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ABSTRACT: 1. Background: Human induced pluripotent stem cell (hiPSC) derived cardiomyocytes (CMs) have been utilized in
drug toxicity evaluation, drug discovery, and treating heart failure patients, showing substantial effects. Ensuring the quality, purity,
and maturation of hiPSC-CMs during large-scale production is crucial. There is a growing demand for a novel method to
characterize cell molecular profiles without labels and without causing damage. II. Methods: In this study, we employed label-free
Raman microscopy to evaluate hiPSC-derived CMs. The study involved the characterization of cell molecular profiles without labels
and without causing damage. The correlation between Raman spectroscopy of specific components, such as cytochrome ¢ and
myoglobin, and CM purity and maturation following hiPSC differentiation was investigated. Additionally, the validation of this
correlation was performed by assessing mixtures of commercially available CMs (iCell cardiomyocytes2) and fibroblasts at various
ratios as well as hiPSC-derived CMs with different efficiencies. Furthermore, CMs were matured using rapid pacing of traveling
waves, and the Raman profiles of matured CMs were compared to those of immature ones. III. Results: Raman spectroscopy
indicated that the cytochrome ¢ and myoglobin showed correlation with the purity and maturation of CM:s following differentiation
of hiPSCs. This correlation was validated through experiments involving different CM-fibroblast mixtures and hiPSC-derived CMs
with varying efficiencies. Moreover, matured CMs exhibited markedly different Raman profiles compared to immature ones,
indicating the potential of Raman imaging as a tool for assessing CM maturation. IV. Conclusions: We discovered that Raman
spectroscopy of certain components, such as cytochrome ¢ and myoglobin, correlates with the CM purity and maturation following
hiPSC differentiation. The findings of this study highlight the potential of label-free Raman microscopy as a nondestructive, high-
content, and time-efficient method for quality control of hiPSC-derived CMs. This approach could significantly contribute to
ensuring the quality and maturity of hiPSC-CM:s for various applications in drug discovery and regenerative medicine.

B INTRODUCTION iPSCs, potentially leading to teratoma formation post-trans-
plantation. Evaluating CM maturity is crucial for assessing

Cardiovascular disease remains the primary cause of global
therapeutic efficacy post-transplantation and obtaining a more

mortality. Human induced pluripotent stem cell (hiPSC)-
derived cardiomyocytes (CMs) hold promise for heart failure
treatment. Our group conducted pioneering allogeneic iPSC- biology methods, such as flow cytometry and immunostaining,
CMs transplantation, affirming its efficacy and safety in often induce cell damage during fixation.

g

accurate response to drugs.” Current gold-standard molecular

multiple patients.”””* On the other hand, using human

cardiomyocytes instead of animal experiments for drug toxicity Received: July 24, 2024
testing and screening drugs for heart disease treatment is Revised:  August 5, 2024
considered to have broader application prospects.” Quality Accepted: September 6, 2024
control is paramount for large-scale hiPSC-CM production, Published: September 18, 2024
focusing on parameters such as CM purity and maturation.

Purity may be compromised by non-CMs, including residual
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Figure 1. Raman observation on mixture of iCell with fibroblast. (A) Representative confocal images of iCell/fibroblast spheroid with different
mixing ratio on day 3. The spheroids were stained with anti-TnT2, anti-cytochrome ¢ (Cyt c), anti-a-actinin, anti-myoglobin (anti-MB), and DAPL
(B) Relative gene expression of TnT2, cytochrome ¢ (CYCS), f-Myosin Heavy Chain (MYH7), myoglobin (MB) (Mean =+ SD, n = 3 biologically
independent samples, **p < 0.01, ***p < 0.001). (C) Reconstructed Raman images at 642, 750, 940, 1,640, and 2,850 cm™". (D) Comparison of
average Raman signal for iCell/fibroblast spheroid with different mixing ratios. (E) Quantitative analysis of the Raman intensity at 642, 750, 940,
1,640, and 2,850 cm™ (mean + SD, n = 3 biologically independent samples, *p < 0.0S, **p < 0.01, ***p < 0.001).

The prevailing approach for CM preparation involves 3D
differentiation protocols. Despite lacking superior alternatives
to flow cytometry and genetic analysis, it is imperative to
dissociate 3D spheroids into single cells for evaluation,
although this may impact cell viability due to stress. There is
a pressing need for a novel, nondestructive, and label-free
technology to assess cells or 3D spheroid without dissociation,
offering an alternative to traditional molecular biology
assessments.

Raman microscopy is a potent, label-free, and non-
destructive tool capable of monitoring live tissue based on
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the chemically specific vibrations of intrinsic cellular
biomolecules.”™ It has been utilized to identify various
cellular phenomena such as the cell death stage in apoptotic
cells,'®
stages of hiPSC-derived neurons."”
lation of functional molecules in hepatocytes derived from
hiPSCs during differentiation and maturation has been
observed.®

A previous study demonstrated that Raman spectroscopy
can distinguish CMs from the surrounding fibrotic area in a rat

the stages of tumorigenesis,' and the developmental

Furthermore, the accumu-

heart” and non-CM:s in culture dish," suggesting its potential

https://doi.org/10.1021/acs.analchem.4c03871
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Figure 2. Raman observation on human induced pluripotent stem cells (hiPSCs) differentiated cardiac spheroids. (A) Representative confocal
images of hiPSC differentiated cardiac spheroids. The spheroids were stained with anti-TnT2, anti-vimentin and DAPI. The TnT2 positive ratios
obtained by fluorescence-activated cell sorting were illustrated in the bottom. (B) Representative flow cytometry data of cTnT-positive cells
differentiated from hiPSCs (253G1 and clinical cell line: QHJI14s04) in different experimental batches. (C) Quantitative analysis of the Raman
intensity at 642, 750, 940, and 2,850 cm™' (mean + SD, each point represents average value from 3 to S spheroids from one independent

differentiation).

utility in distinguishing CMs from non-CMs in the hiPSC-
derived mixture. Raman microscopy was also used to
distinguish the CMs from the non-CMs,'*'® with a reported
specificity of 97% and a sensitivity of 96% for dissociated single
CMs."® In addition, Brauchle et al. have shown that Raman can

be employed to obtain biochemical fingerprints of atrial and
ventricular CMs differentiated from embryonic stem (ES) cells,
while also distinguishing fibroblasts from CMs.'® However,
most of these reports are confined to analyses at the single-cell
level. Notably, there is a lack of reports comparing Raman data

15767 https://doi.org/10.1021/acs.analchem.4c03871
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Figure 3. Rapid pacing of traveling wave promote maturation of hiPSC-derived cardiomyocytes (CMs). (A) Schematic and image describing the
cell plating and traveling wave origination in the close-loop device. (B) Representative confocal images of cardiac tissue with or without traveling
wave (TW) on day 14. CMs were stained with anti-a-actinin, anti-MYL2, anti-TnT2, anti-Cx43, anti-f-MHC, and DAPIL Transmission electron
microscopy (TEM) analysis of cardiac tissue was performed for both the TW training and control groups on day 14.
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Figure 4. Raman analysis of hiPSC-derived cardiac tissue at different maturation levels. (A) Reconstructed Raman images at 750 and 1,640 cm ™.
(B) Comparison of average Raman signal for hiPSC-derived cardiac tissue with (TW) or without (Control) TW training. (C) Quantitative analysis
of the Raman intensity at 750 cm™" (mean + SD, n = 3 biologically independent samples, *p < 0.05, **p < 0.01, ***p < 0.001). (D) Representative
confocal images of hiPSC-derived cardiac tissue with different maturation level on day 14. The cells were stained with anti with anti-Cyt ¢, anti-MB,
and DAPL (E) Relative gene expression of Cyt-c (CYCS) and MB. (mean =+ SD, n = 6 biologically independent samples, *p < 0.05, **p < 0.01).

with results from molecular biology assays, such as flow
cytometry, immunostaining, and genetic analysis, particularly
regarding CMs with varying differentiation efliciencies and
purities. Additionally, although the potential of Raman
spectroscopy for assessing CMs has been demonstrated,
specific markers for evaluating CMs have yet to be identified.

In this study, we employed line-illumination Raman
microscopy to directly observe 3D cardiac tissue, enabling
the acquisition of several hundred spectra with a single
exposure. The spatial resolution for visualizing living cells is
comparable to that of laser scanning confocal microscopy.

15768

Reference samples were prepared by mixing commercially
available iCell CMs and fibroblasts at different ratios in a v-
bottom 96-well plate. Genetic and immunostaining analyses
were utilized to confirm the content of iCell/fibroblast
spheroids. Notably, Raman microscopy revealed a significant
trend in iCell/fibroblast spheroids with different mixing ratios.
To further validate these results, the Raman spectrum of 3D
spheroids differentiated from iPSCs exhibited a similar trend to
the reference samples, as confirmed using flow cytometry.
Among these peaks, specific markers such as cytochrome ¢ and

https://doi.org/10.1021/acs.analchem.4c03871
Anal. Chem. 2024, 96, 15765—15772
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Figure S. Mature CMs showed enhanced survival post hypoxia. (A) Representative images for live/dead staining on hiPSC-derived cardiac tissue at
different maturation level before and after hypoxia culture (5% oxygen) for S d. (B) Quantitative analysis of the viability for both groups (mean +

SD, n = 4 biologically independent samples, *p < 0.0S).

myoglobin were identified, which may serve as potential
markers for quantifying CMs purity.

The iPSC-CMs tend to display an immature phenotype
compared with adult CMs, in terms of sarcomere structure,
electrophysiology, contractile function, and calcium-handling
properties.'” These differences may impede their application in
disease modeling and regenerative therapy. Shen et al. utilized
Raman analysis to compare hESC-derived CMs at various
maturation stages, revealing distinct bands and indicating that
the trained CMs resemble fetal CMs more closely than the
control CMs."® However, due to the use of a 785 nm laser, the
information regarding cytochromes was not revealed. In this
study, we employed line-illumination Raman microscopy at an
excitation wavelenght of 532 nm to observe CMs with different
maturation levels generated usin% our previously developed
traveling wave-based method."”™" This approach revealed
significantly distinct Raman spectra and enabled the visual-
ization of living cells among different groups. Notably, the
expression of cytochrome ¢ and myoglobin was higher in CMs
with advanced maturation levels compared with control group.
We demonstrated that cytochrome ¢ and myoglobin can serve
as markers for noninvasively assessing the purity and
maturation of CMs through Raman-based measurements.

B RESULTS AND DISCUSSION

Raman Spectra of Spheroid Mixture of iCell and
Fibroblast at Different Ratios. The spheroids made by
using different ratios of CMs and fibroblasts were subjected to
immunostaining, RT-PCR, and Raman evaluation (Figure 1).
Immunostaining data confirmed changes in composition
within the iCell/fibroblast spheroids across different mixture
ratios. Lower expression levels of cytochrome ¢, TnT2, a-
actinin, and myoglobin were observed in groups with lower
CMs content (Figure 1A), a trend corroborated by the RT-
PCR data (Figure 1B). Raman spectra of these samples
revealed significant linear decreases in Raman shift at 642 cm™"
(cytochrome ¢) and 750 cm™ (all cytochromes) as the CM
content decreased (Figure 1C—E). Additionally, Raman peaks
at 940 cm™' and 1,640 cm™ indicated reduced glycogen and
myoglobin (MB) content, respectively. Increased lipid droplets
(2,850 cm™") were observed in groups with lower CMs ratio.
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Raman Microscopy for Analyzing the Efficiency of
Differentiation in Live Cardiac Spheroids During Differ-
entiation. In addition to the Raman observation of iCell/
fibroblast spheroids, we further analyzed the Raman spectra of
CM spheroids differentiated from two hiPSC cell lines
(research grade: 253Gl and clinical grade: QHJI14s04,
Supplementary Figures 1 and 2). The CMs with different
TnT2 positive ratios were used for Raman microscopy. The
immunostaining and flow cytometry data confirmed the

https://doi.org/10.1021/acs.analchem.4c03871
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various contents of hiPSC-derived CM spheroids (Figure
2A,B). Spheroids in the same production lots were used for
Raman spectroscopy analysis (Figure 2C). Linear increases
were observed in both 253G1 (R* = 0.9997) and QHJI114s04
(R* = 0.7772) groups in Raman shift at 642 cm™, similar to
the iCell group (R* = 0.9619), indicating an increased
cytochrome ¢ content in the group with a higher TnT2
positive ratio. Additionally, the Raman shift at 750 cm™ (all
cytochromes) showed a linear increase in the 253G1 group (R*
= 0.9974), but not in the QHJI14s04 group (R* = 0.4917), in
which all the data points were distributed around the iCell
trendline (R*> = 0.9868). The QHJI14s04 group exhibited a
significant linear increase in glycogen (940 cm™', R* = 0.9938)
and a decrease in lipid contents (2,850 cm™!, R* = 0.879)
respectively, correlating with a higher TnT2 positive ratio,
similar to the findings in the iCell group (940 cm™: R* =
0.9985; 2,850 cm™': R? = 0.9957). However, this trend exists
only in glycogen (940 cm™': R* = 0.998), but not in lipid
(2,850 cm™': 0.3127) for the 253Gl cell line. These data
indicate that although there is a variation in the Raman profiles
among different cell lines, certain Raman spectra, such as that
of cytochrome ¢, may be used as a universal marker for
assessing the CM content in the hiPSC-derived mixture.

CMs constitute approximately 30—40% of the cell numbers
in the heart, with the majority of the remaining cells being
nonmyocytes, primarily comprised of fibroblasts.”> Similarly,
the hiPSC-derived CMs mixture predominantly exhibits
positivity for the cardiac marker troponin T (TnT2), while
the non-CMs predominantly express the fibroblast marker
vimentin (>70%), the smooth muscle marker (~30%), and to
a lesser extent, the endothelial cell marker CD31 (~2%).>
The CMs derived from hiPSCs may continue beating for the
long-term and consume much more oxygen than non-CMs in
the heart.”"*> MB, an essential oxygen-binding protein present
exclusively in muscle cells, plays a critical role in providing
energy through oxygen storage and transportation. Addition-
ally, cytochrome is a component of the mitochondrial electron
transport chain involved in ATP production for cardiac cell
contraction.”® These align well with the linear relationship
observed between MB and cytochrome ¢, as well as the CM
content in the hiPSC-derived mixture.

Although there is variations among iPSC-CM spheroids,
even from the same production batch, which may cause
significant differences during the Raman evaluation (Figure
2C), increasing the number of sampled spheroids in the assay
may mitigate this variation in the data and could also impose
higher throughput requirements. The scanning speed for
current Raman observations remains insufficient, thus limiting
assay throughput. To address this limitation, our future efforts
will concentrate on enhancing scanning speed, increasing
scanning points, optimizing spheroid arrangement, and
implementing more eflicient analysis. We have recently
developed a 96-well-plate-based Raman system for the
simultaneous analysis of multiple spheroids”’ and upgraded
single-line illumination to multiline illumination.”® These
enhanced systems could be leveraged for future large-scale
analysis of hiPSC-derived cardiac tissue, potentially increasing
throughput by two to three orders of magnitude compared to
the current system.

Preparing Mature hiPSC-Derived CM Tissue by Using
Traveling Wave Promotion. We previously developed a
spontaneously originating traveling wave (TW)-based method
for promoting the maturation of hiPSC-derived CMs (Figure

3A).17%! After a 2-week training period with TW, the CMs
exhibited improved sarcomeric organization, upregulated
expression of cardiac-specific genes, enhanced Ca®>* handling
properties, increased oxygen consumption rate, and enhanced
contractile force. In the present study, we cultured mature
hiPSC-derived cardiac tissues in a monolayer formation for
observation using Raman spectroscopy (Figure 3A). The
mature TW group demonstrated significantly increased
expression of the gap junction marker (Cx43), and the mature
CMs marker (@-actinin, MYL2, B-myosin heavy chain [f-
MHC]). Additionally, electron microscopy revealed that the
CMs in the TW group exhibited larger sarcomere bundles and
well-defined Z disks, I-bands, and myofibrils compared to
those in the control group (Figure 3B).

Raman Microscopy for Analyzing Cardiac Tissue with
Different Maturation Levels. We utilized line-illumination
Raman microscopy to characterize both the mature TW group
and the control group. The TW group exhibited increased
expression (as depicted in Figure 4A—C) of cytochromes (750
em™') and MB (1,640 cm™"). The heightened expression of
cytochrome ¢ and MB was validated through both
immunostaining and reverse transcription polymerase chain
reaction (RT-PCR) (Figure 4D,E). Maturation of hiPSC-
derived cardiac tissue was associated with enhanced
cytochrome ¢ activity.”” ' Moreover, hearts rich in MB
outperformed those with lower MB levels under hypoxic
conditions,” and animals acclimated to low-oxygen environ-
ments exhibited increased concentrations of MB in skeletal or
cardiac muscle.”** We further assessed the survival rates
under hypoxic conditions for both groups with varying levels of
MB expression (Figure S). While there was no discernible
difference in viability between the TW and control groups
prior to hypoxic culture, following S days of hypoxic culture,
the TW group displayed viability significantly greater than that
of the control group (Figure S). This suggests that the
heightened expression of MB may have augmented the survival
of TW CMs due to (1) enhancement of the cells” ability to
acquire oxygen through MB;** and (2) cardio-protective
effects of MB.*

The maturation level of iPSC-derived CMs is crucial for
their clinical applications and disease modeling.'”*® CM
maturity can be assessed using various molecular biology
techniques such as immunostaining, RT-PCR, and trans-
mission electron microscopy (TEM). However, these methods
require sample treatment, rendering the cells unusable for
further applications after evaluation. Raman microscopy,
distinguished by its marker-free and nondestructive nature,
necessitates no specific sample treatment. In a prior
investigation, significant differences in Raman spectra were
observed among hESC-derived CMs at varying maturation
stages.'® Nonetheless, only a limited number of Raman peaks
have been reported to be associated with CM maturation. In
addition, the Raman spectra have been used for evaluatin§
amount of MB and cytochrome ¢ in the cardiomyocytes,”””
through which cellular function such as mitochondrial
respiration could be monitored.”” In this study, we identified
MB and cytochrome c¢ as indicators of CM maturation, both
crucial for oxygen transport and ATP generation, which are
fundamental activities in muscle cells. Oxygen consumption
rates vary substantially among different cell types,”**>* and
several previous studies, including our own, have noted that
iPSC-derived CMs exhibit greater oxygen consumption when
they have undergone higher levels of maturation compared to
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their immature counterparts.'”*'~* Furthermore, the rate of
oxygen consumption, which correlates with ATP synthesis in
CMs, is linked to the fraction of cytochrome present.”**> MB
functions as both a reservoir and transporter of oxygen to
support mitochondrial respiration.*”*” The expression profile
of MB is positively associated with the maturation of cardiac
lineage cells,” including hiPSC-derived CMs matured by long-
term culture.*” Mature cardiac tissue typically exhibits elevated
cytochrome ¢ activity” ' and MB expression.'”**** Taken
together, these findings suggest that Raman microscopy could
serve as an ideal tool for assessing the maturation and purity of
hiPSC-derived cardiac tissue (Figure 6).

B CONCLUSIONS

In summary, label-free Raman microscopy has been employed
to evaluate hiPSC-derived cardiac tissue. The obtained Raman
spectroscopy data reveal a direct correlation between the
Raman peaks associated with cytochrome ¢ and myoglobin and
the purity of hiPSC-derived CM spheroids. Furthermore, a
comparison of hiPSC-CMs at different maturation stages
shows that the cytochrome ¢ and myoglobin peaks also
positively correlate with CM maturation. These findings
suggest that Raman microscopy holds potential as a novel
tool for real-time assessment of both the purity and maturation
status of hiPSC-derived cardiac tissue.
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