96 g/mL sucrose. The pH was adjusted to pH 7.4 

using NaOH, and the conductivity of individual aliquots was adjusted using KCl. 

For the range 48.7 to 101.4 mS/m, a stock solution was prepared, comprising: 
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140 mM NaCl; 5.4 mM KCl; 2.5 mM CaCl
2
; 0.5 mM MgCl

2
; 11 mM glucose and 

5.5 mM Hepes buffer. The solution of highest conductivity (101.4 mS/m) was 

prepared by adding 8 mL of this stock solution to 92 mL double-distilled water, 

plus 8.47 g sucrose to give 300 mos. Lower conductivities were prepared through 

higher dilutions of the stock solution and a higher concentration of sucrose to 

achieve 300 mos. The conductivities were measured, to within ± 0.25%, using a 

YSI 3200 Conductivity Instrument (probe constant K = 1.0/cm).  

3.3 Electrokinetic Experiments  

Gold microelectrodes were manufactured by photolithography in a class II clean 

room onto glass microscope slides, with a 5 nm chrome adhesion layer and a 70 

nm gold layer. Two basic geometries were employed – namely quadrupolar 

electrodes of the polynomial 15 and „bone‟ design16. These electrode geometries 

are shown in Figure 1.  

Digitally generated voltages of frequencies between 10 kHz and10 MHz, 

produced using a custom-built generator, were applied to each quadrupole 

electrode in sequence through 75Ω coaxial cables. For the ER experiments the 

„bone‟ design electrodes were energized with 8 V (pk-pk) signals in phase 

quadrature so that, as viewed down the microscope and on a TV monitor, the 

resultant field between the electrodes rotated in a clock-wise sense. For DEP 

experiments, voltage signals up to 10 V (pk-pk) were applied to the polynomial 

design electrodes and arranged to give 180
o 

phase difference between adjacent 

electrodes. The magnitudes and phases of the four electrode voltages were 

monitored with a Tektronix TDS3024B oscilloscope.  
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The electrode arrays were cleaned with alcohol and pure water, and then 

submerged in water for at least two hours before each experiment. The cells, at a 

working concentration of 2 x 10
5 

cells/mL or lower, were pipetted directly onto the 

electrodes and secured with a cover slip. At this concentration most of the 

suspended cells remained apart during the electrokinetic experiments. The 

concentration of cells shown in Figure 1 is of the order 5 x 10
5 

cells/mL, and at 

this concentration many cells have been attracted together as a result of mutual 

dipole-dipole interactions. The islet cells exhibited a tendency to adhere quite 

quickly to the glass substrate, and to avoid this effect the electrodes were 

energized with a rotating field before adding the cells to the electrode array. The 

electrokinetic responses of the cells were visualized using a Zeiss Axioskop and 

recorded at 30 frames/sec for later analysis, with a final magnification of 750 on a 

TV monitor.  

In the DEP measurements attention was focused on cells located about 

10~20 μm away from an electrode edge, where the field gradient and resulting 

DEP force would be greater than for cells located further away from the 

electrodes. The applied voltage frequency was adjusted to cause the cell under 

examination to sequentially make transitions between positive and negative DEP. 

The DEP cross-over frequency f
xo 

was determined either by finding the frequency 

where the cell became stationary, or by interpolating the estimated cell velocities 

to find the frequency where the DEP force acting on the cell was zero. ER rates 

were obtained mainly by simple timing with a stopwatch. When better accuracy 

was required to determine the maximum rotation rate, the video-captured frames 
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were analyzed using an image processing method described previously 17. 

Measurements were not made for cells that had interacted to form doublet or 

higher-order „pearl chain‟ formations. The exact distance between opposite 

electrode faces (e.g., 393 μm for the nominal 400 μm bone electrodes) was used 

as the scale to determine cell diameter to an accuracy of ± 0.3 μm.  

 

Figure 2.1: Dielectrophoretic Chamber 
The polynomial (left) and „bone‟ (right) quadrupolar electrode designs used in the 
DEP and ER experiments, respectively. For DEP measurements, non-uniform 
electric fields were produced by energizing adjacent electrodes with a.c. signals 

phased 180
o 

apart. A rotating field was generated by energizing the electrodes 

with four signals, each separated by 90
o 

phase angle.  
 

2.4 Results  

The dispersed pancreatic islet cells tended to adhere strongly to the glass 

substrate, so that relatively few successful rotation measurements could be 

obtained for any one cell over the complete frequency range from 10 kHz to 10 
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MHz. This, coupled with the relatively low number of cells that could be 

harvested, made it impractical to perform a statistically meaningful ER analysis 

across the full conductivity range offered by the prepared suspending solutions. 

The most extensive set of results were obtained using a solution conductivity of 

60.3 mS/m, where complete anti-field rotation spectra and values for were 

obtained for a total of 17 islet cells. Examples of two of these ER spectra are 

shown in Figure 2.2.  

 

Figure 2.2: Electrorotation Spectra 
Electrorotation spectra obtained for two isolated pancreatic islet cells suspended 
in a solution of conductivity 60.3 mS/m, and with applied quadrature signals of 8 
V (pk-pk).  
 

The membrane capacitance Cpkf
m 

was obtained for each cell using equation (1) 

and assumed values for K
ms 

and G
m 

of 2 nS and 100 S/m
2

, respectively. The 
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mean value obtained for C
m 

was 12.57 mF/m
2

, with a standard deviation of 1.46 

mF/m
2

. The ER results obtained for the INS-1 cells are shown in Table 2.1 and 

Figure 2.3.  

Conductivity  
(mS/m)  

Cells  
n  

Radius r  
(μm)  

f
pk 

.r  

(m/sec)  

Range 1  

11.5  15  5.3 (0.76)  0.39 (0.10)  

21.7  21  5.6 (0.84)  0.62 (0.14)  

32.8  15  5.6 (0.54)  1.03 (0.22)  

42.5  19  5.3 (0.63)  1.29 (0.30)  

Range 2  

48.7  25  4.95 (0.67)  1.58 (0.40)  

60.3  15  5.28 (0.77)  1.85 (0.43)  

74.9  24  5.61 (0.70)  2.34 (0.67)  

86.9  20  5.28 (0.67)  2.66 (0.54)  

101.4  24  5.61 (0.71)  3.23 (0.66)  

Table 2.1: Anti-field electrorotation rate  
The data obtained from determination of cell radius and the frequency f

pk
, 

defining the maximum anti-field electrorotation rate, for the INS-1 cells. The 
mean and standard deviation values are given for the cell radius r and the 
product f

pk 
.r for cells (number n) suspended in the two sets of suspending media 

used to cover the conductivity range from 11.5 to 101 mS/m.  
 

The straight lines and formulae shown in Figure 3 are the best linear regression 

plots obtained using the Microsoft Excel program. From equation (2), using the 

slope values of 0.0299 and 0.0311, membrane capacitance values of 10.65 

mF/m
2 

and 10.23 mF/m
2 

are derived for the low and higher conductivity data 

ranges, respectively. The estimated standard deviation for both capacitance 

results is 2.1 mF/m
2

. Based on these C
m 

values, the total membrane 

conductance given by equation (5) can be evaluated using the intercept values 

given in Figure 3. The 70 cells examined with the lower range (11.5 - 42.5 mS/m) 
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of solution conductivities were determined to have a radius of 5.3 (± 0.68) μm 

which, together with C*mG
m 

= 10.65 (± 2.1) mF/m
2 

and c = 0.0207, leads to a 

value for of 261 (± 85) S/m*mG
2

. The corresponding value obtained for the 

higher range (48.7 - 101.4 mS/m) of solution conductivities, for which the 108 

cells examined had an average radius of 5.28 (± 0.72) μm, c = 0.0147 and C
m 

= 

10.23 (± 2.1) mF/m
2

, is = 179 (± 61) S/m*mG
2

.  

 

Figure 2.3: Plots of the electrorotation data 
Plots of the electrorotation data given in Table 1 for the INS-1 cells. The straight 
lines represent the best linear regression plots of the data obtained for the two 
sets of suspending media. The corresponding linear equations and correlation 
coefficient are presented.  

 

The results obtained from the DEP cross-over frequency measurements on the 

INS-1 cells are shown in Table 2 and Figure 4. From equation (7), and based on 

the value (0.0226) for the slope of the linear plot in Figure 4, a value of 9.96  
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Conductivity  
(mS/m)  

Cells  
n  

Radius r  
(μm)  

f
xo 

.r  

(m/sec)  

48.7  19  5.24 (0.45)  1.08 (0.26)  

60.3  14  5.72 (0.86)  1.33 (0.21)  

74.9  15  5.28 (0.70)  1.69 (0.38)  

86.9  18  4.96 (0.68)  1.98 (0.47)  

101.4  20  5.28 (0.63)  2.25 (0.43)  

    

Table 2.2: DEP Cross-over frequency 
The results obtained from determination of the DEP cross-over frequency f

xo 
for 

the INS-1 cells. The mean and standard deviation values are given for the cell 
radius r and the product f

xo 
.r for cells (number n) suspended in solutions of 

different conductivity.  
 

 

Figure 2.4: Plot of DEP Cross-over Data 
Plot of the DEP cross-over data given in Table 2 for the INS-1 cells. The straight 
line, and corresponding linear equation providing the slope and intercept values, 

was used to derive a value of 9.96 (± 1.89) mF/m
2 

and 600 (± 340) S/m
2 

for the 
membrane capacitance C

m 
and effective membrane conductance , respectively. 

*mG  
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mF/m
2 

is derived for the membrane capacitance. The estimated standard 

deviation is 1.89 mF/m
2

. From equation (8), using the mean radius value of 5.3 (± 

0.6 μm) determined for the 86 cells examined in the DEP experiments, a mean 

value of 601 (± 182) S/m
2 

is obtained for the total effective membrane 

conductance . *mG 

2.5 Discussion and Conclusions  

 

These studies demonstrate that pancreatic β-cells can be characterized and 

manipulated using the techniques of dielectrophoresis and electrorotation. The 

dispersed islet cells, if allowed to settle after being loaded onto the electrode 

assembly, were found to quickly stick to the glass substrate surface. This effect 

was partially overcome by applying an ER signal to the electrodes during the 

initial loading of the islet cells. However, a better approach will be to chemically 

treat or coat the glass substrate to reduce cell adhesion, and this is currently 

being investigated in our laboratories. The cultured INS-1 β-cells did not adhere 

to the glass substrate during the experiments and, because sufficient numbers of 

cells were obtained from the immortalized cell line, measurements could be 

made for nine different solution conductivities covering the range from 11 to 101 

mS/m.  

The membrane capacitance value of 12.57 ± 1.46 mF/m
2 

obtained for islet 

cells, and those of 10.23 ± 2.1; 10.65 ± 2.1 mF/m
2 

(ER measurements) and 9.96 

± 1.89 mF/m
2 

(DEP measurements) obtained for INS-1 cells, fall within the range 

of values determined by ER for T-cells (10.5 ± 3.1 mF/m
2

), B-cells (12.6 ± 3.5 
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mF/m
2

) and granulocytes (11.0 ± 3.2 mF/m
2

) 18. The ER results for blood cells 

were obtained for a single suspending medium conductivity (56 mS/m) and were 

analyzed using the so-called „single-shell model‟ for cell structure. The standard 

deviations obtained in our experiments (1.46 and 2.1 mF/m
2

) are less than those 

(3-1 - 3.5 mF/m
2

) reported 18 for blood cells, and this may reflect the fact that β-

cells exhibit a smaller biological variability than blood cells in terms of their 

membrane morphology. Also, because these membrane capacitance values are 

less than half the value of 26 mF/m
2 

determined for human breast cancer cells 19, 

we can conclude that β-cells in their resting state are relatively devoid of surface 

features such as blebs and microvilli, for example. We base these conclusions on 

the fact that membrane capacitance values correlate closely with the extent to 

which the area of an otherwise smooth membrane surface is increased as a 

result of the presence of membrane folds and protuberances. 10, 12, 18, 19  

The suspending solutions contained 2 mM glucose or less, and so the 

INS-1 cells would have been in their resting state. Potassium conductance 

across the membrane dominates in the resting state of insulin-secreting cells, 

especially that associated with the ATP-sensitive K
+ 

channels.20 Whole-cell 

patch-clamp measurements on INS cells have produced values for this K
ATP 

conductance of 2,240 (± 248) pS/pF 20. Based on the mean membrane 

capacitance value of 10.44 (± 2.1) mF/m
2 

obtained in our work for the INS-1 cells, 

this leads to a G
m 

value for potassium conductance of 23 (± 7) S/m
2

, assuming 

no contributions from other ion channels or pores. The value derived for the INS-
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1 cells from the ER measurements at the high conductivity range is 179 (± 61) 

S/m*mG
2

, and it is of interest to note that if we assign a surface conductance K
ms 

value equal to the normally accepted upper value of 2 nS 7, then from equation 

(5) we can determine the ion channel conductance G
m 

value to be 36 (± 22) 

S/m
2

. This result lies within the range of the K
ATP 

conductance obtained from the 

patch-clamp work. However, the K
ms 

value would need to be increased to 3.3 nS 

for the value of 261 S/m*mG
2

, obtained with the low conductivity solutions, to 

lead to a G
m 

value close to that of the K
ATP 

conductance value. In principle, the 

result from the low conductivity solutions should produce a more accurate 

determination for G
m 

based on the intercept value of the linear plot shown in 

Figure 3, but this can be balanced against the fact that a larger number of cells 

(108 against 70) were examined at the higher conductivity range.  

Finally, a mean value of 601 (± 182) S/m
2 

was obtained for the total 

membrane conductance from the DEP cross-over frequency measurements for 

the INS-1 cells. Although this result is considerably larger than the values 

obtained from the ER measurements, it is similar to that of 567 (± 326) S/m*mG
2 

obtained for rat kidney cells using the same DEP method.12 It is not clear why 

membrane conductance values obtained using the ER and DEP techniques 

should differ so greatly. One reason could be associated with the fact that as a 

deliberate strategy to maximize the sensitivity of the DEP cross-over 

experiments, the „target‟ cells were those near (~ 20 μm and closer) to the 
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electrodes. In this situation the cells would experience much larger DEP forces 

and field stresses than cells further away from the electrodes, and this is a 

particularly relevant consideration when operating at a field frequency close to 

the DEP cross-over frequency f
xo 

.21 This, in turn, could lead to an increased 

passive conduction of ions through membrane pores and to increased 

conduction of ions over the cell membrane surface. In the ER measurements, the 

cells would experience a uniform rotating field and field stresses much lower than 

that for the cells characterized for their DEP behaviour. These aspects are now 

subject to further investigations in our laboratories. We have no evidence to 

suggest that our applied a.c. electric fields in any way influence ion channel 

conductances, but this possibility should also be considered.  
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 Chapter 3 

3 Inhibition of Neuronal Calcium Ion Channels by Trace 
Levels of Yttrium Released from Carbon Nanotubes 
 

3.1 Introduction 

 

Carbon nanotubes show promise as scaffolds for neuronal growth9, 19, 23, 31 and 

stimulation3, 17, 20, nano-pipettes for cell delivery and sampling30, and electrode 

coatings for enhanced recording12.  Keefer and colleagues recently reported that 

metal wire electrodes can be coated with CNTs to enhance charge transfer, 

recording, and electrical stimulation of neurons at the brain-machine interface12.  

Intelligent design of this interface may enable the treatment of epilepsy, 

depression, and Parkinson's disease; and provide hope for restoration of function 

in paralysis7, 12. 

Essential to the success of CNTs in neurotechnologies is their successful 

integration with electrically active cells.  Studies of the patterns of neurites grown 

upon CNT scaffolds9, 19 have revealed altered neurite outgrowth.  Additionally, 

neurons grown in the presence of water soluble SWNTs demonstrated similar 

outgrowth patterns to those grown upon CNT scaffolds 23 possibly resulting from 

interference of stimulated endocytosis from CNTs in the cell external solution18.  
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Each of these studies suggests that CNTs alter calcium dependent cellular 

functions of growing neurons.  An earlier study suggests that SWNTs can 

physically occlude ion channels25.  The present study was therefore designed to 

fundamentally assess and characterize the possible effects of CNTs on voltage-

gated calcium ion channels, which are present in all excitable cells and underlie 

many essential cellular functions.  In neurons, these channels control calcium 

entry that triggers transmitter release, gene expression, neuronal excitability, and 

growth cone extension. Dysfunctional voltage-gated calcium ion channels are 

implicated in a number of diseases and disorders, and are the targets of many 

pharmaceutical drugs and neurotransmitters.   

3.2 Materials 

 

Source, processing, and characterization of SWNTs:   

A variety of commercial arc-synthesized SWNTs were acquired, characterized, 

and labeled SWNT A-D.  Sample B, C, and D were described by the vendor as 

“purified” and sample A “as-produced”.  Sample C was supplied in functionalized 

form with 4-6 atom-% carboxylate groups. To obtain uniform suspensions in the 

electrophysiology buffer, SWNTs were rendered hydrophilic through covalent 

functionalization with aryl-sulfonate groups.  Briefly, SWNTs were immersed in 

8.4 mM sulfanilic acid solution at 70ºC.  While maintaining constant temperature 

and agitation, 1.5 mL of .2 M sodium nitrite solution was added and allowed to 

incubate for 2 hours.  The SWNTs were subsequently washed with distilled water 

six times and dried at 100 ºC for 8 hours.  Aryl-sulfonated SWNTs were then 

suspended in external solution (see below) through mild bath sonication.   
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Transmission electron microscopy was carried out on JEOL 2010 high-resolution 

microscope at 200 kV and a Philips 420 microscope at 120 kV. Partial oxidation 

was carried out to simulate oxidative purification processes for removal of 

amorphous carbon by heating the carbon nanotubes in a TA Instrument 951 

thermogravimetric analyzer at 10 ºC/min followed by a 60 min isothermal hold at 

target temperature. X-ray diffraction analysis of the TGA residues was performed 

on a Bruker AXS D8 Advance.  To remove functional groups on the surface for 

selected experiments, a ceramic boat was placed in a bench-top tube furnace 

and purged with nitrogen for 30 min before raising the furnace temperature to 

1000°C for 60 min hold time. The furnace was allowed to cool under nitrogen to 

room temperature. 

 

Transient expression of CaV2.2 calcium channels in tsA201 cell line:   

Calcium channel subunits CaV2.2 (AF05547714) together with CaV3 (sequence 

homologous to M88751), CaV21 (AF28648813), and enhanced green 

fluorescent protein cDNAs (eGFP; BD Bioscience) were transiently expressed in 

tsA201 cells as described previously using Lipofectamine 2000 (Invitrogen)32.  

 

Cell Studies: 

Prior to cell exposure, SWNTs were dispersed through 2-hr bath sonication in the 

identical cell external solution used in the electrophysiology experiments.  The 

solution in the electrophysiology chamber was then replaced with the external 
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solutions containing varying doses of SWNTs.  The supernatant sample was 

generated by transferring the sonicated suspensions to a 5000 NMWL Amicon 

Ultra-Centrifuge tube (Millipore, MA) and subjecting the samples to centrifugal 

ultrafiltration at 4500 RPM and 4ºC for 30 min.  We have shown that this protocol 

removes essentially all of the nanotubes16. 

 

Electrophysiology:   

Calcium currents were recorded using the standard whole cell patch clamp 

method as described elsewhere32].  The extracellular solution contained 1 mM 

CaCl2, 4 mM MgCl2, 10 mM HEPES, 135 mM choline chloride, pH adjusted to 7.2 

with CsOH. The recording electrode solution contained 100 mM CsCl, 10 mM 

EGTA, 1 mM EDTA, 10 mM HEPES, 4 mM MgATP, pH 7.2 with CsOH. 

Recording electrodes had resistances of 2-4 MΩ when filled with internal 

solution. Series resistances (< 6 MΩ for whole cell recording) were compensated 

70-80% with a 10 s lag time. Calcium currents were evoked by voltage-steps 

and currents leak subtracted on-line using a P/-4 protocol. Data were sampled at 

20 kHz and filtered at 10 kHz (-3 dB) using pClamp V8.1 software and the 

Axopatch 200A amplifier (Molecular Devices). All recordings were obtained at 

room temperature. Cells were typically held at -100 mV to remove closed-state 

inactivation before applying test pulses 20-25 ms in duration every 6 seconds32. 

 

Assays for metal bioavailability assay and cation surface binding:  
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Metal bioavailability (mobilization) assays were performed by dispersing the 

SWNTs in the identical cell external solution used in the electrophysiology 

experiments or in lysosomal simulant fluid at pH 5.5 (acetate buffer) and 

removing the SWNTs through centrifugal ultrafiltration (See Cell Studies).  Nickel 

and yttrium content in the clear filtrate were measured by a Jobin Yvon JY2000 

Ultrace inductively coupled plasma atomic emission spectrometer (ICP-AES) as 

described previously16. Measurements were made at a wavelength of 221.647 

nm for Ni and 371.030 nm for Y and intensities were calibrated using standards 

ranging in concentration from 0 to 5 ug/ml for Ni and from 0 to 10 ug/ml for Y.  

ICP is accurate at concentrations down to 10 ppb.  The interactions between 

yttrium cation and CNT surface functional groups was studied by adding 0.05-1.0 

mg/ml SWNTs to -0.1mM YCl3 aqueous solution (in DI water, saline or acetate 

buffer) and ultrasonicated in water bath for 1 hr and rotated overnight at 60 rpm.  

The solids were then removed by centrifugal ultrafiltration and the filtrate 

analyzed for Y by ICP as above.  

3.3 Results 

 

We used a human embryonic kidney cell line, tsA201, to express cloned 

neuronal CaV2.2 N-type calcium ion channel chosen for its established role in 

regulating neurite outgrowth, transmitter release, and neuronal signaling.2, 28 This 

technique avoids current from other types of channels and thus isolates the 

behavior of the CaV2.2 N-type calcium ion channel. Calcium currents originating 

from synchronous activation of CaV2.2 channels were recorded using the whole-

cell patch clamp recording method (Fig 3.1a, and Supplemental).  We exposed 
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cells to physiological solutions containing different concentrations of water 

soluble (aryl-sulfonate functionalized35) arc synthesized single-walled carbon  

 

Figure 3.1  SWNT sample A inhibits calcium ion channels, while SWNT 
sample B does not.   
a:  Schematic of whole cell patch clamp experiment. b:  Time course of calcium 
current under constant voltage step exposed to 100 μg/ml SWNT A.  Horizontal 
bar indicates the time of nanotube application. c:  Calcium current traces from 
cell exposed to 0.1, 1, 10, 50 and 100 μg/ml SWNT A.  X axis is time in ms and 
the Y axis is calcium current in mA.  d:  Dose response of calcium current 
inhibition resulting from exposure to varying concentrations of SWNT A (solid 
squares) and associated supernatant (i.e. nanotube-exposed buffer solution after 
nanotube removal) (open circles).  Strong inhibition is seen even in the CNT-free 
supernatant! Error bars represent standard error (n=3).  SWNT A data fit with a 
hyperbolic non-linear curve, )22.1/(3.96 xxy  ; the IC50 of SWNT A is 1.22 

μg/ml ± 0.13.  The supernatant is fit with hyperbolic non-linear curve 
)0.5/(105 xxy   and the associated IC50 is 5.00 μg/ml ± 2.3.  e:  Entering 

calcium current as a function of command voltage over the range -60 mV to 60 
mV of control (solid square) and 5 μg/ml SWNT A exposed cell (open circle).  
The maximum current observed in the control cell occurred at 5 mV and is -111 
pA.  The maximum current after exposure to 5 μg/ml is at 10 mV and is -69.4 pA.  
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f: Entering calcium current as a function of command voltage over the range -60 
mV to 60 mV of control (solid square) and 100 μg/ml SWNT B exposed cell (open 
circle).  Maximum current of -199 pA was observed at 10 mV in control and -125 
pA at 5 mV.  Panel 1a adapted from Dunlop et al Nature Reviews 2008 4 
nanotubes (SWNTs) and monitored the magnitude and voltage-dependence of 

calcium currents.   

Calcium currents were inhibited rapidly when cells were exposed to 

SWNT-containing solutions (Fig 3.1b; sample “A”).  Inhibition was dose-

dependent (Fig. 3.1c) and apparent at all voltages without altering the voltage-

dependence of channel activation (Fig. 3.1e). The magnitude and speed of 

inhibition was unexpected and indicative of direct inhibitory effects on the calcium 

ion channel (Fig. 3.1b).  We removed the SWNTs from solution through 

centrifugal ultrafiltration and, surprisingly, observed an almost equivalent level of 

inhibitory activity (Fig. 3.1d), which was similar in time course to the action of the 

original SWNT-containing solution (Fig. 3.1c).  This inhibition occurs in the 

absence of the original nanotubes. 

The inhibitory action of the supernatant indicates a mechanism involving 

nanotube-induced alteration of the fluid medium, rather than direct interaction 

between tubular graphene and the ion channel or other cellular targets.  High-

surface-area SWNTs have been shown to significantly alter cell culture medium 

through adsorption of folic acid6 and molecular probes34 and can release soluble 

metal forms11, 16, 27 through oxidative attack on metal catalyst residues that are 

not fully encapsulated by graphenic carbon shells15, 16.  To assess the role of 

metals, we therefore tested the effects of SWNT B, a sample determined to be 

unusually well purified with respect to free metal (Fig 3.2 c, d).  Physiological 
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solutions containing SWNT B had no detectable inhibitory activity on voltage-

gated calcium channels up to 100 g/ml (Fig. 3.1f).  Since the supernatant of 

SWNT A had similar inhibitory capability to SWNT A containing solutions, and the 

unusually well purified sample SWNT B did not have any inhibitory action, this 

strongly suggests a metals effect rather than an alteration of the buffer 

composition through adsorption.  

 

Figure 3.2 Bioavailable nickel and yttrium in SWNT samples.   
a, b: Metal catalyst nanoparticles visible by TEM. Scale bar: 100 nm.  Arrows 
point to catalytic particles. The total metal mass percentages by digestion and 
ICP-ES are 23.3% nickel and 5.77% yttrium for SWNT A, and 6.7% nickel and 
1.3 % yttrium for SWNT B.    c,d:  Results of quantitative dose-dependent metal 
mobilization (bioavailability) assays.  Figures give total soluble Ni and Y 
concentrations after SWNT samples were sonicated in CES buffer for 2 hours at 
pH 7.2 followed by centrifugal ultrafiltration and ICP analysis of the filtrate.  
These were the same conditions used for electrophysiological characterization.  
Error bars represent standard deviation from triplicate determination.   
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The nanotubes in our studies were fabricated using a nickel-yttrium 

catalyst, and abundant metal nanoparticles are visible in both SWNT samples by 

TEM (Fig. 3.2).  Previous studies have reported that a small portion of CNT-

imbedded metal is typically fluid accessible through defective carbon shells, and 

can become solubilized in physiological buffers by slow oxidation15, 16.  This 

"bioavailable" metal fraction is not always eliminated by current purification 

protocols, and does not correlate well with total metal content15, 16.  As both 

SWNT samples contain visible metal nanoparticles, we hypothesized that nickel 

and yttrium are released and solubilized into the recording solution in sufficient 

quantities to inhibit the channels from SWNT A but not B.  We used inductively 

coupled plasma- atomic emission spectrometry (ICP-AES) to measure levels of 

bioavailable nickel and yttrium (Figs 3.2c, 3.2d) in the recording solution (See 3.6 

Supplemental).  Figure 3.2 shows that both SWNT samples contain bioavailable 

nickel, but only SWNT A contains detectable quantities of bioavailable yttrium.   

We next tested the sensitivity of N-type calcium channels to nickel and 

yttrium cations in control salt solutions. Both metals inhibited calcium current 

rapidly, but yttrium was 300-fold more potent than nickel (Nickel IC50 = 219 ± 40 

M; Yttrium IC50 = 0.76 ± 0.15 M; n = 3; Fig. 3).  Similar inhibitory effects of 

yttrium have been documented on native calcium channels and calcium-

dependent processes1, 21, 22 consistent with inhibitory effects of other ions of the 

lanthanide series at protein calcium binding sites21.  Of the trivalent ions in the 

lanthanide series, yttrium is the most potent inhibitor of high voltage-activated 

calcium channels1. Yttrium like cadmium, another potent inhibitor of high voltage- 
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Figure 3.3 Control experiments with soluble salts isolate the effects of Ni 
and Y on neuronal voltage-gated calcium ion channels.   
a-c: Nickel effects.  a:  Time course showing decreasing calcium current with 
increasing nickel dose.  Solid bars represent time and dose of application.  b:  

Representative traces of nickel inhibition across the range 0.5 to 5000 M.  c:  
Nickel dose response curve fit with a hyperbolic non-linear function of the 

equation: )3.219(3.99 xxy  .  From these results, the IC50 for nickel inhibition of 

CaV2.2-type neuronal calcium channels is 219 M.  d-f: Yttrium effects.  d: Time 
course showing decreasing calcium current with increasing dose of yttrium.  Solid 
bars represent time and dose of application.  e: Representative traces of yttrium 

inhibition across the range 0.05 to 50 M.  f: Yttrium dose response curve fit with 
a hyperbolic non-linear function of equation: )76/(.7.100 xxy  .  From these 

results, the IC50 for yttrium inhibition of CaV2.2-type neuronal calcium channels is 

0.76 M.  Yttrium is an extremely potent calcium-ion-channel blocker. 
 

activated calcium channels, is thought to inhibit calcium flow by competing for 

calcium binding sites of the ion selectively filter of the pore1, 22, 29 (see Fig. 3.5). 
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To characterize the factors governing yttrium release from nanotubes, we 

included two additional SWNT samples (C and D) and studied the location, form, 

and behavior of CNT-associated yttrium.  SWNT C has been commercially 

functionalized with carboxylate groups.  SWNT D was included to show that 

significant concentrations of bioavailable metal may remain in vendor purified 

samples.  A majority of CNT-associated metal in these samples is in the form of 

metal-rich nanoparticles encapsulated by thin carbon shells of variable thickness 

(Fig. 3.4).  Partial oxidation of SWNT D was carried out to simulate oxidative 

purification processes for removal of amorphous carbon by heating.  Air oxidation 

attacks carbon shell structures (See 3.6 Supplemental), greatly increasing the 

mobilization of Y and Ni into media (Fig. 3.4c).  The dissolved Y:Ni ratio is much 

higher than the initial condensed-phase Y:Ni ratio of 1:7.  This indicates 

preferential oxidation and solution release of Y over Ni, consistent with the higher 

oxidation potential of Y (2.37 V8) relative to Ni (0.25 V).  While SWNT D has been 

“purified” by the supplier, it nevertheless contains sufficient free Y to inhibit 

channel function, even before air oxidation is employed to remove carbon shells 

and increase metal bioavailability (~ 10 μM at zero carbon loss in Fig. 3.4c, which 

by Fig. 3.3f, is 13 times the IC50 of Y).   
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Figure 3.4 . Yttrium phases in SWNTs and mechanisms of yttrium ion 
release and recapture by SWNT surface functional groups.   
a: Typical metal catalyst morphology in arc-synthesized SWNT (sample D): Ni/Y 
nanoparticles are encapsulated in thin (2 – 10 nm) carbon shells (arrow).  
Previous studies on nanotube nickel and iron show that carbon-shells protect 
most but not all metal from fluid-phase attack by dioxygen or protons that leads 
to oxidation and soluble ion release5, 15, 16.   b: X-ray diffraction spectra show that 
most metal is in the form of zero-valent metal nanoparticles with nickel lattice 
spacing, which upon extensive dry air oxidation can be converted to separate 
NiO and Y2O3 phases.   c: Effect of controlled air oxidation of SWNT D on metal 
phases and ionic release into a cellular lysosomal simulant buffer at pH 5.5 (2 hr 
incubation at room temperature of 1.0 mg/ml SWNTs). The dashed curve gives 
the soluble Y concentration expected if the release were proportional to the Ni 
release at the initial Ni:Y ratio of 7:1 w/w.  d,e: Fundamental adsorption isotherms 
that characterize the interactions of soluble yttrium with nanotube surface 
functional groups.  D: sulfonated and carboxylated nantubes remove yttrium ion 
from solution by surface binding, while the graphenic surfaces of unfunctionalized 
nanotubes have little effect.  e: Adsorption isotherms for yttrium ion binding on 
SWNT-COOH in pure water and saline.  pKa of these COOH groups determined 
here to be 3.5 by mass titration.  Panel E data allow estimation of the 
fundamental equilibrium constants for competitive Y3+/Na+ binding (see dashed 
curves and analysis in Supplemental).  Kd = 1.2 μM (for Y3+/SWNT-COO-); and 
Kd = 9060 μM (for Na+/SWNT-COO-). 
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In samples subjected to acid purification, yttrium salt re-deposition on 

surface functional groups is also possible and may be an unappreciated source 

of bioavailable metal in nanotubes.  Figure 3.4d shows that sulfonate and 

carboxylate functional groups introduced on CNTs can bind soluble yttrium from 

solution.  The adsorption isotherms in panel Figure 3.4e were used to derive 

fundamental equilibrium constants for yttrium binding to CNT-carboxylate (See 

3.6 Supplemental) and the competitive effects of Na+ binding on yttrium 

adsorption from saline solutions.  We report dissociation constants: Kd = 1.2 μM 

(for Y3+/SWNT-COO-); and Kd = 9060 μM (for Na+/SWNT-COO-).  The low Kd for 

soluble Y is consistent with the expected strong binding of the hard Lewis acid 

Y3+ to the hard carboxylate anion.  This strong binding allows significant Y3+ 

adsorption to occur even in the presence of Na+, which is the major ion in 

physiological saline (~1500 factor higher concentration than yttrium).  The Kd for 

Ca2+ (Ca2+/SWNT-COO-) is 26.5 μM15, which is also much higher than Kd for Y3+ 

(1.2 M), implying that Y3+ has the potential to replace Ca2+ on carboxylic binding 

sites.   
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Figure 3.5 Summary of proposed mechanism through which carbon 
nanotube suspensions inhibit neuronal calcium ion channels.    

Nickel-yttrium catalyst nanoparticles (Purple) are oxidatively corroded by fluid-
phase attack through defects or cracks in the surrounding carbon shells leading 
to solubilization of nickel (Red) and yttrium (Blue) into the media.  Purification 
protocols reduce but do not typically eliminate this bioavailable metal.  For 
functionalized nanotubes, soluble metal can become re-associated during 
purification or processing by adsorption onto anionic functional groups, to 
become an additional source of bioavailable metal in nanotube samples15.  Nickel 
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and especially yttrium ions in solution compete with and displace calcium ions 
(Gray) from the channel pore.  The putative selectivity filter of the calcium ion 
channel consists of four glutamate residues (E).  Two glutamates are shown 
pointing into the calcium ion pore, creating a calcium ion binding site which is 
predicted to be part of the ion selectively filter29.  Calcium is believed to 
coordinate these residues to enable both high throughput permeability and ion 
selectivity of the channel.  Yttrium cation has a similar ionic radius to calcium, 
and thus exhibits a good geometric match to the selectivity filter, but is trivalent 
and has a higher binding coefficient for carboxyl residues than calcium, likely 
leading to its very high potency as a channel inhibitor.  Nickel has a smaller ionic 
radius than calcium suggesting it is unable to coordinate the carboxyl side chains 
as effectively as calcium and yttrium consistent with its lower potency as an 
inhibitor22.  The figure (bottom) shows model curves generated from our 
combined data (Figs. 3.1, 3.2, 3.3) in order to estimate the contribution of yttrium 
and nickel to the overall inhibition by the whole SWNT A sample.  The SWNT A 
inhibition curve is forecast from our experimental data.  The equation of the curve 

(from Fig. 3.1d)  is  )22.1/(3.96_ xxASWNT inh  with IC50 1.22 g/ml SWNT A.  

Similarly, the equation of the supernatant curve (Fig. 3.1d) is )0.5/(105 xxy   

with IC50 of 5.0 g/ml SWNT A.  The concentration of yttrium released from 

higher doses of SWNT A is given by ]_[04. ASWNTYconc  .  These yttrium 

concentrations are then substituted into the inhibition curve provided in Fig. 3.3f.  
The inhibition associated with each yttrium concentration is shown as a function 
of corresponding SWNT A concentration to yield the inhibition model shown by 

equation )0.19/(7.100 xxYinh  with IC50 19.0 g/ml SWNT A.  The concentration 

of nickel released from higher doses of SWNT A is given by 

]_[124. ASWNTNiconc  .  These nickel concentrations are then substituted into 

the inhibition curve provided in Fig. 3.3c.  The inhibition associated with each 
nickel concentration is shown as a function of corresponding SWNT A 
concentration to yield the inhibition model shown by equation 

)5.1768/(3.99 xxNiinh   with IC50 of 1768.5 g/ml SWNT A.  It is evident that 

yttrium is responsible for a majority of the channel inhibition during nanotube 
exposure.  We find no evidence that the tubular graphene structure is involved in 
channel inhibition. 
 

3.4 Discussion 

 

Figure 3.5 summarizes our findings on the chemical pathways for yttrium 

responsible for SWNT-induced channel inhibition.  Included in Fig. 3.5 is a set of 

calculated curves derived from the combined data set that give quantitative 

estimates of the contribution of CNT-derived yttrium and nickel to the overall 
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inhibition seen in the whole nanotube sample.  SWNT-derived yttrium can 

account for the inhibition within experimental error, while nickel is not a factor in 

this dose range.  The modest difference between the whole nanotubes and the 

yttrium salt solutions may be due to differences in yttrium speciation or 

cooperative (synergistic) effects of Y and Ni, which were not studied here.  The 

difference cannot reflect a contribution from tubular graphene, because the 

nanotube-free supernatant shows the same behavior as the whole nanotubes 

(Fig. 3.1f) and the nanotube sample with ultra-low-yttrium (B) shows no inhibition 

(Fig. 3.1f) even when all the tubular graphene is present.   

The potency of yttrium as a channel blocker here is not unexpected, and is 

likely due to strong yttrium/carboxylate binding, as already discussed for the case 

of carboxylate groups on nanotube surfaces. The putative selectivity filter within 

the ion conducting pore of high voltage-gated calcium channels contains four 

glutamates, one contributed by each of the four domains of the channel29 (Fig. 

3.5). The carboxyl residues of the glutamate side chains are thought to 

coordinate two calcium ions; creating the selectively filter and supporting ion 

permeation29.  Yttrium is likely to compete for and displace calcium ions from 

their binding sites within the ion pore without permeating  The ionic radii of 

calcium and yttrium are similar (0.99 and 0.90 Å, respectively) consistent with the 

proposal that they could occupy the same narrow binding site within the ion pore. 

Smaller ions like Ni (0.69 Å) have lower affinity perhaps because they cannot 

coordinate the carboxylate side of the selectivity filter as well as calcium, yttrium, 

and cadmium. If the trivalent yttrium has a higher binding affinity as compared to 
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calcium, it will occlude calcium entry1, 21, 22. Unlike calcium, which is present at 

concentrations high enough to carry charge (2 mM), Y levels are insufficient to 

support significant current, so the net effect is current inhibition.   

Our finding that CNT-yttrium blocks calcium-ion channels has important 

implications for nanotube-enabled drug delivery, biolabeling, and tissue 

engineering in bone, muscle, nerve, and other excitable cells.  Channel inhibition 

may also follow unintended nasal inhalation and translocation across the 

olfactory bulb to the brain24.  The Ni:Y catalyst is the most common formulation in 

arc-synthesized SWNTs today26, and yttrium's high potency on voltage-gated 

calcium ion channels (IC50 of 70 ppb) suggests SWNTs at levels as low as 1 

ug/ml (1 ppm w/w) could disrupt normal calcium signaling in neurons and other 

electrically active cells.   

Our results also indicate that current purification practices do not reliably 

reduce free yttrium content to levels below 70 ppb, therefore effects on calcium 

signaling in neurons and other excitable cells may be expected from many arc-

synthesized tubes.  Tissue engineering applications may be especially sensitive 

to yttrium released from CNTs because nanotubes are close-packed in scaffolds 

or on substrates to produce high effective local nanotube concentrations in the 

near-cellular space.  In light of our results, it is possible that soluble metals are 

the underlying cause of some literature reports of calcium-dependent effects and 

nanotube-induced ion channel blocking.  We note, however, that many studies of 

nanotube/neuronal interactions use other nanotube types that do not contain 

yttrium, and thus cannot trigger the mechanism reported here (see for example 
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Cellot et al3, which uses MWNTs grown using an Fe catalyst).  In general, the 

influence of metal ions in CNT/neuroengineering studies will be highly variable 

and dependent on the specific nanotube material and its processing history.  

Future studies should carefully control for the release of metal ions, especially 

yttrium, to ensure proper interpretation of the observed interaction between 

nanotubes and electrically active cells.   

3.5 Conclusions 

 

Aqueous suspensions of arc-synthesized single-wall carbon nanotubes are 

observed here to inhibit neuronal calcium ion channels at low nanotube doses.  

The electrophysiological characterization of the nanotube-suspensions combined 

with the control experiments using supernatant solutions and salt solutions 

clearly show that this inhibition is not due to tubular graphene, the primary 

nanotube structure, but rather bioavailable yttrium released from the nanotube 

catalyst.  Yttrium is such a potent inhibitor of high voltage-gated calcium ion 

channels (IC50 of 0.76 M or 0.07 ppm w/w) that yttrium-related effects on 

excitable cells are likely to occur for other arc-synthesized SWNT samples.  The 

present finding highlights the complexity of nanomaterial samples and the 

potential for secondary or trace material features to trigger adverse biological 

responses.   
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3.6 Supplemental 

 

Whole Cell Patch Clamp Technique 

The whole cell patch recording method is used to measure currents from small 

cells while maintaining constant voltage (voltage-clamp). In this method inward 

calcium currents are activated by test voltages applied at values between -60 mV 

and +60 mV from a holding potential of -100 mV.  Characteristic time-dependent 

changes in current are exemplified by current traces shown in Fig. 3.1c.  The 

maximum current vs. test voltage relationship is U-shaped (Fig. 3.1e).  Inward 

current increases with stronger test depolarization because of the steep 

dependence of channel open probability on voltage. However, the concomitant 

decrease in driving force on calcium ions with depolarization acts to decrease 

current flow through each individual channel. The inward current is eventually 

balanced by an equal and opposite outward current at the channel reversal 

potential of close to +60 mV (Fig 3.1e ).   

 

Analysis of competitive metal binding to CNT-carboxylate functional 

groups 

The metal adsorption isotherms in Fig. 3.4e were used to determine equilibrium 

constants for soluble yttrium binding to CNT-carboxylate, both in DI water and in 

saline where Na+ ions compete for the same sites. The relevant reaction and 

binding equilibrium constant are:  

    Y3+ + CNT - COO-   CNT-COOY2+   (S1) 
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where NY is the number of bound sites, Nmax is the total number of surface 

carboxylic sites, and [Y3+] represents here the total concentration of all soluble 

yttrium species at equilibrium.  Relation S2 fits the experimental isotherm of Fig. 

3.4f well giving Nmax=0.37 mmol/g and KY = 857 l/mmol.  Expressed as a 

dissociation constant: Kd = 1/KY = 1.2 μM, which is the soluble yttrium 

concentration at which 50% of the available carboxylic sites will be occupied. 

From Figure 3.2d, yttrium mobilization into the electrophysiology buffer achieves 

higher concentrations than 1.2 M, indicating that CNT-surface-bound Y3+ is 

likely another source of bioavailable Y (beyond the discrete nanoparticles), and 

may explain why whole SWNT suspension has a slightly stronger calcium ion 

channel inhibitory effect than the supernatant alone (where the CNT-surface-

bound yttrium  is absent). 

In physiological solutions yttrium must compete with other ions for 

carboxylate binding sites on nanotubes and in the selectivity filter in the ion 

channel pore.  Here simple experiments were conducted in saline solution to 

probe the competitive binding of yttrium and sodium on CNT-carboxylates.  

Figure 3.4e shows that total yttrium binding from 80 M solutions is reduced but 

still significant in the presence of 154 mM Na+, allowing a quantitative analysis of 

competitive binding.  In Y-doped saline two equilibrium expressions must be 

satisfied simultaneously: 

   KY=
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Where KY, Nmax were determined previously (857 l/mmol and 0.37 mmol/g 

respectively). At 154 mM, [Na+] is nearly constant since it is much higher than the 

initial (maximum) yttrium concentration (~0.1 mM). This leaves KNa as the only 

unknown variable. Fitting the data in Fig. 4e yields KNa = 0.11 l/mmol, or a 

sodium dissociation constant Kd of 9060 μM and provides a satisfactory curve 

shape (see Figure 3.4e bottom line).  Clearly yttrium binding continues in the 

presence of the abundant Na+ ion, but is reduced from the pure water case by 

ion-ion competition.  

Our reported dissociation constants (Kd = 1.2 μM for yttrium/SWNT-COO-) 

can be compared to the reciprocal binding constants for Y3+ and Y(OH)2+ 

reported by Turkel et al. in experiments on salicilic acid, which range from 0.1 to 

1000 M depending on the soluble yttrium species8, 33.  The metal speciation 

diagram for yttrium indicates Y3+ and Y(OH)2+ under the neutral pH conditions of 

the CES buffer10 
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Chapter 4 

 
4.  Conclusions and Future Perspectives 
I contributed to two distinct projects as part of my doctoral research.  This 

chapter will address these topics individually.  Each subsection will review the 

main conclusions of the published papers and suggest future work.  In the latter 

work, I had the opportunity to begin conducting experiments linked to these 

future research objectives and will present preliminary data.  The first subsection 

will discuss dielectrophoresis of insulin secreting cells.  The second subsection 

will address the effect of carbon nanomaterials on voltage-gated ion channels.   

4.1 Electrokinetic Measurements of Membrane Capacitance and 
Conductance for Pancreatic β-cells  

 

Conclusions 

 

In order to effectively use dielectrophoresis as a means of tissue engineering 

islets of Langerhans, it is first necessary to determine if the technique can 

effectively control insulin secreting cells in two dimensions.  For this purpose, 

primary beta cells and INS-1 cells (Insulinoma cell line) were placed in a 

dielectrophoretic chamber.  The osmolarity of the media was altered and cell 

membrane capacitance and membrane conductance values were reported.  

Through the methods of dielectrophoresis and electrorotation, a membrane 

capacitance value of 12.57 (± 1.46) mF/m
2  

was obtained for β-cells, and the 
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values ranging from 9.96 (± 1.89) mF/m
2 

to 10.65 (± 2.1) mF/m
2 

were obtained 

for INS-1 cells.  This falls within the range expected for mammalian cells. The 

electrorotation results for the INS-1 cells lead to a value of 36 (± 22) S/m
2 

for the 

membrane conductance associated with ion channels, if values in the range 2nS 

to 3 nS are assumed for the membrane surface conductance. This membrane 

conductance value falls within the range reported for INS cells obtained using the 

whole-cell patch-clamp technique. However, the total „effective‟ membrane 

conductance value of 601 (± 182) S/m
2 

obtained for the INS-1 cells by 

dielectrophoresis is significantly larger (by a factor of around three-fold) than the 

values obtained by electrorotation. This could result from an increased 

membrane surface conductance, or increased passive conduction of ions 

through membrane pores, induced by the larger electric field stresses 

experienced by cells in the dielectrophoresis experiments.  These results confirm 

that it is possible to control the directionality of INS-1 cells dielectrophoretically. 

Future Studies 

 

In order to further explore the application of dielectrophoresis to tissue 

engineering the islets of Langerhans, it will be necessary to determine if insulin-

secreting cells can be aggregated in three dimensional structures.  The 

techniques of planar dielectrophoresis described in this work will need to be 

extended to enable the aggregation of three dimensional structures.  Viability 

assays will need to be conducted to determine if insulin-secreting cells remain 

viable once aggregated into a three dimensional cluster.  It will also be interesting 
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to establish if the three-dimensional aggregate will form intercellular connections, 

such as gap-junctions, which are key features of native islets.  Finally, it will be 

interesting to determine if the pseudoislet will have the phenotypic bursting 

pattern associated with glucose-triggered secretion of insulin.   

 Using the data presented in Chapter 2, remaining members of the 

research team made progress towards these goals by generating a pseudoislet 

through dielectrophoresis.  The islet was approximately the size of native islets 

(150 μm X 120 μm) and constructed of insulin secreting cells.42  Further studies 

will address the above posed questions. 

4.2 Inhibition of Neuronal Calcium Ion Channels by Trace Levels of Yttrium 
Released from Carbon Nanotubes 

 

Conclusions 

 

Carbon nanotubes (CNTs) are used with increasing frequency in neuro-

engineering21, 22, 27-30, 35.  CNT scaffolds are used to transmit electrical stimulation 

to cultured neurons22, 27, 30 and to control outgrowth and branching patterns of 

neurites21, 29, 35.  CNTs have been reported to disrupt normal neuronal function 

including alterations in endocytotic capability28 and inhibition of ion channels40.  

Calcium ion channels regulate numerous neuronal and cellular functions 

including endo and exocytosis, neurite outgrowth, and gene expression.  CNT 

interactions with these channels would have significant biological implications. 

The results presented in Chapter 3 show that physiological solutions containing 

CNTs inhibit neuronal voltage-gated calcium-ion channels in a dose-dependent 

and sample-dependent manner with IC50 as low as 1.2 μg/ml.  Importantly, we 



 101 

demonstrate that the inhibitory activity does not involve the tubular graphene 

structure, but rather very low concentrations of soluble yttrium released from the 

nanotube growth catalyst.  Cationic yttrium inhibits calcium ion channel function3, 

33, 34 with an inhibitory efficacy, IC50, of  0.07 ppm w/w.  Because of this inhibitory 

potency, unpurified and even some reportedly “purified” CNT samples contain 

sufficient bioavailable yttrium to inhibit channel function at low nanotube doses.  

The results have important implications for emerging nano-neurotechnologies 

and highlight the critical role that trace components can play in the biological 

response to complex nanomaterials.  

 

Implications 

 

The alteration of biological response in the presence of nanomaterials or studies 

testing material biocompatibility falls within the broad spectrum of 

nanotoxicology.  Careful review of the literature suggests that water-soluble 

single-walled carbon nanotubes affect normal neuronal calcium homeostasis.  

Early studies observed varied effects of complex materials on complex neuronal 

structures resulting in seeming disparity among the literature.  Our contribution 

was to simplify the complex cellular and complex material system to one in which 

material features were controlled and used to study their effect on a particular 

cellular response, i.e. calcium current through voltage gated ion channels.  The 

results were interesting in a number of ways.  First, it presented evidence that 

tubular graphene does not inhibit voltage-gated ion channels as previously 

hypothesized in the literature40  Second, it attributed the bulk of the inhibitory 
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effect to catalytic yttrium; having the smallest presence within the minor 

components of the catalyst of the single-walled nanotube structure.  Lastly, it 

highlights that some vendor-purified nanotubes contain enough yttrium to have a 

biological effect.  More broadly, however, this work is unique among 

nanotoxicological studies in its design and result.  By simplifying the system, we 

were able to directly attribute the toxicological effect of each component of the 

complex nanostructure on the observed biological effect.  This is a very powerful 

result rarely obtained in the field of nanotoxicology.   

Beyond the scientific methodology, the results may have a broader impact 

regarding the biocompatibility of single-walled nanotubes for neuronal 

applications.  This work may suggest a potential causal-effect between arc-

synthesized single-walled carbon nanotube catalytic contaminants and the 

observed alterations of calcium homeostasis highlighted by outgrowth patterns of 

neurites previously reported in the literature35.  In our work, the system contained 

sulfonated single-walled nanotubes dispersed into solution through sonication.  

We suggest that the release of metal ions into solution results from fluid phase 

accessibility of the catalyst resulting in oxidation and metal ion release.  The fluid 

phase can access the catalyst through surface defects inherent in some of the 

amorphous carbon shells.  It is possible that the sulfonation and sonication 

process further weakened the carbon shells enhancing the release of 

bioavailable metal ions.  As similar materials and preparation techniques were 

used in the Ni etal study, it is also possible that release of metal ions into solution 

could have caused the observed altered neurite outgrowth patterns.  A direct 
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connection, however, cannot be made without conducting ICP bioavailability 

studies within the system originally studied.   

The catalytic contaminants of nickel and yttrium, specifically, are not 

present in all commercial single-walled nanotubes.  Since catalytic fabrication 

methods are dominant for large-scale production, almost all commercial carbon 

nanotube samples, including vendor-purified samples, do however, contain 

catalytic residues.  Other popular catalysts include: iron, cobalt and molybdenum.  

In addition to nickel and yttrium, many of these other metal catalysts are also 

voltage-gated channel inhibitors17.  In a recent survey of roughly seven carbon 

nanotube manufactures, most „as-produced‟ single-walled nanotube samples 

contain 25-40% wt catalytic particles.  With new purification protocols, vendor 

purified samples contain 1.5–3% wt metal catalysts.  While ranges are provided 

by manufactures, the actual quality of each individual sample needs to be 

characterized in order to properly account for the actual metal content contained 

in each nanotube sample. 

A sample calculation can be made to address the possibility that metal 

ions leached from engineered nanotube-based biomaterial scaffolds.  Assume a 

scaffold composed of single-walled nanotubes contains 0.1 mg nanotube per 50 

mm2 scaffold surface area, with metallic compositions of 3% and 40% by weight 

to account for both „vendor-purified‟ and „as-produced‟ samples, and with a ratio 

of 4:1 (wt) Ni:Y provided by the vendor for the composition of metal present in the 

catalytic particles.  If all the yttrium is released, then the total amount of yttrium 

present will be in the range of 0.015 g/mm2 to 0.2 g/mm2 .  To approximate the 
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effective concentration, the depth of homogenous diffusion prior to cellular effect 

has to be considered.  If we assume a distance of 5 m and 5 mm, representing 

cells grown on the scaffold and in the vicinity of the scaffold respectively, then the 

effective concentration for vendor purified nanotube samples containing 3% 

metallic residue would be in the range 33,708 M (at 5m) to 33.7 M (at 5mm).  

For samples containing 40% metallic residue, the concentration of yttrium 

present, if all metal ions were released, would be even higher; 449,438M (at 

5m) and 449.44M (at 5mm).  As you increase the distance from the scaffold, 

the concentration of yttrium will decrease.  These values are well above the IC50 

value (0.76 M yttrium) observed for voltage-gated calcium ion channels in our 

published work.  In fact, the distance from the scaffold at which the concentration 

of yttrium is equivalent to the IC50 value for yttrium, is 222 mm for scaffolds 

containing 3% metal content, and 2,957 mm for scaffolds containing 40% metal 

content.  This suggests yttrium release from single-walled nanotube scaffolds of 

both „vendor-purified‟ and „as-produced‟ samples could potentially inhibit calcium 

ion channels of cells grown on and in the vicinity of the scaffolds.   

The above calculation provides the maximum yttrium concentration 

possible from a scaffold of 0.1 mg nanotube per 50 mm2, allowing for 3% and 

40% metal content respectively and 1/4th of the available metal being yttrium.  

While this provides a valuable approximation, some caveats should be 

mentioned.  First, it is unlikely that all metal catalyst will be released at once 

when a sample is arranged as a scaffold.  Not all amorphous carbon shells 

encasing the catalytic particles will have cracks that allow the liquid phase to 



 105 

enter and oxidize the metals enabling ionic release.  It is possible that over time, 

scaffolds can be worn and damaged enabling the release of additional metal 

ions.  Additionally, as the nanotubes are arranged in a scaffold, it is possible that 

not all carbon shells are on the surface and fluid accessible.  These 

considerations would decrease the available yttrium-ion concentration from the 

maximum values provided. 

In order to eliminate the potential effects of ionic release from catalytic 

metals, many strategies have recently been developed and published.  First, 

removal of catalytic residues through additional acid washes and purification 

steps eliminate catalytic metals available to the fluid phase, catalysts that remain 

encased are shown to be stable for up to two months26.  Second, recent work 

has suggested the possibility of manufacturing nanotubes with inert catalysts 

such as gold4 or in the absence of metal catalysts altogether18.  Lastly, some 

scaffold preparation techniques, such as functionalization through 1,3-dipolar 

cycloaddition followed by defunctionalizion onto glass coverslips, are known to 

produce scaffolds that are free of catalytic residues8, 27, 30.   

If researchers are aware of the potential biological effects of residual 

catalytic metals, the aforementioned strategies may remove the toxicological 

threat.  However, the potential for cross-disciplinary researchers to obtain 

„vendor-purified‟ samples and assume they are free of metallic residues exists.  

The broader importance of our work is, therefore, to definitively highlight the 

inhibitory effect of these minor material features on voltage-gated ion channels in 

the field of neuroscience.  With the onset of additional purification protocols, new 
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manufacturing techniques and material handling procedures, metallic residues 

may be reduced or eliminated.  However, stringent quality control protocols will 

be necessary to insure that metallic residue do not produce unintended or 

unwanted consequences. 

Future Studies 

 

The inhibition of neuronal type calcium ion channels from single-walled carbon 

nanotubes through the release of catalytic yttrium is of importance, not only to 

clarify previous literature, but also to potentially design new nanomaterial 

interfaces.  The inhibition of voltage-gated calcium ion channels has a 

deleterious effect if it inhibits neuronal communication or alters neuronal-growth 

patterns in unpredictable ways.   

Many pharmaceutical drugs target ion channels for inhibition as the mode 

of action.  This inspired me to identify a situation where the inhibition of voltage-

gated calcium ion channels is beneficial and to design experiments that 

maximize this benefit.  While the work is in progress, the potential is great.  In the 

next section I will provide appropriate background and describe the potential 

application of yttrium oxide nanoparticles in combination with carbon nanotubes 

as a novel surface coating for chronically implanted neural electrodes to increase 

charge transfer and decrease biological impedance resulting from glial scar 

formation.  I will then show preliminary data highlighting the progress and 

limitations of the experiments that have been conducted to date.   
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Application to Chronically Implanted Neural Electrodes 

 
Establishing a direct and controllable electrical link to the neural circuitry of the 

brain is a goal of the field of neuroengineering.  The chronically implanted neural 

electrode (CINE) is the hardware at the physical interface with neurological tissue 

and the current means of establishing a connection to the circuitry of the brain.  

CINEs have been used for the development of the brain machine interface (BMI) 

most commonly applied through deep brain stimulation DBS and the generation 

of neuroprosthetics.  DBS is becoming a common treatment option for movement 

disorders such as Parkinson‟s disease and tremor, neuropathic pain, epilepsy 

and psychiatric disorders such as Tourette Syndrome, obsessive compulsive 

disorder and depression.  Future treatment considerations utilizing DBS include 

hypertension, minimally conscious states, obesity, aggressiveness and drug 

addiction2.  Hamani et al reported an instance where DBS applied to treat an 

obese patient unexpectedly resulted in detailed autobiographical memories and 

improved associative-memory tasks,15 suggesting the possibility that DBS might 

be useful for memory impairment disorders.  In addition to medical therapies, 

DBS has also provided new insight into our understanding of cortical function37.  

The BMI has also enabled the generation of neuroprosthetics such as the 

cochlear implant, and research is underway to develop a prosthetic to restore 

vision.  An advanced neuroprosthetic device has enabled movement in paralyzed 

patients19.   

The major challenge currently facing further development of the BMI is the 

need to decrease electrode impedance.  The two main sources of electrode 
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impedance are the ability of a surface to transfer charge, and the physical 

inability of the implanted material to function due to encapsulation resulting from 

inflammatory biological response.  It has been shown that inhibiting calcium ion 

channels will attenuate reactive gliosis10, 24, 39.  As demonstrated in Chapter 3, 

yttrium is a potent inhibitor of calcium ion channels.  Moreover, electrodes coated 

with SWNTs have enhanced charge transfer and reduced impedance12.  

Therefore, future research initiatives should explore the development of scaffolds 

that contain both carbon nanotubes and yttrium oxide nanoparticles to inhibit 

proximate calcium ion channels resulting in attenuated reactive gliosis.   

Background 
 
Neural interfaces connect neurons to electronic circuitry of the BMI.  Neural 

interfaces serve to enable the understanding of physiological processes at the 

cellular level, and as prosthetics that restore function in the nervous system.  

Implantable neural interfaces record neuronal action potentials from within the 

brain.  Ideally, electrodes should minimize damage to neural tissue, have 

numerous electrode sites to enable the interpretation of neural activity, have 

stable impedance, and have long-term biocompatibility.9  Neural interfaces 

perform very well in short-term acute applications; however, decreased reliability 

is observed in chronic applications.  In the clinical setting, CINEs need to reliably 

record unit activity for decades.43  A significant source of CINE failure is due to 

the biological response.   

Studies in monkeys have reported a 40% drop in the number of functional 

electrodes and an 85% drop in the number of recordable neurons after 18 
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months. 36  Turner et al developed model probes made of silicon and inserted 

them into the rat cerebral cortex.  A „sheath of cells‟ was found to loosely 

organize after two weeks, adhering to the surface of the probe.  By six weeks the 

sheath was highly compacted and continuous. 47  While the degree of scarring is 

proportional to electrode size, the process of encapsulation of chronic electrodes 

occurs independent of size, geometry and surface roughness. 46  The cells 

encapsulating the model electrodes can be labeled with antibodies for glial 

fibrillary acidic protein (GFAP)46, 47 and vimentin46 indicating the encapsulation 

results from reactive gliosis of astrocytes.  Reactive gliosis surrounding 

chronically implanted electrodes not only occurs in rat and mouse models, but 

also in non-human primates. 13 Models of electrode bioimpedance have 

confirmed that astrocytes are the predominant cell type affecting bioimpedance, 

with the largest impedance contribution coming from reactive gliosis within 

100m of the neural interface. 31  The distance from a neuronal body required to 

maintain a stable recording from an electrode is on the order of cell dimensions 43   

The formation of a glial scar is independent of the type of electrode 

inserted and is the dominant theory behind the failure of CINEs.  However, local 

neurodegeneration around the implant site may also contribute to electrode 

failure.  Biran et al observed a significant reduction in nerve fiber density and 

nerve cell bodies in the tissue immediately surrounding the implanted silicon 

microelectrode. 5 McConnell et al hypothesized that chronic inflammation, due to 

the persistent presence of the electrode, causes local neurodegeneration in the 

immediate vicinity of electrode implantation.  The group observed progressive 
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neuronal and dendritic loss (but not axonal) correlated with increased levels of 

chronic inflammation over 16 weeks. 32  This highlights an additional potential 

benefit of the proposed method, ie, the neuroprotection afforded by calcium 

channel inhibitors25 and in particular yttrium44.   

Combined, these studies underscore the necessity of reducing the 

inflammatory response to chronically implanted electrodes.  Reactive astrocytes 

surrounding the implant site are the main contributor to electrode encapsulation, 

46, 47 increased levels of bioimpedance at the electrode interface31, and contribute 

to local neurodegeneration5, 32 resulting in electrode failure.  Generating a 

surface coating for electrodes that reduces astrocyte activation is a primary 

objective of this research. 

Glial Scar Formation 
As an electrode enters the brain, it damages capillaries, extracellular matrix and 

cells. 43 In general, the wound-healing response consists of four steps: 

hemostasis, inflammation, repair and remodeling.  For CINEs, this can be 

simplified into two immune responses: early and prolonged. 14, 46  In the early 

acute response, severed capillaries allow activated platelets to contact the 

electrode, triggering the formation of a stable fibrin clot.  Hemostatic clot 

formation occurs within seconds to hours after brain injury. 45  In addition to clot 

formation, activated platelets release signaling molecules that chemotactically 

attract inflammatory and wound healing cells.  This marks the beginning of the 

inflammation phase of wound healing.  The first cells present at the injury site are 

neutrophils.  They release proteolytic enzymes for digestion of foreign debris, 

and superoxide and hydrogen peroxide to kill bacteria. 45  Once bacteria and 
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debris are cleared, the neutrophils undergo apoptosis.  Microglia, the phagocytic 

cells of the CNS, become activated if debris needs to be cleared or if the blood-

brain barrier is compromised. 43  They can remain active for up to two weeks, 

producing proinflammatory and neurotoxic factors (TNF-, MCP-1, IL-1, IL-6, 

nitric oxide and superoxide) as well as anti-inflammatory and neutrophic factors 

(IL-10, NGF, BDNF and neurotrophin-3). 45  Three days into the inflammatory 

response, activated astrocytes are seen at the periphery of the wound, while 

microglia are located at the center with the fibrin clot. 45  Astrocytes are involved 

in neurotransmitter regulation, ion homeostasis, blood-brain barrier maintenance, 

and the production of extracellular matrix molecules. 11  During inflammation, 

activated astrocytes increase production of GFAP and vimentin, and have 

hypertrophic cytoplasm, nuclei and increased proliferation41, 43.  The acute phase 

is dominated by the microglial response to the insertion trauma of the CINEs and 

lasts one to three weeks 43, 46.     

At this point, in non-CNS tissue, the healing response enters the repair 

phase.  However, the continued presence of the electrode and the inability of 

neurons of the CNS to regenerate, result in the generation of the glial scar that 

forms a boundary separating the foreign body from the rest of the brain.  The 

prolonged reactive response that is dominated by reactive astrocytes, starts at 

the time of implantation and ends six to eight weeks post implantation with 

reactive gliosis.  43  At the center of the scar, microglia continue to digest the 

fibrin clot.  A key element of glial scar formation is the inhibition of tissue 

regeneration. 11  Therefore, the glial scar can increase electrode bioimpedance 
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and remodel nearby tissue further separating neurons from the electrode surface. 

43  

Strategies to Improve Neural Interface 
The size of the initial injury is proportional to the degree of acute response.  

Therefore, up until recently, engineering strategies to reduce glial scar formation 

hinged on the geometry and insertion mechanism of the implant.  As scar 

formation is a chronic response, encapsulation of chronic electrodes occurs 

independent of size, geometry and surface roughness. 46  Once in the body, the 

non-specific adsorption of proteins leads to cell adhesion and the foreign body 

response. 9 While inflammatory cell adhesion to the electrode is detrimental, 

adhesion of neurites is advantageous.  Therefore, more recent strategies have 

focused on engineering neural interfaces with anti-inflammatory agents, adhesion 

proteins or bioactive molecules. 14  Dexamethasone, an anti-inflammatory agent 

used to reduce inflammation surrounding pace-makers, has been used as a 

surface coating for CINEs.  In vitro studies show electrochemically controlled 

release of dexamethasone incorporated into a conductive polymer coating on a 

Michigan electrode had a comparable reduction in the count of reactive 

astrocytes as administration of the drug alone. 48  Another strategy includes the 

incorporation of immobilized anti-inflammatory agent, -MSH, on the silicon 

electrode surface.  A reduction in the microglial response and subsequent 

attenuation in glial scar formation was observed up to four weeks in vivo. 16 This 

result is hopeful; however, since the glial scar is not fully formed around an 

electrode until week 6 in vivo 47, the efficacy in practice remains to be seen.  

Other strategies include the introduction of nanoscale surface roughness.  By 
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increasing surface roughness, electrode impedance decreases and the amount 

of signal loss is reduced. 9 To date, there have not been any strategies utilizing 

calcium channel inhibitors in the prevention of reactive gliosis around electrodes.  

There have not been any electrode coating designs to date that address two 

sources of electrode impedance. 

Calcium channel inhibitors attenuate gliosis 
The primary interface between the brain and the CINE undergoes a microglial 

response.  Reactive astrocytes, involved in the formation of the glial scar, 

encompass the microglia/electrode.  While astrocytic inhibition is the 

experimental focus of the current research, I hypothesize that yttrium oxide 

nanoparticle based calcium channel inhibitors will act in two ways to attenuate 

scar formation: first by inhibiting the microglial activation and second by inhibiting 

astrocyte activation.  In this section I present evidence that inhibition of voltage-

gated calcium channels attenuates activation of microglia and astrocytes. 

IL-1, TGF-, TGF-, TNF-, INF-, and INF- have all been shown to 

effectively augment reactive gliosis in vivo. 45  Intracellular calcium levels 

increase when microglia are activated. 20  Brown et al have reported that ultrafine 

carbon black enhances calcium influx into primary rat alveolar macrophages 

resulting in expression of TNF-.  Treatment with verapamil, a calcium channel 

blocker, prevents the ultrafine carbon black induced TNF- production. 7  In a 

report published earlier this year, Li et al have shown that Nimodipine, a calcium 

channel inhibitor, attenuates microglial activation resulting in neuroprotective 

functions.  Specifically, there were significantly decreased concentrations of nitric 

oxide, TNF-, IL-1 and PGE2 produced from LPS-stimulated microglia treated 
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with Nimodipine. 25  Taken together, I hypothesize that calcium channel inhibitors 

may act to inhibit the microglial production of select cytokines known to augment 

reactive astrocytosis, thereby attenuating the onset of gliosis. 

Astrocyte L-type calcium ion channel expression increases in several 

models of CNS injury such as kainic acid-induced epilepsy, mechanical and 

thermal lesions and ischemia.49  Three weeks post-stab wound, reactive 

astrocytes are observed to express neuronal and L-type calcium ion channels.1  

Increase in astrocytic intracellular calcium concentration through application of a 

calcium ionophore results in increased production of GFAP. 24  Early work has 

shown that the application of verapamil at the time of lesion reduces the amount 

of GFAP staining at lesion site after 72 hours by 80% compared to treatment with 

saline.23  Calcium channel blockers nickel, nifedipine verapamil and diltiazem, 

attenuate GFAP expression in astrocytes activated through acidic conditions. 24, 

39  In vivo spinal cord injury experiments confirmed the effect of acidity and 

calcium channel blockers on reactive gliosis. 10  These results suggest that 

increased intracellular calcium levels are necessary for astrocyte activation.  As 

calcium ion channels are a significant source of intracellular calcium, an 

interesting application of yttrium oxide nanoparticles is to proximately release 

yttrium ions that would act to inhibit calcium ion channels and decrease reactive 

gliosis.  The next section describes progress and experimental obstacles 

encountered in testing this hypothesis. 
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Preliminary Results 

 

In the previous section, it was shown that calcium channel inhibitors decrease 

acid-triggered reactive gliosis.  The main objective of this experimental work is to 

generate scaffolds containing carbon nanotubes and yttrium oxide nanoparticles, 

show yttrium leaching in acidic conditions and lastly demonstrate reduced 

astrocyte activation.  This work is ongoing and therefore the data presented is 

preliminary. 

Scaffold Formation 

Many techniques were explored for the generation of scaffolds for astrocytic 

growth.  Ideally, the scaffolds should be a homogeneous layer of nanotubes and 

yttrium oxide nanoparticles adhered to circular glass coverslips.  The following 

techniques, previously reported in the literature, were explored for this 

application: airbrushing, spin coating, bar coating, drop coating, and vacuum 

filtration using various solvents such as ethanol, dimethylformamide (DMF), gum 

Arabic, water, tocopheryl polyethylene glycol 1000 succinate (TPGS) and sodium 

dodecyl sulfate. Vacuum filtration produced the most visually uniform scaffolds.  

Scanning electron micrograph of the scaffold is shown in Figure 4.1A. Further 

tests, such as atomic force microscopy, will need to be conducted to determine 

surface roughness.   

 The following procedure was used to generate scaffolds of carbon 

nanotubes and yttrium oxide nanoparticles.  Purified single-walled nanotubes 

were suspended in 1.6% deoxycholate6 through bath sonication then centrifuged 
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for 10 min at 3,000 RPM and 4°C.  The supernatant, containing the dispersed 

nanotubes was then used for vacuum filtration.  Yttrium oxide nanoparticles were  
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Figure 4.1 Carbon Nanomaterial and Yttrium Oxide Scaffolds 
A.  Scanning Electron Micrograph of single-walled carbon nanotube/Yttrium 
Oxide scaffold generated through vacuum filtration.  B. Astrocyte cell line 
transfected with Green Fluorescent Protein cultured on carbon nanotube/yttrium 
oxide nanoparticle scaffolds.  C. Yttrium ion release from 5μM Yttrium Oxide 
nanoparticles in water as a function of solution pH.  pH was adjusted and 
samples were allowed to incubate for 15 minutes prior to removal of 
nanoparticles through centrifugation.  Availability was measured through 
Inductively Coupled Plasma Atomic Emission Spectroscopy.  D.  Yttrium ion 
release into culture media from Carbon Nanotube/Yttrium oxide nanoparticle 
scaffolds as a function of pH.  Scaffolds were allowed to incubate for 48 hours in 
the absence of astrocytes. 
 

stored suspended in water pH9 and at 4°C.  Various combinations of single-

walled nanotubes and yttrium oxide nanoparticles were deposited onto Millipore 

mixed cellulose esters (MCE) membranes.  Acetone was used to dissolve the 
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membrane, effectively affixing the nanotube/yttrium oxide nanoparticle scaffold to 

the coverslips.50   

Yttrium Bioavailability 

Yttrium ion release from yttrium oxide nanoparticles is the basis of this 

experimental hypothesis.  Inductively coupled plasma atomic emission 

spectroscopy bioavailability assays were conducted to determine yttrium ion 

release.  Free yttrium oxide nanoparticles in water of basic pH do not release 

yttrium ions.  As the pH is lowered to more acidic conditions yttrium ions are 

released.  In Figure 4.1C samples of 5M yttrium oxide nanoparticles in water 

are taken as a function of water pH.  As the pH approaches 6, yttrium ions are 

released more readily into solution.  If the initial loading of 5M yttrium oxide 

nanoparticles was fully oxidized into yttrium ions, 10M yttrium would be 

expected.  The results presented in Figure 4.1C suggest that at pH 5.5 roughly 

10% of the total possible yttrium is released in ionic form.  More experiments are 

needed to fully understand yttrium ion release kinetics from yttrium oxide 

nanoparticles.  In particular, ion release as a function of incubation time at a 

given pH would be beneficial to the present experiments.  While the data 

suggests that the maximum available yttrium ion concentration is not released at 

slightly acidic pH, the concentration that is released is sufficient to inhibit calcium 

ion channels.  Therefore, in Figure 4.1D this observation is extended to 

demonstrate yttrium ion release from carbon nanotube/yttrium oxide nanoparticle 

scaffolds as a function of media pH.  In acidic media, yttrium is released from 

scaffolds whereas at physiological pH, yttrium ions are not detectable.  While 
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more experiments are needed to develop a clear understanding of the kinetics 

involved in yttrium ion release from yttrium oxide nanoparticles, this preliminary 

data is encouraging.  A scaffold which releases yttrium ions when the cells are 

experiencing the applied stress of the acid treatment and does not release 

yttrium ions under normal physiological conditions would be experimentally ideal.   

Cell studies 

In the literature, it was shown that calcium inhibitors attenuate acidity triggered 

reactive gliosis in vitro and in vivo10, 24, 39.  In this section, the objective is to 

demonstrate attenuated acidity-induced astrocyte activation utilizing ionic yttrium 

released from the aforementioned scaffolds.  Immortalized astrocyte cell line DI 

TNC1 (ATTC CRL 2005) was chosen as the cell line for these preliminary 

studies.  The cell line is established from primary cultures of type 1 astrocytes 

from brain diencephalon tissue of day old rats and is advertised to retain 

characteristics consistent with the phenotype of type 1 astrocytes including glial 

fibrillary acidic protein (GFAP) immunoreactivity.  Cells were cultured as 

recommended and were viable when cultured on carbon nanotube/yttrium oxide 

nanoparticle scaffolds (Figure 4.1 B).   

In an experiment designed as a control to demonstrate the effect of ionic 

yttrium to attenuate acidity induced astrocyte activation, uniform levels of GFAP 

expression was observed, suggesting the cells have not activated (Figure 4.2)  

This could be due to a number of reasons; it is possible the media pH is not low 

enough to induce activity, the differences in expression are so small it is not 

detectable through microscopy, or the GFAP antibody was not working correctly. 
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Figure 4.2 Astrocyte cell line exposed to acidic conditions. 
Cells were untreated, treated with media of pH 6, or treated with media pH 6 with 
3μM yttrium chloride.  Cells were stained for nuclear marker DAPI and Alexa 555 
conjugated antibody to GFAP.  Increased GFAP signaling, indicative of activated 
astrocytes, is expected from cells treated with acidic media; GFAP signaling 
similar to the untreated control is expected from cells treated with yttrium 
chloride.   
 

 

 

Figure 4.3 Western blot of Astrocyte Activation as a function of media pH. 
Astrocyte cells were cultured and treated for two hours to media of pH 5.0-7.0.  
One sample was treated with media of pH 6 and 3uM yttrium chloride.  Equal 
concentrations of protein were loaded into each well and labeled with CellSignal 
Technology GFAP (GA5) Mouse mAb #3670. 
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To explore these possibilities, the cells were then exposed to a range of 

acidic conditions for two hours.  In figure 4.3, a western blot, using a different 

unconjugated GFAP antibody, suggests this cell line is in fact not activating 

under acidic conditions.  In light of these recent results, future work on this 

project should involve the use of primary cell cultures.   

To conclude, combining the use of carbon nanotubes with yttrium oxide 

nanoparticles to increase charge transfer and decrease glial scar formation 

around chronically implanted neural electrodes, is a unique hypothesis worthy of 

further experimentation.  Yttrium is released as a function of decreased pH.  

Therefore, the use of yttrium oxide nanoparticles for this application is 

advantageous, since under physiological conditions, yttrium ions will not be 

released.  Additionally, the use of a carbon nanotube scaffolds and the presence 

of metal catalysts improve electrode electrochemical behavior12, 22, 38.  Therefore, 

it may be hypothesized that the addition of yttrium oxide nanoparticles to the 

surface of an electrode will increase conductivity. This functional ability is unique 

from other calcium channel inhibitors and therefore advantageous.  Traditional 

calcium channel inhibitors, unless encapsulated in an acid-sensitive polymer 

coating, will be bioavailable at all times.  Additionally, the use of a polymer 

coating may increase electrode impedance, and be subject to shear upon 

implantation.  It should be noted that in using yttrium oxide nanoparticles with 

carbon nanotubes for this application, the carbon nanotubes and yttrium oxide 

nanoparticles do not biodegrade under physiological conditions.  As the coating 
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will be used on an electrode which is also not biodegradable, it does not seem 

likely to be an issue moving forward. 

Preliminary data presented is hopeful, however, experiments still need to 

be performed to validate this hypothesis.  This includes a more extensive 

characterization of yttrium ion release from yttrium oxide nanoparticles, and 

experiments coupling ion bioavailability with the potential physiological effect of 

attenuated astrocytic activation in primary cultures.  As mentioned in the 

background section, the hypothesis can be extended to decrease microglial 

activation and improve neuronal viability.  Therefore future studies can address 

these additional cell types. 
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