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 22 
Summary: 23 
This protocol aims to fabricate 3D cardiac tissues (CSs) by co-culturing cells in hanging drops. 24 
Collagen-embedded CSs are treated with doxorubicin (DOX, a cardiotoxic agent) at physiological 25 
concentrations to model heart failure. In vitro testing using DOX-treated CSs may be used to 26 
identify novel therapies for heart failure patients. 27 
 28 
ABSTRACT: 29 
Despite several advances in cardiac tissue engineering, one of the major challenges to overcome 30 
remains the generation of a fully functional vascular network comprising several levels of 31 
complexity to provide oxygen and nutrients within bioengineered heart tissues. Our laboratory 32 
has developed a three-dimensional in vitro model of the human heart, known as the “cardiac 33 
spheroid” or “CS”. This presents biochemical, physiological, and pharmacological features typical 34 
of the human heart and is generated by co-culturing its three major cell types, such as cardiac 35 
myocytes, endothelial cells, and fibroblasts. Human induced pluripotent stem cells-derived 36 
cardiomyocytes (hiPSC-CMs or iCMs) are co-cultured at ratios approximating the ones found in 37 
vivo with human cardiac fibroblasts (HCFs) and human coronary artery endothelial cells (HCAECs) 38 
in hanging drop culture plates for three to four days. The confocal analysis of CSs stained with 39 
antibodies against cardiac Troponin T, CD31 and vimentin (markers for cardiac myocytes, 40 
endothelial cells and fibroblasts, respectively) shows that CSs present a complex endothelial cell 41 
network, resembling the native one found in the human heart. This is confirmed by the 3D 42 
rendering analysis of these confocal images. CSs also present extracellular matrix (ECM) proteins 43 
typical of the human heart, such as collagen type IV, laminin and fibronectin. Finally, CSs present 44 



   

a contractile activity measured as syncytial contractility closer to the one typical of the human 45 
heart compared to CSs that contain iCMs only. When treated with a cardiotoxic anti-cancer agent, 46 
such as doxorubicin (DOX, used to treat leukemia, lymphoma and breast cancer), the viability of 47 
DOX-treated CSs is significantly reduced at 10 µM genetic and chemical inhibition of endothelial 48 
nitric oxide synthase, a downstream target of DOX in HCFs and HCAECs, reduced its toxicity in 49 
CSs. Given these unique features, CSs are currently used as in vitro models to study heart 50 
biochemistry, pathophysiology, and pharmacology.  51 
 52 
INTRODUCTION: 53 
The human heart has a limited regenerative capacity while cardiovascular disease (CVD) remains 54 
the main cause of death worldwide despite the recent advances in tissue engineering and stem 55 
cell technologies1. The need for novel therapeutics including molecular and cellular approaches 56 
to either repair a damaged heart or to prevent a heart from failing is one of the major current 57 
clinical needs for patients suffering from heart disease2-4. The main goal of cardiac tissue 58 
engineering is to fabricate a three-dimensional (3D) heart tissue that presents molecular, cellular, 59 
and extracellular features typical of a human heart, including its vascular network and 60 
physiological contractile function4-6. 61 
 62 
In order to bioengineer and fabricate a functional human cardiac tissue that mimics the human 63 
heart for in vitro and in vivo applications, several approaches have been investigated including 64 
engineered heart tissues (EHTs), cell sheets and spheroid cultures7,8. However, these tissues fail 65 
at recapitulating the optimal 3D microenvironment typical of the human heart and their potential 66 
use for CVD patients cannot directly translate from the bench to the bedside7. This is because 67 
they do not recapitulate the complex biology, morphology, and physiology of in vivo heart 68 
tissues9. One of the major challenges in cardiac tissue engineering includes the development of 69 
a hierarchical vascular network within the bioengineered cardiac tissue, as any tissue that is 70 
bigger than 200 µm in diameter develops cell death in the middle2,10. A properly formed vascular 71 
network in a human heart tissue plays an major role for the supply of blood, oxygen and nutrients 72 
to cardiac cells11. During embryonic development, coronary capillaries and arteries form via 73 
vasculogenesis (de novo blood vessel formation) and angiogenesis (generation of blood vessels 74 
from pre-existing ones) from endothelial progenitor cells8,12. Cardiac fibroblasts also play a major 75 
role in proper vascular network formation by providing the optimal extracellular matrix (ECM) 76 
and growth composition13,14. 77 
 78 
The 3D vascular network of bioengineered heart tissues controls cell survival and function by 79 
creating oxygen and nutrient gradients and paracrine signaling, such as homotypic cell 80 
interaction, heterotypic cell interaction, interaction of cells through secreted soluble proteins 81 
and cell to ECM interactions3,10,15-18. This prevents cell death in the middle of the tissue and 82 
promotes cell viability and physiological function in bioengineered heart tissues16,18,19.  83 
 84 
Spheroid cultures from stem cells have been recently explored as in vitro models of the human 85 
heart20. To further improve the cardiac microenvironment in vitro, they have included the use of 86 
all the main cell types found in the human heart, such as cardiac myocytes, endothelial cells, and 87 
fibroblasts. Spheroid cultures present the required 3D structural support for cells to grow and 88 



   

function and can be used to bioengineer a vascular network14,20-22. In this context, our laboratory 89 
has developed human cardiac spheroids (CSs) by co-culturing cardiac myocytes, endothelial cells 90 
and fibroblasts at ratios found in the human heart14. This model is an expansion of the rat 91 
ventricular cardiac cells spheroid model, generated by co-culturing cardiac cells in hanging drop 92 
cultures, used to model cardiac fibrosis21. Human CSs can be used as toxicity assays by treating 93 
them doxorubicin (DOX, an anti-cancer agent used to treat leukemia, lymphoma and breast 94 
cancer), which is well-known to induce cardiac fibrosis and heart failure (HF) even 17 years 95 
following its sumministration14.  96 
 97 
In this manuscript, we describe how to generate human CSs by co-culturing human induced 98 
pluripotent stem cell derived cardiomyocytes (hiPSC-CMs or iCMs), human cardiac fibroblasts 99 
(HCFs) and human coronary artery endothelial cells (HCAECs) in hanging drop cultures. In order 100 
to use and image CSs for in vitro testing, they are embedded in a collagen gel. The confocal 101 
analysis of CSs stained with antibodies against CD31, a marker for endothelial cells, showed that 102 
these cells form a network similar to the one observed in vivo. To induce HF and potentially test 103 
novel agents that may treat or prevent it, CSs were treated with 10 µM DOX (a concentration 104 
found in the bloodstream of cancer patients receiving the drug). When stained with calcein-AM 105 
and ethidium homodimer (staining live and dead cells, respectively), DOX-treated CSs present a 106 
significant decrease in viability in comparison to CSs that did not receive the drug. CSs also 107 
present a homogeneous contractile activity when paced using field potential stimulation 108 
between 1 and 3 Hz. 109 
 110 
PROTOCOL: 111 
 112 
NOTE:  hiPSC-CMs used for this protocol are commercially available. Please seek institutional 113 
human ethics committee approval before commencing this work if required. 114 
 115 
1. Human cardiac fibroblasts and endothelial cell culture plating and growth 116 
 117 
1.1. Thaw cryovials containing HCFs and HCAECs in a water bath at 37 °C for one minute. 118 
 119 
1.2. Move cryovials under a sterile laminar flow biosafety cabinet class 2. 120 
 121 
1.3. Collect 1 mL of cell suspension from the cryovials using a 1000 µL pipette tip and add into 122 
a 15 mL tube containing 7 mL of Human Cardiac Fibroblast Medium for HCFs and 7 mL of Human 123 
Meso Endo Growth Medium for HCAECs.  124 
 125 
NOTE: In order to collect the majority of the cells from each cryovial, rinse them twice with 1 mL 126 
of culture medium from the same 15 mL tube. 127 
 128 
1.4. Gently mix cell suspensions.  129 
 130 
1.5. Transfer cell suspensions to separate T75 culture flasks using a 10 mL serological pipette. 131 
 132 

Deleted: -133 
Deleted: X134 
Formatted: Font: (Default) +Body (Calibri), Font
colour: Auto, Pattern: Clear
Deleted: using patient-derived hiPSCs135 
Formatted: Font: (Default) +Body (Calibri), Font
colour: Auto, Pattern: Clear
Formatted: Font: (Default) +Body (Calibri)

Deleted: XXXXXX¶136 

Commented [A1]: Please include a statement stating 
that ethics approval was obtained for the human cell 
research.  



   

1.6. Incubate cells at 37 °C with 5% CO2. 137 
 138 
1.7. After 18 h, aspirate the medium from both culture flasks and rinse them once with sterile 139 
phosphate buffered saline (PBS) to remove freezing medium and dead cells. 140 
 141 
1.8. Replace PBS with 7 mL of appropriate culture medium to each culture flask and incubate 142 
at 37 °C. 143 
 144 
1.9. Examine cellular expansion and viability regularly and replace media every other day until 145 
cells reach 80-90% confluency. 146 
 147 
2. iCMs culture plating and growth 148 
 149 
2.1. Pre-coat two T25 culture flasks with 2 mL of PBS containing 40 μg/mL of fibronectin (FN) 150 
and incubate at 37 °C, 5% CO2 for at least 4 hours.  151 
 152 
2.2. After 4 hours, collect one cryovial containing iCMs and place it in a water bath at 37 °C for 153 
4 min. 154 
 155 
2.3. Move the cryovial under a sterile laminar flow biosafety cabinet class 2. 156 
 157 
2.4. Gently transfer the iCMs from the cryovial to a sterile 50 mL centrifuge tube using a 1 mL 158 
pipette tip. 159 
 160 
2.5. Rinse the empty iCMs cryovial with 1 mL of room temperature plating medium to recover 161 
any residual cells. Transfer the 1 mL of plating medium rinse from the cryovial drop-wise over 90 162 
sec to the 50 mL centrifuge tube containing the iCM cell suspension.  163 

 164 
NOTE: Gently swirl the tube while adding the medium to mix the solution completely and to 165 
decrease the osmotic shock on the thawed cells. 166 
 167 
2.6. Slowly add 8 mL of room temperature Plating Medium to the 50 mL centrifuge tube. Add 168 
the first 1 mL dropwise over 30 - 60 s. Then, add the remaining volume over the next 30 s. Gently 169 
swirl the centrifuge tube while adding the Plating medium. Gently mix the contents of the 50 mL 170 
centrifuge tube by inverting 2 - 3 times (avoiding vigorous shaking or vortexing). 171 
 172 
2.7. Immediately perform the cell counting using a hemocytometer and determine the viable 173 
cell density (in cells/mL). 174 
 175 
2.8. Take the FN-pre-coated T25 flasks and aspirate the FN-PBS solution without letting the 176 
flasks dry. To this add seeding volume of iCMs (1.6 x 106 viable iCMs in 8 mL room temperature 177 
plating medium). 178 
 179 
2.9. Culture iCMs in the incubator for 48 h at 37 °C, 5% CO2.  180 
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 184 
2.10. Thaw the Maintenance Medium overnight at 4 °C a day before use. 185 
 186 
2.11. Equilibrate the Maintenance Medium in a 37 °C water bath and use immediately. 187 
 188 
2.12. After 2 days, move the iCMs T25 flasks under the biosafety cabinet.  189 
 190 
2.13. Gently wash off dead cells and debris by gently pipetting the Plating Medium up and down 191 
5 times. 192 
 193 
2.14. Aspirate the Plating Medium and replace with the 8 mL of pre-warmed Maintenance 194 
Medium. Place the T25 flasks back in the incubator. Replace the Maintenance Medium every 195 
other day and examine the confluency regularly.  196 
 197 
3. Cell isolation and counting 198 
 199 
3.1. Start by collecting first HCAECs and HCFs, and then iCMs by following steps 3.2-3.12. 200 
 201 
3.2. Prepare CS culture medium by mixing 10 mL of iCMs Maintenance Medium, 5 mL of 202 
Human Cardiac Fibroblast Medium and 5 mL of Meso Endo Growth Medium. 203 
 204 
3.3. Remove culture medium from each tissue flask containing HCFs and HCAECs and rinse 205 
once with 5 mL PBS for T75 flasks. Remove PBS. 206 
 207 
3.4. Add 5 mL of 0.25% trypsin EDTA solution to each T75 flask and incubate for 5 min at 37 208 
°C, 5% CO2. 209 
 210 
3.5. Once cells detach, immediately neutralize the trypsin EDTA solution with 5 mL of culture 211 
medium. 212 
 213 
3.6. Transfer cell suspensions to a 15 mL tube and centrifuge cells at 300 x g for 4 min. 214 
 215 
3.7. Remove the supernatant carefully from each tube. Add 1 mL of CS medium to each cell 216 
pellet and resuspend them. Keep the tube on ice and count cells using Trypan Blue and a 217 
hemocytometer. 218 
 219 
3.8. Remove Maintenance Medium from tissue flasks containing iCMs and rinse once with 3 220 
mL of PBS. 221 
 222 
3.9. Add 1 mL of 0.25% trypsin EDTA solution to each T75 flask and incubate at 37 °C, 5% CO2. 223 
Check cells every minute until detached. 224 
 225 
3.10. Once cells detach, immediately neutralize the trypsin EDTA solution with 4 mL of culture 226 
medium. 227 
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 230 
3.11. Transfer cell suspensions to a 15 mL tube and centrifuge them at 300 x g for 5 min. 231 
 232 
3.12. Remove the supernatant carefully from each tube. Add 1 mL of culture medium to the 233 
cell pellet and resuspend it. Keep the tube on ice and count cells using Trypan Blue and a 234 
hemocytometer. 235 
 236 
4. CSs generation and growth 237 
 238 
4.1. Mix iCMs, HCFs and HCAECs in 2:1:1 ratio by plating 10,000 iCMs, 5,000 HCFs and 5,000 239 
HCAECs per hanging drop culture containing 20 μL of CS medium. Adjust to the final volume for 240 
the total number of CSs.  241 
 242 
4.2. Pipette 20 μL of cell suspension into each well of the 384 well HDC plate either manually 243 
or by using a robotic multichannel pipette for automated liquid handling. 244 
 245 
4.3. Pipette 1.5 mL of sterile PBS in each side of the channel around the Hanging Drop Plate 246 
to prevent drying out CSs. Incubate HDC plate at 37 °C. 247 
 248 
4.4. Examine formation of CSs on a daily basis until a fully formed spheroid is observed in the 249 
majority of wells. Add 7.5 μL of CS medium to each well every other day until a CS is formed. 250 
 251 
5. CSs embedding in collagen gels 252 
 253 
5.1. Collect CSs with a 1 mL pipette tip.  254 
 255 
NOTE: It is necessary to cut the tip of pipette around 0.2 cm from the edge before its use with a 256 
sterile sharp surface (either a scalpel or a scissor) to prevent any damage gel embedded spheroids 257 
during their collection.  258 
 259 
5.2. Collect the CS suspension into a 50 mL tube on ice. 260 
 261 
5.3. Centrifuge the tube at 300 x g for 5 min. 262 
 263 
NOTE: the pellet obtained must be kept on ice until use. 264 
 265 
5.4. Prepare a collagen gel solution (100 µL/well for 30 wells of 96 well plate) on ice using rat 266 
tail collagen and CS medium in a 3:7 ratio.  267 
 268 
5.5. Remove the supernatant from the tube containing CSs. 269 
 270 
5.6. Mix the pelleted CSs within the collagen gel solution.  271 
 272 
5.7. Add 1 µL/mL of 5 mM sodium hydroxide to the CS-collagen gel suspension and mix gently. 273 



   

 274 
5.8. Transfer 100 µL of CS-collagen gel to a clear flat bottom 96 well black polystyrene 275 
microplate and incubate at 37 °C for 30 min. 276 
 277 
6. Viability and toxicity measurements of DOX-treated CSs 278 
 279 
6.1. After 30 min collect the 96 well plate from incubator 280 
 281 
6.2. Prepare a 10 µM DOX (based on previously established protocol for cell death in CSs14).  282 

 283 
NOTE: To potentially test other agents that may protect against HF in CSs, generate solutions 284 
containing DOX + Agent A, B, etc. 285 
 286 
6.3. Add 100 μL of solutions containing DOX and/or other agents to each well. Control cultures 287 
contain media without any DOX. 288 
 289 
6.4. Incubate plate for 18 h at 37 °C, 5% CO2. 290 
 291 
6.5. On the following day, collect the Live/Dead staining reagent stock solutions and allow 292 
them to thaw on ice in the dark in a biosafety cabinet.  293 
 294 
6.6. Prepare a solution containing Hoechst stain, 4 μM of ethidium homodimer and 2 μM 295 
calcein-AM.  296 
 297 
6.7. Add 100 μL of Hoechst stain, calcein-AM/ethidium homodimer solution into each well. 298 
 299 
6.8. Measure the fluorescence into each well at 645 nm for ethidium homodimer and at 530 300 
nm for calcein-AM, respectively, using multimode microplate reader. 301 
 302 
6.9. Transfer fluorescence measurements into Graphpad PRISM (or an equivalent software for 303 
statistical analysis). 304 
 305 
6.10. Use GraphPad Prism software for data analysis and statistics. 306 
 307 
6.11. For quality control, check under an epifluorescence microscope for the nuclei staining, 308 
together with calcein-AM and ethidium homodimer. 309 
 310 
7. CS Contractile Function Evaluation 311 
 312 
7.1. Collect the microplate as prepared in step 5.8. 313 
 314 
7.2. Turn the on the computer containing the IonOptix software for a video-based edge-315 
detection, the Fluorescence Assistance Interface, and the MyoPacer Field Stimulator. 316 
 317 



   

7.3. Place a new cover slip on the tissue holder platform and assemble water bath with 318 
electrodes. 319 
 320 
7.4. Gently collect CSs from collagen gels using a 1 mL pipette tip cut 0.5 mm from the edge 321 
and transfer them to a falcon tube. Add media onto CS to prevent drying of CSs. Transfer CS (one 322 
at a time) with a few µL of media on the stage of the IonOptix system.  323 
 324 
7.5. Select the CS to be analysed via setting peaks on left and right side of CS using the IonOptix 325 
software. 326 
 327 
7.6. Use the computer-based motion analyzer to track the movement of CS edges.  328 
 329 
NOTE: Normally, contractility is measured in either % cell shortening or % fractional shortening. 330 
In this case, we measured % spheroid shortening. 331 
 332 
7.7. Stabilize both the peaks adjusting threshold and edge options from the computer. 333 
 334 
7.8. Expose CSs to different frequencies (0.3, 0.6, 1, 2 and 3 Hz) and voltages (1, 2, 3 and 5 V) 335 
using the Myopacer Field Stimulator. 336 
 337 
7.9. Record spheroid shortening as CS length changes of DOX-treated and untreated CSs. 338 
Analyse data using the Soft-Edge software and averaged for each CS. 339 
 340 
8. Microscopy of CSs: fixation and immunolabeling 341 
 342 
8.1. Collect the 96 well plate after 30 min (as prepared in step 5.8) and fix CSs in 4% 343 
paraformaldehyde (PFA) for 1 h at room temperature. 344 
 345 
8.2. Remove PFA and rinse three times with PBS containing 0.01% sodium azide (PBSA). 346 
 347 
8.3. Remove PBSA. 348 
 349 
8.4. Add 200 μL of PBSA containing 0.02% Triton-X-100 to each well for 30 min on a shaker.  350 

 351 
NOTE: This step permeabilizes CSs for better antibody infiltration. 352 
 353 
8.5. Add 200 μL of 3% bovine serum albumin in PBSA solution for 60 min at room temperature.  354 

 355 
NOTE: This step blocks unspecific antibody binding in CSs. 356 
 357 
8.6. Prepare a solution containing 10 μg/mL of primary mouse anti-human antibodies against 358 
CD31 diluted in blocking solution. 359 
 360 
8.7. Add 100 μL of primary antibody solution to each well and incubate overnight at 4 °C on a 361 



   

shaker. 362 
 363 
8.8. Rinse the plate three times with PBSA for 20 min at room temperature on a rocking plate. 364 
 365 
8.9. Prepare a solution containing Hoechst DNA stain and 10 μg/mL of Cy3-conjugated 366 
secondary donkey anti-mouse antibody diluted in blocking solution. 367 
 368 
8.10. Add 100 μL of secondary antibody solution containing Hoechst stain to each well and 369 
incubate overnight at 4 °C on a shaker.  370 

 371 
NOTE: Cover the plate with aluminium foil from this point onwards. 372 
 373 
8.11. Rinse the plate three times for 20 min with PBSA at room temperature on a rocking plate. 374 
 375 
8.12. Add 100 μL of Vectashield mounting medium to each well. 376 
 377 
8.13. Image CSs under a laser scanning confocal microscope. Perform optical sectioning along 378 
the Z axis and collapse images into a single focal plane using ImageJ software. 379 
 380 
REPRESENTATIVE RESULTS: 381 
The protocol described in this manuscript represents an alternative approach to develop complex 382 
cardiac endothelial cell network within a bioengineered cardiac tissue with improved cell viability 383 
and function compared to existing models (Figure 1).  384 
The recapitulation of the 3D in vivo heart microenvironment within CSs promoted their response 385 
to DOX at the concentration found in the bloodstream of cancer patients (between 5 and 10 µM, 386 
Figure 2). DOX treated CSs presented a statistically significant reduction in cell viability compared 387 
with control (no DOX) CSs within 24 h (Figure 2), a toxic effect that is observed in human cancer 388 
patients even 17 years after their treatment with the drug. 389 
 390 
Figure 1. CS Formation and Vascularization Analysis. (A) Protocol showing the steps for the 391 
formation of a CS from the co-culture of iCMs, HCAECs and HCFs in hanging drops. Brightfield 392 
images on the right side show the progressive spheroid formation from single cells in hanging 393 
drops. (B) Collapsed Z-stacks of confocal images of a CS stained with antibodies against cardiac 394 
Troponin T (cTNT), PECAM and vimentin, staining cardiac myocytes, endothelial cells and 395 
fibroblasts, respectively. This figure has been modified from14. 396 
 397 
Figure 2. Viability and Toxicity in CSs. Statistical analyses of calcein-AM (A) and ethidium 398 
homodimer (B) fluorescence of CSs treated in presence of either media only (DOX 0 µM) or 399 
doxorubicin (10 µM). 400 
 401 
DISCUSSION:  402 
Developmentally, proper vascular network formation is critical for the generation of functional 403 
tissues, including the human heart10,12,23-26. Consideration for the proper vascularization of 3D 404 
tissues allow the exchange of oxygen, growth factors, signalling molecules and nutrients, 405 
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preventing the development of cell necrosis within any tissue thicker than 200 µm6,10,12,17,24-28. 419 
Currently available in vitro 3D heart models that present a vascular network are primarily 420 
presenting capillary-sized, disorganized vascular networks and lack the hierarchical complex 421 
branched vascularization observed in vivo6,8,29. The alternative approach to develop complex 422 
cardiac endothelial cell network described in this manuscript presents improved cell viability and 423 
function compared to existing models (Figure 1)14,22. 3D in vitro CSs model the human heart by 424 
better recapitulating its in vivo microenvironment, including its molecular, cellular and 425 
extracellular components14,22. CS generation from stem cell-derived cells in the hanging drops 426 
allow their cultures in defined conditions (e.g., cell types and ratio, proper tissue formation). Co-427 
cultures of iCMs together with HCFs and HCAECs within CSs define the molecular and cellular 428 
crosstalk that regulates the heart pathophysiology, including its contractile function and 429 
response to drugs at concentrations found in the patient’s bloodstream14. Due to these unique 430 
features, CSs have been utilized to model cardiac fibrosis, a severe consequence of myocardial 431 
infarction and heart failure21. Our previous studies showed how the presence of both endothelial 432 
cells and fibroblasts is critical for the recapitulation of the vascular microenvironment in the 433 
human heart, allowing the optimal deposition of fibroblast-derived ECM proteins, such as 434 
laminin, fibronectin and collagen type IV, localized in proximity of a developing endothelial cell 435 
network14,21. 436 
 437 
DOX is a well-known cardiotoxic drug that may develop heart failure in cancer patients even 17 438 
years after their treatment30. Nevertheless, it remains a drug of choice for the treatment of 439 
leukemia and lymphoma in paediatric patients and breast cancer in women30. DOX treatment in 440 
CSs has then been used to model heart failure (HF) in vitro to study both the mechanisms 441 
regulating toxicity in cardiac myocytes, endothelial cells and fibroblasts14 and to model HF-442 
induced cardiac fibrosis21. Cell viability was statistically reduced in DOX treated CSs within 24 h 443 
when exposed to the drug at the concentration found in the bloodstream of cancer patients 444 
(between 5 and 10 µM)14 (Figure 2). Previous studies in our laboratory also demonstrated the 445 
toxic effects of DOX on both cardiac endothelial cells and fibroblasts via endothelial nitric oxide 446 
synthase (eNOS) using both genetic and chemical inhibitors of this signaling pathway14. The use 447 
of genetic (NOS3 shRNA) and chemical (N5-(1-iminoethyl)-L-ornithine, dihydrochloride, or L-NIO) 448 
antagonists of the eNOS signaling pathway as a downstream target of DOX prevented its toxic 449 
effects in both cardiac endothelial cells and fibroblasts14. 450 
 451 
Contractile activity within CSs has also been measured thanks to the electrical coupling of cardiac 452 
cells when exposed to field potential stimulation. We found that CSs cultured with control media 453 
(DOX 0 µM) contract spontaneously and homogenously at a beating rate that can be paced by 454 
field stimulation within 1 and 3 Hz, comparable with a healthy human heart. On the other hand, 455 
DOX-treated CSs do not follow the electrical stimulation as they cannot contract. Together with 456 
the measurements of cell viability and toxicity using calcein-AM and ethidium homodimer, this 457 
functional assay for CS contractile function allow the evaluation of the complex scenario typical 458 
of the human heart in vitro, currently not achievable with other models. Compared to contractile 459 
activity measurements of single cardiac cells using the same system, we are not able to visualize 460 
and measure the sarcomere in CSs. Therefore, we are limited to measurements of % spheroid 461 
shortening over time, an assay we had to develop within our laboratory. As we control the 462 
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number of cells, we co-culture in each CS and therefore the size of each CS, we utilize CSs with 478 
similar size that indeed present homogenous contractile function. However, even in case we 479 
generated CSs of different sizes, their contractile activity did not change.  480 
 481 
It is also important to report that the multicellular nature of CSs makes them heavy enough to 482 
localize at the bottom of the coverslip in the Ion-Optix system, even in case they are superfused. 483 
Based on the fact that CSs sit by themselves in a specific position, we do not need to make them 484 
adhere to the coverlip, on the contrary of what is commonly done with single cardiac cells in most 485 
laboratories. 486 
 487 
The microscopic analysis of CSs stained with antibodies against cardiac troponin T, CD31/PECAM, 488 
and PECAM (as markers for iCMs, HCAECs, and HCFs, respectively) showed the formation of a 489 
endothelial cell network (Figure 1, blue). To fully exclude necrosis in the inner part of CSs, spatial 490 
evaluation of cell viability was performed in our laboratory by confocal analysis of calcein-491 
AM/ethidium homodimer stained CSs (data not shown). However, it is important to acknowledge 492 
that future developments in the biofabrication field to better recapitulate other complex features 493 
typical of the human heart in vivo, currently not available in the existing model. These include: i) 494 
contractile function typical of adult cardiomyocytes; ii) blood flow and pressure forces; iii) 495 
paracrine signaling; iv) immune response, which will be critical to improve this and other in vitro 496 
cardiac models6. As any other model aims at recapitulating major features of either a healthy 497 
tissue or a disease state, the protocol for the generation and use of CS described in this 498 
manuscript aims at helping the researcher at addressing specific questions, that may not be 499 
exhaustive using this approach. For instance, the potential use of patient-derived cells for the 500 
generation of CSs would provide tools for personalized medicine, currently not available using 501 
commonly available high-throughput assays for cardiovascular research. 502 
 503 
In conclusion, we demonstrated a simple way to better recapitulate the human heart 504 
microenvironment using cardiac cells. Cardiac spheroids present an endothelial cell network that 505 
better recapitulates the one present in the human heart compared to monolayer cultures of 506 
cardiac cells. Given their unique features, they represent advanced tools for in vitro testing for 507 
cardiovascular research. Future studies using patient-derived cells could provide options for 508 
personalized medicine and novel therapies to both prevent and better treat cardiovascular 509 
disease. 510 
 511 
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