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Abstract

Myocardial infarction (MI) results in the death of cardiac tissue, decreases regional contraction, 

and can lead to heart failure. Tissue engineered cardiac patches containing human induced 

pluripotent stem cell-derived cardiomyocytes (hiPS-CMs) can restore contractile function. 

However, cells within thick patches require vasculature for blood flow. Recently, we demonstrated 

fibronectin coated decellularized leaves provide a suitable scaffold for hiPS-CMs. Yet, the 

necessity of this additional coating step is unclear. Therefore, we compared hiPS-CM behavior on 

decellularized leaves coated with collagen IV or fibronectin extracellular matrix (ECM) proteins to 

non-coated leaves for up to 21 days. Successful coating was verified by immunofluorescence. 

Similar numbers of hiPS-CMs adhered to coated and noncoated decellularized leaves for 21 days. 

At Day 14, collagen IV coated leaves contracted more than non-coated leaves (3.25 ± 0.39% vs. 

1.54 ± 0.60%; p < .05). However, no differences in contraction were found between coated leaves, 

coated tissue culture plastic (TCP), noncoated leaves, or noncoated TCP at other time points. No 

significant differences were observed in hiPS-CM spreading or sarcomere lengths on leaves with 

or without coating. This study demonstrates that cardiac scaffolds can be created from 

decellularized leaves without ECM coatings. Noncoated decellularized leaf surfaces facilitate 

robust cell attachment for an engineered tissue patch.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death worldwide (Benjamin, Blaha, 

Chiuve, & Cushman, 2017). Myocardial infarction (MI) results from occlusion in a coronary 

artery, leading to tissue ischemia, cell death, and replacement by fibrotic scar (Czirok et al., 

2017; Rodness et al., 2016). MI due to coronary artery disease is generally a regional 
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disease, resulting in decreased contraction in part of the heart. If a significant amount of 

tissue is infarcted, overall cardiac function will decrease. When the metabolic demand of the 

body is not met, heart failure occurs. For patients with advanced heart failure, a heart 

transplant is often the only solution to restore contractile function; however, the number of 

available donor organs does not meet the need of patients requiring a transplant (Colvin et 

al., 2017; Czirok et al., 2017; Yancy et al., 2013).

As MI is often the cause of heart failure, restoring contractile function to the infarcted region 

of the heart may restore enough cardiac function to enable the heart to meet the metabolic 

demand of the body. A tissue engineered implantable patch could improve function of the 

infarcted heart, providing an alternative to cardiac transplantation. One challenge is 

supplying tissues with adequate nutrients and waste removal with a vascular system to 

maintain viability. Vasculature is required because cells are only able to survive a maximum 

of 200 μm from a nutrient source due to limitations of oxygen diffusion (Mao & Mooney, 

2015; Riemenschneider et al., 2016). A possible solution to this challenge is to utilize a 

biocompatible biomaterial scaffold that has an intrinsic vascular system for a cardiac tissue 

patch.

Previous research showed that vascularized mammalian organs and tissues can be 

decellularized and used as tissue engineered scaffolds (Gershlak et al., 2017; Guyette et al., 

2016; Ott et al., 2008; Song & Ott, 2011). Decellularized mammalian cardiac tissue retains 

the complex material properties and structure of the heart and native vasculature (Gershlak 

et al., 2017; Guyette et al., 2014; Guyette et al., 2016; Matsuda et al., 2013; Ott et al., 2008; 

Shevach, Soffer-Tsur, Fleischer, Shapira, & Dvir, 2014) and can be repopulated with cells 

(Guyette et al., 2016; Ott et al., 2008; Parsa, Ronaldson, & Vunjak-Novakovic, 2016; 

Schwan et al., 2016; Williams, Quinn, Georgakoudi, & Black, 2014). However, these 

scaffolds can be expensive and prohibitive since there are a limited number of available 

mammalian tissues.

Recently, we demonstrated the use of a decellularized spinach leaf as a vascularized cardiac 

patch scaffold (Gershlak et al., 2017). Spinach leaves are inexpensive, have no associated 

donor costs, and are biocompatible. The primary remaining scaffold after leaf perfusion-

based decellularization is cellulose, a biomaterial used for a variety of medical applications 

(Czaja, Young, Kawecki, & Brown, 2007; Entcheva et al., 2004; Modulevsky, Cuerrier, & 

Pelling, 2016). Spinach leaves also have an inherent vascular network, which remains patent 

after decellularization (Gershlak et al., 2017), and plant vascular branching is similar to that 

of the human cardiovascular system (McCulloh, Sperry, & Adler, 2003). As such, 

decellularized leaves have several properties that make them ideal candidates for a cardiac 

patch scaffold.

Initial studies showed that decellularized leaves coated with fibronectin, an extracellular 

matrix (ECM) protein found in adult cardiac ECM, are effective for cardiomyocyte 

adherence and function (Gershlak et al., 2017). Other ECM proteins can also be used to coat 

biomaterials for cardiac applications. We demonstrated collagen IV coated fibrin 

microthreads provide a surface conducible for cardiomyocyte adherence and function 

(Hansen, Laflamme, & Gaudette, 2018). However, as ECM proteins are sourced from 
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allogeneic donors, protein sourcing and processing are serious concerns that must be 

considered for clinical translation. Furthermore, minimizing required materials will reduce 

production costs, complexity, and potential deviations in the manufacturing process, which 

are important considerations for clinical translation and product manufacturing. Ideally, 

tissue scaffolds should not require ECM surface coatings for cardiomyocyte function. To 

determine whether ECM coatings are necessary and improve hiPS-CM behavior on leaf 

scaffolds, we compared hiPS-CM adherence, maturation, and contractile function on ECM 

and non-ECM coated decellularized leaves.

2 | MATERIALS AND METHODS

2.1 | Spinach decellularization

Spinach leaves were obtained from the market and the leaf stem cannulated with 27 gauge 

needles. Leaves were treated three times serially with hexanes (98%, Mixed Isomers, Alfa 

Aesar, Haverhill, MA) and 1X phosphobuffered saline (PBS) to remove the cuticle layer 

from the leaf’s surface. Cannulated leaves were decellularized using perfusion techniques, as 

previously described, at a constant pressure head of 152 mmHg (Gershlak et al., 2017). 

Solutions of 1% sodium dodecyl sulfate (SDS) in deionized (DI) water, followed by 0.1% 

Triton-X-100/10% bleach in DI water, and lastly DI water were perfused through leaf stems, 

each for 24 hours. Leaf scaffolds were rinsed in 10 mM Tris buffer pH 9.0 overnight on a 

shaker plate, frozen at −20°C, and lyophilized. Lyophilized leaves were stored at room 

temperature until use.

2.2 | Leaf scaffold surface coating

After decellularization and lyophilization, 4 cm2 sections of decellularized spinach leaves 

were rehydrated on a shaker plate with 10 mM Tris buffer pH 9.0 solution, rinsed with DI 

water, and sterilized with 70% ethanol, each for 30 minutes. Leaves in 70% ethanol were 

transferred into a biosafety cabinet and rinsed three times in sterile 1X PBS. Leaves were 

incubated at 37°C in RPMI-B27 cell media (RPMI, 2% B27, 1% L-glutamine, and 1% 

Penicillin/Streptomycin) overnight. After incubation, RPMI-B27 media was aspirated from 

the decellularized leaves and sterile 10 mm diameter Pyrex cloning wells (Corning Inc., 

Corning, NY) were positioned on the leaf surface. Sterile 100 μl solutions of fibronectin 

(human plasma, 100 μg/ml, Sigma Aldrich), collagen IV (human placenta, 10 μg/ml, Sigma 

Aldrich), or 1X PBS (no coating) were pipetted into the cloning wells. Fibronectin and 

collagen IV protein concentrations were determined by previous studies in which we had 

successful cardiomyocyte adherence and contraction on decellularized leaves (Gershlak et 

al., 2017) and fibrin microthreads (Hansen et al., 2018). In preliminary studies, 100 μg/ml 

fibronectin coating on leaves resulted in improved cardiomyocyte adherence compared to 10 

μg/ml; therefore, this study proceeded with 100 μg/ml. Coatings on leaves were air dried at 

room temperature in a biosafety cabinet until dry.

ECM coatings on leaves were verified with immunofluorescence antibody staining and 

imaging. After coating, samples were fixed in 4% paraformaldehyde and immunolabeled for 

fibronectin (rabbit anti-human, Abcam) or collagen IV (mouse anti-human, Abcam) primary 

antibodies and Alexa Fluor 488 goat anti-rabbit or anti-mouse secondary antibodies, 
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respectively (Figure S1). Samples were then imaged with a scanning confocal microscope 

(Leica Microsystems, Buffalo Grove, IL).

2.3 | hiPS-CM differentiation, isolation, and seeding on leaves

A contractile cardiac patch composed of hiPS-CMs on decellularized spinach leaves has the 

potential to improve diseased cardiac tissue function following MI. hiPS-CMs were formed 

by genetically reprogramming adult somatic cells to exhibit characteristics of embryonic 

stem cells (Takahashi & Yamanaka, 2006; Yu, Smuga-Otto, Vodyanik, et al., 2007), and 

differentiated into cardiomyocytes with induction of activin-A and bone morphogenetic 

protein-4, as previously described (Kattman et al., 2011; Yang et al., 2008). Cells were 

cryopreserved, with cell preparations contained >75% cardiomyocytes, determined by 

cardiac troponin T+ flow cytometry (Hansen et al., 2018; Kattman et al., 2011; Lundy, Zhu, 

Regnier, & Laflamme, 2013a). hiPS-CMs were thawed and seeded in RPMI-B27 media, 

10% fetal bovine serum (FBS; Gibco), and 1% Rho-associated protein kinase (ROCK) 

inhibitor (Y-27632 dihydrochloride, Sigma Aldrich) to reduce cell apoptosis. hiPS-CMs 

were seeded on leaves in 10 mm diameter cloning wells at 150,000–200,000 cells per leaf 

(191,000–255,000 cells/cm2) and incubated for 18 hours at 37°C. As positive controls, 

156,250 hiPS-CMs/cm2 were seeded on ECM coated and noncoated tissue culture plastic 

(TCP). Cells were cultured in RPMI-B27 media on leaves and controls at 37°C for 7, 14, 

and 21 days (N = 3 biological replicates). RPMI-B27 cell media was replenished every 2–3 

days. Samples were fixed in 4% paraformaldehyde (PFA) at days 7, 14, and 21.

2.4 | Effect of FBS on hiPS-CM adhesion to decellularized leaves

To determine if initial hiPS-CM seeding with FBS had an effect on cell binding to leaves, we 

seeded hiPS-CMs on noncoated decellularized spinach leaves, as previously detailed, with or 

without FBS. hiPS-CM FBS seeding media contained RPMI-B27, 10% FBS (Gibco), and 

1% ROCK inhibitor (Y-27632 dihydrochloride, Sigma Aldrich). hiPS-CM seeding media 

without FBS was composed of RPMI-B27 and 1% ROCK inhibitor (Y-27632 

dihydrochloride, Sigma Aldrich). hiPS-CMs were incubated with or without FBS on leaves 

(n = 6) for 18 hours at 37°C. RPMI-B27 media was replenished after 18 hours, and then 

every 2 days. Samples were fixed in 4% PFA after 7 days in culture.

2.5 | hiPS-CM contractile function

Cardiac left ventricular contraction is defined by tissue deformation and strain in the left 

ventricle in vivo (Arts & Reneman, 1980). Measuring strain in contracting hiPS-CMs can be 

accomplished optically and noninvasively under a microscope with a high-speed camera 

(Czirok et al., 2017; Gaudette, Todaro, Azeloglu, Krukenkamp, & Chiang, 2002; Kamgoué, 

Ohayon, Usson, Riou, & Tracqui, 2009; Kelly, Azeloglu, Kochupura, Sharma, & Gaudette, 

2007). We used high density mapping (HDM), as previously described (Hansen et al., 2017; 

Kelly et al., 2007), to measure hiPS-CM contractile strain on decellularized spinach leaves. 

Live hiPS-CM contraction videos were visualized with an inverted microscope (DMIL, 

Leica Microsystems, Buffalo Grove, IL) and recorded at 60 frames per second with a high-

speed camera (HiSpec 4, Fastec Imaging Corp, San Diego, CA). HDM analysis of hiPS-CM 

contraction was performed using code written in MATLAB (MathWorks, Natick, MA), 

previously explained in detail (Hansen et al., 2017). Contractile strain measurements of 
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hiPS-CMs on coated and noncoated leaf samples and TCP were collected at one time point, 

either Day 7, 14, or 21. Cardiomyocyte contractions on leaves was visualized over time 

(Figure 1). Video data from one to five regions on a sample was analyzed, based on number 

of observed hiPS-CM contractile areas on a sample. Contractile strain was reported as the 

maximum contractile principle strain value from initiation of contraction in a determined 

cell region (Hansen et al., 2017), and sample contractile strain was defined as the mean ± 

standard deviation of the regions. Immediately after data collection, samples were fixed in 

4% PFA and stored in 1X PBS at 4°C.

2.6 | Immunofluorescence image analysis

hiPS-CM seeded decellularized spinach leaf scaffolds were immunolabeled for sarcomeric 

α-actinin (mouse or rabbit, Abcam) and connexin-43 (goat, Abcam) primary antibodies to 

indicate cell adhesion, spreading, sarcomere length and gap junctions. Secondary antibodies 

Alexa Fluor 488 (Invitrogen) or Alexa Fluor 647 (Invitrogen) were used for sarcomeric α-

actinin. Connexin-43 was immunolabeled with Alexa Fluor 568 (Invitrogen) secondary 

antibody. hiPS-CM nuclei were indicated with Hoescht 33342 nuclear stain (Life 

Technologies). Antibody host species, vendors, and dilution factors are specified in Figure 

S1. Samples were imaged with a scanning confocal microscope (Leica Microsystems, 

Buffalo Grove, IL).

2.7 | hiPS-CM sarcomeric length on leaf scaffolds

Cardiomyocyte sarcomere length is indicative of cell behavior since length is associated with 

cardiac muscle contraction mechanics and cell maturity (Lundy, Zhu, Regnier, & Laflamme, 

2013b; Rodriguez et al., 2014). hiPS-CM sarcomere length was calculated by measuring the 

distance between Z-disks, indicated by positive immunofluorescence (IF) sarcomeric α-

actinin images, using Fourier transform analysis (Figure 2). Sarcomere length was analyzed 

in ImageJ (NIH) and MATLAB (MathWorks, Natick, MA). A collected IF image was 

opened in ImageJ and a random array of visible cell sarcomeres was selected in an α-actinin 

positive cell. A line was drawn perpendicular to the sarcomere bands, and the grey value 

peaks were plotted in ImageJ using the “Plot Profile” function (Figure 2a,b). Discrete 

Fourier transforms and power spectrum analysis of the sarcomere grey values were 

performed in MATLAB (Figure 2c,d), calculating the cell’s sarcomere length. Sarcomere 

band data between one and 18 cells on a leaf sample were collected and the sample 

sarcomere length was defined as the mean ± standard deviation.

2.8 | hiPS-CM spreading on leaf scaffolds

hiPS-CM cell spreading and sarcomeric striation is an indication of cell adherence and 

eventual maturation (Lundy et al., 2013b). hiPS-CMs were indicated with positive 

sarcomeric α-actinin staining. Cells were deemed spreading if hiPS-CM sarcomeres 

extended beyond the circumference of the cell nucleus. Data were collected from between 

two and six regions on a leaf sample and cell spreading was defined as the mean ± standard 

deviation. Data is presented as the percent of elongated hiPS-CMs out of the total hiPS-CM 

population per mm2 of leaf surface. Total cell number is the mean number of cells in a 

sample per mm2 of leaf surface, or density.
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2.9 | Statistical analysis

This study analyzed N = 3 biological replicates for each time and coating condition. All 

results are presented as mean ± standard deviation. Statistical significance between ECM 

coatings was tested with one-way ANOVA and post-hoc Tukey t-tests (p < .05). Statistical 

significance between hiPS-CM contractile strain on noncoated leaves with or without FBS in 

seeding media was tested with an unpaired t test (p < .05). All statistical analyses were 

performed in GraphPad Prism 8 (GraphPad Software, San Diego, CA).

3 | RESULTS

Spinach leaves were decellularized, sterilized, and coated with either fibronectin or collagen 

IV ECM protein. Immunofluorescence staining demonstrated that both ECM protein 

coatings adhered to the surface of decellularized spinach leaves (Figure S2). Furthermore, 

hiPS-CMs adhered to decellularized spinach leaves with and without ECM coatings for 21 

days (Figure 3), indicating that ECM protein coatings are uneccessary for hiPS-CM 

adherence on leaves.

To study if FBS had an effect on cell adherence to noncoated decellularized spinach leaves, 

we removed FBS from hiPS-CM seeding media. After 7 days in culture on leaves, hiPS-

CMs remained adherent to noncoated leaves with and without FBS at initial cell seeding. 

Both seeding conditions had variable cell morphologies on leaf scaffolds, illustrating both 

elongated sarcomeric bands and round cell clusters. In addition, there were no statistically 

significant differences in hiPS-CM maximum contractile strain with or without FBS (p 
= .22) (Figure S3).

3.1 | Contractile strain analysis

hiPS-CMs contracted on spinach leaves at all time points and under all coating conditions 

(Figure 4a); however, we did not always observe hiPS-CM contractile behavior with live 

video imaging. Contractile strain was analyzed in n ≥ 4 samples per condition and time 

point. We only observed contraction for N = 2 of 3 biological replicates of hiPS-CMs on 

collagen IV coated leaves at Day 14 and on fibronectin TCP at Day 21. All maximum 

contractile strains were larger than 1.5%. No statistically significant differences in maximum 

contractile strain between hiPS-CMs seeded on coated and noncoated leaves and TCP at 

each time point nor over time were observed (Figure 4a,b). There were no significant 

differences in maximum contractile strain of hiPS-CMs on ECM coated and noncoated 

leaves at days 7 and 21. However, strain on collagen IV coated leaves (3.25 ± 0.39%) were 

significantly larger than noncoated leaves (1.54 ± 0.60%) (p = .03) at Day 14. This 

observation was the only significant difference for all leaf coatings and time points. No 

differences in hiPS-CM contractile strain were found between these samples and 

corresponding collagen IV coated TCP (2.65 ± 0.97%) or noncoated TCP (2.11 ± 0.48%) at 

Day 14.

3.2 | Sarcomere length

Sarcomere length was determined in n ≥ 4 samples per condition. Average hiPS-CM 

sarcomere lengths ranged from 1.65 ± 0.18 μm on collagen IV coated leaves at Day 7 to 2.06 
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± 0.06 μm on fibronectin coated leaves at Day 14. There was no statistically significant 

differences in hiPS-CM sarcomere length between leaf coatings at Day 7 and 21 (Figure 5a). 

In addition, there was no significant differences in collagen IV coated and noncoated leaf 

samples over time. There was a statistically significant increase in hiPS-CM sarcomere 

length on fibronectin coated leaves at Day 14 compared to Day 7 (p = .008) and Day 21 (p 
= .04). In addition, sarcomeres on fibronectin coated leaves were statistically longer than on 

collagen IV coated leaves at Day 14 (p = .006).

3.3 | Cell spreading

hiPS-CM cell count and spreading was calculated with n ≥ 8 samples for each leaf condition. 

We observed cell spreading and elongation in more than 37% of hiPS-CMs on ECM coated 

and noncoated leaves, observed by IF imaging. There was no significant differences in 

spreading between leaf coatings and time points (Figure 5b). However, at Day 14, we 

observed decreased average sample cell density compared to Day 7 (not significant) and Day 

21 (p = .03) on fibronectin coated leaves (Figure 6). At Day 14, fibronectin coated leaves 

also had decreased cell spreading compared to Day 7 and 21 (not significant).

4 | DISCUSSION

The major limitation affecting current tissue engineered solutions is the lack of adequate 

vasculature. As tissue thickness increases, vasculature is needed to properly provide oxygen 

and nutrients to all parts of the tissue. Thick engineered cardiac tissue for implantation 

requires a vasculature to provide nutrients and remove waste to retain tissue viability 

because cells are only able to survive a maximum of 200 μm from a nutrient source due to 

limitations of oxygen diffusion (Mao & Mooney, 2015; Riemenschneider et al., 2016). 

Ideally, the vasculature of engineered tissues must be integrated, branched and perfusable to 

maintain tissue function. Lack of vasculature limits the thickness of current scaffolds, 

reducing clinical efficacy and limiting use in humans. Few engineered constructs 

demonstrate immediate functional vascular flow through engineered tissues in vitro and in 

vivo, and have delayed integration and neovascularization after in vivo implantation 

(Coulombe & Murry, 2014; Kreutziger et al., 2011; Masumoto et al., 2015; Novosel, 

Kleinhans, & Kluger, 2011).

Inspired by nature, we found leaves have many desirable properties for cardiac tissue 

engineering. Leaves have a native vasculature with branching similar to that of the human 

cardiovascular system (McCulloh et al., 2003). Previous work showed that we can 

decellularize spinach leaves and their vascular system remains patent. Furthermore, we 

showed that we can coat the leaf vasculature with human umbilical vein endothelial cells, 

mimicking the inner lining of mammalian blood vessels (Gershlak et al., 2017). This work 

demonstrates a possible novel tissue engineered cardiac patch with an inherent mature 

vascular system.

Decellularized leaves are primarily composed of cellulose, a biocompatible biomaterial 

commonly used in tissue engineering. Cellulose is used in other fields of tissue engineering 

research and in FDA-approved surgical hemostatic wound dressings (Entcheva et al., 2004; 

Hart et al., 2002; Helenius et al., 2006; Modulevsky et al., 2016). Cellulose scaffolds 
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modified with ECM proteins before cell seeding have been found to change cell behavior. 

For example, seeding C2C12 mouse myoblasts in type I collagen hydrogels increased cell 

adhesion on plant-derived cellulose (Hickey, Modulevsky, Cuerrier, & Pelling, 2018). For 

cardiac tissue engineering application, fibronectin coated cellulose polymer scaffolds 

promote maturation of neonatal cardiac myocytes by sarcomere organization and increased 

gap junction density (Entcheva et al., 2004). In addition, hiPS-CMs have been found to 

contract, electrically couple with host cardiomyocytes (Eschenhagen et al., 2017) and 

improve function with the attenuation of ventricle remodeling after MI in vivo (Masumoto et 

al., 2015; Wendel et al., 2015). This can be explained by the observation that 

cardiomyocytes bind to ECM with cell integrin receptors and form focal adhesions to the 

matrix (Stevens & George, 2005; Wu et al., 2010), which in turn can influence 

cardiomyocyte behavior and maturation (Baharvand, Azarnia, Parivar, & Ashtiani, 2005). 

Our previous studies coated decellularized spinach leaves with ECM proteins found in adult 

heart (Gershlak et al., 2017). We were interested in removing the ECM coating from the leaf 

scaffold while retaining similar cell behavior on the scaffold. Herein, we determined that 

ECM coatings are not necessary for hiPS-CM adherence and function on decellularized 

leaves. We hypothesize that cells bind to noncoated decellularized leaves due to the 

scaffold’s cellulose composition. Cellulose’s polysaccharide structure may positively 

interact with the cell surface glycocalyx (Entcheva et al., 2004), reducing the need for ECM 

coatings on the scaffold’s surface. FBS proteins, present during hiPS-CM seeding, may bind 

directly to noncoated leaves and provide a substrate for cell adhesion; however, including 

FBS is not necessary for hiPS-CM adhesion or contraction on the leaf scaffold. We observed 

that hiPS-CMs adhere to noncoated decellularized spinach leaves with and without FBS in 

the seeding media. Furthermore, we found no functional significant differences in contractile 

behavior between the two seeding conditions after 7 days, indicating that FBS is not 

necessary to culture contractile hiPS-CMs on leaves.

Eliminating the ECM coating step has several advantages in creating a tissue engineered 

cardiac patch for implantation. First, the preparation time and steps to manufacture the tissue 

would be reduced, which therefore decreases manufacturing complexity. This would 

eliminate additional contamination risks during manufacturing and increase speed of 

manufacturing. Faster manufacturing could then lead to decreased production and product 

costs. Furthermore, including ECM coatings on the tissue would add an additional concern 

for FDA approval. The sources of the ECM would have to be controlled and qualified, 

increasing time and cost of approval. Removal of the ECM would eliminate this testing and 

allow for a faster regulatory approval process.

When evaluating novel scaffolds for cardiac tissue engineering, it is important to consider 

tissue deformation, or contractile strain, which is indicative of left ventricular function. In 

this study, we found no statistically significant differences in contractile strain between 

hiPS-CMs seeded on ECM coated and noncoated leaves and TCP over 21 days. In addition, 

contractile strains were not significantly different from the TCP controls. We also observed a 

trend toward decreased contractile strain from Day 7 to 14 for all conditions, although this 

did not reach statistical significance. This corresponded with decreased cell spreading (not 

significant) and cell number (not significant) from Day 7 to 14. The decreasing trend could 

be related to the drastic difference between the substrate stiffnesseses of leaves and TCP. We 
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previously determined that the maximum tangent modulus for decellularized spinach leaves 

is 0.3 MPa (Gershlak et al., 2017), within the range of adult human myocardium (10–500 

kPa) (Huyer, Montgomery, Zhao, et al., 2015). Whereas, polystyrene plastic has an elastic 

modulus of 3 GPa (Gilbert, Havenstrite, Magnusson, et al., 2010), three orders of magnitude 

larger. Neonatal cardiomyocytes cultured on stiff substrates have been found to have less 

sarcomere definition and alignment than those cultured on substrates with stiffnesses similar 

to native myocardium. This can interrupt cardiomyocyte maturation, decrease contractile 

forces, and cardiomyocytes can form actin stress fibers as they mature (Jacot, McCulloch, & 

Omens, 2008). We hypothesize that decreased hiPS-CM cell contractility observed at Day 

14, specifically in TCP culture, may be due to its stiff surface substrate. With long-term 

culture on TCP, differences in hiPS-CM contractile and morphology behavior could become 

more evident over time.

This study observed larger cardiomyocyte contractile strain values on decellularized spinach 

leaves than previous findings (Gershlak et al., 2017). Previous contractile strain analysis 

determined hPS-CM strain to be 0.6% on fibronectin coated decellularized spinach leaves at 

Day 21. Our findings demonstrate 3.94 ± 1.20% contractile strain on fibronectin coated 

leaves at Day 21. This could be due to recent changes in decellularization techniques. We 

found that using 1% SDS is as effective as 10% SDS to decellularize spinach leaves. Higher 

SDS concentrations may affect leaf substrate stiffness and reduce the contractility of 

adherent cardiomyocytes. Although cardiomyocyte contractility increased, hiPS-CMs’ 

contractile strains on decellularized leaves were still less than the human myocardium (15.9–

22.1%) (Yingchoncharoen, Agarwal, Popovic, & Marwick, 2013). This is likely due to 

several factors. Strain depends on cardiomyocyte orientation. Aligned hiPS-CMs show 

improved contractile performance versus nonaligned hiPS-CMs (Ribeiro et al., 2015). This 

study focused on the ability for decellularized leaves to support hiPS-CM function with and 

without ECM surface coatings. In future work, we will focus on improving contractility of 

the seeded hiPS-CMs with cell alignment. Another factor to contribute to differences in 

strain magnitudes is the thickness of the cell layer. The scaffolds presented here are 

monolayers, whereas human myocardium is hundreds of cell layers thick. These extra cells 

help deform the substrate, resulting in increased contractile strain.

Variability in strain measurements or average cell number could also be explained, in part, 

by exposure to room temperature conditions during data acquisition. Image-based strain data 

collection is performed at room temperature and can take as long as 10 minutes per sample. 

Samples were cultured in multi-well plates and therefore, contractile samples could have 

been exposed to room temperature for longer than 10 minutes. To minimize the effects of 

temperature, plates were returned to the 37°C incubator after data collection of three 

samples for at least 15 minutes before continuing with data collection. Furthermore, this 

study used unpaired samples to avoid performing repeated data collection, potentially 

affecting strain results over time. Future studies may consider returning multiwell plates to 

the incubator after one sample data collection to minimize any temperature effects on strain 

data or cell number.

hiPS-CMs contain a mixed cell population of atrial, ventricular and nodal cardiomyocytes 

after cardiac differentiation (Shiba, Hauch, & Laflamme, 2010; Zhang, Wilson, Soerens, et 
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al., 2009). Nodal cells propogate action potentials, stimulating cardiomyocyte contraction. 

We found that a majority of hiPS-CMs on leaves contracted. However, some sarcomeric α-

actinin positive samples were not contractile during strain data collection. This explains the 

different sample sizes of measured strain compared to IF image analysis. For example, there 

were less contractile hiPS-CM samples on collagen IV coated leaf scaffolds at Day 14 (N = 

2, n = 4) for strain analysis than sarcomeric α-actinin positive samples for sarcomere length 

analysis (N = 3, n = 8).

Culture time is linked to increased sarcomere length and maturation. IF cell spreading data 

indicated no significant differences in spreading and maturity between leaf coatings. 

Furthermore, sarcomere lengths of hiPS-CMs on leaves were comparable to previous 

findings. Resting sarcomere length of human embryonic stem cell-derived cardiomyocytes 

(hES-CMs) in culture dishes has been found to increase from an average of 1.65 μm in 

early-stage hES-CMs to 1.81 μm (p < .001) in late-stage hES-CMs (Lundy et al., 2013b). 

hiPS-CM sarcomere lengths on noncoated decellularized spinach leaves were similar to or 

exceeded these findings. Average sarcomere lengths of hiPS-CMs cultured on noncoated 

decellularized leaf scaffolds for 21 days ranged from 1.80 ± 0.05 μm to 1.84 ± 0.14 μm, 

comparable to late-stage hES-CMs in culture dishes. Overall, average hiPS-CM sarcomere 

length on leaves approaches average sarcomere length of adult cardiomyocytes (1.8 μm to 

2.2 μm).

Too much of an increase in sarcomere length (above 2.2 μm) is associated with the 

pathophysiology of heart disease and heart failure since chronic dilation in the diseased 

ventricle results in increased cardiomyocyte lengths. This length increase is associated with 

loss of function by decreased cardiac contractility, according to the Frank–Starling 

mechanism (Opie, Commerford, Gersh, & Pfeffer, 2006; Sahli Costabal et al., 2019). We did 

not observe hiPS-CM sarcomere lengths larger than 2.2 μm on coated or noncoated 

decellularized spinach leaves. Furthermore, we did not observe increases in hiPS-CM 

sarcomere length and decreased contractile strain values on non-coated leaves, which 

corresponds to the pathophysiology of heart failure.

5 | CONCLUSIONS

This study is the first to demonstrate the development of a plant-based, cardiomyocyte 

containing, contractile biomaterial without the use of ECM protein coatings. When seededed 

with hiPS-CMs, non-coated decellularized leaves have comparable hiPS-CM contractile 

function as fibronectin and collagen IV coated leaves. ECM protein coatings are not 

necessary to improve cardiomyocyte cell adhesion, behavior, and contractility on 

decellularized leaf scaffolds. Decellularized spinach leaves can serve as inexpensive, 

abundant, and sustainable pre-vascularized scaffolds for cardiac tissue engineering. 

Noncoated decellularized leaf surfaces allow for simple cell attachment for an engineered 

tissue patch, and we are able to provide the appropriate environment for hiPS-CMs to 

adhere. The decellularized leaf holds significant potential as a scaffold for a cardiac tissue 

engineered patch to refunctionalize diseased cardiac tissue. The decellularized leaf merits 

further investigation as a scaffold for a tissue engineered patch to refunctionalize diseased 

cardiac tissue.
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FIGURE 1. 
High density mapping analysis of hiPS-CM contractile strain on a noncoated decellularized 

spinach leaf. (a) Single frame of high speed contraction video of hiPS-CMs on a noncoated 

decellularized spinach leaf. High density mapping (HDM) strain analysis was performed on 

contractile hiPS-CM clusters on decellularized leaves, illustrated in red circle. The inset 

visualizes several cells on the leaf. Scale bar 50 μm. (b) Contractile strain of the hiPS-CM 

cluster was measured with HDM over time. Peaks in strain plot indicate maximum strain per 

contraction on the leaf’s surface
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FIGURE 2. 
Fourier transform analysis to calculate sarcomere lengths on decellularized leaves. (a) A 16 

μm line (yellow) was drawn in ImageJ perpendicular to hiPS-CM α-actinin positive bands 

(green); nuclei (blue). Scale bar 25 μm. (b) Grey values plotted across the length of the line 

as shown in (a). Grey value peaks correspond to α-actinin positive regions, and the distance 

between these peaks (red) is the sarcomere length. (c) Sarcomere lengths were calculated 

with discrete fourier transform and power spectrum analysis. (d) Cell sarcomere length is 

equal to the distance value corresponding to the highest power, circled in red
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FIGURE 3. 
hiPS-CMs cultured on decellularized spinach leaves. Cells cultured for 21 days on (a) 

collagen IV coated decellularized leaf, (b) fibronectin coated decellularized leaf, and (c) 

noncoated decellularized spinach leaf. Samples were stained for sarcomeric α-actinin 

(green), connexin-43 (red), and Hoescht 33342 (blue). Scale bar 25 μm
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FIGURE 4. 
Maximum contractile principle strain analysis for hiPS-CMs on ECM coated and noncoated 

decellularized spinach leaves for 7, 14, and 21 days. Sample sizes n for each condition are 

noted within the data. (a) There were no significant differences over time for coated and 

noncoated leaves. However, collagen IV coated leaves had larger contractile strain than 

noncoated leaves at Day 14 (p < .05). No significance difference was found between coated 

and noncoated leaves at days 7 and 21. (b) No significant differences were found in 

contractile strain for hiPS-CMs seeded on ECM coated and noncoated tissue culture plastic 

(TCP) at 7, 14, and 21 days. (a, b) There were no significant differences between coated and 

noncoated leaves and tissue culture plastic
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FIGURE 5. 
Sarcomere length and cell spreading analysis for hiPS-CMs on ECM coated and non-coated 

decellularized spinach leaves for 7, 14, and 21 days. Sample sizes n for each condition are 

illustrated within the data. (a) Fibronectin coated leaves had statistically longer sarcomere 

lengths than collagen IV coated leaves at Day 14 (p < .01). Significant difference was also 

found in fibronectin coated leaves between Day 7 and 14 (p < .01), and Day 14 and 21 (p 
< .05). (b) There were no significant differences in cell spreading between culture time or 

coatings
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FIGURE 6. 
Average cell number per mm2 of IF sarcomeric α-actinin positive hiPS-CMs on coated and 

noncoated leaves over time. Sample sizes n for each condition are illustrated within the data. 

Fibronectin coated leaves had statistically less cells at Day 14 compared to Day 21 (p < .05)
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