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Abstract 

Endothelial cells (EC) in vivo are continuously exposed to a mechanical microenvironment from 

blood flow, and fluidic shear stress plays an important role in EC behavior. New approaches to 

generate physiologically and pathologically relevant pulsatile flows are needed to understand EC 

behavior under different shear stress regimes. Here, we demonstrate an adaptable pump (Adapt-

Pump) platform for generating pulsatile flows from human pluripotent stem cell-derived cardiac 

spheroids (CS) via quantitative imaging-based signal transduction. Pulsatile flows generated 

from the Adapt-Pump system can recapitulate unique CS contraction characteristics, accurately 

model responses to clinically relevant drugs, and simulate CS contraction changes in response to 

fluidic mechanical stimulation. We discovered that ECs differentiated under a long QT syndrome 

derived pathological pulsatile flow exhibit abnormal EC monolayer organization. This Adapt-

Pump platform provides a powerful tool for modeling the cardiovascular system and improving 

our understanding of EC behavior under different mechanical microenvironments. 
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Introduction 

The microenvironment of blood vessels in vivo includes constant exposure to shear stress from 

blood flow, which plays an important role in vascular formation and in maintaining vascular 

function1, 2. Pulsatile flow is generated by the periodic contraction of the left ventricle and 

maintained throughout the arteries, as well as in selected areas of veins and capillaries3. Blood 

flow is tightly correlated to ventricular contractility4, so abnormal heart rhythm impacts 

peripheral blood flow pattern5. Endothelial cells (ECs) line the lumen of blood vessels, so 

pulsatile flow provides a more relevant in vivo microenvironment for these ECs compared to 

constant flow. Numerous studies have shown that pulsatile flow and constant flow have different 

effects on ECs in vitro, including EC morphology and alignment6, 7, gene expression8, 9, 

distribution of adhesion proteins7, cell proliferation, and apoptosis10. The pulsation frequency 

and peak amplitude of the pulsatile flow also plays an important role in EC morphology and 

protein expression6, 7.  Additionally, fluidic shear stress significantly affects differentiation 

efficiency and related gene expression during the differentiation process11, 12, but the effects of 

pulsatile shear stress have not been well characterized. EC differentiation is involved in multiple 

blood vessel formation processes, including vasculogenesis and angiogenesis13, 14, and these new 

vascular formation processes are crucially affected by shear stress15, 16. ECs have a variety of 

functions within the cardiovascular system, including barrier protection, endocrine signaling, and 

inflammatory response1. EC dysfunction can lead to vascular disorders such as atherosclerosis 

and thrombosis, along with myocardial infarction and stroke1. Hence, it is important to develop 

cardiovascular models with more biologically relevant pulsatile flow profiles to better model 

vascular development and disease.
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Pulsatile flow is a critical component for in vitro studies of vascular biology due to its 

biomechanical effect on cells and tissues3. Previous methods to study EC behavior in vitro have 

generated pulsatile flow using pneumatic or piezoelectric pressure pumps and simulated 

waveforms7, 17, 18. However, the underlying pump technologies of these previous approaches lack 

the temporal resolution to recapitulate the frequency content of the time-dependent flow 

generated by heart contractions. Additionally, the simulated pulsatile waveforms of these 

previous studies cannot provide real-time changes in waveforms due to feedback flow or drug 

treatments. Therefore, these previous approaches cannot investigate the long-term effects of 

dynamic biomechanical changes on the cardiovascular system in vitro.  Although previous 

studies have shown that pulsatile flows change the function and morphology of ECs compared to 

constant flows, patient-specific effects on ECs from pathological pulsatile flows such as long QT 

syndrome (LQTS) cannot be determined due to limitations of current in vitro models. Hence, a 

new in vitro model is needed to generate pulsatile flow that can capture subtle flow differences in 

response to drug treatments or patient-specific pathological flows for advancements in drug 

screening and disease modeling for cardiovascular system.  

Human pluripotent stem cell (hPSC)-derived cardiomyocytes have been used to model the 

effects of genetic mutations on cardiomyocyte function, and are capable of recapitulating 

pathophysiological phenotypes19. However, effects of these mutations on the broader 

cardiovascular system, including blood vessels, have not been investigated in current hPSC-

derived cardiomyocyte disease models. Moreover, hPSC-derived cardiomycoytes provide an 

unlimited and reproducible cell source to test changes in cardiomyocyte contraction in response 

to drug treatment and mechanical stimulation. Furthermore, they can be used to model 
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phenotypic heart contraction of a variety of cardiac diseases including LQTS. These key features 

of cardiomyocyte contraction, which include frequency and amplitude, are tightly correlated to 

the pulsatile flow. Crucially, they can be converted into signal by using high-speed quantitative 

imaging and signal transduction in order to generate biologically relevant pulsatile flow.

Here, we demonstrate a novel adaptable pump (Adapt-Pump) system to generate physiologically 

and pathologically relevant pulsatile flows based on the contractions of patient-specific hPSC-

derived cardiac spheroids (CSs). We developed quantitative imaging-based signal transduction to 

record the spontaneous periodic contractions of CSs and actuate the contraction waveforms with 

high fidelity as microfluidic pulsatile flow. We used Adapt-Pump to generate pulsatile flow from 

CSs derived from different hPSC lines, including healthy human embryonic stem cell (hESC)-

derived CSs and patient-specific LQTS induced pluripotent stem cell (iPSC)-derived CSs. We 

then resolved the effects of drug treatment on CS contractions, and accurately recapitulated these 

contractions in microfluidic pulsatile flow. We also demonstrated real-time Adapt-Pump 

(rtAdapt-Pump) and resolved the instantaneous response of CS contraction to microfluidic 

mechanical stimulation. Adapt-Pump was also used to apply pulsatile flow to EC progenitors, 

and we discovered that LQTS-derived pulsatile flow induced abnormal cell organization during 

EC differentiation. This Adapt-Pump system can generate physiologically or pathologically 

relevant pulsatile flow from hPSC-derived CSs through quantitative imaging-based signal 

transduction, which is a novel technique that enables an unprecedented integrated model of the 

cardiovascular system.  Adapt-Pump can be used to investigate integrated cardiomyocyte and EC 

behavior under various mechanical microenvironments resulting from cardiac disease in 

response to clinically-relevant drug treatments.
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Results and discussion

Workflow to generate pulsatile flow from hPSC-derived cardiac spheroids for disease 

modeling

hPSCs can differentiate into specialized cell types to facilitate studying development, modeling 

disease, and screening drugs20, 21. Here, we demonstrate a proof-of-concept Adapt-Pump system 

to generate pulsatile flow from hPSC-derived CSs. We showcase three applications with this 

Adapt-Pump system. First, we recapitulate pulsatile flow changes after clinically-relevant drug 

treatment to hPSC-derived CSs. Second, we demonstrate that the Adapt-Pump system can 

generate real-time pulsatile flow from CS contraction in response to feedback mechanical 

stimulation. Third, we perform EC differentiation under a pathological mechanical 

microenvironment derived from congenital LQTS iPSC-CSs. These applications demonstrate the 

use of the Adapt-Pump to generate pulsatile flows from different hPSC lines including patient-

specific iPSCs, monitor real-time cardiac contraction in response to feedback fluidic flow, and 

perform studies of integrated cardiomyocyte-EC behavior across a range of fluidic mechanical 

microenvironments including those that mimic cardiac diseases.

The workflow is shown in Fig. 1. First, hPSCs were differentiated into cardiac progenitors using 

an established small-molecule-mediated differentiation protocol22. CSs were generated from a 

single-cell methylcellulose suspension of cardiac progenitors. After 48 hours, aggregated CSs 

were embedded into Matrigel and plated on ibidi coverslip dishes for imaging (Fig. 1a). 

Brightfield image time-series were acquired of the CS contractions, and quantitative image 

analysis was used to convert these images into a contraction waveform. Briefly, the 2D area 
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(mm2) of the CS was quantified in each frame using image segmentation. The contraction 

waveform then was calculated as the change in area relative to the area of the fully relaxed CS 

(Fig. 1b). A scaling factor  was used to convert the contraction waveform into a pressure 𝐶

waveform in the range of 0 to 800 mbar. Finally, this pressure waveform was sent to a high-

speed pump to generate pulsatile flow onto EC progenitors that lined a confluent monolayer in a 

medium-filled channel (Fig. 1c). Additional details regarding the experimental system are 

described in the Materials and Methods section. 

Fluorescent bead streak analysis and shear stress simulation

The transit of fluorescence beads has been commonly used to characterize fluidic flow profiles 

and shear stress regimes at fluid-substrate boundaries23. Quantifying fluid speeds of over 1 cm/s 

exceeds the limitations of commonly used fluorescence microscopy equipment and standard 

single-particle tracking approaches. To fully characterize the high-speed (>1 cm/s) pulsatile flow 

profiles, we developed a method based on particle streak velocimetry to measure the 

instantaneous fluid speed  using epifluorescence microscopy24. The particle streak was tracked 

by using 4 µm fluorescent microbeads in phenol red-free medium in a 0.8 mm-ibidi µ-slide 

under pressures ranging from 50 mbar to 200 mbar. Time-series images of bead flow were 

recorded with focal point of the objective at z-positions of 0.5 mm, 0.6 mm, 0.7 mm, and 0.8 mm 

(z-position 0.0 mm is the bottom surface of the channel) at 200 frames per second (fps) (Fig. 2a, 

supplemental videos 1-4). Images were taken from the z-positions 0.8 mm to 0.5 mm because 

beads settled at the bottom surface (0 mm) and overlapped with the bead streaks, thereby 

interfering with the accuracy of our streak length measurements. Additionally, the increased 

friction on the settled beads at the bottom surface decreases the bead velocity and provides 

Page 7 of 37 Lab on a Chip



inaccurate flow information. A custom MATLAB script analyzed the image time-series and 

calculated fluorescent bead speeds. Briefly, an intensity threshold on raw images (Fig. 2b-raw) 

removed out-of-focus streaks, small objects, and streaks touching the image border. These 

thresholds were also used to select beads near the focal position, which were sharper and brighter 

than those farther away. Bead speed were then calculated from the length of each processed 

streak divided by the frame period (5 ms) (Fig. 2b-processed). The parabolic velocity profile of 

laminar flow in a closed rectangular channel has been characterized in previous studies25. A 

quadratic function was performed to confirm the parabolic relationship between bead speed and 

axial position in the 0.8 mm ibidi µ-slide. The parabolic fits for speed profiles and R2 values for 

50 to 200 mbar input pressures are above 0.95 as shown in Fig. 2c. An uncertainty analysis was 

performed and the maximum error in shear stress was approximately 10% (Supplemental Table 

1).

Shear stress was calculated from the measured streak length at the top of the channel (z-depth of 

795 μm). This shear stress value was assumed to be equivalent at the bottom of the channel (z-

depth of 5 μm) due to the symmetry of the flow profile.  A z-depth of 5 μm was chosen because 

this is the average thickness of the ECs seeded on the bottom surface (0 μm) and therefore the 

position at which they will experience shear stress during the long-term EC differentiation. Input 

pressure of 800 mbar yields a shear stress of approximately 11 dyne/cm2 in the ibidi 0.8 mm µ-

slide (Fig. 2c-e, Fig. S1). These characterization studies confirm that varying levels of laminar 

flow can be generated by the Adapt-Pump system.

Cardiac spheroid contraction waveform and pulsatile flow characterization
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As described in Fig. 1, pulsatile flows were generated from CSs differentiated from multiple 

hPSC lines, including H9 hESCs, H1 hESCs, and LQTS iPSC UCSD102i-2-1 (LQTS iPSC). A 

representative brightfield image of a CS (Fig. 3a), an image time-series of CS contraction 

(Supplemental video 5), and CS contraction waveforms for each hPSC line (Fig. 3b) showed 

unique contraction patterns between normal and pathological conditions. Normal ESC-CSs 

(differentiated from H9 and H1 hESCs) exhibited uniform contractions, but the LQTS-CSs 

exhibited periodic elongated contractions (indicated by the red arrow in Fig. 3b, supplemental 

videos 5-7) followed by a series of fast contractions (outlined by the red rectangle in Fig. 3b). 

This irregular contraction pattern is consistent with torsades de pointes (TdP), the clinically 

observed abnormal heart rhythm characteristic of LQTS26. Normalized CS contraction 

amplitudes of H1-CS and H9-CS were different from that of LQTS-CS. Contraction frequencies 

for CSs from all three hPSC lines were different from each other. The H9-CS contraction 

duration was significantly shorter than those of H1-CS LQTS-CS. Even though LQTS-CS 

exhibited higher contraction frequency, LQTS-CS had longer average contraction duration than 

H9-CS (Fig. S2). The longer contraction duration for LQTS-CS is attributed to the periodic long 

contractions. These contraction waveforms were then used to generate pulsatile microfluidic 

flow that fully recapitulates the corresponding contraction waveforms at high fidelity (Fig. 3c, d, 

Supplemental Videos 8-10) with Pearson’s r values above 0.75 (Supplemental Table 2).

Pulsatile flows were also generated based on the response of periodic contraction of hPSC-CSs 

to drug treatment (Fig. 4). Verapamil27 and nifedipine28 are calcium antagonists used to treat 

angina29, hypertension29, and LQTS30. 10 minutes of 1 µM verapamil treatment decreased 

contraction amplitude by over 20%, decreased contraction frequency from 0.9 Hz to below 0.7 
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Hz, and increased contraction duration by over 20% in H9-CSs (Fig. 4a, b, supplemental videos 

11-12). 10 minutes of 1 µM nifedipine treatment significantly dropped the contraction amplitude 

and decreased contraction frequency from above 3 Hz to below 2 Hz, and increased contraction 

duration by nearly 100% in LQTS-CSs (Fig. 4d, e, supplemental videos 13-14). This is 

consistent with a previous study showing that nifedipine can inhibit LQTS-triggered arrhythmias 

in patients31. The Adapt-Pump was then used to generate pulsatile microfluidic flow that reflects 

the response of CS to drug treatment (Fig. 4c, f, supplemental Table 2, supplemental videos 15-

18). Therefore, this system could be used for to resolve the effects on EC behavior under fluidic 

mechanical environment caused by abnormal cardiac contractility due to cardiovascular disease 

or drug treatment.

Real-time CS contraction feedback in response to fluidic mechanical stimulation

In addition to generating pulsatile flows from different hPSC-CSs and response to drug 

treatment, we also used the Adapt-Pump system to demonstrate real-time CS contraction 

feedback to fluid flow. CS contractions were monitored while the CSs were exposed to the fluid 

flow generated from their own contractions. Our proof-of-concept demonstration mimics the real 

time cardiac contraction response to fluidic mechanical stimulation. As shown in Fig. 5a, the 

rtAdapt-Pump is an organ-on-a-chip system that includes a CS embedded in Matrigel underneath 

a microfluidic channel that circulates cell culture medium, a live cell imaging system, a real-time 

image processing system, and a microfluidic pump. For the static condition, CS contractions 

were imaged over 30 seconds to record the contraction waveforms before flow was applied (Fig. 

5b black line). For the flow condition, CS contraction were monitored over 30 seconds in the 

presence of fluidic flow based on a contraction waveform extracted in real time from the same 
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CS (Fig. 5b, purple line). The contraction peak amplitude, contraction duration, and area under 

the curve (AUC) of contractions in Fig. 5b are plotted in Fig. 5c. All three parameters in Fig. 5c 

were significantly higher under the flow condition compared to the static condition, which is 

consistent with a previous study that showed mechanical stimulation modulate cardiomyocyte 

contraction32. This rtAdapt-Pump system provides a cardiovascular system model that could 

enable studies to better understand integrated cardiomyocyte-EC behavior under a variety of 

feedback conditions.

Endothelial cells differentiated under LQTS pulsatile flow exhibit abnormal structures

Lastly, we also investigated pulsatile flow effects on hPSC differentiation to ECs. EC 

differentiation was monitored under physiological (H9-CS waveform) fluid flow or static 

conditions. ECs in vivo experience different pulsatile shear stress at different locations; for 

example, the shear stress in small arteries is over 12 dyne/cm2 33. Therefore, an H9-CS pulsatile 

waveform with an average shear stress of 13.7 dyne/cm2 (Fig. S3a) was applied to EC 

progenitors at day 6 of differentiation. At this stage, CD34+ EC progenitors are multipotent and 

can differentiate into CD31+ ECs and smooth muscle cells34. After 48 hours further 

differentiation, ECs under shear stress had significantly higher differentiation efficiency, with 

approximately 85% CD31+ cells compared to 65% CD31+ cells under static conditions (Fig. 6a, 

b, red arrows indicate CD31 negative cells). CD31 expression levels were measured by flow 

cytometry without membrane permeabilization to reveal that ECs differentiated under static 

conditions had an approximately 30% higher mean fluorescence intensity of CD31 

immunostaining compared to ECs differentiated under shear stress (Fig. 6c). However, CD31 

mean fluorescence intensities for both static and shear differentiation conditions were similar 
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after membrane permeabilization (Fig. 6d). The differences in labelled CD31 fluorescence levels 

are likely due to the subcellular distribution of CD31 (Fig. 6a). CD31 was largely localized to 

cell-cell junctions under static conditions, while more punctate CD31 was detectable in the 

cytoplasm of cells differentiated under shear stress (Fig. 6a). Pulsatile shear flow also increased 

the forward scatter of ECs by over 50%, which indicates larger ECs (Fig. 6e). These observations 

indicate that pulsatile flow can redistribute CD31 and alter the cell size, which is consistent with 

previous findings that pulsatile flow regulates EC protein localization35 and changes EC size by 

rearrangement of cellular components36. 

Next, Adapt-Pump was used to determine whether pulsatile flows derived from normal ESC-CSs 

and LQTS iPSC-CSs can affect EC morphology or function. The average shear stress for both 

conditions was 13.7 dyne/cm2 (Fig. S3a). Pulsatile flow was applied to EC progenitors at day 6 

post-differentiation for 48 hours, and ECs were assessed by immunofluorescence for CD31 and 

the mechanical sensor PIEZO1, and nuclear stain DAPI (Fig. 6f, supplemental videos 19-21). 

Cells differentiated under pulsatile flow (normal and LQTS) had more punctate CD31 and 

PIEZO1 with thicker nuclei compared to cells differentiated under static conditions (Fig. 6g, h). 

Morphology of EC nuclei differentiated under different conditions were quantified with labelled 

images from confocal microscopy. Nuclear thickness significantly increased under flow 

conditions. Nuclear ellipticity was also deceased under flow. However, there were no significant 

difference in solidity and surface area (Fig. 6h). ECs differentiated under LQTS pulsatile flow 

had randomly distributed CD31+ cell clusters on top of an endothelial cell monolayer (Fig. 6f 

bright field red arrow, g). Conversely, ECs differentiated under the static and H9-CS pulsatile 

flow conditions had uniform monolayers, especially ECs differentiated under H9-CS pulsatile 
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flow (Fig. 6f bright field. Red circle indicates non-ECs under static condition). We also observed 

EC alignment when pulsatile flow was applied to non-confluent EC progenitors for 48 hours, but 

we did not observe EC alignment when pulsatile flow was applied to confluent EC progenitors 

for 48 hours (Fig. S4). These experiments show that variations in pulsatile shear stress affects EC 

differentiation efficiency and EC monolayer organization, and demonstrate that the Adapt-Pump 

can be used for future studies of EC differentiation under a variety of fluidic mechanical 

microenvironments caused by different cardiac diseases. 

Conclusion

Here, quantitative imaging of hPSC-CSs contraction profiles and a high-speed microfluidic 

pump were combined into the Adapt-Pump system to generate biologically-driven pulsatile 

flows to facilitate modeling the cardiovascular system. Previous methods to generate pulsatile 

flows were based on slow pressure pumps and simulated waveforms6, 35, which could not fully 

replicate the in vivo mechanical microenvironment experienced by ECs. The Adapt-Pump system 

demonstrated here can recapitulate differences between normal and diseased cardiac waveforms 

including variable pulsatile magnitude, duration, and frequency at high temporal resolution. The 

Adapt-Pump system also captures dynamic changes in pulsatile flow after cardiac drug treatment 

that recapitulates in vivo cardiac drug response, and can be performed in real-time to understand 

feedback mechanisms in CS contraction. We have shown that this system can model biologically 

relevant pulsatile flow. Here we use scaling factors to convert the change in cross-sectional area 

of the CS during contraction to simulate the output pressure of pulsatile fluid flow from the 

heart. Our 2D-images do not reflect changes in the CS axial dimension, so 3D imaging can be 

used in the future to provide volumetric changes of CS contraction. More sophisticated 
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computational models to convert CS contraction to flow dynamics for specific conditions (e.g., 

different vascular locations and developmental stages) should be considered in future studies. 

Important factors involved in pulsatile flow dynamics not modeled with this system include 

interaction with the aortic valve, the peripheral vascular system, and vascular elasticity37. 

Furthermore, this adaptable pump system is capable of shear stress ranging from 0 dyne/cm2 to 

approximately 30 dyne/cm2 by using a 0.2 mm-ibidi μslide and a maximum input pressure of 1 

bar. However, higher shear stress can be achieved by using higher input pressures or a smaller 

microchannel. The temporal resolution of the system is determined by the Elveflow pump which 

has a minimum response time of 0.09 seconds. These specifications limit the applications that 

can be tested with this system. Additionally, for long-term experiments, cell culture medium 

must be recirculated by an Elveflow MUX recirculation device which has switching valves that 

periodically and temporarily interrupt the pulsatile flow.  Overall, this system could be used to 

model the real-time response of heart contraction to drug treatment and feedback flow in vitro, 

investigate cardiomyocyte and EC behavior under mechanical microenvironments related to 

cardiac disease, and integrate into an organs-on-a-chip system for a biologically-driven 

circulatory system.

Genetically deficient iPSCs have been used for in vitro disease modeling, including models of 

LQTS19. We demonstrated that 3D CSs generated from different hPSCs recapitulate the heart 

rhythm characteristics of their genotype, including normal heart contraction from ESC-derived 

CSs and periodic elongated contraction from LQTS iPSC-derived CSs.  Abnormal heart rhythm, 

resulting in abnormal flow, may affect EC biology38, but existing technologies to generate in 

vitro pulsatile flow lack biological relevance because they use synthetic heart contraction 
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waveforms. Our method combines hPSC-CSs, high-speed quantitative image analysis, and fast 

signal transduction to generate pulsatile flow that adapts to the hPSC genotype and effects of 

drug treatment. 

ECs in vivo are continuously exposed to fluidic mechanical stimulation from pulsatile blood 

flow39, and fluidic shear stress influences EC behavior and differentiation11. We discovered that 

pulsatile flow significantly enhances EC differentiation efficiency, which is consistent with a 

prior report that shear stress can induce EC differentiation11. We also found that pulsatile flow 

increases the thickness of nuclei, consistent with previous reports of changes in EC nuclear shape 

with fluid flow40. These changes in nuclear morphology could be an indication of the response of 

ECs to shear stress. Pulsatile flow also increased cell size and changed the distribution of the 

endothelial cell adhesion molecule CD31 and mechanical sensor PIEZO1, suggesting that EC 

structure is affected by pulsatile flow. Pulsation, including frequency and amplitude, plays an 

important role in EC protein expression and morphology6, 7. Disturbed flow is known to affect 

EC behavior, including EC turnover, low density lipoprotein permeability, atherogenesis, and 

gene expression41-44. However, the relationship between abnormal pulsatile flow and EC 

behavior has not been previously characterized due to the lack of appropriate methods to 

generate pulsatile flow that are relevant to cardiovascular disease. With the Adapt-Pump system 

presented here, pulsatile flow from LQTS was generated and applied to EC progenitors during 

differentiation, resulting in abnormal EC organization. However, LQTS patients do not 

continuously experience abnormal pulsatile flows over 48 hours, rather, these patients experience 

arrhythmias periodically throughout their lives. Long-term effects on EC biology from these 

abnormal pulsatile flows caused by congenital heart diseases is unclear, but our proof-of-concept 
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EC differentiation studies show that abnormal pulsatile shear stress can dramatically affect EC 

behavior. 

The hPSC-CS-derived pulsatile flows used in these studies also recapitulated subtle differences 

in waveforms between various cardiac diseases, which could provide a powerful platform to 

study the mechanical consequences of cardiovascular disease and cardiac drugs on cardiac 

contraction and endothelial cells. Follow-up studies of molecular and genetic features of cells 

within the Adapt-Pump system could improve our understanding of cardiac and endothelial cells 

under physiological and pathological conditions, guiding improved treatments for patients.

Materials and methods

hPSC culture and cardiac progenitor differentiation

Human LQTS iPSCs (iPSCORE_2_145) and  human ESCs (H1 and H946) were maintained on 

Matrigel (Corning)-coated surfaces in mTeSR1 (STEMCELL Technologies) as previously 

decribed47. Cardiac progenitor differentiation was performed as described previously22. Briefly, 

hPSCs were singularized with Accutase (Thermo Fisher Scientific) and plated onto Matrigel-

coated plates at a density of 3.0×105 cells/cm2 in mTeSR1 supplemented with 10 µM Rho-

associated protein kinase (ROCK) inhibitor Y-27632 (Selleckchem) on day -2. The 

differentiation was initiated with Wnt activation by 8 µM CHIR99021 (Selleckchem) on day 0 

and sequential Wnt inhibition by 5µM IPW2 on day 3. Cardiac progenitors were ready on day 6 

for CS generation.

Cardiac spheroid generation for imaging
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Cardiac progenitors at differentiation day 6 were singularized with Accutase. 3000 cardiac 

progenitors were resuspended in 30 µL cell culture medium with 2.4 mg/mL methylcellulose 

(Sigma Aldrich) for each CS. The mixed resuspension was then plated on a 60 mm tissue culture 

dish as a droplet and the tissue culture dish was flipped for the suspension to form a spheroid. 

After 48 hr, the individual spheroid were collected with a 200 µL pipette tip and embedded into 

Matrigel. The cardiac contraction imaging was performed on day 30. For drug treatment studies, 

individual spheroids were imaged over 60 seconds, and then spheroids were dosed with either 1 

µM nifedipine (Sigma Aldrich) or 1 µM verapamil (Sigma Aldrich) for 10 minutes before 

imaging again.

 

EC progenitor differentiation and EC long-term shear stress treatment

EC progenitors were differentiated as described previously34. Briefly, IMR90-4 hPSCs were 

singularized with Accutase and seeded onto a Matrigel-coated plate at a density of 2×104 

cells/cm2 in mTeSR1 supplemented with 10 µM ROCK inhibitor Y-27632 on day -3. 

Differentiation was initiated by Wnt signaling activation with 8 µM CHI99021 for 48 hours in 

LaSR basal medium. After 2 days, cells were maintained in LaSR basal medium for an 

additional 3 days. On day 5, CD34+ EC progenitors were purified with an EasySep Magnet kit 

(STEMCELL Technologies) with a CD34 antibody. Purified CD34+ EC progenitors were then 

seeded onto a 0.2 mm ibidi µ-slides or an ibidi 24-well µ-plate precoated with 10 µg/mL 

Collagen IV (Sigma Aldrich). 24 hours after the cells were seeded, pulsatile shear stress was 

applied to the cells for 48 hours.

Immunochemistry
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Cells were rinsed with ice-cold PBS (Thermo Fisher Scientific) twice and fixed in 4% 

paraformaldehyde (PFA) for 15 minutes. Cells were then blocked and permeabilized with 10% 

goat serum in PBS containing 0.3% Triton X-100 for 30 minutes (10% PBSGT). Primary 

antibodies (CD31, 1:100, Invitrogen, 14-0319-82, PIEZO1, 1:100, Invitrogen, MA5-32876) were 

diluted in 10% PBSGT, and cells were incubated in the diluted primary antibodies overnight at 

4ºC. Then cells were rinsed with room temperature PBS three times and incubated with 

secondary antibodies (Secondary antibodies, 1:200, Goat anti-Mouse IgG2a Alexa Fluor 488, 

Goat anti-Mouse IgG1 Alexa Fluor 594) in 10% PBSGT at room temperature for 1 hour. After 

incubation, cells were washed with PBS three times followed by treatment with DAPI 

Fluoromount-G (Southern Biotech). Cells were imaged with a Leica SP8 3×STED super-

resolution microscope.

Flow cytometry

Cells were disassociated with Accutase, fixed in 1% PFA for 15 minutes at room temperature, 

and then blocked with 0.5% bovine serum albumin (BSA) with 0.1% Triton X-100 for non-

permeabilization or without 0.1% Triton X-100 for membrane permeabilization. Cells were then 

stained with conjugated CD31 (Miltenyi Biotec, 130-119-891) in 0.5% BSA with or without 

0.1% Triton X-100. Data were collected on a FACSCalibur flow cytometer.

Extraction of contraction waveforms

Quantitative brightfield imaging of CSs was performed using a Nikon Ti-U with a 4× air 

objective (0.13NA). A high-speed monochrome camera (Basler ace acA1300-200 µm, 

1280×1024 pixels) captured image time-series of CS contractions over 60 seconds at 30 fps. A 
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custom algorithm was used to analyze these image time-series and extract the pulsatile waveform 

from the CS contractions. The algorithm first segments the CS in every frame to generate a mask 

to measure the spheroid area. An initial CS mask was generated using graph-cut segmentation 

(lazysnapping, MATLAB) of an image calculated from the average of all frames. Mathematical 

morphology operations were used to refine the mask and generate a single segmented region 

containing no holes. This initial mask was then applied to each frame to exclude regions outside 

the fully relaxed spheroid.  This enabled intensity-based segmentation (multithresh, imquantize, 

MATLAB) of the spheroid in each frame of the image time-series to measure the area of the CS 

(regionprops, MATLAB). The extracted area waveform captures the contraction characteristics 

of each CS at high temporal resolution and minimal computational cost. All analysis was 

performed in MATLAB  2018b (MathWorks).

Uncertainty analysis

The sources of error affecting velocity and therefore shear stress were identified as: 

1) The point spread function (PSF) of the microscope system (i.e., error in observed bead size 

due to the optical system, lateral component; 2.34 µm diameter); 

2) The standard deviation of the measured streak lengths (i.e., error in streak lengths due to the 

temporal resolution and image processing techniques; range from 0.53 µm to 4.87 µm); 

3) The bead diameter standard deviation (i.e., error in actual bead diameter due to bead 

manufacturing techniques; 0.27 µm); 

4) The error in streak length caused by the difference in velocity at the boundaries of the depth of 

field. (i.e., error in bead velocity caused by the depth of field of the optical system; depth of field 

±3.72 μm and streak length error range from 0.05 µm to 2.35 µm). 
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All these length errors (#1-4 above) were added in quadrature to obtain an uncertainty error in 

streak length at each pressure and z-depth. Our streak lengths were measured to compose the 

following 16 datapoints: four z-depths (800, 700, 600, 500 µm) and four pressures at each z-

depth (50, 100, 150, 200 mbar). These streak length uncertainties were then converted to 

velocities by dividing them by our camera’s integration period (0.005 s). These resulting values 

were added to the mean measured bead velocities for each of pressure and z-depth datapoint. A 

new parabola was fit to these new datapoints to obtain a new z-depth-velocity curve. Next, the 

derivative of this new parabola was taken to obtain an equation for calculating shear stress since 

shear stress is equal to viscosity (µ) times the partial derivative of velocity with respect to our 

flow direction (y),  = µ*(dv/dz) ( shear stress; µ, dynamic viscosity of the flow; v, velocity). 

Generation of pressure waveform

We collected 2D images of cardiac spheroids, so the change in cross-sectional area between the 

relaxed and contracted state was used to calculate the Elveflow pump output pressure. Change in 

pressure is proportional to change in volume, so for these experiments we had to fix the axial 

change in the cardiac spheroid radius by making it a constant. This estimation can be remedied in 

future experiments that provide 3D images of cardiac spheroid contraction. The output pressure 

from the Elveflow pump (P) was calculated as:

𝑃 = 𝑃0 + 𝐶(𝐶𝑆𝐴𝑟𝑒𝑙𝑎𝑥𝑒𝑑 ― 𝐶𝑆𝐴𝑖)

P0 is the base pressure when the cardiac spheroid is fully relaxed. CSArelaxed and CSAi are the 

cross-sectional areas of the cardiac spheroid when fully relaxed and at a given time-point i, 

respectively, and C is the scaling factor. Note that CSArelaxed does not change with time. For our 
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pulsatile flow characterization experiments, the change in area of each cardiac spheroid 

 was normalized between 0 and 1, then scaled by C = 150 mbar to produce (𝐶𝑆𝐴𝑟𝑒𝑙𝑎𝑥𝑒𝑑 ― 𝐶𝑆𝐴𝑖)

streak lengths such that each entire streak can be captured in our field of view. In our long-term 

EC differentiation experiment, a constant base pressure P0 = 10 dyne/cm2 was used when the 

cardiac spheroid was fully relaxed because 10 dyne/cm2 is consistent with previous studies48. To 

simulate shear stress comparable to what is experienced by ECs in small arteries, the pulsatile 

pressure was scaled to C = 15 dyne/cm2 for the H9 waveforms and C = 8.4 dyne/cm2 for the 

LQTS waveforms, with a total average shear stress of 13.7 dyne/cm2 49.

Pump hardware

Pulsatile and steady-state flows were generated using a pressure controller (Elveflow OB1 MK3) 

connected to building vacuum (-1930 mbar) and pressurized air (6890 mbar). This controller 

provided the fast pressure modulation (9 ms settling time, 35 ms response time, 122 μbar 

pressure resolution) required to recapitulate the spheroid contraction waveforms. The controller 

used in this study was configured with two channels with output pressures from -900 mbar to 

1000 mbar. For the flow validation studies, one of these channels was connected to a reservoir 

and used to generate unidirectional flow through the flow channel. For long-term experiments, a 

recirculation circuit was used that comprised two channels each connected to a reservoir and a 

flow switch (Elveflow MUX Injector), which is a 6-port/2-position valve that allows rapid 

switching between the two configurations. This allowed for unidirectional flow to be maintained 

through the flow channel while the medium recirculated between the two reservoirs. Teflon 

PTFE tubing (1/16” inner diameter) was used to carry medium between the reservoirs and the 

flow channel. A custom script was used to control the pressure controller and flow switch to 
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generate pulsatile flow through the flow channel. All pump control was achieved using 

MATLAB 2018b (MathWorks).

Particle flow validation and streak analysis

1 mg/mL of 4 µm fluorescent microbeads in DMEM phenol red-free medium in a 0.8 mm-ibidi 

µ-slide were flowed at constant flow rates generated by applied pressures of 50 mbar, 100 mbar, 

150 mbar, and 200 mbar.  Bead flowing images were collected with a Nikon Ti-U 

epifluorescence microscope with a Lumencor SOLA FISH light source (Ex/Em 480/520nm). 

Images were collected at the z-positions of defined by the 10× (0.25 NA) Nikon objective 

position at 0.5 mm, 0.6 mm, 0.7 mm, and 0.8 mm, where position 0 mm is the bottom surface of 

the channel. Images were collected at 200 fps using a scientific CMOS camera (Flash 4, 

Hamamatsu). The exposure time for each frame was 5 milliseconds. To achieve 200 fps 

acquisition, 4× on-camera pixel binning and a cropped region-of-interest reduced the size of the 

acquired image to 256 pixels × 128 pixels. This rectangular region-of-interest was oriented in the 

center of the channel with the bead flow parallel to the long-axis (256 pixels). 

A custom algorithm was developed to measure the speed of fluorescent beads moving through 

the channel. The algorithm is based on particle streak velocimetry, which analyzes the velocity 

of beads moving faster than the frame period by measuring the length of particle streaks. This 

enables the quantification of >1cm/s flow using widely available CMOS cameras. To extract the 

speed at which the beads were moving through the microfluidic channel in each frame of image 

times-series, elongated or tubular structures were enhanced using Hessian-based multiscale 

filtering (fibermetric, MATLAB). A threshold was calculated based on Otsu’s method and 
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applied to the Hessian-enhanced image time-series (graythresh, imquantize, MATLAB), which 

successfully segmented each streak to generate candidate streak masks. These candidate streak 

masks were then filtered based on their morphology, and small objects and streaks touching the 

image border were removed (regionprops, imclearborder, MATLAB). The lengths of the 

remaining streaks were measured in units of micrometers. The speed of each streak was 

calculated by dividing the length of each streak by the frame period (5ms). The pressure 

waveform and its corresponding bead velocity waveform were synchronized by finding the shift 

value that maximized the cross-correlation between the two waveforms (finddelay, alignsignal, 

MATLAB). All analysis was performed using MATLAB 2018b (MathWorks). 

Computational fluid dynamics simulation

Autodesk Inventor was used to draw the microfluidic channel for the microfluidic channel 

simulation. The shape was then imported into Autodesk CFD 2019 for the simulation. The 

channel dimensions for the bead analysis were defined as 50×0.5×0.8 mm 

(Length×Width×Height, ibidi µ-slide used for bead speed validation) and 50×0.5×0.2 mm 

(Length×Width×Height, ibidi µ-slide used for long-term cell culture), respectively. The fluid 

viscosity was set to 0.00072 Pa·s, which is the value for standard cell culture medium at 37ºC 

(ibidi pump manual). The environment temperature was set to 37oC. The boundary condition 

values for the simulation were set to the conditions previously calculated in the bead experiment 

to calculate shear stress (parameters: inlet and outlet flow rate 40 mL/min, inlet gauge pressure 

50 mbar, outlet pressure 0 mbar). 
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To analyze the results, three planes were added to the simulation: speed (cm/s), shear stress 

(dyne/cm2), and pressure (mbar). To simulate the laminar flow section of the channel, these 

planes were placed near the center length of the channel simulation (z-axis) at 25 mm from the 

channel inlet and outlet. Values from five places within the channel were also verified: center of 

channel (0, 0, 25 mm), bottom center of channel (0, -0.4, 25 mm), left center of channel (2.5, 0, 

25 mm), top center of channel (0, 0.4, 25 mm), and right center of channel (2.5, 0, 25 mm). 

Real-time rtAdapt-Pump implementation

CSs were embedded in Matrigel and plated into the microchannel of a 0.8 mm ibidi sticky µ-

slide (lower chamber). The sticky slide was then sealed with polyester membrane and covered 

with another 0.8 mm ibidi sticky µ-slide (upper chamber). The upper chamber was filled with CS 

culture medium. The CS was imaged with a Nikon Ti-U with a 10× (0.25 NA) objective at 20 

fps under static condition over 30 seconds to measure the contraction waveform at baseline.  

Then, the CS was imaged for an additional 30 seconds with pulsatile flow generated in real-time 

based on the pulsatile contraction waveforms also extracted instantaneously. This workflow was 

achieved through integrating quantitative imaging of CS, extraction of pulsatile contraction 

waveform, generation of pressure waveform, and pump control into a single real-time framework. 

Each part was designed to work with low computational cost so that the real-time framework 

operated at 20 frames per seconds. Comparison of the contraction waveform at baseline and with 

real-time flow stimulation was achieved through a custom script written to quantify the peak 

amplitude, contraction duration, and beat frequency. This real-time framework was realized 

using MATLAB 2018b (MathWorks). 
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Statistics

Data are presented as means ± SEM. Statistical significance was determined by Student’s t test 

(two-tailed) between two groups. Three or more groups were analyzed by one-way analysis of 

variance (ANOVA) followed by Tukey’s post hoc tests. P < 0.05 was considered statistically 

significant and indicated in the figures.

Acknowledgements: 

Funding: This work was supported by the Morgridge Institute for Research and the NSF Center 

for Cell Manufacturing Technologies (grant EEC-1648035). B.D.G was supported by the 

National Science Foundation Graduate Research Fellowship Program under grant number 

1747503 and by the National Institutes of Health Biotechnology Training Program grant T32 

GM008349. Author contributions: The project was conceived by T.Q., and M.C.S. The Adapt-

Pump platform was designed and implemented by D.A.G. and T.Q., and image analysis 

algorithms were developed by D.A.G. and K.E.T. The experiments were designed by T.Q., 

D.A.G., and M.C.S. and were carried out by T.Q., D.A.G., E.C.G., B.D.G., and K.E.T. The 

manuscript was written by T.Q., D.A.G, S.P.P., and M.C.S. We thank assistance from E.C.G., 

B.D.G., and K.E.T. on this project. Competing interests: All other authors declare that they 

have no competing interests. Data and materials availability: All data needed to evaluate the 

conclusions in the paper are present in the paper and/or the Supplementary Materials. Additional 

data related to this paper may be requested from the authors.

References:

1. Li, Y.-S.J., Haga, J.H. & Chien, S. Molecular basis of the effects of shear stress on vascular 
endothelial cells. Journal of biomechanics 38, 1949-1971 (2005).

Page 25 of 37 Lab on a Chip



2. Cunningham, K.S. & Gotlieb, A.I. The role of shear stress in the pathogenesis of atherosclerosis. 
Laboratory investigation 85, 9 (2005).

3. Rey, J. & Sarntinoranont, M. Pulsatile flow drivers in brain parenchyma and perivascular spaces: 
a resistance network model study. Fluids and Barriers of the CNS 15, 20 (2018).

4. Carroll, R.G. Elsevier's Integrated Physiology E-Book. (Elsevier Health Sciences, 2006).
5. Kaltman, J., Di, H., Tian, Z. & Rychik, J. Impact of congenital heart disease on cerebrovascular 

blood flow dynamics in the fetus. Ultrasound in Obstetrics and Gynecology: The Official Journal 
of the International Society of Ultrasound in Obstetrics and Gynecology 25, 32-36 (2005).

6. Helmlinger, G., Geiger, R., Schreck, S. & Nerem, R. Effects of pulsatile flow on cultured vascular 
endothelial cell morphology.  (1991).

7. Mohammed, M. et al. Studying the response of aortic endothelial cells under pulsatile flow using 
a compact microfluidic system. Analytical chemistry 91, 12077-12084 (2019).

8. Chistiakov, D.A., Orekhov, A.N. & Bobryshev, Y.V. Effects of shear stress on endothelial cells: go 
with the flow. Acta Physiologica 219, 382-408 (2017).

9. Estrada, R., Giridharan, G.A., Nguyen, M.-D., Prabhu, S.D. & Sethu, P. Microfluidic endothelial 
cell culture model to replicate disturbed flow conditions seen in atherosclerosis susceptible 
regions. Biomicrofluidics 5, 032006 (2011).

10. Walshe, T.E. et al. The role of pulsatile flow in controlling microvascular retinal endothelial and 
pericyte cell apoptosis and proliferation. Cardiovascular research 89, 661-670 (2010).

11. Yamamoto, K. et al. Proliferation, differentiation, and tube formation by endothelial progenitor 
cells in response to shear stress. Journal of Applied Physiology 95, 2081-2088 (2003).

12. Kaushal, S. et al. Functional small-diameter neovessels created using endothelial progenitor cells 
expanded ex vivo. Nature medicine 7, 1035-1040 (2001).

13. Patan, S. Vasculogenesis and angiogenesis, in Angiogenesis in brain tumors 3-32 (Springer, 
2004).

14. Zimrin, A.B., Villeponteau, B. & Maciag, T. Models of in vitro angiogenesis: endothelial cell 
differentiation on fibrin but not matrigel is transcriptionally dependent. Biochemical and 
biophysical research communications 213, 630-638 (1995).

15. Galie, P.A. et al. Fluid shear stress threshold regulates angiogenic sprouting. Proceedings of the 
National Academy of Sciences 111, 7968-7973 (2014).

16. Risau, W. & Flamme, I. Vasculogenesis. Annual review of cell and developmental biology 11, 73-
91 (1995).

17. Lee, J. et al. A microfluidic cardiac flow profile generator for studying the effect of shear stress 
on valvular endothelial cells. Lab on a Chip 18, 2946-2954 (2018).

18. Chen, H. et al. Cardiac-like flow generator for long-term imaging of endothelial cell responses to 
circulatory pulsatile flow at microscale. Lab on a Chip 13, 2999-3007 (2013).

19. Itzhaki, I. et al. Modelling the long QT syndrome with induced pluripotent stem cells. Nature 
471, 225-229 (2011).

20. Zhang, S.-C., Wernig, M., Duncan, I.D., Brüstle, O. & Thomson, J.A. In vitro differentiation of 
transplantable neural precursors from human embryonic stem cells. Nature biotechnology 19, 
1129 (2001).

21. Qian, T. et al. Directed differentiation of human pluripotent stem cells to blood-brain barrier 
endothelial cells. Science advances 3, e1701679 (2017).

22. Lian, X. et al. Robust cardiomyocyte differentiation from human pluripotent stem cells via 
temporal modulation of canonical Wnt signaling. Proceedings of the National Academy of 
Sciences 109, E1848-E1857 (2012).

23. Maas, H., Gruen, A. & Papantoniou, D. Particle tracking velocimetry in three-dimensional flows. 
Experiments in fluids 15, 133-146 (1993).

Page 26 of 37Lab on a Chip



24. Zhou, K.C. et al. Particle streak velocimetry-optical coherence tomography: a novel method for 
multidimensional imaging of microscale fluid flows. Biomedical optics express 7, 1590-1603 
(2016).

25. Yunus, A.C. Fluid Mechanics: Fundamentals And Applications (Si Units). (Tata McGraw Hill 
Education Private Limited, 2010).

26. Yap, Y.G. & Camm, A.J. Drug induced QT prolongation and torsades de pointes. Heart 89, 1363-
1372 (2003).

27. McTavish, D. & Sorkin, E.M. Verapamil. Drugs 38, 19-76 (1989).
28. Sorkin, E., Clissold, S. & Brogden, R. Nifedipine. Drugs 30, 182-274 (1985).
29. Henry, P.D. Comparative pharmacology of calcium antagonists: nifedipine, verapamil and 

diltiazem. The American journal of cardiology 46, 1047-1058 (1980).
30. Kawai, C., Konishi, T., Matsuyama, E. & Okazaki, H. Comparative effects of three calcium 

antagonists, diltiazem, verapamil and nifedipine, on the sinoatrial and atrioventricular nodes. 
Experimental and clinical studies. Circulation 63, 1035-1042 (1981).

31. Balasubramaniam, R., Grace, A.A., Saumarez, R.C., Vandenberg, J.I. & Huang, C.L.H. Electrogram 
prolongation and nifedipine‐suppressible ventricular arrhythmias in mice following targeted 
disruption of KCNE1. The Journal of physiology 552, 535-546 (2003).

32. Boycott, H.E. et al. Shear stress triggers insertion of voltage-gated potassium channels from 
intracellular compartments in atrial myocytes. Proceedings of the National Academy of Sciences 
110, E3955-E3964 (2013).

33. Fernandes, D.C., Araujo, T.L., Laurindo, F.R. & Tanaka, L.Y. Hemodynamic Forces in the 
Endothelium: From Mechanotransduction to Implications on Development of Atherosclerosis, in 
Endothelium and Cardiovascular Diseases 85-95 (Elsevier, 2018).

34. Lian, X. et al. Efficient differentiation of human pluripotent stem cells to endothelial progenitors 
via small-molecule activation of WNT signaling. Stem cell reports 3, 804-816 (2014).

35. Miao, H. et al. Effects of flow patterns on the localization and expression of VE-cadherin at 
vascular endothelial cell junctions: in vivo and in vitro investigations. Journal of vascular 
research 42, 77-89 (2005).

36. Mitsumata, M., Fishel, R.S., Nerem, R.M., Alexander, R.W. & Berk, B.C. Fluid shear stress 
stimulates platelet-derived growth factor expression in endothelial cells. American Journal of 
Physiology-Heart and Circulatory Physiology 265, H3-H8 (1993).

37. Ku, D.N. Blood flow in arteries. Annual review of fluid mechanics 29, 399-434 (1997).
38. Lowe, G.D. Virchow’s triad revisited: abnormal flow. Pathophysiology of haemostasis and 

thrombosis 33, 455-457 (2003).
39. Pohl, U., Holtz, J., Busse, R. & Bassenge, E. Crucial role of endothelium in the vasodilator 

response to increased flow in vivo. Hypertension 8, 37-44 (1986).
40. Deguchi, S., Maeda, K., Ohashi, T. & Sato, M. Flow-induced hardening of endothelial nucleus as 

an intracellular stress-bearing organelle. Journal of biomechanics 38, 1751-1759 (2005).
41. Chien, S. Effects of disturbed flow on endothelial cells. Annals of biomedical engineering 36, 554-

562 (2008).
42. Chiu, J.-J., Wang, D., Chien, S., Skalak, R. & Usami, S. Effects of disturbed flow on endothelial 

cells.  (1998).
43. DePaola, N. et al. Spatial and temporal regulation of gap junction connexin43 in vascular 

endothelial cells exposed to controlled disturbed flows in vitro. Proceedings of the National 
Academy of Sciences 96, 3154-3159 (1999).

44. Harry, B.L. et al. Endothelial cell PECAM-1 promotes atherosclerotic lesions in areas of disturbed 
flow in ApoE-deficient mice. Arteriosclerosis, thrombosis, and vascular biology 28, 2003-2008 
(2008).

Page 27 of 37 Lab on a Chip



45. Panopoulos, A.D. et al. iPSCORE: a resource of 222 iPSC lines enabling functional 
characterization of genetic variation across a variety of cell types. Stem cell reports 8, 1086-1100 
(2017).

46. Thomson, J.A. et al. Embryonic stem cell lines derived from human blastocysts. science 282, 
1145-1147 (1998).

47. Ludwig, T.E. et al. Feeder-independent culture of human embryonic stem cells. Nature methods 
3, 637 (2006).

48. Ayajiki, K., Kindermann, M., Hecker, M., Fleming, I. & Busse, R. Intracellular pH and tyrosine 
phosphorylation but not calcium determine shear stress–induced nitric oxide production in 
native endothelial cells. Circulation research 78, 750-758 (1996).

49. Da Luz, P.L., Libby, P., Laurindo, F.R.M. & Chagas, A.C.P. Endothelium and cardiovascular 
diseases: Vascular biology and clinical syndromes. (Academic Press, 2018).

Page 28 of 37Lab on a Chip



Figures and figure legends

Figure 1. Schematic of workflow for generating pulsatile flows. (a) Singularized hPSCs are 

seeded and expanded for 2 days in mTeSR1. Differentiation to cardiac progenitors follows a 

previous protocol with a sequential Wnt activation and inhibition22. Cardiac spheroids (CS) are 

generated from cardiac progenitors and embedded in Matrigel for further cardiac contraction 

imaging. (b) hPSC-derived CSs are imaged. A custom script is used to analyze these time-series 

images and extract the pulsatile waveform from the CS contractions. (c) The contraction 

waveforms are converted to pulsatile waveforms and sent to the Elveflow OB1 pump. Elveflow 

MUX Injection system is used to recirculate cell culture medium. Fluidic pulsatile shear stress is 

applied to EC progenitors seeded in ibidi µ-slides for the EC differentiation study.
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Figure 2. Fluorescent bead speed measurement and shear stress simulation. (a) Schematic 

of ibidi µ-slide channel used for flowing bead streak measurement and shear stress simulation. 

Dimensions as labelled. Flow direction is indicated in purple arrow. Z-positions are 0.8 mm, 0.7 

mm, 0.6 mm, and 0.5 mm for measurements labeled “1”, “2”, “3”, “4”. (b) Representative 

images of fluorescent bead streaks (raw and after image processing steps, or “processed”) from 

the z-positions 0.8 mm (“1”), 0.7 mm (“2”), 0.6 mm (“3”), and 0.5 mm (“4”) generated at 200 

mbar pressure. (c) A custom algorithm was used to calculate the fluorescence bead speed at 

different channel z-positions (1-4). The height of the focal plane (in micrometers) within the 

flow channel is z. Pressures are indicated. Computational fluidic dynamic simulated flow speed 
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(d) and shear stress (e) at 800 mbar output from Elveflow pump are presented in front view, 

respectively. 

Figure 3. Characterization of hPSC-CS contraction waveforms and fluidic pulsatile 

waveforms. (a) Representative brightfield image of H1 ESC-derived CS. (b) Representative 

hPSC-derived CS contraction waveforms of H1 ESC-CSs, H9 ESC-CSs, and LTQS iPSC-CSs 

were extracted by a custom algorithm. Peak contraction magnitude was normalized to 1. Red 

arrow indicates long duration contraction and red rectangle indicates a series of fast contractions. 

(c) 150 mbar pressure was sent from an Elveflow pump as the normalized contraction magnitude 

1. Representative fluorescence microscopy images of flowing beads at different time points. (d) 

A custom algorithm was used to calculate the speed of flowing beads as driven by the pulsatile 

contraction waveforms of H1 ESC-CSs, H9 ESC-CSs, and LQTS iPSC-CSs from fluorescence 

microscopy. Waveforms include mean (solid line) and SEM (shaded line).
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Figure 4. Characterization of hPSC-CS contraction waveforms and fluidic pulsatile 

waveforms before and after drug treatment. (a) Representative H9 hESC-CS contractions 

before and after 10 minutes treatment of 1 µM verapamil were recorded with a real-time 

microscopy and calculated by a custom algorithm. (b) Normalized contraction amplitude, 

contraction frequency, and contraction duration of H9 ESC-CSs before and after verapamil 

treatment (black lines indicate mean ± SEM). The contraction waveforms were calculated from 

individual contractions over 60 seconds. (c) 150 mbar pressure was sent from an Elveflow pump 

as the normalized contraction magnitude 1. Representative bead speeds were recorded with a 

real-time microscopy and calculated by a custom algorithm. (d) Representative LQTS iPSC-CS 

contractions before and after 10 minutes treatment with 1 µM nifedipine were recorded with 

real-time microscopy and calculated by a custom algorithm. (e) Normalized contraction 

amplitude, contraction frequency, and contraction duration of LQTS iPSC-CS before and after 

nifedipine treatment were presented as mean ± SEM. The contraction waveforms were calculated 
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from individual contractions over 60 seconds.  (f) Representative bead speeds. Statistical 

significance was determined by Student’s t test (two-tailed) between two groups. ****P< 

0.0001.

Figure 5. hPSC-CS contraction in response to fluidic mechanical stimulation. (a) Schematic 

of heart-on-a-chip modeling CS contraction feedback in reponse to fluidic mechanic stimulation. 

CSs were embedded in Matrigel and plated into the microchannel of a 0.8 mm ibidi sticky µ-

slide (lower chamber). The lower chamber was sealed with a polyester membrane and covered 

with another 0.8 mm ibidi sticky µ-slide (upper chamber). The upper chamber was filled with CS 

culture medium. For contractions under static condition, CSs were first imaged with brightfield 

microscopy before applying fluidic flow to the spheroids. For contraction response upon to 

fluidic mechanic stimulation, CSs were imaged and the contraction waveforms were analyzed 

simultaneously by a computer. The pulsatile flow signal was instantaneously sent to the pump 
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and the fluidic flow was applied to the CSs. The spheroid contractions in response to pulsatile 

flow were recorded by brightfield microscopy. All signals were analyzed by a custom algorithm. 

(b) Representative spheroid contraction waveforms before and after fluidic flow stimulation. (c) 

The peak contraction amplitude, contraction duration, and area under curve (AUC) for the 

contractions are presented as means ± SEM. All the contraction waveforms were calculated from 

the individual contractions over 30 seconds. Statistical significance was determined by Student’s 

t test (two-tailed) between two groups. ****P< 0.0001.
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Figure 6. Fluidic pulsatile flow affects EC differentiation efficiency and morphology. (a) EC 

progenitors were differentiated under static conditions or under hPSC-derived pulsatile flow 
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conditions as shown in Fig. 1c. After 48 hours of differentiation, ECs were immunofluorescently 

labelled with anti-CD31 (green) and stained with DAPI (white). Red arrows indicate non-

endothelial cells. (b) EC populations were quantified by flow cytometry with CD31 labelling 

from three independent biological replicates and presented as means ± SEM. Extracellular CD31 

expression level was quantified by flow cytometry without membrane permeabilization as the 

mean fluorescence intensity (MFI) of the CD31+ population. Statistical significance was 

determined by Student’s t test (two-tailed) (c). Total CD31 expression (MFI) (d) and EC size 

(forward scatter, FSC) (e) were quantified by flow cytometry with membrane permeabilization. 

The CD31+ population was gated and is shown in the histogram plot. Statistical significance was 

determined by Student’s t test (two-tailed) (f) ECs after differentiation under static conditions, 

H9-CS-derived pulsatile flow conditions, and LQTS-CS-derived pulsatile flow conditions. After 

48 hours of differentiation, ECs were immunofluorescently labelled with anti-CD31 (green) and 

anti-PIEZO1 (magenta), and stained with DAPI (white). Labelled cells were imaged with a 0.5 

µm Z step. Red circle indicates non-endothelial cell population and red arrows indicate abnormal 

EC clusters. (g, h) Images were reconstructed in ImageJ and nuclear morphology was quantified. 

Data were collected from a minimum of three independent differentiations and plotted as mean ± 

SEM. Statistical significance was determined by one-way analysis of variance (ANOVA) 

followed by Tukey’s post hoc tests. *p< 0.05, **p< 0.01. 
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