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MOTIVATION In vivo, capillaries communicate with beating myocardium to regulate heart homeostasis,
with disruption of communication between microvascular endothelial cells (MVECs) and cardiomyocytes
(CMs) causing transition from healthy to disease phenotype. However, much remains unknown about the
molecular mechanisms related to CM-EC communication. This had led to a lack of treatment options for
diseases in which the myocardial microvascular is compromised, such as cardiac microvascular dysfunc-
tion (CMD). Our understanding has been limited by a lack of in vitromodels that recapitulate microvascular
architectures and the contractile and hemodynamic biomechanics of the beating heart.
SUMMARY
In this study, we report static and perfused models of human myocardial-microvascular interaction. In static
culture, we observe distinct regulation of electrophysiology of human induced pluripotent stem cell derived-
cardiomyocytes (hiPSC-CMs) in co-culture with human cardiac microvascular endothelial cells (hCMVECs)
and human left ventricular fibroblasts (hLVFBs), including modification of beating rate, action potential, cal-
cium handling, and pro-arrhythmic substrate. Within a heart-on-a-chip model, we subject this three-dimen-
sional (3D) co-culture to microfluidic perfusion and vasculogenic growth factors to induce spontaneous
assembly of perfusable myocardial microvasculature. Live imaging of red blood cells within myocardial
microvasculature reveals pulsatile flow generated by beating hiPSC-CMs. This study therefore demonstrates
a functionally vascularized in vitro model of human myocardium with widespread potential applications in
basic and translational research.
INTRODUCTION

The beatingmyocardium is one of themost densely vascularized

tissues in the body, with cardiac muscle fibers being flanked by

capillaries on all sides (Perbellini et al., 2018). The myocardial

microvascular network maintains heart homeostasis via bidirec-

tional exchange of nutrients and metabolites while acting as a

source of paracrine cardioregulatory molecules to modulate car-

diomyocyte (CM) contractility according to the body’s energetic

demands (Brutsaert, 2003). Despite communication between

myocardium and endothelium being fundamental to develop-

ment, healthy physiology, and pathophysiology, much remains

unknown about their interaction. This is evidenced by the lack

of etiological understanding or treatment options for cardiac

microvascular dysfunction (CMD), a prevalent phenomenon in
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which disruption of myocardial microvascular structure and

function causes myocardial ischemia and heart failure (Berry

and Duncker, 2020). These gaps in our knowledge persist due

to a lack of experimental models that replicate the physiological

complexity of the myocardial-microvascular microenvironment.

After isolation from the myocardium, primary CMs undergo rapid

remodeling and/or dedifferentiation (Nippert et al., 2017),

reducing their physiological relevance and preventing their use

in development of advanced in vitro models (King et al., 2021).

However, the recent emergence of pluripotent stem cells as a

source of human CMs with potentially unlimited in vitro viability

(Karbassi et al., 2020), alongside microfluidic-based protocols

for producing functional in vitro vasculature (Osaki et al., 2018;

Pollet and den Toonder, 2020), has opened up new avenues

for modeling the myocardial microvasculature (King et al., 2021).
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Pluripotent stem cell-derived CMs (PSC-CMs) encapsulated

in three-dimensional (3D) biomaterials can generate tissue-like

preparations, which provide cells amore physiologically relevant

biomechanical microenvironment compared with traditional cell

culture techniques (Tulloch et al., 2011; Rodrigues et al., 2018).

This may benefit the study of cardiac non-myocytes, such as

endothelial cells (ECs) and fibroblasts (FBs), which are adeptme-

chanosensors (Fang et al., 2019; Saucerman et al., 2019). In vivo,

cardiac microvascular ECs (CMVECs) exist within a specific

biomechanical context, including mechanical stimulation by

beating CMs and pulsatile intra-microvascular shear stresses

produced throughout the cardiac cycle (King et al., 2021). We

therefore designed a 3D hydrogel-based myocardial-endothelial

co-culture platform that allows direct contact between beating

CMs and ECs, thereby permitting communication via mechani-

cal interaction. To approximate biomechanics related to micro-

vascular circulation, we further develop this co-culture by incor-

porating microfluidic perfusion and vasculogenic growth factor

supplementation to promote organization of perfusable vessels.

Both platforms demonstrate significant microvascular regulation

of iPSC-CM electrophysiology, illustrating the importance of ac-

counting for ECswhenmodeling humanmyocardium in vitro. We

therefore demonstrate a model of functionally vascularized hu-

man myocardium with potential applications in basic and trans-

lational cardiac experimentation.

RESULTS

3D hydrogel co-culture enables biomimetic mechanical
communication between myocardium and endothelium
3D hydrogel scaffolds promote physiologically relevant cell be-

haviors due to their biomimetic mechanical and biochemical

properties (Blache and Ehrbar, 2018). We utilized a fibrin hydro-

gel scaffold for two complementary purposes: to facilitate trans-

mission of mechanical stimuli generated by beating iPSC-CMs

to non-myocytes and to permit 3D mobility and remodeling

necessary for spontaneous vasculogenesis. In vivo, fibrin is the

primary constituent of blood clots and serves as the platform

for ECs to conduct wound healing and vascular remodeling

(Morin and Tranquillo, 2013). It is therefore well suited to our

application of promoting myocardial vasculogenesis. 3D culture

of induced PSC (iPSC)-CMs in fibrin (and other hydrogels) has

also become a gold standard of measuring contractility in car-

diac tissue engineering, as it enables production of 3D tissue-

like cultures that shorten anisotropically via synchronized

contractility (Eder et al., 2016; Ronaldson-Bouchard et al.,

2018). For this study, we have encapsulated hiPSC-CMs,

hCMVECs, and human left ventricular FBs (hLVFBs) at physio-

logically relevant ratios (1:1:0.1) (Pinto et al., 2016), in 5 mg/mL

fibrin (Figure 1A), with cell density optimized toward 3D conflu-

ence after 1 week co-culture (Figure S1). Immunofluorescent

microscopy reveals biomimetic physical association between

CMs, ECs, and FBs, with ECs displaying spontaneous organiza-

tion into connected networks embedded within human iPSC

(hiPSC)-CMs (Figure 1B). We then used live imaging of human

umbilical vein ECs expressing red fluorescent protein (RFP-

HUVEC) to visualize mechanical interaction between beating

CMs and ECs (Figure S1B; Video S1). Heterocellular mechanical
2 Cell Reports Methods 2, 100280, September 19, 2022
interaction was further demonstrated using the myosin inhibitor

blebbistatin, which supresses CMcontractility and caused a cor-

responding and statistically significant reduction in EC displace-

ment after 5 min (Figure S1C). We also observed mechanical

stimulation of EC via modulation of CM beating rate through

electrical field stimulation, with endothelial displacement mirror-

ing CM beating frequency at rates ranging from 0.75 to 2 Hz (Fig-

ure S1D). As such, 3D hydrogel co-culture mimics the native

physical association between myocardium and microvascular

endothelium in that every time CMs beat, ECs experience me-

chanical stimuli.

ECs and FBs exert distinct modulation of iPSC-CM
electrophysiology in mechanically biomimetic 3D
co-culture
To assess the effect of mechanically biomimetic heterocellular

co-culture on CM function, we characterized hiPSC-CM excita-

tion-contraction (e-c) coupling in co-culture with ECs alone, FBs

alone, and ECs and FBs together (Figures 1C–1S). FBs signifi-

cantly alter iPSC-CM electrophysiology (Kane and Terracciano,

2018; Goldfracht et al., 2019; Beauchamp et al., 2020; Giaco-

melli et al., 2020), meaning that their inclusion would help to

delineate endothelial-specific cardioregulation. By impaling

hiPSC-CMs with sharp microelectrodes to quantify membrane

potential (Figure 1C), we observed that EC co-culture signifi-

cantly raised minimum diastolic potential (Figure 1E), threshold

potential (Figure 1F), and diastolic depolarization of iPSC-CMs

(Figure 1G). In contrast, FB co-culture demonstrated reduced

diastolic depolarization compared with CM-only control

(Figure 1G).

A notable difference between iPSC-derived and primary adult

atrial or ventricular CMs is automaticity: in vivo, only the CMs of

the sino-atrial node beat spontaneously (Irisawa et al., 1993). We

observed the spontaneous beating rate of iPSC-CMs to be

significantly reduced from an average of 73 to 48 beats per min-

ute (BPM) in CM-EC and further reduced to 35 BPM in CM-EC-

FB (Figure 1G). Despite reduction in beating rate, heterocellular-

ity induced no changes in action potential (AP) kinetics, including

rate of upstroke (Figure 1H), rate of repolarization (Figure 1I), and

spontaneous AP duration (APD) (Figures 1H–1J) compared with

CM-only control. However, differences in APD were observed

between CM-EC and CM-FB co-cultures, with FB co-culture

inducing a shorter duration.

To examine the contribution of heterocellularity to CM calcium

handling, CMs differentiated from an hiPSC line, which has been

genetically modified to express the calcium indicator GCaMP6f

(Huebsch et al., 2015), were used in co-culture (Figure 1L).

Amplitude of iPSC-CM calcium transients was increased in

CM-FB and CM-EC-FB co-cultures (Figure 1M). Compared

with CM-only control, calcium transient time to peak was pro-

longed in CM-EC, abbreviated in CM-FB, and unchanged in

CM-EC-FB (Figure 1N). With respect to calcium transient relax-

ation kinetics, both CM-EC and CM-EC-FB conditions induced

prolonged transients, while CM-FB was unchanged compared

with control (Figure 1O). We then investigated whether changes

in iPSC-CM electrophysiology would confer any differences in

pro-arrhythmic substrate, as quantified by inability of a recorded

cell to follow a 1 Hz field stimulus (Figure 1P). We observed
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reduced incidence of pro-arrhythmic substrate under 1 Hz field

stimulation in both CM-EC and CM-EC-FB conditions (Fig-

ure 1Q). However, under arrhythmia provocation with 1 mM

isoproterenol, reduced arrhythmia was maintained only in CM-

EC co-culture Figure 1R). After further arrhythmia provocation

using a high-frequency pacing protocol, CM-EC-FB demon-

strated prolonged latency after cessation of stimulation

compared with CM-only control (Figure 1S).

To determine whether direct physical contact was important

in cardiac heterocellular communication, we performed a 3D

co-culture in which each cell type was cultured in an isolated

hydrogel but within the same cell culture dish (Figure 2A). We

observed that non-myocyte regulation of spontaneous beating

rate (Figure 2B), Ca2+ transient amplitude (Figure 2C), and Ca2+

transient kinetics (Figures 2D and 2E) were lost when cells

were physically separated. These data suggest the require-

ment of direct physical cell-cell association to enable biomi-

metic heterocellular communication in vitro. Taken together,

these results indicate that ECs and FBs exert significant and

distinct regulatory influence on hiPSC-CM electrophysiology.

Given the physiological relevance of CM-EC-FB co-culture,

and the beneficial functional effects described above, this con-

dition was brought forward to subsequent heart-on-a-chip

experiments.

Generation of perfusable myocardial microvasculature
in microfluidic heart on a chip
All ECs in the body are polarized, with a luminal surface exposed

to the circulation and an abluminal side in contact with extracel-

lular matrix and parenchymal cells (Fang et al., 2019). Biome-

chanical conditions within the beating heart produce pulsatile

blood flow of varying magnitudes within the myocardial capil-

laries (Ashikawa et al., 1986). However, the consequence of

fluctuating hemodynamics on CM and EC biology is largely un-

known, as experimental models that reproduce this dynamic

have not yet been described. To approximate myocardial

microvascular flow dynamics in vitro, we have developed a
Figure 1. Endothelial and fibroblast 3D co-culture modulates iPSC

substrate

(A) Schematic of cellular encapsulation of hiPSC-CMs, hCMVECs, and hLVFBs i

(B) Physical cell-cell association between CMs (actin (a-sarcomeric)), ECs (CD31

(C) Representative traces of action potential morphology in spontaneous co-cult

(D and E) Spontaneous beating rate.

(E) Minimum diastolic potential.

(F) Membrane potential at threshold of action potential upstroke.

(G) Diastolic depolarization (membrane potential depolarization between minimu

(H) 50% of action potential duration.

(I) 90% of action potential duration.

(J) Maximum rate of action potential upstroke.

(K) Maximum rate of action potential repolarization.

(L) Representative traces of iPSC-CM Ca2+ handling.

(M) Calcium transient amplitude (F1/F0).

(N) Time to calcium transient peak.

(O) Time to 80% decay of calcium transient.

(P) Example traces of rhythmic versus arrhythmic iPSC-CMs during 1 Hz electric

(Q) iPSC-CM arrhythmogenesis while electrically simulating at 1 Hz.

(R) iPSC-CM arrhythmogenesis while electrically simulating at 1 Hz and 1 mm iso

(S) iPSC-CM latency after high-frequency pacing protocol.

Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.000

4 Cell Reports Methods 2, 100280, September 19, 2022
microfluidic heart on a chip, which allows exposure of 3D

hydrogel-based co-cultures to media perfusion (Figure 2A).

Within our microfluidic heart-on-a-chip platform, generation of

functional, perfusable cardiac microvasculature was first vali-

dated in the absence of CMs via co-culture of HUVECs and

hLVFBs (Figure S2). To promote spontaneous vasculogenesis,

we supplemented culture media with pro-vasculogenic growth

factors VEGF and ANG-1 (Figure 3C), which have previously

been demonstrated to induce formation of functional microvas-

culature in vitro (Jeon et al., 2014). Confocal microscopy

confirmed the presence of a connected endothelial network

with open lumens after 5 days of co-culture (Figure S2). We

then visualized the flow within the microvasculature via perfu-

sion of 40 kDa fluorescein isothiocyanate (FITC)-dextran (Fig-

ure S2) and via live imaging of red blood cells (RBCs) through

microvasculature (Video S2), confirming the presence of a tight,

non-leaky endothelium. Induction of myocardial microvascula-

rization within the previously described beating, 3D myocardial

co-culture was demonstrated via presence of hCMVEC vessels

with open lumens, confirming the functional vasculogenic po-

tential of ECs sourced from human heart tissue (Figures 3E

and 3F; Video S3). Myocardial microvasculature was then

shown to be functionally perfusable via addition of RBCs to

the perfusing solution (Figures 3F; Video S4). To assess the ef-

fect of vascularization on iPSC-CM function, we performed op-

tical mapping for Ca2+ cycling while field stimulating cultures at

1 Hz (Figure 3G). Vascularization of hiPSC-derived myocardium

was associatedwith abbreviation of both time to peak (Figure 3I)

and time to 50% relaxation (Figure 3H) of the Ca2+ transient. The

effect of perfusion versus static culture was also investigated in

vascularized cultures, with perfusion increasing Ca2+ transient

amplitude (Figure 3H) and abbreviating time to peak (Figure 3H).

As such, we observe that by providing appropriate environ-

mental conditions, i.e., biomimetic mechanical substrate and

fluid flow, it is possible to induce assembly of functionally per-

fusable microvasculature in beating myocardium, with conse-

quent modulation of iPSC-CM electrophysiology.
-CM excitation-contraction coupling and reduces pro-arrhythmic

n fibrin hydrogel.

), and FBs (vimentin) after 1 week of co-culture. Scale bar: 50 mm.

ures measured by sharp microelectrode.

m and threshold potentials).

al stimulation.

prenaline treatment.

1. Each datapoint represents 1 cell, 3 beats/cell, N = 5.



Figure 2. Direct contact co-culture is required for non-myocyte regulation of iPSC-CM electrophysiology

(A) Experimental outline showing combined encapsulation of all cells (direct contact) or separation of each cell type (indirect contact).

(B) Quantification of iPSC-CM spontaneous beating rate.

(C) iPSC-CM calcium transient amplitude.

(D) iPSC-CM calcium transient time to peak.

(E) iPSC-CM calcium transient time to 80% decay.

Data are shown as mean ± SEM. Each datapoint represents 1 dish, containing average of 3 cells, 3 beats/cell, N = 3.
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Beating iPSC-CMs generate pulsatile intra-
microvascular flow profile
Epimyocardial microvascular flow profiles have been observed

in animal models as early as 1972 using open chest transillumi-

nation microscopy (Hellberg et al., 1972), revealing highly pul-

satile flow during the cardiac cycle. However, due to technical

complexity and limitation to animal epimyocardium, this tech-

nique has not been widely adopted, and the relationship

between contractility and microvascular flow remains poorly

understood. We therefore hypothesized that our vascularized

heart-on-a-chip cultures would serve as a platform for studying

human myocardial microvascular flow dynamics. After inducing

microvascularization within a beating culture over 5 days, we

introduced RBCs to the media and acquired bright-field time

series images at 100 fps. By selecting a field that includes

both an open lumen and contracting hiPSC-CMs, we could

quantify RBC velocity and myocyte contractility simultaneously

(Figure 4; Video S5). This approach reveals pulsatile intra-

microvascular RBC velocity over the course of the iPSC-CM

contractile cycle, mirroring the pulsatility observed by early

transillumination microscopy studies (Hellberg et al., 1972;

Ashikawa et al., 1986). By supporting the propagation of me-

chanical forces through 3D matrix, along with microfluidic
perfusion and high spatial and temporal resolution microscopy,

this approach illustrates an avenue for the study of myocardial

contribution to microvascular flow, thereby opening the door

to experimental interrogation of this relationship in a human

platform.

DISCUSSION

In this study, we have described 3D models of the human

myocardium that demonstrate the capacity of microvascular

ECs to fundamentally alter myocardial function in vitro,

including regulation of spontaneous beating rate, membrane

potential, calcium handling, and pro-arrhythmic substrate (Fig-

ure 1). We also report a method of promoting vasculogenesis in

3D co-culture via incorporation of microfluidic perfusion and

growth factor supplementation, resulting in functionally perfus-

able myocardial microvasculature (Figure 3). The data pre-

sented within this study build on an increasing body of research

that demonstrates that iPSC-CMs are highly amenable to for-

mation of 3D, tissue-like in vitro models, which in turn allows in-

clusion of ECs and other non-myocytes to approximate the

native heterocellularity, cellular organization, and biomechanics

of myocardial tissue.
Cell Reports Methods 2, 100280, September 19, 2022 5



Figure 3. Generation of perfusable myocardial microvasculature via microfluidic and vasculogenic culture

(A) Schematic of heart-on-a-chip (i) layout, (ii) design, (iii) cell seeding, and (iv) connection to perfusion.

(B) Representative image of microfluidic chip connected to syringe for perfusion (tubing shortened for display).

(C) Vasculogenic culture protocol. Ri, Rho/ROCK inhibitor; VEGF, vascular endothelial growth factor; Ang-1, angiopoietin 1.

(D) Representative image of cellular distribution in microfluidic chips (EC = RFP-HUVEC). Scale bar: 1 mm.

(E) Confocal z stack demonstrating myocardial microvasculature with open lumen. White asterisk represents open luminal space (EC = hCMVEC). Scale bar:

50 mm (Video S3).

(F) Live-cell image of perfused erythrocyte in myocardial microvasculature lumen (EC = RFP-HUVEC). Scale bar: 50 mm (Video S4).

(G) Representative Ca2+ transient traces in heart on a chip under vascularized and/or perfused conditions.

(H–J) Quantification of Ca2+ transient (H) amplitude and (I and J) kinetics under vascularized and perfused conditions.

Data are shown as mean ± SEM. Each datapoint represents 1 chip, containing average of 3 regions of interest (ROIs; 5–15 cells), 3 beats/ROI.

6 Cell Reports Methods 2, 100280, September 19, 2022
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Figure 4. Beating iPSC-CMs induce pulsa-

tile intra-microvascular flow profile

Simultaneous recording and quantification of

iPSC-CM contractility (via MUSCLEMOTION [Sala

et al., 2018]) and erythrocyte velocity (via

TRACKMATE [Tinevez et al., 2017]) reveals surge

in erythrocyte velocity as iPSC-CMs contract

(Video S5).
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Non-myocytes as fundamental regulators of iPSC-CM
electrophysiology
Inclusion of cardiac non-myocytes in in vitro studies such as dis-

ease modeling may be essential to understand disease states

that pivot around specific myocardial cells, such as CMD. A

key takeaway from the electrophysiology data presented in

this study is the distinct cardioregulatory roles for ECs and

FBs. The EC-specific modulation of iPSC-CM function includes

higher minimum diastolic (Figure 1E) and threshold (Figure 1F)

potentials, increased diastolic depolarization (Figure 1G), pro-

longed calcium transient kinetics (Figures 1N and 1O), and

reduced pro-arrhythmic substrate (Figures 1Q and 1R). Mean-

while FB-specific changes include reduced diastolic depolariza-

tion (Figure 1G), increased calcium transient amplitude
Cell Reports
(Figure 1M) and calcium influx kinetics

Figure 1N). In vivo, ventricular CMs exhibit

minimum diastolic potential closer to

�70 mV, with little to no diastolic depolar-

ization (Kane and Terracciano, 2017). EC

depolarization of iPSC-CM membrane

potential in our model brings the CMs

closer to a sino-atrial node-like pheno-

type, which exhibits minimum diastolic

potential closer to�50mV and character-

istic spontaneous diastolic depolarization

(Kane and Terracciano, 2017). Interest-

ingly, this shift is prevented when FBs

are also added to co-culture, with no

differences in membrane potential pa-

rameters being observed with respect to

CM-only control in CM-EC-FB co-culture

(Figures 1D–1F). As such, the inclusion of

FBs may help maintain a more broadly

relevant polarized membrane potential in

hiPSC-CMs.

Despite this shift, EC co-culture re-

duces, rather than elevates, rates of auto-

maticity. An explanation for this observa-

tion would require focused investigation

into the electrophysiological machinery

involved in coordinating both mecha-

nisms of automaticity, i.e., the calcium

and voltage clocks (Kim et al., 2015; Yaniv

et al., 2015).

An interesting observation from the pre-

sent studywas that some, but not all, non-

myocyte-specific phenotypes are present

in CM-EC-FB tri-culture. In tri-culture, FB-
associated effects dominate when observing membrane poten-

tials, calcium transient amplitude, and calcium influx kinetics,

whereas EC-associated effects dominate when observing cal-

cium efflux kinetics and pro-arrhythmic substrate under paced

conditions. Additionally, some behaviors are only evident when

both non-myocytes are present, such as pronounced reduction

of spontaneous beating rate (Figure 1D) and prolonged latency

after high-frequency pacing (Figure 1S). These data build on pre-

vious studies that emphasize the importance distinct myocyte-

non-myocyte interactions in iPSC-derived models, such as the

demonstration by Giacomelli et al. of combined iPSC-EC and

iPSC-FB co-culture promoting a mature ultrastructure, e-c

coupling, and metabolism of iPSC-CMs (Giacomelli et al.,

2020) and a study by Ravenscroft et al., which reports the
Methods 2, 100280, September 19, 2022 7



Report
ll

OPEN ACCESS
requirement of both primary cardiac ECs and FBs for a mature

pharmacological response in embryonic stem cell-derived

CMs (ESC-CMs) (Ravenscroft et al., 2016).

An important question within the field of cardiac cell biology

and electrophysiology is the extent of electrotonic coupling be-

tween CMs and non-myocytes via gap junctional connexins

(Vasquez et al., 2011). As non-myocytes account for the majority

of cells in the humanmyocardium (Pinto et al., 2016), and as their

behavior is dramatically altered during disease-associated

myocardial remodeling (Lim et al., 2015; Mayourian et al.,

2018), any potential contribution to homeostasis via electrical

continuity with CMs is important to identify. Historical focus

has been placed on assessing the extent of CM-FB electrical

interaction (Ongstad and Kohl, 2016), with in vitro studies

demonstrating CM membrane potential modification in contact

with FBs, providing evidence for an active role of FBs in myocar-

dial electrophysiology (Rook et al., 1989; Kohl et al., 1994; Na-

garaju et al., 2019). On the other hand, electrotonic coupling be-

tween ECs and CMs is not well studied, despite evidence of

functional smooth muscle-endothelial gap junctions having

been already demonstrated (Fleming, 2000). While this study

does not specifically investigate myocyte-non-myocyte electro-

tonic coupling, our data demonstrate that both FBs and ECs

significantly modulate iPSC-CM membrane potential, providing

further incentive to investigate the potential CM-EC coupling.

Reproducing the myocardial microvascular
microenvironment
Along with the importance of heterocellularity, this study also

demonstrates the role of microenvironmental culture conditions

in the regulation of myocardial function, as different iPSC-CM

calcium-handling phenotypes were observed under static co-

culture (Figures 1L and 1M), static co-culture with vasculogenic

media (Figures 2G–2J), and perfused co-culture with vasculo-

genic media (Figures 2G–2J). While stem cell-derived models

of the heart have grown dramatically in recent years, these

data emphasize the need to pursue physiological complexity,

i.e., biomechanics and heterocellularity, to maximize the rele-

vance of human in vitro systems. 3D static ‘‘cardiac tissue mi-

metics’’ composed of neonatal rat ventricular (NRMV) CMs and

HUVECs were recently used to elucidate vasculogenic signaling

mechanisms via characterization of endothelial network organi-

zation (Wagner et al., 2020). Meanwhile, other studies have

created functional vascular structures, with both microfluidic

and bioprinted models demonstrating perfusable myocardium

with either acellular vascular channels (Xiao et al., 2014; Sky-

lar-Scott et al., 2019) or a living endothelium (Sakaguchi et al.,

2013; Zhang et al., 2016; Ellis et al., 2017; Noor et al., 2019).

However, the approach demonstrated here couples beating

CMs in direct contact with perfusable, living microvasculature

while allowing cellular resolution microscopy for quantification

of electrophysiology, such as calcium transients and contrac-

tility, and physiological phenomena, such as CM contractile

contribution to blood flow. In vivo, myocardial capillaries have

an average lumen diameter of �5 mm (Kassab and Fung, 1994)

and are embedded in the mechanically dynamic beating

myocardium, making their study and the visualization of micro-

vasculature flow prohibitively difficult. Within our model of de
8 Cell Reports Methods 2, 100280, September 19, 2022
novo human myocardial microvascular formation, CM contribu-

tion to pulsatile and dynamic intra-microvascular flow is

apparent and easily quantifiedwith high temporal resolution (Fig-

ure 4). This approximation of a biologically and mechanically

complex microenvironment represents an avenue to study hu-

man cardiacmuscle, themyocardial microvascular endothelium,

microvascular flow dynamics, and/or the interaction between

these distinct components.

This work validates the capacity of primary human CMVECs

and primary human ventricular FBs to form functional vascula-

ture, both in the absence (Figure S2) and presence (Figures 3

and 4) of CMs. In the context of representative in vitro vascular

models, the cell source is becoming increasingly recognized as

an important determinant of physiologically relevant in vitro

behavior, with ECs isolated from heart, lung, liver, and kidney

having recently been shown to retain tissue-specific function

for multiple passages in vitro (Marcu et al., 2018). As such, the

list of organ/tissue-specific ECs validated for spontaneous

microvascular formation in tissue-like in vitromicrofluidic models

is growing (Ewald et al., 2021).

A platform that includes a perfusable endothelium embedded

in contractile myocardium could be valuable to a wide array of

in vitro experimental cardiology. For example, during develop-

ment, shear-stress-dependent EC-CM communication is a crit-

ical regulator of heathy myocardial morphogenesis(McCormick

and Tzima, 2016; Garoffolo and Pesce, 2019), yet very little is

known about how shear stress modulates EC-CM interaction

in the healthy or diseased adult heart (King et al., 2021). Although

this study falls short of shear stress quantification in myocardial

microvasculature, the demonstration of high temporal and

spatial resolution for live RBC imaging in perfusable myocardial

microvasculature may be compatible with existing methods of

approximating wall shear stress via particle tracking velocimetry

(Ha et al., 2012). Focused investigation on the relationship be-

tween endothelial mechanosensing and cardiac contractility

may shed light on poorly understood disease states such as

CMD, where impeded microvascular flow and impaired contrac-

tility co-exist (Berry and Duncker, 2020) and for which human

models are not available (Sorop et al., 2020).

In summary, this study emphasizes the importance of micro-

environmental conditions in the myocardium, including multicel-

lularity and biomechanics. We demonstrate significant and

distinct regulation of iPSC-CM electrophysiology via 3D co-cul-

ture with CMVECs and FBs. We then report spontaneous

assembly of a perfusable microvascular network within beating

myocardium via microfluidic perfusion in a heart-on-a-chip

model, allowing visualization of the interaction between myocar-

dial contractility and microvascular flow dynamics in a fully hu-

man model.

Limitations of the study
Both the static and perfused models of human myocardium pre-

sented in this study have inherent limitations. In 3D multicellular

preparations, the electrophysiological syncytium prohibits isola-

tion of the contribution of specific electrophysiological mecha-

nisms, e.g., ion channels and transporters, via the traditional

patch-clamp approach. As such, our observations on non-myo-

cyte regulation of iPSC-CM e-c coupling did not extend to
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mechanistic interrogation of individual components of the e-c

coupling apparatus. In a 3D multicellular platform, this would

best be approached via chemical interrogation; for example, a

potential next step to study non-myocyte regulation of automa-

ticity would be selective inhibition of key automaticity compo-

nents, such as ivabradine to inhibit the cardiac pacemaker

channel HCN4 (Chobanyan-J€urgens et al., 2018), ORM to inhibit

the sodium-calcium exchanger (Jost et al., 2013), or barium to

inhibit the inward rectifying potassium channel (Imoto et al.,

1987).

Another difficulty associated with multicellular models is con-

trol of cell-type distribution. As CMs, ECs, and FB cells aremixed

together before seeding and undergo spontaneous organization

during culture, proximity of a given CM relative to non-myocar-

dial cells is not known when performing electrophysiological

experiments. In the present study, we assume that CMs and

non-myocytes are equally distributed when acquiring APs. How-

ever, it is likely that variability in terms of connections and prox-

imity of myocytes and non-myocytes is a significant determinant

of electrophysiological phenotype.

In the perfusable model demonstrated in this study, the key

limitation is lack of characterization of microvascular structure,

i.e., network distribution, extent of vascularization, lumen sizes,

timeline of vasculogenesis, etc. The aim of the present study

was to establish models of the human myocardium that would

be useful to probe the nature of non-myocyte regulation of

myocardial function. However, characterization of the process

of vascularization and the nature of the final vascular network

would greatly enhance the value of the platform. As vessel archi-

tectures within this model are ultimately determined by sponta-

neous cellular behavior, the result is a morphologically diverse

vascular network containing vessels with lumen sizes in the or-

der of both capillaries (<10 mm) and arterioles (>50 mm) (Video

S6). Many factors influence vessel architecture, including (but

not limited to) hemodynamics (Baeyens et al., 2015; Kim et al.,

2016), quantity and timing of growth factor supplementation

(Shin et al., 2011; Jeon et al., 2014), extracellular matrix stiffness

(Mason et al., 2013), density (Ghajar et al., 2008), and paren-

chymal cell population (Newman et al., 2011), and study of the

influence of these parameters and a thorough characterization

of microvascular morphological diversity is an obvious next step.

Another parameter that has not been characterized in detail in

this study but that would add valuable insight is the persistence

of the microvascular network. Here, we adopt a previously re-

ported VEGF- and Ang-1-mediated vasculogensis protocol,

initially reported by Jeon et al. to induce formation of a stand-

alone microvascular network (Jeon et al., 2014) and subse-

quently in a tumor environment (Jeon et al., 2015), which reports

functional vasculature for up to 6 days. While we demonstrate

the use of our model to study electrophysiological phenomena,

which occur onmillisecond timescales, evaluation of the stability

of myocardial microvasculature over time would determine

whether it would be suitable for the study of biological processes

that occur over longer timescales, such as EC-mediated

myocardial remodeling and plasticity (Tirziu and Simons, 2009).

Additionally, an important limitation of this model is the lack of

control of flow direction through the vascular network. Media are

perfused in the channels flanking (parallel to) the central 3D cul-
ture channel, meaning perfusion through the cell culture and

embedded microvasculature occurs passively, i.e., flow is not

oriented perpendicular to the central cell culture; flow instead en-

ters the central region as the entire interior of the chip is

perfused. For this reason, variability in flow dynamics and vessel

orientation are present. As such, thismodel is likely best suited to

the evaluation of local events on discreet sections of myocardial

microvasculature, as demonstrated in Figure 4, where variability

in vessel lumen size and orientation can be identified and ac-

counted for.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

iPSC-CM differentiation and maintenance
All biological procedures were carried out under sterile conditions in a Biomat 2 class II microbial safety cabinet. Cells were incubated

in an incubator (Sanyo, MCO-5M) at 37�C and 5% CO2. The iPSC line used for this project was human, male, GCaMP6f-expressing

line genetically modified and provided to by the Conklin Lab, Gladstone Institute USA (GM25256, Coriell Institute). Differentiation of

iPSC to CMwas performed via previously describedmodulation ofWnt/beta-catenin pathwaymodulation(Lian et al., 2012), with pre-

viously reported high purity (>95%) (Jabbour et al., 2021). In brief, hiPSCs were cultured in Essential 8 Medium (Thermofisher,

A1517001) on Matrigel (Corning, 356,231) coated 6 well plates until 90–100% confluence. Differentiation was initiated via Wnt acti-

vation using 6 mM CHIR99021 (R&D system, 4423) in RPMI 1640 (Thermofisher, R8758) with B27 supplement minus insulin

(Thermofisher, A1895601) (RB-) for 48 h, followed by RB- for 24 h. Wnt inactivation was achieved via 48 h of 2.5 mM C59 (Tocris,

5148) in RB-. Differentiation media was replaced every 48 h, and transition to B27 supplement containing insulin (Thermofisher,

17504044) was done after onset of beating. On day 11 after Wnt activation, metabolic selection was performed by removing glucose

from differentiation media for 96 h (Thermo Fisher Scientific, 11879020). Purified cardiomyocytes were dissociated for 3 hours at
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37�C using 200 U/mL collagenase type II in Hanks Balanced Salt Solution without calcium or magnesium (HBSS�/�, Thermofisher,

14175095) plus 5 mM Y-27632 RHO/ROCK inhibitor (Ri) (Stemcell Technologies, 72302) and were replated at a density of 0.3 x 106

cells/cm2 in RPMI1604 + B27 + 10% fetal bovine serum (FBS) (Thermofisher, 10500064) + 5 mM Ri on Matrigel coated plates. Every

2–3 days afterwards cells were fed with RPMI/B27 until at least day 45, when they were used for experiments.

Endothelial cell culture
In this study hCMVEC were used for all co-culture experiments which report quantification of iPSC-CM electrophysiology, and fixed

immunofluorescencemicroscopy. hCMVECwere purchased from Promocell (C-12285) andmaintained inmicrovascular growthme-

dium (Promocell, C-22120). Visualisation of EC in live imaging co-culture experiments was performed using RFP-HUVEC, whichwere

purchased from Angio-Proteomie and maintained in endothelial growth medium (Promocell, C-22111). For clarity, all experiments

using RFP-HUVEC are labeled such in figures and figure legends. All EC were grown on 1% gelatin until 90% confluence before

1:3 passaging. For experiments, passages 5–7 were used.

Fibroblast isolation and culture
Human left ventricular fibroblasts were isolated in-house from donated human hearts via explant technique. (ICHTB HTA licence:

12275, REC Approval 17/WA/0161). Male and female donors between the ages of 25 and 65 were used for this study. In brief, tissue

culture plastic Petri dishes were coated with 5 mg/mL fibronectin (Sigma, F1141) at 37�C for 30 min. Left ventricular free wall samples

were washed in sterile PBS +5% P/S, before dissection into 1–5 mm3 explants. Explants were then washed in 0.05% Trypsin-EDTA

for 2 min, before quenching in 20% FBS in DMEM. Explants were then transferred to fibronectin-coated dishes along with 0.5 mL

fibroblast maintenance media (DMEM +10% FBS, 1% P/S and 1% L-glutamine) and were allowed to adhere to dishes for 1 h at

37�C.Maintenance media was then topped up, and replaced every 2-3 days to allow fibroblast outgrowth. When fibroblasts reached

70–100%confluence they were washed 2Xwith sterile PBS, then detachedwith 0.05%Trypsin-EDTA for 5min at 37�C, before trans-
ferring as passage 1 to tissue culture flasks. Passage 2–3 were used for all experiments.

METHOD DETAILS

Design and microfabrication of the heart-on-a-chip platform
The microfluidic chip was designed and built to perfuse cell culture medium to feed 3D microtissues. It has an overall footprint of

2 mm by 3 mm and a height of 100 mm. Two arrays of triangular micropillars define the central region representing the cell culture

compartment (1000 mm wide) which is flanked by 2 side perfusion compartments. The gap between micropillars is 100 mm to allow

cell-laden gel confinement during injection (Huang et al., 2009; Ugolini et al., 2018). The inlet leads to a binary tree manifold that gua-

rantees equal hydraulic resistance in all branches. Two dedicated wells at the end of the cell culture chamber facilitate field stimu-

lation of cultures for functional experiments.

The device layout was drawn using computer-assisted design (CAD) software (AutoCAD, Autodesk Inc.). The corresponding

photomask for photolithography was printed at high resolution (64,000 DPI) on a polyester film (JD Photodata, UK). The mold was

produced on siliconwafers by photolithography techniques. In detail, a 400 siliconwafer (100mmdiameter, 0-100U-cm, 500 mm thick-

ness, test grade, University wafer) was treated with a thin film of Ti-Prime adhesion promoter (Micro-Chemicals, GmbH). SU8-2050

negative photoresist (Micro-Chemicals, GmbH) was spin-coated according to supplier’s recommendation to a 100mm thick layer,

followed by soft baking. The high-resolution transparency mask containing the Heart-on-a-chip design was aligned on the wafer

and the negative photoresist was exposed to 200 mJ/cm2 of collimated UV light. The photoresist underwent postexposure bake

and was developed in SU8 Developer (Micro-Chemicals GmbH). Finally, it was hard-baked for 2 min at 120�C.
PDMS-based Heart-on-a-chip device was produced by soft lithography. A two-part PDMS kit (Sylgard 184, Dow Corning) was

used to create the liquid polymer. Uncured liquid PDMS (10:1 elastomer to crosslinker ratio) was poured onto themold to a thickness

of 5mm. The cell culture chamber was peeled off and access points were created for inlet and outlets. Subsequently, it was bonded to

a glass no. 1.5 coverslip (VWR, 631-0138) by oxygen plasma bonding at 1 mBar 100W for 1 min (Harrick Plasma Inc), followed by 2 h

bonding at 60�C. The final assembled devicewas further cured at 80�C for 15min to finalize the bonding process. The ports to access

the inlet and control channels permit the connection of 22-gauge stainless steel couplers (Instech Laboratories, SC22/15), which fit

tightly into both the ports on the chip and the inside of the tubing.

Hydrogel formation and cell culture protocol
For 3D co-culture, cells were encapsulated in fibrin hydrogels at a ratio of 1:1:0.1 of hiPSC-CM: hCMEC: FB. In static culture, unless

otherwise stated CM density wasmaintained constant at 7.53106 cells/ml across all conditions, with additional cells being added as

per co-culture condition. In Heart-on-a-chip experiments, where cell seeding through tight microfluidic channels results in significant

cell loss, cell suspensions of 1003106 cells/ml were found to result in 3D confluence in the final culture. Polymerisation of fibrin hydro-

gels was achieved via addition of 1 U/mL of thrombin (Sigma, T7572-250UN) to cell suspension containing 5 mg/mL fibrinogen

(Sigma-Aldrich, F8630) immediately before seeding, then incubating at 37�C for 10 min before fully hydrating with media. Co-culture

media is a 1:1 mixture of 50% microvascular endothelial growth media (Promocell, C-22022) and iPSC-CM maintenance media,

which consisted of high glucose DMEM (Thermofisher, 41966029), 10% FBS, 1% penicillin/streptomycin (Sigma, P0781), 0.1%
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human insulin solution (Sigma-Aldrich, I9278) and 0.1%aprotinin from bovine lung (Sigma-Aldrich, A1153). 5 mMRi was added for the

first 24 h of culture. For static experiments, co-culture media was changed every 2 days, with experiments conducted between day 6

and 8. Heart-on-a-chip vasculogenic culture protocol was adapted from Jeon et al (Jeon et al., 2014). Co-culture was supplemented

with 50 ng/mL vascular endothelial growth factor (Peprotech, 100-20), and 100ng/mL Angiopoietin 1 (Peprotech, 130-06) on day 3-5,

with experiments being performed on day 5.Media perfusion rate of 0.5 mL/min wasmaintained using a syringe pump (Harvard Appa-

ratus, PHD2000 Series) throughout culture and experimental recordings.

Fluorescence microscopy
Immunofluorescencemicroscopy was used to visualise cell morphologies in co-culture. Samples were washedwith phosphate-buff-

ered saline (PBS) for 5 min twice before fixation with 4% paraformaldehyde (Alfa Aesar, 43368.9M) for 30 min. Samples were then

blocked and permeabilised using PBS containing 3% bovine serum albumin (BSA) (Sigma-Aldrich, A3059) and 0.5% triton

(Sigma-Aldrich, X100) for 24 h at 4�C with gentle rocking. Primary and secondary antibodies were prepared in PBS with 1% BSA

and incubated for 24 h each at 4�C, with three 15-min PBS washes in between incubations. Hoechst (Life Technologies, H3570)

was used to stain the nuclei for 10min at RT thenwashedwith PBS for 15min. Imageswere captured using a Zeiss LSM-780 inverted

confocal microscope and processed using Fiji/ImageJ.

Live cell microscopy was performed using a Zeiss Axio Observer widefieldmicroscope. For images with multiple channels, images

were captured sequentially and overlayed post-hoc in Fiji/ImageJ. To measure EC displacement, fluorescence from RFP-HUVEC in

co-culture with beating hiPSC-CM was captured at 100 FPS, before processing with the Fiji plugin MuscleMotion(Sala et al., 2018).

For quantification (Figure S1C) each datapoint represents average of all dishes at specified timepoint.

Sharp microelectrode
All electrophysiology experiments were conducted at 37�C in freshly prepared Tyrode’s solution (10 mM NaCl, 4.5 mM KCl, 10 mM

glucose, 10 mM HEPES, 1 mM MgCl2 and 1.8 mM CaCl2, pH 7.4). iPSC-CM in 3D co-culture were impaled with sharp microelec-

trodes to record spontaneous action potentials. R30MU pipettes (30–0058, Harvard Apparatus) were pulled using a pipette puller

(P-97, Sutter Instruments). Internal recording solution contained 2M KCl, 0.1mM EGTA, 5mMHEPES, pH = 7.2. Membrane potential

was recorded via Axon Instruments Digidata 1440A digitiser and Multi-Clamp 700A amplifier, and analyzed with pClamp (Clampfit,

Molecular Devices). Each datapoint represents one cell, containing the average values from three beats per cell.

Optical mapping – Calcium Imaging
Co-culture containing iPSC-CM which express the calcium biosensor GCaMP6f were used to record calcium transients. At time of

encapsulation, co-cultures were plated directly onto 7 mm glass bottom dishes (MatTek) for static cultures. On day of recording, cell

culture media was switched to Tyrodes solution, co-cultures were transferred to a warmed microscope stage (37�C) and field stim-

ulated (1 Hz, 20mV, 10ms, bipolar pulse) for 5min acclimatisation before recording. Fluorescence was excited via a 470nM LED and

recorded using a long pass filter of 530 ± 35 nm on an inverted Nikon Eclipse TE2000 microscope with a 40X oil objective, and an

ORCA-Flash4.0 camera (Hamamatsu) at acquisition rate of 250 frames per second. When stated, 1 mM isoprenaline hydrochloride

(Sigma, I6504-100MG) containing D-Isoascorbic acid (Sigma, 856061) was perfused in 37�C Tyrode’s solution to stimulate b-adren-

ergic receptors. Calcium transient analysis was automated using a Matlab script developed in-house. For static co-culture

(Figures 1M–1O and S2), each datapoint represents one dish, which contains the average of three beats from three ROI’s, each con-

taining�5–20 cells. In b-adrenergic stimulation experiments (Figure S6), each datapoint represents average of all dishes at specified

timepoint.

Spontaneous beating rate
iPSC-CM spontaneous beating rate was quantified using the same GCaMP6f calcium indicator, electrical stimulation parameters

and microscope setup described in the Calcium Imaging methods. After a 5-min acclimatisation period, three 10 s recordings

were obtained from three different ROI’s within the same dish. The average value * 6 was used to determine beats per minute.

Each datapoint represents one dish.

Pro-arrhythmic substrate
iPSC-CM pro-arrhythmic substrate was determined as the ability to follow 1 Hz electrical field stimulation (Figure 1P). Beating

behavior was acquired using the same GCaMP6f calcium indicator, electrical stimulation parameters and microscope setup

described in the Calcium Imaging methods. After a 5-min acclimatisation period, 10 s recordings were obtained and any deviation

from 1:1 beat:stimulus ratio was designated as arrhythmic. Each datapoint represents one dish.

To determine iPSC-CM latency, co-cultures were subjected to a stepped electrical pacing protocol, which involved 1min pacing at

the following frequencies: 0.5, 1, 1.5, 2, 3, 4, 5 Hz, before cessation of stimulus. Latencywas defined as the duration before first spon-

taneous beat. Each datapoint represents one dish.
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Flow visualisation and quantification
RBC and FIT-C Dextran (10 mM, 40 kDa. Sigma, FD40S) were used to visualise flow in microfluidic chips. For RBC, Sprague Dawley

rats with a body mass between 300 and 500 g, were sedated with isoflurane (4% isoflurane and 4 L/min O2) and sacrificed using

cervical dislocation and dissection of the carotid arteries. Whole blood was collected 1:1 in 7.4 mM EDTA to prevent coagulation.

RBCs were then washed by centrifugation at 10000 RPM in SAGM solution containing 0.87%w/v Sodium Chloride (Fisher Scientific

UK Ltd, 27810.295), 0.017% w/v Adenine (Sigma, A8626), 0.9% w/v Glucose (Fisher Scientific UK Ltd,G/0500/53), 0.525% w/v

Mannitol (Sigma, M4125) in MilliQ water three times, before resuspension to 50% haematocrit. A 1:10 dilution with perfusing solution

was then used for flow visualisation. RBC velocity was quantified using 100 FPS brightfield image series captured with a Zeiss Axio

Observer widefield microscope, before processing with Fiji plugin TrackMate (Germanguz et al., 2011). Fiji plugin MuscleMotion

(Sala et al., 2018) was used for parallel quantification of iPSC-CM contractility.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were plotted asmean ± standard error of themeans using GraphPad Prism 8. Shapiro-Wilk’s test was used to assess normality.

To compare normally distributed data, one-way ANOVA was used followed by Tukey’s multiple comparison. When data were not

normally distributed, Kruskal Wallis test and Dunn’s multiple comparison test were used. Pearson’s chi-squared test was used to

compare conditional datasets. For all comparisons, p value with significant difference was indicated as follows (*p < 0.05;

**p < 0.01; ***p < 0.001, ****p < 0.0001).
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