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We present an integrated multiple patch-clamp array chip by utilizing lateral cell trapping junctions.
The intersectional design of a microfluidic network provides multiple cell addressing and
manipulation sites for efficient electrophysiological measurements at a number of patch sites. The
patch pores consist of openings in the sidewall of a main fluidic channel, and a membrane patch is
drawn into a smaller horizontal channel. This device geometry not only minimizes capacitive
coupling between the cell reservoir and the patch channel, but also allows simultaneous optical and
electrical measurements of ion channel proteins. Evidence of the hydrodynamic placement of
mammalian cells at the patch sites as well as measurements of patch sealing resistance is presented.
Device fabrication is based on micromolding of polydimethylsiloxane, thus allowing inexpensive
mass production of disposable high-throughput biochips2@4 American Institute of Physics.
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Patch-clamp recording has had a profound impact omuart? or glasé substrates. Recently, three-dimensional
electrophysiology, by playing a crucial role in the character-structures more similar to patch pipettes have also been
ization of cellular ion channels. Traditionally, patch-clamp fabricated? All chip-based devices developed to date use the
recording is accomplished with a micromanipulator- planar geometry shown in Fig(ld), where the patch pore is
positioned glass pipette under a microscbps illustrated  etched in a horizontal membrane that divides the top cell
in Fig. 1(a), a cell membrane patch is sucked into the glassompartment from the recording electrode compartment.
pipette and forms a high electrical resistance seal. Current Here we present the design, fabrication, and character-
that passes through the ion channels in either the membragation of an integrated multiple patch-clamp array chip by
patch or the whole cell membrane is then recorded at differutilizing lateral cell trapping junctions, as shown in Fig)l
ent bias voltages. The properties of ion channels are centrghis geometry dramatically reduces the capacitive coupling
to nervous systems and often act as targets for drugs. between the cell reservoir and the patch channel, an impor-

Despite constant improvements in the traditional patchtant feature for low noise channel recording. Since the patch
clamp technique, it remains laborious and requires preciselyhannels are in the horizontal plane, multiplexed parallel
pulled pipettes to be placed in the vicinity of the cell by apatch sites that are only tens @i apart are possible. In the
skillful operator using a micromanipulator under a micro- current design, the distance between patch sites is a few hun-
scope. Because of these requirements, the patch-clamp teqﬁyed,um [Fig. 1(d)]. Channel binding drugs can therefore be
nique has not been widely used in proteomics and drug disagministered in small volumes, while the effects on channel
covery development, which demand high-throughputactivity can be recorded in parallel at a number of patch sites.
automated measurements. An automated patch-clamp settpe whole device is fabricated using micromolding of poly-
for high-throughput measurements using disposable deViC%ﬁmethyIsionane(PDMS), a high-throughput, inexpensive
would eliminate the prohibitive investment of time of the procedure.
traditional patch-clamp, while maintaining its advantages  The fabrication steps are presented in Figs)-22(f). A
over other measuremerft€onsequently, chip-based patch- gjjicon mold was prepared using surface micromachining
clamp devices have been proposed using silicon oxide coategchniques. First, 3.4m height patterns were made to define
nitride membraned,silicon elastomer$, polyimide films®  the narrow patch channels using deep reactive ion etching
[Fig. 2(@)]. Second, 50um high patterns were added for
3Electronic mail: Iplee@socrates.berkeley.edu wide connection regions using SU-8 negative photoresist
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FIG. 1. Comparison of patch-clamp setugs) Traditional patch-clamp
based on a glass micropipettb) On-chip planar patch clamjc) Microar-

ray design with patch channels on the sides of a large central channel for cell
delivery. A section containing two patch sides is shogd.Top view of the
patch-clamp array devicéoptical microscope imageshowing the center
channel and 14 radial patch channels. The connectivity of the reference

electrode and three of the patch electrodes is shown schematically. The - . C o
small circle indicates one of the patch sites. FIG. 2. Fabrication of the patch-clamp microarray. The Si é&glis used to

define the patch channe{d umx3.1 um), while SU-8 photoresistb) is
used to define the large access chanff&fsum high). After PDMS is cured

. . (c) the devices are detached and mechanically punched(dJfdevices and
[Flg' Z(b)] After a base and a curing agent of PDMS Werey,o (e) glass substrate precoated with a thin PDMS layer are treated with

mixed (1:10), the liquid mixture was then poured onto the oxygen plasma(f) The devices are bonded to the thin PDMS. SEM images
mold and cured at 80 °C for 1 h. Scanning electron microsof the overall device geometry before bondiupside dowhand a closeup
copy (SEM) images of the fabricated device are shown inof the_ patch pore after bonding are shown(@ and (h), respectivelyJi)

. . .. SEM image of the mold.
Figs. 2g) and Zh). Despite the fact that fabrication should
result in a square patch orifice, we observe that the top of the
orifice is rounded. Rounding of the top of the orifice is atrode in the main channels and the patch electrode in the
beneficial artifact of mold fabrication, and we observe thelateral patch channel was confirmed by applying a 20 mV
channel top is rounded next to the patch orifice in the moldsquare pulse and recording the current response. A typical
[Fig. 2(i)]. When SU8 is selectively polymerized in order to channel current response is shown in Figp)4indicating a
create the large channels on top of the small patch channehannel resistance of 10—14(M This is comparable to the
defined in Si, light scattering near the Si surface results iraccess resistance of traditional micropipettes, but can be re-
deviation from the intended vertical SU8 wall. The resultingduced by altering the channel geometry. After dissociation by
rounded feature at the bottom of the SU8 wldig. 2(i), trypsin treatment, cells were suspended in PBS and injected
arrow A] is also present on top of the small Si widfig. 2(i), into the main channel. Gentle pressitepsi was applied to
arrow BJ, resulting in rounding of the top of the patch orifice. the patch channel while cells were loaded into the main flu-
This feature is reproducible since it is observed to be part ofdic channel in order to prevent contamination at the patch
the mold geometry at every patch orifice. For fluidic connec=site. A cell can either be trapped randomly or selectively by
tions to outside tubing, 0.5 mm holes were punched meeontrolling the flow through the main fluidic channel. A cell
chanically into the cured detached PDMS device. The devicéound within 100—-20Qum of the patch channel opening can
was subsequently bonded to a thin PDMS layer which wade trapped witm a 1 stime interval by applying 2 psi of
spin cast and then cured onto a glass substrate. Finally, plaegative pressure to the patch changieg. 3). Right after
tic tubes were connected to the reservoirs, via punched holesapping the cell, negative pressure was removed and the cell
to load both cells and electrolyte solutions and to apply sucwas allowed to form a seal with the rim of the patch channel.
tion to the patch channel. The top down view allows effective visualization of the

A human tumor cell lindHelLa), 12—17um in diameter, membrane protrusion into the patch channel.

was used for seal resistance experiments. Before introducing Patch resistance was recorded by applying a square volt-
the cells, the fluidic network was filled with phosphate buff- age pulse of amplitude 20 mV and 50 ms duration. The cur-
ered salingPBS, taking care to expel all air bubbles. The rent response was recorded using a standard patch-clamp am-

electrical connection between the reference Ag/AgCl elecplifier (Dagan PC-ONE, Minneapolis, Minnesptand low
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FIG. 3. (8)—(c) Three sequential images showing a HelLa cell being trapped _

by applying negative pressuf2 ps) to the patch channel. The third frame FIG. 4. Device current response to a 20 mV voltage p(dséefore andb)
is magnified in order to show cell positioning on the patch pédgReal  after cell trapping. In@), the channel impedance is 14(Mwhile in (b) the
time observation of cell membrane deformation. average seal resistance is #BIMQ.

chip via reliable lateral cell trapping junctions is presented.
pass filtered at 1 kHz. The current response presented coffhe intersectional design of the microfluidic network pro-
tains no capacitance compensation. The resistance of thfdes instantaneous multiple cell addressing. The geometry
open patch channel was measured to be-4M(). The  of this device not only minimizes capacitive coupling be-
channel geometry4 umx3.1 umx200 um) and the con-  tween the cell reservoir and the patch channel, but also al-
ductivity of the electrolyte usedo=1 S/m yield a calcu-  |ows simultaneous optical and electrical characterizations for
lated resistance of 17 f, in reasonable agreement with the studying roles of ion channels with respect to cellular func-
measurement. Capacitive coupling leads to a spike in curreffons, The device geometry, together with the low dielectric
when the bias voltage is first appli€fig. 4). Integrating  constant of PDMS, results in very low capacitive coupling
spike currents gives an approximation of the charge stored igetween the cell reservoir and the patch chan@g)egicted
the Capacitorq=f|dt. Capacitance can then be Calculated:0_4 fF andcmeasureagl pF The |atera| design a|so a”OWS
by using C=q/V. This capacitance measurement methodefficient multiplexing of patch measurements, exchange of
yielded apacitance of 101 pF for connections between the intracellular electrolytes while the cell is attached to the
device and the patch-clamp amplifier input, but showed ngyatch pore, and optical observation of membrane deforma-
further increase in capacitance when the device itself wagon. While measured seal resistances are not yet high
attached. We can conclude that the device capacitance gqough for single channel measurement®k=(140
within measurement error, @qe,<1 pF. Our calculations, +20 M), they should be sufficient for loose patch mea-
using the device geometry amgipys=2.46; yielded a pre-  syrements. Future improvements in PDMS surface treatment
dicted device capacitance @f4,=0.5fF. By comparison, and patch pore geometry should lead to increases in seal

capacitances for micromachined patch-clamp devices are 3@sjstance. This device has the potential for high-throughput,
pF for micronozzle dewc@_sand 1 pF for glass substra®s, |ow cost cell-based patch-clamp measurements.

while micropipette capacitances are in the range of 2 pF

< Cpipette= 20 pF. _ _ o .
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