US 20140342394A1

a9 United States

a2y Patent Application Publication o) Pub. No.: US 2014/0342394 A1

Parker et al. 43) Pub. Date: Nov. 20, 2014
(54) MUSCLE CHIPS AND METHODS OF USE (86) PCT No.: PCT/US2012/068787
THEREOF $371 (1),
(71) Applicant: President and Fellows of Harvard (2), (4) Date:  Jun.2,2014
College, Cambridge, MA (US) Related U.S. Application Data
(72) Inventors: Kevin Kit Parker, Waltham, MA (US); (60) Provisional application No. 61/697,121, filed on Sep.
Josue Adrian Goss, Somerville, MA 5, 2012, provisional application No. 61/569,028, filed
(US); Anna Grosberg, Irvine, CA (US); on Dec. 9, 2011.
Patrick W. Alford, Minneapolis, MN
(US); Adam W. Feinberg, Pittsburgh, Publication Classification
PA (US); Ashutosh Agrawal,
Somerville, MA (US); Megan Laura (51) Imt.CL
McCain, Somerville, MA (US); Johan GOIN 33/50 (2006.01)
Ulrik Lind, Brookline, MA (US) (52) US.CL
CPC ........ GOIN 33/5008 (2013.01); GOIN 2500/04
2013.01); GOIN 2500/10 (2013.01
(73) Assignee: PRESIDENT AND FELLOWS OF USPC ( 2;5/30, 435/287 9(, 435/402)
HARVARD COLLEGE, Cambridge, ~ UOLC e ; .9;
MA (US) (57) ABSTRACT
(21) Appl. No.: 14/362,287 The present invention provides high throughput assays for
identifying compounds that modulate a contractile function,
(22) PCT Filed: Dec. 10,2012 as well as devices suitable for these assays.



Patent Application Publication  Nov. 20, 2014 Sheet 1 of 46 US 2014/0342394 A1

V
FIG. 1




Patent Application Publication = Nov. 20, 2014 Sheet 2 of 46 US 2014/0342394 A1

FIG. 2




Patent Application Publication  Nov. 20, 2014 Sheet 3 of 46 US 2014/0342394 A1

FIG. 3




US 2014/0342394 Al

Nov. 20,2014 Sheet 4 of 46

Patent Application Publication

—
(NIA) IWIL
o 08¢ 0z 0l 0
L 1 L L L OMl
L GZ-
IONu

Hmﬁ (edy) SSTMLS
G- NOILOVYLNOD

-0
-G
-0l
-G|
d
(NIW) JNIL
ob 06 02 O 0
L 1 1 1 _mo
...u.u.m.mmw%.ﬂ-o__
P (ww) sniavy
B 61
L0T 9

Ov=3nIL

B 0z-JnIL

0=3nIL



US 2014/0342394 Al

Nov. 20,2014 Sheet 5 of 46

Patent Application Publication

—

(988) INIL
052 00z 0SL 00l

0

|

NOLITINS AHVYNIE 3TFTVISAVHO

IdOISOMIIN GINNYIS
JHUYMLAOS ONISSIDOH IDVAI VIA VIA ALITILOVYELINOD SYIATTLNYD
SISATYNY 30404 aaLYWoLNy (9) a4023H ATIVIILJO(§)  WHO4 0L 41N 3SY3AT13Y ()

IHNLIND ANV 31V1d TIIMZ AVHYY HIATTILNYD
$7130 3108NW @33s (g) INYO4 OL SONIY HOVLLY (2) I EINANSEVAR(Y



US 2014/0342394 Al

Nov. 20,2014 Sheet 6 of 46

Patent Application Publication

\.

NOILNTOSTY TVILVdS ¥IMOT LNdHONOYHL-HOIH ‘ATSNOANVYLINWIS STI1IM TV dYI

‘ONIddVIN JONIISFHONTI-LIVLINOD °L

9'OId
N~
—
zo_:m58<<zo AT )
37aNNg
D1LdO ¥3814 [l
===
/ 2unos|] FUOHAOHON
' N X00L-XO}
INILO3rE0
3d00SOHIIN
A T13M WNAIAIONI
ONINOILIONOD ) [NOILNI0S3Y TWILYdS HOIH LNdHONONHL-4IMOT —_——
TYNOIS DO TYNY ATIVNIAIGN] TT3M HOV3 dVI
(UNV S300I00L0Hd *3d0OSOYOIN ILYIANI T
. « 78
39VLS 03ZIMOLOW
W3LSAS ONIOVHI WO MM ‘G3TIONLNOO-RUNLVAIAL
(_ST10NNA D11d0 d3814 ) W3ILSAS IONVHOX3 AINT4 AILYIWOLNY NO Q3LNNOW 3LV Td TIaAM-+Z
!
)
e
1
HLONT13AYM Q3WIS3A HLIM ™,
IA08Y WOY4 FIVNINNTTL 7|
ST13M 40 WOLLOG HLIM
"LOVLNOD NI $318v0 1LdO ¥3dl4
31v1d T13M-FZ 40 MIIA JOL

vV




Patent Application Publication = Nov. 20, 2014 Sheet 7 of 46 US 2014/0342394 A1

l GLASS COVERSLIP
(|@ COAT WITH PDMS

STAMP AND SEED CELLS

ANISOTRIPIC TISSUE
ALIGNED ACROSS PIPAAM AREA

PLACE FORMED TISSUE INTO
LOWER TEMPERATURE. CUT THE FILM.

PEEL AWAY UNWANTED FILM.
PIPAAM DISSOLVED AWAY.

EXCITATION IN THE MYOCYTES
LEADS THE UNATACHED FILM
STRIPS TO BEND UP

FIG. 7A



a4 'old

US 2014/0342394 Al

JT0LSAS

Nov. 20, 2014 Sheet 8 of 46

370181

JOVINI AIZATYNY JOVAI OFH3LS

Patent Application Publication



Yo
“
-t
a as ‘o4
o
<& o~
S S
-t
S 0 [T [T O M3IIAdOL
» = —_ 4LN
[70]
=)
M3IA3QIS
4 @ q e ALW
3 bei o bzel bgss bpms s RLVRND
2 JI01SAS
m b EE 370LSVId
A NOILOYHLNOD
-t
Yo
(=]
o
=
o
2 2/ "Old
N >
—
= . .
2 x5 . B90 , B0 o
® 1
£ " |,
w i i xr/ez > X l=X
o ! LY wezzx (Husi=x["=*
1 1 m ! =
g “ g |
s “ ! B/l 1dN13s
= m L e TYOILATYNY
s LeZEX  A7/ed
< S - ! ' fo
= RN - (Jeuis =X 1 J=x
g
~
[~™



Patent Application Publication = Nov. 20, 2014 Sheet 10 of 46 US 2014/0342394 A1

(A\) FABRICATION (B) HiGH-THROUGHPUT
25mm COVER-SLIPS FABRICATION
GLASS TOP PROTECTIVE FILM CUT-OUTS
(i) COVERSLIP AND PIPAAM ISLAND LOCATIONS
D T L] | o
PLACE STRIPS OF P | c
“ l TAPE ON THE EDGES _|§|_|§|_|§|_|§|_|: 1mm|(e
(ii) oFTHEGLASS (i) o= .
oW W W I
i ~18mm
SPIN COAT 1
TAPE l T SPIN COAT PIPAAM
PIPAAM ii .
(iii) == AND PEEL OFF

@ 1 PROTECTIVE FILM

PIPAAM l ——<==\_ SPIN COAT
REMOVE (iii) PDMS

STRIPS

l COATWITH
PDMS
—
PDMS
(C) hntr assay
DAY 0 DAY 4
CELLS SEEDED ON
MICROPATTERNED FILM CUT CELLS CONTRACTED ~ PHOTO OF
SURFACE PIPAAmM DISSOLVED FILMS BEND UP ASSAY
TS FILM:
~2x4mm
AP:
~1szm DIASTOLE

ANISTROPIC

CELL LAYER
SYSTOLE

FIG. 8



US 2014/0342394 Al

Nov. 20,2014 Sheet 11 of 46

Patent Application Publication

6 'Old

>
— N

SIOVHMINOD QIAI0SId  SWT4  43a33s

Wi Wyyidd 100 STIEO ... |

NOLITNS 4 |%
TT3M ¥Z HOVLLY

=N q WyVidd
—> LYOO Nid$
W14 440 133d 4 %

WO3 dNVLS SAdYHS

a q 1n0 1N2
SWad 4

1V0D NIdS E

a < SSV10 JAILOFLOYd
31V1d LAY $SID0Yd NOILYOIMaYA
T13IM#2Z A3LI1dINOD Amv 31V1d 40 DILYWIHDS ?.v



Ol '©OlId

US 2014/0342394 Al

2 3dAL 3NSSIL
¥3LLND ANOWYIA S3dAL INSSIL
voNsn  ,—— | : OML FeVAINOD
o
N
[=]
2 . [T
x N S0y INIENOD ALY NN
S L 3dAL 3NSSIL ¥ AVa SWTI4 1ND
s
R
[=]
> Wwoz~
o) =
D —  —— - 3 3
:EE 3 =
WS~
Wo3 SNad 1YOD-NIdS Wvdid W14 JAILDILOY
dINVLS ‘Wl4 1334 IVODNIdS dOL NI SONYIS|
10 LND

AVSSY 3dIS A9 3dIS HO4 F1VH1SENS 40 NOILYOIHav4 A<v

Patent Application Publication



US 2014/0342394 Al

Nov. 20,2014 Sheet 13 of 46

Patent Application Publication

(AR
>
— N
ANNOHOMOVE N4
Y3L1ND ANOWYIA — P -
Y ONISN :
o =) [

‘HLIM LVIEL 'STIam $711392 @33S

= .
% OMLOL LI1dS _

INTHAINGD / \

ONOTV S-O MV34d ~ 4LAY NNY
SOINOYN1d SANITNIHL “ANIGNOD
v./ln__._m
< < < <|(m_n_<._.
SANITNA wyvdid
diNV1S SNAd 1YOO-NIdS 1VOO-NIdS

AVSSY 3dIS A9 3dIS Y04 31vH1SANS 40 NOILYIld4v4 A<v



¢l "Old

NIN G¢=1 NIA =1
HOLIGIHNI ASYNIM-OHY advy  1-NINT39HLOANS adv

US 2014/0342394 Al

o
s
S
=
=
- JOVII
2 034aLS
wnn
=
>
o
=
o
.
=
z
Savag
IN3OSTIONTA

NIWSS=L NI 62 =1 o NIN G =L
NOILYXY13¥ TVLOL on NOILOVYLNOD XVI Amv TVILINI ?.v

Patent Application Publication



Patent Application Publication = Nov. 20, 2014 Sheet 15 of 46 US 2014/0342394 A1

FIG. 13
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FIG. 14
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FIG. 30
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MUSCLE CHIPS AND METHODS OF USE
THEREOF

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 61/569,028, filed on Dec. 9,2011,
and U.S. Provisional Patent Application Ser. No. 61/697,121,
filed on Sep. 5, 2012, the entire contents of each of which are
incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] This invention was made with government support
under grant number WO911NF-12-2-0036, awarded by
DARPA. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] Identification and evaluation of new therapeutic
agents or identification of suspect disease associated targets
typically employ animal models which are expensive, time
consuming, require skilled animal-trained staff and utilize
large numbers of animals. In vitro alternatives have relied on
the use of conventional cell culture systems which are limited
in that they do not allow the three-dimensional interactions
that occur between cells and their surrounding tissue. This is
a considerable disadvantage as such interactions are well
documented as having a significant influence on the growth
and activity of cells in vivo since in vivo cells divide and
interconnect in the formation of complex biological systems
creating structure-function hierarchies that range from the
nanometer to meter scales.

[0004] Efforts to build biosynthetic materials or engineered
tissues that recapitulate these structure-function relationships
often fail because of the inability to replicate the in vivo
conditions that coax this behavior from ensembles of cells.
For example, engineering a functional muscle tissue requires
that the sarcomere and myofibrillogenesis be controlled at the
micron length scale, while cellular alignment and formation
of the continuous tissue require organizational cues over the
millimeter to centimeter length scale. Thus, to build a func-
tional biosynthetic material, the biotic-abiotic interface must
contain the chemical and mechanical properties that support
multiscale coupling.

[0005] Accordingly, there is a need for improved methods
and systems that may be used for determining the effect of a
test compound on biologically relevant parameters in order to
enhance and speed-up the drug discovery and development
process.

SUMMARY OF THE INVENTION

[0006] Described herein are devices, otherwise referred to
herein as muscle chips, and methods for multiplex and high
throughput, high content measurements of physiologically
relevant properties of in vitro tissue constructs. The devices of
the present invention can be used in, for example, high
throughput screening assays to determine the effects of a test
compound on living tissue by examining the effect of the test
compound on various biological responses, such as for
example, cell viability, cell growth, migration, differentiation
and maintenance of cell phenotype, electrophysiology, meta-
bolic activity, muscle cell contraction, osmotic swelling,
structural remodeling and tissue level pre-stress.

[0007] Accordingly, in one aspect the present invention
provides engineered human muscle chips. Muscle chips are
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fluidic devices, e.g., millifluidic and/or microfluidic devices,
that comprise living human cells cultured within the fluidic
devices and recapitulate the three-dimensional (3D) tissue-
tissue interfaces, mechanically active microenvironments,
electrical stimulation, chemical conditions and complex
organ-level functions. Examples of the muscle chips
described herein, include but are not limited to, heart chips to
mimic beating heart, lung airway smooth muscle chips to
mimic reactive airway, and skeletal muscle chips to mimic
contracting skeletal muscle.

[0008] Another aspect provided herein relates to kits com-
prising a plurality of muscle chips, for example, 2, 3, 4, 5, 6,
7,8, 9, 10, or more muscle chips. In some embodiments, the
muscle chips in the kit can be all the same, i.e., corresponding
to the same muscle. In some embodiments, at least some of
the muscle chips in the kit can represent a collection of dif-
ferent organs, e.g., heart, airway, skeletal muscle.

[0009] In some embodiments, each muscle chip can be
individually packaged, e.g., for sterility. In some embodi-
ments, the kits can further comprise an appropriate culture
medium for each muscle chip. In some embodiments, the kits
can further comprise an instruction manual, e.g., instructions
on connecting various muscle chips together to form an inte-
grated network.

[0010] In another aspect, the present invention provides
methods for identifying a compound that modulates a con-
tractile function. The methods include providing a device of
the invention containing a plurality of muscle tissues, e.g.,
muscle thin films and/or hydrogel engineered muscle tissue,
contacting a plurality of the muscle tissues with a test com-
pound; and determining the effect of the test compound on a
contractile function in the presence and absence of the test
compound, wherein a modulation of the contractile function
in the presence of the test compound as compared to the
contractile function in the absence of the test compound indi-
cates that the test compound modulates a contractile function,
thereby identifying a compound that modulates a contractile
function.

[0011] In another aspect, the present invention provides
methods for identifying a compound useful for treating or
preventing a muscle disease. The methods include providing
a device of the invention containing a plurality of muscle
tissues, e.g., muscle thin films and/or hydrogel engineered
muscle tissue, contacting a plurality of the muscle tissues
with a test compound; and determining the effect of the test
compound on a contractile function in the presence and
absence of the test compound, wherein a modulation of the
contractile function in the presence of the test compound as
compared to the contractile function in the absence of the test
compound indicates that the test compound modulates a con-
tractile function, thereby identifying a compound useful for
treating or preventing a muscle disease.

[0012] In one embodiment, the contractile function is a
biomechanical activity, e.g., a biomechanical activity
selected from the group consisting of contractility, cell stress,
cell swelling, and rigidity.

[0013] In another embodiment, the contractile function is
an electrophysiological activity, e.g., a voltage parameter
selected from the group consisting of action potential, action
potential duration (APD), conduction velocity (CV), refrac-
tory period, wavelength, restitution, bradycardia, tachycar-
dia, and reentrant arrhythmia; or a calcium flux parameter
selected from the group consisting of intracellular calcium
transient, transient amplitude, rise time (contraction), decay
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time (relaxation), total area under the transient (force), resti-
tution, and focal and spontaneous calcium release.

[0014] In one embodiment, the methods of the invention
further include applying a stimulus, such as an electrical
stimulus, to the plurality of muscle tissues, e.g., muscle thin
films and/or hydrogel engineered muscle tissue, within the
devices of the invention.

[0015] In another embodiment, the plurality of muscle tis-
sues, e.g., muscle thin films and/or hydrogel engineered
muscle tissue, within the devices of the invention are adhered
to a solid support structure, e.g., a Petri dish, a multi-well
plate, or a glass cover-slip.

[0016] In yet another embodiment, the plurality of muscle
tissues, e.g., muscle thin films and/or hydrogel engineered
muscle tissue, within the devices of the invention are cultured
in the presence of a fluorophore, such as a voltage-sensitive
dye or an ion-sensitive dye. The voltage-sensitive dye may be
an electrochromic dye (e.g., a styryl dye and a merocyanine
dye). The ion-sensitive dye may be a calcium sensitive dye
(e.g., X-Rhod, aequorin, Fluo3, FluoS, or Rhod2). In other
embodiments, the fluorophore may be a dye pair selected
from the group consisting of di-2-ANEPEQ and calcium
green; di-4-ANEPPS and Indo-1; di-4-ANEPPS and Fluo-4;
RH237 and Rhod2; and, RH-237 and Fluo-3/4.

[0017] In some embodiments, the plurality of muscle tis-
sues, e.g., muscle thin films and/or hydrogel engineered
muscle tissues, within the devices of the invention comprise
cardiomyocytes, vascular smooth muscle cells, smooth
muscle cells, skeletal striated muscle cells, and airway
smooth muscle cells.

[0018] In another aspect, the present invention provides a
device for measuring a contractile function. The device
includes a solid support structure (e.g., a Petri dish, a multi-
well plate, or a glass cover-slip), a plurality of muscle tissues,
e.g., muscle thin films and/or hydrogel engineered muscle
tissue strips.

[0019] In some embodiments, the plurality of muscle tis-
sues each comprise a flexible polymer layer (e.g., a flexible
polymer layer comprising polydimethylsiloxane) and a popu-
lation of isolated cells (e.g., myocytes such as cardiomyo-
cytes) seeded on the flexible polymer layer in a predetermined
pattern, and wherein the cells form a tissue structure which
can perform a contractile function.

[0020] In other embodiments, the plurality of muscle tis-
sues each comprise a hydrogel layer (e.g., alginate and/or
gelatin) and a population of isolated cells (e.g., myocytes
such as cardiomyocytes) seeded on the hydrogel layer in a
predetermined pattern, and wherein the cells form a tissue
structure which can perform a contractile function. The plu-
rality of muscle tissues may be adhered to the solid support
structure directly or indirectly, e.g., via a plurality of posts
attached to the solid support structure.

[0021] In a further aspect, the present invention provides
devices for measuring a contractile function which includes a
solid support structure (e.g., a Petri dish, a multi-well plate, a
microfluidics device, or a glass cover-slip). In one embodi-
ment, the devices comprise a plurality of muscle tissues, e.g.,
muscle thin films and/or hydrogel engineered muscle tissues.
[0022] In one embodiment, the plurality of muscle tissues
comprise a flexible polymer layer (e.g., a flexible polymer
layer comprising polydimethylsiloxane) and a population of
isolated cells (e.g., myocytes such as cardiomyocytes, airway
smooth muscle cells, skeletal muscle cells) seeded on the
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flexible polymer layer in a predetermined pattern, wherein the
cells form a tissue structure which can perform a contractile
function.

[0023] Inother embodiment, the plurality of muscle tissues
comprise a hydrogel layer and a population of isolated cells
(e.g., myocytes such as cardiomyocytes, airway smooth
muscle cells, skeletal muscle cells) seeded on the hydrogel
layer in a predetermined pattern, wherein the cells form a
tissue structure which can perform a contractile function.

[0024] The myocytes may be aligned to produce an aniso-
tropic tissue.
[0025] In certain embodiments, the microfluidic device

comprises a first chamber and a second chamber operably
connected. The first chamber may comprise a monolayer of
muscle cells and an electrophysiological capturing device
and the second chamber comprises a plurality of muscle
tissues strips, e.g., horizontal muscle tissues, e.g., muscle thin
films and/or hydrogel engineered muscle tissues, and adevice
to measure contractility.

[0026] In some embodiments, the plurality of muscle tis-
sues comprise a flexible polymer layer and/or a hydrogel and
a population of isolated muscle cells seeded on the flexible
polymer layer and/or the hydrogel in a predetermined pattern,
wherein the cells form a tissue structure which can perform a
contractile function. The monolayer of muscle cells and the
isolated muscle cells may be independently selected from the
group consisting of cardiac muscle cells, ventricular cardiac
muscle cells, atrial cardiac muscle cells, striated muscle cells,
smooth muscle cells, vascular smooth muscle cells.

[0027] Inother embodiments, the microfluidic device com-
prises a solid support structure comprising a first chamber and
a second chamber operably connected. The first chamber may
comprise a plurality of muscle tissues, e.g., horizontal muscle
tissues, e.g., muscle thin films and/or hydrogel engineered
muscle tissues, in some embodiments adhered at one end to
the solid support structure and an optical signal capturing
device.

[0028] Insome embodiments the plurality of muscle tissues
comprise a flexible polymer layer and a population of isolated
diseased cells seeded on the flexible polymer layer in a pre-
determined pattern, wherein the cells form a tissue structure
which can perform a contractile function.

[0029] In other embodiments, the plurality of muscle tis-
sues comprise a hydrogel layer and a population of isolated
diseased muscle cells seeded on the hydrogel layer in a pre-
determined pattern, wherein the cells form a tissue structure
which can perform a contractile function.

[0030] The second chamber may comprise a plurality of
muscle tissue strips and an optical signal capturing device.
[0031] Insomeembodiments the plurality of muscle tissues
comprise a flexible polymer layer and a population of isolated
healthy muscle cells seeded on the flexible polymer layer in a
predetermined pattern, wherein said cells form a tissue struc-
ture which can perform a contractile function.

[0032] Insomeembodiments the plurality of muscle tissues
comprise a hydrogel layer and a population of isolated
healthy muscle cells seeded on the hydrogel layer in a prede-
termined pattern, wherein the cells form a tissue structure
which can perform a contractile function.

[0033] Inother embodiments, the microfluidic device com-
prises a plurality of muscle tissue strips.

[0034] Insomeembodiments the plurality of muscle tissues
comprise a flexible polymer layer and a population of isolated
airway smooth muscle cells seeded on the flexible polymer
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layer in a predetermined pattern, wherein said cells form a
tissue structure which can perform a contractile function.
[0035] In some embodiments, the plurality of muscle tis-
sues comprise a hydrogel layer and a population of isolated
airway smooth muscle cells seeded on the hydrogel layer in a
predetermined pattern, wherein the cells form a tissue struc-
ture which can perform a contractile function.

[0036] In one embodiment, the devices further comprise a
porous membrane having epithelial cells adhered thereto and
exposed to air flow situated above the muscle tissue strips.
[0037] In one embodiment, the solid support structure is a
microfiuidic device comprising a first chamber and a second
chamber operably connected. The first chamber may com-
prise a plurality of muscle tissue strips comprising a popula-
tion of isolated healthy airway smooth muscle cells and the
second chamber may comprise a plurality of muscle tissue
strips comprising a population of isolated diseased airway
smooth muscle cells.

[0038] In one embodiment, the devices of the invention
may comprise a second solid support structure seeded with a
second population of cells.

[0039] In another embodiment, the flexible polymer layer
and/or hydrogel layer is supplied with an engineered surface
chemistry before the cells are seeded. The engineered surface
chemistry may include an extracellular matrix protein. In
other embodiments, the engineered surface chemistry is pro-
vided in a pattern that includes gaps.

[0040] In a further embodiment, the solid support structure
includes a plurality of cell culture wells; an optical signal
capture device; and an image processing software to calculate
change in an optical signal. The optical signal capture device
may further include fiber optic cables in contact with the
culture wells.

[0041] In another aspect, the present invention provides
methods of preparing a device suitable for measuring a con-
tractile function. The methods include providing a solid sup-
port structure; coating a sacrificial polymer layer on the solid
support structure; coating a flexible polymer layer that is
more flexible than the support structure on the sacrificial
polymer layer, wherein the flexible polymer layer does not
cover the edges of the solid support structure; seeding cells on
the flexible polymer layer; culturing the cells to form a tissue;
and removing a portion of the formed tissue thereby generat-
ing strips of the formed tissue, thereby preparing a device
suitable for measuring a contractile function.

[0042] The present invention is further illustrated by the
following detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] FIG. 1 depicts a device of the invention in which a
homogeneous cell population is used. (A, B) Schematic rep-
resentations of the device, with thin polymer films adhered to
posts. (C) Photograph of the same device.

[0044] FIG. 2 depicts the system of FIG. 1 that further
includes a co-culture slide. (A, A") depicts the embodiment
wherein a co-culture slide is cultured separate from the device
and (B, B") inserted into the device prior to performing the
methods of the invention. (C, C') depicts the embodiment
wherein the thin films are adhered to posts parallel to the dish
base for optimal viewing.

[0045] FIG. 3 provides illustrations of a thin film adhered to
apost. (A) depicts the embodiment wherein the polymer side
of thin film adheres to post. (A') depicts the embodiment
wherein a PDMS thin film adheres to a PTFE post through
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hydrophobic-hydrophonic interaction. (B, B') depicts the
embodiment wherein a change in the radius of curvature (R)
is used to calculate a change in stress in a cell layer.

[0046] FIG. 4 provides images and charts of the system of
FIG. 1 using rectangular-shaped muscular thin films (MTFs)
with vascular smooth muscle anisotropically aligned along its
length, and the deformation of the muscular thin films with
time after treatment with endothelin-1. (A) depicts stereo
microscopic images of polymeric thin films, seeded with
vascular smooth muscle, adhered to posts. (B) depicts thresh-
old images of thin films with films isolated from background.
(C) depicts the measured change in radius of curvature with
time. (D) depicts muscle stress necessary to induce change in
curvature.

[0047] FIG. 5 schematically depicts the fabrication and use
of a multi-well based device of the invention.

[0048] FIG. 6 graphically depicts two approaches for imag-
ing MTFs in the high-throughput methods described herein.
FIG. 6(A) depicts imaging and mapping of all the wells of a
multi-well plate assay at once and FIG. 6(B) depicts imaging
and mapping of each well of a multi-well plate assay indi-
vidually.

[0049] FIG. 7A schematically depicts one embodiment of
the fabrication and use of a horizontal MTF device of the
present invention. FIG. 7B is a photograph and image pro-
cessing of the same device. FIGS. 7C and 7D depict the
calculation of the radius of curvature of the MTFs in the
device depicted in FIG. 7A.

[0050] FIG. 8 schematically depicts the contrast between
assaying contractility of an MTF using a large, rectangular
glass comprising a horizontal MTF versus a round cover-slip
comprising a horizontal MTF. (A) Fabication of a horizontal
MTF using a round cover-slip; (B) Fabication of a horizontal
MTF using a rectangular cover-slip (higher througput); (C)
Contrast of running a contractility assay with a round cover-
slip versus a square cover-slip. Although the manual fabrica-
tion of horizontal MTF is more efficient using square cover-
slips, round cover-slips are often more compatible with
commercially available microscope equipment.

[0051] FIG. 9A schematically depicts an embodiment of
the fabrication of a horizontal MTF device using the protec-
tive film procedure in a multi-well dish with a zoomed in view
of'the film inside a well (not to scale). FIG. 9B is a photo of a
24-well plate containing a checkered pattern of buffer with
phenol red (grey) and without phenol red (white) used to
detect leaks between wells. FIG. 9C is a photo of a muscle
thin film inside of'a well of the 24-well plate depicted in F1G.
9B.

[0052] FIG. 10 schematically depicts one embodiment of
the fabrication of a two tissue type horizontal MTF device
useful for a side-by-side assay.

[0053] FIG. 11 schematically depicts another embodiment
of'the fabrication of a two tissue type horizontal MTF device
useful for a side-by-side assay.

[0054] FIG. 12 contrasts the use of fluorescent microscopy
and the use of brightfield stereo microscopy of vascular
smooth muscle (VSM) horizontal MTFs during an assay of
the invention as described in Example 5. The top row depicts
fluorescent microscopy photographs of VSM horizontal
MTFs comprising fluorescent beads embedded in the PDMS
film. The bottom row shows brightfield stereo microscopy
images of the same films. (A) Photographs taken 5 minutes
after the start of the experiment, the films are slightly bent up
from the glass due to the initial contraction of VSM. (B)
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Photographs taken 20 minutes after addition of the vasocon-
strictor (Endothilin-1), which causes the VSM to contract and
the films to bend up from the glass. (C) Photographs taken 30
minutes after addition of a rho-kinase inhibitor, which causes
the VSM to completely relax and the films to lie flat on the
glass. The contrast of the use of fluorescent microscopy
shows that fluorescent images may be used to eliminate noise
that may be present in regular brightfield images.

[0055] FIGS. 13(A) and 13(B) are top view (A) and side
view (B) schematic representations of one embodiment of the
devices of the invention depicting MTFs enclosed in indi-
vidual chambers of a microfluidics device. Utilizing microf-
luidic principles of laminar flow and mixing, a small amount
of'nanoparticles or small molecules can be diluted into a wide
variety of concentrations in simultaneous assays for tissue
function.

[0056] FIG. 14 is a photograph of one embodiment of the
devices of the invention depicting a tri-laminate fluidic cham-
ber comprising an MTF and useful in the methods of the
invention, such as, a contractility assay. The device is con-
structed from 1.5 mm PMMA. Number 1 glass cover slips
comprise the top and bottom layers. Muscular Thin Films
(MTFs) were cut into approximately 1 mmx3 mm cantilevers
before assembling the device.

[0057] FIG. 15 depicts an anisotropic MTF in a microflu-
idic chamber exposed to a drug (circles) in diastole (top) and
at peak systole (bottom).

[0058] FIG. 16 is a schematic representation of a gradient
generation microfluidic device to assay drug-dose responses.
The PDMS-based device (25 mmx75 mm), receives three
fluids at left, the highest drug dose in the top channel, a
decreased drug concentration in the middle channel, and iso-
tonic buffer in the bottom channel. The microfluidic devices
generate drug gradients which are then separated and trans-
ferred into wide (2.5 mm) channels to decrease fluid velocity
in order to simplify fluid dynamics calculations for horizontal
MTF (hMTF) assays.

[0059] FIG. 17 is a schematic representation illustrating
soft lithography-based microfluidic fabrication of one
embodiment of the devices of the invention. A negative pho-
toresist underneath a mask is exposed to UV light crosslink-
ing the exposed photoresist. The un-crosslinked photoresist is
developed, leaving a negative mold. PDMS elastomer is
poured into the photoresist/silicon mold and peeled away
after curing. The patterned PDMS can be either bonded to
another PDMS pattern or planar polymeric surface via
plasma-treated surface covalent bonding.

[0060] FIG. 18 is a photograph of the top view of a microf-
luidic channel with a hMTF inside the channel. The inflow,
outflow channel are outlined with a dashed light gray line.
The myocytes are paced inside the channel and the diastolic
and peak systolic positions of the h\MTF are shown inside the
boxes, with the film edge tracked (light gray) and the film
length outlined (black). (B) Schematic showing the microf-
luidic channel witha hMTF inside, MTF film in medium gray,
initial length outline in black, edge tracking in light gray,
channel outline in light gray. (C) Filtered stress profile read-
out from this film in kPa.

[0061] FIG.19 schematically depicts an embodiment of the
fabrication of a “shutter” horizontal MTF device in a multi-
well dish. (A) A 96-well plate with a photodiode array top.
Each photodiode measures, as a function of time, the amount
of light emitted from each well, which holds a single hori-
zontal MTF. The readouts of the photodiodes are transferred
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to a computer, where they are directly converted to a mea-
surement of the radius of curvature, and muscle layer stress.
(B) A cross-section of a single well with a “shutter design”.
The bottom of the plate is made from glass that has been
blacked out except for a small area under the muscular thin
film, which remains transparent to light. The muscular thin
films are made from non-transparent bio-compatible poly-
mers, i.e. black PDMS. The walls of the plate are made from
black plastic, or other light absorbing material, to eliminate
the reflection of light. During contraction of the cells, the thin
film bends up from the glass uncovering a larger area of the
transparent glass, allowing for a greater amount of light to
pass through the chamber. The photodiode is located at the
top of the well, where it collets light throughout the contrac-
tion cycle. (C) The top view into a single well of the “shutter
system”. This illustrates that the island of transparent glass
has the same area as an unbent film (length a). As the film
dissociates from the glass it bends up slightly during diastole,
exposing some of the transparent glass. During the contrac-
tion the film bends up more, exposing more of the transparent
glass. The amount of light reaching the photodiode will be
proportional to the area of the white rectangle. As the width of
the rectangle remains constant the signal is proportional to w
which is simply the length of the film minus the x-projection.
Therefore the signal transmitted from the photodiodes is pro-
portional to the x-projection. Example 2 and FIG. 7C describe
how to calculate the radius of curvature from measurements
of the x-projection. However, the use of a photodiode array
dispenses with the need for image analysis as the x-projection
is a direct readout. This allows for this device to be an auto-
mated, high-throughput, simultaneous contraction measuring
device.

[0062] FIG. 20 schematically depicts the assembly steps
for the muscular thin film contractility assay based on a
PDMS thin film in a fluidic chamber.

[0063] FIG. 21 schematically depicts the assembly steps
for the muscular thin film contractility assay based on a pat-
terned alginate thin film in a fluidic chamber.

[0064] FIG. 22 schematically depicts one embodiment of a
heart-on-a-chip. (i) Depicts dual chamber system with a
single medium stream that feeds 2 chambers; an EPhys cham-
ber and an MTF chamber. (ii) The EPhys chamber allows
electrophysiological recordings on a monolayer of cardiac
muscle in a low volume chamber with micro-electrodes
embedded in the bottom of the chamber. (iii) a larger chamber
situated next to the EPhys chamber allows high throughput
contractility measurements using an array of muscular thin
films. (iv) In one embodiment, the MTF chamber consists of
an anisotropic layer of cardiac myocytes cultured on laser-cut
horizontal MTFs whose radius of curvature can be measured
optically.

[0065] FIG. 23 schematically depicts another embodiment
to monitor cellular contraction: (A) Cell monolayers are
adhered to a deformable, perforated membrane within a
microfiuidic device (i & ii). (B) As the muscle cell layer
contracts, the membrane deforms, such that the morphology
of the holes within the membrane is altered (i & ii). The
morphology of the holes within the membrane is monitored
optically, with undeformed holes representing the relaxed
state (A, ii) and deformed holes representing the contracted
state (B, ii). The eccentricity of the holes is evaluated with
existing software (see, e.g., FIGS. 7C and 7D).

[0066] FIG. 24 depicts the physiological response of
human vascular smooth muscle (VSM) and engineered rat
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cardiac muscle (CM) on the same chip to drugs. (A) Manu-
facture of the chip with two different kinds of muscle (striated
and smooth) (B) Tracking MTF deformation during the con-
tractility assay. (C) and (D) The contractility of the VSM is
considerably slower than the CM and the stress histories are
depicted uniquely for each one.

[0067] FIG. 25 schematically depicts an airway-on-a-chip.
(A) Airway on a chip is composed of healthy bronchial tissue,
cultured in liquid media (i) with the possibility of drug per-
fusion (ii). The cell monolayer will exhibit a linear arrange-
ment of cells, adhered to the top surface of a PDMS muscular
thin film. Incubation in culture media would yield relaxed
bronchial thin films (iii), while incubation with drugs yields
contracted bronchial thin films (iv). The contractility is mea-
sured for grading the drug response in the tissue. (B) Sche-
matic represents the dimensions of an airway chip containing
multiple bronchial thin films (i), with the possibility to add a
layer of epithelial columnar cells (ii). This cell layer is
adhered to a porous membrane that separates the bronchial
from epithelial cells, and is exposed to air flow or air flow plus
aerosoles.

[0068] FIG. 26 schematically depicts an airway-on-a-chip
comprising two microfluidic chambers. (A) Airway-on-a-
chip with two chambers. Chamber 1 contains healthy bron-
chial tissue, while bronchial tissue with an asthmatic pheno-
type is contained in Chamber 2. The asthmatic phenotype is
composed of cultures from human diseased cells or induced
artificially (i.e., by toxic agents, temperature). Chambers 1
and 2 are cultured in liquid media (i) with the possibility of
drug perfusion (ii). Media and/or drugs can be kept separate
between Chamber 1 and Chamber 2 by the closing of a valve
(pictured in the legend, with a single pole, single throw
(SPST) and Normal Open/Normal Close (NO/NC) valve).
Monolayers of healthy and asthmatic cells exhibit an aniso-
tropic organization and may be adhered to the top surface of
PDMS muscular thin films and/or a hydrogel. Incubation in
culture media yields relaxed thin films and/or hydrogels (iii),
while incubation with drugs yields contracted thin films and/
or hydrogels (iv). The contractility is measured for grading
the response of the different tissue types to the drugs. (B) One
embodiment of the invention which schematically depicts the
dimensions of an airway chip containing multiple bronchial
thin films (i), with the possibility to add a layer of epithelial
columnar cells (ii). This epithelial cell layer is adhered to a
porous membrane that separates the bronchial muscle from
the epithelium, and is exposed to air flow or aerosoles.
[0069] FIG.27 depicts an embodiment of an airway smooth
muscle-on-a-chip engineered to model asthma. (A) Manufac-
ture of the chip containing human bronchial smooth muscle
thin films (B) Actin staining of healthy engineered tissue (i)
and the chemically induced asthma model (ii). Differences in
actin alignment within the tissue constructs, as indicated by
the orientational order parameter (iii) demonstrate significant
remodeling of the contractile apparatus. Drug experiments (iv
for healthy and v for asthma model) demonstrate differences
in the contractile response to acetylcholine and to a Rho
kinase inhibitor (HA 1077).

[0070] FIG. 28 schematically depicts an embodiment of a
skeletal muscle-on-a-chip. Skeletal muscle chamber sche-
matically (i) depicted as a dual chamber system with a single
medium stream that feeds 2 chambers; an EPhys chamber and
an MTF chamber (ii)) The EPhys chamber allows EMG
recordings on a monolayer of skeletal muscle in a low volume
chamber with micro-electrodes embedded in the bottom of
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the chamber (iii) a larger chamber situated next to the EPhys
chamber allows high throughput contractility measurements
using an array of muscular thin films (iv) The MTF chamber
consists of an anisotropic layer of skeletal myocytes cultured
on laser-cut horizontal MTFs whose radius of curvature can
be measured optically.

[0071] FIG. 29 schematically depicts functional readouts
from the co-culture of skeletal muscle and adipocyte layers.
(1) EPhys chamber, which allows EMG recordings on a
monolayer of a co-culture of adipose and skeletal muscle. (ii)
MTF chamber with an array of muscular thin films built from
a heterogeneous co-culture of skeletal muscle and adipose
tissue.

[0072] FIG. 30 depicts anisotropic cardiac tissue formation
on micromolded alginate substrates. (a) The micromolding
techniques, described herein, replicate faithfully the original
pattern. (b) Phase contrast image of representative anisotro-
pic tissues cultured on micromolded alginate surfaces, (c)
Immunofluorescence composite images of anisotropic tis-
sues cultured on micromolded alginate surfaces; actin is dark
gray, nuclei are medium gray and a-actinin is light gray. Scale
bar equals 50 um.

[0073] FIG. 31 depicts two exemplary methods for pattern-
ing hydrogel substrates, such as alginate, for fabrication of
hydrogel engineered muscle tissue: Micro-contact printing
(A) and Micro-Molding (B). (A) For microcontact printing,
an alginate film is produced by first crosslinking the alginate
using a flat, calcium loaded agar stamp. As engineered surface
chemistries (e.g., proteins, e.g., extracellular matrix proteins)
will not adhere to the alginate, the crosslinked alginate is
functionalized by coupling an adhesive molecule to the algi-
nate, such as streptavidin, using carbodiimide chemistry.
Then, a microcontact printing technique is used to transfer a
biotinylated engineered surface chemistries (e.g., protein,
e.g., extracellular matrix proteins, e.g., biotinylated fibronec-
tin, biotinylated collagen, biotinylated laminin, biotinylated
RGD peptides) onto the top of the alginate thin film via a
PDMS stamp. (B) For micromolding, a patterned calcium-
loaded agar stamp is applied on a drop of alginate. Calcium
diffuses into the alginate and crosslinks and stiffens it leaving
behind the inverse of microtopographical patterns of the agar
stamp. The thin film of hydrogel is then submerged in a
solution of streptavidin mixed with the reagents EDC and
Sulfo-NHS to functionalize the alginate and then biotinylated
fibronectin is applied.

[0074] FIG. 32 depicts one embodiment for the fabrication
of hydrogels crosslinked with microbial transglutaminase
(mTG) and having various blooms.

[0075] FIG. 33 depicts the mechanical properties of various
gelatin hydrogels.

[0076] FIG. 34 depicts the mechanical properties of various
alginate hydrogels. The Young’s modulus of the alginate is
tailored by using difterent CaCl, crosslinking concentrations.
By matching the mechanical properties of the native myocar-
dium, the viability of primary cardiac myocytes in culture is
increased and the functionality of primary cardiac myocytes
in culture is maintained.

[0077] FIG. 35 depicts the anisotropic growth of cardiac
myocytes on micropatterned alginate hydrogels Immun-
ostaining of the tissue demonstrates that these micropatterned
hydrogels are good substrates for formation of confluent
anisotropic tissues. This Figure also depicts the construction
of a contactility assay using micropatterned alginate sub-
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strates for quantification of contractile stresses generated by
anisotropic muscular tissue on the hydrogel.

[0078] FIG. 36 depicts one embodiment of a heart-on-a-
chip. (A) A commercially available CO, engraving laser was
used to fabricate and cut out thin film cantilevers of muscle
tissue on PDMS. This technique increases the throughput of
the readout and makes the fabrication standardized and scal-
able (B) Figure depicting the higher throughput chip during a
typical experiment. (C) Design for a one channel fluidic
device usinga 18 mm circular MTF chip. The device was built
out of autoclaveable materials which incorporate various fea-
tures required for an optical cardiac contractility assay:
metallic base which fits on a heating element for temperature
control, transparent top for recording cantilever deformation
and embedded electrodes for electrical field stimulation of the
tissue. (D, E, F) Validation of the platform as assessed by dose
response of the tissue to a drug. Concentration dependent
relationship of contraction to isoproterenol concentration col-
lected from (D) ex vivo from rat ventricular myocardium
strips (N=4), MEAN+SEM, *P<0.05, **P<0.01 vs baseline,
(E) Collected in vitro from open well heart on a chip (N=25
MTFs from the same chip), MEAN+SEM, and (F) Collected
in vitro from fluidic heart on a chip (N=19 MTFs from the
same chip), MEAN+SEM.

[0079] FIG. 37 schematically depicts one embodiment for
the fabrication of (A) flattened and (B) micromolded hydro-
gel surfaces, such as gelatin. As cells generally stick to gelatin
hydrogels, there is no need to engineer its surface chemistry
prior to cell culture, as it is with hydrogels such as alginate
(see, e.g., FIG. 31). Cardiac myocytes cultured on (C) flat-
tened gelatin and (D) micromolded gelatin form isotropic and
anisotropic monolayers, respectively. (E) Micromolding
increases the sarcomere orientational order parameter (OOP)
for engineered cardiac tissues.

[0080] FIG. 38 depicts anisotropic cardiac monolayers on
micropatterned PDMS (e.g., MTFs) (A-C) and micromolded
hydrogel, e.g., gelatin (D-E). Spontaneously contracting (A,
D) and non-contracting (B, E) monolayers were observed on
both substrates. Over extended periods of culture, monolay-
ers of cells often delaminated on PDMS (C). (F) Quantifica-
tion of the number of coverslips spontaneously beating over
28 days demonstrate that gelatin maintains long-term func-
tionality of cells as compared to MTFs.

[0081] FIG. 39 schematically depicts image sequences
from computational fluidic simulations demonstrating lami-
nar fluid flow in a 1 ml fluid chamber with a single flow
channel and which contains arrays of 1-20 muscular thin
films and/or hydrogel engineered muscle tissues. In order to
achieve laminar flow under these conditions, small channels
were designed between the inlet and the chamber (and con-
versely between the chamber and the outlet) wherein the
further the liquid travels laterally from the inlet, the wider the
channel. This effect of channel widening balances the fluidic
front, which is necessary to create even drug dosing for the
tissues.

[0082] FIG. 40 is a CAD render of a 25x75 mm muscle-
on-a-chip design which is comprised of 7 independent flow
channels. Each flow cell can contain 1-10 MTF and/or hydro-
gel engineered tissue replicate. A manifold, depicted above
the chip, allows for the simultaneous connections of any
connections to the chip (fluidic, pneumatic, and electric). B)
A chip with an attached manifold. In this embodiment,
threaded fittings are screwed into the manifold to facilitate the
leak-free connection of liquid or air tubing. Both the chip
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layers and the manifold may be made from any suitable
synthetic or natural polymers such as glass, polycarbonate,
Poly(methyl methacrylate) (PMMA), Polydimethylsiloxane
(PDMS), Cyclic Olefin Copolymer (COC), Cyclic Olefin
Polymer (COP), and Polyether ether ketone (PEEK).

[0083] FIG. 41 is a CAD render of a single electrophysiol-
ogy (EPhys) chamber which is comprised of a patterned
hydrogel, anisoptropically aligned cells, electrodes, and flu-
idic ports. b) A fabricated prototype of the design constructed
using soft lithography. ¢) Allura red dye is added to a 25x75
mm chip which contains three independent channels, illus-
trating the flow paths for introducing drugs and linking the
muscule chips to other chips.

[0084] FIG. 42 depicts one embodiment of an electrophysi-
ology (EPhys) chip using commercially-available multiple
electrode array substrates. a) A CAD render of a fluidic, e.g.,
microfiuidic, chip design utilizing layers of non-cytotoxic
double-sided adhesive and machined and/or laser cut PMMA
layers which are bonded to an electrode array base. Above, a
manifold, which has fluidic and pneumatic tubing pre-in-
stalled, is attached. In this fashion, other chips can be inte-
grated in series or in parallel with the electrophysiology
chamber.

[0085] FIG. 43 depicts two embodiments for connecting
chips fabricated using various techniques to commercially-
available tubing and fittings. The rigid chip connects through
the use of a manifold, which contains a gasket between the
manifold and the chip to create a hermetic seal. In an elasto-
meric chip, the elastomer may be used as a gasket. In this
manifestation, a manifold may be used or the tubing can be
introduced into pre-existing ports to provide a hermetic seal.
Using commercially-available tubing, this creates a fluidic
volume between 10 nlL and 5 ul. for a minimum length of
tubing between two chips.

[0086] FIG. 44 depicts one embodiment for fabricating an
EPhys chamber comprising aligned muscle tissues for elec-
trophysiological recording. a) process for creating aligned
muscular tissue on electrode array surface. 1. UV-ozone treat-
ment of silicon nitride surface of MEA. 2. Stamp oxidized
surface with fibronectin (or any ECM protein) using micro-
contact printing with desired pattern (this manifestation dem-
onstrates 15 micron wide lines with 2 micron spacing) 3.
Block non-patterned area with surfactant, such as Pluronics
F-127 (BASF). b) Field potential recordings from all 60 chan-
nels (top) from day 4 NRVMs on 15x2 um micropatterned
fibronectin on MEA surface. Windows: x=5 sec, y=+500 pV.
¢) Day 3 cardiomyocytes on 15x2 um micropatterned
fibronectin on MEA surface. Scale bar=200 pm. d) Conduc-
tion velocity represented by isochrone map of field potential
arrival times. Scale: red=0 ms, blue=10 ms.

[0087] FIG. 45 depicts anembodiment of an electrode array
chip. Using rapid prototype fabrication tools to create chip
layers, cardiac cells have been cultured in microfluidic flow
cells for up to four days or more on stiff surfaces (GPa), e.g.,
PDMS. On soft surfaces, e.g., hydrogels (kPa) cells stay
adherent and contractile for up to 29 days or more. In the
embodiment depicted in this figure, the cells were seeded at a
density 0f2-3x10° cells/mL medium, which results in 20-30x
10° cells per chamber (10 pL. chamber). The image on the
right was taken at 10x magnification and illustrates the border
of'the flow cell. Scale bar=200 pum.
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DETAILED DESCRIPTION OF THE INVENTION

[0088] Described herein are devices and methods for mul-
tiplex and high throughput measurements of various proper-
ties of in vitro tissue constructs, e.g., for simultaneous or
high-speed serial analysis of numerous samples. The devices
and methods of the present invention can be used to measure
muscle activities or functions, e.g., biomechanical forces that
result from stimuli that include, but are not limited to, muscle
cell contraction, osmotic swelling, structural remodeling and
tissue level pre-stress. The devices and methods ofthe present
invention may also be used for the evaluation of muscle
activities or functions, e.g., electrophysiological responses, in
a non-invasive manner, for example, in a manner that avoids
cell damage. The devices and methods of the present inven-
tion are also useful for investigating muscle cell developmen-
tal biology and disease pathology, as well as in drug discovery
and toxicity testing.

[0089] In certain aspects of the invention, the devices are
muscle chips, and the methods include use of muscle chips for
multiplex and high throughput measurements of various
properties of in vitro tissue constructs, e.g., muscle activities
or functions, muscle cell developmental biology and disease
pathology, as well as in drug discovery and toxicity testing,
e.g., for simultaneous or high-speed serial analysis of numer-
ous samples.

1. Devices of the Invention and Methods of Production of the
Same

[0090] In one aspect, the present invention provides
devices, e.g., devices for measuring a contractile function,
which comprise a solid support structure, a plurality of engi-
neered muscle tissue strips, e.g., muscle thin films (MTFs)
and/or hydrogel engineered muscle tissues.

[0091] In some embodiments, the plurality of muscle tis-
sues each comprise a flexible polymer layer and a population
of isolated cells seeded on the flexible polymer layer in a
predetermined pattern, and wherein the cells form a tissue
structure which can perform a contractile function.

[0092] In some embodiments, the plurality of muscle tis-
sues each comprise a hydrogel layer and a population of
isolated cells seeded on the hydrogel layer in a predetermined
pattern, and wherein the cells form a tissue structure which
can perform a contractile function.

[0093] In some embodiments, the engineered muscle tis-
sues may be adhered to the solid support structure directly or
indirectly, e.g., via the use of a post (e.g., the middle of an
MTF is adhered to the post, as described in further detail
below and depicted in FIGS. 1-4). In some embodiments one
end of the muscle tissue strip is adhered to the solid support
structure. In other embodiments, one end (as in FIG. 7A) or
both ends of the engineered muscle tissue may be adhered to
the solid support structure. In yet other embodiment, substan-
tially all of the engineered muscle tissue is adhered to the
solid support structure. In other embodiments, the muscle
tissue strip is not adhered to the solid support structure.
[0094] In one embodiment, the engineered muscle tissue,
e.g., MTFs, that are used in the devices and methods of the
present invention may be prepared as described in U.S. Patent
Publication Nos. 2009/0317852 and 2012/0142556, the
entire contents of each which are incorporated herein by
reference. Briefly, substrates or devices for use in the methods
of the invention are fabricated using a rigid base material
coated with a sacrificial polymer layer; a flexible polymer
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layer is temporarily bonded to the rigid base material via the
sacrificial polymer layer, and an engineered surface chemis-
try is provided on the flexible polymer layer to enhance or
inhibit cell and/or protein adhesion. Cells are seeded onto the
flexible polymer layer, and cultured to form a tissue compris-
ing, for example, patterned anisotropic myocardium. A
desired shape of the flexible polymer layer can then be cut;
and the flexible film, including the polymer layer and tissue,
can be peeled off with a pair of tweezers as the sacrificial
polymer layer dissolves to release the flexible polymer layer,
to produce a free-standing film.

[0095] In another embodiment, the muscle tissues that are
used in the devices and methods of the invention are prepared
as depicted in FIGS. 31 and/or 37.

[0096] The base layer for the muscle tissues may be formed
of a rigid or semi-rigid material, such as a plastic, metal,
ceramic, or a combination thereof. In one embodiment, the
base layer is transparent so as to facilitate observation. In
another embodiment, the base layer is opaque (e.g., light-
absorbing). In one embodiment, a portion of the base layer is
transparent (i.e., a portion underneath a portion of the muscle
tissue) and the remaining portion is opaque. In yet another
embodiment, the base layer is translucent. The base layer is
ideally biologically inert, has low friction with the tissues and
does notinteract (e.g., chemically) with the tissues. Examples
of materials that can be used to form the base layer include
polystyrene, polycarbonate, polytetrafluoroethylene (PTFE),
polyethylene terephthalate, quartz, silicon, and glass. In one
embodiment, the base layer is a silicon wafer, a glass cover
slip, a multi-well plate, a tissue culture plate, a Petri dish, or
a fluidic (milliftuidics or microfluidics) chamber.

[0097] In one embodiment, the base layer and the solid
support structure are the same. For example, as described
below, a muscle tissue may be fabricated on, for example, a
glass cover-slip (the base layer) and subsequent to coating a
flexible polymer layer onto the sacrificial polymer layer, the
rigid base material is cut into sections. Such sections may be
placed in, for example, a multi-well plate or a fluidics cham-
ber.

[0098] In another embodiment, the solid support structure
and the base layer are different. For example, as described
below, a muscle tissue may be fabricated on, for example, a
glass cover-slip (the base layer) which is subsequently cut
into strips and applied to a solid support structure, such as a
post adhered to a Petri-dish or placed in a fluidics chamber.
[0099] The sacrificial polymer layer is deposited on the
base layer, i.e., is placed or applied onto the base layer.
Depositing may include, but is not limited to, spraying, dip
casting, and spin-coating. The sacrificial polymer layer may
be deposited on substantially the entire surface or only a
portion of the surface of the base layer.

[0100] Inone embodiment, spin-coating is used to deposit
the sacrificial polymer layer on the base material. “Spin-
coating” is a process wherein the base layer is mounted to a
chuck under vacuum and is rotated to spin the base layer
about its axis of symmetry while a liquid or semi-liquid
substance, e.g. a polymer, is dripped onto the base layer.
Centrifugal force generated by the spin causes the liquid or
semi-liquid substance to spread substantially evenly across
the surface of the base layer.

[0101] Inoneembodiment, the sacrificial polymer is a ther-
mally sensitive polymer that can be melted or dissolved to
release the flexible polymer layer. For example, linear non-
cross-linked  poly(N-Isopropylacrylamide) (PIPAAM),
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which is a solid when dehydrated or at about 37° C., wherein
the polymer is hydrated, but relatively hydrophobic. When
the temperature of the polymer is dropped to about 35° C. or
less, wherein the polymer is hydrated, but relatively hydro-
philic, the polymer liquefies, thereby releasing the patterned
flexible polymer layer (Feinberg et al., Science 317:1366-
1370, 2007).

[0102] In another embodiment, the sacrificial polymer
becomes hydrophilic when the temperature is lowered,
thereby releasing hydrophobic coatings. For example, the
sacrificial polymer can be hydrated, cross-linked PIPAAM,
which is hydrophobic at about 37° C. and hydrophilic at about
35° C. or less (e.g., about 35° C. to about 32° C.). In yet
another embodiment, the sacrificial polymer is an electrically
actuated polymer that becomes hydrophilic upon application
of an electric potential and releases a hydrophobic structure
coated thereon. Examples of such a polymer include poly
(pyrrole)s, which are relatively hydrophobic when oxidized
and hydrophilic when reduced. Other examples of polymers
that can be electrically actuated include poly(acetylene)s,
poly(thiophene)s, poly(aniline)s, poly(fluorene)s, poly(3-
hexylthiophene), polynaphthalenes, poly(p-phenylene sul-
fide), and poly(para-phenylene vinylene)s. In another
embodiment, the sacrificial polymer is a degradable biopoly-
mer that can be dissolved to release a structure coated thereon.
For example, the polymer (e.g., polylactic acid, polyglycolic
acid, poly(lactic-glycolic) acid copolymers, or nylons) under-
goes time-dependent degradation by hydrolysis or by enzy-
matic action (e.g., fibrin degradation by plasmin, collagen
degradation by collagenase, fibronectin degradation by
matrix metalloproteinase).

[0103] In one embodiment, the sacrificial polymer is an
ultra-hydrophobic polymer with a surface energy lower than
the flexible polymer layer adhered to it. In this case, mild
mechanical agitation will “pop” the patterned flexible poly-
mer layer off of sacrificial polymer layer. Examples of such a
polymer include but are not limited to alkylsilanes (octade-
cyltrichiorosilane and isobutyltrimethoxysilane), fluoro-
alkylsilanes (tridecafluorotetrahydrooctyltrichiorosilane, tri-
fluoropropyltrichiorosilane and
heptadecafluorotetrahydrodecyltrichlorosilane),  silicones
(methyihydrosiloxane—dimethylsiloxane copolymer,
hydride terminated polydimethylsiloxane, trimethylsiloxy
terminated polydimethylsiloxane and diacetoxymethyl ter-
minated polydimethylsiloxane), fluorinated polymers (poly-
tetrafluoroethylene, perfluoroalkoxy and fluorinated ethylene
propylene). For example, the base material can be a glass
cover slip coated with a sacrificial polymer layer of PIPAAM.
[0104] Examples of the elastomers that can be used to form
the flexible polymer layer include polydimethylsiloxane
(PDMS) and polyurethane. In one embodiment, the PDMS,
once cured is opaque (e.g., light-absorbing). In other embodi-
ments, thermoplastic or thermosetting polymers are used to
form the flexible polymer layer. Alternative non-degradable
polymers include polyurethanes, silicone-urethane copoly-
mers, carbonate-urethane copolymers, polyisoprene, polyb-
utadiene, copolymer of polystyrene and polybutadiene, chlo-
roprene rubber, Polyacrylic rubber (ACM, ABR),
Fluorosilicone Rubber (FVMQ), Fluoroelastomers, Perfluo-
roelastomers, Tetrafluoro ethylene/propylene rubbers
(FEPM) and Ethylene vinyl acetate (EVA).

[0105] In still other embodiments, biopolymers, such as
collagens, elastins, polysaccharides, and other extracellular
matrix proteins, are used to form a layer for producing muscle
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tissue (see, e.g., FIGS. 31 and 37). Suitable biodegradable
elastomers include hydrogels, e.g., alginate and gelatin, elas-
tin-like peptides, polyhydroxyalkanoates and poly(glycerol-
sebecate). Suitable non-elastomer, biodegrable polymers
include polylactic acid, polyglycolic acid, poly lactic glycolic
acid copolymers.

[0106] Inoneembodiment, the flexible polymer layer com-
prises polydimethylsiloxane (PDMS). Thickness of the
PDMS layer can be controlled by the viscosity ofthe prepoly-
mer and by the spin-coating speed, ranging from 14 to 60 pm
thick after cure. The viscosity of the prepolymer increases as
the cross-link density increases. This change in viscosity
between mixing and gelation can be utilized to spin-coat
different thicknesses of flexible polymer layers. Alternatively
the spin-coating speed can be increased to create thinner
polymer layers. After spin-coating, the resulting polymer
scaffolds are either fully cured at room temperature (gener-
ally, about 22° C.) or at 65° C.

[0107] Hydogels suitable for use in the device of the inven-
tion include, for example, polyacrylamide gels, poly(N-iso-
propylacrylamide), pHEMA, collagen, fibrin, gelatin, algi-
nate, and dextran. In one embodiment the hydrogel is
alginate. In another embodiment, the hydrogel is gelatin. In
one embodiment, the stiffness of the hydrogel is tuned to
mimic the mechanical properties of healthy muscle tissue,
e.g., cardiac tissue in vivo, e.g., to have a Young’s modulus of
about 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or about 20 kPa.
In another embodiment, the stiffness of the hydrogel is tuned
to mimic the mechanical properties of diseased muscle tissue,
e.g., cardiac tissue in vivo, e.g., to have a Young’s modulus of
greater than about 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, or
about 55 kPa.

[0108] In one embodiment, polymeric fibers prepared as
described in U.S. Patent Publication No. 2012/0135448, (the
entire contents of which are incorporated herein by reference)
may be used as for the sacrificial polymer layer and/or the
flexible polymer layer.

[0109] Inone embodiment, e.g., nanoparticles and/or fluo-
rescent beads, e.g., fluorospheres, are mixed with the hydro-
gel prior to cross-linking and/or the flexible polymer layer
prior to spin-coating the flexible polymer layer onto the sac-
rificial polymer layer.

[0110] Thehydrogellayerand/or the flexible polymer layer
may be uniformly or selectively patterned with engineered
surface chemistry to elicit, e.g., an extracellular matrix pro-
tein, (or inhibit, e.g., a Pluronic) specific cell growth and
function. The engineered surface chemistry can be provided
via contact printing, exposure to ultraviolet radiation or ozone
or via acid or base wash or plasma treatment to increase the
hydrophilicity of the surface. In some embodiments, the
hydrogel is micro-molded to have selective spatially pat-
terned dimensions to elicit (or inhibit) specific cell growth
and function (see, e.g., FIG. 31).

[0111] A specific biopolymer (or combination of biopoly-
mers) may be selected to recruit different integrins, or an
engineered surface chemistry may be fabricated on the flex-
ible polymer layer and/or hydrogel layer to enhance or inhibit
cell and/or protein adhesion. The specific type of biopolymer
used and geometric spacing of the patterning will vary with
the application. In one embodiment, the engineered surface
chemistry comprises a biopolymer, such as an ECM protein,
to pattern specific cell types. The ECM may comprise
fibronectin, laminin, one or more collagens, fibrin, fibrino-
gen, or combinations thereof.
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[0112] In some embodiments, prior to uniformly or selec-
tively patterning a hydrogel with an engineered surface chem-
istry to elicit, e.g., an extracellular matrix protein, (or inhibit,
e.g., a Pluronic) specific cell growth and function, the hydro-
gel is coated with a compound to permit covalent attachment
of an engineered surface chemistry, such as an extracellular
matrix protein. For example, as depicted in FIG. 31, an algi-
nate film is coated with streptavidin prior to spatially pattern-
ing biotinylated fibronectin.

[0113] In one embodiment, the ECM is not uniformly dis-
tributed on the surface of the flexible polymer and/or hydro-
gel, but rather is patterned spatially using techniques includ-
ing, but not limited to, soft lithography, self assembly, printed
on the solid support structure with a polydimethylsiloxane
stamp, vapor deposition, and photolithography. In one
embodiment, the methods of the invention further comprise
printing multiple biopolymer structures, e.g., the same or
different, with successive, stacked printings. 2009/0317852-
Al.

[0114] Inoneembodiment of the invention, a muscle tissue
is engineered using alternating high density lines of ECM
protein with either low density ECM protein or a chemical
that prevents protein adhesion (e.g., Pluronics F127). The
spacing of these lines is typically 20 um width at 20 um
spacing, (Feinberg, Science 317:1366-1370, 2007), however,
the width and spacing may be altered to change the alignment.
Changes in alignment in turn affect anisotropy and anisotropy
ratio of the action potential propagation. The width and spac-
ing of the ECM lines may be varied over the range from about
0.1 um to about 1000 um, from about 1 um to about 500 pm,
from about 1 um to 250 um, from about 1 um to 100 pm, from
about 1 um to 90 pm, from about 1 um to 80 um, from about
1 um to 70 um, from about 1 pm to 60 um, from about 1 um
to 50 um, from about 1 pm to 40 um, from about 1 um to 30
pm, from about 1 pm to 20 pm, from about 1 pm to 10 pm,
from about 2 um to 100 um, from about 2 pm to 90 pm, from
about 2 um to 80 pm, from about 2 um to 70 um, from about
2 um to 60 pm, from about 2 pm to 50 um, from about 2 um
to 40 um, from about 2 pm to 30 um, from about 2 um to 20
pum, from about 2 um to 10 pm, from about 1 pm to 100 pm,
from about 5 pm to about 100 pm, from about 5 um to about
90 um, from about 5 um to about 80 wm, from about 5 um to
about 70 um, from about 5 um to about 60 um, from about 5
um to about 50 um, from about 5 pm to about 40 pm, from
about 5 um to about 30 um, from about 5 um to about 20 pm,
and from about 5 um to about 20 pm.

[0115] The width and spacing of the ECM lines can be
equivalent or disparate. For example, both the width and
spacing can be about 0.1, about 0.2, about 0.25, about 5, about
0.75, about 1, about 2, about 3, about 4, about 5, about 6,
about 7, about 8, about 9, about 10, about 11, about 12, about
13, about 14, about 5, about 16, about 17, about 18, about 19,
or about 20 um. In other embodiments, the width can be about
0.1, about 0.2, about 0.25, about 5, about 0.75, about 1, about
2, about 3, about 4, about 5, about 6, about 7, about 8, about
9, or about 10 um and the spacing can be about 1, about 2,
about 3, about 4, about 5, about 6, about 7, about 8, about 9,
about 10, about 11, about 12, about 13, about 14, about 5,
about 16, about 17, about 18, about 19, about 20, about 21,
about 22, about 23, about 24, about 25, about 26, about 27,
about 28, about 29, about 30, about 31, about 32, about 33,
about 34, about 35, about 36, about 37, about 38, about 39, or
about 40 um. Conversely, the width can be about 1, about 2,
about 3, about 4, about 5, about 6, about 7, about 8, about 9,
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about 10, about 11, about 12, about 13, about 14, about 5,
about 16, about 17, about 18, about 19, about 20, about 21,
about 22, about 23, about 24, about 25, about 26, about 27,
about 28, about 29, about 30, about 31, about 32, about 33,
about 34, about 35, about 36, about 37, about 38, about 39, or
about 40 pm and the spacing can be about 0.1, about 0.2,
about 0.25, about 5, about 0.75, about 1, about 2, about 3,
about 4, about 5, about 6, about 7, about 8, about 9, or about
10 pm.

[0116] In one embodiment, e.g., in a fluidics device of the
invention (described below), the width of the ECM lines is
about12,13,14,15,16,17,18, 19, 20,21, 22, 23,24, or about
25 um and the spacing of the lines is about 0.5, 1, 1.5, 2, 2.5,
or about 3 um.

[0117] Typically the patterned ECM lines are parallel to
one another, but they may also be at angles to one another at
about1,2,3,4,5,6,7,8,9,10,11, 12,13, 14,15, 16, 17, 18,
19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,
36,37,38,39,40,41,42,43,44,45,46,47,48, 49, 50, 51, 52,
53,54,55,56,57,58,59,60,61, 62,63, 64,65, 66, 67, 68, 69,
70,71,72,73,74,75,76,77,78,79, 80, 81, 82, 83, 84, 85, 86,
87, 88, 89, or 90°.

[0118] In one embodiment, the patterned ECM lines are
parallel to one another at angles ranging from about 1° to
about 90°. In another embodiment, the patterned ECM lines
are parallel to one another at angles ranging from about 5° to
about 45°. The angle between the patterned lines of ECM
protein controls the directionality of action potential propa-
gation. The width of the muscle tissue itself can be tapered to
control the direction of action potential propagation. For
example, a wide muscle tissue strip that tapers to a narrow
strip will propagate an action potential from the wide to the
narrow direction, but not in the opposite direction. Values and
ranges intermediate to the above-recited values and ranges
are also contemplated by the present invention.

[0119] In another embodiment, a muscle tissue, e.g., an
MTF, is engineered using stretching of| e.g., the flexible poly-
mer layer during tissue formation. In one embodiment, the
stretching is cyclic stretching. In another embodiment, the
stretching is sustained stretching. In one embodiment, the
flexible polymer layer is stretched at an appropriate time after
cell seeding that is based on the type(s) of cells seeded. In one
embodiment, the flexible polymer layer is stretched at about
minutes, hours, or days after cell seeding onto a patterned
flexible polymer layer. In one embodiment, the flexible poly-
mer layeris stretched atabout 0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,
0.8,09,1.0,1.1,1.2,1.3,1.4,1.5,1.6,1.7,1.8,19,2.0,2.1,
2.2,2.3,2.4,2.5,2.6,2.7,2.8,2.9, or about 3.0 hours after cell
seeding onto a patterned flexible polymer layer. In one
embodiment, the flexible polymer layer is patterned isotropi-
cally. Stretching, therefore, results in the formation of aniso-
tropic tissue, the anisotropy of which is in the direction of the
stretch. In another embodiment, the flexible polymer layer is
patterned anistropically and stretching enhances the anisot-
ropy of the tissue formed.

[0120] In one embodiment, the flexible polymer layer is
stretched using abouta 0.1,0.2,0.3,0.4,0.5,1.0,1.5,2.0, 2.5,
3.0,3.5,4,4.5,5.0,5.5,orabout 6.0,6.5,7.0,7.5,8.0,8.5,9.0,
9.5, or about 10.0 Hertz (Hz) cyclic stretch. In one embodi-
ment, the flexible polymer layer is stretched using about 3.0,
3.5,4.0,4.5,5.0,5.5,6.0,6.5,7.0,7.5,8.0,8.5,9.0,9.5,10.0,
10.5,11.0,11.5,12.0,12.5,13.0,13.5,14.0,14.5,15.0, 15.5,
16.0,16.5,17.0, 17.5, 18.0, 18.5, 19.0, 19.5, or about 20.0%
strength sustained stretch.
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[0121] To attach cells, substrates are placed in culture with
a cell suspension allowing the cells to settle and adhere to the
surface. In the case of an adhesive surface treatment, cells
bind to the material in a manner dictated by the surface
chemistry. For patterned chemistry, cells respond to pattern-
ing in terms of maturation, growth and function. Examples of
cell types that may be used include contractile cells, such as,
but not limited to, vascular smooth muscle cells, vascular
endothelial cells, myocytes (e.g., cardiac myocytes), skeletal
muscle, myofibroblasts, airway smooth muscle cells and cells
that will differentiate into contractile cells (e.g., stem cells,
e.g., embryonic stem cells or adult stem cells, progenitor cells
or satellite cells).

[0122] The term “progenitor cell” is used herein to refer to
cells that have a cellular phenotype that is more primitive
(e.g., is at an earlier step along a developmental pathway or
progression than is a fully differentiated cell) relative to a cell
which it can give rise to by differentiation. Often, progenitor
cells also have significant or very high proliferative potential.
Progenitor cells can give rise to multiple distinct differenti-
ated cell types or to a single differentiated cell type, depend-
ing on the developmental pathway and on the environment in
which the cells develop and differentiate.

[0123] The term “progenitor cell” is used herein synony-
mously with “stem cell.”

[0124] The term “stem cell” as used herein, refers to an
undifferentiated cell which is capable of proliferation and
giving rise to more progenitor cells having the ability to
generate a large number of mother cells that can in turn give
rise to differentiated, or differentiable daughter cells. The
daughter cells themselves can be induced to proliferate and
produce progeny that subsequently differentiate into one or
more mature cell types, while also retaining one or more cells
with parental developmental potential. The term “stem cell”
refers to a subset of progenitors that have the capacity or
potential, under particular circumstances, to differentiate to a
more specialized or differentiated phenotype, and which
retains the capacity, under certain circumstances, to prolifer-
ate without substantially differentiating. In one embodiment,
the term stem cell refers generally to a naturally occurring
mother cell whose descendants (progeny) specialize, often in
different directions, by differentiation, e.g., by acquiring
completely individual characters, as occurs in progressive
diversification of embryonic cells and tissues. Cellular difter-
entiation is a complex process typically occurring through
many cell divisions. A differentiated cell may derive from a
multipotent cell which itself is derived from a multipotent
cell, and so on. While each of these multipotent cells may be
considered stem cells, the range of cell types each can give
rise to may vary considerably. Some differentiated cells also
have the capacity to giverise to cells of greater developmental
potential. Such capacity may be natural or may be induced
artificially upon treatment with various factors. In many bio-
logical instances, stem cells are also “multipotent” because
they can produce progeny of more than one distinct cell type,
but this is not required for “stem-ness.”” Self-renewal is the
other classical part of the stem cell definition. In theory,
self-renewal can occur by either of two major mechanisms.
Stem cells may divide asymmetrically, with one daughter
retaining the stem state and the other daughter expressing
some distinct other specific function and phenotype. Alterna-
tively, some of the stem cells in a population can divide
symmetrically into two stems, thus maintaining some stem
cells in the population as a whole, while other cells in the
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population give rise to differentiated progeny only. Formally,
it is possible that cells that begin as stem cells might proceed
toward a differentiated phenotype, but then “reverse” and
re-express the stem cell phenotype, a term often referred to as
“dedifferentiation” or “reprogramming” or “retrodifferentia-
tion”.

[0125] The term “embryonic stem cell” is used to refer to
the pluripotent stem cells of the inner cell mass of the embry-
onic blastocyst (see U.S. Pat. Nos. 5,843,780, 6,200,806, the
contents of which are incorporated herein by reference). Such
cells can similarly be obtained from the inner cell mass of
blastocysts derived from somatic cell nuclear transfer (see,
for example, U.S. Pat. Nos. 5,945,577, 5,994,619, 6,235,970,
which are incorporated herein by reference). The distinguish-
ing characteristics of an embryonic stem cell define an
embryonic stem cell phenotype. Accordingly, a cell has the
phenotype of an embryonic stem cell if it possesses one or
more of the unique characteristics of an embryonic stem cell
such that that cell can be distinguished from other cells.
Exemplary distinguishing embryonic stem cell characteris-
tics include, without limitation, gene expression profile, pro-
liferative capacity, differentiation capacity, karyotype,
responsiveness to particular culture conditions, and the like.
[0126] The term “adult stem cell” or “ASC” is used to refer
to any multipotent stem cell derived from non-embryonic
tissue, including fetal, juvenile, and adult tissue. Stem cells
have been isolated from a wide variety of adult tissues includ-
ing blood, bone marrow, brain, olfactory epithelium, skin,
pancreas, skeletal muscle, and cardiac muscle. Each of these
stem cells can be characterized based on gene expression,
factor responsiveness, and morphology in culture. Exemplary
adult stem cells include neural stem cells, neural crest stem
cells, mesenchymal stem cells, hematopoietic stem cells, and
pancreatic stem cells.

[0127] Inoneembodiment, progenitor cells suitable for use
in the claimed devices and methods are Committed Ventricu-
lar Progenitor (CVP) cells as described in PCT Application
No. PCT/US09/060224, entitled “Tissue Engineered Myco-
cardium and Methods of Productions and Uses Thereof”,
filed Sep. 28, 2009, the entire contents of which are incorpo-
rated herein by reference.

[0128] The cells on the substrates are cultured in an incu-
bator under physiologic conditions (e.g., at 37° C.) until the
cells form a two-dimensional (2D) tissue (i.e., a layer of cells
that is less than about 200 microns thick, or, in particular
embodiments, less than about 100 microns thick, less than
about 50 microns thick, or even just a monolayer of cells), the
anisotropy or isotropy of which is determined by the engi-
neered surface chemistry.

[0129] Any appropriate cell culture method may be used to
establish the tissue on the polymer surface. The seeding den-
sity of the cells will vary depending on the cell size and cell
type, but can easily be determined by methods known in the
art. In one embodiment, cardiac myocytes are seeded at a
density of between about 1x10° to about 6x10° cells/cm?, or
at a density of about 1x10*, about 2x10*, about 3x10%, about
4%10* about 5x10*, about 6x10*, about 7x10*, about 8x10%,
about 9x10%, about 1x10°, about 1.5x10°, about 2x10°, about
2.5x10%, about 3x10°, about 3.5x10°, about 4x10°, about
4.5%10°, about 5x10°, about 5.5x10°, about 6x10°, about
6.5%10°, about 7x10°, about 7.5x10°, about 8x10°, about
8.5x10°, about 9x10°, about 9.5x10°, about 1x10°, about
1.5%x108, about 2x10°, about 2.5x10°, about 3x10%, about
3.5x10%, about 4x10°, about 4.5x10°, about 5x10°, about
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5.5%105, about 6x10%, about 6.5x10°, about 7x10°, about
7.5%x105, about 8x10°, about 8.5x105, about 9x10, or about
9.5x10°. Values and ranges intermediate to the above-recited
values and ranges are also contemplated by the present inven-
tion.

[0130] In one embodiment, cardiac myocytes are co-cul-
tured with neurons to prepare innervated engineered tissue
comprising pacemaking cells, and/or to accelerate the matu-
ration of the cultured cells as described in U.S. application
Ser. No. 13/580,191, filed Aug. 21, 2012, the entire contents
of which are incorporated herein by reference.

[0131] Inone embodiment, a specific shape (e.g., a rectan-
gular strip) is cut in the muscle tissue using a scalpel, razor
blade, punch, die or laser. If present, the sacrificial layer is
then dissolved or actuated to release the flexible polymer
from the rigid base (e.g., by dropping the temperature below
35° C.); and the cut-out shape then floats free or is gently
peeled off. The bending stiffhess of the muscle tissues along
any given axis, much like a cantilever, increases with the
elastic modulus, thickness and width while decreasing with
length.

[0132] Suitable support structures for embodiments of the
present invention include, for example, Petri dishes, cover-
slips (circular or rectangular), strips of glass, glass slides,
multi-well plates, microfluidic chambers, and microfluidic
devices. The support structure is ideally biologically inert, it
has low friction with the films and it does not interact (e.g.,
chemically) with the films. Examples of materials that can be
used to form the support structure include polystyrene, poly-
carbonate, polytetrafluoroethylene (PTFE), polyethylene
terephthalate, quartz, silicon (e.g., silicon wafers) and glass.
In one embodiment, the support structure is transparent. In
another embodiment, the support structure is opaque (e.g.,
light-absorbing). In one embodiment, a portion of the base
layer is transparent (i.e., a portion underneath a portion of the
muscle tissue) and the remaining portion is opaque. In yet
another embodiment, the base layer is translucent.

[0133] In one embodiment the base layer and the solid
substrate are fabricated from the same material. In another
embodiment, the base layer and the solid support are fabri-
cated from different materials.

[0134] Examples of suitable materials for a co-culture
device include, but are not limited to, tissue culture polysty-
rene, acid washed glass, extracellular matrix (e.g., collagen,
fibronectin, fibrin, laminin) coated glass or polymer (e.g.,
PET, nylon), poly L-lysine coated glass or polymer.

[0135] In the embodiments of the invention in which the
muscle tissues are attached to the solid support structure
indirectly, via a post (as in FIGS. 1-3), the posts may be
formed from a rigid material, such as polystyrene, stainless
steel, polytetrafiuoroethylene (PTFE) or a cactus needle. The
post may also be adhesive to the thin film. In some embodi-
ments, the post and film are mechanically adhesive (e.g., the
film and post are clipped to each other).

[0136] In other embodiments, the post and film are chemi-
cally adhesive. For example, the post can be coated with
adhesive glue. Alternatively, the postis coated or formed from
a material that interacts with the flexible polymer layer of the
film, if present. For example, as shown in FIG. 3, the PDMS
of'the flexible polymer layer of the thin film adheres to aPTFE
post through a hydrophobic-hydrophobic interaction. In other
embodiments, the post may be coated with a material (e.g.,
poly L-lysine, collagen, fibronectin, fibrin, laminin) that
binds to the cell layer of the thin film.
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[0137] The appended Figures depict various embodiments
of the devices of the present invention. For example, FIG. 1
depicts a device of the invention in which a homogeneous cell
population is used. As shown in FIGS. 1A and 1B, schematic
perspective and top views respectively, the system includes a
solid support structure, such as a Petri dish, with posts affixed
to it and substantially perpendicular to the base of the solid
support structure. Thin films are adhered to the posts. A
photograph of a device according to this embodiment is
shown in FIG. 1C.

[0138] FIG. 2 depicts a device of FIG. 1 that further
includes a co-culture device, e.g., slide, that can be inserted
into the assay dish. As shown in FIG. 2, the system includes a
ring on which additional cells can be seeded, for the study of
cell-cell interactions such as, for example, paracrine signal-
ing. Cell-cell interactions, such as paracrine signaling can be
studied by using films cultured with different cell types (e.g.,
vascular smooth muscle and cardiac myocytes) together. The
use of thin films with different cell types together with a
co-culture device allows for studies of three or more cell

types.

[0139] The devices of FIGS. 1 and 2 can be used as follows:
When a co-culture device with secondary cells (e.g., aortic
endothelial cells) is used, it is placed in the device, e.g., dish,
in a buffered medium. Thin films are prepared and cut into
strips, as discussed below or as described in PCT Publication
No. WO 2008/051265. The strips are transferred to the device
and are adhered to the posts such that the plane of primary
curvature is parallel with the plane of the device, e.g., Petri
dish base. A stimulus is applied to the films to cause stress in
the cell layer. The curvature of the films is recorded and cell
stress is calculated. A fluid perfusion system can be used to
wash out test compounds that are being screened in a high
throughput assay or to refresh the culture medium. A typical
experiment using the device of FIG. 1 is shown in FIG. 4,
where rectangular-shaped muscular thin films with vascular
smooth muscle anisotropically aligned along their lengths
were used, and the deformation of the muscular thin films
with time after treatment with endothelin-1 was measured.

[0140] FIG. 5 schematically depicts one embodiment for
the fabrication and use of a multi-well based device of the
invention. According to this embodiment, an array of thin
strips is created on a solid support structure. Rings are placed
on the solid support structure creating a multi-well plate (e.g.,
about 8-, about 12-, about 16-, about 20-, about 24-, about 28-,
about 32-about 36-, about 40, about 44, about 48-, about 96-,
about 192-, about 384-wells) and isolating the strips. Cells are
then seeded and cultured onto the strips to form tissue struc-
tures as described below or as described in PCT Publication
No. WO 2008/051265. In one embodiment, cells are cultured
in the presence of a fluorophore or fluorescent beads. One end
of the strips is optionally detached from the solid support
structure and released to form structures, e.g., cantilevers,
which are free to deform when the tissue structures contract.
The deformation (i.e., contractility) of the MTFs may be
recorded, e.g., as depicted in FIG. 6. In the embodiment
depicted in FIG. 6, contractility may be observed (and option-
ally recorded) using a microscope, which looks at one strip at
atime while it scans across multiple samples (see FIG. 6B). In
one embodiment of the invention, multiple strips are observed
simultaneously (see FIG. 6A). Optionally, a lens is integrated
into the platform. Changes in the curvature of the films are
observed and the optical image is converted to a numerical
value that corresponds to the curvature of the film. In one
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embodiment, a movie of muscle tissue contractions in a
multi-well dish is acquired (e.g., images are obtained in
series). Images are processed and a mechanical analysis is
optionally carried out to evaluate contractility. The output
may be traction as a function of standard metrics such as peak
systolic stress, peak upstroke power, upstroke time, and relax-
ation time.

[0141] Alternative ways of measuring bending of muscle
tissues include, e.g., (i) using a laser bounced off of the
engineered muscle tissue to record movement, (ii) using an
integrated piezoelectric film in the muscle tissue and record-
ing a change in voltage during bending, (iii) integrating mag-
netic particles in the muscle tissue and measuring the change
in magnetic field during bending, (iv) placing a lens in the
bottom of each well and simultaneously projecting multiple
wells onto a single detector (e.g., camera, CCD or CMOS) at
one time, (v) using a single capture device to sequentially
record each well (see, e.g., FIG. 6(2)), e.g., the capture device
is placed on an automated motorized stage. Finally, the mea-
sured bending information (e.g., digital image or voltage) is
converted into force, frequency and other contractility met-
rics.

[0142] In another embodiment, as depicted in FIGS. 7A,
7B, and 7C, amuscletissue device is constructed horizontally
rather than vertically such that handling of the muscle tissue
is not necessary allowing for increased throughput of muscle
tissues production. More specifically and similar to the
muscle tissue, e.g., MTF fabrication process described in
U.S. Patent Publication No. 2009/0317852, a substrate or
device is fabricated as a rigid base material which is coated
partially, i.e., all of the edges of the base material are not
covered with a sacrificial polymer layer; a flexible polymer
layer is temporarily bonded to the rigid base material via the
sacrificial polymer layer, and an engineered surface chemis-
try is provided on the flexible polymer layer to enhance or
inhibit cell and/or protein adhesion. Cells are seeded onto the
flexible polymer layer and cultured to form a tissue. The
formed tissue is then placed at a lower temperature (e.g.,) 35
Cc.o.

[0143] Inorder to create the horizontal muscle tissues, e.g.,
MTFs and/or hydrogel engineered muscle tissues, sections of
the flexible polymer layer and/or tissue can be cut and
removed such that strips of the tissue (and flexible film if
present), remain secured at their base to the base material and
act as a hinge. This method allows the muscle tissues to curve
upward off the base layer, i.e., to curve upward from the
viewing (horizontal plane), as compared to the muscle tissues
described above in which the muscle tissue bends in the
viewing plane) when stimulated to contract (see, e.g., FIGS.
1-3). In this embodiment, individual muscle tissues (e.g., 6, 7,
8,9,10,11,12,13,14,15,16,17, 18, 19, 20, 21, 22, 23, 24,
25,26,27,28,29,30,35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85,
90, 95, 100 or more muscle tissues) can be prepared on a
single solid support structure, e.g., a glass cover slip (round or
rectangular), a Petri dish, a glass slide, strips of glass, or a
multi-well plate. The functional properties of these muscle
tissues, e.g., the contractility of these muscle tissues, may be
determined as described above for a vertical muscle tissues.
[0144] In another embodiment, horizontal muscle tissues,
e.g., MTFs, are fabricated as depicted in FIGS. 8A and 8B.
More specifically, a protective film, e.g., static vinyl sheet or
tape, e.g., adhesive tape, is applied to one or more portions of
a rigid base material in order to prevent adherence of a sac-
rificial polymer to the rigid base material. The protective film
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may be applied to the rigid base material by, e.g., contacting
the rigid base material with a liquid prior to applying the
protective film to generate a liquid interface (e.g., any solvent
that does not leave behind a residue on the rigid base material,
e.g., ethanol) between the rigid base material and the protec-
tive film, and removing the excess liquid. In one embodiment,
one or more portions of the top of the rigid base material (i.e.,
where the horizontal muscle tissue will be formed) is coated
with a protective film. In another embodiment, one or more
portions, or all of the bottom (i.e., where the horizontal
muscle tissue will not be formed) of the rigid base material is
coated with a protective film. In another embodiment, one or
more portions of the top of the rigid base material and one or
more portions or all of the bottom of the rigid base material
are coated with a protective film.

[0145] In one embodiment, one or more sections of the
protective film on the top surface of the rigid base material are
cut and removed, thereby creating islands of rigid base mate-
rial. The rigid base material partially coated with the protec-
tive film is then coated with a sacrificial polymer layer and the
remaining protective film on the top of the rigid base material
is removed. Subsequently, a flexible polymer layer is tempo-
rarily bonded to the rigid base material via the sacrificial
polymer layer. If used, the bottom protective layer is then
removed. Next, an engineered surface chemistry is provided
on the flexible polymer layer to enhance or inhibit cell and/or
protein adhesion, cells are seeded onto the flexible polymer
layer and cultured to form a tissue, as described above. The
formed tissue is then placed at a lower temperature (e.g., 35
C.°) to dissolve the sacrificial polymer layer and sections of
the flexible polymer layer (corresponding to the islands) can
be cut to create the horizontal muscle tissues.

[0146] In one embodiment, the methods for fabricating a
horizontal muscle tissue (using a protective film described
above), further comprise attaching a multi-well plate skeleton
to the rigid base material subsequent to patterning the flexible
polymer layer with an engineered surface chemistry and prior
to cell seeding (see, e.g., FIG. 9A).

[0147] Inone embodiment, a device comprising a horizon-
tal muscle tissue, e.g., an MTF and/or hydrogel engineered
muscle tissue, and a multi-well plate further comprises a
photodiode array (see, e.g., FIG. 19).

[0148] In one embodiment, as described above for a verti-
cal muscle tissue, the solid support structure may further
comprise an optical signal capture device and an image pro-
cessing software to calculate change in an optical signal. The
optical signal capture device may further include fiber optic
cables in contact with the device and/or a computer processor
in contact with the device.

[0149] In another embodiment, a piezoresistive, a piezo-
electric, or a strain sensor is embedded in the flexible polymer
layer and/or hydrogel layer and, thus, the device may further
comprises cable in contact with the device and/or a computer
processor in contact with the device.

[0150] In one embodiment, an electrode is in contact with
the device.
[0151] In certain embodiments of the invention, prior to

patterning the flexible polymer layer and/or hydrogel layer
with an engineered surface chemistry, the rigid base material
coated with a sacrificial polymer layer and a flexible polymer
layer (or hydrogel layer), are divided, e.g., are cut, into por-
tions, i.e., separate, individual devices (see, FIGS. 10 and 11).
Such devices are useful for “side-by-side” assays that can be
used, e.g., to qualitatively compare contractions of two tissue
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types, to compare the effect of one tissue response in prox-
imity to another tissue, to compare biomechanical measure-
ments of myocyte contraction properties, e.g., in response to
various mechanical or chemical stimuli, to compare the effect
of various patterning on tissue contractility, to compare dif-
ferent types of cells, or as an appropriate control. In other
embodiments, the device is divided into individual devices
prior to cell seeding and subsequent to patterning the flexible
polymer layer with an engineered surface chemistry.

[0152] In one embodiment, devices that are divided subse-
quent to patterning the flexible polymer layer and/or hydrogel
with an engineered surface chemistry may be further con-
tacted with the same or different engineered surface chemis-
try to elicit or inhibit specific cell growth and/or function. In
one embodiment, an individual device is combined with (e.g.,
placed in physical proximity to) one or more other individual
devices subsequent to cell seeding such that the two devices
share the same media and/or test compound and/or can send
a paracrine signal. In one embodiment, two or more devices
placed in physical proximity to each other are separated by a
membrane which allows molecules of a certain size to pass
through. In another embodiment, two or more devices are
combined by a channel such that they share the same media
and/or test compound but cannot send a paracrine signal.

[0153] In another embodiment, the invention provides a
fluidics device, e.g., a millifluidics or microfluidics device,
comprising a solid support structure which comprises a plu-
rality of muscle tissue, e.g., MTFs and/or hydrogel engi-
neered muscle tissues (e.g., the device comprises 1, 2, 3, 4, or
5 fluidic chambers each comprising a muscle tissue, the
device comprises 1, 2, 3, 4, or 5 fluidic chambers each com-
prising a plurality of muscle tissues, the device comprises a
plurality of fluidic chambers each comprising a plurality of
muscle tissues, the device comprises a plurality of fluidic
chambers each comprising a muscle tissue), such as depicted
inFIGS. 13, 14, 16, 18B, 22, 23, 25-29, 36, 39, 40, 41-43, and
45, and described in, for example, PCT Publication Nos. WO
2010/042284, WO 2007/044888, and WO 2010/041230, the
entire contents of each of which are incorporated herein by
reference.

[0154] In one embodiment, a plurality of fluidic chambers,
e.g., millifluidic or microfiuidic chambers, comprising a
muscle tissue is operably connected to two or more inlet
channels each comprising a valve, such as described in, for
example, WO 2007/044888, to regulate flow, and two or more
outlet channels.

[0155] In one embodiment, the two or more inlet channels
comprise one or more mixing chambers (a section of the inlet
channel that generates turbidity). Such devices may have
2-1002 chambers comprising a muscle tissue, and 2, 3, 4, 5, 6,
7,8, 9, or 10 inlet channels, each with a valve. Such devices
may have from 1-10,000 mixing chambers. Such devices are
useful for generating concentration gradients of a test com-
pound to perform a dose response assay with the test com-
pound. The number of concentrations of the test compound
that may be produced in such a device is dependent on the
number of mixing chambers.

[0156] In another embodiment, the plurality of fluidic
chambers comprising a muscle tissue is operably connected
to one or more inlet ports and does not comprise a mixing
chamber. Such devices may comprise 1-1000 inlet ports and
1-1000 chambers comprising a muscle tissue. Such devices
are also useful for performing a dose response assay with a
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test compound, however the various drug concentrations
must be pre-mixed and introduced into an inlet port sepa-
rately.

[0157] In one embodiment, the fluidics devices of the
invention further optionally comprise one or more (e.g., 1, 2,
3,4,5,6,7,8,9, or 10) collection ports.

[0158] Fluid may be moved through the fluidics devices by
any suitable means, such as electrochemical or pressure-
driven means.

[0159] A fluidic chamber and a fluidic channel may be
fabricated into one or more materials including but not lim-
ited to, Polydimethylsiloxane (PDMS), polyurethanes, other
elastomers, thermoplastics (e.g. polymethyl methacrylate
(PMMA), polyethylene, polyethylene terephthalate, polysty-
rene), epoxies and other thermosets, silicon, silicon dioxide,
and indium tin oxide (ITO).

[0160] Any suitable method may be used to fabricate a
fluidic channel and/or chamber, such as, for example, micro-
machining, injection molding, laser etching, laser cutting,
and soft lithography. In one embodiment, an electrode is
fabricated into a chamber using a non-reactive metal, such as,
platinum, gold, silver chloride, and indium tin oxide.

[0161] A muscle tissue suitable for use in a fluidics device
may be fabricated as described herein and/or in, for example
U.S. Patent Publication No. 2009/0317852-A1, and cut into
suitably sized strips which can form the muscle tissue strips
used in the devices and methods of the invention. Alterna-
tively, horizontal muscle tissues may be fabricated as
described herein.

[0162] Cells may be seeded prior to assembly of the poly-
meric thin film and/or hydrogel into a fluidics device and/or
may be seeded subsequent to full assembly of the device. In
addition, a hydrogel and/or polymeric thin film may be pre-
fabricated into a chamber of the fluidics device, or may be
added to a chamber of the device after the device is fabricated.
[0163] The benefits of a fluidics device for use in the meth-
ods of the invention include, for example, creation of a
microenvironment that more closely resembles an in vivo
fluidic microenvironment, increasing the number of assays
that may be performed simultaneously while decreasing the
amount of test compound required, ability to create a wide
range of test compound concentrations for simultaneous
assaying, and the ability to maintain muscle tissues in culture
for up to one month in culture (depending on the tissue type).
[0164] In yet other embodiments of the invention, muscle
tissues, e.g., muscle tissue strips, may be free standing. In one
embodiment, muscle tissues are separated from the well
edges by 1-2 lengths of the muscle tissue.

[0165] Inthe embodiments of the invention where the solid
support structure is a multi-well plate, each well may contain
one muscle tissue, two muscle tissues, or multiple muscle
tissues.

[0166] In one embodiment, nanoparticles and/or fluores-
cent beads, e.g., fluorospheres, are mixed with the hydrogel
prior to cross-linking and or with the flexible polymer layer
prior to spin-coating the flexible polymer layer onto the sac-
rificial polymer layer. The addition of such beads may
enhance data capture. For example, in embodiments in which
the muscle tissue strips are free standing and/or substantially
all of a muscle tissue strip comprising the hydrogel is attached
to the solid support structure (e.g., in embodiments in which
contractility is measured as mechanical deformation) con-
tractility is measured as mechanical deformation of the par-
ticles using, e.g., an optical system. In some embodiments,
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when nanoparticles and/or fluorescent beads, e.g., fluoro-
spheres, are not mixed with the hydrogel prior to cross-link-
ing and or with the flexible polymer layer prior to spin-
coating the flexible polymer layer onto the sacrificial polymer
layer and the muscle tissue strips are free standing and/or
substantially all of the strip is attached to the solid support
structure, contractility is measured as mechanical deforma-
tion by measuring the deformation of the boundaries of the
tissue strips, e.g., using an optical system.

[0167] In certain embodiments of the invention, e.g., for
evaluation of electrophysiological activities, cells are cul-
tured in the presence of a fluorophor such as a voltage-sensi-
tive dye or an ion-sensitive dye. For example, the voltage-
sensitive dye is an electrochromic dye such as a styryl dye or
a merocyanine dye. Exemplary electrochromic dyes include
RH-421 or di-4-ANEPPS. Ion-sensitive, e.g., calcium sensi-
tive dyes, include aequorin, Fluo3, and Rhod2. For simulta-
neous measurements of action potentials and intracellular
calcium, the following exemplary dye pairs are used: di-2-
ANEPEQ and calcium green; di-4-ANEPPS and Indo-1;
di-4-ANEPPS and Fluo-4; RH237 and Rhod2; and, RH-237
and Fluo-3/4.

[0168] In such embodiments, the device includes muscle
tissues grown in multi-well, e.g., 2-8-, 12-, 16-, 20-, 24-, 28-,
32-36-, 40, 44, 48-,96-,192-,384-, 798-, or 1536-well, plates
prepared as described herein. An inverted microscope or con-
tact-fluorescence imaging system with temperature-con-
trolled, humidity-controlled motorized may be used to moni-
tor muscle activity, e.g., electrophysiological changes, such
as action potentials and/or intracellular calcium transients.
An integrated fluid-handling system may also be used to
apply/exchange fluorophores and test compounds, and a
microfluidics chamber may be used for simulated drug deliv-
ery. The fluidics chamber simulates microvasculature to
mimic the manner in which a compound/drug contacts a
target muscle tissue comprising, e.g., cardiomyocytes. For
example, a muscle tissue may respond differently to a con-
centration gradient or different modes of administration. A
significant advantage of the devices and systems described
herein is that system for measuring contractility, e.g., an
optical mapping system described supra and depicted in FIG.
6) permits detection of such gradient effects, whereas earlier
systems, e.g., single cell patch clamp studies, cannot measure
gradient effects on a cell population.

[0169] Appropriate light source and filter sets may be cho-
sen for each desired fluorophore based on the wavelength of
the excitation light and fluoresced light of the fluorophore.
Integration of excitation wavelength-switching or an addi-
tional detector permits ratiometric calcium imaging. For this
purpose, exemplary fluorophores include Fura-2 and Indo-1
or Fluo-3 and Fura Red. For example, excitation and emission
filters at 515+5 and >695 nm, respectively, are used to mea-
sure action potentials with di-4-ANEPPS, and excitation and
emission filters at 365+25 and 485+5 nm, respectively, are
used to measure calcium transients with Indo-1. Automated
software may be used and customized for data acquisition and
data analysis.

[0170] Advantages of the optical mapping system include
non-invasiveness (no damage is inflicted to the cell mem-
brane), recorded signals are real-time action potentials and/or
calcium transients in contrast to derivatives of action poten-
tials like extracellular recordings or slowly changing intrac-
ellular ionic concentrations or membrane potential like the
FLIPR system.
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[0171] For high-throughput optical mapping, analysis may
be carried out using two different imaging approaches. For
Contact Fluorescence Mapping, a microscope is not required.
Fiber optic cables contact the bottom of a fluidics device,
culture plate or wells of a multi-well plate containing muscle
tissues. The fluidics device, plate or wells of the plate are then
mapped based on the detected fluorescence. To screen com-
pounds, test compounds are added to each individual device,
well of a multi-well plate, and each bundle of fiber optic
cables collects data from each different device or well pro-
viding data pertaining to muscle tissue response to the test
compound.

[0172] In another embodiment, an inverted microscope
may be used to map each well individually. Cells of a muscle
tissue are contacted with, e.g., a chromophore, a fluorophor,
or a bioluminescent material, and the microscope objective is
moved from well to well to measure muscle activities or
functions, e.g., electrophysiological changes. For example,
the response of the muscle tissue to each test compound is
monitored for alterations in cardiac excitation, e.g., to iden-
tify drugs that induce or do not cause cardiac arrhythmia.
Each of the approaches provides significant advantages (e.g.,
speed, efficiency, no or minimal user contact with the muscle
tissue, reduced user skill required, ability to observe and
measure cell-cell interactions, ability to map action potential
propagation and conduction velocity, and ability to observe
and measure fibrillation and arrhythmia)) compared to previ-
ous assays used to measure electrophysiological changes
(e.g., patch clamp assay in which a single cell is patch
clamped).

[0173] These systems are well suited to screen test com-
pounds for, for example, cardiac safety. For example, FDA
Guideline S7B addresses “Safety pharmacology studies for
assessing the potential for delayed ventricular repolarization
by human pharmaceuticals”. The devices and high-through-
put in vitro assays described herein allow the identification of
cardiac safety risks much earlier in the drug discovery pro-
cess. The devices and methods of the invention are also useful
for anti-arrhythmic and/or ion channel-targeted drug discov-
ery.

[0174] In another aspect, the present invention provides a
muscle chip comprising, in part, a muscle tissue prepared as
described above.

[0175] Muscle chips are fluidic, e.g., millifluidic and/or
microfiuidic, devices that comprise living human cells cul-
tured within the fluidic devices that recapitulate the three-
dimensional (3D) tissue-tissue interfaces, mechanically
active microenvironments, electrical stimulation, chemical
conditions and complex organ-level functions. Examples of
the muscle chips described herein, include, but are not limited
to, heart chips to mimic beating heart, lung airway smooth
muscle chips to mimic reactive airway, and skeletal muscle
chips to mimic contracting skeletal muscle.

[0176] A Muscle Chip is a fluidic, e.g., millifluidic and/or
microfluidic, device which can mimic physiological function
of at least one mammalian (e.g., human) organ. In some
embodiments, a muscle chip can be a fluidic, e.g., millifluidic
and.or microfluidic, device which can mimic physiological
function of one mammalian (e.g., human) organ. In some
embodiments, a muscle chip can be a fluidic, e.g., millifluidic
and.or microfluidic, device which can mimic physiological
function of at least one (including 1, 2, 3, 4, 5, 6, 7 or more)
mammalian (e.g., human) organs.
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[0177] Accordingly, in one aspect, the present invention
provides devices for measuring a contractile function. Exem-
plary devices are depicted in FIGS. 22, 28, and 29. The
devices include a solid support structure, wherein the solid
support structure is a fluidic, e.g., millifluidic and/or microf-
luidic, device comprising a first chamber and a second cham-
ber operably connected. The first chamber comprises a mono-
layer of isotropically and/or anisotropically aligned muscle
cells and an electrophysiological capturing device; and the
second chamber comprises a plurality of muscle tissues,
muscle tissue strips, e.g., horizontal muscle tissues, e.g.,
muscle thin films and/or hydrogel engineered muscle tissues
(described above), and a device to measure contractility, e.g.,
an optical signal capturing device or a device for translating
contractility into an electrical or magnetic signal, e.g.,
piezoresistive, piezoelectric, or strain sensor, e.g., embedded
within the thin film and/or hydrogel.

[0178] In one embodiment, the plurality of muscle tissues
comprise a flexible polymer layer and a population of isolated
muscle cells seeded on the flexible polymer layer in a prede-
termined pattern, wherein said cells form a tissue structure
which can perform a contractile function.

[0179] In another embodiment, the plurality of muscle tis-
sues comprises a hydrogel layer and a population of isolated
muscle cells seeded on the hydrogel layer in a predetermined
pattern, wherein the cells form a tissue structure which can
perform a contractile function.

[0180] In one embodiment, the muscle tissue strips are
adhered at one end to the solid support structure (e.g., a
horizontal muscle tissue). In another embodiment, the muscle
tissue strips are not adhered to the solid support structure, e.g.,
are free standing. In yet other embodiments, a muscle tissue
strip e.g., a tissue strip comprising a hydrogel, substantially
all of the muscle tissue strip comprising the hydrogel is
attached to the solid support structure, e.g., in embodiments
in which contractility is measured as mechanical deforma-
tion.

[0181] In some embodiments, the chamber comprising an
electrophysiological capturing device (also referred to herein
as an “EPhys chamber”) is a millifluidics chamber and the
chamber comprising a signal capturing device (also referred
to herein as an “MTF chamber”) is a microfluidics chamber.
In other embodiments, both chambers are microfluidics
chambers.

[0182] In one embodiment, the monolayer of muscle cells
and the cells of the muscle tissue are independently selected
from the group consisting of cardiac muscle cells, ventricular
cardiac muscle cells, atrial cardiac muscle cells, striated
muscle cells, smooth muscle cells, and vascular smooth
muscle cells.

[0183] In another aspect, the present invention provides
devices for measuring a contractile function. The devices
include a solid support structure, wherein the solid support
structure is a fluidic, e.g., millifluidic and.or microfluidic,
device comprising a first chamber and a second chamber
operably connected. The first chamber comprises a plurality
of muscle tissues, muscle tissues, e.g., horizontal muscle
tissues, e.g., muscle thin films and/or hydrogel engineered
muscle tissues (described above), and a device for measuring
contractility, e.g., an optical signal capturing device or a
device for translating contractility into an electrical or mag-
netic signal, e.g., piezoresistive, piezoelectric, or strain sen-
sor, e.g., embedded within the thin film and/or hydrogel,
wherein the plurality of muscle tissues comprise a flexible
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polymer layer and/or hydrogel and a population of isolated
diseased cells seeded on a flexible polymer layer and/or
hydrogel in a predetermined pattern, wherein said cells form
a tissue structure which can perform a contractile function,
and the second chamber comprises a plurality of muscle
tissues, muscle tissue strips, e.g., horizontal muscle tissues,
e.g., muscle thin films and/or hydrogel engineered muscle
tissues (described above) and a device for measuring contrac-
tility, e.g., an optical signal capturing device or a device for
translating contractility into an electrical or magnetic signal,
e.g., piezoresistive, piezoelectric, or strain sensor, e.g.,
embedded within the thin film and/or hydrogel.

[0184] In one embodiment, the plurality of muscle tissues
comprise a flexible polymer layer and a population of isolated
healthy muscle cells seeded on the flexible polymer layer in a
predetermined pattern, wherein the cells form a tissue struc-
ture which can perform a contractile function. In another
embodiment, the plurality of muscle tissues comprise a
hydrogel and a population of isolated healthy muscle cells
seeded on the hydrogel layer in a predetermined pattern,
wherein the cells form a tissue structure which can perform a
contractile function.

[0185] In one embodiment, the muscle tissue strips are
adhered at one end to the solid support structure (e.g., a
horizontal muscle tissue). In another embodiment, the muscle
tissue strips are not adhered to the solid support structure, e.g.,
are free standing. In yet other embodiments, a muscle tissue
strip e.g., a tissue strip comprising a hydrogel, substantially
all of the muscle tissue strip comprising the hydrogel is
attached to the solid support structure, e.g., in embodiments
in which contractility is measured as mechanical deforma-
tion.

[0186] Inoneembodiment, the cells of the muscle tissue are
selected from the group consisting of cardiac muscle cells,
ventricular cardiac muscle cells, atrial cardiac muscle cells,
striated muscle cells, smooth muscle cells, and vascular
smooth muscle cells.

[0187] In another aspect, the present invention provides
devices for measuring a contractile function. The devices
include a solid support structure, wherein the solid support
structure is a fluidic, e.g., millifluidic and/or microfluidic,
device, a plurality of muscle tissues, e.g., muscle tissue strips,
e.g., horizontal muscle tissue, e.g., muscle thin films and/or
hydrogel engineered muscle tissues.

[0188] In one embodiment, the plurality of muscle tissues
comprise a flexible polymer layer and a population of isolated
airway smooth muscle cells seeded on the flexible polymer
layer in a predetermined pattern, wherein said cells form a
tissue structure which can perform a contractile function.
[0189] In another embodiment, the plurality of muscle tis-
sues comprise a hydrogel and a population of isolated airway
smooth muscle cells seeded on the hydrogel layer in a prede-
termined pattern, wherein the cells form a tissue structure
which can perform a contractile function. See, e.g., FIGS. 25
and 26.

[0190] In one embodiment, the devices further comprise a
porous membrane having epithelial cells adhered thereto and
exposed to air flow situated above the muscle thin films, for
example, as depicted in FIGS. 23 and 27.

[0191] In one embodiment, the muscle tissue strips are
adhered at one end to the solid support structure (e.g., a
horizontal muscle tissue). In another embodiment, the muscle
tissue strips are not adhered to the solid support structure, e.g.,
are free standing. In yet other embodiments, a muscle tissue
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strip e.g., a tissue strip comprising a hydrogel, substantially
all of the muscle tissue strip comprising the hydrogel is
attached to the solid support structure, e.g., in embodiments
in which contractility is measured as mechanical deforma-
tion.

[0192] In one embodiment, one or both of the chambers
further comprises a device for measuring contractility, e.g., an
optical signal capturing device or a device for translating
contractility into an electrical or magnetic signal, e.g.,
piezoresistive, piezoelectric, or strain sensor, e.g., embedded
within the thin film and/or hydrogel.

[0193] In one embodiment, the solid support structure is a
fluidic, e.g., millifluidic and/or microfluidic, device compris-
ing a first chamber and a second chamber operably connected.
The first chamber comprises a plurality of muscle tissues,
e.g., muscle tissue strips, e.g., horizontal muscle tissues, e.g.,
muscle thin films and/or hydrogel engineered muscle tissues,
comprising a tissue structure comprising a population of iso-
lated healthy airway smooth muscle cells, and the second
chamber comprises a plurality of muscle tissues, e.g., hori-
zontal muscle tissues, e.g., muscle thin films and/or hydrogel
engineered muscle tissues, comprising a tissue structure com-
prising a population of isolated diseased airway smooth
muscle cells.

[0194] In some embodiments where the muscle chips
mimic physiological functions of more than one mammalian
(e.g., human) organ, the muscle chips can comprise indi-
vidual sub-units, each of which can mimic physiological
function of one specific mammalian (e.g., human) organ.

[0195] A Muscle Chip generally comprises a number of
channels. This can provide for a number of read-outs per chip
allowing assessment of reproducibility that is the key for
validation and implementation of the technology. The dimen-
sion of all the channels can be same or different or a combi-
nation of same and different. Each channel can be indepen-
dently lined by differentiated one layer or multilayers of
muscle-specific, human parenchymal cell types and vascular
endothelium in relevant mechanochemical microenviron-
ments. In some embodiments, a Muscle Chip can comprise at
least two parallel (e.g., 2, 3, 4, 5, 6, 7, 8, 9, 10, or more)
channels. In one embodiment, a Muscle Chip comprises four
parallel channels. Without wishing to be bound by a theory,
this configuration can provide quadruplicate read-outs per
chip.

[0196] Insome embodiments, the muscle chips can be dis-
posable. In some embodiments, the muscle chips can be
implantable.

[0197] Insome embodiments, the muscle chips can be fab-
ricated from any biocompatible materials. Examples of bio-
compatible materials include, but are not limited to, glass,
silicons, polyurethanes or derivatives thereof, rubber, molded
plastic, polymethylmethacrylate (PMMA), polycarbonate,
polytetrafluoroethylene (TEFLONT™), polyvinylchloride
(PVC), polydimethylsiloxane (PDMS), and polysulfone. In
one embodiment, muscle chips can be fabricated from PDMS
(polydimethylsiloxane).

[0198] Muscle chips generally comprise a body and at least
one channel disposed therein. The number and dimension of
channels in a muscle chip can vary depending on the design,
dimension and/or function of the muscle chip. In some
embodiments, amuscle chip can comprise at least one, at least
two, at least three, at least four, at least five, at least six, at least
seven, at least eight, at least nine, at least ten channels.
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[0199] One of'skill in the art is able to design and determine
optimum number and dimension of channels required to
achieve a certain application. For example, if assessment of
reproducibility is desirable, a muscle chip can be constructed
to comprise at least two, at least three, at least four, at least five
identical channels. This configuration can provide multiple
read-outs per chip, which will allow assessment of reproduc-
ibility that is the key for validation and implementation of the
technology. In one embodiment, a muscle chip can comprise
four parallel identical channels, which can provide quadru-
plicate readout per chips.

[0200] In some embodiments, at least one channel of the
muscle chips can comprise one or more membranes, e.g., 1, 2,
3 or more membranes to separate the channel into sub-chan-
nels. The membrane can be rigid or at least partially flexible.
The term “flexible” as used herein refers to a membrane that
can be stretched by at least about 3%, at least about 5%, at
least about 10%, at least about 15%, at least about 20%, at
least about 25%, at least about 50%, at least about 60% or
more, of its original length, when a pressure is applied. In
some embodiments, the membrane can restore to its original
length after the pressure is released.

[0201] In some embodiments, the membrane can be non-
porous or at least porous. In some embodiments, the pore size
of the membrane can be large enough to allow cells pass
through it. In some embodiments, the pore size of the mem-
brane is too small for cells to pass through it, but large enough
for nutrient or fluid molecules to pass through it.

[0202] In some embodiments, the membrane can be non-
coated or coated with extracellular matrix molecules (ECM),
or other proteins such as growth factors or ligands. In some
embodiments, the surface of the membrane can be activated,
e.g., with any art-recognized reactions, such that ECM mol-
ecules, proteins such as growth factors or ligands, can be
attached to it.

[0203] Insomeembodiments, the membrane can be seeded
with or without cells. In some embodiments where cells are
seeded on the membrane, cells can be seeded on one side or
both sides of the membrane. In some embodiments, both
sides of the membrane can be seeded with the same cells. In
other embodiments, both sides of the membrane can be
seeded with different cells.

[0204] Insome embodiments, the membrane can be seeded
with at least one layer of cells, including, at least 2 layers of
cells or more. Each layer of cells can be the same or different.
[0205] In some embodiments, at least one channel or sub-
channel of the muscle chip can be filled with gel, e.g., col-
lagen gel. The gel can be seeded with or without cells.
[0206] In some embodiments, at least one channel or sub-
channel of the muscle chip can contain a tissue.

[0207] In some embodiments, there can be at least one
micro-post, including 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more
micro-posts within one or more channels. The dimension
and/or arrangement of the micro-posts can be determined by
a user.

[0208] In some embodiments, the muscle chips can com-
prise a plurality of ports. For example, the muscle chips can
comprise at least one inlet port for introducing culture
medium, nutrients or test agents such as drugs into the muscle
chips, and at least one outlet port for a fluid to exit. In some
embodiments, at least one port can be connected to a pump or
a syringe, e.g., via a tubing, to facilitate the fluid transfer
through the channel and/or to apply a pressure to the channel.
In some embodiments, at least one port can be connected to at
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least one electrical component, e.g., an electrode for ECG
measurement. In some embodiments, at least one port can be
connected to a nebulizer, e.g., to generate aerosolized liquid
for aerosol delivery. In some embodiments, at least one port
can be connected to or interfaced with a processor, which
stores and/or analyzes the signal from a biosensor incorpo-
rated therein. The processor can transfer the data to computer
memory (either hard disk or RAM) from where it can be used
by a software program to further analyze, print and/or display
the results.

[0209] As amuscle chip is developed to mimic the respec-
tive function of a muscle tissue, the design of each muscle
chip can be different according to their respective physiologi-
cal properties and/or functions. For example, the Muscle
Chips can differ in cell populations (e.g., cell types and/or
initial cell seeding density), internal design, microarchitec-
ture, dimensions, fluidic control, mechanical and electrical
control and read-outs depending on the muscle type.

[0210] In some embodiments, however, the muscle chips
can be designed to have a common shape and have positioned
inlets and outlets for delivery of fluids to the Microvascular
and Interstitial fluid channels (see below) lined by human
microvascular endothelium and organ-specific parenchymal
cells (e.g., alveolar epithelium, heart muscle, hepatocytes),
respectively.

[0211] To fabricate muscle organ chips, e.g., heart chips, in
some embodiments, functional muscle tissues are fabricated
first and then multiplexed in a single microfluidic device. For
example, functional heart tissues can be fabricated by cultur-
ing neonatal rat ventricular cardiomyocytes on elastomeric
polymer thin films micropatterned with ECM proteins to
promote spatially ordered, two-dimensional myogenesis and
create ‘muscular thin films’ (MTFs), as described above. In
other embodiments, a base layer is provided, the muscle
tissues are fabricated using any of the methods described
herein, and the fluidics components (e.g., fluidics connec-
tions, housing) are placed around the muscle tissues to create
the fluidics device. These muscle tissue constructs are elec-
trically functional and actively contractile, generating
stresses comparable to those produced by whole papillary
muscle, and the muscle tissue can be used to measure effects
on muscle cell contractile function in vitro during electrical
and pharmacological stimulation. The muscle tissues, e.g.,
MTFs and/or hydrogel engineered muscle tissues (e.g., at
least 1, at least 2, at least 3, at least 4, at least 5, at least 6, at
least 7, at least 8, at least 9, at least 10) can then be multi-
plexed, e.g., in an array, within a microfiuidic chip (FIG. 22).

[0212] In another embodiment, multi-layered Muscle
chips, e.g., Heart chips, can be constructed. For example, a
multi-layered Heart chip can contain a Microvascular Chan-
nel lined by human endothelium adherent to a porous mem-
brane that separates it from an MTF-lined ‘Interstitial Chan-
nel’, such as similar to the configuration of a lung chip. The
inventors have demonstrated that microengineered MTFs
effectively mimic pharmacological responses of adult rat
papillary muscle strips (FIG. 24), which are commonly used
to screen cardiac tissue responses to drugs by the pharmaceu-
tical industry.

[0213] In some embodiments, the heart chips can further
comprise heart-specific parenchymal cells, e.g., cardiomyo-
cytes, to further mimic the physiological environment and/or
function of the heart. The cardiomyocytes can be isolated
from a tissue or obtained from a commercial source, or by
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differentiating stems cells to cardiomyocytes, e.g., induced
pluriopotent stem cell-derived cardiomyocytes, as described
supra.

[0214] Insome embodiments, the heart chips can be modi-
fied for various analyses. For example, the Heart Chips can
have at least one set of MTF-lined Interstitial Channels (in-
cluding at least 2 sets, at least 3 sets, at least 4 sets, at least 5
sets or more) for contractility analysis. Additionally, the heart
chips can have at least one parallel set of larger Interstitial
Channels (including at least 2 sets, at least 3 sets, at least 4
sets, at least 5 sets or more) lined by one or a plurality of
electrodes (e.g., platinum electrodes) as an ‘Electrophysi-
ological Chamber’ for electrical pacing and analysis of
changes in cardiac electrical potential with a lead electrocar-
diogram. Without wishing to be bound, in some embodi-
ments, both the Interstitial Channels and Electrophysiologi-
cal Chambers can be fed by single medium stream introduced
through an underlying endothelium-lined microvascular
channel.

[0215] The presence of the endothelium and its basement
membrane lining the Microvascular Channel on the opposite
side of the membrane, plus the ability to perfuse different
media compositions through the Interstitial versus Microvas-
cular Channels can allow different experimental conditions
for various applications.

II. Applications of the Devices of the Invention

[0216] The devices of the invention are useful for, among
other things, measuring muscle activities or functions, inves-
tigating muscle developmental biology and disease pathol-
ogy, as well as in drug discovery and toxicity testing.

[0217] Accordingly, the present invention also provides
methods for identifying a compound that modulates a con-
tractile function. The methods include providing a plurality of
muscle tissues, e.g., muscle tissue strips, e.g., horizontal
muscle tissues, e.g., muscle thin films and/or hydrogel engi-
neered muscle tissues; contacting a plurality of the muscle
tissues with a test compound; and determining the effect of
the test compound on a contractile function in the presence
and absence of the test compound, wherein a modulation of
the contractile function in the presence of the test compound
as compared to the contractile function in the absence of the
test compound indicates that the test compound modulates a
contractile function, thereby identifying a compound that
modulates a contractile function.

[0218] In another aspect, the present invention also pro-
vides methods for identifying a compound useful for treating
or preventing a muscle disease. The methods include provid-
ing a plurality of muscle tissues, e.g., muscle strips, e.g.,
horizontal muscle tissues, e.g., muscle thin films and/or
hydrogel engineered muscle tissues; contacting a plurality of
the muscle tissues with a test compound; and determining the
effect of the test compound on a contractile function in the
presence and absence of the test compound, wherein a modu-
lation of the contractile function in the presence of the test
compound as compared to the contractile function in the
absence of the test compound indicates that the test com-
pound modulates a contractile function, thereby identifying a
compound useful for treating or preventing a muscle disease.
[0219] The methods of the invention generally comprise
determining the effect of a test compound on a muscle tissue,
e.g., horizontal muscle tissues, e.g., muscle thin films and/or
hydrogel engineered muscle tissues as a whole, however, the
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methods of the invention may comprise further evaluating the
effect of a test compound on an individual cell type(s) of the
muscle tissue.

[0220] As used herein, the various forms of the term
“modulate” are intended to include stimulation (e.g., increas-
ing or upregulating a particular response or activity) and
inhibition (e.g., decreasing or downregulating a particular
response or activity).

[0221] As used herein, the term “contacting” (e.g., contact-
ing a plurality of muscle tissues with a test compound) is
intended to include any form of interaction (e.g., direct or
indirect interaction) of a test compound and a muscle tissue or
a plurality of muscle tissues. The term contacting includes
incubating a compound and a muscle tissue or plurality of
muscle tissues together (e.g., adding the test compound to an
a muscle tissue or plurality of a muscle tissues in culture).
[0222] Test compounds, may be any agents including
chemical agents (such as toxins), small molecules, pharma-
ceuticals, peptides, proteins (such as antibodies, cytokines,
enzymes, and the like), nanoparticles, and nucleic acids,
including gene medicines and introduced genes, which may
encode therapeutic agents, such as proteins, antisense agents
(i.e., nucleic acids comprising a sequence complementary to
a target RNA expressed in a target cell type, such as RNAi or
siRNA), ribozymes, and the like.

[0223] The test compound may be added to a muscle tissue
by any suitable means. For example, the test compound may
be added drop-wise onto the surface of a device of the inven-
tion and allowed to diffuse into or otherwise enter the device,
or it can be added to the nutrient medium and allowed to
diffuse through the medium. In the embodiment where the
device of the invention comprises a multi-well plate, each of
the culture wells may be contacted with a different test com-
pound or the same test compound. In one embodiment, the
screening platform includes a microfluidics handling system
to deliver a test compound and simulate exposure of the
microvasculature to drug delivery. In one embodiment, a
solution comprising the test compound may also comprise
fluorescent particles, and a muscle cell function may be moni-
tored using Particle Image Velocimetry (PIV).

[0224] Numerous physiologically relevant parameters,
e.g., muscle activities, e.g., biomechanical and electrophysi-
ological activities, can be evaluated using the methods and
devices of the invention. For example, in one embodiment,
the devices of the present invention can be used in contrac-
tility assays for contractile cells, such as muscular cells or
tissues, such as chemically and/or electrically stimulated con-
traction of vascular, airway or gut smooth muscle, cardiac
muscle, vascular endothelial tissue, or skeletal muscle. In
addition, the differential contractility of different muscle cell
types to the same stimulus (e.g., pharmacological and/or elec-
trical) can be studied.

[0225] In another embodiment, the devices of the present
invention can be used for measurements of solid stress due to
osmotic swelling of cells. For example, as the cells swell the
muscle tissue will bend and as a result, volume changes, force
and points of rupture due to cell swelling can be measured.
[0226] In another embodiment, the devices of the present
invention can be used for pre-stress or residual stress mea-
surements in cells. For example, vascular smooth muscle cell
remodeling due to long term contraction in the presence of
endothelin-1 can be studied.

[0227] Further still, the devices of the present invention can
be used to study the loss of rigidity in tissue structure after
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traumatic injury, e.g., traumatic brain injury. Traumatic stress
can be applied to vascular smooth muscle thin films as a
model of vasospasm. These devices can be used to determine
what forces are necessary to cause vascular smooth muscle to
enter a hyper-contracted state. These devices can also be used
to test drugs suitable for minimizing vasospasm response or
improving post-injury response and returning vascular
smooth muscle contractility to normal levels more rapidly.

[0228] In other embodiments, the devices of the present
invention can be used to study biomechanical responses to
paracrine released factors (e.g., vascular smooth muscle dila-
tion due to release of nitric oxide from vascular endothelial
cells, or cardiac myocyte dilation due to release of nitric
oxide).

[0229] In other embodiments, the devices of the invention
can be used to evaluate the effects of a test compound on an
electrophysiological parameter, e.g., an electrophysiological
profile comprising a voltage parameter selected from the
group consisting of action potential, action potential mor-
phology, action potential duration (APD), conduction veloc-
ity (CV), refractory period, wavelength, restitution, bradycar-
dia, tachycardia, reentrant arrhythmia, and/or a calcium flux
parameter, e.g., intracellular calcium transient, transient
amplitude, rise time (contraction), decay time (relaxation),
total area under the transient (force), restitution, focal and
spontaneous calcium release, and wave propagation velocity.
For example, a decrease in a voltage or calcium flux param-
eter of a muscle tissue comprising cardiomyocytes upon con-
tacting the MTF with atest compound, would be an indication
that the test compound is cardiotoxic.

[0230] In yet another embodiment, the devices of the
present invention can be used in pharmacological assays for
measuring the effect of a test compound on the stress state of
atissue. For example, the assays may involve determining the
effect of a drug on tissue stress and structural remodeling of
the muscle tissue. In addition, the assays may involve deter-
mining the effect of a drug on cytoskeletal structure (e.g.,
sarcomere alignment) and, thus, the contractility of the
muscle tissue.

[0231] In still other embodiments, the devices of the
present invention can be used to measure the influence of
biomaterials on a biomechanical response. For example, dif-
ferential contraction of vascular smooth muscle remodeling
due to variation in material properties (e.g., stiffness, surface
topography, surface chemistry or geometric patterning) of
polymeric thin films can be studied.

[0232] In further embodiments, the devices of the present
invention can be used to study functional differentiation of
stem cells (e.g., pluripotent stem cells, multipotent stem cells,
induced pluripotent stem cells, and progenitor cells of embry-
onic, fetal, neonatal, juvenile and adult origin) into contractile
phenotypes. For example, undifferentiated cells, e.g., stem
cells, are coated on the thin films and differentiation into a
contractile phenotype is observed by thin film bending. Dif-
ferentiation into an anisotropic tissue may also be observed
by quantifying the degree of alignment of sarcomeres and/or
quantifying the orientational order parameter (OOP). Difter-
entiation can be observed as a function of: co-culture (e.g.,
co-culture with differentiated cells), paracrine signaling,
pharmacology, electrical stimulation, magnetic stimulation,
thermal fluctuation, transfection with specific genes, chemi-
cal and/or biomechanical perturbation (e.g., cyclic and/or
static strains).
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[0233] Inone embodiment a biomechanical perturbation is
stretching of, e.g., the flexible polymer layer during tissue
formation. In one embodiment, the stretching is cyclic
stretching. In another embodiment, the stretching is sustained
stretching.

[0234] In one embodiment, the flexible polymer layer is
stretched at an appropriate time after cell seeding that is based
on the type(s) of cells seeded. In one embodiment, the flexible
polymer layer is stretched at about minutes, hours, or days
after cell seeding onto a patterned flexible polymer layer. In
one embodiment, the flexible polymer layer is stretched at
about 0, 0.1,0.2,0.3,04,0.5,0.6,0.7,0.8,0.9, 1.0, 1.1, 1.2,
13,14,1.5,16,1.7,18,1.9,2.0,2.1,2.2,2.3,2.4,2.5,2.6,
2.7, 2.8, 2.9, or about 3.0 hours after cell seeding onto a
patterned flexible polymer layer.

[0235] In one embodiment, the flexible polymer layer is
patterned isotropically. Stretching, therefore, results in the
formation of anisotropic tissue, the anisotropy of which is in
the direction of the stretch.

[0236] Inanotherembodiment, the flexible polymerlayeris
patterned anistropically and stretching enhances the anisot-
ropy of the tissue formed.

[0237] In one embodiment, the flexible polymer layer is
stretched using abouta 0.1,0.2,0.3,0.4,0.5,1.0,1.5,2.0, 2.5,
3.0,3.5,4,4.5,5.0,5.5,6.0,6.5,7.0,7.5,8.0,8.5,9.0,9.5, or
about 10.0 Hertz (Hz) cyclic stretch. In one embodiment, the
flexible polymer layer is stretched using about 3.0, 3.5, 4.0,
4.5,5.0,55,6.0,6.5,7.0,7.5, 8.0, 8.5, 9.0, 9.5, 10.0, 10.5,
11.0,11.5,12.0,12.5,13.0,13.5, 14.0, 14.5, 15.0, 15.5, 16.0,
16.5, 17.0, 17.5, 18.0, 18.5, 19.0, 19.5, or about 20.0%
strength sustained stretch.

[0238] Inanother embodiment, the devices of the invention
may be used to determine the toxicity of a test compound by
evaluating, e.g., the effect of the compound on an electro-
physiological response of a muscle tissue. For example, open-
ing of calcium channels results in influx of calcium ions into
the cell, which plays an important role in excitation-contrac-
tion coupling in cardiac and skeletal muscle fibers. The rever-
sal potential for calcium is positive, so calcium current is
almost always inward, resulting in an action potential plateau
in many excitable cells. These channels are the target of
therapeutic intervention, e.g., calcium channel blocker sub-
type of anti-hypertensive drugs. Candidate drugs may be
tested in the electrophysiological characterization assays
described herein to identity those compounds that may poten-
tially cause adverse clinical effects, e.g., unacceptable
changes in cardiac excitation, that may lead to arrhythmia.
[0239] For example, unacceptable changes in cardiac exci-
tation that may lead to arrhythmia include, e.g., blockage of
ion channel requisite for normal action potential conduction,
e.g., a drug that blocks Na* channel would block the action
potential and no upstroke would be visible; a drug that blocks
Ca®* channels would prolong repolarization and increase the
refractory period; blockage of K* channels would block rapid
repolarization, and, thus, would be dominated by slower Ca**
channel mediated repolarization.

[0240] In addition, metabolic changes may be assessed to
determine whether a test compound is toxic by determining,
e.g., whether contacting with a test compound results in a
decrease in metabolic activity and/or cell death. For example,
detection of metabolic changes may be measured using a
variety of detectable label systems such as fluormetric/chr-
mogenic detection or detection of bioluminescence using,
e.g., AlamarBlue fluorescent/chromogenic determination of
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REDOX activity (Invitrogen), REDOX indicator changes
from oxidized (non-fluorescent, blue) state to reduced state
(fluorescent, red) in metabolically active cells; Vybrant MTT
chromogenic determination of metabolic activity (Invitro-
gen), water soluble MTT reduced to insoluble formazan in
metabolically active cells; and Cyquant NF fluorescent mea-
surement of cellular DNA content (Invitrogen), fluorescent
DNA dye enters cell with assistance from permeation agent
and binds nuclear chromatin. For bioluminescent assays, the
following exemplary reagents may be used: Cell-Titer Glo
luciferase-based ATP measurement (Promega), a thermally
stable firefly luciferase glows in the presence of soluble ATP
released from metabolically active cells.

[0241] The devices of the invention are also useful for
evaluating the effects of particular delivery vehicles for thera-
peutic agents e.g., to compare the effects of the same agent
administered via different delivery systems, or simply to
assess whether a delivery vehicle itself (e.g., a viral vector or
a liposome) is capable of affecting the biological activity of
the muscle tissue. These delivery vehicles may be of any
form, from conventional pharmaceutical formulations, to
gene delivery vehicles. For example, the devices of the inven-
tion may be used to compare the therapeutic effect of the same
agent administered by two or more different delivery systems
(e.g., a depot formulation and a controlled release formula-
tion). The devices and methods of the invention may also be
used to investigate whether a particular vehicle may have
effects of itself on the tissue. As the use of gene-based thera-
peutics increases, the safety issues associated with the various
possible delivery systems become increasingly important.
Thus, the devices of the present invention may be used to
investigate the properties of delivery systems for nucleic acid
therapeutics, such as naked DNA or RNA, viral vectors (e.g.,
retroviral or adenoviral vectors), liposomes and the like.
Thus, the test compound may be a delivery vehicle of any
appropriate type with or without any associated therapeutic
agent.

[0242] Furthermore, the devices of the present invention
are a suitable in vitro model for evaluation of test compounds
for therapeutic activity with respect to, e.g., a muscular and/or
neuromuscular disease or disorder. For example, the devices
of the present invention (e.g., comprising muscle cells) may
be contacted with a candidate compound by, e.g., diffusion of
the test compound added drop-wise on the surface of amuscle
tissue, diffusion of a test compound through the culture
medium, or immersion in a bath of media containing the test
compound, and the effect of the test compound on muscle
activity (e.g., a biomechanical and/or electrophysiological
activity) may measured as described herein, as compared to
an appropriate control, e.g., an untreated muscle tissue. Alter-
natively, a device of the invention may be bathed in a medium
containing a candidate compound, and then the cells are
washed, prior to measuring a muscle activity (e.g., a biome-
chanical and/or electrophysiological activity) as described
herein. Any alteration to an activity determined using the
device in the presence of the test agent (as compared to the
same activity using the device in the absence of the test
compound) is an indication that the test compound may be
useful for treating or preventing a muscle disease, e.g., a
neuromuscular disease.

[0243] For use in the methods of the invention, the cells
seeded onto the muscle tissue may be normal muscle cells
(cardiac, smooth, or skeletal muscle cells), abnormal muscle
cells (e.g., those derived from a diseased tissue, or those that
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are physically or genetically altered to achieve a abnormal or
pathological phenotype or function), normal or diseased
muscle cells derived from embryonic stem cells or induced
pluripotent stem cells, or normal cells that are seeded/printed
onto the film in an abnormal or aberrant configuration. In
some cases, both muscle cells and neuronal cells are present
on the film.

[0244] Evaluation of muscle activity includes determining
the degree of contraction, i.e., the degree of curvature or bend
of'the muscular film, and the rate or frequency of contraction/
rate of relaxation compared to a normal control or control film
in the absence of the test compound. An increase in the degree
of contraction or rate of contraction indicates that the com-
pound is useful in treatment or amelioration of pathologies
associated with myopathies such as muscle weakness or mus-
cular wasting. Such a profile also indicates that the test com-
pound is useful as a vasocontractor. A decrease in the degree
of contraction or rate of contraction is an indication that the
compound is useful as a vasodilator and as a therapeutic agent
for muscle or neuromuscular disorders characterized by
excessive contraction or muscle thickening that impairs con-
tractile function.

[0245] Compounds evaluated in this manner are useful in
treatment or amelioration of the symptoms of muscular and
neuromuscular pathologies such as those described below.
Muscular Dystrophies include Duchenne Muscular Dystro-
phy (DMD) (also known as Pseudohypertrophic), Becker
Muscular Dystrophy (BMD), Emery-Dreifuss Muscular
Dystrophy (EDMD), Limb-Girdle Muscular Dystrophy
(LGMD), Facioscapulohumeral Muscular Dystrophy (FSH
or FSHD) (Also known as Landouzy-Dejerine), Myotonic
Dystrophy (MMD) (Also known as Steinert’s Disease), Ocu-
lopharyngeal Muscular Dystrophy (OPMD), Distal Muscular
Dystrophy (DD), and Congenital Muscular Dystrophy
(CMD). Motor Neuron Diseases include Amyotrophic Lat-
eral Sclerosis (ALS) (Also known as Lou Gehrig’s Disease),
Infantile Progressive Spinal Muscular Atrophy (SMA, SMA1
or WH) (also known as SMA Type 1, Werdnig-Hoffman),
Intermediate Spinal Muscular Atrophy (SMA or SMA2) (also
known as SMA Type 2), Juvenile Spinal Muscular Atrophy
(SMA, SMA3 or KW) (also known as SMA Type 3, Kugel-
berg-Welander), Spinal Bulbar Muscular Atrophy (SBMA)
(also known as Kennedy’s Disease and X-Linked SBMA),
Adult Spinal Muscular Atrophy (SMA). Inflammatory Myo-
pathies include Dermatomyositis (PM/DM), Polymyositis
(PM/DM), Inclusion Body Myositis (IBM). Neuromuscular
junction pathologies include Myasthenia Gravis (MG), Lam-
bert-Eaton Syndrome (LES), and Congenital Myasthenic
Syndrome (CMS). Myopathies due to endocrine abnormali-
ties include Hyperthyroid Myopathy (HYP™), and Hypothy-
roid Myopathy (HYPO™). Diseases of peripheral nerves
include Charcot-Marie-Tooth Disease (CMT) (Also known
as Hereditary Motor and Sensory Neuropathy (HMSN) or
Peroneal Muscular Atrophy (PMA)), Dejerine-Sottas Dis-
ease (DS) (Also known as CMT Type 3 or Progressive Hyper-
trophic Interstitial Neuropathy), and Friedreich’s Ataxia
(FA). Other Myopathies include Myotonia Congenita (MC)
(Two forms: Thomsen’s and Becker’s Disease), Paramyoto-
nia Congenita (PC), Central Core Disease (CCD), Nemaline
Myopathy (NM), Myotubular Myopathy (MTM or MM),
Periodic Paralysis (PP) (Two forms: Hypokalemic—HY-
POP—and Hyperkalemic—HYPP) as well as myopathies
associated with HIV/AIDS.
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[0246] The methods and devices of the present invention
are also useful for identifying therapeutic agents suitable for
treating or ameliorating the symptoms of metabolic muscle
disorders such as Phosphorylase Deficiency (MPD or
PYGM) (Also known as McArdle’s Disease), Acid Maltase
Deficiency (AMD) (Also known as Pompe’s Disease), Phos-
phofructokinase Deficiency (PFKM) (Also known as Tarui’s
Disease), Debrancher Enzyme Deficiency (DBD) (Also
known as Cori’s or Forbes’ Disease), Mitochondrial Myopa-
thy (MITO), Carnitine Deficiency (CD), Carnitine Palmityl
Transferase Deficiency (CPT), Phosphoglycerate Kinase
Deficiency (PGK), Phosphoglycerate Mutase Deficiency
(PGAM or PGAMM), Lactate Dehydrogenase Deficiency
(LDHA), and Myoadenylate Deaminase Deficiency (MAD).
[0247] Inaddition to the disorders listed above, the screen-
ing methods described herein are useful for identifying agents
suitable for reducing vasospasms, heart arrhythmias, and car-
diomyopathies.

[0248] Vasodilators identified as described above are used
to reduce hypertension and compromised muscular function
associated with atherosclerotic plaques. Smooth muscle cells
associated with atherosclerotic plaques are characterized by
an altered cell shape and aberrant contractile function. Such
cells are used to populate a thin film, exposed to candidate
compounds as described above, and muscular function evalu-
ated as described above. Those agents that improve cell shape
and function are useful for treating or reducing the symptoms
of such disorders.

[0249] Smooth muscle cells and/or striated muscle cells
line a number of lumen structures in the body, such as uterine
tissues, airways, gastrointestinal tissues (e.g., esophagus,
intestines) and urinary tissues, e.g., bladder. The function of
smooth muscle cells on thin films in the presence and absence
of a candidate compound may be evaluated as described
above to identify agents that increase or decrease the degree
or rate of muscle contraction to treat or reduce the symptoms
associated with a pathological degree or rate of contraction.
For example, such agents are used to treat gastrointestinal
motility disorders, e.g., irritable bowel syndrome, esophageal
spasms, achalasia, Hirschsprung’s disease, or chronic intes-
tinal pseudo-obstruction.

[0250] The present invention is next described by means of
the following examples. However, the use of these and other
examples anywhere in the specification is illustrative only,
and in no way limits the scope and meaning of the invention
orofany exemplified form. The invention is not limited to any
particular preferred embodiments described herein. Many
modifications and variations of the invention may be apparent
to those skilled in the art and can be made without departing
from its spirit and scope. The contents of all references,
patents and published patent applications cited throughout
this application, including the figures, are incorporated herein
by reference.

EXAMPLES
Example 1
Muscular Thin Film Device and Use Thereof for

Determining a Contractile Function

[0251] A. Substrate Fabrication

[0252] Polydimethylsiloxane (PDMS) thin film substrates
were fabricated via a multi-step spin coating process. Poly
(N-isopropylacrylamide) (PIPAAm) (Polysciences, Inc.) was
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dissolved at 10 wt % in 99.4% 1-butanol (w/v) and spun coat
onto the glass cover slips. Sylgard 184 (Dow Corning) poly-
dimethylsiloxane (PDMS) elastomer was mixed at a 10:1
base to curing agent ratio, doped with 0.1% by volume 0.2 pm
Fluorospheres (Invitrogen), and spin coated on top of the
PIPAAm coated glass cover slip. Polydimethylsiloxane-
coated cover slips were then cured.

[0253] B. ECM Patterning

[0254] The polydimethylsiloxane thin films were coated
with either an isotropic or anisotropic layer of extracellular
matrix (ECM) (e.g. fibronectin, laminin, collagen I). In each
case, immediately prior to ECM treatment, the polydimeth-
ylsiloxane-coated cover slips were UV ozone treated for 8
minutes to sterilize the surface and increase hydrophilicity.
All subsequent processing was performed in a biohood under
sterile conditions.

[0255] ECM patterning was performed using microcontact
printing (LCP). The basic pCP technique is well established
and allows the rapid patterning of biomolecules on a variety
of planar substrates using polydimethylsiloxane stamps. The
variation employed here used a polydimethylsiloxane stamp
to pattern ECM proteins on the polydimethylsiloxane coated
glass cover slips to form anisotropic 2D myocardium. ECM
proteins were transferred from the stamp to the polydimeth-
ylsiloxane thin film by making conformal contact for 1
minute.

[0256] C. 1. Vascular Smooth Muscle Seeding and Culture

[0257] Human umbilical artery vascular smooth muscle
was seeded on thin films at 300 cells/mm? in complete M199
medium (M199 supplemented with 10% fetal bovine serum
(FBS), penicillin, streptomycin, [-glutamine, glucose and
vitamin B12). The tissue was cultured in complete M199 for
48 hours, with a single media change at 24 hours. After 48
hours, the cells were serum starved for an additional 48 hours
(M199  supplemented with penicillin, streptomycin,
L-glutamine, glucose and vitamin B12, but no FBS).

[0258] 2. Neonatal Rat Ventricular Myocytes Seeding and
Culture
[0259] Neonatal rat ventricular myocytes were isolated

from 2-day old neonatal Sprague-Dawley rats based on pub-
lished methods. Briefly, ventricles were extracted and
homogenized by washing in Hanks balanced salt solution
followed by digestion with trypsin and collagenase with agi-
tation overnight at 4° C. Cells were re-suspended in M199
culture medium supplemented with 10% (v/v) heat-inacti-
vated fetal bovine serum (FBS), 10 mM HEPES, 3.5 g/LL
glucose, 2 mM L-glutamine, 2 mg/LL vitamin B-12, and 50
U/ml penicillin and seeded on anisotropically patterned FN at
a density of 1 million cells per cover slip. Samples were
incubated under standard conditions at 37° C. and 5% CO2.
Media was exchanged with maintenance media (2% FBS)
every 48 h until use. The MTFs were cultured for a period of
4-6 days and then used in the contractility assay.

[0260] D. Thin Film Release

[0261] Polydimethylsiloxane films were transferred to a
petri dish of Tyrode’s solution at 37° C. The Petri dish was
placed on a stereomicroscope with darkfield illumination and
cut into rectangles, parallel with tissue orientation, using a
razor blade. Once the Tyrode’s solution cools below 35° C.,
the PIPAAm layer transitions from a hydrophobic state to a
hydrophilic state and begins to dissolve. Once the PIPAAm
dissolves, films are pulled free of the coverslip with tweezers.
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[0262] E.Experimental Testing Parameters (Tyrodes, Pac-
ing, Video Recording)

[0263] Muscle thin films were transferred to fresh Tyrode’s
solution in the testing dish (FIG. 1), which is maintained at
37° C. by a peltier heating system. Films were adhered to
Teflon coated posts (FIG. 3) by moving them into close con-
tact using tweezers. The films were imaged using a stereomi-
croscope outfitted with fluorescent imaging capability. Both
brightfield and fluorescent images were captured every thirty
seconds. In the experiment shown in FIG. 4, four films were
treated with 50 nM endothelin-1 followed by 100 uM
HA-1077 (fasudil).

[0264] F. Image and Stress Analysis

[0265] Quantification and analysis of thin film motion was
performed using Image] (NIH) and MATLAB software.
Thresholded fluorescent images (FIG. 4B) were fit to circles
whose radii of curvature could be measured (FIG. 4C). Using
elasticity theory, the contraction stress necessary to induce
the measured changes in curvature were calculated (FI1G. 4D).

Results

[0266] Muscular thin films were engineered using both car-
diomyocytes (cMTFs) and vascular smooth muscle cells
(vMTFs). MTFs were constructed by seeding dissociated
muscle cells on a multilayer polymer substrate. PIPAAm was
spin coated onto a glass coverslip and PDMS is spin coated
onto of the PIPAAm layer. The cells were seeded on ECM
proteins micropatterned onto the PDMS layer. When the
media temperature was lowered below 35° C., the PIPAAm
dissolves and the MTF was released and free standing. The
radius of curvature of the resulting bilaminate structure is
indicative of the stress in the cell layer.

[0267] In order to guide alignment of the cells, lines of
ECM proteins (FN or LAM) were microcontact printed onto
the PDMS. Atomic Force Microscopy (AFM) surface scan-
ning revealed that this ECM pattern is approximately 10-20
nm in thickness. When cells were cultured on the patterned
ECM, they spontaneous organize into a contiguous tissue that
is aligned with the patterned matrix lines.

[0268] Inthesecells, the long axis of the cell and the nuclear
eccentricity parallel the underlying matrix pattern. Fluores-
cent staining of the fixed tissues revealed that the actin aligns
with the underlying matrix in the vascular smooth muscle. In
cardiac muscle the sarcomeric Z-lines are perpendicular to
the matrix. In both cases, the cytoskeletal architecture indi-
cates that the primary axis of contraction is in the longitudinal
direction.

[0269] Cardiac ventricular MTFs (¢cMTFs) were used to
measure systolic contraction stress and contractile wave
speed in engineered myocardial tissues. The cMTFs were
engineered as anisotropic, with uniaxial cellular alignment.
Imaging of the Z-disks by immunostaining sarcomeric a.-ac-
tinin confirmed that alignment of the myofibrils was also
anisotropic. The cMTFs were mounted in a bath with a PDMS
clamp to firmly hold the cMTF in place during rapid move-
ment and parallel platinum wire electrodes to field stimulate
muscle contraction. During diastole, the cMTF may have a
baseline curvature due to resting tension in the tissue con-
struct. During contraction, the radius of curvature decreases
dramatically, due to cardiomyocytegenerated stress of 13.9
kPa. In this set of experiments, three cMTFs built from the
ventricular myocytes harvested from two different rat pup
litters produced a mean peak systolic stress of 9.2+3.5 kPa.
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[0270] The cMTF goes through substantial bending and
deformation during contraction, however, because the cMTF
is a thin beam, the actual shortening of the cardiomyocytes is
<1%, i.e. contraction is isometric. Knowing the stress gener-
ated by the cMTF and the elastic modulus of the cardiomyo-
cytes (E=~30 kPa), the unconstrained shortening was esti-
mated as 25% at peak systole. The accurate measurement of
the cell and PDMS layer thicknesses are critical for calculat-
ing the contraction stress and unconstrained shortening. The
elastic modulus of the cell layer, however, has little affect on
the calculated stress but does have a significant effect is on the
calculation of Aa, so calculating unconstrained shortening is
strongly dependent on accurate cell modulus measurements.
[0271] The cMTF system is able to provide an estimate of
the contractile wave velocity based on the mechanical defor-
mation of the cMTFs. Tracking the mechanicalwave requires
that contraction in the cMTF initiates at one end and propa-
gates to the other. Spontaneous contraction of cMTFs often
initiated at the free end and propagated to the base. Tracking
the initial position and propagation of maximum curvature
along the cMTF from the initiation of contraction until peak
systole (uniform curvature) enabled estimation of contractile
wave propagation. In the example shown here, the contrac-
tilewave speed was 1.875 cnm/s, comparable to the velocity of
the mechanical wave reported using phase imaging tech-
niques.

[0272] Vascular MTFs (vMTFs) were used to demonstrate
the potential of this method as a pharmaceutical screening
assay. Human umbilical artery VSMCs were engineered as
anisotropic monolayers aligned parallel to the long axis of the
MTF. The vMTFs were adhered to PTFE coated posts via
hydrophobic interaction with the PDMS. This arrangement
allowed multiple vMTFs to be viewed concurrently. Here,
eight vMTFs were tested using this assay. The fluorosphere
doped PDMS could be viewed using fluorescent stereomi-
croscopy. In this arrangement, the films are easily approxi-
mated as circular arcs.

[0273] The vMTFs were treated with the endothelium-pro-
duced vasoconstrictor endothelin-1 followed by the rho-ki-
nase inhibitor HA-1077, in order to calculate all of the rel-
evant stress states of arterial muscle. The vMTFs had an
initial stable baseline curvature indicating that the cells gen-
erated abasal stress, defined as the sum of the passive residual
stress and the basal contractile tone, of 17.1x1.7 kPa. This
value represents the resting tension of the tissue. At time 0, the
vMTFs were stimulated with 50 nM ET-1, inducing contrac-
tion, which caused a decrease in their radii of curvature as the
cell generated stress increased by 5.06+0.75 kPa. Treatment
with 100 mM HA-1077, arho-kinase inhibitor, caused a rapid
increase in radius of curvature, due to inhibition of contrac-
tion (FIG. 6(G), and resulted in a stress of 3.1+0.8 kPa. The
HA-1077 dosage is sufficient to inhibit all myosin light chain
phosphorylation, so this value represents the residual stress,
or the stress generated by the cytoskeletal elements not
involved in the contractile apparatus, but which remains after
all other loads are removed. By comparing the residual stress
following HA-1077 treatment to the pre ET-1 treated tissue, it
can be can determined that the vMTFs had a basal contractile
tone of 13.1+£2.1 kPa. This protocol demonstrates that the
vMTFs are able to mimic well documented native vascular
behavior and implies that this assay could be used to test the
effects of pharmaceutical agents on vascular contractility.

[0274] The measured peak systolic stress and constrained
shortening of the muscle thin films (MTF) fabricated using
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neonatal rat ventricular myocytes as described above, were
comparable to isometric measurement of isolated papillary
muscle. Thus, this MTF system recapitulates both the aniso-
tropic alignment of normal cardiac muscle and physiologi-
cally relevant, systolic stress levels.

[0275] Aunique aspect ofthe MTF contractility assay is the
capability to track local changes in radius of curvature along
its length during the cardiac cycle. Further, dyssynchronous
contraction when the mechanical wave fails to propagate, or
initiates at multiple locations at the same time, resulting in a
fluttering ¢cMTF with no discernable deflection can be
detected. Thus, a broad range of qualitative and quantitative
data can be extracted from the assay by proper frame by frame
analysis of the deformation.

[0276] Thevascular smooth muscle cell MTFs were used to
mimic the lamellae of the arterial tunica media. The vMTF
assay confirms the presence of functional ET-1 receptors in
the engineered smooth muscle and is able to accurately quan-
tify the magnitude of induced contraction. Concurrent moni-
toring of eight vMTFs contracting and relaxing demonstrates
that this technique produces engineered smooth muscle that
repeatability responds to pharmacologic stimulation at physi-
ologic stress levels. Moreover, this assay demonstrates that
MTFs can provide a method for studying diseases and poten-
tial therapeutic interventions, with the potential to signifi-
cantly scale up the throughput. As an early screening method,
this high-fidelity, in vitro contractility assay could be used to
directly test the effect of drugs on contractility and potentially
decrease the high failure rate of cardiovascular drugs, as
currently, novel molecules reaching Phase 1 clinical trials for
cardiovascular drugs have a completion rate of less than 20%.
[0277] The methods and devices described above and
below for the preparation of muscle thin films (MTFs) permit
the preparation of a more relevant in vitro model of engi-
neered tissue in that the engineered tissue displays one or
more properties of mature tissues, e.g., mature electrophysi-
ology, such as mature action potential morphology, mature
ion channel expression, and mature contractility, rather than
the immature properties displayed by tissues/cells cultured
using previously described methods. Also see, e.g., WO 2008/
051265.

Example 2

Cardiac Myocytes and Muscular Thin Film High
Content, Enhanced Throughput Device and Use
Thereof for Determining a Contractile Function

[0278] A. Substrate Fabrication

[0279] Polydimethylsiloxane (PDMS) thin film substrates
were fabricated via a multi-step spin coating process. Poly
(N-isopropylacrylamide) (PIPAAm) (Polysciences, Inc.) was
dissolved at 10 wt % in 99.4% 1-butanol (w/v) and the
PIPAAm is deposited in the mid-section of the cover-slip (as
shown in FIG. 7A(i)). Sylgard 184 (Dow Corning) polydim-
ethylsiloxane (PDMS) elastomer was mixed at a 10:1 base to
curing agent ratio and spun coat on top of the PIPAAm coated
glass cover slip (FIG. 7A(ii)). Polydimethylsiloxane-coated
cover slips were then cured.

[0280] Substrates suitable for the horizontal muscle thin
films were also fabricated using Sylgard 184 (Dow Corning)
polydimethylsiloxane (PDMS) elastomer mixed at a 10:1
base to curing agent ratio, doped with 0.1% by volume 0.2 pm
Fluorospheres (Invitrogen), and spun coated on top of the
PIPAAm coated glass cover slip which were then cured.
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[0281]

[0282] The PDMS thin films were coated with an anisotro-
pic layer of fibronectin (FN). In each case, immediately prior
to fibronectin treatment, the PDMS-coated cover slips were
UV ozone treated for 8 minutes to sterilize the surface and
increase hydrophilicity. All subsequent processing was per-
formed in a biohood under sterile conditions.

[0283] Anisotropic patterning of fibronectin was per-
formed using microcontact printing (WCP). The basic pCP
technique is well established and allows the rapid patterning
of’biomolecules on a variety of planar substrates using PDMS
stamps. The variation employed here used a polydimethylsi-
loxane stamp to pattern fibronectin on the polydimethylsilox-
ane coated glass cover slips to form anisotropic 2D myocar-
dium. Fibronectin (50 pg/mlL. fibronectin in sterile deionized
(DI) water) was transferred from the stamp to the polydim-
ethylsiloxane thin film by making conformal contact for 1
minute. The stamp was position in such a way that the pattern
is perpendicular to the PIPAAm deposit (FIG. 7A(iv)). The
films were then incubated for 15 minutes in low concentration
fibronectin (2.550 pg/ml fibronectin in sterile DI water).
Following incubation, excess fibronectin was removed by
washing 3 times with a sterile phosphate buffer solution
(PBS) and then left in PBS until seeding.

[0284]

[0285] Neonatal rat ventricular myocytes were isolated
from 2-day old neonatal Sprague-Dawley rats based on well
known methods. Cells were diluted to a concentration of
~350,000 per mL in seeding media (SM) (M199 media
supplemented with 10% FBS), and 3 mL was seeded on each
cover slip. After 24 hours incubation, the cover slips were
washed 3 times with phosphate buffered saline (PBS) to
remove non-adherent cells and recovered with SM. After an
additional 24 hours, the media was exchanged with mainte-
nance media (MM) [M199 media supplemented with 2%
fetal bovine serum (FBS)] to minimize growth of fibroblasts
inevitably present in the primary harvest cardiomyocyte
population.

[0286] D. Releasing the Films for a Contractility Study

[0287] MTFs were released from the cover slip once the
cells have formed the appropriate 2D microstructure. The
MTFs were either cut out by hand, cut out using a robotic
system, pre-cut prior to cell incubation. In one specific
example of| e.g., horizontal MTF production, the middle sec-
tion was cut out, so that only eight rectangles remained in the
area that had PIPAAm (see FIG. 7A(vi) for example of the
cutout shape). Once the Tyrode’s solution cools below 35° C.,
the PIPAAm layer transitions from a hydrophobic state to a
hydrophilic state and begins to dissolve. As the PIPAAm
dissolved the middle section cutout was peeled off the sub-
strate with a pair of tweezers. Once the PIPAAm dissolves
completely, the contraction of the myocytes pulls the MTF
(the remaining rectangles) free from the rigid substrate. In the
case of the horizontal MTF, rectangles remain with one end
partially fixed to the substrate (FIG. 7A(vii)).

[0288] E. Experimental Testing Parameters (Tyrodes, Pac-
ing, Video Recording)

[0289] Actuation and observation of multiple MTFs was
carried out in a physiologic solution (e.g., normal Tyrodes
solution). MTFs were electrically paced using parallel plati-
num wire electrodes spaced ~1 cm apart and lowered directly
into the center of the Petri dish. An external field stimulator

B. Fibronectin Anisotropic Patterning

C. Cardiomyocyte Seeding and Culture
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(Myopacer, IonOptix) was used to apply a 10-20 V, 10 msec
duration square wave between the electrodes at pacing rates
from 0.5 to 2 Hz.

[0290] F. Video and Image Analysis

[0291] Quantification and analysis of thin film motion was
performed using Image] (NIH) (FIG. 7B) and MATLAB
software. From the thresholded fluorescent images the films
length was tracked throughout the contraction and the radius
of curvature calculated (FIGS. 7C and 7D). Using elasticity
theory, the contraction stress necessary to induce the mea-
sured changes in curvature were calculated.

Example 3

Multi-Well Plate Tissue Contractility Device and
Assay

[0292] This example describes the fabrication of a multi-
well plate with micropatterned bottom surfaces wherein each
well is used in a horizontal muscular thin film (MTF) assay
(see, e.g., FIG. 9A). The micropatterned multi-well plates are
especially amenable to assays using automatic imaging of the
MTFs in, e.g., a GE InCellAnalyzer.

[0293] The multi-well plate with MTF assay, can be used
for biomechanical measurements of myocyte contraction
properties. In this device the tissue constructs remain partially
fixed to a hard substrate, such as the glass bottom of the
multi-well plate. This invention is designed for use with poly-
meric thin films (PCT Publication No. WO 2008/051265 A2),
but could be used with any differentially stressed polymer or
tissue construct. In this assay the thin films bend up from the
viewing (horizontal) plane unlike the original thin film assay
in which a single film bends in the viewing plane. The number
of wells is limited by the size of the desired films (the films
have to be large enough for the cells to constitute a tissue),
with a film of at least 1.2 mmx2.4 mm any 6, 12, 24, 48, 96
well plates can be used. The assay may be utilized to measure
biomechanical forces due to a number of stimuli including,
but not limited to, contraction, osmotic swelling, structural
remodeling and tissue level pre-stress. It is possible to further
automate the assay by methods that include, but are not lim-
ited to, cookie cutter razors that would come down into the
wells to cut the films, programmable lasers that cut the films,
and automatic aspiration pipettes to aspirate out unwanted
film sections. The biomechanical responses due to paracrine
signaling events can also be studied through the addition of a
co-culture system, making the device attractive for studying
cell-to-cell drug effects.

[0294] Inthe context of the present experiment a section of
glass was cut to match the dimensions of the multi-well plate
skeleton section of glass (7.5 cmx11 cm) and was covered
with a protective film (to preserve the optical clarity of the
substrate during later fabrication steps), by lowering the pro-
tective film onto the glass covered with 200 proof ethyl alco-
hol, and removing, e.g., using pressure, the excess ethanol
from under the film. This process was repeated for the other
side of the glass and then islands corresponding to a portion of
the wells were cut out of the top protective film. Then, a
temperature sensitive polymer, specifically poly(N-isopropy-
lacrylamide) (PIPAAm), was deposited in a thin layer onto
the open glass islands and the top protective film layer was
peeled off. A biopolymer, specifically polydimethylsiloxane
(PDMS), was deposited in a layer, e.g., by spin coating,
(~5-25 um) on top of the whole glass, with the bottom pro-
tective film preventing back-splatter of the PDMS onto the
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glass. The PDMS was allowed to completely cure overnight
and the bottom protective film was peeled off. A biopolymer,
e.g., extracellular matrix protein (ECM), e.g., fibronectin
(FN), was stamped (micro-contact printed) in a pattern onto
the PDMS.

[0295] In parallel, a second section of glass was cut to
match the dimensions of the multi-well plate skeleton (7.5
cmx11 cm). The second glass section was then spin coated
with a layer of PDMS, which was immediately brought into
contact with and lifted off of the bottom of the multi-well
plate skeleton leaving behind a thin layer of PDMS on the
bottom of the multi-well plate skeleton. At this point, the
ECM patterned PDMS-glass base was pressed into contact
with the PDMS coated bottom of the multi-well plate skeleton
(24 well A-Plate GBMP Black Porvair Sciences L.td.), creat-
ing a PDMS seal between the wells. To provide additional
liquid load bearing capacity, a sealant was painted around the
outer border, further adhering the glass base to the multi-well
plate skeleton. The plate was then placed in a humid warm
(37° C.) incubator overnight to complete the PDMS seal
curing while providing the humidity necessary to maintain
proper ECM molecule activity.

[0296] Phenol red was placed inside various wells of the
plate to confirm that the seal between wells did not leak.
Following a 48-hour incubation, the phenol red had not
spread to adjacent wells demonstrating that the seals of the
wells were intact (see, e.g., FIG. 9B).

[0297] Contractile cells, specifically cardiomyocytes, were
seeded onto the ECM inside each well. For the multi-well
plate, the MTF's inside the film with the cells were cut and the
unwanted regions peeled off the glass in each well. As aresult
a single rectangle of film remained attached to the glass atone
edge only in each well. The dynamics of these tissue con-
structs was recorded. The cells in the plate can be fixed and
immuno-stained to study cell structure (see, e.g., FIG. 9C).

Example 4

High-Throughput Multi-Tissue Contractility Device
and Assay

[0298] A multi-tissue contractility assay can be used, for
example, to qualitatively compare contractions of two tissue
types, to compare the effect of one tissue response in prox-
imity to another tissue, or for biomechanical measurements of
myocyte contraction properties.

[0299] The substrates for use in a multi-tissue contractility
assay are made as described below and herein. In this device,
the tissue constructs remain partially fixed to arigid substrate,
e.g., the glass bottom of the multi-well plate, and bend up
from the viewing (horizontal) plane. The rigid substrate is
made in such a manner that it can be split after the ECM has
been patterned into as many parts, at least two, as the number
of tissues. Different types of cells are then cultured on the
substrate or different types of micropatterning can be pat-
terned onto the substrate, e.g., line patterns, anisotropic
monolayers, or isotropic monolayers. The assay could be
utilized to measure biomechanical forces due to a number of
stimuli including, but not limited to contraction, osmotic
swelling, structural remodeling and tissue level pre-stress.
The biomechanical responses due to paracrine signaling
events can also be studied, making the device attractive for
studying cell-to-cell drug effects.
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[0300] One benefit of the methods described below is the
ability to maintain even thickness of the sacrificial polymer
layer from island to island, thus, yielding more consistent
devices.

[0301] In the context of the present experiment and as
depicted in FIGS. 10 and 11, a section of glass (7.5 cmx11
cm) was covered with a protective film, by lowering the
protective film onto the glass covered with 200 proof ethyl
alcohol, and removing, e.g., using pressure, the excess etha-
nol from under the film. This process was repeated for the
other side of the glass and then islands corresponding to the
desired size of assay were cut out of the top film. A tempera-
ture sensitive polymer, specifically poly(N-isopropylacryla-
mide) (PIPAAm), was then deposited as a thin layer onto the
open glass islands, then the top protective film layer was
peeled off. A polymer, specifically polydimethylsiloxane
(PDMS), was deposited in a layer (~5-25 um) on top of the
whole glass, with the bottom protective film preventing back-
splatter of the PDMS onto the glass. The PDMS was allowed
to completely cure overnight and the bottom protective film
was peeled off. A mask, printed on transparencies was used to
cut the glass into desired shapes. An extracellular matrix
protein, such as (ECM) fibronectin (FN), was stamped in the
pattern depicted in FIGS. 10 and 11 onto the PDMS. The glass
was cut in between the two PIPAAm islands. The two pieces
of glass were treated with different agents (Pluronic F127
blocking and low concentration FN background). Contractile
cells, such as cardiomyocytes, were seeded onto the ECM.
The cells formed lines in the first (Pluronics treated) tissue,
and anisotropic monolayers in the second tissue (low concen-
tration FN treated). The cover-slips were then combined and
the films cut, with the unwanted regions peeled away. As a
result a single rectangle of film remained attached to the glass
at one edge only. The dynamics of these tissue constructs
were recorded.

Example 5

Vascular Smooth Muscle Thin Film High Content,
Enhanced Throughput Device and Use Thereof for
Determining a Contractile Function

[0302] A. Substrate Fabrication

[0303] A sectionofglass (7.5 cmx11 cm) was covered with
a static vinyl protective film by lowering the protective film
onto the glass, and removing, e.g., using pressure, the all air
bubble from under the film. This process was repeated for the
other side of the glass and then islands corresponding to the
desired size of assay were cut out of the top film.

[0304] Polydimethylsiloxane (PDMS) thin film substrates
were fabricated via a multi-step spin coating process. Poly
(N-isopropylacrylamide) (PIPAAm) (Polysciences, Inc.) was
dissolved at 10 wt % in 99.4% 1-butanol (w/v) and was then
deposited as a thin layer onto the open glass islands, then the
top protective film layer was peeled off. Sylgard 184 (Dow
Corning) polydimethylsiloxane (PDMS) elastomer was
mixed at a 10:1 base to curing agent ratio doped with 0.1% by
volume 0.2 mm Fluorospheres (Invitrogen), and spun coated
on top of the PIPAAm coated glass cover slip which was then
cured. The next day, the bottom protective film was peeled
off. A mask, printed on transparencies was used to cut the
glass into desired shapes.

[0305] B. Fibronectin Anisotropic Patterning

[0306] The PDMS thin films were coated with an anisotro-
pic layer of fibronectin (FN). In each case, immediately prior
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to fibronectin treatment, the PDMS-coated cover slips were
UV ozone treated for 8 minutes to sterilize the surface and
increase hydrophilicity. All subsequent processing was per-
formed in a biohood under sterile conditions.

[0307] Anisotropic patterning of fibronectin was per-
formed using microcontact printing (mCP). The basic mCP
technique is well established and allows the rapid patterning
of’biomolecules on a variety of planar substrates using PDMS
stamps. The variation employed here used a polydimethylsi-
loxane stamp to pattern fibronectin on the polydimethylsilox-
ane coated glass cover slips to form anisotropic 2D myocar-
dium. Fibronectin (50 pg/mlL. fibronectin in sterile deionized
(DI) water) was transferred from the stamp to the polydim-
ethylsiloxane thin film by making conformal contact for 1
minute. The stamp was positioned in such a way that the
pattern is perpendicular to the PIPAAm deposit. Following
stamping, excess fibronectin was removed by washing 3
times with a sterile phosphate buffer solution (PBS) and then
left dry until seeding.

[0308] C. Neonatal Rat Ventricular Myocytes Seeding and
Culture
[0309] Neonatal rat ventricular myocytes were isolated

from 2-day old neonatal Sprague-Dawley rats based on pub-
lished methods. Briefly, ventricles were extracted and
homogenized by washing in Hanks balanced salt solution
followed by digestion with trypsin and collagenase with agi-
tation overnight at 4° C. Cells were re-suspended in M199
culture medium supplemented with 10% (v/v) heat-inacti-
vated fetal bovine serum (FBS), 10 mM HEPES, 3.5 g/LL
glucose, 2 mM L-glutamine, 2 mg/LL vitamin B-12, and 50
U/ml penicillin and seeded on anisotropically patterned FN at
a density of 1 million cells per cover slip. Samples were
incubated under standard conditions at 37° C. and 5% CO2.
Media was exchanged with maintenance media (2% FBS)
every 48 h until use. The MTFs were cultured for a period of
4-6 days and then used in the contractility assay.

[0310] D. Releasing the Films for a Contractility Study
[0311] MTFs were released from the cover slip once the
cells have formed the appropriate 2D microstructure. The
MTFs were either cut out by hand, cut out using a robotic
system, pre-cut prior to cell incubation. In one specific
example of| e.g., horizontal MTF production, the middle sec-
tion was cut out, so that only six rectangles remained in the
area that had PIPAAm). Once the Tyrode’s solution cools
below 35° C., the PIPAAm layer transitions from a hydro-
phobic state to a hydrophilic state and begins to dissolve. As
the PIPAAm dissolved the middle section cutout was peeled
off the substrate with a pair of tweezers. Once the PIPAAm
dissolves completely, the contraction of the myocytes pulls
the MTF (the remaining rectangles) free from the rigid sub-
strate. In the case of the horizontal MTE, rectangles remain
with one end partially fixed to the substrate.

[0312] E. Experimental Testing Parameters (Tyrodes, Pac-
ing, Video Recording)

[0313] Actuation and observation of multiple MTFs was
carried out in a physiologic solution (e.g., normal Tyrodes
solution). The horizontal MTFs (WM TFs) fabricated with vas-
cular smooth muscle cells in the presence of fluorescent beads
were treated with the endothelium-produced vasoconstrictor
endothelin-1 (ET-1) followed by the rho-kinase inhibitor
HA-1077.

[0314] The hMTFs had an initial stable baseline curvature
(FIG. 12) indicating that the cells generated a basal stress. At
time 0, the hMTFs were stimulated with 50 nM ET-1, induc-
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ing contraction, which caused a decrease in their radii of
curvature (FIG. 12). Treatment with 100 mM HA-1077, a
rho-kinase inhibitor, caused a rapid increase in radius of
curvature, due to inhibition of contraction.

[0315] This protocol demonstrates that the h(MTFs are able
to mimic well documented native vascular behavior and
implies that this assay could be used to test the effects of
pharmaceutical agents on vascular contractility.

[0316] F. Video and Image Analysis

[0317] Quantification and analysis of thin film motion was
performed using Image] (NIH) and MATLAB software.
From the thresholded fluorescent images the length of the
projection of the film on the horizontal plane was tracked
throughout the contraction and the radius of curvature calcu-
lated. Using elasticity theory, the contraction stress necessary
to induce the measured changes in curvature were calculated.
[0318] Examples 6-8 describe the preparation and use of
muscle organs-on-a-chip.

Example 6

Heart-on-a Chip

[0319] Multiple pharmaceutical agents are hampered by
cardiotoxcity and these can be broken down into three basic
categories.

[0320] (1) Metabolic: Antibody-based medications such as
Trastuzumab, which is used to treat HER 2+ breast cancer, are
known to affect ATP production in myocytes through adverse
effects on mitochondria (Force T, et al. (2007) Cancer 7(5):
332).

[0321] (2) Structural: Anti-proliferative agents such as
doxorubicin, which is used for a wide variety of malignan-
cies, adversely affects myocyte growth and mass mainte-
nance (Zhu W, et al. (2008) Circulation:CIRCULA-
TIONAHA. 108.799700).

[0322] (3) Ion Channel (Arrhythmia-inducing): hERG
channel binding of many drugs (e.g. albuterol) increases
action potential duration, leaving the heart susceptible to
arrhythmia (long QT syndrome)

[0323] Although various drug toxicities might aftect myo-
cytes with distinct mechanisms, all will adversely affect car-
diac contractility and ultimately the ability of the heart to
pump blood. Thus, by measuring the contractility and elec-
trophysiological output of the organ, one may quantitatively
measure the impact of various agents on heart performance.
[0324] For example, drugs such as doxorubicin (anthracy-
cline family of chemotherapeutics), which display car-
diotoxic effects primarily by inducing dilated cardiomyopa-
thy, predominately affect the ventricles with some left atrial
involvement. Trastuzumab, a monoclonal antibody to HER2
receptor used for the treatment of (HER2+) breast cancers,
has been shown to decrease left ventricular ejection fraction.
[0325] Since the above mentioned drugs show primarily
ventricular toxicity, it would be useful to be able to mimic the
contractile action of these chambers in vitro. Accordingly,
there is a need in the art for robust in vitro systems that can
recapitulate the heart and can provide a platform to screen a
large number of compounds for toxicity, a feat not possible
with in vivo models.

[0326] The present example demonstrates fulfillment of
these needs by construction of a microfluidic device that can
simultaneously measure electrophysiology and contractile
performance of engineered myocardial tissues.
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[0327] In one embodiment, this example describes the
preparation of fluidic, e.g., millifluidic and/or microfluidic,
devices comprising a physiologically relevant in vitro heart
muscle system which incorporates the myocardium.

[0328] In particular, this example describes the preparation
of fluidic, e.g., millifluidic and/or microfluidic, devices com-
prising mature human cardiomyocytes of different origins
(i.e., ventricular, atrial, etc) on 2D PDMS substrates or hydro-
gel substrates, e.g., micro-contact printed and/or micro-
molded alginate and/or gelatin substrates. These devices inte-
grate both a muscle tissue chamber, e.g., a muscle thin film
chamber and/or a microcontact printed and/or micromolded
hydrogel muscle tissue chamber for contractility measure-
ments and a low volume electrophysiological (“EPhys”)
readout chamber (see, e.g., FIGS. 22 and 28).

[0329] In another embodiment, this example describes the
preparation of fluidic, e.g., milliffuidic and/or microfluidic
devices comprising mature human cardiomyocytes of difter-
ent origins (i.e. ventricular, atrial, etc) on a swiss cheese-like
polyurethane membrane, (where muscular contraction causes
deformation of the holes within the membrane) integrated
with a low volume electrophysiological readout chamber
(see, e.g., FIG. 23).

[0330] The foregoing devices are referred to herein as a
“heart-on-a-chip”. In one embodiment, a heart-on-a-chip is
further integrated, e.g., via fluidic, e.g., microfluidic, connec-
tion, with additional organs-on-a-chip, e.g., lung chips to
mimic breathing lung, liver chips to mimic metabolic liver,
kidney chips to mimic flowing kidney, gut chips to mimic
peristalsing gut, lung airway smooth muscle chips to mimic
reactive airway, skeletal muscle chips to mimic contracting
skeletal muscle, skin chips to mimic skin barrier, brain chips
to mimic blood-brain barrier, testis chips to mimic reproduc-
tive/endocrine testis and bone marrow chips to mimic self-
renewing bone marrow.

[0331] In certain embodiments, one chamber comprises
horizontal strips of muscle tissue, e.g., MTFs (also referred to
as the MTF chamber) and contractility of the tissue is read out
via device to track muscle tissue deformation/membrane
deformation. The device may be e.g., an optical signal cap-
turing device or a device for translating contractility into an
electrical or magnetic signal, e.g., piezoresistive, piezoelec-
tric, or strain sensor, e.g., embedded within the thin film
and/or hydrogel. In certain embodiments, a second chamber
comprises a monolayer of isotropically and/or anisotropically
aligned muscle tissue (also referred to as the EPhys chamber)
and electrophysiological recordings are taken via ECG, e.g.,
a multi-lead ECG. In other embodiments, one chamber com-
prises micro-contact printed and/or micromolded hydrogels
comprising amuscle tissue (e.g., cardiac tissue) (also referred
to as the MTF chamber) and contractility of the tissue is read
out via a device to track deformation/membrane deformation,
e.g., an optical signal capturing device or a device for trans-
lating contractility into an electrical or magnetic signal, e.g.,
piezoresistive, piezoelectric, or strain sensor, e.g., embedded
within the thin film and/or hydrogel. In still other embodi-
ments, a second chamber comprises micro-contact and/or
micromolded hydrogels comprising a muscle tissue (e.g.,
cardiac tissue) (also referred to as the EPhys chamber) and
electrophysiological recordings are taken via a one lead ECG.
(See, e.g., FIG. 32). The tissues from one or both chambers
may be further used to determine the effect of various test
compounds on the expression and/or activity of various mark-
ers of muscle damage such as creatine kinase and troponin.
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[0332] The benefits of micro-contact and/or micromolded
hydrogels in such fluidic devices is that the hydrogel stiffness
may be finely tuned to mimic the mechanic properties of both
healthy and diseased tissue, e.g., cardiac tissue by, for
example, modulating the concentration of cross-linking
agent, e.g., CaCl, and transglutaminase (see, e.g., FIGS.
32-35).

[0333] The micro-contact and/or micromolded hydrogels
when used in the devices of the invention also permit longer-
term culture of muscle tissue, e.g., in a closed system, e.g., a
microfluidics device. For example, MTFs remain viable and
spontaneously contract for about 5, 6, 7, 8,9, 10, 11, or 12
days, while micro-contact printed and/or micromolded
hydrogels comprising muscle tissue remain viable and spon-
taneous contract for at least about 14, 15, 16, 17, 18, 19, 20,
21,22,23,24,25,26,27,28,29,30,31, 32,33, 34, 35, or 36
days (see, e.g., FIGS. 34, 35, and 38).

[0334] Furthermore, micro-contact and/or micro-molded
hydrogels do not absorb drugs applied to the muscle tissue
and, therefore, do not interfere with assessment of the effect
of the drug on a muscle tissue function.

Culture/Maturation of Human Cardiomyocytes

[0335] Human cardiomyocytes are commercially available
from, for example, Axiogenesis, CDI, Vistagen, Coriell,
Reprocell. Aligned monolayers of muscle cells are cultured
on microcontact printed PDMS substrates, microcontact
printed polyurethane membranes, and/or micro-contact
printed and/or micromolded hydrogel substrates, e.g., micro-
contact printed and/or micromolded gelatin and alginate sub-
strates

Microphysiological Heart Chip Design and Fabrication

[0336] Forthe MTF chamber, laser engraving processes are
used to cut PDMS thin films (FIG. 20), ECM proteins are
microcontact printed (as described above) and this assembly
is enclosed in a microfluidic chamber. Alternatively, the thin
films are produced with a hydrogel (FIGS. 21 and 31). Muscle
cells are cultured on these thin films and/or hydrogels and the
contractile stresses are quantified by optically monitoring the
extent of curvature of the muscular thin films (FIG. 22). An
alternative strategy for measuring contractility is depicted in
FIG. 23, where the cells are grown on a wrinkling substrate.

[0337] For the EPhys chambers, anisotropic muscle cell
monolayers are cultured in a low volume chamber, electri-
cally field stimulated using the electrodes on the top and
action potentials are recorded using the microelectrode array
on the bottom (see, e.g., FIGS. 42 and 44). The base of the
EPhys chamber may be, for example glass with embedded
electrodes, e.g., MEA, or a flexible polymer, e.g., PDMS,
with embedded electrodes.

[0338] The electrode(s) read-outs provide the action poten-
tial characteristics of the cardiomyocyte monolayer.

[0339] The cells are exposed to test compounds to deter-
mine if they have any cardiotoxic effects. Since the tissue
architecture is controlled, the effect of a test compound can be
determined by determining the contractile efficiency of the
tissues. In addition, since the tissue architecture can be con-
trolled, various disease states can be modeled and the effect of
the disease state and/or a test compound can be determined by
determining the contractile efficiency of the tissues.
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[0340] For example, FIG. 24, shows the physiological
response of human vascular muscle cell MTFs and cardiac
muscle MTFs on the same heart-on-a chip to various drugs.

Example 7

Airway Smooth Muscle-on-a Chip

[0341] Asthma is a prevalent disease affecting ~8% percent
of'the population, and it is caused by the maladaptive remod-
eling of bronchial smooth muscle. Airborne toxins and air
pollution can affect the bronchial smooth muscle, but these
are difficult to detect and their effect on the tissue health is
also difficult to predict (and reflects a large scale problem in
developing countries). There are currently no commercially
available instruments to test cytotoxicity and allergic
responses and associated inflammation in vitro, despite the
existence of human bronchial smooth muscle cell lines.
Beyond the difference in species responses to toxic or thera-
peutic agents, animal models do not necessarily provide
human relevance, predictability, and lower failure rates in the
drug pipe-line.

[0342] Bronchial smooth muscle spasms are a possible
response to both allergens and toxins. This response can be
amplified if the muscle undergoes a maladaptive remodeling
prior to the introduction of the toxic agent (such as in asth-
matic patients). An efficient, “on a chip,” in vitro system to
test for bronchial smooth muscle spasms would provide a tool
to test drugs for curing or exacerbating asthma, test toxins in
the field, and/or predict the allergic response of different
patient populations.

[0343] The present example demonstrates a solution to fill
this need by the preparation of a device that provides an in
vitro platform for bronchial smooth muscle spasm testing.
The devices described herein also provide a platform to test
the contractility of human bronchial smooth muscle tissue. In
addition, primary cells isolated from different populations of
patients can be used with these devices to study the effective-
ness of drugs for different subsets of the population. For
example, read-outs from these devices regarding the contrac-
tility and proliferation of the bronchial smooth muscle can be
related to lung capacity curves (rate of inhale/exhale) and
compared to the output of pulmonary function tests in the
clinic. In addition, the secretion of mucus granules and spher-
ules in the epithelium are monitored optically as a means to
test for mucous secretion that is a hallmark of bronchitis and
other obstructive pulmonary diseases. Furthermore, patients
with advanced chronic obstructive pulmonary disease like
chronic bronchitis often exhibit bluish tinted skin, resulting
from hypoxia and fluid retention. The devices described
herein can be used to test the media for low oxygen levels and
arterial blood gas (measuring ability to oxygenate blood at
alveoli) “downstream” of obstructed airways.

[0344] Accordingly in some embodiments the present
example provides fluidic, e.g., millifluidic and/or microflu-
idic, devices comprising bronchial smooth muscle tissue and
an endothelial cell monolayer to test for “spasms” in response
to drugs or toxins. This example also provides fluidic, e.g.,
millifluidic and/or microfluidic, devices comprising one
chamber comprising bronchial smooth muscle tissue and an
endothelial cell monolayer and another chamber comprising
bronchial epithelial and/or pulmonary mast cells, which are a
key to exacerbation and inflammation response (see, e.g.,
FIGS. 24-26).
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[0345] In particular, in some embodiments, the airway
smooth muscle-on-a-chip may comprise a hybrid bronchial
smooth muscle and columnar epithelium organ system to test
bronchial spasms in response to drugs and/or toxins. This
hybrid chip is installed inside a two-chamber microfluidic
device that contains a top layer of human epithelial cells
adhered to a porous membrane and exposed to air flow and a
bottom layer containing horizontal muscle tissues, e.g., MTS
and/or hydrogel engineered tissues, each composed of a con-
fluent monolayer of bronchial smooth muscle situated on top
of'a PDMS and/or hydrogel substrate, which are incubated
within a liquid medium. The contraction of the bronchial
smooth muscle is measured with a device, e.g., an optical
signal capturing device or a device for translating contractil-
ity into an electrical or magnetic signal, e.g., piezoresistive,
piezoelectric, or strain sensor, e.g., embedded within the thin
film and/or hydrogel by monitoring the extent of curvature of
the muscle tissue. Approximately 0.25 million muscle cells
are needed for each muscle tissue chamber.

[0346] In some embodiments, muscle contraction is mea-
sured by adhesion of a bronchial smooth muscle cell mono-
layer on a swiss cheese-like PDMS and/or hydrogel mem-
brane, where muscular contraction causes deformation of the
holes within the membrane. The porous membrane separating
the top and bottom layers of the chamber acts as a barrier
between the two cell types and allows for chemical exchange.
The human bronchial smooth muscle cells are composed of
commercially available lines or primary human cells, from
either healthy or asthmatic patients.

[0347] These devices also permit induction of an asthmatic
phenotype chemically (e.g., by introducing I1.-13 to the cul-
ture medium) or by alteration of temperature or media com-
position. Additionally, some drug therapies for the treatment
of asthma can themselves cause asthmatic attacks. The asth-
matic phenotype would present as exaggerated bronchial
muscle spasms, which would be reflected by changes in con-
tractility. As a control, the effect of substances with known
toxicity in humans (e.g., local anesthetics such as procaine,
chloroprocaine, and tetracaine) are introduced to induce
bronchial smooth muscle spasms and provide a calibration to
existing patient response from the clinic. The co-culture sys-
tem allows for monitoring the presence of inflammation fac-
tors (IL-3, IL-4, IL-5, 1L-13) that cause bronchial smooth
muscle spasms. Further, the hyperplasia and hypertrophy of
the columnar epithelial cells (hallmarks of obstructive pul-
monary disease) are assessed optically, as is the secretion of
mucous granules and spherules. Further, reduction in oxygen
levels in the media are also monitored. An added benefit of
integration in a multi-organ system is that it is possible to
evaluate drugs that are eftective for treating bronchial smooth
muscle spasms, but toxic to other organs (e.g., ventolin).
Likewise, the devices of the invention allow for the testing of
drugs commonly used to affect the function of other organs
(e.g., beta blockers that reduce cardiac contractility), but can
adversely affect airway resistance in asthmatics.

[0348] In order to prepare an airway smooth muscle cell-
on-a-chip, human bronchial smooth muscle cells (commer-
cially available form Lonza, CC2576) are cultured. Engi-
neered smooth muscle tissue with well-defined cellular
organization and tissue geometry is fabricated as described
herein.

[0349] Commercially-available healthy human columnar
epithelial cells (ATCC; PCS-300-010, PCS-310-010, Lonza:
CC-2540, CC-2547) and/or diseased human bronchial epi-
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thelial cells (available from Lonza; 00195275, 00194911) are
cultured and micro-contact printing is used to fabricate engi-
neered human columnar epithelium with well-defined cellu-
lar organization and tissue geometry.

[0350] The devices and methods may be used to study
diseased human airway smooth muscle.

Microphysiological Chip Design and Fabrication

[0351] To fabricate an airway smooth muscle cell-on-a-
chip, an MTFchamber comprising laser muscle tissue, e.g.,
horizontal muscle tissue, e.g., engraved PDMS and/or hydro-
gel thin films are prepared as described supra and are enclosed
in an assembly of a fluidics chamber. Muscle cells are cul-
tured on these thin films and the contractile stresses are quan-
tified using a device, e.g., an optical signal capturing device or
a device for translating contractility into an electrical or mag-
netic signal, e.g., piezoresistive, piezoelectric, or strain sen-
sor, e.g., embedded within the thin film and/or hydrogel,
monitoring the extent of curvature of the muscle tissue. A two
chamber system can also be engineered for dual outputs (see,
e.g., FIG. 26).

[0352] Inorderto separate airway smooth muscle from the
epithelium within the hybrid organ system, a membrane
material, such as Clear flex 50 polyurethane may be used.
Such a membrane has the following properties: it is biocom-
patible, complies with IS 10993-5 (in vitro cytotoxicity tests
for medical devices), has low absorption of hydrophobic dye/
drug and other chemical compounds, is cell adhesive, is opti-
cally clear, is highly flexible, moldable, bondable, has low
autofluorescence, and does not swell in water

[0353] The adhesion of cells onto the membrane may be
shown by characterizing the structural and functional
response of cells by quantifying cytoskeletal alignment and
effects on gene expression and protein translation. Cellular
response to mechanical stimuli may also be monitored. For
example, the bronchial smooth muscle tissue is monitored for
contraction in response to drug or toxic agents (e.g., IL-13,
acetylcholine). The contractility is measured for grading the
response of the different tissue types to the drugs.

[0354] To generate disease models of airway smooth
muscle by integration of diseased cells (e.g., asthmatic or
COPD) or by chemical stimulation of the asthmatic pheno-
type, the asthmatic muscle phenotype is integrated into the
microfluidic device(s) described above. In the same chamber,
the levels of oxygen within the medium, cellular ATP, apop-
tosis, and intracellular calcium are monitored.

[0355] An asthmatic phenotype may be induced by intro-
duction of allergens/drug compounds that drive bronchial
spasms associated with asthmatic attacks into the devices. In
addition, toxic agents (e.g., acetylcholine, 1[.-13) may be
perfused into the culture medium containing the muscle cell
monolayer. Alterations in smooth muscle contraction in
response to allergens or toxic agents is monitored. In the same
channel, the levels of oxygen within the medium, cellular
ATP, apoptosis, and intracellular calcium are monitored. In
the upper channel containing the epithelium, the levels of
mucus granules and spherules and presence of inflammation
factors (IL-3, IL-4, IL-5, 1L.-13) are monitored.

[0356] In some embodiments, asthmatic or COPD human
primary smooth muscle cells (from either commercially
available cell lines or samples from asthmatic patients) are
co-cultured with the diseased human primary bronchial epi-
thelial cell.
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[0357] More specifically, in order to fabricate an airway
smooth muscle cell-on-a-chip with multiple chambers, pat-
terning of ECM, microgrooves, stretching of the chip, or
other similar techniques can be used to control cell shape and
tissue alignment within the chambers to recapitulate the
native microenvironments. Cells are seeded and media is
supplied through micro-fluidic channels. The bronchial
smooth muscle cells are of human origin from commercially
available cell-lines or primary cells from human healthy or
asthmatic patients (FIG. 24).

[0358] Insomeembodiments, the bronchial smooth muscle
cells may be co-cultured with other cell types. For example,
bronchial epithelial cells can be cultured within the same
chamber separated by a transwell membrane, and exposed to
exacerbating pollutants, such as oil fly ash (available com-
mercially), dust mites, or smoke. Bronchial smooth muscle
cells can be combined with pulmonary mast cells either
upstream in the microfluidic device or within a transwell
chamber. An asthmatic phenotype can be induced chemically
(e.g., by adding 11.-13 during culture), by temperature con-
trol, or alteration of media composition in some of the cham-
bers (FIG. 26 A(i), chamber 2). Further, the asthmatic pheno-
type can be incorporated into the chip by samples derived
from asthmatic patients.

[0359] If desired, a therapeutic drug may be added to the
chamber (e.g., a drug s introduced to induce a normal smooth
muscle contractile response, or a toxic agent to test for bron-
chial spasms (e.g., acetylcholine)). Drugs can be added via
both intravenous and aerosol routes, exhibiting the versatility
of the chip design.

[0360] Contraction of the muscle can be detected using
multiple approaches. For example, by making the chamber
substrates out of PDMS and or hydrogels, it is possible to
optically track the bending of each muscle tissue as a measure
of contractility. Alternatively, a substrate with micro-holes,
which will be small enough to be impermeable to the cells,
may be used. These holes will provide the material with
greater flexibility, and their shape can be used as an indicator
of'the amount of contraction by reading out their shape based
on the transmitted light (FIG. 23B(i)). Rows of oval micro-
holes of varying flexibilities may also be used, such that
conduction is possible through the wires in the material if the
holes are completely closed. The row of micro-holes with
minimal flexibility that still conducts will provide the readout
of the degree of contraction of the tissue (FIG. 23B(ii)).
Materials that will vary color with different degrees of stress
may also be used.

[0361] The output readout of the contractility and prolif-
eration of the bronchial smooth muscle will be related to lung
capacity curves (rate of inhale/exhale) by modeling the aver-
age material properties of the endothelial layer estimated
from histological data and the stiffness of the muscle layer
will be calculated from the in vitro experimental data (from
chip). These data will be used to calculate the diameter of the
bronchial tube, which will be used to calculate the airflow/
resistance (e.g., clinical outputs).

[0362] For example, FIG. 27 shows physiological
responses of healthy engineered human bronchial smooth
muscle cells and chemically induced asthma bronchial
smooth muscle cells using the devices of the present example.
[0363] The foregoing devices are referred to herein as a
“airway smooth muscle-on-a-chip”. In one embodiment, a
airway smooth muscle-on-a-chip is further integrated, e.g.,
via microfluidic connection, with additional organs-on-a-
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chip, e.g., heart chips as described above, lung chips to mimic
breathing lung, liver chips to mimic metabolic liver, kidney
chips to mimic flowing kidney, gut chips to mimic peristal-
sing gut, skeletal muscle chips to mimic contracting skeletal
muscle, skin chips to mimic skin barrier, brain chips to mimic
blood-brain barrier, testis chips to mimic reproductive/endo-
crine testis and bone marrow chips to mimic self-renewing
bone marrow.

Example 8

Skeletal Muscle-on-a Chip

[0364] This example describes the preparation and use of'a
fluidic, e.g., millifluidic and/or microfiuidic, device which, in
one embodiment, comprises cultured mature human skeletal
muscle myotubes on 2D PDMS substrates and/or microcon-
tact printed and/or micromolded hydrogel, e.g., alginate and/
or gelatin, substrates. These tissue constructs are integrated
into both a “muscular thin film” chamber for contractility
measurements and a low volume electrophysiological read-
out chamber. In another embodiment, this example describes
the preparation and use of a fluidic, e.g., millifluidic and/or
microfiuidic, device which comprises cultured mature human
skeletal muscle myotubes and human adipocyes co-cultured
on 2D PDMS substrates and/or microcontact printed and/or
micromolded hydrogel, e.g., alginate and/or gelatin, to reca-
pitulate two tissue interfaces and create disease models
within the device.

[0365] Human Skeletal muscle cells which are cultured in
an anisotropic monolayer or healthy and Type-I and Type-I1
diabetic adipocytes may be used.

[0366] Contractility is measured via a device, e.g., an opti-
cal signal capturing device or a device for translating contrac-
tility into an electrical or magnetic signal, e.g., piezoresistive,
piezoelectric, or strain sensor, e.g., embedded within the thin
film and/or hydrogel, to track muscle tissue deformation/
membrane deformation. Electrophysiological recordings (1
lead or 2 lead EMG measurements) are taken via an embed-
ded microelectrode array. The tissues from one or both cham-
bers may be further used to determine the effect of various test
compounds on the expression and/or activity of various mark-
ers of muscle damage such as creatine kinase and slow and
fast-twitch troponin I (ssTnl, fsTnl). In addition, metabolic
burn rates and insulin level may be quantified.

[0367] The devices described herein may also be used to
replicate statin induced skeletal muscle myopathy by expos-
ing the chip to Cerivastatin and measuring damage markers
such as creatine kinase and slow and fast-twitch troponin I
(ssTnl, fsTnl). Since muscle weakness is also a generalized
complaint of patients undergoing statin treatment, skeletal
muscle contractility measurements are used to validate statin-
induced in vitro muscle weakness. A diabetic muscle
microenvironment may also be created in the devices
described herein by co-culturing type I and type II preadipo-
cytes with skeletal muscle cells. Type I diabetic mimic chips
are used to evaluate insulin replacement therapies while Type
11 diabetic mimic chips are used to determine effectiveness of
metformin-induced metabolic benefits.

Cellular Components of an In Vitro Skeletal Muscle
Construct

[0368] Human myoblasts are commercially available (pri-
mary cell lines (healthy; Lonza, XM13A1 and XM15B1) and
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primary satellite cells from healthy patients) are cultured as
aligned monolayers of muscle cells on microcontact printed
PDMS substrates, microcontact printed polyurethane mem-
branes and/or microcontact printed and/or micromolded
hydrogel, e.g., alginate and gealtin substrates.

[0369] Human adipocytes (commercially primary preadi-
pocytes (Lonza; PT-5022)) are differentiated into adipocytes
using supplied differentiation medium and culture adipocyte
on opposite side of porous membrane that myoblast/neurons
are cultured. Diabetic (Type I and IT) human adipocytes (from
patients with diabetes) preadipocytes (Lonza; PT-5023—
Type I and PT-5024 Type II)) are differentiated into adipo-
cytes by using supplied differentiation medium and culture
adipocyte on opposite side of porous membrane that myo-
blast/neurons are cultured.

Microphysiological Chip Design and Fabrication

[0370] The devices are fabricated (FIG. 28) using laser
engraving process to prepare horizontal muscle tissues, e.g.,
horizontal MTFs on PDMS and/or horizontal hydrogel engi-
neered muscle tissues, microcontact print ECM proteins and
enclose the assembly in a fluidic chamber. Muscle cells are
cultured on these thin films and the contractile stresses are
quantified by monitoring the extent of curvature of the mus-
cular thin films using e.g., an optical signal capturing device
or a device for translating contractility into an electrical or
magnetic signal, e.g., piezoresistive, piezoelectric, or strain
sensor, e.g., embedded within the thin film and/or hydrogel.
[0371] Anisotropic muscle cell monolayers are cultured in
alow volume chamber, electrically field stimulated using the
electrodes on the top and action potentials are recorded using
the microelectrode array on the bottom as described supra.
[0372] Contractility is measured and recorded in devices
comprising co-cultured muscle cells and adipose cells in the
MTF chamber and the EPhys chamber is used to record EMG
(FIG. 29). To ensure that mature myotubes receive the proper
3D cues, the skeletal muscletissues may be micromolded with
grooves sufficient to maintain mature contracting muscle in
culture (FIG. 30).

[0373] The foregoing devices are referred to herein as a
“skeletal muscle-on-a-chip”. In one embodiment, a airway
smooth muscle-on-a-chip is further integrated, e.g., via
microfluidic connection, with additional organs-on-a-chip,
e.g., heart chips and/or airway smooth muscle cell chips as
described above, lung chips to mimic breathing lung, liver
chips to mimic metabolic liver, kidney chips to mimic flowing
kidney, gut chips to mimic peristalsing gut, skin chips to
mimic skin bather, brain chips to mimic blood-brain barrier,
testis chips to mimic reproductive/endocrine testis and bone
marrow chips to mimic self-renewing bone marrow.

EQUIVALENTS

[0374] In describing embodiments of the invention, spe-
cific terminology is used for the sake of clarity. For purposes
of description, each specific term is intended to at least
include all technical and functional equivalents that operate in
a similar manner to accomplish a similar purpose. Addition-
ally, in some instances where a particular embodiment of the
invention includes a plurality of system elements or method
steps, those elements or steps may be replaced with a single
element or step; likewise, a single element or step may be
replaced with a plurality of elements or steps that serve the
same purpose. Further, where parameters for various proper-
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ties are specified herein for embodiments of the invention,
those parameters can be adjusted up or down by Y4oth, Vioth,
Ysth, Y4rd, Y2, etc., or by rounded-off approximations thereof,
unless otherwise specified. Moreover, while this invention
has been shown and described with references to particular
embodiments thereof, those skilled in the art will understand
that various substitutions and alterations in form and details
may be made therein without departing from the scope of the
invention; further still, other aspects, functions and advan-
tages are also within the scope of the invention. The contents
of all references, including patents and patent applications,
cited throughout this application are hereby incorporated by
reference in their entirety. The appropriate components and
methods of those references may be selected for the invention
and embodiments thereof. Still further, the components and
methods identified in the Background section are integral to
this disclosure and can be used in conjunction with or substi-
tuted for components and methods described elsewhere in the
disclosure within the scope of the invention.

What is claimed:

1. A device for measuring a contractile function, the device
comprising:

a solid support structure, wherein the solid support struc-
ture is a fluidic device comprising a first chamber and a
second chamber operably connected,

wherein said first chamber comprises a monolayer of
muscle cells and an electrophysiological capturing
device; and

said second chamber comprises a plurality of muscle tissue
strips and a device to measure contractility,

wherein the plurality of muscle tissue strips comprise a
flexible polymer layer and/or a hydrogel layer and a
population of isolated muscle cells seeded on the flex-
ible polymer layer and/or the hydrogel layer in a prede-
termined pattern, wherein said muscle cells form a
muscle tissue structure which can perform a contractile
function.

2. The device of claim 1, wherein the monolayer of muscle
cells and the isolated muscle cells are independently selected
from the group consisting of cardiac muscle cells, ventricular
cardiac muscle cells, atrial cardiac muscle cells, striated
muscle cells, smooth muscle cells, and vascular smooth
muscle cells.

3. A device for measuring a contractile function, the device
comprising:

a solid support structure, wherein the solid support struc-
ture is a fluidic device comprising a first chamber and a
second chamber operably connected, wherein said first
chamber comprises a plurality of muscle tissue strips
and a device to measure contractility,

wherein the plurality of muscle tissue strips comprise a
flexible polymer layer and/or a hydrogel layer and a
population of isolated diseased cells seeded on the flex-
ible polymer layer and/or the hydrogel layer in a prede-
termined pattern, wherein said diseased muscle cells
form a muscle tissue structure which can perform a
contractile function; and

wherein said second chamber comprises a plurality of
muscle tissue strips and a device to measure contractil-
ity, wherein the plurality of muscle tissue strips com-
prise a flexible polymer layer and/or a hydrogel layer
and a population of isolated healthy muscle cells seeded
onthe flexible polymer layer and/or the hydrogel layer in
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a predetermined pattern, wherein said healthy muscle
cells form a muscle tissue structure which can perform a
contractile function.

4. A device for measuring a contractile function, the device
comprising:

a solid support structure, wherein the solid support struc-

ture is a fluidic device;

a plurality of muscle tissue strips, wherein the plurality of
muscle tissue strips comprise a flexible polymer layer
and/or a hydrogel layer and a population of isolated
airway smooth muscle cells seeded on the flexible poly-
mer layer and/or the hydrogel layer in a predetermined
pattern, wherein said airway smooth muscle cells form a
muscle tissue structure which can perform a contractile
function.

5. The device of claim 4, further comprising a porous
membrane having epithelial cells adhered thereto and
exposed to air flow situated above the muscle tissue strips.

6. The device of claim 5, wherein the solid support struc-
ture is a fluidic device comprising a first chamber and a
second chamber operably connected,

wherein said first chamber comprises a plurality of muscle
tissue strips comprising a population of isolated healthy
airway smooth muscle cells; and,

said second chamber comprises a plurality of muscle tissue
strips comprising a population of isolated diseased air-
way smooth muscle cells.

7. A method for identifying a compound that modulates a

contractile function, the method comprising

providing the device of any one of claims 1-6; and

determining the effect ofthe test compound on a contractile
function of said monolayer of muscle cells and/or said
plurality of muscle tissue strips in the presence and
absence of the test compound, wherein a modulation of
the contractile function of said monolayer of muscle
cells and/or said plurality of muscle tissue strips in the
presence of said test compound as compared to the con-
tractile function in the absence of said test compound
indicates that said test compound modulates a contrac-
tile function, thereby identifying a compound that
modulates a contractile function.

8. A method for identifying a compound useful for treating

or preventing a muscle disease, the method comprising

providing the device of any one of claims 1-6;

contacting said monolayer of muscle cells and/or said plu-
rality of muscle tissue strips with a test compound; and

determining the effect ofthe test compound on a contractile
function of said monolayer of muscle cells and/or said
plurality of muscle tissue strips in the presence and
absence of the test compound, wherein a modulation of
the contractile function of said monolayer of muscle
cells and/or said plurality of muscle tissue strips in the
presence of said test compound as compared to the con-
tractile function in the absence of said test compound
indicates that said test compound modulates a contrac-
tile function, thereby identifying a compound useful for
treating or preventing a muscle disease.

9. The method of claim 7 or 8, wherein the contractile

function is a biomechanical activity.

10. The method of claim 9, wherein the biomechanical
activity is selected from the group consisting of contractility,
cell stress, cell swelling, and rigidity.

11. The method of claim 7 or 8, wherein the contractile
function is an electrophysiological activity.
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12. The method of claim 11, wherein the electrophysi-
ological activity is a voltage parameter selected from the
group consisting of action potential, action potential duration
(APD), conduction velocity (CV), refractory period, wave-
length, restitution, bradycardia, tachycardia, and reentrant
arrhythmia.

13. The method of claim 11, wherein said electrophysi-
ological activity is a calcium flux parameter selected from the
group consisting of intracellular calcium transient, transient
amplitude, rise time (contraction), decay time (relaxation),
total area under the transient (force), restitution, focal and
spontaneous calcium release.

14. The method of claim 7 or 8, further comprising apply-
ing a stimulus.

15. The method of claim 7 or 8, wherein the plurality of
muscle tissue strips are adhered to a solid support structure.

16. The method of claim 15, wherein said solid support
structure is a Petri dish or a multi-well plate.

17. The method of claim 7 or 8, wherein the plurality of
muscle tissue strips are cultured in the presence of a fluoro-
phor.

18. The method of claim 17, wherein said fluorophor is a
voltage-sensitive dye or an ion-sensitive dye.

19. The method of claim 18, wherein said voltage-sensitive
dye is an electrochromic dye.

20. The method of claim 19, wherein said electrochromic
dye is selected from a styryl dye and a merocyanine dye.

21. The method of claim 20, wherein said electrochromic
dye comprises RH-421 or di-4-ANEPPS.

22. The method of claim 18, wherein said ion-sensitive dye
is a calcium sensitive dye.
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23. The method of claim 22, wherein said calcium sensitive
dye is selected from the group consisting of X-Rhod,
aequorin, Fluo3, FluoS, and Rhod2.

24. The method of claim 17, wherein said fluorophore is a
dye pair selected from the group consisting of di-2-ANEPEQ
and calcium green; di-4-ANEPPS and Indo-1; di-4-ANEPPS
and Fluo-4; RH237 and Rhod2; and, RH-237 and Fluo-3/4.

25. The method of claim 7 or 8, wherein said monolayer of
muscle cells and/or said plurality of muscle tissue strips com-
prise cardiomyocytes.

26. The method of claim 7 or 8, wherein said monolayer of
muscle cells and/or said plurality of muscle tissue strips com-
prises vascular smooth muscle cells or vascular endothelial
cells.

27. The method of claim 7 or 8, wherein s said monolayer
of muscle cells and/or said plurality of muscle tissue strips
comprise smooth muscle cells or striated muscle cells.

28. A method of preparing a fluidics device suitable for
measuring a contractile function, the method comprising

providing a solid support structure;

coating a sacrificial polymer layer on the solid support

structure; coating a flexible polymer layer that is more
flexible than the support structure on the sacrificial poly-
mer layer, wherein the flexible polymer layer does not
cover the edges of said solid support structure; seeding
cells on the flexible polymer layer; culturing the cells to
form a tissue; and removing a portion of said formed
tissue thereby generating strips of said formed tissue;
attaching fluidics components to the solid support struc-
ture comprising the tissue, thereby preparing a device
suitable for measuring a contractile function.
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