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Fig. S1. 3D nanotransistor fabrication. (A) Schematic flow of the nanowire assembly and 
device fabrication process. The details of the assembly can be found in Ref. 1. Briefly, planar Si 
nanowire arrays were first assembled by a deterministic ‘combing’ technique (25, 28) on a Si 
substrate (covered with 600 nm SiO2). A thin layer of poly(methyl methacrylate) (PMMA, 
Microchem 950 C2) with the thickness of ~100 nm was spin-coated onto the assembled 
nanowires, which was then peeled off using water intercalation (25) to carry the embedded 
nanowires (step-I). A soft stamp (~1 mm thick) made from polydimethylsiloxane (PDMS, 
Sylgard 184, 10:1) was used to pick up the peeled-off PMMA layer and transferred onto a Si 
substrate with predefined SU-8 (Microchem 2002) microbar arrays (height ~1.4 µm) defined by 
electron beam lithography (step-II). The PMMA layer was release from the PDMS stamp (step-
III), assisted by a thermal treatment (100 °C, 2 min). The PMMA layer was dissolved in acetone, 
leaving the nanowires on the microbars to form the 3D structures (step-IV). Electrical contacts 
(Cr/Pd, 3/70 nm) were subsequently defined by using standard photolithography, metal 
evaporation, and lift-off processes (step-V). The contacts and interconnects were further 
passivated with a Si3N4 layer (~90 nm) to prevent current leakage in solution (step-VI). (B) 
Representative scanning electron microscope (SEM) images of fabricated single-wire (left) and 
double-wire (right) 3D nanotransistors. Scale bars, 1 µm. The middle panel shows a top-view 
optical (dark-field) image of the nanotransistor same as shown in the left panel. Scale bar, 2 µm. 
(C) Statistics showed that (40.6%) of the assembled sites were single-wire structures, 15.6 % 
were double-wire structures, and 6.2 % were triple-wire structures. The result was consistent with 
previous report (25). Given that multi-wire device is still able to detect signals at cellular 
resolution, it led to a total device yield ~63%. (D) Statistics of the spanning distance in assembled 
nanowire structures, showing a value of 7.8 ± 0.9 μm. 



 
 
 

Fig. S2. 3D nanotransistor fabrication-II. (A) Schematic of an alternative 3D assembly. The 
nanowires were initially aligned randomly across the entire substrate using a contact printing 
method (60). Then they were peeled off and transferred onto pre-defined SU-8 microbar arrays 
(top panel) following the standard procedures described in Fig. S1A. Arrays of photoresist stripes 
(Microchem LOR 5A + S1805) were then lithographically patterned at the assembly sites to serve 
as protective masks (bottom panel). Nanowires outside the mask region were etched by reactive 
ion etch (SF6/O2 = 20/50 sccm; 100 W, 30s), with the photoresist subsequently dissolved (PG 
remover, Microchem). (B) Dark-field optical image of a fabricated matrix of 8 × 8 nanotransistors 
using this strategy. Scale bar, 50 µm. (C) SEM image of a representative device from the device 
arrays. Scale bar, 1µm. (D) Statistics showed that ~93% of the assembled sites had nanowires. 
  

 



 

 
Fig. S3. Temporal dynamics in Si nanowire devices. (A) (Left) The intrinsic response time in 
the Si nanowire was tested using a back-gate transistor configuration (e.g., using the Si substrate 
as back gate across 600 nm SiO2). The transistor was biased with a constant source-drain voltage 
Vds=0.1V. (Middle and right) Step gate voltages of 10 and 01V (red curves) were applied to 
the back gate with the conductance change monitored. Both the rising and falling time in the 
conductance response were ≤10 µs (black curves). Note that the recording was limited to a 
sampling frequency of 100 kHz to resolve faster dynamics. (B) (Left) The temporal response of 
the nanowire transistor was measured in physiological solution. The transistor was biased with a 
constant source-drain voltage Vds=0.1V. (Middle and right) Step gate voltages of 0.10 and 
00.1V (red curves) were applied to the water gate with the conductance change monitored. 
Surging spikes of ~0.18 ms and ~0.29 ms were observed during the transitions (black curves). 
These surging spikes and their temporal features were consistent with other work studying Si-
nanowire response in solution environment (43). The spikes were attributed to the extrinsic 
capacitive effect in the extending (e.g., cm length) passivated metal interconnects (43). Localized 
cellular membrane potential shall not induce appreciable capacitive effect. The temporal feature 
(e.g., signal width) is still considerably faster than the action potential measured (e.g., > 5 ms). 
  



 

 
Fig. S4. Mechanical testing and simulation of nanotransistors. (A) Conductance change in a 
nanotransistor with respect to the pressure applied on it through a layer of PDMS elastomer (280 
µm thick). (B) Zoom-in feature of the possible artifact signal induced during mechanical loading, 
which may have come from capacitive charge effect at the PDMS-device interface (e.g., possible 
triboelectric effect due to the microporous feature in PDMS). The temporal dynamics in the 
artifact (~100 ms) is completely different from recorded cellular signals (~1.2 s in Fig. 2C and 
~20 ms in Fig. 2D). The absence of artifact signal during cell recording is expected from two 
possible reasons: 1) cell-device has an intimate interface (fig. S7); 2) the ionic solution 
environment facilitates charge dissipation and further depresses mechanical artifact. (C) Average 
relative conductance change, ∆G/G, with respect to applied pressure P from 6 devices. This plot 
is same as Fig. 1H. (D) Net strain ε∆  in the nanowire with respect to applied pressure P from 
simulation. The negative sign indicates a compressive strain. For simulation (by finite element 
analysis using Abaqus/Standard (2020)), the nanotransistor was placed at the central region of a 
PDMS matrix (20 × 20 × 2 μm3, W×L×H) with uniform pressure applied from the top. The elastic 
modulus of the SU-8, PDMS, and Si nanowire was taken as 2.0 GPa, 2.6 MPa, and 188 GPa, 
respectively (27, 61).  

From (C), the average slope or conductance change per kP, is 𝑘𝑘1 = (∆𝐺𝐺
𝐺𝐺

)/𝑃𝑃 = (9.6 ±
1.3) × 10−5kPa−1 . From (D), the slope or net strain ε∆  per kP, is 𝑘𝑘2 = ∆ε/𝑃𝑃 = −1.26 ×

10−7 kPa−1 . Therefore, the average gauge factor (24) is 𝑔𝑔 =
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=

(7.6 ± 1.0) × 102. For a resolvable pressure of 2 kPa (A) with corresponding strain of -2.5×10-7 
(C), the equivalent force exerted along the nanowire axis is 𝐹𝐹 = 𝐸𝐸 × ∆ε × (𝜋𝜋𝑑𝑑

2

4
) = 33 pN, where 

E, d correspond to elastic modulus (188 GPa) and diameter (30 nm) of Si nanowire, respectively.  
 



 
 
Fig. S5. Tensile-strain response in nanotransistors. (A) (Inset) Schematic setup for bending the 
nanotransistor. Specifically, the devices were fabricated on the central region of a rectangular Si 
substrate (4 cm × 7 cm). Both the lateral edges (along the width) of the substrate were 
mechanically fixed. A sapphire bead (3 mm diameter) was placed beneath of the substrate center 
and displaced by a micrometer in the vertical direction to bend the substrate. A decrease in 
conductance was observed with the increase in the vertical displacement, ∆Z. (B) Conductance 
change with respect to ∆Z in devices (N = 9), showing a linear relationship. The average slope 
was −(3.5 ± 0.76) ×10-3 µm-1. The linear decrease in conductance at increasing tensile strain was 
consistent with test results in fig. S4, where compressive strain yielded conductance increase.  
  



 
Fig. S6. Biocompatibility of integrated nanotransistor arrays revealed by cell viability assay. 
hESC-derived cardiomyocytes were cultured on the device substrate for 5 days before being 
stained with Hoechst 33342 (blue, nuclei), calcein-AM (green, live cells), and ethidium 
homodimer (red, dead cells). Optical imaging showed that >99% of the cardiomyocytes cultured 
on the nanotransistor (99.4±0.2%) (A) and interconnect (99.4±0.2%) (B) regions survived. The 
result showed no difference from cardiomyocytes cultured on a bare silica substrate (99.1±0.3%) 
(C). As negative control, cardiomyocytes treated with 100% ethanol (15 min) showed dominant 
dead state indicated by the red color (D). Three independent runs yield consistent results. Scale 
bars, 100 µm. Detailed procedure can be found in the Materials and Methods section.  



 
Fig. S7. Cell-device structure interface. Arrays of suspended nanowire structures were 
assembled and cultured with hESC-derived cardiomyocytes to study the cell-structure interface. 
Following standard procedure (59), the cardiomyocytes were fixed, dehydrated, treated with 
critical point drying to preserve the cell-structure interface before SEM imaging. (A) Perspective 
SEM image showing that the suspended Si nanowires were embedded in the monolayer of 
cardiomyocytes. Scale bar, 10 μm. (B) Zoom-in image (corresponding to dashed box in A) 
showing that the embedded Si nanowires still maintained the suspending structure without 
breakage. Scale bar, 3 μm. (C) Representative cross-sectional SEM image showing that the SU-8 
microbar was conformally covered by the monolayer of cardiomyocytes. Scale bar, 1 μm. 
Detailed procedure can be found in the Materials and Methods section.  
  



 

 
Fig. S8. Electrical recordings from hiPSC-CMs. (A) Representative recording showing 
periodic signal having the AP signal (marked by star) preceding a broad mechanical signal. (B) 
Superimposed AP signals. The red line represents the mean waveform. (C) Recorded contractile 
frequency in hiPSC-CMs (59.8 ± 6.1 beats per minute), compared to that in hESC-CMs (22.4 ± 
5.3 beats per minute). The results were consistent with previous report (62). 
 
  
  



 
 

Fig. S9. 2D spatiotemporal mapping of electrical activity in hESC-CMs. (A) 10-channel 
recordings from cultured monolayered hESC-CMs. (B) The corresponding locations of the 10 
devices (covering an area of 0.6 × 0.32 mm2). (C) Zoom-in action potentials (AP) from the 
dashed box region in (a). A time delay ~ 15 ms was revealed between devices 1 and 10, 
corresponding to an estimated velocity 4.5 cm/s consistent with reported values from in vitro 
hESC-CMs (3). The propagation was slower than that in in vivo neonatal myocardium (~20 cm/s), 
ventricles (~100 cm/s), and adult conduction systems (~300 cm/s), which was attributed to the 
immaturity in the in vitro cells (63). Note that immature phenotype is an intrinsic property in 
hESC-derived cardiomyocytes at the early stage (64). They are still considered promising in vitro 
models as they can retain genetic information from patient and continuous studies have been 
improving the maturity. (D) Computed contour map of signal propagation from (A, B). The two 
triangle regions correspond to two failed devices indicated in (B). Signal from device 1 (left 
bottom) was set as reference (i.e., 0 s).  
  



 
Fig. S10. Ca2+ imaging and electrical recording. (A) Imaging of the Ca2+ signal in the 
cardiomyocytes cultured on nanotransistor arrays. The circled region of interest (ROI) covers a 
nanotransistor. Scale bar, 100 μm. (B) Evolution of the intensity of Ca2+ signal in the ROI (upper) 
and correspondingly electrical signal recorded from the nanotransistor. Imaging details can be 
found in the Materials and Methods section.  
  



 
 
Fig. S11. Temporal dynamics in different cell cultures. Statistics of ∆t1 (width of the 
mechanical signal) and ∆t2 (time delay between AP and the initiation of the mechanical signal) in 
the main text (Figs. 2E, F) were collected from three batches of cell cultures. Statistics within 
each batch of cell culture can still yield batch-to-batch difference, with ∆t1, ∆t2 having values of 
(A) 1.08 ± 0.18 s, 44 ± 8 ms, (B) 1.24 ± 0.11 s, 34 ± 6 ms, and (C) 1.38 ± 0.14 s, 30 ± 7 ms in the 
three batches, respectively.   



 

 
Fig. S12. Recovery of mechanical signal after washing out blebbistatin. (A) The evolution of 
amplitude in recorded mechanical signals (N = 6) after washing out blebbistatin. The amplitude is 
normalized to the initial value before adding blebbistatin. The amplitude restored to ~25% value 
in 6 h. (B) Two representative recordings after washing out blebbistatin (t = 6 h). 
  



 
Fig. S13. Lidocaine effect detected by nanotransistors. (A) Recorded electrical signals from 
another two nanotransistors before (orange) and after (blue) adding lidocaine. (B) Superimposed 
AP signals before and after adding lidocaine, with the orange and blue curves representing the 
corresponding mean waveforms. (C) Average (N=3) relative values of AP amplitude (0.40 ± 
0.05), AP duration (1.82 ± 0.20), and mechanical amplitude (0.93 ± 0.11) after adding lidocaine. 
 
  



 
 

Fig. S14. Cell recovery by washing out isradipine. (A) Three representative recordings from 
hESC-CMs after being washed out isradipine (t = 24 h), showing the recovery of both mechanical 
and AP signals. (B) Corresponding superimposed AP signals from the recordings. The 
highlighted lines represent the mean waveforms. 
  



 
 
 
Fig. S15. K+-blocker (E-4031) effect. (A) Electrical recroding from a sensor showing increased 
contractile frequency and fluctuation in amplitude after the treatment of E-4031 (50 nM). (B) 
Zoom-in signal also showing the fluctuation in contractile frequency. These traits were consistent 
with K+-blocker induced arrhythmia behavior (65).  
  



 
 
Fig. S16. Norepinephrine effect. Electrical recordings from two sensors before (left) and after 
(right) adding norepinephrine (10 µM). The contractile rate was observed to increase from 15 to 
27 beats per minute. The zoon-in AP signals (bottom) showed a reverse in the conduction 
direction after the drug treatment. These behaviors were consistent with previous study (11).  
  



 
Fig. S17. Signal (sign & amplitude) distribution in recorded mechanical signals. Out of 60 
devices, 44 (73.3%) showed negative signs or conductance decreases (blue columns) and 12 
(20%) showed positive signs or conductance increases (orange columns). A small number of 4, 
(6.7%) showed mixed signs. The average conductance changes of the negative-sign and positive-
sign signals were -1.67% (median value -0.9%) and 0.48% (median value 0.23%), respectively. 
 
 
 



 
 

Fig. S18. Modeling of cell-sensor mechanical coupling. The cardiomyocyte was simulated by a 
10×10×40 µm3 (H×W×L) box, with the contractile direction along the y-axis (L) and symmetric 
about the central plane y=0. For symmetry, it was assumed that the sensor was in the left half of 
the cell of 10×10×20 μm3, with the boundary condition that the cell plane at y=0 could not move 
in y direction (but could slide in the x-z plane). At the extracellular interface, the cell model was 
excavated at the device region with the surface of the excavation following the geometry of the 
sensor, such that the sensor was in direct contact with cell surface (cell membrane). The cell 
consists of passive and contractile components as introduced previously (66). Linear elastic 
model was used for both components. To simulate the myofibril coverage in cardiomyocyte, the 
contractile component consists of 25 (5×5) cylindrical beam elements (r = 0.5 µm, E = 67 kPa) 
distributed along the cell totaling ~20% of the cell body, and the rest of the box (~80%) was filled 
with passive component (E = 13.5 kPa) (67, 68). Also, a Poisson’s ratio of 0.48 (incompressible) 
was used for both components. The cell contraction was achieved through thermal contraction in 
the beam elements by reducing the temperature (66), which was to mimic sarcomere shortening 
caused by contraction in myofibrils. A contractile ratio of 5-15% in the beam elements was used 
(fig. S22), corresponding to typical value in cardiomyocytes shortening (69). Different contractile 
directions were obtained by rotating the sensor from 0° to 90° in increments of 15°. Finite-
element mesh density of 0.1 – 1 µm was used, with the convergence confirmed by a mesh 
refinement. As additional boundary conditions, no sliding was allowed at the bottom interface 
(cell-substrate and cell-nanowire interface). Also, the front and back surfaces of the cell (x = 10, x 
= 0) were allowed to slide in y-z plane but not in x direction (a frictionless-wall condition). 

The displacements in the nodes of the curved section of nanowire were extracted and 
averaged by Abaqus to obtain the average nanowire displacement (fig. S19). For force, the 
maximal principal stress in the middle point of each element in curved section of nanowire was 
extracted. These values were averaged and multiplied by the cross-sectional area of the nanowire 
to obtain the average cellular force (fig. S22B).  
  

Contractile direction 



 
Fig. S19. Nanowire displacement at the cell-device interface. (A) The average displacement in 
the suspended nanowire during cell contraction with respect to the contractile direction (i.e., 
interfacing angle θ) and contractile ratio (5-15%), revealed by mechanical simulation based on 
the model in fig. S18. (B) Optical images of the rest (left) and contraction (right) states in the 
monolayer of cardiomyocytes cultured on assembled suspended nanowire structures. By aligning 
to one terminal of the SU-8 microbar (yellow curve), the cells showed apparent movement (red 
dashed lines) toward direction indicated by the arrow, whereas the suspended nanowire (white 
dashed line) did not show observable movement. A better comparison can be made with video in 
movie S2. Scale bars, 2 µm.    
 
 
  



 
 
Fig. S20. Image processing for cell-motion analysis (corresponding to Fig. 4c in main paper). 
The vector of relative local displacement for each pixel in the nth frame (∆xn,i,j, ∆yn,i,j) (i, j 
denoting the pixel indices) with respect to its previous neighboring (n-1)th frame was computed 
with Matlab (ver. R2021a; Mathworks) using Farneback method (70). 
(A) Cumulative displacement for each pixel in the nth frame with respect to the 1st frame (cell 
resting state) computed by 𝑥𝑥𝑛𝑛,𝑖𝑖,𝑗𝑗 = ∑ 𝛥𝛥𝑥𝑥𝑛𝑛,𝑖𝑖,𝑗𝑗

𝑛𝑛
𝑛𝑛=2   

(B) Cumulative displacement for each pixel in the nth frame with respect to the 1st frame 
computed by 𝑦𝑦𝑛𝑛,𝑖𝑖,𝑗𝑗 = ∑ 𝛥𝛥𝑦𝑦𝑛𝑛,𝑖𝑖,𝑗𝑗

𝑛𝑛
𝑛𝑛=2  

(C) Amplitude of cumulative motion for each pixel computed by 

      𝐷𝐷𝑛𝑛,𝑖𝑖,𝑗𝑗 = �𝑥𝑥2𝑛𝑛,𝑖𝑖,𝑗𝑗 + 𝑦𝑦𝑛𝑛,𝑖𝑖,𝑗𝑗
2 = �(∑ 𝛥𝛥𝑥𝑥𝑛𝑛,𝑖𝑖,𝑗𝑗)2 + (∑ 𝛥𝛥𝑦𝑦𝑛𝑛,𝑖𝑖,𝑗𝑗)2𝑛𝑛

𝑛𝑛=2
𝑛𝑛
𝑛𝑛=2  

(D) Vector map of cumulative motion.  
The angle 𝜃𝜃𝑛𝑛 of each vector in the nth frame computed by 𝜃𝜃𝑛𝑛 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑛𝑛(

∑ 𝛥𝛥𝑦𝑦𝑛𝑛,𝑖𝑖,𝑗𝑗
𝑛𝑛
𝑛𝑛=2

∑ 𝛥𝛥𝑥𝑥𝑛𝑛,𝑖𝑖,𝑗𝑗
𝑛𝑛
𝑛𝑛=2

). The 

average angle 𝜃𝜃𝑛𝑛 of the vectors in the nth frame, which characterizes the angle between cell 
contraction and the nanowire axis, was computed by:  
𝜃𝜃𝑛𝑛 =

∑ 𝐷𝐷𝑛𝑛,𝑖𝑖,𝑗𝑗×| 𝑡𝑡𝑡𝑡𝑛𝑛−1(𝑦𝑦𝑛𝑛,𝑖𝑖,𝑗𝑗/𝑥𝑥𝑛𝑛,𝑖𝑖,𝑗𝑗)𝑖𝑖,𝑗𝑗 −𝜙𝜙|

�∑ 𝐷𝐷𝑛𝑛,𝑖𝑖,𝑗𝑗
2

𝑖𝑖,𝑗𝑗

,                                       

where 𝜙𝜙 is the angle of nanowire axis with respect to the x axis. For symmetry, a range of 𝜃𝜃𝑛𝑛≤ 90 ̊
was considered. The pixel indices (i, j) cover the device region.  
  



  
Fig. S21. Statistics (N=15) in electrical sensing signals from mechanical cellular response. (A) 
Additional representative electrical sensing signals (top) and optically tracked average amplitude 
(𝐷𝐷) of cellular motion at the device region. (B) Statistics of the comparison of the contractile time 
span between optical imaging (Toptical) and electrical recording (Telectrical). The results show that the 
electrical recordings from the nanotransistors can reliably track the contractile dynamics. (C) 
Statistics of the average 𝜃𝜃  (i.e., cell contractile direction with respect to nanowire axis) in 
different devices. The results showed a consistent trend that the electrical recordings showed 
negative signs for 𝜃𝜃 > 25° and positive signs for 𝜃𝜃 < 25°.  
  



 
Fig. S22. Predictive force measurement from electrically recorded signal. Mechanical 
information (e.g., force) may be revealed from the electrically recorded signal, if a cell-nanowire 
interfacing angle θ is revealed by optical imaging. Note that this one-time optical registration can 
be still advantageous compared to full optical characterizations that require the continuous 
monitoring. The predictive force measurement is described as follows.  

(A) The net strain experience in the Si nanowire, 𝛥𝛥𝛥𝛥, is revealed by mechanical simulation 
under different cell contractile ratios (e.g., 5-15%) and θ. The transition angle at which ε∆  
changes sign is largely independent of the contractile ratio and has an average value of 25.0 ± 
0.9°. The net strain can be readily related to the recorded electrical signal (𝛥𝛥𝛥𝛥/𝛥𝛥 ) as 𝛥𝛥𝛥𝛥 =
(𝛥𝛥𝛥𝛥/𝛥𝛥)/𝑔𝑔, where 𝑔𝑔 (gauge factor) has a revealed value of 7.6 × 102 (fig. S4). (B) The average 
force exerted on the Si nanowire, 𝐹𝐹� , can be also revealed by mechanical simulation under 
different contractile ratios and θ. Simulation details can be found in fig. S18. (C) With 
information in (A) and (B), we can establish a 3D fitting surface by using interpolation function 
griddata() in MATLAB, which can relate contractile ratio, 𝐹𝐹, θ and sensing signal (𝛥𝛥𝛥𝛥/𝛥𝛥). For 
example, each measured value of 𝛥𝛥𝛥𝛥/𝛥𝛥 and θ will define a curve on the fitting surface. The 
intersecting point of the two curves will find the corresponding 𝐹𝐹  value and belonging of 
contractile ratio. Based on the fitting surface and the range of 𝛥𝛥𝛥𝛥/𝛥𝛥 (0.1-10.5%) from electrical 
recordings (fig. S17), the estimated range of measured force is ~3-160 nN. The range is consistent 
with value of 0.1-144 nN revealed in previous study (53).   
  



 
Fig. S23. Home-built current amplifier system. (A) Schematic of the amplifier system, which 
includes a first-stage current amplifier and a second-stage voltage follower to stabilize the signal. 
The amplified/converted signal is captured by a data acquisition system (Digidata 1440A). (B) 
Testing currents (100 μs width, 1 kHz) of 1 nA (left), 3 nA (middle), and 5 nA (right) were 
proportionally amplified to voltage signals. The performance in the amplifier ensures that it can 
capture the biosensing signal in the nA and kHz region.  
  



Table S1. Comparison of field effect transistors used in cell/tissue interfaces. 

 
 
 
  

Devices Channel size 
(W×L) 

Transconductance  
(Normalized 

transconductance) 
 

Signal-
to-noise 

ratio 

Detected Signals Ref. 

Bottom-up planar Si nanowire ~0.03×2.3 μm2 2.05 µS⸱V-1 

 (~70 µS⸱V-1⸱µm-1) 
~3 Cardiomyocyte  

action potential 
36 

Top-down planar Si transistor 0.36×12 μm2 4.5 ± 0.5 µS⸱V-1 
(12.5 ± 1.4 µS⸱V-1⸱µm-1) 

~7 Cardiomyocyte  
action potential 

37 

Bottom-up graphene transistor 60×60 μm2 ~2 mS⸱V-1 
(~33 µS⸱V-1⸱µm-1) 

~3-50 Neuron  
action potential 

38 

Bottom-up graphene transistor 20×10 μm2 ~4 mS⸱V-1 

 (~200 µS⸱V-1⸱µm-1) 
~19 Cardiomyocyte  

action potential 
39 

PEDOT:PSS electrochemical transistor ~20×50 μm2 12 mS⸱V-1 
(~600 µS⸱V-1⸱µm-1) 

3-7 Cardiomyocyte  
action potential 

40 

PEDOT:PSS electrochemical transistor 95×30 μm2 ~8 mS⸱V-1 
(~84.2 µS⸱V-1⸱µm-1) 

~18 Cardiomyocyte  
action potential 

41 

2,8-Difluoro-5,11- 
bis(triethylsilylethynyl)anthradithiophene 
organic transistor 

2 cm×30 μm ~ 20 µS⸱V-1 

(~1 nS⸱V-1⸱µm-1) 

3-4 Cardiomyocyte  
action potential 

42 

3D Si nanotransistor  ~0.03×20 μm2 2.9 ± 0.7 µS⸱V-1 
(97 ± 23 µS⸱V-1⸱µm-1) 

3-8 Cardiomyocyte action 
potential + mechanical 

contraction 

This 
work 



Table S2. Comparison of piezoelectric sensors used in tissue interfaces.  
 

Materials Gauge factor Device size Force resolution Ref. 
Carbon composites 2.6 ~4×8 mm2 > 1 µN 30 
Gold film 0.6 ~3×5 cm2 ~70 nN 31 
Si film 10-40 ~20×20 μm2 ~0.1 nN 32 
Cracked metal film  ~100 ~0.3×1 cm2 ~10 nN 33 
Gold film 2.7 ~0.4×0.5 mm2 > 1 µN 34 
3D Si nanotransistor  ~760 ~0.03×20 μm2 ~33 pN This work 

 
 
 
 
Other Supplementary Material for this manuscript includes the following: 
 

Movie S1.  
Synchronized contraction of monolayer cardiomyocytes cultured on the device. 
 
Movie S2.  
Displacement in the suspended Si nanowires interfaced with cardiomyocytes. 
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