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INTRODUCTION

All excitable cell functions rely upon ion channels that are embedded in their plasma mem-
brane. Perturbations of ion channel structure or function result in pathologies ranging from
cardiac dysfunction to neurodegenerative disorders. Consequently, to understand the func-
tions of excitable cells and to remedy their pathophysiology, it is important to understand
the ion channel functions under various experimental conditions — including exposure to
novel drug targets. Glass pipette patch-clamp is the state of the art technique to monitor the
intrinsic and synaptic properties of neurons. However, this technique is labor intensive and
has low data throughput. Planar patch-clamp chips, integrated into automated systems,
offer high throughputs but are limited to isolated cells from suspensions, thus limiting
their use in modeling physiological function. These chips are therefore not most suitable
for studies involving neuronal communication. Multielectrode arrays (MEAs), in contrast,
have the ability to monitor network activity by measuring local field potentials from multi-
ple extracellular sites, but specific ion channel activity is challenging to extract from these
multiplexed signals. Here we describe a novel planar patch-clamp chip technology that
enables the simultaneous high-resolution electrophysiological interrogation of individual
neurons at multiple sites in synaptically connected neuronal networks, thereby combining
the advantages of MEA and patch-clamp techniques. Each neuron can be probed through
an aperture that connects to a dedicated subterranean microfluidic channel. Neurons grow-
ing in networks are aligned to the apertures by physisorbed or chemisorbed chemical cues.
In this review, we describe the design and fabrication process of these chips, approaches
to chemical patterning for cell placement, and present physiological data from cultured
neuronal cells.

Keywords: patch-clamp whole-cell recordings, planar patch-clamp chip, giga-seal, synaptic transmission, cultured
neuron pair, cell placement, chemical patterning

connected (Stett et al., 2003a). Simple but physiologically relevant

Neuronal functions — ranging for resting membrane potential,
action potential propagation, transmitter release, synaptic trans-
mission to plasticity-rely upon a variety of proteins embedded in
the plasma membrane called ion channels. A common harbinger
of many neurodegenerative diseases is the disruption of neural
network activity caused by the impairment of synaptic function
(Palop et al., 2006; Seeley et al., 2009). Per se, most drugs designed
to treat neuronal pathologies are targeted toward ion channels
(Conte Camerino et al., 2007). The search for novel therapeutic
targets and the need for reliably predictive assessments of poten-
tial therapeutics are driving the demand for improved screening
technologies against ion channels in cells that are synaptically

in vitro preparations, which are capable of modeling key aspects of
brain function and are interfaced with a high-resolution functional
interrogation system that permits high-throughput assessment at
reasonable cost, need to be developed to address this demand.
The patch-clamp method developed by Nobel laureates Neher
and Sakmann (1976) has proven to be the state of the art technique
for high-resolution interrogation of electrophysiological activity.
This technique consists in approaching a glass pipette, filled with a
physiological saline solution and with a micron-sized tip aperture,
to the surface of a cell and to isolate a “patch” of its membrane
by forming a high resistance seal between the membrane and the
perimeter of the aperture (cell-attached configuration; Figure 1A).
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FIGURE 1 | Patch-clamp interrogation of neurons. (A) Conventional glass
pipette. (B) Patch-clamp chip, with the tip of the pipette replaced by a
micro-aperture in a self-supported film separating two baths. (C)
Patch-clamp array chip, where several micro-apertures are etched in the
self-supported film and the bottom bath is subdivided in microfluidic
channels, one dedicated to each aperture. This novel structure can
simultaneously interrogate cells in network communication. Taken from Py
et al. (2008).

Using an amplifier connected to chlorate silver wires, one inserted
in the glass pipette, the other in the culture bath, the activity of
individual ion channels spanning the membrane patch can be
recorded. The rupture of the membrane patch provides access to
the intracellular space of the cell (whole-cell configuration), allow-
ing the electrical access to ion channels populating the entire cell
membrane. The patch-clamp approach is important as it allows
direct visualization of microstates of single ion channel proteins,
and how they are targeted by disease as well as drugs (Wang and
Li, 2003). Most federal drug agencies mandate that patch-clamp
data be provided for drugs that target ion channels. Additionally,
any drug, regardless of its target, must be screened against cer-
tain ion channels to show that it does not perturb function of
other organs/systems. The patch-clamp method has been refined
and has led to techniques for high-resolution recording of cur-
rent in excised membrane patches (inside-out and outside-out
configurations; Hamill et al., 1981). Conventional patch-clamp
requires highly qualified personnel and is labor intensive, making
it slow and expensive, which limits its potential as a high-resolution
interrogation tool for drug development assays.

Planar patch-clamp chips have been developed and refined over
the last decade to specifically address the above limitation (Sig-
worth and Klemic, 2005; Behrends and Fertig, 2007). The tip of the
pipette (Figure 1A) is replaced by a micron-sized aperture through
a self-supported thin film (Figure 1B) separating an upper cell
suspension chamber from an underlying “pipette” chamber. This
chip is mounted in a two-chamber setup, the top one serving as
the culture dish and the bottom one as the equivalent of the inside
of the glass pipette. The cell is patched on the micrometer-sized
aperture. The activity of the cell is measured through an amplifier
connected to the recording electrode placed in the bottom cham-
ber (subterranean microfluidic) and the reference electrode in the
culture dish (Figure 1B).

This design makes the mechanized delivery of isolated cells in
suspension to the aperture possible and, in combination with pro-
grammed seal detection and stimulation-recording routines, has
led to the automation of patch-clamp. An alternative approach
developed to increase the throughput of direct ion channel interro-
gation is the dual sharp electrode voltage-clamp system developed

to record currents from ion channels over-expressed in oocytes
(Schnizler et al., 2003). This process is also amenable to automa-
tion by using robotically controlled electrodes and assay chambers
(Wang and Li, 2003). Automated patch-clamp and dual electrode
voltage-clamp systems have been commercialized by several com-
panies (Dunlop et al., 2008) and are now used to complement flu-
orometric imaging plate reader assays (Molecular-Devices-Corp';
Allenby et al., 2001) for high-throughput drug screening. These
systems improve data throughput, a critical advantage for pri-
mary drug screening. However, the technique is predominantly
used to study ion channels over-expressed in non-neuronal cell
lines and is restricted to isolated cells lacking synaptic commu-
nication, resulting in models of questionable biological relevance
mostly inadequate for secondary screening. Since the majority of
drugs acting on ion channels target synaptic transmission, inter-
rogation of individual cells at multiple sites in communicating
networks has enormous potential for pharmaceutical assays.

Multielectrode arrays (MEAs) allow interrogation of activ-
ity in communicating networks of neurons using cell culture,
brain slice, or in vivo preparations (Taketani and Baudry, 2006;
Jones et al., 2011) by sensing extracellular field potentials from
proximal cells. MEAs are powerful and readily available tools to
monitor the activity of networks of neurons and their pertur-
bations by diseases or drugs (MEA Meeting, 2010). Commer-
cially available MEAs (AlphaMED?; Axion-Biosystems®; Ayanda*;
Multi-Channel-Systems®) typically incorporate up to a few hun-
dred electrodes, permitting recording of passive and stimulated
electrophysiological activity from various sized windows within a
neuronal network with varying spatial resolution (typically 30—
100 wm). More recently, field-effect transistor array technology
(Fromherz et al., 1991; Fromherz, 2003; Patolsky, 2007; Frey et al.,
2009) has allowed the integration of up to 16,384 electrodes with
sub-cellular spatial resolution (Lambacher et al., 2004), although
this platform is not yet commercially available (Graham et al.,
2011) and data analyses are daunting. Furthermore, progress in
nanotechnology has allowed the development of lower impedance
electrodes resulting in remarkable improvements in signal-to-
noise ratios (Ben-Jacob and Hanein, 2008; Huys et al., 2008; Hai
et al., 2010). Despite these advances, intracellular control, and
notably voltage- and current-clamp, is not possible using MEA
technology, and specific information pertaining to ion channel
activity is challenging to extract from multiplexed signals.

The majority of drugs acting on ion channels targets synap-
tic transmission (Conte Camerino et al., 2007). Consequently,
a tool which provides a high-resolution patch-clamp interro-
gation of individual cells at multiple sites in communicating
networks has enormous potential for pharmaceutical assays to
investigate in vitro models of disease, as well as neuronal phys-
iology and synaptic plasticity. A planar patch-clamp array tech-
nology that combines key benefits of both conventional patch-
clamp and MEAs on a chip has been proposed (Mealing et al.,

Uhttp://www.moleculardevices.com/Products/Instruments/FLIPR-Systems.html
Zhttp://www.med64.com/

Shttp://www.axionbiosystems.com/

*http://www.ayanda-biosys.com/

Shttp://www.multichannelsystems.com/
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2005a,b; Py et al., 2008). In this concept, individual neurons are
probed through apertures that connect to dedicated subterranean
microfluidic channels (Figure 1C), allowing the simultaneous
high-resolution patch-clamp interrogation of individual cultured
neurons at multiple sites in communicating networks. Cells are
first aligned to these apertures by patterned chemical adhesion or
guidance cues and can subsequently form synaptic connections.
This patch-clamp array chip offers the opportunity to develop
more physiologically relevant in vitro models, extract unique infor-
mation on brain function and network communication from
them, and better predict therapeutic efficacy, notably as it pertains
to synaptic physiology.

Two novel designs have been developed: a single aperture chip
fabricated on a silicon platform and a two apertures chip con-
structed by laminating a polyimide film on a silicone plastic
substrate in which the two apertures are connected to indepen-
dent subterranean microfluidic channels. Proof-of-concepts have
been demonstrated using synaptically connected snail neurons
cultured over both chips. Preliminary data using primary cortical
neurons cultured directly on the chip surface suggest that inter-
rogation of synaptically communicating mammalian neurons on
a patch-clamp chip is possible. In this review we describe and
discuss the design and fabrication of these chips (see Chips Fabri-
cation) and the experiments conducted to demonstrate the validity
of both designs (see Proof-of-Concept for Si and PI Chips). Para-
meters controlling the formation of a tight cell to aperture seal
(giga-seal) are discussed. Cell placement and adhesion strategies,
essential to develop cultured in vitro networks and eliminate the
need for manual manipulation of cells are also described (see Cell
Placement).

CHIPS FABRICATION

CHIP MATERIALS PLATFORMS

The first planar patch-clamp devices were fabricated in silicon
(Hediger et al., 1999; Fertig et al., 2000; Schmidt et al., 2000); the
material was also machined to mimic the tip of a micropipette
(Lehnert et al., 2002; Stett et al., 2003b). Quartz or glass (Fer-
tig et al., 2001, 2003), polydimethyl siloxane (PDMS or silicone;
Klemicetal.,2002,2005), and polyimide (Stett et al., 2003¢) patch-
clamp chips were subsequently designed to overcome the high
capacitive coupling between the culture media and the measuring
media resulting through the semiconductive silicon substrate. The
convenient molding properties of PDMS inspired lateral-patch
chips with integrated fluidic channels for the delivery of cell sus-
pensions (Seo et al., 2004; Ionescu-Zanetti et al., 2005; Chen and
Folch, 2006; Lau et al., 2006; Ong et al., 2007; Tang et al., 2010).
Still, the advantages of silicon as a material are considerable. Sil-
icon micromachining is well understood thanks to its pervasive
use for microelectronics applications and its offshoot in Micro-
Electro-Mechanical Systems (MEMS; Gad-el-Hak, 2001), so large
quantities of chips can be produced with very high yield and crit-
ical process control. This is a significant advantage compared to
competing technologies. Additionally, silicon is attractive for the
integration of multiple functionalities, such as on-chip amplifica-
tion (Kaul et al., 2004; Aziz et al., 2007), and which could extend
to other co-located sensors using conventional MEMS technol-
ogy. For these reasons, several groups have still chosen silicon as a

platform for patch-clamp chips in recent years (Pandey et al., 2004;
Pantoja et al., 2004; Picollet et al., 2004; Matthews and Judy, 2006;
Curtis et al., 2008; Sordel et al., 2010); likewise, we have developed
a similar design consisting of a single aperture in a suspended
silicon nitride/silicon dioxide film stack on silicon for single site
recording. We refer to it as the silicon (Si) chip in this review.

Unfortunately, the integration of multiple apertures on-chip,
each with a dedicated subterranean microfluidic channel, proved
problematic in silicon. For the film in which the micro-aperture
is machined to be supported by the substrate, the microfluidic
channels must be coupled to apertures on its underside. The
micro-aperture is connected to the bottom “pipette” chamber
through a well which in our process has a pyramid shape with
a fixed angle determined by the anisotropic wet etch of silicon.
The well could have straight walls if dug by deep reactive ion etch-
ing instead, but the pyramid shape is desirable as it lowers the
access resistance of the chip. However, it also limits the capacity
to integrate apertures to at least several hundred microns — more
than the optimal distance between neurons in a cultured network.
A favored fabrication method is therefore to transfer the thin film
containing the apertures away from the wafer on which they are
machined to the top of the microfluidic channels, which can thus
be integrated much closer. As a proof of our concept, we chose to
integrate a polyimide (PI) thin film on top of a PDMS microfluidic
chip. The latter was chosen for its convenient and reliable method
of fabrication by replication (Qin et al., 2010); the former because
of its cytocompatibility (Stett et al., 2003c), high chemical and
mechanical stability, and its low dielectric constant. Additionally,
polyimide processing techniques are standard in the microelec-
tronics industry; polyimide films have been laminated to fabricate
microfluidic devices (Metz et al., 2001) and in particular perfo-
rated MEAs (Egert et al.,, 2005). In this review we refer to that
second generation chip as the polyimide (PI) chip.

ONE-APERTURE SILICON CHIP

The fabrication process was previously described in detail (Py et al.,
2010) and is adapted from (Schmidt et al., 2000); it is schematically
represented in Figure 2. It is carried out on 150 mm double-side
polished (100) silicon wafers at the Canadian Photonics Fabrica-
tion Centre®. The membrane separating the culture media from
the measuring media must have a high dielectric rigidity, and the
small dimension of the aperture requires the membrane to also be
thin and mechanically strong enough so that it can be suspended.
We chose a 1-um thick silicon nitride film rather than silicon
dioxide for its superior mechanical strength and inertness to the
potassium hydroxide (KOH) solution used for bulk micromachin-
ing of silicon (step ¢). A low-pressure chemical vapor deposition
(LPCVD) process was optimized for low stress coating of silicon
nitride.

After deposition, 4 um apertures were opened (step a) in the
silicon nitride layer by lithography and reactive ion etching. A sec-
ond lithography and etching step at the back of the wafer (step b)
opened large windows in the silicon nitride along <100> Si crystal-
lographic axes and centered with the apertures on the top side. The

Shttp://cpfc-ccfdp.nrc-cnre.ge.ca/
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FIGURE 2 | One-aperture silicon patch-clamp chip fabrication process.
(A) A circular 4 wm aperture was etched in the top silicon nitride film; (B) A
square 600 pm x 600 um was etched in the bottom silicon nitride film,
aligned with the aperture; (C) KOH etches a pyramidal well and leaves
silicon nitride self-standing; (D) A 5.4-um thick silicon dioxide film
passivates the well, rounds the edges of the aperture. A much thinner layer
(not shown) is also sputtered on the font side to facilitate cell attachment.
From (Py et al., 2010)

silicon bulk was then anisotropically etched in a hot KOH solution
(step ¢), resulting in an inverted truncated pyramid-shaped well
and a 100 x 100-p.m? membrane in the silicon nitride film where
the aperture had been patterned. The KOH etch left bare silicon
walls in the well which were passivated by depositing a 5.4-um
thick low stress plasma-enhanced chemical vapor deposition sil-
icon dioxide film (step d). The coating reduced the diameter of
the aperture by 2 pm while rounding its edges. Finally, a 0.1-pm
thick silicon dioxide film was deposited by the same method on
the front side of the wafer. Surface functionalization was found to
be more successful on that surface than on silicon nitride, which
we hypothesize is due to a lower concentration of silanol groups
on our silicon nitride surfaces. It is well known that the structure
and therefore concentration of silanol groups in silicon nitride
surfaces varies considerably and is difficult to control (Hamblin
etal., 2007). The resulting surfaces were smooth, with a roughness
measured by atomic force microscopy to be 6-8 Aover a 1-pm?
area. There is mounting evidence that aperture size, morphology,
and smoothness are important factors to obtain a high proportion
of high quality cell to aperture seals (Sordel et al., 2006; Lehnert
et al., 2007; Curtis et al., 2008; Chen et al., 2009; Nagarah et al,,
2010). We have provided the first visual evidence of an intimate
cell to aperture interaction (Py et al., 2011), see Figure 3.

Each 150 mm wafer produced about one hundred fifty 1 cm?
chips, and a yield higher than 90% was routinely achieved in
several batches. Wafers were easily diced into chips using grooves
patterned in the well etching step.

FIGURE 3 | Scanning Electron Micrograph of a focused ion beam
section of a cultured P19 cell over an aperture in a SiN/SiO, stack
membrane (see insert). To avoid damage during sectioning, the assembly
is sandwiched between two platinum (light gray) layers. While somewhat
damaged during fixing, the cell visibly lowers into the rounded conical
aperture. Adapted from Py et al. (2011).

Various fluidic interfaces have been developed to allow perfu-
sion and cell culture (Li et al., 2006; Matthews and Judy, 2006;
Morales et al., 2008; Alberti et al., 2010; Chen et al., 2011). Our
chips were mounted in packages machined at low cost from Plex-
iglas G sheets. The packages consist of a 16 mm diameter, 6 mm
deep culture chamber at the bottom of which the chip is glued
in a square recess. Under the membrane of the chip, a 1.5-mm
diameter hole connects the chip to subterranean fluidic conduits
opened on each side of the chip to allow easy perfusion of the
physiological saline solution or other chemicals. Packages were
cleaned with isopropanol in an ultrasonic bath and 1.5 mm glass
tubes were glued at each end of the subterranean fluidic circuit
to be fitted with silicone tubing for perfusion. Two rings of Dow
Corning RTV silicone 3140 glue were necessary to avoid leaks and
minimize the shunt capacitance of the chip, nominally 17 pE. Our
design achieves this comparatively low value thanks to the thick
silicon dioxide back coating, rather than by limiting the contact
surface on the cell culture side (Pantoja et al., 2004; Matthews and
Judy, 2006), which somewhat restricts the interrogated biological
model. It is, however, still higher than the typical 1-10 pF of a
glass pipette (Hamill et al., 1981; Zhou and Kang, 2000). This dis-
advantage is compensated by the fact that the access resistance, at
approximately 1.5 M€ for a typical 150 mM Phosphate Buffered
Saline (PBS) solution, is much lower than the typical 5-10 M2
access resistance of a glass pipette. Packaged chips were sterilized
in an air plasma cleaner for 15 min. The process also oxidizes all
surfaces, facilitating fluidic loading. To avoid trapping bubbles, a
pressure of 1 atm is typically applied in the subterranean fluidics
while loading the physiological solutions.

TWO APERTURES POLYIMIDE CHIP

Figure 4A presents a micrograph of the chip: the top PI membrane
(3 wm thick, transparent) contains two 3 wm round apertures
spaced 50 um apart and individually accessible through the

Frontiers in Pharmacology | Pharmacology of lon Channels and Channelopathies

October 2011 | Volume 2 | Article 51 | 4


http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive

Py et al.

Patch-clamp array chip

FIGURE 4 | Two-aperture transparent PI-PDMS chip. (A) Scanning

electron micrograph showing the two apertures, each with a dedicated
microfluidic channel for perfusion and measurement, seen through the
transparent Pl film in lighter gray. The channels are supported by many

square pillars part of the PDMS structure. (B) The chip is packaged in a
Plexiglas enclosure with a top cell culture vial and a dedicated input
and output for each aperture. Figure 4A adapted from Martinez et al.
(2010).

bottom PDMS microchannels (each 200 um wide and 10 wm
deep, also transparent). Square pillars (20 um x 20 um) are inte-
grated in the microchannels as support for the thin PI film. Four
via holes punched through the PDMS at the extremities of the
microchannels allow perfusion of chemicals and electrophysiolog-
ical probing in the underlying fluidics (not seen on the picture).
The chip is packaged in a machined Plexiglas culture chamber with
aligned inlets and outlets (Figure 4B), allowing easy perfusion of
the physiological saline solution or other chemicals.

To minimize capacitance, the choice of a polymer membrane
with alow dielectric constant is obviously advantageous. The shunt
capacitance is also proportional to the section of the microfluidic
channels and the inverse of the PI thickness. The access resistance is
the resistance of the aperture plus that of the microfluidic channel.
The former is directly proportional to the PI membrane thickness
and the latter is inversely proportional to its section. Increasing the
thickness of the PI film will thus decrease the shunt capacitance
but increase the access resistance. The access resistance and shunt
capacitance are however minimized independently by designing
deep and narrow microfluidic channels, respectively. The dimen-
sions described above result in 7.7 pF shunt capacitance, similar to
a glass pipette, and an access resistance of 1.6 MQ2 for a 150 mM
PBS solution, in agreement with modeling and similar to the Si
chip. These values make the microchip capable of high fidelity
patch-clamp recording (Sigworth and Klemic, 2005).

Figure 5 presents a schematic of the polymer microchip fabri-
cation, detailed in a previous publication (Martinez et al., 2010b).
The two layers forming the chip, PDMS and PI, were processed
independently starting from 2" Si wafers and bonded with align-
ment, producing nine 1 cm X 1 cm chips. PDMS microchannels
were fabricated by replica-molding from a SU8-on-Si master mold.
Shrinking of the replicated PDMS during curing was found to
be irreproducible, making wafer level assembly over several cen-
timeters impossible. Multilayer soft-lithography techniques were
developed a decade ago to fabricate microfluidic components
(Unger et al., 2000). To reduce PDMS shrinking variations, we
used a variation of that technique as depicted in Figure 5, steps 1a
to 1d. A first thick PDMS slab was obtained by curing a Sylgard
184 resin mixture and curing it for 3 h cure at 120°C (step la). A

PDMS
la

[

1c

fy

PI
2 3a

FIGURE 5 | PI-PDMS chip fabrication process. PDMS (dark gray, step 1)
and PI (hatched, step 2) are processed independently on 2” Si wafers (light
green); alignment-bonding (step 3a) and release (step 3b) form the final
microchip. Adapted from Martinez et al. (2010).

second thinner layer was spin coated on the SU8-on-silicon master,
producing a thin structure containing the microchannels. After a
5-min partial cure on a hot plate at 95°C (step 1b), thin and thick
PDMS layers were covalently bonded following plasma treatment
of both surfaces (step 1c). The resulting PDMS chip was peeled
from the SU8-on-Si mold and fully cured. The thick PDMS slab
acted as a support for the thin PDMS containing the microchan-
nels, resulting in microstructures with minimized shrinking vari-
ations (to 6 £4um over 1 cm compared to 138+ 13 wm over
1 cm without the thick pre-cured support), low enough to allow
alignment-bonding to the upper PIlayer at the wafer level. Fluidics
access via holes were punched in the PDMS at both ends of both
channels using a machined syringe needle (step 1d), producing
200 wm diameter via holes.

A 3-pum thick PI film was spun on a Si wafer and cured in three
stages up to 350°C, and an aluminum mask layer was evaporated on
the PI film (step 2a). Apertures were defined by lithography in the
aluminum mask, oxygen reactive ion etching transferred them to
the PI, and the residual aluminum was removed in a metal etchant
(step 2). To facilitate bonding, an adhesion promoter was spun on
the PI layer, and the PDMS wafer was treated in air plasma. PI and
PDMS wafers were aligned and bonded in a M9 flip-chip bonder
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(step 3a). The assembly was heated at 65°C for 2 h and peeled from
the Si substrate supporting the PI film (step 3b). Wafers were diced
innine 1 cm x 1 cm chips, which were then bonded to a lower glass
support and glued to a machined Plexiglas package fitted with
connectors for easy microchannel access (see Figure 4B). After
5 min sterilization in an air plasma cleaner, microfluidic channels
were filled with the electrophysiological recording solution.

PROOF-OF-CONCEPT FOR Si AND PI CHIPS

CELL PREPARATION

Testing and validation of both generations of chips has been
accomplished (Martinez et al., 2010b; Py et al., 2010; Martina
et al., 2011) through a series of patch-clamp experiments con-
ducted using a well characterized Lymnaea neuron model. The
Lymnaea stagnalis preparation was selected because of the ease
with which its well characterized neurons can be positioned and
cultured. Due to the significantly smaller central nervous sys-
tems of Lymnaea and larger soma of their neurons, this simple
model approach is more amenable to cellular analysis than its
mammalian counterparts. Moreover, the innate propensity of
individually isolated neurons to re-form proper synaptic con-
nections with exquisite accuracy in vitro make it ideal to study
the mechanisms underlying synaptic formation and transmission.
The soma—soma model has been established, where identified pre-
and post-synaptic neurons juxtaposed in culture re-form proper
synaptic connections seen in vivo without requiring neuronal
outgrowth (Feng et al.,, 1997; Hamakawa et al., 1999; Woodin
et al.,, 1999, 2002). This circuit is known to form an excita-
tory cholinergic synapse between pre-synaptic respiratory neuron
Visceral Dorsal 4 (VD4) and post-synaptic Left Pedal Dorsal 1
(LPeD1) neurons (Feng et al., 1997). The neurons have specifi-
cally characterized (from genes to molecules) both cholinergic and
dopaminergic networks that mediate the neural control of breath-
ing in this model, and these networks have been reconstructed
in cell culture (Bell and Syed, 2009). Importantly, it has been
demonstrated that the dopaminergic and cholinergic networks
function in a manner similar to that of vertebrates. Therefore,
understanding the fundamental principles behind synaptic com-
munication in this model is relevant to understanding neurode-
generative and neurodevelopmental disorders — at a resolution
unattainable in most vertebrate models. Moreover, fundamental
mechanisms of neuronal communications revealed in this sim-
ple model are directly applicable to their vertebrate counterparts.
Experiments using mammalian primary cortical neurons are also
being performed in our laboratories. Preliminary current-clamp
recordings obtained from a 14 days old primary cortical cul-
ture have been obtained with a Si chip (Martinez et al., 2010a).
This result is encouraging and suggests that chip application to
mammalian cells is a realistic objective that could be reliably
achieved.

PATCH-CLAMP RECORDINGS FROM LYMNAEA NEURONS

Lymnaea neurons (VD4 and LPeD1) were manually positioned
over the apertures of Si and PI chips and cultured at room
temperature for a minimum of 2h (Martinez et al., 2010b;
Py et al, 2010) or 8-12h to establish synaptic communica-
tion (Martina et al., 2011). The cells were found to be viable

and maintained their electrophysiological properties. Whole-cell
recordings were obtained over prolonged periods of time. Most
neurons were tested only once over a period of 20-40 min, but
some neurons were re-tested several hours after the initial analysis
and found to behave in similar fashion. High quality record-
ings in current- and voltage-clamp were achieved with both Si
and PI chips (Martinez et al., 2010b; Py et al., 2010; Martina
et al,, 2011). Specifically, the first action potential recordings
ever recorded from neurons cultured on a patch-clamp chip
(Figure 6), voltage-clamp induction of whole-cell ion channel
currents with exceptional fidelity (Figure 8) and post-synaptic
recordings from neurons communicating through synaptic con-
nections and evidence of synaptic plasticity (Figures 7 and 8), were
all obtained.

In particular, the suitability of chips in obtaining meaning-
ful physiological data and describing a network behavior have
been achieved by recording from synaptically connected neu-
rons cultured on the chips and manipulating the post-synaptic
responses in the VD4-LPeD1 system. The Lymnaea model have
been described to develop cholinergic excitatory synapses between
VD4 and LPeD1 neurons (Woodin et al., 1999) and the addi-
tion of tubo-curarine (100 xM), a cholinergic receptor antagonist,
to the bath solution blocked the excitatory post-synaptic poten-
tials (EPSPs) in LPDel (Figure 7C), confirming that the synaptic
transmission between the pair is cholinergic.

Synaptic plasticity is a fundamental process in learning and
memory, and its impairment is associated with numerous neuro-
pathologies. Our chips make it possible to reproduce in vitro the
fundamental mechanism of synaptic transmission. This is piv-
otal in the testing and screening of drugs acting on ion channels
involved in synaptic transmission and plasticity. Synaptically con-
nected VD4 and LPeD1 neurons have also been reported to show
a transient potentiation in synaptic transmission following tetanic
stimulation of the pre-synaptic neuron (Luk et al., 2011). To ver-
ify the reproducibility of this event on chips, brief burst of action
potentials in VD4 neuron were applied (815 action potentials at
5-10 Hz), generated by a continuous depolarizing current injec-
tion using a sharp electrode and responses were recorded from
the post-synaptic LPeD1 neuron on-chip in both current- and
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FIGURE 6 | Physiological properties of LPeD1 and VD4 neurons
recorded with Si and PI chips. \Voltage responses to a series of
intracellular current pulses of an LPeD1 (A) and a VD4 neuron (C) recorded
using Si chips. The current pulses were applied at rest, —40 and —55mV for
LPeD1 and VD4, respectively. (B) Voltage responses to a series of
intracellular current pulses of an LPeD1 neuron recorded using Pl chips. The
current pulses were applied at rest, —47 mV. From Martina et al. (2011).
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FIGURE 7 | Cultured LPeD1 and VD4 neurons forming a

soma-soma synapse on a Si chip. (A) Superposition of reflected

light and fluorescence confocal imaging of a Si chip with an

LPeD1 neuron plated over the aperture and forming a soma—soma synapse
with a VD4 neuron. Subterranean fluidics were filled with a recording
solution containing a green dye. (B) Simultaneous whole-cell recordings in

current-clamp mode of an LPeD1 (patch-clamp) and a VD4 neuron (sharp
electrode). Sub-threshold stimulation of the pre-synaptic VD4 neuron does
not evoke any response in the post-synaptic LPeD1 neuron, but
above-threshold stimulation does. (C) Turbo-curarine is shown to suppress
the responses evoked in the LPeD1 neuron while stimulating the VD4
neuron. From Martina et al. (2011).

voltage-clamp modes (Figures 8A,B, respectively). The amplitudes
of EPSPs, evoked by single action potentials in the pre-synaptic cell,
were transiently increased following burst stimulation (Figure 8A,
red line), suggesting the induction of potentiation in the LPeD1
neuron. The same phenomenon was also examined in voltage-
clamp mode, and excitatory post-synaptic currents (EPSCs) are
shown in Figure 8B.

DOUBLE PATCH-CLAMP RECORDINGS
A current limitation of the Si chip design is its single record-
ing aperture, which confined on-chip acquisition to post-synaptic

responses, relying on an external electrode for pre-synaptic stim-
ulation and recording. PI chips were developed to overcome
that limitation and enable simultaneous patch-clamp recordings
from neuron pairs. Double simultaneous recordings have been
described using PI chip and VD4-LPeD1 neurons (Figure 9).
However, while each neuron was independently excitable, they
did not propagate a synaptic response, suggesting that no
synapse was present between the two neurons. Synapse formation
requires interaction between specialized pre-synaptic and post-
synaptic intracellular machinery. Cell—cell signaling (Scheiffele,
2003), intrinsic cell-cell interactions involving activity-dependent
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FIGURE 8 | Simultaneous electrophysiological current-clamp

(A) and voltage-clamp (B) recordings of LPeD1 (patch-clamp)

and VD4 neurons (sharp electrode) forming a synaptic connection
on a Si chip. Synaptic responses (EPSP and EPSC) recorded in the
LPeD1'neuron are evoked by stimulating the pre-synaptic VD4 neuron.
Note that the synaptic response in the LPeD1 neuron is potentiated
(red line) after the tetanic stimulation applied to the VD4 neuron. From
Martina et al. (2011).

mechanisms (Shatz, 1990; Katz and Shatz, 1996; Dan and Poo,
2004), and extrinsic molecules present in the extracellular milieu
(Vicario-Abejo'n et al., 1998; Craig et al., 2006), are all critical for
the establishment, maturation, and remodeling of synapses. The
absence of functional synapses on PI chips may have been due
to increased cytoplasmic dialysis resulting from the larger aper-
tures on PI chips (see Giga-seal Formation and Success Rate of
Recordings), particularly affecting the smaller VD4 neurons.

To observe VD4 and LPeD1 plated on the chips, cytoplasmic
perfusion of these neurons was accomplished via the subterranean
microfluidics of the PI chip with two different dyes (Figures 7A
and 9). In both Si and PI chips, these neurons displayed no change
in resistance following dye loading, indicating that microfluidic
perfusion did not compromise seal integrity. Figure 9 shows a
confocal 3-D reconstruction of a VD4/LPeD1 neuron pair (VD4
in red; LPeD1 in green) cultured on a PI chip. This capability
could be advantageous to studies of signaling molecules where
intracellular delivery of compounds or dyes is required.

It is noteworthy that in our Lymnaea neuron model, the
synapses are formed between the soma which in turn sit on top

of the chip apertures, providing direct and controlled access to
synaptic sites. The combination of these chips and cell model thus
allows us to record and monitor synaptic currents without space
clamp errors.

GIGA-SEAL FORMATION AND SUCCESS RATE OF RECORDINGS

In the glass pipette patch-clamp approach, the formation of a giga-
seal (>1 GS2) between the cell membrane and the patch pipette is
critical and has been extensively studied (Sachs and Qin, 1993;
Priel et al., 2007; Suchyna et al., 2009). Similarly, planar patch-
clamp technology depends upon formation of a highly resistive
seal between the cell membrane and the circumference of an on-
chip aperture feature. Planar patch-clamp chips reported to date
have used isolated cells in suspension, and rely on suction to draw
cells to the aperture to form a giga-seal. Consequently, unlike con-
ventional patch-clamp, planar patch-clamp technology has not
been used to interrogate cultured cells, which precludes their use
for the analysis of synaptic communication. Giga-seal formation
with our chips occurs mostly spontaneously while neurons are
establishing in culture and does not rely on suction (Ong et al,,
2006). The quality of the giga-seal is directly linked to the success
rate in chip recordings. In Table 1, the success rates for VD4 and
LPeD1 neurons using Si and PI chips are summarized.

Several factors warrant consideration in giga-seal formation:

(1) Aperture geometry. It has previously been reported that a
rounded hourglass profile maximizes contact with the cell
membrane and facilitates seal formation on planar patch-
clamp chips (Sordel et al., 2006; Lehnert et al., 2007; Curtis
et al., 2008; Chen et al., 2009), while an impressive 80% of
giga-seals have been recently reported for a cell line with a
conical profile (Nagarah et al., 2010). Si chips have circu-
lar 2 wm diameter rounded conical apertures (Figure 3) and
meaningful cell connections were obtained in 58% of cases. By
contrast, the PI chips have substantially square opening with
3 pm sides, and a 35% success rate was obtained. The square
shape of the aperture may induce damage in the cell mem-
brane, and the larger section makes the cells more vulnerable
to dialysis. This hypothesis would also explain the lower suc-
cess rate in recording from smaller VD4 neurons (~35pum
diameter) compared to LPeD1 (50—100 jum) in PI chips. This
issue is being addressed by patterning circular 2 pm diam-
eter apertures in recent PI chip designs. To delay the onset
of dialysis, entry into the whole-cell configuration should be
postponed (see below).

(2) Bath and subterranean channel (“pipette”) solutions. Giga-
seal formation was dependent upon the use of microfluidic
solution (WFS; in mM: 50 KCl, 5 MgCl,, 5 EGTA, and 5
HEPES; pH 7.4; 130 mOsm), in the subterranean channel, and
consistently occurred spontaneously. Indeed, absence of cell-
attached or whole-cell configuration was observed when using
conditioned medium (CM.: isolated snail brains incubated in
defined media for 3—4 days) in the subterranean microfluidics
(Martina et al., 2011). We speculate that this phenomenon
is related to microscale changes in osmotic pressure at the
membrane patch, due to the ionic composition of the WFS
(K™ 50 mM), even though the bath (in mM: 51.3 NaCl, 1.7
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FIGURE 9 | Projection of a confocal 3-D reconstruction of a Pl chip with a
VD4 (red) and an LPeD1 (green) neuron, each plated over one aperture.
The LPeD1 subterranean microfluidic channel was filled with a recording
solution containing Lucifer Yellow (green) while the VD4 channel was filled

LPeD1
|20 pA
100 ms

1 102m

VD4
120 pA
100 ms

[0.2 nA

with a recording solution containing Texas-red (red). Insets show the
simultaneous recording of the voltage responses to current injections for a
VD4 and an LPeD1 neuron plated on the same PI chip. From Martina et al
(2011).

Table 1 | Summary of the experiments performed with Si and Pl planar patch-clamp chips.

Cell n C-A C-A toW-C TotW-C Tot success Bad cells Bad ephys
Si chip LPeD1 58 9 (19%) 5 (56%) 28 (48%) 32 (55%) 14 (24%) 12 (21%)
VD4 26 4 (15%) 2 (50%) 15 (58%) 17 (65%) 2 (8%) 7 (27%)
Total 84 13 (18%) 7 (54%) 43 (61%) 49 (68%) 16 (19%) 19 (23%)
PI chip LPeD1 63 7 (11%) 5 (71%) 25 (40%) 27 (43%) 0 36 (57%)
VD4 51 1(2%) 1(100%) 13 (25%) 13 (25%) 5 (10%) 33 (65%)
Total 14 8 (7%) 6 (75%) 38 (33%) 40 (35%) 5 (4%) 69 (60%)

C-A indicate cells in the cell-attached configuration, and C-A to W-C those cells that transitioned from there to the whole-cell mode. Tot W-C is the total number of

cells in whole-cell mode, and Tot Success the total number of cells for which a meaningful cell connections could be obtained. Bad Cells indicate instances where

cells were dead or had moved away from the aperture, Bad Ephys are chips from which no electrophysiological recording could be obtained. Modified from (Martina

etal., 2011)

KCl, 4 CaCly, and 1.5 MgCl,; buffered to pH 7.9 with HEPES)
and subterranean channel solutions were iso-osmotic. This
may also account for the frequently observed spontaneous
entry into the whole-cell configuration. It would be advanta-
geous to promote giga-seal formation early, and delay entry
into the whole-cell configuration by culturing neurons with
CM instead of WFS in the fluidics, thereby allowing long-term
cell-attached recording of ion channel activity.

(3) Cell preparation. Molluscan neurons are large, relatively robust
and maintain their intrinsic and synaptic properties in cell
culture (see Cell preparation). The next step in the develop-
ment of this technology is the use of mammalian neurons.
It is difficult to predict how mammalian cells will interact
with the aperture features and surfaces on these chips. This is
the subject of an ongoing study and encouraging preliminary
results using primary cortical cultures from rats have, how-
ever, been reported (Martinez et al., 2010a). In addition the
success rates were similar when snail neurons were cultured
for 2—4 or 8-12 h suggesting that the time in culture does not
affect successful whole-cell entry.

CELL PLACEMENT

The snail neurons used to validate our technology are large enough
that they can be manually positioned on the aperture. This method
however requires high technical skills, just like glass pipette patch-
clamping, and many smaller cells will not be amenable to it. Cur-
rent automated patch-clamp systems, working from suspensions,
aspirate the cell in place (Fluxion’; Molecular-Devices®; Nanion?;
Sophion'?). Cultured neurons, however, offer a biological model
that is substantially more relevant for experimentation, notably
for network communication. However, since cultures are typically
too sparse to rely on chance for a cell to be positioned on the aper-
ture, specific strategies for positioning the cells are needed. While
topographical features have been shown to restrict cells and guide
the growth of processes (Faid et al., 2005; Merz and Fromherz,
2005; Sorkin et al., 2009), chemical patterning is by far the favored

7http://fluxionbio.com/
8http://www.moleculardevices.com
“http://www.nanion.de/
Ohttp://www.sophion.dk/
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method (Wheeler and Brewer, 2010). Chemical modification can
be used not only to immobilize cells on the aperture, but also to
promote the formation of a high quality cell to aperture seal. We
have studied several strategies to position cells on the apertures,
and report here the aligned stamping of polylysine on our aper-
tures. We improve on that process by using standard lithography
for alignment and replacing physisorption by chemisorption.

STAMPING

Micro-contact printing, or PDMS stamping, has been demon-
strated to result in the transfer of chemicals with high spatial
resolution (Kumar et al., 1994; Qin et al., 2010) and to result in
cell placement (Wheeler et al., 1999; Wyart et al., 2002; Vogt et al.,
2005; Charrier et al., 2006; Offenhausser et al., 2007). In order to
induce placement of neurons on our chips, Poly-b-lysine (PDL)
patterns were stamped (Charrier et al., 2010). PDL is a commonly
used cell attachment factor (Branch et al., 1998; Chang et al., 2003;
Li and Folch, 2005) and cultured cryopreserved rat cortical cells
(QBM Cell Sciences, Ottawa, ON, Canada) adhere well to PDL.

PDMS stamps were designed with square features of sizes and
spacings of 25,50,and 100 p.m to determine optimal conditions for
placement (Charrier et al., 2010). Fabrication was done by replica-
molding from a SU8-on-Si master mold, using the same polymer
as for the microchannels in PI chips. To remove any remaining
non-polymerized PDMS, stamps were washed in solvents by reflux
following an established procedure (Voicu et al., 2007). Stamps
were mounted on glass slides, washed in 70% ethanol, deionized
(DI) water, and 10% Sodium Dodecyl Sulfate (SDS). Modifica-
tion of the PDMS surface with SDS has been shown to enhance
the transfer of polylysine to the substrate (Chang et al., 2003).
Stamps were quickly rinsed in DI water, blow-dried with nitrogen,
immersed for 30 min in a PDL saline solution (33 mg/mL PDL in
standard PBS) then thoroughly blow-dried. Stamps (surface area
approximately 0.5 cm?) were applied to chips with a constant and
homogeneous pressure of 500 g for 1 min and left another minute
without pressure. The chips were finally sterilized 2 min in 70%
ethanol, rinsed in DI water and dried.

Cryopreserved rat cortical cells were thawed in a 37°C water
bath, resuspended in media and plated on stamped chips. Four
hours post-plating, media was removed and replaced with 1 mL of
serum-free Neurobasal Medium. Media changes were performed
biweekly by replacing half of the media with fresh Neurobasal
Medium. Cell cultures were maintained at 37°C in a 5% CO;
humidified incubator for 14 days before imaging. The cells have
a body diameter of 10-12 pm, and the size of the PDL-patterned
areas will influence the number of neurons that will adhere and
grow on individual squares. We found by fluorescence imag-
ing studies that 100 wm PDL squares were covered with 10+ 3
cells (n=25), 50 wm squares had 3 £ 2 cells (n=60), and 25 pm
squares 1 + 1 (n= 60, 50% vacant). In cases where the number of
neurons per PDL area exceeded 12, large three dimensional aggre-
gates formed, covering most of the patterned area. Based on these
observations, we selected the 50 pm patterns to investigate fur-
ther. Immunostaining was used to confirm the identity of neurons
(MAP2-red) and astrocytes (GFAP-green) growing on the chips.
Cultures were fixed, incubated overnight at 4°C in Mouse mono-
clonal Map?2 antibody and goat anti-rabbit GFAP antibody, rinsed

in PBS, incubated in secondary antibodies Alexa Fluor 568 goat
anti-mouse and Alexa Fluor 488 goat anti-rabbit for 1 h at room
temperature, and samples inverted onto coverslips containing a
drop of fluorescent mounting medium.

As seen in Figure 10, processes extended between small groups
of neurons isolated on 50 um squares to proximal populations
of neurons on neighboring squares, such that 3+1 extended
from each neuronal subpopulation (n=25). It can be seen
that processes extend preferentially, though not exclusively, to
immediate neighboring squares. Stamps with 50 pm squares pat-
terns were then aligned to the apertures of a patch-clamp chip
using a chip bonder and stamped with a force of 500 g applied
for 60s. Figure 11 shows images of neurons growing on this
region of the substrate after 14 days in vitro. The image is a
superimposition of reflection and fluorescence images. A slight
shift of the pattern occurred while stamping on the lower aper-
ture region, probably due to deformation of the PDMS stamp
while applying pressure. However, the upper aperture region is
covered with cells and a neuron is growing directly over the
aperture.

CHEMISORPTION AND LITHOGRAPHY

While Figures 10 and 11 clearly demonstrate cell placement on
patch-clamp chips, the stamping method is not commensurate
with manufacturing. Soft PDMS stamps tend to collapse where
protruding features, bearing the patterns to be printed, are sep-
arated by distances large in comparison with the height of the
features. Furthermore, precise alignment of the stamp to the

FIGURE 10 | Imnmunofluorescence staining of cultured brain cells on
chips stamped with 50 um PDL pattern spaced by 50 um separation.
Neurons are stained red with MAP2, while astrocytes are stained green
with GFAPR Note the processes that extend mostly immediately neighboring
squares. Scale bar: 100 wm. From Charrier et al. (2010).
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patch-clamp array chip is a low-yield process and complicated
by distortions and defects in planarization. An alternate process
based on standard lithography was developed, and derivatization
of the SiO, surface of the Si chips was designed to provide a gen-
eralized chemical bonding attachment method rather than rely on
physisorption, which may be too weak or unstable for some cell
attachment factors (Diaz-Quijada et al., 2011).

The derivatization process is described in Figure 12A.
Si chips were piranha cleaned [H,SO4:H,0O; (3:1)] and
reacted with aminopropyltriethoxysilane (APTES) to obtain
an amine-terminated surface. It was then reacted with
buffered poly(methacrylic acid) in the presence N-(3-di-
methylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and N = hydroxysuccinimide (NHS), resulting in a carboxylic
acid-terminated surface (Diaz-Quijada et al., 2007). The substrates
were then washed, dried, activated in the presence of NHS and
EDC before the immobilization of a cell adhesion promoter such
as PDL. The carboxylic acid-terminated surfaces are highly versa-
tile as they can be activated and made reactive toward a variety

FIGURE 11 | Patch-clamp chip with two apertures (100 um apart),
stamped with 50 um PDL squares. Note that subterranean microfluidic
channels are not visible here. The stamp was aligned with the apertures
using an aligner-bonder and stamped with a 500-g force for 1 min. After

14 days in vitro, cells bodies were labeled with Calcein-AM (green) and
membranes with WGA conjugate (red). (A) Reflection image: apertures are
indicated by arrows. (B) Superimposition of the images obtained in
reflection mode and fluorescence. A neuron is positioned over the upper
aperture. Scale bar: 100 um. From Charrier et al. (2010).
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FIGURE 12 | Chemical patterning of polylysine squares. (A) Surface
derivatization to successively obtain amino- and carboxylic acid-terminated
surfaces on which a polylysine peptide is chemically bonded. (B) Chemical
patterning is obtained by lithographically defining openings in a photoresist,
derivatizing the surface, reacting it to polylysine in the presence of EDC and
NHS and dissolving the photoresist. Adapted from Diaz-Quijada et al. (2011).
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of amine rich biomolecules (such as proteins) or cell adhesion
promoters. Polymers and large biomolecules such as proteins can
physisorb on surfaces, as it is the case for Bovine Serum Albumin
(Zhao et al., 2007; Milligan et al., 2009; Ogi et al., 2009), due to
ionic, dipole, and Van der Waals interactions between molecules
and surfaces. Consequently, it is traditional to simply physisorb
polylysine on surfaces such as SiO; or glass (Pleasure et al., 1981;
Feldner et al., 1983). Such modifications are however not stable
over time in environments of high ionic strength. A comparative
study of physisorbed and chemisorbed PDL indicates that in the
physisorbed case PDL not only smears out during washing with
PBS buffer but also yields a lower surface density than in the chem-
ically immobilized case. It is also important to note that physisorp-
tion is not a viable method for the modification of surfaces with
small molecules. This is illustrated in our study (Diaz-Quijada
et al,, 2011) with short peptide sequences cyclo(RGDFK-PEG)
peptide (PCI-3696-PI), which induces cell adhesion via a mole-
cular recognition event (Ruoslahti and Pierchbacker, 1986), and
cyclo(RADFK-PEG) (PCI-3954-PI), which differs by only one
amino acid and does not induce cell adhesion. Cultured cells attach
on chemisorbed PCI-3696-PI with high density, but are not viable
on either physisorbed PCI-3696-PI or chemisorbed PCI-3954-P1.

As shown in Figure 12B, chemical patterning of PDL was
accomplished by defining square openings in a photosensitive
resin, derivatizing the surface as illustrated in Figure 12A, react-
ing the surface to PDL in the presence of EDC and NHS and
finally dissolving the photoresist in acetone. Photolithography has
been demonstrated as a potential technique for chemical pattern-
ing of surfaces (Lom et al., 1993; Butler et al., 2006; Falconnet
et al., 2006). Our strategy for the chemical immobilization of cell
adhesion promoters was modified and optimized to be compatible
with common photoresists, which would swell or dissolve in polar
organic solvents. The preparation of carboxylic acid surfaces was
performed with poly(acrylic acid) instead of glutaric anhydride.
This polymeric reagent has the advantage of not only producing a
high concentration of carboxylic acid groups, but also allows the
reaction with the amino terminated surfaces to be carried out in
aqueous media in the presence of EDC and NHS. Efficient mod-
ification of the exposed regions of SiO, require clean surfaces,
free from residual photoresist or any other substances that may
mask the surface and prevent the reaction with silane reagents.
Consequently, conventional photoresist adhesion promoters were
avoided, all samples were over developed and then cleaned in
an air plasma. To facilitate photoresist adhesion, wafers were
instead dehydrated at 105°C prior to spin-coating (Madou, 1997);
an alternative approach, which proved to have a higher success
rate, was based on amino modification of the chips. Undesirable
crosslinking effects were observed in the photoresist, resulting in
difficulties with the photoresist dissolution step. The effect is likely
due to the generation of hydroxyl and carboxylic acid groups in the
photoresist which can react with each other to form ester groups
in the presence of EDC and NHS. These groups are formed during
the plasma cleaning performed immediately prior to silanization,
which had to be kept to a minimum. In addition to the above key
points, we observed that the reaction of APTES with the photore-
sist patterned SiO; surface had to be limited to 4 h in the gas phase
to prevent swelling and detachment of the photoresist.
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To illustrate the concept with our chemical strategy, blank Si
chips were photolithographically patterned with 100 pm squares
with a pitch of 200 or 400 pm. Alexafluor 555 modified PDL was
chemically immobilized on the patterned surface in the presence
of NHS and EDC. Fluorescent imaging of the chemically pat-
terned surface is presented in Figure 13. Cryopreserved rat cortical
neurons were cultured as described in 4.1 for 14-19 days on a
wafer patterned with unlabeled PDL. Staining of the cells with
Calcein (green) for cell viability and RH-237 (red) for cell mem-
branes allow the visualization of the patterned cells along with
their processes.

CONCLUSION
A silicon patch-clamp chip with an optimized aperture shape to
facilitate the formation of seals has been designed, fabricated,
and successfully tested (Py et al., 2010). It is fabricated on 6”
wafers in a commercial-grade prototyping foundry with near-
perfect yield, and is highly manufacturable. A novel polyimide-
silicone (PI-PDMS) hybrid chip (Martinez et al., 2010b) which
may simultaneously monitor several neurons engaged in network
communication at the resolution of the patch-clamp technique
(Mealing et al., 2005a,b), has also been reduced to practice (Mar-
tina et al., 2011). While their shunt capacitance are still somewhat
higher than what is attainable with glass pipettes (Hamill et al,,
1981), the access resistance of those two patch-clamp chips is very
low and the quality of traces they can record is high (Figure 6).
Fifty-eight percentage of meaningful cell to aperture connec-
tions were observed with Si chips and 35% with PI chips. These
success rates are lower than the best values reported for cells
from suspensions (Milligan et al., 2009; Nagarah et al., 2010), but
high enough to validate this technology. The optimization of the

aperture size and shape, and the perfusion of different solutions
in the subterranean channels to control giga-seals and whole-cell
entry are the parameters at play in the formation of seals, and must
be optimized in further studies to bring up the success rates. The
capacity of both Si and PI chips to allow cytoplasmic perfusion via
subterranean microfluidics without disruption of recording has
been shown; it could be used in disease models or pharmaceutical
studies alike in order to modify the fate of individual cells within a
functioning network. The ability to keep the cells in the whole-cell
mode for several hours affords the possibility of studying long-
term effects and as such is of value to secondary drug screening.
While the challenges of applying this technology to mammalian
cells should not be underestimated, preliminary whole-cell patch-
clamp recordings from rat cortical cultures (Martinez et al., 2010a)
suggest that this is an achievable goal well worth pursuing. Itis also
important to recognize the potential for application of multiple-
aperture patch-clamp array chips to other biological disciplines
where high-resolution assessment of cell-to-cell communication
is required, including cardiology (Witchel, 2010).

The simultaneous recording of the activity of multiple cultured
cells requires chemical patterning to promote their placement on
the apertures. A proof-of-concept method that effectively brings
cells over the apertures has been reported (Charrier et al., 2010)
and the polypeptide stamping technique has been refined for
a manufacturable process that provides stable chemical bonds
(Diaz-Quijada etal.,2011). While the polylysine attachment factor
we used in our experiments provides satisfactory placement when
simply physisorbed, short peptide sequences such as RGD and
RAD would not adhere. We also suggest that cell placement allows
the synthesis of organized networks where processes are controlled
between immediate neighbors. Organized network with neurons
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FIGURE 13 | Proof-of-concept demonstration of chemical patterning of fluorescently labeled polylysine (left) using conventional photolithography,
followed by culture of cryopreserved rat cortical neurons (right). Cells were visualized by staining with Calcein (viability) and RH-237 (membrane) dyes.
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aligned on apertures will facilitate the analysis and modeling of
brain connectivity, which determines functionality in neuronal
circuits (Honey et al., 2010).

Many of the patch-clamp chip developments reported to
date make it possible, or actually demonstrate, the integration
of multiple patches on-chip (see part 2 for references). The
application of those multiple patches on-chip are either to conduct
parallel measurements that increase throughput in drug screen-
ing [Molecular-Devices (see footnote 8); Nanion'!; Sophion (see
footnote 10); Kiss et al., 2003; Bruggemann et al., 2006], or to
obtain population recordings [Fluxion (see footnote 7); lonescu-
Zanetti et al., 2005]. However, to our knowledge, only one other
team has reported an attempt to monitor the activity of net-
works with the patch-clamp method (Alberti et al., 2010). We have
reported the first application of a planar patch-clamp technology
to examine neuronal synaptic communication. Positioning pre-
and post-synaptic Lymnaea neurons in close proximity allowed
functional synapses to establish in culture on the chip substrate.
Data acquired with the Si and PI chips from neurons organized in
this elementary network were used to describe network properties
and demonstrate the suitability of our chip designs for synaptically
connected neurons. Action potentials were evoked in LPeD1 and
VD4 neurons. Functionality and nature of these VD4/LPeD1 neu-
ron synapses were demonstrated by direct recordings and pharma-
cologically testing post-synaptic responses from LPeD1 on-chip.
Importantly, a transient increase in the amplitude of spontaneous

Uhttp://www.nanion.de/products/syncropatch-96.html.

events (synaptic potentiation) following a short burst of action
potentials in the pre-synaptic cell was recorded on-chip.

The polyimide-silicone chip is readily scalable to multiple
recording sites. Practical limitations imposed by the subterranean
microfluidic channels, such as space and chip-to-world interfac-
ing, would require a different design to expand beyond eight
apertures. However, for many assessment studies it is of greater
importance to be able to patch-clamp several connected neurons
than it is to monitor extracellular field potentials from hundreds
or thousands of neurons. Simultaneous pre- and post-synaptic
recordings on a patch-clamp chip have tremendous value as a
model to investigate synaptic function and for use as an assay to
advance drug development. Furthermore, fundamental aspects of
complex network activity, resulting in specific functions such as
the acquisition of memory, can be reduced to modeling and study-
ing interactions between just three neurons (Lukowiak and Syed,
1999; Milo et al., 2002; Song et al., 2005). This makes the applica-
tion of multiple-aperture patch-clamp array chips to cultures of
communicating neurons an important and promising technology
to advance functional assay development.
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