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Abstract of Microenvironmental Forces in Engineered Tissue Models, Prerna Chordiya, ScM,

Brown University, May 2026

Microenvironmental mechanical forces are key regulators of cellular behavior, yet their
origin and modulation within three dimensional (3D) systems remains incompletely
understood. In particular, the respective roles of cell-cell interactions and extracellular matrix
(ECM) composition in governing these forces are not well defined. To address this,
hypercompliant microparticles (HCMPs) were used to quantify microenvironmental
mechanical parameters in two different models. First, dog bone system to investigate
microenvironmental forces in early musculoskeletal regeneration. And second, cartilage
spheroid model to evaluate changes in forces following enzymatic matrix degradation.
Mechanical parameters like pressure, volume and elastic energy were analyzed to capture both
system-level and sensor-level responses. The results indicate that while cellular interactions
contribute to first generation force production as seen in the dog bone model, the ECM is
essential for stabilizing and modulating the mechanical microenvironment. Matrix degradation
leads to measurable alterations in microenvironmental mechanical states, highlighting the role
of ECM composition in regulating for distribution. Together, this study provides a framework
for directly measuring and interpreting microenvironmental forces in 3D systems, with

implications for the disease modeling and tissue engineering.
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CHAPTER 1:
INTRODUCTION

Mechanical environment of living tissues plays fundamental role in regulating cellular
behavior, tissue development, and disease progression'. Cells continuously exert as well as
respond to physical cues such as tension, compression, and matrix stiffness, translating these
signals into biochemical responses through mechanotransduction pathways*>. Especially,
musculoskeletal tissues that is subjected to dynamically evolving environment tend to make
cells hypersensitive to the physical cues®. Investigating these forces will have significant
application in tissue engineering, disease modeling as well as wound healing’. Knowledge
remains limited because current techniques for quantifying mechanical stimuli often
inadvertently alter and influence cell structure and behavior. Existing methods include traction
force microscopy (TFM) and micropillars which though work well for isolated cells but lack
suitability for cell dense structures'®!2, Furthermore, these techniques are performed in 2D and
are difficult to translate into three dimensional cultures that mimic physiology for several

biological systems.

Another explored method for mechanical sensing is deformable microparticles (MPs)
which have been used as an in-situ force sensor'>. Previous studies have largely focused on
general observations of forces in 2D culture or around the peripheries. They also used much
stiffer or much larger than cells which limits its accuracy and sensitivity. Labs including ours
have created hyper compliant microparticles (HCMPs) from polyacrylamide via an inversion
emulsion process. These HCMPs possess tunable properties with size and elastic modulus
around the same range as cells. Previous work of our group quantified the forces present in self-

assembled adipose-derived stem cell spheroid using customized HCMPs'*. Recently, our group



also reported the effect of HCMP’s physical characteristics on mechanical measurements and
uncovered that HCMPs with diameter > 20 pm and elastic modulus ~250 Pa had greatest

measurement resolution and sensitivity in 3D spheroid model®.

The aim of the study is to utilize HCMPs to investigate the evolution of
microenvironmental forces within two distinct 3D model systems. The first being dog bone
model, that previously have been used as a model for uniaxial tension relevant to
musculoskeletal tissues such as tendons and ligaments. The second is a 3D spheroid model of
self-assembled chondrogenic progenitor cells, which provides a physiologically relevant
platform to study compressive forces and their evolution within a cartilage-like

microenvironment.

Through the integration of these models and methodologies, this work aims to provide
deeper insights of how mechanical microenvironment evolve in response to structural and

compositional changes.



CHAPTER 2:
MICROENVIRONMENTAL FORCES IN
EARLY MUSCULOSKELETAL TISSUE FORMATION
2.1. Introduction

Mechanical loading in musculoskeletal tissues such as ligaments and tendons is
predominantly tensile, where cells exist within highly aligned, load bearing environments and
continuously generate and respond to forces'®!”. The ECM, particularly collagen alignment
contributes significantly to achieving tensile strength!®. In addition to ECM, fibroblasts and
tenocytes are also critical in maintaining tissue mechanics through active remodeling'®.
However, existing literature has extensively characterized role of collagen fiber alignment in
tensile behavior, the contribution of cells themselves as force generating units remains less

understood.

Self-assembled dog bone microtissues have emerged as a powerful model system to
study uniaxial tension in engineered tissues?’. Driven by cell-mediated contractility and
geometric constraint, these constructs spontaneously organize into aligned structures that
generate intrinsic tensile strength along a defined axis. This makes them particularly relevant
for modeling native musculoskeletal tissues, where structural anisotropy and tension-driven
organization are critical to function. Normal human fibroblasts were used to seed dog bone
microtissues as they take 3 to 7 days to produce detectable ECM and 7 to 14 days for mature
ECM deposition®!, thereby leading to cell-driven forces to be more prominent. Previous work

from our lab has successfully utilized this system to investigate microenvironmental forces and



demonstrated feasibility of integrating deformable microparticle as embedded force sensors

within the constructs.
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Figure 1: Visual representation of NHF-dog bone microtissue
seeding. (Biorender)

However, a key limitation in prior implementation lies in the heterogeneous size
distribution of these HCMPs. Non-uniform sizes can affect deformation responses, thereby
limiting the ability to reliably compare force magnitudes across regions and timepoints. To
address this, the present study builds upon this established platform by introducing a more

monodisperse HCMPs.



2.2. Methods
2.2.1. HCMPs fabrication and characterization

The force sensors used in this study were polyacrylamide HCMPs fabricated as
described!*?223, Monodispersed sensor batch was created using microfluidic droplet generator
using aqueous discontinuous phase (polyacrylamide precursor solution) and an oil continuous
phase (l-octadecene with 2.5% Hypermer SP6). To target a stiffness of 300 Pa, a
polyacrylamide formation of 4% acrylamide and 0.08% bisacrylamide was used. 8%
triphenylmethane Sharpie dye (640 nm excitation, 670 nm emission), 0.1% ammonium
persulfate (APS), and 0.1% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were also
included in the precursor solution. The target sensor size was 40 um. Microdroplets were
polumerized on a UV curing chip and then washed three times with 0.1% Triton X-100 and
three times with deionized (DI) water. Sensors were allowed to fully hydrate in DI water away

from light before use.

After fabrication, the size and elastic modulus was characterized for a sample of each
batch. Size was determined in ImageJ with the Particle Analyzer function, and elastic modulus
was measured using force-indentation curves collected on an atomic force microscope with a

5-mm spherically tipped indenter (nominal k ~0.03 N/m) as previously described®*.
2.2.2. Cell culture

Experiments used NHFs between passage 7 to 9. Cells were cultured in medium
containing Dulbecco’s Modified Eagle Medium with high glucose (DMEM-hg), 10% fetal

bovine serum, and 1% penicillin-streptomycin and proliferated at 37°C and 5% COs..



2.2.3. Dog bone mold preparation

Microtissue wells were prepared with 3D printed mold. The dog bone wells consist of
two tori with diameter of 800 um set 6mm apart and connected by a 400 um wide connecting
rod. 600 uL of 3% agarose was placed in each well followed by the 3D printed mold, and the
agarose was then cooled to form three dog bone microtissue wells within each well. Microtissue
wells were acclimated at least thrice in base medium with 1% penicillin streptomycin. Wells

with two intact tori and no damage to the dog bone structure were used for seeding.

2.2.4. Dog bone microtissue seeding

80-90% confluent flasks were rinsed with PBS and lifted using trypsin/EDTA and
incubated for 6 minutes at 37°C and 5% CO.. Culture medium was added to neutralize trypsin,
and the cells were then centrifuged at 400g for 5 minutes, resuspended in culture media and
counted using hemocytometer. The microtissue wells were seeded with ~600,000 cells/dog
bone for based on previous work that determined suitable seeding concentration to ensure
microtissue remained intact during the experimental period. 3-20 force sensors were seeded per
dog bone to avoid overcrowding and affect the tissue architecture. After seeding, the well plate
was left to sit at room temperature under biosafety cabinet for 30 minutes to allow the cells to
settle and reduce loss of cells or sensors to other regions. Well plate was then transferred into

an incubator at 37°C and 5% CO:sx.

2.2.5. Image collection

At timepoints 4h, 8h and 24h, 2D images of the dog bones were taken using 10X
objective in brightfield and Cy5 (628 nm excitation, 685 nm emission). Manual imaging mode

was used to capture images of dog bone microtissue with no overlap setting to enable proper



image stitching. Cy5 images were captured at 2-4 different z-heights per dog bone to capture
as many sensors as possible. Exposure and power settings were adjusted for different filters.

The x-y resolution (0.6446 um /pixel) was recorded for further image processing.
2.2.6. Image processing

To calculate microenvironmental measurements, sensor images were extracted from
stitched Cy5 files through MATLAB, followed by computational analysis in Mathematica. The
MATLAB script utilized Otsu thresholding to convert images at different z-levels into one
binary map, and the x- and y- coordinates of the sensor centroids were then computed. The code
created a virtual TimeO particle with a diameter equal to the measured average of the
monodispersed sensor lot. The resulting output was a pair of folders for each sensor with binary
images of the undeformed (Time0) and deformed (Timel) states. A virtual TimeO was used in
this study based on previous findings that between matched real and virtual TimeO sensors,
there were no significant differences in average pressure or elastic energy measurements for

soft sensor?”.

A Wolfram Mathematica program developed specifically for 2D image analysis was the
used to compute mechanical parameters: average pressure, elastic energy, and elastic energy
density'®. The program enables parallel processing of image data to extract mechanical
measurements using assumptions of spherical symmetry and continuum mechanics.
Computational parameters used to run the Mathematica program are listed in 7able 1. The pixel
ratio was calculated once using image metadata on dimensions in pixels and um, as all images
were acquired with the same resolution. For reported average pressure values, negative values
represent compressive acting on the sensors while positive values represent outward tensile

forces. Force measurements were calculated using average pressure and the area of the circle



with radius equal to sensor minor axis to analyze force acting in the direction of the major axis.
MATLAB scripts were then used to overlay the computed forces and their orientations onto the
stitched images, followed by downstream analysis comparing mechanical parameters and
geometric measurements of sensor elongation and orientation over time and in different regions

of the dog bone.

Table 1: Parameter palette used to run Wolfram Mathematica program for dog bone microtissue

Binarize Threshold 0.06
Edge Detect Scale 2
Pixel ratio (um/pixel) 0.6446
Young’s modulus (Pa) 250

Poisson’s ratio 0.443

2.2.7. Statistical Analysis

All statistical analyses were performed using R studio and GraphPad Prism 11. Outliers
in the data were identified using the ROUT method with Q=1% and removed before analyses.
Normal distribution for continuous variables was tested using Kolmogorov-Smirnov test,
histograms and Q-Q plots. One-way ANOVA with Dunn’s post hoc test was performed on
nonparametric variables. Tukey box and whisker plots were used to visualize data. Associations
with p values < 0.05 were considered statistically significant. Graphs were created using

GraphPad prism 11.



2.3. Results

Imaging data was collected for 29 NHF-seeded dog bones at 4h, 8h, and 24h timepoints.
The same force sensor lot (33 um diameter particle with elastic modulus of 250 Pa) was used

for all experiments.

2.3.1. Morphology of NHFs in dog bone

Figure 2 shows brightfield images of NHF microtissue at 4h, 8h and 24h. Over time,
microtissue exhibited compaction, resulting in a more condensed and structurally tighter
morphology. At 24h, it was more pronounced in the neck region, with comparatively less but

noticeable tightening around ring region.

4h

8h

24h

Figure 2: Brightfield stitched images of dog bone microtissues at 4h, 8h and 24h timepoint.



2.3.2. Mechanical Parameters for NHF-seeded dog bones
2.3.2.1. Combined force maps

Force sensors from all 29 NHF dog bones were combined for each timepoint using
coordinates calculated relative to the center of the left post. Average pressure across all time
points was found be around 50-550 Pa (Figure 3). The color of the sensors indicates the average
pressure experienced and the lines indicate the range of elongation. Outliers were removed from

further analysis.
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Figure 3: Combined force maps at 4h, 8h and 24h timepoint.
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2.3.2.2. Parameter by region

For each timepoints, mechanical parameters like average pressure, force, and elastic
energy density were calculated for the neck, neck-ring interface and ring regions at a single
timepoint (Figure 4). No significant pressure and force differences were observed between any
regions across all timepoints. At 8h and 24h, no changes in elastic energy density were observed
across all regions, whereas at 4h it was found to be significantly higher in ring region compared

to neck-ring interface (p<0.05).

2.3.2.3. Parameter changes over time

All three parameters were compared for each region at all three timepoints (Figure 5)
to understand the change in the mechanical behavior based on the location. While average
pressure, elastic energy density and force were consistent across time in each region, elastic
energy density in neck and ring region was lower at 8h compared to 4h (p<0.05). Elastic energy

density also increased in neck region in 24h compared to 8h (p<0.01).

11
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Figure 5: Average Pressure (Pa), force (uN), and elastic energy density (J/m’) measurements at 4h, 8h,

and 24h for each region (neck, neck-ring interface, ring) of NHF-seeded dog bone microtissues.

<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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2.3.2.4. Sensor orientation and elongation

We hypothesized that sensors in the neck region would be horizontally oriented and
sensors in the ring regions would be tangentially oriented to the post due to possible hoop stress
according to finite element models?®. To test this hypothesis, we measured degrees from
horizontal of sensor major axes in neck region and deviation of sensor major axes from the
tangent of the post for ring regions. As deviations could from the horizontal and tangent could
result in either positive or negatives angles, absolute values were used to represent the
measurements. There were no significant differences between degrees from horizontal or

deviation from tangent measurements (Figure 6).
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Figure 6: Absolute value of degrees from horizontal measurements in the neck region
and degrees of deviation from tangent measurements in the rings at 4h, 8h, and 24h
for NHF-seeded dog bone microtissues.
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Changes in sensor’s major-to-minor axis ratio over times in each region. Though major-
to-minor axis ratios were significantly lower at 8h compared to 4h in all three regions, that

might not be translatable into biological significance (Figure 7).
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Figure 7: Sensor major-to-minor axis ratio at 4h, 8h, and 24h for each region of NHF -
seeded dog bone microtissues. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001

2.4. Discussion

This study quantifies microenvironmental forces in in vitro model for early
musculoskeletal tissue condensation. It provides insight on changes in magnitude and direction

of mechanical parameters in different regions of microtissue over time.

Average pressure measurements indicated the presence of tensile forces primarily that
aligns with our hypothesis that cells may also play a role in imparting tensile behavior. Some
sensors in combined force sensor map appear to be outside of the microtissue, it could be due
to variability in tissue condensation. In addition, image data was captured for around 300 force

sensors to reduce error.
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Across time and regions, average pressure, forces and elastic energy remained within
the same range demonstrating no significant increase or decrease. This likely reflects the
establishment of an early cell-dominated mechanical steady state. At these early timepoints,
extracellular matrix deposition remains limited and thereby lacking structural organization to
facilitate long-range force transmission®. As a result, while cells can generate little tensile
forces, the absence of a mature and aligned collagen network likely constrains further increase

in average pressure and force at 8h and 24h timepoints.

In addition to relatively stable tensile behavior, a compressive component was also
observed across all timepoints (negative average pressure) in Figure 4, could be due to
fibroblasts ability rapidly generate contractile forces through actomyosin activity and cell-cell
interactions?*?’. In absence of ECM forces remain locally distributed and can give rise to

regions of inward compaction.

Sensor orientation in neck and ring regions did not significantly differ over time in NHF
microtissue. Similarly, measurements of sensor elongation remained consistent over time in all

three regions for NHF microtissues which was consistent with our hypotheses.

Limitation of our study is that the 24h timepoint could be too early to fully capture the
role of cells in driving mechanical properties. 24h was used as the last timepoint as we aimed
for early condensation process. And because the microtissue experienced failure around 48h
timepoint. Furthermore, increasing seeding density to prolong structural stability led to
decreased cell viability due to overcrowding. Another limitation of this study was in the imaging
system and processing. In some cases, sensors that were out of focus were still identified as

being in focus, introducing potential error in the measurements.
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Previous work included microtissues containing 50-100 sensors. However, to eliminate
the possibility of high amounts of sensors contributing to failure, this study reduced the number
of sensors to less than 20 sensors per microtissue. Despite this reduction, failure was still
observed for majority of the microtissues around 48h. As a result, the analysis was constrained
to early timepoint. Further experimentations could benefit from the use of serum-free media to
enable longer term assessment. Future studies could leverage this platform by incorporating
force sensors into microtissues with more mature ECM to characterize the evolution of
mechanical parameters in systems where both cellular and matrix composition is present. In
parallel, decellularized constructs could be employed to isolate matrix-driven forces, providing
a means to decouple and quantitatively compare cell-mediated and matrix-mediated mechanical

measurements.

Together, these results highlight a distinct early-stage mechanical regime in which cells

themselves act as the primary drivers of microenvironmental forces.
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CHAPTER 3:

MICROENVIRONMENTAL FORCE CHANGES IN CARTILAGE TISSUE MODEL

UPON MATRIX DEGRADATION
3.1. Introduction

Chondrocytes are the primary cells responsible for the formation of cartilage
extracellular matrix?®. These cells in oxygen-poor or hypoxic environment predominantly
produce proteoglycans and collagen, which enables ECM to retain large amounts of water. This

is essential for cartilage’s flexibility and viscoelasticity?’=°.

Despite their importance, maintaining chondrocyte functionality in vitro within a
physiologically relevant environment remains a significant challenge in cartilage tissue
engineering®'. Existing approaches to recreate cartilage-like systems are often limited by
restricted tissue availability, low cell numbers, slow proliferation rates, and phenotypic
instability during culture®?. These limitations hinder the ability to accurately model the complex

interplay between matrix composition, cellular behavior, and mechanical function in cartilage.

From a mechanical perspective, cartilage operates within a predominantly compressive
environment, when its load-bearing capacity is largely governed by the presence of sulfated
glycosaminoglycans (sGAG)**. sGAG are known to attract water, generating osmotic
swelling pressure, thereby serving as shock absorbers and providing compressive resilience to
cartilage tissue®>2. Chondroitinase ABC ( C-ABC) an enzyme that degrades sGAG and in prior
studies have been used in ECM remodeling, enhancing collagen maturation and hence

improving structural and mechanical properties of engineered cartilage and meniscus tissues’-
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40 Prior studies have shown that early application of C-ABC (t = 1wk) was beneficial in

enhancing tensile properties of cartilage construct’’.
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Figure 8: Graphical representation of spheroid microenvironment (Biorender).

Three-dimensional spheroid models provide a promising platform to study these

phenomena in a controlled yet biologically relevant microenvironment. Prior work from our lab

has demonstrated the use of ASC spheroids to investigate l‘

|

microenvironmental forces using HCMPs, establishing e
well plate

the feasibility of capturing local mechanical changes

micro mold

within cell spheroids'. Preliminary studies have also

explored mechanical changes in PRG4+ expressing cells

that possess cartilage-specific phenotypes*. We .
hypothesize that the temporary depletion of sGAG using g o
C-ABC would release the water content and thereby Oh 24h'(Bay9)

lowering the osmotic pressure in the tissue Figure 9: Representation of PRG4+ spheroid

seeding (Biorender)
microenvironment.
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3.2. Methods

3.2.1. HCMP fabrication and characterization

The force sensors used in this study were polyacrylamide HCMPs fabricated as
described. Monodispersed sensor batch was created using microfluidic droplet generator using
aqueous discontinuous phase (polyacrylamide precursor solution) and an oil continuous phase
(1-octadecene with 2.5% Hypermer SP6). To target a stiffness of 300 Pa, a polyacrylamide
formation of 4% acrylamide and 0.08% bisacrylamide was used. 8% triphenylmethane Sharpie
dye (640 nm excitation, 670 nm emission), 0.1% ammonium persulfate (APS), and 0.1%
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were also included in the precursor
solution. The target sensor size was 30 um. Microdroplets were polumerized on a UV curing
chip and then washed three times with 0.1% Triton X-100 and three times with deionized (DI)

water. Sensors were allowed to fully hydrate in DI water away from light before use.

After fabrication, the size and elastic modulus was characterized for a sample of each
batch. Size was determined in ImageJ with the Particle Analyzer function, and elastic modulus
was measured using force-indentation curves collected on an atomic force microscope with a
5-mm spherically tipped indenter (nominal k ~0.03 N/m) as previously described (Darling et

al, 2006). Resulting sensors were found to have 18 um diameter and elastic modulus of 300 Pa.

3.2.2. Cell culture

PRG4+ cells in culture media consisting of DMEM/F12, 10% FBS (placeholder) and
1% penicillin-streptomycin (placeholder) were cultured at 37°C and 5% CO2. At 80-90%
confluence, the cell monolayer was treated with trypsin and incubated for 5 minutes to detach

them from the flask surface. Trypsin consisting of cells was then neutralized using culture media
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and centrifuged at 400g for 5 minutes. Cells were resuspended in culture media and counted

using hemocytometer before the experiment.

3.2.3. Microarray preparation

Two different types of microtissue array were used. One in 96 well plate and other in 24
well plate. 96 well array was used for microenvironmental force measurement whereas for all

biochemical assays and histology 24 well plate array was used.

3.2.3.1. 96 well array

To prepare 96well array, 2% sterile agarose solution was prepared. Using multichannel
pipette 140ull of molten agarose was dispensed into each well and stamped with the mold. The
mold was left on for 15 mins to solidify the agarose to form four conical microwells. Following
solidification, the mold was carefully removed, and the hydrogels were acclimated using

DMEM/F12 supplemented with 1% penicillin-streptomycin at 37C prior to seeding.

3.2.3.2. 24 well array

To prepare 24 well array, 100uL of 3%csterile agarose is added to the mold and glass
slides are placed on top of it for 15 mins. The slide is then taken off and the solidified is carefully
removed from the mold and placed in the 24 well. The hydrogels were acclimated using

DMEM/F12 supplemented with 1% penicillin-streptomycin at 37C prior to seeding.
3.2.4. Microtissue seeding
3.2.4.1. 96 well microtissue
For 96 well microarray, 10uL aliquot of cells and HCMP suspension (1:1) was pipetted

into each well to form four spheroids each composed of 6500 cells in addition to ~1-2 HCMPs.
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To assist spheroid formation seeded plates were centrifuged for 5 mins at 400g. Following
centrifugation, each well was given 130 uL of growth media. 24h post seeding, once the

spheroids are compact growth media was replaced with chondrogenic medium
3.2.4.2. 24 well microtissue

For 24 well microarray, 50 uL of cell suspension was added to the loading deck of each
hydrogel and kept steady for 30mins to facilitate spheroid formation. After 30mins, growth
media was gently added to the hydrogels. 24h post seeding, growth media was replaced with

chondrogenic media.
3.2.5. Chondro-Induction media:

Chondro-induction media comprised of DMEM High glucose, 10% FBS, 0.5% 2ug/mL
TGF beta 1, 0.1% 50ug/mL ascorbate-2-phosphate, 1% 10 uM dexamethasone, 1% Insulin and

1% Antibiotic/antimycotic.
3.2.6. Chondroitinase-ABC treatment:

At timepoints t = 1 day and t = 5 day, spheroids were treated with Chondroitinase-ABC
(C-ABC). The protocol for the treatment was followed as mentioned®’. 2U/mL C-ABC and

0.05M acetate activator in chondrogenic medium for 4h at 37°C.
3.2.7. Biochemical Assays

At 1% 5% and 14™ day spheroids were treated with C-ABC and fixed in 3.7%
paraformaldehyde. Samples containing approximately 30 spheroids each for control and
treatment were digested with papain at 65°C for 48 hours. Microplate reader (Cytation 5) was

used to quantify sGAG, total collagen, and DNA content from papain digested samples. sGAG
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amount was quantified via dimethylmethylene blue (DMMB) assay and measured at 525. Total
collagen content was measured by a hydroxyproline assay and measured at 550 nm. DNA
content was quantified using the Quant-iT Picogreen dsDNA Assay Kit and read at 480 nm
excitation and 520 nm emission. A standard curve was used to calculate sGAG, total collagen

and DNA amounts per spheroid.

3.2.8. Image collection:

Spheroids images were taken at different timepoints using the inverted digital widefield
microscope (Cytation 5) with 10X objective in brightfield and Cy5 (628 nm excitation, 685 nm
emission). Exposure and power settings were adjusted for different filters. The x-y resolution

(0.6446 um /pixel) was recorded for further image processing.

3.2.9. Image processing/ acquisition

To calculate microenvironmental measurements, sensor images were extracted through
MATLAB, followed by computational analysis in Mathematica. The MATLAB script utilized
Otsu thresholding to convert images into a binary map, and the x- and y- coordinates of the
sensor centroids were then computed. The code created a virtual TimeO particle with a diameter
equal to the measured average of the monodispersed sensor lot. The resulting output was a pair
of folders for each sensor with binary images of the undeformed (Time0) and deformed (Time1)
states. A virtual Time0 was used in this study based on previous findings that between matched
real and virtual Time0 sensors, there were no significant differences in average pressure or

elastic energy measurements for soft sensor.

A Wolfram Mathematica program developed specifically for 2D image analysis was the

used to compute mechanical parameters: average pressure, elastic energy, and elastic energy
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density. The program enables parallel processing of image data to extract mechanical
measurements using assumptions of spherical symmetry and continuum mechanics.
Computational parameters used to run the Mathematica program are listed in 7able 2. The pixel
ratio was calculated once using image metadata on dimensions in pixels and um, as all images
were acquired with the same resolution. For reported average pressure values, negative values
represent compressive acting on the sensors while positive values represent outward tensile

forces.

Table 2: Parameter palette used to run Wolfram Mathematica program for spheroid microtissue

Binarize Threshold 0.06
Edge Detect Scale 2
Pixel ratio (um/pixel) 0.6446
Young’s modulus (Pa) 300

Poisson’s ratio 0.443

3.2.10 Percentage change for each sensor

The percentage change in mechanical parameters of each sensor was calculated using

the formula:

p . B (After treatment value — Before treatment value) 100
ercentage change = *
g g |Before treatment value|

3.2.11 Statistical analysis

All statistical analyses were performed using R studio and GraphPad Prism 11. Outliers

in the data were identified using the ROUT method with Q=1% and removed before analyses.
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Normal distribution for continuous variables was tested using Shapiro Wilk test, histograms
and Q-Q plots. Two-way Anova and multiple comparison tests were performed for each
variable. Tukey box and whisker plots were used to visualize data. Associations with p values

< 0.05 were considered statistically significant. Graphs were created using GraphPad prism 11.
3.3. Results
3.3.1. PRG4+ spheroids in chondrogenic media

3.3.1.1. PRG4 morphology

PRG4 cells (~6500/spheroids) were seeded into non-adhesive agarose microwells and
were allowed to self-assemble into spheroids. Prior experimentation has showed that spheroids
can be formed within 12-13h of seeding. At 24h post seeding, growth media was replaced with
chondrogenic media, and spheroids were allowed to grow. Spheroids were imaged daily
following the spheroid. Day 0 (24 h post seeding) was defined as the timepoint immediately
prior to media replacement with chondrogenic medium (Figure 10). Average diameter across

spheroids was found to be around 220 um.

Figure 10: Representative imaging of PRG4+ spheroids containing sensors tracked
longitudinally from Day 0 to Day 10. (Top left to right: Day 0 to Day 5, Bottom left to right:
Day 6 to Day 10)
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3.3.1.2. Average pressure in PRG4 spheroids in growth media and chondrogenic media

Average pressure before and after changing the growth media (N = 120) to chondrogenic
media (N = 120) was measured to rule out possibility that any observed pressure changes were
caused due to media switch. Figure 11 shows the average pressure of the sensors in growth

media (Day 0) and chondrogenic media (Day 1) for 24h.
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Figure 11: Average Pressure (Pa) of spheroids in growth media and
chondrogenic media for 24h.

3.3.2. Quantification of extracellular matrix

To assess the extent of ECM, particularly sGAG degradation, and confirm the effect of
C-ABC treatment, biochemical assays were performed to quantify sGAG, collagen, and DNA
content within the spheroids. Figure 12 shows sGAG, total collagen and DNA per sample for
Day 1, Day 5 and Day 14 C-ABC treated and untreated spheroids. No significant change in
total collagen or DNA per sample was found for either of the treated spheroids at either
timepoints. Day 5 treated spheroids had significantly lower amount of sGAG compared to
untreated spheroids (p=0.0097), while no significant change was observed in SGAG amount

for Day 0 and Day 14 treated spheroids.
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Figure 12: Biochemical quantification of extracellular matrix components and cellular content in
spheroids across Day 1, Day 5 and Day 14 for C-ABC treated and untreated conditions. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001

3.3.3. C-ABC Treatment on PRG4+ Spheroids

To study the effect of C-ABC at early time points, the treatment was performed either

24h or 5 days post media change.

3.3.3.1. Day 1 treated spheroids

25 spheroids were treated with C-ABC at Day 1, and 30 spheroids were used as control
for 4 hours at 37°C and 5% COz. Spheroids were imaged for 5 timepoints (Oh, 24h, 25h, 26h

and 27h) before the treatment and 4 timepoints after the treatment (31h, 32h, 33h and 34h).

Figure 13: Representative imaging of PRG4+ spheroids containing sensors tracked
treated at 27" h. (Top left to right: Day 0 to 27h, Bottom left to right:31h to 34h)
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3.3.3.2. Microenvironmental mechanical parameter changes for Day 1 treated spheroids

Changes in mechanical parameters like average pressure, elastic energy density and
volume for the sensors were measured to evaluate the effect of C-ABC treatment on the
mechanical microenvironment of PRG4+ spheroids. Overall changes in the mechanical
parameters were assessed over time and just before and after the treatment. Additionally,
individual sensors were tracked to analyze individual trends in sensor’s parameters pre- and
post-treatment. Finally, sensors were distinguished based on their location within spheroid,
specifically core and shell regions, to determine whether treatment-induced mechanical

responses varied by positions.

A. Mean mechanical parameters

Mean mechanical parameters were calculated by averaging values for each parameter
at each timepoint and plotted over time (Figure 14). This approach provided and overall trend
in the mechanical microenvironment within spheroids. No significant change in mean average
pressure, mean volume or mean elastic energy density was observed at any given timepoints

and between control and treatment groups.
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Figure 14: Mean average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume (um’)

in Day 1 treated spheroids plotted over time.
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Mean mechanical parameters were also compared pre-and post-treatment on Day 1. No
significant change was observed. Additionally, mean mechanical parameters were compared
immediately pre- and post-treatment C-ABC treatment on Day 1 to assess the immediate
response of mechanical microenvironment. No significant changes were observed in any

parameters for both control and C-ABC treated groups.
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Figure 15: Mean average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume

(um’) in Day 1 treated spheroids right pre- and post-treatment.

B. Parameters by individual sensor

Figure 16 shows mechanical parameters for individual sensors pre- and post C-ABC
treatment on Day 1. To assess changes in mechanical parameters for individual sensors,
percentage change in each parameter was calculated. No clear increase or decrease trends could

be observed.
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Figure 16: Average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume (um’) for

individual sensor pre- and post-treatment.
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C. Parameters by region

Sensor position within the spheroid can influence the mechanical pressure and forces it

experiences. To evaluate this, the spheroid was partitioned into core and shell regions, with the

core defined as the central 50% of the total volume and the rest outer volume designated as the

shell. Sensors were segregated based on their location within spheroid, and the mechanical

parameters were quantified pre- and post-treatment to assess the region-dependent differences.

N = 8 spheroids were assessed for each region. Region-specific change in mechanical

parameters pre and post treatment was non-significant in both control (Figure B.3) and

treatment group (Figure 17).
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Figure 17: Average pressure (Pa), Elastic energy density (J/m’) and Volume (um’) in Day 1

treated spheroids right pre- and post-treatment in core and shell regions.
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3.3.3.3. Day 5 treated spheroid

32 spheroids were treated with C-ABC at Day 5 and 33 spheroids were used as control

for 4 hours at 37°C and 5% COz. Spheroids were imaged for 6 timepoints (Day 0, 1, 2, 3, 4 and

5) before the treatment and 4 timepoints after the treatment (Day 5, 6, 7 and 8).
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Figure 18: Representative imaging of PRG4+ spheroids containing sensors tracked treated at Day 5. (Top
left to right: Day 0 to Day 4, Bottom left to right: Day 5 before treatment to Day 10)

3.3.3.4. Microenvironmental mechanical parameter changes for Day 5 treated spheroids

Average pressure, elastic energy density and volume for the sensors were measured to
assess the changes in mechanical environment upon C-ABC treatment on the mechanical
microenvironment of PRG4+ spheroids. Overall changes in the mechanical parameters were
assessed over time and just before and after the treatment. Additionally, individual sensors were
tracked to analyze individual trends in sensor’s parameters pre- and post-treatment. Finally,
sensors were distinguished based on their location within spheroid, specifically core and shell

regions, to determine whether treatment-induced mechanical responses varied by regions.
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A. Mean mechanical parameters

Figure 19 shows changes in mechanical parameters for Day 5 treated spheroids over the

period.
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Figure 19: Mean average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume

(um?) in Day 5 treated spheroids plotted over time. . *p<0.05, **p<0.01, ***p<0.001,

Significant decrease in mean average pressure was observed in treatment group after C-
ABC treatment compared to before (p=0.0012) as well as compared to control group
(»=0.0069). Figure 20 shows changes in mean average pressure, mean elastic energy density

and mean volume of the force sensors before and after C-ABC treatment.
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Figure 20: Mean average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume (um’)

in Day 5 treated spheroids pre- and post-treatment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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Similarly, mean elastic energy decreased post treatment for C-ABC treated compared to
both before treatment (p<<0.0001) as well as control (p<0.0001). Mean volume of the sensors
post treatment for C-ABC treated group was significantly higher than pretreatment group
(p<0.0001) as well as control group (p<0.0001). No changes in the mechanical parameters were

observed in the control group (Figure B.4).

. Parameters by individual sensor

Figure 21 shows changes in average pressure, elastic energy and volume of each sensor
pre- and post-treatment. A clear trend of increasing average pressure and volume and decreasing
elastic energy density could be seen. Percentage change was calculated for each sensor and
parameter. Average pressure after treatment was decreasing by 27+38% (p=0.012) compared
to before treatment, volume was found to be increasing by 32+50% (p<0.0001) treatment
respectively. Similarly, elastic energy density was increased by 62+33% (p<0.0001) compared

to pretreatment.
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Figure 21: Average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume (um’) for

individual sensor pre- and post- treatment.

C. Parameters by region

Sensor position within the spheroid can influence the mechanical pressure and forces it
experience. To evaluate this, the spheroid was partitioned into core and shell regions, with the
core defined as the central 50% of the total volume and the rest outer volume designated as the
shell. Sensors were segregated based on their location within spheroid at Day 4, and the

mechanical parameters were quantified pre- and post-treatment to assess the region-dependent
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differences. N = 8§ spheroids were assessed for each region. Shell region of the spheroids was
found to have lower average pressure (p=0.0031) and elastic energy density (p=0.0008), and

higher volume (p=0.0039) compared to core region after C-ABC treatment (Figure 22).

Average pressure in core (p=0.0010) and shell (p=0.0011) region decreased after C-
ABC treatment. Elastic energy density after C-ABC treatment decreased significantly in both
core (p=0.0008) and shell (p=0.0295) regions. Additionally, volume of the sensors post
treatment increased significantly in core (p=0.0051) and shell (»<0.0001) regions. No changes
in the mechanical parameters for core and shell region pre- and post-treatment were observed

in the control group (Figure B.5).
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Figure 22: Average pressure (Pa), Elastic energy density (J/m’) and Volume (um’) in Day 5 treated

spheroids right pre- and post-treatment in core and shell regions. *p<0.05, **p<0.01, ***p<0.001,
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3.4. Discussion

The study aimed to quantify changes in microenvironmental forces in a chondrogenic
spheroid model upon matrix degradation. Two timepoints were analyzed to assess these
changes: Day 1 and Day 5 of spheroids in chondrogenic culture. No significant changes were
observed in mechanical parameters of sensors for Day 1 treated spheroids (Figure 14 and 15).
This can be attributed to relatively low amounts of GAGs at Day 1, as confirmed by the DMMB
assay (Figure 12), indicating non-sufficient presence of sGAGs in the ECM to generate
measurable mechanical changes upon degradation. Additionally, the sensors may still be
undergoing stabilization, resulting in increased variability to treatment induced changes.

On the other hand, significant changes were observed in Day 5 treated spheroids. A
decrease in mean average pressure and elastic energy density, along with corresponding
increase in sensor volume was measured post treatment (Figure 19 and 20). This is consistent
with the reduction in compressive forces, lowering the pressure exerted on them and thereby,
allowing the sensor to partially recover their undeformed state. These observations are
supported by the DMMB assay for Day 5 spheroids, which showed a significant decrease in
GAG content following C-ABC treatment (Figure 12). These results highlight the role of GAGs

in establishing a compressive resilience microenvironment in cartilage tissues.

Importantly, the findings also suggested that mean mechanical parameters alone might
be insufficient to fully interpret the observations. While averaged values suggest that the
treatment does reduce the microenvironmental forces, the high wvariability across the
measurements suggests the need to investigate changes individual sensors pre- and post-

treatment. Percentage change in mechanical parameter by tracking individual sensors for Day
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5 treated spheroids further confirmed the hypothesis (Figure 21). Whereas no significant

percentage change was found in Day 1 treated spheroids (Figure 16).

Another reason for the high variability in the average values could be described based
on the placement of the sensors within the spheroid. As the outer shell region is more directly
exposed to the surrounding medium and may experience greater nutrient availability, diffusion
of treatment molecules, and dynamic cellular activity. In contrast, the core region is more
confined and may be subjected to limited diffusion, increased cell density, and mechanical
constraints. Sensors located in the core and shell regions exhibited differences in mechanical
parameters, indicating that the position within spheroid influences forces experienced having
high average pressure within core than shell regions for Day 5 treated spheroids (Figure 22).
Day 1 on the other hand had no significant change in mechanical parameters across the regions

(Figure 17).

The observed decrease in compressive forces, accompanied by an increase in sensor
volume, reflects a release of ECM-induced mechanical constraints. This relationship suggests
that ECM particularly GAGs play a dominant role in maintaining compressive pressure within
the spheroid, and that its degradation leads to partial relaxation in the microenvironment. Such
findings are consistent with the known role of GAGs in compression and maintaining tissue
hydration, further supporting the link between biochemical composition and mechanical

function4-3°.

One limitation of this study could be the inaccuracies in the image processing software,
as it sometimes does overanalyze or under analyze the sensors based on the Otsu detection

thresholds. This could lead to high variability and large error bars, potentially obscuring subtle
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trends. Additionally, the distribution of sensor within spheroid is not uniform, majority of it

reside in the core, this could result in biased representation of the regions.

Future work could explore the changes in microenvironmental forces with treatment at
later timepoints (t = 10™ day or 14™ day). Along with that, additional enzymes could also be
evaluated to determine whether similar trends are observed across different modes of matrix
disruption. For instance, collagenase could be used to selectively degrade collagen within the
spheroid and assess how alterations in collagen network influence microenvironmental forces.
Extending this approach to multiple matrix components would provide a more comprehensive
understanding of how different extracellular matrix constituents might contribute to the
mechanical microenvironment. Such insights could be particularly valuable in the context of
osteoarthritis, where both GAGs and collagen degradation play critical role in disease
progression****. This platform therefore has the potential to serve as 3D in vitro model to study
disease-associated mechanical changes. Additionally, this system may have applications in
tissue engineering by enabling the study of how enzymatic modulation of the matrix influences
mechanical stability within developing cartilage constructs***>. Understanding the role of
treatments such as C-ABC in altering microenvironmental forces and thereby, informing

strategies to engineer cartilage with improved structural and functional properties.

Overall, this study provides a robust approach to quantify changes in the mechanical
microenvironment within chondrogenic spheroids. It extends the understanding of GAG

degradation by demonstrating how such degradation translates into measurable changes.
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CHAPTER 4:
CONCLUSION

Microenvironmental forces play a critical role in regulating cell behavior, including
motility, viability, proliferation, and apoptosis'-2. These forces have been extensively studied in
2D cell systems due to their experimental accessibility and controllability'%!!. However, such
systems fail to fully recapitulate the structural and mechanical complexity of native tissues.
This limitation highlights the need for physiologically relevant in vitro systems than enable

quantification of mechanical forces within 3D microenvironments.

In this study, HCMPs were used to investigate how microenvironmental forces evolve
under different structural and matrix conditions using two models: dog bone system and
chondrogenic spheroid model subjected to matrix degradation. Together, these models provide
a framework for understanding the role of ECM composition and cell-cell interaction in

modulating mechanical microenvironments.

The findings suggest that cellular interactions alone are capable of generating
microenvironmental forces. However, in the absence of a well-developed extracellular matrix,
these forces are limited in magnitude and exhibit high variability. This indicates that while cells
contribute to the generation of mechanical forces, the lack of structured matrix restricts the
ability of these forces to accumulate and be consistently measured. In contrast, the spheroid
model demonstrates that once sufficiently developed matrix is present, mechanical forces

become more structured.
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Importantly, this study reveals that the degradation of GAGs alters the mechanical
microenvironment by relieving compressive pressure and allowing local relaxation of forces.

This suggests that the ECM functions as both a structural scaffold and a mechanical reservoir.

The insights from this work have brought implication for both disease, modeling and
engineering. In the context of disease, such as osteoarthritis, where progressive degradation of
ECM components alters tissue mechanics, this platform provides a means to directly link
biochemical changes to mechanical outcomes. Similarly, tissue, engineering application,
understanding how matrix composition, regulates, mechanical cues can inform strategies to

design constructs with improved functional properties and structural integrity.

Overall, this study demonstrates that microenvironmental forces in 3D systems arise

from both cellular and ECM interactions.
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Appendix

A. Dog bone microtissue
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Figure A.1.: Brightfield images of one representative NHF-seeded dog bone microtissue at 4h, 8h, 24h
with overlayed map of sensor locations, average pressure, and elongation. For each sensor, color
corresponds to average pressure magnitude (Pa), length of arrows corresponds to elongation, and

direction of arrow corresponds to major axis.

B. Spheroid microtissue
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Figure B.1.: Agarose mold for 96 well plate and 24 well plate microarray
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Figure B.2.: Mean average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume (um’>)

in Day 1 control spheroids pre- and post-treatment.
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Figure B.3: Average pressure (Pa), Elastic energy density (J/m’) and Volume (um’) in Day 1 control

Spheroids pre-and post-treatment in core and shell regions.
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Figure B.4: Mean average pressure (Pa), Mean elastic energy density (J/m’) and Mean volume (um’)

in Day 5 control spheroids pre- and post-treatment.
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Figure B.5: Average pressure (Pa), Elastic energy density (J/m’) and Volume (um’) in Day 5 control

spheroids pre-and post-treatment in core and shell regions.
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