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Abstract

Background and Aims: Fibrotic tissue formed after myocardial infarction (MI) can be

as detrimental as MI itself. However, current in vitro cardiac fibrosis models fail to

recapitulate the complexities of post‐MI tissue. Moreover, although MI and

subsequent fibrosis is most prominent in the aged population, the field suffers from

inadequate aged tissue models. Herein, an aged human post‐MI tissue model,

representing the native microenvironment weeks after initial infarction, is

engineered using three‐dimensional bioprinting via creation of individual bioinks to

specifically mimic three distinct regions: remote, border, and scar.

Methods: The aged post‐MI tissue model is engineered through combination of

gelatin methacryloyl, methacrylated hyaluronic acid, aged type I collagen, and

photoinitiator at variable concentrations with different cell types, including aged

human induced pluripotent stem cell‐derived cardiomyocytes, endothelial cells,

cardiac fibroblasts, and cardiac myofibroblasts, by introducing a methodology which

utilizes three printheads of the bioprinter to model aged myocardium. Then, using

cell‐specific proteins, the cell types that comprised each region are confirmed using

immunofluorescence. Next, the beating characteristics are analyzed. Finally, the

engineered aged post‐MI tissue model is used as a benchtop platform to assess the

therapeutic effects of stem cell‐derived extracellular vesicles on the scar region.

Results: As a result, high viability (>74%) was observed in each region of the printed

model. Constructs demonstrated functional behavior, exhibiting a beating velocity of

6.7 μm/s and a frequency of 0.3 Hz. Finally, the effectiveness of hiPSC‐EV and MSC‐

EV treatment was assessed. While hiPSC‐EV treatment showed no significant

changes, MSC‐EV treatment notably increased cardiomyocyte beating velocity,

frequency, and confluency, suggesting a regenerative potential.

Conclusion: In conclusion, we envision that our approach of modeling post‐MI aged

myocardium utilizing three printheads of the bioprinter may be utilized for various

applications in aged cardiac microenvironment modeling and testing novel therapeutics.
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1 | INTRODUCTION

Cardiovascular disease (CVD) continues to be the leading cause of

death in the world, and is responsible for 2396 average deaths each

day in the United States alone.1 Myocardial infarction (MI) is a type of

CVD that arises as a result of atherosclerosis that eventually causes

myocardial ischemia, and composes 17% of CVD‐related deaths.1

Immediately after the infarction, most myocardial cells undergo

localized necrosis followed by inflammatory, proliferative, and

maturation phases of wound healing.2 During the inflammatory

phase, the immune system secretes small proteins such as cytokines

and chemokines to clear the infarct area of necrotic cardiomyocytes

and extracellular matrix (ECM) debris.3 Consequently, in the

proliferative phase, new muscular tissue forms in the region. In this

phase, new tissue begins to develop and myofibroblasts and

endothelial cells proliferate into the infarct area.4 Wound healing

concludes in the maturation phase where the newly formed tissue

matures and forms a collagenous scar.2 Unfortunately, this newly

formed scar tissue is ultimately detrimental, as it commonly results in

arrythmias and eventual heart failure in patients who survived MI

initially.5

Additionally, aging plays an important role in the onset of MI, with

the average age of a patient's first heart attack being 65.6 years for

males and 72 years for females.1 ECM degeneration due to aging is

believed to hinder cell functionality, which can increase the risk of MI

and other CVDs.6 Moreover, these age‐dependent changes in the heart

accentuate the effect of MI, exacerbating the scar tissue formed

afterwards.7 Therefore, it is important to create in vitro models that can

recapitulate an aged cardiac microenvironment using aged ECM8 as well

as aged cells,9 an effort which has recently begun in earnest but has thus

far failed to successfully produce such a model.

One of the main challenges in cardiac tissue engineering is the

scarcity of disease models that recapitulate post‐infarct myocar-

dium.2,10,11 In vivo models are commonly used to study MI and post‐

MI tissues because they allow for a whole‐body systemic response

under pathological conditions.12–15 However, these models cannot

accurately represent human physiological responses due to under-

lying differences in physiology and anatomy. With the emergence of

tissue engineering, post‐MI tissue was modeled using different

methods, such as microfluidic devices, organoids, and so forth,

hydrogels, and cell types to create a more physiologically, bio-

chemically and mechanically relevant post‐MI human micro-

environment to examine the effect of each contributor.16–18 Yet,

these models fall short in recapitulating the complex micro-

environment and the mechanical cues of the native post‐infarct

myocardium, as well as the effect of age.

The post‐infarct myocardial microenvironment can be character-

ized by a three‐part structure: scar tissue, border tissue, and remote

healthy tissue, each with distinct mechanical and biological properties

such as stiffness and cell composition.19 Scar tissue is stiffer than the

surrounding healthy tissue due to an increase in collagen deposition

and crosslinking. Border tissue is slightly stiffer than healthy tissue

due to a lower collagen increase compared to scar tissue. Finally,

healthy remote tissue has an “average” stiffness, allowing for proper

ventricular compliance and diastolic activity.19

These differences observed in the native post‐MI tissue should

be taken into consideration while creating the in vitro tissue models.

Although three‐dimensional (3D) bioprinting has been widely utilized

to recapitulate the complex healthy cardiac microenvironment, there

are only a number of 3D bioprinted post‐MI tissue models,18,20–22

and none of them take into consideration the aged microenvironment

or cells. Previously, extrusion‐based bioprinting has been used for a

variety of purposes, from printing entire myocardial constructs, heart

valves, and blood vessels,20 to creating fibrotic tissue models.21,22

Gelatin methacryloyl (GelMA) hydrogel is commonly used in

bioprinting either by itself or combined with other biomaterials23 as

a bioink because of its printability, tunability, and overall cell activity

enabling properties.22,24–26 Methacrylate hyaluronic acid (MeHA) is

another biomaterial utilized as a bioink because of its improved

mechanical properties and rigidity27 after being crosslinked, and has

also been utilized in conjunction with GelMA due to the bio-

compatibility of both materials.28

Creating a biomimetic post‐MI tissue model is important to

create platforms to test the efficacy of novel regenerative therapies.

Recently, novel regenerative treatments with extracellular vesicles

(EVs) have been proven to be effective for the treatment of MI.29 EVs

are common vehicles for transport of both local and systemic

communication between tissues, often through transported cyto-

kines, miRNAs, or other small biomolecules.30 While there are several

major categories of EVs, exosomes, those with sizes ranging from 30

to 200 nm, have been increasingly investigated as mediating critical

microenvironmental effects in both the onset and resolution of

CVDs.31 In addition to the diagnostic potential of cardiovascular

exosomes,32 recent evidence has suggested that certain populations

of exosomes, typically obtained from stem cells, can provide

therapeutic effects in damaged heart tissue independently from

stem cells themselves.33 Several preclinical and early clinical trials

have investigated the utility of mesenchymal stem cell (MSC) or

induced pluripotent stem cell (iPSC)‐derived exosomes as a novel,

cell‐free therapeutic for the treatment of MI or other large heart

injury.34,35 These studies have found that the usage of stem cell

exosomes either equals or surpasses treatment outcomes from using
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stem cells directly. However, the underlying mechanism and activity

of these exosomes in damaged cardiac tissue is not well understood,

limiting both the scalability and control over these novel therapeutic

strategies.

To bridge the current gap between clinical outcomes and in vitro

post‐MI tissue models, so as to better inform on responses to

regenerative therapies, we 3D bioprinted an aged human post‐MI

tissue model, including all three regions of the post‐infarct micro-

environment. In each region, we encapsulated different percentages

of cardiac cells; we combined various concentrations of aged human

iPSC (hiPSC)‐derived cardiomyocytes (iCMs), cardiac fibroblasts

(iCFs), endothelial cells (iECs), and cardiac myofibroblasts (iCMFs)

with different concentrations of GelMA, MeHA, aged collagen type I,

and PI to closely recapitulate the aged post‐infarct myocardium in

vivo. For that reason, the remote region contained iCMs, iCFs, and

iECs, the border region contained iCMFs in addition to the previously

mentioned three cell types, and the scar section contained only

iCMFs. Although previous studies frequently utilized stem cells to

engineer human heart models,36 either using iCMs alone37 or in

combination with other cell types such as iECs,13,38–41 iECs and

iCFs,42 or iECs, iCFs and hiPSC derived smooth muscle cells,43 our

study advances the field by engineering a 3D coculture using iCMs,

iCFs, iECs and iCMFs to create patient‐specific human post‐MI tissue

models. Moreover, by using aged cells and aged collagen, we

introduced the effect of aging in a post‐MI tissue model for the first

time. Additionally, to accurately mimic the stiffness of each region,

we used GelMA, MeHA, and aged human collagen to bioprint the

three sections with individual stiffnesses, utilizing a BIOX6 bioprinter.

After printing, we assessed cell viability via live/dead staining, and

validated cell phenotype and placement by immunofluorescence

staining. We then evaluated tissue health and function through

beating characteristics, including beating velocity and frequency.

Finally, we used the bioprinted aged post‐MI tissue model as a

benchtop platform to assess the therapeutic effect of either hiPSC‐

derived EVs (hiPSC‐EVs) or MSC‐derived EVs (MSC‐EVs) by analyzing

the beating characteristics.

2 | MATERIALS AND METHODS

2.1 | Cell culture

2.1.1 | hiPSC and MSC culture

The DiPS 1016 SevA hiPSC line derived from human skin fibroblasts

(passage number 30–40) was cultured on Geltrex (1% Gibco)‐coated

tissue culture flasks in mTeSR‐1 medium (StemCell Technologies)

supplemented with penicillin (Pen) (1%, VWR) at 37°C with 5% CO2.

Around 80% confluency, the hiPSCs were detached from the culture

flask using Accutase (StemCell Technologies), and seeded in Geltrex

(1%)‐coated culture well‐plates in mTeSR‐1 media supplemented with

Rho‐associated, coiled‐coil containing protein kinase (ROCK) inhibitor

(5 μM; StemCell Technologies). The hiPSC culture was maintained

with daily media changes with fresh mTeSR‐1 until 95% confluency

was reached.

MSCs were a kind gift from Dr. Glen Niebur. MSCs were kept in

culture in tissue culture flask in DMEM low glucose (1 g/L glucose,

Corning), supplemented with 10% exosome‐free fetal bovine serum

(FBS) and 1% Pen. Media was collected after 48 h in culture post‐

plating, then successively every 24 h and preserved for EV isolation.

2.1.2 | iCM differentiation induction

A previously established protocol was adapted to induce iCM

differentiation.44 When hiPSCs reached 95% confluency, they were

treated with CM (−) (RPMI Medium 1640 (Corning) supplemented

with B27 without insulin (2%, Gibco), beta‐mercaptoethanol (βME)

(final concentration of 0.1 mM, Promega), and Pen (1%) with the

addition of Wnt activator, CHIR99021 (CHIR) (10 μM, Stemgent). On

Days 2 and 3, the media was replaced with CM (−) containing 2 μM

CHIR. On Day 4, iCMs were treated with CM (−) media supplemented

with theWnt inhibitor IWP‐4 (5 μM, Stemgent). On Day 6, the media

was changed to CM (−). On Day 9, cells were treated with CM (+)

(RPMI Medium 1640 supplemented with B27 [2%, Gibco], βME [final

concentration of 0.1 mM], and Pen [1%]). After Day 9, cell culture

was maintained with media changes using CM (+) every 3 days. As

noted in our previous papers, beating of iCMs was often observed by

Day 21 of differentiation.38 To obtain aged iCMs, they were kept in

culture for at least 3 months before being used in the experiments. As

previous studies from our lab have shown, after 3 months in culture,

iCMs display cellular characteristics of aging such as low beating

frequency, lipofuscin granule formation and decreased expression of

NKX2.5 and ki67 similar to the native cells of aged heart.9

2.1.3 | iCF and iCMF differentiation induction

A previously published differentiation protocol was adapted for CF

differentiation from hiPSCs.45 At 100% confluency, hiPSCs were

treated with CM (−) supplemented with 10 μM CHIR99021. After

24 h, the media was replaced with CM (−) without CHIR. On Day 3,

the media was changed to CFBM media (Supporting Information S1:

Table 1) supplemented with FBS (10% Hyclone), containing 75 ng/mL

FGF, and this process was repeated every other day until Day 20. On

Day 20, the tissue culture flask was coated with fibronectin (Sigma

Aldrich) in phosphate‐buffered saline (PBS) (50 µg/mL). The iCFs

were then detached using trypsin‐EDTA (0.25%, Stem Cell Technol-

ogies) and passaged on these flasks and cultured in DMEM

(Dulbecco's modified Eagle's medium) high glucose media (4.5 g/L,

basal medium, Corning) supplemented with FBS (10%),

penicillin–streptomycin (P/S, 1%) (Sigma), and SD208 (3 μM, TGF‐β

receptor 1 kinase inhibitor) (Sigma‐Aldrich, St. Louis). iCFs were

maintained with media changes with SD208 (3 μM) added DMEM

high glucose media supplemented with FBS (10%) and P/S (1%)

(DMEM complete) every 2 days and kept at 37◦C with 5% CO2.

BASARA ET AL. | 3 of 15



After differentiation, the cells were characterized using brightfield

imaging, immunofluorescence, and qRT‐PCR and successful differen-

tiation was confirmed (Supporting Information: Figure S1). For iCMF

differentiation induction, iCFs were treated with DMEM high glucose

media supplemented with TGF‐β (10 ng/mL, Abcam) when they were

around 80% confluency. iCMFs were maintained with media changes

using DMEM complete every 2 days and kept at 37◦C with 5% CO2.

The success of the transdifferentiation was confirmed using

immunofluorescence‐specific markers (Supporting Information:

Figure S2).

2.1.4 | iEC differentiation induction

A previously reported differentiation protocol was adapted for

cardiac endothelial cell differentiation from hiPSCs.46 In brief, hiPSCs

were treated with a 1:1 mixture of DMEM to F12 with Glutamax and

Neurobasal media supplemented with N2 (Life Technologies), B27,

CHIR (8 µM), and bone morphogenic protein 4 (25 ng/mL, R&D

Systems). After 4 days, the media was changed to StemPro‐34 SFM

medium (Life Technologies) supplemented with vascular endothelial

growth factor (200 ng/mL, PeproTech) and forskolin (2 µM, Sigma‐

Aldrich), and on Day 5, the media was replaced again. On Day 6, the

cells were then sorted against vascular endothelial cadherin (VE‐Cad)

(Abcam) utilizing magnetic assisted cell sorting (MACS) using an

autoMACSpro (Miltenyi Biotec, Harvard University). The purity of the

cell population was validated using fluorescence‐assisted cell sorting.

After higher than 95% purity was ensured, iECs were cultured on

fibronectin‐coated (50 µg/mL) tissue culture flasks in endothelial

growth medium‐2 (EGM‐2, Lonza).

2.2 | 3D bioprinting the post‐MI tissue model

2.2.1 | GelMA and MeHA synthesis

To synthesize the photocrosslinkable GelMA and MeHA hydrogels,

previously established protocols were utilized.47,48 In brief, 10 g of

gelatin (gel strength 300 g Bloom, Type A, from porcine skin, Sigma‐

Aldrich) was dissolved in 100mL of PBS at 60°C. Then, 2 mL of

methacrylic anhydride (Manh, Sigma‐Aldrich) was added dropwise

slowly while keeping the pH around 8 and constantly stirring at 60°C.

After 3 h, the solution was diluted with 400mL of PBS at 40–50°C

and stirred. After 15min, the solution was transferred into

12–14 kDa MWCO dialysis membranes (VWR) and dialyzed against

DI water for a week with twice‐daily water changes. Lastly, the

GelMA solution was filtered and lyophilized for further use. MeHA

was obtained by dissolving 0.2 g of HA (MW: 1.5–1.8 × 106 Da,

Sigma‐Aldrich) in 60mL DI water at room temperature with constant

stirring. After 24 h, 40mL dimethylformamide (DMF, Sigma‐Aldrich)

was added dropwise using a glass pipette. Then, 0.8 mL of Manh was

added dropwise and the pH was adjusted to 8–9 for the reaction to

take place at 4°C. The following day, the mixture was placed in

12–14 kDa MWCO dialysis membranes and dialyzed against DI

water. After 3 days, the water is replaced 2–3 times a day before

filtering and lyophilizing. Finally, the degree of methacrylation was

quantified using NMR (Supporting Information: Figure S3).

2.2.2 | Mechanical characterization of the Bioinks

The hydrogels used to create the different regions: remote (healthy),

border and scar (infarct) of the post‐MI tissue model, were prepared

with the concentrations reported in Table 1. First, GelMA was

dissolved in PBS at the required concentrations and the mixture was

kept in a water bath at 37°C until the solution was completely

homogeneous. Then, MeHA was dissolved in PBS to obtain 3% (w/v)

and the mixture was kept at 80°C for 1 h, until the MeHA was

completely dissolved. Aged collagen type 1 (6mg/mL) (HumaBiolo-

gics) was titrated to adjust the pH to 7 and kept at 4°C before mixing.

Irgacure2959 photoinitiator (PI, Sigma) solution was prepared

(1% w/v in PBS) and was added to GelMA and MeHA solutions

using the concentrations given in Table 1. Then, collagen was added

to the mixture in the desired concentration, and the solution was

transferred onto a stage with 100‐µm‐thick spacers and sandwiched

between the stage and a glass slide. The Young's modulus of each of

the prepared bioinks was measured by performing compression tests

using a nanoindenter (Optics 11) with an indentation probe (spring

constant of 0.51N/m, tip diameter of 46 μm) as reported previ-

ously.22 Then, the Young's modulus of each of the bioinks was

determined by calculating the slope of the stress–strain curve in the

elastic region, which was obtained using an in‐house MATLAB code.

2.2.3 | Bioprinting the post‐MI tissue model

To engineer a biomimetic post‐MI tissue model, bioinks were

prepared by combining different concentrations and combinations

of cells and hydrogels to mimic a real post‐infarct region. Aged iCMs

(>3 months), high‐passage iCFs (passage 9–14), high‐passage iECs

(passage 9–14), and high‐passage iCMFs (passage 9–14) were

detached using trypsin‐EDTA. After centrifugation at 1000 rpm for

5min, cell combinations and concentrations were combined together

so that each tube has the required cell type and amount to represent

each region as presented in Table 2 and centrifuged again. After

removing the supernatant, each cell combination was mixed with the

corresponding hydrogel solution shown in Table 1. This was done by

TABLE 1 Final concentrations of hydrogel components used in
remote, border and scar regions.

GelMA MeHA Collagen (mg/mL) PI (%)

Remote 10% w/v ‐ 1 0.025

Border 12% w/v ‐ 1.5 0.033

Scar 15% w/v 1% w/v 2 0.15
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resuspending the resultant cell pellet in the required volume of

collagen necessary to construct each gel, then mixing the cell‐

collagen solution with the prepared hydrogel, sans collagen, solution.

Bioinks representing the different regions were placed in individual

cartridges and submerged in an ice bath for 1–2min to achieve the

necessary consistency for printing.

CELLINK BioX6 Bioprinter (CELLINK) and a custom‐made

G‐Code were used to print the post‐MI tissue model. Three

printheads with 22G nozzles were employed and three concentric

circles with reported dimensions (Table 3) were printed on a sterilized

charged glass (Globe Scientific Inc.) placed in a 60‐mm dish. This

process was carried out using a translational speed of 3.5 mm/s.

Immediately after printing, the constructs were photocrosslinked

with 30 s UV (6.9W/cm2 UV radiation) using a UV lamp (Lumen

Dynamics). Printed constructs were then placed in a well‐plate with

1mL of DMEM complete and media was changed three times every

10min, for a total of 30min. Finally, the media was replaced with a

combination media made of equal volumes of CM (+) for the

nourishment of iCMs, EGM‐2 for the nourishment of iECs and

DMEM high glucose media (4.5 g/L, basal medium) supplemented

with 3 μM SD208 for the nourishment of iCFs in the construct.

2.3 | Characterization of the tissue constructs

2.3.1 | Cell type characterization of the post‐MI
tissue model

Differentiated cells were collected using trypsin‐EDTA and tagged

with cell trackers before printing. iCMs were tagged with CellTracker

green CMFDA (1 µM, Life Technologies), iCFs were tagged with

CellTracker blue (1 µM, Life Technologies), iECs were tagged with

CellTracker orange CMTMR (1 µM, Life Technologies), and iCMFs

were tagged with CellTracker deep red (1 µM, LifeTechnologies) dyes

following the manufacturer's instructions. After printing, the tiles

images were taken and stitched together using a fluorescence

microscope (Zeiss, Hamamatsu ORCA flash 4.0).

2.3.2 | Cell viability characterization of the post‐MI
tissue models

To evaluate the viability of the 3D printed post‐MI tissue models,

live/dead assay was performed (Life Technologies) following the

manufacturer's instructions. Briefly, 24 h after the printing, the

constructs were washed twice using PBS and incubated in a solution

containing calcein AM (live cells, green, 2 μM), Ethidium homodimer‐

1 (dead cells, red, 4 μM), and Hoescht (8 µM, Thermo Scientific) at

37◦C about 30min. Then, for every sample, z‐serial images were

taken with the confocal microscope. Finally, live and dead cells were

counted using a custom MATLAB code and viability percentage was

quantified by using the following equation:

live cell (%) = [(live cell number)/(total cell number)] × 100.

(1)

2.3.3 | Immunostaining

Immunostaining was performed on the constructs to show the cell‐

specific protein expression in different regions, as well as to analyze

the cell–cell and cell–matrix‐related protein expressions. Briefly,

7 days after the printing, the constructs were washed twice using

PBS and fixed using paraformaldehyde (4%, Electron Microscopy

Sciences) for 1 h for at room temperature, and then washed with PBS

for 30min with washes every 10min. Cells were permeabilized by

incubation in Triton X‐100 (0.1%, Amresco) solution for 45min and

then washed with PBS three times every 10min, in total 30min.

Then, goat serum (10%, Sigma‐Aldrich) was used to block the cells for

2 h at room temperature, and cells were incubated with desired

primary antibody diluted according to the manufacturer's recommen-

dations (Supporting Information: Table 2) at 4°C overnight. Con-

structs were then washed with PBS, and incubated with secondary

antibodies, 647‐rabbit (Abcam) and 488‐mouse (Abcam), diluted

(1:200) in goat serum at 4°C for 6 h. Constructs were then washed

with PBS three times and incubated with DAPI (1 µg/mL w/v in PBS,

Sigma Aldrich) for 5 min at room temperature. The washing process

with PBS was repeated until no background remained. Before

imaging, constructs were mounted using Prolong gold (Invitrogen).

TABLE 2 Cell composition of remote, border, and scar regions.

iCMs
(mil/mL)

iCFs
(mil/mL)

iECs
(mil/mL)

iCMFs
(mil/mL)

Remote 20 6 3 ‐

Border 10 3 1.5 1

Scar ‐ ‐ ‐ 10

TABLE 3 Printing parameters and construct dimensions.

Printer type Nozzle size Printing speed Printing pressure Temperature Construct diameters

CELLINK BioX6

Bioprinter

22G (410 μm) 3.5mm/s 10–15 kPa Room temperature

(25–30°C)
Remote (hollow cylinder): 10 mm outer diameter,

6 mm inner diameter, 0.3 mm height

Border (hollow cylinder): 6mm outer diameter,

4mm inner diameter, 0.3mm height

Scar (cylinder): 4 mm diameter, 0.3 mm height
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Finally, imaging was performed with airyscan and fluorescence

microscopy. Post imaging processing was performed using the Zeiss

Zen software and ImageJ (National Institutes of Health).

2.3.4 | Beating analysis

To analyze the beating characteristics of iCMs in the post‐MI tissue

model, 20 s bright field videos at ×20 magnification were taken on

Day 1 and Day 3 after printing. Then, the beating velocity and

frequency of the printed constructs were quantified. Video analysis

of lateral displacement of spontaneous beating iCMs and heat maps

were generated using an in‐house MATLAB code as previously

described.22

2.4 | Stem cell‐derived EVs treatment

2.4.1 | Vesicle isolation

Supernatant was collected from SEVA iPSC, or MSC cultures after

48 h in culture post‐plating, and then every 24 h. Collected media

was centrifuged three times successively at 500g for 10min, 2500g

for 20min, and 10,000g for 30min to remove dead cells or other

debris from the supernatant. The purified supernatant was then

ultracentrifuged at 100,000g for 70min at 4°C to obtain an exosome

pellet. The remaining supernatant was removed, and the pellet was

either used immediately or stored at −80°C.

2.4.2 | Vesicle staining

EVs were stained with the ExoGlow (System Biosciences) kit,

according to the manufacturer's protocol. Briefly, EV content was

quantified using bicinchoninic acid gold protein quantification assay

(Thermo Fisher Scientific), and 100 µg of the sample was resus-

pended in 12 µL of provided reaction buffer. Next, 2 µL of ExoGlow

stain was added and the solution was mixed, allowing the reaction to

take place for 30min at room temperature in the dark. The stained

EVs were then isolated using a density gradient column (GE

Healthcare) and resuspended in 1mL of PBS. Stained EVs were then

isolated from the solution by ultracentrifugation at 100,000g for

70min at 4°C and immediately resuspended in 30 µL of PBS for

direct injection. To prepare hydrogel–EV mixtures, EVs were

combined with shear thinning hydrogel solution consisting of 3%

gelatin (w/v PBS) and 4% microbial transglutaminase (w/v PBS). They

were then injected into the scar zone of the models and kept at room

temperature for 5min allowing the hydrogel to crosslink before

placing the media. 3D bioprinted tissue models were treated with

either only EVs or EV–hydrogel mixture for 3 days. On Day 1 and

Day 3, brightfield videos were taken and beating velocity and

frequency were analyzed as described in the previous section.

Additionally, beating confluency analysis was conducted, revealing

the ratio of beating area over total area covered by the cells.

Immediately after taking videos on Day 3, the models were fixed and

stained using CD9 antibody (1:100, Abcam), and VE‐Cadherin (1:100,

Abcam), following the manufacturer's protocol and the methodology

described above. Before imaging, samples were mounted using

Prolong gold. Then, imaging was performed with airyscan and

fluorescence microscopy. Finally, Zeiss Zen software and ImageJ

were employed for post imaging processing.

2.5 | Statistical analysis

Data were represented as average ± standard deviation or average ±

standard error of the mean (SEM), when specified. The one‐way

analysis of variance (ANOVA) with Tukey's post hoc was used to find

any statistically significant differences. If there were two individual

groups, the Student's t‐test was performed. All p values were

reported to be two‐sided, and p < 0.05 was considered statistically

significant. Sample size (n) ≥3 for all individual experiments.

3 | RESULTS

3.1 | 3D bioprinting the aged human post‐MI tissue
model

Post‐MI myocardium undergoes biomolecular and biomechanical

changes over time.2 In this study we created an in vitro model

representing the maturation phase post‐MI (weeks or months after

MI), which can be characterized by three distinct regions: remote,

border, and scar, represented here as red, yellow, and grey

respectively (Figure 1A). Previous in vivo studies report that the scar

region is vastly different in terms of stiffness, collagen concentrations

and cell types compared to the border and the remote regions.49 To

account for these variations, bioinks were prepared combining

GelMA, collagen, and MeHA in various concentrations and by mixing

them with the required cell types to closely mimic the in vivo

construction of each region, as described in the previous section. The

hydrogels were combined such that final concentrations of 10%

GelMA, 1mg/mL collagen, 0.025% PI for remote, 12% GelMA,

1.5mg/mL collagen, 0.033% PI for border, and 15% GelMA, 1%

MeHA, 2mg/mL collagen, 0.15% PI for scar region are obtained. The

Young's modulus of each of the prepared composite hydrogels was

measured to be 1.5 ± 0.7 kPa for remote, 2.0 ± 0.8 kPa for border, and

10.9 ± 1.6 kPa for scar, demonstrating the desired change in the

stiffness as expected from the manipulation of collagen and

hyaluronic acid concentrations (Figure 1B).

To show the different cell types and concentrations in each

region, cells were stained using a cell tracker before printing

(Figure 1C). The scar region is populated with only iCMFs (deep

red); the border region is populated with all cell types: iCMFs, iCFs

(blue), iECs (orange), and iCMs (green); and the remote region is

greatly populated with iCMs as well as iCFs and iECs.
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3.2 | Viability assessment of the 3D bioprinted
aged human post‐MI tissue models

The effect of different hydrogels, PI concentrations, and bioprinting

process on the viability of the cells was evaluated by performing live/

dead staining 24 h post‐printing (Figure 2). The images were taken

using confocal microscopy and the viability percentage of each region

was calculated to be 83% ± 8% for the remote region (Figure 2B),

75% ± 14% for the scar region (Figure 2C), and 75% ± 12% for the

border region (Figure 2D), respectively.

3.3 | Immunofluorescence characterization of the
3D bioprinted aged human post‐MI tissue models

In the printed post‐MI tissue model, each region consists of

combination of different cell types and hydrogels. To show the

specific characteristics of the cells forming each region, immuno-

fluorescence staining was performed 7 days after printing, using cell‐

specific proteins. The remote region was comprised of iCMs, iCFs,

and iECs; therefore, cell‐specific proteins such as sarcomeric alpha

actinin [SAA] (for iCMs), Vimentin (for iCFs), and VE‐Cadherin (for

iECs) were used (Figure 3A). The border region included all the cell

types exists in the remote region with the addition of iCMFs, which

was stained with myofibroblast marker alpha smooth muscle actin

[α‐SMA] (Figure 3B). The scar region consisted of only iCMFs, and

therefore was stained only with Vimentin and α‐SMA (Figure 3C).

Each region was also stained using Vinculin and N‐Cadherin to

identify the changes in cell–cell and cell–matrix interactions resulting

from the changing hydrogel and cell concentrations. The expressions

of Vinculin and N‐Cadherin in the remote and border regions were

normalized to cell number and, the Vinculin and N‐Cadherin

expressions at the scar region. The fold change for Vinculin

expression was calculated as 0.45 ± 0.20 (SEM) and 0.73 ± 0.17

(SEM), for the remote and border regions, respectively (Figure 3D).

For N‐Cadherin the fold change was 0.53 ± 0.22 (SEM) for the

remote region and the border region was 0.69 ± 0.16 (SEM)

(Figure 3E).

3.4 | Beating characteristics of the printed post‐MI
tissue models

As early as 24 h after printing, spontaneous beating was observed in

the remote and border regions. On Day 1 and Day 3 following

printing, brightfield videos were taken to observe the beating

characteristics of the iCMs in the remote region. Beating velocity

and frequency were calculated using an in‐house MATLAB code with

the block‐matching algorithm as explained in detailed previously50

and heat maps were generated for confluency calculation in addition

to beating velocity and frequency (Figure 4A,B). While beating

velocity indicates the rate of change of the CMs’ position with

respect to time, beating frequency indicates the rate at which beating

occurs. Beating velocity was measured to be 5.4± 1.3 µm/s for Day 1

F IGURE 1 Three‐dimensional bioprinting
of the post‐myocardial infarction (MI) tissue
model. (A) Schematic showing the three
regions formed post‐MI (R: Remote, B: border,
S: scar). (B) Young's Modulus results of the
composite hydrogels representing each
region. (C) Tiles image showing the printed
post‐MI model after staining the cells using
cell tracker (human iPSC‐derived
cardiomyocytes [iCMs] were tagged with
CellTracker green, hiPSC‐derived cardiac
fibroblasts [iCFs] were tagged with
CellTracker blue, hiPSC‐derived endothelial
cells [iECs] were tagged with CellTracker
orange, and hiPSC‐derived cardiac
myofibroblast [iCMFs] were tagged with
CellTracker deep red). The inset is showing the
zoomed in image (n = 3, n.s.: nonsignificant,
****p < 0.0001).
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and 6.7 ± 3.5 µm/s for Day 3 (Figure 4C) and beating frequency was

calculated as 0.25 ± 0.10 Hz for Day 1 and 0.29± 0.13 Hz for Day 3

(Figure 4D).

3.5 | Using the 3D bioprinted aged human post‐MI
tissue model as an EV treatment testing platform

After the viability and the functionality of the bioprinted aged human

post‐MI model was confirmed, it was used as a platform to test the

efficiency of hiPSC‐EVs, which is among other stem‐cell derived EVs

that have been investigated for use in post‐MI treatments of the scar

region.51–53 Ergo, 3 days after printing the hiPSC‐EVs, were either

injected directly into the scar region or mixed with a hydrogel before

injection. When the EV–hydrogel mixture was injected, EVs were

observed to be immobile within the hydrogel and thus stayed in the

scar region. This was confirmed via staining for CD9, a well‐

established EV marker, shown in violet and indicated with white

arrows in Figure 5A. Moreover, 3 days after EV treatment, the scar

region demonstrated VE‐Cadherin expression, which is not observed

in cardiac myofibroblasts and specific to endothelial cells54

(Figure 5B). Similar to Section 3.4, beating velocity and frequency

of the nontreated, directly EV‐treated, and EV‐hydrogel‐treated

post‐MI models were analyzed. When treated with hiPSC‐EVs, no

significant changes of beating velocity and frequency were observed

during the timeframe of this experiment (Supporting Information:

Figure S4). When the aged post‐MI tissue models were treated with

MSC‐EVs and the beating velocities of treated models were

normalized to nontreated models, the ratio of beating velocities

was calculated as 0.86 ± 0.08 for baseline, 1.29 ± 0.43 for Day 1, and

1.40 ± 0.09 for Day 3, revealing a significant increase from baseline to

Day 3 (Figure 5C). Similarly, the normalized beating frequencies were

quantified to be 0.96 ± 0.05 for baseline, 1.21 ± 0.08 for Day 1, and

1.14 ± 0.06 for Day 3, indicating a significant increase between both

Day 1 and Day 3 compared to the baseline values (Figure 5D). Finally,

the normalized beating confluency values, which indicates the area

occupied by beating CMs, were calculated as 0.92 ± 0.02 for baseline,

1.54 ± 0.57 for Day 1, and 3.99 ± 1.11 for Day 3, revealing a

significant increase from baseline to Day 3 (Figure 5E).

4 | DISCUSSION

Although MI remains one of the most common CVDs affecting

millions of people worldwide, it is known that scar tissue formed

following the MI is an equally lethal contributor. Yet, in vitro

platforms to evaluate the efficacy of novel therapies continue to

bottleneck research, and animal studies, which requires interspecies

translation of the results, are driving much of the advancement in this

area.10,11 Unfortunately, the fundamental differences between

animal and human pathology and physiology hinder the successful

translation of the results observed in in vivo studies. To advance the

field of cardiac tissue engineering, more biomimetic human tissue

models are needed. Additionally, the effects of aging have been

increasingly investigated in engineered tissue models, due to the

difficulty of modeling aging‐related changes in animal models and the

known relationship between age and clinical outcomes for MI,

fibrosis, and other CVDs. This gap in translatable knowledge is a

critical junction which necessitates the development of models which

can accurately replicate the tissue microenvironment, and mechanical

cues which affect tissue behavior and drug response in older

individuals.

F IGURE 2 Viability assessment for the
three‐dimensional bioprinted post‐myocardial
infarction (MI) tissue model with live (green)/
dead (red) staining. (A) Brightfield image
showing the different regions of the
bioprinted construct. Confocal image and
viability analysis for (B) remote region (human
iPSC‐derived cardiomyocytes [iCMs], hiPSC‐
derived cardiac fibroblasts [iCFs], hiPSC‐
derived endothelial cells [iECs]), (C) scar region
(hiPSC‐derived cardiac myofibroblast [iCMFs]),
and (D) border region (iCMs, iCFs, iECs,
iCMFs) (n = 3).
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Previous in vitro studies are mostly dedicated to developing

cardiac tissue models and subsequently inducing hypoxic conditions

to create the MI‐mimicking conditions,2,40 and rarely divert any focus

to modeling the post‐infarct myocardial tissue. A handful of studies

developed post‐MI tissue models using a microfluidic device,10,55

whereas some others created an oxygen gradient in the tissue

model.56 Additionally, to mimic the complexity of the post‐MI tissue,

3D bioprinting has also been utilized previously.21 In their study, Koti

et al., combined GelMA with rat CMs and rat CFs to represent the

healthy and scar region, respectively, and printed using two

printheads. Similarly, in our previous study, we engineered a healthy

and scar tissue model using two printheads, except we took into

consideration the stiffness difference between the healthy and scar

regions.22 Yet, a 3D bioprinted model that combines the mechanical,

biomolecular, and cellular difference between the three distinct

regions of the post‐MI tissue remains to be developed.

In this study, we advanced the field by developing an aged

human post‐MI tissue model using three different bioinks consisting

of various concentrations of GelMA, MeHA, aged collagen, and PI,

and four different iPSC‐derived aged cardiac cells combined to

closely recapitulate the native post‐MI tissue formation, using a 3D

bioprinter. This is the first study which accomplishes the 3D

F IGURE 3 Phenotypal characterization of the three‐dimensional bioprinted post‐myocardial infarction (MI) tissue model. (A) Airyscan images
of the remote region showing sarcomeric alpha actinin (SAA) (green), Vimentin (violet) (left image), SAA (green), VE‐Cadherin (violet) (middle
image), Vinculin (green) and N‐Cadherin (violet) (right image), and DAPI (blue) (all). (B) Airyscan images of the border region showing SAA (green),
VE‐Cadherin (violet), (left image), Alpha smooth muscle actin (α‐SMA) (green), Vimentin (violet) (middle image), Vinculin (green) and N‐Cadherin
(violet) (right image), and DAPI (blue) (all). (C) Airyscan images of the scar region showing α‐SMA (green), Vimentin (violet) (left image), Vinculin
(green) and N‐Cadherin (violet) (right image), and DAPI (blue) (all). (D) Vinculin expression in the remote, border, and scar regions normalized to
DAPI and scar region, and (E) N‐Cadherin expression in the remote, border, and scar regions normalized to DAPI and scar region (n = 6, n.s.:
nonsignificant, *p < 0.05) (error bars represent standard error of the mean [SEM]).
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F IGURE 4 Beating characteristics of the remote region of the three‐dimensional bioprinted post‐myocardial infarction (MI) tissue model.
The heat maps showing the beating velocity magnitude (A.U.) and distribution of human iPSC‐derived cardiomyocytes (iCMs) encapsulated in
the remote region (A) 1 day post printing, (B) 3 days after printing, (C) average beating velocity of the iCMs, and (D) average beating frequency of
the iCMs.

F IGURE 5 Using the three‐dimensional
bioprinted post‐myocardial infarction (MI)
tissue model as a platform to test extracellular
vesicle (EV) therapy. (A) Fluorescence image
showing the CD9‐positive EVs (violet) (white
arrows pointing the CD9 expression) stayed in
the injected scar region when mixed with
shear thinning hydrogel. Cell nuclei are
indicated with DAPI (blue). (B) VE‐Cadherin
(green) expression was observed in the EV‐
treated scar region. (C) Beating velocity of EV‐
treated post‐MI tissue models normalized to
the untreated controls each day. (D) Beating
frequency of EV‐treated post‐MI tissue
models normalized to the untreated controls
each day. (E) Beating confluency percentage
of EV‐treated post‐MI tissue models
normalized to the untreated controls each day
(n ≥ 3, n.s., nonsignificant, *p < 0.05,
**p < 0.01).
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bioprinting of a post‐MI tissue model while accounting for both the

biomolecular and biomechanical changes in the in vivo post‐MI

infarct region. Moreover, while engineering our model, we used

hiPSC‐derived cardiac cells which can transfer the genetic variations,

enabling the creation of patient‐specific post‐MI tissue models in

the future.37

In this paper, we have combined various cell types with different

hydrogels before printing to engineer three distinct regions and

reported high viability (>74% in each region) (Figure 2B–D), which is

typically difficult to achieve in photocrosslinked hydrogels due to the

adverse effects of Irgacure 2959 PI on cell viability.57 Here, using a

lower PI concentration in the remote and border regions served the

dual purpose of decreasing stiffness and enhancing overall cell

viability. Due to the increased resilience and survivability of CMFs,58

increasing the PI concentration to obtain the desired stiffness in the

scar region had notably less impact on cell viability than would be

expected in other cell types. While it is possible that the viability of

the scar region would have been greater if a lower concentration of

PI was used, since it has been previously shown that increasing

Irgacure 2959 PI concentration has an adverse effect on the cell

viability,59 to have bioinks with the required stiffness it was

necessary to use a relatively higher PI concentration.

The utilized printing methodology included different concentra-

tions and types of biomaterials and cells to be printed as three

distinct regions. Aged collagen and cells were used to recapitulate the

aged cardiac microenvironment. To the best of our knowledge, this is

the first study to utilize three printheads and prepare bioinks with

four different cell types of myocardium to create an aged human

post‐MI tissue model. We developed a methodology as explained in

detail in the “Materials and Methods” section, which can be employed

for many different healthy and diseased tissue modeling applications.

In this study, the specific concentrations of the hydrogels forming the

different regions were determined considering the mechanical,

chemical, and printability characteristics of the bioinks (Figure 1).

Keeping these three pillars in mind, the hydrogel concentrations were

optimized, and resulted in almost an order of magnitude stiffness

difference between the scar region compared to the border and

remote regions as shown previously in a large animal model.49

Moreover, the concentration of collagen and hyaluronic acid has

been previously shown to increase in the scar region, which we took

into consideration in our model.49,60 Additionally, the cell concentra-

tions were also determined such that it recapitulate the in vivo post‐

infarct myocardium tissue.19,61–63 Finally, the shape of the bioprinted

construct was chosen such that it closely resembles the cross‐section

of the in vivo post‐infarct myocardium tissue.64

Development of functional tissue constructs via printing is also

paramount. Here, the 3D printed models showed a beating velocity of

6.7 μm/s and a frequency of 0.3Hz on Day 3. Previously our group

reported a slightly higher beating velocity (~8 μm/s) and greater

frequency (~0.6Hz) of the 3D bioprinted iCMs alone with GelMA. The

decrease in the beating velocity and frequency can be explained by the

inclusion of other cell types, which is consistent with the previous

studies which reported that the best mechanical performance was

achieved with 100% cardiomyocytes compared to 70% and 30% CMs,

with the extraneous cells being ECs and CFs, analogous to our study.65

Another reason for the slightly lower beating performance of our 3D

printed models may be the existence of the border and scar regions,

and the inclusion CMFs which are known to promote hypertrophy, via

release of profibrotic factors,66 and be otherwise deleterious to

healthy myocardium. Additionally, mechanical signals from CMFs

previously have shown to affect the electrophysiology of the CMs

and decrease the conduction velocity.67

To perform a phenotypal characterization of the 3D printed post‐

infarct myocardium model, we stained all the regions using cell‐specific

antibodies (Figure 3). Cardiomyocytes were stained with SAA, which is

an actin‐binding protein bounded at the Z‐disks sustaining the muscle

contraction.68 Striated sarcomeres were observed at the remote and

border regions where the iCMs were encapsulated (Figure 3A,

middle and B, left). To characterize the iECs, VE‐Cadherin was chosen

as it is specific to endothelial cells.69 Similar to iCMs, VE‐Cadherin

expression was observed in the remote and border regions. Vimentin

was used as the biomarker for iCFs since it is the most specific marker

for them.70 Vimentin expression was observed in all the regions as the

border and remote regions contain iCFs and the scar region consists of

iCMFs. Finally, α‐SMA, which is a marker for cardiac myofibroblasts,71

was expressed in both border and scar regions as they contain iCMFs.

As shown in Figure 3C, the expression of α‐SMA in the scar region is

substantially greater than the Vimentin expression, confirming that the

cells are cardiac myofibroblasts. These are all well‐known markers

specific to each cell type, validating that the 3D bioprinted post‐infarct

myocardium tissue model is closely recapitulating the in vivo post‐MI

tissue in the maturation phase. After phenotypically characterizing each

region, the cell–cell and cell–matrix relations were investigated by

staining each region using N‐cadherin and Vinculin, respectively. The

scar region showed the greatest expression for Vinculin and N‐

Cadherin, which was in line with the previous literature reporting that

increased substrate stiffness would increase both Vinculin and N‐

Cadherin protein expression.72,73

Finally, as a proof of concept, we utilized the developed aged

post‐MI tissue model as a testing platform for therapeutic strategies.

Recently, stem cells and stem‐cell‐derived EV treatments have shown

to improve cardiac functionality post‐MI, reduce the infarct region

size, and promote angiogenesis.35 EVs are promising therapeutics,

and they present a cell‐free biological that can facilitate many of the

observed benefits of stem cell therapy. In this study, to maintain the

human origin, as well as provide precedent for the use of patient‐

specific EVs with this model, we first used hiPSC‐EVs. We were able

to show that EVs stayed in the scar region when we mixed EVs with a

hydrogel before injection (Figure 5A). Here, we utilized a shear‐

thinning hydrogel to ease the injection and subsequent crosslinking

independently, which is similar to the HA‐based hydrogel that was

used previously to create and inject EV mixture into a rat model, and

reported that treatment with EVs improved the vessel formation

organization.74 Similarly, after treating with EVs, we observed VE‐

Cadherin expression at the scar region, where there were initially no

endothelial cells encapsulated (Figure 5B), which suggests that the EV
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treatment may have independently promoted endothelial cell

infiltration and neovascularization. Although previous hiPSC‐EV

treatment studies reported that EV treatments enhanced the cardiac

functionality in vivo52 we did not observe any significant increase in

the beating velocity and frequency of the iCMs forming the remote

region as a result of a 3‐day treatment. This might be due to longer

treatment durations in vivo (around 3 weeks), and the lack of a

systematic, whole‐body response in this model. On the other hand,

we did observe that direct injection of MSC‐EVs into the scar region

resulted in significant improvement of beating velocity, frequency,

and confluency compared to the baseline when normalized to

nontreated controls (Figure 5C–E). Our results are in alignment with

the previous literature, as MSC‐EVs are one of the most commonly

used EVs that have been recently gaining popularity as a regenerative

therapy due to promising preclinical and clinical results.51 Addition-

ally, as the post‐MI tissue causes arrhythmia, and this effect

intensifies in the aged population, showing that the MSC‐EV‐

treated aged human post‐MI tissue constructs have improved cardiac

function is a promising observation both in the sense of the

effectiveness of the developed platform as well as the therapeutic

effect of the MSC‐EVs.

In this study, we characterized changes in cardiac function by

examining beating velocity, frequency, and confluency. In addition to

these parameters, previous studies investigated the effect of

regenerative treatments on the beating force,75 displacement76 and

relaxation time,77 which can be further assessed using our 3D printed

post‐MI tissue model. To improve the regenerative effect, increasing

the EV concentration as well as increasing the treatment duration

might be a starting point for future studies. Additionally, beyond

testing the therapeutic effect of EVs, the post‐MI tissue model

developed in this study can be used as a highly controlled platform to

better isolate and quantify the effect of age and gender, which have

been shown to play a critical role in characteristics and activity of EVs

in the cardiac microenvironment specifically in relation to the onset

of inflammation and onset of fibrosis.78

5 | CONCLUSION

In this study, we 3D bioprinted aged human post‐MI tissue models by

utilizing three printheads to print three different regions of post infarct

myocardium tissue. The hydrogels and cell types for each region were

specifically and carefully selected to create a greatly similar tissue

model mimicking the native post‐MI tissue biomechanically and

bimolecularly. As a proof of concept, we showed that these tissue

models can be used as platforms to test the therapeutic effect of EVs,

demonstrating the potential application of them as a platform for

testing novel regenerative therapies before animal studies. We also

took into consideration the age factor by using aged cells and collagen,

hence allowing the possibility of using these printed tissue models to

test the effect of new therapies on different ages.

In conclusion, the 3D bioprinted aged human post‐MI tissue

models can be used not only to create more biomimetic in vitro

models allowing the researchers to test new therapies in vitro on

patient‐specific tissue constructs but also enable the creation of age‐

specific models which is a known factor that is affecting the efficacy

of the therapies. By better mimicking the native post‐MI tissue, these

models serve as the much needed bridge between 2D in vitro studies

and clinical trials.
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