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(57) ABSTRACT

This disclosure provide a nanopillar electrode device, com-
prising a substrate patterned with a plurality of metal pads.
The device may further comprise a plurality of nanopillars
electrode arrays, wherein each nanopillar electrode array is
attached to the substrate above a metal pad and electrically
connected to the pad. The device may further comprise and
a chamber surrounding the nanopillar electrodes, which can
be used for culturing cells of interest for recording action
potentials. The nanopillar electrode device may be config-
ured to apply a voltage through the nanopillar electrodes
from a voltage source. Nanopillar electroporation may be
used to increase the permeability of cell membranes to allow
intracellular recording. Also provided are methods of device
fabrication, and methods of use.




Patent Application Publication  Jan. 14, 2021 Sheet 1 of 16 US 2021/0008363 A1

140

.//

/ 120

DIV > 3 o
Sy B S

I
:

FIG. 1



Patent Application Publication  Jan. 14, 2021 Sheet 2 of 16 US 2021/0008363 A1

\Q Electroparation

Racording before eleciropuration

¥
b
H
H
H
H
H
H
H
H
I
W
h

Nanometrs sized pores

b Rerording aftar electropovation

|
|
|

FI1G. 2



US 2021/0008363 Al

Jan. 14,2021 Sheet 3 of 16

Patent Application Publication

A

\“““““““““\\\\\\\\\\\\“\t 7
.

R aaaas,

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

B
\“www‘“““wwww‘\\\\\\\\\\\\\\\\\\\
B

§§§ 7

\\\\\

Y

257

§§\\\\\\\\\\ o 7

"
&
&=

m

o

i

=

o
g 2 7
[ N

W
23

(]

e
\_.N\ A

e

...:r\

adong

prssssdsdsslalss
P i

Pt e

S

z i
% s
M\\\ .\\.\\“\\\\\\\\\\\\

ps

b2

s
2
P

; %
Lo

\wwwwwwwwwwwm“aaaaaaaaaaaaa“dam“\
V.
uuuuuuuuuuuuuuuuuuuuwww\\\\\\\wwww““\\

ooy

AMT

S

e

%

£

7%

PUTIE
:

Flectroporadon

4

At

FIG. 3



US 2021/0008363 Al

Jan. 14,2021 Sheet 4 of 16

Patent Application Publication

3
3
2
G-
G
3
¢
{3

) o) o o £ < £
1y 3 5 & % S5 3
. ~ b e = B 29 =

CGtidy HEaselt Sues
(& } DLt

Naguornomt® Ty

P

H

IR

oot
5

pes s

wns”

A
Tine

A e et

)

mr
}
#

} i
) ! ; \M

F L oa R s
e S B B B S e e j e
N e R T < A S ¥4 -

i

W

S
}

i

5

}

e - e T T " x0T RN,
et il S T T = T 2 S ~ P
L Ty 1 — ool

s ,.N., 3 y w /A AL

£ : : k H L B

IS e ezl
o~ hawed e e, T A
At g P ) pron : N |

| Aoty ¢ Ay




Patent Application Publication  Jan. 14, 2021 Sheet S of 16 US 2021/0008363 A1

N

Tanbd TEA

IO rdA nifedepine

7
v
0y
O
o

o3 foel
f : < 3 %
o = 2 ¥ &

FlG. 5

<3

.
fond
ke

:

bt
ol
G2
e
Lo~




US 2021/0008363 Al

Jan. 14,2021 Sheet 6 of 16

Patent Application Publication

x ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, w Tz

G555

§ T

&xmﬁ
. Ton




Patent Application Publication  Jan. 14, 2021 Sheet 7 of 16 US 2021/0008363 A1

F1G. 7



Patent Application Publication  Jan. 14, 2021 Sheet 8 of 16 US 2021/0008363 A1

’ « BT

o N !
R N §\\\§ N N, \& e N e _\‘V\'_A\\\--~& N
B =
3&& ~
s B *
T -
St o
o R
g o .
oy .
s
& o 3 )
] LT Ty
P o o
4
3 * ¥ * A g x * * * ® ‘ ¥ ! 8

& 0 40 &0 ]0 00 180
Tims {8}



Patent Application Publication  Jan. 14, 2021 Sheet 9 of 16 US 2021/0008363 A1

Panod (ms}

-~ y - o~
N S £ &~ ]
R ) T
BN

I

3
o~

3, it
L <h
N

ot {ei} OG0y

‘ - Pl {ma}
: &

%

4%

FIG. 9

4 HHy




Patent Application Publication  Jan. 14, 2021 Sheet 10 of 16  US 2021/0008363 A1

Impedance at 1K Hz (ML)
o P b a7 o 3

oy

3 4 5 6 7 8 9
Number of pillars

FIG. 10



Patent Application Publication

s

Planar

ERvrrRIe

Nanopillar

s
o

N
= %\\Q\\‘&\\\%ﬁ :

T

L rrose.
o
o

%
%,
7

Sty

werrnsaper i

P O T

500 oo 1508
Kinelio Eneigy W]

Electrochemical impadance speciroscapy
-39,

~4% o PUSNY “

\.
50

» Ty nednes N,
&= 603 K
%g h
- .
R .
P ™
¥y o)
2 R0 —
L T T,
E R
FERAN TR
. N AN ! "3: N ey A o
18° 3 o0 ¥ 3 3 1

Fraguancy {Hz) Frequensy jHz}

FIG. 11

33

Jan. 14, 2021 Sheet 11 of 16

.,

%2

25y
207
15
$ 0
&
=5
B
-4}
-15

US 2021/0008363 Al

Nanotubs

ntensity

0TS TROR TR0 R B0
X Gopedipate fam]

G

Cychic voltammelry

20

BETTETRE T T08 The
Voliage ve, Agraglt Vi



Patent Application Publication  Jan. 14, 2021 Sheet 12 of 16  US 2021/0008363 A1

b
\Q .
g) E:
rgry
2

Flau i B Ay nanopittars
N O fitm IO nanotubes

3 ..\

\\u R

NN N Y \:&: 3
AR &&5\%\ R
\Eaal

N




Patent Application Publication

cording ol

Jan. 14, 2021

s m.

R
A&\\\\Gs&s 5

Sheet 13 of 16

S

S

Z
Z
7
#

US 2021/0008363 Al

o~"
5-5_ DRI ‘ N LA P
1 g I@ my 05 mvi R
13} Moy, P I i
K Snang™ i \‘\ % ety
1RIG 1830 %48 3 146 3130 3140
350G 180 2000 2500 2000

ude [y

g
]
K
3
&
oo

3®

-
[ rd
9

Al Oy
narmpitars nanoiubes
n=33 =4

Hecording Time {

Leating
inmarval
fros}

ot N g

F3743

3844

23713

oeeriay amp.
110 APSY

v}
1.78

2
~
o

>
aeens

»
b 3 »
2 o
5 O
& <
% 3 »
= I3 S
G oy B
2 OF 18
@ N
© N
g Y
hy
i)
Ay rlix
nanopifisre nanpiibes
n=i8)  {a=13;

FIG. 13



Patent Application Publication  Jan. 14, 2021 Sheet 14 of 16  US 2021/0008363 A1

& b < ¢

Linear decgy Exponential decay 3 consecutive drops 18,
8+ with no drops L with 1 drog 3 Bl
’ B S 4
R o 5;2
< .
e B3
1} 3

GEL ey %
ST N B
) volozs
R O N 4 8 81012

Recoriad Ampitude [my}

Drap Duration §s]

s

creatiay

RN

o

NN
-. \\_3
s e

113

3 H
%

. i A |
3 : e :
55

1

23
3

S
vrr

i
1R

S

3 i

poses

i\ i I3 :

§ o Rt S \\\\
§ :

)

206 230 2483 2843 280 306G
Recording Time s}

FiG. 14



Patent Application Publication  Jan. 14, 2021 Sheet 15 of 16  US 2021/0008363 A1

FIG. 15



US 2021/0008363 Al

Jan. 14, 2021 Sheet 16 of 16

Patent Application Publication

N

M,

%
Yy,

&
o
e

B
§

.

§

N

N

]

\

SRS

FIG. 16



US 2021/0008363 Al

NANOPILLAR ELECTRODE DEVICES AND
METHODS OF RECORDING ACTION
POTENTIALS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with Government support
under contract 1055112 awarded by the National Science
Foundation. The Government has certain rights in this
invention.

BACKGROUND

[0002] Action potentials play a central role in the nervous
system and in many cellular processes, notably those involv-
ing ion channels. The accurate measurement of action poten-
tials requires efficient coupling between the cell membrane
and the measuring electrodes. Extracellular recording meth-
ods may be limited by signal strength and signal-to-noise
ratio. Intracellular recording methods such as patch clamp-
ing involve measuring the voltage or current across the cell
membrane by accessing the cell interior with an electrode,
allowing both the amplitude and shape of the action poten-
tials to be recorded faithfully with high signal-to-noise
ratios. The invasiveness of traditional intracellular recording
techniques, such as patch clamping, may reduce the duration
and scalability of measurements.

SUMMARY

[0003] A nanopillar electrode device and method of
recording action potentials with such devices are provided
herein. The nanopillar electrode devices can be used to
record both extracellular and intracellular action potentials
of cells. In certain aspects, nanopillar electroporation may be
used to increase the permeability of cell membranes to allow
intracellular recording. The methods of certain embodiments
described herein may be used, for example, for measuring
membrane potentials from excitable cells (e.g., neurons,
cardiomyocytes, muscle fibers, and endocrine cells), and
may be useful in distinguishing cell types based on the
shapes of their action potentials, detecting changes in action
potentials induced by drugs that target ion channels, and
monitoring differentiation of stem cells into various cell
types (e.g., excitable cells).

[0004] In one aspect, a nanopillar electrode device may
comprise (a) a substrate patterned with a plurality of metal
pads; (b) a plurality of nanopillars electrode arrays, wherein
each nanopillar electrode array is attached to the substrate
above a metal pad and electrically connected to the pad; and
(¢) a chamber surrounding the nanopillar electrodes, which
can be used for culturing cells of interest for recording action
potentials. The device may further comprise one or more
recording amplifiers, wherein each recording amplifier is
electrically connected to a metal pad by an electrical lead.
[0005] Exemplary devices are described in Example 1 and
depicted in FIGS. 1a-1f, FIGS. 6a-6d, and FIG. 10. In
certain embodiments, the footprint of the nanopillar elec-
trode array on each pad may be less than or equal to 5x5
pum?. The metal pads may be electrically insulated with a
Si;N,/Si0, layer. The substrate may be composed of a
transparent material, such as quartz or glass to allow visu-
alization of cells. In certain embodiments, the plurality of
metal pads may be arranged in a three-by-three array of
metal pads or a four-by-four array of metal pads, wherein
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each metal pad comprises and array of nanopillar electrodes.
In certain embodiments, the number of nanopillar electrodes
per pad ranges from 1 to 20 per pad, including any number
of nanopillar electrodes within this range, such as 1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20
nanopillar electrodes per pad. The nanopillar electrodes may
comprise a biocompatible metal, such as, but not limited to
one or more of platinum, titanium, silver, gold, a metal alloy
comprising at least one or more of platinum, titanium, silver,
and gold, and oxides thereof. In certain embodiments, the
nanopillar electrodes may comprise one or more of iridium,
titanium, and an oxide thereof. In certain embodiments, the
nanopillar electrodes may be hollow. In certain embodi-
ments, each nanopillar electrode may be 1-2 um long and
150-200 nm in diameter. In certain embodiments, the device
may be configured to apply a voltage through the nanopillar
electrodes

[0006] In another aspect, a method for measuring action
potentials from a cell with a nanopillar electrode device
described herein may comprise: (a) providing a nanopillar
electrode array in contact with a portion of the cell mem-
brane of the cell; (b) electroporating the cell to increase the
permeability of the cell membrane; and (¢) recording one or
more action potentials.

[0007] The nanopillar electrode device may comprise a
plurality of electrodes capable of recording action potentials
from a plurality of cells simultaneously, wherein each elec-
trode is in contact with a portion of the cell membrane of a
different cell.

[0008] Alternatively, the nanopillar electrode device may
comprise a plurality of electrodes, wherein each electrode is
in contact with different portions of the cell membrane of the
same cell. Action potentials may be recorded from various
types of excitable cells, including, but not limited to neu-
rons, muscle cells, and endocrine cells. In certain embodi-
ments, action potentials are recorded from cardiomyocytes.
Action potentials may be recorded from a plurality of cells
simultaneously. During measurements of action potentials,
cells may be mechanically pinned down with a nanopillar
electrode to prevent cell migration, if desired. In certain
aspects, the electroporation may be performed with biphasic
pulses at 2.5 V for 200 microseconds. The electroporation
may be repeated for 20 pulses over a period of 1 second. In
another aspect, a method of screening an agent for its effect
on cellular action potentials with a nanopillar electrode
device may comprise: (a) measuring action potentials from
a cell before and after treatment of the cell with the agent;
and (b) comparing action potentials before and after treat-
ment of the cell with the agent to detect any changes in the
action potentials resulting from treatment of the cell with the
agent. In certain embodiments, the agent is an ion channel
blocker, a ligand for an ion channel or a receptor, a hormone,
or a second messenger. Changes in the shape, duration, or
frequency of the action potentials may be detected in
response to treatment of a cell with the agent. For example,
an agent may shorten or lengthen the duration of action
potentials or increase or decrease the frequency of action
potentials.

[0009] In another aspect, a method of distinguishing dif-
ferent types of cells in a culture with a nanopillar electrode
described herein may comprise: (a) measuring action poten-
tials from one or more cells of the culture; and

(b) determining the cell type of one or more cells based on
the shape, duration, or frequency of the action potentials.
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This method can be used to distinguish different types of
excitable cells including, but not limited to neurons, muscle
cells, and endocrine cells. In one embodiment, the method
may comprise distinguishing different types of cardiac
muscle cells, such as pacemaker cells and non-pacemaker
cells.
[0010] In another aspect, a method of monitoring differ-
entiation of a stem cell with a nanopillar electrode device
described herein may comprise: (a) measuring action poten-
tials from the stem cell during differentiation of the stem
cell; and (b) detecting differentiation of the stem cell based
on the action potentials having characteristics (e.g., shape,
duration, and/or frequency) of a particular differentiated cell
type. This method may be used to monitor differentiation of
a stem cell into various types of excitable cells such as, but
not limited to neurons, muscle cells (e.g., a cardiac muscle
cell), or endocrine cells.
[0011] In any of the methods described herein, action
potentials may be recorded from a single cell or a plurality
of cells periodically over multiple consecutive days, for
example, 2, 3, 4, 5 or more days.
[0012] In certain aspects, a method of fabricating a nano-
pillar electrode device described herein may comprise:

[0013] a) patterning a substrate with a plurality of metal

leads and pads by photolithography;
[0014] b) passivating the surface of the substrate with a
layer of Si;N,/SiO,;

[0015] c¢) milling an array of holes through the layer of
Si;N,/Si0, such that the metal pads underneath are
exposed;

[0016] d) assembling nanopillar electrodes in the holes;
and

[0017] e) electrically connecting the nanopillar elec-

trodes with the metal pads.
[0018] In certain aspects, the passivation may be per-
formed by plasma-enhanced chemical vapor deposition. In
certain aspects, the milling may be performed by a focused
gallium ion beam. In certain aspects, embodiment, the
nanopillars are assembled by focused ion beam deposition.
In certain aspects, the nanopillar eclectrodes may be
assembled by electrodeposition.
[0019] In certain aspects, a method of fabricating a nano-
pillar electrode device described herein may comprise:

[0020] a) patterning a substrate with a plurality of metal
leads and pads by photolithography;

[0021] b) passivating the surface of the substrate with a
layer of Si;N,/SiO,;

[0022] c¢) adding a layer of spin-coated e-beam photo-
resister to the surface of the substrate;

[0023] d) patterning a plurality of holes in the layer of
spin-coated e-beam photoresister by using e-beam
lithography;

[0024] e) exposing the metal pads underneath the holes
by etching through the insulating layer of Si;N,/SiO,;

[0025] ) growing nanopillar electrodes in the holes by
electrodeposition; and

[0026] g) removing the e-beam photoresister.

[0027] These and other embodiments will readily occur to
those of skill in the art in view of the disclosure herein.

BRIEF DESCRIPTION OF THE FIGURES

[0028] The skilled artisan will understand that the draw-
ings, described below, are for illustration purposes only. The
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drawings are not intended to limit the scope of the present
teachings in any way. Some of the drawings are not in scale.

[0029] FIG. 1 shows nanopillar electrode devices and their
interactions with HL-1 cardiomyocytes. FIG. 1a shows an
optical image of a nanopillar electrode device with a four-
by-four array of platinum pads and leads 100 connected to
recording amplifiers. FIG. 15 shows a scanning electron
microscopy (SEM) image of an array of five vertical nano-
pillar electrodes 140 on one of the platinum pads 110: the
nanopillar electrodes 130 are 1.5 pm tall and have a diameter
of 150 nm. The footprint of the nanopillar electrode array on
each pad is 5x5 um? or less. The pads 110 and leads are
electrically insulated by a 350 nm Si;N,/SiO, layer 120.
Most of the surface of the nanopillars is exposed for elec-
trical detection. The inset to FIG. 15 is a schematic of a
nanopillar electrode. FIG. 1c¢ shows an optical image of
HL-1 cells cultured on a glass coverslip with four arrays of
electrodes (each array contains five nanopillars). There are
no underlying platinum pads in this sample. The morphol-
ogy of cells grown on vertical nanopillar electrodes is
similar to the morphology of cells grown on planar sub-
strates. FIG. 14 shows a SEM image showing four five-
electrode arrays covered by an HL-1 cell. Arrows indicate
the locations of nanopillar electrodes. FIG. 1le shows the
cell-nanopillar electrode interface exposed by FIB milling
shows that the nanopillar electrode is fully engulfed by the
cell. FIG. 1f'is a SEM image showing cellular protrusions
reaching out to the nanopillar electrodes. All SEM images
are taken at 52° to normal.

[0030] FIG. 2 shows recordings of action potentials of a
single HL.-1 cell before and after electroporation. FIG. 2a
shows that before electroporation, the recorded train of
action potentials showed extracellular signatures. FIG. 2b
shows that after electroporation, the recorded signal ampli-
tude increased by a factor of greater than 100 and the shape
exhibited intracellular features. Note that the y-axes in a and
b have different scales. FIG. 2¢ shows a schematic (not to
scale) of the electroporation of the cell membrane by a
nanopillar electrode. Voltage pulses created nanoscale pores
in the region of the cell membrane that surrounded the
nanopillar electrode. FIGS. 2d and 2e shows evidence
confirming that nanopillar electroporation had taken place.
Confluent HL-1 cells were cultured on a three-by-three array
of platinum pads in which the six pads in the second and
third rows contained arrays of nine nanopillar electrodes, but
the three pads in the top row contained milled holes but no
nanopillars. We then introduced calcein, a membrane-im-
permeable dye, and performed electroporation. Comparison
of the bright-field (FIG. 2d) and fluorescence (FIG. 2e)
images of the same area confirmed that the calcein dye only
entered those cells that contacted the nanopillar electrodes.
No electroporation was observed on the top three control
pads. Moreover, each array of nine nanopillar electrodes
interfaced with just one cell. The cell on the top right (white
arrow) is not directly over the electrode, but its membrane
protrusion extends to the nearest nanopillar electrode site
(FIG. 7).

[0031] FIG. 3 shows minimally invasive intracellular mea-
surement of action potentials with high precision. FIG. 3a
shows that after electroporation, the recorded action poten-
tial amplitude decays over time due to sealing of transient
pores in the cell membrane. At 120 seconds after electropo-
ration, the amplitude decays to 30% of its maximum value,
but the action potential duration at 50% of the maximum
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(APD50) remains constant during this period (FIG. 8).
About 10 minutes after electroporation, the recorded signal
approaches an extracellular amplitude and shape. Three
different segments of the recording are enlarged for clarity.
The sealing of the cell membrane indicates that the intrac-
ellular recording is only invasive over a very short period of
time compared to the lifetime of the cell in the culture. FIGS.
34 and 3¢ show intracellular recordings of action potentials
of two types of HL-1 cells that are designated as pacemaker
(FIG. 3b) and non-pacemaker (FIG. 3c¢) based on their
shapes. Although the recorded amplitude decays, all five
phases of the non-pacemaker action potential can still be
readily observed 400 seconds after electroporation. In con-
trast, the pacemaker action potentials exhibit three phases
with symmetric rising and falling edges.

[0032] FIG. 4 shows parallel intracellular recording of
multiple cells and the evolution of action potentials over
consecutive days for single cells. FIG. 4a shows simultane-
ous intracellular recording with five different electrodes on
the same culture. Electrodes A1, A2 and A3 are within 40 pm
of one another, and electrodes B and C are separated by
about 400 um from one another and from electrodes A1-A3.
Cardiomyocytes on electrodes A1-A3 undergo synchronized
beating, but there are time delays with cardiomyocytes on
electrodes B and C. The dotted line representing the same
time is drawn to guide the eye. FIG. 45 shows extracellular
(left) and intracellular (right) recording of a mature HL.-1
cell over consecutive days. The shape and amplitude of the
action potential exhibit minimal changes. Note that the
y-axes on the left and right have different scales. FIG. 4¢
shows intracellular recording of an HL.-1 cell in a develop-
ing culture over four consecutive days. We observed a
transition from arrhythmic to rhythmic beating, a decrease in
the beating interval, a significant change in the action
potential shape and an increase in the maximum amplitude
of the recorded action potential. (Note that the y-axes on the
four traces have different scales.) FIG. 4d shows a histogram
showing how the beating interval decreases from day 1 to
day 4. (The 23 action potentials recorded immediately after
each electroporation were analyzed; error bars represent one
standard deviation.).

[0033] FIG. 5 shows the effect of ion-channel blocking
drugs on HL-1 cells. FIG. 5a shows extracellular action
potentials recorded by nanopillar electrodes (bottom), and
intracellular action potentials recorded by nanopillar elec-
trodes after electroporation (top) after nifedipine (a Ca**
channel blocker) is administered to HL-1 cells (red lines).
Changes in the duration and period of the action potential
with respect to a control experiment (blue line) are much
clearer in the intracellular recordings. FIG. 556 shows that
similar results were found when tetraethylammonium (a K*
channel blocker) was administered. The rising edges of the
first action potential in each pair of traces were overlaid to
allow comparison (note that the vertical scale bars are
different). FIG. 5¢ shows that nifedipine leads to a reduction
in the APDS50 relative to the control, and tetraethylammo-
nium (TEA) leads to an increase. For each drug, four
different HL-1 cells on three different cultures were mea-
sured (see Tables 1 and 2 for further details).

[0034] FIG. 6 shows a nanopillar electrode device. FIG.
6a shows a picture of the assembled nanopillar electrode
device. The plastic well at the center surrounds the nano-
pillar electrodes and hosts the HL.-1 cell culture. The quartz
chip in the center is glued to a custom-designed printed
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circuit board and Pt leads are electrically connected via wire
bonding. FIG. 65 shows a SEM image of custom-made 4x4
multielectrode arrays coated with a 350 nm Si;O,/SiO,
insulation layer. FIG. 6c shows that on this Pt pad, three
nanopillar electrodes are constructed by first FIB milling of
holes through the passivation layer and then FIB-assisted Pt
deposition. FIG. 64 shows the dimension of fabricated
nanopillar electrodes. The nanopillar electrodes are electri-
cally connected to the bottom Pt pad.

[0035] FIG. 7 shows an enhanced contrast and zoomed-in
image of FIG. 2e showing that the electroporated cell
extends to the nanopillar electrode site.

[0036] FIG. 8 shows time evolution of the measured
action potential amplitude and duration at 50% maximum
(APD50). 120 seconds after electroporation, the measured
amplitude decayed significantly to about 30% of the maxi-
mum. On the other hand, the APD50 remained constant
during this period.

[0037] FIG. 9 shows the effect of nifedipine and tetraeth-
ylammonium on HL-1 action potentials measured by nano-
pillar electrodes. FIG. 9a shows the duration of action
potentials at 50% of amplitude (APD50) and action potential
period recorded by the nanopillar electrodes after electropo-
ration of HL-1 cells administered with nifedipine at 100 nM
and 300 nM concentrations. FIG. 95 shows the recorded
APDS50 and action potential period with tetracthylammo-
nium at 1 mM and 10 mM. Error bars are standard deviations
of 30 action potentials.

[0038] FIG. 10 shows electrical impedance measurements
of the nanopillar electrode arrays. The electrical impedance
of the nanopillar electrodes was measured with an Agilent
B1500A parameter analyzer at 1 kHz frequency. Cell culture
Claycomb medium was used as the electrolyte for the
measurement. The impedance decreased as the number of
nanopillar electrodes increased from 3 to 9 per array. This is
expected as the conductive surface area is proportional with
the number of nanopillar electrodes. For a 9-nanopillar
electrode array, the impedance at 1 kHz is about 6 MQ.
[0039] FIG. 11 provides a characterization of electrode-
posited vertical iridium oxide nanotubes. FIG. 11a is a
schematic of cells interfacing with planar, solid nanopillar
1110, and hollow nanopillar (nanotube 1120) electrodes.
FIG. 115 is an SEM image of a three-by-three array of
iridium oxide (IrOx) nanotube electrodes showing hollow
cores. The inset of FIG. 115 shows the top view of an [rOx
nanotube electrode. FIG. 11¢ is an SEM image of a three-
by-three array of gold (Au) nanopillar electrodes showing
solid cores. FIG. 11d provides an augur electron spectrum of
the nanotube electrodes which confirm the presence of
iridium an oxygen. The insets of FIG. 114 show the raw
spectra of oxygen an iridium. FIG. 11e provides an elemen-
tal line scan along the diameter of an IrOx nanotube and a
Au solid nanopillar. FIG. 11f provides the electrochemical
impedance spectroscopy of IrOx nanotube and Au solid
nanopillar electrodes of the same surface area in PBS. FIG.
11g provides the cyclic voltammetry of IrOx nanotube and
Au solid nanopillar electrodes of the same surface area in
PBS observed at a scan rate of 30 mV/s.

[0040] FIG. 12 shows rat cardiomyocytes interfacing with
the vertical iridium oxide nanotube arrays. FIG. 12a shows
fluorescent images of live HL-1 cardiomyocytes after grow-
ing for 3 and 7 days on Au film, IrOx film, Au solid
nanopillar arrays and IrOx nanotube arrays. Cells were
stained with calcein AM and propidium iodide on day 3 and
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7. The white arrows mark cells that uptook propidium
iodide. FIG. 125 shows a comparison of viability of HL-1
cells grown on Au film, IrOx film, Au solid nanopillar arrays
and IrOx nanotube arrays. FIG. 12¢ is a set of SEM images
of a cardiomyocyte growing on top of vertical IrOx nano-
tube arrays show the cell engulfs the nanotubes. The apical
membrane protrudes into the nanotubes, showing both posi-
tive and negative membrane curvature. FIG. 12d is a set of
SEM images of an unroofed cell with part of the apical
plasma membrane and the nucleus removed. Expanded
images show the basal membrane wraps around the nano-
tube and extends into the nanotube.

[0041] FIG. 13 provides an intracellular recording of car-
diomyocyte action potentials by iridium oxide nanotube
electrodes. FIG. 13a is a schematic of the experiment. FIG.
135 shows an intracellular recording of HL-1 action poten-
tials by IrOx nanotube and Au solid nanopillar electrodes for
the first 60 s after electroporation. FIG. 13¢ shows a time
evolution of recorded action potentials amplitude by IrOx
nanotube and Au nanopillar electrodes. Arrows indicate
recorded amplitude step drops. The insets are expanded
views of drop 1 and 4. FIGS. 13d and 13e provide a
comparison of intracellular recorded signal amplitude (d)
and decay time (e) between IrOx nanotube and Au solid
nanopillar electrodes. FIG. 13fshows a simultaneous record-
ing at six different electrodes in the same culture. Adjacent
electrode separation is 100 pm and the electrode positions on
the chip are shaded. The vertical dashed lines represent the
same time to guide eyes. FIG. 13g shows a recording of a
single cell over eight consecutive days.

[0042] FIG. 14 shows membrane repair as measured by
iridium oxide nanotube electrodes and verification by simul-
taneous patch clamp recording. FIG. 14a-¢ shows recorded
action potential decays in a combination of linear decays (a),
exponential decays (b), and step drops (b and c). The inset
of FIG. 14¢ shows the change in recorded signal at the last
drop. FIG. 14d shows the distribution of drop durations.
FIG. 14¢ shows an inverted microscope view of a cardio-
myocyte (dashed-line circle) being simultaneously recorded.
FIG. 14f-h provide a Simultaneous recording of membrane
potential by IrOx nanotube electrodes and whole-cell current
clamp before electroporation (f) and after electroporation (g,
h).

[0043] FIG. 15 is a set of schematics of iridium oxide
nanotube electrode fabrication. FIG. 154 shows the pattern-
ing of a Pt pad and line by photolithography and subsequent
electrical insulation by Si3N4/Si02 deposition (top), and an
overhead view of 8x8 arrays of Pt pads and lines (bottom).
FIG. 156 shows nanohole patterning on resist by electron
beam lithography and subsequent clearing of the underneath
Si;N,/Si0, by plasma etching (top), and a side view of this
process (bottom). FIG. 15¢ shows electrodeposition of a 3x3
array of IrOx nanotubes on each Pt pad and subsequent
removal of resist.

[0044] FIG.16 is a simplified circuit model to illustrate the
relationship between recorded potential and the actual mem-
brane potential.

DEFINITIONS

[0045] Before describing exemplary embodiments in
greater detail, the following definitions are set forth to
illustrate and define the meaning and scope of the terms used
in the description.
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[0046] As used herein, the phrase “attached to” refers to a
physical connection between one component of a system
and another, which can be direct or indirect.

[0047] The term “electrical connection” refers to a con-
nection or path that allows for the directional flow of an
electric charge. In certain aspects, an electrical connection
may be controlled by a switch or a gate.

[0048] The terms “impedance” and “electrical impedance”
are used interchangeably and refer to the complex ratio of
voltage to current in an electric circuit, component or
structure.

[0049] The term “nanostructure” as used herein refers to a
structure of nano-scale dimensions along at least one axis.
Nano-scale dimensions may be less than 1 pm, e.g., 1 nm to
5 nm, 5 nm to 10 nm, 10 nm to 20 nm, 20 nm to 50 nm, 50
nm to 100 nm, 100 nm to 200 nm, 200 nm to 500 nm, or any
combination thereof.

[0050] The term “aspect ratio” as used herein refers to the
ratio of the length of a first axis of a nanostructure to the
average of the lengths of the second and third axes of the
nanostructure, where the second and third axes are the two
axes whose lengths are most nearly equal each other. For
example, the aspect ratio for a perfect rod would be the
length of its long axis divided by the diameter of a cross-
section perpendicular to (normal to) the long axis.

[0051] The term “nanopillar” refers to a nanostructure that
has one principle axis that is longer than the other two
principle axes. Consequently, a nanopillar has an aspect ratio
greater than one. The term “nanopillar” as used herein
encompasses nanostructures that are solid or hollow, includ-
ing nanostructures commonly referred to as nanorods, nano-
tubes and nanowires. The nanopillars described herein can
be substantially homogeneous in material properties, or in
certain embodiments can be heterogeneous. The nanopillars
can be fabricated from essentially any convenient material
or materials by any convenient method known in the art. The
nanopillars can comprise “pure” materials, substantially
pure materials, doped materials and the like, and can include
insulators, conductors, and semiconductors. The “diameter”
or “width” of a nanopillar refers to the diameter of a
cross-section normal to the major principle axis (the long
axis) of the nanopillar. Where the cross-section is not
circular, the diameter is the average of the major and minor
axes of that cross-section. Nanopillars can have a variable
diameter or can have a substantially uniform diameter, that
is, a diameter that shows a variance less than about 20%
(e.g., less than about 10%, less than about 5%, or less than
about 1%) over the region of greatest variability and over a
linear dimension of at least 5 nm (e.g., at least 10 nm, at least
20 nm, or at least 50 nm).

[0052] The term “electrode” as used herein refers to a
structure having an electrical conductivity higher than the
electrical conductivity of material to which it is exposed. As
used herein, an electrode in “electrical proximity” to a cell
refers to a distance which is sufficiently close to transmit
electrical stimuli to the cell or receive electrical signals from
the cell.

[0053] The term “nanopillar electrode device” as used
herein refers to a device comprising one or more nanopillar
electrodes. In certain aspects, a nanopillar electrode device
is capable of measuring cellular electrical signals (e.g.,
intracellular or extracellular).

[0054] As used herein, an “array” of articles (e.g., an array
of nanopillar electrodes) comprises one or more of said
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articles. When the array comprises a plurality of articles, the
articles may be arranged in one, two, or three dimensions
and may or may not be aligned with one another.

[0055] The term “plurality,” as used herein, means two or
more.
[0056] The terms “metal pad” and “pad” can be used

interchangeably and refer to an area on an apparatus or a
device which is electrically connected to at least one elec-
trode on the device and which can be operatively connected
to an electrical circuit (e.g., an impedance measurement
circuit or a signal source or an recording amplifier). The
electrical connection between a connection pad and an
electrical circuit can be direct or indirect, through any
appropriate electrical conduction means such as leads or
wires. Such electrical conduction means may also go
through electrode or electrical conduction paths located on
other regions of the apparatus or device.

[0057] The term “reference electrode” refers to an elec-
trode that has a stable potential, against which the potential
of another electrode can be measured. In the context of
measuring action potentials in cells, the reference electrode
may be exposed to the extracellular environment and not the
membrane of a cell.

[0058] The term “amplifier”, “recording amplifier” and
“voltage amplifier” are used interchangeably and refer to a
component of the circuit that produces an output potential
that is greater than an input potential. An amplifier may have
a plurality of channels, and may be capable of amplifying a
plurality of inputs.

[0059] The term “electrical lead” and “metal lead” are
used interchangeably and generally refer to a conductive
wire that electrically connects two points.

[0060] The term “footprint” as used herein refers to the
surface area of a device or a component of a device such as
a metal pad, electrode, array of electrodes, and so forth.
[0061] The term “substrate,” refers to any solid object on
which a mounted material may be optionally immobilized.
Essentially any conceivable substrate may be used within
the methods provided herein, including biological, nonbio-
logical, organic and inorganic substrates, as well as sub-
strates that are a combination of any of these. The substrate
may have any convenient shape. The substrate may form a
rigid support on which to support a mounted material, and
is preferably flat, although it may take on a variety of
alternative surface configurations, including having raised
and/or depressed regions.

[0062] As used herein, the term “chamber” refers to any
container on or in which cells may be cultured. The chamber
may be sealable from an external environment. The chamber
may be clear or semi-transparent.

[0063] The term “printed circuit board” refers to a semi-
conductor chip including electronic elements fabricated into
the chip or onto the surface of the chip (e.g., silicon, GaAs,
SiGe, SiC).

[0064] As used herein, the term “patterning” refers to
creating a layout of features (e.g., nano or micro-scale
structures). In certain aspects, patterning may involve the
creation of features having recurring relationships to one
another (such as size, shape, and relative position). Pattern-
ing may be performed multiple times to create similar
layouts of features. Patterning may be achieved through
lithography, etching, milling, deposition, and other fabrica-
tion techniques.
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[0065] As used herein, “passivation” refers to the deposi-
tion of a layer (a “passivation layer”) of protective material.
The protective material may electrically insulate an under-
lying material and/or act as a diffusion barrier against water,
solubilized ions, corrosive or otherwise damaging materials,
and so forth.

[0066] As used herein, the terms “light” and “electromag-
netic radiation” can be used interchangeably and can refer to
light or electromagnetic radiation in the ultraviolet, visible,
near infrared and infrared spectra. The terms can further
more broadly include electromagnetic radiation such as
radio waves, microwaves, x-rays, and gamma rays. Thus, the
term “light” is not limited to electromagnetic radiation in the
visible spectrum.

[0067] The term “photoresist” refers to a material that,
upon irradiation with light, sustains a chemical reaction that
allows irradiated and non-irradiated regions to be separated
from one another. Although the separation may be simulta-
neous with irradiation (e.g., in laser ablation), it may require
an additional process step or steps (e.g., exposure to a
developer). The chemical reaction may involve the forma-
tion or breakage of chemical bonds with such bond changes
occurring in either an intramolecular or intermolecular fash-
ion. In some applications, a photoresist is applied to a flat
surface as a relatively thin liquid layer and evaporated.
[0068] The term “e-beam resist”, “e-beam resistor” and
“e-beam photoresistor” can be used interchangeably and
refer to an electron sensitive film of which electron beam
exposed or unexposed regions may be removed. Although
the separation may be simultaneous with e-beam radiation,
it may require an additional process step or steps (e.g.,
exposure to a developer)

[0069] The term “focused ion beam resist” or “ion beam
resist” refers to an ion beam sensitive film of which electron
beam exposed or unexposed regions may be removed.
[0070] The term “resist” and “resist film” are used inter-
changeably and may refer to a photoresist, an e-beam resist
or an ion beam resist.

[0071] The term “spin-coating” refers to the process of
depositing a coating material on a flat surface and spinning
said surface so as to uniformly spread the coating material
across said surface. In certain aspects, the flat surface may
be a substrate and the coating material may be a resist such
as a photoresist or e-beam resist.

[0072] The term “lithography” refers to the use of irradia-
tion to imprint a design on a surface. “Lithography” encom-
passes a number of techniques, including photolithography,
electron-beam lithography, and focused ion beam lithogra-
phy. In some cases, portions of the surface which are
exposed to the irradiation (e.g., light, e-beam, ion beam, etc.)
are either retained or lifted off, simultaneously with irradia-
tion or after exposure to, for example, a chemical agent.
[0073] The term “milling” as used herein refer to the
removal of material during device fabrication by irradiation,
such as light irradiation, an electron-beam, a focused ion
beam, and so forth.

[0074] The term “etching” refers to the removal of mate-
rial during device fabrication. Methods of etching include
chemical etching, wet etching and plasma etching.

[0075] The term “assembling” and “growing” are used
interchangeably herein and refer to the deposition of mate-
rial to form a structure, such as a nanostructure.

[0076] The term “deposition” in the context of the forma-
tion of a thin layer (i.e., of nano or micro-scale thickness) of
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material during device fabrication refers to any of a number
of techniques suitable for formation of a thin layer, including
both chemical deposition and physical deposition tech-
niques. Chemical deposition techniques include spin coat-
ing, electroplating, chemical solution deposition, chemical
vapor deposition (such as plasma-enhanced chemical vapor
deposition), and atomic layer deposition. Physical deposi-
tion techniques include thermal deposition, laser deposition,
electrospray deposition, and ion beam deposition (such as
focused gallium ion beam deposition).

[0077] The term “electrodeposition”, “electroplating” and
“electrochemical deposition” are used interchangeably to
refer to the deposition of material (e.g., from solution or an
ionized gas) by the application of an electric voltage. In
certain aspects, electrodeposition involves at least one of
depositing a film and assembling a structure on a substrate.
[0078] As used herein, “biocompatible metal” refers to a
metal or oxide thereof that does not have deleterious effects
on cells, including the viability, attachment, spreading,
motility, growth, cell division or cell beating.

[0079] The term “electroporation” as used herein refers to
the process of permeabilizing a cell membrane (making it
permeable to particles such as small molecules, ions, elec-
trons, and the like) through the application of an electric
current. Electroporation may result in local or systemic
permeabilization of a cell membrane, based on voltage,
duration, repetition, location and proximity of application.
[0080] The term biphasic as used herein refers to an
electric pulse with two parts, each with an opposite polarity.
The two parts need not be of similar magnitude or duration.
[0081] The term “membrane potential” refers to the elec-
trical potential difference across a cell membrane created by
ion transport through channels and pumps in the cell mem-
brane. Some of these channels are passive, so that ions may
move through the channel diffusively or by electrical gra-
dient forces acting on them. The electrochemical equilib-
rium condition that exists is a balance of the diffusion and
electrical forces. Others are chemically gated, voltage gated,
or have active pumps that move ions across the membrane.
Changes in membrane potential can be stimulated by various
means, e.g. electrical charge, addition of channel modulating
compounds, etc.

[0082] The term “action potential” refers to a sudden
change in the electrical state of the membrane of a cell. For
example, the membrane potential may change from about
-70 mV to +40 mV during a neuronal cell action potential.
A specific series of ion channel events are associated with an
action potential. For example, in a neuronal cell voltage
gated Na* channels open when the membrane potential rises
about 20 mV above the resting potential; this potential is
called the “threshold”.

[0083] The term “test compound” or “agent” refers to any
biological compound whose activity or direct or indirect
effect or effects on cells is investigated in any assay. An
agent can be any compound, including, but not limited to, a
small molecule, a large molecule, a molecular complex, an
organic molecule, an inorganic molecule, a biomolecule or
biological molecule such as but not limited to a lipid, a
steroid, a carbohydrate, a fatty acid, an amino acid, a
peptide, a protein, a nucleic acid, or any combination
thereof. An agent can be a synthetic compound, a naturally
occurring compound, a derivative of a naturally-occurring
compound, and so forth. The structure of a test compound
can be known or unknown.

Jan. 14, 2021

DETAILED DESCRIPTION

[0084] This disclosure provide a nanopillar electrode
device. With reference to FIG. 1, a nanopillar electrode
device may comprise a substrate 150 patterned with a
plurality of metal pads 100; a plurality of nanopillars elec-
trode arrays 140, wherein each nanopillar electrode array
140 is attached to the substrate 150 above a metal pad 110
and electrically connected to the pad 110; and a chamber 160
surrounding the nanopillar electrodes 130, which can be
used for culturing cells of interest for recording action
potentials. The device may further comprise one or more
recording amplifiers, wherein each recording amplifier is
electrically connected to a metal pad by an electrical lead.
See FIG. 1a-1f; FIG. 6a-6d, and FIG. 10 for a depiction of
exemplary nanopillar electrode devices.

[0085] Before the present invention is further described, it
is to be understood that this invention is not limited to
particular embodiments described, as such may, of course,
vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only, and is not intended to be limiting, since the
scope of the present invention will be limited only by the
appended claims.

[0086] Where a range of values is provided, it is under-
stood that each intervening value, to the tenth of the unit of
the lower limit unless the context clearly dictates otherwise,
between the upper and lower limit of that range and any
other stated or intervening value in that stated range, is
encompassed within the invention. The upper and lower
limits of these smaller ranges may independently be
included in the smaller ranges and are also encompassed
within the invention, subject to any specifically excluded
limit in the stated range. Where the stated range includes one
or both of the limits, ranges excluding either or both of those
included limits are also included in the invention.

[0087] Methods recited herein may be carried out in any
order of the recited events which is logically possible, as
well as the recited order of events.

[0088] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present invention, the
preferred methods and materials are now described.

[0089] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present invention, the
preferred methods and materials are now described.

[0090] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “an”, and “the”
include plural referents unless the context clearly dictates
otherwise, e.g., when the word “single” is used. For
example, reference to “a nanopillar” includes a single nano-
pillar and multiple nanopillars. It is further noted that the
claims may be drafted to exclude any optional element. As
such, this statement is intended to serve as antecedent basis
for use of such exclusive terminology as “solely,” “only”
and the like in connection with the recitation of claim
elements, or use of a “negative” limitation. The publications
discussed herein are provided solely for their disclosure
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prior to the filing date of the present application. Nothing
herein is to be construed as an admission that the present
invention is not entitled to antedate such publication by
virtue of prior invention. Further, the dates of publication
provided may be different from the actual publication dates
which may need to be independently confirmed.

[0091] All publications mentioned herein are incorporated
herein by reference to disclose and describe the methods
and/or materials in connection with which the publications
are cited.

[0092] The practice of the present invention may employ,
unless otherwise indicated, conventional methods of neuro-
biology, medicine, cell biology, nanotechnology, biochem-
istry, and recombinant DNA techniques, within the skill of
the art. Such techniques are explained fully in the literature.
See, e.g., B. Sakmann and E. Neher Single-Channel Record-
ing, 2"¢ edn (Springer, 2009); R. D. Purves, Microelectrode
Methods for Intracellular Recording (Academic Press,
1981); F. Rahman, Nanostructures In Electronics And Pho-
tonics (Pan Stanford Publishing, 2008); A. L. Lehninger,
Biochemistry (Worth Publishers, Inc., current addition);
Sambrook, et al., Molecular Cloning: A Laboratory Manual
(37 Edition, 2001); Methods In Enzymology (S. Colowick
and N. Kaplan eds., Academic Press, Inc.) which are incor-
porated herein by reference.

[0093] In further describing embodiments of the inven-
tion, embodiments of the device will be described first in
greater detail. Next, embodiments of methods of use and
methods of fabrication are described.

Devices

[0094] A nanopillar electrode device may have a substrate
patterned with one or more metal pads. Any convenient
substrate may be used within the methods provided herein,
including biological, nonbiological, organic and inorganic
substrates, as well as substrates that are a combination of any
of these. The substrate may comprise functionalized glass,
Si, Ge, GaAs, GaP, SiO,, SiN,, modified silicon, photoresist,
biolayers, saline layers or any one of a wide variety of
polymers such as polytetrafiuoroethylene, polyvinylidenedi-
fluoride, polystyrene, polycarbonate, polyethylene, polypro-
pylene, nylon or combinations thereof. Substrates also
include silicon on insulator structures, epitaxial formations,
germanium, germanium silicon, polysilicon, amorphous sili-
con, glass, quartz, or gel matrices and/or like substrates,
non-conductive, semi-conductive or conductive. In certain
embodiments, the substrate may be of any suitable trans-
parent material, such as quarts or glass (e.g., fused silica). In
addition, the substrate may have any convenient shape, such
as a disc, square, sphere, circle, or any other suitable shape,
and may be formed, for example, as a wafer, particle, strand,
precipitate, gel, sheet, tubing, sphere, container, capillary,
pad, slice, film, plate or slide. The substrate may be pur-
chased from any of a number of sources. The substrate may
be sectioned to any suitable size, such as 10 um® to 100 um?,
100 pm? to 1000 um?, 1000 pum? to 10000 um?, 10000 pm?
to 0.1 mm?, 0.1 mm® to 1 mm?, 1 mm? to 10 mm?, 10 mm?
to 100 mm?2, 100 mm? to 1000 mm?, 10000 mm? to 0.1 cm?,
0.1 cm®to 1 cm? 1 cm® to 10 cm?, and so forth.

[0095] A metal pad (i.e., one or more metal pads of the
nanopillar electrode device) may be of any suitable conduc-
tive material. In addition, the metal pads may be of a
biocompatible material, such as platinum, titanium, silver,
gold, titanium, iridium or an oxide thereof. The footprint of
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the metal pad may be any suitable size. In some cases, the
footprint of the metal pad may be at or between 1 um* and
1 cm? eg, 0.1 um? to 1 wm?, 1 um? to 10 um?, 10 um? to
100 um?, 100 pm® to 1000 um?, and so forth. In certain
aspects, the footprint of a metal pad may be such that it
would likely overlap with only one cell. For example, the
footprint of a metal pad may be less than or equal to 5x5
pm?>.

[0096] The surface of the substrate and metal pads may be
passivated with any suitable protective material. The mate-
rial may protect the underlying substrate and/or metal pads
from corrosion or other damage from an external environ-
ment, may act as a diffusion barrier against small molecules
and/or solubilized ions, may act as an electrical insulator, or
any combination thereof. In certain aspects, the protective
material may be a passivating oxide, such as a silicon nitride,
silicon dioxide, titanium dioxide, aluminum oxide, any other
suitable protective oxide, or a combination thereof. In cer-
tain aspects, the protective material may form a layer that is
between 50 nm and 1 um thick, e.g., 50 nm to 100 nm, 100
nm to 200 nm, 200 nm to 300 nm, 300 nm to 400 nm, 400
nm to 500 nm, 500 nm to 600 nm, 600 nm to 700 nm, 700
nm to 800 nm, 800 nm to 900 nm, or 900 nm to 1 pm thick.
In one example, the surface of the substrate and metal pads
may be passivated with a layer of Si;N,,/Si0, about 350 nm
thick.

[0097] The metal pad may comprise an array of one or
more nanopillar electrodes. The array may comprise any-
where from one nanopillar electrode to one million, depend-
ing on the application. In certain aspects, the array may
comprise 1-10 nanopillar electrodes, 10-20 nanopillar elec-
trodes, 20-50 nanopillar electrodes, 50-100 nanopillar elec-
trodes, 100-500 nanopillar electrodes, 500-1000 nanopillar
electrodes, and so forth. In one example, the array may be
a 3x3 array of nanopillar electrodes. In another example, the
array may be a 4x4 array of nanopillar electrodes. Nanopil-
lar electrodes in an array may or may not be of uniform size
(e.g., length, diameter), structure, and/or distribution. As
will be further discussed in the Experimental section, an
increase in the number of nanopillar electrodes in an array
may reduce impedance and improve signal strength.

[0098] A nanopillar electrode (i.e., one or more nanopillar
electrodes arrayed on the metal pad) may be of any suitable
conductive material. In certain aspects, the nanopillar elec-
trode is of a biocompatible material, such as platinum,
titanium, silver, gold, titanium, iridium or an oxide thereof.
The nanopillar electrode may be of any suitable structure
having an aspect ratio of more than 1. The nanopillar
electrode may have an aspect ratio greater than 1, greater
than 2, greater than 5, greater than 10, greater than 20,
greater than 50, or greater than 100, and so forth. The
nanopillar electrode is substantially straight and having an
even surface or may be irregular in surface, overall shape
and/or length. The nanopillar electrode may be solid or
hollow along all or part of the length of the nanopillar. In one
example, the nanopillar electrode may be a solid platinum
nanopillar. In another example, the nanopillar electrode may
be a iridium oxide nanotube. The width (or diameter) of the
nanopillar may be a nano-scale dimension, such as between
1 nm and 1 um. In certain aspects, the width of the nanopillar
may be 1 nm to 5 nm, 5 nm to 10 nm, 10 nm to 20 nm, 20
nm to 50 nm, 50 nm to 100 nm, 100 nm to 200 nm, 200 nm
to 300 nm, 300 nm to 400 nm, 400 nm to 500 nm, 500 nm
to 600 nm, 600 nm to 700 nm, 700 nm to 800 nm, 800 nm
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to 900 nm, or 900 nm to 1 um. In certain aspects, the width
of the nanopillar electrode may be variable along its length.
The length (along the longest axis) of the nanopillar elec-
trode may be on the nano or micro-scale. In certain aspects,
the length of the nanopillar may be 10 nm, 20 nm, 50 nm,
100 nm, 200 nm, 500 nm, 1 pm, 2 um, 5 pm, 10 pm, 50 pm,
and so forth.

[0099] In certain aspects, the nanopillar electrode may be
hollow. The wall thickness of a hollow nanopillar electrode
may be anywhere from 1 nm to 200 nm. For example, the
wall thickness of a hollow nanopillar electrode may be 1 nm
to 2 nm, 2 nm to 5 nm, 5 nm to 10 nm, 10 nm to 20 nm, 20
nm to 30 nm, 30 nm to 40 nm, 40 nm to 50 nm, 50 nm to
60 nm, 60 nm to 70 nm, 70 nm to 80 nm, 80 nm to 90 nm,
90 nm to 100 nm, 100 nm to 150 nm, 150 nm to 200 nm, and
so forth. The base of a hollow nanopillar electrode (e.g., the
end in contact with the metal pad) may be open or closed.
[0100] A nanopillar electrode on a metal pad may protrude
through the passivation layer and thereby be exposed to the
external environment. The nanopillar electrode may be
capable of spontaneously forming a close association with a
cell membrane. In certain aspects, the nanopillar electrode
may be hollow and a cell membrane may spontaneously
form positive and negative curvature along the surface of the
nanopillar electrode and may protrude into the hollow cavity
of the nanopillar electrode.

[0101] In certain aspects, a chamber may surround the
nanopillar electrodes. The substrate, metal pads, and nano-
pillar electrode array may be placed in the chamber, adhered
to the chamber, or embedded in the chamber. The chamber
may be of any material and design so as to allow the
adherence of cells. The chamber may or may not be of a
transparent material, such as glass or plastic, depending on
the potential applications, such as microscopy. The chamber
may be sealable, or may be partially open to the environ-
ment. In one example, the chamber may be a slide and/or
coverslip, with the substrate, metal pads, and nanopillar
electrode array on one side (e.g., the coverslip or slide). In
another example, the chamber may contain enough volume
s0 as to provide media to a cell culture for one or more days.
The surface of the substrate may be coated with a cell-
adhesive agent such as fibronectin, collagen, laminin, and so
forth.

[0102] In other aspects, the nanopillar electrode device
may not comprise a chamber and may be suitable for direct
implant into the nervous system of any suitable animal, such
as mammal (human, mouse, rat, and so forth).

[0103] The metal pad may be attached to a metal lead
(e.g., during the original patterning of metal pads). The
metal pad may be electrically connected, directly or indi-
rectly, to a recording amplifier through the metal lead. In
certain aspects, the recording amplifier may comprise a
plurality of channels electrically connected to a plurality of
metal pads through a plurality of metal leads. The number of
channels may be anywhere from 1 to 10000, e.g., 1 to 5, 5
to 10, 10 to 20, 20 to 50, 50 to 100, 100 to 200, 200 to 1000,
1000 to 5000, 5000 to 10000, and so forth.

[0104] In certain aspects, the nanopillar electrode device
may further comprise an integrated circuit (i.e., a circuit
board) that interfaces with leads from one or more metal pad
and/or with leads from one or more recording amplifiers.
The circuit board may be electrically connected by wire
bonding according to any convenient technique such as ball
bonding and compliant bonding.
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Methods of Device Fabrication

[0105] A nanopillar electrode device according to the
embodiments described herein may be fabricated by any of
a number of suitable methods.

[0106] A substrate, as described previously, may be pat-
terned with one or more metal pads and leads. The metal
pads and leads may be patterned by lithography, such as
photolithography, electron beam lithography or focused ion
beam lithography. In certain aspects, lithography may enable
or prevent the deposition or liftoff of a conductive metal onto
regions of a resist that are exposed to the radiation (e.g.,
light, electron beam, focused ion beam, etc.). Standard
lithography methods are provided in F. Rahman, Narostruc-
tures In Electronics And Photonics (Pan Stanford Publish-
ing, 2008), which is incorporated herein by reference. As
discussed previously, the metal pads and leads may comprise
any of a number of conductive metals, such as platinum,
titanium, silver, gold, titanium, iridium or an oxide thereof.
[0107] In certain aspects, the surface of the substrate may
be passivated with a thin layer of deposited material such as
a silicon nitride, silicon dioxide, titanium dioxide, aluminum
oxide, or any protective oxide known to one of ordinary skill
in the art. The passivation layer may be deposited by any
suitable number of methods, such as atomic layer deposi-
tion, chemical vapor deposition (e.g., plasma-enhanced
chemical vapor deposition), chemical solution deposition,
physical vapor deposition, electrospray deposition, elec-
trodeposition, ion beam deposition and so forth.

[0108] In certain aspects, a resist may be deposited in a
thin layer by any suitable method. One or more holes may
be milled in the resist by any suitable method, including
irradiation with any of a laser, electron-beam, focused ion
beam, and so forth. For example, a thin layer of chromium
(the resist) may be milled using a focused gallium ion beam
to form a 250 nm diameter hole.

[0109] Lithography (e.g. photolithography, electron beam
lithography) and/or etching (e.g. plasma etching) may be
utilized to pattern a nanohole in the passivation layer,
thereby exposing the underlying metal pad.

[0110] Nanopillar electrodes may be grown by any suit-
able technique, depending on the desired nanopillar struc-
ture and starting material. In certain aspects, nanopillar
electrodes may be grown by chemical deposition (e.g.,
including spin coating, electroplating, chemical solution
deposition, chemical vapor deposition such as plasma-en-
hanced chemical vapor deposition, atomic layer deposition,
and so forth) or physical deposition (e.g., thermal deposi-
tion, laser deposition, electrospray deposition, ion beam
deposition such as focused gallium ion beam deposition, and
so forth). For example, platinum nanopillar electrodes may
be grown by focused ion beam deposition as described
further in Experiment 1. In another example, iron oxide
hollow nanopillars (nanotubes) may be grown by electrode-
position, as described further in Experiment 2. Electrode-
position of iron oxide nanotubes is also discussed in Syn-
thesis of Iridium Oxide Nanotubes by Electrodeposition into
Polycarbonate Template (Matakheri, E. et al. Electroanal
23, 2429-2437 (2011)) which is incorporated herein by
reference.

[0111] In certain aspects, a resist may be removed after the
electrode fabrication by any convenient method. For
example, a resist may be removed to allow transparency for
microscopy applications or to prevent damage to cells to be
cultured on the nanopillar electrode device.
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[0112] The metal pad may be attached to a metal lead (e.g.,
during the original patterning of metal pads). The metal pad
may be electrically connected, directly or indirectly, to a
recording amplifier through the metal lead. In certain
aspects, the nanopillar electrode device may further com-
prise an integrated circuit (i.e., a circuit board) that inter-
faces with leads from one or more metal pad and/or with
leads from one or more recording amplifiers. The circuit
board may be electrically connected by wire bonding
according to any convenient technique such as ball bonding
and compliant bonding.

[0113] The recording amplifier, may be configured to
amplify the voltage input from the metal pad by anywhere
from 10 fold to ten thousand times. In certain aspects, the
recording amplifier may be configured to amplify the volt-
age input by around 10x, 100x, 1000x, or 10000x. Ampli-
fication may be reduced for intracellular measurements of
action potential as oppose to extracellular measurements.
For example, the amplification for an intracellular measure-
ment of action potential may be 110x, while the amplifica-
tion for an extracellular measurement of action potential
may be 1110x. In certain aspects, the recording amplifier
may be electrically connected to a plurality of metal pads
through a plurality of metal leads.

[0114] Measurements may be taken at any convenient
sampling rate, such as a sampling rate of less than 10 Hz, 10
Hz to 50 Hz, 50 Hz to 100 Hz, 100 Hz to 200 Hz, 200 Hz
to 500 Hz, 500 Hz to 1 kHz, 1 kHz to 5 kHz, 5 kHz to 10
kHz, 10 kHz to 20 kHz, 20 kHz to 50 kHz, 50 kHz to 100
kHz, 100 kHz to 200 kHz, 200 kHz to 500 kHz, 500 kHz to
1 MHz, although rates outside of these ranges may be used
in certain circumstances. The signal may be filtered with any
suitable band pass of, for example, 1 Hz to 5 kHz.

Methods of Use

[0115] The nanopillar electrode devices of the embodi-
ments discussed herein find use in a variety of applications
including cell electrophysiology measurements with single
cell resolution. The device may be used to measure action
potentials in a number of cell types, including neurons,
muscle cells (such as a cardiac muscle cell), endocrine cells,
and cell subsets thereof. A plurality of nanopillar electrodes
of an array on a metal pad may be placed in contact with a
single cell, with each nanopillar electrode in contact with
different portions of the cell membrane. In certain aspects, a
cell may be pinned down by a nanopillar electrode array (for
example, to prevent cell migration). In certain aspects,
action potentials of a plurality of cells may be simultane-
ously measured through a plurality of metal pads.

[0116] The nanopillar electrode device may be used to
take extracellular or intracellular measurements of action
potentials. A cell may be electroporated to allow for intra-
cellular measurements of action potential. In certain aspects,
electroporation may be performed by a voltage pulse
through one or more nanopillar electrodes. The electropo-
ration may be local (restricted to a region of the cell
membrane surrounding one or more nanopillar electrodes).
Due to the close association of the nanopillar electrode, the
voltage pulse may not need to be of high voltage or long
duration to achieve local electroporation. In certain aspects,
the voltage pulse may be anywhere from 0.5 V to 50 V. For
example, the voltage pulse may be at or between 1 to 5V,
0.5t0 10V, 0.5 to 50 V, more than 0.5 V, more than 2 'V, less
than 2 V, less than 5 V, less than 10 V, although voltages
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outside of these ranges may be used in certain circumstances
The duration of the voltage pulse may be in the micro or
millisecond range. For example, the duration of the voltage
pulse may be at or between 1 ps to 10 ps, 10 ps to 20 ps, 20
us to 50 ps, 50 ps to 100 ps, 100 ps to 200 ps, 200 us to 500
us, 500 ps to 1 ms, 1 ps to 2 ms, 2 ps to S ms, 5 ps to 10 ms,
10 ps to 20 ms, 20 ps to 50 ms, 50 ps to 100 ms, 100 ps to
200 ms, 200 ps to 500 ms, 500 usto 1s, 1 sto 25,2 s to
5's, 5 s to 10 s, although durations outside of these ranges
may be used in certain circumstances. Higher voltage pulses
and/or durations may improve signal strength or duration of
intracellular measurements of action potential, but may be
more invasive (may increase damage to the cell). Voltage
pulses may be repeated any number of times over any period
of time. For example, voltage pulses may be repeated
anywhere from 1 to one thousand times over 10 ms, 50 ms,
100 ms, 200 ms, 500 ms, 1 s, 2 s, 55, 10 s, although rates
outside of these ranges may be used in certain circum-
stances. In one example, biphasic pulses at 2.5 V for 200
microseconds may be performed, and may be repeated for
20 pulses over 1 second. In certain aspects, measurement of
action potentials may be delayed after electroporation by
anywhere from 1 s to 10 minutes. For example, measure-
ment of action potentials may be delayed by 10 ms to 100
ms, 100mstols, 1sto2s,2st05s,5st010s,10sto
20 s, 20 s to 1 min, 1 min to 2 min, 2 min to 5 min, 5 min
to 10 min, although delays outside of these ranges may be
used in certain circumstances. In certain aspects, electropo-
ration may be repeated upon full or partial membrane
recovery, as would be observed by a decrease in the signal
strength of the measured action potentials.

[0117] In certain aspects, the nanopillar electrode device
may be used to measure differences in action potential over
time or between cells. Differences in action potential may
include differences in the shape, duration and/or frequency.
[0118] Measurement of differences in action potential may
be used in an assay or screen of an agent may affect cell
electrophysiology. In certain aspects, the agent may be an
agent that is an ion channel blocker, a ligand for an ion
channel performing an agonistic or antagonistic role, a
hormone, a second messenger, and so forth. Ion channels
that may be affected by the agent include potassium, cal-
cium, sodium or proton channels involved in active or
passive transport. The agent may shorten or lengthen the
duration of action potentials, or may increase or decrease the
frequency of action potentials.

[0119] Measurement of differences in action potential may
be used to distinguish cells in a cell culture (e.g., based on
shape, duration, and/or frequency of the action potentials).
For example, measurement of differences in action potential
may be used to distinguish pacemaker from non-pacemaker
cells. In certain aspects, measurement of differences in
action potential may be used to monitor differentiation of a
stem cell into, for example, a neuron, a muscle cell (e.g. a
cardiac muscle cell), an endocrine cell, or a subset thereof.
[0120] Measurement of cell action potentials may be com-
bined with microscopy. In certain aspects, appropriate
sample preparation and microscopy may be performed to
reveal expression of cellular markers and cellular processes
which may be correlated with the measurements of action
potentials to provide a comprehensive profile of the elec-
trophysiology of a cell.

[0121] The nanopillar electrode device of certain embodi-
ments disclosed herein may be suitable in vivo, such as for
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making in vivo neural recordings in mammals (humans,
rodents, etc.). A discussion of applications of nano-scale
electrodes in in vivo neural recordings may be found in
Nanowire-based electrode for acute in vivo neural vecord-
ings in the brain (Suyatin D. B. et al. (2013) PLoS One.
8(2):e56673), which is incorporated herein by reference.
Utility

[0122] Nanopillar electrode devices and methods of
recording action potentials with such devices are disclosed.
In particular, nanopillar electrode devices can be used to
record both extracellular and intracellular action potentials
of cells with excellent signal strength and quality. Nanopillar
electroporation is used to increase the permeability of cell
membranes to allow intracellular recording. Nanometer-
sized pores, generated in a cell membrane by electropora-
tion, may seal within a number of minutes. Thus, intracel-
Iular recording following electroporation with nanopillar
electrodes is minimally invasive and allows repetitive
recording on multiple cells, in parallel, over several con-
secutive days. Moreover, because cells quickly reseal after
electroporation, it is possible to repeatedly switch between
extracellular and intracellular recording. The close associa-
tion between the cell membrane and a nanopillar electrode
of a number of the embodiments disclosed herein reduces
impedance and improves signal quality.

EXPERIMENTAL

[0123] Aspects of the present teachings can be further
understood in light of the following examples, which should
not be construed as limiting the scope of the present teach-
ings in any way.

Example 1

Intracellular Recording of Action Potentials by Nanopillar
Electroporation

[0124] The following example shows that vertical nano-
pillar electrodes can record both the extracellular and intra-
cellular action potentials of cultured cardiomyocytes over a
long period of time with excellent signal strength and
quality. Moreover, it is possible to repeatedly switch
between extracellular and intracellular recording by nano
scale electroporation and resealing processes. Furthermore,
vertical nanopillar electrodes can detect subtle changes in
action potentials induced by drugs that target ion channels.
[0125] Vertically aligned nanopillar electrodes (FIG. 1a,b)
can form tight junctions with mammalian cell membranes
and can lower the impedance by orders of magnitude
through localized electroporation, thus achieving excellent
signal strength and quality in long-term and minimally
invasive extracellular and intracellular recordings.

Materials and Methods

Chemicals and Reagents

[0126] Four-inch quartz wafers were purchased from
Hoya Optics. Chromium etchant CR14 was sourced from
Transene. All reagents used for cell culture, including gela-
tin, fibronectin, Claycomb medium, fetal bovine serum,
norepinephrine, [-glutamine, penicillin and streptomycin,
were purchased from Sigma-Aldrich, as well as ion channel
drugs, nifedipine and tetracthylammonium. SEM sample
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preparation supplies such as glutaraldehyde, sodium cacody-
late buffer and osmium tetroxide were bought from Ted
Pella. RTV108 silicone glue was from Momentive.

Nanopillar ~ Electrode  Device  Fabrication  and
Characterization
[0127] A four-inch quartz wafer was diced into 20x20

mm? pieces, and each piece was patterned with four-by-four
electrode (Pt/Ti, 100 nm/10 nm) leads and pads using
standard photolithography methods. The custom-designed
electrode pattern is shown in FIG. 1a and FIG. 6a. The
substrate surface was passivated with a 350 nm Si;N,/SiO,
layer deposited by plasma-enhanced chemical vapor depo-
sition. After coating with 5 nm chromium, a focused gallium
ion beam was used to mill 250-nm-diameter holes through
the insulation layer to reach the platinum pads underneath
(FEI Strata DB 235). Vertical nanopillar electrodes were
then created from the holes with focused ion beam (FIB)-
assisted platinum and electrically connected with the plati-
num pads under the insulation layer. For each platinum pad,
1-10 nanopillar electrodes were constructed. Each nanopillar
electrode was 1-2 um long, with a diameter of 150-200 nm.
After nanopillar electrode fabrication, the chromium layer
was removed by CR14 so that the substrate was transparent,
except for the electrode-covered areas. The electrical imped-
ance of a finished chip in Claycomb culture medium was
measured with an Agilent B1500A parameter analyzer, and
was shown to decrease as the number of nanopillar elec-
trodes increases (FIG. 10). A plastic chamber was glued onto
the center of the chip using RTV108 silicone glue for cell
culture purposes. The device was finished by mounting the
chip on a custom-designed printed circuit board and elec-
trically connecting it by wire bonding (FIG. 6).

HL-1 Cell Culture and Optical Imaging

[0128] The HL-1 cardiomyocyte cell line was obtained
from the laboratory of William C. Claycomb at Louisiana
State University. Before plating, the nanopillar electrode
device was cleaned with detergent and deionized water,
followed by 5 minutes of oxygen plasma treatment. The
culture chamber was coated with 5 Ag ml™" fibronectin in
0.02% gelatin solution overnight to facilitate cell attachment
(Claycomb et al. (1998) Proc. Natl Acad. Sci. USA 95:2979-
2984). HL-1 cells were then plated inside the chamber at a
density of ~1x10° cm™2 and were maintained in the Clay-
comb medium supplemented with 10% fetal bovine serum,
0.1 mM norepinephrine, 2 mM L-glutamine and 100 U m1~*
penicillin and 100 Ag ml™* streptomycin. The cells were
maintained in a standard incubator at 37° C. and 5% CO.,.
Medium was changed every 24 hours. A typical HL-1 cell
culture reaches confluence 4-5 days after plating and exhib-
its spontaneous and synchronous beating, which can be
observed on a Leica DM6000 inverted microscope. Fluo-
rescent imaging of calcein dye was performed with a 470 nm
excitation filter and a 525 nm emission filter.

[0129] SEM/FIB sample preparation. HL-1 cells cultured
on the nanopillar electrodes were fixed with 2% glutaralde-
hyde and 4% paraformaldehyde in 0.1 M cacodylate buffer
(pH 7.3), washed in the same buffer, and post-fixed with 1%
osmium tetroxide. After washing twice in deionized water,
the sample was dehydrated by successive exchanges with
increasing concentrations of ethanol (50%, 70%, 90% and
100%). The sample in 100% ethanol was dried with liquid
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CO, in a critical point drier, which preserved the cell
morphology during the drying step. Before SEM imaging,
the sample was sputter-coated with a 2 nm gold layer to
improve conductance. The sample was imaged using a FEI
Strata 235B dual-beam SEM/FIB system that combined
high-resolution SEM imaging and FIB milling. To expose
the cell-nanopillar electrode interface, a cell-covered nano-
pillar electrode was first located under SEM, and FIB was
used to carry out submicrometer vertical dissection at the
desired locations.

Electrophysiology Measurement

[0130] A 60-channel voltage amplifier system (Multichan-
nel System, MEA1060) was used to record HL-1 cells
cultured on the nanopillar electrode arrays (nine nanopillars
per array) after the cells started beating. Recording was
performed in the same culture medium at 37° C. with an
Ag/AgCl electrode in the medium as the reference electrode.
The amplification was typically 110x for intracellular
recording or 1,100x for extracellular recording, and the
sampling rate was 5-20 kHz. The signal was filtered with a
band-pass of 1 Hz-5 kHz. For electroporation, 20 biphasic
pulses of 2.5V, were applied to a nanopillar electrode in
a total time of 1 second. The recording system was blanked
during the electroporation period. Electrophysiology record-
ings were resumed 20-40 seconds after electroporation to
avoid amplifier saturation.

Results

[0131] HL-1 cells (a mouse cardiac muscle cell line;
Claycomb et al., supra), cultured on nanopillar electrodes,
show normal growth and exhibit spontaneous beating after
reaching confluence. HL-1 cells were cultured around plati-
num nanopillar electrodes (length, 1.5 pm; diameter, 150
nm) on glass coverslips without any underlying electrodes to
examine their health by means of optical microscopy. Live
imaging demonstrated that the cardiomyocytes growing on
the nanopillar electrodes had a morphology similar to those
on planar areas during rhythmic beating (FIG. 1¢). Scanning
electron microscopy (SEM) after cell fixation revealed that
the nanopillar electrodes were covered by the attached cell
(FIG. 1d), a phenomenon similar to that observed previously
in nanostructure-cell interactions (Hai et al., supra; Kim et
al. (2007) J. Am. Chem. Soc. 129:7228-7229; Shalek et al.
(2010) Proc. Natl Acad. Sci. USA 107:1870-1875). To
further inspect the cell-nanopillar electrode interface, we
used focused ion beam (FIB) milling to expose the interface
cross-section. Subsequent SEM imaging revealed that the
nanopillar electrodes were engulfed tightly by the cell (FIG.
1e). Protrusions from the cells growing next to the nanopillar
electrodes demonstrated a strong tendency to attach to the
nanopillar electrodes (FIG. 1f), suggesting strong interac-
tions between these electrodes and the cell membrane. Our
findings agree with those of our previous study on the
interaction between platinum nanopillars and primary cul-
tured rat neurons (Xie et al. (2010) Nano Lett. 10:4020-
4024).

[0132] Devices assembled with the nanopillar electrode
arrays (typically nine nanopillars per array with underlying
electrical connections) were then used to record action
potentials from HIL.-1 cardiomyocytes. FIG. 2a shows that
the recorded action potential exhibits two signatures of
extracellular recording: a spike with a shape that corre-
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sponds to the first derivative of the intracellular potential and
an amplitude of ~100-200 puV. The peak-to-peak noise level
is 30 uVpp and the signal-to-noise ratio is in the range 4.5-9.
For comparison, a typical commercial multielectrode array
registers a noise level of 40 uVpp for TiN electrodes with a
diameter of 10 um and 10 uVpp for a diameter of 30 um, and
an action potential signal strength of 100-500 pV. It is
important to note that although the signal strength recorded
by the nanopillar electrode arrays is similar to that measured
by commercial planar multielectrode arrays, the surface area
of a nanopillar electrode array (5-10 wm?) is much smaller
than that of a multielectrode array (400-2,500 pm?)*.
Because of the capacitive coupling nature of a solid-state
electrode, the detected signal strength directly correlates
with the electrode area. Our observation suggests that tight
engulfment of the nanopillar electrodes by the cell mem-
brane results in good sealing at the interface and therefore
compensates for the decreased electrode detection area.

[0133] A transient electroporation drastically improves the
quality of the nanopillar electrode-recorded signal by low-
ering the impedance between the electrode and the cell
interior. A high electric field can induce nanometer-sized
pores in the cell membrane, as in the established in vitro
technique that uses electroporation to introduce DNA or
other molecules into cells (Zimmermann et al. (1974) Bio-
phys. J. 14:881-899; Neumann et al. (1982) EMBO 1J.
1:841-845; Chang et al. (1990) Biophys. J. 58:1-12).
Because the electrodes in this experiment are sharp (tip
radius of <100 nm) and tightly coupled to the membrane,
they can create a large electric field with a small voltage to
transiently and locally increase the permeability of the cell
membranes (FIG. 2¢). FIG. 25 shows the recorded action
potentials after the nanopillar electrodes deliver a train of 2.5
V, 200 ps biphasic pulses (20 pulses in 1 s) to an HL-1 cell.
The recorded signal amplitude increases to 11.8 mV imme-
diately after electroporation. The noise level of 30 uV,,, is
similar to that of extracellular recording levels, but the
signal-to-noise ratio increases to 590 (FIG. 2b versus FIG.
2a). In comparison, a typical current-clamp recording has a
noise level of 180 uVrms and signal strength of ~100 mV
(Sakmann, B. & Neher, E. Single-Channel Recording, 2nd
edn. (Springer, 2009)). Nanowire field-effect transistors
typically have a noise level of 2-3 mV and signal of 60 mV
(Tian et al. (2010) Science 329:830-834). In addition to this
100-fold increase in the signal-to-noise ratio, our recorded
action potentials have the following intracellular attributes:
atriangular shape and action potential duration at 50% of the
maximum (APD50) of 30.8+0.2 ms.

[0134] Immediately following each action potential, a
clear refractory period is visible, which is characterized by
a slow smooth transition from the maximum diastolic poten-
tial to the threshold for the initiation of the next action
potential. The recorded action potential shape agrees well
with patch-clamp recording of HL-1 cells (Salami et al.
(2002) J. Physiol. 545:81-92). A total of 32 devices with at
least two cultures on each device were tested, and intracel-
Iular recording after electroporation was observed for every
culture on every device.

[0135] Electroporation was confirmed by delivering mem-
brane-impermeable calcein dye into the HL-1 cells with the
same pulse sequence used to induce intracellular recording
(FIG. 2d,e). Of the nine platinum pads shown in FIG. 2d (the
nanopillar electrodes on the pads are not visible in this
image, which was taken by an inverted microscope), the six
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pads in the second and third rows have nanopillar electrode
arrays. To serve as a control, the three pads in the topmost
row had milled holes to expose the platinum pads, but no
nanopillar electrodes. As shown in FIG. 2e, although the
same pulse sequence was applied to all nine platinum pads,
only those cells on nanopillar electrode arrays experienced
electroporation and took up the dye. Notably, not all the
permeabilized cells were located exactly on top of the
nanopillar electrodes. The cell indicated by the white arrow
in FIG. 2e is not directly over the electrode, but, like the cell
shown in FIG. 1f; its protrusion extends to the nearest
nanopillar electrode site (as can be seen in the image with
higher contrast in FIG. 7). It is important to note that
nanopillar electrode electroporation causes minimal cell
damage because a relatively low voltage is applied, and
electroporation happens only in the membrane immediately
surrounding each electrode, which has an area of ~1 pum?
(compared to the overall cell membrane area of ~1,000
um?).

[0136] Nanopillar electrode intracellular recording fol-
lowing electroporation is not only minimally invasive but
also provides details of HL-1 action potentials with high
resolution. We observe that electroporation-generated pores
seal within several minutes. FIG. 34 shows a 10 minute
recording immediately after electroporation. The amplitude
of'the recorded action potential decays to 30% of its original
amplitude after 120 seconds. However, during this period,
the APD50 remains relatively constant (FIG. 8). After 10
minutes, the recorded signal decays to ~200 uV and transi-
tions back to extracellular features. The timescale for pore
sealing is comparable to that of the recovery reported after
the electroporation of bulk suspended cells (Tovar et al.
(1992) Am. J. Physiol. 263, H1128-H1136). This observa-
tion further confirms that the recorded signal improvement
is a direct result of electroporation. In addition, the high-
resolution recording allows the possibility of distinguishing
different types of cells in the same culture based on the
shapes of their action potentials. For example, the action
potential shown in FIG. 3b resembles that of pacemaker
cells, whereas the action potential shown in FIG. 3¢
resembles that of non-pacemaker cells. The pacemaker cells
have three phases with symmetric rising and falling edges.
The slow rising edge is phase 0, attributed to increased
inward Ca®* conductance, and the falling edge is phase 3,
caused by K* channel opening. In contrast, all five phases
are present in non-pacemaker cells. The five phases repre-
sent, respectively, the opening of fast Na* channels (depo-
larization phase 0), the transient outwards K* channels
(short repolarization phase 1), the slow inward Ca®* chan-
nels (plateau phase 2) and the K* channels (depolarization
phase 3 and resting potential phase 4).

[0137] The high-throughput and minimally invasive char-
acter of nanopillar electrode intracellular recording allows
repetitive recording on multiple cells, in parallel, over
several consecutive days. FIG. 4a shows simultaneous intra-
cellular recording with five different electrodes on the same
culture. Electrodes Al, A2 and A3 are within 40 pm of one
another, and electrodes B and C are separated by ~400 um
from one another and from electrodes A1-A3. We observe
that cells on electrodes A1-A3 undergo synchronized beat-

Jan. 14, 2021

ing, but there are time delays between cells on electrodes B
and C. This is probably because different cell patches in the
culture beat with delays before they reach confluence and
start synchronized beating.

[0138] FIG. 4b shows recordings from a cell in a mature
culture on three consecutive days before and after each
electroporation. Although the amplitude of the recorded
signal varies, the recorded action potential shape, APD50
and frequency remain relatively constant over the three-day
period. In contrast, an HL-1 cell in a developing culture
exhibits significant changes in both beating interval and
action potential amplitude over the course of four days (FIG.
4c). The cell transitions from arrhythmic to rhythmic beating
with increasing frequency (beating interval of 613.2+53.6
ms on day 1 and 197.8+0.5 ms on day 4; FIG. 44), together
with an increase in recorded maximum action potential
amplitude (2.76 mV on day 1 and 9.49 mV on day 4).

[0139] The highly detailed recording by the nanopillar
electrodes after electroporation also allows us to examine
the effect of ion-channel drugs on HL-1 action potentials.
We demonstrated this capability as an example of potential
drug screening applications by testing nifedipine (a Ca®*
channel blocker that shortens action potentials) and tetra-
ethylammonium (a K* channel blocker that lengthens action
potentials; Zipes, D. P. & Jalife, J. Cardiac Electrophysiol-
ogy: From Cell to Bedside, 4th edn (Saunders, 2004);
Catterall (1988) Science 242:50-61; Choi (1991) Proc. Natl
Acad. Sci USA 88:5092-5095). For control experiments, we
electroporated the cells to record action potentials in the
absence of drugs. After the cells had recovered for a few
hours, nifedipine or tetracthyl-ammonium of different con-
centrations was added to the culture medium and the cul-
tures incubated for 10 minutes. Subsequently, another elec-
troporation was applied to record the action potentials of the
drug-treated cells. As shown in FIG. 5, nanopillar electropo-
ration recording revealed subtle changes in the shape, dura-
tion and frequency of the action potentials. Treatment with
100 nM nifedipine clearly decreases the duration of the
action potential (quantified by APD50) and increases the
period. Treatment with 10 mM tetraethylammonium shows
the opposite effect, increasing APD50 and decreasing the
period. For either drug, the effects on APD50 and action
potential period are enhanced with increasing concentration
(FIG. 9). Although the shapes of recorded action potentials
vary from cell to cell, the drug effect was reliably detected
because we were taking recordings from the same cell
before and after drug application (Tables 1 and 2).

[0140] With the advantages of long-term measurement,
high sensitivity and minimal invasiveness, vertical nanopil-
lar electrode recording has many potential applications,
including basic biomedical research (for example, studying
the electrophysiology of different domains within single
cells or groups of cells, and investigating the evolution of
individual cell electrophysiology during cell development)
and pharmaceutical screening. Arrays of nanopillar elec-
trodes can be used to mechanically pin down mammalian
cells (Xie et al. (2010) Nano Lett. 10:4020-4024), which
should allow targeted cells to be measured without chemical
or biological labels.
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TABLE 1

Decrease in APD50 of 4 different cells in 3 different cultures
after administration of 100 nM nifedepine recorded by nanopillar
electrodes. Even though there is large variation in APD50
among different cells in different cultures, the change in
APD350 is consistent because we are comparing the APD50 before
and after drug administration on the same cell.

APD50 APD50 APD50
100 nM before drug after drug change
nifedepine (ms) (ms) (%)
Celll 44.25 41.52 93.8
Cell2 46.36 43.40 93.6
Cell3 43.52 40.92 94.0
Cell4 35.94 33.39 92.9

TABLE 2

Increase in APD50 of 4 different cells in 3 different
cultures after administration of 1 mM tetraethylammonium
recorded by nanopillar electrodes.

1 mM APD50 APD50 APD50
tetraethyl- before drug after drug change
ammonium (ms) (ms) (%)
Celll 43.92 48.78 111.1
Cell2 50.01 54.93 109.8
Cell3 45.96 50.54 109.9
Cell4 41.38 45.74 110.5
Example 2

Nanotube Electrodes for Highly Sensitive Measurement of
Membrane Potential and Repair

[0141] The following example shows that iridium oxide
nanotube electrodes record action potentials with amplitudes
up to an order of magnitude larger and access durations 1-2
orders of magnitude longer than those recorded by solid gold
nanopillars of the same size. This high fidelity and sensitive
recording also enables us to monitor plasma membrane
repair after local electroporation, identify two distinct repair
dynamics and study single pore sealing with millisecond
temporal resolution. Together with the advantages of easy
multiplexing and recording throughout cultures’ lifespan,
the iridium oxide nanotube electrodes afford a powerful tool
for long-term electrophysiology study of cell development
as well as membrane repair biology.

Materials and Methods

Iridium Oxide Nanotube Fabrication.

[0142] IrOx nanotube electrode arrays were fabricated in
two steps. The first step defined the underlying electrical
connections and the second step created the IrOx nanotubes.
Pt pads and lines were defined by photolithography, Pt
deposition and liftoff. A layer of Si;N,/SiO, was deposited
for electrical insulation. Arrays of three-by-three nanoholes
were defined on the Si;N,/SiO, above the Pt pads by
electron beam lithography and etching. [rOx nanotubes were
then anodically electrodeposited on Pt pads with the Si;N,/
Si0O, and electron beam resist as templates. Electroplating
bath contained iridium(IV) chloride, oxalic acid and potas-
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sium carbonate (Sigma-Alrich). Finally, resist was removed
to reveal the nanotube arrays.

Cardiomyocyte Culture and Electron Microscopy.

[0143] HL-1 cardiomyocytes were cultured in supple-
mented Claycomb medium on the substrates coated with
fibronectin in gelatin solution. Electron microscopy sample
was prepared by fixation, OsO, staining, dehydration with
graded ethanol series, CO, critical point drying and metal
deposition. Cells were “unroofed” by brief sonication pulses
during electron microscopy preparation.

Electrophysiology Recording.

[0144] After the HL-1 cells exhibited spontaneous beating
(usually four days after plating), the chip was connected to
a 60-channel voltage amplifier (MEA1060-Inv, Multi Chan-
nel Systems) for recordings at 5 kHz sampling rate. The
recordings were performed in Claycomb culture medium at
room temperature. The electroporation pulse consisted of
100 consecutive biphasic and symmetric square pulses, each
with 400 ps period and 3.5 V amplitude. Recordings were
resumed ~10 s after electroporation to avoid amplifier
saturation. Nanotube electrode devices were reused after
multiple cultures by trypsinization, DI water clean and
oxygen plasma. Whole-cell current clamp was performed at
room temperature using with Axon Multiclamp 700B ampli-
fier (Molecular Devices). Patch pipettes had resistance of
2-4 MQ. Intracellular solution contained (in mM): 140 KCl,
10 NaCl, 10 HEPEs, and 1 EGTA (pH 7.3) and extracellular
batch solution was Claycomb medium. Data was sampled at
10 kHz and low-pass filtered at 3 kHz by Axon Digidata
1440A (Molecular Devices).

Results

[0145] We fabricated our IrOx nanotube electrode arrays
in two steps. The first step defined the underlying Pt lines for
electrical connection and insulated them with Si;N,/SiO,;
and the second step created the IrOx nanotubes by electron
beam lithography and electrodeposition with Si;N,/SiO,/
resist nanoholes as the template. Unlike electrodeposition of
metals yielding nanopillars, electrodeposition of IrOx yields
nanotubes (Mafakheri, E. et al. Electroanal 23, 2429-2437
(2011)). FIG. 115 shows a three-by-three array of vertical
IrOx nanotube electrodes on top of a Pt pad (FIG. 15). The
small array footprint of 4x4 um? allows single cell record-
ing. Scanning electron microscopy confirmed the nanotube
geometry. The hollow core of the [rOx nanotubes is obvious
from the side and top views. The nanotubes are uniform with
181+3 nm diameter (peak-to-peak) and 40+3 nm wall thick-
ness (n=30), and their height is ~500 nm and can be tuned
by template thickness and electrodeposition duration. The
nanotubes are sealed on their bottom ends by a layer of IrOx
contacting the Pt pads, and at the same time a layer of
Si;N,/Si0, provides electrical insulation to the rest of the Pt
area so that only the IrOx interact with cells electrically. In
comparison, Au electrodeposited in the same template
yielded solid nanopillars (FIG. 11¢). An Auger electron
spectrum of the nanotube shows characteristic peaks for
oxygen and iridium and confirms that the nanotubes are
made of IrOx (FIG. 11d). Elemental analysis line scans of
the nanotubes along their diameter shows the spatial distri-
bution of both elements (blue and red lines in FIG. 11e). The
spatial overlap of the oxygen and iridium spectra further
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indicates the uniformity of chemical composition. In com-
parison, line scan of an electrodeposited Au nanopillar
shows a flat top rather than two peaks (green line in FIG.
11e).

[0146] Electrochemical studies reveal that IrOx nanotube
electrodes have lower impedance and a higher charge stor-
age capacity than Au nanopillars of the same surface area.
Electrochemical impedance spectroscopy shows that the
impedance of IrOx nanotubes (IZ1=5.8x1.1 MQ at 1 kHz,
n=9) is more than an order of magnitude smaller than that of
Au nanopillars (1Z1=86.9£22.0 MQ at 1 kHz, n=5) in
phosphate buffered saline (FIG. 11f). Phase scan indicates
that IrOx nanotubes behave as parallel capacitor-resistor
circuits while Au nanopillars with a -90° phase behave
similar to perfectly capacitive electrodes. Cyclic voltamme-
try also confirms that IrOx nanotubes process a larger charge
storage capability than Au nanopillars (FIG. 11g). The total
charge storage capacity of IrOx nanotubes is 30.3x1.6
mC/cm? (n=11), which is similar to that of electrodeposited
IrOx film and more than 40 times larger than the capacity of
Au nanopillars (0.69+0.07 mC/cm?, n=10). These measure-
ments indicate that IrOx nanotubes would be superior
recording and stimulation electrodes than Au nanopillars.
[0147] After analyzing the physical properties of the IrOx
nanotubes, we cultured HL-1 rat cardiomyocytes on large
arrays of nanotubes to study cell-nanotube interactions. FIG.
12a shows cardiomyocytes after 3 or 7 days of culture on Au
film (20 nm thickness), Au nanopillar arrays (750 nm height,
180 nm diameter, 2 um spacing on 20 nm Au film), [rOx film
(30 nm thickness on 20 nm Au film) and IrOx nanotube
arrays (750 nm height, 180 nm diameter, 40 nm thickness,
2 um spacing on 20 nm Au film). All substrate surface was
coated with fibronectin in gelatin solution for cell adhesion
and no other surface functionalization was performed to
enhance cell membrane adhesion to the electrodes or facili-
tate electrode penetration into the cell bodies. To confirm the
cell viability, we stained live cells with calcein (green) and
dead ones with propidium iodide (red) in FIG. 126. We
found no distinction among cell viability on day 3 and 7 on
all four substrates (n>1,400 cells in each data bar).

[0148] To further explore cell-nanotube interactions, we
conducted scanning electron microscopy and found that
cardiomyocytes engulf the vertical nanotubes and extend
their plasma membrane into the nanotubes. This tight inter-
action is most easily observed at the cell edges, where the
cell thickness is smaller than the nanotube height (FIG. 12¢).
Even the apical plasma membrane extends into the nano-
tubes (FIG. 12¢ arrow). To further study the interaction
between the basal membrane and the nanotubes at the cell
center, we removed the apical membrane and the cell
nucleus by a brief sonication. FIG. 12d shows that the
cytoskeleton of the basal membrane wraps around the ver-
tical nanotubes like a dented tent with the nanotubes as
posts. Most importantly, the basal plasma membrane pro-
trudes into the nanotube (FIG. 12d). The sonication process
occasionally detached some cardiomyocytes from the sub-
strate. In this scenario, some nanotubes were unplanted from
the surface and remained embedded in the detached cells.
All of the above observations suggest a tight cell-nanotube
interaction.

[0149] We then performed whole-cell intracellular record-
ing of cardiomyocyte action potential with our IrOx nano-
tube electrodes (FIG. 13a4) and measured not only larger
amplitude but also orders of magnitude longer access dura-
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tions than Au nanopillar recording. After local electropora-
tion, the nanotube gained electrical access to the cell interior
and recorded up to 15 mV action potentials (FIG. 1356). The
beating interval remained unchanged before and after elec-
troporation (percentage change is ((-0.51x1.45)%, n=22).
The recorded intracellular signal decayed to 20% of its
initial amplitude after a long duration of 3,470 s (8,839
action potentials) (FIG. 13¢). In comparison, the intracellu-
lar signal recorded by Au nanopillars had an initial ampli-
tude of only 1.2 mV and decayed with a short duration of 51
s (152 action potentials) (FIGS. 1356 and ¢). Measurements
over many cells confirmed the superiority of [rOx nanotube
recording. For the signal amplitude comparison, we
restricted to cells that had been beating ~3 Hz for at least two
days since the recorded amplitude and beating interval vary
depending on cell culture age. The initial action potentials
recorded by the IrOx nanotube electrodes (n=40) were up to
an order of magnitude larger than that recorded by Au
nanopillars (n=33). The IrOx nanotubes (n=13) also offer
one or two order of magnitude longer intracellular access
duration after electroporation than Au nanopillars (n=19)
and our previous demonstrated Pt nanopillars.

[0150] IrOx nanotubes are also robust electrodes that offer
parallel recording as well as multiple-day monitoring of
single cells. Since the IrOx nanotubes are built upon planar
electrode array architecture, they can perform simultaneous
recording of multiple cells in a culture. FIG. 13f shows a
recording by six different electrodes on an 8x8 array chip
with 100 um separation between adjacent electrodes. The
identical beating interval reveals that the whole culture
underwent synchronized beating while the phase delay
among different cells reveals how action potentials propa-
gated in the culture. Furthermore, our IrOx nanotube elec-
trodes can monitor the action potential evolution in the same
cell over eight consecutive days (FIG. 13g), which is the
lifespan of the culture. Overlays of 10 consecutively action
potentials at each day show that the recordings were con-
sistent. The initial increase in recorded action positional
amplitude and frequency reflects culture maturation while
the subsequent decrease of amplitude and frequency reflects
culture ageing. In addition, FIG. 16 shows the six consecu-
tive day recording by the same electrode in the following
culture, demonstrating that the IrOx nanotubes electrodes
are robust for repeated recordings.

[0151] The improvements in recorded signal amplitude
and intracellular access durations enable IrOx nanotube
electrodes for highly sensitive monitoring of plasma mem-
brane repair in cardiomyocytes. Plasma membrane damage
occurs frequently in skeletal and cardiac cells due to their
mechanical activity, and failure in membrane repair could
lead to cell death and muscular dystrophy. One of the most
common methods to study plasma membrane repair relies on
measuring the uptake of fluorescent dyes upon local mem-
brane damage, but such method suffers several drawbacks
including low sensitivity, poor temporal resolution (seconds
to tens of seconds) and dye endocytosis. A recent report used
gold-mushroom microelectrodes to locally electroporate
snail neurons and a second patch-clamp electrode to mea-
sure the change of membrane resistance as a mean of
monitoring membrane repair.

[0152] Here we show that IrOx nanotube electrodes
achieve both local membrane electroporation and monitor-
ing membrane resealing dynamics with high signal sensi-
tivity and millisecond temporal resolution. After local elec-
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troporation, the measured action potential amplitudes
decayed continuously in either linear or exponential fashion,
or experienced discontinuous step drops (abrupt decays in
recorded amplitude) accompanied by plateaus (defined as
constant amplitude for at least 20 s). FIGS. 14a and b
illustrate a linear decay with a rate of —0.07 mV s~ and an
exponential decay with a 40 s half time, respectively. The
amplitude in FIG. 144 recording reached a plateau and
underwent a step drop. FIG. 14¢ displays three consecutive
step drops of the same amplitude of 0.35 mV. As the
recorded amplitude is linearly proportional to membrane
pore conductance after electroporation, the similar ampli-
tude drops in FIG. 14¢ suggests the sudden sealing of three
pores of similar sizes. The last drop was a transition from
intracellular to extracellular recording (FIG. 14c¢ inset).
However, the step drops were often of different values in the
same cell, indicating that the closing pores had different
areas. For example, FIG. 13¢ show six drops with 0.5, 1, 1.5,
and 2 mV amplitudes. This distribution of drop amplitudes
agrees with a rapid-freeze electron microscopy study of
circular pores in human red blood cells that shows a variable
pore diameter of 20-100 nm after electroporation. FIG. 144
quantifies the drop duration (time difference between two
adjacent plateau endpoints) and reveals that half of the drops
occurred in less than 2 s (n=49).

[0153] The continuous decays and the discontinuous drops
are indicative of two different membrane sealing mecha-
nisms in cardiomyocytes. In fact, two membrane sealing
hypotheses exist for nucleated cells. One is facilitated lipid
self-resealing and the other is patch fusion with plasma
membrane. The continuous character of our recorded linear
and exponential decays agrees with the first hypothesis and
the abrupt step drops agree with second one. We performed
statistics on the occurrence frequency of different decays in
our experiment. Out of more than a hundred recordings,
continuous decay dominated (n=68), followed by continu-
ous decay with step drops (n=20) and plateau with drops
(n=17).

[0154] Finally, we verified our IrOx nanotube electrode
recording by simultaneous whole-cell current clamp record-
ing on the same cells. We patched a cardiomyocyte that
resided on top of the IrOx nanotubes (FIG. 14¢) and exhib-
ited spontaneous contraction. Before any electroporation,
the patch clamp recorded a train of spontaneous action
potentials with a =80 mV resting membrane potential while
the IrOx nanotubes registered extracellular spikes (FIG.
14f). After sending voltage pulses through the IrOx nano-
tubes, we observed elevated resting membrane potential by
the patch-clamp recording (FIG. 14g), indicating cell mem-
brane electroporation. As time progressed, the peak potential
measured by the whole-cell patch clamp remained almost
constant while the resting membrane gradually decreased
through continuous decays and discontinuous drops and
eventually returned to the pre-electroporation level. As
expected, the IrOx nanotubes recorded intracellular poten-
tials that have waveforms identical to the ones recorded by
the whole-cell current clamp (FIG. 14g). The sudden drops
of the resting membrane potential in the whole-cell current
clamp were faithfully detected as sudden amplitude changes
by the IrOx nanotubes (FIG. 14%). The exact correspondence
between the IrOx nanotube recording and the patch clamp
recording confirms that the membrane pores were highly
localized around the nanotube electrodes. FIG. 14/ further
illustrates that drops as fast as 20 ms can be faithfully
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recorded, demonstrating that nanopillar electrical recording
has a much superior time resolution in monitoring mem-
brane repair than fluorescent dyes (1-10 s resolution). Note
that the amplifier for the IrOx recording has a high-pass filter
of ~0.01 Hz and therefore did not register DC level of the
action potentials (Multi Channel Systems).

Nanotube Geometry Measurement.

[0155] 50x50 nanohole arrays, each in 100x100 um? area,
were defined by electron beam lithography on ZEP520 resist
on coverslips without any underlying Pt connections. [rOx
nanotubes electrodeposited in this nanohole template are
uniform in both size and shape. We randomly picked thirty
nanotubes to measure their diameters and wall thickness by
SEM line scans. Nanotube diameter is defined as the sepa-
ration between the two intensity peaks; and wall thickness is
defined as the full width at half maximum at each peak. The
average nanotube radius is 90.7+1.4 nm and the average wall
thickness is 39.8+3.0 nm (n=30) for an electron beam
lithography write radius of 70 nm and exposure dose of 250
uC/em® at 20 kV. By writing other diameters, we can
fabricate IrOx nanotubes of different diameters.

Relationship Between Recording Amplitude and Pore
Conductance

[0156] The simplified equivalent circuit model in FIG. 16
shows that the recorded signal V,, =V, R__/(R...AR ,ccess)s
where V,, is the membrane potential, R, ,, the sealing
resistance, and Raccess the access resistance between the
nanotube electrodes and the cell interior. In most of our
recordings, Raccess>>R_,,; (~100 MQ) because the gap
between the plasma membrane and the electrode is larger
than the size of the electroporated holes. Thus V,, =V, R, ./
R, .ess and our recorded signal is only a fraction of the actual
membrane potential. Since the access resistance is governed
by the pores created by electroporation, we substitute the
pore conductance gpom:RacceS;1 to obtain
Viee ViR eaipores a0d AV, =V, R Ag, ... Therefore,
the change in the recorded signal amplitude is linearly
proportional to the total conductance of the pores. In the
special case that all pores are of the same size, Zpores—NEo
and AV, =V, R g AN, where N is the number of pores

and g0 is the conductance of a single pore.

Comparison Between IrOx Nanotube and Pt Nanopillar
Electrodes

[0157] We previously fabricated electrodes consisted of
three-by-three arrays of Pt nanopillar using focused ion
beam Pt deposition. The nanopillars were of 150 nm in
diameter and 1.5-2 pm in height, which is different from the
IrOx nanotubes of 180 nm in diameter and ~500 nm in
height presented in this paper. Although both types of
electrode are capable of recording action potentials of simi-
lar amplitudes, the Pt nanopillar electrodes achieve intrac-
ellular access for only less than two minutes, similar to that
of the electrodeposited Au nanopillar electrodes. The IrOx
nanotube electrodes possess 1-2 orders of magnitudes longer
intracellular access duration.

[0158] While certain embodiments of the invention have
been illustrated and described, it will be appreciated that
various changes can be made therein without departing from
the spirit and scope of the invention.



US 2021/0008363 Al

1.-20. (canceled)

21. A method comprising:

placing a device in contact with cell membrane of a cell,

the device comprising a plurality of conductive pads;
and a plurality of nano-scale electrodes that are
attached and electrically connected to the plurality of
conductive pads; and

performing, by the device, electroporation of the cell to

increase selective permeability of a portion of cell
membrane interfacing with one or more nano-scale
electrodes of the plurality of nano-scale electrodes to
ions; and

recording, by the device, intracellular signals of the cell in

response to the electroporation.

22. The method of claim 21, wherein the electroporation
is restricted to a region of the portion of cell membrane
interfacing with the one or more nano-scale electrodes.

23. The method of claim 21, wherein the intracellular
signals indicate one or transmembrane potentials of the cell.

24. The method of claim 21, wherein the cell is a neuron,
a muscle cell, or an endocrine cell.

25. The method of claim 21, wherein the device is capable
of recording extracellular signals of the cell and the intra-
cellular signals of the cell using the one or more nano-scale
electrodes, respectively.
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26. The method of claim 21, wherein the cell is selected
from the group consisting of a neuron, a muscle cell, and an
endocrine cell.

27. The method of claim 21, wherein the plurality of
conductive pads are electrically insulated from each other,
and the plurality of nano-scale electrodes comprise a bio-
compatible metal.

28. The method of claim 21, wherein the electroporation
is repeated for 20 pulses over a period of 1 second.

29. The method of claim 21, wherein the plurality of
conductive pads are electrically insulated by a Si3N4/Si02
layer.

30. The method of claim 21, wherein the plurality of
conductive pads comprise a biocompatible metal.

31. The method of claim 30, wherein the biocompatible
metal comprises at least one of platinum, titanium, silver, or
gold.

32. The method of claim 21, wherein the device comprises
one or more recording amplifiers, wherein each recording
amplifier is electrically connected to a metal pad by an
electrical lead.

33. The method of claim 21, wherein the plurality of
nano-scale electrodes are configured to switch between
extracellular and intracellular recording by nano-scale elec-
troporation via the plurality of nano-scale electrodes.
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