
Sensor-Instrumented Scaffold Integrated with
Microporous Spongelike Ultrabuoy for Long-
Term 3D Mapping of Cellular Behaviors and
Functions
Hyungjun Kim,†,∥ Min Ku Kim,†,∥ Hanmin Jang,‡,∥ Bongjoong Kim,§ Dong Rip Kim,*,‡

and Chi Hwan Lee*,†,§,¥

†Weldon School of Biomedical Engineering, Purdue University, 206 South Martin Jischke Drive, West Lafayette, Indiana 47907,
United States
‡School of Mechanical Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea
§School of Mechanical Engineering, Purdue University, 610 Purdue Mall, West Lafayette, Indiana 47907, United States
¥Department of Speech, Language, and Hearing Sciences, Purdue University, West Lafayette, Indiana 47907, United States

*S Supporting Information

ABSTRACT: Real-time monitoring of cellular behaviors and functions with
sensor-instrumented scaffolds can provide a profound impact on fundamental
studies of the underlying biophysics and disease modeling. Although quantitative
measurement of predictive data for in vivo tests and physiologically relevant
information in these contexts is important, the long-term reliable monitoring of
cellular functions in three-dimensional (3D) environments is limited by the
required set under wet cell culture conditions that are unfavorable to electronic
instrument settings. Here, we introduce an ultrabuoyant 3D instrumented scaffold
that can remain afloat on the surface of culture medium and thereby provides
favorable environments for the entire electronic components in the air while the
cells reside and grow underneath. This setting enables high-fidelity recording of
electrical cell−substrate impedance and electrophysiological signals for a long
period of time (weeks). Comprehensive in vitro studies reveal the utility of this
platform as an effective tool for drug screening and tissue development.
KEYWORDS: instrumented scaffold, ultrabuoyancy, real-time 3D monitoring, cellular and tissue electrophysiology, tissue engineering

The ability to record cellular behaviors and functions
with high spatial and temporal resolutions enables
fundamental understanding of the underlying bio-

physics and cellular electrophysiology.1−5 Conventionally, the
real-time monitoring of electrical activities of living cells occurs
by using various sensing platforms such as optical imagers with
voltage-sensitive dyes,5 graphene-based sensors,6 multiplexed
electrode arrays,7,8 and planar field-effect transistors
(FETs),9−11 but their spatial resolution remains limited
because these methods are tailored for 2D cultured cells.
The recent advent of injectable or rollable scaffold systems
enables the spatially resolved 3D mapping of the cellular
behaviors and functions in human tissue-mimicking environ-
ments.12−14 Nonetheless, challenges remain for their long-
term, high-fidelity recording due to the lack of effective means
to electrically decouple all of the necessary electronic
instrument settings from submerged conditions in a cell
culture medium including oxygen, pH, conductivity, and/or

agitation, which often requires additional packaging to prevent
wetting and damaging.15

Here, we report a 3D-stackable electronic scaffold (e-
scaffold) integrated with an engineered ultrabuoy that allows
the entire structure to remain afloat on the surface of medium
and therefore offers favorable environments for both biological
cells and electronics. The e-scaffold system contains multi-
modal arrays of sensing elements in vertically stackable
configurations, providing the capability for spatially resolved
3D mapping of cellular behaviors and functions. Demon-
strations of the e-scaffold system in 3D mapping of cellular
impedances and cardiac action potentials from cancer and
cardiomyocyte cells with high fidelity over weeks illustrate the
utility of this concept. Comprehensive in vitro studies reveal
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the important features of the underlying materials, design rules,
operational arrangements, and all of the relevant aspects of
operations.

RESULTS AND DISCUSSION
Basic Configuration of the e-Scaffold System. Figure

1a shows an exploded schematic view (left) and an optical

image (right) of the e-scaffold system afloat on a cell culture
medium (Eagle Medium, Gibco). The basic components of the
e-scaffold system include (1) multimodal arrays of sensing
elements to detect electrical cell−substrate impedance and/or
electrophysiological signals, (2) thin films (<1 μm thick) of
waterproof polyimide (PI) elastomer to serve as the substrate
and encapsulation, (3) high concentration of cold matrigel (20
mg/mL, Corning) surrounding the entire e-scaffold to serve as
the matrix that contains biological cells, (4) flexible anisotropic
conductive film (ACF) cables (HST-9805-210, Elform, Inc.,
USA) to connect the e-scaffold with an external data
acquisition unit, and (5) a sheet of highly water-repellent
ultrabuoy that consists of microporous spongelike polydime-
thylsiloxane (PDMS) with an effective specific weight of ∼456
kg/m3 that is >4 times lower than the cell culture medium
(∼1926 kg/m3), all anchored to the peripheral area of the e-
scaffold. In this configuration, all of the electronic components
including the ACF cables remain on the top of the spongelike
PDMS to avoid wetting, while cells can reside and grow
underneath the e-scaffold in the submerged culture conditions.
To further promote the ultrafloatation capability, the sponge-
like PDMS is additionally incorporated with polytetrafluoro-
ethylene (PTFE) nanoparticles (NPs, 0.2−5 μm diameter)

covered by a thin layer of medical-grade Teflon (AF2400,
DuPont, USA), leading to a substantial increase of the
buoyancy force and the surface tension by >20% and >35%,
respectively (Figure 1b). This ultrafloatation capability allows
the e-scaffold to keep out of the medium even against
intentional pressing up to ∼51 N/m2 (Figure 1c and movie
S1) while continuously offering favorable environments for
both electronics and cells. A series of scanning electron
microscope (SEM) images of the spongelike PDMS appear in
Figure 1d, highlighting the internal features. Further character-
izations of the spongelike PDMS in terms of the effective
specific weight, contact angle, dynamic droplet behavior, and
critical immersion weight and depth appear in Figure S1, with
the summarized results in Table S1. Figure S2 presents
experimental results showing that the electrical impedance of
the e-scaffold system remains nearly unaffected when deployed
on the surface of the cell medium in an incubator (Midi CO2
Incubators, Thermo Scientific, USA) at 37 °C under an
atmosphere with 5% of CO2 over 2 weeks, whereas abrupt
reduction of the impedance occurs within a short period of
time in the control groups without the microporous spongelike
ultrabuoy and with a conventional encapsulation using
untreated (nonporous) PDMS due to short-circuit paths by
wetting and penetration of the cell media.

Cell Compatibility and 3D Construction. Cell compat-
ibility of the e-scaffold system is a key consideration for its
implementation in 3D cell culture and tissue engineering
applications.16−19 Figure 2a (red bars) presents representative
results of a cell compatibility assay (MTT, Sigma-Aldrich,
USA) for the e-scaffold system seeded with green fluorescent
protein (GFP)-expressed MCF7 cells and floated upside down
on the medium. Prior to the cell seeding, the e-scaffold system
along with the spongelike PDMS was sterilized with 70% (v/v)
ethanol for 30 min and dried under ultraviolet (UV) irradiation
for 1 h and then stored in an incubator (Midi CO2 Incubators,
Thermo Scientific, USA) at 37 °C under an atmosphere with
5% of CO2. The results show that the proliferation rate of the
cells increases consistently throughout the assay period (2
days) while displaying no substantial difference compared to
those obtained from a control group without any electronics
embedded inside (black bars). Figure 2b shows the
corresponding confocal fluorescence microscope images
(A1Rsi confocal microscope, Nikon) of a monolayer of the
cells at day 2, wherein the yellow dashed lines indicate the
embedded recording electrodes (Au, 150 nm). The cells
become confluent and start to cover the e-scaffold system
when the size of the mesh holes is smaller than 200 μm.
Nonuniform distribution of the cells appears in the specimens
that exhibit the mesh hole size of >300 μm (Figure S3). A
control experiment on green immunofluorescence stained
cardiomyocyte cells at the 8-day incubation produces
consistent results (Figure 2c), confirming that the e-scaffold
system is conducive to cell growth, proliferation, and
extracellular matrix formation. Details about the cell culture
and associated experimental procedures appear in the
Methods.
Another interesting aspect is that the e-scaffold system can

be stacked multiple layers within a single matrigel, providing
the desired 3D cell culture environments where cells can grow
and interact with the surrounding environment in all
dimensions to form tissues for a variety of tissue-engineering
applications.16−19 Figure 2d presents pilot data obtained from
the four-layer-stacked e-scaffold system surrounded with dense

Figure 1. Basic configuration of the e-scaffold system: (a) exploded
schematic view (left) and optical image (right) of the e-scaffold
system afloat on a cell culture medium. Scale bar is 1 cm. (b)
Results of the buoyancy and surface tension forces of the e-scaffold
system. (c) Sequential optical images of microporous spongelike
PDMS coated with Teflon and PTFE NPs floating on a cell culture
medium against intentional force. Scale bar is 3 cm. (d) SEM
images of the microporous spongelike PDMS. Scale bars are 90,
60, and 10 μm from the left.

ACS Nano Article

DOI: 10.1021/acsnano.9b02291
ACS Nano XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02291/suppl_file/nn9b02291_si_001.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02291/suppl_file/nn9b02291_si_001.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02291/suppl_file/nn9b02291_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02291/suppl_file/nn9b02291_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02291/suppl_file/nn9b02291_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b02291/suppl_file/nn9b02291_si_006.pdf
http://dx.doi.org/10.1021/acsnano.9b02291


cell (MCF7) layers after the 3-day incubation with the
corresponding confocal fluorescence microscope image in
Figure 2e. The results consistently indicate that the e-scaffold
system supports cell growth and tissue formation. Further-
more, alternative stacking of the e-scaffold system seeded with
a specific sequence of different cells is possible, thereby
yielding a 3D heterocellular structure.20−22 Parts f and g of
Figure 2 show representative confocal fluorescence microscopy
images for the e-scaffold system with alternately stacked cancer
cells (e.g., GFP-MCF7) and endothelial cells (e.g., GFP-
HUVEC cells). Each cell layer is separately incubated for 2
days under different culture conditions and then stained with
DAPI and Draq5 for the MCF7 and HUVEC cells,
respectively. The corresponding top view images in Figure
S4 highlight the confluent layers of the well-attached cells with
normal morphologies. The formation of vascular tubes in the
HUVEC cells occurs, exhibiting extensive branches with a
typical length of 80 μm at day 3 (Figure S5). The subsequent
treatment of both vascular endothelial growth factor (VEGF)
and fibroblast growth factor (β-FGF) remains required to form
the tumor vasculature, thereby allowing for more systematic
investigations.23,24

Real-Time Monitoring of Electrical Cell−Substrate
Impedance. Real-time monitoring of electrical cell−substrate
impedance presents a nonlabeling technique to understand
cellular functions such as adhesion, growth, differentiation,
mitigation, and drug effect on cell behaviors.25 Biological cells
serve as dielectric particles due to the insulating properties of

their membranes, and therefore, their attachment and
detachment affect the current flow between the recording
electrodes, leading to distinguishable changes in the impedance
values.26 To illuminate this capability, a model e-scaffold
system is constructed into a configuration of interdigitated
arrays (width 80 μm, gap 100 μm) of the embedded recording
electrodes (Au, 150 nm) for the measurement of electrical
impedance (Figure S6). The equivalent circuit model appears
in Figure S7a, showing the recording electrode resistance (RE),
cell culture medium (Rmedium), Helmholtz double-layer
interfacial capacitance (CI), and additional resistance (Rcells)
and capacitance (Ccells) by the introduction of cells. The
recording electrodes act as a normal capacitor wherein the
resulting impedance ( ω ε ε= =X j C C A d1/( ), ( )/rc 0 ) is
subject to frequency (ω), dielectric constant (εr) of the
surrounding materials (air = 1.00059, water = 80.4, medium =
80), cross-sectional area of the recording electrode (A = ∼3900
μm2), and gap between the interdigitated arrays (d = 100 μm).
A representative frequency−impedance curve of the e-scaffold
system at a frequency range of 1−250 kHz appears in Figure
S7b. Details about the measurement of cellular impedance
appear in the Methods.
Figure 3a shows representative SEM (left), microscopy

(middle), and conformal microcopy (right) images of the
model e-scaffold system within a matrigel seeded with MCF7
cells after 1 h of incubation. The e-scaffold system remains
afloat on the medium, wherein the recording electrodes are
entirely surrounded by the PI elastomers. The ACF cables
placed on the spongelike PDMS are wired to an external data
acquisition system (E4980AL Precision LCR meter, Keysight
Technologies, USA) through the air. Figure 3b shows the
results of time-dependent impedance obtained separately from
MCF7 cells (black line), SKOV3 cells (red line), and HUVEC
cells (green line) for 50 h during the period of growth and
proliferation. The results show that the impedance increases
linearly for the first ∼4 h when the cells start to settle down
and become adherent to the recording electrodes, implying
that the cells act as an electrical insulating medium.27 From
∼16 h later, a drastic increase of the impedance occurs due to
the cell aggregation and continuous proliferation. This
tendency is more obvious in the MCF7 cells because the
population doubling time of MCF7 cells (∼29 h) is shorter
than that of SKOV3 cells (∼48 h) and HUVEC cells (∼60 h).
Consistently, the impedance of the MCF7 cells increases
proportionally to the cellular density (Figure 3c). An
impedimetric cytotoxicity plot for the MCF7 cells appears in
Figure 3d, while a model drug such as a hydrophilic and water-
soluble doxorubicin (Dox, doxorubicin hydrochloride, Fisher,
USA, solubility ∼50 mg/mL) is introduced in the medium
with different dosages at 1-day incubation. The results reveal
that the impedance starts to decrease within ∼4 h after the
drug administration (100 μM) when the effect of the Dox
becomes apparent and eventually leads to cell death and
detachment (Figure S8). It is observed that no substantial
decrease of the impedance appears in the control groups with
the low drug administration (10 μM).
Stacking the e-scaffold systems multiple times provides the

capability of monitoring spatially resolved impedance from
cultured cells in 3D-structured environments.28 Figure 3e
shows a schematic illustration for the three-layer-stacked e-
scaffold system within a single matrigel seeded with MCF7
cells, which is floated upside down on the medium by using the
spongelike PDMS. In this configuration, each layer of the e-

Figure 2. Cell compatibility and 3D construction. (a) Results of
MTT assays for GFP-MCF7 cells seeded on the e-scaffold system.
(b) Conformal fluorescence microscope image of the monolayer of
the GFP-MCF7 cells at 2-day incubation (green = GFP, blue =
DAPI). Scale bar is 100 μm. (c) Results of control experiments
with green immunofluorescence stained cardiomyocyte cells at 8-
day incubation (green = FITC, red = Draq5). Scale bar is 60 μm.
(d) Optical image of the four-layers-stacked e-scaffold system
surrounding with dense cell (MCF7) layers after 3-day incubation.
Scale bar is 200 μm. (e) Confocal fluorescence microscope image
of the stacked e-scaffold system (green = GFP). Scale bar is 200
μm. (f, g) Tilted and side view of the stacked e-scaffold system
with alternatively stacked GFP-MCF7 cells and GFP-HUVEC cells
(blue = DAPI, red = Draq5).
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scaffold system remains spaced apart a fixed distance of ∼5
mm along the perimeter by using spacers made of PDMS.
Figure 3f shows the time-dependent impedance obtained from
each layer of the e-scaffold system on the top (black line),
middle (red line), and bottom (green line), while 1 mM of
Dox is introduced on the uppermost top at the 1-day
incubation. The impedance increases at nearly the same rate
during the cell growth and proliferation and then abruptly
decreases following the drug administration with different rates
(top: ∼10.1 Ω/h, middle: ∼5.4 Ω/h, bottom: ∼1.6 Ω/h), as
the Dox molecules diffuse downward from the top within the
matrigel. These results are consistent with the confocal
fluorescence microscopy images (Figure S9) obtained from
the top (left image), middle (middle image), and bottom
(right image) layer of the e-scaffold system at 12 h after the
treatment of Dox (1 mM), indicating that the top layer
contains the most Dox, followed by the middle and bottom
layers. This platform for the real-time impedimetric analysis of
drug-induced cellular events in 3D environments can provide
important insights into the mechanism of complex cellular
phenomena for the identification of diseased cells at different
stages and their interactions with therapeutic agents.29

Real-Time 3D Monitoring of Cardiac Action Potential.
Real-time 3D monitoring of electrophysiological signals in

electrically active cells such as the heart, brain, and muscle cells
enables spatially resolved quantitative analysis of action
potential propagations to understand tissue development,
drug modulation, and functions of diseased or damaged
tissues.13,30 To demonstrate the potential use of the e-scaffold
system in this context, a model three-layer-stacked e-scaffold
system is constructed within a single matrigel containing
cardiomyocytes and tailored for the detection of electro-
cardiography (ECG) signals. Each layer of the e-scaffold
system consists of 36 recording electrodes (Au, 150 nm, width
= 60 × 60 μm2, electrode gap = 10 μm, distance between the
recording electrodes = 1150 μm) (Figure S10a). In this
configuration, the monitoring of the cellular contractions
occurs on each recording electrode, while the array-type
mapping reveals the spatial distributions and variations of the
cardiomyocyte throughout the 3D environment. The cardio-
myocytes undergo maturation in culture, leading to formation
of a tissue layer aligned to the e-scaffold system at day 8 in
vitro (Figure S10b). The representative immunostained
confocal images of cardiomyocytes stained with sarcomeric
α-actinin taken from several different areas after 8 days of
incubation (Figure S10c) reveal that cardiomyocytes are
homogeneously distributed along the surface and elongated
with high aspect ratios, providing information on the
maturation of cells and formation of tissues with hallmarks
of the native myocardium. As the cardiomyocytes mature, the
sarcomeres assemble in series to form myofibrils that extend
across the cells wherein the myofibrils are anchored to the ends
of the cardiomyocytes by the cell−cell junctional structure.
Figure 4a shows the recorded ECG signals in real time from

the cardiomyocytes at the day 2, 6, and 8, exhibiting the typical
shape of cardiac action potential signals at frequencies of 4.8, 1,
and 0.6 Hz, respectively. The beating rate decreases from 288
to 60 bpm and to 36 bpm, whereas the amplitude increases
from 66 to 83 μV and to 511 μV at day 2, 6, and 8, respectively
(movies S2, S3, and S4). The results imply that spontaneous
contractions of the individual cells initially occur, followed by
stronger and more synchronized contractions as the cells
become more in contact with each other. Figure 4b shows the
continuously recorded ECG signals from the cardiomyocytes
at day 8 in response to the addition of 100 μL of
norepinephrine (NE) into the medium, displaying that the
beating rate increases nearly 2-fold within ∼3 min after the NE
administration. A representative microscopy image in Figure 4c
highlights the embedded four-channel-multiplexed sensing
electrodes with the cardiomyocytes at day 8 within the domain
of 1.4 × 1.4 mm2 (movie S5). The results in Figure 4d show
the synchronized beating rate (∼0.63 Hz), amplitude (638−
763 μV), and peak width (∼1.6 s), which are within the range
of those reported in previous studies.9,13 The 3D mapping
results of the action potentials (Figure 4e) obtained from the
total 48 ECG sensors (4 × 4 array in each layer) reveal the
spontaneous beating activities of the cardiomyocytes at day 2,
6, and 8, without showing any toxic effect.

CONCLUSION
The results presented here demonstrate that the e-scaffold
integrated with the microporous spongelike ultrabuoy on
medium allows long-term, high-fidelity monitoring of cellular
behaviors and functions in favorable environments for both
biological cells and electronics. The physical stacking of the e-
scaffold system enables the incorporation of large numbers of
addressable sensors in a multidirectional arrangement, offering

Figure 3. Real-time monitoring of electrical cell−substrate
impedance. (a) Representative SEM (left), microscopy (middle),
and conformal microcopy (right) images of the e-scaffold system
embedded with impedance sensors (green = GFP). Scale bars are
300, 100, and 100 μm from the left. (b) Results of the time-
dependent impedance for the MCF7 cells (black line), SKOV3
cells (red line), and HUVEC cells (green line) for 50 h. (c)
Corresponding results of the different density of the MCF7 cells.
(d) Impedimetric cytotoxicity plot for the MCF7 cells with the
administration of Dox. (e) Schematic illustration for the three-
layer-stacked e-scaffold system within a single matrigel seeded with
MCF7 cells. (f) Results of the real-time monitoring of the
impedances. Data are presented as means ± SE (n = 3).
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the 3D mapping capability. These findings suggest an
expanded set of potential options such as long-term stable
monitoring of tissue functions during/after in vivo transplant to
replace diseased or damaged tissues.31 The real-time
monitoring of the cellular behaviors and functions with
temporal resolutions during endothelial lumen formation in
tumor tissue or during the invasion of SKOV3 cells into
HUVEC cells to obtain information on their interactions
between invading cancer cells and the adherent cells would be
highly desired, suggesting directions for future research.32−34 It
might be also interesting to consider constructing a
bioresorbable form of the e-scaffold system such that the
constituent materials degrade harmlessly in the body following
implantation and after a clinically useful period, thereby
eliminating the need for postsurgical extraction.35−38 Although
this study focuses on the advantages provided by impedance
and electrophysiological sensor, similar systems instrumented
with more diverse sensing modalities, such as detection of pH,
pressure, temperature, and/or mechanical strains, can be
considered.39−41

MATERIALS AND METHODS
Fabrication of the e-Scaffold System. The fabrication began by

spin-casting the layers of PMMA (1 μm thick) and PI (1 μm thick) on
a Si substrate. Thin films of Cr/Au film (5 nm/150 nm) were
deposited by using an electron-beam (e-beam) evaporator. A
photolithographic patterning with a photoresist (AZ 1518, 3000
rpm, 30 s) and subsequent wet etching steps in solutions of Cr and Au

etchants (Transene, Inc.) followed to define the metallic thin film
electrodes and the interconnecting traces. The encapsulation layer of
PI (1 μm thick) was spin-casted on top and patterned by
photolithography with a photoresist (AZ 9260, 3000 rpm, 1 min)
and oxygen (O2) plasma reactive ion etching (RIE) to define the basic
structure of the e-scaffold system.

Fabrication of the Microporous Spongelike Ultrabuoy. The
fabrication began by spin-casting a mixture of PDMS base material
and curing agent (10:1 weight ratio) on a glass substrate at 100 rpm
for 10 min. The as-prepared PDMS was then placed into a pressure
cooker maintained at the preset pressure (90 kPa) and temperature
(100 °C) for 20 min. The microscale pores were formed during the
high-pressure steaming step while the PDMS was completely
polymerized, providing the superhydrophobicity and antiwetting
performance. The resulting microporous spongelike PDMS was
dried in a convection oven at 70 °C for 1 h to remove the residual
water molecules. A solution of Teflon (1 wt % AF2400, Dupont,
USA) mixed with PTFE nanoparticles (0.2−5 μm, Polysciences, Inc.
and Sigma-Aldrich, USA) was spin-casted at 1000 rpm for 5 min and
then cured at 150 °C on a hot plate to increase the surface tension
force, leading to increased static water contact angle and decreased
effective surface adhesion against cell medium.

Measurement of Static Contact Angle and Dynamic
Droplet. The static contact angle was measured by placing a droplet
(∼10 μL) of distilled (DI) water and oil on a specimen by using a
computer-controlled contact angle analyzer (Surface Electro Optics,
Phoenix-10). The dynamic droplet behaviors of DI water and oil
when dropped (∼15 μL) from a height of ∼4 cm were monitored by
using a high speed camera at 50 frames per second.

Measurement of Buoyancy Force. The buoyancy force was
measured by adding equally balanced weights (∼0.25 g) one after
another on the top surface of a specimen afloat on the culture
medium (RPMI1640, Sigma-Aldrich, USA). The total supporting
buoyancy force was estimated according to the critical weight by
which the specimen was immersed.

Cell Compatibility Assay. The specimens were sterilized by
soaking in 70% (v/v) ethanol for 30 min and rinsing twice with
phosphate buffer saline (PBS) followed by dehydration under UV
irradiation for 1 h. The specimens were treated with O2 plasma (35
W, 3 min) and immersed in fibronectin/gelatin solution (0.5%
fibronectin, F1141, Sigma-Aldrich, USA, and 0.02% gelatin, Fisher
Scientific, USA) for 1 day. The cells suspended in 50% medium and
50% Matrigel (Corning Life Sciences, USA) were then seeded on the
specimens. In order to assess the cell proliferation, ∼5 × 103 cells
were seeded and incubated. After the incubation, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich,
USA) was added to the cells, and the fluorescent intensity was
measured at 580 nm by using a microplate reader (SpectraMax Plus
384 reader, Molecular Devices, USA). For the confocal microscopy
analysis, the cells were fixed with 4% v/v paraformaldehyde in PBS for
15 min, stained with DAPI (500 nM, Invitrogen, USA) or Draq5 (1
μM, Invitrogen, USA) for 2 min, and mounted with an antifade
reagent. The resulting cells were imaged by using the A1Rsi confocal
microscope (Nikon, Japan).

Cardiomyocyte Isolation. Primary neonatal mice cardiomyo-
cytes were prepared according to the Pierce Primary Cardiomyocyte
Isolation Kit (Thermo Scientific, USA). Briefly, neonatal hearts were
isolated from 1−3 day old neonatal mice and placed into separate
sterile microcentrifuge tubes containing 500 μL of ice-cold Hank’s
Balanced Salt Solution (HBSS). Each isolated heart was then minced
into 1−3 mm3 pieces and washed twice with 500 μL of ice-cold HBSS
to remove blood from the tissue. The minced tissues were incubated
with 200 μL of reconstituted Cardiomyocyte Isolation Enzyme 1
(with papain) and 10 μL of Cardiomyocyte Isolation Enzyme 2 (with
thermolysin) to each tube in an incubator at 37 °C for 30 min. After
the incubation, the tissues were removed from the enzyme solution
and washed twice with 500 μL of the ice-cold HBSS and 500 μL of
complete Dulbecco’s modified Eagle’s medium (DMEM) was added
for primary cell isolation to the tissues. The cardiomyocytes (6 × 106)
were seeded onto a specimen with 50% medium and 50% matrigel

Figure 4. 3D mapping of cardiac action potential. (a) Results of the
ECG signals recorded from the cardiomyocytes at days 2, 6, and 8.
(b) Continuously recorded ECG signals recorded from the
cardiomyocytes at day 8 in response to the addition of 100 μL
of norepinephrine (NE) into the medium. (c) Representative
microscopy image of the embedded four-channel-multiplexed ECG
sensors with cardiomyocytes at day 8. Scale bar is 200 μm. (d)
Results for the synchronized beating of the cardiomyocytes at day
8. (e) Results of the 3D mapping of the action potentials of
cardiomyocytes at days 2, 6, and 8 from the left.
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(Corning Life Sciences, USA). The cell constructs were supplemented
with complete DMEM for primary cell isolation and further
incubated.
Immunostaining. For the cardiomyocyte immunostaining, the

cardiomyocytes were fixed with 4% paraformaldehyde (Electron
Microscope Sciences, USA) in PBS for 30 min and then washed three
times with PBS. The cardiomyocytes were incubated with 0.25%
Triton X-100 (Sigma-Aldrich, USA) in PBS for 1 h and washed three
times with ice-cold PBS and preblocked for 1 h at room temperature
in PBS containing 10% FBS, after which the specimens were washed
three times with PBS. The specimens were incubated with primary
antisarcomeric α-actinin mouse monoclonal antibodies (1:250;
Sigma-Aldrich, USA) in SuperBlock (TBS) blocking buffer solution
(Thermo Scientific, USA) for 1 h at room temperature, washed three
times, and then incubated with AlexaFluor-488 goat antimouse
secondary antibody (1:400; Invitrogen, USA) for 1 h, followed by
rinsing with PBS. For the cell nuclei staining, the cardiomyocytes were
stained with 1 μM of Draq5 for 2 min and then rinsed with PBS. The
resulting specimens were imaged by using the A1Rsi confocal
microscope (Nikon, Japan).
Measurement of Impedance. The impedance was measured by

using an LCR meter (Agilent 4294A, USA) with a voltage (between
two adjacent recording electrodes) of ∼1 mV for 48 h at frequencies
of 1, 5, 10, 20, 30, 50, 100, 150, 200, and 250 kHz, respectively. The e-
scaffold system was placed in the incubator (5% CO2, 37 °C; Thermo
Scientific, USA) and wired to the LCR meter located outside of the
incubator via flexible ACF cables. The data were collected every 2 h
from the e-scaffold system. The frequency responses of the cytotoxic
effects were obtained by measuring the impedance of the MCF7 cells
treated with different doses of Dox at the frequency of 30 kHz.
Measurement of ECG Signals. The ECG signals of the

cardiomyocytes were acquired by using the multichannel electro-
physiological data acquisition unit (BioRadio, USA) with a notch filter
(60 Hz) and a custom filter (Filter type: Bandpass, Filter design:
Butterworth, order: 4, lower cutoff: 0.5, upper cutoff: 10). The e-
scaffold system was placed in the incubator (5% CO2, 37 °C; Thermo
Scientific, USA) and wired to the data acquisition unit via flexible
ACF cables. The data were collected at a sample rate of 2 kHz
through differential programmable channels and then postprocessed
using commercial software (BioCapture). The solution of norepi-
nephrine bitartrate (10 μM; Sigma-Aldrich, USA) was used to
increase the beating rate of the cardiomyocytes.
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