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Abstract

Regulation of cosmetic testing and poor predictivity of preclinical drug studies has spurred efforts
to develop new methods for systemic toxicity. Current /n vitro assays do not fully represent
physiology, often lacking xenobiotic metabolism. Functional human multi-organ systems
containing iPSC derived cardiomyocytes and primary hepatocytes were maintained under flow
using a low-volume pumpless system in a serum-free medium. The functional readouts for
contractile force and electrical conductivity enabled the non-invasive study of cardiac function.
The presence of the hepatocytes in the system induced cardiotoxic effects from cyclophosphamide
and reduced them for terfenadine due to drug metabolism, as expected from each compound’s
pharmacology. A computational fluid dynamics simulation enabled the prediction of terfenadine-
fexofenadine pharmacokinetics, which was validated by HPLC-MS. This /n vitro platform
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recapitulates primary aspects of the /n vivo crosstalk between heart and liver and enables
pharmacological studies, involving both organs in a single /n vitro platform. The system enables
non-invasive readouts of cardiotoxicity of drugs and their metabolites. Hepatotoxicity can also be
evaluated by biomarker analysis and change in metabolic function. Integration of metabolic
function in toxicology models can improve adverse effects prediction in preclinical studies and
this system could also be used for chronic studies as well.
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Introduction

The regulatory context of March 2013 requires efforts for alternative methods to assess
systemic toxicity in the field of cosmetic ingredients, as well as drugs due to the poor human
toxicology prediction [1-7]. Cardiovascular and hepatic side effects are the main causes for
drugs withdrawn from the market [1], and current models are in many cases failing to
accurately predict human outcomes [8, 9]. Moreover, it is well accepted that the liver is the
main targeted organ upon exposure to xenobiotics in repeated dose toxicity studies [10].
Conventional /in vitro assays do not fully represent physiological conditions and xenobiotic
metabolism is the missing piece of the puzzle in non-hepatic toxicology assays. There is an
urgent need to develop novel human in vitro assays offering evaluation of cellular function
to improve human prediction upon exposure to drugs and their metabolites [2, 4, 7]. Recent
efforts in detecting cardiotoxicity combine the use of human cells and advanced technology
including (i) iPSc (induced pluripotent stem cells) derived cardiomyocytes (CM) [11, 12],
(ii) the use of high-content functional assay readouts [13-18] and (iii) the ability to separate
the cardiac function into electrical and mechanical parameters [19]. The combination of two
or more organs in the same model (co-culture) may be essential for understanding the full
toxicity profile of a drug (parent compound and metabolites) simultaneously [4].

The liver transforms xenobiotic compounds to improve their elimination from the body;
consequently, this transformation may cause changes in drug bioavailability and function. In
this sense, the effect of the liver may generate metabolites that are more toxic or more
effective than the parent drug. In fact understudied drug metabolism has been implicated in
several cases of drug withdrawals [20]. Terfenadine (Seldane®) is a prime example in that it
was found to have cardiac side effects after approval but its metabolite fexofenadine did not,
and because it has an equal antihistaminic effect as terfenadine is now the marketed drug
(Allegra®) [21]. Thus, a system that enables the co-culture of human cardiomyocytes with
hepatocytes would be a key development in human-on-a-chip systems to enable the study of
induced cardiotoxicity upon hepatic metabolism of compounds as well as hepatic toxicity.

A human /n vitro system was developed to study cardiotoxicity induced by drugs and their
metabolites produced primarily from hepatic cytochrome P450 (CYP) metabolism as well as
monitor hepatic viability. This system combines (i) a technology that enables non-invasive
electrical and force measurements of cardiac function with (ii) a stable co-culture of human
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cardiomyocytes and hepatocytes in a defined, recirculating serum-free medium and (iii) in a
pumpless platform that establishes a low volume system to evaluate metabolite formation
and its effects. This platform maintained full function of both cell types for 7-28 days under
flow. The device was engineered to combine a microfluidic circuit with integrated biological
microelectromechanical (BioMEM) chips to ensure maintenance of cellular phenotype and
to measure real-time cellular function [19, 22-26]. Two drug models were used for the
validation of the system: cyclophosphamide and terfenadine. Cyclophosphamide was
selected as a model compound because it is a non-cardiotoxic parent drug that generates a
cardiotoxic metabolite upon liver metabolism, whereas Terfenadine is a cardiotoxic parent
drug that generates a non-cardiotoxic metabolite after hepatic metabolism.

Cyclophosphamide (CP) is an antineoplasic and immunomodulator drug used for a wide
spectrum of indications [27-30]. Due to its cardiotoxic side effects [31-37],
cyclophosphamide is indicated for patient use only following an individual risk-benefit
study. Cardiotoxic side effects of cyclophosphamide usage include hemorrhagic myocarditis,
congestive heart failure, depression of left ventricular function, arrhythmia, conduction
disorders and QT-interval alterations. The mechanism driving these cardiotoxic events is not
yet understood, but findings implicate the production of the metabolite acrolein (ACR)
through liver metabolism [27, 30, 38].

Terfenadine (TER) was commercialized in the US market and prescribed until 1997 as an
antihistamine before it was withdrawn due to cardiotoxic side effects [21]. In addition to
acting as an antihistamine, terfenadine is also a potassium channel blocker, which can
prolong the QT-interval and induce forsade de pointes and ventricular arrhythmias [39-43].
After terfenadine undergoes metabolism in the liver, the main active metabolite produced is
fexofenadine (FEX), which is known to have twenty times less potassium channel blockage
activity (relative to the parent terfenadine). Fexofenadine is currently prescribed for the same
antihistamine indication as terfenadine had been before it was withdrawn [42, 44, 45].

Cardiotoxicity was measured by tracking cellular functions of beat frequency, conduction
velocity, QT-interval, contractile force, daily and non-invasively, after a single acute
administration of cyclophosphamide or terfenadine for 72 hours. In addition, hepatic phase |
enzymatic activity and cellular viability of both cell types were assessed at day 7. Parent
drug (terfenadine) and metabolite (fexofenadine) quantification by HPLC-MS (High
pressure liquid chromatography — Mass Spectrophotometry) demonstrated the hepatic
clearance of the parent drug and the production of the metabolite. The co-culture of
hepatocytes together with cardiomyocytes changed the cardiotoxic profile of the two studied
drugs demonstrating the importance of including the hepatic metabolism parameter in the /in
vitro model to better predict human outcomes. A computational model was developed to
predict terfenadine and fexofenadine kinetics in the system by combining flow dynamic
parameters of the microfluidic system with experimental hepatic metabolic parameters. The
model recapitulated terfenadine fate in the heart-liver system as a proof of concept for the
device capability to engineer computational prediction. The integration of metabolic
function in future toxicology models would improve the prediction of xenobiotics toxicity,
providing time and cost savings in the overall safety process. The system described here
enables monitoring of cardiac and hepatic function and hepatic biotransformation in serum-

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oleaga et al. Page 4

free medium and under flow conditions for the study of acute exposure of parent drugs and
their metabolites.

Material and methods

Multi-organ system design and fabrication for functional non-invasive recordings

The heart-liver multi-organ microfluidic device was produced with two outer housing layers
of 0.25” thick transparent poly(methyl methacrylate) (McMaster-Carr, ElImhurst, IL, USA)
and two 0.5 mm thick gaskets of CultureWell™ silicone (poly(dimethyl siloxane) PDMS)
sheet material (Grace Bio-labs, CWS-S-0.5, Bend, OR, USA) to define the flow path and
define positions of the bioMEMS chips. The system design was adapted from a 4-organ
system previously published [25], with madifications driven by computational fluid
dynamics modeling to reduce the size of the system and improve flow characteristics.
Designs for each poly(methyl methacrylate) or PDMS component were created in Autodesk
Inventor and laser cut using a Versalaser PLS 75W laser cutter (Universal Laser Systems
Scottsdale, AZ, USA) (Fig. 1, A). A Zebra® elastomeric electronic connector (FujiPoly
Carteret, NJ, USA) was incorporated into the housing to interface the embedded
microelectrode array to a custom printed circuit board for electrical measurements. Stainless
steel wire electrodes (A-M systems) were embedded in the poly(methyl methacrylate)
housing top for electrical stimulation of the cardiac muscle. The versatile microfluidic
design contains five chambers for the expansion to additional tissues; in this investigation,
only three chambers were used with the layout of the system shown in Fig. 1, A.

Customized multielectrode array (cMEA) chips were designed as two rows of five electrodes
each (80 um diameter, 1000 um separation, in a total chip size of 1.5 cm x 2 cm) for
measuring electrical activity (Fig. 1, B, right). cMEA chips were fabricated from 4” fused
silica wafers using standard photolithographic and microfabrication processes at the Cornell
Nanoscale Science & Technology Facility (Cornell NanoScience Facility (CNF), Ithaca, NY,
USA). After cleaning with a Pirhanha wafer clean, electrodes were fabricated using a liftoff
process of electron beam evaporated layers of 10 nm of titanium and 50 nm of platinum. An
insulation layer composed of a three-layer stack of silicon oxide/silicon nitride/silicon oxide,
each 100 nm thick, was deposited using plasma enhanced chemical vapor deposition and
etched with reactive ion etching to expose the electrodes and contact pads. Cantilever (CL)
array chips (Fig. 1, B, left), were created for measuring cardiac mechanical function
including force and include 32 individual microscale cantilevers (150 pm wide, 735 um
long, 4 um thick) on each cantilever chip in a total chip size of 1 x 1 cm. Cantilever chips
were fabricated from silicon-on-insulator (SOI) wafers using standard photolithographic and
deep reactive ion etching techniques at the CNF as previously described [19, 22, 26, 46].

Chemical Modification of cMEA and CL Chips

Chemical modification and patterning using silane chemistry for cell culture were performed
and were verified via X-ray photoelectron spectroscopy using previously described methods
[19, 24, 46, 47]. The cMEA chips were first modified with a polyethylene-glycol (PEG)-
containing self-assembled monolayer, followed by ablation in a U-shaped pattern (150 pm
pattern width) covering all ten electrodes in a single path using a 193 nm excimer laser
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through a quartz photomask. CL chips were modified with a diethylenetriamine (DETA)-
containing silane over the entire cantilever surface to facilitate the adsorption and attachment
of fibronectin for controlling cardiomyocyte adhesion on the cantilevers. The cMEA and CL
chips were incubated in human fibronectin (10 ug/mL and 50 pg/mL respectively) at 37°C
for 30 min. Glass surfaces used for experiments outside the housings were similarly
incubated with 10 pg/mL human fibronectin [48].

Cryopreserved human iPSc derived cardiomyocytes (Cellular Dynamic International, CDI,
Madison, WI, USA) were plated onto glass coverslips (400 cellss/mm?2), cMEA (1000
cells/mm?) or cantilevers (2,200 cells/mm?) with HSL2 medium [19, 24, 25]
(Supplementary Table 1) and maintained for 7 days before assembly into the housing or
performing experimentation, with a half-medium change performed every three days.
Cryopreserved human primary hepatocytes (Massachusetts General Hospital (MGH, Boston,
MA, USA, lot # Hw36) were plated (1700 cellssmm?) on collagen coated glass coverslips
(60 pg/mL acidified collagen type | for 30 min at 37°C) in MGH medium (Dubelco
Modified Eagle Medium (sodium pyruvate, phenol red, glutamine and glucose free)
(Thermo Fisher Scientific, A14430-01, Waltham, MA, USA), 10% FBS (Thermo Fisher
Scientific, 16000-044, Waltham, MA, USA), 1X antibiotic and antimycotic (Thermo Fisher
Scientific, 15240-062, Waltham, MA, USA), 20 mM hydrocortisone (Sigma, H0888, St.
Louise, MO, USA), 250 U insulin (Sigma, 19278, St. Louise, MO, USA), 71.4 pg/mL
glucagon (Sigma, G2044, St. Louise, MO, USA) and 0.2 ug/mL EGF (Epidermal Growth
Factor) (Sigma, E9644, St. Louise, MO, USA)). After a three-hour attachment period, dead
or unattached cells were removed by rinsing with 500 uL of MGH medium, followed by
complete medium replacement (500 puL). Full media changes were performed every other
day for 7 days before assembly into housings or performing static culture experiments.

Experimental design and flow conditions

After 7 days in the cell-specific medium, experiments were performed using serum-free
media common between the cardiomyocytes and hepatocytes (HSL2 medium (Hybrid
Systems Laboratory 2 medium) for static cultures or HSL3 medium (Hybrid Systems
Laboratory 3 medium) [25] for housing-based experiments) (Supplementary tables 1 and 2).
Both serum-free media types have been shown to maintain cellular function when co-
cultured (Fig. 2 and 3, [25]). Static experiments were done by placing each cell type on a
coverslip and both coverslips were placed side by side in a well of a 6-well culture plate with
a final volume of 2 mL. Culture conditions and medium exchange were done as described
for the microfluidic device. Microfluidic housings were assembled with cardiomyocytes on
cMEAs in chamber 3 and on cantilevers in chamber 2, and hepatocytes on coverslips in
chamber 1 and secured with stainless steel hex cap screws (Fig. 1, A). The osmolarity of the
HSL3 medium in the housing systems was adjusted with sodium chloride to maintain 290
mOsm/Kg throughout the experiment. Medium was recirculated throughout the microfluidic
device between the two reservoirs via gravity driven flow generated by a rocker platform
(VWR, 12620-906, Radnor, PA, USA) [7, 25, 49-53] inside an incubator maintained at 37°C
and 5% CO 5, for up to 28 days. Daily medium changes of 30% of the volume (total volume
2 mL) were performed and collected for further analysis. Throughout the culture period,
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cells were imaged and monitored with an inverted phase contrast microscope (Axiovert 200,
Carl Zeiss, Oberkochen, Germany) using a 10X objective. Data is presented with respect to
the number of days after housing assembly (assembly is Day 0).

Drug treatments were performed on day 4 by the addition of the drug to the reservoir
adjacent to the liver compartment (R1, Figure 1). Cardiac function was analyzed by non-
invasive measurements on day 4 (before drug addition) and days 5 and 7 (i.e. 24 and 72 h
after drug addition). After seven days in the housings, the systems were disassembled for
end point CYP enzymatic activity and viability assays.

Urea and albumin secretion quantification

Loss in the ability to produce albumin and urea in hepatocytes is a sign of hepatic damage
[54, 55]. Urea and albumin productions were quantified from the supernatant of hepatocytes
in monoculture or co-culture with cardiomyocytes with commercial kits (BioAssay Systems
(Hayward, CA, USA) and Bethyl Laboratory Inc. (Montgomery, TX, USA), respectively) as
described previously [25]. Production is plotted as quantity (ug) of urea, or albumin
produced daily normalized to 1x108 hepatocytes or normalized to the production on the
initial day.

CYP 1A1 and 3A4 enzymatic activity

Maintenance of hepatic p450 activity throughout the co-culture ensured that the model was
metabolically competent and inducible p450 activity is important for the study of drug-drug
interactions, recommended by the EMA and the FDA [56]. This can also be indicative of
hepatic cell health [57]. Cytochrome p450 isoforms 1Al and 3A4 have been well studied in
in vitro and /n vivo models. CYP1AL, despite only accounting for 5% of total drug
metabolism, has been well characterized in hepatic /n vitro models for its relationship with
procarcinogens [58-60]. CYP3A4 is one of the main phase | drug metabolizers, and its
activity can be induced or inhibited with a variety of compounds, with the potential to create
metabolites with toxic properties [61-63]. Phase | 1Al and 3A4 cytochrome p450 enzymatic
activity were measured with a commercial kit (Promega, Madison, WI, USA) at the end
point of the experiment (day 7) as described previously [25]. CYP activities are presented as
pmol D-Luciferin produced per hour by 1x10° hepatocytes, or as normalized to a control.

Immunocytochemistry

Surfaces were fixed and stained with sheep anti-Human Serum Albumin (ABcam ab8940,
1:100, Cambridge, United Kingdom), donkey anti-sheep 568 (Invitrogen A21099, 1:200,
Carlsbad, CA, USA) and mounted in Hard Set Mounting with DAPI (Vector laboratories,
Burlingame, CA, USA). Images were collected with Axioskop 2 mot plus upright spinning
disk confocal microscope (Carl Zeiss, Oberkochen, Germany), with an XCite 120
Fluorescence Illumination system (EXFO) beam and a multi-spectral laser scanning,
coupled to Volocity software (Perkin EImer, Waltham, MA, USA).

Electrical activity measurements

Electrical activity of the cardiomyocytes was measured using a commercially available
MEA amplifier (MEA 1040, Multichannel Systems, Reutlingen, BW, Germany) adapted to
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the housing system. The cMEA contact pads were connected to the MEA amplifier through
a Zebra® elastomeric electrical connector and a custom printed circuit board (Fig. 1, C). The
temperature inside the housing was controlled to 37°C by a PID controller (Multichannel
Systems, Reutlingen, BW, Germany). Electrical signals were recorded using a commercially
available data acquisition software package (MC_Rack, Multichannel Systems, Reutlingen,
BW, Germany), with beat frequency quantified from spontaneous recordings (20 s recording
period). Cardiomyocytes were electrically stimulated using an STG 1002 stimulator
(Multichannel Systems, Reutlingen, BW, Germany) using stimulation parameters described
previously in detail [19]. Briefly, a 1 ms bipolar pulse (600-1000 mV) was applied to an
individual electrode at increasing frequencies from 0.5 Hz to 4 Hz to control the origin of
the conduction path to measure conduction velocity. The minimum interspike interval (mlISl,
a QT-interval analog) was measured from the data obtained from the frequency sweep, as in
[19]. Data analysis was performed in Clampfit 10.3 (Molecular Devices, San Jose, CA,
USA), and to measure the electrical parameters of conduction velocity, QT-interval and
spontaneous beat frequency. Changes over time are presented as values relative to
measurements taken on day 4 (immediately before drug addition) and are compared to
control conditions (no drug treatment). For static cultures on coverslips, cardiac beat
frequency was quantified microscopically by timing the period required to complete ten
contractions and dividing by the number of intervals.

Force measurements

Cardiac force was quantified on cantilevers inside the system using a previously described
optical detection system which measures the deflection of the cantilever in direct response to
the force exerted by the contracting cardiomyocytes [19, 25, 26, 64]. Cardiomyocyte
contraction on cantilevers was induced with electrical stimulation (4V biphasic square wave
0.1 ms in duration at 1 Hz) via embedded stainless steel electrodes using an isolated pulse
stimulator (A-M Systems, Sequim, WA, USA). Data analysis was performed using custom
peak detection software written in Python to determine peak frequency and average peak
amplitude. The amplitudes of the voltage output of the laser detection system in response to
cardiomyocyte contraction are directly related to force via Stoney’s equation as described
previously [64]. Data is presented as detector voltage (UV) or normalized to the contractile
force on day 4 (immediately before drug addition) and then compared to control conditions
(no drug treatment).

Viability assay

Cell viability was measured after 48 h of drug incubation in monocultures, and the day of
disassembly for the flow systems (day 7) using an MTT assay, following [25]. Cardiac cell
viability of the flow systems was evaluated using 10% alamarBlue® solution in culture
medium (Thermo Fisher Scientific, DAL1100, Waltham, MA, USA) on day 7 of the
experiment with a 24h incubation at 37°C. Conversion of the alamarBlue® w as measured
with a Synergy HT plate reader and KC4 software (Excitation 530 nm; Emission 590 nm,
Winooski, VT, USA). The viability results are presented relative to the control (untreated or
incubated with vehicle).
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Selected drugs

Two drugs and their selected metabolites were studied for their effects on cardiomyocytes
and hepatocytes in the system and in monocultures. Stock solutions of cyclophosphamide
(Sigma, 29875, St. Louise, MO, USA) and acrolein (Sigma, 458501, St. Louise, MO, USA)
were diluted in water; terfenadine (Sigma, T9652, St. Louise, MO, USA) and fexofenadine
(Sigma, F9427, St. Louise, MO, USA) were diluted in DMSO. Stock solution concentrations
in DMSO were selected such that the DMSO concentration in culture was kept < 0.5% after
drug addition. \Vehicle controls of water or DMSO were used as control conditions for the
respective drugs.

Drug determination and quantification with HPLC-MS

Drug concentrations were determined using an LCMS system consisting of an Agilent
Technologies 1100 HPLC interfaced to an Agilent 6490 Triple Quadrupole Mass
Spectrometer (Santa Clara, CA, USA). All drugs were separated using gradient elution
methodology on a C18 phase (Agilent Zorbax Eclipse Plus, 4.6 mm, 100 mm length, 3 um
particle diameter, Santa Clara, CA, USA) with binary mobile phase (gradient of 30% 20 mM
ammonium formate in water and 70% acetonitrile to 70%/30%). Samples (50 uL) were
diluted with acetonitrile (1:4 v/v) and centrifuged to precipitate proteins after addition of the
internal standard. The MS equipped with an electrospray source and used in positive ion
mode and Multiple Reactive Monitoring (MRM) with nitrogen used for collision induced
dissociation. The reported quantitation limits corresponded to a signal to noise ratio of
approximately 10. The methodology described below was adapted from these publications
[65, 66].

Terfenadine and fexofenadine were analyzed with an internal standard, propranolol (Sigma,
40543, St. Louis, MO, USA). For terfenadine, fexofenadine and propranolol quantification,
the MRM (parent/daughter) transitions used were m/z 472 to 436, 502 to 466, and 260 to
116, respectively. The collision energy parameter was set to 24 (terfenadine and
fexofenadine) and 16 for propranolol. Dwell time was set to 50 ms and acceleration voltage
to 5 V for each of these three species. The limits of quantitation were 1.25 nM for both
terfenadine and fexofenadine.

Computational simulation of fluid dynamics and drug metabolism in the Heart-Liver

system

A transient model for gravity driven flow on the rocking system previously developed with
computational fluid dynamics software (CFD, CFD-ACE+ (ESI Group, Paris, France) [25]
was used to compute the shear stresses in each of the organ chambers (Supplementary
Figure 1), with shear stresses below 0.05 dynes/cm? (within acceptable physiologic ranges
[25]). These shear stresses are high enough to produce induced changes to mimic /n vivo
behavior without causing damage [67, 68]. Concentration-time profiles were determined
from experimental mixing experiments using fluorescent dyes to track mass transport. The
mixing profile of compounds in the system for multiple days was modeled using an
exponential growth function involving a time constant and was fit to the experimental
mixing data. The renewal of compound during the daily 30% medium change was
incorporated into the model every 24 hours. Adsorption of compounds to the system was
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measured via HPLC over 24 hours in systems not containing tissues and fit to a second
exponential decay function. Mixing and adsorption were convolved numerically to predict
the concentration of drug in the device following adsorption losses and accounting for
mixing (Fig. 9, A).

Conversion of a parent drug to a metabolite was modeled using a two tier process to
incorporate both the decrease in parent drug concentration in the system due to uptake by the
hepatocytes and the increase in metabolite concentration due to conversion of the parent to
the metabolite. To decouple metabolic rate constants from the effects of flow and adsorption,
these Michaelis-Menten metabolic rate constants for the conversion of terfenadine to
fexofenadine were determined using hepatocyte cultures in static well plates with
administered terfenadine concentrations of 1-100 uM. Conversion over 24 hours of
terfenadine to fexofenadine was measured via HPLC-MS. The two tier metabolism model
incorporated Michaelis-Menten kinetics for the parent drug being transported into the cell,
with constants determined from the concentration of the drug in the medium, and the
conversion of the intracellular drug to the metabolite, and release to the medium. Using the
measured concentrations of both terfenadine and fexofenadine in the wells, and applying a
conservation of mass constraint, the uptake constants of terfenadine into the cells and the
conversion rate constants inside the cells were calculated.

The Michaelis-Menten constants we obtained from incubation the drugs in hepatocytes in
monoculture and static & flow conditions and quantifications of the metabolite. The Km
values computed for the parent compound conversion to metabolite (Km = 15 pM) fall in the
range found in the literature [69-71]. Each of these functions; mixing due to sinusoidal
rocking, mixing modified for medium changes, adsorption, transport into the cell, and
metabolism—uwere combined numerically in MathWorks” MATLAB (Natick, MA, USA)
using an iterative scheme along with the acute dosing of the drug to predict the parent and
metabolite concentration in the organ chambers over 72 h after dosing.

Statistical methods

Results

Numerical data is expressed as the mean = SE of a minimum of three independent
experiments. Changes between two conditions (i.e. control vs. condition) were evaluated
with unpaired two-tailed Student’s t-Test. For time series, one- and two-way ANOVA
followed by Dunnet post hoc analysis were used to evaluate the effects of changes in time
and condition. All statistical analyses were performed with Microsoft Excel, except for the
two-way ANOVA performed in Sigma Plot 12.5 (Systat Software, Inc. Chicago, IL, USA)
and differences with p-values < 0.08 were taken as statistically significant.

Static human cardiomyocyte and hepatocyte co-culture characterization in serum-free

medium.

The co-culture of human cardiomyocytes and hepatocytes on coverslips in 6-well plates with
HSL2 serum-free medium (2 mL) were characterized. Representative morphology images of
cardiomyocytes (left) and hepatocytes (right) after 7 days in mono-culture (top) or in
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coculture (bottom) (Fig. 2, A) indicated no morphological differences between cells in co-
cultures and those in respective mono-cultures, nor was viability different between the two
conditions at day 7 (Fig. 2, B). The cardiac spontaneous beat frequency was measured daily
(Fig. 2, C) in the mono-culture condition, and increased (18 %) in the presence of the
hepatocytes. The hepatic metabolic profile remained unaffected by the presence of
cardiomyocytes, as measured by production of albumin (Fig. 2, D and E), urea (Fig. 2, E)
and CYP1ALl and CYP3A4 enzymatic activities (Fig. 2, E) at day 7. Phenotypic variances
among different hepatic donors were also evaluated using CYP activity to determine if the
presence of the cardiomyocytes would affect phase | metabolism. Cardiomyocytes were
further co-cultured with HepG2/C3A and human primary hepatocytes from a second donor
(MGH, lot HR-5) for 7 days. No significant differences were observed in CYP activity when
comparing mono-culture to co-culture (data not shown). Overall, cardiomyocytes and
hepatocytes maintained their morphology and function in the coculture in the HSL2 serum-
free medium over a 7-14 day period.

Characterization of the recirculated heart and liver co-culture platform.

Human cardiomyocytes were seeded on custom MEAs for electrical activity measurements
and cantilever chips for mechanical activity, and cultured together with hepatocytes on glass
coverslips in the HSL system containing serum-free medium (2 mL HSL3). The
recirculation of the medium in the platform was enabled by a pumpless gravity driven
system controlled by a rocker platform located inside a cell culture incubator. The
oscillatory rocking maintained adequate mixing of nutrients and enabled sufficient gas
exchange through the reservoirs. Modeling of the flow dynamics in the system by
mimicking the oscillatory profile from the sinusoidal rocking was used to keep the
maximum shear stress below 0.05 dynes/cm? at the bottom wall of each chamber where the
cells were located (Supplementary Figure 1).

Representative images of both patterned cardiomyocytes on custom MEAs (Fig. 3, A) and
cantilevers (Supplementary Figure 2) alone or in the presence of the hepatocytes (Fig. 3, B)
indicated good morphology after 7 days under flow in the microfluidic system. Cardiac
electrical and contractile function was measured non-invasively in the HSL systems, with or
without hepatocytes, over 7 days. None of the measured cardiac parameters (conduction
velocity, mISI (equivalent to QT-interval), beat frequency and force) were affected by time
(all p>0.08). Spontaneous beat frequency, mISI (or QT-interval) and contractile force
parameters were the same in the presence or absence of hepatocytes (around 0.5 Hz, 1.2 s,
and 13 pV, respectively) (Fig. 3, C). Only the cardiac conduction velocity showed a
maximum of 0.05 m/s decrease at day 6 in the presence of hepatocytes (24.57 + 4.75%
reduction) (Fig. 3, C). Hepatic CYP1A1 and 3A4 activities were stable over time in the
presence of cardiomyocytes with an activity of 0.3 + 0.1 and 0.8 + 0.1 pmol D-Luc/h/108
cells, respectively (Fig. 3, D). As a proof of concept, the co-culture system was further
maintained for 28 days and daily analysis of cardiac and hepatic functions confirmed the
viability of the system over this extended period of time (Supplementary Figure 3).
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Toxicity evaluation of terfenadine and cyclophosphamide and their metabolites in mono-

culture

A cyclophosphamide dose response profile (50-9000 uM), measured separately in
cardiomyocytes and hepatocytes, corroborated the predominately non-cardiotoxic profile of
the drug on cardiomyocytes at the therapeutic plasma range (2-250 uM [27-30]). However,
cyclophosphamide affected cardiac beat frequency at the highest concentration (9000 uM)
(Fig. 4, A, left). The contribution of the CYP 3A4 in the metabolism of cyclophosphamide
caused a positive and dose-dependent enzyme induction starting at 500uM in the
hepatocytes (Fig. 4, B, left). The control experiment with the cyclophosphamide metabolite,
acrolein (30-500 nM), did induce cardiotoxicity by affecting the cellular viability, and the
beat frequency at, concentrations lower than the human plasma concentrations reported after
cyclophosphamide administration (low micro molar range) [30, 72] (Fig. 4, A, right). In the
hepatocyte mono-culture, no CYP induction was observed, but a significant loss of cell
viability was quantified with increasing concentration of acrolein (Fig. 4, B, right).

A dose-response study of terfenadine (1-10 uM) on cardiomyocytes in mono-cultures
corroborated the cardiotoxic profile of the drug. The measured effective concentration range
included the therapeutic human plasma concentrations (0.02-3 pM) and was also used in
previous /n vitrostudies [11,41, 73, 74]. Terfenadine affected cardiac function before
viability, with a strong effect in contractile activity observed at 1 uM (80.0 + 8.4% decrease
in beat frequency), while cell viability was not affected until higher concentrations (20.6
+12.6% at 5 UM and 44.7 £ 11.9% at 10 uM) (Fig. 5, A, left). The metabolite fexofenadine
(1-10 uM) produced negligible toxicity in the cardiomyocytes, with functional parameters
remaining within 18% of the control, and cell viability decreasing by less than 19% (Fig. 5,
A, right). No significant changes were observed in the hepatic viability upon the terfenadine,
or fexofenadine incubations. Moreover, although the CYP 3A4 is known to participate in the
metabolism of terfenadine [69, 75, 76], there was no induction, as it has been observed
above for cyclophosphamide (Fig. 5, B and Fig. 4, B).

Pharmacokinetic study of the integrated system for drug metabolism

The flow systems with cardiomyocytes with or without hepatocytes were challenged with
acute administration of cyclophosphamide (9 mM) and terfenadine (10 uM). Cardiac
function was monitored before and after (24 and 72 h) the addition of the drug, and cell
morphology was imaged the same days of measurements. Hepatic metabolism was measured
indirectly by cardiac function changes upon drug treatment over time. The viability of both
cell types, and CYP activities, were analyzed as endpoint indicators after the disassembly of
the systems on day 7. The concentrations selected for cyclophosphamide and terfenadine
aimed to affect function but not cell viability in the fluidic system. We used the previous
dose-response results in the static mono-cultures and the physicochemical characteristics of
the drugs to account for adsorption of the hydrophobic drugs onto the housing material. The
HSL systems have the advantage that the bulk of the system is not PDMS, which is known
to adsorb hydrophobic drugs [77, 78]. Instead, the bulk of the housing system is a
thermoplastic polymer, which exhibits less adsorption of hydrophobic drugs than PDMS
[79]; however, some adsorption occurs due to the PDMS gasket material.
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Cyclophosphamide (9 mM) significantly affected the cardiac function (electrical and
mechanical) in the presence of hepatocytes (Fig. 6, A-D-green). Cardiac conduction
velocity, spontaneous beat frequency and contractile force were strongly reduced by 62.2
+21.7%, 93.2 £ 6.6% and 80.8 £ 10.1%, respectively within the first 24 h after
cyclophosphamide (9 mM) addition (Fig. 6, A, B and D). An increased in the mISI of 71.3
+ 39.3% was also observed (Fig. 6, C), indicating a QT-interval prolongation. Without the
liver compartment in the system, cyclophosphamide still affected the contractile force at 9
mM with a 61.2 + 18.4% decrease (Fig. 6, D), however the cardiac function recovered after
72 h, while in the presence of the hepatocytes, the contractile force remained compromised
with 50.4 + 9.3% decrease (Fig. 6, D). These results, suggested a potential metabolic
activation inducing cardiotoxicity. A complete recovery of the electrical function and a
partial recovery of the contractile force suggest that the effect of the metabolite was reduced
after 72 h. As expected CYP3A4 activity was strongly induced in a dose-dependent manner
with cyclophosphamide without any cell cytotoxicity, as previously observed in the mono-
cultures (Fig. 8, A). Under flow conditions, 9 mM cyclophosphamide exposure induced an
increase in cardiomyocytes viability of 37.7 £ 12.8% with hepatocytes and 22.6 + 6.2 %
without hepatocytes (Fig. 6, E).

Terfenadine (10 uM) significantly affected the cardiac function (electrical and mechanical)
in the absence of the hepatocytes (Fig. 7, A-D-red/grey). Indeed, 25.0 + 10.5%, 42.7

+ 10.6% and 65.0 + 12.0% decrease in cardiac conduction velocity (Fig. 7, A) spontaneous
beat frequency (Fig. 7, B) and contractile force (Fig. 7, D) were observed after 24 h of
terfenadine exposure in the absence of hepatocytes, respectively. The mISl interval increased
(117 £ 39%) indicating QT-interval prolongation (Fig. 7, C). With hepatocytes in the system,
no significant functional changes were observed except contractile forces (Fig. 7, D) which
were still affected by a 43.2 + 15.0% decrease upon terfenadine treatment. Both the
electrical and the contractile parameters recovered after 72 h and no significant changes
were observed in viability at this concentration (Fig. 7, E). There were no significant
changes quantified for CYP1A1 and CYP3A4 activities, together with no changes in
hepatocyte viability upon 10 uM terfenadine treatment, as was previously observed in the
mono-culture study (Fig. 8, B).

Pharmacokinetic profile of terfenadine in the heart-liver system

In the system, drugs were administered through the reservoir closest to the liver chamber
(chamber 1, R1) to mimic first pass metabolism, and the effects were evaluated in silico at
24 and 72 h after administration. Distribution of the drugs in the system depended on the
flow dynamics, the adsorption rate into the material of the system, the rate of transport into
the cells and the media exchange performed daily in the system. A numerical model that
incorporated each of these components was created from experimental data and CFD
modeling. The mixing profile for each drug was computed by integrating the flow dynamics
previously modeled with experimentally generated data of the drugs in the HSL system
without cells. The kinetic profile of the drugs in the HSL system depended on the
distribution of the drugs and the metabolic rate of the hepatocytes. The distribution and
metabolism of terfenadine, as well as the metabolite production rate in the heart-liver
system, were modeled. The combination of low rates of metabolism and adsorption for
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cyclophosphamide resulted in the selection of terfenadine over it for modeling purposes.
However, experimentally derived concentrations of cyclophosphamide and acrolein
confirmed expected concentrations in the system. Modeling results were compared to
experimental measurements of the prodrug and metabolite concentrations in the system at
different time points using HPLC-MS. Terfenadine is a very hydrophobic compound; as a
result, 98% of the drug (10 uM) was lost after 24 h in the system due to adsorption. It is
known that terfenadine may accumulate in the hepatocytes, [80], thus Kinetic parameters of
transport were considered in the modeled profile as part of the two-tier process of
metabolism, in which 1) the terfenadine entered the cell and 2) the terfenadine in the cell
was converted to fexofenadine. These parameters were created from concentration-time
profiles in the medium for both terfenadine and fexofenadine. Fexofenadine was detected
only in the HSL systems that contained hepatocytes, providing a positive indication of
terfenadine metabolism to fexofenadine. The computational model of terfenadine kinetics
was close to the experimental measurements. The mean difference in the prediction versus
experimental measurements at 24, 48, and 72 hours was 23.7 *+ 33.1%, which is
considerably smaller relative to the total changes in concentration in the system due to
adsorption on the plastic, metabolism, and elimination (from medium exchange) (Fig. 9, B).

Discussion

Human-on-a-chip systems enable the co-culture of cells from various organs under the same
blood surrogate to reproduce several aspects of the /n vivo environment [4, 25]. In this
context, the liver plays an important role in the metabolism of xenobiotics and although
hepatic metabolism is thoroughly studied in toxicological investigations, the study of hepatic
function together with other organs is normally delayed until later. The incorporation of a
liver representative in the /n vitro system enables a full systemic efficacy and toxicity profile
(parent drug and metabolites) [2, 5, 81, 82]. /n vitro co-culture systems with hepatocytes and
other cell types for studying drug toxicity upon hepatic metabolism have been investigated
before under static conditions with rat hepatic microsomal fractions [30] and human primary
hepatocytes [83, 84], as well as under flow with different microfluidic approaches with
hepatic cell lines [85-87], [88], [89] and [25]. However, this is the first study combining
human primary hepatocytes and iPSc derived cardiomyocytes, serum-free conditions, non-
invasive analysis of cellular function, quantification of drug metabolism and PK/PD analysis
in a multi-organ system.

Cardiotoxicity is a major recurrent side effect during preclinical drug development [3], and
unfortunately aftermarket release [2], which can trigger the withdrawal for human use [2].
The recent commercialization of iPSc derived cardiomyocytes has enabled advances in
cardiotoxicity prediction [11, 12]. Engineering technology applied to the cardiomyocyte
cultures has enabled the quantification of cardiac function [13-19, 24, 25] and the possibility
of high-throughput screening [6, 13, 15, 16, 18, 19]. Cardiotoxic events are often driven by
hepatic transformation of drugs [83, 90, 91], thus the incorporation of a liver module in a
cardiac /n vitro system enables the recreation of a more realistic scenario for drug
development studies [2, 5, 81, 82].
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A previous study from our group demonstrated the co-culture of cardiomyocytes and
hepatocytes, in addition to neurons and skeletal muscle, under flow in a defined serum-free
medium for 14 days [25]. In this work, human primary hepatocytes substituted for the
previously used HepG2/C3A cell line. Further characterization of the human co-culture
demonstrated the maintenance of cellular function for both cardiomyocytes and hepatocytes
for up to 28 days under flow and serum-free conditions (Supplementary Figure 3). The
stable co-culture of these two cell types in our system were in agreement with the supportive
[92-95] and protective [96] effects known between the heart and the liver organs previously
described in the literature. In addition, the function of hepatocytes from different sources
and with different phenotypes was not altered by the presence of cardiomyocytes in this
platform. In order to reduce data variability, the main study was done with a single donor of
human primary hepatocytes.

The housing was designed to be reconfigurable which enables the co-culture of many
different organs. The cantilever chip used for the measurement of contractile force was
previously designed and validated [19, 22, 26]. A detection system for non-invasive
contractile force measurements was designed using laser beam deflection from the tip of the
cantilever [19, 26, 64] to access the chip inside the housing and to allow an automated
calibration of each individual cantilever. The design and fabrication of the custom MEA
used in this work allowed for the reduction of the chip size in order to fit in the housing and
to enable non-invasive recordings. With this non-invasive technology, cardiac parameters
such as conduction velocity, beat frequency, QT-interval, (or mISI) and force can be tracked
on a daily basis.

Characterization of cardiac function in the housing indicated no changes upon co-culture
with hepatocytes, except for conduction velocity (24.6 + 6.3% average reduction, p=0.0006).
We postulate that the small, but significant, changes observed could be a side effect of
reducing the nutrient/cell ratio or to an organ crosstalk regulation [97]. In the static co-
culture characterization study, there was a difference in beat frequency upon the presence of
hepatocytes (p=0.049). However, beat frequency remained stable with hepatocytes in the
housing, suggesting that the co-culture in the microfluidic housing is more stable and
represents a more precise, robust and reproducible quantification method than static co-
culture. Basal hepatic 3A4 p450 activity, but not 1A1, was reduced due to the change to
HSL3 medium, not due to the introduction of flow (data not included), when we translate the
co-culture to the microfluidic system. This change did not affect the ability of the
hepatocytes to metabolize the drugs or to respond to inducers of the activity.

In order to validate the heart-liver system, we used the compounds cyclophosphamide and
terfenadine. Cyclophosphamide was selected because it is considered a non-cardiotoxic
compound that upon liver transformation will generate cardiotoxic metabolites. As expected,
in the static monoculture conditions for each cell type, 48 h incubation with
cyclophosphamide did not show any effects on cardiomyocytes viability and beat frequency
(up to 2 mM) and induced CYP 3A4 enzymatic activity in hepatocytes [30, 98]. The liver
transformation of cyclophosphamide generates a wide range of metabolites [37, 99-101] and
acrolein has been previously correlated to cyclophosphamide cardiotoxic side effects [27,
30, 38]. In the cardiac mono-culture, acrolein reduced beat frequency and viability at
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concentrations of = 300 nM, corresponding to even lower concentrations than the ones
detected in plasma for therapeutic levels of cyclophosphamide [30, 72]. In the flow system,
cyclophosphamide (9 mM) induced negative changes in the cardiac electrical activity only in
the presence of hepatocytes. After 24 h incubation, conduction velocity, beat frequency and
contractile force dropped significantly by a range of 60-93% (p=0.04, p<0.001 and
p<0.001), together with a prolongation of the QT-interval of 71% (p=0.08). Changes in beat
frequency and QT-interval have been previously reported /n vitro[12, 33, 102]. The heart-
liver system with the protocol used provides two drug elimination pathways: the hepatic
clearance and the media exchange (30% exchanged daily). The cardiotoxic effects observed
in the first 24h of treatment with cyclophosphamide confirmed hepatic clearance due to
metabolites formation. The media changes performed on days 5 and 6 cleared out enough of
the metabolites to enable the recovery of the cardiomyocytes during the next 48 h following
cyclophosphamide treatment. Although the electrical activity indicated a clear difference in
the system with or without hepatic cells, the contractile force was equally sensitive to the
prodrug cyclophosphamide (9 mM) or its metabolites. These results suggest that
cyclophosphamide, at the highest concentration of 9 mM, caused toxicity in cardiac
contractile function before being metabolized which is in accordance with the dose-response
performed in static cardiomyocytes showing an effect in the beat frequency at the highest
concentration (9 mM). However, at 72 h after the addition of cyclophosphamide into the
heart-liver system, the cardiomyocytes still did not recover their contractile function,
whereas the cardiac cells in the absence of hepatic cells did. This result confirms the toxicity
profile of cyclophosphamide upon hepatic metabolism. The cardiomyocyte viability
quantified after 72 h of treatment (day 7) confirmed no observed viability deficits.
Interestingly, a significant increase in viability was observed for the cyclophosphamide
dosed cardiac cells in the absence (p=0.03) or the presence of hepatocytes (p=0.03) as
compared to the control. This increase was not expected based on the earlier reported studies
in which a reduction in the H9c2 cell line viability after 24-48 h incubation with
cyclophosphamide (250-500 uM) was shown, but only in the presence of hepatic
microsomes [30]. This could be an artifact due to cyclophosphamide (9 mM) interference
with the alamarBlue reaction or detection, resulting in an artificial increase value of viability
using this assay. Indeed, the increase in cardiac viability was not observed in the mono-
culture experiments with cyclophosphamide or the hepatocytes, in which viability was
estimated by an MTT assay. Cyclophosphamide, as observed in the mono-culture, induced
the hepatic CYP 3A4 activity in the flow system in a dose-dependent manner and without
affecting hepatic viability (p<0.001).

Terfenadine is a cardiotoxic parent drug that generates a non-cardiotoxic metabolite upon
liver transformation according to the literature [41]. The drug is metabolized by CYP3A4
[75], thus the inhibition of this enzyme caused by the interaction with other drugs or
compounds may trigger a cardiotoxic effect [74]. In the static monoculture condition, the
toxicity of terfenadine was confirmed in cardiomyocytes after 48 h incubation in a dose-
dependent manner for beat frequency (80% of beat frequency reduction at 1 pM) and
viability (50% of cell death at 10 uM). Previous /n vitro studies showed cardiotoxicity in the
same range of terfenadine concentrations [11,41]. The main metabolite, fexofenadine, is
nontoxic in the concentration range studied (from 1 pM to 10 uM). In the flow system, the
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presence of the liver protected from the cardiotoxic effect of terfenadine (10 uM) on the
electrical parameters (conduction velocity, beat frequency, and QT-interval), but not on the
mechanical force. Despite hepatic clearance (metabolic biotransformation), terfenadine
impacted the cardiac contractile function. The drug clearance, induced by media exchange,
restored cardiac function in both conditions after 72 h, with the exception of the beat
frequency. As expected, terfenadine did not affect the hepatocyte viability, and in correlation
with the observations made in the hepatic mono-cultures, terfenadine (1-10 pM) did not
induce CYP1A1l or CYP3A4 activities.

The heart-liver system indirectly measured hepatic drug metabolism through the evaluation
of the cardiac outcome. For validation, the metabolic function of the human primary
hepatocytes was directly confirmed by the quantification of the parent drug and metabolite
formation in the system. An in silico model that integrated the flow dynamics of the system
and the kinetic profile was developed to enable the simulation of the metabolism of
terfenadine in the heart-liver system. This model incorporated several forms of removal of
the compounds (specifically adsorption, metabolism, and medium changes), which
combined provided an in vitro analogue to half-life. The experimentally determined
parameters for mixing and adsorption were combined with those for metabolism to create a
pharmacokinetic profile in the system. The focus of the current work is on the time period of
1-3 days after drug delivery for both functional measurements and medium concentrations;
however, further extensions of the experimental validation for early time points is
straightforward for use in studies with shorter-term times of interest. Although the
computational model predicted the final concentration of terfenadine, a deviation at the
initial time points was observed. This could be attributed to the bioaccumulation of the
metabolite in the cell systems. The current model does not account for absorption of
compounds post-release from the cell. A second limitation is the modeling of temporal
dynamics of binding and re-release of compounds bound to the PDMS in the device, which
was determined from experimental observations. Future work intends to include a more
complex computational model that addresses the limitations discussed above to ultimately
generate an /n sifico platform that could be used to predict the fate of unknown drugs, and
together with the integration of a library of cardiotoxic and hepatotoxic drugs built from
experimental data in the HSL system, it could predict human outcomes.

Overall, the heart-liver system is a low-cost and easy to use platform that enables human
cardiomyocytes and hepatocytes to being co-cultured in a serum-free defined medium under
gravitationally induced flow for evaluating cardiotoxicity-dependent drug metabolism.
Cyclophosphamide metabolites and terfenadine adversely affected the cardiac function for a
period of 24 h followed by recovery. The current technology is able to perform studies that
are required for the /in vitro safety pharmacology preclinical evaluations mandated by the
ICH guidelines [8]. Besides the current status of the system, the versatility of the engineered
design enables further studies such as the evaluation of other hepatic phenotypes, the use of
iPSc derived hepatocytes, the addition of other organs in the co-culture, drug interaction
studies, chronic drug exposure and personalized medicine. Furthermore, the system could be
used to predict cardiac toxicity of newly developed drugs based on previous physiologically
based pharmacokinetic studies performed using the platform.
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Conclusions

A novel in vitro platform has been developed for the study of cardiotoxicity upon hepatic
metabolism. The co-culture of human primary hepatocytes with iPSc derived
cardiomyocytes was achieved under serum-free conditions and under flow in a microfluidic
platform with stable cellular viability and function for 28 days. The engineering control of
the platform for microfluidic design and compatibility with bioMEMS and biologic cultures
made possible a non-invasive daily measurement of the cellular functions. This technology
allowed the indirect study of the hepatic metabolic function by tracking cardiac function
(electrical and mechanical). Two known drugs related to cardiac side effects dependent on
hepatic metabolism were used to challenge the system. The heart-liver system was able to
predict human cardiac toxicity upon compound transformation through hepatic metabolism,
thus this system represents a novel platform that could be used in preclinical studies and a
starting point to move towards a more complex human-on-a-chip device.
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Figure 1. Cardiac and liver co-culture in a pumpless microfluidic system.
A schematic of the microfluidic platform and the interface used to measure the functional

activity. Two laser cut acrylic layers housed two laser cut PDMS gaskets that define the
microfluidic flow pathway and the compartments for each organ chip (A). Cells were
cultured on the respective surfaces: hepatocytes on glass coverslip (compartment 1) and
cardiomyocytes on cantilever (compartment 2), and on MEA chips (compartment 3) (A-B).
Medium exchange was performed through both reservoirs (R1 and R2), and drug addition
through R1. Signals on the MEA chips were recorded utilizing an amplifier via a printed
circuit board and an elastomeric connector (C). Cardiac contractile function was measured
using a laser-deflection based apparatus (D). Drug compound quantification was performed
via HPLC-MS (E).
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Figure 2. Characterization of human cardiomyocytes and hepatocytes static co-culture in serum-
free medium.

Human iPSc derived cardiomyocytes were co-cultured with human primary hepatocytes in
serum-free medium (HSL2, 2 mL) for 7 - 14 days in wells. At day 7, mono-culture (MC;
top) or co-culture (CC; bottom) morphology images of cardiomyocytes (A-left) and
hepatocytes (A-right), and their viability (p=0.6 and p=0.6, respectively) (B). Spontaneous
beat frequency of cardiomyocytes tracked over 14 days of culture appears affected by the
time and the presence of the hepatocytes (p=0.002) (C). Albumin (red) and DAPI (blue)
staining of hepatocytes at day 7 (D). Hepatocyte albumin (p=0.8) and urea (p=0.4) daily
productions, and cytochrome p450 1A1 (p=0.3) and 3A4 (p=0.6) activities at day 7 (E). (50
pm scale). (** p<0.01)
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Figure 3. Characterization of the heart-liver system —serum-free and flow- with non-invasive
measurements along seven days.

Human cardiomyocytes and hepatocytes were studied over 7 days in HSL3 medium.
Representative morphology images are shown for human cardiomyocytes (A) in mono-
culture (top) or co-culture (bottom) (80 um scale) and hepatocytes in co-culture (B) after 7
days in the housing (50 pm scale). Cardiac function was measured throughout 7 days, in the
presence (red square) or absence (blue diamond) of hepatocytes. Cardiac function is plotted
as conduction velocity, spontaneous beat frequency, mISI (or QT interval) and contractile
force (C). Two-way ANOVA was performed to study the effects of culture time and the
presence of the hepatocytes on the different cardiac functional parameters; conduction
velocity (p=0.8, 0.03), beat frequency (p=0.8, 0.2), mISI (p=0.3, 0.2) and force (p=0.7, 0.9).
Hepatic function was studied after 7 days in the system with cardiomyocytes and compared
to the static mono-culture condition. No significant differences were evident through a t-test
for the 1Al (p=0.09) and 3A4 (p=0.7) enzymes (D).
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Figure 4. Dose-response of cyclophosphamide and its metabolite acrolein in human

cardiomyocytes and hepatocytes.

The viability and function of human cardiomyocytes (A-black diamonds: beat frequency and
A-green squares: viability) and hepatocytes (B-blue diamonds: 1Al activity, B-red squares:
3A4 activity and B-green triangles: viability) in mono-cultures were studied using increasing
concentrations of cyclophosphamide (CP; 0-9000 uM) (left) and the metabolite acrolein
(ACR; 0-500 nM) (right) for 48 hours in HSL2 medium. The concentrations achieved in the
dose-response were studied as a statistical factor influencing cellular function or viability
(square brackets). CP reduced beat frequency significantly only at 9000 uM, compared to the

control. (* p<0.05, ** p<0.01; *** p<0.001).
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Figure 5. Dose-response of terfenadine and its metabolite fexofenadine in human cardiomyocytes

and hepatocytes.

The viability and function of human cardiomyocytes (A-black diamonds: beat frequency and
A-green squared: viability) and hepatocytes (B-blue diamonds: 1A1 activity, B-red squares:
3A4 activity and B-green triangles: viability) in mono-cultures upon increasing
concentrations of terfenadine (TER; 0-10 pM) (left) and its metabolite fexofenadine (FEX;
0-10 pM) (right) for 48 hours in HSL2 medium. The concentrations achieved in the dose-
response were used as a statistical factor influencing cellular function or viability (square

brackets). (** p<0.01; *** p<0.001).
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Figure 6. Heart-liver system and cardiac outcome upon cyclophosphamide treatment.
Human iPSc derived cardiomyocytes electrical (A-C) and mechanical (D) activities were

evaluated non-invasively before and after 24 and 72 hours of an acute administration of
cyclophosphamide (CP, 9 mM), with and without hepatocytes. All values are normalized to
the control immediately before drug addition (A-D). As an endpoint analysis, cardiac
viability was compared to the control (E). (2 p<0.08, * p<0.05, ** p<0.01; *** p<0.001).
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Figure 7. Heart-liver system and cardiac outcome upon terfenadine treatment.
Human iPSc derived cardiomyocytes electrical (A-C) and mechanical (D) activities were

evaluated non-invasively after 24 and 72 hours of an acute administration of terfenadine
(TER, 10 pM) in the heart-liver system, with and without hepatocytes. All values are
normalized to the control immediately before drug addition (A-D). As an endpoint analysis,
cardiac viability was compared to the control (E). (3 p<0.08, * p<0.05, ** p<0.01, ***
p<0.001).
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Figure 8. Heart-liver system and hepatic outcome upon drug treatment.
Human primary hepatocytes were evaluated after the acute administration of

cyclophosphamide (CP) (A), and terfenadine (TER) (B) in a dose-response fashion. p450
1A1 and 3A4 enzymatic activities (top), and cellular viability (bottom) were analyzed at the
endpoint (at day 7, 72 h after drug addition). The concentrations achieved in the dose-
response were used as a statistical factor influencing hepatic function and viability (square

brackets). (*** p<0.001).
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Figure 9. Terfenadine and fexofenadine quantifications and correlation to the pharmacokinetic

model.

The predicted concentration of terfenadine in the system over time changes with the system
dynamic inputs of mixing, medium change, absorption and adsorption (A). The
incorporation of the metabolic input into (A) generates the prediction of terfenadine and

fexofenadine concentrations in the system. The experimental quantifications form the heart-
liver and the model values are plotted together (B).
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