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Abstract

Numerous diseases, including those of the heart, are characterized by increased stiffness due to 

excessive deposition of extracellular matrix proteins. Cardiomyocytes continuously adapt their 

morphology and function to the mechanical changes of their microenvironment. Because 

traditional cell culture is conducted on substrates that are many orders of magnitude stiffer than 

any environment encountered by a cardiomyocyte in health or disease, alternate culture systems 

are necessary to model these processes in vitro. Here, we employ photo-clickable thiol-ene 

poly(ethylene glycol) (PEG) hydrogels for three-dimensional cell culture of adult mouse 

cardiomyocytes. PEG hydrogels serve as versatile biocompatible scaffolds, whose stiffness can be 

precisely tuned to mimic physiological and pathological microenvironments. Compared to 

traditional culture, adult cardiomyocytes encapsulated in PEG hydrogels exhibited longer survival 

and preserved sarcomeric and T-tubular architecture. Culture in PEG hydrogels of varying 

stiffnesses regulated the subcellular localization of the mechanosensitive transcription factor, YAP, 

in adult cardiomyocytes, indicating PEG hydrogels offer a versatile platform to study the role of 

mechanical cues in cardiomyocyte biology.

1. Introduction

Nearly all etiologies of heart disease involve pathological remodeling of cardiac tissue 

characterized by activated cardiac fibroblasts (myofibroblasts), (Travers et al., 2016) 

depositing excessive extracellular matrix (ECM), which increases tissue stiffness and 

reduces cardiac function. Cardiomyocytes respond to alterations of ECM composition and 

stiffness by remodeling contractile properties and morphology, ultimately leading to 
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maladaptive tissue remodeling (Gourdie et al., 2016; Kong et al., 2014; Porter and Turner, 

2009). Mechanisms of mechanotransduction in cardiac myocytes have primarily been 

investigated in two dimensional cultures of neonatal cardiomyocytes and embryonic or 

induced pluripotent stem-cell derived cardiomyocytes (Chopra et al., 2012; Hazeltine et al., 

2012; Ribeiro et al., 2015). These cellular models are inherently different than adult 

cardiomyocytes, limiting our understanding of mechanical signaling in adult cardiac tissue. 

The use of adult cardiomyocytes is further compromised by the deterioration of cellular 

integrity after only 1-2 days in culture. Arguably, the first hallmark associated with 

deterioration of cardiomyocytes in culture is the loss and remodeling of T-tubules (Banyasz 

et al., 2008; Lipp et al., 1996; Mitcheson et al., 1996). These are membrane invaginations 

responsible for action potential propagation (Brette and Orchard, 2003; Ferrantini et al., 

2013). This gross alteration of cardiac cellular membranes limits in vitro work with adult 

cardiomyocytes. To date, the role of substrate stiffness in adult cardiomyocytes has been 

investigated with a two-dimensional (2D) culture system (Galie et al., 2013). However, 2D 

cultures do not provide mechanical cues to the entirety of the cell, likely producing a blunted 

or non-physiologic cellular response to the environment. Conversely, three-dimensional (3D) 

culture systems could allow for improved presentation of mechanical cues. Commonly, 3D 

systems are used to develop engineered tissues using neonatal cardiomyocytes and 

embryonic or induced pluripotent stem-cell derived cardiomyocytes. These approaches have 

yielded remarkable maturity of cardiomyocytes (Hirt et al., 2014; Ronaldson-Bouchard et 

al., 2018; Ruan et al., 2016), but have not been used in adult cardiac myocytes.

Advances in synthetic biomaterial substrates have allowed the creation of synthetic ECM for 

spatial and temporal control over mechanical and biochemical cues (Leijten et al., 2017; Lin 

and Anseth, 2009). Due to their high water content, hydrogels can emulate the physical 

properties of soft tissues, and have been proven to be highly biocompatible for uses 

including tissue engineering and drug delivery (Tibbitt and Anseth, 2009). In particular, 

poly(ethylene glycol) (PEG) hydrogels are the most widely studied and applied (Zustiak and 

Leach, 2010). PEG cell culture systems have been developed where the mechanical 

microenvironment is highly controlled through crosslinking density of the polymer network. 

Specifically, thiol-ene click chemistry-based hydrogels offer fast and reliable polymerization 

and by using a photo-initiator, hydrogels can form cell-laden matrices with user-defined 

control of gel formation and the final material properties. This chemistry has proven 

extremely valuable for probing how cells respond and interact with their microenvironment 

(Rodriguez et al., 2018; Schultz et al., 2015).

Here, we generated a 3D culture system for single isolated cardiomyocytes employing PEG 

hydrogels, whose stiffness was finely modulated in situ. Isolated adult mouse ventricular 

cardiomyocytes (AMVMs) were encapsulated in PEG hydrogels of different stiffnesses. We 

found that sarcomeric and T-tubular architecture of cultured cardiomyocytes in PEG 

hydrogels is preserved. We demonstrated that functional measurements of single AMVMs in 

3D are possible. Further, we found that the functional and molecular outputs of AMVMs are 

dependent on the PEG hydrogel stiffness. Our work highlights the use of 3D 

microenvironments to study the role of the mechanical signaling in cardiac biology and 

pathologies.
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2. Material and Methods

Synthesis of poly(ethylene glycol)-norbornene (PEGnb)

8-arm PEGnb was synthesized as described previously (Benton et al., 2009; Fairbanks et al., 

2009b). Briefly, stoichiometric amounts of 8-arm PEG (40, 20, or 10 kDa, JenKem) and 4-

dimethylaminopyridine (Sigma Aldrich) were dissolved in anhydrous dichloromethane 

(Sigma Aldrich). A two-fold excess of each 5-norbornene-2-carboxylic acid (Sigma Aldrich) 

and N-N’-diisopropylcarbodiimide (Sigma Aldrich) were added and reaction vessel was 

purged with argon. After reacting overnight on ice while stirring, product was precipitated in 

4°C ethyl ether (Fisher Scientific). The product was then filtered and dried by vacuum. Next, 

the PEGnb was dissolved in water and purified by dialysis. The final product was 

lyophilized, and the overall end group functionality was characterized by proton nuclear 

magnetic resonance imaging to confirm >90% functionalization.

Hydrogel fabrication

For soft hydrogels, 5 wt% 8-arm 40k PEGnb was crosslinked with 2 mM di-thiol PEG 5k 

and with 1 mM CRGDS (American Peptide Company, Inc), an adhesive peptide, at a ratio of 

0.5 thiols per norbornene. For medium hydrogels, 5 wt% 8-arm 40k PEGnb was crosslinked 

with 4.5 mM di-thiol PEG 5k and with 1 mM CRGDS adhesive peptide (American Peptide 

Company, Inc) at a ratio of 1 thiol per norbornene. For stiff hydrogels, 5 wt% 8-arm 20k 

PEGnb was crosslinked with 1.125 mM 8-arm PEG thiol 10k and with 1 mM CRGDS 

adhesive peptide (American Peptide Company, Inc) at a ratio of 0.5 thiols per norbornene. 

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was added at a 

concentration of 2.5 mM. All components were dissolved in phosphate buffered saline (PBS, 

Life Technologies). A shear rheometer (ARES; TA) was used to measure the modulus of the 

hydrogels. For rheology, hydrogels (thickness=150μm) were polymerized in situ between an 

8-mm diameter tool. The hydrogels were polymerized by exposure to UV light (~2 mW/cm2 

at 365 nm) for 90 seconds (Omnicure 1000, Lumen Dynamics). Network evolution was 

tracked using a dynamic time sweep (γ=1%; ω=1 rad/s; determined to be in the linear 

regime for this material) until the storage modulus (G’) reached a plateau.

Tissue Rheology

The modulus of mouse left ventricles were measured with shear rheology. Hearts were 

excised from 6-8 week old mice, whereby an 8mm punch was used to cut out a cylindrical 

portion of the tissue. Left ventricle tissue was measured within 2 hours of isolation. Tissue 

was trimmed to ensure level/even height of <1 mm. A shear rheometer (ARES; TA) was 

used to measure the modulus of the left ventricle tissue, and sand paper was used between 

the parallel plate geometry to prevent tissue slippage.

Dynamic hydrogel stiffening

Hydrogels were stiffened as previously described (Mabry et al., 2015). Stiffening solutions 

were comprised of 8-arm 10 kDa PEG-norbornene (10 mM), 8-arm 10 kDa PEG-thiol (10 

mM), and LAP (2.5 mM). Gels were soaked in the stiffening solution for 15 min. For non-

stiffened hydrogels, the hydrogels were soaked in PBS (Sigma Aldrich) to create mock 
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stiffening treatment. Gels were then removed from solution and the excess swelling solution 

was blotted from the surface before polymerization with UV light (2 mW/cm2 at 365 nm) 

for 90 seconds. The shear modulus after stiffening was measured with a shear rheometer 

(ARES; TA) using swollen hydrogels. As with in situ rheology, both frequency sweeps and 

strain sweeps were performed to ensure that measurements were representative of the linear 

viscoelastic regime. The shear modulus (G0) was measured and converted to Young’s 

modulus with 0.5 Poisson’s ratio.

Adult mouse ventricular myocytes (AMVMs)

AMVMs were isolated from the left ventricle of 6-week old male mice using a retrograde 

Langendorff’s perfusion system and enzymatic digestion (0.1 mg/ml Liberase TM, Sigma-

Aldrich), as previously described (Crocini et al., 2016). Briefly, perfusion buffer solution 

contained (in mM): 113 NaCl, 14.7 KCl, 0.6 KH2PO4, 0.6 Na2HPO4, 1.2 MgSO4-7H2O, 12 

NaHCO3, 10 KHCO3, 10 Hepes, 30 taurine, 10 glucose, 10 2,3-butanedione monoxime, pH 

7.3 (adjusted with NaOH). Cells were gradually readapted to calcium in perfusion buffer 

added with 1% bovine serum albumin (BSA) by adding 50 or 100 μM CaCl2 every 5-8 min, 

until a concentration of 500 μM CaCl2 was reached.

3D encapsulation and culture of cardiomyocytes

Isolated AMVMs were resuspended in Minimum Essential Medium (MEM) α 
supplemented with 1 μg/ml Insulin, 0.55 μg/ml transferrin, 0.5 ng/ml selenium, 2 mM 

Glutamine, 10 mM NaHCO3, 10 mM HEPES, 0.2% Bovine serum albumin, and 25 μM 

blebbistatin. pH adjusted to 7.4 with NaOH (Louch et al., 2011). For 3D encapsulation, 

cardiac myocytes were used within one hour post-isolation and approximately 104 cells/ml 

were suspended in the monomer solution, and 30 μ of the cell-monomer solution were added 

to a mold (5 mm diameter, 1 mm height) placed on glass coverslip thiolated by vapor 

deposition of 3-(mercaptopropyl)trimethoxy-silane in an 80°C oven to facilitate covalent 

anchoring of the gels to the coverslips. Cells were allowed to settle by gravity for 2 minutes 

in the monomer solution, after which the hydrogels were polymerized by exposure to UV 

light (~2 mW/cm2 at 365 nm) for 90 seconds. For extended culture, hydrogels were placed 

in blebbistatin-containing AMVM culture medium. For functional contraction, hydrogels 

were placed in tyrode buffer (see below). 2D cultures onto 20 μg/ml laminin-coated glass 

coverslips were used as control. AMVMs were incubated for 2 hours at 37°C 5% CO2 to 

allow attachment to coverslips. 3D encapsulated AMVMs were incubated likewise before 

other experiments. Culture medium was changed every other day.

Cell viability analysis

Cell viability was measured using a Live/Dead cytotoxicity kit (Life Technologies), which is 

a membrane integrity assay. To quantify encapsulated cell viability, cell-laden hydrogels 

were incubated in AMVM culture media containing 1 mM calcein and 4 mM ethidium 

homodimer for 1 hour. For glass coverslips, cells were incubated in AMVM culture media 

containing 1 mM calcein and 4 mM ethidium homodimer for 30 minutes. Cells were imaged 

on widefield fluorescence microscope (EVOS M5000). To determine viability in 3D 

hydrogels, fraction of live cells was quantified by manual counting using live/dead staining. 

To calculate viability on glass coverslips, total-rod shaped cells were counted.
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Immunofluorescence imaging

3D-encapsulated AMVMs were fixed with 4% paraformaldehyde (PFA) in PBS overnight at 

4°C. The 3D hydrogels were then treated 24 h with blocking solution (TBS 0.05 M, pH 7.4, 

10% FCS, 1% BSA, 0.5% Triton X-100) at 4°C. Overnight incubation of primary antibodies 

at 4°C was followed by 3x PBS washes (1 h each at room temperature). Primary antibody 

used were: monoclonal mouse anti α-actinin (1:1000; A7811 Sigma-Aldrich) rabbit anti-

caveolin 3 (1:200; ab2912 Abcam) and mouse anti-YAP (1:1000; sc-101199) Santa Cruz 

Biotechnology) Secondary antibodies (goat anti-mouse Alexa Fluor 488 (1:500; Life 

Technologies), goat anti-rabbit Alexa Fluor 647 (1:500; Life Technologies)) and DAPI for 

nuclear staining were also incubated overnight at 4°C. 3x PBS washes (1 h each at room 

temperature) were performed before imaging.

AMVMs cultured on glass coverslips were fixed with 4% PFA in PBS for 30 minutes at 

25°C. The AMVMs were permeabilized in 0.1% Triton X-100 for 6 minutes, and then 

treated 30 minutes with blocking solution (5% BSA in PBS) at 25°C. Overnight incubation 

of primary antibodies at 4°C was followed by 3x PBS washes (10 m each at room 

temperature). Secondary antibodies and DAPI for nuclear staining were also incubated 30 

min at 25°C. 3x PBS washes (5 min at room temperature) were performed before imaging. 

Images were captured with a spinning disk confocal using either 20x or 40x air objectives 

(Nikon Ti-E).

Fast Fourier Transform (FFT) analysis

Analysis of α-actinin and caveolin-3 staining was performed using FFT analysis in ImageJ. 

The three central stacks for each cell were projected and a rectangular area of 8 × 50 μm was 

selected at the center of the cell and used for FFT. The signal of the Fourier order peak was 

fit using the following equation: y = y0 + B ∗ x + A ∗ exp −2 ∗ x − x0
W

2
, where y0is the 

offset; B is the slope; A and W are amplitude and width of the peak of the FFT order and x0 
is the center of the peak of the FFT order. Based on muscle diffraction theory (Judy et al., 

1982), reduced amplitude or increased width of the peak of the FFT order is correlated to 

increase of the standard deviation of the periodic signal.

Cardiac myocyte contractility assay and analysis.

AMVMs encapsulated in 3D hydrogels onto 25mm coverslip were placed in a chamber 

system (IonOptix, Westwood, MA) provided with two platinum wires for electrical 

stimulation. The chamber was then transferred to the microscope (Nikon Diaphot) and 

superfused in Tyrode buffer (in mM): 113 NaCl, 4.7 KCl, 1.2 MgCl2, 10 glucose, and 10 

HEPES; pH adjusted to 7.35 with NaOH. Myocytes were electrically paced via field 

stimulation at room temperature by using the IonOptix MyoPacer with a stimulus duration 

of 4ms, voltage of 1.2× stimulation threshold. Sarcomere shortening was recorded by 

IonWizard software (IonOptix, Westwood, MA). Representative trace was obtained by 

averaging ten consecutive contractions and analyzed. The following parameters were used: 

sarcomere shortening (%), time-to-peak of contractility (ms), relaxation time at 90% (ms). 

For comparison, AMVMs suspension was added onto a 25 mm coverslip and inserted in the 
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chamber system as described above, and allowed to settle for 5 minutes, prior to the 

beginning of contractility experiment.

Statistical analysis

Data are expressed and plotted as mean ± SEM (Standard Error of Mean) obtained from a 

number of independent determinations on different myocytes. Statistical numbers are 

indicated in the figure legends for each set of measurements. The statistical test used is 

reported in the figure legends. A p value of <0.05 is considered statistically significant (*p < 

0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001).

3. Results

Generation and characterization of PEG biocompatible hydrogels

PEG hydrogels formed by a thiol-ene click reaction were chosen based on proven cyto-

compatibility and speed of polymerization (Fairbanks et al., 2009a). Hydrogels formulated 

with PEG norbornene (PEGnb) and PEG thiol (PEG-SH) were polymerized through a light-

initiated step-growth polymerization, mediated by the photoinitiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) (Fig. 1A). The ligand CRGDS was added to promote 

cell adhesion, since α5β1 is one of the most highly expressed integrin heterodimers in 

cardiomyocytes and recognizes this sequence (Israeli-Rosenberg et al., 2014; Kapp et al., 

2017). When exposed to low-intensity long-wave UV light, 2 mW/cm2 of 365 nm light, 

hydrogels fully polymerized in < 20 seconds (Fig. 1B). We first aimed to develop a 3D 

hydrogel whose stiffness was similar to healthy adult mouse cardiac tissue. We measured the 

shear modulus of mouse left ventricles ex vivo using rheology. We found that mouse left 

ventricles are characterized by a shear modulus of ~4 kPa, and thus, we modulated the 

crosslinking density to generate hydrogels yielding a similar modulus (Fig. 1C). We then 

encapsulated AMVMs in 3D PEG hydrogels. Isolated AMVMs were mixed into the 

monomer solution. A drop of the cell-monomer suspension (30 μl) was added onto a 

coverslip where the shape was directed by a 6 mm diameter and 1 mm thick mold. The cell-

monomer suspension was then exposed to light for 90 seconds to fully form the hydrogel 

(Fig. 1D). Cardiomyocytes plated onto glass coverslips coated with laminin were used as a 

control, as laminin coated glass coverslips represent the most used culture system for 

cardiomyocytes (Louch et al., 2011; O’Connell et al., 2007).

Cardiomyocyte viability in 3D hydrogels

To assess cell viability, we stained the 3D-encapsulated AMVMs with calcein and ethidium 

homodimer, a well-established membrane integrity assay. Cell viability was investigated at 

day 0 (after 3D encapsulation), days 1, 2, 3, and 5 (Fig. 2A). AMVMs cultured on glass 

coverslips were used as controls (Fig. 2B). At day 0, viable cardiomyocytes were at a 

density of 25-35 cells/mm2 in both 3D PEG hydrogels and glass coverslips (~700-1000 cells 

per gel or glass coverslip). After 24 hours of culture (day 1) more than 50% (51.6 ± 15.6) of 

3D encapsulated AMVMs were still viable compared to only 20% (19.9 ± 9.9) of cells 

cultured on glass coverslips. At day 2, the number of viable 3D-encapsulated cells was 

nearly halved (26.7 ± 9.6%), while less than 1% (0.6 ± 0.6) of viable cells was found on 

glass coverslips. At days 3 and 5 no viable cells were found on glass coverslips. In 3D 
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hydrogels, 8.8 ± 0.9% viable cells were found at day 3 but only 1.6 ± 1.6% at day 5 (Fig. 

2C). The improved viability of AMVMs in 3D hydrogels as compared to glass coverslips 

indicates that a 3D culture system could represent a valuable tool to study mechanical cues 

in cardiac cells.

Cardiomyocyte cytoarchitecture in 3D hydrogels

As culturing cardiomyocytes has been associated with T-tubular remodeling and loss 

(Banyasz et al., 2008; Lipp et al., 1996; Mitcheson et al., 1996), we next investigated the 

architecture of T-tubules as well as sarcomeres of 2D cultured AMVMs on glass coverslips 

and 3D-encapsulated AMVMs cultured over time. Cells were stained with calcein before 

fixing in order to identify cells that were alive at the moment of collection. Calcein staining 

was maintained after the immunofluorescence staining protocol. Antibodies against α-

actinin and caveolin-3 were used to label z-disks of sarcomere and T-tubules, respectively. 

By confocal imaging, only calcein-positive cells were selected to evaluate morphology of T-

tubules and sarcomeres by immunofluorescence. 3D-encapsulated AMVMs showed well-

organized sarcomeres and T-tubules at every time-point of culture (Fig. 3 A, C, D). In 

contrast, cells cultured on glass coverslips exhibited remodeled T-tubules at both days 1 and 

2 of culture (Fig. 3B–D), and increased angular dispersion of sarcomere periodicity at day 2 

of culture (Fig. 3B–C). Quantification of the T-tubule and sarcomere architecture by Fast-

Fourier Transform (FFT) showed reduction of periodicity in cardiomyocytes cultured on 

glass-coverslips, as demonstrated by reduced amplitude and increased width of the FFT 

signal at day 2 of culture (Fig. 3C–D). In contrast, 3D-encapsulated AMVMs showed a 

progressive, but moderate, reduction of the periodic signals of both sarcomere and T-tubular 

architecture overtime (Fig. 3C–D).

Manipulation of hydrogels stiffness

Since tissue stiffness can change in different physiological and pathological settings, we 

encapsulated AMVMs in 3D hydrogels characterized by different shear moduli. In addition, 

the stiffness of PEG hydrogels can be increased dynamically after formation and cell 

encapsulation has occurred, by adding PEG monomers and LAP (Fig. S1A). We generated 

two more hydrogels with a shear modulus of 1.5, 4.7 kPa and 12.6 kPa, soft, medium, and 

stiff, respectively (Fig. 4A). We determined that AMVM viability was not dependent on the 

hydrogel stiffness, and thus, the material formulations could be tailored for 3D culture of 

AMVMs in microenvironments with a range of moduli to test their functional properties. 

Specifically, AMVMs encapsulated in the in soft, medium and stiff hydrogels did not show 

any statistically significant differences in viability after encapsulation (Fig. 4B), indicating 

that substrate crosslinking density did not affect cardiomyocyte viability. We also 

dynamically stiffened medium hydrogels to 12.6 kPa in situ (Fig. S1B) and AMVMs 

viability was not affected by the second exposure to light needed to increase the stiffness, as 

demonstrated by live/dead staining (Fig. S1C).

Cardiomyocyte contractility in 3D hydrogels

As a proof of principle that 3D hydrogel culture systems can be employed for functional 

studies, we performed contractility measurements of encapsulated AMVMs. Cell shortening 

was measured in AMVMs encapsulated in either soft, medium, or stiff 3D hydrogels 2 hours 
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post-encapsulation (day 0) (Fig. 4C). No difference in shortening, time to peak (TTP) and 

relaxation of contraction was found between AMVMs encapsulated in soft hydrogels as 

compared to cells on coverslips (Fig. 4D). However, AMVMs in stiff and medium hydrogels 

showed reduced shortening as compared to AMVMs on coverslips. Additionally, AMVMs 

in stiff hydrogels showed reduced shortening and increased relaxation as compared to 

AMVMs in soft hydrogels.

YAP translocation in response to hydrogel stiffness

Finally, we investigated the intracellular distribution of Yes-associated protein (YAP), a 

mechanosensitive transcriptional regulator, in AMVMs encapsulated in soft, medium, and 

stiff hydrogels compared to glass coverslips. YAP is a key mediator in mechanotransduction, 

and its translocation from the cytoplasm to the nucleus is associated with mechanical 

conditions that favor high intracellular forces (Halder et al., 2012). We immuno-stained 

AMVMs in 3D hydrogels and on glass coverslips for YAP and measured nuclear localization 

at days 0, 1, and 2 of culture (Fig. 5A; Table 1). After 2 hours post-encapsulation (day 0), we 

found that encapsulated AMVMs cultured in 3D hydrogels of varying stiffnesses showed 

differential YAP localization, measured by the ratio of nuclear to cytoplasmic intensity 

(N:C) (Fig. 5B). Medium and stiff hydrogels showed higher nuclear localization of YAP 

compared to soft hydrogels or glass coverslips (Fig. 5B). At day 1, we observed that 

AMVMs in medium stiffness hydrogels had reduced their N:C ratio, indicating active 

shuttling of YAP from the nucleus (Fig. 5C). On the other hand, the YAP N:C ratio remained 

elevated in AMVMs cultured in stiff hydrogels. By day 2, YAP N:C ratio decreased in 

AMVMs cultured in stiff hydrogels, and there were no significant differences in YAP N:C 

ratio between the soft, medium, and stiff hydrogels (Fig. 5D). AMVMs cultured on glass 

coverslips showed a decrease in YAP N:C over time, where at day 2 there was significantly 

reduced YAP N:C compared to AMVMs cultured in stiff hydrogels.

4. Discussion

The role of mechanical cues and mechanosensing in cell-matrix signaling is fundamentally 

important for a variety of cellular processes including migration (Hadden et al., 2017; Lo et 

al., 2000), development (Moore et al., 1995), cell fate determination (Engler et al., 2006), 

pathology (Georges et al., 2007; Zile et al., 2015) and death (Baines and Molkentin, 2005; 

Frisch and Francis, 1994). In adult cardiac tissue, the mechanical environment is highly 

dynamic and cardiac cells can adapt and respond to mechanical changes of the 

microenvironment in both physiological and pathological settings. In vivo studies are 

essential to delineate these phenomena in more relevant contexts, but do not allow for 

detailed dissection of the mechanisms involved. Cardiomyocyte cultures are commonly 

performed on tissue culture plastic or glass characterized by GPa-range stiffness, many 

orders of magnitude higher than physiological stiffness of the heart (Fig. 1C). Advances in 

biomaterial engineering have only recently allowed for assessment of cardiomyocyte 

responses in physiological (and pathological) extracellular stiffness (Galie et al., 2013; 

Ribeiro et al., 2015). Here, we demonstrate a 3D PEG-based hydrogel as a tool to finely 

control extracellular stiffness, extend survival, and investigate the effects of matrix 
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mechanical cues on isolated adult myocytes. To our knowledge, this is the first report of a 

3D culture of adult rodent cardiomyocytes.

Previous work employing adult cardiomyocytes cultured on 2D polydimethylsiloxane 

(PDMS) with different stiffnesses has shown that myocytes can sense the mechanical 

properties of their microenvironment (Galie et al., 2013). The authors showed that substrate 

stiffness affects gene expression of structural proteins in cardiomyocytes, as well as 

contractility and calcium release over time. However, after 48 hours, the shape of 

cardiomyocytes in every culture condition appeared altered, and no comparison with the 

most common glass coverslip cultures was reported. In the present work, the well-preserved 

rod shape and the extended survival of AMVMs was maintained in our PEG culture. This 

might be due to the improved adhesion of cells to their microenvironment. In fact, in the 

context of a 3D culture system, cells can engage adhesion molecules present all around the 

cellular membrane and not only where one side of the cell, as on the coverslip or tissue 

culture plastic dish. 2D culture systems lack a physiologic microenvironment for 

cardiomyocytes, as the cells can only interact with the coverslip or substrate. In our work, 

mechanical load is distributed in three dimensions and could represent an interesting model 

to study Ca2+ release. Mechanical load is considered to have a pro-arrhythmogenic effect on 

hearts and cardiomyocytes in a relationship referred to as mechano-electric feedback 

(Kaufmann and Theophile, 1967). Previous studies using carbon fibers to acutely stretch 

isolated cardiomyocytes in one dimension have observed increased rates of Ca2+ sparks in 

stretched cells as compared to control (Iribe et al., 2009; Prosser et al., 2011). This is 

consistent with the presence of mechano-gated or mechanically-modulated ion channels on 

the cardiac sarcolemma and likely sarcoplasmic reticulum that can promote stretch-induced 

Ca2+ influx or release events (Jones et al., 2019; Peyronnet et al., 2016).

Our 3D culture system also demonstrated preserved T-tubular and sarcomere morphology of 

AMVMs after 72 hours of culture (Fig. 3). The maintenance of morphological features is 

quite promising, but it does not assess functional aspects of the T-tubules. In fact, 

structurally preserved T-tubules may not propagate action potentials (Crocini et al., 2014; 

Crocini et al., 2017; Crocini et al., 2016; Sacconi et al., 2012; Scardigli et al., 2017). Future 

studies should clarify whether our proposed PEG-based culture system also preserves 

function of T-tubules. Extended survival of adult cardiomyocytes could allow for improved 

studies employing viral infections or drug interventions. A window of 48-72 hours is 

typically used for efficient expression of a viral genome (O’Connell et al., 2007) and the 

preserved morphology of cardiomyocytes in the 3D culture could allow for improved 

localization studies, especially for T-tubular proteins. The time scale of the culture is still 

limited and might only be suitable to study acute drug effects. Efforts should be made 

towards extending cell viability. Different gel chemistries with a variety of functionalized 

groups could be tested for this type of culture. Additionally, cell culture medium could also 

be optimized, for instance a slightly more acidic culture environment (pH 6.9-7.0) could 

help improve maintenance of the rod shape of cardiomyocytes (Li et al., 2014).

We next demonstrated that AMVMs respond to stiffness when encapsulated in the 3D PEG 

hydrogels. AMVMs exhibited reduced shortening and increased nuclear localization of YAP 

with increased stiffness of the PEG hydrogel. We observed that our medium and stiff 
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hydrogels elicited more nuclear YAP accumulation than soft hydrogels, agreeing with the 

general consensus that YAP N:C increases with increasing substrate stiffness (Dupont et al., 

2011). Interestingly, nuclear localization of YAP was low in AMVMs cultured on glass 

coverslips compared to 3D hydrogels. We posit this result may be due to the inability of the 

AMVMs to interact with or pull on the coverslips like they can in the hydrogels. Overall, 

these results suggest that AMVMs encapsulated in 3D PEG hydrogels actively respond to 

the mechanical cues offered by the microenvironment.

As PEG hydrogels have been extensively studied, there are many options for customizing 

the microenvironmental cues for studying specific cellular conditions, e.g. disease. The 

stiffness of our proposed PEG hydrogel can be dynamically increased through swelling of 

more PEG monomers (SI Fig. 1). Alternative PEG-based chemistries can instead been 

employed to reduce the environmental stiffness (Killaars et al., 2019). These features enable 

the possibility of studying dynamic cellular responses as a function of extracellular 

mechanical cues. Transitions from physiological to pathological stiffness and vice versa 

could be particularly useful to assess those cardiac pathologies characterized by increased 

fibrosis (Travers et al., 2016). For instance, increased left ventricular stiffness, as a result of 

excessive extracellular matrix, is a common trait in heart failure patients with preserved 

ejection fraction (Borlaug and Paulus, 2011). Numerous murine models for heart failure with 

preserved ejection fraction are available (Valero-Munoz et al., 2017) and could be 

potentially employed to assess shortening and relaxation at various stiffnesses.

Additionally, PEG hydrogels have been designed for tuning the biochemical environment 

both temporally and spatially with photolabile or photoreactive groups functionalized into 

the hydrogel itself (Kloxin et al., 2009). Through brief exposures to light, PEG hydrogels 

can release recombinant proteins to sustain cell growth, such as FGF-2 (Grim et al., 2015), 

or to provide specific biochemical cues.

In summary, we demonstrated that 3D PEG hydrogels extended AMVM viability, T-tubules 

and sarcomere integrity in culture and showed that AMVMs indeed respond to different 

stiffnesses. Continued work with 3D encapsulation of adult cells may be needed to improve 

culture times and viability to further understand how the microenvironment influences 

mature cardiac myocytes. This platform highlights how 3D culture of AMVMs may shed 

light into the progression and development of cardiac pathologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Thiol-ene PEG hydrogels for adult mouse cardiac myocytes 3D encapsulation and 
culture.
A) Hydrogel matrices were formed by a photoinitiated thiol-ene polymerization of 8-arm 

poly(ethylene glycol) (PEGnb) (40 kDa) and poly(ethylene glycol) dithiol (PEG-SH). An 

adhesive peptide, CRGDS, was incorporated to facilitate cell adhesion to the hydrogels. B) 

Average rheological trace of hydrogel gelation in response to light, n=4. Hydrogel light-

initiated polymerization was measured by shear rheology. At indicated time, light was turned 

on for 90 sec at 365 nm; 2 mW cm-2. Hydrogel gelation point is indicated by the crossover 

of the storage and loss modulus. C) The shear modulus for healthy adult mouse left ventricle 

and PEG hydrogels. Shear modulus was measured by shear rheology. n=11 mice, n=9 

hydrogels. Data reported as mean ± SEM. D) Schematic of 3D encapsulation of adult mouse 

cardiac myocytes (AMVMs) in PEG hydrogels. Isolated AMVMs were mixed with hydrogel 

monomers, placed into cylindrical molds, polymerized with light for 90 sec, and placed into 

appropriate media.
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Figure 2: Adult mouse cardiomyocytes can be cultured in 3D PEG hydrogels for extended times.
A) Representative brightfield and live images of adult mouse cardiac myocytes (AMVMs) 

cultured in 3D PEG hydrogels for 0, 1, 2, 3, or 5 days. Cells were cultured with calcein 

(Live) and ethidium homodimer for 1 hour prior to imaging. Scale bar = 200um. B) 

Representative brightfield and live images of AMVMs cultured on glass coverslips for 0, 1, 

2 days. Cells were cultured with calcein and ethidium homodimer for 30 minutes prior to 

imaging. Scale bar = 200 um. C) Quantification of AMVM viability in 3D culture and glass 

coverlsips over 0, 1, 2, 3, or 5 days. For 3D culture N=3 mice, for glass N=4 mice. Two-way 

ANOVA with Bonferroni post-hoc test applied; *p<0.5 **p < 0.01. Data reported as mean ± 

SEM.
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Figure 3: Sarcomeric structure and t-tubules are preserved in adult mouse cardiomyocytes 
cultured in 3D PEG hydrogels over time.
A) Representative immunofluorescence images of 3D-cultured adult mouse cardiomyocytes 

stained for α-actinin (red) and caveolin-3 (green) over time. Viability of cells at the moment 

of fixing was evaluated by calcein staining, which is retained after the staining protocol. 

Merge image at the bottom of the panel. Scale bar = 20 μm in white. B) Representative 

images of adult mouse cardiomyocytes cultured on glass coverslips stained for α-actinin 

(red) and caveolin-3 (green) over time. Merge image at the bottom of the panel. Scale bar = 

20 μm in white. C) Above, magnification of the red channel from the white insets reported in 

panel A and B, respectively. Scale bar = 10 μm in white. Below, column graphs reporting the 
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amplitude and width of the fast Fourier order. n=5 per group. D) Above, magnification of the 

green channel from the white insets reported in panel A and B, respectively. Scale bar = 10 

μm in white. Below, column graphs reporting the amplitude and width of the fast Fourier 

order. n=5 per group. One-way ANOVA with Bonferroni post-hoc test applied; **p<0.01; 

***p<0.0001; ****p < 0.00001. Data reported as mean ± SEM.
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Figure 4: Adult mouse cardiomyocytes contractility is affected by different stiffnesses.
A) Columns showing the shear modulus for different thiol-ene PEG hydrogels, measured by 

shear rheology. Data reported as mean ± SEM. One-way ANOVA with Bonferroni post-hoc 

test applied; **p < 0.01, ****p < 0.0001. B) Viability of adult mouse cardiomyocytes 

encapsulated in thiol-ene PEG hydrogels with different stiffnesses at day 0 (2 hours post-

encapsulation). Viability assessed by calcein/ethidium homodimer staining and reported as 

% normalized to cells encapsulated in medium stiffness PEG hydrogel. Data reported as 

mean ± SEM, N=3. C) Representative cell shortening traces of adult mouse cardiomyocytes 

encapsulated in soft, medium, or stiff PEG hydrogels (blue, red, and grey, respectively). D) 

Graphs showing shortening, time-to-peak (TTP) and relaxation 90% (RT90%) of adult 

mouse cardiomyocytes encapsulated in soft, medium, stiff PEG hydrogels, or not 

encapsulated. Data reported as scatter plots with the central line representing the mean 

value, and the error bars representing SEM from n=10 cells (soft), n=8 cells (medium), n=7 

cells (stiff), and n=5 cells (no gel). N=3 (number of animals). One-way ANOVA with 

Bonferroni post-hoc test applied; *p<0.5 **p < 0.01, ***p < 0.001.
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Figure 5: YAP translocation in adult mouse cardiomyocytes responds differently to various 
stiffnesses over time.
A) Representative immunofluorescence images of adult mouse cardiomyocytes stained for 

YAP (red). Nuclear staining is DAPI (blue). Cells were cultured in soft, medium, or stiff 3D 

PEG hydrogels or onto glass coverslips over time. B) Graphs showing the ratio between 

nuclear and cytoplasmic localization of YAP. Nuclei detected with DAPI. Data reported as 

scatter plot with the central line representing the mean value, and the error bars representing 

SEM from day 0: n=12 nuclei (soft), n=7 nuclei (medium), n=14 nuclei (stiff), and n=14 

nuclei (glass); day 1: n=5 nuclei (soft), n=11 nuclei (medium), n=11 nuclei (stiff), and n=14 

nuclei (glass). day 2: n=6 nuclei (soft), n=4 nuclei (medium), n=5 nuclei (stiff), and n=7 

nuclei (glass). N=2 (number of animals). One-way ANOVA with Bonferroni post-hoc test 

applied; *p<0.5, **p<0.01, ***p < 0.001, ****p<0.0001.

Crocini et al. Page 20

Prog Biophys Mol Biol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Crocini et al. Page 21

Table 1.

YAP N:C ratio in AMVMs cultured in 3D PEG hydrogels and glass coverslips overtime.

Soft Medium Stiff Glass

DAYS 0 1 2 0 1 2 0 1 2 0 1 2

1.067 1.099 1.003 1.820 1.120 0.896 1.008 1.477 1.165 0.997 0.733 0.830

1.057 0.992 1.114 1.077 1.047 1.085 1.317 1.469 0.998 1.044 0.706 0.749

1.064 1.047 0.986 1.257 0.951 0.919 1.236 1.413 2.044 1.057 0.800 0.852

1.138 0.959 1.087 1.100 1.009 0.968 1.101 1.204 0.942 1.015 0.936 0.914

1.034 1.032 1.108 2.778 1.068 1.279 1.212 1.066 1.003 0.966 1.045

1.026 1.108 1.985 0.929 1.348 1.202 0.901 0.831 0.850

0.999 1.754 1.031 1.384 1.375 1.022 0.745 0.808

0.930 1.031 1.506 1.428 1.030 0.861

1.036 1.105 1.638 1.681 1.068 0.736

0.950 1.265 1.485 1.606 1.040 0.689

1.027 1.028 1.517 1.392 1.037 0.886

0.933 1.520 1.074 0.759

2.259 1.076 0.825

1.723 1.142 0.770
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