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Abstract

Simultaneous, multi-site recording from the brain of freely behaving
animals will allow neuroscientists to correlate neuronal activity with
external stimulation and behavior. This information is critical for un-
derstanding the complex interactions of brain cells. Recent interest in
microelectromechanical systems (MEMS) and in particular in bio-
MEMS research has led to miniaturization of microelectrodes for ex-
tracellular neuronal recording. MEMS technology offers a unique op-
portunity to build compact, integrated sensors well suited for multi-site
recording from freely behaving animals. These devices have the com-
bined capabilities of silicon-integrated circuit processing and thin-film
microelectrode sensing. MEMS probes for intracellular recording may
offer significantly improved signal quality. Here we discuss the basic
concepts that underlie the construction of intracellular MEMS probes.
We first review the basics of neuronal signaling and recording, and the
principles of microelectrode technology and techniques. Progress in
MEMS technology for neuronal recording is then discussed. Finally,
we describe MEMS probes for intracellular recording, viz., fabrication
of micro-machined silicon needles capable of penetrating cell mem-
branes. Using these needles, we recorded localized extracellular sig-
nals from the hawk moth Manduca sexta and obtained first recordings
with silicon-based micro-probes from the inside of neurons, using an
isolated brain of the sea slug Tritonia diomedea.

Keywords: Microelectrodes; Intracellular; Bio-fouling; Microelectrode
arrays; Silicon probes; Neurons
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1.3.1 Introduction

Understanding brain structure and function has challenged mankind for many
centuries. Only during the second half of the nineteenth century, due to advances
in scientific tools and in particular the development of a special staining tech-
niques, did scientists reach the understanding that the brain consists of a com-
plex, interactive network of single cells (neurons). The number of cells varies
from ~ 10'"" in humans down to a few hundred in small invertebrates such as
leeches. These networks interact and enable living creatures to function, decide,
learn, remember, and achieve consciousness. In recent decades, with the rapid de-
velopment of neuroscience techniques, researchers have obtained detailed infor-
mation about the function and organization of the brain, and the structure (Fig-
ure 1.3-1) and operation of neurons.

Modern tools to investigate the brain consist of a wide variety of techniques
such as positron emission tomography (PET) scanning, functional magnetic reso-
nance imaging (fMRI), and electrical recording, among others. Each of these
tools is optimized for specific applications. Different techniques may comple-
ment each other and several techniques may be used simultaneously. Existing
techniques fall into many categories, such as invasive versus noninvasive, local
versus regional, and therapeutic versus research. Clearly, for diagnosis purposes a
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Figure 1.3-1. An immunolabelled brain of Tritonia diomedea (sea slug). Different dyes
are used to mark cells that contain different neurotransmitters, specific chemicals used by
neurons to communicate with each other. It is important to note that only a fraction of the
cells are stained and so the stained cells appear on an unstained background, that is actu-
ally filled with other cells. Image by Jim Beck.

noninvasive technique is preferred and a system such as PET scanning, a nonin-
vasive imaging procedure that visualizes local changes in the cerebral blood
flow, has established itself as a standard diagnosis tool. Despite the wide variety
of existing tools and despite the great progress of the recent years, many ques-
tions related to brain activity are still unresolved and principles that underlie
many brain processes are still unknown. It is widely acknowledged that further
progress will be enhanced by novel probing tools.

Neuroscience has accomplished much in understanding how individual neu-
rons function and how they work together in small populations. However, much
less is known about how different parts of the nervous system are integrated. For
example, how are the different senses used to navigate through the environment?
This type of question exceeds the capabilities of current tools. Conventional tools
require extensive laboratory apparatus, and eliminate the normal sensory world.
In order to understand nervous system function at the system level, we need to
reduce the influence of laboratory apparatus. An unencumbered setting allows
animals to have real sensations and feedback from their own activities.

A better systems-level recording tool will allow researchers to perform high-fi-
delity multi-site intracellular recording from freely behaving animals. This will
allow neuroscientists to study the correlation between (a) neuronal activity and
external stimulation and (b) neuronal activity and behavior, and also to under-
stand better the communication patterns inside neural networks. As we will show
below, existing intracellular probes are well suited for studying the physiology
and the processes of single, living cells, in particular for understanding heteroge-
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neous living cell populations that make up dynamic systems such as neural net-
works. However, despite their obvious advantages, existing intracellular probes
are usually large, bulky, fragile, and not available in arrays.

Microelectromechanical systems (MEMS) technology may provide an opportu-
nity to develop multi-site recording from freely behaving animals. MEMS offer
small overall dimensions, easily prepared arrays, and built-in integrated circuit
capabilities [1]. Recently, researchers have demonstrated the capabilities of pla-
nar microelectrode array (MEA) probes to study specific neurological problems
[2, 3].

This chapter reviews the basic principles of intracellular recording and de-
scribes the motivation and challenges associated with the fabrication of intracel-
lular MEMS probes. We begin our discussion with a short review of neuronal
structure and activity. We then discuss neuronal signals and how these signals are
recorded. We dwell on the properties of different recording elements and in par-
ticular on microelectrodes. The differences between extra- and intracellular re-
cording are presented and discussed. We then discuss MEMS electrodes and the
techniques used in their construction. Finally, we present the details of MEMS-
based intracellular probes that we have constructed recently. Using these needles,
we now obtain extremely localized extracellular signals and have made first re-
cordings with silicon-based micro-probes from the inside of neurons.

1.3.2  Principles of Neuronal Recording

Neuronal communication is at the core of brain activity, and understanding its
signaling is the key to understanding how the brain works. Many neuroscientists
therefore wish to be able to record these signals in real time and from large num-
bers of neurons simultaneously. To understand neuronal recording we first need
to clarify some of the basic conceptual and structural issues related to the brain.
A good starting point is understanding individual electrically excitable brain cells
(ie, neurons) and their connectivity. A comprehensive description of these pro-
cesses can be found elsewhere [4—7]. Here we briefly summarize the basic prin-
ciples.

1.3.2.1 Neurons

Neurons consist of a cell body, axons, and dendrites all enclosed by a thin, frag-
ile, phospholipid bilayer membrane (Figure 1.3-2). The signals generated by neu-
rons are transmitted by their axons to synapses at their terminals. These
terminals usually contact dendrites or the cell body of another neuron (post-syn-
aptic neuron). The inputs to a neuron are often delivered by chemicals (neuro-
transmitters) diffusing across one or many synapses from presynaptic neurons.
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Figure 1.3-2. Neuron structure. Dendrites and the cell body receive ‘inputs’ across sy-
napses, and the axon sends signals on to other neurons across synapses at its terminals.
The cell membrane is a thin insulating layer that separates two conducting layers (the in-
terior and the exterior of the cell). Therefore, the membrane can be regarded as a capaci-
tor with additional potential sources and resistors representing the different ionic channels
in the membrane. A simplified electrical equivalent circuit of the membrane is shown in
the inset following the well-known Hodgkin-Huxley approach. According to this model a
neuron can be represented by an electrical equivalent circuit that includes elements repre-
senting different membrane components. Many of the mechanisms underlying these com-
ponents are now well understood.

The chemical signals are transduced into electrical signals, which are regenerated
actively along the cell membrane. These signals, whether arising on dendrites or
the cell body, may culminate in another regenerative electrical membrane im-
pulse, transmitted along the axon to the terminals. Again, the impulse causes re-
lease of neurotransmitters that diffuse across the synapse to the next neuron, and
the cycle repeats. Direct electrical communication not mediated by chemicals is
also common between neurons. In either case, the impulse traffic and underlying
synaptic potentials are central interests of neuroscience. To understand measure-
ment of this bio-electricity we need to proceed one step further into the structure
of the cell.

1.3.2.2 Neuronal Signaling

Neurons are surrounded by a semi-permeable membrane. The membrane insu-
lates the conducting interior from fluids surrounding the cell. Ionic pumps in the
membrane transport ions from lower to higher electrochemical potential, main-
taining electrochemical gradients across the cell membrane. Owing to ionic con-
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centration gradients and differential membrane permeability, primarily to K¥,
Na*® and CI", neurons sustain a DC potential (resting potential) across the mem-
brane. This resting membrane potential (V,,) varies for different systems, with
typical values of -90 mV for humans, —70 mV for the squid giant axon, and
-50 mV for sea slug neurons.

In neurons, the membrane potential is modulated by ionic currents through
several different types of ion-specific channels across the cell membrane. These
channels can selectively permit different ions to cross the membrane (down their
electrochemical gradients). Depending on their timing, location, and ion specific-
ity, ionic movements alter the membrane potential with corresponding rates, am-
plitudes, and direction.

There are two broad categories of electrical events brought about by these ion-
ic movements: passive and active. A very common example of a passive electri-
cal signal is the post-synaptic potential. Channels on the post-synaptic neuron
open in response to the chemical diffusing across the synapse and cause the
membrane potential near that synapse to increase or decrease. This voltage
change moves passively along the membrane, affecting closer areas of membrane
more than those more distant. If enough of these small post-synaptic potentials
combine in an area of voltage-sensitive channels, then an active or regenerative
electrical impulse will occur. An active electrical impulse will move along the
membrane whenever a changing membrane potential in one area of membrane
induces a similar change in membrane potential in an adjacent area. This action
potential is a fast and relatively large voltage change, and by actively regenerat-
ing itself can travel much farther than passive electrical signals. By propagating
along contiguous areas of active membrane, the signal can quickly travel the
length of an axon and initiate synaptic transmission to the next neuron. To under-
stand how neurons work, and work together, it is very helpful to record both the
small post-synaptic potentials and the resultant transmitted action potentials.

An example of how this process occurs is odor detection [7]. Sensory neuron
terminals inside the nasal cavities have extensions with embedded ionic channels.
These channels open in response to only a few odor chemicals, creating small ‘re-
ceptor’ potentials, almost identical with post-synaptic potentials. If enough of the
specific odor chemical interacts with the sensory neuron terminals, then those
small potentials combine additively to reach a certain threshold voltage, triggering
a regenerative action potential in the sensory neuron. Different sensory neurons
have different types of receptor channels, and thus sensitivity to different chemi-
cals. The combination of receptor potentials and action potentials is used to code
the presence or absence of a certain chemical, and the pattern of firing across the
whole population of sensory neurons is used to code the odor composition of the
air breathed by the animal. Action potentials generated in sensory neurons are trans-
mitted to the brain, where the olfactory information is processed. Perhaps, if the
odor is noxious, through a series of synaptic potentials and action potentials, the
information will be transmitted to parts of the brain which control movement, al-
lowing the animal to turn its head away from the odor source.

How do neuroscientists observe and understand this process? Fundamentally,
there are two ways to record the transmembrane voltages associated with neuron
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activity. The intracellular method uses two electrodes: one inside the cell (intra-
cellular electrode), and the other outside (reference electrode). This method re-
cords transmembrane signals, ie, post-synaptic potentials and the action poten-
tials (impulses). The other, extracellular method, places two electrodes outside
the cell, one very close to the cell and one further away. Although the signals re-
corded in this way do not strictly measure the transmembrane currents generated
by the neuron, any regenerative or other large currents generated nearby the elec-
trodes may cause voltage differences between the two electrodes. Extracellular
recording is therefore effective for recording action potentials, but is less likely
to detect post-synaptic potentials or other small potential changes. All changes in
membrane potential hold information about the way neurons integrate their in-
puts and communicate their outputs, and by recording and understanding these
signals one can observe the basics of brain communication. Let us now turn to
the details of the tools one can use to record these signals.

1.3.2.3 Neuronal Recording

Over the past five decades, a wide variety of electrodes have been developed to
record bio-electric events. A subclass of these electrodes are small, localized
probes typically used to study neuronal signaling [6]. As we will show below,
the electrical properties of a microelectrode determine its reliability as a record-
ing transducer. Aspects of design, materials and fabrication may cause distortion,
electrical noise, and instability.

Most electrodes are either metallic or glass micro-pipettes [8]. We begin this
section with a review of these two most common recording devices and then dis-
cuss their two associated alternative recording approaches, viz., intra- and extra-
cellular recording. This discussion will point out the relevant issues in designing
a silicon-based probe suited for intracellular recording. Finally, we will introduce
planar MEAs.

A straightforward approach to realizing a small, localized probe is to use an
exposed tip of a sharp, insulated, conducting wire (Figure 1.3-3b) [6]. In these
probes the signal is transferred from the tip through the wire while a dielectric
material provides the insulation between the wire and the surrounding environ-
ment. An additional standard technique to achieve tips with sub-micrometer di-
mension is by pulling heated glass capillaries [4] (Figures 1.3-3c¢ and 1.3-4).
These pulled micro-capillaries can be easily transformed into microelectrodes by
filling them with an electrolyte (typically KCl or KOAc) and placing a Ag/AgCl
electrode in the electrolyte. The glass wall (Figure 1.3-4b) provides ionic insula-
tion and ensures virtually no leak current.

Despite a number of significant differences between the metal and micro-pi-
pette electrodes, the underlying principles are similar and have been investigated
extensively. In essence, all recording electrodes consist of a metal-electrolyte in-
terface. Unlike the simple ohmic metal-metal contact, a metal-electrolyte contact
is a rather complex system [9].
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Figure 1.3-3. Bioelectricity-recording electrodes. (a) A simplified electronic model for a
metal-electrolyte interface. V, represents the potential drop across the interface, R, the re-
sistance and C. the capacitance of the metal-electrolyte interface. This model is used for
the metallic and the filled-glass microelectrodes. (b) A schematic drawing of a metallic
electrode. (¢) A schematic drawing of a filled glass capillary. (d) A simplified electronic
model for a metallic electrode in an electrolyte solution. (e) A simplified electronic model
for a filled-glass capillary electrode in an electrolyte solution. Comparison between the
circuits in (d) and (e) demonstrates the effect of the geometry of the electrode on its elec-
trical properties. In metallic microelectrodes the metal-electrolyte interface is located at
the recording tip and therefore accounts for almost all the impedance of the electrode.

Various chemical reactions may take place when a metal is introduced into an
electrolyte. These reactions may involve dissolution of the metal in the case of
partially soluble metals, or electron exchange between the metal and the solution
as in the case of noble metals. The result of these chemical reactions is the for-
mation of an equilibrium charge gradient at the interface (usually referred to as
the electric double layer) which is accompanied by a buildup of an electric po-
tential across the interface. The details of the space charge layer are predicted by
theoretical models (Helmholtz, 1897), which can then be used to analyze the
electrical properties of an electrode.
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Figure 1.3-4. Glass micropipettes. (a) An Environmental scanning electron microscope
(ESEM) image of the tip of a pulled glass capillary. The scale bar is 20 um. Similar tips
are commonly used for intracellular neuronal recording. (b) An ESEM image of a broken
glass capillary. The glass provides superb insulation between the inner and the outer sides
of the probe. The scale bar is 150 pm.

Owing to the capacitive nature of the electric double layer, a metal-electrolyte
interface is, in fact, an electrolytic capacitor (eg, for platinum C.=20 pF/cm?® at
1 kHz). In addition to the capacitive nature of the metal-electrolyte interface, we
should also consider its resistive nature. A metallic electrode and an electrolyte
maintain equilibrium potential and a balance between influx and efflux currents
of electrons (or ions). By applying an external potential, the equilibrium current
is unbalanced, and the induced current can then be expressed [10] by

i = igeAV/2RT _ ;o o~FAV/2RT (1)
with iy being the exchange current density (values may range from pA/cm? up to
10 A/cm?), AV is the applied potential, F the Faraday constant, R is the gas con-
stant, and T is the temperature. For small voltages, Equation (1) can be linear-
ized and expressed as

i = ioF /RTAV . (2)

At room temperature the electrode resistance (typically denoted as the charge trans-
fer resistance) can be expressed as R.=AV/i=0.06/iy. For platinum, ip=4.5x10"
© A/em?, which corresponds to R.=1.3x10"? Q/cm?. Clearly, for very small electro-
des the above expression results in very significant resistances, which are in many
cases one of the major complications in the construction of metallic electrodes.
In practical terms, the space charge layer at the metal-electrolyte interface can
be simply modeled as a voltage source (V;) in series with a capacitor (C.) and a
resistor (R.) in parallel (see Figure 1.3-3a) (this model is appropriate for low fre-
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quencies; at high frequencies the impedance can be modeled by an equivalent
circuit of resistor and capacitor in series [10]). For many materials, the values of
the simplified components have been determined [10, 11]. It is important to note
that these elements cannot be treated as a capacitor or resistor with fixed values.
In fact, the values of these elements vary with frequency [10, 12, 13] and also
with material, electrolyte, and temperature. This dependence reflects changes in
the double-layer properties with these parameters.

Let us begin with analyzing the properties of metallic recording electrodes
(for detailed explanations, see [11]). It should be noted that the intracellular
MEMS probes, which we fabricate, are very similar to these probes. In Fig-
ure 1.3-3b we draw a schematic presentation of an electrode. We also illustrate
the major electrical components. The electrode consists of two components: a
metallic tip and an insulated shank. The metallic tip can be represented (when
placed in an electrolytic solution) by a resistor (R.), a capacitor (C,), and a po-
tential source (V.). The insulation of the electrode shank separates the metallic
conductor of the electrode from the conducting electrolytic solution and therefore
can be simply represented (when placed in electrolytic solution) as a capacitor
(Cq). Additional components in the system are the shank and electrolyte resis-
tances (determined by the geometric surface area of the tip [10, 12]). The equiva-
lent electric circuit of such a probe in recording conditions (with a reference
electrode) is shown in Figure 1.3-3d and follows directly from the model in Fig-
ure 1.3-3a. Note that some elements, such as the resistance of the electrode
shank, and the intra- and extracellular liquid resistances were omitted as they are
negligible in comparison with the other elements in the circuit.

The equivalent electrical circuit for the micro-pipette electrodes is shown in
Figure 1.3-3e. Here, too, we can neglect various elements. In this example the
metal-electrolyte resistance and capacitance (R, and C.) are negligible owing to
the large surface area of the contact between the electrolyte and the wire. The
two major components that determine the electrode impedance are the electrode
resistance (Ry,) and the glass wall capacitance (Cy). The first is the resistance of
the electrolyte through the narrow tip opening, and is determined by the tip di-
ameter. The capacitance is determined by the glass wall thickness.

If we compare Figures 1.3-3d and 1.3-3e it becomes apparent that the geo-
metric differences between the two electrodes produce significant electrical dif-
ferences. In metallic microelectrodes the metal-electrolyte interface is located at
the recording tip and therefore accounts for almost all the impedance of the elec-
trode. The electrical properties of a micro-pipette are dominated by the glass tip
resistance. Typically, glass micro-pipettes have DC resistances in the order of
10-200 MQ, while metallic electrodes may have DC resistance larger by at least
two orders of magnitude. On the other hand, in AC, metallic electrodes outper-
form micro-pipettes which may poorly represent rapidly changing signals owing
to their large shunt capacitance. These differences can have a direct impact on
the performance of the electrodes for different applications [13]. For example,
the electrolyte-filled electrodes will perform as low-pass filters. Therefore, they
are most suited for intracellular recording of relatively slowly changing poten-
tials. On the other hand, the metallic electrodes act as high-pass filters, which
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suggests their use for more rapidly changing signals. The impedance of the elec-
trode (determined by the materials and geometry) and the impedance of the ex-
ternal path determine the amount of distortion of the recorded signal [13, 14].
Careful choice of metallic electrode parameters can significantly improve their
DC performances, their stability, and their distortion.

By considering the differences between metallic electrodes and micro-pipettes,
we can explain the parameters and considerations which are related to the design
of recording electrodes. Let us now turn to explain when and how these parame-
ters become relevant in an experiment. The performance of an electrode is large-
ly determined by the event under investigation (ie, rapidly or slowly changing
signals) and by the anatomical location. Recordings can be made with the elec-
trode inside or outside the cell. Clearly, placing electrodes inside the cell im-
poses some major challenges on the construction and handling of the electrodes.
However, there are several major drawbacks to extracellular recording that make
intracellular recording worthwhile. First, information gathered by extracellular
sensing may not be exclusive to a single cell (this statement is valid for the case
of poor sealing between the electrode and the cell membrane; see the discussion
below). Rather, it may be an average over several cells located at the vicinity of
the probe. Second, extracellular probing does not provide critical information
about DC conditions or slowly changing potentials across the cell membrane.
Only the time of occurrence of action potentials can be recorded, not the details
of their form. This is a direct result of the capacitive nature of the cell mem-
brane (typical values of the order of 1 pF/cm?).

To understand these differences better, we present in Figure 1.3-5 a compari-
son between extra- and intracellular recording results. The recording was from
an isolated brain of Tritonia diomedea. Tritonia is a marine mollusk indigenous
to the Pacific Northwest; its hallmarks are extraordinarily large brain nerve cells
(see Figure 1.3-1), identifiable sensory and motor functions associated with these
brain cells, and robust response to surgical insult. Brain preparation methods for
this animal allow recording and stimulating a brain during voluntary and reflex-
ive movement [15].

Two electrodes were used to record simultaneously from the same neuron. The
first electrode was an intracellular electrode inserted into the neuron. The second
extracellular electrode was placed directly adjacent to the first electrode and suc-
tion was applied to seal the electrode against the edge of the brain, directly over
the cell. Although both records show the action potentials, the dynamic range of
the intracellular recording is roughly three decades larger than that of the extra-
cellular recording. Missing from the extracellular record are both the action po-
tential shape and DC changes in the resting potential (here induced by positive
and negative current injection). With higher amplification, small synaptic poten-
tials which are clearly visible in the intracellular record, are invisible in the ex-
tracellular record. In an extracellular recording, a nearby-firing neuron can con-
found and sometimes obscure action potentials from the cell of interest; this ef-
fect never occurs in intracellular recordings.

To conclude our discussion so far, intracellular recording is important when
one wants to know more than just when a neuron fired (and even then, extracel-
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Figure 1.3-5. Extracellular and intracellular recordings from a single reidentifiable neu-
ron, in an isolated Tritonia brain. An intracellular electrode was inserted into the neuron.
An extracellular electrode was applied with suction, directly nearby. (A) Although both
records show the action potentials, the dynamic range of the intracellular recording is
roughly three decades larger than that of the extracellular recording. Missing from the ex-
tracellular record are both the action potential shape and the DC changes in the resting
potential (here induced by positive and negative current injection (arrowheads), but also
occurring in vivo). (B) With higher amplification, small synaptic potentials (eg, excitatory
post-synaptic potentials, one marked by E) clearly visible in the intracellular record, are
obscured in the extracellular record. (C) In an extracellular recording, a nearby-firing neu-
ron can confound and sometimes obscure action potentials from the cell of interest (ar-
row); this effect is absent from the intracellular record. (D) A single action potential
shown on an expanded time-scale. Analyzing an extracellular record is clearly more diffi-
cult than analyzing an intracellular record. Scale bar: (A, C) extracellular 25 puV, 5s; in-

tracellular 25 mV, 5 s; (B) extracellular 10 pV, 5 s; intracellular 10 mV, 5 s; (D) extracellu-
lar 25 pV, 0.2 s; intracellular 25 mV, 0.2 s.
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lular recordings are hard to associate with a single, identifiable neuron). Intracel-
lular recordings are useful to observe the full electrical activity of single neu-
rons: the small DC changes associated with synaptic interactions, the shape of
action potentials (which can also be critical), and the timing of action potentials.
For these reasons, our goal is to build a silicon-based intracellular electrode.
Therefore several requirements are imposed. Special attention has to be directed
not only to their geometry but also to the fidelity of the probes under DC and
AC conditions. Our silicon-based electrodes should have performances similar to
those of the intracellular micro-pipettes. It is very important to emphasize that
the extracellular recording we discussed above was performed with a tight seal
and therefore represents the best case scenario for extracellular recording.
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To summarize, here are some topics that must be considered in the design of
silicon-based intracellular probes. Special attention has to be directed to possible
instability and noise sources. Stability can be improved by adequate choice of
metal. It is widely accepted that silver/silver chloride electrodes are the most
stable electrodes [11, 14]. When discussing microelectrodes we should also con-
sider the following two main sources of noise. The first is associated with the un-
stable metal-electrolyte interface. Here too, the noise level is determined by the
metal used. However, this noise may also be dramatically affected by the prepa-
ration procedure (ie, the exact parameters of chloriding) as well as the final
hookup to the measurement apparatus. A second noise source is thermal noise.
Thermal noise effects are related to the resistance of the probe and can be mini-
mized by reducing the electrode impedance. An additional major source for arti-
facts is the amplification stage. Incompatibility between the probe and the ampli-
fier may distort the signal. Finally, to minimize galvanic potentials, a reference
electrode of the same metal as the recording electrode should be used.

1.3.2.4 MEMS Neural Probes

Owing to the multicellular nature of the nervous system, simultaneous recording
from a large number of neurons may be helpful. MEMS devices are particularly
promising for achieving this goal owing to their small dimensions and the ease
with which multi-site devices can be produced. Indeed, extensive effort in the
past three decades has shown the potential of planar MEA devices for neurologi-
cal and electrochemical sensing applications.

What is MEMS and what makes MEMS such an appealing technology for
neurological applications? MEMS technology takes advantage of micro-fabrica-
tion techniques to construct a wide variety of small electromechanical and also
chemical and biological devices [16]. The number of existing techniques, such as
metal deposition, bulk etching, dielectric deposition, and molding, is so vast
nowadays that the miniaturization of various tools and devices is becoming an
everyday reality. MEMS technology has become dominant during recent decades
in various applications such as accelerometers, digital mirror displays, and DNA
chips.

Silicon-based planar microelectrode arrays were developed with the forethought
to allow both in vivo and in vitro multiple site recording. These devices support the
combined capabilities of silicon integrated-circuit processing with thin-film micro-
electrode sensing. The pioneering work by Wise et al. [18] has been followed by
numerous studies that exploited integrated-circuit technology to build neurological
microelectrodes. These devices typically consist of metallic electrodes, such as ir-
idium [17], gold [19, 20], and platinum [21], which are photolithographically pat-
terned on passivated silicon substrates (Figure 1.3-6). The interconnects are passi-
vated by a dielectric layer. The in vivo designs include a release process that sepa-
rates needle-shaped devices from the silicon wafer. For a review on the design and
realization of thin-film microelectrodes, see [12].
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Figure 1.3-6. Silicon-based planar microelectrode arrays (MEAs) for cortical recording.
D. Kewley and G.T. A. Kovacs. By permission.

An additional benefit of MEMS devices is the wide variety of additional sen-
sors or effectors that can be integrated with the recording electrodes. With such
elements neuronal recording can be linked with chemical stimulation using fluid-
ic channels and valves [22], or temperature control using micro-heaters [23].

Thin-film microelectrodes are produced using standard micro-machining pro-
cesses. Even though most of these techniques were originally developed for the
silicon microelectronics industry, and may include the use of some very harsh
chemicals, completed devices made of silicon, noble metals, and dielectric
layers, such as silicon dioxide, nitride, or polyimide, are not toxic and can be
successfully used to interface with biological elements. A very detailed study by
Kristensen et al. [24] demonstrated that the coupling between brain tissues and
silicon-based chips had little effect on the tissue under investigation. However,
the overall compatibility of the device with the biological environment includes
several other factors that have to be considered. (Bio-compatibility is a very com-
mon term to describe a proper interface between a biological system and a for-
eign element. However, this is a very broad and often a very poorly defined con-
cept. To avoid ambiguity, we choose to discuss several specific issues which re-
late to the interaction between implants and biological systems.)

The first issue is bio-fouling, ie, the strong tendency of proteins and organisms
to adsorb physically to synthetic surfaces [25]. Bio-fouling by bacteria is a major
source of failure for scores of devices, including macroscopic-scale elements
such as metal piping [26]. In the microscopic world of MEMS, bio-fouling is a
very challenging issue and adsorbed proteins are known to clog devices with
small constrictions, such as bio-capsules [27].

The driving mechanism for bio-fouling in live organisms is protein attach-
ment. This process may affect various devices such as pH [28] and glucose [29]
sensors. In these cases, the adsorbed protein layers directly affect the operation
of the sensor. Protein layers are also responsible for various biological responses,
such as cell attachment and activation [30]. Cell attachment may interfere with
the optimal operation of the device by, for example, reducing its life span or in-
creasing its power consumption [31].
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Protein and cell attachment to a device surface may trigger the response of the
immune system, which in turn may result in inflammation. It is therefore impor-
tant to consider not only the short-term effects of the biological environment on
the device (the effects of protein adsorption on electrode performance are known
to occur during periods of hours [28] or days [29]) but also the longer-term ef-
fects of the device on the hosting environment. It is important to note that these
effects may vary for different applications and biological systems.

Clogging of micro-pipette intracellular electrodes over several hours suggests
that protein adsorption may interfere with the recording. In the case of metallic
intracellular electrodes, the tips are exposed to protein adsorption. This may af-
fect the recording stability. The components of the device outside the cell are
also susceptible to cell attachment. To resolve these problems, surface modifica-
tion techniques [27, 32] can be integrated with standard MEMS processes and
can dramatically reduce protein and cell attachment. It has also been shown that
a thin non-fouling coating may provide protection to coated electrodes from pro-
tein adsorption and cell attachment without compromising their conductivity
[32].

Another major problem related to the interface between artificial devices and
biological environments is corrosion. Direct contact between the device and the
biological system exposes the surface of the device to corrosive aqueous media.
The durability of the device is therefore strongly dependent on the properties of
the passivation layer and the quality of the adhesion of the different coatings on
the device. Passivation layers used in microelectrode fabrication, such as silicon
dioxide, silicon nitride, or polyimide, were originally developed as dielectrics for
non-corrosive environments and therefore may perform very poorly (failure after
several minutes or hours) in electrolyte solutions. The use of these passivation
materials for corrosive environments requires special attention. By studying a
large number of common barrier materials as a passivation layer for silicon-
based microelectrode devices, Fassbender et al. [33] demonstrated that by a care-
ful choice of material and preparation the corrosion resistance of the passivation
layer can be maintained for several months. It was shown that by adequate
control of deposition conditions and process cleanliness, effects such as stress,
pinholes, and particle inclusion were avoided. In return, effects as buckling and
swelling were dramatically reduced and the overall corrosion resistance of the
devices was improved.

A major consideration in the design of microelectrodes is their geometric in-
terface with the environment. As was briefly mentioned before, a tight seal be-
tween the electrode and the cell membrane is favorable for good extracellular re-
cording. These conditions are very hard to reach with flat electrode designs and
a special effort was made, in in vitro setups, to improve the sealing by shaping
the electrode sites into a cup structure [34]. Action potential simulations based
on the equivalent electric circuit of neuron-to-electrode contact show significant
signal distortions due to inadequate sealing [35, 36]. Clearly, good sealing is
very hard to realize in vivo with thin-film microelectrode devices and therefore,
despite their many appealing advantages, their recording capabilities are limited
to applications where the understanding of synaptic interactions is important.
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It is important to note that complete sealing between the recording electrode
and the cell membrane may not always be a major problem. This may depend on
the level of detail that one requires from the recording and also on the exact ex-
perimental setup, ie, whether the recording is performed with brain cells or other
nerve cells. MEMS surface electrodes, even without complete sealing, can be
used to study brain activity of intact and freely behaving animals [2, 37]. The
signal-to-noise level is sufficient to allow spike detection and sorting.

Improvement of the signal-to-noise ratio and higher signal amplitude can be
achieved by fabricating three-dimensional tip-shaped electrodes (tips extending
from the two-dimensional surface of the wafer). Such designs allow electro-phys-
iological recording from inside a cultured tissue [24, 38]. Campbell et al. [38]
used thermo-migration to define p-doped columns in n-doped substrates. A dic-
ing saw was used to define pillars in the p-doped regions. This process allows
the formation of tall, electrically insulated pillars. The pillars were sharpened by
a chemical etch consisting of 5% hydrofluoric and 95% nitric acid. Gold and
platinum were deposited on the tips with a metal foil used as a protection mask
for the base of the electrodes. Thiébaud et al. exploited the anisotropic etching
characteristics of silicon in KOH to form 47 um tall tips [39]. The tips were pas-
sivated, and then deposited with platinum. As in the planar microelectrode case,
the metal is passivated with an additional dielectric layer. A thick photo-resist
was patterned and used as a mask to expose the electrode tips.

Owing to the advantages of intracellular recording mentioned above, combined
with the favorable properties of MEMS as an enabling technology for neuronal
recording, the development of intracellular MEMS probes appears to be a prom-
ising approach and is the focus of the current study.

1.3.3 Intracellular Neural MEMS Probes

As was discussed in Section 1.3.2.3, pulled glass capillaries electrodes are most
suited for DC recording. MEMS probes based on a similar design, namely hol-
low capillaries [40], may be ideal for such recording but their realization may be
difficult. Needle-like electrodes based on rigid, metallized tips suited for intracel-
lular recording require close attention to their DC properties, but their realization
may be more feasible than hollow electrodes. In fact, needle array devices have
already been realized and used for extracellular recording [38, 39].

The focus of the current study is the fabrication of micro-machined silicon sol-
id needles suited for intracellular probing. Our main effort has been directed to-
wards the construction of tips capable of penetrating the cell membrane as well
as optimization of the electronic properties in DC.

We discuss below the main consideration in the design of these probes. We then
describe the fabrication steps including initial characterization and optimization of
the different components. To demonstrate the probe performances, we used two bio-
logical models: Manduca sexta (hawk moth) and Tritonia diomedea (a sea slug).
Our results indicate that the electrodes act as extremely localized bio-sensors.
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1.3.3.1 Tip Design

In Section 1.3.2.3, we discussed the parameters required to model and under-
stand microelectrodes. In this section we discuss the specific design of the
MEMS electrodes we produce and estimate the typical values of the different
components. The discussion is followed by the fabrication details.

A major challenge in producing probes for intracellular sensing is the tip ge-
ometry. Intracellular probes must have extremely sharp tips (sub-micrometer di-
mensions) and they have to be long (>10 um). These characteristics are neces-
sary for effective bending and penetration of the flexible cell membrane.

The structure of our electrodes is based on solid silicon needles with a conduct-
ing silicon base (Figure 1.3-7a). The surface of this structure is then coated with a
metal that forms the metal-electrolyte interface (Figure 1.3-8b). A dielectric layer
is used to insulate the base of the needle from the electrolyte (Figure 1.3-8c). The
insulation has to cover all parts of the electrode other than the very tip. Connection
to the electrode is achieved by wiring an insulated conducting wire to the back of
the conducting silicon base. The backside of the electrode and the connection to the
wire are finally insulated with a thick encapsulation material.

The geometric structure and the properties of the materials used to construct
the needles determine their final performances. Let us estimate the low-fre-
quency values of the different components in this circuit. We begin with the me-
tal-electrolyte interface. The interfacial capacitance (Cyp) can be estimated by

Cﬁp == CeAtip . (3)

The charge transfer resistance (Ryp) can be estimated by the following simple
calculation:

(a)

(b) Crip

-— B
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’ Tip
Riip
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Figure 1.3-7. Schematic drawing of the MEMS intracellular electrodes used in this study. (a)
The electrodes are made of sharp, bare, silicon needles; (b) the bare silicon is then coated
with a metal; (c) finally, a dielectric passivation layer is deposited on the metal layer and
the tip of the metal is exposed. The simplified electric model for the tip and the insulation
are also presented. The justification to this simplified model is detailed in the text.
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h

(a) se (b) Tip

Figure 1.3-8. Schematic drawing of the MEMS intracellular electrodes. (a) Geometry of
the base, (b) geometry of the tip.

Rtip == Re/Atip (4)

where C. and R, are the specific capacitance and resistance of the metal-electro-
lyte interface respectively, and Ay, is the tip area. In order to maximize the capa-
citance and minimize the resistance, we need either to increase the effective area
of the electrode or to choose a material with high specific capacitance and low
charge transfer resistance. A standard way to increase the effective area is by
using rough and porous materials, such as porous silicon [41] or platinum black,
which can be electroplated on the surface of the electrode [10]. Another alterna-
tive to reduce the impedance of the electrodes is to use a material with high spe-
cific capacitance such as silver chloride. Silver can be easily deposited by ther-
mal evaporation and chloridation can be achieved by several post-processing
means. The details of the chloridation process are discussed below. The estimates
below are made for silver/silver chloride electrodes. Noble metal electrodes, such
as gold electrodes, would present inferior performances.

For a conical geometry (Figure 1.3-8) the effective area is given by the radius
a and the length [:

Agp = mal . (5)

For 2a=9° and h=20 pm, A~ 100 um?. With typical values of C=100 pF/cm?
(Ag/AgCl), Ciip~ 100 pE. For silver chloride electrodes the frequency dependence
may be roughly approximated by Coc1/f%*, with f being the frequency [11].

To estimate the resistance we can use R,=10'° Qum2 (for 10 Hz). This value may
vary with chloride deposition and can be up to an order of magnitude larger [11]. For
Aiip~ 100 pum?, R~ 10® Q. The values used here are for large electrodes, miniatur-
ization of the electrode could affect the effectiveness of the diffusion of the soluble
ions close to the electrode tip and may reduce the effectiveness of the electrode.

We now turn to verify the additional components in the circuit. The resistance
of the silicon base can be estimated as follows. The resistance of a truncated
cone with radii @ and b, a length L, and a resistivity p is given by
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R = pL/mab . (6)

For L =400 um, a=1.5 pm, b=35 um and p=0.0045 Qcm, R=110 Q.
The resistance of the metallic coating deposited on the truncated cone can be
estimated as follows

R =pL/2nd x In(b/a)/(b — a) (7)

where p is the metal resistivity (typical values are on the order of 10° Qcm) and
d is the metal layer thickness. With d=100 nm, R=3Q. The resistance of the
metallic coating is comparable to the resistance between the tip and the base.
These resistances and also the wiring resistance and the contact resistance is of
the same order of magnitude and are low enough to be neglected.

The capacitance of the electrolyte through a passivation layer can be roughly
estimated using the parallel plate capacitor equation:

Cd = SOSrABase/dd (8)

where & is the dielectric permittivity of free space, &, is the relative dielectric per-
mittivity of the passivation layer (for silicon nitride, ¢,=7.5), and Ag,s and d4 are the
area and the thickness of the passivation layer, respectively. For Apue=0.25 mm?
and d3=50nm, C=250 pF. In the present design the capacitance of the needle
shank is negligible compared with the capacitance of the electrode base and can
be neglected. In this example, the shunt capacitance may impose undesired pertur-
bations on the proper function of the electrode. To minimize these effects, it is im-
portant to lower the surface area and to increase the thickness of the passivation.

To conclude, the needles can be modeled by the circuit in Figure 1.3-3d. The
values for Ry, Cip and Cy4 can be estimated as 10® Q, 100 pF and 250 pF, re-
spectively. This simple calculation gives a possible range of parameters for me-
tallic electrodes for our current design. Further improvement of the design and
the preparation may improve these values. It is also important to consider these
values with respect to the choice of other components in the circuit, in particular
the choice of the amplifier. The value for Ry, is comparable to the typical values
of glass capillaries and should allow reliable DC recording.

1.3.3.2 Tip Fabrication

To fabricate needles suitable for intracellular recording, we used highly conduct-
ing (n-type), 800 um thick silicon wafers. Similar to the process in [38] we used
a dicing saw to dice the wafer in two perpendicular directions to create arrays of
tall pillars (70x70x350 pm). To sharpen the tips we used reactive ion etching
(RIE) with SFg. This is a robust, self-sharpening process, which we optimized in
order to obtain long tips with a high aspect ratio. The process requires approxi-
mately 45 min and results in sharp, high aspect ratio needles (Figure 1.3-9).
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Figure 1.3-9. (a) A single needle after the RIE sharpening process. The scale bar is
150 um. (b) A tip of a sharpened silicon needle. The needle is tilted approximately 45°
with respect to the plane of the image. The scale bar is 10 pm.

Figure 1.3-9b shows the tip of a silicon needle that we produced with the pro-
cess mentioned above. Our process yields a probe geometry that is similar to that
of the pulled glass electrodes commonly used in intracellular recording schemes
(see Figure 1.3-4 for comparison).

To produce separated needles, the wafer was bonded with crystal bond (or
photoresist) to another substrate and cuts to separate the parts were made prior to
the sharpening process (Figure 1.3-10). These cuts are approximately 500 pm
apart. After the sharpening, the wafer was sputtered with Cr/Au (~70 nm) and
with silicon nitride (~ 130 nm). Later, using an RIE SFg process, the nitride

Separable needle

Cuts used to
separate the dies

Figure 1.3-10. (a) An optical microscope image of an array of diced electrodes. The elec-
trodes are glued to a substrate with an adhesive (photoresist). By soaking the sample in
acetone the dies can be separated and used as individual probes. (b) A schematic drawing
of the electrodes after the sharpening process is completed.
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layer was slightly etched in order to expose the needle tips. Finally, we soaked
the wafer in acetone and released the single needles.

1.3.3.3 Metallization

The main motivation in performing intracellular recording is to be able to measure
slowly varying signals. Thus, intracellular recording is reliable and advantageous
only if the probe provides a stable recording. The use of metallic electrodes for
DC recording is very challenging. One of the main tasks of our study was to inves-
tigate the performance of the electrodes and to explore metallizations best suited for
DC operation. We investigated two metallization procedures: gold and silver chlo-
ride electrodes. The deposition of gold and silver is easily achieved by thermal eva-
poration with a thin layer of Cr acting as an adhesion promoter.

Gold, as a noble metal, ensures minimal solubility but may result in very high
DC resistance and unstable recording. Ag/AgCl electrodes are commonly used to
ensure high stability in physiological probing including in MEMS devices [42].
It was suggested that even the reliable Ag/AgCl electrode may fail to support
very high fidelity recording. This may be due to interactions between the silver
and organic molecules or to the effect related to miniaturization of Ag/AgCl
electrodes [13]. Our results, discussed below, show a dramatic improvement of
electrode stability and resistance by using Ag/AgCl electrodes.

1.3.3.4 Silver-electrode Chloriding

The performances of silver chloride electrodes depend very strongly on the prep-
aration process. A rigorous review of the preparation and properties of silver
chloride electrodes can be found in [11].

To test silver chloride electrodes for DC recording, we investigated the proper-
ties of sharp (under 1 pm tip dimensions), silver-coated electrodes in terms of re-
sistance and time constant, before and after chloriding. The electrodes were sepa-
rated from the holding substrate and individual electrodes were wired and tested.
An electrolyte solution droplet was generated at the tip of a syringe and the tips
were immersed in the droplet. The surface tension of the droplet allows control
over the length of the tip immersed (20-100 pum of the tip is estimated to be im-
mersed in the solution).

The tips were dipped in solution and the DC resistance without chloride was
initially 10-20 MQ (corresponding to p=1-10x10° Q pm?), with an approxi-
mately 5 ms time constant. However, these numbers began to rise almost in-
stantly (<1 s) and the resistance rapidly became unmeasurably high, with a very
long time constant (many seconds) and an unstable baseline.

Electrolytic chloride deposition on to the surface for a few seconds (9 V, with
a 100 MQ current limiting resistance), results in a new, stable DC potential level,
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ie, a junction potential adjustment of —34 mV, which may simply indicate the re-
moval of the previously unbalanced junction potential between the silver metal
and the electrolyte. The new resistance, of the same electrode tip, will now mea-
sure about 20 MQ (varying from 1 to 35 MQ depending on the extent of the im-
mersion of the tip). This value is fairly stable with a time constant of approxi-
mately 5 ms.

Further deposition (eg, 5 min, 9 V through 100 MQ current-limiting resis-
tance) results in a visible build-up of material on the tip (presumably, mostly
chloride), a slightly reduced resistance, and an increase in the time constant.

The chloridation process yields electrodes with a significantly more stable
baseline (=1 mV compared with >100 mV for non-chloride silver or gold). The
measured resistance and capacitance for these electrodes (R ,=20 MQ,
Ciip=250 pF) are in agreement with our estimates for the tips. These parameters
are close to typical values of filled glass capillaries and may permit accurate DC
recording.

1.3.3.5 Passivation Layer

To achieve insulation of the needle base we used a thin-film dielectric coating.
Because of the topography and fragility of the sharp needles, sputtering deposi-
tion is advantageous over spinning of organic material. A convenient way to
achieve insulation is by using sputtered silicon nitride. Owing to better durabil-
ity, silicon nitride is better suited for such applications than silicon dioxide or
polyimide [43, 44]. For better corrosion resistance and prolonged device lifetime,
additional deposition material, such as triplex layers of silicon nitride and silicon
dioxide, will be studied in the future [33]. To verify that our coatings are pinhole
free we tested the nitride layers as a mask for aluminium etching. High-quality
coatings were achieved for deposition at low background pressure.

1.3.3.6 Experimental Results

To test the performance of our electrodes we first used them in an extracellular
preparation of Manduca sexta (hawk moth) (see Figure 1.3-11a). Manduca is
among the largest of flying insects; its flight control neural circuits are relatively
well understood in the context of constrained laboratory environments. This in-
sect has been studied extensively, including its flight dynamics, neuromuscular
control, and visual and mechanosensory signaling [45].

A moth was anchored to a holder under a microscope and its lobula plate (the
brain optic lobe) was exposed. A conducting wire was connected to the backside
of a micro-machined needle device, and the needle was lowered into the lobula
plate. A reference electrode was placed at a nearby position. In Figure 1.3-12a
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Figure 1.3-11. The biological models used in this work (a) Manduca sexta (hawk moth)
is typically 4 cm in length with a 12 cm wingspan; at 2.5 g, it is among the largest of in-
sect flyers. It can easily carry a test-electronics payload. (b) Tritonia diomedea (sea slug)
is typically 20 cm in length, and has a readily accessible brain with large and well-charac-
terized neurons (see Figure 1.3-1).

we show a record of the evoked extracellular potentials of one neuron in the lo-
bula plate.

To test our gold-coated needles for intracellular applications we used the brain
of Tritonia diomedea (a sea slug). Unlike the dry setup of the moth experiments,
here the isolated brain was anchored in seawater under an optical microscope.
An Ag/AgCl reference electrode was dipped in the seawater close to the brain.
An insulated conducting wire was connected to the back of the micro-machined
needle and the connection was insulated with varnish. At 100 Hz the electrode
impedance was of the order of 1 MQ.

Owing to the enormous dimensions of the sea slug brain cells (~400 um), it
is possible to monitor visually the penetration process and select an appropriate
location for the probe as it approaches the cell. The micro-machined needles
were mounted on a micro-manipulator and were slowly pressed against a cell
membrane. Two effects were observed as the needles approached the cell: the
measured background potential drifted and the membrane bent. After moderate
tapping on the micro-manipulator, spikes were observed. This is probably due to
cell membrane penetration. The recorded data are shown in Figure 1.3-13. Simi-
lar tests with dull electrodes (tip size ~35 pum) did not result in signals with im-
pulses.

The noise level seen in Figure 1.3-13 is due to induced 60 Hz interference and
possibly to insufficient insulation and grounding of surrounding devices. Bio-
fouling (the affinity of proteins to adhere to synthetic surfaces) may also contrib-
ute to the noise and the instability, which was observed in two separate tests of
1 h of recording. Finally, a damaged membrane is likely to contribute to the
noise levels and to the relatively small amplitude and slow time constant signal
seen in Figure 1.3-13.

The results presented so far show similarity between the geometry of the sili-
con needles and the pulled glass capillaries (see Figures 1.3-4 and 1.3-9) and
support the potential for this process to produce intracellular silicon-based nee-
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Figure 1.3-12. Evoked extracellular potentials in the lobula plate of Manduca sexta (hawk
moth) plotted versus time (raw data).

dles. Further, the data in Figures 1.3-12 and 1.3-13 hint at the exciting possibili-
ties for fully fledged neurobiological experiments using silicon-based electrodes.

1.3.3.7 Current and Future Work

The current design of our devices permits convenient handling by using the large
base (Figure 1.3-10) to hold and manipulate the needles. During the measure-
ments, however, when the needles are soaked in a conducting medium (eg, sea-
water or blood), the base acts as a large capacitor (impedance of ~10 MQ at
100 Hz). This capacitor is in parallel with the active sensor (the tip of the nee-
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Figure 1.3-13. Recording results with an electrode coated with gold and insulated with ni-
tride. Spontaneous intracellular potentials in a neuron in the brain of Tritonia diomedea
(sea slug) plotted versus time. The positioning of the probe was controlled via micro-ma-
nipulators and an optical microscope.

dle) and can cut off valuable data. A better design should take this into account
by limiting the dimensions of the base.

As a first step to improve our process, the dicing saw will be replaced with a deep
reactive ion etching (DRIE) process. This will allow a versatile design of needle
arrays. Future work will also focus on a versatile connectivity scheme. Preliminary
work suggests that polyimide can be used as a convenient structural flexible con-
necting material. The qualities of the polyimide as a good ionic insulator can be
employed to protect metallic lines, which will be used to connect the electrodes
and to build large needle arrays. Finally, to enhance the electrode bio-compatibility
a non-fouling coating will be deposited. Such a coating was recently tested for bio-
MEMS applications and was verified to have good adhesion to silicon, nitride, and
gold [9]. Also, it was found that this coating has good ionic conductivity.

1.3.4 Summary

We have reviewed the motivation and the main principles that underlie intracellular
potential recording electrodes. We have presented a technique to produce sub-mi-
crometer sharp, high aspect ratio silicon needles. With the refined geometry we
were able to obtain high-quality in vivo extracellular recordings. Moreover, we pre-
sented the first evidence for cell penetration and recording with silicon needles in-
side a cell. With the advances in bio-MEMS along with the techniques discussed
here, the long-term goals of our research are to build stand-alone implantable sen-
sing units made of probes, amplifiers, and memory components, with the specific
goal of allowing intracellular recording from freely behaving animals.
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List of Symbols and Abbreviations

Symbol Designation

A area

ABase area of passivation layer
Agip tip area

radius

glass wall capacitance
electrode capacitance

tip capacitance

thickness of passivation layer
Faraday constant

frequency

height

induced current

exchange current density

~ =
soEmmAa0Q

/ length

L length

R gas constant

R. electrode resistance

Riip tip resistance

T temperature

V. electrode voltage

Vi resting membrane potential
AV applied potential

a angle

& dielectric permittivity of free space

relative dielectric permittivity of passivation layer
resistivity

< e
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Abbreviation Explanation

DRIE deep reactive ion etching

fMRI functional magnetic resonance imaging
MEA microelectrode array

MEMS microelectromechanical systems

PET positron emission tomography

RIE reactive ion etching

ESEM Environmental scanning electron microscope



