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(57) ABSTRACT

The present disclosure relates to a pneumatic microfluidic
platform for high-throughput studies of cardiac hypertrophy
that enables repetitive (hundreds of thousands of times) and
robust (over several weeks) manipulation of cardiac
utissues. The platform is reusable for stable and reproducible
mechanical stimulation of cardiac ptissues (each containing
only 500 cells). Heterotypic and homotypic ptissues pro-
duced in the device were pneumatically loaded in a range of
regimes, with real-time on-chip analysis of tissue pheno-
types. Concentrated loading of the three-dimensional car-
diac tissue faithfully recapitulated the pathology of volume
overload seen in native heart tissue. Sustained volume
overload of ptissues was sufficient to induce pathological
cardiac remodeling associated with upregulation of the fetal
gene program, in a dose-dependent manner.



US 2019/0031991 A1l

Jan. 31,2019 Sheet 1 of 5

Patent Application Publication

g

pauRt

45§

Wy




Patent Application Publication  Jan. 31, 2019 Sheet 2 of 5 US 2019/0031991 A1

Fig. 2A Fig 2B

R g

- SEGR




US 2019/0031991 A1l

Jan. 31,2019 Sheet 3 of 5

Patent Application Publication

AR NG

femIndig

{244 g} ‘boy yeagy -

{Repd ety

FEORISIION

ST

<3

f

(13 91040 Y oo

GINERRANS
EIROOR

o ¢

DABEREA

V¢ 81y

snl

oy

5} SanyEeLg

B
w

e



US 2019/0031991 A1l

Jan. 31,2019 Sheet 4 of 5

Patent Application Publication

BT PR

FIRRESLL

HEP PO

148

En

Op Bl

JEZR AR TR

{atety afdiwy

5} RIS 0T
B

-
3

afue

2

ne
&

1y afisey

YO

% ¥E L
sondarg

pesg s LIRS



Patent Application Publication  Jan. 31, 2019 Sheet 5 of 5 US 2019/0031991 A1

s,

Fatly 8o

SRS

i metabolion

e

' ""”‘"“-w-fﬁW.@gﬁ@ﬁ&;}%ﬁﬁ%m

st

i
.
e
.

.

Physisiogioa
fyperrophy
hyporlophy

Pathologing

Pragnanty  Exarise

Fatby aoid
oxidation

Prodein
Bynthusis

1 taochonddn |
blopenasiy

Frymiologing
hyperbraphy

. xtraveliular )
v Wialnx

hypsrlrophy

Pap



US 2019/0031991 Al

SMART MICRO BIOREACTOR PLATFORM
FOR HIGH THROUGHPUT MECHANICAL
STIMULATION OF CARDIAC MICROTISSUE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/538,014 filed on Jul. 28, 2017
entitled “A SMART MICRO BIOREACTOR PLATFORM
FOR HIGH THROUGHPUT MECHANICAL STIMULA-
TION OF CARDIAC MICROTISSUE”.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support
under grants HL076485, EB002520, and GMO007367
awarded by the National Institutes of Health. The govern-
ment has certain rights in the invention.

BACKGROUND

[0003] Cardiovascular disease remains a global burden,
accounting for over 17 million deaths per year worldwide,
and this number is predicted to further increase with time.
The persistence of abnormal physiological conditions due to
cardiovascular disease eventually gives rise to heart failure
(HF), and the inability of the heart to adequately pump
blood. The hallmark of HF is pathological cardiac hyper-
trophy, defined as an increase in heart size. Prior to HF, the
hypertrophied heart is thought to be a compensatory mecha-
nism against an increased pressure or volume overload,
which may allow for normal heart function for many years.
However, if the chronic stress is not alleviated, pathological
hypertrophy worsens, leading to apoptosis and fibrosis and
functional changes such as altered cellular Ca2+ homeosta-
sis, ion channel remodelling, reduced contractile force and
relaxation velocity—all which are predisposing factors for
arrhythmias and heart failure.

[0004] The heart also hypertrophies during sustained exer-
cise and pregnancy. Similar to pathological hypertrophy,
physiological hypertrophy is associated with an increase in
cardiomyocyte size and structural changes. While tradition-
ally viewed as a favourable adaptation, the small number of
sudden cardiac arrest cases in highly trained athletes, as well
as the prevalence of peripartum cardiomyopathy imply that
physiological hypertrophy may have more in common with
its pathological counterpart than it has been previously
thought. With such a blurry line between the two types of
hypertrophy, understanding the key factors in hypertrophy
may aid to the development of new therapies for the treat-
ment of heart failure. Despite considerable efforts, the
mechanisms underlying the differences between physiologi-
cal and pathological hypertrophy remain incompletely
understood.

[0005] The classical model to study cardiac hypertrophy
has been transverse aortic constriction (TAC), in which the
afterload of the heart is increased by banding either the
thoracic or the abdominal aorta. TAC consistently results in
cardiac hypertrophy, while the functional outcomes such as
heart failure can vary. Furthermore, this method is labor-
intensive and cost-intensive, and does not allow studies of
cardiomyocyte biology, a general limitation of in vivo
models. Also, it is difficult to differentiate direct load-
induced alterations from systemic and humoral mechanisms
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in this model. Finally, this animal model mimics pressure
overload rather than volume overload characteristic of car-
diac hypertrophy.

[0006] In vitro models of cardiac hypertrophy have been
developed to overcome some of the limitations of animal
models, such as the use of neonatal rat cardiomyocytes
stimulated by a-adrenergic agonists such as Phenylephrine
(PE), and mechanically stimulated monolayers cultured on
stretchable silicone membranes. But these too also have
their limitations and at times fail to recapitulate native
biology, reducing the value of experimental data. For
example, cardiomyocytes in cell culture are often isotropic,
whereas cardiomyocytes in heart tissue are highly aligned
and organized. Also, standard 2D monolayer cell cultures do
not allow measurement of contractile function, an important
parameter differentiating physiological from pathological
hypertrophy.

[0007] Thus, a high-throughput, physiologically accurate
model for studying cardiac hypertrophy induced by volume
overload is needed to make up for the experimental model
deficiency. The present disclosure describes a platform that
recapitulates some critical aspects of native three-dimen-
sional (3D) structure and function of the heart tissue. Of
relevance to practical applications, the design and operation
of this system allow testing of thousands of loading condi-
tions using only minimal resources.

SUMMARY

[0008] The present disclosure relates to an improved
micro-bioreactor system that addresses the deficiencies in
the art. In one embodiment, the micro-bioreactor comprises
a tissue culture layer defining a plurality of culture wells.
Each culture well comprises a first pillar and a second pillar
each extending vertically from the floor of the culture well.
These first and second pillars are separated by a distance and
are aligned along a central axis traversing the width of the
culture well. In one aspect, the first and second pillars may
have a cross-sectional tear shape to facilitate tissue attach-
ment. The micro-bioreactor further comprises a pressure
control layer disposed beneath the tissue culture layer. The
pressure control layer defines a plurality of channels with
each channel underlying a group of the plurality of culture
wells. This group of culture wells is aligned along the
channel, wherein the channel has a first width at a first end
and tapers progressively to a second width at a second end.
As such, the channel width underlying each culture well of
the group is different. The pressure control layer further
comprises an access port for communicating a pressurized
gas to the plurality of channels. In this way, each culture well
in the group is exposed to a different pressure based on the
channel width underlying each culture well.

[0009] In certain embodiments, the micro-bioreactor fur-
ther comprises a pressure regulator in communication with
the access port for providing the pressurized gas to the
plurality of channels.

[0010] In any of the above embodiments, the micro-
bioreactor may comprise from about 500 to about 1000
culture wells.

[0011] In any of the above embodiments, the distance
separating the first and second pillars is from 300 um to
about 700 um, from about 400 um to about 600 um, from
about 500 um to about 600 um, or from about 300 um to
about 500 um. The height of each of the first and second
pillars may be from about 100 pm to about 300 pm.
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[0012] In any of the above embodiments, the width of the
culture well may be from about 1,500 um to about 2,100 pm,
and the length of the culture well may be from about 500 um
to about 700 pm.

[0013] Inany of the above embodiments, the tissue culture
layer and pressure control layer comprises polydimethylsi-
loxane (PDMS). The PDMS may comprise a Poisson’s ratio
of from about 0.35 to about 0.55, and more preferably 0.45.
The PDMS may comprise a Young’s Modulus of form about
0.5 MPa to about 5 MPa, and more preferably about 2.3
MPa. The concentration of PDMS is preferably higher in the
tissue culture layer than in the pressure control layer.
[0014] The present disclosure also provides for a method
for culturing and testing microtissues using the micro-
bioreactors described herein is also provided. The method
comprises the following steps:

[0015] (a) mixing a plurality of cells with an extracellular
matrix (ECM) material to form a cell-ECM culture mixture;
[0016] (b) applying oxygen plasma to the culture wells;
[0017] (c) loading samples of the cell-ECM culture mix-
ture into a desired number of culture wells overlying at least
one of the channels of the pressure control layer;

[0018] (d) removing any portion of the sample of the
cell-ECM culture mixture not contained entirely in the
culture wells;

[0019] (e) incubating the micro-bioreactor under condi-
tions sufficient to permit cross-linking of the ECM material;
[0020] (f) applying culture media to the culture wells;
[0021] (g) culturing the cell-ECM culture mixture under
conditions sufficient to permit formation and maturation of
a microtissue that extends around and between the first and
second pillars of each well; and

[0022] (h) applying pressure to the pressure control layer
from a single pressure regulator via the access port, said
pressure sufficient to cause the channel to bulge thereby
leading to horizontal displacement of the first and second
pillars away from each other, wherein the extent of hori-
zontal displacement is dependent on the width of the channel
underlying each culture well.

[0023] In any of the above embodiments, the samples of
the cell-ECM culture mixture may comprise from about 300
cells to about 700 cells and more preferably about 500 cells.
[0024] In any of the above embodiments, the cells may be
cardiomyocytes or a mixture of cardiomyocytes and cardiac
fibroblasts.

[0025] In any of the above embodiments, the pressure
applied may be 30 kPa at a frequency of 5 Hz.

[0026] In any of the above embodiments, the ECM mate-
rial may be a collagen gel.

[0027] In any of the above embodiments, the conditions
sufficient to permit cross-linking may be 37° C. for 5
minutes.

[0028] In any of the above embodiments, the conditions
sufficient to permit formation and maturation of the micro-
tissue may comprise an environment of 5% CO2 and 37° C.
for a period of 72 hours.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1A provides a pictoral representation of a
custom-designed electronic circuitry (including a digital
pressure regulator, display, 4 miniature solenoid valves, 4
pressure sensors, 4 relays, etc.) to control 4 bioreactors
independently.
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[0030] FIG. 1B provides a schematic of the bioreactor
platform with an array of pbioreactors for large scale pro-
duction of cardiac utissues along with the cross-sectional
view.

[0031] FIG. 1C provides a schematic and images of the
cardiac utissue formation; Step 1) pbioreactor oxygen
plasma treatment Step 2) mixture cell-ECM (5M cell/mL in
collagen gel at density of 2 mg/ml.) loaded in the well (0.1
uL/well). Step 3) the mixture of cell-ECM compacts around
the pillars allowing the alignment of cardiomyocytes and
maturation of the cardiac utissue.

[0032] FIG. 2A-2D provide pictoral representations and
data relating to application of mechanical stimulation of the
micro-bioreactor of the present disclosure.

[0033] FIG. 2A provides phase-contrast images of the
micro-bioreactor.

[0034] FIG. 2B provides simulated images of pbiorator in
the unstretched state and under pressure (top and side
views).

[0035] FIG. 2C depicts finite element analysis results to
predict strain level as the function of control layer dimension
and input pressure using COMSOL Multiphysics.

[0036] FIG. 2D provides experimental data for the two
cases of varying channel length and input pressure (3 cases
each).

[0037] FIG. 3A depicts a regimen for high-throughput
mechanical stimulation of utissues.

[0038] FIG. 3B depicts H&E staining of stimulated and
control utissues.

[0039] FIGS. 4A-4C provide data related to dose-depen-
dent hypertrophic response.

[0040] FIG. 4A depicts comparison of viability and ANP
expression of the three points on the gradient with nonex-
istent, small and large strain levels (0, 5% and 15%).
[0041] FIG. 4B depicts ANP level characterization
[0042] FIG. 4C depicts atrial natriuretic peptide (ANP),
cardiac myosin heavy chain beta (MHC-f3), and alpha skel-
etal muscle actin (ACTA1) gene expression level for small
and large strain level compared to the non-stimulated
utissues. PE-stimulated ptissues served as positive control
for hypertrophy.

[0043] FIG. 5 provides a logical continuum of physiologi-
cal and pathological hypertrophy.

DETAILED DESCRIPTION

[0044] The present disclosure provides a high throughput
ubioreactor that can be used to model cardiac hypertrophy
associated with volume overload on the heart, by pneumatic
(non-contact) loading of cardiac tissues. Using this system,
it is possible to study the effects of mechanical stress on
cardiac hypertrophy, by real-time, on-chip analysis of the
tissue phenotype.

[0045] The bioreactor assembly involves fabrication of
two separate layers from, for example, PDMS, and partially
curing the bottom layer such that they can be aligned and
then subsequently cured together. Cells are induced to fuse
into ptissues around elastic pillars. By incorporating a novel
control layer, pneumatic channels underneath the pwells are
pressurized, deflecting the pillars and subjecting the tissues
to mechanical stress. The soft lithography techniques permit
custom design channel widths. When calibrated, these cus-
tom-sized channels allow each individual pwell to be sub-
jected to a specific predetermined strain.
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[0046] To demonstrate the utility of the device, the gene
expression profiles of cardiac tissues subjected to a gradient
of mechanical stress were measured. Hypertrophic markers
were found to be upregulated in a dose-dependent manner at
both the small and large strains. The same trend of change
was observed in pathological markers, without significant
increases in apoptosis, such that a clear distinction between
pathological or physiological hypertrophy could not be
established. It is possible that intermediate levels exist
between the normal and pathologically hypertrophied hearts,
that could be characterized for how physiological they are
(FIG. 5).

[0047] The microfluidic platform provides the ability to
mimic the increased mechanical stresses present in volume
overload, and study, in a high throughput fashion, the
regimens which may contribute to hypertrophy being more
or less physiologic in nature. The present approach may be
useful in recognizing the adaptive and potentially maladap-
tive features of “physiological” hypertrophy, and to better
appreciate the possibilities of harnessing various aspects of
physiological hypertrophy in therapeutic modalities for the
heart failure.

[0048] The micro-bioreactors ({tbioreactors) of the present
disclosure are fabricated using soft lithography techniques,
to facilitate quick formation of large numbers of structurally
organized cardiac ptissues in a desired geometry. The
ubioreactors are a high-throughput non-contact device that
can regulate the development of utissues formed from very
small numbers of cells (only 500 per utissue), under condi-
tions favoring the formation of functional cardiac muscle,
and providing mechanical stimulation without extraneous
setup. The multilayer pbioreactor platform of the present
disclosure comprises a tissue culture layer, and a pneumati-
cally actuated control layer.

[0049] In an exemplary embodiment, the culture layer is
580 pum thin, and contains 900 pbioreactor wells, organized
as a 18x50 matrix, with pwells spaced 300 pm apart from
each other. Each pwell measures 1,800 pmx600 pm, and is
400 um deep. Centered in each puwell are two 180 pm tall
pillars standing 540 pm apart. The control layer underneath
the culture layer consists of linear channels, and is pressur-
ized by compressed air to deflect the thin culture layer, and
stretch the ptissue. The pressure in the control layer is set
and maintained by a digital pressure regulator that can be
turned on and off at the desired frequency, via pneumatic
valves. By calibrating the width of the pneumatic channels,
each pbioreactor can be individually loaded, perfused, and
monitored (using phase-contrast or fluorescence micros-
copy), in real time (FIGS. 1A-1C).

[0050] In one embodiment, the two-layer device is con-
structed using different ratios of the curing agent and PDMS
for the culture layer and the control layer (1:7 and 1:15
ratios, respectively). This allows for tight bonding with the
adhesive strength of up to 60 kPa, and for unlimited time to
achieve perfect alignment between layers. Second, in order
to further strengthen the bonding between the two layers, the
control layer is partially cured before bonding by precisely
adjusting the baking time until it retains both the physical
shape and initial adhesive quality. The control layer is fully
cured under compression after the alignment with the culture
layer. Lastly, since PDMS is air-permeable, a 5% C02-95%
air mixture at 37° C. can be used to maintain the culture
media pH.
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[0051] Cells cultured in 3D collagen gels form a syncytial
network that can be mechanically loaded. Mechanical load-
ing of cells encapsulated in ECM matrix is more desirable
because in tissues both the cells and their matrix bear strain,
which in turn significantly alters gene expression profiles.
The steps of utissue generation are outlined for a single
ubioreactor in FIG. 1C. After inoculation of cell suspension
in ECM into each pbioreactor (only 0.1 pL of cell suspension
is required), cells constrict the hydrogel around the p-pillars,
and self-organize into an aligned tissue.

[0052] Cardiomyocytes remodel their matrix by eliminat-
ing water, and by reorganizing and aligning the collagen
fibrils. This process is scaled up for the entire bioreactor
platform (containing 900 pbioreactors) by placing the cell-
ECM mixture over the PDMS construct and scraping off the
excess using the dialysis membrane, such that the cell-ECM
mixture is retained within each pbioreactor. To ensure
utissue formation, prior to the cell-ECM transfer, the bio-
reactor surface is made hydrophilic by plasma treatment.

Examples

[0053] The following Examples are intended to illustrate
the advantages and features of one particular embodiment of
the present micro-bioreactor system. The Examples there-
fore should not be interpreted as the only operable embodi-
ment as various design specifications of the microbioreactor
could be modified to support various other applications yet
still apply the inventive concepts described herein.

Materials and Methods

Functional Design and Computational Analysis

[0054] 3D modeling of the bioreactor was performed
using Solidworks software (Solidworks Corp.). This model
was imported into the finite element analysis software
COMSOL Multiphysics. Using the Solid Mechanics Mod-
ule, we modelled the deflection of the pillars due to the
application of different pressures in the fluidic channel.
Based on the modelling results, the design was modified in
an iterative fashion. The material properties of PDMS used
to fabricate the bioreactor were as follows: Poisson’s
ratio=0.45, Young’s Modulus=2.3 MPa. A fixed boundary
condition was applied to the base of the object bonded to the
well plate. The default stationary solver was used to solve
the finite element model.

[0055] Device Design and Fabrication

[0056] The master was designed using AutoCAD (Au-
todesk). SU-8 masters were fabricated by patterning layers
of SU-8 photoresist (Microchem) onto the 4" silicon wafers
through successive spin coat, alignment, exposure, and bake
steps. Constructs of PDMS (Sylgard 184, Dow Corning)
were molded from the master by mixing base to curing agent
(1:7 and 1:15 for the culture and control layers respectively)
and curing at 65° C. In order to achieve specific thickness in
the culture layer we spun-coat PDMS (1:7 ratio) on the
master at 165 rpm for 60 s, followed by baking at 65° C. for
10 min. PDMS at 1:15 ratio was then used to replica-mold
the control layer and bake it at 65° C. for 28 min while
continuously monitoring its curing. Baking was stopped
before the control layer was completely cured, and the two
layers were aligned such that the control layer channels were
parallel to each other underneath the culture layer wells. We
fabricated an alignment device to precisely position the
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control layer atop the culture layer before baking (Supple-
mentary information). Through this method, we achieved
robust performance of the device at operating pressures as
high as 60 kPa, and perfect alignment. After alignment, the
assembly was returned to the oven, this time under com-
pression for full curing and attachment (4 hr at 75° C.). Then
the bonded layers were peeled off the culture layer master
and the surrounding walls were molded from PDMS (1:10
ratio), and subsequently cured in the oven. Prior to tissue
culture, devices were sterilized using the autoclave.

[0057] Finally, a hole is punched through the mold and
into the control layer. Silicone tubing was inserted to pres-
surize the control layer. In order to extend the life of the
device for multiple uses, EtO sterilization was used.
[0058] After device fabrication and in order to test our
design parameters and validate the simulation results, we
imaged the device (top-view) undergoing pressure-induced
stretch. The horizontal displacement of the pillars was
quantified through Imagel software for multiple values of
control pressures and geometries.

[0059] Neonatal Cardiomyocyte Isolation

[0060] Neonatal rat hearts (n=20, postnatal day 0-3:
P0-P3) were dissociated using Neonatal Heart Dissociation
Kit (Miltenyi Biotec GmbH 130-098-373) following manu-
facturer instructions. The single cell suspension was
enriched with cardiomyocytes using the Neonatal Cardio-
myocytes Isolation Kit (Miltenyi Biotec GmbH 130-105-
420). Cardiomyocytes were isolated by depletion of non-
target cells. First, non-target cells were directly magnetically
labelled with a cocktail of monoclonal antibodies conjugated
with MACS® MicroBeads. Then, the cell suspension was
loaded onto a MACS Column, which is placed in the
magnetic field of a MACS Separator. The magnetically
labelled non-target cells were retained within the column,
while the unlabelled cardiomyocytes run through.

[0061] pTissue Culture

[0062] Isolated cardiomyocytes were mixed with cardiac
fibroblasts at the ratio of 10:1 and encapsulated in collagen
gel (2.5 mg/ml), at a density of 12 million cells/ml. Con-
structs were treated with oxygen plasma for 2 min to reduce
the hydrophobicity of PDMS. 250 ul of cell-ECM mixture
was evenly distributed. A dialysis membrane was gently and
uniformly laid over the construct using sterile tweezers. By
raking a cell scraper over the membrane, excess gel was
firmly but carefully removed. This is a critically important
step because cells growing outside of the wells may exert
forces on the ptissues. This step also ensured entry of the gel
into the pwells without generating air bubbles. After placing
the construct into the incubator at 37° C. for 5 min to
crosslink the collagen gel, a small amount of media (2 ml)
was pipetted over the top of the membrane to prevent
dehydration of the cells. To remove the membrane, media
was added into the well until the membrane was completely
submerged, and the device was again placed in the incubator
for another thirty minutes. After soaking in the media for
10-30 min, the membrane automatically dissociated from
the surface of the device and was collected using sterile
tweezers. Following washing the leftover cell-ECM mixture
using sterile 1x phosphate buffered saline (PBS), fresh
medium was added and cells were cultured for 3 days until
full tissue maturation.

[0063] Live-Dead Assay

[0064] After 6 days of mechanical stimulation (or control
culture), ptissues were incubated in DMEM medium con-
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taining 2 uM Calcein and 4 uM of ethidium homodimer-1
for 30 min at 37° C., 5% CO2, as indicated by the manu-
facturer’s protocol (LIVE/DEAD® Viability/Cytotoxicity
Kit, Molecular Probes). Samples were imaged under a
fluorescence microscope (Olympus 1X81 light microscope,
Center Valley Pa.).

[0065]

[0066] The utissues were fixed in 4% formaldehyde for 15
min in situ. For H&E staining liquid paraffin is poured in the
mold. After cooling to room temperature, the whole paraffin
block was released from the flexible PDMS mold containing
the array of utissues and processed for cross sectional
sectioning and staining. For immunofluorescence staining,
the whole utissue was incubated in 1% BSA/10% normal
goat serum/0.3M glycine in 0.1% PBS-Tween for 1 h in situ
to permeabilize the cells and block non-specific protein-
protein interactions after fixing. The cells were then incu-
bated with the primary antibody ab40791 at 1/200 dilution
overnight at +4° C. The secondary antibody (far red) was
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 680), at a 1/500
dilution for 1 h. Then the samples were imaged using
broadband confocal microscope (Leica TCS SP5 MP).

[0067] Quantitative Real-Time PCR (qRT-PCR)

[0068] Total RNA from ptissues was obtained using
RNAqueous®-Micro Total RNA Isolation Kit (Life Tech-
nologies) following the manufacturer’s instructions. RNA
preparations were treated with “Ready-to-go you-prime
first-strand beads” (GE Healthcare) to generate cDNA.
Quantitative real-time PCR was performed using DNA
Master SYBR Green I mix (Applied Biosystems). mRNA
expression levels were quantified applying the AACt
method. First, the difference between the Ct values (ACt) of
the gene of interest and the housekeeping gene was calcu-
lated for each experimental sample. Then, the difference in
the ACt values between the experimental and control
samples AACt was calculated. The fold-change in expres-
sion of the gene of interest between the two samples was
calculated as 2"(~AACt). The primers used were: ANP,
sense: S'-ATCTGATGGATTTCAAGAACC-3', antisense:
5-CTCTGAGAC GGGTTGACTTC-3; MYH7, sense:
5-GAACTTGCGCTATCCCACTC-3', antisense: 5'-CT-
GAGGGCTGGAAGTCACTC-3; Acta, sense: 5-GCA
CCGCAAATGCTTCTAGG-3', antisense: 5'-GAGAGA-
GAGCGCG TACACAG-3; and GAPDH, sense: 5'-GTTAC-
CAGGGCTGCCTTCTC-3', antisense: 5-GGGTTTC-
CCGTTGATGACC-3'.

Histology and Immunofluorescence

[0069] Results
[0070] Strain Characterization
[0071] The engineered ptissue was successfully stretched

with our novel stimulation system (FIGS. 2A-2D). By
pressurizing the fluidic channel, pillars in the top layer of the
device are pushed apart. We then set out to achieve the main
advantage of our platform, which is the mechanical loading
of each ptissue at any desired strain. While this could have
been achieved by changing the pressure, it would have
required 900 individual digital pressure regulators (DPRs).
In order to avoid this setback, we developed fluidic channels
of variable width in the control layer. This allows us to
subject each of the 900 ptissues to a unique strain level using
a single DPR.

[0072] In order to characterize the degree of strain

imposed on each the ptissues, we used finite element analy-
sis (COMSOL Multiphysics, FIG. 2C). Image analysis of the



US 2019/0031991 Al

displaced pillars over the course of one stimulation period
confirmed the simulation results (FIG. 2D).

[0073] Mechanical Stimulation of the pTissues

[0074] After 3 days of pre-culture that was necessary to
form cell-hydrogel constructs, utissues were subjected to
mechanical stimulation. The desired pressurization of the
underlying fluidic channel was accomplished via an actua-
tion circuitry. The silicone tubing sealed into the control
layer was connected to the actuator containing a simple
microcontroller that opened and closed a valve at the desired
frequency when pressurized. To avoid damage to the tissue
and to allow the cells to adjust to their microenvironment,
the stimulation regimen contained an initial tare load applied
slowly. For rat cardiomyocytes, we applied a beat frequency
of 5 Hz and a pressure of 30 kPa to apply 10% strain, a
regimen based on previous work with a frequency to match
the native beating of the rat heart. It is conceivable that the
stimulation frequency and duty cycle will be adjusted for
each cell source origin (e.g., human). The collagen fibers
aligned over time, in the direction of stretch (FIG. 3B).
[0075] Dose-Dependent Hypertrophic Response

[0076] The relationship between the mechanical stimula-
tion regimen and the hypertrophic response was investi-
gated. To this end, we incorporated the underlying micro-
fluidics containing tapered channels (FIG. 4A, right). In this
way, a gradient of strain was applied to utissues, which were
then subject to real-time analysis. We sought to determine if
there is a relationship between the stimulation gradient and
the hypertrophic response.

[0077] First, we confirmed that different levels of
mechanical stimulation were not affecting the viability of the
utissues. FI1G. 4A (first two columns) compares cell viability
at three points across the gradient with no strain, low strain
and large strain (0, 5% and 15%). Live/dead staining indi-
cates no increase in cell death with increasing strain, while
we observed a dose-dependent increase in the atrial natri-
uretic peptide (ANP) expression, a key marker for cardiac
hypertrophy. Moreover, gene expression for ANP, cardiac
myosin heavy chain beta (MHC-§), and alpha skeletal
muscle actin (ACTAL1), which are upregulated in pathologi-
cal hypertrophy, also revealed a dose-dependent response. In
fact, the large-strain group recapitulated the expression
profile of cells treated with phenylephrine, a pharmacologi-
cal agent inducing hypertrophy.

What is claimed is:

1. A culture well for culturing microtissues comprising:

a first pillar and a second pillar each extending vertically

from the floor of the culture well, wherein the first and
second pillars are separated by a distance and are
aligned along a central axis traversing the width of the
culture well, and wherein the first and second pillars
each have a cross-sectional tear shape.

2. The culture well of claim 1, wherein the distance
separating the first and second pillars is from 300 um to
about 700 um.

3. The culture well of claim 1, wherein the distance
separating the first and second pillars is from 400 um to
about 600 um.

4. The culture well of claim 1, wherein the distance
separating the first and second pillars is from 500 um to
about 600 um.

5. The culture well of claim 1, wherein the depth of the
culture well is from about 300 pm to about 500 pm.
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6. The culture well of claim 1, wherein the width of the
culture well is from about 1,500 um to about 2,100 pum.

7. The culture well of claim 1, wherein the length of the
culture well is from about 500 pm to about 700 pm.

8. The culture well of claim 1, wherein the height of each
of the first and second pillars is from about 100 pm to about
300 pm.

9. A micro-bioreactor comprising:

a tissue culture layer defining a plurality of culture wells,
each culture well comprising a first pillar and a second
pillar each extending vertically from the floor of the
culture well, wherein the first and second pillars are
separated by a distance and are aligned along a central
axis traversing the width of the culture well, and
wherein the first and second pillars each have a cross-
sectional tear shape; and

a pressure control layer disposed beneath the tissue cul-
ture layer, the pressure control layer defining a plurality
of channels, each channel underlying a group of the
plurality of culture wells, wherein the group is aligned
along the channel, wherein the channel has a first width
at a first end and tapers progressively to a second width
at a second end such that channel width underlying
each culture well of the group is different, and wherein
the pressure control layer comprises an access port for
communicating a pressurized gas to the plurality of
channels such that each culture well in the group is
exposed to a different pressure based on the channel
width underlying each culture well.

10. The micro-bioreactor of claim 9 further comprising a
pressure regulator in communication with the access port for
providing the pressurized gas to the plurality of channels.

11. The micro-bioreactor of claim 9, wherein the plurality
of culture wells is from about 500 to about 1000 culture
wells.

12. The micro-bioreactor of claim 9, wherein the distance
separating the first and second pillars is from 300 um to
about 700 um.

13. The micro-bioreactor of claim 9, wherein the distance
separating the first and second pillars is from 400 um to
about 600 um.

14. The micro-bioreactor of claim 9, wherein the distance
separating the first and second pillars is from 500 um to
about 600 um.

15. The micro-bioreactor of claim 9, wherein the depth of
the culture well is from about 300 um to about 500 um.

16. The micro-bioreactor of claim 9, wherein the width of
the culture well is from about 1,500 um to about 2,100 pm.

17. The micro-bioreactor of claim 9, wherein the length of
the culture well is from about 500 um to about 700 um.

18. The micro-bioreactor of claim 9, wherein the height of
each of the first and second pillars is from about 100 pm to
about 300 um.

19. The micro-bioreactor of claim 9, wherein the tissue
culture layer and pressure control layer comprises polydim-
ethylsiloxane (PDMS).

20. The micro-bioreactor of claim 19, wherein the PDMS
comprises a Poisson’s ratio of from about 0.35 to about 0.55,
and more preferably 0.45.

21. The micro-bioreactor of claim 19 wherein the PDMS
comprises a Young’s Modulus of form about 0.5 MPa to
about 5 MPa, and more preferably about 2.3 MPa.
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22. The micro-bioreactor of claim 19, wherein the con-
centration of PDMS is higher in the tissue culture layer than
in the pressure control layer.

23. A method for culturing and testing microtissues using
a micro-bioreactor, wherein the micro-bioreactor comprises
a tissue culture layer defining a plurality of culture wells,
each culture well comprising a first pillar and a second pillar
each extending vertically from the floor of the culture well,
wherein the first and second pillars are separated by a
distance and are aligned along a central axis traversing the
width of the culture well, and wherein the first and second
pillars each have a cross-sectional tear shape, and a pressure
control layer disposed beneath the tissue culture layer, the
pressure control layer defining a plurality of channels, each
channel underlying a group of the plurality of culture wells,
wherein the group is aligned along the channel, wherein the
channel has a first width at a first end and tapers progres-
sively to a second width at a second end such that channel
width underlying each culture well of the group is different,
and wherein the pressure control layer comprises an access
port for communicating a pressurized gas to the plurality of
channels such that each culture well in the group is exposed
to a different pressure based on the channel width underlying
each culture well, the method comprising the following
steps:

mixing a plurality of cells with an extracellular matrix

(ECM) material to form a cell-ECM culture mixture;
applying oxygen plasma to the culture wells;
loading samples of the cell-ECM culture mixture into a
desired number of culture wells overlying at least one
of the channels of the pressure control layer;

removing any portion of the sample of the cell-ECM
culture mixture not contained entirely in the culture
wells;
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incubating the micro-bioreactor under conditions suffi-
cient to permit cross-linking of the ECM material;
applying culture media to the culture wells;

culturing the cell-ECM culture mixture under conditions

sufficient to permit formation and maturation of a
microtissue that extends around and between the first
and second pillars of each well; and

applying pressure to the pressure control layer from a

single pressure regulator via the access port, said pres-
sure sufficient to cause the channel to bulge thereby
leading to horizontal displacement of the first and
second pillars away from each other, wherein the extent
of horizontal displacement is dependent on the width of
the channel underlying each culture well.

24. The method of claim 23, wherein the samples of the
cell-ECM culture mixture comprise from about 300 cells to
about 700 cells and more preferably about 500 cells.

25. The method of claim 23, wherein the cells are car-
diomyocytes.

26. The method of claim 23, wherein the cells are a
mixture of cardiomyocytes and cardiac fibroblasts.

27. The method of claim 26, wherein the pressure applied
is 30 kPa at a frequency of 5 Hz.

28. The method of claim 23, wherein the ECM material is
a collagen gel.

29. The method of claim 23, wherein the conditions
sufficient to permit cross-linking is 37° C. for 5 minutes.

30. The method of claim 23, wherein the conditions
sufficient to permit formation and maturation of the micro-
tissue comprises an environment of 5% CO2 and 37° C. for
a period of 72 hours.
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