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Introduction

In vitro two-dimensional (2D) cardiac models are com-
monly used to assess drug-induced cardiotoxicity, safety 
and efficacy, due to their simplicity, cost-effectiveness, 
and compatibility with high-throughput screening.1–3 
These models typically employ monolayers of cardiac 
cells to evaluate the effects of pharmacological compounds 
on contractility, and electrophysiological properties beside 
cell viability. However, conventional 2D cardiac cultures 
often rely on immature cell types, such as neonatal rat car-
diomyocytes or human-induced pluripotent stem cell-
derived cardiomyocytes, which lack the structural and 
functional characteristics of adult human cardiomyo-
cytes.1,4 Moreover, limited cell-cell and cell-matrix inter-
actions in these systems hinder the development of mature 
sarcomeric architecture, calcium handling, and contractile 
activity.5,6 Improving cardiac structural and functional 
maturation of cardiomyocytes is therefore crucial to 

enhance the accuracy and predictive value of in vitro car-
diac models for both pharmacological screening and basic 
biological studies. Several studies underscore the need for 
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more physiologically relevant cardiomyocyte models to 
improve the assessment of electrophysiological and mechan-
ical toxicity testing, as well as to investigate fundamental 
cardiac biology.7,8 To address these limitations, various strat-
egies have been explored, including topographical,9–12 bio-
chemical,9,13 mechanical,14–20 and electrical cues,21–31 as well 
as three-dimensional (3D) culture systems.8,32–34 Among 
these approaches, electrical stimulation (ES) has emerged as 
an effective strategy to enhance functional coupling, contrac-
tion strength, and electrophysiological properties leading to 
improved synchronicity, conduction velocity, and overall 
contractile performance.21–23,35,36 ES is commonly delivered 
via electrodes submerged in culture medium,37 and the appli-
cation of monophasic pulse has been demonstrated to improve 
cell alignment, sarcomere organization, and electrophysiologi-
cal activity.24,25 However, electrochemical reactions, specifi-
cally nonreversible Faradaic reaction, at the electrode–electrolyte 
interface occur, which can lead to electrode degradation, local 
pH imbalances,26,27 and the accumulation of potentially cyto-
toxic by-products in the medium.38,39 Biphasic ES has therefore 
been proposed as an alternative to mitigate charge build-up. 
This stimulation mode consists of two half waves of opposite 
polarity: the first triggers cardiomyocyte contraction, while the 
second, with inverted polarity, reverses the chemical processes 
induced by the first wave.27,28 Furthermore, preliminary studies 
have shown that symmetric biphasic ES (in which both phases 
have equal amplitude) can enhance cardiac cell maturation 
compared to monophasic ES, improving excitability, connec-
tivity, and sarcomeric organization.29–31 However, some evi-
dence suggests that its secondary negative phase may 
hyperpolarize cardiomyocyte membranes, potentially interfer-
ing with subsequent action potential generation.28 Thus, achiev-
ing a balance between stimulation efficacy and biocompatibility 
remains a key challenge.

Here, we introduce for the first time an asymmetric 
biphasic ES mode, composed of two phases of different 
amplitudes. This novel approach has been designed to 
combine the respective advantages of monophasic and 
biphasic stimulation, while minimizing their inherent limi-
tations. We hypothesized that asymmetric biphasic ES can 
promote functional cardiomyocyte contractions, while 
reducing cell damage potentially caused by by-products 
released during ES. Using our custom-built electrical stim-
ulator (ELETTRA31), capable of delivering multiple, cus-
tomizable ES waveforms in parallel, we systematically 
compared asymmetric biphasic ES to monophasic and 
symmetric biphasic ES in 2D culture. Additionally, asym-
metric biphasic ES was evaluated against the conventional 
monophasic mode in a 3D culture system.

Materials & methods

Electrical stimulation

Tunable electrical stimulator interfaced with parallel culture 
chambers.  A tunable ES setup, previously developed,31 

was used to deliver different electrical waveforms to 2D 
and 3D cell cultures. Briefly, the custom-made setup is 
based on (i) the ELETTRA electrical stimulator, designed 
for in vitro ES of cardiac cells and tissues, and (ii) parallel, 
transparent-bottom culture chambers. ELETTRA is a 
compact device, based on an Arduino Due micro-control-
ler board (Arduino, Italy), providing voltage-controlled 
monophasic or biphasic square wave pulses, adjustable in 
voltage (0.25–12 V), frequency (0.5–10 Hz), and pulse 
duration (1–10 ms). It enables controlling three independ-
ent output channels, each of which can be connected to 
multiple culture chambers. The chambers consist of 35 mm 
μ-Dishes (Ibidi GmbH, Germany) equipped with an auto-
clavable polydimethylsiloxane (PDMS, Sylgard 184, Dow 
Corning, United States) insert featuring a central rectangu-
lar well. Two parallel carbon rod electrodes (length = 26 mm, 
diameter = 3 mm; Sigma-Aldrich, Germany) are embedded 
within the insert at a fixed distance of 1 cm and are con-
nected to ELETTRA via platinum wires (diame-
ter = 0.3 mm; Polyfil AG, Switzerland). Carbon was 
selected among different electrode materials due to its 
properties of biocompatibility, charge transfer, and corro-
sion resistance.31,40 Each electrode is exposed to the cul-
ture medium along a 20 mm segment. Within each culture 
chamber, a uniform electrical field develops at the bottom 
and in the central portion, ensuring uniform stimulation of 
cell monolayers and 3D constructs.31

Selection of ES modes.  The ES modes were designed to 
minimize residual voltage at the end of each stimulation 
pulse and to optimize the total charge delivered to the cul-
tured cardiomyocytes. An equivalent lumped-parameter 
model of the culture chamber and of the ELETTRA wave-
form generation unit was used to simulate the system 
behavior and to characterize voltage and current wave-
forms (Simulink, MathWorks, United States). The culture 
chamber was modeled as a Simplified Randles Cell cir-
cuit,39,41–43 characterized by resistance of the solution (Re) 
equal to 53 Ω, resistance of the electrodes to corrosion (Rp) 
equal to 5.13 × 108 MΩ, and non-ideal capacitance of dou-
ble layer at the electrode/electrolyte interface (Cp) equal to 
240 μF, with Rp and Cp in parallel (for details on adopted 
assumptions see Supplemental Material). The simulations 
were run considering 4 chambers connected in parallel to 
one ELETTRA output and applying different ES modes. 
Exploiting the full waveform tunability of ELETTRA, 
three distinct ES modes were selected: (1) Monophasic 
(Mono) – pulses with electric field amplitude of 3 V/cm 
and pulse duration of 2 ms, at a frequency of 1 Hz; (2) 
Symmetric biphasic (Sym Bi) – pulses at ±1.5 V/cm, with 
the same pulse duration and frequency; (3) Asymmetric 
biphasic (Asym Bi) – pulses with electric field amplitude 
of +3 V/cm in the positive half-wave and −1 V/cm in the 
negative half-wave, with the same pulse duration and 
frequency.
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The Mono ES mode was selected as the reference con-
dition for evaluating two alternative strategies aimed at 
mitigating its known limitations.26,27,38,39 The Sym Bi ES 
mode was selected because the reversal of electric field 
polarity can reduce electrode degradation by discharging 
the electrodes through current inversion, resulting in mini-
mal residual voltage. Compared to the Mono ES at 3 V/cm 
mode, the Sym Bi ES at ±1.5 V/cm delivers the same 
absolute value of the electric field variation, as the positive 
and negative phases each provide half the field strength 
(Supplemental Figure S1), and half the amount of charge 
during the stimulation. To combine the advantages of both 
the Mono and the Sym Bi modes, the Asym Bi mode 
(+3/−1 V/cm) was specifically designed to: (1) deliver, 
during the positive half-wave, comparable peak stimula-
tion intensity to Mono ES while reducing overall exposure 
time; (2) apply, during the negative half wave, an electric 
field of opposite polarity to facilitate electrode discharge 
(Supplemental Figure S1) and minimize charge accumula-
tion. During the positive phase, Asym Bi ES delivers the 
same electric field amplitude as the Mono ES mode (3 V/
cm), but for half of the pulse duration. During the negative 
phase, Asym Bi applies an electric field of opposite polar-
ity using a lower amplitude than the positive phase to 
reduce the total charge delivered compared to the Mono 
ES. To select the amplitude of the negative phase, simula-
tions were run using the lumped-parameter model and the 
final value of −1 V/cm for the negative phase was decided 
based on the estimated residual voltage.

Characterization of ES modes.  Experimental tests were per-
formed to evaluate the residual voltage, the total delivered 
charge and the total energy for each ES mode and to verify 
the compliance with the lumped parameter model out-
comes. Four culture chambers were filled with 2.5 ml of 
DMEM and were connected in parallel to ELETTRA. The 
Mono ES, the Sym Bi ES, and the Asym Bi ES modes 
were delivered. The current was monitored using a digital 
oscilloscope (PicoScope 2204A, Pico Technologies, 
United Kindom), connecting the probe to the ELETTRA 
monitoring ports and 10 independent recordings were 
acquired for each of the voltage waveforms were recorded 
at a sample rate of 780 kS/s. The acquired signals were 
post-processed using MATLAB R2021b (MathWorks, 
United States) to evaluate the residual voltage, the total 
delivered charge and the total energy. Mean and standard 
deviation were calculated for each quantity.

Cell culture systems

Cell isolation.  Neonatal rat cardiac cells were isolated from 
2 to 3-day-old Sprague Dawley rats following established 
protocols.44 Briefly, rat ventricles were minced into small 
pieces and digested overnight at 4°C in a 0.06% w/v 
trypsin solution (trypsin from bovine pancreas, Sigma-
Aldrich, USA) with continuous shaking at 50–60 

oscillations per minute. The digestion was continued with 
five consecutive 4-min cycles using a 0.1% w/v colla-
genase solution (type 2 collagenase, Worthington-Bio-
chem, USA). To improve the cardiomyocyte fraction, the 
isolated cardiac cells were pre-plated in culture flasks for 
45 min at 37°C and 5% CO₂ to allow fibroblasts to attach. 
The enriched cardiac cell population (>70% cardiomyo-
cytes) was then seeded at a density of 6 × 104 cells/cm2 
and cultured for 48 h before starting the experiments. For 
the first 24 h, the cells were maintained in high glucose 
(HG) Dulbecco’s Modified Eagle’s Medium (DMEM, 
Sigma-Aldrich, USA), supplemented with 1% v/v HEPES 
buffer (Sigma-Aldrich, USA), 1% v/v penicillin/strepto-
mycin (Sigma-Aldrich, USA), 1% v/v L-glutamine 
(Sigma-Aldrich, USA), and 10% v/v fetal bovine serum 
(FBS, Sigma-Aldrich, USA; seeding medium). During the 
last 24 h, the cells were maintained in low glucose (LG) 
DMEM (Sigma-Aldrich, USA), supplemented with 1% 
v/v HEPES buffer (Sigma-Aldrich, USA), 1% v/v penicil-
lin/streptomycin (Sigma-Aldrich, USA), 1% v/v L-glu-
tamine (Sigma-Aldrich, USA), and 1% v/v FBS 
(Sigma-Aldrich, USA) to limit the proliferation of cardiac 
fibroblasts (culture medium).

2D cell culture under ES.  Before starting the experiments, 
the culture chambers were prepared as previously 
described.31 Briefly, in each culture chamber the PDMS 
structures equipped with the carbon rod electrodes were 
press-fit. Cells were then seeded at a density of 6 × 104 
cells/cm2, equivalent to 2.5 × 105 cells per chamber, using 
2 mL of seeding medium. The following day, the seeding 
medium was replaced with 2.5 mL of culture medium. For 
each condition, four samples were statically pre-cultured 
for 3 days to allow the cells to recover from the isolation 
process. This 3-day pre-culture period, without ES, was 
chosen based on previous studies39,45,46 to facilitate recov-
ery of neonatal rat cardiac cells post-isolation. Subse-
quently, cardiac cells were cultured for an additional 4 days 
either without (Control) or with ES, to evaluate the short-
term effects of ES as reported in earlier studies.23,29–31,47 
The culture medium was refreshed every 2 days to supply 
fresh nutrients and remove toxic by-products generated 
during ES.

Three different ES modes were tested simultaneously, 
using a frequency of 1 Hz, and a pulse duration of 2 ms: 
Monophasic ES at 3 V/cm (Mono), Asymmetric biphasic 
ES at +3/−1 V/cm (Asym Bi), Biphasic ES at ±1.5 V/cm 
(Sym Bi; Figure 1).

ES modes were applied in parallel to four culture cham-
bers, and all samples were cultured for a total of 7 days in 
a standard incubator (37°C, 95% humidity, 5% CO₂; 
Figure 1).

3D cell culture under ES.  Traditional 2D cardiac cell mod-
els are limited in their capacity to mimic the native heart’s 
3D architecture and the dynamic interactions with the 
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extracellular matrix (ECM). To better replicate these fea-
tures, 3D culture approaches incorporating fibrin hydro-
gels have been introduced. Fibrin gel forms through the 
enzymatic reaction of fibrinogen and thrombin, followed 
by calcium crosslinking catalyzed by activated Factor 
XIII, creating a stable network that embeds cells. Fibrin is 
preferred in cardiac tissue engineering, compared to the 
collagen, due to its rapid polymerization,48 ECM-support-
ive environment,49 and mechanical flexibility.50 However, 
its tendency to degrade over time is a drawback.49 To 
address this, tranexamic acid is added to prevents fibrinol-
ysis by inhibiting the conversion of plasminogen into 
plasmin.51

Hydrogel-based engineered cardiac tissues (ECTs) 
were generated by seeding rat origin cardiac cells in a 
100 mL fibrin gel solution (25 mg/mL fibrinogen, Sigma-
Aldrich, USA, 5 U/mL thrombin, Sigma-Aldrich, USA, 
4.4 mM CaCl2, Sigma-Aldrich, USA, 0.4 mg/mL 
tranexamic-acid, Sigma-Aldrich, USA) at the density of 
20 × 106 cells/ mL corresponding to 2 × 106 cells. The 
ECTs were generated by directly casting the cell-based 
fibrin gel on a PDMS membrane within the custom culture 
chambers (Supplemental Figure S2). ECTs were incubated 
20 min at 37°C and 5% CO2 to allow complete gel polym-
erization and DMEM HG (Sigma-Aldrich, USA) supple-
mented with 10% FBS (Sigma-Aldrich, USA), 1% HEPES 

(Sigma-Aldrich, USA), 1% PS (Sigma-Aldrich, USA), 1% 
L-Glu (Sigma-Aldrich, USA) was added. From the second 
day onward, the culture media was replaced daily with 
DMEM LG (Sigma-Aldrich, USA) supplemented with 
10% FBS (Sigma-Aldrich, USA), 1% HEPES (Sigma-
Aldrich, USA), 1% PS (Sigma-Aldrich, USA) and 0.4 mg/
mL tranexamic acid (Sigma-Aldrich, USA) to reduce 
fibrin degradation52 and remove waste products. After 
3 days of static culture, ECTs were maintained for an addi-
tional 4 days either under static conditions (Control) or 
subjected to Mono and Asym ES modes. After a total of 
7 days in culture (37°C, 95% humidity, 5% CO₂), the con-
structs were analyzed.

Analyses

Immunofluorescence staining.  Cells were washed with 
phosphate-buffered saline (PBS, Sigma-Aldrich, USA) 
and subsequently fixed with 4% paraformaldehyde (PFA, 
Sigma-Aldrich, USA) for 15 min. Immunofluorescence 
staining was then performed as follows. Cells were washed 
twice with PBS and permeabilized for 1 h at room tem-
perature using a solution of 5% normal goat serum (Sigma-
Aldrich, USA) and 0.25% Triton X-100 (Sigma-Aldrich, 
USA) in PBS. After two additional PBS washes, samples 
were incubated for 1 h in the dark with primary antibodies 

Figure 1.  Experimental setup of the 2D cardiac culture model.
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listed in the following paragraphs. Following primary anti-
body incubation, cells were washed with PBS and incu-
bated with fluorescent secondary antibodies for 30 min in 
the dark. Nuclear staining was subsequently performed 
using DAPI (1:40 dilution, Invitrogen, Thermo Fisher Sci-
entific, USA) for 15 min. All antibody incubations were 
carried out at room temperature in PBS containing 0.1% 
bovine serum albumin (BSA, Sigma-Aldrich, USA). Pri-
mary and secondary antibodies were used at a 1:200 
dilution.

For each experimental condition, immunofluorescence 
images were acquired using a 40× objective Kinetix cam-
era on a Nikon Crest V3 spinning-disk confocal micro-
scope (Nikon, Japan).

Cell damage.  Cell viability was assessed by labeling dead 
cells using Ethidium Homodimer-1 (EthD-1, Molecular 
Probes, Thermo Fisher Scientific, USA), a red fluorescent 
dye that exhibits strong fluorescence upon binding to nucleic 
acids. On day 7, prior to fixation, cells were incubated with 
4 µM EthD-1 diluted in PBS for 40 min in the dark. Follow-
ing incubation, the EthD-1 solution was removed, and cells 
were washed with PBS. Samples were then processed for 
subsequent immunofluorescence staining.

Apoptosis was evaluated by immunostaining for 
cleaved caspase-3 using a rabbit polyclonal IgG anti-
cleaved caspase-3 antibody (1:200 dilution, Cleaved-
Casp3, 9661S, Cell Signaling, USA), followed by an Alexa 
Fluor 488-conjugated anti-rabbit IgG secondary antibody 
(1:200 dilution, Life Technologies, Thermo Fisher 
Scientific, USA).

Cardiac maturation.  Cardiac maturation was assessed 
using structural and functional markers. Samples were 
stained with mouse monoclonal IgG1 anti-sarcomeric α-
actinin (1:200 dilution, Actn2, Abcam, ab9465, UK) to 
assess sarcomeric organization, and rabbit polyclonal IgG 
anti-Connexin-43 (1:200 dilution, Sigma-Aldrich, C6219, 
USA) to evaluate gap junction formation. Secondary anti-
bodies included Alexa Fluor 546-conjugated anti-mouse 
IgG1 and Alexa Fluor 647-conjugated anti-rabbit IgG 
(1:200 dilution, Life Technologies, Thermo Fisher Scien-
tific, USA).

Image analysis
Cell damage.  To assess cell damage, the open-source 

digital pathology software QuPath (version 0.4.0) was 
used for image analysis. Total cell number was determined 
by counting DAPI positive nuclei. Cardiomyocytes and 
fibroblasts were identified by the presence or absence of 
Actn2, respectively. Cell viability was evaluated by iden-
tifying different stages and types of cell death based on 
marker expression. Cells were classified as follows: early 
apoptotic (Actn2+ or Actn2−, DAPI+, Cleaved-Casp3+ 
and EthD-1−), late apoptotic (Actn2+ or Actn2−, DAPI+, 

Cleaved-Casp3+ and EthD-1+), and non-apoptotic dead 
(Actn2+ or Actn2−, DAPI+, Cleaved-Casp3− and EthD-
1+). The cell populations were quantified and expressed 
as a percentage of total cardiomyocytes (Actn2+, DAPI+) 
and total fibroblasts (Actn2−, DAPI+) per image.

Cardiac maturation.  Total cell count was determined by 
counting DAPI-positive nuclei using QuPath. Cardiomyo-
cytes and cardiac fibroblasts (CFs) were identified as cells 
positive or negative for Actn2 or cardiac troponin-T (TnT), 
respectively.

Image analysis was performed using an open source 
software, Fiji software (version 2.16.0/1.54p).53 The 
“Intermodes” thresholding technique was used to segment 
Cx-43+ areas, while the “Li dark method” was applied to 
segment Actn2+ and cTnT+ regions. The percentage of 
Actn2+ and Cx-43+ areas were then normalized to the 
number of cardiomyocytes.11,18,31,54–56 Sarcomere length in 
cardiomyocytes was measured in Fiji by calculating the 
distance between two intensity peaks of adjacent sarcom-
eric filaments.57–60 Cardiomyocytes with organized sar-
comeres and cardiomyocytes with aligned Cx-43 were 
manually counted with the Cell Counter tool of Fiji. 
Cardiomyocyte aspect ratios expressed as length-width 
ratio were manually measured with QuPath.

Troponin and lactate dehydrogenase release measurement.  
Cardiac cell damage was measured by quantifying the 
release of cardiac troponin I (cTnI), cTnT and lactate 
dehydrogenase (LDH) into the culture medium. Culture 
media were collected from each experimental condition on 
days 3, 5, and 7. After centrifugation at 1200 rpm, superna-
tants were collected and stored at −80°C until analysis. 
cTnT concentrations were measured using the high-sensi-
tivity cTnT (hs-cTnT) assay on the Cobas pure e402 ana-
lyzer (Elecsys Troponin T hs Gen 5 STAT, Roche 
Diagnostics, Germany). Hs-cTnI levels were assessed with 
the ALINITY i-series analyzer (Alinity I STAT High Sen-
sitive Troponin-I Reagent Kit, Abbott Diagnostics, Abbott 
Park, USA). LDH levels were measured on the Cobas pure 
c303 (Roche Diagnostics, Switzerland).

Reactive oxygen species (ROS) into the cell culture 
medium were quantified using the ROS-GLO H2O2 Assay 
(G8820, Promega, USA), following the manufacturer’s 
instructions. Luminescence was measured using a micro-
plate luminometer (Synergy H1, Agilent Technologies, 
USA).

Cell viability assay.  Cell viability was assessed using the 
MTT assay (Sigma, USA), which measures metabolic 
activity based on the ability of viable cells to reduce MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide) into dark blue formazan crystals.61

NIH 3T3 fibroblasts62 were seeded in 48-well plates at 
a density of 20,000 cells/cm² and incubated at 37°C with 
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5% CO₂ for 48 h. Conditioned media were generated by 
subjecting LG DMEM (supplemented with 1% v/v HEPES 
buffer, 1% v/v penicillin/streptomycin, 1% v/v 
L-glutamine, and 1% v/v FBS) to ES (Monophasic, 
Symmetric Biphasic, Asymmetric Biphasic) or no stimula-
tion for 48 h. These conditioned media were then applied 
to fibroblast cultures for 24 h. Fresh medium served as a 
negative control, while 0.1% ZDEC polyurethane film 
extract (RM-A, Hatano Research Institute, FDSC) was 
used as a positive cytotoxic control.

MTT dye (0.5 mg/mL, Sigma-Aldrich, USA) was 
diluted 1:10 in phenol red-free LG DMEM with the same 
supplements and added to each well for 4 h. The reaction 
was stopped using isopropanol containing 6 × 10⁻⁵M HCl, 
and absorbance was read at 575 nm using a microplate 
reader (Synergy H1, Agilent Technologies, USA). All con-
ditions were tested in duplicate, and results are presented 
as the percentage of viable cells relative to the non-stimu-
lated control.

Electrical functionality and cardiomyocyte contractility assess-
ments.  After 7 days of culture, the contractile activity of 
cardiomyocytes was evaluated in response to external 
electrical pacing by measuring two key electrical parame-
ters: Excitation Threshold (ET) and Maximum Capture 
Rate (MCR).31,63 Pacing tests were conducted in a live-cell 
imaging microscope incubator (ZEISS X91, Olympus, 
Japan) at 37°C, 5% CO₂. Electrical pulses (1 Hz, 2 ms) 
were applied using the ELETTRA.31 Starting at 1 V/cm, 
voltage was gradually increased to identify the minimum 
electric field required for synchronized contraction. Once 
ET was established, 150% of this voltage was applied, and 
frequency was incrementally increased to identify the 
MCR, that is, the highest frequency the cells could follow 
without losing synchronicity.

Videos of paced cells were recorded at 30 frames per 
second (fps) using a 10× objective in the same live-imag-
ing setup.

Functional inter-cellular communication.  To evaluate the role 
of gap junction communication, functional parameters of 
cardiomyocytes were assessed before and after supple-
menting a pharmacological broad-spectrum gap junction 
inhibitor of connexins using carbenoxolone (Sigma-
Aldrich). After 7 days of culture, baseline ET values were 
evaluated. Cells were treated with 100 µM carbenoxolone 
diluted in LG DMEM supplemented with 1% FBS, 1% 
penicillin/streptomycin, 1% L-glutamine, and 1% HEPES 
for 30 min at 37°C in 5% CO₂. Following treatment, ET 
measurements were repeated. The effect of gap junction 
inhibition was quantified by calculating the ratio of post- 
to pre-treatment values (ET₃₀min/ET₀).

Calcium transient.  After assessing ET and MCR, intracel-
lular calcium dynamics were evaluated using the Fluo-4 

(Fluo-4 No-Wash Calcium Assay Kit, Invitrogen, Sigma-
Aldrich, USA). Two chambers per condition, for 3 inde-
pendent experiments, were selected for calcium imaging. 
Cells were washed with HBSS and incubated with 400 µL 
of Fluo-4 AM solution at 37 °C for 30 min. Following 
incubation, the dye was removed, and 2.5 mL Tyrode’s 
solution (140 mM NaCl, 5.4 mM KCl, 1 mM MgCl₂, 
1.8 mM CaCl₂, 5.5 mM glucose, 5 mM HEPES in distilled 
water) was added for recording. Calcium transients were 
recorded during ES using a 40× objective Kinetix camera 
on a Nikon Crest V3 spinning-disk confocal microscope at 
30 fps (Nikon, Japan; excitation at 488 nm, emission 500–
550 nm) under live-cell conditions at 37°C. Fluorescence 
intensity over time was quantified using Fiji software.

Regions of interest (ROI) were drawn within contractile 
cardiomyocytes to measure calcium transient profiles. 
Fluorescence versus time plots were generated to assess 
intracellular calcium handling. Quantitative analysis 
included calculating the changes in fluorescence intensity 
(ΔF) between relaxed and contracted states. Moreover, 
peak delay (PD), defined as the maximum delay in fluores-
cence peakonset among different ROIs in response to a 
single pacing stimulus, was evaluated using a custom 
script (MATLAB).31

Contractility assessments.  Cardiomyocyte contractile per-
formance was evaluated by analyzing the live-imaging 
videos of electrically stimulated cells. Two key parameters 
were assessed: the peak amplitude (PA), indicating the 
maximum displacement of individual cardiomyocytes dur-
ing contraction, and the contraction time delay (CTD), 
defined as the maximum delay in contraction onset across 
multiple cells in response to a single pacing stimulus. Cell 
displacement tracking was performed using the TrackMate 
plugin in Fiji (NIH, USA), and quantitative analysis was 
carried out using a custom script.31

For 3D ECTs, ET videos were analyzed using a custom 
open-source MATLAB-based graphical user interface 
(GUI), incorporating a Digital Image Correlation (DIC) 
algorithm.64 The DIC technique enables visualization and 
tracking of material deformation by generating a grid of 
reference points across the sample surface. Displacement 
and strain fields are calculated by correlating sequential 
video frames with a reference frame. Through the applica-
tion of structural mechanics principles, this method ena-
bles precise quantification of local deformations and strain 
within the ECTs during contraction.

Proteomics.  At the end of the 2D culture, cells were washed 
twice with PBS, collected and centrifugated for 5 min at 
1200 rpm. Cells were then lysed in lysis buffer (1% sodium 
deoxycholate, 0.1M Tris, 10 mM TCEP, pH = 8.5) using 
ultra-sonication (10 cycles, Bioruptor, Diagenode, Belgium). 
Lysates were reduced for 10 min at 95°C and alkylated with 
15 mM chloroacetamide for 30 min at 37°C. Proteins were 
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digested by incubation with sequencing-grade modified 
trypsin (1/50, w/w; Promega, Madison, Wisconsin) for 
12 h at 37°C. Tryptic digests were acidified (pH < 3) using 
TFA and cleaned up using iST cartridges (PreOmics, Ger-
many) according to the manufacturer’s instructions. Sam-
ples were dried under vacuum and stored at −20°C until 
further use.

Dried peptides were resuspended in 0.1% aqueous for-
mic acid and subjected to LC–MS/MS analysis using a 
Orbitrap Fusion Lumos Mass Spectrometer fitted with an 
EASY-nLC 1200 (both Thermo Fisher Scientific) and a 
custom-made column heater set to 60°C. Peptides were 
resolved using a RP-HPLC column (75 μm × 36 cm) 
packed in-house with C18 resin (ReproSil-Pur C18–AQ, 
1.9 μm resin; Dr. Maisch GmbH, Germany) at a flow rate 
of 0.2 μL/min. The following gradient was used for pep-
tide separation: from 5% B to 12% B over 5 min to 35% B 
over 90 min to 50% B over 25 min to 95% B over 2 min 
followed by 18 min at 95% B. Buffer A was 0.1% formic 
acid in water and buffer B was 80% acetonitrile, 0.1% for-
mic acid in water.

The mass spectrometer was operated in DDA mode 
with a FAIMS Pro interface attached. FAIMS was run in 
standard resolution mode with 2 alternating CV voltages 
of −40 and −70 V. The total cycle time was 3 s (1.5 s per 
CV voltage) between master scans. Each master scan was 
acquired in the Orbitrap at a resolution of 120,000 FWHM 
(at 200 m/z) and a scan range from 375 to 1500 m/z fol-
lowed by MS2 scans of the most intense precursors in the 
linear ion trap at “Rapid” scan rate with isolation width of 
the quadrupole set to 1.4 m/z. Maximum ion injection time 
was set to 50 ms (MS1) and 35 ms (MS2) with AGC target 
set to 1e6 and 1e4, respectively. Only peptide ions with 
charge state 2–5 were included in the analysis. 
Monoisotopic precursor selection (MIPS) was set to 
Peptide, and the Intensity Threshold was set to 5e3. 
Peptides were fragmented by HCD (Higher-energy colli-
sional dissociation) with collision energy set to 35%, and 
one microscan was acquired for each spectrum. The 
dynamic exclusion duration was set to 30 s.

The generated raw files were converted to mzXML and 
split by the applied compensation voltage using the FAIMS 
MzXML Generator software package (PMID: 29969236). 
The mzXML -files were searched using MaxQuant 
(v1.6.17.0) against a Rattus norvegicus database (consisting 
of 31575 protein sequences downloaded from Uniprot on 
20200417) spiked with the sequences of human Fibrinogen 
alpha, beta, and gamma chains (Uniprot accessions P02671, 
P02675, and P02679) and commonly observed contami-
nants using the following search criteria: full tryptic speci-
ficity was required (cleavage after lysine or arginine 
residues, unless followed by proline); 2 missed cleavages 
were allowed; carbamidomethylation (C) was set as fixed 
modification; oxidation (M); and acetylation (Protein 
N-term) were applied as variable modifications; mass toler-
ance of 20 ppm (precursor) and 0.5 Da (fragments); match 

between runs was enabled. The database search results were 
filtered to a false discovery rate (FDR) of 1% on the peptide 
and protein level. Quantitative analysis results from label-
free quantification were processed using the SafeQuant R 
package v.2.3.2. (PMID: 27345528, https://github.com/eah-
rne/SafeQuant/) to obtain peptide relative abundances. This 
analysis included global data normalization by equalizing 
the total peak areas across all LC-MS runs, data imputation 
using the knn algorithm, summation of peak areas per pro-
tein and LC-MS/MS run, followed by calculation of protein 
abundance ratios. Only isoform specific peptide ion signals 
were considered for quantification. The summarized protein 
expression values were transformed from the linear to the 
log-scale and normalized by subtracting the respective col-
umns medians differences to the grand median. Differential 
expression (DE) for proteins between conditions was 
obtained by applying empirical Bayes moderated t-Tests 
implemented in the R/Bioconductor limma package (PMID: 
25605792). Considering the study design, all proteins show-
ing p-value (adjusted by Benjamini-Hochberg method) 
<0.05 were considered DE. For pathway analysis, UniProt 
accession numbers were mapped to Human orthologs using 
Gene and Ortholog Location Finder (GOLF) function from 
RGD database (https://rgd.mcw.edu/rgdweb/ortholog/start.
html) and pathway analysis was performed on MSigDb 
database (PMID: 16199517) using Competitive Gene Set 
Enrichment Analysis (Camera) in limma package. Pathways 
with FDR score lower than 0.1 were considered differen-
tially regulated.

Statistical analysis

All data are presented as mean ± standard deviation (SD). 
One-way and two-way ANOVA test was used for normally 
distributed populations (Figures 4(d)–(f), 5(c), (d), 6(e), 
7(c), 8(a) and (b), S9A). For all other graphs, the non-par-
ametric Mann–Whitney test or Kruskal-Wallis test was 
used for single and multiple comparisons, respectively. 
Statistical analyses were conducted using GraphPad Prism 
10 (GraphPad Software, Inc., USA). Statistical signifi-
cance was set at p < 0.05.

To compare the distribution of sarcomere lengths 
between experimental conditions, statistical analyses were 
performed in R (version 4.4.2) using packages (dplpr, 
tidyr, stringr, purrr, janitor). Inter-group comparisons of 
categorical proportions were assessed with Chi-square. 
Multiple comparisons were performed with Pairwise 
Fisher’s exact tests with Holm correction.

Results

Characterization of ES modes

Experimental measurements and simulated values of total 
delivered charge, residual voltage and total energy were 
compared across the three ES modes (Table 1). For each 

https://github.com/eahrne/SafeQuant/
https://github.com/eahrne/SafeQuant/
https://rgd.mcw.edu/rgdweb/ortholog/start.html
https://rgd.mcw.edu/rgdweb/ortholog/start.html


8	 Journal of Tissue Engineering ﻿

condition, the total delivered charge and total energy 
showed good agreement between measured and simulated 
values. The residual voltage was higher in absolute value 
for the experimental measurements, as the lump parameter 
model does not account for the non-ideal behavior of the 
components. The total delivered charge was the highest for 
the Mono ES mode, which also exhibits the most negative 
residual voltage (−790.9 ± 0.0 mV measured), indicating 
significant charge accumulation at the electrode double 
layer. In contrast, the Sym Bi ES mode delivered the low-
est total charge (69.3 μC simulated, 59.8 ± 0.3 μC meas-
ured) and showed minimal residual voltage (89.8 ± 5.6 mV 
measured), refelecting its balanced nature. The Asym Bi 
ES mode delivered an intermediate charge (87.1 μC simu-
lated, 89.7 ± 0.1 μC measured) with a moderate residual 
voltage (−193.6 ± 0.0 mV measured), showing a trade-off 
between charge delivery and reversibility.

The total energy calculated from the measured voltage 
and current resulted the highest for Mono ES (415.2 μJ 
simulated, 399.2 ± 0.2 μJ measured) and the lowest for 
Sym Bi ES (103.7 μJ simulated, 89.7 ± 0.4 μJ measured). 
Asym Bi ES was characterized by an intermediate value of 
total energy (221.1 μJ simulated, 226.8 ± 0.1 μJ meas-
ured), notably lower than that of Mono ES. The experi-
mental waveforms of current and voltage on the sensing 
resistors for the three ES modes are provided in 
Supplemental Figures S3 and S4.

2D cell culture experiments

ES modulated the molecular signature of cultured cells.  Mass 
spectrometry analysis of cardiac cells exposed to the 
three different ES (Mono, Sym Bi, and Asym Bi) modes 
and not electrically stimulated cells (Control) was per-
formed. The 10% most variable proteins across the 
experimental groups are shown in Supplemental Figure 
S5. From the full set of proteins identified by mass spec-
trometry, we focused on a subset of known proteins typi-
cally expressed in engineered cardiac tissue 
(ECT),23,24,65–69 which we organized into four main func-
tional categories based on their biological roles: (1) sar-
comere structure and contractility; (2) cell death and 
survival; (3) protein related to cell homeostasis; and (4) 
cell metabolism. The relative level of these proteins was 

visualized as heat maps to highlight group-specific 
expression patterns (Figures 2 and S6).

No evident differences were observed between experi-
mental groups in proteins related to cell death and survival 
(Supplemental Figure S6). In contrast, compared to the 
other experimental groups, the Asym Bi group exhibited 
the most pronounced changes in proteins associated with 
sarcomere structure and contractility, protein homeostasis, 
and cellular metabolism (Figure 2).

Specifically, the group Asym Bi showed high expres-
sion of proteins involved in Ca2+ handling and excitation-
contraction coupling, as ATP2B1, ATP2B2, GJA1, and 
DSP, as well as components of the sarcomeric contractile 
apparatus including different myosin heavy and light chain 
proteins, and the cardiac troponins (TNNI3, TNNT2; 
Figure 2(a)). Interestingly, proteins involved in fatty acid 
β-oxidation were also more abundant in the Asym Bi 
group, which simultaneously exhibited lower levels of gly-
colytic proteins (Figure 2(b)), indicating a metabolic shift 
toward an oxidative phenotype, typical of more mature 
cardiomyocytes. In addition, the Asym Bi group displayed 
increased expression of proteins associated with the 
assembly, stability, and function of mitochondrial com-
plexes IV, I, II, and III (e.g. COX6A1 COX7A2, COX7A2I, 
NDUFAF5, NDUFAF6, NDUFAF7, SDHAF1, SDHAF2, 
UQCRC2, UQCRQ) compared to the other conditions, 
further supporting enhanced bioenergetic capacity (Figure 
2(c)). While the expression of transport proteins related to 
nutrient uptake and energy metabolism was mainly com-
parable in all groups, a slight increase was observed in the 
Asym Bi group (Figure 2(d)). Finally, proteins associated 
with autophagy/mitophagy, proteolysis/stress response, 
and chaperones were generally less abundant in the Asym 
Bi group, suggesting reduced cellular stress response acti-
vation comparing with the other conditions (Figure 2(e)).

Differential expression analysis.  To further highlight the 
differences in protein abundance between experimental 
groups, pairwise DE analysis and Gene Ontology (GO) 
enrichment analysis for Biological Processes were per-
formed.

Control versus stimulated conditions (Mono, Sym Bi, Asym 
Bi).  Compared to unstimulated controls, all ES conditions 

Table 1.  Electrical characterization of ES modes. Simulated and measured total delivered charge, residual voltage and total energy 
values for the three applied ES modes.

Electrical 
characterization

Simulation Experimental measurement

ES mode Total delivered 
charge (μC)

Residual 
voltage (mV)

Total 
energy (μJ)

Total delivered 
charge (μC)

Residual 
voltage (mV)

Total 
energy (μJ)

Mono (+3 V/cm) 139.4 −278 415.2 133.1 ± 0.1 −790.9 ± 0.0 399.2 ± 0.2
Sym Bi (±1.5 V/cm) 69.3 37 103.7 59.8 ± 0.3 89.8 ± 5.6 89.1 ± 0.4
Asym Bi (+3/−1 V/cm) 87.1 −91 221.1 89.7 ± 0.1 −193.6 ± 0.0 226.8 ± 0.1
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Figure 2.  Effects of electrical stimulation on cardiac maturation, cell metabolism and homeostasis. Heatmaps of proteins 
related to sarcomere structure and contractility (a), cell metabolism (b–d), and homeostasis (e) across experimental groups: 
Control, Mono, Sym Bi, and Asym Bi. Protein selection was based on literature-curated lists relevant to engineered cardiac 
tissue. Each row represents a single protein; each column represents an individual group. Protein abundance values are defined 
as z-scores, calculated per protein across groups to highlight relative expression patterns; high expression is shown in red, low 
expression is shown in blue.
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led to increased abundance of proteins involved in mito-
chondrial function and, to varying degrees, structural matu-
ration. Specifically, Mono stimulation compared to Control 
showed increased expression of mitochondrial complex 
components, such as COX6.1, NDUFB9, and NDUFB11 
(Supplemental Figure S7A), with GO: BP enrichment for 
pathways related to oxidative phosphorylation, ATP bio-
synthesis, and sarcomere organization (Supplemental Fig-
ure S7B).

In addition to the upregulation of mitochondrial pro-
teins, Sym Bi versus Control also showed an increased 
expression of sarcomere structural proteins as MYH11, 
ACTA2, and tropomyosin 1 and 4 (TPM1, TPM4), as well 
proteins involved in the maintenance of protein homeosta-
sis (BAG2, HSPB1, HSPB6, HTRA2, and PRDX6; 
Supplemental Figure S7C). However, GO: BP analysis 
showed an enrichment limited to cytoplasmic translation 
pathways (Supplemental Figure S7D).

In the DE analysis between Asym Bi and Control, Asym 
Bi stimulation resulted in elevated expression of mito-
chondrial proteins associated with fatty acid oxidation and 
oxidative phosphorylation. These included subunits of 
cytochrome c oxidase (complex IV: COX6A1, COX7A2, 
COX7A2L), NADH-dehydrogenase (complex I: 
NDUFB8, NDUFB9, NDUFB11, NDUFV), and of succi-
nate dehydrogenase (complex II: SDHAF1, SDHAF2, and 
SLC35A3; Figure 3(a)). GO: BP analysis further con-
firmed enrichment in pathways related to mitochondrial 
electron transport, respiratory chain complex assembly, 
and mitochondrial translation (Figure 3(b)). Additionally, 
several sarcomeric proteins, such as MYBPC3, MYH7, 
MYL4, MYOZ2, TNNI3, and TNNT2, were significantly 
upregulated in the Asym Bi group, with corresponding 
enrichment in biological processes such as sarcomere 
organization and cardiac muscle morphogenesis (Figure 
3(a) and (b)).

Sym Bi versus mono.  In the Sym Bi versus Mono com-
parison, Sym Bi stimulation resulted in increased expres-
sion of mitochondrial respiratory complexes (NDUFS3, 
NDUFA5, SDHB) along with solute carrier proteins 
involved in β-oxidation (SLC-proteins; Supplemental 
Figure S7E). GO:BP analysis corroborated these results, 
showing enrichment in pathways related to electron trans-
port, ATP synthesis, and overall metabolic activity (Sup-
plemental Figure S7F). Changes in levels of sarcomeric 
organization and functional proteins were less evident: 
while tropomyosin isoforms (TPM1, TPM4) and MYH11 
were significantly higher, core of sarcomeric proteins such 
as TNNC1 and TNNT2 were lower in the Sym Bi group 
compared to the Mono group (Supplemental Figure S7E). 
Additionally, proteins involved in extra cellular matrix 
(ECM) organization as COL1A1 and COL12A1, were ele-
vated in the Sym Bi compared to the Mono. GO:BP analy-
sis confirmed enrichment in ECM assembly and collagen 
fibril organization (Supplemental Figure S7F).

Asym Bi versus mono.  Although differential expression 
analysis between Asym Bi and Mono groups revealed 
only a limited number of significantly regulated proteins 
(Figure 3(c)), GO:BP enrichment demonstrated robust 
activation of mitochondrial metabolic pathways, includ-
ing mitochondrial translation, respiratory chain complex 
assembly, mitochondrial gene expression, and oxidative 
phosphorylation (Figure 3(d)).

Asym Bi versus sym Bi.  Compared to Sym Bi, Asym Bi 
stimulation resulted in greater upregulation of mitochon-
drial and fatty acid metabolism-related proteins (ACSF2, 
ACOX3, COX5B, NDUFS3, NDUFV2; Figure 3(e)). Con-
sistent with this, GO: BP analysis showed enrichment for 
mitochondrial translation, electron transport, and NADH 
dehydrogenase complex assembly pathways (Figure 3(f)). 
Sarcomeric proteins, such as MYBPC3, MYL4, MYOZ2, 
TNNI3, and TNNT2, were significantly more abundant in 
Asym Bi group, while MYLK and TPM4 were reduced 
(Figure 3(e)). GO analysis further revealed enrichment 
in pathways related to actin-myosin filament sliding, car-
diac morphogenesis, and ECM remodeling (Figure 3(f)). 
Changes in proteins related to homeostasis were modest, 
with decreased levels of LAMP2 and HSBP6 and increased 
levels of PDCD2 in Asym Bi condition compared to Sym 
Bi (Figure 3(e)).

ES preserved cell integrity and viability.  Damaged cells were 
quantified as the total percentage of early apoptotic (EthD-1−, 
Cleaved-Casp3+, DAPI+), apoptotic dead (EthD-1+, 
Cleaved-Casp3+, DAPI+) and sudden dead (EthD-1+, 
Cleaved-Casp3-, DAPI+) cardiomyocytes (Actn2+; Figure 
4(a) and (b) and S4) or fibroblasts (Actn2-; Figure 4(c) and 
S4). Across all three ES waveforms, cell damage was mini-
mal and comparable to that of unstimulated controls, indicat-
ing that the ES protocols did not induce apoptosis-related cell 
damage or compromise overall cell viability.

Cell damage was also investigated by measuring LDH 
and cardiac troponins (cTnI and cTnT) levels in the cell 
supernatant. As shown in Figure 4(d), LDH, levels remained 
comparable across all experiment groups at each time point: 
after 3 days of preculture, after 2 days of ES (day 5), and 
after an additional 2 days of stimulation (day 7).

In the Sym Bi and Asym Bi ES conditions, the release of 
both cTnI (Figure 4(e)) and cTnT (Figure 4(f)) showed a 
time-dependent increase; however, differences were not sta-
tistically significant. At days 5 and 7, cTnI and cTnT levels 
were comparable among the Control, Sym Bi, and Asym Bi 
groups, while the Mono group displayed lower biomarker 
levels, albeit not significantly different. Comparing precul-
ture values of cTnI (354.63 ± 92.61 ng/L) and cTnT 
(147.16 ± 51.61 ng/L) with end-point values, significant 
increases were observed in the Control (cTnI: 
845.63 ± 227.40 ng/L, cTnT: 539.66 ± 271.24 ng/L), Sym Bi 
(cTnI: 1052.88 ± 425.12 ng/L, cTnT: 725.04 ± 479.21 ng/L) 
and Asym Bi (cTnI: 796.00 ± 279.52 ng/L, cTnT: 
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Figure 3.  Pairwise comparisons of differentially expressed proteins and GO: BP enrichment analyses. Pairwise comparisons of Asym 
Bi versus Control (a and b), Asym Bi versus Mono (c and d), and Asym Bi versus Sym Bi (c and d) are shown. In the volcano plots (a, c, 
and e), the x-axis represents log2 (fold change) and the y-axis represents −log10 (p-value) for the differential expression analysis. In the 
upper right corner, the number of proteins increased and in the upper left corner, the number of proteins decreased. Significance was 
determined based on the adjusted p-value (FDR) < 0.05 and shown as a vertical gray dotted line. Red and blue dots indicate proteins 
with significantly increased or decreased abundance, respectively, while gray dots represent proteins without significant changes. 
Protein names outlined in red or blue denote significant increases or decreases in protein levels, respectively. Proteins are grouped 
into four categories based on their function: blue (death and survival), pink (homeostasis), orange (metabolism), and green (sarcomere 
structure and contractility). GO:BP enrichment analysis results (b, d, and f) are plotted with the x-axis indicating log2 (fold change). 
Pathways with a false discovery rate (FDR) below 0.1 were considered significantly enriched.
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Figure 4.  Effects of electrical stimulation on cell viability and damage analysis. (a) Immunofluorescence images of damaged cardiac cells 
for the different culture conditions. The images show cleaved Caspase-3 (Cleaved-Casp3, green), Ethidium Homodimer-1 (EthD-1, red) 
in separated images and the merged signals with sarcomeric α-actinin (Actn2, cyan) and the nuclei stained with DAPI (blue) for each 
experimental group. Scale bar = 25 μm. (b) Cardiomyocyte damage analysis and (c) Fibroblast damage analysis defined by the sum of early 
apoptotic cells identified as Cleaved-Casp3+ and EthD-1− (Control = 8 replicate, Mono = 7 replicates, Sym Bi = 8 replicated, Asym Bi = 8 
replicates), apoptotic dead cells as Cleaved-Casp3+ and EthD-1+ (Control = 8 replicate, Mono = 7 replicates, Sym Bi = 8 replicated, Asym 
Bi = 8 replicates) and non-apoptotic dead cells as Cleaved-Casp3− and EthD-1+ (Control = 10 replicate, Mono = 9 replicates, Sym Bi = 10 
replicated, Asym Bi = 10 replicates). Cardiomyocytes were identified as Actn2+ and DAPI+ and fibroblasts as Actn2− and DAPI+. (d) 
Quantification of LDH release at the end of the preculture (n = 16 replicates) and cultured for 5 and 7 days under Control (n = 8 replicates), 
Mono (n = 8 replicates), Sym Bi (n = 8 replicates) and Asym Bi (n = 8 replicates). (e and f) Quantification of cTnI and cTnT release of cells 
at the end of the preculture (n = 16 replicates) and cultured for 5 and 7 days under Control (n = 8 replicates), Mono (n = 8 replicates), Sym 
Bi (n = 8 replicates) and Asym Bi (n = 8 replicates). Statistical analysis was performed using (b and c) nonparametric Kruskal-Wallis test and 
(d–f) a two-way ANOVA test. Asterisks (*) denote statistical significance (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001).
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521.74 ± 316.02 ng/L) groups. In contrast, the Mono group 
showed the lowest levels at the end of the experiment (cTnI 
486.13 ± 170.34 ng/L, cTnT (281.22 ± 124.47 ng/L). Although 
not statistically significant, cTnT consistently exceeded cTnI 
across all groups, yielding a cTnI/cTnT ratio of approximately 
0.5 (Supplemental Figure S8), indicating an absence of 
necrotic cell death.70

Given that ES can generate potentially toxic by-prod-
ucts such as ROS via non-reversible faradaic reactions at 
the electrodes, ROS production was analyzed under differ-
ent stimulation conditions. Bioluminescence assay showed 
no significant differencecs in ROS levels across all ES 
groups, including the negative control (Supplemental 
Figure S8).

To further confirm that ES had no detrimental effect on 
cell viability, an MTT assay was performed on human 
fibroblasts cultured in conditioned media previously 
exposed to the different ES modes. Fibroblast viability 
remained comparable to that of cells treated with non-
stimulated conditioned medium (Supplemental Figure S8).

Asymmetric biphasic ES enhanced cardiac maturation.  To 
evaluate cardiac maturation, the presence of key cardiac 
proteins, namely the gap-junction protein Cx-43 and the 
contractile protein Actn2 was investigated (Figure 5(a)). 
Quantification of Actn2+ cells revealed that the proportion 
of cardiomyocytes was comparable across all experiment 
groups, averaging around 60% (Figure 5(b)). Although, 
sarcomere length (Supplemental Figure S9A) and the 
Actn2+ area normalized to the number of cardiomyocytes 
(Supplemental Figure S9C) were similar across all groups, 
indicating equivalent cardiomyocyte density and sarcom-
eric content, Asym Bi significantly increased the percent-
age of cardiomyocytes with organized sarcomere compared 
to the other experimental groups (Figure 5(c)). Addition-
ally, even if the other electrically stimulated groups, Mono 
and Sym Bi, exhibited more organized sarcomeric struc-
tures compared to the Control group, indicating enhanced 
structural maturation induced by ES (Figure 5(c)), there 
were no differences between them. Moreover, by analyz-
ing the distribution of sarcomere lengths across defined 
ranges, it was observed that the Asym Bi group was char-
acterized by a smaller proportion of cardiomyocytes with 
short sarcomeres (1.1–1.6 µm), characteristic of less 
mature cells, and a higher proportion of Cardiomyocytes 
with longer sarcomeres within the 1.6–2.0 µm and 2.0–
2.5 µm ranges, indicative of greater structural maturation 
(Supplemental Figure S9B).

Cx-43 expression, normalized to cardiomyocyte num-
ber and presented as fold change relative to the Control, 
was elevated (>1) in all electrically stimulated conditions 
(Supplemental Figure S9D), with the Mono and Asym Bi 
groups showing the highest levels. Immunofluorescence 
imaging revealed that Cx-43 in the ES groups was pre-
dominantly aligned as opposed to the diffuse, peri-nuclear 
distribution observed in the Control group. In particular, 

Asym Bi significantly increase the percentage of cardio-
myocytes characterized by an aligned Cx-43 compared to 
the other experimental groups (Figure 5(d)).

Asymmetric biphasic ES enhanced cardiac electrical functional-
ity and contractility.  Following 7 days of culture under 
either Control or ES conditions, electrical functionality 
was assessed by evaluating cell response to external elec-
trical pacing. Cardiac cells cultured under Asym Bi ES 
exhibited synchronous contractions at a significantly lower 
ET (4.15 ± 1.17 V/cm) compared to the Control 
(6.01 ± 1.75 V/cm) and the Mono (5.13 ± 1.33 V/cm) 
groups (Figure 6(a); Supplemental Videos S5–S8). Regard-
ing the MCR, all ES groups showed an increasing trend 
relative to the Control (2.83 ± 0.77 Hz), and only the Asym 
Bi group achieved a significantly higher MCR 
(3.73 ± 0.98 Hz) compared to both the Control and Mono 
groups (3.06 ± 0.63 Hz). Although MCR in the Asym Bi 
group was slightly higher than in the Sym Bi group 
(3.30 ± 0.88 Hz), the difference was not statistically sig-
nificant, with all ES groups reaching approximately 3 Hz 
(Figure 6(b)).

Contractility performance was evaluated using the peak 
amplitude (PA) and the contraction time delay (CTD) from 
videos recorded during electrical pacing (Supplemental 
Figure S10). PA was elevated in all ES groups compared to 
the Control (1.026 ± 0.420 µm), suggesting a positive 
effect of ES, although these differences were not statisti-
cally significant (Figure 6(c)). Specifically, Mono ES 
(1.418 ± 0.291 µm) and Asym Bi ES (1.426 ± 0.564 µm) 
stimulated cells yielded greater PA than the Sym Bi group 
(1.158 ± 0.234 µm). For contraction synchronization, the 
Asym Bi group showed a significantly lower CTD 
(0.099 ± 0.087 s) compared to the Control (0.303 ± 0.119 s). 
All ES groups showed lower CTD compared to Control 
with both Mono (0.211 ± 0.133 s) and Sym Bi 
(0.192 ± 0.144 s) groups reporting similar values, overall 
indicating more synchronized contractions under all ES 
groups (Figure 6(d)).

To evaluate the effect of ES on excitation-contraction 
coupling, intracellular calcium dynamics were measured 
using the calcium-sensitive dye Fluo-4 (Figure 6(e)). The 
fluorescence amplitude (ΔF), defined as difference 
between relaxed and contracted states, was significantly 
higher in the Asym Bi (0.57 ± 0.11 a.u., Supplemental 
Video S4) and Sym Bi (0.57 ± 0.12 a.u., Supplemental 
Video S3) groups compared to Control (0.33 ± 0.17 a.u., 
Supplemental Video S1). Although ΔF in the Mono group 
(0.44 ± 0.12 a.u., Supplemental Video S2) was lower than 
in the biphasic groups, the differences were not statisti-
cally significant. Peak delay (PD) analysis of calcium tran-
sients showed reduced PD in all ES groups (Mono: 
0.136 ± 0.071 s, Sym Bi: 0.140 ± 0.077 s, and Asym Bi: 
0.121 ± 0.063 s) compared to the Control (0.260 ± 0.155 s), 
though without significant differences among the ES 
groups (Figure 6(f)). These findings suggest that ES 
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Figure 5.  Effects of electrical stimulation on cardiac maturation. (a) Immunofluorescence images of cardiac cells for the different 
culture conditions. The images show the Connexin-43 (Cx-43, cyan), Sarcomeric α-actinin (Actn2, red) in separated images 
and the merged signals with nuclei stained with DAPI (blue) for each experimental group. Scale bar = 20 μm. (b) percentage of 
cardiomyocytes at the end of the culture for Control (n = 14 replicates); Mono (n = 12 replicates), Sym Bi (n = 13 replicates) and 
Asym Bi (n = 13 replicates). (c) Fold increase of the percentage of cardiomyocytes characterized by an organized sarcomere for 
the electrically stimulated groups Mono (n = 8 replicates), Sym Bi (n = 8 replicates) and Asym Bi (n = 8 replicates). (d) Fold increase 
of the percentage of cardiomyocytes characterized by the presence of aligned Cx-43 for the electrically stimulated groups Mono 
(n = 6 replicates), Sym Bi (n = 6 replicates) and Asym Bi (n = 6 replicates). Statistical analysis was performed using (b) nonparametric 
Kruskal-Wallis test, (c) one-way ANOVA test and (d) one-way ANOVA test. Asterisks (*) denote statistical significance (*p < 0.05, 
**p < 0.01).
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Figure 6.  Effects of ES on 2D cardiac cell functionality and contractility. (a) Excitation threshold (ET) and (b) Maximum capture 
rate (MCR) of cardiomyocytes for the different culture conditions: Control (n = 40 replicates), Mono (n = 31 replicates), Sym 
Bi (n = 24 replicates) and Asym Bi (n = 22 replicates). Results from 12 independent experiments. Cardiomyocyte contractility 
analysis of (c) Peak amplitude (PA) and (d) contraction time delay (CTD) for the different culture conditions: Control (n = 6 
replicates), Mono (n = 6 replicates), Sym Bi (n = 6 replicates) and Asym Bi (n = 6 replicates). (e) Effects of ES on calcium transient. 
Control (n = 6 replicates), Mono (n = 6 replicates), Sym Bi (n = 6 replicates) and Asym Bi (n = 6 replicates). (f) Calcium Peak Delay 
(PD) of calcium transient signals following a single pacing pulse of different cardiomyocyte groups: Control (n = 6 replicates), 
Mono (n = 6 replicates), Sym Bi (n = 6 replicates) and Asym Bi (n = 6 replicates). (g) Effects of ES on gap junction communication. 
Data expressed as fold increase with the unstimulated cells. Control (n = 8 replicates), Mono (n = 8 replicates), Sym Bi (n = 8 
replicates) and Asym Bi (n = 8 replicates). Statistical analysis was performed using A) nonparametric Kruskal-Wallis test, (b) 
nonparametric Kruskal-Wallis test, (c) nonparametric Kruskal-Wallis test, D) nonparametric Kruskal-Wallis test, (e) one-way 
ANOVA test, (f) nonparametric Kruskal-Wallis test, (g) unpaired t-test. Asterisks (*) denote statistical significance (*p < 0.05, 
**p < 0.01, ****p < 0.0001). 

enhances calcium handling and improves excitation-con-
traction coupling, regardless of waveform.

Finally, to investigate the role of gap junction-mediated 
communication, connexins were inhibited with carbenox-
olone. Following connexins blockade, cells in the Asym Bi 
group exhibited a significant increase in ET compared to 
their pre-treatment values, indicating substantial impaired 
electrical responsiveness. In contrast, changes in ET in the 
Mono and Sym Bi groups were comparable to those 
observed in the Control (Figure 6(g)).

3D cell culture experiments

2D cardiac cell cultures have significant limitations, 
particularly their inability to replicate the native 

myocardium’s 3D architecture and cell–extracellular 
matrix interactions. To address these shortcomings, 3D 
culture systems using fibrin-based hydrogels have been 
developed.

Given the minimal differences observed between the 
Mono and Sym Bi stimulation groups in 2D experi-
ments, in terms of cardiac maturation (sarcomere length, 
percentage of cardiomyocytes with organized sar-
comere, percentage of cardiomyocytes with aligned 
Cx-43 and proteomics) and functionality (ET, MCR, 
calcium handling and the effects on gap junction com-
munication), subsequent 3D experiments focused on 
comparing Mono and Asym Bi ES modes to assess 
potential differences in cardiac tissue performance 
between the two waveforms.
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Asymmetric biphasic ES enhanced ECT cardiac matura-
tion.  To assess the maturation of electrically stimulated 
and non-stimulated ECTs (Supplemental Figure S2), 
immunofluorescence staining was performed for the car-
diac-specific protein Actn2 (Figure 7(a)). Quantification 
of Actn2+ cells revealed that the proportion of cardio-
myocytes was comparable across all experiment groups 
(Control: 53.9 ± 3.6%, Mono: 60.7 ± 3.1%, and Asym 
Bi: 59.2 ± 1.4%). The Asym Bi group exhibited a signifi-
cantly larger Actn2+ area compared to the Mono group 
(Figure 7(b)). Although cardiomyocytes displayed pre-
dominantly rounded morphologies across all conditions, 
Asym Bi significantly improved the cardiomyocyte elon-
gation (Figure 7(b)).

Asymmetric biphasic ES enhanced ECT electrical functionality 
and contractility.  ECTs cultured with Asym Bi stimulation 
exhibited lower ET values (8.11 ± 0.95 V/cm) compared to 
Mono stimulation (8.67 ± 1.38 V/cm), and significantly 
lower than the Control group (9.97 ± 1.40 V/cm; Figure 
8(a)). Additionally, the Asym Bi group demonstrated supe-
rior MCR (3.67 ± 0.50 Hz) compared to the Mono 
(3.14 ± 0.38 Hz) and Control (2.55 ± 0.69 Hz) groups 
(Figure 8(b)). Under external pacing, 90% of Asym Bi-
stimulated ECTs contracted synchronously, a marked 
improvement over the Mono (70%) and Control (73%) 
groups (Figure 8(c)).

Regarding construct displacement under ES, no statisti-
cally significant differences were observed among the 
experimental groups (Figure 8(d)). However, the Asym Bi 
group displayed a trend toward increased displacement 
(6.56 ± 7.00 μm) compared to the Mono (3.94 ± 3.09 μm) 
and Control (4.51 ± 5.97 μm) groups. Moreover, high dis-
placement events were observed only in the Asym Bi 
(23.82 μm) and Control (20.72 μm) groups.

Beating synchrony was further evaluated by analyzing 
videos processed via DIC to measure the time interval 
between two consecutive peaks in average strain. All sam-
ples followed the stimulation frequency of 1 Hz (Figure 
8(e)) with coefficients of variation in peak intervals of 
2.4% for the Control, and 1.6% and 1.4% for the Mono and 
Asym Bi groups, respectively. Finally, strain distribution 
during contraction was assessed. Control ECTs showed 
deformation predominantly at the construct edges, whereas 
both stimulated conditions displayed central contraction 
(Supplemental Videos S9–S11). Notably, the Asym Bi 
ECTs exhibited a more uniform strain pattern, suggesting 
enhanced functionality (Figure 8(f)), which was 3.4 times 
higher compared to the Control. On the other hand, Mono 
ECTs exhibited an increase of strain of 2.1 times compared 
to the Control.

Discussion and conclusion

ES has long been explored as a cue to promote the func-
tional maturation of cardiomyocytes in vitro. However, 

achieving adult-like phenotypes remains a significant 
challenge. Studies have consistently demonstrated that 
applying Mono or Sym Bi ES in vitro can influence the 
rate, duration, and number of action potentials, improve 
sarcomere organization, and establish functional gap junc-
tions. These changes promote cell–cell coupling and cal-
cium handling, thereby, increasing the electrical and 
contractile functionality of stimulated cells.31,45,71,72

In this study, we introduced a novel asymmetric bipha-
sic waveform designed to combine the advantages of 
Mono and Sym Bi stimulations. The positive half-wave 
mimics Mono stimulation, inducing cell depolarization, 
while the smaller negative phase, similar to Sym Bi, par-
tially discharges the electrode and helps limit the accumu-
lation of faradaic by-products. Lumped-parameter 
modeling and empirical measurements confirmed that 
Asym Bi delivered intermediate total charge (89.7 ± 0.1 μC 
measured) and moderate residual voltage (−193.6 ± 0.0 mV 
), contrasting with the high charge (133.1 ± 0.1 μC) and 
large negative residual voltage (−790.9 ± 0.0 mV) of Mono 
ES, and the minimal residual voltage (89.8 ± 5.6 mV) but 
halved charge (59.8 ± 0.3 μC) of Sym Bi ES (Table 1). 
Moreover, Asym Bi ES delivered an intermediate total 
energy (226.8 ± 0.1 μJ), notably lower than the total energy 
of Mono ES (399.2 ± 0.2 μJ), but more than double than 
that of Sym Bi ES (89.7 ± 0.4 μJ).

We investigated the effects of these ES waveforms on 
2D cardiac monolayers in terms of cell damage, cardiac 
maturation, functionality, and metabolism. To our knowl-
edge, this is the first direct comparison of an Asym Bi 
waveform against conventional Mono and Sym Bi 
waveforms.

Notably, none of the ES conditions, Mono, Sym Bi or 
Asym Bi, induced significant cellular damage. Apoptosis 
and necrosis markers (EthD-1, Cleaved-Casp3) as well as 
LDH levels, cTnI and cTnT in the medium, were compara-
ble across all groups. ROS levels were also similar, likely 
due to frequent medium exchange (every 48 h), preventing 
by-product accumulation. In addition, the use of carbon 
rod electrodes, known for their high biocompatibility, 
charge transfer and resistance to corrosion38,40 may have 
further minimized toxic effects. MTT cytotoxicity assay 
and proteomic analysis further supported these findings, 
with stress- and apoptosis-related proteins unchanged in 
the stimulated groups, particularly under Asym Bi, con-
firming that the ES waveforms applied didn’t have harm-
ful effects on cardiac cells.

While cardiomyocyte number and other cardiac matura-
tion parameters, such as sarcomere length and Actn2+ area, 
were similar among groups, Cx-43 levels were significantly 
higher in electrically stimulated cells, with Cx-43 predomi-
nantly aligned along the cell membranes. In contrast, non-
stimulated cells showed more cytoplasmic Cx-43 
distribution, indicative of immature or non-functional gap 
junctions. Importantly, Asym Bi exhibited a significantly 
higher percentage of cardiomyocytes with organized 
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Figure 7.  Effects of ES on ECTs maturation. (a) Representative immunofluorescence images of cardiac cells in ECTs cultured with 
Mono, Asym Bi or no stimulation. The cells were stained for sarcomeric α-actinin (Actn2, red) while the nuclei were stained with 
DAPI (blue). Scale bar = 25 μm. (b) Cardiomyocyte aspect ratio for the different culture conditions: Control (n = 3 replicates), Mono 
(n = 3 replicates) and Asym Bi (n = 3 replicates). Statistical analysis was performed using (b) Mann-Whitney test and (c) one-way 
ANOVA test. Asterisks (*) denote statistical significance (*p < 0.05).

sarcomeres and a higher percentage of cardiomyocytes 
showing aligned Cx-43 compared to all other experimental 
conditions, highlighting the superior structural organization 
and intercellular coupling achieved under Asym Bi stimula-
tion. These observations align with previous studies report-
ing that ES promotes Cx-43 expression and its membrane 
localization, thus enhancing intercellular electrical connec-
tivity.23,29–31 The enhanced maturation of electrically stimu-
lated cardiomyocytes was further supported at the proteomic 
level. In particular, Asym Bi exhibited the highest presence 

of proteins involved in calcium handling and excitation–
contraction coupling, including TRDN, GJA1, GJA8 and 
DSP. Asym Bi also showed highest levels of sarcomeric 
contractile proteins such as TNNI3, TNNT2, MYL2, and 
MYH6, as well as structural and membrane transport pro-
teins like ATP13A1 (Figure 3(f)).

Mass spectrometry analysis revealed a metabolic shift 
toward fatty acid oxidation in the Asym Bi group, a charac-
teristic property of more mature cardiomyocytes. In con-
trast, cells in the Control, Mono and Sym Bi groups 
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Figure 8.  Effects of ES on ECTs functionality and contractility. (a) Excitation threshold (ET) and (b) Maximum capture rate 
(MCR) in different culture conditions: Control (n = 11 replicates), Mono (n = 7 replicates) and Asym Bi (n = 8 replicates). (c) Table 
distinguishing the whole (paced), the partial or the no response of ECTs following an external electrical stimulation for Control 
(n = 15 replicates), Mono (n = 10 replicates) and Asym Bi (n = 10 replicates). (d) Module of displacement of ECTs for the three 
experimental groups. (e) Time interval between consecutive contraction of the three experimental groups. (f) ECT strain heat 
maps in the three experimental groups under relaxed and contracted state. Statistical analysis was performed using A) and (b) 
one-way ANOVA test, (d) nonparametric Kruskal-Wallis test, (e) nonparametric Kruskal-Wallis test. Asterisks (*) denote statistical 
significance (**p < 0.01, ***p < 0.001).
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continued to rely more on glycolysis, typical of immature 
metabolic states. Moreover, Asym Bi stimulation led to 
increased expression of proteins involved in calcium han-
dling and mitochondrial ATP synthesis, further indicating 
enhanced functional competence and bioenergetic 
efficiency.

The electrical functionality tests revealed that cardio-
myocytes cultured under Asym Bi stimulation had the 
lowest ET values, significantly different from those in the 
Control and Mono groups (Figure 6(a)). Additionally, the 
MCR was significantly higher in the Asym Bi group 
(Figure 6(b)), reflecting improved electrical responsive-
ness and pacing reproducibility. In contrast, Mono and 
Sym Bi groups showed similar performances.

Contractility analysis confirmed the positive functional 
effects of ES. In particular, Asym Bi stimulation exhibited 
higher PA and shorter CTD (Figure 6(c) and (d)), indicat-
ing stronger and more synchronized contractions. Fluo-4 
calcium imaging analysis confirmed increased calcium 
transient amplitudes and reduced peak delays in stimulated 
groups, with Sym Bi and Asym Bi groups showing a trend 
toward superior calcium handling. However, the Asym Bi 
didn’t clearly show an improvement of calcium handling 
compared to the other ES groups, that can be due to the 
relatively short stimulation period (4 days) and the use of 
neonatal rat cardiomyocytes that limited the observable 
significant differences between groups. Finally, pharmaco-
logical blockade of connexins using carbenoxolone caused 
a significant increase in ET in the Asym Bi group, under-
scoring the functional importance of connexin-mediated 
coupling in this condition. Asym Bi also improved the car-
diac maturation of 3D ECTs by enhancing the Actn2+ area 
of cardiomyocytes and the elongation of cardiomyocytes, 
and functionality by reducing the ET and enhancing the 
MCR compared to control. Moreover, contractility analy-
sis revealed more reproducible and spatially uniform con-
tractions in Asym Bi-stimulate ECTs, whereas Control and 
Mono groups showed higher variability and non-uniform 
contraction pattern. Overall, Asym Bi ES outperformed 
conventional monophasic ES while delivering lower total 
charge and energy to the cultured ECTs.

Future studies should investigate the applicability of 
Asym Bi stimulation to human-induced pluripotent stem 
cell-derived cardiomyocytes and explore its combination 
with native-like mechanical stimulation in cyclic stretch 
bioreactors17,18,20 or its integration into high-throughput 
platforms for drug screening or disease modeling. 
Additionally, optimization of stimulation parameters, such 
as progressively increasing the frequency over time, as 
demonstrated by Ronaldson-Bouchard et al.,24 may further 
enhance cardiac maturation and function. In the current 
study, the short-term culture setup did not allow for modu-
lation of frequency or other parameters; however, future 
investigations with extended culture durations will enable 
these aspects to be explored. Moreover, future studies 

should also aim to achieve a deeper mechanistic under-
standing of the molecular and electrophysiological effects 
of the Asym Bi. In particular, pathway perturbation stud-
ies, single-cell analyses, including patch-clamp electro-
physiology, will be essential to characterize ion channel 
activities, action potential properties, and excitation–con-
traction coupling at the cellular level. Finally, future stud-
ies should investigate protein-level changes directly within 
the 3D constructs to further confirm the benefits of the 
Asmy Bi stimulation.

In conclusion, this study demonstrates that Asym Bi 
significantly enhances the maturation and function of car-
diomyocytes in both 2D and 3D in vitro culture models, 
while providing an optimal combination of total energy, 
total delivered charge and residual voltage. Asym Bi wave-
form outperforms conventional Mono and Sym Bi wave-
forms in energy efficiency, electrical functionality, 
contractility, calcium handling, metabolic maturity, and 
intercellular connectivity, offering a promising strategy for 
advancing cardiac tissue engineering platforms.

Acknowledgements

The authors thank Danilo Ritz for performing the proteomics 
analysis and provide the raw data for further quantifications. 
Servier Medical Art was used to create Figure 1, which is 
licensed under CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/).

ORCID iDs

Antonio Sileo  https://orcid.org/0000-0003-2420-4780

Stefano Gabetti  https://orcid.org/0000-0001-5978-1014

Alp Can Gülan  https://orcid.org/0009-0002-4236-6281

Chunyan Zhang  https://orcid.org/0000-0001-9590-7817

Giulia Milan  https://orcid.org/0000-0001-6801-3914

Diana Massai  https://orcid.org/0000-0001-6339-7189

Anna Marsano  https://orcid.org/0000-0002-3084-0823

Ethical considerations

The animal study was reviewed and approved by Veterinary 
Office of the Canton Basel (Basel, Switzerland) (Approval No: 
2608_30631).

Author contributions

AS, SG, DM, and AM conceived the study. SG performed the 
ELETTRA modeling. SG and AS analyzed the modeling results. 
AS and SG characterized the electrical stimulation modes. AM, 
AS, AG and AlM designed and performed the biological tests 
and analyzed the biological data. IG analyzed the proteomic data. 
CZ performed non-standard statistical analysis. SG and AS 
reviewed the state of the art. SG, AS and IG prepared the figures. 
SG, DM, AS, IG, AlM, GM, and AM wrote the manuscript. All 
authors contributed to the discussion of the results and to the arti-
cle and approved the submitted version.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2420-4780
https://orcid.org/0000-0001-5978-1014
https://orcid.org/0009-0002-4236-6281
https://orcid.org/0000-0001-9590-7817
https://orcid.org/0000-0001-6801-3914
https://orcid.org/0000-0001-6339-7189
https://orcid.org/0000-0002-3084-0823


20	 Journal of Tissue Engineering ﻿

Funding

The authors disclosed receipt of the following financial support 
for this research: Swiss National Science Foundation (SNSF) 
grant (310030_172989) to AM.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Data availability statement

The raw data supporting the conclusion of this article will be 
made available by the authors upon reasonable request. Proteomic 
data have been deposited to the ProteomeXchange Consortium 
(https://www.proteomexchange.org/) via the MassIVE partner 
repository (https://massive.ucsd.edu/) with MassIVE data set 
identifier MSV000099494 and ProteomeXchange identifier 
PXD069476.

Supplemental material

Supplemental material for this article is available online.

References

	 1.	 Liu S, Fang C, Zhong C, et al. Recent advances in pluripo-
tent stem cell-derived cardiac organoids and heart-on-chip 
applications for studying anti-cancer drug-induced cardio-
toxicity. Cell Biol Toxicol 2023; 39: 2527–2549.

	 2.	 Mathur A, Loskill P, Shao K, et al. Human iPSC-based car-
diac microphysiological system for drug screening applica-
tions. Sci Rep 2015; 5: 8883.

	 3.	 Feric NT and Radisic M. Maturing human pluripotent stem 
cell-derived cardiomyocytes in human engineered cardiac 
tissues. Adv Drug Deliv Rev 2016; 96: 110–134.

	 4.	 Ahmed RE, Anzai T, Chanthra N, et al. A brief review of 
current maturation methods for human induced pluripotent 
stem cells-derived cardiomyocytes. Front Cell Dev Biol 
2020; 8: 178.

	 5.	 Batalov I, Jallerat Q, Kim S, et  al. Engineering aligned 
human cardiac muscle using developmentally inspired 
fibronectin micropatterns. Sci Rep 2021; 11: 11502.

	 6.	 Notbohm J, Napiwocki BN, de Lange WJ, et  al. Two-
dimensional culture systems to enable mechanics-based 
assays for stem cell-derived cardiomyocytes. Exp Mech 
2019; 59: 1235–1248.

	 7.	 Cui N, Wu F, Lu W, et  al. Doxorubicin-induced car-
diotoxicity is maturation dependent due to the shift from 
topoisomerase IIα to IIβ in human stem cell derived cardio-
myocytes. J Cell Mol Med 2019; 23: 4627–4639.

	 8.	 Karbassi E, Fenix A, Marchiano S, et al. Cardiomyocyte 
maturation: advances in knowledge and implications for 
regenerative medicine. Nat Rev Cardiol 2020; 17: 341–
359.

	 9.	 Tenreiro MF, Louro AF, Alves PM, et al. Next generation 
of heart regenerative therapies: progress and promise of car-
diac tissue engineering. NPJ Regen Med 2021; 6: 30.

	10.	 Ribeiro MC, Tertoolen LG, Guadix JA, et al. Functional matu-
ration of human pluripotent stem cell derived cardiomyocytes 

in vitro–correlation between contraction force and electro-
physiology. Biomaterials 2015; 51: 138–150.

	11.	 Sileo A, Montrone F, Rouchon A, et al. Toward origami-
inspired in vitro cardiac tissue models. ACS Biomater Sci 
Eng 2025; 11: 1583–1597.

	12.	 Ribeiro AJ, Ang Y-S, Fu J-D, et  al. Contractility of single 
cardiomyocytes differentiated from pluripotent stem cells 
depends on physiological shape and substrate stiffness. Proc 
Natl Acad Sci U S A 2015; 112: 12705–12710.

	13.	 Correia C, Christoffersson J, Tejedor S, et  al. Enhancing 
maturation and translatability of human pluripotent stem 
cell-derived cardiomyocytes through a novel medium con-
taining acetyl-coa carboxylase 2 inhibitor. Cells 2024; 13: 
1339.

	14.	 Mihic A, Li J, Miyagi Y, et al. The effect of cyclic stretch 
on maturation and 3D tissue formation of human embryonic 
stem cell-derived cardiomyocytes. Biomaterials 2014; 35: 
2798–2808.

	15.	 Abilez OJ, Tzatzalos E, Yang H, et  al. Passive stretch 
induces structural and functional maturation of engineered 
heart muscle as predicted by computational modeling. Stem 
Cells 2018; 36: 265–277.

	16.	 LaBarge W, Mattappally S, Kannappan R, et al. Maturation 
of three-dimensional, hiPSC-derived cardiomyocyte sphe-
roids utilizing cyclic, uniaxial stretch and electrical stimula-
tion. PLoS One 2019; 14: e0219442.

	17.	 Putame G, Gabetti S, Carbonaro D, et al. Compact and tun-
able stretch bioreactor advancing tissue engineering imple-
mentation. Application to engineered cardiac constructs. 
Med Eng Phys 2020; 84: 1–9.

	18.	 Pisanu A, Reid G, Fusco D, et  al. Bizonal cardiac engi-
neered tissues with differential maturation features in a 
mid-throughput multimodal bioreactor. iScience 2022; 25: 
104297.

	19.	 Pitoulis FG, Nunez-Toldra R, Xiao K, et  al. Remodelling 
of adult cardiac tissue subjected to physiological and patho-
logical mechanical load in vitro. Cardiovasc Res 2022; 118: 
814–827.

	20.	 Massai D, Pisani G, Isu G, et  al. Bioreactor platform for 
Biomimetic culture and in situ monitoring of the mechani-
cal response of in vitro engineered models of cardiac tissue. 
Front Bioeng Biotechnol 2020; 8: 733.

	21.	 Li W, Luo X, Strano A, et al. Comprehensive promotion of 
iPSC-CM maturation by integrating metabolic medium with 
nanopatterning and electrostimulation. Nat Commun 2025; 
16: 2785.

	22.	 Hernández D, Millard R, Sivakumaran P, et  al. Electrical 
stimulation promotes cardiac differentiation of human 
induced pluripotent stem cells. Stem Cells Int 2016; 2016: 
1718041.

	23.	 Pavesi A, Soncini M, Zamperone A, et  al. Electrical 
conditioning of adipose-derived stem cells in a multi-
chamber culture platform. Biotechnol Bioeng 2014; 111: 
1452–1463.

	24.	 Ronaldson-Bouchard K, Ma SP, Yeager K, et al. Advanced 
maturation of human cardiac tissue grown from pluripotent 
stem cells. Nature 2018; 556: 239–243.

	25.	 Zhao Y, Rafatian N, Feric NT, et al. A platform for genera-
tion of chamber-specific cardiac tissues and disease mod-
eling. Cells 2019; 176: 913–927.e18.

https://www.proteomexchange.org/
https://massive.ucsd.edu/


Sileo et al.	 21

	26.	 Licata JP, Gerstenhaber JA and Lelkes PI. Novel, low-cost 
bioreactor for in vitro electrical stimulation of cardiac cells. 
Front Bioeng Biotechnol 2025; 13: 1531731.

	27.	 Ott C and Jung T. The MyoPulser field stimulator, a do it 
yourself programmable electronic pacemaker for contract-
ing cells and tissues. Sci Rep 2023; 13: 2461.

	28.	 Merrill DR, Bikson M and Jefferys JG. Electrical stimula-
tion of excitable tissue: design of efficacious and safe proto-
cols. J Neurosci Methods 2005; 141: 171–198.

	29.	 Chiu LL, Iyer RK, King J-P, et al. Biphasic electrical field 
stimulation aids in tissue engineering of multicell-type car-
diac organoids. Tissue Eng Part A 2011; 17: 1465–1477.

	30.	 Pietronave S, Zamperone A, Oltolina F, et al. Monophasic 
and biphasic electrical stimulation induces a precardiac dif-
ferentiation in progenitor cells isolated from human heart. 
Stem Cells Dev 2014; 23: 888–898.

	31.	 Gabetti S, Sileo A, Montrone F, et  al. Versatile electrical 
stimulator for cardiac tissue engineering-investigation of 
charge-balanced monophasic and biphasic electrical stimu-
lations. Front Bioeng Biotechnol 2022; 10: 1031183.

	32.	 Massai D, Cerino G, Gallo D, et al. Bioreactors as engineer-
ing support to treat cardiac muscle and vascular disease. J 
Healthc Eng 2013; 4: 313045–313070.

	33.	 Bravo-Olín J, Martínez-Carreón SA, Francisco-Solano E, 
et  al. Analysis of the role of perfusion, mechanical, and 
electrical stimulation in bioreactors for cardiac tissue engi-
neering. Bioprocess Biosyst Eng 2024; 47: 767–839.

	34.	 Zhuang RZ, Lock R, Liu B, et al. Opportunities and chal-
lenges in cardiac tissue engineering from an analysis of two 
decades of advances. Nat Biomed Eng 2022; 6: 327–338.

	35.	 Maihemuti W, Murata K, Abulaiti M, et al. Simultaneous 
electro-dynamic stimulation accelerates maturation of 
engineered cardiac tissues generated by human iPS cells. 
Biochem Biophys Res Commun 2024; 733: 150605.

	36.	 Liu J, Wang H, Xu D, et al. High-throughput rhythmic regu-
lation of cardiomyocytes by integrated electrical stimulation 
and video-based automated analysis biosensing platform. 
Biosens Bioelectron 2022; 209: 114252.

	37.	 Scott L, Elídóttir K, Jeevaratnam K, et al. Electrical stimula-
tion through conductive scaffolds for cardiomyocyte tissue 
engineering: systematic review and narrative synthesis. Ann 
N Y Acad Sci 2022; 1515: 105–119.

	38.	 Tandon N, Marsano A, Maidhof R, et al. Optimization of 
electrical stimulation parameters for cardiac tissue engi-
neering. J Tissue Eng Regen Med 2011; 5: e115–e125.

	39.	 Tandon N, Cannizzaro C, Chao PH, et al. Electrical stimu-
lation systems for cardiac tissue engineering. Nat Protoc 
2009; 4: 155–173.

	40.	 Tandon N, Cannizzaro C, Figallo E, et al. Characterization 
of electrical stimulation electrodes for cardiac tissue  
engineering. In: 2006 international conference of the 
IEEE engineering in medicine and biology society, 2006,  
pp.845–848.

	41.	 Randles JEB. Kinetics of rapid electrode reactions. Discuss 
Faraday Soc 1947; 1: 11–19.

	42.	 Chang B-Y and Park S-M. Electrochemical impedance 
spectroscopy. Annu Rev Anal Chem 2010; 3: 207–229.

	43.	 Khademi M and Barz DPJ. Structure of the electrical double 
layer revisited: electrode capacitance in aqueous solutions. 
Langmuir 2020; 36: 4250–4260.

	44.	 Radisic M, Marsano A, Maidhof R, et  al. Cardiac tissue 
engineering using perfusion bioreactor systems. Nat Protoc 
2008; 3: 719–738.

	45.	 Radisic M, Park H, Shing H, et al. Functional assembly of 
engineered myocardium by electrical stimulation of cardiac 
myocytes cultured on scaffolds. Proc Natl Acad Sci U S A 
2004; 101: 18129–18134.

	46.	 Hirt MN, Boeddinghaus J, Mitchell A, et  al. Functional 
improvement and maturation of rat and human engineered 
heart tissue by chronic electrical stimulation. J Mol Cell 
Cardiol 2014; 74: 151–161.

	47.	 Tandon N, Marsano A, Cannizzaro C, et  al. Design of 
electrical stimulation bioreactors for cardiac tissue engi-
neering. In: 2008 30th annual international conference 
of the IEEE engineering in medicine and biology society, 
2008, pp.3594–3597.

	48.	 Weinberger F, Mannhardt I and Eschenhagen T. Engineering 
cardiac muscle tissue: a maturating field of research. Circ 
Res 2017; 120: 1487–1500.

	49.	 Zhao H, Ma L, Zhou J, et al. Fabrication and physical and 
biological properties of fibrin gel derived from human 
plasma. Biomed Mater 2008; 3: 015001.

	50.	 Janmey PA, Winer JP and Weisel JW. Fibrin gels and their 
clinical and bioengineering applications. J R Soc Interface 
2009; 6: 1–10.

	51.	 Dunn CJ and Goa KL. Tranexamic acid. Drugs 1999; 57: 
1005–1032.

	52.	 Cholewinski E, Dietrich M, Flanagan TC, et al. Tranexamic 
acid–an alternative to aprotinin in fibrin-based cardiovascu-
lar tissue engineering. Tissue Eng Part A 2009; 15: 3645–
3653.

	53.	 Schindelin J, Arganda-Carreras I, Frise E, et  al. Fiji: an 
open-source platform for biological-image analysis. Nat 
Methods 2012; 9: 676–682.

	54.	 Navaei A, Moore N, Sullivan RT, et  al. Electrically con-
ductive hydrogel-based micro-topographies for the devel-
opment of organized cardiac tissues. RSC Adv 2017; 7: 
3302–3312.

	55.	 Lemme M, Ulmer BM, Lemoine MD, et al. Atrial-like engi-
neered heart tissue: an in vitro model of the human atrium. 
Stem Cell Reports 2018; 11: 1378–1390.

	56.	 Isu G, Robles Diaz D, Grussenmeyer T, et  al. Fatty acid-
based monolayer culture to promote in vitro neonatal rat 
cardiomyocyte maturation. Biochim Biophys Acta Mol Cell 
Res 2020; 1867: 118561.

	57.	 Neininger-Castro AC, Hayes JB, Sanchez ZC, et  al. 
Independent regulation of Z-lines and M-lines during sar-
comere assembly in cardiac myocytes revealed by the 
automatic image analysis software sarcapp. eLife 2023; 12: 
RP87065.

	58.	 Douglas CM, Bird JE, Kopinke D, et  al. An optimized 
approach to study nanoscale sarcomere structure utilizing 
super-resolution microscopy with nanobodies. PLoS One 
2024; 19: e0300348.

	59.	 Skorska A, Johann L, Chabanovska O, et  al. Monitoring 
the maturation of the sarcomere network: a super-resolution 
microscopy-based approach. Cell Mol Life Sci 2022; 79: 
149.

	60.	 Zhao B, Zhang K, Chen CS, et al. Sarc-Graph: automated 
segmentation, tracking, and analysis of sarcomeres in 



22	 Journal of Tissue Engineering ﻿

hiPSC-derived cardiomyocytes. PLoS Comput Biol 2021; 
17: e1009443.

	61.	 Rabkin SW and Kong JY. Nifedipine does not induce 
but rather prevents apoptosis in cardiomyocytes. Eur J 
Pharmacol 2000; 388: 209–217.

	62.	 Acharya C, Adesida A, Zajac P, et al. Enhanced chondro-
cyte proliferation and mesenchymal stromal cells chon-
drogenesis in coculture pellets mediate improved cartilage 
formation. J Cell Physiol 2012; 227: 88–97.

	63.	 Marsano A, Conficconi C, Lemme M, et al. Beating heart on 
a chip: a novel microfluidic platform to generate functional 
3D cardiac microtissues. Lab Chip 2016; 16: 599–610.

	64.	 Eberl C. Digital image correlation and tracking, https://
www.mathworks.com/matlabcentral/fileexchange/12413-
digital-image-correlation-and-tracking (2025, accessed 22 
April 2025).

	65.	 Chung S, Dzeja PP, Faustino RS, et al. Mitochondrial oxi-
dative metabolism is required for the cardiac differentiation 
of stem cells. Nat Clin Pract Cardiovasc Med 2007; 4 Suppl 
1: S60–S67.

	66.	 Ma R, Liang J, Huang W, et al. Electrical stimulation enhances 
cardiac differentiation of human induced pluripotent stem 

cells for myocardial infarction therapy, Antioxid Redox Signal 
2018; 28: 371–384.  

	67.	 Wu D, Zhang K and Hu P. The role of autophagy in acute 
myocardial infarction. Front Pharmacol 2019; 10: 551–560. 
DOI: 10.3389/fphar.2019.00551. 

	68.	 Portt L, Norman G, Clapp C, et al. Anti-apoptosis and cell 
survival: a review. Biochim Biophys Acta 2011; 1813: 238–
259.

	69.	 Guo Y and Pu WT. Cardiomyocyte maturation: new phase 
in development. Circ Res 2020; 126: 1086–1106.

	70.	 Espinosa AS, Hussain S, Al-Awar A, et  al. Differences 
between cardiac troponin I vs. T according to the duration of 
myocardial ischaemia. Eur Heart J Acute Cardiovasc Care 
2023; 12: 355–363.

	71.	 Sathaye A, Bursac N, Sheehy S, et  al. Electrical pacing 
counteracts intrinsic shortening of action potential dura-
tion of neonatal rat ventricular cells in culture. J Mol Cell 
Cardiol 2006; 41: 633–641.

	72.	 Zhang F, Qu K, Li X, et al. Gelatin-based hydrogels com-
bined with electrical stimulation to modulate neonatal rat 
cardiomyocyte beating and promote maturation. Bio Des 
Manuf 2021; 4: 100–110.

https://www.mathworks.com/matlabcentral/fileexchange/12413-digital-image-correlation-and-tracking
https://www.mathworks.com/matlabcentral/fileexchange/12413-digital-image-correlation-and-tracking
https://www.mathworks.com/matlabcentral/fileexchange/12413-digital-image-correlation-and-tracking

