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SUMMARY: 28 
This protocol provides detailed methods describing the fabrication and implementation of a 29 
magnetics-based afterload tuning platform for engineered heart tissues. 30 
 31 
ABSTRACT: 32 
Afterload is known to drive the development of both physiological and pathological cardiac 33 
states. As such, studying the outcomes of altered afterload states could yield important insights 34 
into the mechanisms controlling these critical processes. However, an experimental technique 35 
for precisely fine-tuning afterload in heart tissue over time is currently lacking. Here, a newly 36 
developed magnetics-based technique for achieving this control in engineered heart tissues 37 
(EHTs) is described. In order to produce magnetically responsive EHTs (MR-EHTs), the tissues are 38 
mounted on hollow silicone posts, some of which contain small permanent magnets. A second 39 
set of permanent magnets is press-fit into an acrylic plate such that they are oriented with the 40 
same polarity and are axially-aligned with the post magnets. To adjust afterload, this plate of 41 
magnets is translated toward (higher afterload) or away (lower afterload) from the post magnets 42 
using a piezoelectric stage fitted with an encoder. The motion control software used to adjust 43 
stage positioning allows for the development of user-defined afterload regimens while the 44 
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encoder ensures that the stage corrects for any inconsistencies in its location. This work describes 45 
the fabrication, calibration, and implementation of this system to enable the development of 46 
similar platforms in other labs around the world. Representative results from two separate 47 
experiments are included to exemplify the range of different studies that can be performed using 48 
this system.  49 
 50 
INTRODUCTION: 51 
Afterload is the systolic load on the ventricle after it has begun to eject blood1. During cardiac 52 
development, an appropriate afterload is of critical importance for cardiomyocyte maturation2. 53 
In adulthood, low levels of ventricular afterload (e.g., in bedridden patients with high-level spinal 54 
cord injury3 or in very special cases like spaceflight4) can result in hypotrophy of the heart. 55 
Conversely, high afterload can lead to cardiac hypertrophy5. While cardiac hypertrophy in 56 
endurance athletes or pregnant women is considered beneficial and physiological, hypertrophy 57 
associated with long-term arterial hypertension or severe aortic valve stenosis is detrimental as 58 
it predisposes one to cardiac arrhythmias and heart failure6. Although the 5-year mortality rate 59 
for heart failure patients has reduced from ~70% in the 1980s6 to 40–50%7 presently, there is still 60 
a great need for new therapeutic treatment options for this highly prevalent condition (currently 61 
2.2% of the population in the Western world)8.  62 
 63 
In order to investigate the molecular mechanisms of pathological cardiac hypertrophy and to test 64 
preventive or therapeutic strategies for treating this disease, in vivo models of afterload have 65 
been developed9-12. While these models have offered beneficial insights into the effects of 66 
afterload on ventricular performance, they do not allow for fine control over afterload 67 
magnitude. Alternatively, in vitro studies of afterload performed on excised hearts and muscle 68 
preparations allow for finer control over tissue loading, but these models are not conducive to 69 
longitudinal studies13-15. 70 
 71 
To overcome these issues, we developed an in vitro model of elevated afterload in engineered 72 
heart tissues (EHTs)16,17. This model is a 3-dimensional culture format for rat heart cells 73 
embedded in a fibrin matrix suspended between flexible hollow silicone posts. These tissues beat 74 
spontaneously (against the resistance of the silicone posts) and perform auxotonic work. We 75 
have increased afterload applied to EHTs by a factor of 12 in previous experiments by the 76 
insertion of rigid metal braces into the hollow silicone posts for one week. This led to a multitude 77 
of changes, characteristic of pathological cardiac hypertrophy18-20: cardiomyocyte hypertrophy, 78 
partial necroptosis, a decline in contractile force, the impairment of tissue relaxation, 79 
reactivation of the fetal gene program, a metabolic shift from fatty acid oxidation to anaerobic 80 
glycolysis, and an increase in fibrosis. Though this procedure has been successfully employed in 81 
several studies17,21,22, it has some disadvantages. There are only two states, low or very high (12-82 
fold) afterload, and the procedure requires manual handling of the EHTs, which limits its 83 
temporal flexibility and poses the risk of contamination.  84 
 85 
Recently, Leonard et al. used a similar technique to modulate afterload in EHTs cultured on 86 
silicone posts23. Braces of varying lengths were placed around the outside of the posts to restrict 87 
their bending motion. The authors of this study reported that a singular small-to-medium 88 



   

 
 

increase in load enhanced force development and maturation of human iPS-derived EHTs, while 89 
higher loads resulted in a pathological state. However, similar to our own system, this technique 90 
only allows for singular increases in afterload, the magnitude of which is dictated by the length 91 
of the braces. As such, fine alterations in afterload, modifications in afterload over time, and 92 
precise loading regimens are not possible with these techniques.  93 
 94 
Here, we provide the protocol for a system that can be used to modulate post-resistance, i.e., 95 
afterload of EHTs magnetically24. This platform facilitates the fine-tuning of afterload, enables 96 
user-defined afterload regimens, and ensures EHT sterility. 97 
 98 
PROTOCOL: 99 
 100 
1. Preparation of the afterload tuning platform 101 
 102 
NOTE: The steps involved in this portion of the protocol are not time-sensitive. 103 
 104 
1.1. Manufacturing the magnetically responsive silicone racks 105 
 106 
NOTE: These racks serve as the culture platform for EHTs. Each EHT is suspended between two 107 
silicone posts, which impart afterload to the tissue. The degree of afterload is directly related to 108 
the stiffness of these posts. To enable magnetic afterload tuning, some of the posts need to be 109 
magnetically responsive.  110 
 111 
1.1.1. Acquire 24-well plate compatible racks of silicone posts (dimensions given in 112 
Supplementary Figure 1). The racks used in this study were produced by a commercial silicone 113 
goods supplier according to these dimensions using silicone with a shore hardness of 40. 114 
 115 
1.1.2. Determine the polarity of the post magnets (e.g., d = 0.5 mm, h = 2.0 mm; see Table of 116 
Materials) by placing them on a larger permanent magnet.  117 
 118 
1.1.3. Keeping a fixed polarity, lubricate the magnets with water and insert them, one at a time, 119 
into the outermost posts of the silicone racks.  120 
 121 
NOTE: If you attempt to insert more than one magnet at a time, the additional resistance will 122 
make it more difficult to push the magnets to the bottom of the post. 123 
 124 
1.1.4. Use a blunted piece of stainless-steel dental wire (d ≈ 0.4 mm, see Table of Materials) to 125 
carefully push them to the bottom of the hollow post cavity. You can stack up to five magnets in 126 
each post.  127 
 128 
1.1.5. Use (round-nose) pliers to bend stainless steel dental wire (d ≈ 0.4 mm, see Table of 129 
Materials) into braces 11.25 mm wide and 15 mm long. Use wire cutters to cut the braces and a 130 
file to smooth the cutting surface. To ensure the correct dimensions are achieved, one can use a 131 
self-made jig to aid in the wire bending.  132 



   

 
 

 133 
NOTE: Post immobilization can also be achieved by braces made from other materials, as long as 134 
they are non-magnetic and rigid. 135 
 136 
1.1.6. Lubricate the braces with water and insert them into the silicone rack, fixing the second- 137 
and third- to outermost post in the process (see Figure 1 for complete silicone rack setup). 138 
 139 
NOTE: Optionally, in order to adapt the baseline stiffness of the control posts to match that of 140 
the magnetically responsive posts, fragments of styrene round rod (see Table of Materials) can 141 
be inserted into the empty posts (those without a brace or magnet).  142 
 143 
1.1.7. Let the racks stand for 1–2 days to allow for any remaining water to air dry.  144 
 145 
1.1.8. When the posts are dry, seal the holes at the top of the hollow silicone posts containing 146 
the magnets using a drop of silicone glue. 147 
 148 
1.2. The afterload tuning device 149 
 150 
NOTE: As the magnets in the afterload tuning device are moved towards or away from those in 151 
the silicone posts, the attractive magnetic forces increase or decrease accordingly, resulting in 152 
altered stiffness of the silicone posts. This movement is achieved using a piezoelectric stage. Due 153 
to the prototypical nature of the afterload tuning device, detailed step-by-step instructions on 154 
how to replicate it will not be provided. Instead, generalized guidelines for constructing a similar 155 
afterload tuning device are detailed herein. 156 
 157 
1.2.1. Obtain a highly precise piezoelectric linear motor to enable the vertical translation of the 158 
magnet plate towards and away from the EHTs (see Table of Materials).  159 
 160 
NOTE: It is highly suggested that this motor be fitted with a linear encoder to correct for stage 161 
positioning.  162 
 163 
1.2.2. Position a set of permanent magnets within a non-magnetic holder such that they are 164 
axially aligned with the post magnets when placed directly below them. Here, large cylindrical 165 
magnets (d = 13 mm, h = 14 mm; see Table of Materials) were press-fit within an acrylic plastic 166 
plate (“magnet plate”).  167 
 168 
1.2.3. Attach the magnet holder to the piezoelectric stage using a non-magnetic material. This 169 
can be achieved using an L-shaped piece of aluminum (see Figure 2).  170 
 171 
1.2.4. Construct a frame that can house the components of the afterload tuning device. At a 172 
minimum, this structure should have a location on which to vertically mount the piezoelectric 173 
stage, as well as a rigid frame on which to place the 24-well plate.  174 
 175 



   

 
 

NOTE: It is suggested that the location of this mount be modifiable in the horizontal plane in 176 
order to allow for adjustments in axial alignment between the two sets of magnets. A system of 177 
mechanical drives was used to achieve this maneuverability in the presented system (Figure 3). 178 
The afterload tuning device described here was designed to be compatible with the EHT 179 
contractility analysis system (see Table of Materials). As such, its dimensions were restricted to 180 
29 cm in width, 29 cm in depth, and 16 cm in height to fit within this system.  181 
 182 
1.2.5. To enable visual analysis of the tissues, install a light source within the afterload tuning 183 
device. Here, an array of LEDs was employed (Figure 4) to illuminate the EHTs from below (Figure 184 
5). 185 
 186 
1.3. Calibrating the afterload tuning system 187 
 188 
NOTE: In order to precisely augment EHT afterload to the desired value, the relationship between 189 
magnet spacing and the resulting post stiffness will need to be determined.  190 
 191 
1.3.1. Measure the closest (dmin) and farthest (dmax) magnet spacing possible in your setup. These 192 
distances will dictate the maximum and minimum achievable afterloads.  193 
 194 
NOTE: The bottom of the culture plate will prevent direct contact between the magnet plate and 195 
the magnetically responsive silicone posts. 196 
 197 
1.3.2. Produce a range of non-magnetic weights and mount them on string to serve as test loads.  198 
 199 
1.3.3. Determine the weights of the test loads using a fine scale and label them according to this 200 
weight. Here, six different acrylic glass weights ranging from 30 mg to 200 mg were used. 201 
 202 
NOTE: Select weights that are heavy enough to bend the post, but not so heavy that they bend 203 
the post more than a few millimeters. Using a larger number of test loads ensures that the 204 
calibration is more precise but it will also be more time-consuming. 205 
 206 
1.3.4. Mount one of the silicone racks vertically (using non-magnetic materials), such that the 207 
magnetically responsive silicone posts are oriented horizontally. 208 
 209 
1.3.5. Mount one of the plate magnets (the “calibration magnet”) on a horizontally traveling 210 
linear stage such that it is axially aligned with the magnetically responsive post.  211 
 212 
1.3.6. Position the calibration magnet a defined distance from the magnetically responsive 213 
silicone post using the horizontal stage (preferably, start at a distance equal to the maximum 214 
magnet spacing achievable by the afterload tuning device).  215 
 216 
1.3.7. Place a camera (for an example, see Table of Materials) to the side of this set-up in order 217 
to be able to optically record the post’s deflection under the influence of the test loads.  218 
 219 



   

 
 

NOTE: It is suggested that the user employ a camera with a resolution of at least 2 megapixels to 220 
ensure accurate determination of post deflection. 221 
 222 
1.3.8. Take a picture of the post in the absence of any weights to use as a reference for the post’s 223 
“neutral” position. 224 
 225 
1.3.9. Without changing the camera’s perspective, attach one of the loads to the very end of the 226 
silicone post and take a picture of the post bending under the influence of the weight.  227 
 228 
1.3.10. Repeat this measurement for all of the weights. 229 
 230 
1.3.11. Optically determine the deflection of the silicone post caused by the gravitational force 231 
of each weight.  232 
 233 
1.3.12. Graph the deflection of the silicone post (𝑥, on the x-axis) against the gravitational force 234 
of each test weight (𝑚𝑔, on the y-axis). This should yield a linear relationship between force and 235 
deflection.  236 
 237 
NOTE: If the data is non-linear, this may indicate that the post is outside its linear range of 238 
deflection, i.e., the utilized weights were too heavy. 239 
 240 
1.3.13. Plot a linear regression function passing through (0,0) and the acquired data (see Figure 241 
6A for examples). The slope of this function (𝑚𝑔 = 𝑘𝑥) is the stiffness k of the magnetically 242 
responsive silicone post at the tested magnet spacing.  243 
 244 
1.3.14. Repeat these steps at several spacings between dmax and dmin. Here, deflections at nine 245 
different magnet positions ranging from ~31 mm to ~5 mm were analyzed.  246 
 247 
1.3.15. Determine the base stiffness of the magnetically responsive silicone post in the absence 248 
of the calibration magnet using the same technique. 249 
 250 
1.3.16. Also determine the stiffness of a mobile, non-magnetically responsive control post using 251 
the same technique. 252 
 253 
1.3.17. Plot the resulting k values against the respective magnet distances. This should yield a 254 
negative exponential relationship.  255 
 256 
1.3.18. Plot a regression function through these values. For example, use Non-linear fit | One-257 
phase decay function in the analysis software (see the Table of Materials). This regression 258 
function describes the relationship between magnet spacing and afterload (see Figure 6B for an 259 
example). 260 
 261 
2. EHT generation and culture 262 
 263 



   

 
 

 264 
NOTE: EHT generation and culture have been described in great detail in another article25. 265 
Therefore, we will only cover these aspects briefly in our protocol. Please carry out the following 266 
steps under sterile conditions, adhering to good cell culture practices. 267 
 268 
2.1. EHT generation 269 
 270 
2.1.1. Immerse the previously prepared silicone racks in a container filled with 70% ethanol for 271 
at least 20 min.  272 
 273 
CAUTION: Do not autoclave the afterload-adjustable silicone posts to sterilize them as high 274 
temperatures can damage the permanent magnets. 275 
 276 
2.1.2. Bring this container into the biosafety cabinet, rinse the racks 2x with sterile water, and let 277 
them air dry. 278 
 279 
NOTE: To reduce the likelihood of contamination, this process should be carried out in the same 280 
biosafety cabinet that will later be used to cast the EHTs.  281 
 282 
2.1.3. Acquire (and thaw if necessary) neonatal rat heart ventricular cells or hiPSC (human 283 
induced pluripotent stem cell)-derived cardiomyocytes (also commercially available) and prepare 284 
the EHT reconstitution mix according to Table 1.  285 
 286 
2.1.4. Pipet 1.5 mL of warm 2% agarose solution into the leftmost 4 wells of a 24-well culture 287 
plate and immediately insert a polytetrafluoroethylene (PTFE) spacer (see Table of Materials) 288 
into the liquid agarose solution. 289 
 290 
2.1.5. Repeat the previous step for the remaining 20 wells within the culture plate. 291 
 292 
2.1.6. After allowing the agarose to solidify for ~10 min, carefully remove the PTFE spacers.  293 
 294 
NOTE: The agarose turns turbid when it has solidified. 295 
 296 
2.1.7. Insert the posts of the magnetically sensitive silicone racks into the agarose voids produced 297 
by the PTFE spacers. 298 
  299 
2.1.8. Pipet 100 μL of the reconstitution mix into a 3 μL aliquot of 100 mU/L thrombin solution. 300 
Pipette up and down twice to mix and quickly transfer the mixture into the void within the first 301 
agarose mold on the culture plate. 302 
 303 
2.1.9. Repeat the previous step for the remaining 23 molds, using a new pipet tip for every EHT.  304 
 305 
NOTE: Gently mix the constitution mix every 6–8 EHTs in order to prevent cell sedimentation. 306 
 307 



   

 
 

2.1.10. Store the 24-well plate in an incubator (37 °C, 7% CO2, 40% O2) for 90 min. In the 308 
meantime, prepare the EHT medium by supplementing Dulbecco's modified Eagle medium 309 
(DMEM) with 10% horse serum, 1% penicillin/streptomycin, 10 μg/mL insulin and 33 µg/mL 310 
aprotinin. 311 
 312 
2.1.11. Add 500 μL of warm EHT medium to each well. 313 
 314 
2.1.12. Store the 24-well plate in an incubator (37 °C, 7% CO2, 40% O2) for 30 min. During this 315 
time, prepare a second 24-well plate with 1.5 mL of EHT medium in each well and place it in the 316 
incubator. 317 
 318 
2.1.13. Carefully remove the magnet-sensitive silicone racks with the freshly cast EHTs on them 319 
from the agarose molds and transfer them to the second 24-well plate. 320 
 321 
2.2. EHT culture 322 
 323 
NOTE: Following tissue casting, change medium three times per week: on Monday, Wednesdays, 324 
and Fridays.  325 
 326 
2.2.1. For a medium change, pipet 1.5 mL of fresh EHT medium per well into a new 24-well 327 
culture plate and place this plate within the incubator at 37 °C, 7% CO2, and 40% O2 for at least 328 
30 min.  329 
 330 
2.2.2. Transfer the silicone racks from the old 24-well plate to the new plate under a cell culture 331 
hood. 332 
 333 
2.2.3. Store the closed EHT plates in an incubator at 37 °C, 7% CO2, and 40% O2. 334 
 335 
3. Afterload modification experiments 336 
 337 
NOTE: The following protocol steps are specific to the piezoelectric motor and optical 338 
contractility analysis platform listed in the Table of Materials. 339 
  340 
3.1. Preparing the afterload tuning device for experiments 341 
 342 
3.1.1. To measure the effects of afterload manipulations on EHT contractility, disconnect and 343 
remove the lighting system from the innermost compartment of the optical contractility analysis 344 
platform and insert the afterload tuning device including the light source. 345 
 346 
3.1.2. Install the stage motion control software (see Table of Materials) on the computer that 347 
will be used to run the afterload tuning device. 348 
 349 



   

 
 

3.1.3. Connect the piezoelectric stage motor to the motion controller (see Table of Materials), 350 
and the motion controller to the computer. Make sure the motion controller is also connected 351 
to a power source.  352 
 353 
NOTE: There are two lights on the face of the motion controller. Upon connecting to power, both 354 
lights flash red for a few seconds. During operation, the upper light remains green while the lower 355 
one should only turn red if an error occurs.  356 
 357 
3.1.4. Place an empty 24-well culture plate on the plate mount at the top of the afterload tuning 358 
device.  359 
 360 
3.1.5. Optically align the empty culture plate with the magnet plate below using the XY 361 
mechanical drive system attached to the mount.  362 
 363 
3.2. Operating the afterload-tuning device 364 
 365 
3.2.1. Start the motion controller platform software.  366 
 367 
3.2.2. Connect the software to the piezo stage motor by selecting the port designated as the 368 
stage port during installation of the motion control software and then click the open port button.  369 
 370 
NOTE: After completing this step, the port should be designated as “open” and appear in a green 371 
box. 372 
 373 
3.2.3. Go to the System panel. Select Open Loop in the Loop dropdown menu. 374 
 375 
3.2.4. Manually move the magnet plate to its highest position, i.e., the closest possible magnet 376 
spacing dmin. The magnet plate should make contact with the culture plate mount. 377 
 378 
3.2.5. Go to the Motion panel. Click the Zero button to reset the current position of the piezo 379 
stage to 0 mm.  380 
 381 
3.2.6. Manually move the magnet plate to its lowest possible position. Write down the encoder 382 
position (indicated in the Motion panel by Enc) to determine the range of motion for the 383 
piezoelectric stage motor.  384 
 385 
3.2.7. Set the Travel Limits in the System panel to values within the range of motion determined 386 
in the previous step. This prevents the magnet plate from bumping into the culture plate or the 387 
bottom of the afterload tuning device. 388 
 389 
3.2.8. Once again, move the magnet plate to its highest position and click the Zero button. 390 
 391 
3.2.9. Go to the system panel and change the feedback loop mode to Closed Loop. Doing this 392 
ensures that the stage will correct for any errors in its positioning.  393 



   

 
 

 394 
3.2.10. Click the Save button in the Save Parameters box to store these settings in the system. 395 
 396 
3.2.11. Place a 24-well culture plate containing EHTs on magnetically responsive silicone racks on 397 
the culture plate mount. 398 
 399 
3.2.12. To calculate the magnet spacing necessary to achieve a desired afterload, solve the 400 
nonlinear regression function from step 1.3.19 for the magnet spacing parameter d. For example, 401 

if the equation is: 𝑑 = −4.95 × ln (
𝑘−2.90

24.34
) , d being the magnet spacing (in mm) necessary to 402 

achieve the desired afterload k in mN/mm, a magnet spacing of 12.12 mm would be necessary 403 
to achieve an afterload of 5 mN/mm. 404 
 405 
3.2.13. Subtract dmin from the calculated magnet spacing d. The result is the distance the magnet 406 
plate has to travel from its Zero position to achieve the desired afterload.  407 
 408 
3.2.14. Type this value into the Target Position 1 input field in the Motion panel and click Go to 409 
adjust the EHTs’ afterload to the calculated value.  410 
 411 
3.3. Optional: Programming the stage for an interval afterload regimen 412 
 413 
NOTE: The previous section describes how to program the stage to move to and stay at a single 414 
position. However, it is also possible to chain different commands together into a program to 415 
achieve an automatically executed sequence of motions, which may be repeated on a continuous 416 
loop. For more detailed instructions regarding the motion controller platform software, consult 417 
the operation manual provided by the stage manufacturer. 418 
 419 
3.3.1. After setting up the afterload tuning device as described in the previous section, open the 420 
Command panel. Type the command 1PGM1 and press Enter to start recording a program. 421 
 422 
3.3.2. To create a program which, for example, will cause the piezoelectric stage to move down 423 
30 mm from the Zero position (away from the EHTs) and return after 40 s, enter the following 424 
chain of commands: 1MVA30  1WST  1WTM40000  1MVA0  1WST  425 
 426 
3.3.3. Use the command 1END to conclude recording a program and save it. 427 
 428 
3.3.4. Use the command 1EXC1 to execute the recorded program.  429 
 430 
3.3.5. To keep the program running on a continuous loop, enter 1PGL1, followed by the 1EXC1 431 
command. 432 
 433 
3.3.6. To terminate a looping program, enter the command 1EST. 434 
 435 
NOTE: Table 2 contains some useful commands for afterload modification experiments. A 436 



   

 
 

complete list of available commands for this system can be found in the reference manual for 437 
the modular motion control system. 438 
 439 
REPRESENTATIVE RESULTS: 440 
 441 
Magnet post stiffness quantification 442 
A horizontally oriented magnetically responsive silicone post was mounted in a fixed position, 443 
and an axially aligned calibration magnet was placed at several defined distances (“magnet 444 
spacings”) from this post. Test loads of known weight were suspended from the end of the 445 
silicone post, causing the post to bend. This deflection was quantified optically. A linear 446 
relationship between the gravitational force of the test load and resulting post deflection was 447 
observed at all magnet spacings (Figure 6A). The values of stiffness derived from these linear 448 
relationships followed a negative exponential trend with increasing magnet spacing (Figure 6B). 449 
 450 
Stepwise afterload increase 451 
Control and magnetically responsive EHTs (MR-EHTs) produced from rat hearts were cultured in 452 
the absence of magnetic afterload (0.6 mN/mm for control tissues and 0.91 mN/mm for MR-453 
EHTs) until a plateau in contractile force was reached. On this day (24 days following EHT casting), 454 
MR-EHTs and control EHTs had similar mean forces (0.29 mN versus 0.22 mN). Over the next 455 
week, the afterload exerted on MR-EHTs was incrementally increased from 0.91 to 6.85 mN/mm, 456 
while afterload for control EHTs remained constant. Mean contractile force increased with 457 
increasing afterload up to 0.95 mN, which marks more than a 3-fold increase in force compared 458 
to the average value (0.29 mN) measured for control EHTs (Figure 7A). Post deflection, on the 459 
other hand, decreased compared to control tissues. On the last day of culture, the mean 460 
deflection measured for MR-EHTs was only 0.11 mm compared to 0.48 mm for control EHTs 461 
(Figure 7B). From day 27 on, force production rate and force decay rate were higher in MR-EHTs 462 
than in control EHTs while there was only a transient increase in work over days 25–28 463 
(Supplementary Figure 2). 464 
 465 
Interval afterload regimen 466 
Rat EHTs on magnetically responsive silicone posts (MR-EHTs) were cultured at a minimal 467 
afterload of 0.91 mN/mm until a plateau in contractile force was reached. From this day (17 days 468 
following EHT casting) onward, MR-EHTs underwent a 7-day afterload regimen which exposed 469 
the EHTs to cycles of afterloads alternating between 0.91 and 6.85 mN/mm (Figure 8A). The 470 
afterload of control EHTs was kept constant at 0.60 mN/mm over the entire duration of culture. 471 
Following this intervention, average forces for MR-EHTs increased by 12.0% compared to day 17, 472 
while those measured for control EHTs only increased by 1.5% over the same time frame (Figure 473 
8B). However, these differences were not statistically significant. Moreover, no significant 474 
differences in force production rate, force decay rate and contractile work were measured 475 
(Supplementary Figure 3). This implies that the selected afterload regimen was not an efficient 476 
means of increasing EHT contractility.  477 
 478 
FIGURE AND TABLE LEGENDS: 479 
 480 



   

 
 

Figure 1: Assembled magnetically responsive silicone racks. (A) Orthogonal view and (B) 481 
sectional view of assembled magnetically responsive silicone racks containing five magnets. 482 
 483 
Figure 2: Magnet plate. Photograph of the magnet plate and its attachment bracket. 484 
 485 
Figure 3: Mechanical drive system. Photograph showing the system of mechanical drives used 486 
to adjust the horizontal position of the 24-well plate with respect to the magnet plate. 487 
 488 
Figure 4: LED plate. Photograph of the LED plate used to illuminate EHTs for optical contractility 489 
analysis.  490 
 491 
Figure 5: Fully assembled afterload tuning device. Photograph of the fully assembled afterload 492 
tuning device including the LED plate. 493 
 494 
Figure 6: Optical determination of post stiffness. (A) The deflection of a magnetically responsive 495 
silicone post in the presence of an external calibration magnet and under the influence of five 496 
test weights was assessed at nine determined magnet spacings (five shown as examples). (B) 497 
Determined relationship between magnet spacing and post stiffness. 498 
 499 
Figure 7: Contractile response of EHTs to a stepwise increase in afterload. Contractile 500 
measurements of control EHTs (black line) and EHTs cultured on magnetically responsive posts 501 
(MR-EHTs; blue line) over a culture period of 31 days. (A) MR-EHTs had slightly higher average 502 
contractile forces than control EHTs under baseline conditions. From day 25 on, however, this 503 
difference was amplified with increasing afterload. (B) Post deflection was similar between both 504 
groups until day 27. Past afterload values of 3.5 mN/mm, post deflection for MR-EHTs dropped 505 
substantially. Here, n = 10 MR-EHTs and n = 10 control EHTs were analyzed by fitting a mixed 506 
model (REML = restricted maximum likelihood) and Sidak’s multiple comparison test. The error 507 
bars in graphs represent standard error of the mean, ** p < 0.01, *** p < 0.001. 508 
 509 
Figure 8: Contractile response of EHTs to an interval afterload protocol. The contractile behavior 510 
of magnetically responsive EHTs under the influence of a fluctuating regimen of afterload was 511 
observed. (A) The afterload regimen, which was initiated on day 17 (d17), exposed the MR-EHTs 512 
to 40 s intervals of minimal afterload (0.91 mM/mm) followed by 40 s intervals of maximal 513 
afterload (6.85 mN/mm) for 7 days. (B) MR-EHTs (blue bars) showed a trend towards increasing 514 
forces during the interval afterload protocol, while the forces measured for control EHTs (black 515 
bars) remained relatively unchanged. For these experiments, n = 10 EHTs were analyzed per 516 
group and this data was statistically compared using a 2-way ANOVA and Sidak’s multiple 517 
comparison test. Error bars in graphs represent standard error of the mean. 518 
 519 
Table 1: Reconstitution mix for generating EHTs. 520 
 521 
Table 2: Useful commands for afterload tuning experiments. 522 
 523 
Supplementary Figure 1: Dimensions of silicone racks. (A) Top view, (B) sectional side view, and 524 



   

 
 

(C) detailed post view of the silicone racks used for these studies.  525 
 526 
Supplementary Figure 2: Additional contractile parameters for stepwise afterload increase. 527 
Contractile measurements of control EHTs (black line) and EHTs cultured on magnetically 528 
responsive posts (MR-EHTs; blue line) over a culture period of 31 days. (A) MR-EHTs had a 529 
significantly higher force production rate than control EHTs from day 27 on. (B) The rate of force 530 
decay was also significantly greater in MR-EHTs than in control from day 27 onward. (C) While 531 
contractile work measured in control EHTs gradually increased over the entire period of culture, 532 
the contractile work produced by MR-EHTs peaked on day 26 and dropped thereafter to levels 533 
below control. Yet, work in MR-EHTs was never significantly higher than that in control EHTs. 534 
Here, n = 10 MR-EHTs and n = 10 control EHTs were analyzed by fitting a mixed model (REML = 535 
restricted maximum likelihood) and Sidak’s multiple comparison test. The error bars in graphs 536 
represent standard error of the mean, * p < 0.05, *** p < 0.001. 537 
 538 
Supplementary Figure 3: Additional contractile parameters for interval afterload protocol. The 539 
contractile behavior of magnetically responsive EHTs (MR-EHTs) under the influence of a 540 
fluctuating regimen of afterload was observed. (A) During the interval afterload protocol, MR 541 
EHTs (blue bars) initially showed a trend towards higher force production rates compared to 542 
control EHTs (black bars), but these differences were not significant and diminished towards the 543 
end of the experiment. (B) Force decay rates measured in MR-EHTs and control EHTs were 544 
statistically similar throughout the interval afterload protocol. (C) Contractile work measured for 545 
MR-EHTs increased during the first days of the afterload interval protocol but decreased on the 546 
last day. The contractile work measured for control EHTs did not noticeably change during this 547 
period of time. Work in MR-EHTs was never significantly higher than work in control EHTs. For 548 
these experiments, n = 10 EHTs per group were analyzed by 2-way ANOVA and Sidak’s multiple 549 
comparison test. Error bars in graphs represent standard error of the mean. 550 
 551 
DISCUSSION: 552 
The protocol outlined herein describes a new technique for magnetically altering afterload in 553 
engineered heart tissues. This technique relies upon the use of a piezoelectric stage to translate 554 
a plate of strong magnets towards and away from magnetically responsive racks of silicone posts. 555 
The closer the two sets of magnets, the stronger the afterload experienced by the EHTs cultured 556 
on them. 557 
 558 
There are several steps that are critical to the successful production and use of this system. While 559 
fabricating the magnetically responsive silicone racks, it is crucially important to ensure that all 560 
of the magnets within the posts are oriented with the same polarity. If a magnet is placed in the 561 
reverse orientation, it will serve to weaken rather than augment the strength of the magnetic 562 
field. Similarly, this polarity should match that of all the magnets within the magnet plate, else 563 
the two sets of magnets will repel, rather than attract one another. Additionally, where possible, 564 
refrain from using magnetic materials in the construction of the afterload adjustment device, as 565 
they can interfere with the magnetic field. Aluminum is suggested as a primary construction 566 
material for this reason. Similarly, if using a piezoelectric stage other than the one listed in the 567 
Table of Materials, ensure that it is resistant to magnetic fields and standard cell culture 568 



   

 
 

conditions (e.g., 37 °C, 100% humidity, and high CO2 and O2-concentrations). Lastly, keep in mind 569 
that most piezoelectric linear stages are meant to be mounted horizontally, as they tend to have 570 
a low load capacity. As such, if the weight of the magnet plate exceeds this load capacity, a 571 
counterweight should be used to unload the motor. 572 
 573 
Despite best practices, it is quite difficult to keep the encoder surface pristine. When this occurs, 574 
the stage will stop moving before reaching the target position when running in closed-loop mode. 575 
The motion controller’s red LED will flash, additionally the motion controller software will display 576 
a “No encoder detected”-error message. To remedy this, the user should clean the surface of the 577 
encoder with a lint-free piece of cloth soaked in isopropyl alcohol and let it air dry.  578 
 579 
This protocol demonstrates the steps taken by our lab to produce and implement this system. 580 
However, several of these steps could be achieved by different means. For example, one could 581 
use a force transducer, rather than optical means, to confirm the relationship between magnet 582 
spacing and post stiffness. Additionally, custom posts could be designed and fabricated with 583 
embedded magnets and braces. However, we have found that precise positioning of these 584 
objects is easier to accomplish manually. To fine-tune the range of afterloads applicable by this 585 
system, these posts can be manufactured with differing basal stiffnesses or with a different 586 
number of magnets. Though, using too many magnets will impede post bending. Alternatively, 587 
this can also be achieved by adjusting the size and strength of the magnets within the magnet 588 
plate. Larger and stronger magnets will yield higher afterloads. 589 
 590 
There are several limitations to this method that could be improved upon in future versions of 591 
this system. Namely, the range of applicable afterloads is physically limited by the maximum and 592 
minimum spacing between the post magnets and plate magnets. Ideally, the posts used for this 593 
system would place the tissues as close to the base of the tissue culture dish as possible, without 594 
directly allowing the tissue to touch the bottom of the plate. However, the posts used in these 595 
studies were commercially made prior to the development of this system, so the lengths of the 596 
posts were not optimized for this platform. Similarly, since the EHT contractility analysis system 597 
was constructed prior to this system, it was not designed to allow for electrical cords in or out of 598 
the measurement space. As such, the presence of these cords resulted in a small air gap, which 599 
allowed for gases to slowly leak out of the inner chamber. This could be ameliorated by adjusting 600 
gas flow rates accordingly. However, ideally, a future embodiment of this system would have 601 
insulated exit and entry points for these cords. Should one wish to perform these experiments in 602 
the absence of the EHT contractility analysis system, the afterload tuning platform can instead 603 
be placed within an incubator. Though, the system in its entirety will only fit within a standard 604 
incubator if one or more of the shelves are removed, rendering this space unavailable for other 605 
cell and or tissue culture purposes. To optically observe the tissues in either environment, lights 606 
will be necessary. The LED lights used for this system were found to give off a substantial amount 607 
of heat. If left on for long periods, this heat could potentially damage the tissues. As such, for 608 
these studies, the lights were only used for short periods while assessing the contractility of the 609 
tissues. However, should one desire to consistently observe the tissues, the lighting system will 610 
have to be optimized for these purposes. 611 
 612 



   

 
 

Afterload has been previously studied in EHT models16,23. However, these works presented 613 
techniques that were only able to achieve a singular static increase in load. Alternatively, this 614 
work demonstrated how a magnetics-based platform can be used to fine-tune and temporally 615 
regulate afterload in EHTs. The results from two separate sets of experiments were used to 616 
exemplify the wide range of afterload regimens that can be applied to EHTs using this device. 617 
Intended future applications of this system include studies on the effect of the applied afterload 618 
regimen (dose and duration) on both tissue maturation and pathological remodeling.  619 
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1 Rat EHT 24 Rat EHTs (+10%) 1 hiPSC-CM EHT 24 hiPSC-CM EHTs (+10%) Component

5 x 105 1.3 x 10
7

1 x 106 2.6 x 10
7

Cells (either neonatal rat heart ventricular cells or hiPSC-derived cardiomyocytes)

5.57 μL 147 μL 5.57 μL 147 μL 2x DMEM: 20% heat-inactivated horse serum, 20% 10x DMEM, 2% penicillin/streptomycin, 58% aqua ad iniectabilia

2.53 μL 66.8 μL 2.53 μL 66.8 μL Fibrinogen: 200 mg/mL Fibrinogen dissolved in 0.9% NaCl

- - 0.1 μL 2.64 μL Y-27632

ad 100 μL ad 2640 μL ad 100 μL ad 2640 μL EHT-casting medium: 88% DMEM, 10% heat-inactivated fetal calf serum, 1 % penicillin/streptomycin, 1% L-glutamine
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Command name Syntax Description

Move absolute 1MVA[x] Stage moves to position [x] in mm

Set velocity 1VEL[x] Stage movement velocity set to [x] in mm/s

Emergency stop 1EST Stops any movement

Wait for stop 1WST Only during program recording; Waits for completion of previous movement command before executing next command

Wait for time period 1WTM[x] Only during program recording; Waits for time period [x] in ms

Beginn program recording 1PGM[x] Begin program recording in slot [x]; Note: Slot [x] needs to be free

End program recording 1END End program recording and save program

Erase program 1ERA[x] Erase program saved in slot [x]

Execute program 1EXC[x] Execute program saved in slot [x]

Loop program 1PGL[x] [x]=1 Program loop mode ON [x]=0 Program loop mode turned off

Read and clear errors 1ERR? Request error report
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Name of Reagent/ Equipment Company Catalog Number Comments/Description

Cylindrical plate magnets HKCM 9962-55184 h = 14 mm, d = 13 mm

Cylindrical post magnets HKCM 9962-63571 h = 2 mm, d = 0.5 mm

Dental wire Ormco 266-1316 d = 0.016 inches (0.406 mm)

GraphPad GraphPad Software, La Jolla, California, USAversion 6.00 for Windows

Motion control software for piezo motor Micronix USA free download on manufacturer homepage

Motion controller for piezo motor Micronix USA MMC-100-01000

Optical contractility analysis platform EHT technologies A0001

Piezoelectric linear motor Micronix USA PPS-20-15206 fitted with linear optical encoder, incubator-environment compatible

Styrene Rod Plastruct MR-15 d= 0.015 inches (0.381 mm)

USB camera Reichelt Elektronik 
REFLECTA 66142
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We thank the editor and reviewers for their insightful comments and helpful suggestions, which we believe 
have greatly improved the quality of our manuscript. Below, we have included a point by point response to 
each comment. We hope that the following information serves as adequate clarification or resolution of 
these points.  
 

Editorial Comments 
1. Protocol language 

a. Imperative tense 
 
Where possible, our JoVE protocol has been rewritten in the imperative tense. Those sections that 
could not be rewritten in this format have been incorporated into notes.  
 

b. Split up long steps 
 
Lengthy steps in our protocol have been split into additional steps or simply shortened to enhance 
the clarity and brevity of our protocol. 
 

2. Protocol highlighting 
 

We revised the highlighting in order to form a more cohesive narrative. 
 

 
3. Discussion 

a. Please ensure that the discussion covers the following in detail and in paragraph form (3-6 
paragraphs): 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance 
with respect to existing methods, 4) future applications and 5) critical steps within the protocol. 
 
In the previous version of the manuscript, we covered each of these topics with the exception of 
troubleshooting. This section has been added to the revised manuscript. 

 
4. References 
 

a. Please make sure that your references comply with JoVE instructions for authors. 
 

We used the official JoVE 2019 Endnote-Style to format references in our manuscript, however, 
there seem to be small differences between this style and the JoVE instructions for authors. As such, 
we have added DOI numbers and full journal names to the bibliography. 

 
5. Commercial language 

 
In accordance with editorial requirements, we have edited our manuscript such that it is absent of 
commercial language. 

 
 
 

Reviewer 1 
 
1. Some parts of the protocol are slightly hard to follow, even with the illustrative figures. Not because the 

protocol is badly written, but because of the complex nature of the construction/device. I was wondering 
whether a video of the device in action might help the readers? 
 
We share the concern of the reviewer that the written instructions are, in certain sections, hard to 
follow. To address this, we have reselected the portions of the protocol to be filmed such that it covers 
the more technically challenging portions of the protocol. 
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2. Typo line 552: (H)owever - h missing 
 

We thank the reviewer for pointing out this oversight. The referenced text has been corrected in the 
resubmitted version of the manuscript. 

 
3. Figure 7: Last day - is this drop in force caused by the EHTs dying? Has cell viability be looked at. Would 

be curious to see how sarcomeric structures look in the afterload EHTs compared to control ones 
(immunofluorescence, e.g. for alpha-actinin) 

 
The main focus of this protocol is to cover the afterload modification-method. As such, we have not 
investigated what led to this (small) drop in force. However, we have extensively examined the effects of 
a very strong permanent increase in afterload from 0.95 mN/mm to 11.5 mN/mm (as compared to the 
gradual increase from 0.9 mN/mm to 6.85 mN/mm in this study). In these previous studies (Hirt et al. 
2012 Basic Research in Cardiology [PMID: 23099820] and Hirt et al. 2015 Journal of Molecular and 
Cellular Cardiology [PMID: 25633833]) we observed a 20% increase in cardiomyocyte death in EHTs 
subjected to high afterload compared to control EHTs. In addition, fibrotic changes and altered 
metabolism contributed to the previously described decline in force. We imagine that these events could 
also be at play here. 
 
For the same reason, we have not stained sarcomeric structures in these tissues. However, preliminary 
results from experiments utilizing silicone posts of different basal stiffnesses (afterloads) suggest that, 
over longer periods of time, the average sarcomere length remains unchanged under the range of 
environmental loads that we are examining. This has also been observed in a similar study from another 
lab (Leonard et al. 2018 Journal of Molecular and Cellular Cardiology [PMID: 29604261]).  

 
4. Figure 8: if stats have been done and the changes are not significant, this suggests that interval afterload 

is not a good approach to increase force. If this is the case, this figure and reference to it in the text 
should be deleted. 
 
We initially hypothesized that tissue contractile force could be increased by exposing the tissues to an 
interval exercise training regimen. As the reviewer mentioned, this hypothesis, in connection with the 
selected regimen, was incorrect. However, JoVE explicitly encourages researchers to also include data 
from experiments that are not necessarily “successful” to show the range of outcomes possible when 
performing the described protocol. For this reason, we chose to include this data. To emphasize this 
point, we added some text to the results section of the manuscript to clarify that this experiment did not 
yield the expected results.  
 
 

Reviewer 2 
 
 
1. The manuscript lists several limitations and a few alternative solutions for addressing these 

shortcomings. Many of these limitations arise from aspects of the commercially available platform that 
are not yet adapted to this new afterload method. Though two of the authors have interest in the 
company selling the EHT platform, it is nevertheless understandable that the manufacturing has not yet 
adapted to this new supplemental attribute. 
 
On the other hand, the failure to provide a specific solution to the problem of the difference the base 
stiffness between the magnetically responsive posts and the control posts (0.91 vs. 0.6 mN/mm) is less 
justifiable. The authors should provide a specific non-magnetic insert description (material and 
dimensions) that successfully abrogates this difference in non-actuated post stiffness (i.e. achieves 0.91 
mN/mm post stiffness with a nonmagnetic material). This material, and its source, should be included in 
the table of reagents/equipment. 
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We thank the reviewer for raising this very important point. We entirely agree that the difference in 
basal stiffness between the control posts and magnetically responsive posts should be eliminated. To 
achieve this, we have inserted (non-magnetic) polystyrene rod fragments into the control posts to 
increase their rigidity. The resulting stiffness for control posts reinforced with a 0.4 mm thick styrene 
cylinders was 0.84 mN/mm, which is very close to the basal stiffness of the magnetically responsive 
silicone posts (0.91 mN/mm). Please see Reviewer-Only Figure 1 for more detailed results. To instruct 
the reader on how to achieve this, a corresponding step has been added to the protocol. Also, the 
styrene rods used for this adaptation have been referenced in the material spreadsheet.   

 
2. The representative results in Figures 7 and 8 should be more complete (similar to presentations in 

Reference 24) with inclusion of additional variables including work, rate of force generation, rate of force 
decay, etc. 

 
We thank the reviewer for this remark. We have included the suggested additional contractility data 
(force production rate, force decay rate, and work) in the new Supplementary Figures 2 and 3 and 
amended the manuscript to reflect these changes. 
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