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Abstract

Afterload plays important roles during heart development and disease progression, however, 

studying these effects in a laboratory setting is challenging. Current techniques lack the ability to 

precisely and reversibly alter afterload over time. Here, we describe a magnetics-based approach 

for achieving this control and present results from experiments in which this device was employed 

to sequentially increase afterload applied to rat engineered heart tissues (rEHTs) over a 7-day 

period. The contractile properties of rEHTs grown on control posts marginally increased over the 

observation period. The average post deflection, fractional shortening, and twitch velocities 

measured for afterload-affected tissues initially followed this same trend, but fell below control 

tissue values at high magnitudes of afterload. However, the average force, force production rate, 

and force relaxation rate for these rEHTs were consistently up to 3-fold higher than in control 

tissues. Transcript levels of hypertrophic or fibrotic markers and cell size remained unaffected by 

afterload, suggesting that the increased force output was not accompanied by pathological 

remodeling. Accordingly, the increased force output was fully reversed to control levels during a 

stepwise decrease in afterload over 4 hours. Afterload application did not affect systolic or 

diastolic tissue lengths, indicating that the afterload system was likely not a source of changes in 

preload strain. In summary, the afterload system developed herein is capable of fine-tuning EHT 

afterload while simultaneously allowing optical force measurements. Using this system, we found 

that small daily alterations in afterload can enhance the contractile properties of rEHTs, while 

larger increases can have temporary undesirable effects. Overall, these findings demonstrate the 

significant role that afterload plays in cardiac force regulation. Future studies with this system may 

allow for novel insights into the mechanisms that underlie afterload-induced adaptations in cardiac 

force development.
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1 Introduction

Cardiomyocytes within the human heart develop and mature in response to environmental 

cues. This maturation is largely driven by mechanical forces created by the cyclical loading 

and contraction of the heart. These forces can roughly be broken up into two different 

categories: forces experienced during heart filling (preload), and forces felt during heart 

ejection (afterload). In an in vitro setting, cardiac afterload can be thought of as the 

resistance of the culture environment to tissue contraction, while preload can be thought of 

as the loading applied to the tissue prior to the onset of contraction.

At early stages of cardiomyocyte development, increases in environmental stiffness can have 

a pro-maturation effect on the spread area, aspect ratio, sarcomere length, contractile force, 

contractile power, and work produced by immature cardiomyocytes.1,2 Similar effects on 

cytoskeletal alignment, sarcomeric content, passive tension, contraction frequency, and force 

production have been observed in human stem cell derived cardiomyocytes exposed to 

mechanical strain.3–11 Conversely, it has been shown that a lack of proper environmental 

forces during cardiac development can result in congenital defects12,13 or pathological 

remodeling.14 These results indicate that preload and afterload can significantly alter 

postnatal cardiomyocyte maturation and performance.

After cardiomyocytes reach their fully-matured state, additional physiological growth can 

occur in response to higher demands in blood flow caused by pregnancy or physical 

exercise. This beneficial response has been demonstrated in vitro with short-term 

applications of moderate increases in environmental load.14,15 However, sustained 

conditions such as increases in systemic vascular resistance, arterial hypertension, or loss of 

working myocardium due to myocardial infarction can result in pathological cardiomyocyte 

hypertrophy and a decline in cardiac function. This adaption has been shown in animal 

models exposed to prolonged or high levels of environmental loading.14,16,17

These studies exemplify the critical importance of the load magnitude and its exposure time 

when it comes to the regulation of cardiomyocyte function. That is, intermittent exposure to 

the physiological loads drives cardiomyocyte maturation and allows for necessary 

adaptations in their activity, while prolonged exposure to the pathophysiological loads can 

result in heart failure. Therefore, a platform that can accurately modulate the dose and 

duration of environmental load over prolonged periods would be beneficial for studying the 

development of immature cardiac tissues and for elucidating the mechanisms that lead to 

pathological remodeling of the adult heart.

Here, a technique for fine-tuning afterload in engineered heart tissues (EHTs) is presented. 

The motivation for focusing on afterload enhancement comes from data supporting the 

notion that afterload has a more significant effect on cellular hypertrophy than preload does.
15,18 However, because preload and afterload are intimately linked, increases in preload are 

not completely avoidable. In this study, EHTs containing neonatal rat cardiomyocytes were 

exposed to increasing amounts of afterload over seven days. During this period, the 
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contractile responses of the tissues were monitored to determine whether the loading regime 

resulted in the enhancement or decline of these properties.

2 Materials and methods

2.1 Afterload device fabrication

To enable afterload adjustment, magnetically responsive silicone posts were assembled by 

inserting cylindrical (0.5 mm in diameter, 2.0 mm in height) N40 Neodymium permanent 

magnets (HKCM Engineering, Eckernförde, Germany) into racks of hollow silicone posts. 

These magnets were positioned at the tips of the posts at the edges of the silicone rack (posts 

1 and 8; Figure 1A). In this configuration, each rack contained two sets of afterload 

adjustable posts and two sets of control posts. The silicone posts used for these studies had a 

material stiffness of 0.6 mN/mm. Metal braces were manually cut and bent from straight 

0.016 inches (~ 0.4 mm) diameter stainless steel archwire (Ormco, Orange, CA, USA) and 

were used to fix one post within each set. This fixation was done to ensure that alterations in 

afterload were directly translated to the rEHTs. Lastly, the open surfaces of the posts 

containing the magnets were sealed with Sylgard® 184 silicone elastomer (Dow Corning, 

Midland, Michigan, USA) to prevent magnet oxidation.

Prior to experimentation, the posts were sterilized by placing them in 70% ethanol for 20 

minutes and then washing them two times in sterile water (Braun, Kronburg, Germany) for 

20 minutes under a tissue culture hood. The posts were air dried within the hood before 

tissue casting to maintain sterility and to ensure secure tissue attachment. Autoclaving the 

posts containing the magnets would irreversibly reduce their magnetic strength, as the 

autoclave reaches a maximum temperature (121 ºC) well above their operating temperature 

(80 ºC).

The magnet plate contained two rows of six cylindrical (13 mm in diameter, 14 mm in 

height) N52 Neodymium permanent magnets (HKCM Engineering, Eckernförde, Germany) 

with a residual induction of 1430-1480 mT. This plate was fabricated out of acrylic plastic 

(Abelco GmbH, Büchen, Germany) and designed such that, when placed directly below the 

tissue culture plate, the magnets were axially aligned with the smaller magnets within the 

posts (Figure 1B). Due to the strength of the magnets, they were press-fit into the holes to 

keep them in place. Otherwise, the attractive force between the magnets would cause them 

to dislodge from the acrylic housing plate and attach to one another.

The acrylic plate was perpendicularly mounted to a linear-travel PPS 20 precision 

piezoelectric stage (Micronix USA, Santa Ana, CA, USA) which has a travel range of 51 

mm. Importantly, this piezoelectric stage is primarily made of aluminum and ceramic, so it 

does not interfere with the field produced by the magnets. The stage was fitted with an 

analog encoder with 10 nm resolution (Micronix USA, Santa Ana, CA, USA) and was 

always operated in the closed loop mode, which ensures that the stage moves to its 

prescribed location with a high degree of precision and self-corrected for any discrepancies 

in its positioning.
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2.2 Magnet stability

To determine whether the plate and post magnets were susceptible to temperature- or 

humidity-induced losses in their magnetic strength, the baseline weight and strength of these 

magnets were measured in ambient conditions, and then again after being in the incubator 

for three weeks. During this period, the post magnets were removed and placed back in the 

incubator every few days, to simulate the temperature cycles that the posts would go through 

during routine culture. Magnet weight was assessed with a precision laboratory scale. Field 

strength measurements were taken every week using an SS495A Hall sensor (Honeywell, 

Morris Plains, NJ, USA). This sensor has an operating range of ± 670 mT, making it well-

suited to measure the magnetic strength of the plate and post magnets (543 mT and 448 mT 

at the surface, respectively, according to the manufacturer). Additionally, the sensor is 

ratiometric, so the change in output voltage is proportional to the magnetic field strength, 

according to Faraday’s Law of Induction. For these measurements, a DC power source was 

used to supply the Hall sensor with 6 V, while a voltmeter was used to quantify changes in 

voltage when the Hall sensor was placed in direct contact with the magnets. At the end of 

the testing period, the magnets were also physically examined for the presence of crumbling, 

cracking, or rusting using an Axiovert 25 microscope (Zeiss, Oberkochen, Germany).

2.3 Quantification of magnetic post stiffness

The relationship between magnet spacing and post stiffness was determined optically. A 

video camera was used to track the bending movement of a magnetic post under the 

influence of various weights, while a linear stage was used to translate the magnet plate 

towards and away from this post. To prevent these weights from interfering with the 

magnetic interaction between the plate and post magnets, they were made of acrylic plastic 

and were hung from the posts using string. The captured videos were analyzed in ImageJ 

using color thresholding techniques to determine post locations in the absence and presence 

of the plate magnet and weights. The difference in post location with and without the 

weights was defined as the post deflection. Upon plotting the gravitational force of the 

weights (Eqn. 1) against the post deflection under the influence of that force, we observed 

that the data followed a linear trend. Since the post material is homogeneous, isotropic, and 

elastic, post stiffness could be calculated according to Hooke’s Law (Eqn. 2) as the slope of 

a linear fit through this data (Eqn. 3):

F = mg

(1)

F = kx

(2)
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kx = mg k = mg
x

(3)

Where F represents force, k is the post stiffness, x is the post deflection, m is the mass of the 

attached weight, and g is the acceleration due to gravity (9.8 m/s2). Post stiffness was 

calculated this way for magnet spacings ranging from 5 mm to 30 mm.

2.4 Formation and maintenance of rat EHTs

Rat engineered heart tissues (rEHTs) were produced as previously described.14 Briefly, 

polytetrafluoroethylene (PTFE) spacers (EHT Technologies, Hamburg, Germany) were used 

to create agarose (2% in phosphate buffer solution) (Invitrogen, Carlsbad, CA, USA) voids 

within a 24-well plate (Thermo Fisher Scientific, Waltham, MA USA). The silicone racks 

were then inverted and placed on top of these wells, such that the posts were facing 

downwards and centered within the agarose voids. Ventricular cells (containing 

approximately 25% non-cardiomyocytes)19 from newborn Wistar rats (postnatal day 0–3) 

were isolated by a fractionated DNAse and trypsin digestion. A mixture of ~ 500,000 cells, 5 

mg/ml bovine fibrinogen (Sigma-Aldrich, St. Louis, MO, USA), 2x Dulbecco's Modified 

Eagle Medium (DMEM), and 3 U/ml thrombin (Merck Millipore, Burlington, MA, United 

States) was pipetted into the agarose casting molds (100 μL per rEHT) in the space 

surrounding the silicone posts. This created tissues with a volume of approximately 12 mm x 

3 mm x 2.8 mm. Following tissue solidification (~ 2 hours), the silicone racks were 

transferred to new 24-well plates containing standard EHT medium (DMEM, 1% penicillin/

streptomycin, 10% horse serum, 10 μg/ml insulin, and 33 μg/ml aprotinin, 0.5 ng/ml 

triiodothyronine and 50 ng/ml hydrocortisone) and maintained in a humidified temperature 

and gas-controlled incubator (37 ºC, 7% CO2, 40% O2). Culture medium was exchanged 

every second day. On day 20, the concentration of horse serum in the medium was reduced 

to 4%, and on day 22 it was omitted entirely. This serum-free medium was exchanged daily 

from day 22 onwards. The rEHTs were consistently housed within sterile 24-well plates, 

which maintained sterility and allowed for gas exchange throughout the duration of the 

experiment. Up until the initiation of the afterload regimen, the 24-well plates were cultured 

within the incubator and were only removed to perform contractility measurements within a 

temperature and gas-controlled analysis environment. On day 20, the 24-well plate 

containing rEHTs, along with the afterload device, was permanently transferred to this 

environment, where they remained for the duration of the experiment.

2.5 Afterload regimens

As an initial assessment of the afterload system, afterload-affected rEHTs were exposed to a 

stepwise increase in afterload from a basal value of 0.91 mN/mm to a maximal value of 6.85 

mN/mm. Tissue contractile properties were assessed immediately following this 

intervention.

Rodriguez et al. Page 5

ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 July 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Using a separate set of tissues, a week-long afterload regimen was initiated 20 days 

following tissue casting, at the peak of force development. On day 20, afterload (post 

resistance) was increased by 0.09 mN/mm (from a baseline of 0.91 mN/mm to a starting 

value of 1.0 mN/mm). Thereafter, afterload was increased according to the average tissue 

response on the previous day. Afterload was initially increased by 0.5 mN/mm per day 

between days 21 and 23. Due to noted increases in tissue contractility e.g. post deflection, 

the magnitude of afterload was further increased by 1.0 mN/mm between days 23 and 24 

and by 2.0 mN/mm between days 24 and 25.

Following a decrease in tissue contractility on day 25, the change in afterload magnitude was 

decreased to 1.35 mN/mm and the total magnitude of afterload was increased to its maximal 

value (6.85 mN/mm) on day 26. This was done to determine whether the observed negative 

response was primarily due to the magnitude of the load, or the large change in afterload. 

After noting tissue recovery under lower changes in load we chose to maintain afterload at 

this value until the end of the experiment, on day 27. Henceforth, changes in afterload will 

be referred to as ΔAL, while the magnitude of environmental afterload will be designated by 

|AL|.

Following a similar week-long afterload regimen, another set of rEHTs were sequentially 

exposed to smaller magnitudes of afterload every hour, starting from a value of 6.85 

mN/mm, and then decreasing to 5.5 mN/mm, 3.5 mN/mm, 2 mN/mm, and lastly, 0.91 

mN/mm. The contractile properties of these tissues were measured at each value of 

afterload.

2.6 Contractility analysis

Spontaneous rEHT contractile parameters were determined using automated video-optical 

recording hardware and analysis software (EHT Technologies, Hamburg, Germany) as 

previously described20,21 with a few modifications. This system houses EHTs within a 

temperature, humidity, and gas-controlled environment with a glass lid. Situated directly 

above this incubator-like environment is a camera, mounted on computer-controlled X, Y, 

and Z-axes. LEDs below the EHT plate illuminate individual tissues while the camera 

records their contractile movement. For this system to be compatible with the magnetic 

afterload device, the standard interior LED lighting system was removed and replaced with 

the afterload device.

During recording, custom software is used to automate camera movement and the optical 

recording parameters for the tissue analysis period. This software computes contractile 

properties including active contractile force, fractional shortening (FS), contractile velocity, 

relaxation velocity, and the diastolic tissue length (DL). The systolic length (SL) of the 

tissue (Eqn. 4) can be calculated from the fractional shortening of the tissue:
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FS = DL − SL
DL SL = DL 1 − FS

(4)

The contractile work (W) produced by an EHT was approximated as the change in the 

elastic potential energy required to deflect the silicone posts (Eqn. 5).

W = 1
2k Δ x2 W = k

2 DL − SL 2

(5)

These contractile measurements were initiated 13 days following tissue casting (day 13), at 

which time the tissues started producing measurable forces. On days when tissue afterload 

was altered (days 20-27), tissue recordings were performed immediately following afterload 

adjustment.

2.7 Histological analysis

Following the afterload regimen, a portion of the rEHTs was fixed with formaldehyde and 

embedded in paraffin for immunohistochemistry. For this procedure, 3 μm sections were 

transversally cut at the center of the tissues. A mouse anti-dystrophin monoclonal antibody 

(Millipore, MAB1645) was used at a dilution of 1:200 with a 60 min antigen retrieval in 

EDTA-buffer, pH 8.0. This dystrophin antibody concentration was optimized using paraffin 

sections from adult rat hearts. Histological sections were visualized with an UltraView 

Universal DAB Detection Kit (Roche) and microscopic images were taken with a 

Hamamatsu NanoZoomer 2.0-HT slide scanner. Average cell cross-sectional areas were 

determined from dystrophin-positive cells by manually measuring 50 random cells per tissue 

section in ImageJ, using the freehand trace function.

2.8 RNA isolation and quantification of gene expression

Upon completion of the experiment on day 27, a portion of the control and afterload-

affected tissues was frozen in liquid nitrogen for qPCR analysis. The rEHTs were 

homogenized with steel beads in a highly chaotropic isolation buffer. A phenol-chloroform 

based total RNA extraction was combined with a silica column purification step according to 

manufacturer’s instructions (Lexogen Split RNA Extraction Kit). For reverse transcription 

and qPCR, a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and 

HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne) were used according to 

manufacturers’ instructions. Experiments were performed on an ABI PRISM 7900HT 

Sequence detection system (Applied Biosystems). Beta-glucuronidase (Gusb), beta-actin 
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(Actb), and 18S ribosomal RNA served as internal control genes/RNAs to countervail 

variability.

2.9 Physiological context of afterload regimen

To determine the physiological context of the loads applied to the rEHTs during our 

experiments, post stiffness was compared to the circumferential systolic wall tension in the 

left ventricle of the human heart in vivo. This analysis was performed at the endocardial 

surface of the left ventricle during end-systole since this is the region of highest stress and 

the time point that most closely corresponds to peak aortic pressure. For this calculation, the 

left ventricle was represented by a pressure vessel with prolate spherical geometry e.g. a 

circular cross-section in the transverse plane and an ellipsoid-shaped cross-section in the 

longitudinal plane. Additionally, the left ventricular wall was defined to be homogenous, 

purely elastic, and of uniform thickness, and it was assumed that the stress within the wall 

was purely derived from its internal pressure.

Under these conditions, according to Mirsky,22 the circumferential stress (σθ) at the 

endocardial surface of the left ventricle (Eqn. 6) can be approximated by:

σθ =
Pidt

t 1 −
dt dt /dl

2

2dt + t

(6)

Where dl and dt are, respectively, the semi-major/longitudinal and semi-minor/transverse 

axes of the heart, Pi is the internal pressure, and t is the thickness of the heart wall. From this 

equation, gestational wall stresses were calculated at various time points using published 

values of left ventricular end-systolic diameters, posterior wall thickness, and pressure.23–27

Using this same equation, and physiological measurements of the left ventricle following 

birth, Colan et al.28 developed an equation for circumferential end-systolic wall stress in the 

human heart with respect to patient age. This equation was subsequently used to calculate 

values of circumferential wall stress from birth onwards (Eqn. 7):

σθ = 13.3 age 0.32 + 33.1

(7)

As mentioned previously, our analysis assumes that the heart wall is composed of a 

homogeneous elastic material when it actually contains various types of cells and 

extracellular matrix proteins. For this calculation, we are interested in the stress normalized 

to cardiomyocyte area, since they are the primary force-producing unit within the heart wall 
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and the major resistive unit to preload under physiological loading.29 Assuming that the wall 

tension is distributed evenly across a given section of tissue and that 80%30,31 of this area is 

occupied by cardiomyocytes, the normalized physiological cardiac stress (σc,p) is a factor of 

1.25 times higher than the calculated stresses.

These values of systolic stress were then compared to stresses produced by rEHTs under the 

influence of magnetic afterload. To calculate EHT stress, tissue contractile forces were 

divided by the cross-sectional area of the tissue. Based on our previous works, the 

percentage of rEHT cross-sectional area that is occupied by cardiomyocytes is 

approximately 20% at peak force development. As such, the cardiac stress was calculated to 

be 5 times the calculated stresses for an individual rEHT (Eqn. 8):

σc, EHT = F
0.2 ⋅ AEHT

(8)

Where F is the measured force (mN), and AEHT is the average cross-sectional area of the 

rEHT (mm2). To calculate tissue areas, rEHT diameters were measured from screenshots 

(produced by the image analysis software) of the tissues in end-systole, an average was 

taken from each measurement day, and this value was used to calculate the average tissue 

area, assuming a circular cross-section.

2.10 Statistical analysis

Quantitative PCR data analyses were carried out using the ΔΔ-Ct method. Statistical tests for 

contractile data were performed in GraphPad Prism. For repeated measures, differences 

between control and afterload-affected rEHTs were either assessed using a two-way 

ANOVA or mixed-effects model with repeated measures, and a Bonferroni correction for 

multiple comparisons. Statistical significance was assessed at p < 0.05, and p-values are 

graphically displayed as follows: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p 

< 0.0001. Error bars in graphs represent standard error of the mean.

3 Results

3.1 Afterload system

A device was designed and fabricated to have precise control over the environmental 

afterload experienced by EHTs. This system (top view: Figure 2A, front view: Figure 2B) 

has four primary components: a 24-well plate of EHTs grown on magnetic and control 

silicone posts (Figure 2C), a magnet plate (Figure 2D), a piezoelectric stage (Figure 2E), and 

an array of LEDs (Figure 2F). The piezoelectric stage is used to translate the magnet plate 

towards the magnetic silicone posts (Video S1). As the plate approaches the posts, the 

attractive force between the two sets of magnets becomes stronger. Therefore, the closer the 

magnet plate is to the posts, the larger the load (afterload) that the EHTs must contract 

against.
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3.2 Magnet stability

To assess whether the magnets were experiencing losses in their magnetic strength over 

time, a custom-built Hall sensor was used to measure their magnetic field strength at room 

temperature and then again following one, two, and three weeks in an incubator at 37 ºC. To 

replicate the real-life magnet environment as closely as possible, the plate magnets were left 

in open air within the incubator, while the post magnets were placed inside of silicone posts, 

and partially submerged in phosphate buffer solution (PBS). Over this three-week period, no 

significant losses in magnetic strength were observed, nor were any appreciable changes in 

magnet weight found (Table 1). Additionally, upon examining the tested magnets under a 

microscope, we observed no visible changes in their microstructure, implying that the 

magnets did not experience any changes in their physical or magnetic properties following 

three weeks in an incubator environment.

3.3 Magnet post characterization

In this device, afterload, or post resistance, increases as the acrylic magnet plate translates 

closer to the posts. The relationship between magnet separation distance (the distance 

between the edge of the magnet within the silicone rack and the edge of the magnet within 

the magnet plate) and post stiffness was determined optically. This was achieved by tracking 

the bending movement of a magnet post under the influence of the attractive magnetic force 

emanating from an axially aligned plate magnet and the gravitational force applied to it by a 

weight hanging from its end (Figure 3A). This bending movement was recorded for a range 

of weights at various magnet separation distances (Figure 3B). Upon compiling this data, the 

relationship between magnet spacing and post resistance was found to follow an inverse 

exponential trend (Figure 3C). According to these results, the afterload device allows for 

alterations in post resistance starting from the baseline stiffness of 0.91 mN/mm (in the 

absence of the plate magnet), to a maximal value of 6.85 mN/mm (at a spacing of 5.5 mm). 

Additionally, we found that there were no differences in afterload with respect to tissue 

location within the magnet plate (Figure S1), nor any negative effects of the magnetic field 

produced by these magnets on the contractile properties of the rEHTs (Figure S2).

3.4 Tissue contractile properties

In an initial test of the afterload system, the rEHTs were exposed to a rapid increase in 

afterload from 0.91 mN/mm to 6.85 mN/mm. Upon doing this, we found no significant 

changes in the systolic and diastolic tissue lengths or the spontaneous beating frequency of 

the afterload-affected tissues (Figure S3). However, values of tissue force, force production 

rate, and force relaxation rate significantly increased, while post deflection, fractional 

shortening, work production, contractile velocity, and relaxation velocity were all found to 

significantly decrease. Alternatively, there were no appreciable changes in any of these 

properties for control tissues.

To explore the effects of slowly increasing afterload over time, the tissues and afterload 

device were permanently placed within the temperature, gas, and humidity-controlled 

contractile analysis environment (Figure 4A). From day 20 to 27 after casting, the magnet 

plate was moved in steps towards the bottom of the culture plate, exposing the rEHTs grown 

on magnetic posts to increasing afterload (Figure 4B). Between days 13-17, the magnitude 

Rodriguez et al. Page 10

ACS Biomater Sci Eng. Author manuscript; available in PMC 2020 July 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



of afterload experienced by the afterload-affected tissues was slightly higher than that of 

control tissues (due to the embedded magnets), and this difference became larger over the 

course of the week-long experiment (Figure 4C). We observed that there were no significant 

differences in the systolic or diastolic lengths between the control and afterload affected 

tissues over the testing period (Figure 4 and Figure S4).

During the observation period of day 13-27 after casting, rEHTs grown on control posts 

showed a fairly continuous increase in contractile activity, i.e. post deflection, fractional 

shortening, peak force, and velocity were all approximately 1.9-fold higher on day 27 when 

compared to day 13, while work production was 3.6-fold higher (Figure 4D and Figure S4). 

This is the usual behavior of rat EHTs and most likely reflects time-dependent contractile 

maturation.20

Between day 13 and 20, i.e. before the intervention started, the group of rEHTs grown on 

magnetic posts produced marginally smaller post deflections than the controls (a significant 

difference was reached on day 17), likely explained by the slightly stiffer magnet posts (0.91 

vs. 0.60 mN/mm). The stepwise afterload regimen starting at day 20 did not induce a 

significant decrease in post deflection until day 24 (Figure 4E). At this point, afterload was ~ 

4-fold higher in magnet tissues compared to controls. In fact, the post deflections measured 

for magnet tissues (absolute or relative) were 47% higher on day 24 than on day 13, akin to 

the development of rEHTs on control posts (+54%). Further increase in afterload on day 25 

led to a >50% drop in deflection from day 24, which stabilized on day 26 despite an 

additional increase in environmental load. On day 27, deflection was ~ 4-fold lower for 

afterload-affected tissues when compared to control rEHTs. Fractional shortening, 

contraction velocity, and relaxation velocity demonstrated a similar dependence on changes 

in afterload magnitude (Figure S4).

Force, which is the product of post deflection (mm) and post stiffness (mN/mm), steadily 

increased over time in afterload-affected rEHTs and reached values 5.9-fold higher on day 

27 compared to baseline values from day 13 (maximal force ~ 0.6 mN; Figure 4F). It is 

interesting to note that force increased between days 26 and 27 in the absence of additional 

afterload application, indicating a continuous adaptation of the rEHTs to the increasing 

environmental load. Force production rate (mN/s), i.e. the velocity of tension development, 

also increased with rising afterload, but with a transient drop between days 24 and 25, the 

time point when afterload was increased by a large step (ΔAL 2 mN/mm) (Figure 4G). 

However, this drop was almost fully recovered by day 26 and even surpassed by day 27. 

Again, showing an adaptation of the rEHTs to higher loads, as long as the change in load 

was kept low. A similar trend was found for the velocity of tension relaxation (Figure S4).

Work production, e.g. the product of force and displacement, by afterload-affected rEHTs 

increased over time and reached values 4.6-fold higher than baseline measurements (Figure 

4H). During days 22 and 23, work production in these rEHTs was 2.2-fold higher than those 

measured for control tissues. On day 24, following a moderately large ΔAL of 1.0 mN/mm, 

these values began to decrease. An even larger drop in work was observed on day 25 when 

ΔAL = 2.0 mN/mm. However, following a smaller increase in afterload on day 26, the 
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magnitude of work production again increased, and in the absence of further afterload 

application, surpassed earlier values.

This data demonstrates that post deflection, work production, fractional shortening, 

contraction velocity, and relaxation velocity are negatively influenced by large stepwise 

increases in afterload, while force production rate and relaxation rate are moderately 

affected by these changes and contractile force is positively affected. In fact, we observed a 

remarkable adaptation in rEHT force development to these stepwise increases in afterload.

Following a replicate week-long experiment, rEHTs were exposed to sequential step-wise 

decreases in afterload over 4 hours. During this period, the average post deflection and 

contractile force produced by control tissues remained steady (Figure S5). In contrast, the 

average post deflection increased upon each drop in afterload, and contractile forces 

decreased. In consequence, chronically afterload-enhanced rEHTs reached control deflection 

and force values after 4 hours.

3.5 Tissue structure

In examining rEHT structure, we find that the surface region of these tissues contain a 

higher density of cardiomyocytes with well-defined and interconnected sarcomeric 

structures, which are oriented along the longitudinal direction of the tissue (Figure 5A). To 

determine whether there was an effect of the applied afterload regimen on the structural 

properties of the rEHTs, the tissues were fixed, embedded in paraffin, and 

immunohistochemically stained for dystrophin following the completion of the experiment 

(Figure 5B and 5C). Analysis of these images revealed no differences in the cross-sectional 

area of the tissues (Figure 5D) or individual cells (Figure 5E).

3.6 Quantitative PCR of hypertrophy and fibrosis markers

We have previously observed that strong (>12-fold) increases in environmental afterload can 

initiate pathological hypertrophy and fibrosis in EHTs.14 To assess whether these tissues 

experienced similar outcomes, qPCR analysis was performed on control and afterload-

affected rEHTs following completion of the afterload regimen. This analysis tested for 

mRNA levels of atrial natriuretic peptide (ANP, Nppa), beta-myosin heavy chain (beta-

MHC, Myh7), collagen-1 pro-alpha chain (Col1a1), and connective tissue growth factor 

(Ctgf). The results of this examination revealed no differences in transcript concentrations 

between control and afterload-affected tissues, suggesting that the loads applied during the 

afterload regimen neither induced pathological hypertrophy nor fibrosis (Figure 6).

3.7 Physiological context of afterload regimen

To have a physiological understanding of the loads applied to the rEHTs in our system, we 

compared these loads to those seen in the human heart during development. This analysis 

revealed that the afterload device is capable of applying loads in the range of 0.91 mN/mm 

to 6.85 mN/mm to rat-based EHTs. When these values are normalized to the rEHT cross-

sectional area and adjusted for the area percentage of cardiomyocytes within an rEHT, the 

stress applied by the afterload device to the rat cardiomyocytes was found to range from 

0.61 mN/mm2 (on day 13) to 5.40 mN/mm2 (on day 24) (Figure 7A). Interestingly, this 
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applied stress decreased when afterload was further increased to a smaller degree, on days 

25 and 26, This was a result of the tissue cross-sectional area initially decreasing on day 24, 

and then recovering on days 25 and 26.

Modeling the gestational left ventricle as a prolate spheroid and using published values of 

cardiac dimensions and blood pressure (Table S2), we calculated that the wall tension 

perceived by cardiomyocytes in the human heart vivo increases from 1.12 mN/mm2 at 16 

gestational weeks to 3.12 mN/mm2 at 40 gestational weeks (Figure 7B). Employing a 

previously established equation for systolic wall stress in the human heart, we estimated that 

this stress continues to increase after birth, from a value of around 4.06 mN/mm2 shortly 

after birth to 8.31 mN/mm2 in a full-grown adult (Figure 7C).

Using the calculated values of wall stress produced by the afterload device and employing 

the method proposed from Elzinga and Westerhof,32 it is possible to estimate maximum 

systolic pressure that could be achieved by an artificial human heart composed of rat 

engineered heart tissues. Systolic wall tension in 20-year-old human hearts was calculated to 

be 6.65 mN/mm2.

Alternatively, maximal wall tension in our rEHTs (with 20% of the cross-sections occupied 

by cardiomyocytes) was 1.08 mN/mm2. Assuming an average maximum systolic blood 

pressure of 120 mmHg, the pressure produced by the artificial heart would be ~ 20 mmHg 

(1.08 mN/mm2 / 6.65 mN/mm2 x 120 mmHg). This value is quite low when compared to 

120 mmHg. Though, if we manage to increase the cardiomyocyte coverage in the rEHTs to 

match that in the human heart (~ 80%), the maximal systolic blood pressure would approach 

80 mmHg. Maturing these tissues in culture to increase force production on a per-cell basis 

would further increase this value. Overall, these comparisons show that the afterload device 

can be used to apply human physiological loads to rEHTs, and that a heart made from these 

tissues could potentially produce 80 mmHg of systolic pressure, but that these outcomes are 

largely dependent on the contractile state and content of the tissues.

4 Discussion

Afterload plays an important role in the regulation of cardiac contractile function. However, 

experimentally studying this effect in a highly controlled manner over prolonged periods of 

time has proven to be technically difficult. Live models offer little control over afterload 

magnitude while excised hearts and muscle preparations have a very limited window of time 

in which they can be used before deteriorating. In addition, these models are low throughput, 

require time-consuming preparation and maintenance, and induce higher costs. Due to these 

limitations, some investigators have opted to study afterload in engineered heart tissue 

(EHT) systems.

In a previous study, we exposed EHTs composed of neonatal cardiomyocytes to a substantial 

(>10-fold) and instantaneous increase in afterload by inserting metal braces into hollow 

versions of the silicone posts (afterload enhancement).14 This increase in afterload resulted 

in pathological hypertrophy, i.e. lower force development, slower relaxation kinetics, an 

increase in fibrosis, a reactivation of fetal genes (hypertrophic gene program), and metabolic 
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alterations consistent with a pathological cardiomyocyte state. In contrast, Leonard et al. 

recently demonstrated that a singular small-to-medium increase in afterload in human EHTs 

promotes force development and maturation.33 However, a means of fine-tuning tissue loads 

in EHTs is lacking. Moreover, these previous studies have only examined the effect of a 

single increase in afterload magnitude, which does not mimic what happens in the body 

during heart development nor during the progression of diseases such as aortic valve 

stenosis. The goal of this project was to design a device capable of applying distinct values 

of afterload – which can be precisely varied over time – to EHTs. This was achieved using a 

magnetics-based approach with three major elements: small permanent magnets in the tips 

of the EHT posts, an array of larger permanent magnets positioned below the 24-well culture 

plate, and a linear piezoelectric stage, which was used to translate the magnet plate towards 

the cultured tissues.

Piezoelectric stages have many advantages when compared to conventional stepping or 

servo motorized stages. First, the travel resolution for piezoelectric stages is in the 

nanometer range, while most motorized stages have resolutions in the micrometer or 

millimeter range. Also, piezoelectric motors are self-locking, i.e. the motor does not 

experience any slippage upon the cessation of movement. Unlike a standard mechanical 

motor, piezoelectric stages are lubricant free and have fewer moving parts, which translates 

into them requiring less maintenance and having a longer service life. Moreover, these 

stages are relatively compact, which is an important trait for our system, as we need the 

stage to be able to fit within the space-limited imaging and incubator environments. Lastly, 

piezoelectric stages can be built out of almost entirely non-magnetic materials. This is of 

particular importance for our device because a magnetic stage could disrupt the fields 

produced by the magnets used in our system.

The software used to control the piezoelectric stage (Micronix Motion Controller Platform) 

allows the user to easily adjust for multiple parameters. In addition to travel distance, this 

software can be used to define travel speed, acceleration, and spatial travel limits. To ensure 

a higher level of travel accuracy, the stage was fitted with an optical analog encoder. This 

encoder uses a sensor to transmit location information to the computer software. A feedback 

mechanism within the software ensures that the travel distance prescribed by the user is 

accurate and corrects this position if necessary. Therefore, even if the stage is bumped, the 

software will correct the position. These properties make this system very precise, reliable, 

and user-friendly.

The feasibility of this design depends on the stability of the magnets within the posts and 

those within the magnet plate. Several different environmental factors can cause permanent 

magnets to demagnetize, including high temperatures, physical damage, and oxidation.34 

Depending on the duration and extremity of this event, the demagnetization can be reversible 

or irreversible. As a magnet is heated up, increased molecular movement causes the 

magnetic domains to misalign, and the overall strength of the magnet is reduced. In general, 

at temperatures below the maximum working temperature of the magnet, this reduction is 

completely reversible. Past this point, some percentage of the magnetic strength is 

irreversibly lost. In our system, the magnets are exposed to temperatures up to 37 ºC, which 

is well below their maximum working temperature (60 ºC for those in the magnet plate and 
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80 ºC for those in the posts, according to the product guide). As such, irreversible losses 

were improbable, but reversible losses were possible. However, after three consecutive 

weeks in the incubator, we found no measurable losses in magnet strength (Table 1).

Neodymium magnets are primarily composed of neodymium, iron, and boron. If left in a 

humid environment for prolonged periods of time, diffusion of oxygen, water vapor or 

hydrogen along grain boundaries inside the magnet can cause the iron to rust, which will 

partially demagnetize the magnet. To prevent this, neodymium magnets are often coated 

with a protective layer of nickel, which is resilient to humid environments but can deteriorate 

following prolonged exposure to high-humidity.35 Following three weeks in a humid 

biological incubator, no alterations to the physical microstructure of the magnets were 

found.

The effective implementation of this device as a means to alter afterload in engineered heart 

tissues is also dependent on the uniformity of the applied magnetic field. Compounding 

effects from adjacent magnets within the magnet plate could lead to differences in the 

magnetic field applied to the post magnets, based on the location of the tissue within that 

field. However, we found no measurable differences in post deflection with regard to tissue 

location (Figure S1), implying that the afterload felt by each tissue is equivalent, regardless 

of its position.

Additionally, there is some evidence that the presence of low level oscillatory magnetic 

fields can alter cardiovascular function.36,37 However, other studies have found no effect of 

either stagnant nor oscillating magnetic fields in the range of 400 mT to 9.4 T on cardiac 

force production, heart rate, heart rhythm, electrical activity, or heart pathology.38–41 Some 

studies have even found beneficial effects of culturing cardiomyocytes in the presence of a 

magnetic field.42–47 The largest fraction of the magnetic field present in our system is 

produced by the plate magnets. When the magnet plate is in its position closest to the 

rEHTs, the magnetic field strength imposed on the tissue is in the range of 220 mT (0.22 T). 

We found that culturing rEHTs in the presence of this field for six days did not result in 

altered contractile function of the tissues (Figure S2). Though it is not known whether there 

were other effects of this field on the cardiac tissues, these results suggest that any effect on 

the contractile function of these tissues was minimal.

Prior to initiating our experiments, the relationship between magnet spacing and post 

stiffness had to be established. This relationship was determined by attaching a large magnet 

to a linear track and translating it towards an axially-aligned magnet post under the influence 

of a defined weight. Concurrently, post deflection was optically tracked using a digital 

camera. Upon analyzing the post deflection for different magnet spacings, it was determined 

that this relationship followed an inverse exponential trend with a minimum stiffness of 0.91 

mN/mm and a maximal stiffness of 6.85 mN/mm. The basal stiffness of the magnet post in 

the absence of an externally applied magnetic field (0.91 mN/mm) is noticeably higher than 

that of an empty post (0.6 mN/mm). This indicates that the presence of the magnet increases 

the resistance of the post. This difference may contribute to the smaller deflections measured 

for the rEHTs on the adjustable afterload posts compared to those on control posts in the 

absence of a magnetic field (Figure 4E, days 13-20). Despite this discrepancy, during this 
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period, there were not any significant differences in the measured contractile properties for 

the two groups of tissues (albeit a decline in deflection on day 17). However, this is an 

acknowledged shortcoming of the current afterload device design.

In an initial study with this system, rEHTs were exposed to a quick step-wise increase in 

afterload. Upon measuring the contractile properties of these tissues, we found significant 

increases in force, force production rate, and force relaxation rate, but significant decreases 

in post deflection, tissue shortening, work production, contractile velocity, and relaxation 

velocity. Previously, we found that a step-wise increase in afterload from 0.95 to 11.5 

mN/mm had a similar effect, with the exception that force production, force production rate, 

and force relaxation rate (which were measured at a delayed time point) also decreased.14 

However, our current results are consistent with those found by a previous study that 

exposed human EHT to a step-wise increase in afterload from 0.09 to 9.2 mN/mm.33 These 

results suggest that force, force production rate, and force relaxation rate are less sensitive to 

alterations in afterload than the others such as fractional shortening, but will also decline in 

the presence of very large magnitudes of afterload.

To determine the effect of smaller magnitudes of afterload, racks of posts containing control 

and afterload affected rEHTs were exposed to increasing amounts of afterload application 

over a 7-day period. With the exception of day 24, the average diastolic and systolic lengths 

of the afterload-affected tissues were not significantly different from those measured for the 

control tissues, nor did these values significantly change with alterations in |AL| (Figure 4). 

This suggests that the tissues experienced little to no change in strain during the testing 

period. The afterload device was designed so that the permanent magnets within the magnet 

plate were axially aligned with the undeformed positions of the posts containing magnets. In 

general, the diastolic lengths of EHTs decrease over time in culture. Thus, to minimize an 

initial alteration in preload strain, afterload application was initiated before substantial tissue 

compaction had occurred. From here on, we believe that the resting tissue length remained 

unchanged due to a balance in the attractive magnetic force pulling the post into its 

undeformed position with the resistive force of the tissue to strain. Importantly, despite 

preload strain remaining unchanged, the preload tension experienced by EHTs in our system 

– which can be thought of as the force that brings the posts back into their undeformed 

positions during diastole – also increases with rising values of afterload. Though the 

independent effects of afterload and preload cannot be segregated in this system, the lack of 

tissue straining implies that any changes in EHT properties can be directly attributed to 

increases in afterload and preload tension, and not to tissue stretching i.e. the Frank Starling 

mechanism. This characteristic is a notable advantage of our system compared to others, 

which have reported increases in tissue diastolic length with the application of afterload.33,48

Imposing increasing afterload over time did not affect post deflection nor fractional 

shortening in afterload-affected rEHTs until environmental afterload reached values ~ 4 

times that experienced by control tissues (Figures 4 and S4). In fact, both groups of tissues 

demonstrated a ~ 50% increase in deflection between days 13 and 24 (4 days after the start 

of intervention). This is in contrast to a recent study which found that even a small singular 

increase in load resulted in decreased tissue deflection.33 However, the contractile 

measurements reported in this study were conducted three weeks following the afterload 
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intervention, whereas ours were performed immediately. Therefore, it is difficult to make 

direct comparisons between the two.

Given that more force is needed to deflect stiffer posts, the same deflection translated into 

higher force and work production, increasing with the magnitude of afterload application 

(Figure 4). Further increase in afterload (day 24 to day 25) resulted in a steep decrease in 

tissue shortening and work production, but force continued to increase. Other experiments 

which have examined the effect of a singular increase in afterload oneffect of a singular 

increase in afterload on the contractile properties of native heart tissues49–52 and EHTs33,53 

have found that force and work production increase with moderate enhancements in 

afterload application and decrease past a certain threshold of afterload. In our study, work 

production in afterload-affected rEHTs declined on day 24 but recovered again by day 27. 

Alternatively, force production continuously increased during the testing period. These 

findings imply that work production is more sensitive to increases in afterload application 

than force.

Indices of contractile function such as fractional shortening, twitch velocity, and contraction 

and relaxation rates (mN/s) also showed a transient drop between day 24 and 25, indicating a 

limit of tissue adaptation to large changes in afterload. Afterload was moderately increased 

between day 20 and 24 (ΔAL = 0.09-1.35 mN/mm at a time) and was increased to a larger 

degree between days 24 and 25 (ΔAL = 2.0 mN/mm). Importantly, when the daily increase 

in afterload was lowered to 1.35 mN/mm between days 25 and 26, and to 0 mN/mm between 

days 26 and 27, these properties did not continue to decline, though the total amount of 

environmental afterload had increased to a higher value (6.85 mN/mm). It has been 

previously demonstrated that native heart tissue responds to increases in afterload with 

reduced contraction velocity.49,51,54–56 The same response has been observed in immature 

EHTs, 14,33 as well as a decrease in fractional shortening and post deflection. In our system, 

these properties were only shown to decrease when rEHTs were exposed to a 2.0 mN/mm 

change in environmental afterload and recovered in the presence of higher afterload when 

the ΔAL remained below 1.35 mN/mm. These results indicate that, in addition to (or more 

than) the absolute magnitude of afterload, the change in afterload has a strong effect on the 

resulting contractile state of the tissue.

It is well known from extensive studies on animals that pathological hypertrophy is 

accompanied by the upregulation of fetal cardiac genes, including atrial natriuretic peptide 

(ANP), brain natriuretic peptide (BNP), α-skeletal actin, and β-myosin heavy chain (β-

MHC), as well as increased expression of collagen-1 and connective tissue growth factor.57 

We previously found that rapidly increasing afterload from a baseline value of 0.95 mN/mm 

to 11.5 mN/mm (~ 12-fold increase) yielded cellular hypertrophy and significant increases in 

the expression of these genes.14 It was therefore somewhat unexpected that the afterload 

regimen employed in the present study had no effect on transcript levels of hypertrophy or 

fibrosis markers. The data initially suggested induction of a physiological form of 

hypertrophy. However, we didn´t observe altered EHT structure or cell size, similar to a 

former study applying small to moderate increases in afterload.33 These data, coupled with 

the observation that the force increase in afterload-enhanced rEHTs was fully reversible in 4 
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hours suggest that the loads applied in this study did not result in structural remodeling of 

the tissues, but rather, initiated a physiological force response to increased afterload.

More than 100 years ago, Gleb von Anrep observed a slow but powerful positive inotropic 

reaction of the heart to an increase in afterload.58 Anrep postulated this effect to be 

catecholamine mediated, however, this hypothesis was later disproved.59 In the 1970s, the 

slow Anrep-effect (together with the fast Frank-Starling-effect) were reproduced in vitro.60 

We speculate that the increased, but reversible, forces observed in our experiments might be 

explained by the Anrep-effect, implying that an increase in afterload alone (without an 

increase in preload strain) is sufficient to induce this physiological adaptation.61 

Additionally, in skeletal muscle, high loads have recently been shown to unlock additional 

myosin motors, resulting in higher forces (thick-filament regulation of force).62 The authors 

of this work concluded “As thick-filament structure and protein composition are essentially 

the same in heart and skeletal muscle, thick-filament mechanosensing may also be a 

fundamental component of the regulation of contractility in the heart.” Future work is 

necessary to determine which (if either) of these mechanisms resulted in the contractile 

behavior observed in our experiments. The new magnetic post system will serve an integral 

role in elucidating this effect.

Finally, to determine how the loads applied to the rEHTs during our experiments compare to 

those experienced by an intact human heart, we compared the environmental stresses 

produced by the afterload device to calculated values of end-systolic wall stress within the 

human heart (Figure 7). This analysis assumed that the left ventricle is of semi-spherical 

shape, and composed of an isotropic and homogenous elastic material with uniform, but not 

negligible, wall thickness. Despite these simplifications, similar approximations have been 

found to yield values of average circumferential stress that are not significantly different 

from geometrically accurate FEA models63,64 nor experimental measurements.65,66 It is 

important to note that the accuracy of these models is highly limited when estimating local 

stresses, especially those located further from the equatorial or surface regions of the model, 

as well as they are less precise when used to calculate stresses in the longitudinal or radial 

directions or at end diastole.64,67,68 To account for differences in cardiomyocyte coverage in 

an rEHT (~ 20%) compared to the human heart (~ 80%), calculated values of stress were 

multiplied by scaling factors to yield the proportion of cardiomyocyte stress. Upon 

completing this comparison, we found that stress within the human heart increases from 

approximately 1.12 mN/mm2 at 16 weeks gestation to 8.31 mN/mm2 in a full-grown adult. 

After scaling the measured rEHT forces based on their cross-sectional area and the area 

percentage of cardiomyocytes, the stress perceived by these cells ranges from 0.61 mN/mm2 

to 5.40 mN/mm2.

Therefore, we demonstrated that this device can be used with rEHTs to produce 

physiological stresses that mimic those present during human gestation up to early 

adulthood. If the force-producing capability of the cardiomyocytes within the EHTs can be 

increased via environmental maturation, and the cardiomyocyte coverage within the EHTs 

can be improved (from ~ 20 % to ~ 80 %) by limiting hypoxic regions via perfusion 

strategies,69,70 we postulate that this system could be used to apply a full range of 

physiologically relevant stresses to EHTs composed of immature rat or human cardiac 
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tissues. However, since rat and human hearts are physiologically different (e.g. distinct 

geometries and muscle isoforms) a similar analysis will have to be performed on human 

EHTs to prove the validity of this claim.

5 Conclusions

Here, a new device for altering afterload in engineered heart tissues was presented. The 

results of initial experiments demonstrate that the magnetic afterload device developed for 

this study is an effective means of fine-tuning physiological afterloads in EHTs with a 

minimal effect on tissue strain. In contrast to other systems, tissue contractility can be 

measured during the afterload intervention, as well as over extended periods of time. Using 

this device, we found that small daily increases in afterload are effective in enhancing the 

contractile properties of rEHTs, while moderate to large increases can temporarily reduce 

these endpoints. These findings suggest that both the magnitude and change in afterload 

application play important roles in the development of contraction in immature 

cardiomyocytes. Going forward, this system can be used to study the mechanisms that 

underlie adaptations in force development, maturation, and pathological remodeling in 

cardiac tissues exposed to various afterload regimens.
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Figure 1. Tissue racks
(A) Angled and side views of an EHT rack, showing the locations of the magnets, metal 

braces, and silicone seals. A single rack contains mountings for two afterload-affected EHTs 

(posts 1-2 and 7-8), and two mountings for control EHTs (posts 3-4 and 5-6). (B) Sectional 

view of EHT rack in testing environment.
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Figure 2. Afterload device and its individual components
(A) Top view of the afterload device in its assembled form. (B) Close-up front view of the 

device. (C) The 24-well plate containing 6 racks of EHTs sits on top of an aluminum plate 

holder. (D) The magnet plate containing two rows of cylindrical permanent magnets is 

horizontally mounted to the (E) piezoelectric stage below the EHTs. (F) A plate with strips 

of LEDs sits at the base of the device to illuminate the tissues for imaging.
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Figure 3. Quantification of Post stiffness
Post stiffness was determined optically, using a camera to track post displacement under the 

influence of differing weights and magnet separation distances. (A) An image showing the 

optical method for obtaining post stiffness. (B) Increasing the magnitude of the weight 

attached to the end of the post resulted in a linear increase in post bending, independent of 

the magnet separation distance. (C) The relationship between magnet plate distance x and 

post resistance k is given by the inverse exponential equation: k = 12.69e −0.138x +0.91. The 

vertical line indicates the closest possible distance between the bottom of the magnet post 

and magnet plate (5.5 mm).
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Figure 4. Tissue measurements
measured properties of control (solid line and closed circles) and afterload-affected (dashed 

line and open circles) tissues when increasing tissue load from a stiffness of 0.91 mN/mm to 

6.85 mN/mm, over a one-week period. (A) Picture of afterload device in the assessment 

environment. (B) Tissue afterload regimen, where ΔAL indicates the change in 

environmental afterload from the previous day and |AL| is the magnitude of afterload on 

each day. (C) Environmental afterload experienced by control (solid line and closed circles) 

and afterload-affected (dashed line and open circles) tissues over the testing period. (D) The 

average diastolic length of the tissues remained relatively unchanged during the testing 

period for afterload-affected and control tissues. (E) Post deflection increased over time in 

both control and afterload-affected rEHTs, however, a sharp decline occurred in afterload-

affected tissues on day 25, which was partially recovered by day 27. (F) The average 

contractile forces produced by the tissues during the testing period increased for both 
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experimental groups, but to a much higher degree in afterload-affected tissues. (G) The rates 

of tissue contraction also continually increased for both groups of tissues, with the exception 

of a small decrease in afterload-affected tissues on day 24. (H) Tissue work production 

followed an increasing trend in control rEHTs. Contractile work in afterload-affected rEHTs 

also initially increased, but began to decline on day 24 and continued declining until day 26. 

However, by day 27, these tissues had surpassed their day 23 values. Error bars in graphs 

represent standard error of the mean. Statistical significance was assessed for n = 12 control 

tissues and n = 12 afterload-affected tissues at p < 0.05, and p-values are graphically 

displayed as follows: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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Figure 5. Tissue and cellular structure
(A) Immunofluorescent image of a region close to the surface of a rat EHT stained with 

antibodies against α-actinin (green) and DRAQ5 (blue). Dystrophin stained cross-sections of 

(B) control (Ctrl) and (C) afterload-affected (Aa) tissues were analyzed for differences in 

(D) tissue and (E) cellular area. No significant differences in either parameter were found. 

Scale bar in immunofluorescent image is equivalent to 20 μm and that in dystrophin images 

equates to 200 μm. Error bars in graphs represent standard error of the mean. Statistical 

significance was assessed for n = 8 control tissues and n = 8 afterload-affected tissues at p < 

0.05.
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Figure 6. Results of qPCR analysis
An analysis of hypertrophic and fibrotic genes revealed no differences in the mRNA levels 

of atrial natriuretic peptide (ANP, Nppa), beta-myosin heavy chain (Beta-MHC, Myh7), 

collagen-1 pro-alpha chain (Col1a1), and connective tissue growth factor (Ctgf) between 

control (Ctrl) and afterload-affected (Aa) tissues. Error bars in graphs represent standard 

error of the mean. Statistical significance was assessed for n = 4 control tissues and n = 3 

afterload-affected tissues at p < 0.05 using the ΔΔ-Ct method.
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Figure 7. Comparison between computed and experimental systolic wall stress
Values of left ventricular end-systolic stress experienced by cardiomyocytes within the 

human heart were calculated by modeling the ventricle as a prolate spheroid-shaped pressure 

vessel. (A) Loads produced by our magnetic afterload device were calculated, assuming a 

circular tissue cross-section and that 20% of the EHT cross-sectional area was occupied by 

cardiomyocytes. Where, k is the post stiffness, d is the tissue diameter, σ is the calculated 

tissue stress, and σc is the cardiomyocyte-perceived stress. (B) Published values of left 

ventricular diameters, wall thickness, and pressure at end systole were used to estimate 

stress from 16 to 40 weeks of gestation. (C) A previously established equation was used to 

calculate stress from birth onwards28. (C) The blue regions in the graphs indicate the range 

of stresses applied by the afterload device, where the upper and lower bounds are indicated 

by dashed lines.
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Table 1
Magnet stability

The magnets used in these experiments were assessed for changes in their physical and magnetic properties 

over a three-week period. Magnetism was assessed by recording changes in the Hall voltage (ΔV) generated 

by the magnets, while magnet weight was measured using standard laboratory scales. No significant changes 

in either parameter were found. The error reported in this table is the standard error of the mean, which was 

calculated from n = 3 post magnets and n = 3 plate magnets.

Post Magnets Plate Magnets

Week ΔV Weight (mg) ΔV Weight (mg)

0 0.600 ± 0.110 67.433 ± 2.668 2.920 ± 0.000 14040 ± 10

1 0.630 ± 0.105 67.810 ± 2.725 2.920 ± 0.000 14048 ± 13

2 0.657 ± 0.116 67.733 ± 2.854 2.920 ± 0.000 14042 ± 6

3 0.600 ± 0.081 66.557 ± 2.131 2.920 ± 0.000 14066 ± 11
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