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Abstract
Three-dimensional (3D) human induced pluripotent stem cell-derived engineered cardiac tissues 
(hiPSC-ECTs) have emerged as a promising alternative to two-dimensional hiPSC-cardiomyocyte 
monolayer systems because hiPSC-ECTs are a closer representation of endogenous cardiac tissues 
and more faithfully reflect the relevant cardiac pathophysiology. The ability to perform functional 
and molecular assessments using the same hiPSC-ECT construct would allow for more reliable 
correlation between observed functional performance and underlying molecular events, and thus is 
critically needed. Herein, for the first time, we have established an integrated method that permits 
sequential assessment of functional properties and top-down proteomics from the same single 
hiPSC-ECT construct. We quantitatively determined the differences in isometric twitch force and 
the sarcomeric proteoforms between two groups of hiPSC-ECTs that differed in the duration of 
time of 3D-ECT culture. Importantly, by using this integrated method we discovered a new and 
strong correlation between the measured contractile parameters and the phosphorylation levels of 
alpha-tropomyosin between the two groups of hiPSC-ECTs. The integration of functional 
assessments together with molecular characterization by top-down proteomics in the same hiPSC-
ECT construct enables a holistic analysis of hiPSC-ECTs to accelerate their applications in disease 
modeling, cardiotoxicity, and drug discovery. Data are available via ProteomeXchange with 
identifier PXD022814.
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INTRODUCTION
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM) are a promising 
model system for disease modeling, cardiotoxicity screening, and drug discovery.1-4 Three-
dimensional (3D) engineered cardiac tissue (ECT) constructs made from hiPSC-CMs are 
particularly appealing due to their closer representation of the structural and functional 
complexity of the heart compared to two-dimensional (2D) hiPSC-CM monolayers.5-8 

However, 3D hiPSC-ECT constructs have yet to completely mimic the properties of the 
adult heart (e.g., contractility, electrophysiology, metabolism, and isoform expression), 
necessitating robust metrics to characterize hiPSC-ECTs.8-11 Traditional properties used to 
assess hiPSC-ECT function and molecular composition include measurement of contractile 
properties, cell morphology, electrophysiological properties, and β-adrenergic response 
among others.8,10 Unfortunately, many of these properties are semiquantitative and the 
results can be influenced by confounding variables such as batch-to-batch variability and 
duration of time spent in culture.8

Top-down mass spectrometry (MS)-based proteomics is a premier technology for the 
measurement of proteoforms–the numerous protein products originating from a single gene 
as a result of events such as genetic mutations, alternative splicing, and post-translational 
modifications (PTMs).12-14 As an adjunct to functional assessments, top-down proteomics 
offers a unique opportunity to obtain an in-depth assessment of hiPSC-ECT by measuring 
the molecular specificity and abundance of various proteoforms.11 In a typical top-down 
proteomics workflow, proteins are extracted from cells or tissue and directly analyzed by 
high resolution liquid chromatography tandem mass spectrometry (LC-MS/MS).15-21 By 
forgoing the enzymatic digestion step of the conventional bottom-up proteomics, 
combinatorial PTMs and protein isoforms with high sequence homology can be measured. 
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Both protein isoform composition and dynamic changes in PTMs are known to significantly 
influence cardiac performance.22,23 Top-down proteomics offers a complementary and 
highly informative molecular analysis in the comprehensive assessment of hiPSC-ECT 
constructs. However, functional or molecular characterization are frequently performed on 
separate hiPSC-ECTs,11 which might confound results due to cellular heterogeneity, 
variable culture conditions, and the potential of karyotypic irregularities.8 Therefore, 
measurement of both functional and molecular properties on the same hiPSC-ECTs would 
permit a direct correlation to better define cause and effect relationships.

Here we report the sequential analysis of contractile function with top-down proteomic 
analysis using the same hiPSC-ECT construct. Using this integrated approach, we compared 
twitch-force measurements and sarcomeric proteoform profiles from two groups of hiPSC-
ECTs that differed in the duration of 3D-ECT culture. Specifically, we found differences in 
contractile performance and correlated these differences with the measured sarcomeric 
proteoforms between the two groups. Moreover, we identified a new and strong correlation 
between the measured contractile parameters and the phosphorylation levels of alpha-
tropomyosin (α-Tpm) between the two groups of hiPSC-ECTs. The integration of functional 
measurements with top-down proteomics using the same ECT construct provides a more 
accurate and reliable correlation between the function and molecular composition of hiPSC-
ECTs for disease modeling, cardiotoxicity and drug discovery. To the best of our knowledge, 
this is the first time that functional assessments and proteomics are performed within the 
same sample.

MATERIALS AND METHODS
Chemicals and Reagents

All reagents were purchased from Millipore Sigma (St. Louis, MO, USA) and Fisher 
Scientific (Fair Lawn, NJ, USA) unless noted otherwise. All solutions were prepared with 
HPLC grade water (Fisher Scientific, Fair Lawn, NJ, USA).

hiPSC Cell Culture
One hiPSC line, DF19–9–11T, obtained from the WiCell Research Institute, was cultured in 
StemFlex medium (Thermo Fisher A3349401) according to the manufacturer’s protocol. In 
short, cryopreserved hiPSCs were thawed onto Matrigel (GFR, BD Biosciences) coated 6-
well plates. hiPSCs were maintained in StemFlex media at 37 °C; 5% CO2 until they were 
70–80% confluent prior to passaging. For passaging, hiPSCs were dissociated using Versene 
solution (Thermo Fisher 15040066), resuspended in StemFlex media, and plated onto 
Matrigel (Corning) coated plates.

Differentiation of hiPSCs to Cardiomyocytes
hiPSCs from the DF19–9–11T line were differentiated to hiPSC-CMs using a small 
molecule-directed protocol similar to that described previously.11,24 In short, hiPSCs 
maintained on the StemFlex/Matrigel system were dissociated into single cells and seeded 
onto Matrigel-coated 6-well plates at 1.9 × 106 cells/well in StemFlex medium. Cells were 
cultured for 5 days in StemFlex medium (1 day post-100% confluence, at which time 
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differentiation was initiated and marked Day 0). On Day 0 StemFlex medium was replaced 
with 2 mL/well RPMI supplemented with B27 without insulin (Gibco) and 9 μM 
CHIR99021 (GSK-3 inhibitor, Tocris Bioscience). Precisely 24 h later (Day 1) medium was 
changed to 3 mL/well RPMI +B27 without insulin and cells were cultured in this medium 
for 48 h (Day 3). On Day 3, the medium was changed to 3 mL/well RPMI+B27 without 
insulin supplemented with 5 μM IWP-4 (Stemgent). 48 h later (Day 5), the medium was 
changed to 3 mL RPMI+B27 without insulin. On Day 7, the medium was changed to RPMI
+B27 complete supplement (with insulin; Gibco), and the differentiated cells were 
maintained in this medium until Day 15 with medium changes every 48–72 h. On Day 15, 
cells from wells containing ≥60% beating cells by visual inspection were dissociated with 
10× TrypLE (ThermoFisher Scientific) according to the manufacturer’s protocol. Following 
resuspension in EB20 medium,25 cells were replated on SyntheMax (Corning) coated 6-well 
plates. 48 h after replating, hiPSC-CMs were purified using CDM3L media (RPMI 1640 no 
glucose (Life Technologies), 500 μg/mL recombinant human albumin, 213 μg/mL L ascorbic 
acid 2-phosphate, and 4 mM L-lactic acid (Sigma-Aldrich)) for 7 days with media changes 
every 48–72 h.26 Following selection, hiPSC-CMs were maintained in RPMI with B27 
supplement (with insulin) until Day 30 at which point hiPSC-CMs were dissociated for 
hiPSC-ECT generation.

Differentiation of hiPSCs to Cardiac Fibroblasts
hiPSCs from the DF19–9–11T line were differentiated to cardiac fibroblasts (hiPSC-CFs) 
using the GiFGF protocol as previously described.27 hiPSCs were dissociated with 1 mL/
well Versene solution (Gibco) at 37 °C for 5 min, seeded on Matrigel (GFR, BD 
Biosciences) and coated 6-well plates at the density of 1.9 × 106 cells/well in mTeSR1 
medium (STEMCELL Technologies) supplemented with 10 μM ROCK inhibitor (Y-27632) 
(Tocris). Cells were subsequently cultured for 5 days in mTeSR1 medium with daily 
medium changes, and differentiation was started when the cells reached 100% confluency 
(Day 0). At Day 0, the medium was changed to 2.5 mL RPMI+B27 without insulin and 
supplemented with 12 μM CHIR99021 (Tocris), and cells were treated in this medium for 24 
h (Day 1). After Day 1, the medium was changed to 2.5 mL RPMI+B27 without insulin 
(Gibco) and cells were cultured in this medium for 24 h (Day 2). After Day 2 but within 24 h 
(before Day 3), the medium was changed to 2.5 mL of the CFBM medium27 supplemented 
with 75 ng/mL bFGF (WiCell Research Institute). For every other day until Day 20, cells 
were fed with CFBM+75 ng/mL bFGF. The purity of the differentiated hiPSC-CFs were 
assessed by flow cytometry 20 days after differentiation. The hiPSC-CFs were passaged, 
expanded, and cryopreserved as previously described.27

hiPSC-ECT Generation
Day 30 DF19–9–11T hiPSC-CMs were visually inspected and wells containing ≥95% 
beating cells were dissociated with 10× TrypLE (ThermoFisher Scientific) following the 
manufacturer’s protocol and counted using a hemocytometer. hiPSC-CMs were 
subsequently resuspended at 1–2 × 106 CM/mL in fibrin ECT media (60.3% high-glucose 
DMEM; 20% F12 nutrient supplement; 1 mg/mL gentamicin; 8.75% FBS; 6.25% horse 
serum; 1% HEPES; 1× nonessential amino acid cocktail; 3 mM sodium pyruvate; 0.004% 
(wt/vol) NaHCO3; 1 μg/mL insulin; 400 μM tranexamic acid and 17.5 μg/mL aprotinin)11 
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and incubated for 1 h on a rotating platform at 37 °C to form small and uniform clusters of 
viable hiPSC-CMs. DF19–9–11T hiPSC-CFs were dissociated using 1× TrypLE 
(ThermoFisher Scientific) based on the manufacturer’s protocol and counted with a 
hemocytometer. After rotational culture, 2 × 106 hiPSC-CMs were mixed with 2 × 105 

hiPSC-CFs in 200 μL fibrin ECT media per hiPSC-ECT. To this cell mixture, 1.25 mg/mL 
fibrinogen and 0.5 unit of thrombin were added. This cell-matrix mixture was rapidly mixed 
and loaded onto a 20 × 3 mm cylindrical mold of FlexCell TissueTrain silicone membrane 
culture plate, followed by incubation under preprogrammed vacuum condition for 60 min at 
37 °C supplied with 5% CO2 to allow for attachment of the hiPSC-ECT constructs to the 
nylon tabs at each end of the TissueTrain well. Following polymerization of the fibrin 
matrix, hiPSC-ECT were fed with ECT media, carefully separated from the plate surface 
with a sterile pipet, and cultured either 23 or 51 days with media changes every 2–3 days.

Twitch Force Measurements
Isometric twitch force was measured in hiPSC-ECT using procedures similar to those 
previously reported.11,24,27,28 In brief, each hiPSC-ECT construct was transferred from the 
culture dish to a model 801B small intact fiber test apparatus (Aurora Scientific) in Krebs–
Henseleit buffer (119 mmol/L NaCl; 4.6 mmol/L KCl; 1.2 mmol/L MgCl2; 1.8 mmol/L 
CaCl2; 12 mmol/L Glucose; 1.2 mmol/L KH2PO4, 25 mmol/L NaHCO3, gassed with 95% 
O2/5% CO2 (pH 7.4)). hiPSC-ECT constructs were attached with sutures between a model 
403A force transducer (Aurora Scientific) and a stationary arm and perfused with 37 °C 
Krebs–Henseleit buffer at a rate of 1 mL/min and field-stimulation initiated at 1 Hz (2.5 ms, 
12.5 V). The longitudinal length of each construct was increased stepwise until maximal 
twitch force was obtained to establish the Frank-Starling relationship. Constructs were 
allowed to equilibrate for 20 min with constant perfusion. Following equilibration, twitch 
force production was measured with pacing at a frequency of 1 Hz. Twitch force data was 
analyzed utilizing IonWizard 6.0 software (IonOptix) by averaging data from 40 to 60 
successive contractions. This data was exported to Microsoft Excel and the magnitude of 
force generated, in addition to the kinetics of force generation and relaxation were 
calculated. The data was subsequently exported to Prism GraphPad 8.0.1 for generating 
graphs and statistical analysis.

Sarcomeric Protein Extraction from hiPSC-ECT
The functionally assessed hiPSC-ECTs were washed with 1.0 mL of Mg2+/Ca2+-free DPBS 
then centrifuged for 5 min at 1100g, 4 °C (Sorvall Legend Micro 21R; Thermo Fisher 
Scientific, Am Kalkberg, Germany). The supernatant was discarded to remove residual cell 
culture media components. The hiPSC-ECT samples were homogenized in 50 μL of HEPES 
extraction buffer (25 mM HEPES (pH 7.4), 60 mM NaF, 1 mM L-methionine, 1 mM DTT, 1 
mM PMSF in isopropanol, 1 mM Na3VO4 containing protease and phosphatase inhibitors) 
by a Teflon pestle (1.5 mL microcentrifuge tube, flat tip; Thomas Scientific, Swedesboro, 
NJ, USA) at 4 °C. The homogenate was centrifuged for 30 min at 21 000g, 4 °C and the 
supernatant comprising mostly cytosolic proteins was collected, labeled (HEPES1), and kept 
at −80 °C. The pellet was then resuspended in an additional 50 μL of HEPES extraction 
buffer to further remove any remaining cytosolic proteins. The homogenate was centrifuged 
for 30 min at 21 000g, 4 °C and the supernatant was collected, labeled (HEPES2), and stored 
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at −80 °C. The sarcomere enriched protein pellets were frozen at −80 °C until both groups of 
hiPSC-ECTs were ready to be analyzed via LC-MS/MS to reduce instrumental variation. 
The sarcomere enriched protein pellets were then thawed and homogenized in 40 μL of TFA 
extraction buffer (1% TFA, 5 mM TCEP, 5 mM L-methionine) at 4 °C using a Teflon pestle. 
The homogenate was centrifuged for 30 min at 21 000g, 4 °C and the resulting supernatant 
was collected and labeled as TFA extract. Subsequently, the TFA extract was desalted with 
five volumes of mobile phase A (MPA; 0.1% formic acid in HPLC grade water) utilizing a 
10 kDa molecular weight cutoff filter (Amicon; Merck KGaA, Darmstadt, Germany). A 
protein assay (Cat. #5000006; BioRad, Hercules, CA, USA) was performed using bovine 
serum albumin for the linear curve to determine the total protein concentration of the 
sarcomere protein extract for normalization prior to top-down proteomics analysis.

Reverse Phase Chromatography and Top-Down MS Analysis
Reverse phase chromatography (RPC) was performed using a NanoAcquity ultrahigh 
pressure LC system (Waters, Milford, MA, USA). 500 ng of the TFA protein extracts were 
loaded on a home-packed PLRP-S capillary column (200 mm long, 0.25 mm i.d., 5 μm 
particle size, 1000 Å pore size; Agilent Technology, Santa Clara, CA, USA). Mobile phase 
B (MPB) contained 0.1% formic acid in 50:50 acetonitrile and ethanol. The column was 
maintained at 60 °C with a constant 8 μL/min flow rate. The RPC gradient consisted of the 
following concentrations of MPB: 10% MPB at 0 min, held at 10% until 5 min, 65% at 65 
min, 95% at 70 min, held at 95% until 75 min, adjusted back to 10% at 75.1 min, and held at 
10% until 80 min. The eluted proteins were electrosprayed into a Bruker Impact II 
quadrupole-time-of-flight (Q-TOF) mass spectrometer (Bruker Daltonics, Bremen, 
Germany). End plate offset and capillary voltage were set at 500 and 4500 V, respectively. 
The nebulizer was set to 0.3 bar, and the dry gas flow rate was 4.0 L/min at 200 °C. The 
quadrupole low mass was set to 650 m/z. A scan rate of 1 Hz over the 200–3000 m/z range 
was used to collect mass spectra. Three technical replicates were collected for one sample 
from each hiPSC-ECT group to ensure instrument reproducibility and stability. Data-
dependent online MS/MS analysis was performed by selecting the top 3 most abundant ions, 
followed by fragmentation via collisionally activated dissociation (CAD) with the collisional 
energy between 15 and 30 eV. A scan rate of 2–4 Hz across 200–3000 m/z mass range was 
used to collect MS/MS spectra. Active exclusion was activated after 4 MS/MS spectra and 
the selected ions were excluded for 2 min. The intact masses of the precursor ions were 
determined based on the first LC-MS run, and the fragment ions were determined by the 
following LC-MS/MS run.

Data Analysis
OtofControl 3.4 (Bruker Daltonics) was used to collect all LC-MS/MS data. DataAnalysis 
4.3 software (Bruker Daltonics) was used to process and analyze the MS data. A smoothing 
width of 2.01 s using the Gauss algorithm was implemented for all the chromatograms. The 
Maximum Entropy algorithm within the DataAnalysis 4.3 software was used to deconvolute 
sarcomeric proteins of interest. For proteins that were isotopically resolved, the resolving 
power for the Maximum Entropy deconvolution was set to 50 000. The sophisticated 
numerical annotation procedure (SNAP) algorithm was applied to determine the 
monoisotopic masses of all observed ions. The top three most abundant charge state ions of 
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the sarcomeric proteins of interest were used to produce extracted ion chromatograms 
(EICs). Relative abundance of the selected protein isoforms was measured by the ratio of 
their area under the curve (AUC) from their respective EICs (eq 1).11

Protein Isoform Ratio = AUC from EIC of Isoform 1
AUC form EIC of Isoform 2 (1)

Relative quantification of protein phosphorylation was calculated by deconvoluting mass 
spectra of interest using the Maximum Entropy algorithm, and the relative abundance of a 
particular proteoform (Ptotal) is reported as the ratio of the peak intensity of the proteoform 
(mol Pi) to the summed peak intensities of all proteoforms (mol protein) of the same protein 
(eq 2).11

P total = molP i
mol protein (2)

Tandem mass spectra of sarcomeric proteoforms identified by intact mass were exported 
from DataAnalysis 4.3 software as .ascii files and processed with MASH Explorer29 

equipped with the MS-align+30 algorithm to manually validate ions and confirm protein 
identification. In the tandem mass spectra, the fragment ions were assigned based on the 
protein sequence of myofilament protein isoforms in the UniProt-SwissProt human database. 
Allowance was made for possible PTMs, such as N-terminal acetylation and trimethylation. 
Monoisotopic masses were used for all proteoform determinations and a mass tolerance of 
10 ppm was implemented for all fragment ion validation.

Statistical Analysis
Statistical analysis of twitch force amplitude, time from pacing stimulus to twitch force peak 
(CT100), time from twitch force peak to 50% twitch force decay (RT50), and time from 50% 
to 90% twitch force decay (RT50–90), relative phosphorylation, and isoform ratios between 
the different groups of hiPSC-ECTs were determined by a Student’s two-tailed t test 
assuming equal variances. ns indicated a p > 0.05, * indicated a p < 0.05, and ** indicated a 
p < 0.01 by Student’s two-tailed t test with equal variances. Standard error of the mean was 
used for calculating the variation between the two groups of hiPSC-ECTs. Phosphorylation 
and contractile parameter values were fit to a multivariate linear model with age as the 
independent variable. After model fitting, the normalized contractile parameter and 
phosphorylation values were obtained using the model’s residuals and the estimated 
respective age coefficients.

RESULTS AND DISCUSSION
Functional Assessment of hiPSC-ECTs

The objective of this study was to develop a robust method to measure the contractile 
properties of hiPSC-ECTs together with sarcomeric proteoform composition by integrating 
isometric twitch force measurements and top-down proteomics in the same hiPSC-ECT 
(Figure 1). In this case, we chose to study two groups of hiPSC-ECTs which spent 23 and 51 
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days in 3D-ECT culture respectively (Supplementary Figure S1). Lactate purified hiPSC-
CMs and low passage isogenic hiPSC-CFs were used in a 10:1 ratio in hiPSC-ECT 
constructs (Supplementary Figure S1).27,31 Cells were mixed with fibrinogen and thrombin 
and seeded into molds to form hiPSC-ECTs. The hiPSC-ECTs of the same batch were then 
cultured and randomly selected at Day 23 and Day 51 for sequential functional assessments 
followed by top-down proteomic characterization. Of note, hiPSC-ECTs with the same 
genetic background were generated with hiPSC-CMs and hiPSC-CFs from the same 
differentiation batch to minimize confounding factors such as differentiation efficiency, 
batch effects, and feeding schedule among other factors.

We measured the contractile properties of the Day 23 and Day 51 hiPSC-ECTs at the time of 
harvest (Figure 1). hiPSC-ECT constructs were mounted to a force transducer in a 
physiologic chamber and stretched to optimal sarcomere length with electrical pacing at 1 
Hz at 37 °C. Following equilibration, we assessed twitch force amplitude, time from pacing 
stimulus to twitch force peak (CT100), time from twitch force peak to 50% twitch force 
decay (RT50), and time from 50% to 90% twitch force decay (RT50–90) (Figure 2). 
Interestingly, the Day 51 hiPSC-ECTs yielded a statistically significant increase in twitch 
force amplitude, reduced CT100 and RT50 intervals, and a prolonged RT50–90 interval 
compared to the Day 23 hiPSC-ECTs. Collectively, the contractile measurements indicate 
that the Day 51 hiPSC-ECTs display more mature contractile properties compared to the 
Day 23 hiPSC-ECTs.

Top-Down Proteomics of hiPSC-ECTs
After the measurement of the functional properties, we then sequentially assessed the 
hiPSC-ECT sarcomeric proteoform profiles arising from the same hiPSC-ECT using top-
down proteomics (Figure 1). Immediately following hiPSC-ECT mechanical property 
measurements, sarcomeric proteins were extracted for top-down proteomics using the same 
hiPSC-ECT construct. A dual lysis buffer containing HEPES (pH = 7) was used to deplete 
highly abundant cytosolic proteins, leaving a sarcomere-enriched pellet, which were frozen 
(−80 °C) until both groups of hiPSC-ECTs were ready to be analyzed by LC-MS/MS 
(Supplementary Figure S1). Sarcomeric proteins were extracted from the pellets using a MS-
compatible, trifluoroacetic acid (TFA) buffer (pH = 2) and equal amounts of proteins were 
analyzed by LC-MS/MS. Aliquots of every sample were saved for SDS-PAGE to visualize 
the extracted proteins and confirm the reproducibility of the extraction methods 
(Supplementary Figure S2). Our method is highly reproducible, demonstrated by highly 
consistent retention time and spectral intensity of three LC-MS/MS technical replicates of a 
Day 23 and 51 hiPSC-ECT (Supplementary Figure S3, Supplementary Figure S4).

Major sarcomeric proteins, such as slow skeletal troponin I (ssTnI, gene: TNNI1), isoform 6 
of cardiac troponin T (cTnT6, gene: TNNT2), cardiac troponin I (cTnI, gene: TNNI3), α-
Tpm (gene: TPM1), the ventricular isoform of myosin light chain 1 (MLC-1v, gene: MYL3), 
the atrial isoform of myosin light chain 1 (MLC-1a, gene: MYL4), the ventricular isoform of 
myosin light chain 2 (MLC-2v, gene: MYL2), the atrial isoform of myosin light chain 2 
(MLC-2a, gene: MYL7), alpha actin (α-actin, gene: ACTC1), and troponin C (TnC, gene: 
TNNC1), were measured in the hiPSC-ECTs (Figure 3A, Supplementary Figure S4). The 
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abundance of each sarcomeric protein is represented by the AUC of their corresponding 
EICs and this AUC value was used to compare the protein isoform abundances for all 
samples. The base peak chromatogram (BPC), a trace of the most abundant ion eluting from 
the LC column as a function of time, revealed the major sarcomeric proteins found in the 
hiPSC-ECTs (Supplementary Figure S5). Importantly, the reproducible LC-MS/MS results 
for the various sarcomeric proteins enabled the reliable relative quantification of specific 
proteoforms between the Day 23 and Day 51 hiPSC-ECT groups.

One of the unique benefits of this new integrated method is the ability to use LC to separate 
sarcomeric proteins with high sequence homology, such as MLC-1v and MLC-1a, and 
confirm their identification via MS/MS (Figure 3A, Supplementary Figure S6) without 
requiring separate hiPSC-ECT constructs. Online CAD was employed to fragment 
sarcomeric protein precursor ions (Supplementary Figure S6A), which generates b and y 
ions for protein sequence characterization (Supplementary Figure S6B). These CAD ions 
were used to confidently identify the MLC isoforms despite them sharing high sequence 
homology. The protein sequence fragmentation map, generated from the online LC-MS/MS 
method of MLC-1v and MLC-1a, shows all ions used for protein identification 
(Supplementary Figure S6C). In addition, N-terminal methionine truncations as well as 
various PTMs such as trimethylation and acetylation were detected on MLC-1v and 
MLC-1a, respectively.32 Our results indicated that there was not a statistically significant 
change in the ratio of MLC-1v to MLC-1a between the two groups of hiPSC-ECTs 
(Supplementary Figure S7).

Several sarcomeric PTMs and isoforms were observed in the hiPSC-ECTs as seen in the 
deconvoluted mass spectra (Figure 3B, Supplementary Figure S8, Supplementary Figure 
S9). Unphosphorylated and phosphorylated cTnI were detected in both Day 23 and Day 51 
hiPSC-ECTs; nevertheless, the relative phosphorylation levels between the groups was not 
statistically significant (Figure 3, Supplementary Figure S10). cTnI is part of the troponin 
complex on the thin filament of the sarcomere and phosphorylation of cTnI shifts calcium 
sensitivity to the right and plays a role in the facilitation of more rapid relaxation.21,33 

Notably, cTnI proteoforms were detected in the Day 23 hiPSC-ECTs, whereas in our 
previous work11 no cTnI was observed in the earlier stage hiPSC-ECTs. cTnI is the major 
isoform of the troponin complex observed in adult heart tissue, whereas ssTnI is 
predominantly expressed in fetal cardiac tissue. This finding suggests that the addition of 
hiPSC-CFs in the hiPSC-ECT constructs may accelerate tissue maturation, as hiPSC-CFs 
were not used in the previous study.11 Although cTnI was detected in both groups, the 
relative ratio of cTnI to ssTnI significantly increased from Day 23 to Day 51 hiPSC-ECTs 
(Supplementary Figure S10). This trend may reflect progressive maturation due to the 
differences in the amount of time spent in culture between the two groups. Whereas each 
sample contained phosphorylated cTnI, there were variations in the relative phosphorylation 
from sample to sample (Supplementary Figure S9A) within and between the two hiPSC-
ECTs groups. The observed sample heterogeneity underscores the importance of developing 
methods that integrate multiple assessments on the same hiPSC-ECT construct to support 
reliable correlations and accurate conclusions.
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In particular, α-Tpm is another thin filament protein involved in contractility and is the 
major Tpm isoform found in the human heart.34 Unphosphorylated and phosphorylated α-
Tpm was detected in Day 23 and Day 51 hiPSC-ECTs (Figure 3B, Supplementary Figure 
S9B). For the Day 51 hiPSC-ECTs, the phosphorylated α-Tpm proteoform was significantly 
decreased compared to the Day 23 hiPSC-ECTs, a trend previously observed with increased 
time in culture.11

cTnT6 regulates the Ca2+-mediated interaction between myosin thick filaments and actin 
thin filaments during cardiac contraction and relaxation.33 Our data reveals that the 
predominant form of cTnT6 was found to be the phosphorylated proteoform (Figure 3B, 
Supplementary Figure S9C). We report the first top-down proteomics analysis showing a 
significant decrease in the relative abundance of phosphorylated cTnT6 between the Day 23 
and Day 51 hiPSC-ECTs a trend previously observed in (2D) hiPSC-CM monolayers.11

Integration of Functional Assessments and Top-Down Proteomics Data
Using the acquired functional and top-down proteomic data from the same hiPSC-ECT, we 
next sought to integrate the metrics to identify trends between the two groups. We plotted 
the relative phosphorylation levels of α-Tpm, cTnT6, and cTnI as a function of twitch force 
magnitude, CT100, and RT50 to determine if there were any observed trends in contractile 
performance that might be due to causative effects of the measured molecular variables 
(Figure 4, Supplementary Figure S11, and Supplementary Figure S12). Interestingly, we 
found decreased levels of α-Tpm phosphorylation to be significantly associated with 
increased twitch force production and accelerated rates of contraction and relaxation (Figure 
4A-C). Strikingly, we found that there was an extremely high correlation (R2 = 0.9666) 
between the CT100 and the phosphorylation levels of α-Tpm between the two groups of 
hiPSC-ECTs (Figure 4A). As increased twitch force production and accelerated rates of 
contraction and relaxation are also associated with maturation of the human myocardium35 

and prolonged culture of hiPSCs-ECT due to maturation of the Ca2+-handling system and 
expression of more mature sarcomeric protein isoforms,11 we also show that twitch force 
magnitude and RT50 show a significant association, R2 = 0.7844 and R2 = 0.7829, 
respectively, with α-Tpm phosphorylation (Figure 4B,C). However, when we performed 
multivariate statistics to account for the effects of time spent in culture, these associations 
where much more poorly correlated (Supplementary Figure S12B,C), whereas the 
correlation of α-Tpm phosphorylation with CT100 remained strong (R2 = 0.8216) 
(Supplementary Figure S12A). This analysis suggests a cumulative effect of time in hiPSC-
ECT culture and decreased α-Tpm phosphorylation on contractile performance, particularly 
CT100.

Phosphorylation of α-Tpm is known to be strongly associated with cardiac maturation, 
decreasing from ~60–70% in fetuses and newborns to ~30% in adults.11,36 Though the 
physiological impact of α-Tpm phosphorylation on cardiac function is not fully understood,
37 several studies in transgenic mouse models found that either increasing or decreasing 
phosphorylation of α-Tpm can yield hypertrophic or dilated cardiomyopathy phenotypes 
without altering calcium-sensitivity or crossbridge cooperativity.36,37 Consistent with our 
data in hiPSC-ECTs, transgenic overexpression of a phosphomimetic α-Tpm in mice 
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trended toward slower contractile kinetics and significantly accelerated relaxation.37 While 
cTnT6 phosphorylation levels were correlated with contractile performance (Supplementary 
Figure S11A-C), this association was not as strongly correlated compared to the relationship 
between α-Tpm phosphorylation. When taking a multivariate statistics approach, to account 
for the codependence effect of time spent in culture, these associations largely disappeared 
(Supplementary Figure S12D-F). In addition, the cTnI phosphorylation levels were poorly 
correlated with contractile performance both before and after accounting for time spent in 
culture (Supplementary Figure S11D-F, Supplementary Figure S12G-I).

In summary, we report for the first time an integrated method that permits sequential 
functional assessments and top-down proteomics analysis on the same hiPSC-ECT 
construct. Taken together, top-down proteomics of sarcomeric proteoforms provides an 
important molecular assessment of hiPSC-ECTs. Moreover, the direct integration of 
functional assessments with top-down proteomics using the same ECT construct provides 
accurate correction between molecular composition and function. Our results indicate that 
the contractile properties and sarcomeric proteoforms between the two groups of hiPSC-
ECTs were distinctly changed and that the underlying heterogeneity of hiPSC-ECTs can be 
analyzed by this integrated approach. Importantly, we found that there were noticeable 
heterogeneity in the sarcomeric proteoforms and functional measurements, such as cTnI 
phosphorylation and twitch force magnitude, within the specific groups emphasizing the 
benefit of multiple assessments on the same hiPSC-ECT construct. Furthermore, the unique 
value of this integrated approach is illustrated by our discovery that there is a distinct 
correlation between the speed of cardiac contractility as measured by the functional 
properties and the phosphorylation levels of α-Tpm. Importantly, this is the first time that 
both functional assessments and proteomics are measured within the same sample. We 
acknowledge that all hiPSC-ECTs used in the current study share a common genetic 
background and that future studies will benefit from using multiple hiPSC lines to determine 
the differences in functional and proteomics properties across multiple cell lines. We 
anticipate that this method will prove to be cost-effective by reducing the need to culture 
additional hiPSC-ECTs for separate functional and proteomics measurements. We envision 
that this integrated method will enable the direct assessment of proteoform-level molecular 
details and functional attributes across various patient-derived ECT constructs to provide 
mechanistic support for disease modeling, drug screenings, and cell-based therapies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
3D 3-dimensional

ECT engineered cardiac tissue

hiPSC-CM human induced pluripotent stem cell-derived 
cardiomyocyte

2D 2-dimensional

MS mass spectrometry

PTMs post-translational modifications

LC-MS/MS liquid chromatography tandem mass spectrometry

α-Tpm alpha tropomyosin

hiPSC-CF human induced pluripotent stem cell-derived cardiac 
fibroblast

RPC reverse phase chromatography

Q-TOF quadrupole-time-of-flight

CAD collision-activated dissociation

SNAP sophisticated numerical annotation procedure

AUC area under the curve

EIC extracted ion chromatogram

Ptotal relative abundance of a particular proteoform

mol Pi peak intensity of the proteoform

mol protein summed peak intensities of all proteoforms

S/N signal-to-noise

CT100 time from pacing stimulus to twitch force peak

RT50 time from twitch force peak to 50% twitch force decay

RT50–90 time from 50% to 90% twitch force decay

ssTnI slow skeletal troponin I

cTnT6 isoform 6 of cardiac troponin T

cTnI cardiac troponin I

MLC-1v ventricular isoform of myosin light chain 1
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MLC-1a atrial isoform of myosin light chain 1

MLC-2v ventricular isoform of myosin light chain 2

MLC-2a atrial isoform of myosin light chain 2

α-actin alpha actin

TnC troponin C

BPC base peak chromatogram
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Figure 1. 
Schematic of integrated functional assessments and top-down proteomics workflow for the 
same hiPSC-ECT. (1) hiPSC are differentiated into CMs and CFs which are used to generate 
hiPSC-ECTs. (2) Functional assessments are performed on the hiPSC-ECTs to measure the 
isometric twitch force. (3) Sarcomeric proteins are extracted via a dual extraction method 
from the functionally tested hiPSC-ECTs. (4) Top-down proteomics is performed on the 
functionally tested hiPSC-ECTs. (5) The resulting data on isometric twitch force and 
sarcomeric proteoform quantitation of the same hiPSC-ECTs are analyzed to provide an 
integrated assessment of hiPSC-ECT constructs.
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Figure 2. 
Contractile function in Day 23 and Day 51 hiPSC-ECTs. The trace in the top left-hand panel 
defines the parameters quantified in the four box-and-whisker plots below for the Day 23 
(orange) and Day 51 (blue) hiPSC-ECTs. TF, twitch force magnitude (mN/mm2); CT100, 
time from pacing stimulus to twitch force peak; RT50, time from twitch force peak to 50% 
twitch force decay; RT50–90, time from 50% to 90% twitch force decay. The averaged traces 
of the twitch force measurement of the four samples in Day 23 and Day 51 hiPSC-ECTs in 
the top right panel are plotted as a function of time with the standard error of the mean 
(SEM) shown in dashed lines. Contractile data was collected from hiPSC-ECT paced at 1 
Hz at 37 °C. * refers to a p < 0.05, and ** refers to a p < 0.01 by a student’s t test with equal 
variances.
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Figure 3. 
Top-down proteomics data of Day 23 and Day 51 hiPSC-ECTs. (A) Extracted ion 
chromatograms (EICs) of sarcomeric proteins in a representative Day 51 hiPSC-ECT using 
the top three most abundant charge state ions. The abundance of each protein is represented 
by the area under curve (AUC) of the corresponding EIC. Representative MS of specific 
proteins are shown for the major EIC peaks. (B, top) Deconvoluted mass spectra of 
sarcomeric proteoforms from a representative Day 23 and Day 51 hiPSC-ECT: alpha 
tropomyosin (α-Tpm), cardiac troponin T isoform 6 (cTnT6), and cardiac troponin I (cTnI). 
p stands for phosphorylation. The Bruker Impact II Q-TOF allowed isotopic resolution of 
sarcomeric proteoforms during online RPLC-MS. (B, bottom) Boxplots display the level of 
relative phosphorylation of each group (n = 4). The relative abundance of the phosphorylated 
proteoform (Ptotal) is reported as the ratio of the peak intensity of the proteoform (mol Pi) to 
the summed peak intensities of all proteoforms (mol protein) of the same protein. ns means 
not statistically significant, * refers to a p < 0.05, and ** refers to a p < 0.01 by a Student’s t 
test with equal variances.
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Figure 4. 
Correlation between functional assessments and α-Tpm phosphorylation. The relative 
phosphorylation levels of α-Tpm as a function of (A) CT100, (B) twitch force magnitude, 
and (C) RT50. The orange circles indicate data points from Day 23 hiPSC-ECTs and the blue 
circles indicate data points from Day 51 hiPSC-ECTs. All associations were obtained using 
a standard linear regression model, and R2 and p-values are indicated in each panel.
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