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Deaths attributed to ischemic heart disease increased by 41.7% from 1990 to 2013. This is primarily due
to an increase in the aged population, however, research on cardiovascular disease (CVD) has been over-
looking aging, a well-documented contributor to CVD. The use of young animals is heavily preferred due
to lower costs and ready availability, despite the prominent differences between young and aged heart
structure and function. Here we present the first human induced pluripotent stem cell (hiPSC)-derived
cardiomyocyte (iCM)-based, in vitro aged myocardial tissue model as an alternative research platform.
Within 4 months, iCMs go through accelerated senescence and show cellular characteristics of aging.
Furthermore, the model tissues fabricated using aged iCMs, with stiffness resembling that of aged human
heart, show functional and pharmacological deterioration specific to aged myocardium. Our novel tissue
model with age-appropriate physiology and pathology presents a promising new platform for investigat-
ing CVD or other age-related diseases.

Statement of Significance

In vitro and in vivo models of cardiovascular disease are aimed to provide crucial insight on the pathology
and treatment of these diseases. However, the contribution of age-dependent cardiovascular changes is
greatly underestimated through the use of young animals and premature cardiomyocytes. Here, we
developed in vitro aged cardiac tissue models that mimic the aged heart tissue microenvironment and
cellular phenotype and present the first evidence that age-appropriate in vitro disease models can be
developed to gain more physiologically-relevant insight on development, progression, and amelioration
of cardiovascular diseases.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Cardiovascular disease (CVD) is the leading global cause of
death since 1910 [1]. The fact that CVD remains the number one
killer for over a century suggests that, despite the advancements
in science and medicine over the years, there is a huge gap in trans-
lating these scientific findings to clinical setting. One of the major
reasons for this gap is pre-clinical research’s heavy dependence on
young animal models despite the fact that aging is the biggest risk
factor for CVD. The average age for first heart attack is 65.3 years
for males and 71.8 years for females [1]. As such, understanding
and implementing the age-related phenotype of the heart tissue
is crucial for studying CVD in general, and myocardial infarction
(MI) specifically. Here we present an alternative model that is of
human-origin and that mimics aging on cellular and tissue level
as we have studied in detail through characterization and func-
tional validation of this novel tissue model in comparison with
aged human heart tissue.

Aging affects the structure and functionality of the heart cells as
well as the extracellular matrix (ECM) surrounding them. The well-
documented changes at organ level include the thickening and
stiffening of the heart wall. Importantly, the cardiac reserve is low-
ered and the effectiveness of the repair system declines, rendering
heart more vulnerable to disease and stress [2]. In addition, it was
shown that the stiffness of individual cardiomyocytes also increase
with age [3]. It was also reported that there is an approximately
35% decrease in the total number of ventricular cardiomyocytes
[4] leading to enlargement of remaining cells [5]. Functionally,
aging in the heart is associated with prolonged contraction and
relaxation times of cardiomyocytes [6,7] as well as with an
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age-related reduction in responsiveness to b-adrenergic receptor
stimulation [8–10]. With advanced age, cardiomyocytes are
reported to enter senescence as identified with an increase in
p21 and p53 expression levels at later ages [5,11] and a related
lipofuscin granule presence was observed in the aged heart [12].
Pharmacologically, Jamieson et al. have shown that soluble epox-
ide hydrolase deletion had a protective effect on 3-month-old mice
following MI, however, this protective effect was significantly
impaired in 16-month-old mice [13]. Similarly, other studies
showed that pharmacological effects of various drugs such as adre-
naline [14], isoproterenol, propranolol, and salbutamol [10,15]
were reduced in individuals older than 70, showing the crucial role
of aging in heart physiology and pathophysiology.

Currently, despite the prominent differences between young
and aged heart structure and function, using young animals to
study diseases that abundantly affect the elderly population is pre-
ferred due to its lower cost and lack of comparable historical data
for aged animals [16–19]. Jackson et al. has reported that the most
common rodent age used in the 297 studies conducted was 8–
12 weeks. Strikingly, all of the MI studies included in the survey
used animals 12 weeks or younger, equivalent to humans 20–25
of age [19]. Therefore, the role of aging is significantly overlooked
in many existing animal studies. In addition, there are prominent
differences between human and animal physiology and pathology
[20]. The recent advancements in tissue engineering now allows
for the fabrication of complex, 3 dimensional (3D) engineered tis-
sue models in a highly controlled manner [21,22]. Using the human
induced pluripotent stem cells (hiPSCs), these models can poten-
tially be personalized to study drug testing and cytotoxicity assess-
ments on a human-origin platform [23]. The design of such
engineered models should take into consideration the cellular
and microenvironmental factors related to the disease under inves-
tigation. Therefore, a tissue engineered platform incorporated with
cells and ECM which show aging characteristics may present a
potent alternative to using young animals to study CVDs such as
MI, on tissue-level systems.

Here we characterized hiPSC-derived cardiomyocytes (iCMs)
over a prolonged culture period and determined that maturation
process reaches a limit around 55 days in culture and is followed
by a functional deterioration at late stages of culture (after
100 days). We show, for the first time, an in vitro aged, human-
origin cardiac tissue model that is both physiologically and patho-
logically relevant for studying CVD such as MI. We achieved this by
incorporating iCMs at the late stages into matrices with aged
human heart stiffness. We show that late iCMs at cellular level
and the respective tissue models at tissue level behave similar to
aged human hearts, showing age-related responses, including
altered gene expression and proliferative properties, impaired
functional properties and stress response, decreased sensitivity to
therapeutics and lower long-term viability.

2. Materials and methods

De-identified human heart samples were acquired from Indiana
Donor Network under an ongoing IRB approval (Prof. Keith March,
University of Florida) for deceased donor tissue recovery. Two
hearts, ages 40 and 65, that were disqualified for transplantation
were collected and cut into small pieces. The information on the
patients is presented in Supplementary Table 1.

2.1. Human heart sample fixation and sectioning

Human heart samples were fixed with paraformaldehyde and
10 lm thick sections were taken using a cryomicrotome (Thermo
Fisher). The sections were immediately transferred to superfrost
glass slides and maintained at �80 �C until used.
2.2. Cardiomyocyte differentiation

We used 2 different hiPSC lines from two different sources: DiPS
1016SevA (from skin fibroblasts) [24] and Huv-iPS4F1 (from
human umbilical cord vein endothelial cells (HUVECs)) [25], for
cardiomyocyte differentiation. The hiPSCs were cultured on geltrex
(Life Technologies) coated tissue culture flasks in mTeSR-1 med-
ium (StemCell Technologies). At approximately 80% confluency,
the hiPSCs were collected using Accutase (StemCell Technologies)
and seeded on geltrex coated glass coverslips using mTeSR-1 sup-
plemented with 5 mM Rock inhibitor (StemCell Technologies) at
1.5 � 105 cells/cm2. Differentiation to cardiomyocytes was
achieved using a previously established protocol [26]. Briefly, on
day 1, the hiPSCs mediumwas replaced with RPMI 1640 (Life Tech-
nologies) medium supplemented with B27 supplement without
insulin (B27(�)) (Invitrogen) and with 10 mM GSK-3b inhibitor,
CHIR (Stemgent). After 24 h this media was replaced with RPMI
1640 supplemented with B27(�). 48 h after the medium was
replaced with RPMI 1640 supplemented with B27(�) with the
addition of wnt inhibitor IWP4 (Stemgent). On day 6 the media
was replaced with RPMI 1640 supplemented with B27(�). Starting
day 9 the cells received RPMI 1640 supplemented with B27 supple-
ment with insulin (B27(+)) (Invitrogen). From this point on the
media was changed every 2–3 days with fresh RPMI 1640 supple-
mented with B27(+). Beating cardiomyocytes were observed start-
ing day 10 of differentiation.

2.3. Structural characterization and immunofluorescence

The beating efficiency per differentiation and the spontaneous
beat rate of iCMs were determined by visual observation and
through video recordings at different days of culture, respectively.
FACS against cardiac troponin T2 (TNNT2) was used to quantita-
tively determine the percentage of iCMs in a differentiation popu-
lation. FACS analysis was done following a previously established
protocol [27]. Rat cardiomyocytes were used as positive controls
and for gating, and unstained cells were used as negative control
and for gating.

Immunostaining against TNNT2 was performed to qualitatively
measure the differentiation efficiency, as well as to confirm the
striated troponin structure, an indicator of maturity in iCMs. Ki67
immunostaining was performed to determine percentage of ki67
positive cells over culture time. Briefly, the iCMs were fixed at dif-
ferent days of culture with paraformaldehyde (4%, 10 min, RT) fol-
lowed by permeabilization with triton-X 100 (Sigma Aldrich) (0.1%,
15 min, RT) and blocking with 10% goat serum (Invitrogen) (1 h,
RT). The samples were then incubated with the respective primary
antibodies for TNNT2 (Abcam, ab45932) and ki67 (Thermo Fisher,
14-5698-82) (overnight, 4 �C) and then with the species-
appropriate secondary antibodies (Life Technologies) (6 h, 4 �C)
with a thorough wash in between. The respective images were
acquired using a fluorescence microscope (Zeiss, Hamamatsu ORCA
flash 4.0). iCM proliferation over 7 days was determined by re-
plating iCMs on days 21 or 120 of culture to 48 well plates at
10x104 cells per well. Bright field images were taken at day 1
and day 7 after re-plating and respective cell numbers were deter-
mined through imageJ software analysis. Mitochondrial structure
was determined through mitotracker red (Thermo Fisher) staining,
as instructed by the manufacturer.

2.4. Quantitative Real time PCR (qRT-PCR)

RNA was collected from iCMs at different days of differentiation
using a total RNA isolation kit (RNeasy, Qiagen). Fixed human heart
tissue samples were first snap-frozen in liquid nitrogen, homoge-
nized using mortar-pestle and then lysed in Trizol. After tissue
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debris was separated through centrifugation, the supernatant was
mixed with chloroform and shaken vigorously for 30 sec. The solu-
tion was then centrifuged following the incubation step for phase
separation. RNA was collected from the upper layer formed after
centrifugation, using a total RNA isolation kit (RNeasy, Qiagen).
RNA purity and concentration were measured on a NanoDrop
2000 Spectrophotometer (Thermo Fisher Scientific). RNA was con-
verted into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad).
Validated human gene-specific primers were purchased from
Bio-Rad (Supplementary Table 2). iTaq SYBR Green Supermix
(Bio-Rad) was used for qRT-PCR reactions and run on CFX Connect
96 Real-Time PCR system (BioRad) in triplicates. The relative
expression of genes was quantified by the DDCt method using
GAPDH as the housekeeping gene.

2.5. Video analysis of iCM contractility

Block-matching algorithm [28] was performed using MATLAB
to analyze contractility of iCMs in this study. Briefly, the bright
field videos of iCMs were acquired from different wells of different
differentiation batches at different days of culture. At least 5 videos
per culture day were analyzed and averaged. These videos were
then exported as a series of single-frame images files. The images
were then divided into square blocks of N � N pixels. Movement
of a given block at the kth frame is tracked by matching its intensity
to an identically-sized block of pixels in the (k + 1)th frame within a
square window of width N + 2w. The values of n and w were deter-
mined as 16 and 7, respectively, in this study based on the speed of
calculation and accuracy of the block-matching method. The
matching criterion used for block movement is Mean Absolute Dif-
ference (MAD) as given below:

M i; jð Þ ¼ 1
N2

XN

m¼1

XN

n¼1

f k m; nð Þ � f kþ1 mþ i;nþ jð Þ�� ��

�w � i; j � w

where f k m;nð Þ is the intensity at coordinates m;nð Þ of a given block
at the kth frame and f kþ1 mþ i;nþ jð Þ represent the intensity at new
coordinates mþ i;nþ jð Þ of the corresponding block at the (k + 1)th

frame. The movement of the block was determined as min M i; jð Þð Þ.
The camera used in capturing the videos is Hamamatsu Orca-
Flash4.0 digital camera C11440 (Hamamatsu, Japan) with a capture
rate of 31.4 fps.

2.6. Contractile force measurements

The contractile forces of iCMs were measured with the nanoin-
denter through dwell experiments as shown previously [29,30].
Briefly, the nanoindenter probe was brought into contact with the
samples, and the probe’s displacementwas kept constant (i.e. probe
was dwelled on the sample) for 30 s to dynamically measure its
deflection, which is proportional to the cell’s contractile force along
the transverse direction with respect to the substrates. The probe
used had a spring constant and tip diameter of 0.068 N/m, and
19 mm, respectively. A customized MATLAB code was developed
to separate each single beat and to calculate averaged contractile
forces. For each culture day at least 3 different wells of different dif-
ferentiation batches were used. From each well 29–91 measure-
ments were taken. The measurements taken from the 3 samples
at the same culture day were represented in Fig. 3E and F.

2.7. Ca2+ transient measurement

A customized MATLAB code was developed in this study to
measure Ca2+ transient in iCMs at each timepoint. First, maximum
value of each intensity peak was determined from intensity vs time
curves acquired from videos of iCMs labeled with the calcium sen-
sitive dye, Fluo 4, at different times of culture. The decay in Ca2+

transient was then measured as the duration for the intensity to
reduce to 80% of its maximum (peak to 80% decay). Next, the inten-
sity was normalized to its maximum value and the overlapped pro-
jection of the beats from each video was plotted. At least 3
different wells from different differentiation batches were taken
for each culture day and the data was averaged. From each well
at least 2 field of views were captured and analyzed.

2.8. Determining isoproterenol response of iCMs

iCMs at different days of culture were labeled with Fluo-4, a
calcium-sensitive dye (Life Technologies), as instructed by the
manufacturer. Videos were recorded using a fluorescence micro-
scope (Zeiss, Hamamatsu ORCA flash 4.0) right before incubation
with isoproterenol to determine the baseline for calcium transient
and beat rate of the cells. Then medium of the cells was replaced
with medium supplemented with 1 mM isoproterenol and incu-
bated for 10 min at 37 �C. Immediately after isoproterenol incuba-
tion the beat rate and calcium transient of iCMs were recorded
using a fluorescence microscope (Zeiss, Hamamatsu ORCA flash
4.0). Videos from at least 3 different wells from different differen-
tiation batches were recorded and from each well at least 2 field of
views were captured. All data acquired for each culture day was
averaged. From each well at least 3 field of views were captured
and analyzed.

2.9. Determining senescence in iCMs

Senescence in iCMs was determined using SA-b-gal assay and
sudan black B staining. SA-b-gal assay was performed following
manufacturer’s instructions (Millipore). Sudan black B staining
was performed to determine lipofuscin granules in the cells and
human heart tissues. The iCMs at were fixed with 4%
paraformaldehyde at day 35 (young) and day 100 (aged) of culture.
Sudan black B was dissolved in 70% ethanol with overnight vortex-
ing to make up a 1% (w/v) solution. This solution was then diluted
with PBS to a 0.05% solution, which was applied to the cells (5 min,
at RT). The cells were then washed with PBS three times and
imaged using a bright field microscope (Leica). Fixed human heart
tissue sections were first incubated with PBS to hydrate the tissue
(5 min, at RT). Then the tissue sections were incubated with 0.05%
sudan black B solution for 5 min at RT. After staining the tissue sec-
tions were washed extensively with PBS and images using a bright
field microscope (Leica).

Immunostaining against p21 was performed following the pro-
tocol described in ‘‘Structural characterization and immunofluo-
rescence” section using a primary antibody specific for p21
(Abcam, ab54562) and a species-appropriate secondary antibody.

2.10. Determining cell area

To measure the cell area, six images of iCMs at different days of
culture were used. The circumference of at least 20 cells in each
image were selected using imageJ and the area (mm2) was deter-
mined by setting the imageJ scale to the known scale in the images
(mm). The results were represented as average ± standard
deviation.

2.11. Young and aged tissue fabrication

Young (day 35–55) or aged (day 100–120) iCMs were collected
using trypsin-EDTA and encapsulated in 3 different hydrogels; 1)
methacrylated gelatin (GelMA), 2) PEG (4-arm acrylate, 20 kDa,
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JenKem) modified with cell attachment peptide arginine-glycine-
aspartic acid (RGD) (Bachem) (PEG-RGD), and 3) PEG (diacrylate,
3.5 kDa, JenKem)-GelMA (P-G) hydrogels (n = 6). All tissues were
fabricated by mixing 2 � 105 cells with the respective hydrogel
solution supplemented with 0.05% Irgacure 2959 (BASF) as pho-
toinitiator (PI) at 1:1 ratio (5 lL total volume per construct was
used). GelMA and PEG-RGD were synthesized following previously
established protocols [31,32] For GelMA and PEG-RGD based tis-
sues, a final concentration of 10% hydrogel (w/v) and 0.05% PI
(w/v) was used. For P-G based tissues, a final concentration of
20% PEG (3.5 kDa) (w/v), 10% GelMA (w/v), and 0.05% PI (w/v)
was used. The homogenous cell distribution within the hydrogel
was ensured by thorough mixing of the hydrogel solution and cell
suspension by gentle pipetting. The mixture was then sandwiched
between 100 lm thick spacers using a glass slide and exposed to
6.9 mW/cm2 UV irradiation for 30 s. This dose of UV and photoini-
tiator has been shown to be safe for cell encapsulation studies [33].
The synthetic tissues were washed once with PBS (1–2 mins) and 3
times with fresh standard culture media (15 mins each) right after
crosslinking to get rid of excess PI. The tissues were then main-
tained in standard media for 24 h prior to stress treatment.

2.12. Mechanical characterization of hydrogels and human heart
samples

Cell-laden hydrogels were prepared as explained in ‘‘young and
aged tissue fabrication” section. The heart samples were prepared
by cutting the left ventricle of one 65-year-old and one 66-year-old
human heart (See Supplementary Table 1 for details) along the
fiber direction. The samples were tested without fixation, within
30 min of their arrival. Stiffness of the heart samples and the
cell-laden hydrogels were tested using a PIUMA CHIARO nanoin-
denter system (Optics11, Amsterdam, The Netherlands). A colloidal
probe with a spring constant of 0.48 N/m and a diameter of 98 mm
was used. Three separate samples were measured for each hydro-
gel type and measurements were taken from 45 different locations
per sample. Before testing, the sensitivity calibration of the can-
tilever was conducted by indenting a hard surface (i.e. a glass
slide). A customized MATLAB code (The MathWorks, Inc.) was
developed to determine contact points between the probe and
samples and to identify Young’s moduli of the samples using the
Hertz contact model:

F ¼ 16
9

ER1=2d3=2

where F is applied force, d is indentation depth, R is the radius of the
colloidal probe, and E is Young’s modulus of the samples. The sam-
ples were assumed to be incompressible (i.e. Poisson’s ratio of 0.5).
Statistics were performed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test, with sta-
tistical significance reported at a 95% confidence level (p < 0.05).

2.13. Oxidative stress and epoxide hydrolase inhibitor treatment

Three different stress conditions were used: 1) via incubating
the tissues in 0.2 mM H2O2 supplemented media (5% CO2, 37 �C)
for 16 h, followed by an incubation with normoxic media for 2 h.
2) via incubating the cells in an O2 controlled incubator at 1% O2

(5% CO2, 37 �C) for 48 h in media that was pre-incubated in 1%
O2, followed by 24 h incubation in 21% O2 (5% CO2, 37 �C), and 3)
via incubating the cells in an O2 controlled incubator at 1% O2

(5% CO2, 37 �C) for 48 h in media that was pre-incubated in 1%
O2, followed by 2 h incubation in normal conditions (21% O2, 5%
CO2, 37 �C). As control, tissues maintained under normoxic condi-
tions (21% O2, 5% CO2, 37 �C) for the respective treatment duration
were used.
To test the effect of EHI on young and aged tissues, 0.1 mg/mL
(AUDA, Sigma Aldrich) was added to culture media right before
starting 48 h 1% O2 treatment (EHI + ). This was followed by 2 h
incubation under normal oxygen conditions in media supple-
mented with 0.1 mg/mL AUDA. The first set of control tissues used
were exposed to the same hypoxia + normoxia treatment without
AUDA supplement (EHI�). The second set of control tissues were
maintained under normoxia conditions for the respective treat-
ment duration.

2.14. Live/dead assay, determining live cell percentages, normalized
survival, and reactive oxygen species (ROS) levels

Following the stress treatment, the samples were stained with
Live/Dead assay (Life Technologies) following the manufacturer’s
instructions. The tissues were imaged using a fluorescence micro-
scope (Zeiss Hamamatsu ORCA flash 4.0) at 5 different positions
(4 corners and 1 in the middle, covering approximately 5/9th of
the entire construct). At each point the tissues were imaged
through the thickness via 3D imaging through a built-in optical
sectioning (Apotome, Zeiss) (with 12 mm scan intervals). The max-
imum projections of these scans were then analyzed using imageJ
software to quantify live cell percentages. Using the live cell per-
centages, we determined the normalized cell survival in order to
determine the cell death solely caused by the oxidative stress.
This was done by normalizing live cell percentage of each oxida-
tive stress treated sample to its corresponding control group
(Normalized survival= (live cell% with stress/live cell% no stress
control)*100).

ROS levels in tissues were determined using a ROS detection kit
(Mitochondrial ROS Activity Assay Kit, Eenzyme) using manufac-
turer’s instructions. Briefly, the tissues were incubated with the
assay agent that labels ROS products (45 min, 5% CO2, 37 �C).
Immediately after incubation the tissues were imaged using a flu-
orescence microscope (Zeiss Hamamatsu ORCA flash 4.0) at 5 dif-
ferent positions (4 corners and 1 in the middle, covering
approximately 5/9th of the entire construct). The imaging through
the thickness of tissues was achieved by a built-in optical section-
ing (Apotome, Zeiss) (with 12 mm scan intervals). The maximum
projections of these scans were then analyzed using imageJ soft-
ware to determine fluorescence intensities (represented as arbi-
trary units) which is directly correlated with ROS levels.

2.15. Statistical analysis

The results are represented as average ± standard deviation. The
statistical analysis was carried out using 1-way ANOVA followed
by Tukey’s Multiple Comparison Test analysis. Student’s t-test
was used for comparing two individual groups. All p values
reported were two-sided, and statistical significance was defined
as p < 0.05. Sample size (n) � 3 for individual experiments.
3. Results

3.1. Phenotypical characterization of iCMs with respect to culture age

In the current state of the literature, the relation between the
purity and maturity of the iPSC-derived cardiomyocytes with
respective to their culture age has not been fully established.
Therefore, we first characterized iCM purity and functionality
extensively, in relation to the culture age over a 4-month culture
period and established a reproducible cell source for fabricating
the heart tissue models with different age characteristics. We
assessed the phenotypic and biochemical properties of the iCMs
on days 17, 21, 35, 55, 75, 100, and 120 of culture to acquire a thor-
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ough understanding of their maturity with respect to culture age.
To avoid any idiosyncratic behavior coming from one particular
donor, or reprogrammed cell type, we differentiated 2 different

hiPSC lines from two different sources: a fibroblast-origin cell line

(DiPS-1016SevA) [24], and an endothelial-origin cell line (Huv-
iPS4F1) [25], using a previously established protocol [26], yielding

F-iCMs and E-iCMs, respectively. We first characterized the differ-
entiation reproducibility of these two cell lines. Our results showed
that both cell lines yielded strongly beating iCMs in 85% of the dif-
ferentiations (49 batches of differentiation), indicating that both
cell lines are suitable for reproducible iCM differentiation
(Fig. 1A). We also determined the differentiation efficiency of each
batch using FACS against TNNT2 on day 21 and represented as
TNNT2 positive cell percentage within each of the beating popula-
tions. Approximately 90% of F-iCMs and above 95% of E-iCMs were
TNNT2 positive, showing that the differentiation is successful with
high yield and purity (Fig. 1B, Supplementary Fig. 1).
Fig. 1. iCM differentiation efficiency characterization. (A) The beating efficiency (%) per d
and E-iCMs showing differentiation efficiency of each differentiation batch represented
different days of culture. The TNNT immunostaining of (D) F-iCMs, and (E) E-iCMs on dif
(n � 6). (For interpretation of the references to colour in this figure legend, the reader i
Next, we characterized the change in spontaneous beat rate
with culture age (Supplementary videos 1–3). Both cell lines
showed the highest spontaneous beat rate between days 35–55
of culture, followed by a decrease with age (Fig. 1C). The highest
beat rate for F-iCMs was recorded to be 42 ± 8 beats per minute
on day 55 while the highest beat rate for E-iCMs was recorded to
be 41 ± 2 beats per minute on day 35 of culture. For both cell lines
decline in beat rate started on day 75 and the lowest bpm was
reached on day 120 of culture. We also qualitatively characterized
the structural maturity of iCMs through TNNT2 immunostaining.
Both cell lines showed striated TNNT2 structures, an indicator of
healthy cardiomyocyte morphology, from day 17–120 in culture
(Fig. 1D, E), showing that the differentiation to iCMs was successful
and that iCMs do not lose their healthy structure throughout the
120 days in culture. In addition, we have determined the change
in the sarcomere length over time and observed that after day 21
of culture there is a significant increase in the sarcomere length,
which was stabilized after day 55 (Supplementary Fig. 2). The
ifferentiation of F-iCMs and E-iCMs. (B) The FACS analysis against TNNT2 of F-iCMs
as TNNT2 positive cell (%). (C) The spontaneous beat rate per E-iCMs and F-iCMs at
ferent days of culture. Cell nuclei are stained with DAPI (blue). (Scale bars = 20 lm)
s referred to the web version of this article.)
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average sarcomere length has increased from 1.4 ± 0.2 lm to
1.8 ± 0.3 lm on day 55 and 1.8 ± 0.3 lm on day 120. Although
the peak sarcomere length reported here is shorter than that of a
mature human cardiomyocyte’s (2.2 lm), it is in consistence with
other reports of PSC-derived cardiomyocyte sarcomere measure-
ments [34–37].

3.2. Structural and molecular maturation of iCMs with culture age

We sought to identify the culture age at which iCMs reach
molecular and functional maturity throughout the 120 days of cul-
ture. We have selected 8 genes based on previous studies where
global gene expression in fetal and adult human heart tissue, and
human PSC-derived cardiomyocytes were investigated. Seven
genes, TNNT2, S100A1, MYOM3, MYL2v, MYH6, CASQ2, COX6A2,
were shown to be expressed at significantly higher levels in adult
hearts, compared to fetal hearts [34,38,39]. Thereby, the change in
expression of these 7 markers indicates the structural (TNNT2,
MYL2v, MYH6, MYOM3) and functional (CASQ2, S100A1 are
involved in excitation-contraction coupling and COX6A2 is
involved in respiration) maturation of iCMs in long term culture.
We compared the expression levels of these markers in iCMs to
their expression in 65-year-old human heart left ventricle (LV) tis-
sue (see Supplementary Table 1 for patient details) to find out the
relevance of in vitro culture time with maturity of iCMs. We found
that expression of TNNT2, S100A1, CASQ2, COX62A, MYOM3, and
MYH6 increased significantly after day 21 of culture for both F-
iCMs (Fig. 2A) and E-iCMs (Fig. 2B). MYL2v expression significantly
increased with time in both cell lines as well, but this increase was
significant after day 35 in F-iCMs. The expression levels stabilized
after day 35 or 55 for E-iCMs, and after day 75 for F-iCMs. The
increase in MYL2v expression is specifically shown as proof for
maturity as the isoform switch fromMYL2a (atrial) to MYL2v (ven-
tricular) is linked to cardiomyocyte maturity [40–43]. Importantly,
the TNNT2, MYH6, and MYL2v expression of day 75 and day 120F-
iCMs, and TNNT2 and MYL2v expression of day 55-120 E-iCMs
were comparable to the expression levels in native human heart
tissues. The significantly lower expression of S100A1, CASQ2,
MYOM3, and COX6A2 in iCMs, compared to the expression levels
in 65-year-old native human tissue is in agreement with other
reports of hPSC-derived cardiomyocytes [34,38,39]. We also mon-
itored NKX2.5 expression, as NKX2.5 is known to be involved in
heart development [44] and has been shown to decrease as the
heart matures [45]. The NKX2.5 expression was highest in day
21F-iCMs and day 21–35 E-iCMs and decreased gradually with cul-
ture time reaching the lowest values on day 120 of culture. NKX2.5
expression in iCMs was comparable to the expression levels in
native human tissue only after day 55 for both F-iCMs and E-
iCMs supporting the trend we observed in maturity marker expres-
sion. As expected, the undifferentiated iPSC controls’ expression of
all 8 cardiac marker genes was significantly lower than both native
human tissue and iCMs.

Another common measure of maturity in iCMs is the low levels
of ki67 expression [34]. Although whether cardiomyocytes retain
some proliferative capacity or not is controversial [46], decrease
in ki67 levels after birth is a common indicator of exit from the cell
cycle, thus of cardiac maturation [35]. Therefore, as another char-
acteristic of maturation, we monitored the change in ki67 expres-
sion in iCMs with respect to culture age (Fig. 2C, Supplementary
Fig. 3A). We observed a gradual decrease in number of ki67
expressing cells with culture age (Fig. 2C, D), supporting the previ-
ous reports showing a decrease and eventual loss of ki67 expres-
sion with age in cardiomyocytes [34,35]. We observed the most
drastic decrease starting day 100 of culture where only 3% of both
F-iCM and E-iCM populations were ki67 positive. This percentage
did not show a significant difference by day 120 of culture, indicat-
ing that ki67 positive cell percentage stabilizes by day 100 of cul-
ture. In addition to decrease in ki67 expression, we have also
showed that when iCMs are re-plated at day 21 of culture they pro-
liferate as shown by the significant increase in cell number and
form 3D-like structures within 7 days of culture (Supplementary
Fig. 3B, C). However, when the 120 days-old iCMs are re-plated,
the formation of dense cellular structures was not observed, and
the cell density remained comparable to day 1. This indicates that
iCMs show compromised proliferation at later culture ages, in sup-
port of decreased ki67 expression.

3.3. Characterization of contraction kinetics and functional maturation
of iCMs with culture age

To assess the functional maturation of iCMs we determined the
changes in beating velocity of beating iCMmonolayers through lat-
eral displacement measurements. We generated heat maps using a
custom made MatLab code to quantify the lateral displacement
from the brightfield videos of spontaneous beating iCM sheets at
different ages of culture. The results demonstrated that beat veloc-
ity was highest and most homogenous on day 55 of culture for
both cell lines (Fig. 3A–D). Although non-significant, we observed
a decrease in beat velocity on day 100. In addition, we determined
the beat force of iCMs using dwell measurements of vertical dis-
placement of single cells within the spontaneously beating iCM
sheets using a bio-nanoindenter (Supplementary Fig. 4A, B) as
shown by our group, previously [29]. This method utilizes a similar
technique to atomic force microscopy, where the beat force of iCMs
is determined through analyzing the deflection of a probe upon
contraction. Our results showed that the highest beat force was
measured as 150 ± 65 nN for F-iCMs and 471 ± 168 nN for E-
iCMs. Observing no significant differences in beat force after day
35 of culture suggest that vertical displacement due to contraction
reaches its maximum and levels off at early stages of culture. It
should be noted that the higher beat force values E-iCMs obtained
here compared to the lateral force values reported earlier [28,47–
51] could be attributed to the different measurement methods
employed.

To assess the contraction kinetics of the iCMs, we investigated
the changes in their Ca2+ transient kinetics with culture time
(Fig. 4A–D) by labeling them with a calcium-sensitive dye, Fluo-4
AM and monitoring the calcium handling during spontaneous
beating. The action potential duration (APD) has been shown to
prolong with age [6,52], which presents slower contraction kinet-
ics and slower Ca2+ handling, thus the trend in iCMs’ Ca2+ transient
would tell us how well our in vitro-aged iCM phenotype function-
ally correlate with adult animal and human heart tissue. Our
results showed that as iCMs aged in vitro, the peak to 80% decay
was prolonged, consistent with in vivo animal [52] and human
studies [6] (Fig. 4C, D). The fastest contraction kinetics was
observed at days 35 and 55 of culture for both F-iCMs and E-
iCMs (Fig. 4C, D).

Both before and after these time points, Ca2+ transient decay
time was significantly longer. In consistence with these results
the time to peak durations were fastest on day 35 and peak to
50% decay duration was fastest on day 55 of culture for both cell
lines (Supplementary Fig. 4). Overall, our results suggest that mat-
uration of iCMs take place through 55 days in culture and the Ca2+

handling and contraction kinetics resembling aged human hearts is
observed by day 100 in culture.

Finally, we studied the drug response of iCMs from different
culture ages using isoproterenol, an epinephrine derivative used
in clinic to increase the heart beat rate [53], that is commonly used
for evaluating the functionality of iCMs [26,50,54]. We exposed the
iCMs labeled with Fluo-4 AM to 1 mM isoproterenol and recorded
the beat rates before and after the exposure (Supplementary videos



Fig. 2. Molecular characterization of iCMs. RT-qPCR analysis of relative mRNA expression of cardiac markers CASQ2, COX6A2, MYH6, MYL2v, MYOM3, NKX2.5, S100A1, and
TNNT2 in 65-year-old human heart and (A) F-iCMs, and (B) E-iCMs at different culture ages. Expression in human heart was normalized to 1 for easier comparison. *
represents p < 0.05 significant difference in expression of a single target compared to day 21 (One-way ANOVA followed by Tukey’s multiple comparisons test) (n = 3), #
indicates p < 0.05, significant difference in NKX2.5 expression of iCMs compared to 65-year-old human heart (Student’s t-test) (For clarity, only the statistical comparison of
day 21 to all other groups and comparison of NKX2.5 expression to 65-year-old human heart is shown) (C) Immunostaining of FiCMs at different culture ages for ki67. (Scale
bar = 20 um) (D) The quantification of ki67 positive cell (%) of F-iCMs and E-iCMs at different culture ages. * represents p < 0.05, significant difference when ki67 positive cell
(%) on day 21F-iCMs is compared to F-iCMs at different culture ages. # represents (p < 0.05) significant difference when ki67 positive cell (%) on day 21 E-iCMs is compared to
E-iCMs at different culture ages. (Student’s t-test) (n � 6).
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4–9). The quantifications showed an increase in beat rate from day
17 to 120 of culture upon exposure to isoproterenol, indicating that
the iCMs exhibit physiologically relevant drug responsiveness from
early to late stages of in vitro culture, as represented by the fold
increase in spontaneous beat rate (Fig. 4E, F). The highest fold
increase in spontaneous beat rate was observed on day 35 of cul-
ture for F-iCMs (Fig. 4E) and at days 35, 55, and 100 for E-iCMs
(Fig. 4F). Although late stage iCMs were responsive to isopro-



Fig. 3. Mechanical characterization of iCMs. (A) The heatmaps showing the beating velocity magnitude (A.U.) and distribution in F-iCMs and E-iCMs at different days of
culture. The X and y-axes represent the dimensions of the video (lm). The beat velocity (lm/s) represented with corresponding contraction waveform and frequency on days
35, 55, and 100 of culture (B) of F-iCMs, and (C) of E-iCMs. (D) Average beating velocity (lm/s) of F-iCMs and E-iCMs. * represents p < 0.05, statistical significance compared to
day 55 of the same cell line (Student’s t-test) (n = 5).
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terenol, both cell lines showed a significantly lower fold increase in
spontaneous beat rate by day 120 compared to day 35.

Taken together, our characterization results support that iCMs
reach a more mature phenotype starting day 35–55 as shown by
the higher beat rate, longer sarcomeres, higher expression of matu-
rity markers, higher beat velocity and stable beat force, faster Ca2+

kinetics, as well as a higher response to isoproterenol, compared to
earlier culture ages. Although some of these parameters stabilize
after 35 days of culture, a functional deterioration is noticeable
by day 75–120 of culture as shown in lowered beat rate, beat
velocity, beat frequency, and isoproterenol response. Therefore,
we consider iCMs to reach peak maturity between day 35–55
in vitro.

3.4. Characterization of aging phenotype in iCMs with prolonged
culture

An important characteristic of aged cells is cellular senescence.
We assessed the senescence-associated b-galactosidase (SA-b-gal)
activity, as it is one of the most common ways to identify cellular
senescence, both in vivo and in vitro [55]. We observed that
between day 21–55 of culture, the senescent cell percentage was
changing between 1.0 and 5.4% in F-iCMs and E-iCMs (Fig. 5A, B,
Supplementary Fig. 5). However, on day 100 of culture there was
a significant increase in the number of senescent cells, reaching
52 ± 3% for F-iCMs and 49 ± 4% for E-iCMs (Fig. 5A, B). By day 120
of culture this number increased further reaching 62 ± 5% for
F-iCMs and 57 ± 1% for E-iCMs. Accumulation of senescent car-
diomyocytes with age has been shown in other studies [2,11].
Although to a lesser extent, Chimenti et al. have reported the pres-
ence of senescent cardiomyocytes in 76 ± 4-year-old human hearts
[11]. They showed that 16% of myocytes and 14% of stem cells
found in the aged hearts without any disease condition were
senescent.

Human cardiomyocytes have been shown to enlarge with age
in vivo [56], and the increase in cell area, in general, is another
indicator of cellular senescence [57]. We quantified the cell area
of iCMs at the early end and later end of 120 day-long culture
(Fig. 5C). We observed a gradual increase in cell area with culture
age. For F-iCMs the cell area increased from 558 ± 143 mm2 to
3116 ± 282 mm2 from day 21 to day 120, respectively. A similar
trend was observed for E-iCMs where the cell area increased from
1062 ± 132 mm2 to 2704 ± 280 mm2 from day 21 to day 120, show-
ing that the iCMs enlarge with culture time. Considered together
with the drop in ki67 expression levels, our results support that
iCMs exit cell cycle and enlarge with culture age, resembling the
changes human cardiomyocytes go through with age.

Another indicator of cellular aging in the heart is the presence of
lipofuscin granules [12,58]. Therefore, we qualitatively determined
the presence of lipofuscin granules in iCMs at early and late culture
times (Fig. 5D), and in human heart LV sections using a lipofuscin
specific stain, sudan black B (SBB) [59]. iCMs were negative for
lipofuscin staining at day 35, however, on day 100 of in vitro
culture, iCMs had lipofuscin granules as shown by the positive



Fig. 4. Functional characterization of iCMs. The fluorescence intensity representing the change in Ca2 + transient in a single beat in (A) F-iCMs and (B) E-iCMs at different
culture ages. The average Ca2 + transient decay (peak to 80% decay) in (C) F-iCMs and (D) E-iCMs from day 21 to day 120 of culture. * indicates p < 0.05, significant difference
compared to Ca2 + transient decay on day 55. (Student’s t-test, n = 3). The fold increase in bpm in response to isoproterenol treatment (1 lM) in (E) F-iCMs and in (F) EiCMs at
different days of culture. # indicates p < 0.05, significant difference compared to fold increase in bpm on day 55 (One-way ANOVA followed by Tukey’s multiple comparisons
test) (n = 3).
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staining for SBB (Fig. 5D, left). The human LV sections taken from
the 65-year-old heart contained lipofuscin granules (Fig. 5D, right).
These granules were absent in the human LV sections taken from
the 40-year-old heart, indicating that iCMs at day 100 of culture
resemble the native aged heart rather than the young heart.

Subsequently, p21 causes cell cycle arrest, causing senescence
in proliferating cells [60]. In correlation with this, increase in p21
expression with age has been shown in vivo in higher primates
[61]. To further assess the age-related characteristics of our iCMs,
we determined the change in p21 expression with respect to cul-
ture age (Fig. 5E, F, Supplementary Fig. 6). Until day 55 in culture,
the p21 expressing cells made up only<2% of both F-iCM and
E-iCM populations. Although p21 expression significantly
increased in F-iCMs starting day 55, reaching 7.4 ± 1.7%, a more
drastic increase was observed on day 100 of culture (Fig. 5F),
reaching 13.7 ± 0.4% for F-iCMs and 16 ± 4% for E-iCMs. We
observed a further increase by day 120 of culture, up to 31 ± 2%
for F-iCMs and to 31 ± 5% for E-iCMs.
3.5. Fabrication of young and aged myocardial model tissues

Upon thorough characterization of iCMs through prolonged
in vitro culture, we determined that the cells resembled the young
and mature human heart phenotype and functionality most closely
between days 35–55 of culture. On the other hand, starting day
100 of culture, the iCMs showed signs of phenotypical and func-
tional deterioration, resembling the aged human heart. Therefore,
we defined day 35–55 iCMs as ‘‘young iCMs” and day 100–120
iCMs as ‘‘aged iCMs.” We then developed 3D, young or aged, cell-
laden hydrogel-based myocardial model tissues using the young
or aged iCMs, respectively. The cellular microenvironment of the
heart shows age-dependent changes [2,8]. Therefore, we measured
the stiffness of a 65-year-old, and a 66-year-old human heart LV
and found the average stiffness to be 34 ± 16 kPa (Supplementary
Fig. 7), which was significantly higher than the stiffness of young
hearts (10 kPa) [62], supporting the reported stiffening of heart
wall with age [2,8].



Fig. 5. Characterization of aged phenotype of iCMs. (A) The senescence associated b-galactosidase assay images of F-iCMs at different days of culture (blue staining indicates
senescence). (B) The senescent cell (%) in F-iCMs and E-iCMs on different days of culture. (Scale bar = 200 lm) (C) Cell area (lm2) of F-iCMs and E-iCMs at different culture
ages. (D) The sudan black b (SBB) staining of F-iCMs on day 35 and 100, and of 40 and 65-year-old human heart sections. (Scale bar = 200 lm) (red arrowheads indicating
lipofuscin granules) (E) Immunostaining of F-iCMs against p21 at different days of culture. (Scale bar = 50 lm) (F) Quantification of p21 positive cell (%) of F-iCMs and E-iCMs
at different culture ages. * indicates p < 0.05, the values for F-iCMs and E-iCMs of same age are significantly different (Student’s t-test), # indicates p < 0.05, significant
difference compared to day 120 (One-way ANOVA followed by Tukey’s multiple comparisons test), Ɨ indicates p < 0.05, significant difference compared to day 100, (One-way
ANOVA followed by Tukey’s multiple comparisons test) (n � 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Therefore, we incorporated the stiffness factor in our model tis-
sues by using 3 different hydrogel compositions with different
stiffness: 1) Soft—comprised of methacrylated gelatin (GelMA)
(0.4 kPa), mimicking embryonic heart stiffness [63]; 2)
Intermediate—arginine-glycine-aspartic acid (RGD) conjugated
poly(ethylene glycol) (PEG) (4-arm acrylate, 20 kDa) (PEG-RGD)
(8 kPa), mimicking adult heart stiffness [62]; 3) Stiff—PEG
(3.5 kDa)-GelMA mixture (P-G) (30 kPa), mimicking aged heart
stiffness (Supplementary Fig. 7). It is possible to fabricate tissues
with different stiffness using the same hydrogel type, however,
that requires changing the fabrication conditions, such as increas-
ing the photoinitiator concentration as well as the UV irradiation
dose and time. Since such changes would affect the initial viability
of the tissues, we prioritized equalizing the cell viability over
hydrogel composition and achieved the abovementioned stiffness
values while keeping the fabrication parameters the same. While



382 A. Acun et al. / Acta Biomaterialia 94 (2019) 372–391
doing so, we made sure to provide similar levels of cell attachment
sequences in all three types of hydrogels. GelMA is gelatin based,
thus is rich in RGD sequences. We aimed to have a similar level
of cell attachment in the intermediate and stiff hydrogels by incor-
porating RGD sequences to PEG 4-arm acrylate (20 kDa) and by
mixing GelMA with PEG diacrylate (3.5 kDa), respectively. In the
case of intermediate tissues, the amount of RGD sequence incorpo-
rated (5 mmol/ml) was carefully selected to induce cell attachment
at similar levels to collagen gels as shown previously [32,64]. In
addition, since achieving a stiffness over 20 kDa with 10% GelMA
is not feasible without prolonged exposure to UV (30 min exposure
was shown to yield 36 kPa stiffness) [65], GelMA-PEG (3.5 kDa)
mixture was used. The GelMA concentration in stiff hydrogels
was kept the same as used in soft hydrogels, providing the stiff tis-
sues with the same amount of cell attachment sequences. Another
concern would be varying the permeability of the hydrogels with
varying their compositions and concentrations. It was reported
Fig. 6. Short term and long-term viability of soft, intermediate, and stiff young and aged
(B) The live cell (%) of young and aged tissues on day 1 of culture. The change in live cell (%
lifetime of soft, intermediate, and stiff aged and young tissues. * indicates p < 0.05, sig
multiple comparisons test), # indicates p < 0.05, significant difference compared to inte
that PEG 4 kDa allowed for diffusion of molecules equal to or smal-
ler than 22 kDa such as myoglobin and PEG 20 kDa allowed for dif-
fusion of molecules equal to or smaller than 45 kDa such as
ovalbumin [66]. By mixing PEG 3.5 kDa with GelMA at a 1:1 ratio,
we aimed to achieve a composition with larger pores yet high stiff-
ness, as reported in literature [67].

Permeability of GelMA alone was also shown to be high; 10% (w/
v) GelMA was shown to allow approximately 80% diffusion of dex-
tran (40 kDa) within 2 h [68]. Overall, through careful material
selection, we were able to achieve a range of stiffness values that
are representative of young and aged heart tissue microenviron-
ment while keeping the cell attachment sequences and permeabil-
ity of the tissues the same. We found that the initial viability of
young and aged F-iCMs and E-iCMs to be over 75% regardless of
the hydrogel composition and stiffness used in this study (Fig. 6A,
B), indicating that the chosen tissue fabricationmethod andmateri-
als are suitable for iCM encapsulation, regardless of iCM culture age.
tissues. (A) The live/dead images of young and aged tissues 24 h after encapsulation.
) with time in (C) soft, (D) intermediate, and (E) stiff young and aged tissues. (F) The
nificant difference compared to stiff tissue (One-way ANOVA followed by Tukey’s
rmediate tissue (Student’s t-test) (n � 3) (Scale bars = 200 lm).
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3.6. Characterization of the tissue-level aging of the model tissues:

We first determined if our tissue models show tissue-level
aging characteristics, requisite for developing an in vitro aged tis-
sue model. The fact that the aged iCMs show age-related deteriora-
tion on cellular level does not directly translate to aging at the
tissue level. One of the most widely accepted definitions of aging
at the multicellular level is the exponential increase in the mortal-
ity rate by time, referred to as Gompertz Law, which is universal for
all organisms complex enough to go through the aging process
[69]. In our previous studies [70,71], we showed that engineered
tissue constructs can be made to possess characteristics of organ-
ismic level aging, as is associated with a sudden acceleration in
mortality rate of cells within the model tissue through the model
tissue’s lifetime. Our earlier theory on this tissue level interpreta-
tion of the Gompertz law shows that the cellular interdependence
within the model tissues and its deterioration by time results in
aging behavior as discussed in our recent publications [70,71].
Once the cell loss within one tissue reaches to a critical point,
the failure of the remaining cells is accelerated, leading to tissue
collapse. Therefore, we investigated whether tissue models incor-
porated with aged cells show the signs of multicellular aging. To
do so, we determined the long-term survival of young and aged
model tissues through acquiring the number of dead cells within
the tissues daily. We determined the number of dead cells via
ethidium homodimer 1 (EtHD-1) staining every day and calculated
the live cell percentage using these values (Fig. 6C–F). We observed
that in all hydrogel compositions the viability of young tissues was
higher compared to aged tissues. We also observed a significant
effect of stiffness on long-term tissue viability. The lifetime of stiff
tissues was lower by 2–3 days compared to soft and native
stiffness tissues. This suggests that not only the cell age but also
the microenvironment stiffness is crucial for tissue aging. Impor-
tantly, we observed a collapse in the survival curve of only the
aged, stiff tissues. This specific pattern of change in tissue viability
by time is the abovementioned characteristic failure mode
observed only in complex, aging systems [70]. This observation
crucially shows that using in vitro aged cells in combination with
a matrix of the age-appropriate stiffness we can develop physiolog-
ically relevant aged model tissues suitable for studying age-related
diseases.

3.7. Stress response of young and aged myocardial tissue models

The functional and phenotypical deterioration in aged iCMs
make them a good candidate to be used in building aged tissue
models. However, the impairment in cell function might not be
enough to correctly mimic the aged tissue/organ phenotype. As
such, we first determined the effect of in vitro tissue age and stiff-
ness on survival under MI mimicking conditions, specifically in
response to reperfusion injury (RI). The immediate action taken
after MI is to reoxygenate the infarct tissue by restoring blood flow.
However, the sudden flow of oxygen-rich blood to the ischemic
area induces oxidative stress and often results in further cell death
causing RI [72–74]. We tested 3 different RI conditions: 1) 16 h
H2O2 exposure followed by 2 h normoxia to investigate tissue
response to oxidative stress followed by normoxia, exemplifying
a commonly used in vitro RI model (Fig. 7A, B, Supplementary
Fig. 8); 2) 48 h hypoxia (1% O2) followed by 24 h normoxia (21%
O2) to investigate the late tissue response to reoxygenation
(Fig. 7C, D, Supplementary Fig. 9); 3) 48 h hypoxia (1% O2) followed
by 2 h normoxia (21% O2) to investigate the early tissue response to
reoxygenation (Fig. 7E, F, Supplementary Fig. 10). Subsequently,
tissue survival was calculated using Live/Dead assay. The tissue
viability after stress exposure was normalized to respective nor-
moxia controls, and the results were represented as normalized
survival. We observed that the survival of aged tissues was signif-
icantly lower than that of young tissues regardless of the cell type
or stiffness when exposed to 48 h hypoxia + 24 h normoxia or 16 h
H2O2 + 2 h normoxia. E-iCM tissues that were exposed to 16 h H2O2

followed by 2 h normoxia showed a lower survival compared to E-
iCM tissues that were exposed to 48 h hypoxia followed by 24 h
normoxia.

Interestingly, under 48 h hypoxia + 2 h normoxia conditions,
the most significant age-related difference in survival was
observed with stiff tissues, suggesting that stiffness is crucial in
stress response regulation. In addition, there was a non-
significant difference in survival of young vs. aged E-iCM tissues
at soft and intermediate stiffness after 2 h normoxia that followed
48 h hypoxia (Fig. 7F). We also observed a difference in response to
long (24 h) vs. short (2 h) term normoxia following 48 h hypoxia.
While the survival of aged tissues exposed to 24 h normoxia was
significantly lower than young tissues exposed to the same stress,
this was not the case for tissues exposed to 2 h normoxia. This
potentially shows that short periods of normoxia subsequent to
hypoxia can be tolerated in in vitro aged tissue models or that
2 h normoxia is not long enough to affect the cell viability signifi-
cantly. However, further studies are required to gain a detailed
understanding of the effect of short term vs. long term reperfusion
injury in in vitro aged tissue models.

3.8. Tissue level functional deterioration is observed in aged tissues

Although the age factor is mostly neglected, there are in vivo
and in vitro studies showing that at later ages the otherwise ben-
eficial effect of therapeutics would be impaired. Inhibiting the sol-
uble epoxide hydrolases whether using inhibitors (EHI) or genetic
manipulations, has been shown to hold promise to decrease infarct
size and induce cardioprotection in vivo [75–78]. A recent study by
Jameison and colleagues, however, showed that the cardioprotec-
tive effects of genetically deleting epoxide hydrolases was signifi-
cantly impaired in aged mice, compared to young animals.
Therefore, an in vitro aged tissue model should not only possess
cell and tissue level aging phenotype and related characteristics
but should also mimic the pharmacological differences observed
in vivo. We, therefore, investigated the effect of soluble epoxide
inhibition on survival and mitochondrial ROS production in our
young and aged tissue models under RI mimicking stress. To
achieve that, we supplemented the culture media with EHI during
hypoxia and the subsequent normoxia treatment.

In order to capture the ROS levels, we have selected the 48 h
hypoxia followed by 2 h normoxia stress treatment as the ROS
levels were undetectable after 24 h of normoxia, due to short life-
time of oxygen radicals. We observed that EHI presence has
improved the survival of young tissues regardless of microenviron-
ment stiffness (Fig. 8A–C, Supplementary Fig. 11). In addition, at
soft and intermediate stiffness, young tissues supplemented with
EHI had significantly lower mitochondrial ROS levels compared
to the young tissues without the supplement (Fig. 9A, B, Supple-
mentary Fig. 12).

Statistically significant improvement in survival and the reduc-
tion in mitochondrial ROS levels, however, were not observed in
soft and intermediate stiffness aged tissues, indicating an
age-related impairment in stress response on tissue level. In stiff
tissues, we observed a similar trend in both survival and mitochon-
drial ROS production. Although at this stiffness the cardioprotec-
tive effect of EHI yielded a significant increase in aged tissue
survival (Fig. 8C), the improvement in survival of young tissues
was more noticeable. The 50 ± 2% (F-iCM) and 50 ± 5% (E-iCM) cell
survival in aged tissues increased to 65 ± 2% (F-iCM), and 64 ± 3%
(E-iCM) with EHI supplementation. On the other hand, the
74 ± 5% (F-iCM) and 69 ± 8% (E-iCM) cell survival in young tissues



Fig. 7. Stress response of young and aged, soft, intermediate and stiff tissues. (A, C, E) Live/dead images and (B, D, F) normalized survival (%) of young and aged tissues with
different stiffness after exposure to (A, B) 16 h H2O2 + 2 h normoxia, (C, D) 48 h hypoxia + 24 h normoxia, (E, F) 48 h hypoxia + 2 h normoxia. * indicates p < 0.05, significant
difference compared to young tissue at same stiffness, student’s t-test, # indicates p < 0.05, stiff tissue survival is significantly different than soft tissues (Oneway ANOVA
followed by Tukey’s multiple comparisons test), Ɨ indicates p < 0.05, stiff tissue survival is significantly different than intermediate tissues (One-way ANOVA followed by
Tukey’s multiple comparison’s test) (n � 3) (Scale bars = 200 lm).
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increased to 98 ± 5% (F-iCM) and 95 ± 3% (E-iCM) showing that
in vitro aged tissue models reflect the age-related reduction in
drug sensitivity observed in human hearts (Fig. 8C). Interestingly,
the mitochondrial ROS production of young and aged tissues was
comparable at aged heart stiffness without EHI. Young tissues
had significantly lower levels of ROS only when supplemented
with EHI (Fig. 9C). Although the survival trend was similar among
the 3 different stiffness values and the 2 different cell lines



Fig. 8. Effect of EHI on survival of young and aged tissues at different stiffness under 48 h hypoxia + 2 h normoxia. The normalized survival (left) and corresponding live/dead
images (right) of (A) soft, (B) intermediate, and (C) stiff young and aged tissues with and without EHI (+EHI and �EHI, respectively). * indicates p < 0.05, aged tissue survival is
significantly different than young tissue under same condition (Student’s t-test), # indicates p < 0.05, young tissue survival is significantly different under -EHI vs + EHI
conditions (Student’s t-test) (Scale bars = 100 lm).
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(Fig. 8A–C), mitochondrial ROS production in young tissues was
similar to that of aged tissues only in stiff tissues.

Overall, we determined that our aged tissues have a lower sur-
vival and higher mitochondrial ROS production upon exposure to
RI mimicking stress conditions, compared to young tissues. In sup-
port of this, we have also observed elongated and enlarged mito-
chondrial structure in aged iCMs (Supplementary Fig. 12D),
which is well-documented to be linked to aging and age-related
mitochondrial ROS accumulation [79,80]. Importantly, the differ-
ence in survival between young and aged tissues was higher at
aged heart stiffness, suggesting that not just the age of the cells
but also the mechanical characteristics of cells’ microenvironment
must be considered to develop an age-appropriate tissue/disease
model, as we have shown here.
4. Discussion

Aging is a well-known contributor of CVD, however, majority of
studies investigating CVD are done using young animals [19] or



Fig. 9. Effect of EHI on ROS production in young and aged tissues at different stiffness under 48 h hypoxia + 2 h normoxia. The ROS level quantified as the fluorescence
intensity measurements (left) and corresponding ROS assay images (right) of (A) soft, (B) intermediate, and (C) stiff young and aged tissues with and without EHI (+EHI and
�EHI, respectively). * indicates p < 0.05, ** indicates p < 0.01, ROS levels is significantly different than aged tissues under the same conditions (Student’s t-test), # indicates
p < 0.05, ROS levels in young tissue is significantly different under �EHI vs + EHI conditions (Student’s t-test) (Scale bars = 200 lm).
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cells although the physiological and pathological differences of
young and aged tissues/cells are well-documented [2,3,6,8,81].
Use of age-appropriate animals can be costly and time consuming
and the physiological differences between animal and human
pathology still presents a challenge. Alternatively, using tissue
engineering techniques and hiPSCs, it is now possible to develop
human-origin tissue models with controlled microenvironments.
Although many examples of incorporating hiPSC-derived cells to
engineered tissues exist [21,50,82,83], the aged phenotype of the
myocardial cells or the tissue has not been considered to date. In
this study, we developed the first in vitro aged cardiac tissue model
with aged myocardium stiffness-mimicking ECM incorporated
with age-appropriate hiPSC-derived cardiomyocytes. This model
provides a highly controlled platform for in vitro cardiac tissue
modeling that is: (1) human-origin, (2) time and cost effective,
and (3) pathologically relevant (both biologically and mechani-
cally). Moreover, this model can potentially be modified to develop
in vitro aged disease models to study other age-related diseases.

While hiPSC-derived cardiomyocytes hold promise for human-
origin and patient specific disease modeling, it has been widely
reported that these cells resemble the fetal cardiomyocytes rather
than adult ones [35]. It has been shown in other studies that iCMs
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mature with time [84] and with mechanical [35,85] or electrical
[35,85,86] stimuli. Here we show that regardless of the iPSC origin,
iCMs mature in vitro with prolonged culture time, and start show-
ing marks of cellular aging at the later culture stages, through
120 days of culture we conducted in this study. This is consistent
with other assessments which report maturation of iCMs cultured
up to 120 and 180 days [84,87]. Although iCMs start beating by day
10 and show striated TNNT2 structures as early as day 17, starting
day 35 of culture they showed superior beat rate. The increased
maturity of iCMs with culture age was also reflected in their
expression profile with a consistent increase in mRNA levels of
maturity markers such as CASQ2, MYH6, MYL2v, S100A1, and
TNNT2. In addition to maturation marker expression at mRNA
level, we have also confirmed that there is expression and struc-
tural organization of important structural maturity markers such
as TNNT2 and sarcomeric a actinin. Importantly, sarcomere length
increases in iCMs in a time dependent manner, followed by a sta-
bilization after day 55. In another study, Uosaki et al., [88] has
investigated the transcription profile change through the develop-
mental stage to maturation of mouse cardiomyocytes. The compar-
ison of the transcriptome revealed that iPSC-derived CMs cultured
for 30 days showed an expression pattern of maturation which was
arrested at late embryonic stage. Although, we have shown that
expression of some maturity related markers is comparable to
adult human heart tissue by day 55 of culture, the expression of
several other maturity markers did not reach this level and showed
stabilized expression at later stages of culture, showing a consis-
tent pattern to the maturation arrest observed by Uosaki and col-
leagues. In support of this, the expression of markers such as
ki67 and NKX2.5, which are known to decrease with age in vivo
[45,89] and in vitro [34,35], showed a gradual decrease with cul-
ture time. Unlike results reported by Lundy et al. [87], iCMs used
in this study reached peak molecular maturity by day 55 of culture,
compared to day 80, and beyond this culture age we observed a
leveling off in maturity marker expression. The slower contraction
mechanics they observed at later stages, however, agree with our
findings and suggests the start of functional deterioration with
prolonged culture time.

In addition to molecular and phenotypical characteristics, we
report a thorough characterization of contraction kinetics and
functionality of iCMs with prolonged culture time through examin-
ing the lateral displacement, transverse beat force, and Ca2+ han-
dling. We recorded the peak beat velocity at day 55 of culture,
which is higher than that of other reports in literature [50,54]. In
addition, the transverse beating force was stable for both cell lines
after day 35 of culture while the Ca2+ transient peaked between
day 35–55, followed by a prolonged decay after day 100. This is
in line with the physiological systems as age-related impairment
of contraction mechanics and electrophysiological function in car-
diomyocytes has been reported in vivo in animals [6,81] and
humans [7,90] through the lengthening of APD and slower Ca2+

transients. In other studies, this physiologically relevant age-
driven prolongation in APD of iCMs has not been reported. In one
study, the APD at 90% repolarization values for late-stage hiPSC
and human embryonic stem cell-derived cardiomyocyte cultures
has shown to remain constant through 120 days of culture [87]
and APD has not been determined in other long-term culture stud-
ies [84]. Similarly, the peak to 90% decay in Ca2+ has been shown to
be improved after day 80 in culture [84]. This difference can be
attributed to the later maturation (day 80–120 of culture) observed
in the mentioned study, potentially delaying the effects of aged cell
phenotype. In line with contraction kinetics, we observed an
age-related reduction in drug response of iCMs evidenced by
impaired response to isoproterenol. In one study, White and Lee-
nen reported that response to adrenaline was significantly reduced
in individuals of age 60 ± 2, compared to individuals of age 30 ± 2
[14]. A similar difference of drug response in young vs. aged indi-
viduals was reported in other studies as well [9,10]. Overall, the
consistent trend of improvement in maturity with culture time fol-
lowed by a functional deterioration at later stages of culture led us
to investigate the late stage iCMs further and compare them to
aged human tissue.

In agreement with the functional deterioration we observed
with decrease in beat velocity and frequency, and prolonged Ca2+

transient decay, the iCMs showed higher levels of senescence. A
gradual increase in p21 expression, another aging marker, with
culture time was also observed. This increase also indicates telom-
ere erosion in cells as this event triggers a cellular response that
stabilizes tumor suppressor protein p53 and upregulation in p16
and p21 expression. In line with our results, 14% of cardiomyocytes
were found to be p16 positive in the native aged human heart [11].
In addition, increase in cardiomyocyte cell area has been correlated
with aging [89], thus supporting our claim that iCMs resemble
native aged human cardiomyocytes. Importantly, presence of lipo-
fuscin granules, which are composed of lipid-containing residues
as a result of lysosomal digestion, is considered an aging marker
and has been reported to be present in aged human hearts
[12,58,59]. We report here for the first time that long term culture
of iCMs lead to the presence of lipofuscin granules and this pheno-
type distinctly resembles the 65-year-old human heart, as we did
not detect these granules in 40-year-old human heart.

Aging is commonly defined as time-dependent functional dete-
rioration [91]. At the cellular level, senescence, telomere shorten-
ing, DNA damage, and ROS accumulation are listed as some of
the hallmarks of aging [2,61]. Although there is still no single phe-
notype that defines an aged cell, observing several of the aging
characteristics in iCMs indicate that the cells go through age-
related changes in culture over time. The presence of these specific
aging markers shows that the iCM phenotype we observed was due
to cellular aging. The long-term in vitro culture of cells has been
shown to induce aging as documented in other examples [70,92–
94]. In addition, being cultured in a 2D in vitro platform for a pro-
longed time could be accelerating the age-related functional dete-
rioration. Taken altogether, our results show that the cell
phenotype we achieve through prolonged culture is comparable
to aged cells and tissues, thus can be employed in developing
age-appropriate cardiac tissue models.

iPSC-based cardiovascular disease models [82], both 2D [83,95]
and 3D [21,34,96], have been designed for various applications. It is
extremely crucial to replicate the disease pathology as closely as
possible. Therefore, studying age-related diseases such as RI
require the use of age-appropriate animal or in vitro models. Accel-
erated aging of proliferative cells in vitro have been shown by our
group [70] and others [97,98] previously. In the case of iCMs, how-
ever, aging, defined with senescence in most studies, is not induced
due to proliferative exhaustion or oxidative stress. As it is well-
established that cardiomyocytes do not proliferate extensively,
and as supported by the decrease in ki67 expression with age, late
stage iCMs used in this study do not simply reach senescence due
to reaching their proliferative limit. Therefore, as supported by the
age-related characterization we show here, we strongly believe
that iCMs past day 100 of culture are possible candidates for devel-
oping human-origin, age-appropriate disease models to study age-
related diseases. In addition to providing the advantage of using
human cells, our in vitro aged tissue models are time effective
models. Where an age-appropriate mouse model would require
over 20 months of aging, we can achieve aged iCMs within
4 months. We obtain cells that resemble aged human cells approx-
imately 200 times faster than the in vivo aging process. This accel-
erated aging in vitro can be attributed to many factors such as the
lack of supporting cells, lack of stem cells, and lack of the systemic
regulation that are present in vivo, as well as high oxidative
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content of in vitro culture conditions which would create a base-
line oxidative stress that is not seen in native tissues until late ages.

Although achieving the correct cell phenotype is of upmost
importance, cell phenotype is not the only factor that contributes
to organ/tissue function. The microenvironment of heart also
shows changes with age. Several reports show that both the animal
hearts [3] and human [99,100] hearts stiffen with age. Therefore,
we developed a tissue model where we incorporate the iCMs that
show aged cell phenotype in matrices with stiffness mimicking
that of aged human hearts. We also developed tissues that are very
soft, resembling embryonic heart stiffness, and ones resembling
young heart stiffness and investigated the effect of tissue stiffness
on tissue function and survival. We achieved different stiffness val-
ues using different hydrogel compositions yet proving similar
levels of cell attachment sequences and permeability. Our main
goal was to develop a model that shows the contribution of cell
age as well as the age-dependent microenvironmental changes in
cardiac stress response. Paracrine interactions play a crucial role
in stress response; thus, our model tissues provide the necessary
paracrine cell-cell and cell-ECM interactions required to observe
the stress response of 3D young or aged tissues while mimicking
the stiffness of human heart at different ages. The tissue viability
was high initially, regardless of their culture age and tissue stiff-
ness, however, increased stiffness negatively affected the lifetime
of the tissues resulting in cell death in stiff tissues sooner than soft
tissues. More importantly, when we examined the functional form
of the lifetime measurement curves (i.e. the number of viable cells
each day of the culture until all the cells are dead) our results
showed that the viability of the model tissues with aged iCMs
and high tissue stiffness resulted in lifetime curves that are charac-
teristic of aging systems, as indicated with a sudden collapse in the
cell viability during the long-term tissue culture corresponding to
increase in probability of death over time. In model tissues com-
posed of young iCMs with all tested stiffness values and in softer
tissues with aged iCMs, the decay of the tissues was more gradual,
and the aging-characteristic collapse was not as prominent. It
should be noted that the lack of cell-cell contact within the tissue
constructs developed in this study is aimed towards studying the
paracrine cell–cell interactions. This is a probable cause of tissue
failure within 15 days of culture. Providing cell–cell contact
through increasing cell encapsulation density and using materials
that can provide easier remodeling by the cells could lead to model
tissues with a longer lifetime for future studies that could benefit
from longer culture durations.

An important age-related alteration in cardiovascular physiol-
ogy is the impaired stress response mechanism of cardiomyocytes
and the related reduced effect of therapeutics [10,13,14,101].
Therefore, an aged disease model should reflect these important
changes. The consistent lower survival of our aged tissues with
exposure to 16 h H2O2 + 2 h normoxia and 48 h hypoxia + 24 h nor-
moxia, regardless of stiffness, suggest that using aged iCMs pro-
vides a better in vitro model compared to using young iCMs. This
is consistent with other in vivo [2,3,8,81] reports showing that
there are significant differences between young and aged heart
physiology and drug response, leading to reduced cardioprotection
under stress conditions. Importantly, under 48 h hypoxia + 2 h nor-
moxia treatment, the aged tissues with soft and intermediate stiff-
ness coped with stress almost as well as the young tissues. On the
other hand, we observed significantly lower survival rates in aged
tissues, compared to young tissues in stiff hydrogels. This shows, in
addition to the cell age, the effect of tissue microenvironment is
crucial. This supports our findings showing the unique aged tissue
failure behavior of tissues with the pathologically correct cell age
and stiffness.

We further studied the resemblance of our in vitro aged tissues
to aged animal and human heart. To do so, we treated our tissues
with EHI, the cardioprotective effects of which towards myocardial
IR injury have been well documented [75,77,78]. EHIs contribute to
cardioprotection by avoiding epoxy eicosatrienoic acids (EETs)
from getting further metabolized. EETs are derived from arachi-
donic acid through metabolism and they were shown to have
anti-inflammatory, anti-hypertensive and anti-apoptotic effects
[102]. In animal studies perfusion with EETs improved recovery
following RI and reduced infarct size [102–104]. Consistent with
these results, genetic deletion of epoxide hydrolases or use of EHIs
have been shown effective in improving LV pressure, decreasing
infarct size and fibrosis, and reducing cardiomyocyte death [75–
77,105,106] However, recently Jameison et al., has shown that
the protective effect of genetic deletion of soluble epoxide hydro-
lase was impaired in 16-month-mice, compared to 3-month-old
ones upon myocardial infarction [13]. Similar to in vivo results,
effect of EHI was impaired in our stiff human-origin in vitro aged
tissue models upon RI mimicking stress. Most strikingly, with soft
and intermediate tissues we did not observe any improvement in
the survival of aged tissues. The impaired yet significant improve-
ment in aged tissue survival was present only at stiffness mimick-
ing aged hearts, further supporting the conclusion that creating the
age-appropriate cell phenotype and microenvironment is crucial to
developing a successful disease model.

Although crucial, determining the decrease in tissue survival is
not the only measure of aging. Mitochondrial dysfunction is
another hallmark of aging and is highly correlated with CVD
pathology [107,108]. Healthy mitochondrial function is essential
in heart function and survival and is required to withstand RI
[107-110]. In aged hearts, however, mitochondria has been shown
to have disrupted morphology and has increased production of
ROS [108,109]. Owing to their reactive nature, ROS oxidize various
biomolecules and inactivate enzymes reducing the functional abil-
ity of the heart. Therefore, aging contributes to the increased sus-
ceptibility to CVD, and diminishes the effectiveness of
cardioprotective strategies. Our in vitro aged tissues consistently
had higher ROS levels, regardless of the cell type and tissue stiff-
ness. In addition, the impaired cardioprotective effect of EHI in
aged tissues was reflected on ROS production as well. The aged tis-
sues treated with EHI had lower levels of ROS, compared to tissues
that did not receive the treatment. However, this decrease in ROS
levels was non-significant. On the other hand, the young tissues
showed a significant decrease in ROS levels with EHI treatment,
in line with the observations reported in vivo. Interestingly, young
stiff tissues showed higher ROS levels compared to soft and inter-
mediate young tissues. NRVCMs have been shown to form una-
ligned sarcomeres and stress fibers at stiffness values higher than
native heart stiffness [111]. Similarly, young iCMs potentially
experienced more stress compared to soft and intermediate tis-
sues, causing elevated ROS levels. This correlates well with the
decreased lifetime of young stiff tissues compared to lifetime of
soft and intermediate tissues.
5. Conclusion

Overall, here we showed a thorough characterization of human-
origin iCMs and showed for the first time that although iCMs gain a
more mature phenotype with prolonged culture age, after about
100 days they start to experience functional deterioration, much
resembling the aged human heart cells. Importantly, the aging
observed in cellular level is translatable to tissue level by incorpo-
rating these aged iCMs to biocompatible matrices with age-
appropriate stiffness. Only at stiffness values resembling that of
an aged heart, the tissue models of aged cells behave similar to
the hearts of aged animals and humans. This provides a novel
in vitro model of aged myocardial tissue that is: 1) time efficient,
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because aging process takes only 4 months, 2) physiologically rel-
evant, because it is comprised of human cells, and 3) pathologically
relevant, because aging characteristics are observed both at the cell
and tissue level. The next step would be to design a model with
increased cell encapsulation density to achieve full cell-cell contact
and electromechanical coupling of the iCMs to investigate the
effect of physical cell-cell interactions. In addition, studying the
predictive power of the developed model further by testing more
therapeutics that had poor clinical outcomes will provide valuable
information towards improving the efficacy of therapies by specif-
ically targeting the affected age group. We believe that although
the absence of supporting cells and the overall systemic support
causes iCMs to age much faster in vitro, these cells and the respec-
tive engineered tissue models would present a valuable platform
for intermediate studies where scientists can validate the findings
from animal studies, before investing vast amounts of money and
time in the follow up clinical studies.
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