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Preventative and Restorative Effects of Epigallocatechin Gallate (EGCG) on Mechanical
Behavior Associated with Elastic Fiber Fragmentation in the Mouse Ascending Aorta

Dongfang E. Chen?, Aidan O’Scannlain?, and Jessica E. Wagenseil*
Washington University in St. Louis!, and the University of Notre Dame?
Introduction

Thoracic aortic aneurysm (TAA) is a prominent health concern affecting 5.3 per 100,000
people/year. It is characterized by aortic dilation that can lead to aortic dissection and death in
patients. A main contributor to TAAs are defects in the extracellular matrix, specifically, the
elastic fibers. Previous research shows that TAA-linked genetic mutations affect pathways
involved in elastic fiber formation and cross-linking. A common histopathological finding in
TAA:s is elastic fiber fragmentation. Elastic fibers are essential to the aorta as they provide the
elastic properties that allow the aorta to respond to large pressure and volume changes.? Despite
its prevalence, there are limited effective drug therapy treatments to prevent or restore
mechanical changes associated with TAAL

Epigallocatechin gallate (EGCG) is a plant-based polyphenol that binds to extracellular matrix
protein. It has been shown to attenuate abdominal aortic aneurysm (AAA) progression in a rat
model.* Polyphenols including EGCG and pentagalloyl glucose (PGG) are listed as a cross-
linking agent for collagen.? It is potentially useful in treating TAA by stabilizing the extracellular
matrix. EGCG has not been tested in TAA models and the mechanical effects of the drug on the
vessel wall are unknown. PGG was tested previously and showed potential as a treatment option
as it prevented and restored mechanical properties after elastic fiber degradation.? Based on the
PGG results, we hypothesize that EGCG, in a chemical TAA model, can restore and/or prevent
mechanical changes caused by elastic fiber fragmentation.

Materials and Methods

3-4 month-old male C57BL6/J mice were euthanized by carbon dioxide inhalation in
compliance with the Institutional Animal Care and Use Committee. Ascending thoracic aortas
(ATAs) were dissected and mounted on a pressure myograph system (DMT) for biaxial
mechanical testing. Each ATA served as its own untreated (UNT) control. ATAs were subject to
3 axial stretch-controlled tests while varying pressure and 3 pressure-controlled tests while
varying axial stretch ratio. Data for pressure, outer diameter, axial stretch, and axial force were
recorded. Compliance was calculated as the change in diameter for each 15 mmHg pressure step.
UNT (N=17) were tested and placed into treatment groups (N=3-5). Elastase was used to
simulate the elastic fiber degradation associated with TAAs. A pilot study determined the
optimal concentration and timing for ELA and EGCG treatments. For ELA treatment, 7.5 U/ml
of ELA was applied for 6 minutes followed by 100 mM of NaCl for 6 minutes to neutralize the
ELA. For EGCG treatment, 2.0 mg/ml of EGCG was applied for 30 minutes. Treatments were
delivered through the aortic lumen and held at 100 mmHg to mimic clinical treatment methods.
The four treatment groups included ELA, EGCG, EGCG+ELA (preventative), and ELA+EGCG
(restorative). After treatment, the mechanical properties of the ATAs were tested again. The



unloaded dimensions were measured post-testing by imaging cross-sectional cut rings of the
ATA.

Results, Conclusions, Discussions

Single-factor ANOVA tests show significant differences (p<0.05) between diameter or
compliance (AD/AP) versus pressure for all treatment groups at all pressures (Fig. 1). T-tests
were performed between UNT and all treatment groups as well as ELA and all treatment groups
as a post-hoc comparison. Statistical analysis was limited due to software availability. After
treatment, ATAs were tested at lower stretch ratios to avoid tearing the ATA. The results show
that EGCG ATA:s are significantly different at low pressures compared to UNT for diameter
versus pressure; this can be attributed to the difference in stretch ratios before and after
treatment. The ELA treated ATAs have a significant increase in diameter at lower pressures and
lower compliance at higher pressures compared to UNT. The preventative (EGCG+ELA)
treatment successfully maintained diameter and compliance in the physiological pressure range
(90 — 120 mmHg) compared to UNT. The restorative (ELA+EGCG) treatment results are not
significantly different from the ELA group for diameter or compliance versus pressure.
Comparing the EGCG+ELA and ELA+EGCG, the EGCG+ELA curves are closer to UNT while
the ELA+EGCG curves are closer to ELA.

Additionally, circumferential stress and stretch were calculated from the mechanical test data and
unloaded dimensions (Fig.2). As the stretch and stress for each ATA depend on the unloaded
dimensions, the stretch-stress curves are not quantitatively compared. Each ATA served as its
own UNT so there were no ring measurements to calculate UNT stress and stretch. Qualitatively,
the EGCG+ELA ATA is closer to EGCG, which resembles previous UNT ATA data, while the
ELA+EGCG ATA is closer to ELA.

EGCG treatment of the ATA before chemically degrading elastic fibers was successful in
preventing some mechanical changes. This suggests that EGCG may be an effective
pharmaceutical treatment option for TAA. Ongoing research includes constitutive modeling to
further characterize the mechanical changes and histological staining of polyphenols to visualize
where the EGCG is in the ATA wall. Future work includes the in vivo delivery of EGCG to treat
fragmented elastic fibers in genetic models of TAA.
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Intraluminal treatment of EGCG before ELA prevents mechanical changes
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These results show that preventative treatment of the ATA with EGCG
was successful in preventing some mechanical changes. This suggests that
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Future Work
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Special thanks to all the members of the Wagenseil Vascular Mechanics
Laboratory for all their guidance and assistance with this project.




3D Printed System for Simultaneous Stretch and Imaging of Engineered Microtissues
Maya Evohr'?2, Riya Bhakta?, Ghiska Rhamadita?, Ari Rapalino?, Nathaniel Huebsch?
Worcester Polytechnic Institute, 2Washington University in St. Louis

Introduction

Cardiac hypertrophy is a condition which can lead to arrythmias and heart failure. While genetics and
chemical stress are partly responsible, mechanical stress also contributes to this pathological condition
(2). In order to investigate how mechanics interacts with genetics, we require systems to apply
mechanical stresses, like stretch, to genetically defined engineered heart tissues. To capture the impact
of stretch on cardiac physiology using optocardiography, this system must be small enough to easily fit
under a microscope and must be easily replicated. This allows researchers to determine the
consequences of mechanical load by studying how cells remodel their physiology and structure during
tissue formation as well as comparing them to non-stretched tissues after tissue formation is complete.
This knowledge can help researchers to develop better models of cardiac hypertrophy, leading to better
approaches to manage related genetic diseases including hypertrophic and arrhythmogenic
cardiomyopathy.

Materials and Methods

The stretch device and stretch chamber were created using Fusion360 computer aided design software
(Figure 1). The stretch device was prototyped with polylactic acid using a fused deposition modeling
technique. Hardware (bearing, screw, insert) was added to enable the device to stretch 0.2mm per
revolution of the screw (Figure 2).

The stretch chambers consisted of four mounting holes around the edges and a recessed area
containing four microdevices (circular wells with four upright posts each). The stretch chambers were
fabricated using Hydrogel Assisted Stereolithographic Elastomer prototyping (HASTE) using agar to cast
the chamber out of Sylgard 184 polydimethylsiloxane (PDMS) with a base-to-crosslinker ratio of 18:1 (2).

To begin to test the effects of stress on tissue and cell morphology, NIH 3T3 fibroblasts were seeded into
collagen gel (Figure 3). The final cell concentration is 2*107 cells/mL and the final collagen (rat tail
derived Collagen I, Gibco) concentration is 1.5mg/mL; each device holds 7uL of gel/cell suspension.
Trials were done to optimize the volumetric ratio of media to cell-laden gels to ensure cell viability and
tissue formation. NucSpot Live 488 was used with a Keyence BZ 9000 E microscope to visualize the cell
nuclei as the tissue developed.

Results, Conclusions, and Discussions

A stretch system composed of a PLA stretch device and PDMS stretch chamber was successfully created.
Fusion 360 modeling showed that forces exerted on the stretch chamber by the device were applied
evenly and there was an equal stress distribution during the stretch process (Figure 1). The total system
cost is under $30 and the system allows for live imaging of microtissues during the stretch. The system
can be stretched to 77+20% strain before failure, well above the range of typical commercial strain
devices. A successful prototype for the stretch system was developed and has the potential to enhance
research on the linkage between mechanical stretch and genotype-phenotype differences in genetic
conditions causing cardiac hypertrophy and fibrosis.



Figure 1 Left: CAD renderings of stretch system with stretch chamber (pink), bearing (green), stretch device
(blue), and screw (black). Right: Distribution of stress exerted on stretch chamber during stretch. Note, stress
within each microwell area is equivalent.

Figure 2 Stretch Device with PDMS Stretch Chamber. Chamber is unstretched (left) and stretched by
turning the screw (right). Stretch system dimensions are 61.5 mm x 45.25 mm x 10mm.

Figure 3 NIH 3T3 Fibroblast microtissues cultured in device well. Eight post design shown on left and four
post design shown on right. Scale bars: 2mm.
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RESULTS & DISCUSSION RESULTS & DISCUSSION cont.

OBJECTIVE

Cardiac hypertrophy is a condition which can lead to arrythmias and heart A uniaxial stretch system capable of precise stretch (0.1mm increments) Effects of Uniaxial Stretch on Fibroblast Tissues
fallure. While genetics and chemical stress are partly responsible, mechanical was developed. The system costs less than $30 USD, fits in a standard As the fibroblast tissues were stretched, they appear to compact along the axis
stress also contributes to this pathological condition (1). /0mm Petri dish, and allows for live imaging of tissues during stretch. of stretch. In Figure 4 (below), tissues were stretched horizontally.

Unaffected heart (left) and hypertrophic heart (right)

A system Is needed to allow researchers to determine the consequences of
mechanical stretch as well as comparing them to non-stretched tissues after
tissue formation is complete.

This knowledge can help researchers to develop better models of cardiac Figu.re 1 I__eft: CAD rendering of stretch systen_t with §tre_tch_chamber (tan), stretch device (grey),

h trobhv. leading to better anoroaches to manade related genetic diseases bearing (silver), and attached screw (black). Right: Distribution of stress exerted on stress chamber
_ yper_ pny, g_ PP _ : 9 9 during stress. Note, stress within each microwell area is equivalent.

Including hypertrophic and arrhythmogenic cardiomyopathy.

The final device dimensions are 60.5mm by 43.25 mm by 10mm (Figure 1).

We created a small, easily replicable system to apply uniaxial stretch to Fusion 360 modeling showed that forces exerted on the stretch chamber by the
genetically defined engineered heart tissues in order to study how cells device were applied evenly and there was an equal stress distribution during the
remodel their physiology and structure during tissue formation. stretch process (Figure 1). The system allows for reuse, as each PDMS

METHODS

chamber is removable from the PETG stretch device (Figure 2).
(Fig ) Figure 4 Compaction of tissue around 4 post microdevice from day 2 to day 4 (left to right) with

30% horizontal stretch applied per day. 5% of cells were stained with Vybrant DiO. GFP
fluorescence imaging shown on bottom. Diameter of circular well is 3.25 mm.

This system allows for study of stretched tissues both in brightfield and In
fluorescence microscopy. This is crucial to understanding cellular alignment and
response to stretch.
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Figure 2 Left: Stretch device without stretch chamber. nght Completed stretch stem CONCLUSION & FUTURE YORK

S s s LA o Forn 20 e A vas e 00255 03 ippoblast based Tissue Formalion and Strech B e e e e an
ratio. The stretch chamber was then placed onto the stretch device, which was 3D printed with F'brObIa_St'denved t'§5U95 were successtully f(_)rmed1 Imaged, and stretched t henot diff . i it . Ji
PETG using a Prusa MK3i3 printer. [2] using this system (Figure 3). Stretch was applied once every 24 hours after genotype-phenotype differences in genetic conditions causing cardiac

imaging at a rate of 10%, 20%, or 30% per day. hypertrophy and fibrosis. Future work may include refining this design for quick
and efficient production and eliminating the need for soldering the screw to the
bearing. Additionally, studies using this system with cardiomyocytes or IPSC-
derived heart cells will be completed.
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NIH3T3 Fibroblasts were seeded with a cell concentration of 2* 107 cells/mL into a collagen gel
containing dPBS, 10x DMEM, HEPES, Collagen | derived from rat tail, and NaOH. 7 puL of cell-
seeded gel was placed into each well of the device. A percentage of cells were labeled with R18 or
Vybrant DIO stain in order to visualize cellular positioning.
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Introduction

Breast cancer is a leading cause of cancer-related deaths worldwide. In 2020, it surpassed lung
cancer as the most diagnosed cancer globally, with 2.3 million cases. The 5-year survival rate for
women diagnosed with late-stage, distantly metastasized breast cancer is only 30%. Research
into understanding why cancerous breast epithelial tissue becomes aggressive and invasive is

critical to improving patient outcomes.

Abnormal cell migration can contribute to the spread of cancer cells and the development of
metastases. There is growing evidence that physical cues play a significant role in tumor
progression and metastasis. As a tumor progresses, two types of stresses develop in the tumor
microenvironment (TMI): solid stresses from either abnormal growth or external stress, and
stress from interstitial pressure. These stresses can cause blood and lymphatic vessels at the
center of the tumor to collapse, creating a hypoxic and acidic TMI that can lead to more invasive

phenotypes. However, the effect of these stresses on tumor phenotype is not well understood.

We are developing a novel ex-vivo method for testing compressive radial stresses on a
three-dimensional cell suspension in a collagen matrix, which expands upon current
two-dimensional models. By studying how normal and breast cancer cells respond to these

stresses, we hope to gain insights into how physical cues contribute to tumor progression and



metastasis, potentially leading to new treatments that improve patient outcomes.

Figure 1: Ay PDMS cell culture plate and mold SolidWorks rendering: B) PDMS

cell culture plate removed from mold.

Materials and Methods

Prototyping was achieved using SolidWorks® to create a negative mold ( Fig. 1) made of
TPU-95A filament. The mold was printed on a LulzBot Taz Workhorse Edition Printer with a 0.2
mm layer height and 20% infill density. We sprayed MG Chemicals® Silicone Modified
Conformal Coating Spray to ensure the PDMS was fully cured. SYLGARD™ 184 Silicone
Elastomer (Dow Corning®) was mixed at a 10:1 wt. % ratio and placed in the desiccator for an
hour. MCF10A breast epithelial cells with nuclear GFP spheroids were seeded at 1.5k cells with
20 pl of volume in an ultra-low adhesion (ULA) 96-well plate (Eppendorf®) and allowed to
form overnight. The PDMS was cured at 65°C for two and half hours and then bonded to the
surface of a 12-well plate lid using an oxygen plasma treatment for five minutes. PDMS was
cleaned using 1X PBS and 10 minutes of UV crosslinking, plasma cleaning for 5 minutes. 50 pul of
2 mg/ml collagen was deposited and allowed to polymerize for 30 minutes at 37°C. Then, two
spheroids were seeded into the gel with the remaining 50 pl of collagen, allowing 45 minutes for
polymerization (Fig. 2). 500 pl of cell culture media was then added into the wells and 4-inch zip
ties were secured around the wells and pulled until taut. Cells were imaged using a Zeiss



AxioObserver microscope (Carl Zeiss Microscopy, Germany).
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Figure 2: General procedure for preparing the flexible cell culture plate for imaging

Results, Discussion, and Conclusions

3D printing has revolutionized prototyping, allowing for rapid and cost-effective methods for
creating models from CAD files. Fused deposition modeling enabled testing of multiple models
before refining the mold. Experiments were conducted to determine the best method for
generating the cell culture well plates. We tested PETG, PLA, and TPU-95A 3D-printing
filaments with three treatment groups: no treatment, oxygen plasma treatment, and
silanization. A flexible TPU-95A filament with silanization worked best to release the PDMS well



plate (Table 1).

Material Treatment™* Outcome
PLA None Failed to Release from mold
PLA Oxygen Plasma Failed to Release from mold
PETG None Failed to R.elease from mold
PETG Plasma Treatment Failed to Release from mold
PETG Silianization Failed to Release from mold
TPU-95A None Released. but PDXMS curing issue
TPU-95A Plasma Treatment Released, bur PDMS curing issue
TPU-95A Silianization Released with fully cured PDMS
* PLA was eventually no longer tested as it had too low of a glass transition temperature and would begin to
soften at the curing temperatures used.
** All samples were cured at 65°C

Table 1: Results of Mold Release Study

We aimed to create spheroid clusters of MCF10A cells by testing different cell groups and
volumes to determine optimal conditions for spheroid formation. We first tested 10K cells at 35
uL, but they were fragmented. Thus, we decided to lower the amount of cells used in the plate,
testing 1.5k and 1k cells per spheroid in 20, 25, and 35 microliters of media each (Fig. 3A). A
Countess 3 Automated Cell Counter (Thermo Scientific®) was used to determine the live cell
count and proper dilutions. After forming the spheroids, we carefully transferred them using a

cut 100 pl pipette tip (Fig. 3B). We found that seeding 1.5K cells at 20 ul was optimal for forming

spheroids using ULA plates and MCF10As.
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Figure 3: A) 96 well plate experimental set up. B) 100pL pipette tip




The eventual purpose of our model is to apply specific amounts of compression to normal and
cancerous cell spheroids within a 3D collagen matrix, observing their behavior using time-lapse
microscopy allowing us to study the effects of radial compression on tumor progression and
metastasis in a three-dimensional environment. We are currently collecting data of
compressed/uncompressed systems using zip ties to identify any morphological and/or
migratory changes in the cells. Future iterations of the device will incorporate tunable radial
compression through compressed air, along with improving the imageability of the PDMS wells.

With these experiments, we plan to examine ECM deposition; cross-linking; fiber alignment,
length, and size; cellular changes to actin, myosin, and Rho-ROCK signaling; and traction forces
in response to varying compression with fluorescent beads and PIV. These studies will provide
valuable insights into explaining the mechanisms by which radial compression contributes to
cell behavior.



Washington
University in St.Louis

JAMES MCKELVEY
SCHOOL OF ENGINEERING

Novel 3D Ex-Vivo Model for Radial Compressive Stress Delivery

Calvin Paulsen2:3, Ye Lim Leel, Akash Shaji2, Miranda Gamino-Ornelas!, Amit Pathak®>

1. Washington University, Dept. of Biomedical Engineering, St. Louis, MO; 2. Washington University, Dept. of Mechanical

Engineering & Materials Science, St. Louis, MO; 3. Clemson University, Dept. of Bioengineering , Clemson, SC

Lobular and ductal subtypes make up 40-75% of all breast cancers, and 80% of
invasive breast cancers are a ductal subtype.* It is believed that ductal carcinoma
follows a linear type progression. As the cancer progresses, it begins to develop
solid stresses that result in radial compression to the center of the tumor. This can
cause the collapse of delicate vessels at the interior of the tumor. This leads to a
hypoxic and acidic environment at the interior of the tumor, as well as greatly
increases the risk of more invasive phenotypes.

Normal Duct

Ductal Hyperplasia with Atypia DCIS Invasive Ductal Carcinoma

@ Epithelial Cells * Cancer-Associated Fibroblast {,@ Necrotic Cancer Cells
f Myoepithelial Cells Basal Membrane ;\A Blood Vessels
\ Fibroblast E)j:( Cancer Cells

However, less understood is the cellular response to the resulting radial
compression. We are developing a novel ex-vivo method for testing compressive
radial stresses on a three-dimensional cell suspension in a collagen matrix, which
expands upon current two-dimensional models. Utilizing the wide interactions of
Cell-ECM binding, we can develop models to mimic in vivo mechanical conditions
and treat cell behavior as an output. These outputs include observing spreading,
migration, and cancer cell invasion.

2. Coating and Mixing

1. Mold Master Design

=

« SolidWorks® used to create a negative * MG Chemicals® Silicone Modified
mold. Conformal Coating Spray used to ensure

e Material: Thermoplastic Polyurethane- Polydimethylsiloxane (PDMS) fully cured.
95A (TPU-95A) filament. « SYLGARD™ 184 Silicone Elastomer

e Printed on LulzBot Taz Workhorse mixed at 10:1 wt. % ratio and placed in
Edition Printer. desiccator for an hour.

3. Seeding and Curing

« MCF10A breast epithelial cells with nuclear GFP
spheroids seeded at 1.5k cells in ULA 96-well plate
and left overnight.

« PDMS cured at 65°C for two and half hours and
bonded to 12-well plate lid using oxygen plasma
treatment.

4. Cleaning, Deposition, and Seeding:

 PDMS cleaned using 1X PBS and UV

crosslinking.

« plasma cleaning for 5 minutes.
« 50 ul of collagen deposited and allowed to

polymerize for 30 minutes at 37°C.

« two spheroids seeded into gel with 50 ul

collagen (45 min).

* 500 ul of CCM was added and the zip-tie

was pulled tight.

5. Imaging

Cells imaged using Zeiss AxioObserver
mMiCroscope.

We are modifying and improving our
PDMS fabrication protocol to improve
imaging capabilities.

Spheroid Formation and

‘Filament Testing and Best
Result: Tested PETG, PLA, and

TPU-95A filaments with no
treatment, oxygen plasma
treatment, and silanization.
Flexible TPU-95A filament with
silanization worked best to
release PDMS well plate.

Optimal Conditions:
Tested number of

100 pl. graduation

volume/cells for spheroid

formation. Seeding 1.5K

o ()
cells at 20 ul was most 5 i‘
optimal for forming @)
spheroids using ULA O
plates and MCF10As. O e

‘-Imaging Results: We are improving
imageability of the well, including
reducing the PDMS thickness at the
bottom of the wells, using glass bottom

single well plates to hold the PDMS, and
seeding more spheroids into the collagen.

¢ 50 pl. graduation
1K 25ul Q 1.5K 25ul 6/29 717

1.5K 35ul 7/3

« PDMS is a biocompatible, elastic silicone
with good mechanical properties.>2

» There are numerous descriptions
of PDMS based devices that are
used for novel cell compression
on living cells, but many are
microfluidic based.3

ol el

* Conventional cell culture methods in a bulk setting will provide more
tools for studying living cells and the role of radial compressive forces in
cancer mechanobiology.

» Currently, the only commercially available flexible cell culture plates
available for conventional cell culture is BioFlex® from FlexCell, which
are used for tensile testing.

« Eventually we A C
will apply AR
specific *
compression to T
normal and T

cancerous cell
spheroids within

a 3D collagen B
m2atrix,

observing their
behavior using

. y o SECTIQHN A-A
time-lapse 3 B
mMicroscopy.

« With these experiments, we plan to examine:
« ECM deposition and cross-linking
 fiber alignment, length, and size
 cellular changes to actin, myosin, and Rho-ROCK signaling.
* Measuring traction forces
These experiments will provide valuable insights into explaining the
mechanisms by which radial compression contributes to tumor
progression and metastasis.
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