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Abstract

Tools that allow the application of mechanical forces to cells and tissues or that can quantify the mechanical properties of biological tissues have
contributed dramatically to the understanding of basic mechanobiology. These techniques have been extensively used to demonstrate how the
onset and progression of various diseases are heavily influenced by mechanical cues. This article presents a multi-functional biaxial stretching
(BAXS) platform that can either mechanically stimulate single cells or quantify the mechanical stiffness of tissues. The BAXS platform consists of
four voice coil motors that can be controlled independently. Single cells can be cultured on a flexible substrate that can be attached to the motors
allowing one to expose the cells to complex, dynamic, and spatially varying strain fields. Conversely, by incorporating a force load cell, one can
also quantify the mechanical properties of primary tissues as they are exposed to deformation cycles. In both cases, a proper set of clamps must
be designed and mounted to the BAXS platform motors in order to firmly hold the flexible substrate or the tissue of interest. The BAXS platform
can be mounted on an inverted microscope to perform simultaneous transmitted light and/or fluorescence imaging to examine the structural or
biochemical response of the sample during stretching experiments. This article provides experimental details of the design and usage of the
BAXS platform and presents results for single cell and whole tissue studies. The BAXS platform was used to measure the deformation of nuclei
in single mouse myoblast cells in response to substrate strain and to measure the stiffness of isolated mouse aortas. The BAXS platform is a
versatile tool that can be combined with various optical microscopies in order to provide novel mechanobiological insights at the sub-cellular,
cellular and whole tissue levels.

Video Link

The video component of this article can be found at https://www.jove.com/video/51454/

Introduction

The mechanical microenvironment plays an important role in many cell functions such as proliferation, migration, and differentiation, which have
a profound impact in the development and homeostasis of tissues and also in diseases1-6. Over the years, a multitude of experimental tools
have been used to mechanically stimulate cells or tissues and measure mechanical properties of biological tissues with the goal of increasing
our understanding of basic mechanobiology and studying the onset and progression of diseases6-17. However, one must often rely on several
different experimental devices in order to achieve the goals of a particular study. This article presents a single, multi-functional, biaxial stretching
(BAXS) platform that allows for studies that investigate the role that mechanical properties and mechanical forces play in biology at the sub-
cellular to whole tissue length scales. The BAXS platform not only allows for the quantification of the mechanical properties of isolated tissues,
but also facilitates the ability to apply simple, complex, and dynamic strain fields to living cells in order to understand their responses to stretching
that occurs in vivo. The BAXS platform also maintains the capacity to perform live-cell microscopy during mechanical testing and perturbations
on cells and tissues.

The BAXS platform is a custom-built apparatus that can be used to investigate the effect of substrate deformation at the cellular level and
perform tensile tests on biological tissues (Figure 1A). An aluminum heater was fabricated to accommodate a standard 10-cm Petri dish and
maintain any physiological solutions at 37 °C using a temperature controller and kapton heaters (Figure 1B). This BAXS platform can be
integrated onto an inverted phase contrast and/or fluorescence microscope and allows for simultaneous imaging (Figure 1C). In brief, the
BAXS platform consists of four linear voice coil motors of which the moving parts are mounted on miniature linear motion ball bearing slides
oriented along two perpendicular axes (Figure 1D). A linear positioning stage is mounted to each of the four motors to allow vertical movement
of the clamping system that will be used (Figure 1E). The position of each motor is monitored by an optical encoder with a resolution of 500
nm (Figure 1F). All four motors are independently controlled with a motion controller employing optical encoder feedback to execute motion
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commands (Figure 1G). A LabVIEW interface provides full control over the displacement magnitude, speed, and acceleration of each motor in
order to generate completely customizable, static and dynamic, deformation of the cells or tissue samples.

The technique used to induce a deformation in cells is achieved by simply allowing cells to firmly adhere to a flexible and transparent substrate
and then stretching this substrate using the four motors of the BAXS platform. The BAXS platform allows mounting of any custom-designed set
of clamps to attach the substrate on the voice coil motors. For this purpose, we designed a set of clamps to which a flexible and transparent
substrate, made of polydimethylsiloxane (PDMS), can be attached (Figures 2A-C and Figure 3). As the clamps will be exposed to physiological
solutions, all parts were machined from stainless steel to allow for sterilization. These clamps have been carefully designed to bring the substrate
as close as possible to the microscope objective to enhance image quality while minimizing the stress on the substrate during stretching (Figure
2D).

The same BAXS platform can also be used to quantify the stiffness of small tissue samples, using an appropriate set of clamps with adapted
supports for the tissue samples and a load cell to monitor forces. Several approaches can be taken to mount a tissue to the BAXS platform
motors; in this case the stainless steel insect minutiens pins can hook through the opening of vascular tissues in order to perform tensile tests
(Figures 4A-B). Alternatively, for thick tissues without a natural opening, tissue edges can either be held in position with the clamps attached to
the voice coil motors or glued to small glass slides with biological glue and attached to the motors with the clamps. In order to perform tensile
tests a miniature load cell is required and can be easily incorporated onto the BAXS platform motors and used to measure the force acting on the
tissue during a stretching cycle (Figure 4C). As the BAXS platform is composed of four motors, the introduction of a second load cell allows one
to perform tensile testing along two orthogonal directions. This ability allows one to quantify the mechanical stiffness of a single tissue along two
perpendicular directions during the same experiment.

Importantly, in all configurations, the cells or tissue samples of interest are always maintained in a temperature-controlled bath that is accessible
to the user. This ability allows for the introduction of pharmacological agents during sample stretching in order to examine the temporal response
of the sample. Additionally, as the optical axis of the inverted microscope remains unobstructed, all forms of microscopy are still available to
the user. Finally, as all four motors of the BAXS platform are independent it is possible to apply highly configurable strain fields to the sample of
interest. In vivo cells and tissues are exposed to complex and anisotropic stretching that can be more appropriately mimicked in this platform
as opposed to traditional uniaxial stretching platform7,13,15,18,19. Moreover, the physical characteristics of the strain field can be changed on the
fly during an experiment. These abilities allow the user to examine the cellular and tissue level response to a wide number of highly complex,
anisotropic, temporally, and spatially varying strain fields. This article describes the advantages and limitations of the BAXS platform as well as
its design, operating principles, and the experimental details for single cell and whole tissue experiments.
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Figure 1. Overview of the BAXS platform. A) Top view of the BAXS platform showing the four voice coil motors. B) Detailed picture of the
Petri dish heater used to maintain cells and tissues at 37 °C. C) The platform can be mounted on an inverted microscope to perform live-cell
imaging during stretching experiments. D) Detailed picture of the voice coil motor; the moving part of the platform. E) Detailed picture of the
linear positioning stage allowing vertical displacement of the clamping systems. F) Detailed picture of the optical encoder that provides real-
time position of the motor to the motion controller. G) Detailed picture of the motion controller showing the four optical encoder inputs and power
outputs to the four voice coil motors.
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Figure 2. Clamping system for cell stretching experiments. A-B) Pictures showing the details of the clamps used to attach the PDMS
substrate to the voice coil motors for stretching. C) The substrate is wrapped around the cylindrical part of the clamp with its anchoring features
sitting into the groove at the top. Then the substrate is secured using the setscrews that push the substrate/anchoring features into the top
groove. D) Illustration of the BAXS platform with the clamps holding the substrate in place. The inset shows a detailed view of the substrate with
cells attached to it sitting just above a cover slip and the microscope objective.

 

Figure 3. Bill of materials of the membrane and its clamping system. Drawings showing the dimensions of the principal parts integrated to
the biaxial platform to perform cell stretching experiments.
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Figure 4. Example of a clamping system for stiffness assessment of small caliber vessels. A-B) Detailed pictures of the clamping system
used to induce deformation in a 1 mm diameter mouse aorta. Stainless steel pins were carefully shaped into open triangles to allow the vessel to
slide on both pins. C) Illustration of the BAXS platform with the clamps holding the vessel and a load cell attached between the fixed motor and
the left clamp. The inset shows a detailed top-view of the vessel mounted on the pins.

Protocol

1. Mechanical Deformation of Single Cells

1. Fabrication of a PDMS Substrate with Embedded Fluorescent Beads
 

Prior to fabrication of the substrate, fluorescent microspheres in water solution are resuspended in isopropanol to enhance bead mixing in the
PDMS due to its hydrophobic nature.

1. Pipette 500 μl of fluorescent microspheres into a 1.5 ml microcentrifuge tube and centrifuge at 16,200 x g for 10 min.
2. Discard the supernatant and add 500 μl of isopropanol followed with 5 min of vortexing. Put the vial aside overnight in the dark in order

to allow any large particles aggregates to sediment.
3. The next morning, carefully remove the supernatant to a clean microcentrifuge vial. This bead solution can be used to fabricate more

than 5 substrates. NOTE: The bead solution will continue to sediment for the next 3 days. Be careful to avoid resuspending the pellet.
4. Pour 0.5 g of the curing agent provided with the PDMS kit in a 1.5 ml microcentrifuge vial using a scientific balance. By successive

steps, add a total of 90 μl of beads (in six 15 μl additions), vortexing for 1 min between each addition. Set aside.
5. Weigh 10 g of PDMS and mix for at least 12 min with the 0.5 g of the curing agent supplemented with fluorescent beads.
6. Fabricate an SU-8 2050 cross-shaped mold using standard photolithography techniques following manufacturer’s instructions. The

mold used has a height of 320 μm and an area of 13.4 cm2 (Figure 3). The mold can contain 428 μl or 440 mg of PDMS.
7. Pour 400 mg of the PDMS with beads in the cross-shaped mold using a transfer pipette and cure for 2 hr at 80 °C. After curing, peel off

the substrate from the mold (Figure 5A). The substrate can be kept in a Petri dish at room temperature for 2 weeks without showing
significant changes in its mechanical properties.

8. Pour droplets of PDMS (curing agent:PDMS with a ratio of 1:20) in a Petri dish with a final size of approximately 4 mm in diameter and
cure them upside down for 2 hr at 80 °C (Figure 5B). These anchoring features can be kept in a Petri dish for weeks. NOTE: Maintain
the dish upside down to prevent the drops from flattening during the curing process.

9. Air-plasma treat (30 sec at 30 W) the substrate and 8 anchoring features. Bind the features on each end of the substrate at a distance
of 4 mm from the square shaped indent present on the substrate (Figure 5C).

2. Mounting Membrane on the Clamps
1. Wrap each end of the substrate around the grooved cylindrical part of the clamps and secure it in place with the 2 setscrews from the

top (Figure 2B and Figures 5D-E).
2. Screw the 4 clamps on the clamp holder and pour PDMS (ratio 1:20) using a disposable transfer pipette at the interface between the

substrate and the grooved cylindrical part of the clamps. Spread the uncured PDMS around the grooved cylindrical part using a 1.5 mm
hex key.
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3. Pour PDMS (1:20) in the grooves until completely filled by capillary action and cure the assembly at 80 °C for 2 hr (Figure 5F).

3. Seeding Cells on the Membrane
1. Air-plasma treat (30 sec at 30 W) the whole assembly to sterilize and functionalize the substrate to allow for collagen coating.
2. Functionalize the area of the substrate where cells will be seeded with 1 ml of 0.02 M acetic acid supplemented with 16 μg/ml of rat-tail

collagen at room temperature for 1 hr. The desired final collagen density is 5 μg/cm2.
3. Rinse the substrate 3x with phosphate buffer and let it dry at room temperature for at least for 10 min.
4. Add 40 μl of culture medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin containing 2,000 cells in

the center portion of the substrate to cover an area of 1 cm2 (cell density: 20 cells/mm2). Cell density can be altered according to
experimental requirements.

5. Put the whole assembly in a standard cell culture incubator with the substrate facing up with the drop of culture medium containing
cells on it. NOTE: The assembly must be kept with the substrate facing up for at least 3 hr to allow cells to firmly attach it. To prevent
evaporation, 30 μl of warm culture medium is added into the drop on the substrate every 45 min for 3 hr.

6. After 3 hr, flip the whole assembly into a Petri dish filled with fresh culture medium to submerge the substrate and incubate overnight to
allow cells to proliferate.

7. The next day, prepare HEPES-buffered salt solution (HBSS; 20 mM of Hepes, 120 mM of NaCl, 5.3 mM of KCl, 0.8 mM of MgSO4,
1.8 mM of CaCl2, and 11.1 mM of dextrose). Adjust the pH to 7.4. NOTE: The HBSS solution has to be prepared daily and kept at 37
°C during the experiments. This physiological solution is used to maintain the cells on the microscope stage by mimicking the normal
tissue/blood environment.

8. Mount the set-up on inverted phase contrast or fluorescent microscope Mount the clamp-substrate assembly on the BAXS platform and
motors. Fill the Petri dish inside the Petri dish heater with HEPES buffer (Figure 2D).

2. Stiffness Measurement of Small Caliber Vessels

1. Preparation
1. Krebs physiological solution: Prepare a solution of 118.1 mM NaCl, 11.1 mM D-glucose, 25 mM NaHCO3, 4.7 mM KCl, 1.2 mM MgSO4,

1.2 mM KH2PO4, and 2.5 mM CaCl2. Adjust the pH to 7.4 and oxygenate the solution with carbogen medical gas (95% O2/5% CO2)
for 30 min. NOTE: The Krebs solution has to be prepared daily and kept at 37 °C during the experiments. This physiological solution is
used to maintain the tissues alive by mimicking the normal tissue/blood environment.

2. Gather instrumentation for the dissection and mechanical assessment of aortic vessels: surgical scissors, bended tweezers,
micro-scissors, surgical dissecting microscope, 50 ml polypropylene centrifuge tubes, and 10 ml serological pipettes. The surgical
and experiment procedure do not require any sterile conditions. Mount the clamps of the BAXS platform along with the load cell
beforehand.

2. Tissue Isolation and Dissection
 

All experimental procedures involving laboratory animals have to be approved by the Animal Care and Use Committee of the users’
institution, which complies with the Health Guide for the Care and Use of Laboratory Animals of the users’ country.

1. Perform mouse euthanasia with the inhalation of 99% CO2 (7 psi) in a Plexiglas chamber (Figure 6A).
2. Open mouse abdomen and cut the thoracic aorta to bleed the mouse.
3. Remove the diaphragm, the thoracic cage and the lung lobes (Figure 6B). NOTE: To minimize the risk of damaging the tissue, keep

the heart attached to the aorta and avoid touching the vessel directly but manipulate it using the heart.
4. Remove the heart, the aortic root and the thoracic aorta by gently cutting between the vessel and the spine. NOTE: Do not induce any

elongation in the vessel during the excision to keep the inner structure of the tissue intact (Figure 6C).
5. Immediately immerse and keep the heart and aorta in Krebs solution.
6. Cut and carefully wash the aorta in Krebs solution to remove any blood clots. Remove connective tissue using micro-scissors, tweezers

and surgical dissecting microscope (Figure 6D-E). NOTE: Keep all the vessel length and use the aortic root to determine the vessel
orientation.

3. Vessel Dimension Determination and Mounting
 

To determine the stiffness of the vessel, the unloaded vessel dimensions are required and can be determined with a calibrated microscope.
1. Cut an aortic ring of about 2 mm in length and precisely measure its length using a calibrated microscope setting (Figures 6F-G). Put

this segment aside in Krebs solution.
2. Cut another aortic ring as small as possible between each of the 2 mm segments (Figure 6F). Put this small segment on a microscope

glass slide with the lumen facing up and measure the wall thickness using a calibrated microscope setting (Figure 6H).
3. Fill the Petri dish on the BAXS platform with Krebs solution and insert the 2 mm aorta ring segment on the pulling pins (inset in Figure

4C).
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Figure 5. PDMS substrate fabrication and mounting. A) After curing, the substrate is carefully peeled off the SU-8 2050 mold and put aside
in a Petri dish. B) Anchoring features made out of PDMS and help to secure the substrate on the clamps. C) Substrate with anchoring features
ready for mounting. D) The substrate is mounted on the 4 clamps, which are then mounted on the clamp holder (see inset). E) Detailed picture
of the substrate mounted on the 4 clamps. F) Procedure of pouring PDMS in the groove underneath the substrate. The arrow shows the PDMS
slowly filling the groove by capillarity.
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Figure 6. Preparation and isolation of the thoracic aorta. A) Preparing surgical instruments and the euthanized mouse. B) Through a
longitudinal abdominal incision, the thoracic cage and lung lobs are removed. C) The aorta is carefully removed using the heart to manipulate
the tissue. D) The heart and aorta are put in Krebs physiological solution. The aorta is cleaned by removing all connective tissues. E)
Detailed picture showing the heart and aorta. F) Aorta segment used for stiffness assessment along with small segments used for thickness
measurement. G-H) The precise length (G) and thickness (H) of each vessel segments are evaluated using an inverse microscope and an
analysis program.

Representative Results

Cell Stretching
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The BAXS platform was used to investigate the mechanical response of the nucleus in single mouse myoblast cells (C2C12) exposed to a
substrate deformation of 25%. Myoblast cells are found in muscle tissue and are constantly exposed to mechanical stretch and compression
in vivo. The shape and mechanical properties of the cell nucleus have shown to play a major role in the regulation of gene expression and
transcriptional activity20,21 and also in a variety of developmental defects and diseases such as Hutchinson-Gilford progeria syndrome (HGPS),
Emery-Dreifuss muscular dystrophy (EDMD), dilated cardiomyopathy, premature aging and cancer22-25. Therefore, understanding how forces
from the external mechanical microenvironment affect the structure and function of the nucleus is of extreme interest. The BAXS platform
was used to investigate the transmission of force from the microenvironment to the nucleus by stretching the substrate parallel to its major or
minor axis. Figures 7A-F illustrates the capabilities of the platform for inducing a deformation in the substrate along two orthogonal directions.
Moreover, the BAXS platform can induce complex strain fields in the substrate in addition to standard uniaxial of equi-biaxial strain fields.
Figures 7G-H illustrates the flexibility provided by independent control of the strain field along two orthogonal directions, allowing us to either
produce a standard (compressive) or pure (non-compressive) uniaxial strain field. The BAXS platform is able to produce a pure uniaxial strain
field by slightly pulling the substrate in the direction perpendicular to the principal stretching direction (Figure 7G) to compensate for the
compression present in the substrate along this direction during a standard uniaxial stretch (Figure 7H).

 

Figure 7. Displacement-deformation relationships from performing standard and pure uniaxial stretching. A-B) Fluorescent beads are
manually selected on the first frame of the video and tracked from one frame to the other until maximum stretch is reached along the horizontal
(C) and vertical (D) directions. A MATLAB script automatically computes the components of the Green strain tensor for each frame and produces
a calibration curve of the strain in respect to motor displacements27. E-F) The blue and red lines correspond to the component of the Green
strain tensor along the horizontal and vertical directions respectively. G) Stretching the same substrate by 4 mm along the x axis and slightly
stretching along the y axis by 1.5 mm (highlighted in red) produces a pure uniaxial field with no compressive deformation in the substrate. H)
Stretching the substrate along the x-axis by 3.5 mm produces a deformation of 25% and a compressive deformation of 7% when the ends of the
substrate along the vertical axis are fixed (highlighted in red).

With the ability to perform live-cell microscopy imaging during stretch, nuclei were stained with a live-cell fluorescent dye, which binds to DNA
(Hoescht 33342). In general, C2C12 cells possess elliptical nuclei with a major and minor axis. First, cells were identified in which the major or
minor nuclear axes were oriented parallel to the horizontal stretching direction. At this point, cells were stretched by 25% along each orthogonal
stretching axis while acquiring images of the undeformed and deformed nucleus between each stretching cycles (Figures 8A-I). In this manner
we could assess the deformability of the nucleus along its major and minor axis under a precisely controlled substrate deformation. Ovuscule, an
ImageJ plugin, was used to determine the length of the major and minor nuclear axes. These lengths were recorded during the undeformed state
and when the nucleus was sequentially stretched along its major and minor axes (Figures 8G-I). To calculate the deformation of the nucleus
along its minor and major axes, the relative change in length along each axis in the stretched and undeformed states was computed:
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where ε is the deformation, L1 is the deformed length and L0 is the undeformed length.

The deformability of the nucleus in C2C12 exhibits a mechanical anisotropy as it displays a significantly higher deformability along its minor
axis (6.3±1.1%) in comparison to its major axis (3.0±0.6%) (Figure 8J). In addition, we also examined the role of the actin and microtubule
cytoskeleton in regulating nuclear deformability. This was achieved by depolymerizing the actin filaments or microtubules selectively using
cytochalasin-D and nocodazole, respectively. Depolymerizing the actin filaments or the microtubules was found to induce a loss of the
anisotropic deformability of the nucleus (Figure 8J). These results support the findings that cytoskeletal components transmit forces to the
nucleus from the substrate and are also essential for preserving the natural mechanical behavior of the nucleus during deformation25.
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Figure 8. Stretching protocol and nuclear deformability. A-C) Schematic illustration of the stretching protocol of a single cell with its nucleus
oriented horizontally. Phase contrast images (D-F) and epi-fluorescent images (G-I) of a cell stained with DNA-specific fluorescent dye. This
image sequence illustrates a typical cell stretching experiment where the same cell is exposed to orthogonal deformation fields. Scale bars
are 25 μm. J) C2C12 shows anisotropic nuclear deformability with the minor axis deforming significantly more than the major axis. In actin-
or microtubule-deprived cells (cyt-d and nocodazole, respectively), this anisotropy disappears. In all conditions, nucleus deformations are
significantly different from zero under a substrate deformation of 25%. ** p-value < 0.01, paired t-test. †† p-value < 0.01, ††† p-value < 0.001,
one-sample t-test.

Vessel Stiffness Assessment

Recently, our group investigated the effect of the chronic over-expression of Heat Shock Protein-27 (HSP27o/e) on the formation of aortic plaques
in an atherosclerosis-prone mouse model (apoE-/-)26. We showed that HSP27 acts as an atheroprotective protein that reduces plaque lipid and
macrophage abundance and increases the intimal smooth muscle cells and collagen content (Figures 9A-B). To determine the impact of this
histological remodeling on vessel mechanical properties, the BAXS platform was used to measure aortic stiffness.

Figure 9C shows a typical stress-strain curve from the tensile stretching of an aortic ring. To quantify stiffness, the incremental modulus was
computed from stress-strain curves at a deformation of 30%. The stiffness is the slope of the tangent to the curve. By introducing a load cell
onto one of the BAXS platform motors, the simultaneous acquisition of displacement and force data is possible. The displacement-force curves
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were converted into stress-strain curves based on the undeformed dimensions of each aortic ring. The stress and strain are computed using the
following formulas:

where ε is the deformation, L1 is the deformed length, L0 is the undeformed length, s is the stress, F is the force and A0 is the undeformed area of
the tissue under loading. In the specific case of an aortic ring, the undeformed area (A0) is twice the thickness of the ring times the length of the
segment.

Each sample was deformed cyclically with a maximum deformation of 40% at a displacement rate of 50 μm/sec for 12 cycles with the
first 11 cycles allowing preconditioning of the tissue and the last one for data acquisition. We found that the stiffness of aortic segments of
apoE-/-HSP27o/e mice (62.8±3.0 kPa) were significantly increased by 41% compared to the apoE-/- control mouse model (44.4±3.8 kPa) (Figure
9D).

Taken together, the mechanical assessment combined with the vessel and plaque histology demonstrated that the over-expression of HSP27
is characterized by increased vessel stiffness and collagen/smooth muscle cell content. These results suggest that HSP27 could potentially
increase stability of atherosclerotic lesions and therefore decrease the risk of plaque rupture.
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Figure 9. Effect of HSP27 over-expression on vessel stiffness. We showed that HSP27 modified the histological composition of
atherosclerosis lesions by increasing intimal smooth muscle cells (A: anti-α-SMA) and collagen content (B: picrosirius red stain). C) Typical
stress-strain curve obtained from stretching an aortic vessel where the stiffness is computed at 30% of strain. The stiffness is the slope of the
tangent (red line) to the curve. D) Chronic over-expression of HSP27 increases vessels rigidity in comparison of control apoE-/- mice model (D).
Scale bars in (A) and (B) are both 40 μm and 400 μm in the insets. L=lumen, I=intima, dotted lines delineates the media. * p-value < 0.05, one-
way ANOVA. *** p-value < 0.001, one-way ANOVA. Figure adapted from the work of Cuerrier et al26.

Discussion

The BAXS platform presented here facilitates numerous experiments in the study of mechanobiology, from investigations of single cells to
whole tissues. In addition, the platform is highly flexible and configurable, allowing for numerous mechanical stimulation experiments and multi-
axial tensile testing. The platform also enables the maintenance of cells and tissues in physiological conditions and allows for simultaneous
microscopy during stretching experiments. The two experiments described in the previous sections demonstrate the versatility of the BAXS
platform when using a proper set of mounting clamps. A modular and customizable sample mounting system, optical access and the possibility
to add additional sensors (for example a load cell), open up numerous possibilities for additional types of experiments to be performed.

The protocol presented above contains many critical steps that must be performed adequately in order to produce the best results. Within the cell
stretching protocol, mounting the PDMS substrate on to the clamps demands delicate and precise manipulation. The PDMS substrate must be
well centered with respect to the four clamps to avoid unwanted lateral movements of the substrate during stretching. Such lateral movements
can make the tracking of the cells difficult during stretching experiments. Also, it is critical to monitor the evaporation of the drop of culture
medium during cell seeding when the substrate is facing up in the incubator. Depending on how often the incubator door is opened during the
process, the evaporation rate can change. Within the vessel stretching protocol, the most critical step is the measurement of the dimensions of
the sample to be tested. These dimensions must be as accurate as possible as they are involved in the calculation of the tissue stiffness and
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therefore have a direct impact on the results. Having the same person perform vessel dimension measurements will aid in reducing variability
between samples.

The fabrication of the clamps used to pull on the PDMS substrate during cell stretching experiments involved several development cycles. The
first version of the clamps did not have an anchoring groove located at the bottom of the cylindrical parts (Figure 2B). Without this groove,
the substrate slipped along the cylindrical part, inducing a significant variability in substrate deformation over time. With the presence of the
groove and the addition of cured PDMS (Figure 5F), the substrate no longer slips. This experimental setup produces a constant deformation in
the substrate over time. For tissue stretching experiments, choosing the proper load cell is also very important. The load cell used here has a
low load range (up to 150 g), which is adequate for the samples tested here. The very sensitive load cell required for measuring pulling forces
on small samples possessed a relatively low signal to noise (s/n) ratio. To improve the s/n ratio and therefore improve resolution, the load cell
was electrically isolated from the voice coil motor and any metal parts using plastic screws and spacers. In this manner a high s/n ratio with a
resolution of 0.03 g was obtained. For softer samples, the use of a lower range load cell is recommended in order to maintain high resolution.

Currently, the major limitation of the BAXS platform is the ability to perform long term stretching experiments due to the evaporation of the HBSS
buffer over time. Water evaporation increases solute concentration that can potentially have an effect on cells. With the current configuration
of the BAXS platform, it is difficult to have an experiment that would mechanically stimulate cells or tissues over days as the buffer in which
the cells and tissues are submerged has to be supplemented with liquid over time. In the current setting, the evaporation rate is about 0.9
ml/hr from an initial volume of 25 ml of HBSS buffer solution. The current setting is ideal for short-term experiments. To perform reliable cell
and tissue stretching experiments over longer periods of time, two additions are suggested: 1) A fluidic system for maintaining buffer volume,
and 2) the addition of a commercial or home built incubator chamber enclosing the whole system in order to maintain constant humidity and
temperature and provide a 5%/95% CO2/air atmosphere. Regarding the option of stretching vascular tissues, the setup described above allowed
us to measure the stiffness of small caliber vessels. It is important to use pins with a proper diameter to make sure that they will not deform
during stretching, but are small enough to fit into the vessel lumen. Not taking this detail into account could introduce inaccuracy in the measured
deformation of the tissue.

In-vivo, tissue-embedded cells are exposed to mechanical forces and strains that vary both spatially and temporally, but more importantly they
are often multi-axial. A good example is the mechanical behavior of the vasculature walls in response to hemodynamic forces. The combination
of local hemodynamic forces28-30 with the anisotropic properties of vascular tissues13,14,16,27 result in a complex mechanical microenvironment,
which exposes endothelial and vascular smooth muscle cells to complex multi-axial and cyclic strain fields. Although existing cell stretching
experiments have greatly contributed to the basic understanding of mechanotransduction and mechanobiology, they have traditionally relied
on idealized uniaxial or equi-biaxial strain fields that do not reproduce complex in vivo strain fields8-10,19,29,31-34. The BAXS platform allows
anisotropic biaxial cell stretching with simultaneous live-cell microscopy. The ability to control the deformation of the substrate along two
orthogonal directions allows us to have full control over the strain field. This enables the production of complex strain fields in addition to simple
uniaxial and equi-biaxial strain fields. Moreover, the platform allows us to dynamically change the direction of the strain field within the same
stretching experiment.

The option of integrating a modular and custom clamping system opens up the possibility for many applications in cell mechanobiology and
tissue mechanics using a single stretching platform. For example, with proper clamping systems13,27, this platform can perform planar uniaxial
and biaxial tensile testing of biological tissues. In this manner, the mechanical properties of any tissue, cut in a rectangular or square shape,
can be quantified along two orthogonal axes in a single experiment. In addition, performing histological analyses after mechanical stimulation
can reveal stretch-induced structural changes in tissues. Torsion is also a very important type of mechanical loading for muscle tissues and
ligaments35. This platform provides the potential to design a clamping system that could induce a rotation around the stretching axis to produce a
combinatory mechanical loading involving torsion and tension. It is also possible to assess larger caliber vessels with appropriate mounting pins.
Studying cellular responses following mechanical deformation is also under intense investigation. The BAXS platform offers a unique feature of
changing the direction and the complexity of strain field within the same experiment in addition to allowing for simultaneous imaging. Importantly,
multi-modal forms of microscopy are still possible, as the platform does not interfere with the optical axis of the microscope. This is an important
feature as the structural and biochemical live-cell responses to mechanical deformation can be measured. Taken together, the BAXS platform
design possesses several important features that facilitate its use for single cell and whole tissue experiments. By employing a modular clamping
system and the addition of up to four possible load cells, the BAXS platform can be employed for a multitude of experiments. This article shows
details of two examples of experiments; however the modularity and flexibility of the system can be further exploited to investigate many diverse
aspects of mechanobiology at the sub-cellular, cellular and whole tissue length scales.
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