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An Intrinsic, Label-Free Signal for Identifying Stem Cell Derived 
Cardiomyocyte Subtype

Che-Wei Changa, Hillary K. J. Kaob, Sergey Yechikovb, Deborah K. Lieub, James W. Chana

aDepartment of Pathology and Laboratory Medicine, University of California, Davis, Sacramento, 
CA, USA;

bDivision of Cardiovascular Medicine, Department of Internal Medicine, University of California, 
Davis, Sacramento, CA, USA

Abstract

Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes have many promising 

applications, including the regeneration of injured heart muscles, cardiovascular disease modeling, 

and drug cardiotoxicity screening. Current differentiation protocols yield a heterogeneous cell 

population that includes pluripotent stem cells and different cardiac subtypes (pacemaking and 

contractile cells). The ability to purify these cells and obtain well-defined, controlled cell 

compositions is important for many downstream applications; however, there is currently no 

established and reliable method to identify hiPSC-derived cardiomyocytes and their subtypes. 

Here, we demonstrate that second harmonic generation (SHG) signals generated directly from the 

myosin rod bundles can be a label-free, intrinsic optical marker for identifying hiPSC-derived 

cardiomyocytes. A direct correlation between SHG signal intensity and cardiac subtype is 

observed, with pacemaker-like cells typically exhibiting ~70% less signal strength than atrial- and 

ventricular-like cardiomyocytes. These findings suggest that pacemaker-like cells can be separated 

from the heterogeneous population by choosing an SHG intensity threshold criteria. This work 

lays the foundation for developing an SHG-based high throughput flow sorter for purifying hiPSC-

derived cardiomyocytes and their subtypes.

SIGNIFICANCE STATEMENT

Current differentiation methods for generating human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs) yield heterogeneous populations that remain a critical barrier for 

downstream applications where well-defined populations are required. Markers for identifying 
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undesired populations such as teratoma-forming or arrhythmia-inducing cells are not currently 

available. We show a direct correlation between cardiac subtype and the intensity of second 

harmonic generation (SHG) signals generated from myosin filaments. We demonstrate SHG 

signals can be a label-free marker for eliminating undesired cell populations. These results 

highlight a novel method for using SHG signals to purify hiPSC-CMs.

Graphical Abstract
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INTRODUCTION

Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes are an ex-vivo source 

of heart cells to potentially treat heart disease, model cardiac cell function and disease, and 

assess drug cardiotoxicity [1]. Purified cell populations with defined compositions are highly 

desired for these applications. The removal of pluripotent stem cells is critical for human 

transplantation due to their potential for forming teratomas [2]. Moreover, the hiPSC-derived 

cardiomyocytes population itself is a mixture of pacemaker-, atrial-, and ventricular-like 

subtypes. The elimination of pacemaker-like cells and immature cells that spontaneously 

generate action potentials is particularly important to avoid irregular arrhythmic events after 

cardiac transplantation [3]. In drug screening, hiPSC-derived cardiomyocytes have an 

improved prediction of drug response if higher purity cells with more homogenous and 

desired cardiomyocyte subtype are used [4, 5].

Current hiPSC-derived cardiomyocytes differentiation protocols typically yield ~70% 

cardiomyocytes with ~15% of the cardiomyocytes being the pacemaking subtype [6–8]. 

Achieving higher-purity populations is challenging because there is no established 

purification method, largely due to the lack of a reliable marker that can be used to sort cells 

by phenotype, maturity, or subtype. Many methods have been explored (e.g. lentiviral 

transduction [9], molecular beacons [10, 11], size separation [12], metabolic selection [13], 
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mitochondrial dye [14], surface markers [15]). These approaches rely on exogenous labels, 

viruses, or animal derived products that may complicate their use clinically and/or lack the 

specificity for achieving high-purity cell populations. None of these methods can identify 

cardiomyocytes by their subtype.

We previously reported that the SHG signal generated directly from myosin rod bundles can 

be a highly specific, label-free optical signal for identifying hiPSC-derived cardiomyocytes 

[16]. The high specificity is due to myosin filaments only being present in cardiomyocytes 

and absent in other types of cells. We further showed that hiPSC-derived cardiomyocytes of 

different maturities could also be discriminated by the SHG intensity due to their myosin 

development. In this study, we demonstrate that hiPSC-derived cardiomyocyte subtypes can 

be separated based on their SHG intensity due to the different levels of myosin filaments in 

atrial-, ventricular-, and pacemaker-like hiPSC-derived cardiomyocytes.

MATERIALS AND METHODS

Figure 1 illustrates the process we used to identify subtypes of individual hiPSC-derived 

cardiomyocytes and to quantify their total SHG intensity. Detailed descriptions of the 

methods for cell differentiation, sample preparation, optical measurements, and data analysis 

are provided in the Supporting Information.

RESULTS AND DISCUSSION

The subtype of each hiPSC-derived cardiomyocyte was first determined by its action 

potential (AP) profile through the clustering analysis, an established alternative method to 

patch clamp for subtype classification [17–20]. The AP of a ventricular-like cell shows a 

more prominent plateau phase than that of an atrial-like and pacemaker-like cell (Figs. 2, 

A1-A3). Moreover, ventricular-like cells have an average AP duration (APD50, action 

potential duration at 50% repolarization) near 324±20 ms, which is longer than that of atrial-

like cells (166±4 ms) and pacemaker-like cells (171±8 ms). The average membrane voltage 

change of pacemaker-like cells is ~15% (ΔF/F0, the maximum change in fluorescence), 

while contractile CMs have a higher amplitude of ~21%. See graphs in Fig. S1 in Supporting 

Information. Among all 200 cells that were sampled, pacemaker-like hiPSC-derived 

cardiomyocytes represent the smallest population at 10%, while ventricular-like and atrial-

like cells account for 44% and 46%, respectively. This subtype distribution is comparable to 

previously published reports [8, 21–23].

The contractile cells (i.e. ventricular-like, atrial-like) on average exhibit a higher SHG 

intensity than pacemaker-like cells (Figs. 2B–2C; V: 40-, A: 34-, P: 11-million counts). For 

contractile cells, the SHG signals originate from relatively periodic, organized sarcomere 

patterns in the cells, while pacemaker-like cells have lower intensity counts and the signal is 

distributed across the cell from a less-organized myosin network (Figs. 2, B1-B3). On 

average, contractile cells generate >3.5 times more signal than pacemaker-like cells.

A Kruskal-Wallis test performed on the results in Figure 2C indicate that the SHG intensities 

are not statistically different between the three groups. However, more detailed information 

of the cell-to-cell variability of the SHG intensity for each subtype can be obtained by 
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plotting histograms from the three cell groups (Fig. 3). All pacemaker-like cells have signal 

intensity less than 30×106 counts. In contrast, the contractile cells have a wider distribution: 

the atrial-like and ventricular-like populations have cells that exhibit SHG intensities up to 

~200×106 and ~500×106 counts, respectively. Many of these contractile cells, however, also 

exhibit low SHG signal intensities. These cells tend to be smaller and have a partially 

developed, disordered myofilament network, which is in stark contrast to the ordered, well-

developed myosin network of adult contractile cardiomyocytes (Supporting Information Fig. 

S2) that emit strong SHG signals.

These results suggest that by selecting an SHG intensity threshold criteria (i.e. 30×106 

counts in this case), it is possible to purge potential arrhythmia-inducing pacemaker-like 

cells from a population of hiPSC-derived cardiomyocytes and retrieve a pure population of 

contractile cells. The tradeoff, however, is that a fraction of contractile cells would also be 

lost. We estimated that about 66% of the contractile cells would be discarded along with all 

pacemaker-like cells. About 30% of the total cell population, comprised of only contractile 

cells, can be recovered with this technique (Fig. 4).

It may be possible to improve the recovery rate of contractile cells by optimizing parameters 

such as differentiation time, re-plating time, substrate stiffness, or electrical stimulation of 

cells to mature myosin development and increase SHG signal strength [24, 25]. For 

example, we performed the same experiment on D53 cells post-differentiation that have a 

shorter re-plating time (i.e. 10 days after re-plating) and compared the results to the D95 

cells post-differentiation (SI-Fig. S3). We observed similar overall trends in the SHG 

intensities of the three cardiac subtypes indicating good data reproducibility. Also, if the 

same SHG intensity threshold is used, the number of contractile cells that would fall within 

the pacemaker-like cell population slightly decreases. As such, for D53 cells, ~60% of the 

contractile cells would be discarded. HiPSC-derived contractile cardiomyocytes are known 

to exhibit a decrease in frequency of automaticity over time in culture, which can adversely 

affect myofilament development without an external electrical stimulus [23, 26]. Therefore, 

single plated contractile cardiomyocytes, as in D95 cardiomyocytes, may have loss of 

myofilaments with long-term culture. The higher whole-cell SHG signal counts in D53 

hiPSC-derived contractile cardiomyocytes is presumably due to these cells retaining their 

contractile structure before further reduction of automaticity frequency. As maturation 

strategies for hiPSC-derived contractile cardiomyocytes improve [23], the separation 

between pacemaker and contractile phenotype may be more distinct, since it is known that 

pacemaking cells have underdeveloped and poorly organized myofilaments compared to 

contractile cells in vivo, in humans and other animals [27]. Hence, the SHG signal 

intensities, which depend on myosin filament content, will be more distinct for these two 

cell groups, enabling improved contractile cell yield and reduced numbers of discarded 

false-negative contractile cardiomyocytes.

CONCLUSION

We demonstrate that, in addition to being able to identify hiPSC-derived cardiomyocytes 

[16], SHG signals can be also used as a label-free optical marker to remove pacemaker-like 

cells from a heterogeneous population. By selecting a proper SHG intensity threshold 
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criteria, as is commonly done in flow cytometry, cells that might form teratomas (i.e. 

undifferentiated hiPSCs with no SHG signal) or induce arrhythmias (i.e. pacemaker-like 

cells with a low SHG intensity) can be identified in a label-free, noninvasive manner. While 

we used a confocal microscope in this study to accurately quantify whole cell SHG signal 

intensities, we are actively working on integrating SHG into a microfluidic sorting system 

for analyzing individual hiPSC-derived cardiomyocytes prepared as suspension cells using 

collagenase [16]. SHG has the potential to be a novel nonlinear optical modality in flow 

cytometry [28] for high-throughput purification of hiPSC-derived cardiomyocytes to obtain 

sorted cell populations with well-defined cell compositions that can be used in disease 

modeling, drug screening, and stem cell based therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Diagram illustrating the method of identifying the subtype of individual hiPSC-derived 

cardiomyocytes and correlating it to their whole cell SHG intensity. Single cells (40 days in 

culture) were re-plated onto gridded glass dishes for 55–67 days for a total of 95–107 days 

post-differentiation (noted D95 in the manuscript). Cells were loaded with the voltage-

sensitive dye FluoVolt. The spontaneous action potentials of individual cells were recorded 

with a spinning disk fluorescence microscope to measure the time-lapsed fluorescence 

intensity at ~100 frames per second for ~1 minute. The subtype was determined by the 

clustering analysis of the action potential (AP) profiles. Cells were then fixed and whole-cell 

SHG measurements were performed on a multi-photon microscope using a circularly 

polarized excitation beam. The whole-cell SHG intensity was obtained by performing z-

stack imaging and summing the SHG signal intensity from all z-planes. The two-photon 

fluorescence (2PF) signal from the cell membrane was used as a guide to outline the cell 

boundary.
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Figure 2. 
(A) Representative action potential profiles used to classify the cardiomyocyte subtype of 

each cell (V: ventricular-like; A: atrial-like, P: pacemaking-like hiPSC-CMs). (B) 

Representative whole-cell SHG images show that the contractile cells exhibit more 

organized sarcomeric striation patterns, while pacemaker-like cells typically have a lower 

SHG signal intensity from less organized sarcomeric structures. (C) Average whole-cell 

SHG intensities for each cardiac subtype. The SHG signal strength of pacemaker-like cells is 

~70% less than the contractile cells. The average whole-cell SHG intensity ± standard error 

for ventricular-like, atrial-like, and pacemaking-like cells are 40±9, 34±5, and 11±2 million 

A.U., respectively. A Kruskal-Wallis test was used to assess the significance of the 

difference in SHG intensities between subtypes. P-values were greater than 0.05, indicating 
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the differences were non-significant (ns). The distribution of SHG intensity for all cells of 

each subtype is shown in the histograms in Figure 3.
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Figure 3. 
Histogram plots of whole-cell SHG intensity for each cardiomyocyte subtype. The dashed 

line indicates an SHG signal threshold of 30×106 counts that can be used to separate 

pacemaker-like cells from the other cells.
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Figure 4. 
Histogram of the whole-cell SHG intensity with a 30×106 intensity increment. The dashed 

line indicates the 30×106 intensity threshold that will filter ~70% of cells, including all 

pacemaker-like cells. The remaining 30% of gated cells (inset plot) are all atrial- and 

ventricular-like cells.
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