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ABSTRACT

The mechanical properties of tissues are critical design parameters for biomaterials and regenerative ther-
apies seeking to restore functionality after disease or injury. Characterizing the mechanical properties of
native tissues and extracellular matrix throughout embryonic development helps us understand the mi-
croenvironments that promote growth and remodeling, activities critical for biomaterials to support. The
mechanical characterization of small, soft materials like the embryonic tissues of the mouse, an estab-
lished mammalian model for development, is challenging due to difficulties in handling minute geome-
tries and resolving forces of low magnitude. While uniaxial tensile testing is the physiologically relevant
modality to characterize tissues that are loaded in tension in vivo, there are no commercially available
instruments that can simultaneously measure sufficiently low tensile force magnitudes, directly measure
sample deformation, keep samples hydrated throughout testing, and effectively grip minute geometries
to test small tissues. To address this gap, we developed a micromanipulator and spring system that can
mechanically characterize small, soft materials under tension. We demonstrate the capability of this sys-
tem to measure the force contribution of soft materials, silicone, fibronectin sheets, and fibrin gels with
a 5 nN - 50 N force resolution and perform a variety of mechanical tests. Additionally, we investigated
murine embryonic tendon mechanics, demonstrating the instrument can measure differences in mechan-
ics of small, soft tissues as a function of developmental stage. This system can be further utilized to
mechanically characterize soft biomaterials and small tissues and provide physiologically relevant param-
eters for designing scaffolds that seek to emulate native tissue mechanics.

Statement of significance

The mechanical properties of cellular microenvironments are critical parameters that contribute to the
modulation of tissue growth and remodeling. The field of tissue engineering endeavors to recapitulate
these microenvironments in order to construct tissues de novo. Therefore, it is crucial to uncover the
mechanical properties of the cellular microenvironment during tissue formation. Here, we present a sys-
tem capable of acquiring microscale forces and optically measuring sample deformation to calculate the
stress-strain response of soft, embryonic tissues under tension, and easily adaptable to accommodate bio-
materials of various sizes and stiffnesses. Altogether, this modular system enables researchers to probe
the unknown mechanical properties of soft tissues throughout development to inform the engineering of
physiologically relevant microenvironments.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

* Corresponding author.

1. Introduction

Biological tissues perform a myriad of functions and vary
broadly in composition and mechanical properties. The extracel-
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lular matrix (ECM) is an essential component of tissues and is
a dynamic network of macromolecules that surrounds cells, reg-
ulates cellular behavior, and provides a substrate for tissue or-
ganization [1]. The composition of the ECM and interactions be-
tween cells and the ECM contribute to the mechanical function-
ality of tissues [2,3]. Conversely, the mechanical environment is
an important factor that drives cellular function and organization
[4,5]. Age and disease significantly influence the material prop-
erties of biological tissues. Mechanical characterization can as-
sess how these factors change tissue functionality [6,7]. For in-
stance, during tendon development, the composition and organi-
zation of the ECM and cells vary widely, which will manifest in
changes in the mechanical response of the tissue, such as an in-
crease in tensile strength and tangent modulus [8,9]. Mechani-
cal cues from tissue stiffness, muscle contractions, and embry-
onic motility support tendon development and changes in material
properties (e.g., tangent modulus), which affect the effective trans-
fer of force from muscle to bone, directly impacting functionality
[10].

Given the parallels between embryonic development and effec-
tive wound healing, understanding how mechanical changes corre-
late with cell and ECM dynamics during embryonic development
can inform tissue engineering and regenerative medicine strate-
gies [11,12]. Mice are commonly used in the study of development
and disease due to the ease of genetically modifying the expres-
sion of proteins of interest compared to other mammalian species
[13-15]. However, embryonic murine tendons are challenging to
isolate for uniaxial mechanical testing, therefore tendon develop-
ment was previously studied using chick models and indentation
force curves from tendon cryosections to calculate the moduli at
the nano and microscales [16,17]. The microscale indentation mod-
uli increased nonlinearly during development, ranging from ~10-
150 kPa, whereas other values reported in the literature for the
moduli of late-stage embryonic chick tendon undergoing uniaxial
tensile loading varied by about 100-fold, ranging from 0.21 MPa to
20 MPa [10,18], which is likely due to differences in testing modal-
ities. The use of cryosections limits the evaluation of whole-tissue
mechanics as a function of development and does not replicate the
physiological loading conditions of the tendon in vivo. While cell-
scale mechanical properties may be more relevant in investigat-
ing mechanoregulation of cell differentiation and function, study-
ing the macroscale tensile properties of embryonic tendon is crit-
ical for understanding tissue mechanics as a function of develop-
ment.

Additionally, in vitro models are a powerful tool to understand
the mechanical interactions between cells and the ECM at the fib-
rillar scale, required to ensure appropriate cell behavior and tissue
function [6,19,20]. The use of multifunctional ECM polymers like
fibrin and fibronectin provides a framework for evaluating the ECM
at the fibrillar scale; however, the mechanical influence of these
polymers during tissue growth and remodeling is not completely
understood. Fibrin is a temporary matrix that supports blood clot-
ting and wound healing in vivo. Gels can be made in vitro by com-
bining fibrinogen and thrombin, and fibrin gel is used in the clinic
as a wound sealant due to its quick polymerization reactions and
appropriate tissue adherence. Fibrin gel has also been used as a
scaffold in tissue engineering applications [21]. Fibronectin is an
ECM protein with many roles, including facilitating cellular adhe-
sion and migration through the ECM, tissue growth and develop-
ment, and ECM assembly [22]. Under the right conditions in vitro,
fibronectin can be polymerized into robust sheets for the 3D cul-
ture of cells [23,24]. Characterization of the mechanical properties
of embryonic murine tissues and ECM polymers is crucial for un-
derstanding the role of mechanics in tissue assembly and providing
a benchmark for de novo functional tissue formation and applied
regeneration strategies [25,26].
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Nevertheless, the mechanical characterization of murine soft
tissues and ECM polymers is challenging due to difficulties in han-
dling samples with small dimensions and measuring forces of low
magnitudes, making tensile testing equipment used for adult soft
tissues unsuitable. Additionally, synthetic hydrogels can be difficult
to generate in large geometries to mechanically test using tradi-
tional uniaxial tensile testing instrumentation, despite being a crit-
ical step in the evaluation of biomaterials [27-29]. Atomic force
microscopy (AFM) indentation measurements can be used to me-
chanically characterize materials and has been utilized to study tis-
sues and hydrogels at the nano and microscales [30]. Using AFM to
measure stiffness through compression is a suitable testing modal-
ity for hydrogels and other biomaterials designed to withstand
compressive forces, for instance, when seeking to recapitulate car-
tilage. However, many tissues are loaded in tension in vivo, such as
tendon, and cells exert tensile forces onto their surrounding mi-
croenvironment so that ECM networks and fibrils are uniaxially
loaded [31]. The ability to test small, soft tissues and biomateri-
als in tension while taking force measurements is therefore critical
for identifying parameters for regenerative therapies.

Various commercially available and custom-built systems have
been developed to uniaxially test small biological materials in ten-
sion. The length of small, soft materials that have been tested can
range from 500 pm [32] for hydrogels to 20 mm for adult rat
Achilles and tail tendon fascicles [33]. The force threshold and res-
olution that can be measured depend on the sensing mechanism.
For example, different uniaxial tensile testing systems used to char-
acterize soft biomaterials or tissues had force resolutions (i.e., the
minimum force magnitude that can be measured with a system)
ranging from 11 nN [32] to 2.5 mN [34] with force thresholds of
at least 100 pN to 2500 N, respectively. Other commercially avail-
able and custom tensile testing systems relevant to biomaterials in-
clude: BioTense Bioreactor (Admet) with a 5 N force threshold and
1000 pN resolution; UStretch (CellScale) and Biotester (CellScale)
with 0.5 N threshold and 1000 pN resolution; Material Testing Sys-
tem developed by Ye et al. [35] with 0.2 N threshold and 100 uN
resolution; MicroTester (CellScale) with 5 puN threshold and 10 nN
resolution. Securing soft biological samples via clamps or winding
with wire or thread in order to secure them for testing can re-
sult in stress concentrations, increased local deformation proximal
to the grips, and low friction between clamps and the sample that
can lead to slipping [27,36,37]. Grip-to-grip displacement can be
used to calculate strain; however, this does not capture regional
variation or account for deformation at the interface between the
tissue and the grips. Therefore, strain is commonly calculated by
tracking the displacement of the sample of interest using optical
surface markers (e.g., microspheres, graphite) [33,38,39] to directly
observe sample deformation, avoiding errors attributed to gripping
soft biological materials.

Currently available uniaxial tensile testing modalities meet
some of these desirable specifications. However, there is no sin-
gle system that possesses all the necessary criteria to mechani-
cally characterize mouse embryonic tendons. There is a need for
an instrument that can measure force at sufficiently high reso-
lution, optically measure sample deformation, keep samples hy-
drated throughout testing, and effectively secure the minute ge-
ometries of embryonic mouse tendons and other small, soft tis-
sues and biomaterials. To address this gap, we developed a sys-
tem that satisfies all these criteria. We designed and 3D printed
springs and fabricated sample holding frames to accommodate a
range of sample geometries and stiffness. The spring was coupled
with a commercially available micromanipulator and force sensors
(FemtoTools) that have 100 pN threshold with 5 nN resolution,
10,000 pN threshold with 5 pN resolution, and 100,000 pN thresh-
old with 50 uN resolution (depending on the sensor used and the
data acquisition rate), and with a dissecting microscope to visu-
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Fig. 1. Instrumentation to measure force and optical displacement of soft tissues. (A) Dissecting microscope and mechanical testing system. (B) FemtoTools microma-
nipulator and spring assembly. (C) Detail of spring assembly. The microforce sensor has a custom hook probe that connects the micromanipulator to the spring, enabling
the samples to remain hydrated in PBS. Samples are glued onto frames and loaded onto the spring. The sides of the frame are cut prior to testing. Top view of SolidWorks
model of sample before (D) and during (E) tensile testing. (F) Fibrin gel raw data, baseline, and baseline-adjusted force-displacement curves demonstrate the ability of the
system to measure the force contribution of soft materials. At a displacement of 1000 pm, the force values for the raw fibrin gel, the baseline adjusted fibrin gel, and the
baseline were 1478 pN, 899 uN, and 579 pN, respectively. At a 1000 pm displacement, the raw fibrin gel force was 155% greater than the respective baseline value at the

same displacement.

alize sample deformation. The FemtoTools system was chosen be-
cause it provides force thresholds and resolutions comparable to
other commercially available tensile testing modalities relevant to
biomaterials. Additionally, the modularity of the FemtoTools system
allowed us to adapt our system to accommodate different sam-
ple sizes and stiffnesses. The system was validated by comparing
the measured mechanical response of Solaris silicone, a material
with known mechanical properties, to the mechanical response of
the same material measured with a commercially available tensile
tester. Our system measured the mechanical responses of soft ma-
terials of varying stiffnesses and geometries, including fibronectin
sheets, and fibrin gels, as well as assess mouse embryonic tendon
mechanics as a function of development. This system can be fur-
ther utilized to mechanically characterize other tissues and ECM,
which is critical for expanding the understanding of the cellular
microenvironment during growth and development and defining
design parameters for scaffolding with applications in regenerative
medicine.

2. Materials and methods
2.1. Development of modular tensile testing system

The micromechanical testing assembly was built around a dis-
secting microscope (M80, Leica Microsystems; Fig. 1A). A commer-
cially available micromanipulator system (FT-RS1002, FemtoTools)
and force sensing probes (FT-S10’000 and FT-S100’000, FemtoTools)
were adapted for uniaxial loading of small soft tissues and bio-
materials (Fig. 1B). The micromanipulator system maneuvers along
the x, y, and z axes with a displacement range of 5 nm - 26
mm. The microforce sensing probes are capable of resolving 5 nN
- 50 pN forces. The micromanipulator and each individual mi-
croforce sensor were calibrated by the manufacturer prior to use.
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The displacement of the micromanipulator was verified optically
under a dissecting microscope. The microforce sensors have ex-
posed electronics that will be damaged when they come in contact
with aqueous solutions. Therefore, springs were designed to en-
able samples to remain hydrated during testing, while providing an
attachment point for the microforce sensor away from the liquid.
Custom springs and frames (Fig. 1C) were designed and fabricated
to accommodate the mechanical testing of samples with vary-
ing geometries and stiffnesses. Three spring configurations, spring
1, spring 2, and spring 3, were designed to accommodate differ-
ent sample geometries by varying the distance between fixed and
moveable ends (Supplemental Fig. 1). The distance between the
fixed and moveable end was 2 mm, 3.7 mm, and 8.5 mm for spring
1, spring 2, and spring 3, respectively. Frames were drawn in Adobe
Illustrator (Adobe) and laser cut out of 100 pm-thick polyethy-
lene terephthalate (PET) using a Universal Laser VLS3.50 (Universal
Laser Systems) (Supplemental Fig. 2A-H). The PET frames kept the
samples in a static configuration and minimized sample deforma-
tion while staining, processing, and mounting onto the 3D printed
springs. The spring and micromanipulator assembly were securely
mounted onto an optical table using custom-built fixtures to avoid
undesired part movement during testing and consequent system
damage. The dissecting microscope, also securely mounted on the
optical table, facilitated handling and situating samples on the 3D
printed spring and enabled the calculation of optical strain.
Springs were designed using SolidWorks (Dassault Systémes),
3D printed (ProJet MJP 2500) with UV curable plastic (M2R-CL,
VisiJet), and post-processed to remove wax support material by
placing first in a steam bath then a heated oil bath, following
the manufacturer’s guidelines. The resolution of the printer is
32 x 28 x 32 pm3. A liquid-retention basin was incorporated
into the spring design to keep samples hydrated with 1 x phos-
phate buffered saline (PBS) throughout testing. The spring was
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connected to the micromanipulator system via a pillar that ver-
tically offset the microforce sensor, away from the PBS, to mini-
mize risk of damaging exposed electronics (Fig. 1C). The resolu-
tion of the 3D printer was not sufficient to create an interface
onto which the hook at the end of the microforce sensor probe
could attach. Therefore, a small PET hook-interface was laser cut
and adhered onto the spring at the top of the pillar using Loctite
Super Glue Gel Control (cyanoacrylate-based adhesive). The PET
hook-interface was designed to facilitate attachment to the hooked
probe at the end of the microforce sensor (Fig. 1C). The initial
force-displacement measurement was compared to other springs
to confirm the mechanical response was within the expected mag-
nitude.

2.2. Mechanical Testing Protocol

PBS was added to the liquid-retention basin of the spring at
least 2 hours prior to mechanical tests. PET frames containing the
samples to be tested were manually loaded onto the spring and cut
with angled scissors prior to mechanically testing (Supplemental
Fig. 2A-H), freeing the sample to deform under tension. (Fig. 1C-
E). The length of each sample was measured optically and was
used to calculate the appropriate speed to achieve the desired
strain rate. Custom LabVIEW programs were written to control the
movement of the micromanipulator and to automate testing by
prescribing the direction, magnitude, and speed of displacement.
Force measurements and actuator displacement were recorded at
100Hz. Force-displacement curves were used to demonstrate the
capability of the system to measure the force response of soft ma-
terials. To further characterize the stress-strain response of cer-
tain specimens, strain and cross-sectional area were measured
optically.

To enable the optical measurement of engineering strain, fidu-
cial lines were photobleached onto AF488 labeled specimens us-
ing an upright Zeiss LSM 800 confocal microscope (Carl Zeiss Mi-
croscopy) and a 10 x Plan-Neofluar (NA = 0.3) objective. Equidis-
tant lines were photobleached by creating a 20 pm wide region
of interest (ROI) along the sample width using the Crop feature in
the ZenBlue software package (Carl Zeiss Microscopy). The power
of the 488 laser was set to 100% and a line was photobleached into
the AF488 stained samples by acquiring a z-stack through the sam-
ple thickness in 10 pm increments. After the photobleached lines
were generated, a z-stack of the entire sample was acquired (Sup-
plemental Fig. 2I-K). The unloaded cross-sectional area was mea-
sured between each pair of fiducial lines from the z-stack acquired
using the ZenBlue software package (Carl Zeiss Microscopy).

The dissecting microscope magnification was adjusted to en-
able visualization of the sample throughout testing and a camera
(INFINITY3-3URC, Lumenera) was coupled to the microscope to ac-
quire videos for the duration of a mechanical test. For 2.5 x mag-
nification, the ROI during video acquisition was 6.2 mm x 4.7
mm and 1936 x 1456 pixels. The exposure time was adjusted
for each sample to optimize contrast between the sample and
fiducial lines using the camera’s software package (INFINITY ANA-
LYZE 6.5, Lumenera). Frame rate is inversely proportional to expo-
sure time. Since the exposure time was adjusted for each sample
based on fluorescence intensity, the frame rate ranged from 3 - 8
frames/second.

The spring and sample were loaded in parallel (Fig. 1C). Paral-
lel force contributions are additive, i.e., Feompined = Fpring + Fsample-
Therefore, to isolate the force contribution of the sample, the con-
tribution of the spring, or baseline, was measured prior to every
test by recording force-displacement data of the spring in the sys-
tem without a sample (Fig. 1F). A baseline was recorded for each
individual sample at the appropriate strain rate (based on the sam-
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ple length) and to account for potential variation in the force con-
tribution of the spring over time.

2.3. Data analysis

After tensile testing was completed, the baseline force read-
ings (i.e., spring alone) were subtracted from the force recorded
for each sample to isolate the force contribution of the material of
interest (i.e., Fsgmple = Feombined = Fspring)- To calculate stress, the iso-
lated force for each sample was divided by the cross-sectional area.
The FIJI (NIH) getSplineCoordinates macro was modified and used to
manually draw segmented polylines over the fiducial lines on each
frame from the recorded video. Each polyline was converted into
a smoothed spline, and the x and y position of each point along
the splines was output as an array on a .txt file. A custom MAT-
LAB (MathWorks) algorithm was written to import the output ar-
rays from FIJI and calculate the average distance between fiducial
lines for each frame from the recorded video using the x and y co-
ordinates from the FIJI output. Optical strain was calculated using
the equation (L; - Lg)/Lg, where Ly is the average distance between
fiducial lines for the first frame of the video, and L; is the average
distance between fiducial lines for each subsequent frame (Supple-
mental Fig. 3).

The acquisition rate for force measurement was 100 data points
per second (100Hz), and videos were recorded at 3 - 8 frames
per second. Therefore, the stress data arrays were larger and con-
tained more time intervals than the strain data arrays. To gen-
erate stress-strain curves, a time array was generated using the
strain data. Then, stress values which corresponded to the strain
time points were selected. The corresponding stress and strain
data were plotted and fit to a polynomial function using Excel
curve fitting algorithms, based on R? values, ensuring the poly-
nomials followed the typical stress-strain responses of soft tis-
sues [40,41]. The derivative of the polynomial function at a specific
strain value was used to calculate the tangent moduli at selected
strains.

2.4. Sample preparation

2.4.1. Reference material - Solaris silicone

System validation was performed by testing Solaris (Smooth-
On, Inc.), a platinum-cured silicone, and comparing data from our
setup with that acquired using a commercially available bulk ten-
sile tester (TA.XTPlus Connect, Stable Micro Systems). Solaris was
selected because it has well defined material properties that can
be modulated to be similar to the biological samples of interest
[27,42,43]. Solaris was prepared per manufacturer’s instructions
and cut to size manually with a scalpel blade. A mixture of equal
parts Solaris Part A and Part B was prepared in a 20 mL scintilla-
tion vial followed by degassing with a vacuum desiccator. Thin film
samples for mechanical testing on the FemtoTools system were
prepared by spin coating (Laurell Technologies Corporation WS-
650-23B) 2 g of uncured Solaris on a 75 mm x 25 mm micro-
scope slide coated with polyacrylic acid, which served as a sacrifi-
cial layer. Samples were spin coated at 3000 RPM for 30 seconds
then placed in an oven at 70°C to cure for 3 hours. The films were
removed from the microscope slide by dissolution of the interme-
diate polyacrylic acid layer using reverse osmosis purified water.
To generate samples with the optimal aspect ratio (length:width >
5:1) for tensile testing, the thin films were cut using a laser-etched
grid and a scalpel [44,45]. The resulting dimensions were mea-
sured optically from images acquired with a dissecting microscope.
Samples tested with spring 1 were 2645.0 + 4714 pm x 216.4 +
42.3 pm (n = 5) and samples tested with spring 2 were 3514.0 +
420.6 pm x 308.1 £ 82.5 ym (L x W) (n = 5), all with a thick-
ness of 117.0 + 4.2 pm. Solaris thin films were adhered directly
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to PET frames using Loctite Super Glue Gel Control (Supplemental
Fig. 2E). Tensile tests were performed using the FemtoTools micro-
manipulator and spring system described above, while the samples
were surrounded by PBS. Tensile tests were conducted using spring
1 and spring 2. Actuator displacement data was used to calculate
strain.

2.4.2. Bulk material testing - Solaris silicone

Samples for bulk testing were prepared by filling a 75 mm x 50
mm x 4 mm glass mold with uncured Solaris and leaving it to cure
in an oven at 70°C for 5 hours. The dimensions of samples tested
on the bulk tensile tester were 15.29 + 0.48 mm x 6.32 + 1.50
mm x 3.85 + 0.04 mm (L x W x H) (n = 5). For bulk testing, So-
laris samples were gripped at each end using the TA.XTPlus clamps,
and tensile tests were performed at a strain rate of 0.01 s—! while
force and displacement data were recorded through the TA.XTPlus
Connect system. These tests were performed in the ambient envi-
ronment (i.e., dry) as it was not possible to add a hydration cham-
ber around the TA.XTPlus Connect.

2.4.3. Fibrin gels

Porous polyethylene blocks were adhered onto 6 mm x 12.5
mm frames using Loctite Super Glue Gel Control and used as an-
chor points for 2 mg/mL fibrin gel constructs (Supplemental Fig.
2F). A custom mold was used to align the frame and to control
the shape of fibrin gel as it polymerized so that a rectangular gel
formed between the two porous polyethylene blocks. Human fib-
rinogen (14.15 mg/mL; FIB3, Enzyme Research Laboratories) and
Alexa Fluor 488 conjugated human fibrinogen (1 mg/mL; F-13191,
Molecular Probes) were thawed in a 37°C water bath, mixed at a
1:10 fluorescent to non-fluorescent fibrinogen content ratio, and
diluted in PBS to achieve a 2 mg/mL fibrinogen solution. Next, 1
pL 2M CaCl, was added to the fibrinogen solution to increase gel
rigidity and stability [46,47]. Human «-thrombin (HT 1002a, En-
zyme Research Laboratories) was thawed, diluted to 1 U/uL, and
added to the 2 mg/mL fibrinogen solution at a concentration of
0.0004 U thrombin per mg fibrinogen to initiate polymerization
of the fibrin gel. Fiducial lines were photobleached and cross-
sectional areas were measured as described above using a STEL-
LARIS 5 confocal microscope (Leica Microsystems) and a 10x Apoc-
hromatic dry (NA = 0.40) objective were used. Frames with fibrin
gels (n = 5) were loaded onto spring 3, and tensile tests were con-
ducted at 0.01 s~! strain rate and prescribing a 1000 pm - 6000
pm displacement, equivalent to & = 0.15 - 0.91 based on actuator
displacement. Samples were kept hydrated by PBS in the liquid-
retention basin during testing.

2.4.4. Fibronectin

Polydimethylsiloxane (Sylgard 184, Dow Corning) was cured
at a 10:1 elastomer to curing agent ratio, manually cut into 1
mm x Imm x 1 mm blocks, adhered onto 6 mm x 12.5 mm
PET frames using Loctite Super Glue Gel Control, and coated with
fibronectin sheet as previously described (Supplemental Fig. 2G)
[23,48]. To visualize the samples, fibronectin-coated frames were
stained with Alexa Fluor 488-conjugated wheat germ agglutinin
(WGA; ThermoFisher), diluted 1:100 in 1 x PBS + 0.2% bovine
serum albumin + 0.02% sodium azide for 24 hours at 4°C, then
rinsed with 0.1% Triton X-100 in 1 x PBS (PBST) at room tempera-
ture for 30 minutes. Fibronectin-coated frames (n = 2) were loaded
onto spring 3 for uniaxial loading and surrounded by PBS during
testing. Cyclic loading was performed to 400 um at a strain rate of
0.04 s~ for 10 cycles. Tensile test to failure was conducted at 0.04
s

2.4.5. Developing tendons
All murine experiments were approved by the Purdue Animal
Care and Use Committee (PACUC; protocol 1209000723). PACUC
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Fig. 2. Isolation and preparation of E16.5 murine tendon for tensile testing. (A)
The TA muscle - tendon - bone units were carefully dissected from freshly har-
vested embryos. To minimize damage to the tendon (t) during processing as well
as to attach them to the 3D printed spring part during mechanical testing, muscle
- tendon - bone units were glued onto PET frames using Loctite (L) at the mus-
cle (m) and the bone (b) insertions (bars = 1 mm). (B) Tendons were stained with
AF488-conjugated wheat germ agglutinin, and photobleached with a Zeiss 800 con-
focal to obtain fiducial lines for optically measuring strain. Full-thickness z-stacks
were obtained to enable quantification of the cross-sectional area (bar = 200 pm).
(C) Full field images of E16.5 decellularized TA tendon at ¢ = 0.0 and 0.2 showing
the regions investigated along the tendon.

ensures that all animal programs, procedures, and facilities at Pur-
due University adhere to the policies, recommendations, guide-
lines, and regulations of the USDA and the United States Public
Health Service in accordance with the Animal Welfare Act and Pur-
due’s Animal Welfare Assurance. C57BL/6 mice were time-mated
to generate embryonic day (E)16.5 and E18.5 embryos. Dams were
euthanized via CO, inhalation, which was confirmed using cervical
dislocation. Embryos were removed from the uterine horns, rinsed
in chilled 1 x PBS and the hindlimbs were excised at the hip joint.
Tibialis anterior (TA) muscle-tendon-bone units were dissected by
removing the skin with tweezers and then the surrounding con-
necting tissue with a blade under a dissecting microscope to avoid
tissue damage. The bone and muscle insertions were maintained to
keep the physiologically relevant boundary conditions of the ten-
dons and aid in sample handling for mechanical testing. Tendons
were adhered directly to laser-cut PET frames at the bone and
muscle insertions using Loctite Super Glue Gel Control (Fig. 2A;
Supplemental Fig. 2H) and were immediately immersed in a large
volume of PBS. Direct contact between the tendons and glue was
avoided to prevent altering the composition of the tendons. Sam-
ples were either stained immediately as follows or decellularized
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as described below. Tendons were rinsed in 1 x PBS and stained
with AF488-conjugated WGA (ThermoFisher) to visualize proteo-
glycans, diluted 1:50 in blocking buffer [10% donkey serum (Lam-
pire) in 1 x PBST] for 1 hr at room temperature.

Samples were mounted onto the springs and kept hydrated
with PBS at all times. Fiducial lines were photobleached and cross-
sectional areas were calculated, as described above (Fig. 2B). E16.5
tendons were tested using 4 mm x 6 mm frames and spring 1
(n = 3), while E18.5 tendons were tested using 4 mm x 7.65 mm
frames and spring 2 (n = 3) (Supplemental Fig. 1C). Tensile tests
to failure were conducted at 0.01 s—! strain rate without precon-
ditioning. Stress-strain datapoints were fit to polynomial functions
for the calculation of the tangent moduli at relevant strain values.
Embryonic tendon data sets were fit to a second order polynomial
with the y-intercept set at the origin.

2.4.6. Decellularization of tendons

E16.5 and E18.5 TA muscle-tendon-bone units, secured to PET
frames, were incubated in 8 mL 0.05% sodium dodecyl sulfate
(SDS) with 1 x Halt protease inhibitor (PI, ThermoFisher) in
1 x PBS and gently rocked overnight. Completion of decellular-
ization was determined by subjective visual inspection of samples
and when ECM visualization was enhanced after immunostaining
[49,50]. Upon decellularization, samples were rinsed in an excess
of 1 x PBS for 1 hr and stained and imaged prior to mechanical
testing as described above. Tensile tests were conducted at 0.01 5!
strain rate and loading by prescribing either a 5,000 pm displace-
ment, a displacement equivalent to 100% strain based on actua-
tor displacement, or until material failure. Samples were hydrated
with PBS at all stages of testing. The regional stress-strain response
corresponding to an individual pair of lines was averaged along
the entire sample to investigate the effect of decellularization on
E16.5 tendons and compare the mechanics of decellularized E16.5
(n = 3) and E18.5 (n = 3) embryonic timepoints (Fig. 2C). The pur-
pose of testing decellularized tendons was twofold: to isolate and
study the contribution of the ECM to the mechanics of embryonic
tendons and investigate if our system can resolve differences in
mechanical properties as a function of treatment (i.e., decellular-
ization) by testing both untreated and treated tendons.

2.5. Statistical methods

All the statistical analyses were conducted using GraphPad
Prism 8.4.2 (GraphPad Software). A two-way ANOVA and Tukey’s
post hoc test were performed to evaluate differences in the mean
tangent moduli between Solaris samples tested with different in-
struments (i.e., custom FemtoTools system and TA.XTPlus Connect).
To evaluate tendon mechanics as a function of decellularization,
residuals were checked for normality and Gaussian distribution.
Residuals did not pass Shapiro-Wilk and D’Agostino-Pearson om-
nibus tests, so a two-way ANOVA was performed on the log;q of
the tangent moduli. For the evaluation of tendon mechanics as a
function of development, a two-way ANOVA with Sidak multiple
comparisons was conducted on the mean tangent moduli at each
stage. For the evaluation of regional stiffness in E16.5 tendons, a
two-way ANOVA and Tukey’s post hoc test was performed.

3. Results
3.1. Spring Design

A commercially available FemtoTools micromanipulator system
was adapted to enable the optical measurement of strain while
keeping biological samples hydrated in a bath. To mitigate the risk
of damaging the microforce sensing probe with the PBS used to
keep samples hydrated, 3D printed springs were designed. Three
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different springs were designed to accommodate various sample
geometries (Supplemental Fig. 1). Custom PET frames for each
spring were laser cut and used to secure the samples while pro-
cessing and mounting onto the spring. The coil design for springs
1-3 was the same; however, the spacing between the frame at-
tachment sites were modified to accommodate the geometry of the
different frames and biological samples. The spacing between the
fixed and moveable sections of the spring were 2 mm, 3.7 mm,
and 8.5 mm for spring 1, spring 2, and spring 3, respectively.

The spring and sample are loaded in parallel (Fig. 1D). Forces in
parallel are additive, i.e., Foompined = Fspring + Fsample- Therefore, the
force contribution from the spring alone (baseline) was subtracted
to isolate the force contribution from the sample (Fsgmpie = Feombined
- Fpring: Fig. 1F). The force necessary to deform the three different
spring designs was comparable; the force responses (tangent of the
loading curve at a 250 pm displacement) of spring 1, spring 2, and
spring 3 for a 1000 pm displacement at 10um/s were 0.61 puN/um,
0.67 pN/um, and 0.62 puN/um, respectively (Supplemental Fig. 4A).
The stiffness of the spring was higher immediately after 3D print-
ing and post-processing, with an initial force response (tangent of
the loading curve at a 250 pm displacement) of 2.84 pN/pm. How-
ever, as the spring was loaded and unloaded over time, the stiff-
ness decreased and reached a stable force response (Supplemental
Fig. 4B). From days 0 - 7, there was a cumulative loading displace-
ment of 2.1 mm, and the force response of spring 1 ranged from
2.88 pN/um to 0.58 puN/um, the average and standard deviation
were 1.72 + 0.96 pN/um. From weeks 5 - 21, there was a cumula-
tive loading displacement of 275.0 mm, and the force response of
spring 1 ranged from 0.61 uN/um to 0.41 pN/pm, the average and
standard deviation were 0.51 £ 0.09 uN/um. The trend in decreas-
ing standard deviation as spring 1 was loaded and unloaded over
time, suggests that the spring will reach a fatigue limit with use
and settle to a constant force response. The variation in the initial
stiffness of the spring serves to highlight the importance of why
the baseline contribution was measured prior to testing samples
to account for the force contribution from the springs.

Adding PBS to the liquid-retention basin led to a consistent ef-
fect on the mechanical response of the spring. The stiffness of the
spring was higher when dry than when immersed in PBS. The ini-
tial stiffness (tangent at 250 pm displacement), from two measure-
ments taken 7 minutes apart, was 2.34 4+ 0.02 puN/um. After the
spring was exposed to PBS for approximately 90 minutes, the stiff-
ness decreased to 0.66 4 0.01 uN/um, whereas 994 minutes later,
the stiffness remained unchanged 0.64 + 0.02 uN/pm (Supplemen-
tal Fig. 5). Therefore, the spring should be placed in PBS at least
90 minutes prior to mechanical testing to achieve a stable baseline.
Once a baseline force response was established, the force response
of the spring did not significantly change before and after sample
testing (p = 0.32, Student’s t-test). The pre-test baseline stiffness
of the spring (tangent at 250 um displacement) was 0.61 + 0.02
pN/pum (n = 3). Post-test baselines were recorded after testing fib-
rin gel samples and the spring stiffness was 0.58 + 0.05 pN/um
(n = 3; Supplemental Fig. 6).

3.2. Validation of spring-micromanipulator system

To confirm that the system could accurately determine the
stress-strain response of a material of known properties, Solaris,
a platinum-cure silicone rubber, was tested using both our sys-
tem and a commercially available tensile-tester, TA.XTPlus Con-
nect. Furthermore, two different spring configurations, spring 1
and spring 2, which have the same spring geometry, but were
designed to test materials of different lengths (Supplemental Fig.
1), were compared to investigate if variations in design influ-
enced the characterization of the material properties. Representa-
tive curves from the three configurations qualitatively showed sim-
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Fig. 3. Validation of FemtoTools micromanipulator system. Solaris silicone samples were tested using our FemtoTools system with two different spring configurations and
a TA.XTPlus Connect bulk material testing instrument. (A) Representative stress-strain curves of Solaris samples on the two instruments. The dotted line is a linear curve
fitting of the Solaris sample tested on the TA.XTPlus Connect. (B) Comparison of the tangent moduli of Solaris tested on the FemtoTools system and TA.XTPlus Connect (Fem-
toTools + spring 1 (n=>5), FemtoTools + spring 2 (n=5), TA.XTPlus Connect (n=>5); error bars = std. dev.; two-way ANOVA, followed by Tukey’s post hoc test: ***p<0.0002,
5 <0.0001).
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Fig. 4. Resolution of the mechanics of soft tissues and biomaterials in response to a variety of tests. Baseline-adjusted curves. (A) Tensile loading and unloading curves
of Solaris, E16.5 TA tendon, and fibrin gel. At a 1000 pm displacement during loading, the baseline adjusted force values for Solaris, E16.5 TA tendon, and fibrin gel were
3110 uN, 1786 pN, and 899 uN, respectively. At 1000 um displacement, the raw force values of Solaris, E16.5 tendon, and fibrin gel were 407%, 282%, 155% greater than their
respective baselines at the same displacement values. (B) Stress relaxation test for E16.5 TA tendon. (C) Cyclic loading and tensile loading to failure for fibronectin (FN) sheet.
At 16.7 seconds (equivalent to 1000 um displacement), the baseline adjusted force value for fibronectin was 3256 pN, this was 292% greater than the respective baseline
force value at the same time.

ilar stress-strain responses (Fig. 3A); however, the slope was larger This validation verifies the capability of the system to accurately

by 29% at ¢ = 0.1 for samples tested with the TA.XTPlus instru- characterize the material properties of samples using either spring.
ment. Quantification of the tangent moduli showed no significant

difference between the two spring configurations, while the stress- 3.3. Uniaxial loading of various materials

strain response of the bulk material diverged from these values at

lower strains (Fig. 3A). This divergence was indicated at ¢ = 0.1, The versatility of the system was demonstrated by uniaxially
where the tangent moduli of Solaris samples tested with Femto-  testing a variety of soft materials, specifically fibrin gels, sheets of

Tools (spring 1: 0.208 & 0.024 MPa; spring 2: 0.207 & 0.014 MPa)  fiprillar fibronectin, and embryonic murine TA tendons. The force-
were signiﬁcantly different than those tested with the TA.XTPlus displacement response of these disparate Samples can be Clearly
system (0.293 + 0.016 MPa) (Fig. 3B). Testing Solaris on spring 1 resolved after subtracting the baseline contribution of the spring
and spring 2 with the FemtoTools system did not lead to signifi- (Fig. 4). At a 1000 pm displacement during loading, the baseline
cantly different tangent moduli for this material. At strain values of adjusted force values for Solaris, E16.5 TA tendon, and fibrin gel
0.15 (FemtoTools spring 1: 0.243 + 0.033 MPa; FemtoTools spring were 3110 pN, 1786 pN, and 899 pN, respectively. At 1000 pm dis-
2: 0.234 + 0.037 MPa; TAXTPlus: 0.269 + 0.018 MPa), 0.2 (Fem-  placement, the raw force values of Solaris, E16.5 tendon, and fib-
toTools spring 1: 0.245 + 0.017 MPa; FemtoTools spring 2: 0.266  in gel were 407%, 282%, 155% greater than their respective base-
+ 0.026 MPa; TAXTPlus: 0.246 + 0.015 MPa), and 0.25 (Femto- lines at the same displacement values. At 16.7 seconds (equivalent
Tools spring 1: 0.238 + 0.009 MPa; FemtoTools spring 2: 0.274 £ o 1000 pm displacement), the baseline adjusted force value for
0.070 MPa; TA.XTPlus: 0.229 + 0.015 MPa) there were no signif- the fibronectin sheet was 3256 pN, this was 292% greater than
icant differences in the tangent moduli obtained for Solaris with the respective baseline force value at the same time. Addition-
all 3 different testing configurations. Using the FemtoTools system ally, our system was able to perform a variety of mechanical tests
with both spring 1 and spring 2 yielded comparable results to the  3nd measure different mechanical responses. For instance, Solaris
tangent moduli of Solaris measured by the TA.XTPlus tensile tester. and E16.5 TA tendon displayed viscoelastic properties, as observed
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Fig. 5. Mechanical behavior of embryonic tendons. (A) Stress-strain curves for
freshly harvested E16.5 tendons (green), and decellularized E16.5 (purple) and E18.5
(blue) samples, along with the fitted polynomials. (B) Tangent moduli of freshly
harvested and decellularized E16.5 tendons were significantly different. (Sidak mul-
tiple comparisons: *0.0021 < p < 0.0332; **0.0002 < p < 0.0021; n = 3; error
bars = std. dev.) (C) The tangent moduli of decellularized tendons at E18.5 were
significantly greater than those harvested at E16.5 for ¢ > 0.1. (Sidak multiple com-
parisons: *0.0021 < p < 0.0332; **0.0002 < p < 0.0021, ***0.0002<p< 0.0001, ****
p<0.0001; n = 3; error bars = std. dev.)

by the hysteresis in tensile test (Fig. 4A) and stress relaxation
curves (Fig. 4B). In contrast, the fibrin gel was elastic (Fig. 4A).
The fibronectin sheet demonstrated the ability of the system to
perform cyclic loading and loading to failure (Fig. 4C). We pre-
viously reported that the average tangent modulus of these fi-
bronectin sheets tested using the same system was 0.63 + 0.34
MPa at £€=0.25 [23]. Conversion of the force-displacement curves
of 2 mg/mL fibrin gels to stress and strain determined that the av-
erage tangent modulus at £€=0.25 was 0.15 &+ 0.08 MPa (n = 5;
Fig 4A is a representative force — displacement curve of one of the
five samples).

3.4. Stress-strain evaluation of embryonic murine tendon ECM

To demonstrate that our system can resolve differences in me-
chanics of small, soft tissues as a function of developmental stage,
we investigated how embryonic tendon mechanics vary due to de-
velopment and cellularity. The regional stress-strain response (i.e.,
corresponding to an individual pair of photobleached lines) was av-
eraged along the entire sample to compare E16.5 and E18.5 embry-
onic timepoints. The tangent moduli calculated at different strains
for each sample were plotted for both developmental timepoints
(Fig. 5A). To isolate the mechanical contribution of cells and the
ECM of developing tendons, we decellularized tendons and com-
pared the stress-strain response to freshly harvested tendons. The
evaluation of E16.5 tendons showed decellularization had a signifi-
cant effect on the tangent moduli according to a two-way ANOVA.
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Fig. 6. TA tendons show regional variability at E16.5. (A) Polynomial fits of the
stress-strain response of decellularized E16.5 TA tendons at different regions. (B)
Tukey multiple comparisons showed significant differences in the tangent mod-
uli between individual groups (*0.0021 < p < 0.032; **0.0002 < p < 0.0021,
**#0,0002<p=< 0.0001, **** p<0.0001; n = 3; error bars = std. dev.)

Multiple comparisons showed significant differences between indi-
vidual groups except at ¢ = 0.1, potentially due to the large vari-
ability in the dataset, the sample size, and the efficacy of the de-
cellularization method to remove all cellular components (Fig. 5B).
For instance, at £¢=0.05 the average tangent moduli for freshly har-
vested E16.5 was 0.729 + 0.803 MPa, whereas the average for de-
cellularized E16.5 tendons was 0.033 + 0.033 MPa, indicating high
variability based on the standard deviation. Similarly, at £=0.25 the
average tangent moduli were 26.166 + 24.178 MPa for the freshly
harvested E16.5 tendons and 0.363 £ 0.145 MPa for the decellu-
larized E16.5 samples. The evaluation of embryonic decellularized
tendons with a two-way ANOVA showed a significant increase in
moduli as a function of development. Multiple comparisons indi-
cated significant differences in the tangent moduli between indi-
vidual groups of E16.5 and E18.5 tendons at strain values greater
than 0.1 (Fig. 5C).

Further, regional variability in tangent moduli was observed for
E16.5 decellularized tendons. The stress-strain response indicated
the stiffness of the tendon at the distal region was greater than the
mid and proximal ends (Fig. 6A). Two-way ANOVA indicated both
strain value and region along the tendon had a significant effect
on the tangent moduli of E16.5 decellularized TA, indicating non-
linear behavior (Fig. 6B). Two strain values were then compared,
actuator strain and optical strain. Actuator strain was calculated
from the displacement imposed by the FemtoTools micromanipu-
lator. Optical strain was calculated from the average distance be-
tween fiducial lines that were photobleached onto the sample from
videos acquired during uniaxial tensile tests. The importance of us-
ing fiducial makers to evaluate strain for soft materials is high-
lighted by the differences between actuator and optical strain for
E16.5 and E18.5 tendons and fibronectin sheets (Supplemental Fig.
7). For example, at £=0.15 the tangent modulus based on optical
strain (0.970 MPa) was more than 25-fold greater than that based
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on the actuator strain (0.038 MPa) for a freshly harvested E16.5
tendon.

4. Discussion

In this study, we designed a modular device capable of assess-
ing the mechanical behavior of soft biomaterials and showcased
the ability of the system to mechanically characterize embryonic
tissues at different developmental timepoints. We customized a
commercially available micromanipulator with a force resolution
of 5 nN - 50 uN and a displacement sensing range starting at 5
nm, facilitating the application of displacements on small samples
while recording force. The modularity and small footprint of the
system allowed testing under a dissecting microscope to enable
the calculation of optical strain (Fig. 1A). Our data demonstrate the
capability of the FemtoTools micromanipulator and spring system
to resolve the force of samples by subtracting the contribution of
the spring itself (Fig. 2A). The system was validated by mechani-
cally characterizing Solaris, a reference material with known mate-
rial properties (Fig. 2B,C). The spring design was modified to mea-
sure the tensile response of fibronectin sheets, fibrin gels, and em-
bryonic tendons. The modularity of the system allowed us to test
tissues of different stiffnesses and sizes and can be used to me-
chanically characterize soft biomaterials and small tissues to ob-
tain physiologically relevant design parameters for scaffolding that
seek to emulate native tissue mechanics.

When considering a testing system, the force resolution, maxi-
mum force capacity, and the gauge dimensions determine the tis-
sues that can be tested with the system. Force and displacement
curves showed minimal noise in unfiltered data (Fig. 4), eliminat-
ing the need for processing through filtering and noise-reducing
algorithms. The appropriately sized 3D printed spring and micro-
force sensor with sufficiently high force threshold were selected
according to the material size and estimated stiffness prior to ten-
sile testing. When testing developing tissues that change in size
and stiffness as a function of development, the adaptability of the
system and the force resolution are critical. The force sensing ca-
pability of the FemtoTools microsensors is between 100 ptN max-
imum with 5 nN resolution and 100,000 uN maximum with 50
pN resolution. A limitation of this system is measuring tissues
that require larger forces, e.g., adult tibialis anterior tendons. Since
there are commercially available tensile systems that operate out-
side of the FemtoTools force threshold, a combination of instru-
ments will be necessary to fully characterize tissues across devel-
opment. Alternatively, a load element with a larger range can be
incorporated with the FemtoTools micromanipulator, an option we
are currently pursuing. Adapting to different geometries was fea-
sible given the ease of fabrication through 3D printing of springs
and laser cutting of PET frames. The modularity of the system will
enable future multiscale studies given that the micromanipulator
system can be coupled with the microscope of choice (e.g., dis-
secting, confocal) to investigate deformation at a range of scales.
The ability to use the same instrument for tensile testing at dif-
ferent scales can facilitate meaningful studies relating the micro-
and macroscales. While commercially available bioreactor systems
such as the BioTense Perfusion Bioreactor System (Admet) include
similar features (e.g., mounting on a microscope, bath, application
of uniaxial force, actuator control), the focus on the cellular scale
may lead to limitations with mechanically characterization at the
tissue scale, especially with larger samples [52]. Further, for the ex
vivo mechanical testing of decellularized or immunostained tissues,
there is little need for bioreactor features such temperature control
and maintaining concentration of nutrients through perfusion.

The results obtained for the elastomer Solaris were similar to
those reported by others and by the manufacturer [43,53]. There
was a discrepancy in the tangent moduli at ¢ < 0.1, where the
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bulk material testing system recorded a greater modulus. This is
attributed to differences in the casting and curing protocols for
samples generated for the FemtoTools and TA.XTPlus systems. Sam-
ples tested on the FemtoTools were fabricated via spin coating
to generate a thin film of uniform thickness, potentially causing
shear stress to align Solaris chains influencing the stress-strain re-
sponse [54]. In contrast, the Solaris for bulk testing was polymer-
ized in a mold and cured for longer at 70°C. Further, the sam-
ples tested with the FemtoTools systems were tested while sur-
rounded by PBS, while those tested with the TA.XTPlus were sur-
rounded by air during testing. Independent of fabrication differ-
ences, our instrument identified similar tangent moduli for So-
laris tested with a bulk material tester. In addition, the material
behavior observed for fibronectin sheets and fibrin gel are simi-
lar to those previously published, where the fibrin gels were lin-
ear elastic while fibronectin sheets were viscoelastic [55-57]. The
tangent modulus of the fibronectin sheets was comparable to the
moduli reported in literature 0.1 - 3.5 MPa [51]; however, the fib-
rin gels were less stiff than described for individual fibrin fibrils
1.7 + 1.3 MPa [21,51]. We attribute this discrepancy to differences
in fibrin polymerization parameters and that we investigated the
mechanics of fibrin in the hydrogel form, rather than individual
fibers.

Tendons are responsible for transferring the force produced by
the muscle to the skeleton with high fidelity while avoiding mus-
culoskeletal injury. Uniaxial tensile testing is most commonly used
to characterize the bulk mechanical properties of adult tendon.
Adult tendons are predominantly made up of ECM, whereas de-
veloping tendons have a substantially higher number of cells. In
addition, embryonic tendons are much smaller, making it challeng-
ing to test using the standard instrumentation designed to handle
larger, stiffer tissues. Given the challenges in isolating and testing
embryonic murine tendons under tension, the mechanics of de-
veloping tendons are often studied using indentation modalities at
the nano and microscales [16,17]; however, this is not the way in
which tendons are typically loaded in vivo. The capabilities of our
system enabled the characterization of embryonic murine tendon
mechanics as a function of development based on uniaxial tensile
loading and optical strain. As expected, tendons show viscoelas-
tic behavior, as seen in the stress relaxation test and hysteresis
when unloading (Fig. 4A,B). Tangent moduli calculated for E16.5
and E18.5 tendons significantly increased in stiffness as a function
of development and varied regionally (Fig. 5A,C; Fig. 6), as previ-
ously demonstrated for rat and mouse tendons [27,42,58]. These
data demonstrate our experimental and image processing methods
can be reliably used to investigate the regional mechanics of small
developing tissues.

The variability of tangent moduli among samples within a de-
velopmental timepoint could be due to biological variability. Fur-
ther, the process of attaching tendons to PET frames could affect
the mechanical behavior if glue was to cure onto the tendon sur-
face. Future work will need to evaluate a larger sample sizes for
each developmental timepoint to compensate for biological vari-
ability. This attachment mechanism will need to be further evalu-
ated, since most of the samples tested failed at the muscle inser-
tion and slipping was often observed by dips in the force measure-
ments recorded during testing [36]. This is attributed to a weak
interface between the muscle surface and the glue. Slipping was
one of the main factors that contributed to the differences between
the actuator and optical strain (Supplemental Fig. 7). Future studies
will investigate additional ways to secure the full thickness of the
muscle tissue without compromising the integrity of the tendon,
such as using a UV-curable glue that is more viscous or polymer-
izes more quickly in order to minimize the risk of the glue wick-
ing onto the tendon surface while attaching the sample to the PET
frame. Additionally, different attachment mechanisms that physi-
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cally prevent the muscle surface from moving and slipping at the
glue interface will be explored such as adding enclosures to the
PET frames that facilitate completely immersing the muscle in an
adhesive, rather than partially covering the muscle with adhesive.
While gluing the tendon tissue directly to the frames may be more
effective at minimizing slipping at the muscle interface, as is done
in many studies, this involves removing the tendon from the native
boundary conditions and shortens the overall gauge length, alter-
ing the material response during testing. In addition, the use of
PET as a frame material may contribute to differences in actua-
tor and optical strain. Future studies will determine the magnitude
of deformation of PET and if the material properties are nonlinear
within the regime we are testing, which may also affect the force
measurements.

Notably, decellularization decreased the stiffness of embryonic
tendons, as cells and intracellular proteins are removed. While cells
are thought to minimally contribute to the mechanics of adult ten-
dons, there was a significant decrease in the moduli of decellular-
ized embryonic tendons (Fig. 5B). In addition, it appears that the
regional variability is not due only to the cells but also the ECM
as that is maintained after decellularization (Fig. 6). The residual
cellular debris potentially present in the samples (e.g., DNA) could
potentially contribute to the mechanical response of the decellu-
larized tissues, and therefore future work would need to look at
removing residual DNA to look at the ECM mechanical response in
these tissues [59].

Although the mechanical contribution of the spring has been
shown to not drastically change over time (Supplemental Fig. 4),
it was still necessary to adjust for the spring contribution based
on data collected the same day as mechanical testing to account
for potential variations. Even after 360 tensile tests conducted over
a 21-week period, there was no need to replace the spring due
to material fatigue from cyclic testing. However, since we have
not considered all potential testing conditions, we recommend reg-
ularly performing baseline tests of the spring, and discontinuing
use if the baseline force-displacement response becomes irregular.
The material properties of the springs are likely affected by poly-
mer melting, resolution of 3D printing, and post-processing of each
part. The tensile modulus of the 3D printed spring was orders of
magnitude lower than that reported by the manufacturer [60]. This
discrepancy needs further investigation to determine the effect of
post-processing and printing orientation. Although the influence of
aqueous solutions on the mechanical properties of the spring (Sup-
plemental Fig. 5) was consistent and repeatable the mechanism by
which PBS contributes to decreased spring stiffness will need to
be further investigated. Future iterations of this system will utilize
different materials such that the presence of PBS will not influence
mechanical properties of the testing system.

5. Conclusion

These data show the ability of our system to characterize a va-
riety of soft biomaterials and small tissues with different material
properties. Mechanical characterization of tissues and ECM is vi-
tal for understanding the cellular microenvironment during growth
and development. The small size and susceptibility to damage of
embryonic tissues and soft biomaterials limit the use of tensile
testing modalities typically used for adult soft tissues. This test-
ing system can help better understand the mechanical properties
of multifunctional ECM polymers, like fibrin and fibronectin, and
the mechanical influence of these polymers during tissue growth
and remodeling that are currently not completely understood. By
quantifying the material properties of soft biomaterials and small
tissues, physiologically relevant parameters can be provided for the
design and fabrication of regenerative therapies that aim to restore
tissue functionality.
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