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ABSTRACT: Vertically ordered Si needles are of particular interest for
long-term intracellular recording owing to their capacity to infiltrate living
cells with negligible damage and minimal toxicity. Such intracellular
recordings could greatly benefit from simultaneous live cell imaging
without disrupting their culture, contributing to an in-depth under-
standing of cellular function and activity. However, the use of standard live
imaging techniques, such as inverted and confocal microscopy, is currently
impeded by the opacity of Si wafers, typically employed for fabricating
vertical Si needles. Here, we introduce a transparent intracellular sensing
platform that combines vertical Si needles with a percolated network of
Au—Ag nanowires on a transparent elastomeric substrate. This sensing
platform meets all prerequisites for simultaneous intracellular recording
and imaging, including electrochemical impedance, optical transparency,
mechanical compliance, and cell viability. Proof-of-concept demonstrations of this sensing platform include monitoring
electrical potentials in cardiomyocyte cells and in three-dimensionally engineered cardiovascular tissue, all while conducting
live imaging with inverted and confocal microscopes. This sensing platform holds wide-ranging potential applications for
intracellular research across various disciplines such as neuroscience, cardiology, muscle physiology, and drug screening.
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INTRODUCTION

Intracellular recording is pivotal in deepening the under-
standing of cellular function, promoting therapeutic develop-
ment, advancing drug discovery, and stimulating technological
innovation in a range of fields, including neuroscience,
cardiology, muscle physiology, and drug screening.'® Patch-
clamp techniques remain the current gold standard for
intracellular recording, providing high-fidelity recordings of
cellular activity.” However, the invasive nature of patch-clamp
techniques limits their widespread applications in many fields."
An alternative approach involves utilizing vertically ordered
one-dimensional (1D) nanostructures, such as wires, needles,
pillars, straws, and tubes, at cellular and subcellular length
scales to serve as bioprobes with high spatial resolution.””"*
Compared to other options, Si needles are of particular interest
for intracellular recording due to their minimal invasiveness,
low toxicity to cells, and compatibility with traditional
nanofabrication processes. 15720

Real-time live imaging, often combined with the direct
recording of electrical signals from electrodes, is a crucial
component of intracellular recording, enabling the visualization
of cellular and subcellular morphology with a high level of

specificity.”' =’ In addition to providing valuable insights into
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the location and behavior of recorded cells, live imaging offers
a comprehensive understanding of the underlying cellular
processes being studied. Access to this information enables
researchers to gain a deeper understanding of the intricate
physiological functions and signaling pathways of cells, thereby
enhancing the precision and dependability of intracellular
recording.24_27 However, standard live imaging techniques,
such as inverted and confocal microscopes, require inverting
the device or using planar microelectrode arrays on transparent
substrates, which are typically limited to recording extracellular
signals.”®™" Vertically ordered Si needles have yet to be
implemented due to the opacity of Si wafers typically
employed for fabricating vertical Si needles. Furthermore, the
rigidity of Si wafers may cause mechanical discrepancies with
cells during intracellular recordings, leading to cell stress and
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Figure 1. Schematic illustrations (top panel) and SEM images (bottom panel) detailing the fabrication of the platform, including: (A) the
assembly of vertical Si needles on PDMS and PET film, (B) the application of Ag—Au NW via spray coating to enhance conductivity, (C)
insulation and tip exposure achieved through PDMS spin-coating and plasma etching, and (D) the cultivation of an HL-1 cell monolayer on

the vertical Si needles.

damage that can impair the quality of intracellular signals.*
Therefore, it is necessary to integrate vertical Si needles onto a
transparent and flexible substrate, thereby facilitating simulta-
neous intracellular recording and imaging with minimal
invasiveness.

Here, we introduce a transparent intracellular sensing
platform that combines vertical Si needles with a percolated
network of Au—Ag nanowires on a transparent elastomeric
substrate. This sensing platform offers key features, including:
(1) a low electrochemical impedance, measuring less than 110
Q cm?® at 1 kHz, which remains stable for over 28 days of
intracellular recording; (2) excellent optical transparency

25015

exceeding 80% in the 400—700 nm range, facilitating standard
live imaging techniques such as inverted and confocal
microscopes; (3) mechanical compliance that permits Si
needles to interface with cells without the risk of fracture or
delamination from the substrate; and (4) outstanding cell
viability, exceeding 99%. Taken together, these features render
this sensing platform suitable for simultaneous intracellular
recording and imaging. Proof-of-concept demonstrations
include recording intracellular electrophysiology from different
types of cells, such as cardiomyocytes and 3D-engineered
cardiovascular tissue,’ durmg live imaging before and after the
administration of therapeutic drugs. As such, this sensing
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Figure 2. (A) FEA results displaying the strain distribution (¢) and deflection (§) of a single vertical Si needle on a PDMS substrate with
Ag—Au nanowires, under a contraction force (F) of 5 uN exerted by a cell. (B) FEA results illustrating its deflection (§), considering varying
applied forces and an exposed length (L). (C) Optical transmittance measurements for various configurations including bare PDMS, vertical
Si needles on PDMS, Ag—Au nanowires on PDMS, and our sensing platform. (D) DIC, confocal, and merged images showing an HL-1 cell
on our sensing platform. (E) Illustration of changes in electrochemical impedance in our sensing platform relative to controls, measured at 1
kHz over time, during immersion in PBS and incubation at 37 °C with 5% CO,. Data is represented as the mean + standard deviation, with
n = § for each group. (F) Presentation of cell viability results for our sensing platform in comparison to controls, depicted as the mean +

standard deviation, with n = S for each group.

platform holds the potential to advance drug screening and
therapies for cardiovascular or other diseases by facilitating
comprehensive electrical and optical monitoring of cellular
activity over time.

RESULTS AND DISCUSSION

Transparent Intracellular Sensing Platform. The
fabrication of the transparent intracellular sensing platform
began with a Si wafer. Vertically ordered Si needles were
created on this wafer through photolithographic patterning and
deep reactive ion etching (DRIE). The Si needles were then
coated with a thin, 50 nm-thick layer of Au and subsequently
transfer printed onto an elastomeric substrate, such as
polydimethylsiloxane (PDMS). To ensure minimal invasive-
ness when introduced into cells, the Si needles were designed
to taper from a base diameter of <2 ym at the bottom to a tip
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diameter of <900 nm at the top.””**** Surface area was
increased to decrease impedance, achieved by texturing the
surface of the Si needles with nanopores.’>*” These nanopores,
with diameters ranging from 5 to 20 nm, led to an overall
porosity of 30%. Details of the fabrication processes are
described in the Experimental Methods section and also
illustrated in Supplementary Figure S1.

Figure 1 provides schematic illustrations (top panel) and
scanning electron microscope (SEM, bottom panel) images of
the subsequent fabrication processes to complete our sensing
platform. First, the PDMS substrate, consisting of Au-coated Si
(Au—Si) needles, was bonded to a polyethylene terephthalate
(PET) film to serve as a handling carrier (Figure 1A). Second,
Au-coated Ag (Au—Ag) nanowires were prepared and
uniformly sprayed for 15 s across the surface of the PDMS
substrate with a shadow mask to define a transparent
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conduction path leading to a connection pad (Figure 1B).*
The SEM image highlights the percolated network of Au—Ag
nanowires in contact with the Au—Si needles, establishing an
electrical connection. The surface of the Au—Ag nanowires was
treated with (3-aminopropyl) triethoxysilane (APTES) prior to
spraying to improve adhesion, and was also chemically welded
after spraying to reduce sheet resistance to 36.81 + 0.93 Q
sq”! (Figure $2).°”*° Details on the synthesis and
implementation of the Au—Ag nanowires are listed in the
Experimental Methods section. Next, a diluted PDMS solution
was spin-cast over the surface using a thinner solution
(Smooth-On, NOVOCS Gloss Silicone Solvent) at a weight
ratio of 1:10 to fully passivate the Au—Ag nanowires for
electrical insulation, followed by a reactive ion etching (RIE)
process to expose the tips of the Au—Si needles. The SEM
image highlights the passivation layer with the exposed tips of
the Au—Si needles. The length of the exposed tips was
controlled by adjusting the RIE time in a range of
approximately 2 to 25 ym (Figure S3). Finally, a cell culture
well, made of PDMS, was affixed surrounding the exposed tips,
enabling cell culture (Figure 1D). The SEM image displays a
confluent layer of mouse cardiomyocyte (HL-1) cells (in
magenta), interfacing with the exposed tips after 3 weeks of cell
culture in a phosphate buffer solution (PBS) at 37 °C.

Mechanical, Electrical, and Optical Characterizations.
Our sensing platform is mechanically compliant, electrically
conductive, and optically transparent, which are critical for
simultaneous intracellular recording and imaging. Figure 2A
presents the finite element analysis (FEA) results of strain
distribution (¢) and deflection (§) for a single Au—Si needle
interacting with a cell under a contraction force (F) of S uN.
Details of the modeling parameters are described in the
Experimental Methods section. The peak principal strains
appeared on the top surface of the PDMS substrate
surrounding the Au—Si needles, opposite the direction of the
applied force. Consistent results were obtained as the applied
force increased up to S uN, and the exposed tip length (L) of
the Au—Si needles increased from 2 to 15 ym and then to 25
um, with a corresponding increase in deflection (Figure 2B).
The spring constant of the Au—Si needles was determined to
be 1.86, 0.35, and 0.14 N m™! for L = 2, 15, and 25 um,
respectively. The corresponding FEA results for the principal
strain and stress distributions at L = 2 gm, 15 um, and 25 pym
are shown in Supplementary Figure S4 and Movie S1. The
embedded length of the Au—Si needles into the PDMS
substrate had the ability to rotate, rather than just bend, due to
elastic compliance at the interface, which could substantially
reduce the strain applied to the Au—Si needles as compared to
that built on a rigid substrate such as a Si wafer (Figure SS).
The Au—Si needles on the PDMS substrate experienced a
maximum Mises stress of <1.2 GPa, which is lower than that of
the same needle on a Si wafer (approximately 2 GPa). These
findings indicate that the Au—Si needles on the PDMS
substrates may help reduce the risk of fractures or
delamination during cell interactions, a conclusion that is in
line with experimental observations.

Figure 2C displays the optical transmittance of our sensing
platform in the visible spectrum (400—700 nm), which
measures >80% compared to the control samples, including
a bare PDMS, the Au—Si needles on PDMS, and a percolated
network of the Au—Ag nanowires on PDMS. The density of
the Au—Ag nanowires was increased by spraying them for
durations ranging from S to 30 s, resulting in a slight decrease

in optical transmittance and an exponential decrease in sheet
resistance (Figure S6A). To optimize both optical trans-
mittance and sheet resistance of our sensing platform, the Au—
Ag nanowires were sprayed for 15 s, resulting in an optical
transmittance of >80% and a sheet resistance of <100 Q sq~".
Representative inverted microscope images of our sensing
platform with and without the Au—Ag nanowires, sprayed for
1S s, are shown in Supplementary Figure S6B, which were
obtained through its optical transparency. Figure 2D presents a
merged image of differential interference contrast (DIC) and
confocal microscopy of HL-1 cells in conjunction with the
Au—Si needles, revealing targeted cellular structures such as
cell membranes (in red) and nuclei (in blue). The separate
DIC and confocal images are shown in Supplementary Figure
S6C. Inverted and confocal microscopes were utilized to
obtain these real-time, label-free images, which are feasible
only with the presence of a transparent substrate.

Figure 2E shows the electrochemical impedance of our
sensing platform immersed in PBS at a frequency of 1 kHz
over a 28-day period, while being incubated at 37 °C and 5%
carbon dioxide (CO,). For comparison, control groups
included the Si needles coated with (1) a 50 nm-thick Au
film applied via sputtering and (2) a percolated network of Ag
nanowires, both set on a Si wafer (Figure S7). The results
reveal that our sensing platform, as well as the control device
coated with the Au film, maintained a nearly unchanged
impedance, fluctuating within a narrow range of only 5.3%.
This included readings of 103.25 + 6.21 Q cm? on day 0 to
102.78 + 10.63 & cm? on day 28, and 105.15 + 8.28 Q cm? on
day 0 to 109.77 + 14.17 Q cm? on day 28, respectively (n = 5
for each group). On the other hand, the control device coated
with Ag nanowires experienced a significant impedance
increase, from 250.53 + 15.88 Q cm?* on day 0 to 2,150.98
+ 155.14 Q cm® on day 28. Additionally, the electrochemical
impedance of our sensing platform (IZI = 105.1 + 4.4 Q cm?)
remained similar to that of the control device coated with the
Au film (97.3 + 5.8 Q cm?) at 1 kHz in PBS (Figure S8). The
phase shift data suggested that both our sensing platform and
the control device coated with the Au film behaved like parallel
resistor-capacitor (RC) circuits. The cyclic voltammetry
analysis suggested that our sensing platform demonstrated a
total charge storage capacity of 0.51 + 0.33 mC cm™?
significantly higher than that (0.04 + 0.10 mC cm™2) of the
control device coated with Ag nanowires, but slightly lower
than that (0.66 = 0.39 mC cm™) of the control device coated
with the Au film (n = S for each group). Overall, our sensing
platform exhibited electrical characteristics comparable to
those of previously reported platforms that used Au nanowires
as electrodes.

To ensure long-term reliable intracellular recording, our
sensing platform is required to provide high cell viability. To
this end, the Ag nanowires that were used in our sensing
platform were fully covered with a thin layer of Au to prevent
the release of toxic Ag ions into the surrounding medium.***'
Figure 2F displays the cell viability results of our sensing
platform with HL-1 cells at 24, 48, and 72 h, as determined by
an MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide), when the length of the exposed tip was
maintained around 5 pm. The cell viability of our sensing
platform remained consistently above 99% throughout the
assay period, with no significant differences observed between
groups (n = S for each group). Generally, the diameter and
height of the needle and the density of the array correlate
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Figure 3. (A) Recordings of HL-1 action potential, showing extracellular signals (blue) prior to electroporation and intracellular signals
(red) following electroporation, along with the simultaneous recording of calcium flux measurement (green). (B) Snapshots from a video
capturing the changes in HL-1 calcium flux during a single action potential. (C) Effects of the ion channel-blocking drug nifedipine. (D)
Imaging of calcium flux, showing baseline and peak levels before and after treatment with nifedipine. (E) 3D (top) and cross-sectional
(bottom) images, labeled with cell membrane (red) and vertical Si needles (blue), to demonstrate the tight interface created between the
vertical Si needles and the cell membrane. (F) DIC image merged with confocal imaging shows the vertical Si needles (gray) are overlapped

with membrane (red) and nucleus (blue).

positively with the penetration force applied to the cell,
affecting cell viability.*”~** The density of the needle array, as
well as cell viability, is related to the interface tightness and
stress between the cell and the sensing patch, which in turn
influence penetration behavior and the quality of the recorded
electrical signal.44’45 Previous research, including papers from
our group, has shown successful cell tests with needle
diameters ranging from 80 nm to 3 pm and heights from
700 nm to 70 pm, covering the proposed geometry in this
paper. No significant differences in cell viability associated with
changes in the diameter and length of the needle were
observed.””***>*® The excellent cell viability of our sensing
platform after 72 h of culture was also confirmed using the

Calcein AM assay (Figure S9A). Furthermore, confocal
microscope images revealed that our sensing platform
supported HL-1 growth, with the cells reaching confluency
and exhibiting beating activity, as evidenced by the actin
(green) and nucleus (blue) staining (Figure S9B).
Simultaneous Intracellular Recording and Imaging
with Cardiomyocyte Cells. To demonstrate the capability of
our sensing platform in simultaneous intracellular recording
and imaging, we cultured HL-1 mouse cardiomyocytes until
they reached confluency and exhibited spontaneous beating.
The surface of our sensing platform was coated with a gelatin
solution to ensure cell adhesion, and no additional
functionalization agents were used. The HL-1 cells were
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Figure 4. (A) Intraorganoid field potential measurement (red) along with a simultaneous recording of calcium flux measurement (green).
(B) Fluorescence images of calcium flux within cells from cardiovascular organoids. (C) Fluorescence images that reveal the expression of
cTnT and a-actinin in cardiovascular organoids. (D) Relative gene expression of cardiovascular and calcium handling markers in cells from
cardiovascular organoids, normalized to cells from embryonic bodies, with n = 10 for each group. (E) 3D images of a cardiovascular
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(top) and 3D (bottom) views of the vertical Si needles placed into the cardiovascular organoid, with staining for actin (red), nucleus (blue),
and vertical Si needles (green). A white dotted circle illustrates the flexible nature of the vertical Si needles, showing how they are buckled

toward the organoid.

cultured for 3—5 days until they achieved confluency and
exhibited spontaneous beating (Movie S2). Initially, extrac-
ellular action potentials with amplitudes less than 0.1 mV were
detected (Figure 3A, top panel). To further improve the
adhesion of the Au—Si needles to the cell membrane,
mechanoporation was conducted by centrifuging at 500 rpm
for 1 min.*’~*" Electroporation was followed using a series of
biphasic square pulses to facilitate electrical access to the
intracellular region.”'® Details of the mechanoporation and
electroporation parameters are described in the Experimental
Methods section. The beating interval remained at the same
level before and after mechanoporation and electroporation,
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with the amplitude increasing drastically by 10X up to 1 mV
and a significantly reduced noise level (Figure 3A, middle
panel). In order to showcase the live imaging capabilities
through the optical transparency of our sensing platform,
concurrent calcium ion (Ca*") flux imaging was simultaneously
performed using an inverted microscope - a standard tool that
is compatible only with transparent substrates (Movie S3). For
Ca** flux imaging, Fluo-8, a fluorescent calcium indicator, was
loaded into the cells for live imaging, and the alteration in the
fluorescent intensity (AF) was measured and compared with
the resting intensity (F,). The Ca®" flux imaging is a well-
established technique used to monitor the activity of
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electrogenic cells by trackiqg the changes in calcium flux
evoked by action potentials.”” > Figure 3A (bottom panel)
depicts the measured change in Ca** flux, demonstrating
synchronized beating with electrical measurement at a
frequency of 1 Hz.

Figure 3B presents the inverted fluorescent microscope
images taken during a single action potential, showing a
distinct peak of calcium ions upon depolarization through the
opening of L-type calcium channels, enabling Ca’* to enter the
cell down its concentration gradient, followed by subsequent
recovery through repolarization by the closing of the calcium
channel. To evaluate the signal quality of our sensing platform,
a comparative analysis of signal amplitude was conducted in
comparison to that of a control group including the Au—Si
needles on a Si wafer. The measurements were limited to the
cells that had been beating at approximately 1 Hz for at least 1
day, as the recorded amplitude and beating interval can vary
with cell culture age. The action potentials of the cells were
recorded using our sensing platform (n = 25), yielding an
average amplitude of 1.30 + 043 mV. Under the same
conditions, the intracellular action potentials of the cells were
recorded using the control group (n = 25), yielding an average
amplitude of 1.29 + 0.31 mV. The measured peak amplitudes
were not significantly different. These findings indicate that our
sensing platform offers similar capabilities for intracellular
recording as the control group while also providing mechanical
compliance and optical transparency allowing for both reliable
recording and simultaneous imaging.

To further demonstrate its utility in drug screening, 100 nM
of an ion channel blocking drug nifedipine was administered to
the cells to observe changes in action potential morphologies.
Nifedipine is known to block L-type Ca®" channels, thereby
hindering the influx of Ca ions into the intracellular region,
resulting in early repolarization and a reduction in peak
amplitude.” Figure 3C shows that the amplitude was lowered
and the action potential duration was reduced compared to the
control signal without administering the drug. Specifically, the
action potential duration at 50% of repolarization (APDS0)
decreased significantly from 120.05 + 13.02 ms to 104.80 +
7.42 ms, while the peak amplitude showed a significant
decrease from 0.85 + 0.17 to 0.55 =+ 0.12 mV (Figure S11).
Additionally, the Ca®* flux imaging shows that intensity
decreased at the peak level after nifedipine treatment from
2.8 to 2.4 AF/F,, aligning with the intracellular recording data
(Figure 3D), representing a composite signal from multiple
cells. Both the electrical and optical measurements of the
change in action potential align with previous studies on
nifedipine, highlighting the potential use of our sensing
platform in drug screening.**>°

The ability of the Au—Si needles to penetrate the cell
membrane and provide intracellular access was confirmed by
using fluorescent labeling with an inverted confocal micro-
scope (Figure 3E). The 3D and cross-sectional images, labeled
with the cell membrane (in red) and needles (in blue),
demonstrate the tight interface formed between the Au—Si
needles and the cell membrane. The distance between the HL-
1 cells and the PDMS layer was evaluated, resulting in an
average of 0.13 ym with a standard deviation of 0.073 um,
through the analysis of the confocal image representing a
signal-to-noise ratio of —4.6 dB. Figure 3F shows a
representative merged image (split channel images, Figure
S12) obtained from both DIC and confocal microscope,
showing the overlapped configuration of Au—Si needles and

nucleus. The penetration of the Au—Si needles all the way
through the cell cytoplasm can be confirmed on the combined
basis of amplitude increase in electrical signal and cross-
sectional confocal images.

Simultaneous Intracellular Recording and Imaging in
3D-Engineered Tissue. Over the past decade, significant
strides have been made toward developing 3D organ-like
structures.””*® These miniaturized organs mimic the multi-
cellular composition, anatomy, and functionality of actual
organs, providing a scaffold for investigating organ growth,
maintenance, regeneration, and disease processes.”” ' Fur-
thermore, these structures expedite more accurate drug
screening and toxicity testing, reducing costs and development
times for new pharmaceuticals and healthcare products.®”**
Utilizing various biosensors allows for real-time, minimally
invasive monitoring of intercellular communication, revealing
the influence of biochemical and biophysical environments on
organ functionality.”*™®” This study showcases the potential
utility of our sensing platform for simultaneous intracellular
recording and imaging in 3D-engineered cardiovascular tissue.
The intracellular function was assessed via field potential
measurements during Ca’* flux imaging. Details on the
formation and characterization of the 3D-engineered cardio-
vascular tissue are described in the Experimental Methods
section.

Figure 4A presents the measurement results of the
intraorganoid field potential (top panel) and Ca®" flux signal
(bottom panel), with their clear synchronization observed
every 0.5 s. Simultaneous imaging with an inverted
fluorescence microscope confirmed that the Ca®* flux signal
from the 3D-engineered cardiac tissue consistently surpassed
0.5 AF/F, (Figure 4B). The structural differences between 2D
monolayered cells and 3D organoid cultures result in variations
in the recorded signal. This is in addition to the differences
stemming from the distinct measured parameters: intracellular
action potential (Figure 3A) and intraorganoid field potential
(Figure 4A). The synchronized data of the intracellular
recording and imaging during the rhythmic beating of the
engineered tissue are shown in Movie S4. After 14 days of
differentiation, the 3D-engineered tissue expressed a-actinin
and cardiac troponin T (cTnT). The organoid displayed a
cardiac sarcomeric actin structure, including Z-disc and ¢TnT
(Figure 4C), and exhibited increased gene expression of CD31,
CACNAIC, and SLC8AIl compared to undifferentiated
embryonic bodies (EBs) (Figure 4D), signifying successful
cardiovascular differentiation. The disparities observed in the
relationship between electrical and fluorescence recordings, as
shown in Figures 3 and 4, can be attributed to the inherent
differences in cell structures and the distinct recording
methods employed for each.

Figure 4E presents a representative confocal microscope
image of our sensing platform interfacing with the 3D
cardiovascular tissue on top, stained with actin (in red) and
the nucleus (in blue), captured through the transparent
substrate. The inset image, acquired at a single focal plane,
emphasizes the presence of the Au—Si needles within the 3D
cardiovascular tissue. The Au—Si needles were placed into the
3D tissue, via gravity, after a resting period of approximately 5
min, as confirmed by the side view of the inverted confocal
microscope images in both 2D and 3D views (Figure 4F and
Figure S13). Notably, the Au—Si needles on the edge (white
dotted circle) buckled due to its interaction with the nonlinear
surface of the 3D tissue, without fracturing or delaminating,
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owing to the mechanical compliance of our sensing platform in
accommodating mechanical discrepancies.

CONCLUSIONS

In this study, we introduce a transparent intracellular sensing
platform that combines vertically ordered Au—Si needles with
a percolated network of Au—Ag nanowires on a transparent
elastomeric substrate. This sensing platform offers low
electrochemical impedance, high optical transparency, and
excellent mechanical compliance and promotes cell viability,
making it ideal for simultaneous intracellular recording and
imaging. As a potential direction for future studies, the
influence of cell confluency on action potential recordings and
the long-term viability of cells postelectroporation can be
investigated. Furthermore, assessing its applicability across
various cell types involves addressing its strengths and
limitations with a comprehensive optimization of needle
geometry and density. These factors could also affect cell
viability, behavior, and the signal-to-noise ratio.”™* The
sensing platform can monitor intracellular electrophysiological
functions over time, including cardiomyocytes and 3D-
engineered cardiovascular tissue, and capture their functional
changes upon administration of a therapeutic drug. Moreover,
this sensing platform exhibits potential benefits for optoge-
netics, allowing light signals to traverse from both sides with
notable efficiency, indicating a promising avenue for future
research. This feature would not only support the investigation
of cellular processes and responses to various stimuli but also
enhance drug development, personalized medicine approaches,
and the study of complex cellular interactions using light-based
modulation techniques.

EXPERIMENTAL METHODS

Fabrication of Si Needles on a Si Wafer. The process of
fabricating Si needles on a Si wafer involves several steps. First, a Si
wafer (p-type, 525 um thick, 0.001 to 0.005  cm) was soaked in a
buffered oxide etch solution (J. T. Baker Inc.) for one min to
eliminate the native oxide layer. Next, a standard photolithographic
patterning process was used in conjunction with deep reactive ion
etching (DRIE) to produce vertically aligned Si pillars with
predetermined diameters and depths. The DRIE process consisted
of several deposition and anisotropic etching steps. During deposition
step, a thin layer of (CxFy)n polymer was deposited on the surface of
the Si pillar to passivate it. This passivation layer was created using
octafluorocyclobutane (C,Fg) gas at a flow rate of 130 sccm and 800
W of radio frequency (RF) plasma power. Following the deposition
step, the bottom surface of the Si wafer was anisotropically etched
using sulfur hexafluoride (SF;) gas at a flow rate of 85 sccm, 450 W of
RF plasma power, and 12 W of platen power. To create undercuts on
the bottom roots of the Si pillars, additional isotropic etching was
conducted by using SF4 gas at a flow rate of 85 sccm, 450 W of RF
plasma power, and 30 W of platen power. To remove the passivation
layer and photoresist, the specimen underwent two treatments. The
first was oxygen (O,) plasma treatment, which involved using a flow
rate of 20 sccm, a power of 150 W, a pressure of 50 mTorr, and a
duration of 15 min. The second treatment was piranha solution
treatment, which consisted of immersing the specimen in a mixture of
75% H,SO, and 25% H,0,. To reduce the size of the Si pillars, the
specimen was immersed in a 15 wt % potassium hydroxide (KOH,
Fisher Scientific) solution at 25 °C. To create pores on the surface at
the nanoscale, metal-assisted chemical etching (MACE) process was
employed, which involved immersing the specimen in an etching
solution made up of 20 mM Ag nitrate (AgNO;, Sigma-Aldrich) and
49% hydrofluoric (HF) solution (J. T. Baker Inc.).””*° After the
MACE process, any Ag residues on the surface were removed by
immersing the specimen in an Ag etchant solution (TFS, KI-I2

complex liquid, Transene Inc.) for 1 min. Finally, thin films of Ti/Au
(3/50 nm) were sputtered over the surface.

Transfer Printing of Si Needles onto PDMS. To initiate the
process, an uncured PDMS solution (Sylgard 184) in a 10:1 weight
ratio of the base polymer and curing agent was spin-cast at 1500 rpm
for 5 min onto a precured PDMS substrate. The PDMS solution was
partially cured at room temperature for 3 min to serve as an adhesive
layer. The Au-deposited Si needles were then positioned upside down
on the PDMS adhesive. A subsequent annealing process was
conducted on a hot plate at 130 °C for 10 min to complete the
polymerization of the PDMS adhesive and ensure the physical
bonding of the Si needles to the PDMS substrate. To release the Si
needles from the Si wafer, the entire specimen was immersed in a
solvent such as hexane (20 mL; Fisher Scientific). The solvent caused
the PDMS substrate to swell, leading to the controlled cracking of the
bottom undercuts of the Si needles where mechanical stress can be
concentrated during the swelling process.”” Finally, the resulting
specimen was washed with deionized (DI) water and dried in a
convection oven at 70 °C for 1 h to remove any remaining solvent,
enabling the PDMS to recover to its original size.

Synthesis of Au—Ag Nanowires. The Ag nanowires were
synthesized using a conventional hydrothermal method.®® First, an
aqueous solution of Ag nitrate (0.02 M, 1S mL) and an aqueous
solution of D+glucose (0.12 g, S mL) were mixed while stirring at 300
rpm for 10 min at room temperature. Next, after dissolving 1 g of
poly(vinylpyrrolidone) in S mL of DI water at 70 °C, the solution was
added to the mixture and stirred for 20 min at room temperature.
Subsequently, an aqueous solution of sodium chloride (NaCl, 0.04 M,
1S mL) was added dropwise while continuously stirring until
completely dissolved. This hydrosol mixture was placed in a 50 mL
Teflon-lined stainless-steel autoclave and heated in a dry oven at 160
°C for 22 h. Following the hydrothermal synthesis process, the
autoclave was air-cooled to room temperature. The Ag nanowires
were washed by centrifugation at 3,000 rpm for 10 min using acetone
and ethanol and then thoroughly air-dried. Subsequently, the Ag
nanowires were coated with Au using a galvanic-free deposition
method, in order not only to prevent oxidation of the Ag but also to
enhance electrical conductivity and biocompatibility.>* Details of this
method are as follows: First, 100 mg of the Ag nanowires were mixed
in a solution containing 320 mL of DI water, 70 mL of 5 wt %
polyvinylpyrrolidone (PVP), 14 mL of 0.5 M sodium hydroxide
(NaOH), 14 mL of 0.5 M vr-ascorbic acid (L-AA), and 3.5 mL of 0.1
M sodium sulfite (Na,SO;). Separately, an Au solution was prepared
by mixing 1.4 mL of 0.25 M hydrogen tetrachloroaurate (III) hydrate
(HAuCl,«H,0), 8.4 mL of 0.2 M sodium hydroxide (NaOH), 105
mL of 0.01 M Na,SO;, and 165 mL of DI water, then left undisturbed
for 12 h. These two solutions were then combined to initiate a
reaction to form an Au layer over the surface of the Ag nanowires, and
the mixture was left at room temperature for 2 h. The resulting Au—
Ag nanowires were washed multiple times through centrifugation at
3,000 rpm for 10 min with acetone and ethanol. The Au—Ag
nanowires were then dispersed and stored in ethanol for spraying.

Assembly of the Transparent Intracellular Sensing Plat-
form. The PDMS substrate featuring the Au—Si needles was cut into
a size of 2 mm X 2 mm and subsequently bonded to a polyethylene
terephthalate (PET) film. This specimen was treated with (3-
Aminopropyl)triethoxysilane (APTES) to improve adhesion on the
surface and then sprayed with the Au—Ag nanowires multiple times,
up to 30 times, using an airbrush (Master Airbrush). A shadow mask,
constructed from polyimide tape, was utilized during the spraying
process to delineate the conduction path leading to a connection pad;
however, no additional protective mask was employed, ensuring that
the Au—Si needles remained uncovered and unaffected. The
mechanical and electrical connections between the Au—Ag nanowires
were reinforced through a chemical welding process. Specifically, the
Au—Ag nanowires underwent oxidation via oxygen (O,) plasma
treatment at 90 W for S min and were then placed in a sample tray
containing a hydrazine hydrate vapor as a reducing agent for 10 min.
After the welding process, the shadow mask was removed, and the
Au—Ag nanowires were thermally annealed at 90 °C for 1 h. To
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passivate the Au—Ag nanowires, a PDMS solution diluted in a thinner
(Smooth-On, NOVOCS Gloss Silicone Solvent) at a 1:10 weight
ratio was spin-cast over the surface at 300 rpm for 5 min. A RIE
process was performed to expose the tips of the Au—Si needles using a
3:1 mixture of O, and tetrafluoromethane (CF,) gases at 200 W and
4S mTorr for S min. Finally, a culture well with a diameter of 16.5 mm
was attached for the cell culture.

Finite Element Analysis (FEA). The FEA was performed using a
commercial software package (ABAQUS) to analyze the deformation
of single Au—Si needles under cell contraction. The elastic properties
of the constituent materials were considered, including 112.4 GPa and
0.27 for the Au—Si needles and 2 MPa and 0.45 for the PDMS
substrate. The Au—Ag nanowire network layer was not included in
the FEA due to its location from the surface, its thinness compared to
the passivation PDMS layer, and its low density, which ensures a
transmittance of over 80%. A tie constraint option was applied to the
surface of the PDMS substrate where the Au—Si needles were
interconnected to ensure model integrity. A contraction force of 5 uN,
applied to a node on the top surface of the Au—Si needles and parallel
to the top surface of the PDMS substrate, was used in the analysis.*””°
Lateral displacement and Encastre boundary conditions were applied
to the side and bottom surfaces of the PDMS substrate, respectively.

Optical Transmittance Measurements. The optical trans-
mittance of specimens was measured at wavelengths of 300 to 800
nm using a UV—visible spectrophotometer (Lambda950, PerkinElm-
er).

Electrochemical Impedance Spectroscopy. Electrochemical
impedance spectroscopy was performed with PBS and Ag/AgCl
reference electrodes by using a potentiostat (SP-200, Biologic). The
specimens were filled with PBS and incubated at 37 °C with 5% CO,
for 28 days, during which impedance at 1 kHz was measured every 7
days.

Cell Viability Assay. The Au—Si needles were cultured with HL-1
cells and incubated at 37 °C with 5% CO, for 3 days. A 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Millipore
Sigma) reagent was added at each day and incubated for 3 h.
Following the removal of the cell medium, the cells were lysed with
dimethyl sulfoxide (Thermo Fisher Scientific), and the absorbance of
each well was measured at 575 nm by using a microplate reader
(Synergy NEO, BioTek). The cell viability was calculated by
normalizing the data, with control values set as 100%, and each
group consisted of n = 5.

HL-1 Cell Culture. Each specimen was subjected to 10 min of O,
plasma cleaning and coated with a 5 ug mL™" fibronectin solution in
0.02% w/w gelatin. After incubating at 37 °C with 5% CO, for 1 h,
HL-1 cells (Millipore Sigma) were seeded at a density of 12.5 X 10*
per well in Claycomb medium (supplemented with 10% HL-1
qualified fetal bovine serum, 0.1 mM norepinephrine, 2 mM L-
glutamine, and 100 U mL™' of penicillin and 100 U mL™" of
streptomycin, Millipore Sigma) and incubated at 37 °C with 5% CO,.
The medium was changed daily.

Immunofluorescent Staining and Imaging. Immunofluores-
cent staining and imaging were conducted on the Au—Si needles
using Immunoglobulin G 488 (IgG 488, Invitrogen) to facilitate
fluorescent visualization. In Figures 3E and 4F, two distinct loading
methods, namely physical and chemical loading, were employed for
IgG 488 on the Au—Si needles. For physical loading, a droplet of IgG
488 was applied to the needles and allowed to interact for 10 min at
room temperature. Subsequently, the needles were rinsed with
ethanol and subjected to N, gas drying. For chemical loading, the
needles were treated with 100 uL of 3-triethoxysilylpropyl succinic
anhydride (TESPSA; Gelest) at room temperature for 10 min to
functionalize the surface with silane before being washed with ethanol.
Specifically, 30 ug of IgG 488 was prepared by mixing SO uL of IgG
488, with a concentration of 600 yg mL—1, with 950 uL of PBS. The
Au—Si needles were treated with this solution for 30 min at room
temperature, followed by a rinse with ethanol.>” Live staining on HL-1
cells was performed using CellMaskTM (Invitrogen) for cell
membrane visualization and Hoechst (Invitrogen) for nucleus
staining. An inverted confocal microscope (LSM 880, Zeiss) was

employed to capture 3D images of the interface between the cells and
the Au—Si needles.

Electrophysiology Recording. After spontaneous beating was
observed and HL-1 cells reached confluency, the Au—Si needles of
our sensing platform were mechanically inserted into the cells by
centrifuging them at 500 rpm for 1 min. For the 3D-engineered
cardiovascular tissues, our sensing platform was placed on top of the
differentiated organoid and allowed to rest for S min. Our sensing
platform was then connected to a PowerLab data acquisition system
and BioAmps amplifier (AD Instruments) that was recorded at a
sampling rate of 10 kHz and a low-pass filter of 3 kHz. An Ag/AgCl
electrode (PINE Research) was used as the reference electrode.
Electroporation was carried out using a signal generator (Keithley
3390, Keithley), which applied biphasic square pulses with a period of
400 ps and an amplitude of 4 V for 1 s. The position of the electrode,
specifically whether the needle tip is inside or outside the cell
membrane, can be determined by the amplitude’s noise level and peak
sign. A shift of the peak from negative to positive after electroporation
indicates that the electrode has penetrated the intracellular cytoplasm,
producing a signal with an amplitude more than ten times higher and
significantly reduced noise. Additionally, the cell membrane recovers
after electroporation, allowing for repeated procedures and prolonged
recording.”'® During electroporation and 30 s afterward, the
recording system was disconnected to avoid amplifier saturation.

Calcium Flux Imaging. For HL-1 cells, Tyrode’s solution
containing S uM Fluo-8 (AAT Bioquest) was used to substitute the
Claycomb medium, which was then incubated at 37 °C with 5% CO,
for 1 h. Subsequently, the solution was rinsed and replaced with
Tyrode’s solution, and the specimen was observed using an inverted
microscope (Axio Observer Z1/7, Zeiss) at excitation and emission
wavelengths of 488 and 515 nm, respectively. The 3D-engineered
cardiovascular tissues were incubated in a medium with a calcium
indicator from the Fluo-4 Direct Calcium Assay Kit (Invitrogen) for 1
h, and imaging was performed at room temperature using the time
series mode of a laser scanning confocal microscope (LSM 710,
Zeiss). The signal intensity of pixels in the green channel of the
acquired images was averaged, and the calcium transient amplitude
(AF/F,) was calculated as the difference between the peak and
baseline calcium fluorescence (AF) divided by the baseline
fluorescence level (F,). Images were collected and subsequently
analyzed using ZEN (Zeiss) and Image] software.

Drug Assay. To prepare the drug solution, Nifedipine (Abcam)
was dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific). The
resulting solution was diluted in Claycomb medium to achieve a final
concentration of 100 nM Nifedipine and 0.01% DMSO. Action
potentials were initially recorded without drugs as a reference. The
cells were then allowed to recover by incubating at 37 °C with 5%
CO, for 1 h. Subsequently, Nifedipine was added to the culture
medium and incubated for 10 min at 37 °C with 5% CO,. This was
followed by mechanoporation and electroporation, after which action
potentials were recorded.

3D Cardiovascular Tissue Formation. The organoids were
formed on collagen-polyethylene glycol (PEG) hydrogel formulated
with methods described previously.”"”> In brief, hydrogels were
formed by in situ cross-linking of bovine type I collagen (3 mg mL™",
Advanced Biomatrix) in an equal volume of serum-free ESC medium.
To initiate gel formation, reconstitution solution (0.26 M sodium
hydrogen carbonate, 0.2 M HEPES, and 0.04 M sodium hydroxide)
was added, and the solution was then incubated at 37 °C for at least
30 min. Mouse ESCs (ATCC) cultured with high glucose Dulbecco’s
Modified Eagle Medium (Corning) including supplements (15% ESC
certified fetal bovine serum (FBS), 0.1 mM 2-mercaptoethanol, 1X
MEM nonessential amino acid, 1000 U ml™' mouse leukemia
inhibitory factor, and 1% penicillin-streptomycin (PS) were assembled
into EBs through hanging drop culture (2,000 cells per 20 uL media
drops) for 3 days. The resulting EBs were then placed on collagen
hydrogels and cultured with a cardiomyocyte differentiation kit
(Gibco) for 14 days to engineer the 3D cardiovascular tissue model.

3D Cardiovascular Tissue Characterizations. On Day 14,
immunofluorescence staining was carried out on organoids. The
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differentiated EBs underwent sequential fixation (using a 4%
paraformaldehyde solution at room temperature for 15 min),
permeabilization (with a 0.1% Triton X-100 solution for 10 min),
and blocking (with 5% FBS and 0.1% Tween-20 for 1 h). Primary
antibodies to ¢TnT and a-actinin were then applied to the
differentiated EBs, which were incubated at 4 °C overnight. A
1:100 dilution of the antibodies in a blocking buffer was used for this
purpose. Subsequently, cells were exposed to secondary antibody
antimouse conjugated Alexa 488 or 555 (1:100 dilution) for 1 h at
room temperature. Nucleus staining was performed with DAPI
(1:1000 dilution), and immune-stained images were captured using a
confocal microscope (LSM 700, Zeiss). The gene expression levels of
differentiated EBs were evaluated via real-time PCR. After 14 days of
differentiation, the genes encoding cardiomyogenic markers and
calcium handling markers were analyzed. mRNA purification was
performed using an RNeasy Mini Kit (Qiagen). A Nanodrop
spectrophotometer (Thermo Scientific) was employed to quantify
the isolated mRNA. Subsequently, cDNA was synthesized in a
thermal cycler (Bio-Rad, MyCycler) by combining mRNA (1 mg)
and an iScript ¢cDNA synthesis kit in a 20 yL reaction volume,
following the instructions of the manufacturer. The synthesized
c¢DNA was utilized in real-time PCR reactions executed with SYBR
Premix (Bio-Rad, iTaq Universal SYBR Green Supermix). The
reactions, consisting of 40 cycles, were conducted in an RT PCR
machine (Roche, Lightcycler 480). Each cycle included melting at 95
°C for 15 s, followed by annealing and extension at 60 °C for 60 s for
each primer pair. The real-time PCR data were analyzed by using the
comparative threshold cycle method. The relative expression of each
gene, in comparison to the expression level of GAPDH, was calculated
and then normalized to the undifferentiated EBs. Each gene
amplification assay was carried out in triplicate. Melting curves were
generated, and negative controls were scrutinized to ensure that
primer dimers did not affect the results.

Statistical Analyses. All data are presented as mean + standard
deviation. For Figures 2F, S10, and S11, a one-way analysis of variance
(ANOVA) accompanied by the Tukey test was utilized, with a
significance level set at 0.005.
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