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Over the last few decades, there has been a large growth in developing the technology

for use in brain sciences. The advancement in such technology has found applications in

neuroscience research as well as emergence of novel diagnostic and therapeutic devices for

neurological diseases. The majority of these techniques relies on monitoring or modulating

the bioelectric activity of the excitable brain cells, neurons. To record the bioelectrical

activity of network of neurons, microelectrode arrays (MEAs) patterned and fabricated by

photolithography have been widely utilized. Despite the extensive use of MEAs for neural

applications, major constraints have limited the utility of the MEAs. The extracellular

potentials detected by MEAs are typically in the range of 40 to 500 microvolts and the signal

magnitude decreases proportionally to the inverse of the distance between the neuronal

source and the electrode. To achieve high spatial resolution and selective recordings in

the brain, designing microscale MEAs seems necessary. However, with the reduction in

the electrode size, the impedance increases for the conventional metal electrodes resulting

in high thermal noise and potentially lower signal-to-noise ratios (SNRs). For in vitro

applications, compared to disposable plastic chambers and cultured dishes, the MEAs are

typically reused in experiments since they are expensive.
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In this thesis, we present new techniques to overcome some of the challenges with the

current MEA technology to 1) make MEAs more suitable for large-scale cell-based testing

experiments and 2) establish a stable interface for in vivo chronic recordings. Moreover, we

demonstrate the utility of the in vitro MEA-based approach as an emergent platform for

new applications in brain research such as assessing the functional toxicity of novel material

for brain implants and determining the response of neuronal populations to a biomarker of

Alzheimers disease, amyloid beta (Aβ).
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Chapter 1: Introduction

Over the last few decades, there has been a large growth in developing the technology for

use in brain sciences. The advancement in such technology has found applications in neuro-

science research as well as emergence of diagnostic and therapeutic devices for neurological

diseases. Electroencephalogram (EEG), cochlear implants, and deep-brain stimulation are

among the most known examples. The majority of such techniques relies on monitoring or

modulating the bioelectric activity of the brain cells, neurons.

Neurons are the excitable cells in our nervous system that communicate with each

other through all-or-nothing bioelectric potentials known as action potentials. The action

potentials generated by neurons are small signals (∼ 100 mVp−p ) with short duration in

time (∼ 1 ms). The membrane potential transient behavior observed with action potentials

is due to voltage and time dependent changes in membrane conductances. Traditionally,

recordings of action potentials from single cells have been demonstrated for both in vivo and

in vitro experimental paradigms. These methods include the use of tungsten or stainless-

steel wires for in vivo applications [1, 2] or pipette electrodes in patch clamp, a laboratory

technique that allows measuring the electrical activity of single ion channels [3]. However,

the brain consists of networks of neurons, and therefore, there is value in monitoring the

electrophysiological activity of population of neurons rather than relying on only single-cell

measurements. To achieve this goal, arrays of microelectrodes patterned and fabricated by

photolithography have been widely utilized and shown to be suitable for recording neuronal

network activity [4].

Microelectrode arrays (MEAs) have been used to record extracellular action potentials

from network of neurons in vitro for applications in toxicology and biosensing [5–7] and in

vivo from brain regions associated with movement control or planning [8–10].
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Despite the extensive use of MEAs for neural applications, there exists major limitations

for these devices. In general, the extracellular potentials detected by MEAs are typically

in the range of 10 to 500 microvolts. The signal magnitude decreases proportionally to the

inverse of the distance between the neuronal source and the electrode. It is beneficial to de-

sign low-impedance MEAs that allow effective coupling between neurons and the electrodes

and consequently maximizing the signal-to-noise ratio (SNR) in the recordings. To achieve

high spatial resolution and selective recordings in the brain, designing microscale MEAs

is important. However, with the reduction in the electrode size, the impedance increases

for the conventional metal electrodes resulting in high thermal noise and potentially lower

SNRs [11].

For in vitro applications, compared to disposable plastic chambers and cultured dishes,

the MEAs are typically reused in experiments since they are expensive. As such, utilizing

the MEA platform for large scale screening applications has remained limited.

In this thesis, we present new techniques to overcome the challenges mentioned above to

1) make MEAs more suitable for large-scale cell-based testing applications and 2) establish

a stable interface for in vivo chronic recordings. Moreover, we demonstrate the utility of

the in vitro MEA-based approach as an emergent platform to address some of the chal-

lenges in brain research, namely 1) assessing the functional toxicity of novel material for

brain implants and 2) determining the response of neuronal populations to a biomarker of

Alzheimers disease, amyloid beta (Aβ).

In chapter 2, we report the design and demonstration of a low-cost novel in vitro MEA

using conventional liquid crystal display manufacturing techniques. The resulting MEA is

flexible, conducive for neuronal culture, and capable of monitoring extracellular potentials

at a SNR comparable to standard commercially available MEAs. The design layout is

consistent with results from finite-element modeling. Electrochemical impedance and input

referred noise have been measured for the fabricated MEA. Finally, it is demonstrated that

spike activity of the cultured cortical neurons on the MEA is sensitive to pharmacological

blocker tetrodotoxin (TTX), indicating that cells cultured on these substrates not only

2
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exhibit consistent neural activity, but also show consistent pharmacological responsiveness.

In chapter 3, we show that neuronal cultures on MEAs could be utilized as a functional

assay to assess the neurotoxicity of amyloid-β 1-42 (Aβ42), a biomolecule implicated in

the Alzheimers disease (AD). In this approach, neurons harvested from embryonic mice

are seeded on the substrate-integrated microelectrode arrays. The cultured neurons form

a spontaneously active network, and the spiking activity as a functional endpoint could

be detected via the MEA. Aβ42 oligomer, but not monomer, significantly reduced network

spike rate. In addition, we demonstrate that the ionotropic glutamate receptors, NMDA and

AMPA/kainate, play a role in the effects of Aβ42 on neuronal activity in vitro. To examine

the utility of the MEA-based assay for AD drug discovery, we test two model therapeutics

for AD, methylene blue (MB) and memantine. Our results show an almost full recovery in

the activity within 24 hours after administration of Aβ42 in the cultures pre-treated with

either MB or memantine. Our findings suggest that cultured neuronal networks may be a

useful platform in screening potential therapeutics for Aβ induced changes in neurological

function.

In chapter 4, we first compare the performance of two computational methods, cross

correlation and transfer entropy, in detecting the connectivity in a modeled network. We,

then, investigate the changes in the functional connectivity in neuronal networks in vitro

in response to Aβ42. Two representative networks that were either treated with Aβ42 or

memantine + Aβ42 are utilized in the analysis. Our findings indicates that for the network

exposed to 5 µM Aβ42 the connectivity among the units drastically reduces. On the other

hand, the memantine treated cultures show minimal connectivity loss after Aβ42 treatment.

In chapter 5, we examine the utility of living neuronal networks as functional assays for in

vitro material biocompatibility, particularly for materials that comprise implantable neural

interfaces. Novel implantable neural interfaces increasingly capitalize on novel materials to

achieve microscale coupling with the nervous system. Like any biomedical device, neural

interfaces should consist of materials that exhibit biocompatibility in accordance with the

international standard ISO10993-5, which describes in vitro testing involving fibroblasts

3
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where cytotoxicity serves as the main endpoint. Taking advantage of MEA-based platform,

we expose established positive and negative control materials to the neuronal networks in

a consistent method with ISO 10993-5 guidance. Exposure to the negative controls, gold

and polyethylene, does not significantly change the neuronal activity whereas the positive

controls, copper and polyvinyl chloride (PVC), result in reduction of network spike rate.

We also compare the functional assay with an established cytotoxicity measure using L929

fibroblast cells. Our findings indicate that neuronal networks exhibit enhanced sensitivity to

positive control materials. In addition, we assessed functional neurotoxicity of tungsten, a

common microelectrode material, and two conducting polymer formulations that have been

used to modify microelectrode properties for in vivo recording and stimulation. These data

suggest that cultured neuronal networks are a useful platform for evaluating the functional

toxicity of materials intended for implantation in the nervous system.

In chapter 6, we examine the effects of conductive polymer coated microelectrodes on

the spontaneous activity of cultured neuronal networks. Coating the microelectrodes with

conductive polymers has been previously reported to improve extracellular recordings pre-

sumably via reduction in microelectrode impedance. To examine the basis of such reports,

we modified every other microelectrode of in vitro MEAs with either conducting polymer,

poly-3,4-ethylenedioxythiophene (PEDOT) conjugated with poly-styrenesulfonate (PSS) or

a blend of carbon nanotube (CNT) and PEDOT-PSS. Mouse cortical tissue was dissociated

and cultured on the MEAs to form functional neuronal networks. The performance of the

modified and unmodified microelectrodes was evaluated by activity measures such as spike

rate, spike amplitude, burst duration and burst rate. We observed that the yield, defined

as percentage of microelectrodes with neuronal activity, was significantly higher by 55% for

modified microelectrodes compared to the unmodified sites. However, the spike rate and

burst parameters were similar for modified and unmodified microelectrodes suggesting that

neuronal networks were not physiologically altered by presence of PEDOT-PSS or PEDOT-

PSS-CNT. Our observations from immunocytochemistry indicate that neuronal cells were

more abundant in proximity to modified microelectrodes.

4
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In chapter 7, we demonstrate stable long-term recordings in vivo using microelectrodes

modified with a variant of PEDOT. Although PEDOT have been utilized before for in vivo

recordings, the long term stability and integrity of such coatings for chronic applications

remains unclear. Our group has recently demonstrated that use of the smaller counter

ion tetrauoroborate (TFB) during electrodeposition increased the stability of the PEDOT

coatings in vitro compared to the commonly used counter ion PSS. We selectively modified

half of the microelectrodes on Neuronexus single shank probes with PEDOT-TFB while

the other half of the microelectrodes were modified with gold as a control. The modified

probes were then implanted into the primary motor cortex of rats. Single unit recordings

were observed on both PEDOT-TFB and gold control electrodes for more than 12 weeks.

Compared to the gold coated microelectrodes, the PEDOT-TFB coated microelectrodes

exhibited a significantly lower impedance and higher number of units per microelectrode

over time. Our equivalent circuit modeling of the impedance data suggests stability in the

polymer-related parameters for the duration of the study. Overall, our findings confirm that

the PEDOT-TFB is a chronically stable coating for neuronal recordings.

In the last chapter, chapter 8, we present an overall summary of the thesis and discuss

possible future directions.

5
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Chapter 2: Development of a disposable low-cost

microelectrode array for cultured neuronal network

recording

2.1 Introduction

Cultured neuronal networks have emerged as a powerful means of assessing the effects of

putative neuroactive compounds. By allowing cells to form intact networks over planar

substrates with integrated microelectrodes, physiologically relevant bioelectrical events cor-

responding to all-or-nothing spikes can be recorded. Often more than one type of spike can

be resolved on a single microelectrode contact such that differences in the form and time

course of the spike waveforms can be used to distinguish multiple neurons or units. Mea-

surement of spike rate, burst activity, and correlated activity between units can be used as

a quantitative basis for neuropharmacological assays [6,12,13], biosensor-based applications

[14,15], or fundamental studies of neuronal network dynamics [16–19].

To reproducibly create arrays of microelectrodes on the order of cellular dimensions,

fabrication techniques and materials common to the microelectronics industry have been

used. Many prior studies have employed microelectrode arrays utilizing glass as a substrate

patterned via photolithography with conductors of indium tin oxide (ITO) and passivated

with polydimethylsiloxane [20–22]. In fact, this format developed by the University of

North Texas has served as the basis for industrial activities surrounding neurological drug

testing [23]. In addition, commercially available microelectrode arrays from Multichannel

Systems use glass as a substrate with titanium nitride or ITO as a conductor and sili-

con nitride as an insulator [24]. Recent developments in MEA technology have involved

the production of highly integrated devices which incorporate on-chip electronics through

6
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CMOS technology [25,26], allowing unprecedented spatial resolution and monitoring of bio-

electrical activity. The cost and complexity of the MEAs have significantly impacted how

they are used. MEAs are expensive, fragile, and often composed of materials that are not

readily conducive to conventional cell biology laboratory handling and disposal. Unlike

the common polystyrene and multi-well dishes that are used once and discarded in cell

biology laboratories, MEAs are typically re-used and require special handling. We report

the development and demonstration of a novel flexible MEA that is readily manufacturable

with liquid crystal display fabrication technologies. Parylene C (poly-chloro-p-xylylene), a

biocompatible polymer exploited in implantable devices [27,28] was utilized as the insulator

for the MEA. Researchers have previously employed parylene-C for in vivo applications to

develop parylene-based neuronal probes [29–31] or as a surface coating in microwires and

silicon arrays [32,33].

Our MEA design is supported through the use of computational modeling. Using finite

element analysis and simulation, we show that the distance between microelectrode array

contacts is sufficient to resolve potentials associated with current densities typical of mam-

malian neurons. Finally, we demonstrate that the substrates can be sterilized via autoclave

and are capable of supporting long term neuronal cultures. The resulting networks exhibit

extracellular potentials and multi-unit spike activity comparable to commercially available

structures.

2.2 Methods

2.2.1 Fabrication and characterization

An array of 64 gold microelectrodes 20 µm in diameter was patterned on the substrate

with insulation over the leads with parylene-C (Fig . 2.1A,B). As depicted in Fig. 2.1C, the

substrate was a layer of polyethylene napthalate (PEN), a polyester material common in the

bottling industry [34], with thickness of 125 µm. The gold electrodes were deposited by e-

beam evaporation and patterned using standard photolithography and wet etch. Parylene-C

7
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Figure 2.1: (A) The fabricated MEA, (B) Microelectrode area in the center of the MEA, and
(C) Cross-section of the MEA. Substrate is polyethylene napthalate (PEN) with thickness of
125 µm; gold electrodes were patterned on top and parylene-C used as an insulator between
the electrodes and over the leads.

was deposited by chemical vapor deposition and then exposed to oxygen reactive ion etching.

For a lead 10 µm wide and length of approximately 1 cm, the shunt capacitance across the

layer of parylene-C layer, with relative permittivity of 3.1 F/m, was estimated to be 270

pF/nm thickness. To minimize effects of shunt capacitance, parylene-C was deposited to a

thickness of 500 nm yielding a relatively high shunt impedance of 29 MΩ at 1 KHz.

Electrochemical characterization of the fabricated array, which in this paper we call the

PEN array, was performed by electrochemical impedance spectroscopy (EIS) on individual

electrodes from a typical array. The measurements were done using a two-electrode setup

by a potentiostat/galvanostat (CH 600D, CH Instruments, Texas, US) equipped with an

electrochemical analyzer module (CHI Version 9.03, CH Instruments). Measurements were

made in the presence of phosphate-buffered saline (PBS) at pH of 7.4 at room temperature

by applying a sinusoidal signal with 20 mV amplitude over a range of frequencies from 10

Hz to 100 kHz to characterize the complex impedance of the working electrode and the

electrolyte solution.

2.2.2 Cell culture

Similar to preparation of glass MEAs described in [21,22], the PEN MEAs were prepared as

follows. Following sterilization by steam autoclave, the microelectrode array was activated

8
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by brief exposure to a butane flame to induce a hydrophilic surface conducive to cell adhe-

sion. MEAs were then coated with 50 µg/mL poly-D-lysine (PDL) overnight and washed

with sterile water. After drying, the surface was additionally coated with 20 µg/mL laminin

for one hour.

Frontal cortex tissue from an embryonic 18 day gestation C57 mouse was received

from Brain Bits (Brain Bits, Springfield, IL) in B27/hibernate media. The tissue was

dissociated enzymatically with papain/deoxyribonuclease (Worthington Biochemical Corp,

Lakewood, NJ) mixture followed by mechanical trituration. Cells were plated on the pre-

viously prepared MEAs at a concentration of 500,000 cells per array. All cultures were

incubated at 37◦C with 10% CO2 and maintained in Dulbeccos minimum essential medium

(DMEM, Invitrogen, Carlsbad, CA) supplemented with 5% horse serum (Atlanta Biolog-

icals, Lawrenceville, GA), 5% fetal bovine serum (Invitrogen, Carlsbad, CA), 2% B-27

(Invitrogen, Carlsbad, CA), and 0.2% ascorbic acid for the first week. After one week,

glial cells covered the arrays in a single carpet-like layer. At this time, the cultures were

transitioned to serum-free media consisting of DMEM supplemented only with B-27 and

ascorbic acid. A 50% media exchange occurred twice a week to maintain culture viability.

2.2.3 Experimental setup

MEAs with cultured networks were within a stainless steel perfusion chamber permitting

constant temperature at 37◦C [6]. Extracellular recordings were conducted in media con-

sisting of DMEM supplemented with 25 mM glucose, 40 mM HEPES, and 26 mM sodium

bicarbonate (NaHCO3) adjusted to a pH of 7.4. A total recirculating volume of 40 mL was

established and the network was perfused at a constant rate of 1 mL per minute with a

peristaltic pump. The data acquisition system was OminPlex (Plexon Inc, Dallas, TX) with

64 channels, sampling frequency of 40 KHz per channel and the bandwidth of 8 KHz. Each

of the 64 electrode channels was individually examined for extracellular spikes before being

selected for recording and single units were later extracted from each channel by Offline

Sorter (Plexon Inc, Dallas, TX). Data were analyzed using Neuroexplorer V.4. (Plexon Inc,

9
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Dallas,TX) and a 4-point moving average was applied to the spike rate in order to filter high

frequency noise. Baseline activity was established for one hour. To ascertain the biological

nature of the recordings, tetrodotoxin (TTX, Sigma-Aldrich, St. Louis, MO) was prepared

in 1 µM stock solution and added to the recirculating bath to create a final concentration of

10 nM. The effects of TTX on PEN array networks were examined for 30 minutes, followed

by a one hour wash with fresh media that was not re-circulated. ’

2.2.4 Modeling

COMSOL version 4.1 was used to develop a 3-D model of the extracellular potentials of a

neuron. Due to the symmetry in the MEA layout, only two microelectrodes were used in

the model to reduce the computational time and memory resources. For sake of simplicity,

a spherical current sink was used to represent a neuronal cell body where a current density

value of the sink was set to 450 µA.cm−2 to simulate the maximum inward sodium (Na)

current observed in a typical mammalian neuron with a cell body of 20 µm diameter [35–37].

The extracellular space, shown in Fig. 2.2, was modeled as a large cube (350 × 350 × 200

µm) and filled with a purely resistive, homogeneous media with conductance of 0.3 S/m

[38]. Although the exact chamber used in the extracellular experiment was much greater

than the modeled cube, greater values for the cube dimensions had negligible effects on

the simulation results. The top surface of the cube was defined to be the ground (V = 0),

consistent with the recording chamber architecture and the bottom surface contained gold

electrodes embedded in the parylene-C insulator layer. The electrodes had surface area

of 930 µm2 and conductivity of σ = 4.5 × 108 S/m. The potential of each electrode was

allowed to float, consistent with a recording situation where they are connected to a high-

input impedance preamplifier. The insulation layer had a conductivity of σ = 1.67× 10−13

S/m, which is a typical value for parylene-C. The underlying physics of the modeling was

based on the continuity equation 2.1:

∇ · J =
∂ρ

∂t
(2.1)
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Figure 2.2: (A) The whole geometry including the ball neuron and extracellular space
simulated in the finite element model; (B) Magnified view of the modeled neuron over the
electrode. Arrows show the directions that the neuron was swept along.

Where ∂ρ
∂t is the rate of change in charge density (A/m2) which corresponds to the current

density of the model neuron. According to the Ohm’s law, the relation between J in equation

2.1 and electrical field E is:

J = σE (2.2)

Considering the definition of the electrical potential V under static conditions and by sub-

stituting equation 2.2 into equation 2.1, we derive the elliptic Poissons equation:

∇ · (σ∇V ) =
∂ρ

∂t
(2.3)

The key parameters in equation 2.3 are the conductivity of the materials and current density

of the neuron, which were already known. Since under actual recording conditions, the

microelectrode sites are connected to a high input impedance amplifier, the double-layer

capacitance due to electrode-electrolyte was not considered in the simulation.

11
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2.3 Results and discussion

2.3.1 Modeling

To calculate the electrical potential perceived by the electrodes, the spherical current sink

was placed 0.5 µm above one of the two electrodes similar to the approach used previously

[38]. According to simulation results (Fig. 2.3), by sweeping the current sink along the

y-axis from the proximal electrode to a distal electrode, voltage decreases at the proximal

electrode while it increases at the distal electrode site. As shown in Fig. 2.4, the maximum

extracellular potential from the simulations above the electrode is 173 µV and it reaches 30

µV when the current sink is 90 µm away from each of the electrodes. If the current sink

is further moved from the original electrode, the extracellular potential will be detected by

the neighboring electrode. By considering a 30 µV potential to be near the threshold for

detection, the modeling indicates that a microelectrode pitch of 180 µm is large enough

to minimize observation of the same signal source on two adjacent microelectrodes while

allowing each source to be detected on at least one nearby microelectrode at a level above

noise. Modeling alternative electrode shapes or sizes, ranging from 103µm2 to 104µm2, had

no appreciable effect on the detected voltage [39].

2.3.2 Impedance measurement

As shown in Fig. 2.5, the measured impedance for representative electrodes paralleled pre-

vious observations for metal electrodes in saline solution [40–42]. The magnitude of the

impedance (Fig. 2.5A) at 1 KHz was 950 ± 202 KΩ (mean ± SD, N = 6) while the phase

(Fig. 2.5B) was -80.8 ± 2.9◦ which is consistent with previous work with gold microelec-

trodes [43].

12
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Figure 2.3: Electrical potential distribution on surface of the array obtained using finite-
element simulations. (A) The modeled neuron is on top of a microelectrode, (B) the modeled
neuron, represented as a spherical current sink, was placed in the middle of two adjacent
microelectrodes. Minimum shown data value in both plots is 30 µV.
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Figure 2.5: Electrochemical impedance spectroscopy on 6 typical electrodes of a PEN array.
The magnitude (top) decreased when increasing the frequency and the phase (bottom) was
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2.3.3 Neuronal culture

Following surface preparation, the PEN array supported cell body adhesion and neuronal

maturation to form active networks. This was denoted by the extension of neuronal pro-

cesses and a homogenous culture with few cell clumps (Fig. 2.6A), and after 7-10 days in

vitro, a dense network with an associated cell carpet (Fig. 2.6B).

2.3.4 Neuronal recordings & toxin experiment

Extracellular potentials were observed as early as six days in vitro, but pronounced spiking

and synchronization, which is typical of cortical networks [19], typically occurred between

25-30 days in vitro. Both shape and amplitude of the recorded waveforms were identical

to those previously reported for conventional arrays [13]. Fig. 2.7A shows snapshots of

the spikes in continuous waveform recorded from a PEN MEA. As illustrated in Fig. 2.7B,

networks displayed coordinated bursting activity consistent with prior recordings on MEAs

[5]. The measured root-mean-square (RMS) value for the input referred noise at each

microelectrode site was 5 ± 1.6 µV (mean ± SD), which is consistent with the reported

value for other MEAs [43]. To verify the physiological basis of the recorded spikes, the

conventional sodium channel blocker TTX was administered. After establishing a baseline

for 60 min, addition of TTX rapidly and reversibly inhibited spike activity, an observation

consistent with prior work [44]. Fig. 2.8 illustrates the changes of mean spike rate after

the addition of TTX to a representative frontal cortex culture. The administration of the

TTX resulted in 96 ± 3% (mean ± SEM) reduction in spike rate, N = 3 experiments

comprising 41 single units recordings. Results from network activity on the PEN MEAs

parallel previous findings from MEAs [6]. These data suggest that the PEN array can be

utilized as a biological assay to detect neurotoxins similarly to the currently available MEAs

[6,12,13].
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Figure 2.6: Cultured cortical neurons over the MEA. (A) Picture from a 6-day-old network
depicting fully extended processes. (B) Picture from a 14-day-old well developed network
illustrating a dense cell carpet.
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Figure 2.7: (A) Snapshots of individual extracellular potentials recorded using the PEN
array; (B) Raster plot for 6 most bursting units. The time stamps of the spikes are rep-
resented by thin vertical lines; black bars indicate the close action potentials that merged
into each other at this resolution.
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Figure 2.8: Reversible inhibition of mean spike rate in a representative frontal cortex neu-
ronal culture with administration of TTX.

2.3.5 Advantages of PEN arrays over conventional arrays

Although MEAs have been well established in neuronal research [20,22,23], the novel PEN

array advances this technology. Our design is consistent with modeling of the spike ac-

tivity and our data demonstrate that the arrays support long-term neuronal culture of

electrophysiologically active networks. Many of the currently available MEA architectures

are both fragile and expensive. This expense is not only in the initial capital investment,

but also in the cost associated with cleaning and re-use. The flexibility of the PEN array

permits easy handling and the low cost allows it to become effectively disposable. Since

PEN MEA is manufactured using flexible display fabrication technology, the process can

be readily scaled and is cost efficient. We estimate that the production cost can be as low

as $0.13 per cm2 such that a PEN array using our current form factor could be fabricated

for as little as $3.50. It should be noted that the cost can be further reduced by scaling the

size of the array to the dimensions of a single well in a 96-well plates, i.e. 0.32 cm2 surface

area, achieving an array cost of $ 0.05.
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2.4 Conclusion

We have demonstrated a new design for a plastic, flexible MEA which is readily manufac-

tured and disposable. This novel MEA platform tolerates steam autoclave sterilization and

is conducive to neuronal culture. Consistent with previous studies indicating biocompati-

bility of parylene-C [45,46], our neuronal networks were still viable after 30 days in culture.

Findings from finite-element simulations incorporating material properties and physiolog-

ically relevant membrane currents support the design layout of the MEA. Suppression in

spike activity after applying TTX confirmed the acquired signal was biological. Although

this novel design has several advantages over the conventional glass-based MEAs, the PEN

array is optically translucent, which makes it more difficult to visualize neuronal growth on

the array surface with an inverted microscope. We are currently exploring alternative sub-

strate materials which can be readily substituted in the manufacturing process to address

this limitation.
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Chapter 3: Amyloid beta modulation of neuronal network

activity In Vitro

3.1 Introduction

Alzheimers disease (AD) is a neurodegenerative disorder in which the loss of synapses and

neuronal apoptosis in cortex and hippocampus lead to behavioral deficits such as memory

deficits and cognitive impairment [47]. Amyloid plaques which consist of aggregated fibrillar

amyloid beta (Aβ) peptides are considered a pathological marker for AD [48]. Aβ peptides

are produced by cleavage of amyloid precursor protein (APP) generating peptides of lengths

ranging from 36 to 43 amino acids [49]. The major protein constituents of AD plaques are

peptides of 40 and 42 amino acids in length or Aβ40 and Aβ42, respectively [50]. The

longer peptide, Aβ42, has a high tendency to aggregate and it readily oligomerizes to form

soluble dimers, trimers, and higher order oligomers [51, 52]. The oligomers then aggregate

further and form Aβ fibrils which constitute the amyloid plaques. However, prior work

suggests that the most neurotoxic forms of Aβ are not the senile plaques or fibrillar Aβ

but soluble Aβ oligomers [53, 54]. In patients with AD, declines in cognition and memory

appear correlated with increases in the fraction of soluble Aβ oligomer suggesting a dynamic

equilibrium between multiple forms of the biomolecule [55].

The exact mechanisms of neurotoxic effects of Aβ are not yet clearly understood. For-

mation of toxic pores in the cell membrane [56], increase in the intracellular oxidative stress

[57], cell cycle re-entry [58], disrupting intracellular calcium release [59], and interruption

of synaptic transmission [60] are all among the proposed mechanisms. In addition, there

have been numerous studies concerning the target receptor for Aβ oligomers. Aβ appears

to interact with a wide range of cellular receptors including but not limited to nicotinic
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cholinergic receptors, glutamatergic receptors, ephrin-type B2 receptors, etc. (for review

see [61,62]). With respect to synaptic transmission changes that are correlated with altered

cognitive function, prior studies point to a role for N-methyl-D-aspartate (NMDA) receptors

as either receptors for Aβ42 or as an intermediary of its neuroactive effects [63–66].

To date, various transgenic animal models and mammalian cell assays have been uti-

lized to identify potential therapeutics for AD [67–69]. In particular, in vitro assays are

advantageous for drug screening applications because they reduce animal usage, provide

initial risk assessment, and thus have the potential to accelerate the drug discovery process

[70]. To this end, assays ranging from mammalian cells which accumulate Aβ [71] to human

induced pluripotent stem (iPS) cells expressing APP [72] have been proposed. However,

most of the available in vitro preparations do not provide functional endpoints that capture

physiologically relevant neuronal activity. In addition, the associated experiments are not

designed to assess immediate effects of the oligomer [73]. As such, a network-level func-

tional assay which can provide reliable, fast, and high-content measures is desirable. An

approach which has gained attention and interest as a platform for neuropharmacology and

neurotoxicity testing involves the use of neuronal networks on MEAs. Murine primary cul-

tures derived from neural tissue form spontaneously active networks on substrate-integrated

MEAs. Previous work has demonstrated successful applications of this platform as a biosen-

sor in neuropharmacology [13,74–76], assessing biocompatibility of novel materials [77] and

basic neuroscience [78–80]. This method is well established [22] and has been validated

across different laboratories [81]. Compared to single-cell techniques such as patch clamp,

the MEA method is non-invasive and allows the concurrent examination of populations of

neurons.

In this paper, we demonstrate that Aβ42 oligomer, but not monomer, produces signif-

icant reductions in neuronal spike activity of cultured neuronal networks without demon-

strable cytotoxicity. These network inhibitory effects appear to depend, either directly or

indirectly, on modulation of both AMPA and NMDA mediated glutamate receptors. More-

over, two model compounds that have shown clinical promise in treating AD, methylene
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blue (MB) and memantine, appear to reverse or suppress the inhibitory effects of Aβ42

oligomer. These observations suggest that cultured neuronal networks may be a potentially

useful platform for screening therapeutic candidates for AD.

3.2 Methods

3.2.1 Aβ42 synthesis

Aβ42 monomer was acquired commercially from Anaspec (Fremont, CA). Stable oligomer

was produced by a process described in [82] that has been optimized for maximal stability

[83]. In brief, Aβ42 monomer was first dissolved in DMSO (1.0 mg/44 µL), and then

sonicated for 5 min. Phosphate buffered saline (PBS) and anionic surfactant sodium dodecyl

sulfate (SDS) were added to the solution to achieve Aβ42 concentration of 100 µM. After

incubation at 37◦C for 24 hours, samples were centrifuged to remove any fibrils that had

formed. Following dialysis into a stabilizing buffer (10 mM sodium phosphate, pH 7.4,

300 mM sucrose, 1.9% glycine), samples were centrifuged for 10 min and subsequently

diluted in the buffer to 100 µM (based on Aβ42 monomer molecular weight), and lyophilized.

Lyophilized oligomer samples have been shown to be stable for at least one year when stored

at 4◦C. Before use, lyophilized oligomer samples were reconstituted in deionized water. For

monomeric experiments, the monomer powder was reconstituted in PBS with 1.0% NH44OH

as solvent [84].

3.2.2 Microelectrode array preparation

Planar MEAs were purchased from ALA Scientific Instruments (Farmingdale, NY). Each

MEA had 60 electrodes with an electrode diameter of 10 - 30 µm and inter-electrode spacing

of 200 µm. As described in [77], MEAs were first disinfected by 70% ethanol for 20 minutes

under laminar flow in a biohood and then rinsed with sterile de-ionized water. Similar to

that described in section 2.2.2, to obtain better cell adhesion, the center regions of the MEAs

were coated with 50 µg/mL of PDL in deionized water overnight. After the incubation with
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PDL, the arrays were then washed with sterile deionized water three times to remove any

excess PDL. The arrays were then coated at the center with 20 µg/mL of laminin for at

least an hour. Prior to cell seeding, laminin was removed from the MEAs.

3.2.3 Primary neuronal culture

The primary neuronal culture method was similar to that described in [85] and section

2.2.2. The procedure was approved by the Institutional Animal Care and Use Committee

of George Mason University (Fairfax, VA). Briefly, timed pregnant, embryonic day 17, CD-1

mice (Charles River, Wilmington, MA) were euthanized with carbon dioxide followed by

decapitation. Embryos were extracted in ice cold Leibovitz’s L15 (Life Technologies, Grand

Island, NY). Upon isolation of the frontal cortex, the tissue was stored up to 24 hours in

hibernate media (BrainBits, Springfield, IL) supplemented with 2% B27 (Life Technologies)

and 0.5 mM Glutamax (Life Technologies). Later, the hibernate media was removed, the

tissue was minced with scalpels and then dissociated through incubation with DNAase

and papain (Worthington Biochemical Corp., Lakewood, NJ) for 15 minutes followed by

mechanical trituration using disposable graduated pipettes (Fisher Scientific, Pittsburg,

PA). After centrifuging at 2500 rpm for 5 minutes, the supernatant was removed and cells

were re-suspended in culture medium. The cells were counted using a hemocytometer (Life

Technologies) and immediately seeded on MEAs at a density of 100,000 in a 50 µL culture

media droplet. The cell culture media and the maintenance of the cultured neurons are

already described in 2.2.2.

3.2.4 Extracellular recordings and analysis

All recordings were performed after at least 3 weeks in vitro to ensure that the neural

networks had reached maturity and consistency in activity. The multichannel extracellular

recordings were similar to that described in 2.2.3. The recording time for baseline as well

as all the following phases of the experiments was limited to 20 minutes for each phase.

During the recording session, the culture temperature was controlled at 37◦C.
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During extracellular recordings from the neuronal networks, the mean noise level was

calculated for each individual channel and a threshold was set at 5 standard deviations

from this mean. A spike was then detected if the signal surpassed this threshold. Channels

were considered to be active if the spike rate was at least 0.1 Hz. The recorded spikes from

each channel were sorted off-line into well-resolved units using Offline Sorter V.3 (Plexon

Inc.). The spike sorting method was based on the 2D principle component analysis of

spike waveforms followed by scanning K-Means to find and separate clusters. Each unit

presumably corresponds to the signal from an individual neuron. Consistent with [86], a

burst was defined as an occurrence of a minimum of 4 spikes seperated by no more than 75

ms. The minimum inter-burst interval was set to 100 ms.

3.2.5 Pharmacological exposure

Monomeric and oligomeric forms of Aβ42 were administered to the cultures on MEAs to

assess the changes in the spontaneous activity of the neuronal networks in response to dif-

ferent species of Aβ42. The oligomer was tested in concentration of 200 nM, 1 µM, and 5

µM; whereas the monomer was tested only in high concentrations of 5 and 10 µM. All of the

Aβ42 solutions were prepared immediately before the experiments. Prior work with Aβ42 on

neuronal cultures suggested a time-dependent effect [87]. Although our pilot studies did not

confirm such an observation, to determine possible alterations in the spiking activity due to

Aβ42 over time, we recorded the activity immediately, 4 and 24 hours after the Aβ42 admin-

istration. The NMDA-dependent activity was blocked by administering 10 µM D-2-Amino-

5-phosphonopentanoic acid (APV), a general blocker of NMDA receptors [76]. Similarly,

the AMPA-dependent activity was blocked by 10 µM of 6-Cyano-7-nitroquinoxaline-2,3-

dione (CNQX), an antagonist of AMPA/kainate receptors [13, 76]. To study the effects of

model therapeutics, either MB at the concentration of 200 nM or memantine at the concen-

tration of 20 µM were administered to the cultures. Two hours following the therapeutic

treatment, the cultures received 5 µM Aβ42 oligomer. In all scenarios, the activity of the

networks was monitored and recorded prior to and after administration of any reagents.

24



www.manaraa.com

Additional recording was performed 4 and 24 hours post Aβ42 exposure. Between recording

sessions, cultures were maintained in the cell incubator.

3.2.6 Live/dead assay

To measure the cytotoxicity of Aβ42 on cultured cortical neurons, Live/Dead Viability/

Cytotoxicity Assay Kit for mammalian cells (Life Technologies) was utilized. The proce-

dure was similar to that described in [77]. A mixture of 5 µL calcein AM, 20 µL ethidium

homodimer, and 10 mL DPBS was prepared for the assay. Neurons were treated either

with cell culture medium (negative control), or 70% methanol for 3 hours at 37◦C (positive

control), or with Aβ42 oligomer at concentrations of 200 nM or 5 µM for 24 hours at 37◦C.

After treatment, media was removed, 150 µL of the assay was added, and incubated at

37◦C for 30 min. After incubation, the neurons were imaged at 10x magnification with a

fluorescence microscope (Nikon eclipse Ti; Nikon Instruments, Melville, NY). The percent-

age of live cells was quantified using the ratio of the area occupied by live cells to the area

occupied by all cells (live and dead).

3.2.7 Data analysis

The spiking data were normalized to their baseline level activity. In the cases where more

than one drug was applied to a culture, the activity was normalized to the pre-Aβ level.

All statistical analysis was performed in either MATLAB (Mathworks Inc.) or IBM SPSS

Statistics (SPSS Inc.). The comparison of each group to the baseline level was done using

one-sample t-test. To compare between group effects, mixed-mode analysis of variance

(ANOVA) was utilized. In all case, P < 0.05 was considered significant. Data are expressed

as mean ± standard error of the mean (SEM).
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Figure 3.1: Neuronal cultures on microelectrode arrays form spontaneously active networks.
(A) 60-electrode planar MEA with inter-electrode distance of 200 µm and electrode diameter
of 10-30 µm. (B) Extracellular recordings registered from three electrodes of a MEA with
cultured cortical neurons. The recordings consist of different patterns of activity such
as tonic firing and synchronous bursting across the channels. (C) Optical image of the
population of neurons and glia on a MEA at day 14 in vitro. The controlled growth of
glia supports the longevity of the cultured neurons. The networks become fully mature
and maximally active 3 weeks after seeding. (D) Raster plots of a representative neuronal
network from 15 units prior (left) and after (right) the administration of 5 µM Aβ42 oligomer.
Each row represents the activity of one unit over time. The presence of a spike is shown by
a vertical black line.
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3.3 Results

3.3.1 Extracellular recordings from in vitro cortical networks

In total, 67 cultured neuronal networks in vitro derived from 10-11 mice were utilized in

this study. As shown in Fig. 3.1A-C, cultured neurons on MEAs formed dense networks

and became spontaneously active. The extracellular recordings were performed between

days 21 32 in vitro. The overall percentage of the active electrodes or yield was 61 ± 5%

(mean ± SEM). Based on [81], any neuronal network with the yield below 25% was not

considered sufficiently active for subsequent experiments. In the baseline recordings, the

overall spike rate was 3.7 ± 0.3 Hz and the number of bursts per minute was 7.3 ± 0.3, while

each burst had on average 11 spikes. All the reported measures were above the acceptance

criteria for an active neuronal network [81]. The average spike amplitude in each unit was

approximately 69 ± 9 µV peak-to-peak. Consistent with prior work, the cortical networks

showed synchronous bursting across a majority of the active channels. The signal-to-noise

ratio (SNR) for a unit was defined as the mean peak-to-peak spike amplitude over the root

mean square (RMS) value of the noise for the corresponding unit. The overall SNR for the

baseline recordings was 11.2 ± 0.2, suggesting the detection of well-resolved units from the

neuronal networks on MEAs in this study.

3.3.2 Functional responses to different forms of Aβ42

To compare the effects of Aβ42 monomer and oligomer, the neuronal cultures were exposed

at the concentration of 5 µM each. A raster plot of extracellular activity from a repre-

sentative culture before and immediately after administration of 5 µM Aβ42 oligomer is

shown in Fig. 3.1D. Along with the decrease in the spike rate, it can be seen that other

activity features such as synchronous bursting were affected by the oligomer. In most of

the experiments, the changes in the burst parameters and spike rate were consistent, so for

the rest of this report, we only focus on the spike rate.

As shown in Fig. 3.2, Aβ42 monomer failed to inhibit the spiking activity in the cultures
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Figure 3.2: Changes in the spike rate for two different forms of Aβ42 at 5 µM over 24h.
A significant reduction in activity only occurred for Aβ42 oligomer. All the network spike
rates are normalized to their baseline level activity. N = 7 networks for monomer and N =
6 networks for Aβ42 oligomer.

over 24 hours (N = 7 networks). However, in comparison, 5 µM Aβ42 oligomer significantly

reduced the normalized spike rate by approximately 60% from the baseline and the spike

rate remained consistently low after the 24 hours following initial exposure (P < 0.01, N =

6 networks). A pilot experiment was performed with Aβ42 monomer at the concentration

of 10 µM (N = 2 networks). Similar to 5 µM monomer, no reduction in the spiking activity

was observed with the higher concentration of the monomer (data not shown). Exposure

to oligomer concentrations at 200 nM (N = 4 networks) and 1 µM (N = 4 networks) failed

to alter the spike rate in a statistically significantly manner.

3.3.3 Testing Aβ42 oligomer cytotoxicity with live/dead assay

We examined the in vitro cytotoxicity induced by exposure to Aβ42 oligomer for 24 hours.

Fig. 3.3A-C show representative images of the Live/Dead assays performed on a negative

control (cell culture media), a culture treated with Aβ42 oligomer for 24 hours, and a positive

control (methanol). Negative controls showed 89.2 ± 8.7 % live cells (N = 4). Exposure
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Figure 3.3: Representative fluorescently labeled images of cultured neuronal networks ex-
posed for 24 hours to the negative control (A), 5 µM Aβ42 (B), and the positive control
(C). The green and red fluorescent labels are indicators of live and dead cells, respectively.
The quantified results do not suggest significant differences in the percentage of viable cells
for Aβ42 treated cultures compared to the negative control.

to 200 nM Aβ42 oligomer for 24 hours showed 75.2 ± 8.1% live cells (N = 4), a level not

significantly different from the negative control. Increasing the concentration to 5 µM Aβ42

oligomer did not induce any further cytotoxicity. After 24 hours of incubation, cultures

exposed to 5 µM Aβ42 oligomer showed 73.1 ± 3.8% (N = 4) live cells. The treatment

with the positive control showed substantial apoptosis and resulted in only 8.1 ± 4.3% live

cells (N = 5). Therefore, it is unlikely that the alterations in spike rate are associated with

cytotoxic effects of the oligomer.

3.3.4 The effects of Aβ42 oligomer on ionotropic glutamate receptors

To study the role of NMDA-mediated neuronal network activity in the effects of Aβ42

oligomer, cultures were first treated with 10 µM APV which is a NMDA receptor antagonist

that competitively blocks the glutamate binding site of NMDA receptors. As such, the

normalized spike and burst rates were reduced 32.3 ± 8.1 % and 28.4 ± 10.1%, respectively

(N = 3 networks). Considering the role of NMDA receptors in regulating the spontaneous

activity of neuronal cultures, such a reduction was consistent with the previously reported

findings [76, 88]. Administration of Aβ42 oligomer to the APV-treated cultures resulted in

significant reduction in the activity immediately after and 4 hours later, however the spike

rate was almost fully recovered to the pre-Aβ42 level after 24 hours. As shown in Fig. 3.4,
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when compared to pre-Aβ42 activity levels, the normalized spike rate in the cultures treated

with APV + Aβ42 was reduced to 31.2 ± 8.3 % immediately after Aβ42 administration.

The normalized spike rate was then increased to 35.1 ± 5.2 % and 88.4 ± 14.1% of the

baseline after 4 and 24 hours of Aβ42 exposure, respectively (N = 3 networks). These data

suggest blocking the NMDA receptors does not change the immediate and 4 hour effects of

Aβ42 oligomer on the activity of the neuronal cultures, however after 24 hours the effects

of the oligomer are in part NMDA mediated.

To study the role of AMPA/kainate receptors for the effects of Aβ42 oligomer, networks

were first exposed to 10 µM CNQX, a competitive antagonist of AMPA/kainate receptors.

Compared to the baseline, the normalized spike and burst rates after CNQX treatment

were reduced by 25.4 ± 7.1% and 18.1 ± 10.3%, respectively (N = 3 networks). The

subsequent treatment with 5 µM Aβ42 oligomer resulted in significant inhibition of the

activity immediately after the oligomer administration. As shown in Fig. 3.4, the normalized

spike rate reduced to 65.7 ± 6.5% immediately after the oligomer treatment and then

increased to 118.1 ± 10.5% and 101.3 ± 8.2% after 4 and 24 hours, respectively (N = 3

networks). These data suggest that AMPA/kainate receptor mediated transmission has

an integral role, either directly or indirectly, in the Aβ42 mediated inhibition of neuronal

network activity.

Control experiments were performed where either 10 µM APV or 10 µM CNQX (without

administration of Aβ) were applied to the cultures and the changes in the activity were

monitored over 24 hours. In both cases, no change in the activity was observed over time

(data not shown).

3.3.5 Responses to Aβ42 in the cultures pre-treated with model thera-

peutics

The normalized activity in the cultures remained almost unchanged after exposure to 200

nM MB, reaching 94.1 ± 12.5 % immediately after MB treatment. The administration

of Aβ42 oligomer in the MB-treated cultures resulted in a significant acute reduction in
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Figure 3.4: The effects of 5 µM Aβ42 oligomer on the spike rate of cultures which received
APV, antagonist of NMDA receptors; CNQX, antagonist of AMPA/Kainate receptors; or
Aβ42 only. Administration of Aβ42 oligomer to the APV-treated cultures resulted in signif-
icant reduction in the activity immediately after and 4 hours later, however the spike rate
was almost fully recovered to the pre-Aβ42 level after 24 hours. The Aβ42 oligomer caused
a significant inhibition in the activity in the CNQX-treated cultures only immediately after
treatment followed by an almost full recovery in the activity after 4h and 24h. For APV +
Aβ42 and CNQX + Aβ42, N = 3 networks each. N = 6 for Aβ42 oligomer only. ∗ denotes
statistically significant differences when compared to the pre- Aβ42 level.
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activity (Fig. 3.5). The normalized spike rate fell to 31.8 ± 4.1 %, well below the pre-Aβ

baseline level (P < 0.05, N = 4 networks) and consistent with effects of Aβ42 in the absence

of MB. However, within 4 hours, the activity level rose to 78.3 ± 16.5 % followed by a full

recovery 24 hours later with normalized spike rate at 114.2 ± 16.6 %. This did not appear

to be due to a slow excitatory effect of MB. Control experiments were conducted to monitor

the activity changes only due to MB over 24 hours. The normalized spike rate remained at

86.3 ± 11.4 % and 85.3 ± 24.1 % after 4 and 24 hours of MB treatment, suggesting MB

did not independently cause elevation in the activity levels. Therefore, the recovery in the

spike rate with MB suggests the suppression of Aβ effects in the presence of MB.

Application of 20 µM memantine to the cultures caused reduction in the activity by

48.1 ± 2.2 %, an effect consistent with its role as an open-channel antagonist of the NMDA

receptor [89, 90]. However, Aβ42 oligomer failed to induce any significant inhibition in

the memantine-treated cultures over 24 hours. Shown in Fig. 3.5, immediately after Aβ42

oligomer administration, the normalized activity was reduced to 57.3 ± 14.2 % and it

reached 108.2 ± 15.4% and 106.3 ± 8.3 % after 4 and 24 hours, respectively (N = 4).

Similar to MB, control experiments with 20 µM memantine showed a consistent spike rate

that persisted at 35% reduction for over 24 hours.

3.4 Discussion

In this work, we show that oligomeric rather than monomeric forms of Aβ42 induce elec-

trophysiologic changes to network level activity, without cytotoxicity, and that these effects

are reversed by model AD therapeutic agents. Our findings are consistent with prior work

demonstrating that the oligomeric form, compared to Aβ42 monomer, is the more neu-

roactive form. Our results suggest that inotropic glutamate receptors, AMPA/kainate and

NMDA, are both involved in the effects of Aβ42 oligomer. However, it is more likely that the

immediate effects of the oligomer on the activity of the networks are mainly AMPA/kainite

receptor mediated. Our findings demonstrating a neuronal network modulatory effect of
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Aβ42 oligomer are consistent with prior studies. Kuperstein et al. in [91] showed that 1

µM Aβ42 oligomer can rapidly and persistently depress spike activity in cultured hippocam-

pal neuronal networks. Varghese and colleagues [87] reported that hippocampal neuronal

networks on MEAs exhibit sensitivity to a multimeric formulation of Aβ42 at 20 µM.

Although several studies point to the neuroactive effects of Aβ42 oligomer, inconsistent

reports exist on the effective concentration of the oligomer ranging from nanomolar to

micromolar [92, 93]. Beside the differences in the cell types or experimental design, the

structure and order of the oligomer seems to be strongly but not linearly related to its

potency [94]. Despite the reports on high toxicity of low-order Aβ such as dimers and

tetramers, it is not fully clear how the peptide toxicity would change with the increase in

the oligomer order [49, 94, 95]. The synthesized peptides in our work were ∼20-mers and

reported to have a stable structure [83]. In contrast to the results reported in [87], the

highest dose of Aβ42 oligomer, 5 µM, in our experiments showed a constant effect over 24

hours which may be indicative of the stability of the oligomer formulation used in our study.

Our observations with monomeric Aβ42 do not suggest any inhibitory effects of monomer

at 5 µM. This finding is consistent with the prior work pointing to the neurotoxicity of

oligomer rather than monomer [96, 97]. In [98], LTP was not disrupted in presence of

the Aβ42 monomer whereas the oligomer caused inhibition of LTP. In cortical pR5 brain

cells, Aβ42 oligomer but not monomer reduced the mitochondrial function [60]. However,

Görtz et al. in [99] reported that networks, derived from cryopreserved rat cortical neurons,

exhibited transient reductions in spike activity with exposure to 1 µM of monomeric Aβ42.

Similar results were reported for monomeric Aβ42 at concentrations between 1 to 20 µM

[100]. Such inconsistency in the potency of the monomer might be due to the fact that the

monomer peptide in aqueous solutions contains a mixture of conformations which would

aggregate dissimilarly and thus result in different toxicity profiles [48].

The suppression in the effects of Aβ42 oligomer occurred with a delay in the cultures pre-

treated with the NMDA receptor antagonist, APV. This observation is consistent with pre-

vious reports that Aβ42 oligomer interferes with signaling pathways downstream of NMDA
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Figure 3.5: The effects of Aβ42 oligomer on neuronal activity in cultures treated with either
MB or memantine. For both MB and memantine, the activity level shows full recovery
to the pre-Aβ42 baseline within 4 hours of administration of the Aβ42 oligomer. (N = 4
networks for memantine + Aβ42 and MB + Aβ42, N = 6 for Aβ42 ). ∗ denotes statistically
significant differences when compared to the pre-Aβ42 level.
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receptors rather than direct calcium ion flux through the receptors [66, 73]. Additionally,

our results are consistent with the previous single-cell studies that Aβ42 oligomer has an

important role in disrupting AMPA receptor function. Parameshwaran et al. in [101]

demonstrated that 1.4 µM Aβ42 peptide significantly reduced the AMPA-specific currents

in area CA1 of hippocampus. It has also been suggested that the AMPA receptor subunit

GluR2 might be a binding site for Aβ42 oligomer [47].

We observed a recovery in activity after Aβ42 administration for cultures pre-treated

with either MB or memantine. MB has been shown to be effective for different medical

applications such as treating malaria, urinary tract infections, bipolar disorder, and most

recently in improving the cognitive functions of patient with AD [102–104]. Memantine has

also been reported to be effective in delaying the progress of AD [67]. An uncompetitive

NMDA antagonist, memantine is among the few FDA approved therapeutics for AD [105].

Although, different hypotheses have been suggested as to how memantine might reduce the

detrimental effects of Aβ oligomer, the exact mechanism of action for memantine in relation

with AD is still unclear [106–108]. Based on our results, the gradual recovery in the activity

over time for MB + Aβ cultures suggest MB plays a protective role against Aβ oligomer.

Prior work with MB in AD models demonstrate that MB reduces excess reactive oxygen

species [109,110], enhances mitochondrial function [111,112], and prevents the aggregation

of tau protein [113].

The application of memantine prior to Aβ42 oligomer resulted in almost full recovery of

the activity 4 hours after oligomer administration. This observation is consistent with the

notion that memantine sensitive classes of NMDA receptors are a possible target for Aβ42

oligomer. Comparing the results of memantine + Aβ42 with APV + Aβ42, it can be seen

that Aβ42 oligomer effects on the activity were further suppressed when cultures were pre-

treated with memantine. Such a difference in response to Aβ42 oligomer for memantine and

APV pre-treated cultures points to a more complicated interaction between the oligomer

and NMDA receptors.
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3.5 Conclusions

In summary, our findings show the suitability of neuronal cultures on MEAs as functional

assays for neurotoxicity assessment and drug screening in AD research. In this work, we

focused on the effects of Aβ42 oligomer on neuronal cultures and showed how two potential

therapeutics could reverse the functional effects of the oligomer. The MEA approach could

be adapted to achieve more specific in vitro models of AD. Recent studies suggest a strong

interplay between Aβ42 effects and another protein marker associated with AD, tau protein

[58,114,115]. The modulatory effect of Aβ42 and its dependence on tau could be validated by

MEAs using harvested tissue from tau-knockout mice. As such, the MEA-based functional

assay provides the potential to advance the development of new therapeutic tools for AD

by offering a high-content and adaptable platform.

Citation & Contributions:

This work is under review in the Brain Research as a full-length article:

• H.Charkhkar, S.Meyyappan, E.Matveeva, D.G. McHail, N.Peixoto, R.O.Cliff,

J.J.Pancrazio. Amyloid beta modulation of neuronal network activity in vitro. Brain

Res. Under review

HC wrote the paper. HC, SM, and DGM performed the experiments. HC analyzed the

data and generated the figures. EM and ROC synthesized and provided the oligomer. JJP,

HC, and NP designed the study. NP edited the manuscript. JJP revised the manuscript

and provided feedback on data visualization and analysis.

36



www.manaraa.com

Chapter 4: Effects of Aβ42 on functional connectivity of in

vitro neuronal networks

4.1 Introduction

As mentioned in previous chapters, the MEA approach is considered a high-content assay.

Recording extracellular spikes from MEAs provides us not only with information on single

units, but also allows us to investigate how certain activity patterns emerge in the network

and how different neurons within the network interact with each other. In chapter 3, we

utilized spike rate as a simple measure to evaluate the effects of Aβ42 on cultured neurons.

Although measures such as spike and burst rate are informative about the overall effects

of Aβ42, they offer little or no insight into the changes in functional connectivity among

the neurons that may result from administration of a compound. Such changes in the

connectivity are especially important because it has been suggested that Aβ42 disrupts the

synaptic transmission between neurons and alters the connectivity in different brain regions

[116,117]. As such, assessing the changes in the network connections in the in vitro model

would help examine the effects of Aβ42 on the cultured neurons in more depth.

A common method to investigate the functional connectivity among neurons in a cul-

tured neuronal network is cross correlation (CC) [88, 118, 119]. In CC, the spike train

from one neuron is shifted in time and compared against the another neuron’s spike train

to find the similarities between their spiking activities. However, CC does not identify

causal connectivity between two neurons and assumes linear dependency between their fir-

ing patterns [120]. In addition, CC shows marginal performance on the data collected from

inter-connected neuronal cultures [120]. For example, CC results in a large false positive

rate in the networks with high synchronous discharges across many neurons, a typical pat-

tern in in vitro cortical networks. Recently, Transfer Entropy (TE), an information-theory

37



www.manaraa.com

based method, has been shown to be more advantageous over CC to detect functional con-

nectivity of modeled neuronal networks [120,121]. In TE, the firing history of the neurons is

utilized to infer the probability of future firing. TE takes into account linear and nonlinear

interactions and provides information on causal dependencies between neurons [122].

In this chapter, we first demonstrate the higher performance of TE over CC in detecting

the connectivity in a modeled network where the “ground truth” connectivity is known. We,

then, investigate the changes in the functional connectivity in neuronal networks in vitro

in response to Aβ42. Two representative networks that were either treated with Aβ42 or

memantine + Aβ42 were utilized in the analysis. Our findings indicate that for the network

exposed to 5 µM Aβ42 oligomer the connectivity among the units was drastically reduced.

On the other hand, the memantine treated cultures showed minimal connectivity loss after

Aβ42 oligomer treatment.

4.2 Methods

4.2.1 Cross Correlation

All the spike train recordings were binned into binary strings. The CC between two neurons

was defined as:

CCxy(τ) =


N−τ−1∑
n=0

(xn+m)(yn) τ ≥ 0

CCxy(−τ) τ < 0

(4.1)

Where x and y are the spike train recordings from neurons A and B, respectively.

τ is the time lag and N is the total number of time bins. Ideally, if neuron A and B,

corresponding to spike trains x and y, show exact spiking activity without any delays, their

CC will be maximum at τ = 0. To evaluate the connectivity within a network of neurons

using this method, the CC function is evaluated for the spike trains of every possible pairs of

distinguished units in the neuronal networks recording. As suggested in [120], the maximum
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value of the CC function for every two units was considered as their connectivity strength.

4.2.2 Transfer entropy

The TE is defined as follows:

TEx→y =
∑

yt+1,y
n
t ,x

m
t

p(yt+1, y
n
t , x

m
t ) log

(
p(yt+1 | ynt , xmt )

p(yt+1 | ynt )

)
(4.2)

Where, similar to 4.2.1, x and y are the spike train recordings from neurons A and B,

respectively. xmt = (xt, xt−1, ..., xt−m+1) and ynt = (yt, yt−1, ..., yt−m+1), while m and n are

the order of the past time bins in the x and y spike trains, respectively. p(yt+1 | ynt , xmt )

denotes the probability of a future spike event conditioned to the past n and m observations

of the spike trains y and x, respectively. If neuron A and B are independent from each other,

xmt has not influence on yt+1, resulting in p(yt+1 | ynt , xmt ) = p(yt+1 | ynt ) which yields to

small TEx→y. On the contrary, large TEx→y values indicates the influence of x on y.

Consistent with [120, 123], we select m = n = 1 to reduce the complexity of the analysis

and increase the computational efficiency.

4.2.3 Modeled neuronal network

The modeled neuronal network was based on Izhikevichs network model [124], and consisted

of 10 neurons with random synaptic weights. The Izhikevich neuron model, an extension of

integrator-and-fire neuron model, is computationally efficient and capable of producing rich

firing patterns [125, 126]. The membrane voltage of every simulated neurons in this model

is described by the following equations:

v̇ = 0.04v2 + 5v + 140− u + I

u̇ = a(bv − u)

(4.3)
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Where v represents neuron’s membrane voltage and u is the membrane recovery vari-

able which provides a negative feedback to the membrane voltage. v̇ and u̇ are the time

derivatives of v and u, respectively, where I is the synaptic input to the neuron. The mem-

brane voltage and the membrane recovery variables are reset after occurrence of an action

potential as follows:

if v ≥ 30 mV, then


v← c

u← u + d

(4.4)

In equations 4.3 & 4.4, the coefficients a, b, c, and d determine the firing rate and

pattern [126]. To achieve a regular spiking, the parameters were initialized to a = 0.02,

b = 0.2, c = −65, and d = 8. The modeled network consisted of both excitatory and

inhibitory neurons and was generated using these initial values. However, the parameters

were randomly varied around the initial values to achieve non-identical firings for each

neuron in the network (see [124] for details).

4.2.4 Connectivity of Aβ42 oligomer treated cultures

To assess the changes in the functional connectivity due to Aβ42 oligomer, neuronal networks

that were either treated with Aβ42 oligomer or Memantine + Aβ42 oligomer were utilized (n

= 4 networks for each scenario). The TE connectivity map was calculated for the recordings

from pre-Aβ42 (baseline), immediately and 24 hours after Aβ42 oligomer administration. To

quantify the overall changes in the connectivity, we defined a measure called Connectivity

Index (CI). In every recordings that connectivity matrix was calculated, the elements of the

matrix were summed up. The CI was then defined by normalizing the summation values

to their corresponding baselines. The time window for the connectivity analysis was set to

600 s for all the analyzed recordings.
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Figure 4.1: CC and TE methods were utilized to examine the connectivity among neurons
in a modeled neuronal network. The connectivity maps obtained by CC (A) and TE (B)
versus the ground truth (C). The modeled network consisted of 10 neurons with random
synaptic weights to every neuron.
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4.3 Results and Discussion

4.3.1 The performance of CC and TE on modeled neuronal network

Figs. 4.1A&B show the normalized connectivity maps obtained by CC and TE methods for

the simulated network of 10 neurons. The true connectivity map, the normalized synaptic

weights to every neuron in the model, is also depicted in Fig. 4.1C. As predicted, CC showed

a relatively poor performance in detecting the connectivity in the network (Fig. 4.1A). Based

on the CC results, the majority of the neurons in the network are highly connected to each

other indicating a large false positive rate for this method. On the other hand, despite

some misclassifications, TE provides a more realistic connectivity map of the network. To

compare the performance of the two methods, similar to [120,127], we first plotted Receiver

Operating Characteristic (ROC) curves (Fig. 4.2) and then calculated Area Under the

Curves (AUCs) for each method. An ROC curve shows the true positive rate (TPR) versus

the false positive rate (FPR). When an algorithm correctly identifies all the connections,

the true positive rate is 100% and the false positive rate is 0% resulting in a high (∼ 1)

AUC. In contrast, as the number of the false positives grows, the AUC becomes smaller

(∼ 0) suggesting a poor performance for the method. Based on Fig. 4.2, the AUCs for

CC and TE were 0.63 and 0.75, respectively. Consistent with previous reports, our results

confirm a better performance for the TE method compared to CC. In addition, we show

the correlations between the synaptic strengths calculated by CC and TE versus the ”true

connectivity” strengths (Fig. 4.3). In the ideal scenario, the estimated connectivity strengths

plotted versus true connectivity values should fall on a diagonal line between (0,0) and (1,1)

indicating the estimates are equal to true values. In Fig. 4.3, compared to CC, the fitted

line for the TE method is more diagonal suggesting a higher correlation between the TE

estimated values and ground truth.
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Figure 4.2: The ROC curves to compare the performances of CC and TE methods on the
simulated neuronal network.The dashed diagonal line corresponds to random guess. The
dashed diagonal line corresponds to a complete random guess suggesting the performance
of a method which can not discriminate between true and false positives.

Figure 4.3: Correlations between the synaptic strengths calculated by CC (A) and TE (B)
versus the ”true connectivity” strengths. The dashed lines show the fitted lines to the data
using least-squares method. Compared to the CC, the estimates obtained by TE method
shows higher correlation to the true synaptic strengths.
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Figure 4.4: The changes in the functional connectivities of a representative network in re-
sponse to 5µM Aβ42 over 24 hours. The connectivity maps of the baseline (A), immediately
(B) and 24 hours after (C) the Aβ42 administration.
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Figure 4.5: The connectivity index(CI) for cultures treated with either 5µM Aβ42 or me-
mantine + Aβ42. Compared to spike rate, CI seems to be a more sensitive measure to
examine the effects of Aβ42 oligomer and memantine. n = 4 networks in each scenario,
error bars indicate SEM.

4.3.2 Changes in connectivity due to Aβ42

Considering the better performance of TE compared to CC, we chose the former to in-

vestigate the changes in a representative network due to the administration of 5µM Aβ42

oligomer over 24 hours. Fig. 4.4 shows the connectivity maps before, immediately and 24

hours after Aβ42 oligomer administration. It can be seen that Aβ42 oligomer greatly affected

the functional connectivity among the units in the network. As shown in Fig. 4.5, the CI

values were 0.31± 0.04 and 0.30± 0.07 for immediately and 24 hours after Aβ42 oligomer,

respectively (mean ± SEM, n = 4 networks). However, the normalized spike rates for the

same cultures were 0.47 ± 0.06 and 0.59 ± 0.07 at the same time points. The difference

between the CI values and the normalized spike rate changes suggest that CI is a more

sensitive measure to examine the effects of Aβ42 oligomer.
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Figure 4.6: The protective role of memantine against the effects of Aβ42 on connectivity.
The connectivity maps for a representative network pre-treated with memantine before (A),
immediately (B) and 24 hours after (C) the Aβ42 administration.
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4.3.3 Protective role of memantine against the effects of Aβ42 on connec-

tivity

As we showed in section 3.3.5 the reduction in the spike rate after memantine + Aβ42 was not

significant from the baseline and the activity level showed full recovery after 24 hours. Our

analysis of the functional connectivity of the network pre-treated with memantine confirms

minimal changes after Aβ42 over 24 hours (Fig.4.6). The CI values, shown in Fig. 4.5, were

0.73 ± 0.05 and 1.15 ± 0.18 immediately and 24 hours after Aβ42, respectively (mean ±

SEM, n = 4 networks). Although, the connectivity map for 24 hours suggest formation of

some new connections, a control study should be performed to examine the spontaneous

changes in the connectivity of neuronal cultures over period of 24 hours.

4.4 Conclusions

The information-theory based method, TE, showed better performance over CC in detect-

ing the connectivity in a modeled neuronal network. We also showed that the functional

connectivity would be largely affected in a neuronal culture after administration of Aβ42

oligomer. On the other hand, the memantine treated cultures showed minimal connectivity

loss after Aβ42 oligomer administration.

Although TE showed better performance over CC for the modeled neuronal network,

both methods suffer from limitations. In both methods, it is assumed that spike trains

are stationary i.e. their statistical properties do not change with time. This assumption

is hard to justify considering the stochastic nature of neuronal firings and their possible

time-varying responses to external stimuli. In addition, the discussed methods are limited

to the evaluation of interactions between pairs of neurons whereas a multivariate analysis

seems more appropriate in studying the interactions among group of neurons [128]. In the

TE method, the choice of bin width and the number of past bins could affect the overall

results and as such it is hard to find an optimal value for these parameters.

Novel methods such as pattern searching algorithms that can evaluate the neuronal
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interactions among ensemble spiking activities are desired to extract the embedded infor-

mation in the MEA recordings. Such multivariate methods that could incorporate multiple

spike train analysis might expand our ability to reliably detect and quantify connectivity

within a neuronal network.
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Chapter 5: Use of cortical neuronal networks for in vitro

material biocompatibility testing

5.1 Introduction

The international standard ISO 10993 provides regulatory guidance aiming to ensure that

new biomedical devices consist of materials that are biocompatible. As described in ISO

10993-5, consideration of new medical device materials typically begins with in vitro testing

where cytotoxicity serves as the main endpoint. In general, cytotoxicity testing is consid-

ered to be a standardized and sensitive approach to assess whether or not a novel material,

or residual reagent used in the fabrication process, can induce deleterious biological ef-

fects. While a negative cytotoxicity test result does not necessarily imply suitability of the

material for in vivo use, these tests can be useful to identify reactive materials. The stan-

dard describes systematic methods of exposing materials or material extractions to cells for

multiple cell viability assays.

In clinical settings, implantable devices are being increasingly used to provide thera-

peutic neuromodulation to individuals suffering from neurological disease and injury. In

addition, emergent devices such as implantable MEAs for brain machine interface applica-

tions leverage advances in fabrication and material science to achieve microscale systems

[129–131]. Clearly, materials which are enabling for these novel implantable devices should

neither induce cytotoxicity nor negatively influence the function of neuronal tissue.

In the present study, we examine the utility of living neuronal networks as functional

assays for in vitro material biocompatibility. Neural tissue derived from primary murine

dissection can be cultured on substrate-integrated MEAs to form functional networks. Such

networks are spontaneously active and action potentials or neuronal firings can be monitored

via the MEA. Previous work has demonstrated that neuronal networks cultured on MEAs
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provide a valuable platform for neurotoxicology [7, 74, 132–134] and neuropharmacology

[76, 135, 136]. Spike firing rate, amplitude, bursting, and synchronization of firing among

neurons, or units, can be readily observed and quantified [5,80,137]. Systematic analysis of a

large set of chemical compounds across several laboratories demonstrated the reproducibility

and reliability of the MEA method [81].

Given the well documented use of frontal cortex derived neuronal networks for neu-

ropharmacological applications [76, 81, 135], we examined the utility of frontal cortex net-

works for functional testing of biomaterials. We describe a method for exposing networks

which provides 1) stable neuronal activity under control conditions, and 2) consistency with

ISO 10993-5 guidance. Using materials considered either conductive or insulating, exposure

to established negative controls failed to significantly alter neuronal network activity while

positive controls elicited marked reductions in spike firing rate. We validated our method

against an established cytotoxicity measure using L929 fibroblast cells and show that neu-

ronal networks exhibit enhanced sensitivity to positive control materials. Lastly, we report

the functional neurotoxicity of tungsten, a common microelectrode material, and two con-

ducting polymer formulations that have been used to modify microelectrode properties for

in vivo recording and stimulation.

5.2 Material and Methods

5.2.1 Materials and sample preparation

The testing materials were divided into two categories: conductor and insulator. For each

category a positive and negative control material was selected. For conductors, gold (Au)

and copper (Cu) and for insulators, polyethylene (PE) and polyvinyl chloride (PVC) were

chosen as negative and positive controls, respectively. The choice of control materials was in

line with the ISO 10993-12 standard as well as prior work on the cytotoxicity of implantable

devices [138]. According to the same standard, a positive material is one that, when tested

by a specific procedure, will cause a reactive response while a negative control will induce
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a non-reactive or minimal response under the same test procedure. In addition to positive

and negative controls, the functional assay was used to test three other materials including

tungsten (W), PEDOT-PSS, and PEDOT-PSS-CNTs.

For Au, W, and Cu, thin films were deposited onto 8 mm x 10 mm rectangular silicon

(Si) coupons using the following process. 100 mm diameter wafers of (100) Si (Wafer

World, West Palm Beach, FL) were cleaned using a standard RCA clean process [139] and

then placed in a 4-pocket E-beam evaporator and loaded with ceramic crucibles containing

titanium (Ti) and either Au, W, or Cu, respectively. 500 Å of Ti was evaporated onto the

surface of the Si as it allows the target metals to attach to the surface of the Si. 5000 Å of

the target metal was then evaporated onto the Ti film surface. The wafers were removed

from the evaporator and diced into 8 mm × 10 mm rectangular coupons using a dicing saw

equipped with a diamond blade. The samples were then solvent cleaned ultrasonically in

acetone and isopropanol followed by a de-ionized water rinse.

A bulk high density polyethylene (PE) sheet was purchased from Ridout Plastics Co.

Inc. (San Diego, CA) and cut into the 8 mm × 10 mm rectangular coupons using a

dicing saw. Tygon F-4040-A tubing designed for use with fuels and industrial lubricants,

which consists of polyvinyl chloride (PVC) with a plasticizer, was used as a positive control

material [138].

PEDOT-PSS and PEDOT-PSS-CNTs were electrochemically deposited on gold coated

8 mm × 10 mm Si coupons using both galavnostatic and potentiostatic techniques [140,141].

Prior to electrochemical deposition, Au coated coupons were first rinsed in de-ionized water

and then cleaned by voltammetric cycling in 0.1 M H2SO4 from 0 to 1.2 V. All the samples

were sterilized by ethylene oxide exposure for 12 hours.

5.2.2 Microelectrode array preparation

The MEA preparation is already described in section 3.2.2.
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5.2.3 Cell culture

Fibroblast culture

Mice fibroblast cells, NCTC clone 929 (strain L) which are commonly known as L929

mouse fibroblasts were obtained from ATCC (Manassa, VA) and then cultured in Dulbeccos

Minimum essential medium (DMEM) (Life Technologies, Grand Island, NY) supplemented

with 10% fetal bovine serum (FBS) (Life Technologies), 2 mM GlutaMAX-I CTS (Life

Technologies), and 1% antibiotic/ antimycotic solution (Sigma-Aldrich, St. Louis, MO).

The L929 cells were cultured in 75 cm2 tissue culture flasks (CytoOne T75 filter cap; USA

Scientific, Ocala, FL) in a water jacketed incubator at 37◦C, 95% relative humidity, and 5%

CO2. The L929 cultures were maintained within the flask, receiving a 50% media change

every two days until they were required for a cytotoxicity assay or the culture confluence

level exceeded 90%.

Primary neuronal culture

The primary neuronal culture procedure is already described in section 3.2.3. However, to

avoid overgrowth of glial cells, both FBS and HS were removed at day 3 and the cultures

were thereafter maintained by a 50% media exchange twice a week for at least 21 days.

The resulting cultured neuronal networks consist of multiple cell types which are native to

the tissue of origin. Specifically, these networks consist of GABAergic and glutamatergic

neurons as well as supporting glial cells.

Fibroblast cytotoxicity assay and analysis

The rectangular samples with effective surface area of 0.8 cm2 were placed in a polystyrene

12 well plate (USA Scientific) with 267 µL of complete DMEM media to maintain the

3cm2/mL ISO 10993-5 extract concentration. The 3.56 mm OD, 2.03 mm ID Tygon F-

4040-A PVC tube was cut to a length of 14 mm (surface area of approximately 3 cm2),

and placed inside 1 mL of the complete DMEM media. The 12-well plate was sealed
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with Parafilm M c© (Fisher Scientific) and placed on a 55S single platform shaker (Reliable

Scientific, Inc., Nesbit, MS) inside a hot room maintained at 37±1◦C for 24 hours ± 1 hour.

The extract media was then diluted with complete DMEM media to develop the various

testing concentrations utilized for this study.

Fibroblasts were harvested from the flasks by first removing the media and rinsing three

times with sterile phosphate buffered saline (PBS), then 2 mL of a 0.25% trypsin/ 0.02%

EDTA solution (Sigma-Aldrich,) was added to the flask and then incubated at 37◦C for 5 to

10 minutes. Once the cells released from the surface of the flask, 6 mL of cell culture media

was added to the trypsin solution and then relocated into a 15 mL capped conical tube

(USA Scientific). The tube was centrifuged at 400 x g for 5 minutes to form a pellet. The

supernatant was removed, and the cells were re-suspended in 10 mL of fresh cell culture

media. Cell counts were obtained with a hemocytometer and 1.8×104 fibroblasts were

seeded into each well of a CytoOne TC 96 well plate (USA Scientific). 100 µL of complete

media was added into each well and incubated using the same parameters as discussed in

section 5.2.3. After 24 hours, all media was removed from each of the wells and replaced

with extract media. To determine dose response profiles, extract media was diluted with

extract free media and exposed to the cells. The baseline for cytotoxicity tests was set based

on the reactions of the cells to extract free media.

To measure the cytotoxicity for fibroblasts, Live/Dead Viability/Cytotoxicity Assay Kit

for mammalian cells (Life Technologies) was utilized. Live cells metabolize non-fluorescent

calcein AM into green-fluorescent calcein which appears throughout their cytoplasm. Red

fluorescence indicates the presence of ethidium homodimer which penetrates compromised

membranes and binds to the DNA in the nucleus, indicating dead cells. The presence of

granulated green calcein and red ethidium homodimer in the same cell is an indicator of

apoptosis. To perform the assay, a mixture of 2.50 µL calcein AM, 3.75 µL ethidium ho-

modimer, and 5 mL PBS was first prepared. Extraction media was removed from each

well, 50 µL of the assay was added, and incubated at 37◦C for 15 minutes. After incuba-

tion, the wells were observed under an Axio Imager M2 fluorescent microscope (Carl Zeiss,
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Oberkochen, Germany). Digital photographs of each well were captured by an Axiocam

Imaging system (Carl Zeiss ) at 10X magnification for cell counting and measuring the area

covered by the cells (i.e. level of confluence). The cells were additionally imaged at 50X

magnification for cell morphology and lamellipodia/ filopodia extensions. The cell count

and confluence was calculated using the Zen Software (Carl Zeiss, Oberkochen, Germany).

Cell count data were normalized to the mean of the counts obtained from extract free wells.

5.2.4 Functional assays and analysis

All recordings were performed after at least 3 weeks in vitro to ensure that the neural

networks had reached maturity and consistency in activity. The multichannel extracellular

recordings were similar to that described in 2.2.3. In order to increase the number of simul-

taneous experiments, another MEA data acquisition system, MEA2100-32 (Multi Channel

Systems, Reutlingen, Germany), was also utilized. The MEA2100-32 had only 32 channels

with sampling rate per channel of up to 50 KHz. In both recording systems, the culture

temperature was controlled and set at 37◦C.

Extracts of materials were prepared by incubating 1 ml serum-free cell culture media

for every 3 cm2 of material sample (according to ISO 10993-12 and ISO 10993-5) in 35 mm

diameter polystyrene petri dishes (Fisher Scientific) at 37◦C for 24 hours under constant

agitation using a laboratory shaker (Genemate; BioExpress, Kaysville, UT). Control ex-

tracts also underwent the same procedures except they were incubated with material-free

cell culture media.

Complete media change was performed 24 hours before baseline recording to rule out any

effects due to media replacement itself. The exposure paradigm, as depicted in Figure 5.1,

consisted of baseline recordings followed by exposing the culture to the extracts with 100%

media change and measuring the activity again 24 hours later. The 24 hour period between

the recordings was adapted from standard ISO 10993-5. The cultures were inspected under

an optical microscope before every recording session to identify any obvious morphological

changes or signs of media contamination.
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Figure 5.1: Exposure paradigm for functional toxicity testing using cultured neuronal net-
works.

During extracellular recordings from the neuronal networks, the mean noise level was

calculated for each individual channel and a threshold was set at 4.5 - 5 standard deviations

from this mean. A spike was then detected if the signal passed this threshold. Recording

sessions were 30 minutes long and channels with spike rates above 0.1 Hz were considered

active. The recorded spikes from each channel were sorted off-line into well-resolved units

using Offline Sorter V.3 (Plexon Inc.) based on the method described in section 3.2.4.

Consistent with [142], our quantification for functional neurotoxicity focused on the deter-

mination of mean spike rate across each network. Exposure data were normalized to the

corresponding baseline levels measured before exposure to the material sample.

5.2.5 Dose-response curve fitting

Dose-response curves for the positive controls (i.e., PVC and Cu extracts) were calculated

for both assays. For each assay, the responses corresponding to different concentrations

were tted to the following sigmoid function:

R =
Rmax

1 + ( D
EC50

)nH
(5.1)

where Rmax was the maximum mean spike rate (maximum response), EC50 was the half

maximal effective concentration, D the extract concentration and nH is the slope factor
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or Hill coefficient [143]. For Cu extracts, in order to relate the EC50 value to actual

concentration of Cu ions in the extract, the molarity was determined by using a copper ion-

selective electrode (Cole Parmer, Vernon Hills, IL) and a pH/ion meter (Fisher Scientific).

5.2.6 Statistical analysis

All statistical analysis was performed using MATLAB Statistics Toolbox Version 7.10

(Mathworks, Natick, MA). Data are expressed as mean ± SEM. Students t-test was used

to compare any two sets and P < 0.05 was considered statistically significant.

5.3 Results

5.3.1 In vitro cytotoxicity of positive and negative controls using L929

fibroblasts

Using established negative (Au, PE) and positive (Cu, PVC) controls; we examined the in

vitro cytotoxicity of material extracts using fibroblasts in an exposure protocol consistent

with regulatory guidance. Fig. 5.2 shows representative images obtained from the Live/Dead

assays performed on 100% extracts derived from the conductor and insulator materials. 24

hours after exposure to the 100% extract, there is little morphological difference between

the cells cultured with extracts of Au (Fig. 5.2A), PE (Fig. 5.2B), and regular media (data

not shown). Overall, there appeared to be very few lysed or apoptotic cells after exposure

to the negative control material extracts. In contrast, the majority of L929 cells exposed to

Cu (Fig. 5.2C) and PVC (Fig. 5.2D) appeared lysed or in the process of apoptosis which is

consistent with the expected results for positive control material extracts.

Results from the Live/Dead assay support the cell culture images where extracts from

neither Au nor PE displayed cytotoxic effects, but both Cu and PVC did. Figure 5.3 shows

the normalized results (mean ± SEM) of cell counts for viable cells exposed to the four

materials. According to ISO 10993-5, exposure to materials that result in a 30% reduction

in viability indicates that material is potentially cytotoxic. At 100% extraction, Au and
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Figure 5.2: Images of representative Live/Dead assay results using L929 mouse fibroblasts
24 hours after being exposed to 100% extracts of conductor and insulator materials. The
reaction of L929 cells to 100% media extractions to A) gold (Au) B) polyethylene (PE), C)
copper (Cu), and D) polyvinyl chloride (PVC). Live cells are green, dead cells are read, and
cells that are both red and green are in the process of apoptosis. Each image shows an inset
which was used to count the cells and confluence level (the scale bar is 200 µm), while the
higher magnification image allows examination of cellular morphology and relative surface
attachment.
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Figure 5.3: Bar graphs showing the minimum level of material extract exposure that L929
cells need to pass the viability requirements of ISO 10993-5 cytotoxicity testing. Cell viabil-
ity data are shown as the mean and SEM of the test normalized to the baseline, cell-treated
polystyrene. Exposure to 100% extracts from negative control materials gold (Au) and
polyethylene (PE) show high fibroblast viability whereas exposure to extracts from positive
control materials copper (Cu) and PVC resulted in very low cell viablity The red dashed
line at 70% indicates the maximum deviation of viability from baseline as directed by ISO
10993-5.

PE exhibited 73.3 ± 7.6% (N = 11) and 76.4 ± 10.8% (N = 13) viability, respectively,

compared to cell treated polystyrene (CTPSt) controls. In contrast, only low percentage

extracts from positive control materials Cu and PVC satisfied the standard. Cu passed the

cytotoxicity test (73.1± 13.1% relative viability, N = 9) at an extract concentration of 13%,

and PVC was considered not cytotoxic (77.6 ± 2.8% relative viability, N = 9) at an extract

concentration of 7%. As expected, 100% extracts from the positive control materials Cu

and PVC produced considerably lower cell viability of 2.2 ± 1.5% (N = 15) and 11.2 ±

3.1% (N = 9), respectively (Fig. 5.3).

By systematic dilution of the material extracts, we more completely examined the dose

dependent effects of the positive controls Cu and PVC. The dose response curves for different
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Figure 5.4: Normalized fibroblast viability as a function of media extraction concentrations
for positive control materials Cu (left) and PVC (right). In both materials, N ≥ 6 for each
concentration.

media extraction concentrations of Cu and PVC are shown in Fig. 5.4. The EC50 values

derived from curve fitting for Cu and PVC were 17.2% and 15.7%, respectively. The Hill

coefficients were also 3.0 and 1.9 for Cu and PVC, respectively.

5.3.2 Frontal cortex neuronal networks

The frontal cortex data consist of measurements from 1202 total units over 41 networks

cultured from 14 different mice. On these MEA substrates, neuronal networks typically

show a carpet of cells (Fig. 5.5A) and exhibit consistent, well resolved single units after

three weeks in vitro (Fig. 5.5B). In total, MEAs had the yield, defined as the percentage

of active electrodes, of 56 ± 4% (mean ± SEM). The average single unit amplitude was

approximately 70 ± 2 µV peak to peak, and the mean spike firing rate was 3.0 ± 0.4 Hz.

Consistent with prior work, unit activity occurred in both single spikes and bursts [5,80,137]

where coordinated activity was readily apparent (see Fig. 5.5C). The SNR ratio was defined

as the ratio of peak-to-peak spike amplitude to the standard deviation of baseline noise.

The mean SNR value for the detected spikes was 9.5 ± 0.21, indicating that single units
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Figure 5.5: Frontal cortex neuronal network cultured on an MEA producing spontaneous
single unit or spike activity. A) Neurons extend processes and form a mature network within
3 week, B) sorted action potentials from a representative microelectrode channel of a MEA
with 3 well-resolved units, C) raster plot from 15 representative units from the same MEA
which shows typical extracellular activity of a frontal cortex culture.

could be well resolved in our experiments.

5.3.3 Functional neurotoxicity of positive and negative controls

Sample-free extracts, which had no material samples at the time of preparation, were ex-

posed to neuronal cultures to determine the effect of feeding and test procedure on possible

changes in their activity. The normalized spike rate after exposure to such extracts was

1.11 ± 0.07 (N = 5 networks, mean ± SEM), indicating that the process of media exchange

under the exposure protocol did not induce significant changes in spike activity. Note that

the stability of this metric is dependent on network maturity. Initial tests performed with

networks younger than three weeks in vitro showed larger fluctuations in mean spike rate
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Figure 5.6: Effects on neuronal network activity 24 hours after exposure to the negative
and positive control material extracts. For positive controls, the responses to lower extract
concentrations are shown because exposure to 100% extracts wiped out the activity for all
the networks. The spike rates were normalized to the baseline activity measured prior to
adding the extracts. Data are shown as mean normalized spike rate and SEM for N = 5
networks for negative controls and N = 3 networks for the positive controls.

with media replacement.

Exposure to extracts derived from negative control materials failed to alter the neuronal

network spike firing rate. Application of extracts from Au and PE at 100% media extraction

did not significantly affect neuronal network firing and cortical cultures maintained their

typical synchronous bursting (Fig. 5.6 and 5.7). For all of the experiments, network activity

recorded 24 hours after extract exposure was normalized to the baseline (pre-exposure)

activity. The normalized spike rate for Au and PE was 1.08 ± 0.06 and 0.93 ± 0.07,

respectively (N = 5 networks for each material).

In contrast, exposure to extracts derived from positive control materials resulted in a
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significant reduction in the mean network spike rate. Cu and PVC extracts at 100% concen-

tration completely blocked the activity (data not shown). Therefore, lower concentrations

of positive extracts were tested on functional assays to determine if neuronal spiking could

persist. For Cu, extract concentrations above 5% eliminated all spike activity whereas 0.1%

or below had no observable effect on the activity. As shown in Fig. 5.6, 0.5% Cu extracts

resulted in a 52 ± 3% reduction of spike rate (N = 3 networks). For exposures to PVC

extracts, the activity dropped by 63 ± 1% after applying the 30% extracts (N = 3 networks,

Fig. 5.6), but no reduction was observed for 1% extracts. The raster plots shown in Fig. 5.7

suggest that the overall reduction in spike rate with exposure to positive control material

extracts was accompanied with changes in burst and synchronization dynamics. The dose

response curves based on functional assay responses are shown in Fig. 5.8. The EC50 values

derived from curve fitting for extracts from Cu and PVC were at 0.4% and 18%, respec-

tively. The Hill coefficient for the Cu curve was 1.3 and it was 1.1 for PVC curve. For Cu

extracts, the molarity of Cu2+ ions at EC50 concentration was found around 145 µM which

was consistent with previously reported levels of Cu toxicity in primary cortical cultures

[144] and cerebellar cultures [145].

To quantify the suitability of the functional assay, Z’-factor as a measure of assay perfor-

mance was calculated [146]. For the Z’-factor, a value between 0.5 to 1 is an indicator of an

excellent assay whereas values between 0-0.5 reflect a marginal assay [147]. The estimated

Z’-factor for the functional assay was 0.65 which suggests the high quality of such an assay

for screening purposes.

5.3.4 Functional neurotoxicity of conducting materials

In addition to control materials, three conducting materials including tungsten, PEDOT-

PSS, and PEDOT-PSS-CNT were examined by the functional neuronal network assay.

Tungsten has been commonly used in neuronal implants for brain-computer interface appli-

cations [148–150]. Materials with nanostructures such as PEDOT-PSS and PEDOT-PSS-

CNTs have recently attracted a lot of interest in neuronal interfaces as they have shown
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Figure 5.7: Raster plots of 60s activity for 6 representative units after exposure to extracts
derived from control materials. 100% extracts from negative controls (Au or PE) did not
alter typical pattern of activity for frontal cortex network. However, spike rate was decreased
after application of Cu and PVC extracts.

improvement in neuronal recordings and provided more effective electrical stimulations to

the brain tissue [140, 151–153]. As shown in Fig. 5.9, neither 100% PEDOT-PSS-CNT ex-

tract nor 100% PEDOT-PSS extract produced a statistically significant reduction compared

to baseline. In contrast, the normalized spike rate after exposure to tungsten extracts fell

to 0.66 ± 0.11 (P < 0.05).

5.4 Discussion

The use of living neuronal networks cultured on MEAs for pharmacological and toxicolog-

ical studies has been well established [74, 75, 81, 135]. For the first time, the present study

extends the utility of this approach to biomaterial testing applications, in particular for

materials intended for implantable neural interfaces. Emerging applications of neural inter-

faces include MEA technology where the ability to record spike activity is a key feature. By

relying on the analysis of spike activity as an end-point, this approach to material testing

provides a highly relevant and sensitive measure to the functionality of such devices.
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Figure 5.8: Neuronal network functional assay dose response curves for PVC and Cu ex-
tracts. Data are mean ± SEM (N = 3 networks at each concentration of each material
extract).

The exposure paradigm utilizing extracts from culture media we have described is con-

sistent in time and dilutions with the established ISO 10993-5 methodology. While the

positive and negative controls elicited effects in cultured neuronal networks that were in

line with the L929 fibroblast cytotoxicity findings, the neuronal networks appeared to be

more sensitive to Cu as a positive control. It has been shown that Cu ions lead to for-

mation of reactive oxygen species in cellular microenvironment that cause oxidative stress

and apoptosis [154]. Comparing to other cell lines, neurons are highly sensitive to oxidative

stress [144]. Such higher sensitivity could be a reason for the large difference in response to

Cu between the conventional L929 and functional neuronal assays.

Consistent with prior work, neither PEDOT-PSS [155, 156] nor PEDOT-CNT [157]

materials demonstrated functional toxicity using the neuronal cells in vitro. Interestingly,

tungsten, which is commonly used as a conductor for implantable microelectrodes, produced

a significant reduction in spike activity. Our observations are consistent with recent work

demonstrating the relative toxicity of tungsten in neuronal cells [158]. In addition, concern

has been recently expressed regarding the stability of tungsten microelectrodes for long-term
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Figure 5.9: Changes in the network activity after 24 hours exposure to extracts derived
from three different conducting materials. The mean spike rates were normalized to the
baseline activity. Data shown as mean ± SEM, N = 3 networks for each material.* indicates
statistically significant difference at P < 0.05

in vivo recordings where localized toxicity due to tungsten corrosion may impede long-term

recordings [159].

A wide range of neural cell types has been previously used to assess the biocompati-

bility of materials in vitro. A common choice has been tumor derived neural cells such as

neuroblastoma or primary neuronal cultures [160–162] with endpoints that include neurite

extension and the expression of neural specific proteins such as MAP2 and neurofilament

200. Relevant to our work, primary neuronal culture has been shown to exhibit a markedly,

albeit qualitatively, higher level of complexity and relevance over immortalized cell lines

[70]. In addition, primary derived neurons offer the opportunity to include functional phys-

iological measures of neural activity which are directly relevant to brain-machine interface

applications.

While in vitro cytotoxicity testing is a valuable and standard initial step, it is not

sufficiently predictive for in vivo biocompatibility. Clearly, any material, or residual reagent

used in fabrication, that induces toxicity in vitro is likely to induce deleterious effects in
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vivo, however the converse is not necessarily true. According to ISO 10993, to evaluate the

biological effects of an implantable device, a series of at least 6 additional tests must be

performed to more completely assess biocompatibility. We suggest that use of in vitro tests

will reduce the number of animal tests necessary to develop and refine novel materials for

biomedical applications.

A limitation to the approach we have presented is the expense and low throughput

of MEA-based studies. Our assays were conducted in single well MEA dishes that, while

reusable, are somewhat costly. Recent work by our group suggests that MEAs can be

readily fabricated at low cost and of materials that are suitable for disposal [163]. Further-

more, multi-well MEA systems have become commercially available and offer the promise

of increased throughput [142].

5.5 Conclusions

Our findings suggest cultured neuronal networks on MEAs could be utilized to assess func-

tional toxicity of materials for neural implants. In the functional assay, change in the spike

rate is a measure of functional toxicity which is a relevant metric to brain-machine in-

terface applications. Furthermore, compared to the conventional live/dead L929 assay, the

functional assay showed more sensitivity in response to copper as a positive control. The es-

timated Z factor for the assay also reflects the high quality in the performance for screening

purposes. Considering the developed assay is consistent with the ISO standard in extract

preparation and exposure time, the functional assay can be regarded as complementary

method to the conventional cytotoxicity assays.
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Chapter 6: Effects of carbon Nanotube and conducting

polymer coated microelectrodes on single-unit recordings in

vitro

6.1 Introduction

Planar MEAs are commonly used to record extracellular action potentials from excitable

cells such as neurons and cardiomyocytes in vitro [21, 164, 165]. A typical MEA consists

of a glass substrate patterned with a conductor such as gold or indium tin oxide [20, 166].

The recording sites, commonly 10-30 µm in diameter, are exposed while the remaining

surface is passivated by an insulator such as polydimethylsiloxane or parylene C [21, 163].

In contrast to single-cell techniques e.g. patch clamp, MEAs are non-invasive and can record

activity from multiple neurons simultaneously. Therefore, MEAs are suitable platforms for

a variety of applications including pharmacological assessments [13], detecting neuroactive

compounds [167], or studying neuronal network dynamics [6].

Although MEAs are intended to quantify network-level activity, the number of well-

resolved action potentials from distinct neurons or so-called ‘units’ is limited compared to

the total number of neurons on the substrate [6, 85]. The problem is exacerbated by the

fact that: 1) the magnitude of extracellular potentials decays rapidly over distance [168];

and 2) metal microelectrodes can exhibit high impedance resulting in thermal noise which

can mask single units by reducing the SNR [169]. Therefore, approaches which reduce the

impedance of microelectrodes offer the promise of improving the SNR and enhancing the

detection of units for neuronal recordings [170].

In recent years, it has been reported that coating the microelectrodes with nanomate-

rials such as CNT and conductive polymers(CPs) might improve the quality of neuronal
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recordings, e.g. larger spike amplitudes or higher spike rates both in vivo and in vitro

[151,171,172]. Such nanomaterials produce microelectrodes with a large surface area, high

electrical conductivity and robust mechanical properties. Having a large surface area and

significant porosity, the coatings enable microelectrodes to behave as super-capacitors which

may improve the coupling with electrically active cells [172]. Additionally, the rough surface

of the CNTs may provide scaffold-like structure to promote cell adhesion and growth [173].

In this work, we have examined the basis by which electrochemically-deposited PEDOT-

PSS-CNT and PEDOT-PSS microelectrodes affect neuronal recordings in vitro. We ob-

served that the yield, defined as percentage of microelectrodes with neuronal activity, was

significantly higher for modified microelectrodes. However, activity measures, such as spike

rate, were similar for modified and unmodified microelectrodes. The density of neurons

and astrocytes surrounding modified and unmodified electrodes was compared using im-

munocytochemical labeling. There was significantly more neuronal labeling proximal to the

modified electrode sites suggesting that an increased density of neurons surrounding coated

sites may contribute to increased yield in single unit recording.

6.2 Methods

6.2.1 Electrochemical deposition of PEDOT-PSS-CNT and PEDOT-PSS

An aqueous CNT solution was prepared by ultrasonically dispersing 200 µg/ml carboxylic-

functionalized CNTs (Cheap Tubes Inc., Brattleboro, VT) in deionized (DI) water with

0.5% poly(sodium 4-styrenesultanate) (PSS; Sigma-Aldrich, St. Louis, MO) as surfactant.

To obtain EDOT-CNT solution for PEDOT-PSS-CNT coatings, 10 mM ethylenedioxythio-

phene (EDOT) monomer was added to the dispersed CNTs prior to the electrodeposition

at the ratio of 4:1. In a similar way, EDOT solution for PEDOT-PSS-only coatings was

prepared by making an aqueous solution containing 10 mM EDOT and 100 mM PSS.

Substrate-integrated MEAs each consisting of an 8×8 grid of 60 µm2 microelectrodes,
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were purchased from the University of North Texas (MMEP3; Center for Network Neuro-

science, University of North Texas, Denton, TX). A potentiostat/galvanostat Reference 300

(Gamry instruments, Warminster, PA) was used to electrochemically polymerize and de-

posit either PEDOT-PSS-CNT or PEDOT-PSS on every other microelectrode of the MEA.

Such patterning allowed for comparison between modified and unmodified microelectrodes

within the same culture. The deposition was performed under potentiostatic condition

by applying 0.9 V for 40-45 seconds using a large platinum wire (Ward Hill, MA) as the

reference/counter electrode.

6.2.2 Electrochemical and morphological characterization

EIS was performed on representative subsets of modified and unmodified microelectrodes

before and after the deposition. The measurements were done in the presence of 1x PBS

under a two-electrode configuration. A sinusoidal waveform with 10 mV amplitude was

applied over frequencies of 1 Hz to 100 KHz.

The surface morphology of modified and unmodified microelectrodes was examined

with a field emission scanning electron microscope (SUPRA-55 VP; Carl Zeiss Microscopy,

Thronwood, NY). The SEM was operated at 3 KV.

6.2.3 MEA preparation and primary cell culture

The MEA preparation and primary cortical cell culture methods were similar to that de-

scribed in sections 3.2.2 and 5.2.3. All animal procedures were approved by the Institutional

Animal Care and Use Committee of George Mason University (Fairfax, VA).

6.2.4 Extracellular recording

The cultures were allowed to mature for at least three weeks in vitro. The multichannel

extracellular recordings were similar to that described in 2.2.3. The recording sessions were

30-40 minute in duration and the temperature was controlled at 37±1oC during the session.

Spikes were detected if they passed a threshold that was set to be at least 5 times higher
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than the standard deviation of the background noise. The recorded spikes from each channel

were sorted off-line into well-resolved units using Offline Sorter V.3 (Plexon Inc.) based on

the method described in section 3.2.4.

6.2.5 Immunocytochemistry

The cells were fixed using 4% paraformaldehyde (PFA) followed by permeabilization with

0.1% Triton X-100 (Sigma-Aldrich). The samples were then incubated in the blocking

buffer which contained 4% normal goat serum (Sigma-Aldrich) in PBS. Rabbit anti-mouse

glial fibrillary acidic protein (GFAP; 1:725, Dako North America Inc., Carpinteria, CA)

and mouse anti-rat neuronal nuclei (NeuN; 1:1000, Millipore, Billerica, MA) were used

as primary antibodies to detect reactive astrocytes and neurons, respectively. For GFAP

and NeuN, goat anti-rabbit IgG Alexa fluor 488 (1:200, Life Technologies) and goat anti-

mouse IgG Alexa fluor 546 (1:200, Life Technologies) were used as secondary antibodies,

respectively. The samples were then imaged with a fluorescence microscope (Nikon eclipse

Ti; Nikon Instruments, Melville, NY).

6.2.6 Data analysis

For extracellular recordings, sorted units with spike rate greater than 0.1 Hz were considered

active and networks with more than 10 active units were included in data analysis. A burst

was defined as an occurrence of at least three spikes with maximum inter-spike interval

(ISI) of 100 ms [174]. For each active unit, SNR was defined as average of peak-to-peak

spike amplitudes over the standard deviation of the noise for the corresponding channel.

All the calculations for spike rate, spike amplitude, SNR, burst rate and inter-burst interval

(IBI) were done in MATLAB (Mathworks, Natick, MA). All the activity measures were

normalized to the mean of the same measure for unmodified electrodes.

The fluorescence microscopy images were processed with a custom routine in MATLAB

designed to quantify the intensity of fluorescent labeling as a function of distance around

modified and unmodified microelectrodes.

71



www.manaraa.com

Figure 6.1: EIS measurements of typical coated versus uncoated microelectrodes. Reduc-
tion in the magnitude (left) and shift in the phase of the EIS (right) suggests an increase
in the surface area after deposition of PEDOT-PSS and PEDOT-PSS-CNT. N = 9 micro-
electrodes for each group. Solid lines are mean and dashed lines show the ± SEM.

Data are reported as mean ± standard error of the mean. To statistically compare the

yield between modified and unmodified electrodes, the test of proportion was utilized. For

all the other measures, a non-parametric, two-sample Kolmogrov-Smirnov test (KS test)

was utilized to determine whether any given two datasets i.e. modified vs. unmodified had

different distributions [175]. For all the statistical tests, P < 0.05 was considered significant.

6.3 Results

6.3.1 Electrochemical characterization and morphology

Both PEDOT-PSS-CNT and PEDOT-PSS were successfully electrodeposited on gold mi-

croelectrodes. Magnitude and phase of the impedance for representative modified and

unmodified microelectrodes are shown in Fig. 6.1. A significant reduction in the magnitude

between frequencies of 1 to 10 KHz occurred after deposition of PEDOT-PSS-CNT and

PEDOT-PSS. Specifically, the magnitude of the impedance at 1 KHz, the typical frequency

associated with extracellular recordings, significantly dropped from 1.7 ± 0.3 MΩ (n = 9)
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to 22.9±2.2 KΩ (n = 9) and to 51.8±6.9 KΩ (n = 9) for PEDOT-PSS-CNT and PEDOT-

PSS modified microelectrodes, respectively. The shift in the phase of the impedance for

modified microelectrodes suggests an increase in effective surface area. Such changes in

impedance for both PEDOT-PSS-CNT and PEDOT-PSS were consistent with previous

findings [140,176].

SEM images of the unmodified and modified microelectrodes are shown in Fig. 6.2.

The microstructures on the surface of the gold microelectrode (Fig. 6.2A) became smaller

and formed nanostructures after the deposition of PEDOT-PSS-CNT and PEDOT-PSS

(Fig. 6.2B and 6.2C). The CNTs were embedded inside the polymer (Fig. 6.2B), which pro-

vided a rougher and more porous surface. Such observations are consistent with the features

previously reported for PEDOT-PSS-CNT and PEDOT-PSS modified surfaces [157,177].

6.3.2 Extracellular recordings

The frontal cortex recording data consist of measurements from 431 total units over 10

networks cultured from 7 different mice. Out of the total 10 MEAs, 5 were modified with

PEDOT-PSS-CNT and the other 5 had only PEDOT-PSS on every other microelectrode.

Spike waveforms recorded from the coated microelectrodes were similar to those from

uncoated sites. (Fig. 6.3). The peak-to-peak (p-p) spike amplitude for the units from

unmodified microelectrodes had the range of 40 - 207 µV whereas those from PEDOT-PSS-

CNT and PEDOT-PSS microelectrodes had the range of 25 - 338 µV and 30 - 278 µV,

respectively. Although the modified microelectrodes had lower impedance, which should

result in lower thermal noise, the RMS noise values in extracellular recordings were similar

between modified and unmodified microelectrodes. The RMS noise was 6.7± 0.2 µVrms for

PEDOT-PSS, 6.6 ± 0.1 µVrms for PEDOT-PSS-CNT and 7.0 ± 0.3 µVrms for unmodified

electrodes.
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Figure 6.2: SEM images of unmodified and modified microelectrodes. The surface contained
more nano features and porosity after modification with PEDOT-PSS-CNT and PEDOT-
PSS. A) bare (gold) microelectrode with poly crystalline structure. B) PEDOT-PSS-CNT
modified surface in which CNTs are embedded inside the polymer C) PEDOT-PSS modified
microelectrode. The scale is 1 µm.

Figure 6.3: Represantative well-resolved units detected from an unmodified (A), PEDOT-
PSS (B), and PEDOT-PSS-CNT (C) microelectrode. The spike waveforms from modified
electrodes resmebles those from unmodified ones. All the detected spikes were sperated into
different clusters using scanning K-means algorithm.
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Table 6.1: Normalized extracellular recording measures for modified microelectrodes. All
the values are normalized to the mean of the corresponding measure from unmodified mi-
croelectrodes. IBI is inter-burst interval.

Spike Rate P-P amplitude RMS noise SNR IBI Burst duration Burst rate

PEDOT-PSS-CNT 1.7± 0.5 1.2± 0.1 1.0± 0.1 1.4± 0.2 1.2± 0.3 1.6± 0.5 1.6± 0.4

PEDOT-PSS 1.3± 0.4 0.9± 0.1 0.9± 0.1 1.0± 0.2 1.2± 0.6 1.1± 0.2 1.2± 0.4

The PEDOT-PSS-CNT and PEDOT-PSS modified microelectrodes had yields, i.e. per-

centage of microelectrode sites showing observable single units, of 53% and 56%, respec-

tively. However, the yield was only 34% for the unmodified microelectrodes which is consis-

tent with prior work [6,85]. The yield for modified microelectrodes was significantly higher

than for unmodified microelectrodes (P < 0.01). For those microelectrodes that showed

activity, the number of units per microelectrode was 1.53± 0.09 for PEDOT-PSS-CNT and

1.65±0.12 for PEDOT-PSS modified microelectrodes. The unmodified microelectrodes had

1.35 ± 0.1 units per microelectrode. The cumulative distribution of microelectrodes with

active units (Fig. 6.4) shows that comparing to unmodified microelectrodes, it was more

likely to have a modified microelectrode with at least one active unit (P < 0.05).

The differences between the extracellular recordings from both modified and unmodified

microelectrodes were further investigated by examining SNR and burst parameters (Table

1). No significant differences were found for spike rate, SNR and burst parameters, which

suggests the electrophysiological properties of neurons around the modified microelectrodes

were not affected by the nanomaterials.

6.3.3 Immunocytochemistry

Immunostaining for neurons and astrocytes was performed on PEDOT-PSS-CNT (N = 2

networks) and PEDOT-PSS (N = 1 network) modified MEAs to assess the proximity of

the cells to the microelectrodes. As illustrated in Fig. 6.5, the mean intensity of the NeuN

marker was higher by 36% and 43% between 10 µm to 40 µm away from the center of
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Figure 6.4: The cumulative distribution of electrodes with x active units ranging from 0,
1, 2 or ≥ 3. The unmodified microelectrodes had a higher percentage of being non-active
(x = 0). The modified electrodes were compared against non-modified electrodes. * denotes
the significance (P < 0.05).

the microelectrodes for PEDOT-PSS-CNT and PEDOT-PSS compared to the unmodified

group (P < 0.05). These findings suggest that more neuronal cell bodies were localized

proximal to the modified microelectrodes than unmodified ones, an observation consistent

with the higher yield for modified microelectrodes. In contrast, the immunostaining for

GFAP yielded no statistical difference, suggesting that the density of astrocytes was similar

for modified and unmodified microelectrodes (data not shown).

6.4 Discussion

Our findings suggest that modifying microelectrodes with thin layers of PEDOT-PSS-CNT

and PEDOT-PSS increases the yield in the extracellular activity for in vitro neuronal cul-

tures whereas the electrophysiological behavior of the networks might not necessarily be

affected. By depositing these nanomaterials on every other microelectrode of a MEA, we

were able to study and compare the effect of such coatings on neuronal recordings while

the variables such as inter-culture differences were minimized. Furthermore, we observed
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Figure 6.5: Quantitative immunohistochemical analysis of neuronal nuclei using NeuN for
PEDOT-PSS-CNT (left) and PEDOT-PSS (right) modified microelectrodes. NeuN inten-
sity suggests there was a higher density of neuronal cell bodies around the coated micro-
electrodes (between the 10 µm to 40 µm away of the center). The solid line in every figure
is the mean and the dashed lines are standard error of the mean. (P < 0.05)

that the improvement in neuronal recording yield was concurrent with an increased density

of neuronal cell bodies around the coated microelectrodes. Considering that the action

potentials rapidly decay over distance in extracellular environment [168,178], a larger yield

from modified microelectrodes could be potentially explained by presence of more neurons

in proximity of such electrodes, a finding consistent with our immunocytochemistry results.

Although, no significant differences were detected in spike rate and burst parameters

between modified and unmodified microelectrodes, some previous studies reported higher

spike rate specifically for neurons on CNT-coated substrates [179, 180]. However, those

results were in the presence of pristine CNTs, which either had vertically-aligned 3D struc-

tures or were deposited on large surface areas e.g. glass coverslips. Our SEM observations

indicate that the coatings in the present study had thin mesh-like morphology and were

confined to the microelectrode area. The differences in the surface density of the nano-

materials between previous work and the present study may explain the lack of network

modulation observed in our experiments.
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Considering the large decrease in the impedance after modification of the microelec-

trodes with PEDOT-PSS and PEDOT-PSS-CNT, lower RMS noise values on the modified

microelectrodes was expected [181]. Surprisingly, the RMS noise was similar for modi-

fied and unmodified microelectrodes, which could possibly be due to an increase in the

impedance of the coated films over time for modified microelectrodes. As reported in [153],

aggregation of proteins in the polymer layer could result in such an increase in the modified

microelectrodes. Furthermore, delamination of the coatings, which has been reported to be

a limitation for many CPs coatings, might also be a reason that the modified microelectrodes

did not sustain their low impedance [152,182].

Compared to PEDOT-PSS coatings, the embedded CNTs inside the PEDOT-PSS-CNT

coatings provided higher electrical conductivity, which was confirmed by the EIS measure-

ments. The more porous surface observed under SEM for PEDOT-PSS-CNT microelec-

trodes also suggests a larger surface area compared to the PEDOT-PSS coating. These

findings are in accordance with prior work suggesting excellent conductivity and huge sur-

face area for PEDOT-PSS-CNT surfaces [157]. However, in our study, such distinction in

the impedance and the surface morphology for PEDOT-PSS-CNT coatings did not result

in substantial differences in neuronal recordings between these microelectrodes and those

that were modified with PEDOT-PSS only.

Interestingly, our observations from immunocytochemistry suggest a higher density of

neuronal cell bodies around modified microelectrodes. It has been reported that nanoscale

surface topography of CNT or PEDOT-PSS films could provide a scaffold structure which

might influence the neuronal adhesion [182]. In addition, it is also possible that adhesion

promoters e.g. laminin as well as growth factors in cell culture medium could accumulate in

the deposited films and provide a suitable microenvironment for neuronal attachment and

growth [183].
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6.5 Conclusion

We have investigated the possible effects of PEDOT-PSS-CNT and PEDOT-PSS modified

microelectrodes on neuronal activity in vitro. Our findings suggest that the yield in neuronal

recordings was higher for the modified electrodes while the electrophysiological behavior of

the network remained similar for both modified and unmodified electrodes. Such improve-

ment in vitro may be due to the closer proximity of the neurons to the modified electrodes

rather than a reduction in noise. Although the role of CNTs must be further investigated in

improving the stability of the coating, we did not find any significant differences in neuronal

recordings in vitro between PEDOT-PSS-CNT and PEDOT-PSS modified microelectrodes.
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Chapter 7: Chronic intracortical neural recordings using

microelectrode arrays coated with a new variant of PEDOT

7.1 Introduction

Implantable MEAs are miniature devices that allow recording of the electrical activity of

single or multiple neurons in the brain. Compared to other modalities such as functional

magnetic resonance imaging (fMRI) or electroencephalogram (EEG), implantable MEA

recordings have higher temporal and spatial resolution which make them suitable candi-

dates for applications such as brain-machine interfaces [184–186]. Although MEAs are

fabricated in different shapes and designs, small electrodes facilitate spatial selectivity and

high electrode density on a probe. However, reduced electrode size is associated with an

increase in impedance, which elevates thermal noise level [40, 187] and contributes to poor

electrical coupling between the electrode and tissue [42]. Simply, high impedance electrodes

could result in low SNR or loss of neuronal signals at the interface. Therefore, it is desirable

to increase the effective surface area of the electrodes while keeping their geometrical area

unchanged.

CPs such as PEDOT and polypyrrole (PPy) have frequently been utilized over the

last decade as coatings for neural probes [151,171,188,189]. The CPs reduce the electrode

impedance by providing a porous and fuzzy surface. In addition, they benefit from excellent

intrinsic electrical conductivity and flexibility in use [188,190,191]. Among the CPs, PEDOT

in particular has gained more interest because of its electrochemical characteristics including

a low oxidation voltage for the monomer [192] and high electrical conductivity due to the

conjugate double bonds in the polymer backbone [193]. However, the long-term stability

of the PEDOT film, especially for chronic neural applications, is still unclear. In a study
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by [194], the PEDOT coated microelectrodes on silicon shank probes were able to register

activity only up to 8 days. In another report [195], the PEDOT coated microwires showed

mechanical delamination after 5-6 weeks.

Electrochemical polymerization of the EDOT monomer requires a supporting counter

ion which is embedded in the polymer film and plays an important role in the stability,

electrical characteristics, and macroscopic features of the deposited polymer [196,197]. The

most common counter ion for PEDOT electrochemical polymerization is PSS [40, 43, 188,

198]. However, there have been new reports that replacing PSS with a smaller molecule

could enhance the electrical properties of the PEDOT as well as its long term stability

[197, 199]. Prior work has shown that, neural probes coated with PEDOT polymers which

were doped with perchlorate ions, smaller than PSS, showed unit activity up to six weeks

post implant [171]. Recently, our group demonstrated improving the in vitro long-term

stability of PEDOT by using an alternative smaller counter ion, TFB [200]. PEDOT-TFB

microelectrodes exhibited smaller impedance and longer lifetime in age acceleration studies

when compared with PEDOT-PSS or PEDOT-PSS blended with carbon nanotubes [200].

Here, we report for the first time the use of highly stable PEDOT-TFB coated micro-

electrodes for long-term neural recordings. We show that PEDOT-TFB microelectrodes on

average register more units compared to control gold (Au) microelectrodes. In addition, we

demonstrate that the impedance of PEDOT-TFB microelectrodes remains lower than Au

microelectrodes over at least 12 weeks. Moreover, our equivalent circuit model of the in

vivo EIS data suggests stability of the polymer-related components of the circuit model for

the duration of the study.

7.2 Material and Methods

7.2.1 Electrochemical modification of neural probes

Single-shank silicon-based chronic probes were purchased from Neuronexus (Neuronexus

Inc., Ann Arbor, MI). Each probe consisted of 16 iridium microelectrodes with surface area
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of 177 µm2 and 100 µm inter-microelectrode distance. All the electrochemical modifica-

tions and characterizations were done using a CHI 660D electrochemical workstation (CH

Instruments Inc., Austin, TX). Similar to the process described in (Mandal et al., 2015),

initial impedance profiles of the microelectrodes were measured by running EIS in PBS

over 0.1 Hz to 100 KHz using a 20 mV sine wave. A thin layer of Au was electrochemi-

cally deposited on the microelectrodes using an aqueous solution of 5 mM chloroauric acid

(HAuCl4) in 0.1 M NaClO4 as the supporting electrolyte. To avoid cyanide incorporation

in the deposited Au, chloroauic acid was preferred over potassium dicyanoaurate which

is commonly utilized in Au electrodeposition. The deposition was performed by running

fast voltage sweeps between -1.5 to 0 V at a rate of 1 V/s for ∼ 6 cycles. Subsequently,

PEDOT-TFB was deposited on alternate blocks of 4 consecutive microelectrodes in each

probe. To counterbalance the bias due to the position of the PEDOT-TFB modified micro-

electrodes in the cortical layers in the brain, the location of the PEDOT-TFB blocks was

also shifted by 4 sites between the microelectrodes. The scheme for the probe modification

and an optical image of a modified probe are shown in Figs. 7.1A & 7.1B. The solution

for the conductive polymer deposition contained 10 mM EDOT, the PEDOT monomer, in

0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile. The deposition process was

performed by cyclic voltammetry between 0 to 1.2 V with a scan rate of 1 V/s. The mi-

croelectrodes were then cycled between 0 and 0.5 V in PBS, which exchanges the loosely

attached TFB anions, to reduce possible cytotoxic effects. The successful deposition after

Au and PEDOT-TFB deposition was confirmed with EIS measurements on the deposited

microelectrodes. A pilot study revealed that the polymer coated microelectrodes showed

less variation in impedance if they were kept moist. As such, the probes were prepared

within 3 days before the implantation and stored in deionized water until they were pack-

aged for sterilization. The probes were then air dried and sterilized by exposure to ethylene

oxide gas for 24 hours.
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Figure 7.1: The probe modification process and changes in impedance due to gold (Au)
and PEDOT-TFB deposition. (A) The single shank 16-microelectrode probes were first
electrodeposited with Au. The probe microeelectrode sites were grouped in blocks of 4
and microelectrodes in every other block were modified with PEDOT-TFB. (B) An optical
image of the modified probe showing 10 microelectrodes. (C) EIS Magnitude (left) and
phase (right) versus frequency for a single probe after modifications with Au and PEDOT-
TFB. The solid lines are the mean and dotted lines are SEM (N = 16 microelectrodes for
pre-deposition and Au, N = 8 for PEDOT-TFB).
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7.2.2 Surgical procedure

Five Long Evans rats were implanted in motor cortex with the modified probes using a sim-

ilar procedure described in [200]. Briefly, anesthesia was induced by applying 5% isoflurane

oxygen mixture at a rate of 1 L/min. The animal was secured and positioned in a stereotaxic

apparatus (David Kopf Instruments, Tujunga, CA). Puralube eye ointment (PharmaDerm,

Florham Park, NJ) was applied. Four skull screws were placed in burr holes drilled with

a micro drill. After locating bregma, the craniotomy window was prepared at -1.5 to +1.5

mm anterior/posterior and 0.5 to 2.5 mm medial/lateral. The probe was placed in a holder

attached to the stereotaxic arm and positioned over the craniotomy, avoiding any surface

vasculature. The ground and reference wires of the probe were secured to separate skull

screws and coated with conductive silver paint (West Chester, PA). A hole was made in

dura just below the tip of the probe and then the probe was lowered to the surface of the

cortex. The probe was inserted using a micropositioner and advanced every 40 seconds at

the following increments: 100 m steps for the first 400 µm, then 50 µm steps to a depth

of 1500 µm, and finally 25 µm steps to the final depth of 1800-2000 µm. This was done to

monitor neuronal spiking throughout insertion and locate a position where activity could

be recorded on at least half of the microelectrodes. The craniotomy was filled with silicone

elastomer (kwik cast, World Precision Instruments, Sarasota, FL) and allowed to dry. To

secure the probe to the skull and screws, a layer of Loctite prism 454 adhesive (Electron

Microscopy Science, Hatfield, PA) was applied and dried instantly with Loctite accelerant

7452 (Newark Element 14, Chicago, IL). Dental cement (Lang Dental Manufactures, Wheel-

ing, IL) was used to cover the screws and adhesive to create a robust head cap. To close

the surgery site, skin was attached to the dental cement using gluture (World Precision In-

struments, Sarasota, FL), and a non-prescription tri-antibiotic cream (Target Corporation,

Minneapolis, MN) was applied. Ketoprofen was administered subcutaneously at 5 mg/kg

and continued twice daily for three days. Gentamicin was also injected subcutaneously at

8 mg/kg and continued once a day for one week. All animal procedures comply with the
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National Institute of Health guidelines and were approved by the Institutional Animal Care

and Use Committee at George Mason University, Fairfax, VA.

7.2.3 Data collection

At day 2 and 7 post implant, neural recordings and impedance measurements were per-

formed for each animal. Data were collected weekly thereafter for the remainder of the

study. The duration of the study was intended for 12 weeks, but data collection continued

for two of the animals until weeks 19 and 23. Animals were freely moving during the neural

recording sessions. However, to reduce the noise, animals were anesthetized for the EIS

data collections.

7.2.4 Neural recordings and data analysis

Neural signals were acquired using a Cerebus system (Blackrock Microsystems, Salt Lake

City, UT) in 10-minute recording sessions. The data were sampled at 30 KHz and high-

passed filtered at 250 Hz. To remove any movement artifacts, a common average reference

was subtracted from each channel [201] using a custom routine in Matlab (Mathworks,

Natick, MA). For spike detection, a threshold was set at six standard deviations from the

mean noise level for each individual channel. The captured spikes were then sorted for each

channel into well resolved units using the Scanning K-means in Offline Sorter V.3 (Plexon,

Inc, Dallas, TX) and confirmed by visual inspections. Similar to [171, 202], the SNR ratio

for a unit was defined as:

SNR =
Peak − to− peak amplitude of the mean waveform

2×RMS noise of the recording site
(7.1)

A unit was considered valid if it had SNR greater than 2 [171, 194] and showed at least 30

spikes in the 10 minute recording period.
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7.2.5 In vivo impedance measurements and circuit modeling

In vivo EIS measurements were made using a CHI 604E potentiostat by applying a 20

mV sine wave between 0.1 Hz to 100 KHz with frequencies logarithmically spaced in every

decade. The measurements were in two-electrode configuration using a stainless steel skull

screw as the reference electrode. The sedated animals were placed in a small faraday cage

to provide electrical shield and lower the ambient noise.

The collected EIS data were fit to equivalent circuit models discussed in 7.3.4 using

ZSimpWin (Princeton Applied Research, Oak Ridge, TN). A good fit was determined based

on Chi-square (χ2) value and percent error for every component of the model [189]. The

acceptable χ2 value for the models was chosen to be 10−2 or below with the percent error

values for every circuit component at less than 10%.

7.2.6 Data analysis

Data are reported as the mean ± SEM. The statistical significance between group means

was determined by analysis of variance (ANOVA). To compare the proportions from two

independent samples, Z-test for proportions was utilized. In all statistical tests, P< 0.05 was

considered significant. All statistical analysis was performed in either Matlab (Mathworks

Inc.) or IBM SPSS Statistics (SPSS Inc.).

7.3 Results

7.3.1 Probe modification

As shown in Fig. 7.1C, the deposition of a thin Au layer on the iridium microelectrodes

resulted in reduction in the impedance for frequencies between 0.1 1 KHz. The electroplated

Au provides a rough surface which contributes to the lower impedance values compared to

bare Ir [203]. In addition, the rough Au surface improves adhesion between the metallic

microelectrode and the conductive polymer [200]. The deposition of PEDOT-TFB resulted

in much greater reduction in impedance throughout the entire spectrum due to formation
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of the porous and fuzzy polymer film. The magnitude of the impedance at 1 KHz frequency,

the most relevant frequency in multiunit neuronal activity, was reduced from 2.32 ± 0.3

MΩ to 1.58 ± 0.11 MΩ (N = 16 microelectrodes) after the Au deposition and subsequently

to 30.92 ± 1.18 KΩ (N = 8 microelectrodes) after the PEDOT-TFB. The phase of the

impedance became more positive around 1 KHz, suggesting that increased effective surface

area after the PEDOT-TFB deposition induced high conductivity of the film [204]. As

shown in [200], under similar deposition profiles, PEDOT-TFB causes more reduction in

impedance compared to the common variant of PEDOT specifically PEDOT-PSS. Such a

difference could be explained by the role of the counter ion, TFB, which creates a more

porous surface and perhaps improved crystalline structure of the polymer.

7.3.2 Neural recordings

Both Au and PEDOT-TFB microelectrodes registered well-resolved units over time

(Fig. 7.2A), demonstrating that PEDOT-TFB microelectrodes can record neuronal activity

in chronic studies. Overall, 78% of the PEDOT microelectrodes (N = 36 microelectrodes)

and 52% of the Au microelectrodes showed (N = 38 microelectrodes) unit activity 2 days

after the implantation. After 11 weeks post implantation, the percentage of microelectrodes

with unit activity reduced to 39% and 33% for PEDOT and Au microelectrodes, respec-

tively. On average, the number of units per microelectrode was significantly higher for the

PEDOT-TFB compared to Au microelectrodes over 12 weeks of recordings (Fig. 7.2B, P

< 0.01). As shown in Fig. 7.3A, the number of PEDOT-TFB microelectrodes with two or

more units was significantly greater for the first four weeks. For the PEDOT-TFB micro-

electrodes with unit activity, 36% had two or more active units during weeks 1-2 and weeks

3-4. In contrast, for the Au microelectrodes with unit activity, these ratios were only 16%

and 19% over the same time periods. The SNR values spanned a wide range between 3-25

for both PEDOT-TFB and Au. However, PEDOT-TFB microelectrodes had significantly

more units with SNR greater than 6 for the first two weeks (Fig. 7.3B). The higher number of

units per microelectrode and better SNR values for the first few weeks suggest the improved
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Figure 7.2: Unit recordings from PEDOT-TFB and Au microelectrodes. (A) Representative
well-resolved units registered by a PEDOT-TFB (top) and Au (bottom) microelectrodes
over time. (B) The average number of units per microelectrode. The PEDOT-TFB micro-
electrodes had significantly higher number of units per microelectrode (P < 0.01).
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Figure 7.3: Comparing multiple unit detection and high SNR recordings between PEDOT-
TFB and Au. (A) Compared to Au, the number of PEDOT-TFB microelectrodes with two
or more units was significantly greater for the first four weeks ( P < 0.05). PEDOT-TFB
microelectrodes showed more units with SNR greater than 6 only for the first two weeks.

recording capability with PEDOT-TFB microelectrodes, at least for a limited time. It has

been suggested that brain-tissue response and the glial scar formation around an implanted

probe would impact the chronic recordings [205]. Although PEDOT-TFB microelectrodes

had lower impedance compared to Au microelectrodes, the root mean square (RMS) noise

was similar in both Au and PEDOT-TFB microelectrodes. This observation is consistent

with other reports that the dominant noise in unit recordings is not necessarily due to the

thermal noise of the microelectrodes [206].

7.3.3 Impedance profiles in vivo

As demonstrated in Fig. 7.4, over the first week of the implantation, the magnitude of the

impedance at 1 KHz increased in both Au and PEDOT-TFB microelectrodes. Such a trend

is consistent with prior work reporting an increase in impedance values for intracortical

microelectrode arrays after implantation [183, 194, 207]. However, compared to Au micro-

electrodes, PEDOT-TFB microelectrodes had consistently lower impedance values at 1 KHz

over time (P < 0.05). Figure 7.5 shows the Bode plots for the EIS measurements for both

PEDOT-TFB and Au microelectrodes prior to implantation, as well as 2, 14, and 70 days
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Figure 7.4: The impedance at 1 KHz for Au and PEDOT-TFB microelectrodes over time.
The PEDOT-TFB microelectrodes maintained lower impedance for 12 weeks (P < 0.05).
The error bars denote the SEM (N = 36 for PEDOT-TFB microelectrodes and N = 38 for
Au microelectrodes).

post implantation. The impedance values at 1 KHz for PEDOT microelectrodes initially

increased to 143.5 ± 20.4 KΩ and then to 1.22 ± 0.15 MΩ after the first 2 and 14 days of

implantation, respectively (N = 36 microelectrodes). However, as shown in Fig. 7.5A, be-

tween days 14 to 70, the EIS did not show any marked differences throughout the spectrum

suggesting the stability of the PEDOT-TFB film over time. For the Au microelectrodes,

the 1 KHz impedance increased from 520.4 ± 80.3 KΩ prior to implantation to 1.76 ±

0.13 MΩ and 2.16 ± 0.15 MΩ at days 2 and 14 post implantation, respectively (N = 38

microelectrodes). Although the 1 KHz impedance remained almost unchanged following

implantation, it can be seen in Fig. 7.5B that impedance values at low frequencies, e.g.

below 10 Hz, show consistent reduction over time. Such a reduction in impedance at low

frequencies might be due to delamination of the insulator around the edges of the metal

microelectrodes [208].
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Interestingly, the 1 KHz impedance for the PEDOT-TFB microelectrodes which regis-

tered unit activity was significantly lower compared to those without activity (P < 0.05).

As shown in Fig. 7.6, after day 14 of implantation, the difference in the impedance could

be seen between the PEDOT-TFB microelectrodes with and without activity. However,

we did not find a similar trend for the Au microelectrodes. This observation suggests that

the chance of identifying units on PEDOT microelectrodes is increased if they have lower

impedance.

7.3.4 Equivalent circuit modeling

To interpret the EIS results and gain insight about the changes at the microelectrode-

tissue interface, we fit the data according to previously well-established models for both the

microelectrodes and the tissue [197,209,210]. The equivalent circuit models, which include

separate compartments for the microelectrode and the tissue, for the microelectrode-tissue

interface for both PEDOT and Au microelectrodes are shown in Fig. 7.7. The model for the

tissue compartment included a tissue resistor (Rt), a tissue capacitor (Ct), and a resistor

for the encapsulation layer around the device (Ren). The Ct represents the membrane

capacitance of the cells in the surrounding tissue and Rt represents the resistive extracellular

pathways between the cells [211, 212]. For the PEDOT-TFB microelectrodes, the polymer

film was characterized by a resistor (Rpoly), describing the charge transfer resistance of the

polymer, in series with a constant phase element (Qpoly) [213] representing the diffusion-

related effects mainly due to the porous surface of the polymer [197, 203]. In parallel with

Rpoly and Qpoly, there is a capacitor (Cdl) which represents the double layer capacitance for

the entire polymer surface [176, 197]. The model for the Au microelectrodes consists of a

constant phase element (Qgold), representing the rough surface of the Au, in parallel with

a resistor (Rgold), representing the impurities trapped in the deposited Au [203].

The results for both PEDOT-TFB and Au microelectrode-tissue interfaces for selected

time points are summarized in tables 1 and 2, respectively. The Rt and Ren for both micro-

electrode types increased from day 2 to 7 suggesting changes in the brain tissue due to the
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Figure 7.5: Bode plots for the EIS measurements from both PEDOT-TFB and Au micro-
electrodes prior to implantation, as well as 2, 14, and 70 days post implantation. A large
increase in the impedance magnitude and a shift in the phase occurs for both PEDOT-TFB
and Au microelectrodes between pre-implant and day 2 post implant. Between days 14 70,
the impedance remains stable throughout the whole frequency spectrum for PEDOT-TFB
microelectrodes whereas the Au microelectrodes show reduction in the magnitude of the
EIS for low frequencies.
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Figure 7.6: The 1 KHz impedance for the PEDOT-TFB microelectrodes which registered
unit activity was lower compared to those without activity (P < 0.05). Date are shown as
mean ± SEM.
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Figure 7.7: Equivalent circuit models to fit the EIS data for PEDOT-TFB and Au
microelectrodes-tissue interfaces.

device. However, the Rt values for PEDOT-TFB microelectrodes were much smaller than

Au microelectrodes, implying a possible differential response for the two interfaces. The Ct

in the Au microelectrode-tissue drops ∼ 3.5-fold from day 2 to 7 which could be due, at

least in part, by cell migration from the Au microelectrodes. The polymer related parame-

ters exhibit large changes in the first week post implantation mainly due to the interaction

between the tissue and the polymer film. Possible protein absorption or cell attachment to

the surface of the PEDOT microelectrode has been shown to affect the microstructure of

the polymer surface [190, 214]. However, as shown in Fig. 7.8B after the first week, both

Rpoly and Qpoly show stable trends suggesting the stability of the polymer and lack of degra-

dation of the PEDOT or delamination from the underlying Au-coated substrate. As shown

in Fig. 7.8A, the tissue resistance (Rt) for the PEDOT microelectrodes was highest between

weeks 1-3 and afterward decreased gradually for 4 consecutive weeks. This observation was

consistent with prior histology findings on acute tissue response after the cortical implants

[215, 216]. We did not observe a similar effect for the Au microelectrodes indicating that

the Rt was already so high for the Au-tissue interface that any subtle changes could not be
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Figure 7.8: The tissue resistance for the PEDOT-TFB microelectrodes (A) and the polymer-
related components, Rpoly and Qpoly (B) over time. Rpoly and Qpoly in the circuit model
reflect the characteristics of the microscopic structures in the polymer film. Rt for PEDOT-
TFB microelectrodes reaches its maximum value between weeks 1 and 2. Afterward, the
tissue resistance decreases to a level approximately 75% of the maximum.

detected.

We also used the circuit model to investigate the basis for differences in the impedance

between the PEDOT-TFB microelectrodes with and without activity reported in section

7.3.2 and shown in figure 7.6. It was found out that both Cdl and Rpoly are significantly

different between the two groups. As shown in Fig. 7.9, the Cdl was much higher for PEDOT-

TFB microelectrodes that registered activity, suggesting the larger functional interface for

these recording sites. In addition, the PEDOT-TFB microelectrodes with activity had lower

Rpoly which suggests that the morphology of the polymer film had much larger changes for

those PEDOT microelectrodes that did not register any neuronal activity.

7.4 Discussion

In this work, we demonstrated stable long-term unit recordings with PEDOT polymer doped

with a small counter ion, TFB. The PEDOT-TFB coating showed marked lower impedance

and higher number of units per microelectrode over time. While most of the prior work with
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Figure 7.9: The double layer capacitance (A) and polymer charge transfer resistance (B)
showed the largest differences for PEDOT-TFB microelectrodes with and without unit
recordings.

PEDOT coated neural probes reported recordings for up to 6-7 weeks [43,171,183,194,195],

our recordings lasted at least for 12 weeks and for two studies we were able to discern well-

resolved units beyond 18 weeks. Such long-term recordings suggest that this new variant of

PEDOT may be advantageous for chronic neural applications.

A major concern with any new materials for invasive applications is the possible toxic

effects that could impede its utility especially for brain implants. Consistent with the lack

of in vitro functional toxicity of the material reported by our group previously [200], our

long lasting neuronal recordings with PEDOT-TFB microelectrodes suggest the suitability

of this material in vivo for, at least, the duration of the study.

We observed a large increase in the impedance after implantation throughout the whole

frequency spectrum in both Au and PEDOT-TFB microelectrodes. Similarly, an increase in

impedance was also reported previously [207] where the findings suggested that this affect

was due to the change in the microelectrode-electrolyte interface and not degradation the

microelectrode material. We also observed steady increase in impedance for the first week

which reached a plateau afterward. As suggested by Ludwig and co-workers [171], the early

brain-tissue response to the implant starts after the implantation and lasts for 1-2 weeks.
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Table 7.1: The fitted parameters for the equivalent circuit model for PEDOT-TFB
microelectrode-tissue interface. For the pre-implant, the Ren is the resistance of the elec-
trolyte.

Pre-implant Day 2 Day 7 Day 28 Day 56 Day 77

Qpoly (nF.cm−2.sn−1) 142.5 ± 20.4 37.6 ± 7.7 29.6 ± 3.8 26.6 ± 4.3 24.5 ± 3.6 23.0 ± 3.9

n (0<n<1) 0.87 ± 0.02 0.97 ± 0.02 0.91 ± 0.01 0.90 ± 0.01 0.93 ± 0.01 0.93 ± 0.01

Rpoly (MΩ) 0.02 0.08 ± 0.01 1.6 ± 0.6 1.7 ± 0.4 1.5 ± 0.6 1.2 ± 0.3

Cdl (nF) 0.07 ± 0.01 4.2 ± 1.0 2.3 ± 0.6 0.9 ± 0.3 0.8 ± 0.2 1.0 ± 0.3

Ren (KΩ) 7.2 ± 0.3 11.5 ± 0.4 15.8 ± 0.7 13.2 ± 0.6 12.3 ± 0.6 12.1 ± 0.7

Rt (KΩ) N/A 80.2 ± 7.9 252.5 ± 41.5 190.1 ± 28.7 188.2 ± 20.5 167.5 ± 13.5

Ct (pF) N/A 49.3 ± 1.4 58.1 ± 3.3 59.6 ± 4.2 62.7 ± 4.8 55.8 ± 3.7

In this period, the swelling around the probe may occur such that microglia and reactive

astrocytes begin to accumulate around the probe. Our findings show the number of micro-

electrodes with two or more units were higher for PEDOT-TFB microelectrodes (compared

to Au) only for the first 4 weeks. Similarly, when compared to Au, the PEDOT-TFB mi-

croelectrodes had more unit with high SNR only for the first two weeks. This observation

suggests that although low-impedance microelectrodes could potentially improve the neural

recordings, for the long-term applications, other factors such as brain-tissue response could

mask the long-term benefits of microelectrode coating.

Recently there has been an interest to utilize polymer-based approaches to develop

neural probes with minimal brain-tissue response [217–219]. Examples include neural probes

covered with biodegradable polymers or polymer-based probes with mechanical properties

similar to the brain tissue [129, 131]. Conductive polymers such as PEDOT-TFB could be

well integrated in such new designs as suitable materials for the microelectrodes.

Interestingly, we observed that the impedance of the PEDOT-TFB microelectrodes at

1 KHz was significantly smaller for those that showed neuronal activity compared to those

coated microelectrodes that did not. Our circuit modeling revealed that PEDOT-TFB

microelectrodes with minimal changes in their surface structure (Rpoly and Cdl), had higher
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Table 7.2: The fitted parameters for the equivalent circuit model for Au microelectrode-
tissue interface. For the pre-implant, the Ren is the resistance of the electrolyte.

Pre-implant Day 2 Day 7 Day 28 Day 56 Day 77

Qgold (nF.cm−2.sn−1) 180.1 ± 54.9 1.1 ± 0.2 1.2 ± 0.1 1.4 ± 0.2 2.5 ± 0.4 3.60 ± 0.7

n (0<n<1) 0.61 ± 0.04 0.79 ± 0.01 0.8 ± 0.01 0.78 ± 0.02 0.74 ± 0.01 0.73 ± 0.01

Rgold (MΩ) 204 ± 67 412 ± 76 480 ± 82 411 ± 77 430 ± 82 525 ± 86

Ren (KΩ) 10.4 ± 0.6 14.4 ± 1.3 16.4 ± 0.8 14.2 ± 0.9 17.0 ± 1.8 13.3 ± 2.1

Rt (MΩ) N/A 1.6 ± 4.1 1.9 ± 3.6 2.7 ± 4.2 3.1 ± 0.7 1.9 ± 4.8

Ct (pF) N/A 300.7 ± 56 82 ± 9 96 ± 17 103 ± 23 73.7 ± 36

chance of registering units. In our circuit model, Cdl represents the effective surface area

of at the microelectrode-tissue interface. The reduction in Cdl value points to the changes

in the porous surface of the film. Similarly, the increase in the Rpoly for the PEDOT-TFB

microelectrodes without activity could be due to the absorption of non-conductive species

such as proteins in the pores of the polymer films [189,220].

Our findings from the EIS measurements and the equivalent circuit modeling suggests

an overall stability for the PEDOT-TFB microelectrodes by maintaining lower impedance

over time compared to the control Au microelectrodes. Such long-term stability in the

PEDOT-TFB coatings could be attributed to the small TFB counter ions. In comparison

to macromolecular poly anions such as PSS, the smaller counter ions cause the sheets of

deposited PEDOT chains to remain closer to each other [221] reducing the chance of the

polymer detachment from the substrate. The small counter ions also result in high order

crystallinity in the PEDOT structure which may be mechanically more stable [222].

7.5 Conclusions

Designing new probes with smaller dimension and reduced brain-tissue response seems

necessary for the next generation brain-machine interface devices. Our findings suggests

that the PEDOT-TFB is a chronically stable coating for neural recording microelectrodes.
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Compared to metal microelectrodes, it provides a larger effective surface area and a bet-

ter coupling between microelectrode and the brain tissue. As such, PEDOT-TFB could

facilitate the chronic recordings with ultra-small and high-density neural arrays.
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Chapter 8: Summary and future directions

In this thesis, we demonstrated new techniques to improve the utility of MEAs for both in

vitro and in vivo neural recordings. In addition, we showed the suitability of neuronal cul-

tures on MEAs as a functional assay for new applications related to brain-machine interface

(BMI) and Alzheimer’s disease research.

The disposable low-cost in vitro MEAs presented in chapter 2 could facilitate the use of

MEA-based testings for large-scale screening purposes. Compared to conventional cell-based

assays, the MEA-based approach provides functional endpoints and high-content screening

capability. Such features make the neuronal cultures on MEA a versatile platform for a

variety of applications.

For the first time, we utilized this platform to assess the functional toxicity of materials

for neural implants. Our results showed an enhanced sensitivity of the MEA approach,

compared to the live/dead assay, to positive control materials. We also demonstrated that

in vitro neuronal cultures could serve as a high-content and adaptable tool to advance the

development of new therapeutics for AD.

The small implantable probes with the capability of chronically stable recordings are

desirable for the next generation of BMI technology. In this work, we demonstrated the

successful use of PEDOT-TFB as a novel material for long-term intracortical recordings in

rat models. The PEDOT polymer doped with a small counter ion, TFB showed stable unit

recordings with marked lower impedance over time suggesting an increase in the effective

surface area while the geometrical area of the microelectrode remained unchanged.

For the future work, we aim to extend the ideas explored in this thesis and address their

shortcomings. Some of the possible future directions are as follows:

• To ascertain the consistent functionality between the low-cost disposable MEAs and

the commercially-available ones, a comparison between the performance of the two
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array types seems necessary. Although the new design has several advantages over

the conventional glass-based MEAs, the substrate of the new MEAs is less transparent

than glass. Considering the growing interest in use of optical recording and stimulation

techniques in neuroscience research, it is important to make the MEA surface optically

accessible through an inverted microscope. Alternative substrate materials, which can

be readily substituted in the manufacturing process, would allow easy integration of

optical techniques to the new MEAs.

• Microfluidic technology based on polydimethylsiloxane (PDMS) material and soft lithog-

raphy has brought novel and easy-to-fabricate in vitro platforms. The microfluidic

devices allow creation of distinct spatially separated microenviroments. Integration of

microfluidic technology to the MEAs would provide a large room for developing new

in vitro models of neuronal systems. The new MEAs presented in chapter 2 are well

positioned for such integration considering their plastic-based substrate and their low

fabrication costs.

• The MEA approach could be adapted to achieve more specific in vitro models of AD.

Recent studies suggest a strong interplay between Aβ42 oligomer effects and another

protein marker associated with AD, tau protein. The modulatory effect of Aβ42 and

its dependence on tau could be validated by MEAs using harvested tissue from tau-

knockout mice. The toxic effects of Aβ42 oligomers have been reported for wide range

of concentrations, it is important to minimize the variation between the Aβ42 synthesis

and the peptide structure.

• The species-specific differences between animals and humans make it difficult to ac-

curately simulate the human phenotypes of the disease in currently available models.

Considerable effort has been directed in developing human-based models by using hu-

man stem cells. Such cells could be differentiated into distinctive neuronal cells e.g.

motor neurons or dopaminergic neurons. Use of these cell on MEAs would provide

more realistic in vitro disease models and allow for patient-specific drug testing and
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drug discovery. However, established protocols are yet required to effectively control

the proliferation and differentiation of these cells on MEAs.

• The extracellular recordings of populations of neurons via MEAs contain rich and

complex information on dynamics of the network and interactions between different

recorded units. However, the data from the MEA recordings present important anal-

ysis challenges. The current methods such as CC or TE are designed to study the

interactions between pairs of neurons. Novel multivariate methods that could incorpo-

rate multiple spike train analysis might expand our ability to understand how specific

patterns of activity are generated and change over time in neuronal networks.

• The validation of the connectivity methods has so far been limited to the synthesized

neuronal models. New techniques such as microfluidic barriers or optical stimulation

offer controlled growth or selective activation of neurons in the dish, respectively. When

integrated with MEAs, these techniques provide the possibility to validate the perfor-

mance of available computational methods for network connectivity analysis using real

data.

• With the growing interest to develop polymer-based in vivo neural MEAs, PEDOT-

TFB is well suited to be utilized as a coating material for the mircoelectrodes. Different

biomolecules could be linked to PEDOT-TFB to promote the electrode-tissue coupling

or reduce the brain tissue response.
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