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FIG. 3D
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FIG. 4A
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FIG. 6
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1
DEVICES AND METHODS FOR TENSION
MEASUREMENTS AND APPLICATIONS OF
SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a divisional patent application of U.S.
patent application Ser. No. 16/064,151, filed Jun. 20, 2018,
now allowed, which is a U.S. national phase entry of PCT
Patent Application Serial No. PCT/US2017/013816, filed
Jan. 17, 2017, which claims priority to and the benefit of
U.S. Provisional Patent Application Ser. No. 62/279,389,
filed Jan. 15, 2016. Each of the above-identified application
is incorporated herein by reference in its entirety.

Some references, which may include patents, patent appli-
cations, and various publications, are cited and discussed in
the description of the present invention. The citation and/or
discussion of such references is provided merely to clarify
the description of the present invention and is not an
admission that any such reference is “prior art” to the
invention described herein. All references cited and dis-
cussed in this specification are incorporated herein by ref-
erence in their entireties and to the same extent as if each
reference was individually incorporated by reference.

STATEMENT AS TO RIGHTS UNDER
FEDERALLY-SPONSORED RESEARCH

The present invention was made with government support
under Contract Nos. 5SR01 AG06528 and 1R01 AR056138
awarded by the National Institutes of Health, and Contract
No. CBMXCEL-XI.1-2-001 awarded by the Defense Threat
Reduction Agency. The government has certain rights in the
invention.

FIELD OF THE INVENTION

The present invention relates generally to the measure-
ment of tension and tension response, and more particularly
to devices and methods for the measurement of tension and
tension response of bio-objects and deformable materials,
and applications of the same.

BACKGROUND INFORMATION

The background description provided herein is for the
purpose of generally presenting the context of the present
invention. The subject matter discussed in the background of
the invention section should not be assumed to be prior art
merely as a result of its mention in the background of the
invention section. Similarly, a problem mentioned in the
background of the invention section or associated with the
subject matter of the background of the invention section
should not be assumed to have been previously recognized
in the prior art. The subject matter in the background of the
invention section merely represents different approaches,
which in and of themselves may also be inventions. Work of
the presently named inventors, to the extent it is described
in the background of the invention section, as well as aspects
of the description that may not otherwise qualify as prior art
at the time of filing, are neither expressly nor impliedly
admitted as prior art against the present invention.

The growing interest in organs-on-chips, also known as
tissue chips and in vitro organ constructs, is driven in part by
the recognition that two-dimensional biology-on-plastic
using immortal cell lines does not adequately recapitulate
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human physiology, particularly the details of the response of
the cells to drugs and toxins. A large number of in vitro
organ-on-chip models have been developed, ranging from
planar co-culture models of cellular endothelial-epithelial
interfaces to three dimensional (3D) tissue-equivalent mod-
els of the human brain neurovascular unit. However, it is a
challenge to have a non-destructive system and method for
efficiently and accurately measuring, in a longitudinal fash-
ion, the tension force within a tissue construct and the
response of the construct to the application of additional
tension.

Therefore, a heretofore unaddressed need exists in the art
to address the aforementioned deficiencies and inadequa-
cies.

SUMMARY OF THE INVENTION

In one aspect, the present invention relates to a device for
applying force to and measuring tension within a bio-object
construct. In certain embodiments, the device includes: a
microscope comprising a condenser, an objective and a stage
positioned therebetween, where the stage is movable along
a horizontal plane; a holding member for accommodating
the bio-object construct, fixable on the stage; and a probe
having a first end attached to the condenser, and a second
end placed in the holding member. The stage operably
moves such that the bio-object construct moves toward and
contacts with the second end of the probe, thereby causing
a displacement of the second end of the probe and a
displacement of the bio-object construct. The displacement
of the second end of the probe and the displacement of the
bio-object are used to measure the tension of the bio-object
construct. In certain embodiments, the microscope is an
inverted microscope.

In certain embodiments, the bio-object construct has two
ends fixed in the holding member. In certain embodiments,
the bio-object construct comprises a connective tissue con-
struct, a cardiac tissue construct, a bone construct, or a
deformable material. In certain embodiments, the connec-
tive tissue construct includes a fibroblast construct. In one
embodiment, the connective tissue construct includes a
collagen construct.

In certain embodiments, the bio-object construct has a
single end fixed in the holding structure and the probe
contacts the free end of the construct. In certain embodi-
ments, the free end of the construct is contained within a
flexible hydrogel or other material that is deformed in a
manner to bend the free end of the construct.

In certain embodiments, the device further includes a
detector coupled to the microscope for determining the
displacement of the second end of the probe and the dis-
placement of the bio-object construct. In certain embodi-
ments, the detector comprises one or more cameras or one
or more CCD image sensors, for acquiring images of the
probe and the bio-object construct.

In certain embodiments, the device further includes a
controller coupled to the detector for processing the acquired
images to determine the displacement of the second end of
the probe and the displacement of the bio-object construct.
In certain embodiments, the controller is further configured
to determine a local deformation of the bio-object construct
around a contact location between the probe and the bio-
object construct. In certain embodiments, the controller is
capable of sensing the deformation of the construct and then
adjusting the position of the construct so as to maintain a
desired position despite biological changes in the properties
or activity of the construct.



US 10,876,942 B2

3

In certain embodiments, the probe is substantially located
in a center of a field of view of the detector. In certain
embodiments, the probe is formed of a flexible material. In
certain embodiments, the probe has a stiffness that substan-
tially matches a stiffness of the bio-object construct. In
certain embodiments, the probe is adjustable along a vertical
direction toward or away from the objective. In certain
embodiments, the second end of the probe is in a path along
which a central portion of the bio-object construct moves.

In certain embodiments, the holding member includes a
well-plate bioreactor. In certain embodiments, the stage is
movable in a range of microns and has a read-out for a
position of the stage.

In certain embodiments, the holding member at one end
of the construct can be displaced to stretch the construct
axially. In certain embodiments, the holding member at the
stretched end of the construct is flexible, so that displace-
ment of the holding member is accompanied by a bending of
the holding member, which in turn provides a measurement
of the tension in the construct and the change in that tension
as the construct is stretched.

In certain embodiments, the device further includes a
mounting member for fixing the probe to the condenser of
the microscope, comprising: a supporting plate having a
central hole and a slot disposed at one side of the supporting
plate; a cantilever adjuster disposed on the supporting plate
and crossing over the center hole; and two position-control
magnets located at two ends of the cantilever adjuster for
fixing and adjusting the cantilever adjuster to the supporting
plate, wherein the force probe is positioned at a center of the
cantilever adjuster and perpendicular to the cantilever
adjuster.

In certain embodiments, the bio-object construct has a
length of about 3-10 mm, a first width of about 1-5 mm at
end portions, and a second width of about 0.1-0.5 mm at a
central portion; the probe has a length of about 10-30 mm
and a diameter of about 0.1-0.6 mm; and the stage has a
movement range of about 0-3000 pm, and a maximum
velocity of about 15-60 mm/sec.

In certain embodiments, the displacement of the probe is
calibrated to a force before being in contact with the
bio-object construct.

In another aspect, the present invention relates to a device
for measuring a tension of a bio-object construct. In certain
embodiments, the device includes: a probe; a moving
mechanism configured to move at least one of the probe and
the bio-object construct such that the probe is contactable
with the bio-object construct; and a measuring mechanism
configured to determine displacements of the probe and the
bio-object construct when the probe is in contact with the
bio-object construct to cause the displacement of the probe
and the displacement of the bio-object construct, in order to
measure the tension of the bio-object construct according to
the determined displacements.

In certain embodiments, the displacement of the probe is
calibrated to a force before being in contact with the
bio-object construct. In certain embodiments, the probe has
a stiffness that substantially matches a stiffness of the
bio-object construct. In certain embodiments, the moving
mechanism comprises a stage for accommodating the bio-
object construct, being movable along a horizontal plane. In
certain embodiments, the stage is a mechanical stage.

In certain embodiments, the device further includes
means for monitoring a relative location of the probe and the
bio-object construct. In certain embodiments, the monitor-
ing means includes a microscope having a condenser, an
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objective and a stage positioned therebetween, and wherein
the bio-object construct is operably disposed on the stage.

In certain embodiments, the stage is movable along a
horizontal plane, and wherein the moving mechanism com-
prises the stage.

In certain embodiments, the device further includes a
controller coupled to at least one of the moving mechanism,
the measuring mechanism and the monitoring means for
measuring the tension of the bio-object construct.

In certain embodiments, the measuring mechanism
includes a detector for determining the displacement of the
probe and the displacement of the bio-object construct. In
certain embodiments, the detector comprises one or more
cameras or one or more CCD image sensors, for acquiring
images of the probe and the bio-object construct.

In certain embodiments, the measuring mechanism is
further configured to determine a local deformation of the
bio-object construct around a contact location between the
probe and the bio-object construct.

In certain embodiments, the measurement is non-destruc-
tive to the bio-object construct.

In certain embodiments, the bio-object construct is dis-
posed in a well of a well plate.

In certain embodiments, the device includes a plurality of
the bio-object constructs disposed in an array of wells in a
well plate, and a plurality of the probes for respectively
contacting the bio-object constructs.

In certain embodiment, the device further includes a
holding member for accommodating the bio-object. The
holding member includes: a first holder portion for holding
a first end of the bio-object, and comprising a first electrode
for delivering a first electrical signal to the first end of the
bio-object; and a second holder portion for holding a second
end of the bio-object, and comprising a second electrode for
delivering a second electrical signal to the second end of the
bio-object.

In certain embodiments, the moving mechanism includes:
a T-shaped bellcrank, comprising a lateral rod and a vertical
rod substantially connected to a middle portion of the lateral
rod, and the lateral rod is disposed on top of the vertical rod
and is substantially perpendicular to the vertical rod; a fixing
pin rotatably fixing the bellcrank at the middle portion, such
that the bellcrank is rotatable around the fixing pin; and at
least one weight, disposable on one end of the lateral rod to
rotate the bellcrank around the fixing pin, such that the
vertical rod is able to contact and cause displacement of the
bio-object.

In certain embodiments, the moving mechanism includes:
ahorizontal lever arm having a front end, a rear end, and two
sides, wherein the lever arm is supported by two pivots from
the two sides; a vertical rod fixed to the front end of the lever
arm; and at least one weight, disposable on the rear end of
the lever arm to rotate the lever arm around the pivots, such
that the vertical rod is able to contact and cause displacement
of the bio-object.

In certain embodiments, the moving mechanism includes:
a servo; an actuator arm connected with the servo; a support
base connected with the actuator; and a probe support fixed
to the support base. The actuator arm and the support base
are disposed horizontally, the probe support is disposed
vertically, and the probe is fixed to the probe support; and
when the servo operates to apply a force to the actuator arm,
the actuator arm, the support base and the probe support
move laterally, so as to drive the probe to move laterally. In
certain embodiments, the probe and the moving probe
support are totally contained within a sterile cell-culture well
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In a further aspect, the present invention relates to a
method for measuring a tension of a bio-object construct. In
certain embodiments, the method includes: positioning a
probe in relation to the bio-object construct such that the
probe is contactable with the bio-object construct; moving at
least one of the probe and the bio-object construct to make
the probe in contact with the bio-object construct to cause a
displacement of the probe and a displacement of the bio-
object construct; and determining displacements of the
probe and the bio-object construct, so as to measure the
tension of the bio-object construct according to the deter-
mined displacements.

In certain embodiments, the method further includes
calibrating the displacement of the probe to a force.

In certain embodiments, the method further includes
monitoring a relative location of the probe and the bio-object
construct.

In certain embodiments, the step of monitoring the rela-
tive location is performed with a microscope having a
condenser, an objective and a stage positioned therebetween,
and wherein the bio-object construct is disposed on the
stage.

In certain embodiments, the probe includes a first end and
a second end, and wherein the step of positioning the probe
comprises fixing the first end of the probe to the condenser
of the microscope, and placing the second end of the probe
in a holding member of the bio-object construct, wherein the
holding member is fixed to the stage of the microscope.

In certain embodiments, the step of moving the at least
one of the probe and the bio-object construct comprises
moving the stage of a microscope, thereby moving the
bio-object construct in the holding member toward the
probe.

In certain embodiments, the probe has a stiffness that
matches a stiffness of the bio-object construct.

In certain embodiments, the step of determining the
displacements of the probe and the bio-object construct
comprises acquiring images of the probe and the bio-object
construct.

In certain embodiments, the method further includes,
before the step of moving the at least one of the probe and
the bio-object construct: providing at least one rigid rod; and
moving the at least one rigid rod toward the bio-object
construct such that the at least one rigid rod is in contact with
the bio-object construct and causes the bio-object construct
to deform.

In certain embodiments, the method further includes,
before the step of moving the at least one of the probe and
the bio-object construct, providing at least one block having
a shape of a plate; and moving the at least one block toward
the bio-object construct such that the at least one rigid rod
is in contact with the bio-object construct and causes the
bio-object construct to deform.

In yet another aspect, the present invention relates to a
system for measuring a tension of at least one bio-object
construct. The system includes: a well plate comprising at
least one construct well for fixedly accommodating the at
least one bio-object construct and at least one motor well
neighboring the at least one construct well; a mounting base
covering the well plate, comprising a first cover portion
covering the at least one construct well and a second cover
portion covering the at least one motor well, wherein the first
cover portion has a through hole exposing the at least one
construct well; at least one movable plate disposed on the
first cover portion of the mounting base corresponding to the
at least one construct well and is movable on the mounting
base; at least one probe attached to a bottom surface of the
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least one movable plate and extending downward through
the through hole of the first cover portion of the mounting
base into the at least one construct well; and at least one
motor mounted on the second cover portion of the mounting
base corresponding to the at least one motor well.

In certain embodiments, the at least one motor is config-
ured to move the movable plate along a straight line, so as
to move the at least one probe to be in contact with the at
least one bio-object construct; and the tension of the at least
one bio-object construct is measurable by determining dis-
placements of both the at least one probe and the at least one
bio-object construct upon contact of the at least one probe
with the at least one bio-object construct.

In certain embodiments, the at least one motor includes a
rotatable servo hub and an actuation wire, one end of the
actuation wire is wound on the rotatable servo hub, and the
other end of the actuation wire is fixed to a first end of the
movable plate that is proximate to the at least one motor,
such that the at least one motor is able to move the movable
plate along the straight line.

In certain embodiments, the mounting base has a first
layer and a second layer disposed on the first layer, wherein
the first layer comprises the through hole, the second layer
has a rectangular opening, the movable plate is disposed
within the rectangular opening and covers the through hole,
such that the movable plate is restrained in the rectangular
opening, and moves within the rectangular opening along
the straight line.

In certain embodiments, a spring is fixed to the well-plate
and attached to a second end of the movable plate that is
distal from the at least one motor, such that the movable
plate is movable by the at least one motor and the spring.

In certain embodiments, the at least one motor includes a
mechanism to translate the rotational motion of the motor to
a translational motion of one end of the flexible probe. In
certain embodiments, the at least one motor includes a
mechanism to translate the rotational motion of the motor to
a translational motion of a magnet beneath a well-plate that
in turns moves a magnet-containing fixture within the well
plate that in turn supports the flexible probe.

In certain embodiments, the system further includes a
detector adapted for determining the displacement of the at
least one probe and the at least one bio-object construct upon
contact of the at least one probe with the at least one
bio-object construct.

In certain embodiments, the detector comprises one or
more cameras or one or more CCD image sensors, for
acquiring images of the at least one probe and the at least one
bio-object construct.

In certain embodiments, the system further includes a
controller coupled to the detector for processing the acquired
images to determine the displacements of the at least one
probe and the at least one bio-object construct. In certain
embodiments, the controller is further configured to control
the at least one motor to move the movable plate along the
straight line, so as to move the at least one probe to be in
contact with the at least one bio-object construct.

In certain embodiments, the at least one probe is formed
of a flexible material. In certain embodiments, the at least
one probe has a stiffness that substantially matches a stift-
ness of the at least one bio-object construct. In certain
embodiments, the system further includes means for moni-
toring a relative location of the at least one probe and the at
least one bio-object construct.

In a further aspect, the present invention relates to a
system for applying and measuring tensions of a plurality of
bio-object constructs. In certain embodiments, the system
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includes a flexible body disposed on the base, wherein the
flexible body defines a plurality of construct holes for
accommodating the plurality of bio-object constructs, such
that when the flexible body is bent, the bending of the
flexible body causes tensions to be applied to the plurality of
bio-object constructs, thereby causing displacements of the
plurality of bio-object constructs.

In certain embodiments, the system further includes a
measuring mechanism configured to determine the displace-
ments of the plurality of bio-object constructs when the
flexible body is bent, so as to measure the tensions of the
plurality of bio-object constructs according to the deter-
mined displacements.

In certain embodiments, the system further includes a
plurality of plates. The flexible body further defines a
plurality of measuring slots for receiving the plurality of
plates, wherein the plurality of construct holes and the
plurality of measuring slots are alternatively positioned,
such that when the plurality of plates moves, the movement
of the plurality of plates causes the displacements of the
plurality of bio-object constructs.

In certain embodiments, each of the construct holes has a
depth greater than a depth of each of the measuring slots.

In certain embodiments, the flexible body is formed of a
flexible gel, such as hydrogel, or biogel, or the like.

In one aspect, the present invention relates to a method for
applying and measuring tensions of a plurality of bio-object
constructs. In certain embodiments, the method includes
providing a flexible body, wherein the flexible body defines
a plurality of construct holes for accommodating the plu-
rality of bio-object constructs, such that when the flexible
body is bent, the bending of the flexible body causes
tensions to be applied to the plurality of bio-object con-
structs; and applying tensions to the plurality of bio-object
constructs, by bending the flexible body, thereby causing
displacements of the plurality of bio-object constructs.

In certain embodiments, the method further includes
determining the displacements of the plurality of bio-object
constructs so as to measure the tensions of the plurality of
bio-object constructs according to the determined displace-
ments.

In certain embodiments, the flexible body further defines
a plurality of measuring slots for receiving a plurality of
plates, wherein the plurality of construct holes and the
plurality of measuring slots are alternatively positioned,
such that when the plurality of plates moves, the movement
of the plurality of plates causes the displacements of the
plurality of bio-object constructs.

In certain embodiments, each of the construct holes has a
depth greater than a depth of each of the measuring slots.

These and other aspects of the present invention will
become apparent from the following description of the
preferred embodiment taken in conjunction with the follow-
ing drawings, although variations and modifications therein
may be affected without departing from the spirit and scope
of the novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate one or more
embodiments of the present invention and, together with the
written description, serve to explain the principles of the
invention. Wherever possible, the same reference numbers
are used throughout the drawings to refer to the same or like
elements of an embodiment.
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FIG. 1A schematically shows a system for measuring
tension of a construct according to one embodiment of the
present invention.

FIG. 1B schematically shows a method for measuring
tension of a construct according to certain embodiments of
the present invention.

FIG. 2A schematically shows a probe and a bio-object
construct supported in a well within a well-plate and as seen
in a field of view of a camera according to one embodiment
of the present invention.

FIG. 2B is a schematic three-dimensional view of FIG.
2A.

FIG. 2C schematically shows a probe and a bio-object
construct having moved with the a field of view of a
stationary camera according to one embodiment of the
present invention, where the probe is in contact with the
bio-object construct.

FIG. 2D is a schematic three-dimensional view of FIG.
2C.

FIG. 2E schematically shows characters of a bio-object
construct according to one embodiment of the present inven-
tion.

FIG. 2F schematically shows characters of a bio-object
construct according to one embodiment of the present inven-
tion.

FIG. 2G schematically shows characters of a probe
according to one embodiment of the present invention.

FIG. 3A schematically shows a first implementation of a
system for measuring tension according to one embodiment
of the present invention.

FIG. 3B schematically shows an assembly for mounting
a probe according to one embodiment of the present inven-
tion.

FIG. 3C schematically shows mounting of the assembly
in FIG. 3B to an inverted microscope.

FIG. 3D schematically shows positioning the probe in
FIG. 3C next to the tissue-equivalent construct that contains
cells embedded in collagen or some other matrix.

FIG. 4A schematically shows an experimental setup of
FIG. 3D.

FIG. 4B is a calibration of a probe according to one
embodiment of the present invention.

FIG. 4C shows acquired images of a bending probe that
is being displaced to the left while the force is stretching a
bio-object construct according to one embodiment of the
present invention.

FIG. 4D shows analytical data of a tension measurement
according to one embodiment of the present invention.

FIG. 4E shows the force vectors and geometry used to
convert a measurement of a displacement of the probe to the
determination of the elastic modulus of the construct.

FIGS. 5A-5] illustrate the use of a tension measurement
system according to one embodiment of the present inven-
tion to measure the force generating behavior of cardiac
muscle tissue constructs when they are stimulated electri-
cally.

FIG. 6 schematically shows a device for providing a
baseline tension to a tissue construct, both during tissue
construct growth and measuring of construct elasticity.

FIGS. 7A-7F schematically show a second implementa-
tion of a system for measuring tension according to one
embodiment of the present invention.

FIGS. 8A-8B schematically show different tissue con-
struct holders.

FIGS. 9A-9B schematically show alternative designs for
tissue construct holders that would be suitable for investi-
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gating electrically stimulated tissue constructs according to
certain embodiments of the present invention.

FIGS. 10A-10G schematically show a T-shaped bellcrank
and various other designs which translate an attached weight
into lateral motion of a flexible probe in contact with the
tissue construct according to certain embodiments of the
present invention.

FIG. 11 schematically shows a variation of a tissue
construct holder which could allow a class of measurements
involving electrical propagation of signals from one end of
a tissue construct to another according to certain embodi-
ments of the present invention.

FIG. 12 schematically shows how the basic flexible
bending probe technology associated with the disclosed
invention could be used to measure the forces which bind
two similar, or dissimilar, tissue constructs together accord-
ing to certain embodiments of the present invention.

FIGS. 13A-13D schematically shows how an on-chip
lateral displacement mechanism and a stiff load cell can be
used to measure tissue tension according to certain embodi-
ments of the present invention.

FIG. 14A schematically shows arrangements of the
mechanical actuator within the well-plate according to one
embodiment of the present invention.

FIG. 14B schematically shows the structure of an actuator
according to one embodiment of the present invention.

FIG. 14C schematically shows an actuating assembly
according to one embodiment of the present invention.

FIGS. 14D-14F show a servo well plate configuration
with the concept of FIGS. 14A-14C.

FIGS. 14G and 14H show how the concept of FIGS.
14A-14F can be applied to the application and measurement
of either lateral or longitudinal forces to the construct.

FIG. 15 schematically shows an alternative method of
delivering force to the midsection of a tissue construct and
measuring tension according to one embodiment of the
present invention.

FIG. 16 schematically shows a means to stimulate vas-
cularization of the cardiac tissue construct according to one
embodiment of the present invention.

FIGS. 17A-17F schematically shows a bendable bone
construct according to one embodiment of the present inven-
tion.

FIG. 18 schematically shows a method of producing a
localized bending force on a biological tissue construct
according to one embodiment of the present invention.
FIGS. 19A-19D schematically shows casting the construct
in a hydrogel according to one embodiment of the present
invention.

FIGS. 20A-20C schematically shows an alternative
method of distorting the hydrogel according to one embodi-
ment of the present invention.

FIG. 20D schematically shows how a flexible probe can
be used to distort a hydrogel that contains a tissue construct
and thereby measure the stiffness of the combination of the
hydrogel and the construct.

FIG. 21 A shows a PDMS-fabricated insert that fits into a
six-well plate with its cardiac tissue construct according to
one embodiment of the present invention, where two addi-
tional grooves are for electrodes for long-term field stimu-
lation.

FIG. 21B shows a magnified image of an engineered
cardiac tissue construct (ECTC) depicted by the white
rectangle in FIG. 21A. The construct is attached to titanium
wires.
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FIG. 21C shows an image of the central part of the ECTC
and the tip of the flexible probe recorded with a Zyla
sCMOS camera.

FIG. 21D shows the sequence of processed binary images
showing probe tip location during an ECTC contraction. The
number in the upper right corner of each image represents
elapsed time (ms). The image dimension is 700 pmx350 pm.

FIG. 21E shows a force sensor calibration graph. The
graph includes three probes with two measurements for each
probe at each plotted point.

FIGS. 22A-22D show histological imaging of the ECTC
after 15 days in culture. FIG. 22A shows H & E staining of
a longitudinal section of the cardiac tissue construct. The
insert is a cross-section. FIG. 22B shows uniform distribu-
tion of the cardiomyocytes immunostained for a heavy chain
of myosin II. FIG. 22C shows immunostaining of the
electrical coupling protein connexin-43 (green). FIG. 22D
shows a higher magnification illustration of longitudinally
aligned, elongated cardiomyocytes with well-developed sar-
comeric structure and connexin-43 positive gap junctions.
Nuclear staining was performed using DAPI (blue).

FIGS. 23A-23C show action potential duration (APD)
restitution in the ECTC. FIG. 23 A shows representative APs
recorded with a floating glass micropipette during stimula-
tion with a pacing interval (PI) of 500 ms. FIG. 23B shows
superimposed filtered and normalized APs recorded at a PI
of 500 ms, 1000 ms, and 2000 ms. FIG. 23C shows the
relationship between APD and PI (N=5).

FIGS. 24 A-24F show contractile properties of the ECTC.
FIG. 24 A shows representative, original, uncalibrated con-
tractile force traces recorded (as pixels of deflection) at
different applied transverse forces in one ECTC. The stimu-
lation period is 2 s. The units of amplitude are pixels. FIG.
24B shows superimposed developed force traces as a func-
tion of applied tension. FIGS. 24C-24D shows mechanical
restitution curve and traces recorded in one experiment.
FIGS. 24E-24F show mechanical restitution and contraction
velocity data (N=6).

FIGS. 25A-25D show the inotropic response of the ECTC
to p-adrenergic stimulation. FIG. 25A shows developed
force during control and application of 1 uM of isoprotere-
nol in a single experiment. The stimulation period is 2 s. The
first 800 ms of contraction trace are shown. Effect of
isoproterenol (1 pM) on: Frank-Starling force-tension rela-
tionship, values are means+SD (FIG. 25B); forces exerted in
contraction (upper) and relaxation (lower) (FIG. 25C); con-
traction velocities (FIG. 25D). Control is black and isopro-
terenol is gray. *P<0.05, N=7.

FIGS. 26A-26C show the change of ECTC elasticity in
response to application of blebbistatin. FIG. 26A shows
overlaid traces showing the change in stretch during a
contraction cycle, recorded at different tensions in a single
experiment. FIG. 26B shows the tension-dependence of
stretch during contraction, relaxation, and under blebbistatin
at 6 uM. *P<0.05 is for blebbistatin compared with relax-
ation, # P<0.001 is for relaxation compared with contrac-
tion, N=5. FIG. 26C shows the Young’s modulus of the
ECTC calculated in relaxation and under blebbistatin, N=5,
*P<0.05.

FIGS. 27A-27B show simultaneous recording of Fluo-4
[Ca**], fluorescence and contraction in neonatal rat ECTC.
FIG. 27A shows uncalibrated [Ca**], and force time traces.

FIG. 27B shows superimposed, averaged and normalized
[Ca***], and force traces.

FIGS. 28A-28D show the effect of stimulation rate on the
[Ca?**],-contraction force relationship in neonatal rat
ECTC. FIG. 28A shows the change of fluo-4 fluorescence
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and FI1G. 28B shows contraction traces, both as a function of
stimulation rate. FIG. 28C are force-[Ca®**], phase plots at
different pacing rates. FIG. 28D shows [Ca®**], force peak-
to-peak delay as a function of stimulation rate.

FIGS. 29A-29D show the effect of the applied tension
(FIG. 29A and FIG. 29B) and pacing rate (FIG. 29C and
FIG. 29D) on contractility in ECTC grown using hiPSC
derived cardiomyocytes.

FIGS. 30A-30D show histological imaging of the tissue
construct engineered from cardiac fibroblasts after 12 days
of culturing. FIG. 30A shows H & E staining. FIG. 30B
shows immunostaining for vimentin (green) as a marker of
cardiac fibroblasts shows uniform distribution of the cells.
FIG. 30C shows immunostaining with anti-collagen I anti-
bodies illustrates remodeling fibrin based extracellular
matrix to deposit collagen I (red). FIG. 30D is a combined
image including nuclear staining with DAPI.

FIGS. 31A-31D show the effect of duration of cardiac
fibroblast construct culturing on elongation (FIG. 31A) and
Young’s modulus (FIG. 31B) as a function of applied force,
and on change of cross sectional area (FIG. 31C) and
elasticity (FIG. 31D).

DETAILED DESCRIPTION OF THE
INVENTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments of the present invention are
shown. The present invention may, however, be embodied in
many different forms and should not be construed as limited
to the embodiments set forth herein. Rather, these embodi-
ments are provided so that this disclosure will be thorough
and complete, and will fully convey the scope of the
invention to those skilled in the art. Like reference numerals
refer to like elements throughout.

The terms used in this specification generally have their
ordinary meanings in the art, within the context of the
invention, and in the specific context where each term is
used. Certain terms that are used to describe the invention
are discussed below, or elsewhere in the specification, to
provide additional guidance to the practitioner regarding the
description of the invention. For convenience, certain terms
may be highlighted, for example using italics and/or quota-
tion marks. The use of highlighting and/or capital letters has
no influence on the scope and meaning of a term; the scope
and meaning of a term are the same, in the same context,
whether or not it is highlighted and/or in capital letters. It
will be appreciated that the same thing can be said in more
than one way. Consequently, alternative language and syn-
onyms may be used for any one or more of the terms
discussed herein, nor is any special significance to be placed
upon whether or not a term is elaborated or discussed herein.
Synonyms for certain terms are provided. A recital of one or
more synonyms does not exclude the use of other synonyms.
The use of examples anywhere in this specification, includ-
ing examples of any terms discussed herein, is illustrative
only and in no way limits the scope and meaning of the
invention or of any exemplified term. Likewise, the inven-
tion is not limited to various embodiments given in this
specification.

It will be understood that when an element is referred to
as being “on” another element, it can be directly on the other
element or intervening elements may be present therebe-
tween. In contrast, when an element is referred to as being
“directly on” another element, there are no intervening
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elements present. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

It will be understood that, although the terms first, second,
third, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus,
a first element, component, region, layer or section dis-
cussed below can be termed a second element, component,
region, layer or section without departing from the teachings
of the present invention.

It will be understood that when an element is referred to
as being “on,” “attached” to, “connected” to, “coupled”
with, “contacting,” etc., another element, it can be directly
on, attached to, connected to, coupled with or contacting the
other element or intervening elements may also be present.
In contrast, when an element is referred to as being, for
example, “directly on,” “directly attached” to, “directly
connected” to, “directly coupled” with or “directly contact-
ing” another element, there are no intervening elements
present. It will also be appreciated by those of skill in the art
that references to a structure or feature that is disposed
“adjacent” to another feature may have portions that overlap
or underlie the adjacent feature.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises” and/or
“comprising,” or “includes” and/or “including” or “has”
and/or “having” when used in this specification specity the
presence of stated features, regions, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, regions,
integers, steps, operations, elements, components, and/or
groups thereof.

Furthermore, relative terms, such as “lower” or “bottom”
and “upper” or “top,” may be used herein to describe one
element’s relationship to another element as illustrated in the
figures. It will be understood that relative terms are intended
to encompass different orientations of the device in addition
to the orientation shown in the figures. For example, if the
device in one of the figures is turned over, elements
described as being on the “lower” side of other elements
would then be oriented on the “upper” sides of the other
elements. The exemplary term “lower” can, therefore,
encompass both an orientation of lower and upper, depend-
ing on the particular orientation of the figure. Similarly, if
the device in one of the figures is turned over, elements
described as “below” or “beneath” other elements would
then be oriented “above” the other elements. The exemplary
terms “below” or “beneath” can, therefore, encompass both
an orientation of above and below.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which the present invention belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
relevant art and the present disclosure, and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.
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As used herein, “around,” “about,” “substantially” or
“approximately” shall generally mean within 20 percent,
preferably within 10 percent, and more preferably within 5
percent of a given value or range. Numerical quantities
given herein are approximate, meaning that the terms
“around,” “about,” “substantially” or “approximately” can
be inferred if not expressly stated.

As used herein, the terms “comprise” or “comprising,”
“include” or “including,” “carry” or “carrying,” “has/have”
or “having,” “contain” or “containing,” “involve” or
“involving” and the like are to be understood to be open-
ended, i.e., to mean including but not limited to.

As used herein, the phrase “at least one of A, B, and C”
should be construed to mean a logical (A or B or C), using
a non-exclusive logical OR. It should be understood that one
or more steps within a method may be executed in different
order (or concurrently) without altering the principles of the
invention.

The description is now made as to the embodiments of the
present invention in conjunction with the accompanying
drawings. In accordance with the purposes of the present
invention, as embodied and broadly described herein, the
present invention relates to systems and methods for apply-
ing forces to and measuring tensions within an organ-on-
chip or other type of deformable materials. The present
invention will facilitate measurement of certain static and
dynamic tension parameters associated with biological tis-
sue constructs or other deformable materials. These mea-
sured parameters are of fundamental importance in under-
standing the behavior and properties of engineered
biological tissue constructs. The repeated application of
tension can affect the development and differentiation of the
cells within the biological tissue construct, and can thereby
alter cellular phenotype. In one embodiment of the present
invention, a video microscope system equipped with a
calibrated motorized mechanical stage can be used to control
and measure the forces involved in deformations of a
biological tissue or a deformable object. Additionally, for the
case of electrically excitable tissues, such as muscle, this
system can be utilized to measure the contraction force as a
function of muscle extension as determined by the applied
force. In the case of developing bone tissue, the device can
measure the increase in stiffness as the bone develops, and
the application of cyclic tension and the associated defor-
mation can cause the bone construct to develop, at the point
of flexure, into cellular phenotypes commonly associated
with the formation of a joint. This measurements described
in this present invention provide a capability that has impor-
tant implications for the development of biological tissue
constructs and will certainly have immediate utility in
artificial tissue cardiovascular research areas. Certain
embodiments of the basic design are described, and a
number of variations that are economical to produce, or
more suitable for high-content and high-throughput biologi-
cal screening assays, are provided. The present invention
facilitates a class of optical imaging and mechanical stress
application systems and read-out measurements that are very
relevant to microphysiological tissue analysis and that can-
not be readily or conveniently measured by existing com-
mercial instrumentation platforms.

In certain aspects, the present invention provides systems
and methods for applying tension and measuring static and
dynamic tension parameters associated with a bio-object
construct such as a biological tissue construct, biological
and biosynthetic materials or other deformable materials.
For example, cardiac, vascular, cutaneous, and skeletal
muscle tissue are expected to exhibit intrinsic, mechanical
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contractions, and thus the engineered construct of those
tissues represents a special class of mechanically active
biomaterials. In certain embodiments, the systems and meth-
ods of the present invention provide active intervention to
control the timing and amplitude of applied forces and/or
strain to identify both passive elastic properties and active
contractile behavior of the above engineered construct or
engineered tissues.

The present invention makes use of a precisely defined
lateral displacement force that can be controlled and mea-
sured by the operator of the instrument. This lateral force is
applied near the midsection of a bio-object construct, e.g., a
tissue construct, which is anchored at both ends. In one
embodiment, the lateral force is applied to the free end of a
stiff biological construct that is anchored at the other end,
noting that the construct has to be able to support itself as a
cantilever, as would be the case for a bone construct. The
applied lateral force, which is at right angles relative to the
long axis of the anchored tissue construct, will have the
effect of bending or deforming the tissue construct in the
direction of the applied force. In one embodiment, the force
applied to the tissue construct can be delivered via a flexible
member, such as a plastic rod probe with known spring
characteristics. The spring characteristics of the plastic rod
probe can be calibrated so that simple optical measurement
of the amount of probe beam bending can be used as a
measurement of the force involved in deforming the tissue
construct. Thus by optical measurement of both the beam
probe bending and the lateral displacement of the tissue
construct it is possible to compute the tension in the tissue
construct by taking appropriate consideration of the geom-
etry of the probe placement and the length of the anchored
tissue construct. In one embodiment, the force can be
applied axially at the end of a construct that is anchored at
the other end. In certain embodiments, a basic implemen-
tation of a combined force measurement and force genera-
tion component can utilize an inverted optical microscope
equipped with a digital camera system to accomplish the
force read-out functionality. Also, the applied force can be
precisely controlled by a calibrated mechanical apparatus,
such as a motorized microscope stage or other electro-
mechanical device, that delivers known force to the biologi-
cal structure under test via a spring-like mechanism in
contact with the biological structure. The precise amount of
force delivered can be deduced by optical measurement of
the spring displacement.

According to embodiments of the present invention, three
parameters can be precisely measured: the force applied by
the operator-controlled probe, the resulting tissue construct
displacement, and the local deformation of the construct in
the vicinity of the probe. From these measured parameters
detailed information about the biological tissue mechanical
stress strain and local viscoelastic deformation characteris-
tics can be obtained. For the important class of muscle
contractile tissue it is possible to use the present invention to
measure electrically stimulated dynamic contractile force as
a function of experimentally imposed static pre-tensioning
of the muscle construct. This capability provides a very
versatile tool for understanding the dynamics of muscle
contraction to research groups studying cardiovascular
dynamic activity as a function of drug and environmental
conditions.

In addition, the present invention can also be used to
provide important information concerning the visco-elastic
properties of the biological tissue construct being tested. To
accomplish this quantitative evaluation the velocity profile
of the motion of the probe relative to the location of the
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biological tissue construct must be controlled. The present
invention can accomplish this via computer control of the
servo motor-actuated probe or via controlling the velocity
profile of the microscope stage movement for those imple-
mentations of the present invention which utilize stage
movement to move the construct relative to the probe
location. Viscous flow is force rate dependent. For a step-
wise application or removal of force, a video recording at an
appropriate frame rate will also provide additional informa-
tion regarding the viscoelastic properties of the construct, in
that the tissue may take minutes to hours to respond fully to
a change in applied force. In certain embodiments, the
controller is capable of sensing the deformation of the
construct and then adjusting the position of the construct so
as to maintain a desired position despite biological changes
in the properties or activity of the construct.

Among other things, one of the key features of the present
invention is that it is amenable to high-content well-plate
screening, as is used in drug discovery, development, toxi-
cology, and drug safety, as well as for basic research in cell
biology and tissue engineering. The intrinsic capability of
the instrument to record microscopic images of the tissue
construct before, during, and after tension testing procedures
provides an extra dimension of high-content data for analy-
sis and correlation with the basic measured dynamic strain
tension and muscle actuation forces.

It is well recognized that the periodic, regular application
of forces to biological constructs can affect the cellular
phenotype and the nature of cell-cell junctions in the bio-
logical tissue construct. In the case of cardiac muscle, the
periodic application of force will lead to the expression of
connexins such as Cx43 and other proteins that form the
connections between cardiomyocytes as are required for the
mechanical strength and contractile properties of cardiac
tissue. The periodic application of force will change the
expression levels of a large number of genes, and cause the
cellular phenotype to mature, for example from fetal or
neonatal to adult. Cells will also modify the mechanical
properties of their extracellular matrix as a result of altered
tension. The periodic application of a bending force within
the developing embryo it is believed to lead to the differ-
entiation of cells that will form the joints versus the bones.
By providing a compact and low-cost means of applying
periodic forces to cellular tissue constructs while they are
being cultured in vitro and measuring the associated
mechanical responses, the present invention will enable the
study and control of such developmental processes.

It is important to note that in many other force-displace-
ment measurements, a force measurement transducer is stiff,
in that there is negligible displacement as the force is varied,
and a displacement transducer is soft, in that it does not
apply a restoring force when it is displaced. However,
according to this invention, the probe is intentionally
selected such that its stiffness is approximately matched to
that of the object under test, so that control of a single
variable, sample displacement, and measurement of distor-
tion of both the sample and the probe provides the requisite
force-displacement data. While this approach may limit the
dynamic range of the sensor, for the purposes of the study of
engineered tissue constructs, a large dynamic range is not
needed as long as that range is matched to the limited
dynamic range of the construct, and the design of this
invention enables a low-cost, small-volume instrument that
can be mounted in multiple copies on a cell culture well
plate. Further, the present invention could prove very useful
in the context of evaluating the structural and functional
characteristics of tissue constructs used in drug discovery,
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development, toxicology, and drug safety, as well as for
basic research in cell biology and tissue engineering.

Referring to FIG. 1A, according to certain embodiments,
the present invention provides a system 100 for measuring
a tension of a bio-object construct 220 (shown in FIG. 2A).
The system 100 includes a probe 110, a moving mechanism
130, and a measuring mechanism 150. The moving mecha-
nism 130 is configured to move the probe 110 toward the
bio-object construct 220 or move the bio-object construct
220 toward the probe 110 such that the two are contactable
to each other. The measuring mechanism 150 is configured
to determine displacements of the probe 110 and the bio-
object construct 220 when the probe 110 is in contact with
the bio-object construct 220, so as to measure the tension of
the bio-object construct 220 according to the determined
displacements.

The probe 110 is a simple calibrated flexible probe that
bends when force is applied to it. In certain embodiments,
the probe 110 has a shape of a cylindrical bar. The bar-
shaped probe 100 may have a length in a range of about 5
millimeters (mm)-100 mm. In certain embodiments, the
length of the probe 110 is in a range of about 10-40 mm. In
one embodiment, the length of the probe 110 is about 23
mm. The bar-shaped probe 110 may have a diameter in a
range of about 0.8-1.5 mm. In certain embodiments, t