nature
nanotechnology

ARTICLES

https://doi.org/10.1038/541565-021-01040-w

‘ '.) Check for updates

Three-dimensional transistor arrays for intra- and
inter-cellular recording

Yue Gu'?, Chunfeng Wang?, Namheon Kim?, Jingxin Zhang', Tsui Min Wang ®3, Jennifer Stowe3,
Rohollah Nasiri4, Jinfeng Li®, Daibo Zhang?, Albert Yang3, Leo Huan-Hsuan Hsu¢, Xiaochuan Daié,
Jing Mu?, Zheyuan Liu’, Muyang Lin2, Weixin Li2, Chonghe Wang?, Hua Gong?, Yimu Chen?,
Yusheng Lei?, Hongjie Hu'?, Yang Li? Lin Zhang? Zhenlong Huang ©?, Xingcai Zhang ©®8,

Samad Ahadian?, Pooja Banik?, Liangfang Zhang ©2, Xiaocheng Jiang ©¢, Peter J. Burke?®,

Ali Khademhosseini4, Andrew D. McCulloch? and Sheng Xu © 2310184

Electrical impulse generation and its conduction within cells or cellular networks are the cornerstone of electrophysiology.
However, the advancement of the field is limited by sensing accuracy and the scalability of current recording technologies.
Here we describe a scalable platform that enables accurate recording of transmembrane potentials in electrogenic cells. The
platform employs a three-dimensional high-performance field-effect transistor array for minimally invasive cellular interfac-
ing that produces faithful recordings, as validated by the gold standard patch clamp. Leveraging the high spatial and temporal
resolutions of the field-effect transistors, we measured the intracellular signal conduction velocity of a cardiomyocyte to be
0.182ms', which is about five times the intercellular velocity. We also demonstrate intracellular recordings in cardiac muscle
tissue constructs and reveal the signal conduction paths. This platform could provide new capabilities in probing the electri-
cal behaviours of single cells and cellular networks, which carries broad implications for understanding cellular physiology,

pathology and cell-cell interactions.

modulate the activities of electrogenic cells”. Transmembrane
potentials associated with jonic fluxes between the cytosol and
interstitium underlie the macroscopic electrophysiological charac-
teristics of tissues and organs’. Research in this field is largely driven
by the use of well-established tools for high-fidelity transmembrane
potential recording in single cells or multicellular networks. Ideally,
the recording needs to be highly accurate and scalable over a large
area. Sensor contact with the cytoplasm is needed for direct intracel-
lular sensing*’. Patch clamping, in its various forms®, has been the
gold standard for recording transmembrane potentials. However, it
is challenging to perform on multiple cells simultaneously. Methods
based on voltage-sensitive dyes can record multiple cells in paral-
lel but are plagued by cytotoxicity and low temporal resolution’.
Therefore, a variety of potentially scalable approaches have been
explored for intracellular electrical recording, including passive elec-
trodes and active field-effect transistors (FETs). Passive electrodes
have difficulties in picking up subthreshold and low-amplitude cel-
lular signals due to their intrinsically large impedance®. Active FETSs,
with minimal access impedance and wide bandwidths, have shown
great promise for either intracellular sensing or scalability, but have
not yet been demonstrated to meet the requirements for both’.
Here we report a scalable three-dimensional (3D) FET array
for sensing intracellular as well as intercellular signal conduction

E lectrophysiological approaches have been used to elucidate and

in both two-dimensional (2D) cultures and 3D tissue constructs.
This array has enabled us to directly measure intracellular signal
conduction velocity, which is closely related to organ pathology,
where its irregularities may be implicative of severe diseases'’. We
demonstrate that the intracellular signal conduction velocity in car-
diomyocytes is about five times the intercellular conduction velocity
reported conventionally. The difference between intracellular and
intercellular velocities indicates the coupling efficacy between cells.
We also demonstrate intracellular recordings of cardiomyocytes in
cardiac muscle tissue constructs, revealing the signal conduction
paths, which paves the way for intracellular electrophysiological
studies in vivo.

Fabrication and characterization of the 3D FET arrays

The 3D FET array was constructed using a compressive buckling
technique'! (Fig. 1a). First, a multilayered 2D precursor was fabri-
cated by standard micro/nanofabrication techniques (Fig. 1b, left).
The precursor was transferred and selected regions were bonded
onto a prestrained elastomer substrate, after which the prestrain of
the elastomer substrate was released. The compression caused the
2D precursor to buckle at predesigned hinge locations to form a
3D structure (Fig. 1b, right, and Supplementary Video 1). To verify
the electrical functions of the device before and after the buckling,
dummy structures consisting of Au and Si-Au were processed in
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Fig. 1| 3D FET arrays by compressive buckling. a, Schematic images showing a 10-FET array interfacing a group of cardiomyocytes. The exploded view
illustrates the multilayered design of the FET array (top right). The images at the bottom show, from left to right, a Au loop for checking the electrical
conductivity after the device buckles, a Au-Si bilayer for probing the quality of the electrical contact after the device has been soaked in an acidic solution,
one FET recording intracellular signals and two FETs in the same cell to study intracellular signal conductions. The red area on each FET denotes the
lightly doped channel. PI, polyimide; SU-8, an epoxy-based polymer; PR, photoresist. b, False-coloured SEM images showing the transformation from a

2D precursor (left) to a 3D 10-FET array (right). Each FET has a tapering tip (5um long and 1-2 um wide). Scale bars, 50 pm. ¢, Finite element analysis of

a 3D 10-FET array. The maximum strains (&) in Au (left) and Si (right) are well below the fracture limit of each material. d, Images of a FET tip obtained by
atomic force microscopy (left) and scanning microwave microscopy (right). The former operates in contact mode and maps the surface topography of the
FET. The latter maps the uncalibrated conductivity, and thus the admittance distribution, of the FET. A lightly doped region can be clearly distinguished in
both images. Because of the over-etching of the oxide doping mask, the lightly doped region is slightly thicker than the surrounding heavily doped regions
(Supplementary Note 1). Also, the lightly doped region exhibits a lower conductivity than the surrounding heavily doped regions (Methods, Supplementary

Note 2 and Extended Data Fig. 2). Scale bars, 2um.

parallel and used as checkpoints (Fig. 1a, bottom). The 3D structure
was coated with a bilayer of Parylene C and SiO, for electrical insu-
lation and hydrophilic surface functionalization. The compressive
buckling technique enabled us to fabricate arrays at various scales
with different materials, layouts, dimensions and geometries. For
further details see Methods, Supplementary Note 1, Extended Data
Fig. 1 and Supplementary Figs. 1-3.

The 3D geometry allows the FET to penetrate the cell membrane
and record low-amplitude subthreshold signals inside the cell. The
small sensor tip (1-2pum) penetrates the cell membrane with mini-
mal invasiveness'?. The device layout was designed to allow inter-
facing with multiple cells and even to have two FETs in the same
cell (Fig. 1a, bottom). To ensure that the entire device was mechani-
cally robust, we carried out theoretical and experimental studies
to optimize the materials and their dimensions, such as the use of
low-molecular-weight poly(methyl methacrylate) (PMMA) and a
thick acid-resistant photoresist as sacrificial layers. As simulated by
finite element analysis (Fig. 1c), after the optimization, the maxi-
mum strains of the Au and Si in the buckled 3D device were 4 and
0.05%, respectively, which are below their failure strains'>'*. The

buckling process was reversible. Under an externally applied tensile
strain, the 3D device unfolded and recovered the 2D geometry. The
softness of the device reduces the mechanical mismatch between
the cell culture and the device'®. The FET’s structure was verified by
atomic force microscopy and scanning microwave microscopy in
topographic and reflection coefficient mapping modes, respectively
(Fig. 1d and Extended Data Fig. 2).

The ability of a FET to accurately capture cellular signals,
especially low-amplitude subthreshold potentials, depends on its
sensitivity and noise level. The sensitivity is determined by the
transconductance, which is tunable by the doping profile of the
conduction channel (Supplementary Note 3). Lower doping con-
centrations typically yield higher sensitivities'>. However, noise
level also increases with sensitivity, especially in the low-frequency
regime'’. Therefore, we used the sensitivity-to-noise ratio to char-
acterize the FET performance. By tailoring the doping time, we
could precisely control the sheet resistance and thus doping con-
centrations in different regions of the FET, leading to a selectively
doped n*nn* (n-type semiconductor with more heavily doped
drain and source regions than the gate region) structure. The n*nn*
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structure is crucial for high sensitivity and operational reliability at
zero gate bias because it operates in the ‘ON’ state with zero gate
bias, which avoids the irreversible Faradaic reactions induced by
the high gate voltage during signal recording observed with other
FET structures (Extended Data Fig. 3 and Supplementary Note 4).
For the FET geometry shown in Fig. 1d, we optimized the doping
time to achieve the highest sensitivity-to-noise ratio (Fig. 2a). The
sensitivity-to-noise ratios of the selectively doped FETs were much
higher than those of FETs with low uniform doping (that is, only
background doping from the substrate) or high uniform doping
(Fig. 2b and Extended Data Fig. 3).

We characterized the transport behaviour of a 10-FET array in a
water-gate configuration (Methods and Supplementary Fig. 4). The
output characteristics of a FET in the array showed typical n-channel
properties under various gate biases (Fig. 2¢(i)). Furthermore, each
FET exhibited large conductance under various drain potentials
at zero gate bias (Fig. 2c(ii)), which is crucial for sensing cellular
electrophysiological signals (Supplementary Note 4). The 10 FETs
showed an average conductance of 0.9+0.3puS (Fig. 2d(i)) and an
average transconductance of 7.5 + 2.0 pS V- (Fig. 2d(ii)). The trans-
conductance is greater than, and its relative standard deviation (that
is, its coefficient of variation) is comparable to, those of devices syn-
thesized by bottom-up methods'®, which can be attributed to the
high material quality of the device-grade Si and controllable fab-
rication process. The high performance allows the FETs to record
low-amplitude subthreshold cellular signals®.

After transforming from two to three dimensions, the 10 FETs
showed a <0.2% variation in conductance and a <0.5% variation
in transconductance (Fig. 2e), which validates the mechanical and
electrical robustness of the 3D FETs. The 10 FETs exhibited com-
parable conductance before and after immersion in saline solu-
tion (Fig. 2f), showing neglectable changes in surface charge and
minimal current leakage through the insulation layers. Moreover,
the FETs exhibited consistently high sensitivities over a range of pH
(from 6.7 to 7.6) and temperatures (from 21 to 50°C), demonstrat-
ing their tolerance to chemical and thermal conditions in various
cell culture media (Extended Data Fig. 4). The stability of the FETs
is primarily attributed to the insulating gate dielectric materials.
The type of gate dielectric materials will not affect the FETS sensi-
tivity (Extended Data Fig. 4).

To ensure that we could record dynamic and transient ionic
signals, we characterized the temporal response of the FETs. Pulse
signals with a rise and fall time of 5 ns to 50 ms were applied to the
gate, and the channel signals of the FETs were recorded. The FETs
showed a short intrinsic response time to the input gate signals
(<712 ns), which is shorter than previously reported values due
to its optimized small gate dielectric thickness' (Supplementary
Note 5 and Supplementary Fig. 5). Due to the limit of the sampling
rate of the digitizer (100kHz maximum), the entire recording
system has a temporal resolution of 0.01 ms. The recorded chan-
nel signal shows a response time of 0.1 ms (Fig. 2g(i)), which is
sufficient to accurately record common ionic activities (typically
>1ms)*. Note that there is a capacitance-induced overshoot on
the rising and falling edges of the response. The capacitance arises
from electrode-ionic solution coupling, which can be neglected
in cellular measurements because of the localized coupling
between the membrane potential and the FET (for more details
see Supplementary Note 3)*'. In repeated measurements, the start
and saturation times of the FET’s response remained unchanged,
showing that it can accurately follow the rapid input signals
(Fig. 2g(ii)). With different rising/falling times (0.1-50 ms) of the
input signal, the conductance changes were within ~1.5%, which
is typical for FETs (Fig. 2g(iii))*". Additionally, the FETs can
faithfully record simulated cellular action potentials resembling
those produced by pacemaker and non-pacemaker cardiomyo-
cytes, with frequencies of 1-10Hz, covering the typical firing
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frequencies of electrogenic cells. More discussions related to
the response time of the FET are presented in Supplementary
Notes 6-8 and Supplementary Fig. 6.

We coated a phospholipid bilayer onto the FETs to facilitate
internalization into cells* and to enable good sealing at the FET-
cell interface. Either small unilamellar vesicles of extracted red
blood cell membranes or synthetic phospholipid bilayer materi-
als (1,2-dimyristoyl-sn-glycero-3-phosphocholine) were used**
(Methods). Fluorescent imaging confirmed the successful coat-
ing of the phospholipids on all FETs before and after buckling
(Supplementary Note 9 and Supplementary Figs. 7 and 8). To illus-
trate the internalization process, when the FET is near the cell, it
records the membrane potential extracellularly. The equivalent cir-
cuit model reveals an attenuated signal (V,) due to the membrane
impedance (which is composed of membrane resistance (R,,) and
membrane capacitance (C,,) connected in parallel) and the shunt via
the small spreading resistance (R,). As the FET approaches the cell,
the phospholipid coating spontaneously fuses with the cell mem-
brane with minimal invasiveness to the cell, realizing intracellular
sensing. The tight interfacial sealing maximizes the spreading resis-
tance R, (that is, minimizes leakage current) (Supplementary Fig. 8).

Recording intracellular action potentials

Full-amplitude signals contain quantitative information on ionic
activities inside the cell*”’. The full amplitude depends on many
factors, including the type, culture conditions and physiologi-
cal status of the cell**”. The FET arrays in this work can mea-
sure full-amplitude signals comparable to those acquired by the
whole-cell patch clamp?"**.

Cell viability test results proved that neither the construction
materials nor the signal recording of the FET showed cytotoxic-
ity towards HL-1 cardiac muscle cells (Supplementary Fig. 9).
A Ca’ sparks assay confirmed the electrophysiological activity
of the HL-1 cells (Methods, Supplementary Figs. 10 and 11, and
Supplementary Videos 2-4). Full-amplitude action potentials were
stably recorded by both the FET and a whole-cell patch clamp
(Fig. 3a and Supplementary Fig. 12). The amplitudes, morpholo-
gies and firing patterns of the acquired potentials by those two
techniques show strong agreement, revealing the ideal coupling
and faithful recording of the intracellular signals by the FETs. The
minor discrepancies are within the standard fluctuations expected
due to differences in cellular physiology and measurement
set-ups®»” (Supplementary Note 10). Importantly, the FETs could
record subthreshold signals due to their high sensitivity-to-noise
ratios. Primary cells exhibit natural and primitive electrophysi-
ological characteristics akin to their intrinsic states in live animals.
The FET was able to record action potentials from spontaneously
firing neonatal and adult mouse cardiomyocytes with results simi-
lar to those of the whole-cell patch®*-*” (Fig. 3b,c). The amplitude
of each spike in the same recording fluctuates as a result of the
contractile movements of the cells*.

The phospholipid coating on the FETs plays a crucial role in the
intracellular recording. Continuous intracellular signal recordings
on HL-1 cells could be extended to over 70 s (Supplementary Fig. 13),
the longest reported by an intracellular FET sensor. A phospholipid
coating could last three cell insertions before refunctionalization was
needed to achieve a stable intracellular recording (Supplementary
Fig. 14). Without the phospholipid coating, the FET could still
mechanically rupture the cellular membrane and access the cyto-
plasm sometimes. However, those recordings showed higher noise
levels, lower signal amplitudes and fluctuating signal baselines due
to the highly unstable FET-cell interface (Supplementary Fig. 15).
Signals recorded without the phospholipid coating gradually
transformed from intracellular to extracellular, probably because
the ruptured cell membranes fused again and expelled the FET*
(Supplementary Figs. 16-18).
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Fig. 2 | Electrical optimization and characterization of the FETs. a, The sensitivity-to-noise ratio of the FET as a function of doping time in the lightly doped
region. A doping time of <4 s leads to a lower current in the conduction channel. A doping time of >4 s results in higher noise, because of a larger number
of traps generated by doping-induced defects. Square, sensitivity; cross, noise; circle, sensitivity-to-noise ratio. b, Calculated transconductances of three
devices with different doping profiles (Extended Data Fig. 3), showing that the FET structure is crucial for high sensitivity: low doping (LD, uniform doping at
~107Qsq"in the silicon-on-insulator substrate), selective doping (SD, light doping at ~10*Qsqg~" in the gate and heavy doping in the drain and source) and
heavy doping (HD, uniform doping at ~102Qsg™"). ¢, Output characteristics of the n-channel FET in the linear region under different applied gate voltages
(i) and transfer characteristics of the FET under different drain voltages (ii). The FET is in depletion mode, which is ‘'ON’ at zero gate voltage. It shows

a high transconductance in the -100 to 100 mV regime. V,, drain voltage; V,

g

gate voltage. d, Output (i) and transfer (ii) characteristics of each FET in a

10-FET array. The insets show the distribution of the FET conductance (i) and transconductance (ii). e, Comparison of the 10-FET array’s conductance (i)
and transconductance (ii) before and after compressive buckling, illustrating that the buckling process has no impact on the FET's electrical performance.
The circles and error bars show the mean and standard deviation of the FETs' properties, respectively. f, Comparison of the FETs' electrical conductance
with and without saline solution on the gate terminal, showing minimal current leakage of the FETs. The circles and error bars show the mean and standard
deviations of the FETs' properties. The ionic solution induces slightly more carriers (due to surface-adsorbed H*), and thus slightly higher conductance in
the conduction channel. g, Temporal response of the FETs to gate signals. A 100 mV pulse (rising/falling (R/f) time 0.1ms, duration 1ms, green curve) was
applied to the gate, and the corresponding conductance of the FET (black curve) shows changes coincident with the input signal without any noticeable
delay (i). Ten repeated characterizations of the same FET with an input gate signal at the sampling rate of 100 kHz (0.01ms resolution) shows no observable
jitter (<0.01ms) in the data acquisition system (ii). The FET's conductance is reliable and independent of the rising/falling times of the input signals iii).
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Fig. 3 | Intracellular recordings and validations on single cardiomyocytes. a, Periodic spikes can be recorded from different HL-1 cells by different FETs
(top). The results are validated using the whole-cell patch clamp (lower left). The enlarged regions of the recordings by the FETs and the patch clamp
(highlighted by boxes) represent typical pacemaker action potentials of the HL-1 cells (lower right). The mean of the action potentials measured by the
FETs is 121.4 +£1.3mV, which is close to the 122.0 + 4.0 mV measured by the patch clamp, showing the FETs' capability for recording full-amplitude action
potentials. Subthreshold signals (for example, cell membrane oscillations of 5-15mV) are captured in the recordings of cells 3 and 4, as highlighted

by the black triangles. b,c, Intracellular recordings from primary cells including neonatal mouse atrial cardiomyocytes (b) and adult mouse ventricular
cardiomyocytes (c). The greater noise in ¢ is induced by the contraction of the adult mouse cells during measurements. In some spikes in ¢, an upstroke
can be observed during repolarization, as marked by the asterisks, indicating abnormal Ca?* influxes, which are also likely caused by the contraction.

d.e, Pathological studies of the HL-1 cells by modulating potassium ion (d) and sodium ion (e) concentrations in the culture solutions (that is, solutions
outside of the cell membrane, ion concentrations were labelled by [K*], and [Na*],. Both the hyperkalaemia cells (d) and the hyponatraemia cells (e)
exhibit a decreased signal amplitude, a shortened action potential duration and a longer refractory period compared with the normal cells, as recorded by
the FET. The recorded action potentials recover when the culture solutions are switched back to Tyrode's solution. f,g, Effects of the ion channel blocking
drugs nifedipine (f) and tetrodotoxin (g) on the action potential morphologies of HL-1 cells recorded by the FET (i) and the corresponding quantitative
analysis (ii). Cells exposed to 100 nM nifedipine exhibit a lower spike amplitude and shorter APD50 and APD90. The cells repolarize very quickly because
nifedipine is an L-type Ca?* channel blocker, which diminishes the influx of Ca?* into the cells. Tetrodotoxin (10 pM) acts on the rapid Na* channels,
reducing the spike amplitude and thus shortening the repolarization duration. The colour code in f,g(ii) applies to f,g(i). The error bars represent standard
deviations of 20 recorded action potentials. DMSO, dimethylsulfoxide; PBS, phosphate-buffered saline.
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We tested the FET performance by verifying the HL-1 cells’
response to extracellular solution composition and ion channel
blocking drugs. Figure 3d,e shows the effect of hyperkalaemia or
hyponatraemia on the recorded electrophysiological behaviours
of cardiomyocytes, including the beating rhythm, resting mem-
brane potential and action potential duration. Abnormally high
potassium or low sodium ion concentration would vary the cell’s
action potential shape by shortening the duration and decreasing
the amplitude®®®. Figure 3f,g shows the measured responses of
HL-1 cells to ion channel blockers with modulated action potential
amplitude and duration. The results show that nifedipine or tetro-
dotoxin lowers the amplitude and reduces the action potential dura-
tion (APD) at 50 or 90% repolarization (APD50 or APD90; the data
are listed in Supplementary Table 1). The effect was reversible, as
revealed after the extracellular solution was swapped back to the
normal composition.

Recording intercellular signal conductions

We used a 3D 10-FET array with well-defined spacing (Fig. 4a) to
record intercellular signal conductions, which are related to the
electrical coupling states between cells*. When a common electri-
cal pulse was provided, the FETs exhibited the same characteristics
and the electrical signal delay between any two channels was no
greater than 0.01 ms, suggesting that the system-induced electrical
delay was negligible (Supplementary Fig. 19). A layer of spontane-
ously firing HL-1 cells cultured on a polydimethylsiloxane (PDMS)
sheet was laminated on the FET array (Fig. 4b; see Methods and
Supplementary Figs. 4 and 20-23 for details). We used electri-
cal stimulation to regulate the firing patterns of the HL-1 cells to
study the direction and velocity of intercellular signal conduction.
Four electrodes were placed in the four corners of the cell culture,
and a stimulation pulse was applied to one electrode in each mea-
surement (Fig. 4c). Under electrical pacing, spontaneous arrhyth-
mic action potentials were suppressed”, and the corresponding
recorded cellular signals are shown in Fig. 4d, Supplementary Fig.
24 and Extended Data Fig. 5. We calculated the signal latencies
between the FETs by cross-correlating the recorded action poten-
tial profiles (Supplementary Fig. 25 and Supplementary Table 2).
The heat map in Fig. 4d visualizes the action potential conduction
direction among the cells, as indicated by the arrows. Based on the
conduction latencies and the predefined distances between the
FETs, the intercellular signal conduction velocity was calculated to
be 35.1-39.3 umms™', comparable to the results from other stud-
ies on HL-1 cells*”. Long-period recordings showed the robustness
of the measurements by the FET array (Supplementary Fig. 26 and
Supplementary Table 3).

Fast signal conductions within a cell

Intracellular signal conduction in cardiomyocytes corresponds to
various forms of subcellular ionic activities”. However, it is chal-
lenging to record intracellular conductions in cardiomyocytes
because it is difficult to interface two or more patch clamps with
one cardiomyocyte*. Also, the short signal latency inside the car-
diomyocyte can be overshadowed by the intrinsic delay of the exist-
ing recording systems®.

In Fig. 4d, regardless of the orientation of the stimulation elec-
trode, we found the latencies between the FETs at (2,3) and (1,3) to
be always in the range 0.10-0.20 ms (Supplementary Table 2), which
is much shorter than those between the other FETs. Given the dis-
tance between these two FETs (26.6 pm), the conduction velocity
was calculated to be 182pmms~!, which is about five times the
intercellular conduction velocity (Fig. 4e). To verify the measure-
ment, we used the same 10-FET array to study a different HL-1 cell
culture. This time, we found no signal conduction between the FETs
at (2,3) and (1,3), but two other FETs, at (1,1) and (1,2), showed
a latency of ~0.18 ms (Supplementary Figs. 27¢,d). To triple check

the measurements, we used confocal microscopy to image live cells
while simultaneously recording electrical signals. The results veri-
fied that two FETs were in the same cell (Fig. 4f and Supplementary
Fig. 28). Therefore, the signals we measured between these two
FETs are intracellular conductions. The slight fluctuation in the
intracellular conduction velocity may be because of the constantly
changing ionic distributions within the cell. The intracellular con-
duction is much faster than the intercellular conduction because the
latter is slowed by ion diffusion processes via gap junctions between
neighbouring cells™.

Additionally, in Fig. 4d, when the stimulation originated from
different orientations relative to the FETs, the corresponding inter-
cellular signal conduction direction would change. However, we
found that the intracellular conduction direction was always from
(1,3) to (2,3), independent of the direction of intercellular conduc-
tion, which is probably related to the positions of the FETs and
the coupling of cells with neighbouring cells (Supplementary Figs.
27e,f and 29). In other measurements, the intracellular conduc-
tion direction was reversed with different stimulation orientations
(Supplementary Fig. 27¢,f).

Intracellular recording of 3D tissue constructs

Compared with 2D cellular cultures, 3D engineered tissue con-
structs better resemble natural organs in structural complexity and
physiological functions. Therefore, they are excellent models for
intracellular electrophysiology studies”. However, existing devices
have limitations in interfacing with 3D tissues: either they can only
perform extracellular sensing™, or they have a uniform height suit-
able for interrogating cells on a common plane only***.

With tunable heights, the 3D FET array provides a unique
opportunity to study the electrophysiology of 3D tissues. To this
end, we fabricated a stretchable 128-FET array distributed in 40
units of three different heights, capable of interrogating cells at three
different depths in a 3D microtissue (Fig. 5a and Supplementary
Figs. 30-34). Representative recordings by the array showed intra-
cellular action potentials in a 3D cardiac tissue, with 44% of the
FETs being intracellular, 34% extracellular and 22% inactive, the
intra- or extracellular signals being defined by the shape and
amplitude of the signals® (Fig. 5b,c). The inactive FETs could be
due to electrically inactive cells, degraded performance of the FET
or non-ideal FET-cell coupling (for example, because of an elastic
response from the cytoskeleton).

We used the FETs in each unit to study the small-scale inter-
cellular signal conductions, whose velocities were calculated to
be 18.8+7.5pumms™!, consistent with reported values” (Fig. 5d
and Extended Data Fig. 6). We also leveraged the relatively large
spacing between the 40 units of the FETs to determine the veloc-
ity of large-scale signal conduction (Fig. 5e). For each of the three
heights, the signals propagate clockwise among the units, forming a
loop (Fig. 5¢). The signal conduction velocities in the three differ-
ent loops were calculated to be 10.9, 11.8 and 12.2 pmms™" (Fig. 5f).
The calculated large-scale conduction velocities are generally lower
than the small-scale velocities within each unit, because we assume
the signal conduction path is linear from point to point on the large
scale, whereas the actual path is likely to follow a zig-zag pattern®,
depending on the relative positions of the cells and their electrical
coupling states.

Conclusions

With the device size down to the submicrometre regime, the high
sensitivity and the high signal-to-noise ratio, FETs have attracted
growing attention in the last decade as a tool for interrogating
electrogenic cells. Two-dimensional planar FETs for extracellu-
lar interfacing usually lack one-to-one correspondence between
the cells and FETs, providing information on an ensemble of cells
near the FET. Three-dimensional FETs allow direct interfacing
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Fig. 4 | Intracellular recording of a 2D HL-1 cell culture by a 10-FET array. a, Schematic top view of a 10-FET array. The spacing between each FET was
accurately defined by lithography. A coordinate system is used to denote the position of each FET, indicated by the green squares. b, A fluorescent image
of a 10-FET array interfacing with a 2D culture of HL-1 cells (average size ~50 pm), stained by Fluo-4 AM dye. During the measurement, only the FETs are
interfacing the cells, while the areas around them are not contacting them. Scale bar, 100 um. ¢, Schematic of the set-up for stimulating the HL-1 cells, with
four Pt electrodes placed in four corners of the cell culture. A stimulation pulse was applied to a single electrode in each measurement. We used biphasic
pulses, so the net injection current was zero. The frequency, width and amplitude of the pulses were THz, Tms and 1V, respectively, to effectively pace

the cells. d, Simultaneous intracellular recordings from a 2D HL-1 cell culture under electrical pacing at different orientations to the FETs (top). All FETs
recorded periodic intracellular action potentials of 95-116 mV (Extended Data Fig. 5). Heat maps illustrate the latency of the action potentials among the
cells (middle). The arrows indicate the possible signal conduction paths between the cells; the black arrows show intercellular signal conductions and

the red arrows show intracellular signal conductions. In all measurements, the signal first arrives at the cell closest to the stimulation electrode and then
transmits to the neighbouring cells. The average intercellular conduction velocity is 35.1-39.3 um ms~' (bottom). Regardless of the stimulation orientation
to the FETs, the intracellular signal conduction is always from (1,3) to (2,3). e, The average latency between (1,3) and (2,3) calculated from the 20 action
potentials in four orientations is 0.146 + 0.025 ms. The intracellular conduction velocity is 182 pm ms™, which is about five times the velocity of intercellular
conduction. f, Confocal microscopy image illustrating a 3D view of FETs intracellularly interfacing live HL-1 cells. The inset shows the corresponding top
view. Green (rhodamine 6G), the Pl in the FETs; red (CellBrite), cell membranes; blue (NucBlue), cell nuclei. The images clearly show that two FETs, (1,5)
and (2,5), are interfacing the same cell. The corresponding action potential recordings are presented in Supplementary Fig. 28d. Scale bars, 50 pm.

with the cytoplasm of cells, which ensures correspondence with  unprecedented number of FETs and a predefined layout, the 3D
each specific recorded cell. However, existing 3D FET devices are  FET array demonstrated in this work can fill this technological gap
not suited to large-scale, high-spatial-resolution sensing®. With an  (Supplementary Fig. 35).
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Fig. 5 | Intracellular recording of a microtissue of neonatal rat cardiomyocytes using a 128-FET array. a, Schematic diagrams of the 128-FET array distributed
on eight arms. On each arm, there are 16 FETs in five units of different heights, distributed in three concentric loops (top). The relative positions of the 16 FETs
and their coordinates are indicated (bottom). b, Representative recordings from the 3D cardiac tissue by the 128-FET array. Intracellular action potentials are
recorded from all three loops on each arm. ¢, A histogram of the spike amplitudes in b. d, The small-scale intercellular signal conduction velocity measured
within each unit. The average velocity (purple square) within the 40 units is 18.8 £ 7.5 umms™". e, Three-dimensional visualization of the signal conduction in
the whole 3D tissue construct. The signal conduction directions are consistent in all three loops, beginning at arm H and then propagating to arm A. f, Linear

fit of the intercellular signal conduction velocity across the units in each loop.

The arrayed FETs provide tremendous opportunities for study-
ing the fundamental physiologies of electrogenic cells. The acquired
knowledge can help to understand the pathology and guide the
treatment of numerous evolutionary disease models®. Intracellular
signals disclose more meaningful information about the cell type
and density of various ion channels'”. In particular, full-amplitude
action potentials are highly relevant to the disease status and pathol-
ogy of cells*". Subthreshold signals can potentially shed light on the
process of intercellular synchronization*,, the mechanism of elec-
trophysiological modulation®*** and how these subthreshold signals
impact the development of sensory systems*. Studies of the con-
duction behaviour would not only enhance the understanding of
the ionic transport across organellular membranes within a cell®,

but also facilitate the study of electrical coupling between differ-
ent cells. These findings have important implications for under-
standing subcellular electrophysiology, organellar ionic dynamics®,
organelle—cell membrane interaction* and their influences on cel-
lular physiological activities, including proliferation, differentiation
and apoptosis”’.

Further explorations could follow by applying the 3D FET
array to various types of cardiac tissues, such as embryonic stem
cell-derived cardiomyocytes, myocyte-fibroblast cocultures and
other general electrogenic cells, such as neurons. Reliable record-
ings of 3D tissues on a large scale may reveal cellular alignment
directions. Future translation of this platform technology to in vivo
studies will depend on the FET’s ability to penetrate through the
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thick membranes of the myocardium and the cortex, prevent severe
immune responses and eliminate motion artifacts induced by heart
beating and brain pulsation. To that end, further refinement of the
3D FET structure (for example, tip size, spacing and relative posi-
tions), array size, structural materials, surface coating and deploy-
ment approach, as well as the use of artificial intelligence-assisted
signal processing, would be essential to enhance the reliability, qual-
ity and duration of the recordings.
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Methods

The materials, software/algorithms and equipment are listed in the Supplementary
Information.

Fabrication of the 3D FETs. The FET arrays were fabricated by the compressive
buckling technique. The 2D structure contained silicon FETs, gold electrodes
prepared by sputtering, two PI layers and an SU-8 mechanical supporting layer
obtained by spin casting. The shapes and patterns of each layer were defined by
lithography and reactive ion etching. The overall fabrication process included
four main steps. In a nutshell, the FET was first prepared on a silicon-on-insulator
wafer by standard cleanroom micro/nanofabrication techniques. Second,

the completed FET was released from the silicon-on-insulator wafer and
transfer-printed onto a temporary 2D substrate. Third, different functional
materials were sequentially deposited onto the FET to enable the electrical and
mechanical robustness of the device. Finally, the fabricated multilayered device
was released and transfer-printed onto a prestrained elastomeric substrate for
controlled buckling. The fabrication process is described in detail in Fig. 1,
Extended Data Fig. 1 and Supplementary Note 1.

Finite element analysis of the 3D FET. ABAQUS (v.6.13, Dassault Systémes
Simulia Corp.) was used to study the mechanical behaviour of the device during
compressive buckling. As the thickness of the silicone substrate was much greater
than that of the device, a boundary condition was to constrain the device to buckle
only above the substrate. Displacement boundary conditions were applied to the
two edges of the device to initiate the compression. Composite shell elements (S4R)
were used to model the SU-8, PI, Si and Au layers. The minimal size of the element
was set to be half of the FET tip’s width (~0.5um). The total number of elements

in the model was ~106. Mesh convergence of the simulation was accomplished in
all cases. The elastic moduli (E) and Poisson’s ratios (v) of the different layers are as
follows: E, =2.5GPa, v, =0.34; E;;=130GPa, v3=0.27; E,,=78 GPa, v,,=0.44;
Eg.s=4GPa, vy, 3=0.22. The fracture strains of Au and Si are 5 and 1%,
respectively''°.

Surface conductivity mapping of the FET. The FET was characterized using a
scanning microwave microscope (KeysightTM 7500), which combined an atomic
force microscope and a vector network analyser. The atomic force microscope

had a conductive probe that scanned the FET surface, revealing the topography.
Simultaneously, a microwave signal from the network analyser was transmitted to
the probe, reflected by the sample at the contact point and then sent back to the
network analyser. The conductance information was obtained from the reflection
coefficient, determined from the transmission and reflection signals. The reflection
coefficient calculations are presented in Supplementary Note 2.

Phospholipid coating. Phospholipid coating of the FET surface facilitated the cell
internalization process, through spontaneous fusion, to achieve direct contact with the
cell cytosol. Briefly, large phospholipid vesicles in aqueous solutions were broken into
small unilamellar vesicles by consecutive freeze-and-thaw treatments, sonication and
filter extrusion. These high-surface-energy vesicles formed a uniform phospholipid
coating on the FET surface by self-assembly. The schematics in Supplementary Fig. 7
and Supplementary Note 9 demonstrate the whole process. Successful coating of the
phospholipids was verified by fluorescent imaging (Supplementary Fig. 8).

Fabrication of the multi-electrode array. The multi-electrode array (MEA),
composed of Au electrodes, an SU-8 insulation layer and a glass substrate, was
fabricated using standard micro/nanofabrication techniques. The fabrication
process is described in detail in Supplementary Note 11.

Water-gate characterization. FET sensitivity was determined by measuring the
FET transfer characteristics. In the water-gate characterization (Supplementary
Fig. 4), the corresponding FET conductance was measured under a fixed positive
bias (for example, 200 mV) at the source and a potential sweep (from —100 to
100mV) at the gate. Experimental details are provided in Supplementary Note 6.

Ca** sparks screening. The schematics in Supplementary Fig. 10 illustrate

the process of staining Ca** and monitoring their transient activity under a
fluorescent microscope. First, the HL-1 cells were cultured in supplemented
Claycomb medium. We then removed the cell culture medium by aspiration

and added typical clear-colour Tyrode’s solution. Second, we added Fluo-4 AM
(InvitrogenTM) stock solution to the cells and incubated them for 1h to facilitate
the loading of calcein dyes. Then, we removed the old solution and refilled it with
fresh Tyrode’s solution. Finally, we monitored the Ca?* signals under a microscope
with a 480 nm excitation filter and a 525 nm emission filter.

HL-1 cell culture. We followed the standard cell culture protocol provided by
Sigma-Aldrich. All materials and solutions were from Sigma-Aldrich. The cells
were cultivated in supplemented Claycomb medium after precoating the substrates
with templating materials. We prepared the cell cultures on PDMS sheets for signal
recording, in cell culture flasks for cell proliferation and on cell culture dishes for
Ca** sparks screening. The details are provided in Supplementary Note 7.

Primary cardiomyocytes culture. Neonatal mouse ventricular myocytes were
isolated from 1- to 2-day-old Black Swiss mouse pups purchased from Charles
Rivers Laboratories. Adult mouse single ventricular myocytes were isolated from
mouse ventricles using Langendorff’s enzymatic digestion method. The cells were
obtained by digesting the ventricles in buffered solutions. After removing the
fibroblast cells and blood from the vasculature, the cardiomyocytes were cultured
on laminin-templated PDMS sheets or cell culture dishes for signal recording. The
preparation of the solutions is described in detail in Supplementary Note 8.

Whole-cell patch clamp electrophysiology. Whole-cell current patching of

HL-1 cells and primary cardiomyocytes was performed at 35 °C with cells plated
on a PDMS sheet superfused with an external solution. A glass micropipette

that was filled with the solution in its lumen was attached to the cell membrane,
forming a gigaseal between the micropipette and the cell membrane. After that,
the membrane patch was ruptured by a negative pressure in the pipette, which
established the whole-cell configuration. Action potentials were recorded with a
holding potential of —80 to —40 mV, and evoked by injecting currents into the cells.
More information is provided in Supplementary Note 12.

Data acquisition. An electrophysiological signal acquisition system includes the
FETs for interfacing the cells, preamplifiers, a signal digitizer and a graphical user
interface (that is, computer software) for data visualization. We used a customized
10-channel preamplifier and a commercial data acquisition system and software
(Axon) with the 10-FET array, and a commercial 256-channel current-input
analogue-to-digital converter (Texas Instruments) and its configured software with
the 128-FET array. The sampling rates adopted in these recordings ranged from

500 to 100,000 Hz in the different systems. Before recording cellular signals, we
characterized the complete signal measurement system (including a 10-FET array,
the preamplifier and the data acquisition device) and confirmed that the system had
low intrinsic noise and no electrical crosstalk between the channels (Supplementary
Figs. 22 and 23). More information is provided in Supplementary Note 13.

Signal processing. All signal recordings were post-processed offline in MATLAB
(MathWorks). The intracellular and extracellular signals of 2D cell cultures

(HL-1 cells, adult and neonatal mouse cardiomyocytes) recorded by the FETs

had high signal-to-noise ratios and thus the raw data are presented. The MEA
recordings of HL-1 cells were passed through a notch filter (60 Hz) and a bandpass
filter (0.5—30Hz). The electrical signals of the 3D cardiac muscle tissues, unless
specified otherwise, were filtered through a bandpass filter (0.1-30Hz). The FET
sensitivity, noise level and delay between two action potential signals were also
calculated in MATLAB (Supplementary Notes 3 and 14).

Electrical stimulation of the HL-1 cells. Platinum electrodes were used to
stimulate the HL-1 cells and manipulate their firing patterns. We applied biphasic
squared pulses (1V, 1Hz and 1 ms peak width) from an analogue output terminal
of a commercial DAQ system (Digidata 1440, Axon) with commercial software
(pCLAMP 10.3, Axon). The electrodes were placed ~10 mm away from the FETs.

Pharmacological and ion-concentration modulation of HL-1 cell
electrophysiology. To explore the effects of drugs on cell electrophysiology we
added channel blockers nifedipine (Sigma Aldrich or Abcam) or tetrodotoxin
(Sigma Aldrich or Abcam) to typical Tyrodes solution. We also tuned the
potassium or sodium concentration in the typical Tyrode’s solution. The resulting
solutions were administered by the perfusion (that is, simultaneously aspirating the
old solution and adding the new solution) of cells. The electrical signals of the cells
were recorded simultaneously. See Supplementary Note 15 for further discussions.

Engineering of cardiac microtissues. Neonatal rat cardiomyocyte tissues were
engineered on a PDMS platform composed of a well and two microposts following
the previously reported method* (Supplementary Fig. 34). Cardiomyocytes were
mixed with collagen-based gel at a density of ~5 X 10°cellsml™'. Each cell-laden
hydrogel was added to the PDMS well around the two microposts and incubated
for 1h. Then, the culture medium was added to the cell-laden gels, followed by
incubation. More details are provided in Supplementary Note 16.

Fluorescence staining of live cells. HL-1 cell membranes were marked with a
cytoplasmic membrane dye (CellBrite), cell nuclei were stained with NucBlue and
the PI layer in the FETs was mixed with rhodamine 6G dye. See Supplementary
Note 17 for further discussions

Quantification and statistical analysis. The number of experiments and replicates
is indicated in individual figure legends. The signal latencies in Fig. 4 were
calculated by cross-correlating each two recording traces in MATLAB. The signal
conduction velocities were calculated by linear regression of the signal latencies
extracted from the raw data. The data presented in Figs. 2-5 were processed and
visualized using MATLAB.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Data availability

All data supporting the findings of this study are available within the paper and its
Supplementary Information. The data generated in this study are available from
Harvard Dataverse at https://dataverse. harvard.edu/dataset.xhtml?persistentld
=doi:10.7910/DVN/7RODQK&version=DRAFT. Source data are provided with
this paper.

Code availability
The code that produced the findings of this study is available from the
corresponding author upon reasonable request.
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Extended Data Fig. 1| Schematics illustrating the fabrication steps of the 3D FET array. a, The FET's drain, source, and gate regions are determined on
an n-type SOI wafer by doping. First, the undoped region (that is, the region with only the background doping from the wafer) is coated by a layer of SiO,
as the barrier for spin-on dopants from diffusing into the silicon substrate. Second, the FET shape is defined by photolithography and reactive ion etching.
b, The FETs are firstly anchored to the substrate by PTFE, and then are transferred using a PDMS stamp to a temporary 2D substrate coated with PI.

¢, Multi-layered polymers and metal are coated and patterned on the temporary substrate. Finally, the layered device is transferred to a PDMS stamp and
picked up by a water-soluble tape. d, The FET array is transferred to a prestrained elastomer substrate and selectively bonded at the two pre-designed

bonding sites. When the prestrain releases, the 2D FET array gets compressed and buckled up to form 3D geometries.
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Extended Data Fig. 2 | Mapping FET's conductivity by an atomic force microscope with a bias applied by the scanning tip. a, A linear scan of the FET's
conductivity was performed with a positive bias applied by the atomic force microscope. The results show a larger positive bias applied on the FET's lightly
doped conduction channel yields a larger conductivity in the channel, which verifies the n-type properties of the FET's channel, which corresponds to the
results by electrical transport characterizations. Scale bar: 2um. b, Original data points from the conductivity linear scan showing the FET's conduction
channel turns ‘'ON’ at the 1V tip bias. The ‘threshold voltage’ didn't appear in the water-gate characterization because we used a much smaller gate bias
range for scanning the water-gate characterization. Additionally, we expect the FET device is ‘ON’ at zero bias because the middle region is also n-type
with lots of free electrons. The discrepancy between the two measurements is from their different characterization mechanisms, including the gate
capacitance, method of applying the gate bias, and the information that can be read from the signals.
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Extended Data Fig. 3 | Optimizing the FETs' electrical properties by tuning doping concentrations. a, Sheet resistances of (i) antimony doped SOI
(N-type) and (ii) boron doped SOI (P-type) wafers, determined by high-temperature doping with phosphorus dopant (P509) at 950 °C for various doping
times (At), which is defined as the period that the apex temperature was held during annealing. b, A typical temperature profile for driving the phosphorus
dopants into the SOI wafer. The most effective doping period was at the highest temperature (950 °C), as indicated by At. A longer At generates a smaller
sheet resistance of the SOI. We applied a two-step doping process: the first light doping was for the whole SOI that determined the FET's conduction
channel’s doping concentration; and the second heavy doping was for the whole SOI except the conduction channels. The resultant FET had an N*NN*
structure and worked under a depletion mode. c-e, Transfer characteristics of devices by various doping conditions, including (¢) undoped, (d) selectively
doped, and (e) heavily uniformly doped sensors. f, Transfer characteristics of (i) p-type and (ii) n-type depletion-mode FETs, showing that the n-type FETs
demonstrate about six times larger transconductances (that is, sensitivities) than those p-type FETs. Therefore, we chose n-type depletion-mode FETs in

this work.
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Extended Data Fig. 4 | FETs' reliability tests under various conditions. a, i, An FET's conductance with different pH of the gate solution. The transfer
characteristics show high similarities, proving high reliability of the FET under various pH. The common pH for cell culturing is 7.4. ii, Extracted data points
at zero gate bias, showing the conductance decreases with increasing the pH, giving another evidence of the n-type conductivity of the FET. b, i, An FET's
transfer characteristics under different temperatures of the gate solution, showing the FET has excellent thermal stability and reliability under various
temperatures. The common temperature for cell culturing is 37 °C. ii, Calculated transconductances showing the FET's transconductance decreases with
increasing the temperature, which is due to the effectively reduced mobility of the charge carriers in the conduction channel. ¢, Parylene C was used as

an additional gate dielectric material on top of the SiO, in the FET, considering SiO, might be soluble in biological fluids, such as extracellular solutions of
cardiac muscle cells. The FETs' transconductance (that is, sensitivity) barely changed after coating the Parylene C.
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Extended Data Fig. 5 | Recordings of HL-1 cells' action potentials by a 10-FET array under electrical stimulation. a, Changing the stimulation electrode
orientation from northwest (nw) to northeast (ne), southwest (sw), and southeast (se) will shift the directions of intercellular signal conductions. The
first signal appeared in the FET that is relatively closer to the stimulation electrode and propagated among the cells per their coupling states, as indicated
by the black arrows. The intercellular signal conduction velocity under electrical stimulation is from 35.1 to 39.3 pm-ms~". The variations in the velocity are
caused by the fluctuations of temperature, pH value, and ion concentration in the cell culture medium. In all scenarios, the directions of intracellular signal
conductions, as indicated by the red arrows, are always the same, that is, from (1,3) to (2,3). b, Schematics showing the latencies of intracellular signal
conductions from (1,3) to (2,3).
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in neighboring cells are analyzed, and the latencies are denoted in the heatmaps. The signal conduction velocity inside each unit can be calculated. For
instance, in E2b, the signal transmits 70 pm from E2iv to E2vi in 5ms. By analyzing all signal conductions within each unit, we calculated the small-scale
conduction velocity (Supplementary Table 5), whose average and standard deviation are 18.8 + 7.5 pm:ms~', which are consistent with previously reported

values. The triangle for each unit indicates the selected FET that has the earliest spike within that unit. We use the selected FET in each unit as the
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