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Graphical Abstarct

We report innovative scalable, vertical, ultra-sharp nanowire arrays that are individually 

addressable to enable long-term, native recordings of intracellular potentials. Stable amplitudes of 

intracellular potentials from 3D tissue-like networks of neurons and cardiomyocytes are obtained. 
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Individual electrical addressability is necessary for high-fidelity intracellular electrophysiological 

recordings. This study paves the way toward predictive, high-throughput, and low-cost 

electrophysiological drug screening platforms.
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Intracellular access with high spatiotemporal resolution can enhance our understanding 

of how neurons or cardiomyocytes regulate and orchestrate network activity, and how 

this activity can be affected with pharmacology or other interventional modalities. 

Nanoscale devices often employ electroporation to transiently permeate the cell membrane 

and record intracellular potentials, which tend to decrease rapidly with time. Here, 

we report innovative scalable, vertical, ultra-sharp nanowire arrays that are individually 

addressable to enable long-term, native recordings of intracellular potentials. We report 

electrophysiological recordings that are indicative of intracellular access from 3D tissue-like 

networks of neurons and cardiomyocytes across recording days and that do not decrease to 

extracellular amplitudes for the duration of the recording of several minutes. Our findings 

are validated with cross-sectional microscopy, pharmacology, and electrical interventions. 

Our experiments and simulations demonstrate that individual electrical addressability 

of nanowires is necessary for high-fidelity intracellular electrophysiological recordings. 

This study advances our understanding of and control over high-quality multi-channel 

intracellular recordings, and paves the way toward predictive, high-throughput, and low-cost 

electrophysiological drug screening platforms.
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1. Introduction

Reliable intracellular electrophysiological access of neurons is essential to properly measure 

and interrogate the ionic conductances that underscore neuronal activity. The gold standard 

technique for intracellular recordings is whole cell patch clamp electrophysiology, which 

has revolutionized our understanding of the neuronal dynamics of individual excitable cells. 

A typical patch clamp recording trace[1] and simplified circuit model of the patch pipette-

neuron interface shown in Figure 1a, where high coupling coefficient and large dynamic 

range is observed through leak-tight, Giga-ohm seal interface between the pipette and the 

cell membrane. In patch clamp electrophysiology, access to the intracellular currents and 

potentials are obtained at the cost of the health of the cell; most intracellular recordings 

obtained with patch clamp are extremely labor intensive and provide less than 30-60 

minutes of data.[2-4] Instead, evolving technological advances include vertical, nanoscale 

interface electrodes which are widely utilized to allow intracellular access and recording, 

with varied structures and interface coupling strategies such as membrane penetration, 

engulfment, electroporation, and optoporation.[5-17] These techniques can scale intracellular 

electrophysiological recordings to a large number of cells in extended networks with high 

spatial resolution. Additionally, due to their nanoscale size, they are minimally destructive 

and are envisioned to extend the recording duration for days to weeks, all while maintaining 

the high sensitivity comparable to that of patch clamp recordings. However, most state-of-

the-art vertical nanoelectrodes are required to actively deliver electroporation currents to 

temporarily and destructively permeate neuronal membranes to have intracellular access. 

Unfortunately, that process is also accompanied with large, irreversible micrometer-scale 

gas bubble formations[5-7] due to water electrolysis at the surface of the high-impedance 

nanoelectrodes.

One successful example of the vertical electrode type is the μm-scale gold mushroom-

shaped micro-electrode pillar arrays. The gold mushroom arrays demonstrated intracellular 

“in-cell” recordings with proper engulfment of the electrodes by the target cell membrane 

with a short electroporation pulse.[7] Xie et al.[8] similarly utilized electroporation with 

their sub-100 nm, 4x4 platinum nanopillar pad arrays to achieve intracellular action 

potential (AP) recordings that yielded maximum potentials of 11.8 mV post-electroporation, 

but which eventually attenuated to 30% of the initial amplitude after 2 minutes and 

to 1% after 10 minutes reaching an extracellular potential of 200 μV. Abbott et al.[10] 

attained intracellular recordings by electroporation from arrays composed of 4096 sites 

built atop complementary metal-oxide semiconductor (CMOS) acquisition electronics. 

Each electrode contact was composed of nine nanowires coated with low-impedance 

platinum-black which reduced bubble formation during electroporation. To eliminate the 

often-uncontrolled destructive process of electroporation, others have used nanowires to 

mechanically puncture the cell membrane to achieve intracellular recordings.[9, 16-17] 

Zhao et al.[17] gained intracellular access with their nanowire field-effect transistor into 

both neuron and cardiomyocytes in culture by probing the cells with an U-shaped 

15-nm-diameter Si nanowire. Other nanostructures than 1D nanowires have also been 

investigated for intracellular recordings. Desbiolles et al.[11] achieved passive intracellular 

recording with their novel 3D nanovolcano structure comprising of sub-20 nm nanoring. 
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The aforementioned advances have demonstrated intracellular recordings with either 

cardiomyocyte cells or neurons. Neuronal recording is more challenging because unlike 

cardiomyocytes, most neurons do not have regular, periodic firing, and also have 

interspersed axons that result in different waveform and potential dynamics based on the 

electrode and cell interface locations.[13] Furthermore, neurons possess relatively softer 

elastic characteristics and lower stiffness that require more contact forces to penetrate 

their membranes.[18-19] Of the vertical nanoelectrodes, ultra-sharp nanowires (USNWs) 

hold the most promise for recording intracellular potentials[20-25] and subthreshold synaptic 

potentials.[26] Generally, decreasing the NW tip diameter and increasing the NW height 

allows easier intracellular access via penetration.[19, 27-28] Using Si NWs with tip diameters 

as small as 60 nm, we recorded in vitro from mouse hippocampal neurons APs with 

amplitudes up to 99 mV in AP, a similar magnitude to that recorded with patch clamp, 

and with subthreshold sensitivity.[26] These potentials were recorded with a Tucker-Davis 

Technologies electrophysiological recording system using their MZ60 microelectrode array 

(MEA) interface with vertical NW array platform.[26] Using the same recording system with 

our USNWs subject of this work and the same mouse hippocampal neurons, we have also 

recorded APs with peak-to-peak amplitudes of 106 mV (Figure 1b). As illustrated in Figure 

1b and further discussed in this work, APs recorded with NWs exhibit temporal broadening 

compared to APs recorded with patch-clamp due to increased time constants that arise 

from parasitic capacitances and large electrochemical interfacial impedance between the 

NW electrode and the intracellular medium, consistent with prior results.[6, 17, 26] To obtain 

reliable recordings from USNW arrays, we used a recording setup we have successfully 

implemented in recording electrophysiological activity from intact brains in birds,[29-30] 

rodents,[30-32], non-human primates,[30] and humans.[33-37] The maximum potentials that 

can be recorded with this setup using amplifiers from Intan Technologies LLC is ±6.4 

mV. Therefore, the recorded action potentials for most of the measurements reported 

in this work are truncated at 6.4 mV. Despite these instrumentational shortcomings, we 

demonstrate that USNWs yield higher fidelity in intracellular recordings from neurons 

and cardiomyocytes than any prior nanoscale devices and illustrate with experiments and 

modeling that individual electrical addressability is an essential precursor for obtaining a 

large dynamic range in these recordings, a design flaw in prior work that used nanowires to 

interface with neurons and cardiomyocytes.

2. Results and Discussion

We demonstrate a scalable, silicon-based USNW array interface system that natively 

permeates cell membranes and records intracellular APs from cultured rat cortical 

neurons and from induced pluripotent stem cell (iPSC)-derived cardiovascular progenitor 

cells (iPSC-CVPCs). Critically, these intracellular recordings are achievable without 

electroporation. Each contact is composed of a small footprint metallic pad with a diameter 

of 2 μm, addressing an individual USNW electrode. We observed significantly higher peak-

to-peak signal amplitude from recordings with a single USNW compared to those from 

multiple USNWs, demonstrating the importance of independent electrical addressability for 

recording high amplitude intracellular potentials.[26] Using sequential focused ion beam 

(FIB) sectioning to reveal the NW-neuron interface, we assessed the relative position of our 
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metal-coated USNW tips with diameters in the range of 30 – 70 nm with respect to the 

neuronal cells. Significantly, we detected graded membrane potentials prior to the recorded 

APs from three-dimensional (3D) multi-layered ‘tissue’ like neuronal networks, justifying 

the innate ability of our USNWs to record subthreshold potentials, and pharmacologically 

modulated network activities. Our recordings were not affected by the maturation of 

the primary culture and glial proliferation, as we achieved high quality recordings from 

cultured primary rat cortical neurons up to 19 days in vitro (DIV). We also observed 

clear AP propagation in cardiac networks that can be interrogated by electrical stimulation. 

Our USNW platform development and their remaining limitations are discussed in detail, 

uncovering the promise of USNW-neuron interfaces and the challenges set forth to fulfill 

their full potential.

2.1. Fabrication of USNW Arrays

To achieve sub-10 nm vertical USNW arrays, we employed successive and selective 

oxidation and etching of top-down etched Si USNWs on a Si substrate, invoking standard 

integrated circuit fabrication technologies in innovative combinations. Figure 2 and Figure 

S1- S6 exhibit details of the fabrication process. Our process involves the dry etching of Si 

USNW arrays followed by selective oxidation and oxide etching to thin down the NW tips, 

and the electron-beam lithography and photolithography to attain individually addressable 

USNW arrays as illustrated in the process schematics (Figure S1). Achieving sub-10 nm 

diameter USNW tips involves multiple selective oxidations and oxide stripping steps (Figure 

2b-f), which yield a fully oxidized Si NW with a smooth surface morphology (Figure 2g). 

Typical cycles of oxidation and stripping include 10 min – 2 hours of thermal oxidation 

at 1100 °C and 10 sec – 2 min of buffered oxide etch. To achieve electrical insulation in 

between individual USNWs, a final oxidation step is used to fully react with the Si NW and 

the surface of the substrate. The resulting SiO2 USNW is then selectively coated with a Pt 

metal layer (Figure S3) and a blanket plasma enhanced chemical vapor deposition (PECVD) 

step is used to deposit 500 nm thick SiO2 passivation layer above the metal leads which is 

then selectively etched to expose the NW tip (Figure 2b and Figure S4).

Our first set of devices with 300 nm PECVD deposited SiO2 layer was not sufficient to 

passivate and prevent the delamination of the 10 nm Cr/100 nm Au metal interconnects 

in in vitro cell culture after 14 days (Figure S5a-c). We added a 10 nm thin Ti layer atop 

the Cr/Au metal leads to promote the adhesion between thinly formed TiO2 layer and the 

PECVD deposited SiO2 layer on top of the 10 nm Ti layer, and increased the thickness 

of the SiO2 layer to 500 nm. Accelerated aging experiments by submerging the device 

into saline solution at 60 °C for three days, equivalent of 15 days at 37 °C, demonstrated 

robustness of the platform against delamination (Figure S5d, e).

Deposited PECVD oxide layers that had a root-mean-square (rms) surface roughness of less 

than one nm were too smooth to promote neuronal cell culture adhesion even under the 

presence of adhesion promoters such as PEI or Matrigel.[38-39] We calibrated the surface 

roughness of SiO2 (thermally grown and PECVD deposited, Figure S6), and found that 

the rough surface with rms roughness of 2 - 5 nm promotes the cell adhesion according 

to our initial cell culture experiments. In addition to the SiO2 passivation, we added a 500 
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nm thick parylene C layer and roughened its surface with O2 plasma treatment (Figure 

S7; rms roughness of 7nm), resulting in better cell viability in comparison to the bare 

SiO2 surface. The mechanism for this increased cell viability is thought to arise from the 

inherent nanoscale surface roughness of parylene C and its stable hydrophilic surface for cell 

adherence after plasma treatment.[40]

Devices passivated with additional parylene C coating were used in our experiments. A 

picture of the overall packaged device is shown in Figure S8. The optimized surface 

materials and roughness were found to help neurite growth (Figure S12) and neuronal and 

cardiac network formation on the USNW array platform (Figure S13-17).

Figure 2j shows representative top-view scanning electron microscope (SEM) images of 

the cultured rat cortical neurons on the surface of our devices. We observed the formation 

of continuous layers (Figure S14a,b) and of satellite neuronal clusters (Figure S14c,d). 

FIB sectioning revealed that the cultured neurons exhibit multi-layer structure (Figure 2k 

and Figure S15: non-colorized SEM image) with extensive neurite connection that suggest 

excellent cell viability on parylene C-coated vertical USNW arrays. FIB-sectioning in the 

USNW array region illustrated that the USNW tip resides inside the neuron soma as shown 

in the time-sequenced SEM images (Figures 2m-o and Figure S16: non-colorized SEM 

images). While the resolution of these SEM images does not conclusively rule out that the 

USNW is indeed inside the soma, these images coupled with the recorded and relatively 

significant intracellular potentials support our hypothesis of intracellular access.

As fabricated, the USNWs exhibit impedances exceeding 10 MΩ at 1 kHz (Figure S9) 

that limit a stimulation current to several nanoamperes to avoid electrolyzing water 

(Figure S11a,c). However, in silent or moderately active recording, we don’t know a 
priori which USNWs are capable of intracellular stimulation. To enable extracellular 

current stimulation at the periphery of the USNW array, we selectively coated poly(3, 4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) on selected USNWs (Figure 

S10) which reduced the electrode impedance by ~ 50X and enabled microampere levels 

of current to stimulate without causing water electrolysis (Figure S11b,d). However, for all 

recordings in this manuscript, we did not use the PEDOT:PSS for stimulation. We stimulated 

the USNWs for 20 to 40 cycles of 10 nA, 500 μs current pulses injected by a 128-channel 

Intan RHS2000 stimulation controller and subsequently recorded the electrophysiological 

activity with the USNWs for several minutes post stimulation (see Supplementary Materials 

Section 5). Each tested device consisted of four arrays, 32 channels each, with a USNW 

pitch of 5, 10, 30, and 70 μm (Groups A, B, C, and D, respectively, Figure S4a-d).

2.2. In vitro Culture Recordings

2.2.1. Recordings from Rat Cortical Neurons—Multiple in vitro cultures from 

dissociated rat cortical neurons were recorded starting at 7 DIV. Recordings performed from 

11 to 19 DIV exhibited diverse characteristics of biphasic and positive monophasic APs 

(Figure 3a-h). The raw signals show peak-to-peak amplitudes ranging from approximately 

500 μV to 1 mV and upwards towards 10 - 12 mV. The maximum recorded potentials 

were truncated by the Intan amplifier recording limit of ±6.4 mV. Using USNW arrays 

with a different type of recording system, we have previously recorded isolated APs with 
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99 mV amplitude;[26] it is likely that the maximum amplitudes of the AP reported in 

this work exceed the ±6.4 mV limits of our recording system. The diverse waveform 

characteristics on adjacent channels at 11 DIV (Figure 3a) illustrate minimal cross-coupling 

in between channels in our USNW arrays. We demonstrate representative recordings from 

all 32 channels in group B (single array with 32 USNWs at 10 μm pitch) from 11 to 19 

DIV (Figure 3 a-h). At earlier than 11 DIV (Figure 3a), we only observed a limited number 

of USNWs with intracellular activity (15/32 channels, determined by the amplitude and 

waveforms being recorded by each channel over 240 s). Starting from 13 DIV and onwards 

towards 19 DIV, almost all channels exhibited similar intracellular waveforms (31/32, 32/32, 

and 31/32 channels respectively for 13, 15, and 19 DIV), indicating synchronous AP firing 

and intimate, intracellular USNW-neuron interfaces. Development of multi-layered neural 

networks is observed directly by gradual increase in spike frequency with the neurons 

getting mature (Figure 3d,f,h and Figure S25b-d) and the evolution of cross-correlation 

between the channels from low to high synchrony (Figure S25e-h). The synchronized 

neuronal activity is a common phenomenon in neuronal cultures with multi-electrode 

arrays[41] and is related to the stage of neuron development and the neuron-glia interactions,
[41-42] and plays a crucial role in complex brain function and neurological diseases.[43-45] 

The observed spike synchronicity likely originated from our multi-layered, largely neuronal 

cultures (Figure S12) with reduced isolation between neurons by glia and without the 

in vivo molecular heterogeneity composed of extracellular matrices that usually result in 

heterogeneity in firing in the brain. Thus, 13 and 15 DIV traces show two or multiple 

continuous spikes. Clear variance in spike counts across 32 channels in Figure 3g at 19 

DIV and the evident variations in graded subthreshold potentials before AP spikes in Figure 

3i confirm non-shorted, strong intracellular USNW-neuron interfaces across the recorded 

channels. This is further corroborated with evidence presented in this work that shorted 

nanowires must exhibit small AP amplitudes (Figure 5). By taking the difference in the spike 

counts (across the recording duration of 240 s) measured from each channel at 13, 15, and 

19 DIV to the spike counts of the same channel at 11 DIV, a contour map across the USNW 

placement is obtained (Figure 3k and Figure S19): for longer culture duration, we observed 

expansion of contour regions from 13 to 19 DIV, signifying an increase in regions of spike 

activities from few local areas towards the majority of the USNW array. Between different 

recording days, channels observed shift in USNW-neuron interface conditions (visibly seen 

for channels 12 and 4 respectively in Figure 3c,g), corresponding to either neuron movement 

during culture or medium changes between days, which thereby may have exposed the 

particular USNWs to the culture medium. A representative channel of 7 s recording segment 

exhibiting significant intracellular-like APs is shown in Figure 3b,d,f,h across 11 - 19 DIV.

In addition, the electrophysiological activity can be strongly modulated by pharmacological 

intervention. On 7 DIV, the addition of the GABAA receptor antagonist picrotoxin (PTX; 33 

nM) gradually increased the frequency and the amplitude of APs, consistent with the loss 

of GABAergic inhibition (Figure 3s). In contrast, we found that the addition of the sodium 

channel blocker tetrodotoxin (TTX; 1 nM) suppressed firing (Figure 3t). To quantitatively 

evaluate the effect of pharmacological intervention, we implemented an auto-thresholding 

algorithm[46-48] on the high-pass filtered recorded waveforms from 32 channels, with a 

criterion of positive/negative threshold of amplitudes above standard deviation values of the 
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baseline oscillation by 4 – 6.5 σ. As expected, the addition of PTX increased the spike 

frequency against the baseline recording (Figure 3v) and the application of TTX decreased 

the spike firing rates (Figure 3w). The change of electrophysiological activity after the 

drug applications lagged for both PTX and TTX, most likely due to the inherent delay 

arising from diffusion time of the applied drug molecules through overlaying neuronal 

layers (Figure 2k) to reach the bottom-most layer of recorded neurons. Additionally, on 

8 DIV, another pharmacology modulation study was performed to validate that the pre-

spike activities observed at Figure S18c-e were excitatory postsynaptic potentials (EPSPs). 

Starting from baseline recording with clear AP activities (Figure 3l, o), solutions of 

cyanquixaline (CNQX; 7 nM), D-(−)-2-Amino-5-phosphonopenatanoic acid (D-AP5; 33 

nM), and picrotoxin (PTX; 33 nM) were added to respectively block AMPA, NMDA, 

and GABAA receptors. Following their applications, there were clear decrease in AP and 

pre-potential activities, as shown in Figure 3m, p and with noticeable reduction in spike 

frequency as shown in Figure S21g-i. After washout, the AP and pre-spike activities recover 

(Figure 3n, q), signifying that the pre-spike activities observed previously were most likely 

EPSPs.

Overall, we observed more than 46,000 intracellular AP spikes from the rat cortical neurons 

across 11 – 19 DIV on the 32 channels of group B. The longest recording segments with 

continuous, intracellular activities were approximately 6 minutes (Figure 3j and Figure 

S25). Our measured APs retain their amplitudes and shapes over the duration of the 

recording (Figure 3j and Figure S18). The histogram of the interspike interval (Figure S18c) 

reveals variability in spike bursting and an exponentially decaying tail, corresponding to AP 

refractory periods and spike triggering from random processes, alternating between resting 

and spiking phases. The mean and mode of the interspike intervals (Figure S18g) range from 

500 to 700 ms. For a long recording segment at 11 DIV (Figure S18a), in the first 2 s time 

snippet (Figure S18b), we observed multiple lower-amplitude spikes within the dampened 

and broadened temporal response of the USNW array. Such spikes likely correspond to the 

superposition of high frequency AP spikes that are faster than the temporal response of the 

USNW array and in some recordings appeared at a small time offset from the peak of the 

AP (e.g., Figure 3h). For this channel, the spike rate was then modulated and was terminated 

at ~ 210 s. Smaller amplitude potentials that were recorded prior and within the spike trains 

appear after the 210 s (Figure S18f).

Given that our recording setup is limited to measuring amplitudes below 6.4 mV, we 

assessed the temporal spread of the waveforms, because it is well established in USNW 

recordings that longer AP durations are associated with larger AP amplitudes. We compared 

AP spikes above and below 5 mV, considering that the best amplifier linearity for the 

Intan amplifier is found was between −5 and 5 mV. Below 5 mV, the temporal spread 

has a distribution centered around 50 ms whereas those above 5 mV exhibited a temporal 

spread centered around 75 ms (Figure S20a), further suggesting the high sensitivity of 

our intracellular USNWs. There is a noticeable distribution difference in the spike width, 

providing evidence the signals were indeed clipped and with recording system with greater 

limits, the amplitude would have been larger than what was recorded.
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2.2.2. Recordings from iPSC-derived Cardiovascular Progenitor Cells—We 

further investigated the capabilities of our USNW array platform in recording intracellular 

and network-level activity in vitro in iPSC-derived cardiovascular progenitor cells (iPSC-

CVPCs)[49] with the culture procedures detailed in the Supplementary Materials Section 

3.2. Figure 4a shows voltage traces for 52 channels of two separate arrays (out of 64 total 

channels, 32 channels per array) recorded from the iPSC-CVPCs at day 34 of differentiation 

(5 DIV on USNW platform). The zoom-in plot of single spikes across the array (Figure 4b) 

shows a clear peak time delay revealing tissue-wide propagation of APs, afforded by the 

high temporal resolution of the recording (0.033 ms for sampling rates at 30 kS s−1). Similar 

to the electrophysiological recordings from neurons, significant intracellular amplitudes 

from the iPSC-CVPCs were also recorded for the overall duration of the experiment. 

The maximum voltage amplitudes of the APs are clipped at 6.4 mV in our Intan setup 

(Figure S22); however, with the TDT system with its PZ5 Neurodigitizer with ±500 mV 

amplifier input range, we were able to record AP with a maximum peak-to-peak voltage 

of 60 mV (Figure 4e). The maximum voltage amplitudes of the representative channel 

at Figure 4c shows consistent firing with no amplitude decay during a 372 s recording 

time (beating interval of 2.05 s; Figure 4c,d). The iPSC-CVPCs’ recorded APs exhibit 

atrial-like intracellular attributes with minimal plateau phase, shorter durations, and higher 

spontaneous beating rates compared to ventricular-like APs.[50] We measured the time 

difference between the AP duration at 30% to 40% repolarization (APD30-40) and the 

time difference between APD70 to APD80 (APD70-80), and then the calculated ratio of 

APD30-40/APD70-80 is close to unity (Figure 4d), evidencing that the recorded shape 

is that of atrial-like quality. Furthermore, our iPSC-CVPCs cell line show atrial-like cell 

phenotype verified by immunofluorescence staining images from our past works.[49, 51] At 

the early stage of the iPSC differentiation, not all the ion channels are expressed; thus, 

the CMs cannot show signals as conveyed from mature CMs, such as ventricular-like 

signals with longer duration; rather, CMs at the early stage of the iPSC differentiation 

have demonstrated to have shorter APD.[52] In recent research by Zhang et al.[53] regarding 

iPSC-CMs differentiation with nearly identical cell type, cell age (D35), and protocol, 

atrial-like CM signals were recorded via patch clamp, with similar atrial-like AP shape and 

duration as our recorded iPSC-CVPC AP. Importantly, cells even at D60 derived in the same 

protocol have shown similar, atrial-like AP properties.[53]

Our USNW platform enabled us to natively record significant intracellular potentials, 

demonstrating network-level intracellular recording from the tightly connected in vitro 
cultured iPSC-CVPCs 2D tissues (Figure S17) covering two arrays of USNWs. We viewed 

the difference of the activation time across channels at the same time point (Figure 4f), 

and we mapped the AP propagation patterns across the two arrays at different time 

points before (at 0.57 s and at 75.06 s) and after (at 238.76 s and at 350.15 s) electrical 

stimulation (Figure 4g-j, and Figure S23,24). Two intracellular recordings before electrical 

stimulation (at 0.57 s and at 75.06 s) show AP propagation from left to right. We used active 

electrical stimulation and mapping capabilities to illustrate spatial modulation of the AP 

propagation direction within cardiac tissues. Specifically, a USNW–cardiac tissue sample 

with the original pacemaker foci located at channel No. 32 (Figure 4g) was sequentially 

paced by stimulator electrodes located at channel No. 52 (see Figure S24c). After electrical 
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stimulation, the activity was synchronized across all channels (Figure 4i, 238.76 s) and 

then reversed propagation direction from right to left (Figure 4j, 350.15 s). The new AP 

propagation direction starts from the simulated electrode of channel No. 52 (see Figure 

S24c). The biphasic-pulse stimulation peak width, amplitude and frequency were 0.5 ms, 

10 nA and 1 Hz, respectively, applied for 10 s. The results presented here show high-

spatiotemporal-resolution electrophysiological mapping and simultaneous interrogation in 

cardiac tissues for control of cardiac activity, and offer the potential to affect several areas 

of cardiac research including in vitro models for drug-screening, and patient specific models 

related to cardiac differentiation from progenitor cells or stem cells into damaged tissues 

with integrated self-mapping and self-modulation functionality.

2.3. Performance from Individual Addressability of USNWs

2.3.1. Amplitude Comparison between Numbers of USNWs per Channel—
Finally, we explored the benefit of conducting recordings with individually electrically 

addressable USNWs. The same fabrication process was implemented for USNW electrodes 

with 16 and 625 USNWs shorted on a single pad/channel (Figure 5a,c,e). Rat cortical 

neurons were simultaneously cultured on the three types of samples and they were all 

recorded from 11 DIV to 19 DIV. Sample recording traces for 10 s are shown for single 

USNW (Figure 5b), 16 USNWs (Figure 5d), and 625 USNWs (Figure 5f), where we 

observed the highest recorded APs with graded subthreshold potentials from the sample 

with an individual USNW per channel. The amplitude of the recorded potentials decreased 

with the increase of the number of USNWs per channel. To quantitatively assess the 

amplitudes of the recorded APs with respect to the number of USNWs per channel, we 

plotted the histogram of the peak-to-peak amplitudes in a semi-log scale (Figure 5g). We 

selected channels exhibiting high amplitude signals (15 to 32 out of 32 channels for single 

USNW, 27 out of 32 channels for 16 USNWs, 30 out of 64 channels for 625 USNWs 

from 11 to 19 DIV), and compared amplitude distribution with a similar number of detected 

spikes (2133 spikes, randomly truncated without repetitions from a total of around 6000 

detected spikes, from one channel for single USNW, 2133 spikes for 16 USNWs, and 1773 

spikes for 625 USNWs). As with pharmacological drug-modulated data analysis, spikes 

were sorted through an auto-threshold algorithm with bipolar thresholds (Supplementary 

Materials Section 6). The resulting amplitude distributions for different number of USNWs 

per site were disparate from one another: as the number of USNWs per site decreased, the 

distribution of peak-to-peak amplitude increased (Figure 5g). The amplitude distributions 

were centered around approximately 4 mV and 9 mV, 500 μV and 2 mV, and 60 μV 

and 300 μV for 1, 16, and 625 NWs per channel, respectively. The different amplitude 

distributions indicate variability in the capability of each type of USNWs for recording 

intracellular potentials. However, the plots together with the exhibited potential waveforms 

clearly demonstrate that individual USNWs per channel yield the highest amplitude APs and 

can record subthreshold potentials. Neither of these attributes can be clearly discerned from 

the recordings made with 16 and 625 USNWs per channel.

2.3.2. Small Signal Circuit Modeling—The circuit models presented in Figure 5h-i 

demonstrate a critical design flaw with placing multiple USNWs on a single recording 

channel, wherein the intracellular potential can be electrically shorted to the grounded 
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extracellular potential. This model builds off the simulations done by Hai et al. [54] by 

investigating the effects of having a portion of the USNWs penetrate a cell body, while 

the remaining USNWs remain extracellular. The details of this model are discussed in the 

Supplementary Materials Section 7. Using measurements of transmembrane current during 

an AP to ground our models, we simulated the relevant signal paths for several situations. 

We first modeled the ideal case where a single USNW penetrates the cell membrane and 

forms a tight seal. We then modeled the effects of adding up to five additional extracellular 

USNWs on the same recording channel. The resulting potential waveforms shown in Figure 

5i demonstrated a maximum signal amplitude for the single USNW case and a decrease 

in amplitude as we increased the number of extracellular USNWs. Furthermore, when we 

plotted the ratio of the peak intracellular potential over the peak potential seen by the 

amplifier (a proxy for signal gain), denoted as the coupling coefficient,[54] we saw that this 

coefficient decayed exponentially with increasing number of extracellular USNWs (Figure 

5k). To develop intuition on the frequency-dependent signal distortion, we computed the 

ratio of pulse widths of the simulated signal at the input to the amplifier over that of the 

potential inside of the cell, which we denoted as a temporal spreading coefficient (Figure 

5k). These modeling results agree well with the experimental results (Figure 5a-g).

3. Limitations

There are three main experimental limitations in this study: The first being that our 

experimental setup requires recording outside the cell culture incubator, where the duration 

of the recording is limited to several minutes before returning the devices to the 

incubator in order to maintain constant temperature CO2 concentration and pH levels 

and to avoid contamination,[55-56] thereby excluding our ability to assess the longitudinal 

intracellular recording capacity. This could be tested using cell culture methods compatible 

with an ex-incubator environment, e.g., HEPES-buffered media and a heated recording 

platform. Further, sample movements inside and out of the incubator could also alter 

the USNW-neuron interface to positively or negatively affect the recordings (provide 

intimate, intracellular interface or expose USNW to culture medium without neuron 

interface respectively). This limitation can be addressed by performing recordings inside 

the incubator, which has been demonstrated by Abbot et al.[10] The second limitation is 

that our recording amplifiers are designed for extracellular multi-electrode recordings, which 

do not perform parasitic capacitance cancellation, and as a result distorts the temporal 

fidelity of the recordings, broadens and attenuates the recorded waveforms. This could be 

addressed using amplifiers with a wide dynamic range for intracellular recordings from 

thousands of channels, which are available in research labs,[57] where specialized circuits 

can be custom-designed to restore the temporal resolution of the USNWs for known USNW 

and parasitic impedances. Lastly, our fabrication method involved multiple dry oxidation 

cycles to sharpen the USNW tips at 1100 °C, which is not CMOS compatible. We envision 

acquisition integrated circuits to be integrated on the periphery of our USNW arrays rather 

than below them to maintain the capabilities and the advantages that this platform brings 

over the state of the art.
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4. Conclusion

The present study unequivocally demonstrates high yield fabrication process for long 

(> 6 μm) vertical USNW arrays with sub-10 nm tips that are individually electrically 

addressable for electrophysiological recordings of intracellular potentials. This work 

demonstrates that vertical USNW arrays and individual electrical addressability can record 

subthreshold and APs with significant amplitudes by the natural internalization. We mapped 

the neuronal/cardiac intracellular activity at the single cell resolution, observed clear 

synaptic network activity between neurons and cardiac activity propagation in the extended 

networks, manipulated the neuronal activities by pharmacological test, and manipulated the 

cardiac signal propagation direction by electrical stimulation. Using both experiments and 

simulations, we validated that multiple USNWs per single channel reduce the amplitude and 

sensitivity of the recordings compared to single USNW per channel recording. We believe 

that these results underscore a significant advancement in our understanding and control 

over the USNW-neural interface. Novel integration of the USNW with depth probes or 2D 

soft substrate may be applied in vivo for the potential intracellular recordings from intact 

brains. With the demonstrated sensitivity, this platform paves the way for novel scientific 

and technological undertakings that aim to establish large-scale bidirectional biotic-abiotic 

interfaces with intracellular access for drug screening, disease modeling, and beyond.

5. Experimental Section/Methods

5.1 USNW Electrode Design, Fabrication, Packaging, and Characterization:

Our Si USNW platform consists of total of 128 channels divided into 4 subgroups with 

different USNW pitch of 5, 10, 30, 70 μm (Figure S4) to provide a judicious range of 

USNW density to maximize the probability of membrane permeability by changing the 

electrode-neuron interface tension. Generally, narrower pitch requires taller nanoelectrodes 

for effective membrane penetration, which is accounted for with our USNW’s height, 

standing between 6 to 7 μm.[58]

The array fabrication begins with e-beam lithography (EBL) patterning of center dots with 

800 nm diameter and peripheral dots with 300 nm diameter in the resist on the prime-grade 

p-type doped Si substrate (Figure 2a and Figure S1,2). 200 nm of Ni is then evaporated 

and lifted off, forming dot-like arrays that form the etching masks for Si. A SF6/C4F8 

based inductively coupled plasma (ICP)/reactive ion etching (RIE) process is then utilized 

to selectively etch the uncovered Si substrate by 6–7 μm to form vertically standing Si 

nanowires (Figure S1,2). These nanowires initially have flat tips following the planar Ni 

discs. The resulting nanowires are then processed through multiple thermal oxidations and 

buffered oxide etch (BOE) cycles to provide smooth surface, achieve desired tapering 

for robust support, and thin USNW tips as shown in Figure S1,2. Following the USNW 

formation, the whole device undergoes a long, unmasked, thermal oxidation to fully oxidize 

the vertically standing USNWs and the surface of the substrate to electrically isolate all 

USNWs. Subsequently, patterns of USNW electrode and center interconnects are aligned 

and defined by EBL, and 10 nm/100 nm of Cr/Pt are deposited by conformal electron-beam 

evaporation through sample rotation to provide independent electrical addressability for each 

USNW (Figure S3). To avoid electrochemical coupling and corrosion in the culture medium, 
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the metal interconnects were passivated by using PECVD SiO2. Control experiments 

demonstrated that a 500 nm thick SiO2 passivation layer is needed for stable passivation 

against delamination in a wet environment (Figure S5). Additionally, we employed a 500 

nm thick parylene C layer for both passivation and improvement of adhesion of cells and 

substrate. Both the parylene C and the SiO2 layer were selectively etched from the USNW 

tips by recessing a resist layer and employing an O2 plasma etch for parylene C and BOE 

etch for SiO2, exposing the Pt coated USNW tips while the remained of the USNW remains 

unaltered (Figure S6,7). Alongside SiO2, parylene C exhibits excellent mammalian cell 

adhesion properties after proper surface preparation via O2 plasma treatment.[40] For in vitro 
cell culture, the final device is bonded with a culture chamber via polydimethylsiloxane 

(PDMS) application to delineate the region of cell culture interest with the rest of the device. 

Finally, the USNW electrodes are electrically connected with flexible flat cable (FFC) via 

anisotropic conductive film (ACF) bonding (Figure S8). The resulting USNW structure 

is composed of an exposed metal tip and a passivated bottom layer for good electrical 

isolation. The ideal USNW tips are sharpened to sub-10 nm range before conformal metal 

coating with proper masking and optimized etching process (Figure 2i, Figure S1f). Overall, 

USNWs formed consistently throughout the array with uniform electrochemical impedance. 

A representative characterization result of the 128 channel devices showed 100% yield and 

average impedance of 14.95 MΩ at 1 kHz in Figure S9.

5.2. Rat Cortical Neuron Culture on USNW Array Electrodes:

The integration of USNW array electrodes with cells followed immediately from fabrication 

and packaging of the devices, which involved the following steps (steps 1 to 4 were also 

applied before iPSC-CVPCs cultures):

(1) The USNW array device was sterilized by 1) DI water rinse for three times, and 2) 70% 

ethanol for at least 30 min.

(2) The device was washed with phosphate buffered saline (PBS) for three times followed 

by placing 20 μl drop of (0.1% w/v) Polyethylenimine (PEI, Sigma-Aldrich) solution on the 

USNW array and incubating them at 37 °C incubator for 1 hour.

(3) The PEI was aspirated and washed with 500 μl double distilled water (ddH2O) for 4 

times. The device was dried in the incubator for 5 hours/overnight.

(4) A spot of 20 μl laminin (20 μg ml−1, Sigma-Aldrich) was added to the USNW array and 

incubated at 37 °C for 1 hour.

(5) Neuronal cell culture medium (Neurobasal (Thermo Fisher Scientific) +2% B27 

(Thermo Fisher Scientific) +1% P/S (Corning) + 10% FBS) was prepared for plating rat 

cortical neurons on the USNW arrays.

(6) The cryopreserved rat neurons cryovial (from Thermo Fisher Scientific) was removed 

from the liquid nitrogen storage container, warmed in a 37 °C water bath for exactly 2.5 min, 

sprayed the outside with 70% ethanol, wiped dry, and placed in a tissue culture hood.
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(7) The contents of the cryovial were carefully transferred to a 15 mL centrifuge tube 

using a 1 mL pipettor. The inside of the cryovial was carefully washed with 1 mL of room 

temperature neuronal cell culture medium (~1 drop s−1). 3 mL of room temperature neuronal 

cell culture medium was slowly added to the tube (~1-2 drops s−1). The contents were 

carefully mixed by inverting the tube 2-3 times. The total number of cells in suspension was 

determined via hemocytometer count.

(8) The cells were concentrated by centrifuging 1100 rpm for 3 min. Laminin was aspirated 

and 20 μl cell suspension was plated directly on the USNW arrays with the cell density at 

200k cells/array. The USNW devices with seeded neurons were incubated in a cell culture 

incubator at 37 °C, 5% CO2 for 40-50 min. Next, 500 μL of warm Neurobasal medium was 

carefully added to chamber from the side of the device. To avoid adding the medium too 

fast to cause the detachment of the adhered neurons on the USNWs, the USNW devices 

with seeded neurons were put back to the cell culture incubator at 37 °C, 5% CO2 for 

another 35-40 min. Then, another 500 μL of warm Neurobasal medium was carefully added 

to chamber from the side of the device to reach a volume of 1.5 ml per device. Finally, the 

USNW devices with seeded neurons were put back to the cell culture incubator at 37 °C, 5% 

CO2.

(9) On the next day, the medium was changed to Brainphys Complete (Brainphys basal 

medium (Stemcell technologies)+1% N2 supplement (Thermofisher) +2% B27 supplement 

(Thermofisher) +1% Pen/Strep (Gibco/Life Technologies)) with the addition of the 

following supplements: Brainderived Neurotrophic Factor (BDNF, 20 ng ml−1; Peprotech,), 

Glia-derived Neurotrophic Factors (GDNF, 20 ng ml−1; Peprotech), ascorbic acid (AA, 

200 nM; Sigma), dibutyryl cyclic AMP (cAMP, 1mM Sigma) and laminin (1 μg ml−1; 

Invitrogen). Then, half the medium was replaced with fresh medium every other day with 

Brainphys Complete and supplements till 7 DIV, then switched back to Brainphys Complete 

with no added supplements.

5.3. FIB-SEM Characterization of USNW-Neuron Interface:

To precisely investigate the biological interface formed between the USNWs and the 

cultured neurons after the completion of electrophysiological recording sessions, a 

sequential FIB cut was performed to reveal the cross-section of USNW regions after 

appropriate Pt plating for protection from ion-milling damages. The successive FIB cuts 

show both proper engulfment and clear intracellular penetration of the USNW into the 

cultured rat neurons’ soma, which align well to the positive-phase potentials measured 

in our electrophysiological recordings, shown in followed analysis. The intracellular 

nanoelectrode-neuron interface observed here is based on native penetration deriving from 

the ultra-sharp USNW tips, without any additional surface chemical treatments such 

as peptide-modification[59] and widespread electroporation for increased cell membrane 

permeability. The SiO2 USNWs were rigid and free-standing for stable interaction with the 

neurons without any USNW breakage.
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5.4. Neuronal Recording and Pharmacological Drug Application:

Three minutes of baseline activity was recorded, followed by 33 nM application of the 

GABAA-R blocker picrotoxin (PTX, Tocris) to the device chamber. The activity was then 

recorded for 3 to 5 minutes to observe the effect of blocking inhibition on the electrical 

activity of the neuronal network. Finally, 1 nM tetrodotoxin (TTX, Abcam) was added to the 

solution to block voltage-gated sodium channels (Nav) and prevent generation of APs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Simplified circuit model and typical recording segment from patch clamp electrode-

neuron interface from in vivo cat neocortical neurons. Reprinted with permission from 

Steriade et al. J. Neurophys., 2001, 85, 1969. b) Simplified circuit model and an example 

recording segment observed from mouse hippocampal neurons at 13 DIV for NW electrode-

neuron interface with TDT system.
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Figure 2. 
Si USNW array fabrication and characterization of structure and the electrode-neural 

interface. Overview of the fabrication process. a) Top-view optical microscope image of 

patterned Ni dot arrays for Si nanowire etching. The center dot diameter was 800 nm. The 

peripheral dot diameter was 300 nm. b-d) Example SEM images that shows sequential 

oxidation and oxide stripping leading to reduced diameter of the NWs in the array, 

smoothening of the NW surface and the tapered structure. e,f) Example SEM images that 

shows dry etching, sequential oxidation and oxide stripping leading to smoothening of the 

surface of the USNWs in the array and the reduction of their diameter to sub-10 nm. g) SEM 
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image of a sub-10 nm Si USNW tip prior to Pt coating. h) SEM image of a single Si USNW 

showing the tapered structure and exposed Pt tip, and i, overall view of Si USNW array. j-o) 

Colorized SEM images after rat cortical neuron cell fixation showing j) morphology of the 

cultured rat cortical neurons exhibiting high-density and neurite growth evidencing healthy 

cell culture and successful network formation, k) cross-section of the cultured neurons 

exhibiting a multi-layer structure, l) ‘satellite’-like interconnected multi-layer structures on 

the substrate surface, m) sequential FIB sectioning revealing first the tip of the USNW inside 

the soma and n) the whole USNW/neuron cross-section, o) wide-view SEM image showing 

the relative position of multiple USNW electrode with respect to the neuron’s somas.

Liu et al. Page 21

Adv Funct Mater. Author manuscript; available in PMC 2023 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Liu et al. Page 22

Adv Funct Mater. Author manuscript; available in PMC 2023 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Example electrophysiological recording from one array (pitch=10 μm) and pharmacological 

interrogation. a, c, e, g) Overall 5 s electrophysiological recording segments of multiple 

USNWs from group B (10 μm electrode pitch) at 11, 13, 15, and 19 DIV respectively. b, 

d, f, h) Close-up image of a 7 s recording segment of selected channel 31 from group B 

exhibiting intracellular AP waveforms at 11, 13, 15, and 19 DIV respectively. a) Overall 

5 s recording segments at 11 DIV (different time segments are plotted for each channel to 

illustrate the overall electrophysiological activities at 11 DIV). b) Close-up image of 7 s 

recording segment, 11 DIV. c) Overall 5 s recording segments at 13 DIV. d) Close-up image 

of 7 s recording segment, 13 DIV. Potential shift in USNW-neuron interface is illustrated 

with green and purple borders (channels 12 and 4 respectively) between 13 and 19 DIV. e) 

Overall 5 s recording segments at 15 DIV. f) Close-up image of 7 s recording segment, 15 

DIV. g) Overall 5 s recording segments at 19 DIV, exhibiting wide variance in spike counts 

across channels. h) Close-up image of 7 s recording segment, 19 DIV. i) Waterfall plot of 

APs and varying subthreshold potentials arranged in a descending order across 32 channels 

from group B at 19 DIV. j) Continuous, 6 minutes recording segment from channel 31 

USNW from group B (10 μm electrode pitch) at 19 DIV, showing consistent high amplitude 

without attenuation. k) Contour map of normalized spike activity differences of 32 channels 

from 13, 15, and 19 DIV with spike activities from corresponding channels at 11 DIV, group 

B. The black, blue, and red contours represent regions exhibiting spike activity increases 

from 11 to 13 DIV, 11 to 15 DIV, and 11 to 19 DIV respectively. Contour colormap from 19 

DIV is depicted (normalized to the maximum spike activity difference across 32 channels). 

l, m, n) Sequential recording segment of sequential pharmacological drug test performed at 8 

DIV with 7nM CNQX, 33 nM DAP-5, 33 nM PTX, and 1 nM TTX. o, p, q) Representative 

spike plots from 8 DIV from baseline recording, after CNQX, DAP-5, and PTX application, 
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and final washout. r, s, t) Sequential recording segment of sequential pharmacological drug 

test performed at 7 DIV with 33 nM PTX and 1 nM TTX. The arrow pointing at the 

initial section mark the exact moment the drug was applied to the cultured neurons. PTX 

application results in heightened spike frequencies and TTX application following PTX 

application and recording results in reduction in spiking activities. u, v, w) Plots of spike rate 

over time for baseline, PTX, and TTX recording segments. Spike rate change according to 

pharmacological drug applications.
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Figure 4. Network-level intracellular recording of in vitro iPSC-derived cardiovascular 
progenitor cells (iPSC-CVPCs) and active spatiotemporal modulation of APs.
a) 52-Channel voltage traces of two arrays recorded from the iPSC-CVPCs at day 34 

of differentiation (5 DIV). b) Zoom-in view of the second column of traces in a) 

shows a single-spiked AP recording. c) Intracellular recordings of cardiac activity from a 

representative channel (No. 48) show consistent spiked APs with no amplitude decay during 

the 372 s recording time. d) Zoom-in view of 47 randomly selected raw waveforms of a 

representative spike-sorting APs and spike averaged waveform, as shown in black. e) 60 mV 

AP measured via TDT system. f) Selected time segment of 52-channel voltage traces. g-j) 

Mapping of AP propagation patterns across the two arrays at different time points before 

(at 0.57 s in g) and at 75.06 s in h)) and after (at 238.76 s in i) and at 350.15 s in j)) 

electrical stimulation. Two intracellular recordings before electrical stimulation (at 0.57 s 

and at 75.06 s) show AP propagation from left to right, whereas intracellular recordings 

after electrical stimulation show an evolution from homogeneous propagation at 238.76 s to 

reversed direction that originates from right to left, where the AP propagation direction start 

from the simulating electrode. The original pacemaker foci location are labeled with arrows. 

The biphasic-pulse stimulation peak width, amplitude and frequency were 0.5 ms, 10 nA and 

1 Hz, respectively.
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Figure 5. 
Sample recording traces and amplitude contrasts between individually addressable USNW 

and multiple USNWs per recording sites and small signal circuit model simulation results. a-

f) SEM images of individually addressable, single USNW, 16 USNWs, and 625 USNWs and 

sample 10 s recording trace from recordings performed at 11 DIV. Single USNW - channel 

31 from group B (10 μm electrode pitch), 16 USNWs – channel 31 from group B (10 μm 

electrode pitch), 625 USNWs – channel 21 from group C (30 μm electrode pitch). Vertical 

scale bars for zoomed-in recording segments for 16 USNWs and 625 USNWs are: 500 μV 

and 200 μV respectively. The time scale bar for both segments is 250 ms. g) Histogram of 

peak-to-peak signal amplitude between single USNW and multi-USNWs per site. There are 

clear, distinguishable differences in the distribution of amplitudes. Two distributions most 

likely correspond to the intracellular and extracellular recording interface setup the USNW 
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formed with the neurons. h) Circuit model of single USNW penetrating the cultured neuron. 

i) Circuit model of multi-USNW setup with only one USNW penetrating the cultured 

neuron. j) Simulated intracellular signal amplitude based on the number of extracellular 

USNWs connected to the intracellular USNW. k) Simulated plot of coupling coefficient 

and temporal spreading coefficient versus the number of extracellular USNWs. Signal 

attenuation decays exponentially with increasing the number of extracellular USNWs.
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