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Abstract
On the Mechanics of Hydrogels for Tissue Engineering Applications
By
Gabriel Ricardo Lopez
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Grace D. O’Connell

The dissertation research focused on exploring relationships between composition, structure, and
mechanical properties in hydrogels used for tissue engineering application. Specifically, these
series of separate but related studies focused on agarose-based gels and co-gels, looking at how
different concentrations of agarose, alginate, and collagen affected their ability to serve as a tissue-
engineering scaffold with appropriate manufacturability, compressive mechanical properties, and
extra-cellular matrix production of embedded cells. These relationships between composition and
structure add to the growing literature of tissue-engineering scaffolds, and help researchers move
closer towards functional repair of damaged tissues.

The main results of this work identified agarose-alginate co-gels as a suitable candidate for
bioprinting tissue engineering scaffolds. Later, it was observed that crosslinking agarose-alginate
gels changes the short-term recovery behavior under unconfined compression, and increases
elastic mechanical properties. This dissertation work also observed that methods used to quantify
collagen content from commercial collagen type | gels vary by species source, and that combining
these collagen gels in an agarose-based cell-embedded scaffolds produces a minimal, dose-
dependent effect on matrix production and compressive mechanics.

In short, the dissertation has expanded on the known literature of agarose co-gel mechanics under
different loading scenarios. It is my hope that researchers will use the relationships between matrix
production, initial gel content, and compressive and shear mechanics to continue improving the
functionality of tissue engineered constructs.
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Chapter 1: Introduction

1.1 Load-bearing tissues

The ability to move is necessary to work, play, eat, or perform most life-sustaining activities. Our
musculoskeletal system controls this ability, giving organisms a physical form. This system is
composed of bones, muscles, ligaments, cartilage, and other connective tissues that work together
to generate or absorb mechanical force. Since these load-bearing tissues actively produce and
distribute the forces felt due to our own weight or movement they may be physically damaged due
to excessive forces or disease. To understand how to preserve these tissues, we must first
understand their composition and their function more closely. Here, we will focus on soft tissues
that have explicit load-bearing function but lack blood flow due to low vascularity, and as such
are unable to repair quickly. Specifically, we will be looking at tissues such as the knee articular
cartilage and the meniscus. These tissues are commonly injured, and may be damaged through a
variety of reasons, including age, overuse, and accidental injuries. While these tissues have
different functions and structures, they often share similar components such as collagen fibers,
water, and glycosaminoglycans (GAG). These components directly affect the mechanical
properties of these tissues. The intervertebral disc is briefly described but is not the focus of this
work.

Collagen is a structural protein that is subdivided into 28 subtypes, with collagen I and I1 being the
most prevalent in load-bearing tissues. These “major” collagens arrange themselves into a triple-
helical structure called a fibril, and a group of fibrils form fibers that provide the tissue with the
ability to resist deformation in tension (Figure 1-1).

Figure 1-1: Hierarchical collagen fiber structure. From Nijhuis et al 2019*

Glycosaminoglycans (GAG) are polysaccharides with a repeating unit which attach to a
polypeptide core to form proteoglycans (PG’s).” GAGs are highly polar, negatively charged, and
as such attract and store water. This bound water stored within tissues allow them to resist
deformation in compression. 8°



1.1.1 Articular cartilage
Anatomy and Structure

Articular cartilage is a smooth, white, avascular tissue that can be found in articulating joints (such
as the knees, shoulders and hips), where it serves to absorb loads and dissipate energy. Cartilage
also exhibits a coefficient of friction lower than any synthetic material (range: 0.002-0.5)1°,
making it a great sliding surface and enables movement at these synovial joints. 3 It can be
described as having three distinct zones (Figure 1-2B). The superficial zone near the articular
surface is rich in collagen fibers that are tightly packed and oriented parallel to the surface, and
comprises 10-20% of the cartilage volume.* Below it is the middle zone, which has a high
proteoglycan content (40-60% of cartilage volume). Collagen fibers in the middle zone are thicker,
but lack a distinct organizational pattern. Finally, the deep zone contains the largest diameter
collagen fibers oriented perpendicular to the articular surface, as well as the highest proteoglycan
content. 1 This allows it to offer the most resistance to compression. The deep zone comprises 20-
30% of the cartilage volume and is connected to the underlying bone.
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Figure 1-2: (A) Anatomy of the knee joint. Taken rom
https://medlineplus.gov/ency/presentations/100117_1.htm.  Collagen fiber  structure  of
(B) articular cartilage (From Brody et al)? and (C) meniscus (From Choi et al)®

Composition

Articular cartilage is composed of water (80% of wet weight), Collagen type Il (~55% of dry
weight) and proteoglycans (10-15% of wet weight)!*. The main proteoglycan found is aggrecan,
which is composed primarily of GAG chains.

1.1.2 Meniscus
Anatomy and Structure

The meniscus is a half-moon shaped collagenous tissue that bears loads in the knee between the
tibial and femoral articular cartilage. There are two menisci in each knee joint, with the
circumferential direction aligning from anterior to posterior direction. The lateral portion of the
meniscus is thick but thins into the medial portion, creating a convex shape in its superior surface
that conforms to the tibia, while the inferior side is mostly flat.> Collagen fibrils are organized
across the circumferential direction, with larger tie-fiber bundles across the radial direction. In
loading, axial forces in the knee result in hoop stresses in the circumferential direction, borne by
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the aligned fibers in that direction. The meniscus serves as a shock absorber, allowing the knee
joint to absorb large forces on impact.

Composition

The meniscus is possesses high quantities of water (72% of wet weight) as well as collagen (22%
of wet weight)®®. Collagen type | is predominant, comprising almost 90% of the meniscus dry
weight. Other matrix proteins like fibronectin comprise 8-13% of the dry weight, and
proteoglycans like GAG contribute 1-2% of the dry weight.*®

1.1.3 Intervertebral Disc
Anatomy and structure

The intervertebral disc is a structure that rests between the bony vertebrae of the spine, allowing
movement and sustaining loads. It is generally described as having two distinct soft tissue regions:
a soft nucleus pulposus (NP) in the center, which is surrounded by a stiff annulus fibrosus (AF;
Figure 1-3A). However, it is more accurately describes as a large structure with a sharp
composition gradient at the AF-NP interface (Figure 1-3B). When the disc is loaded in
compression, the NP expands radially outwards, creating tensile forces along the AF.
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Figure 1-2: The intervertebral disc (A) general anatomy and (B) simplified composition gradient
(From Bonnevie and Mauck, 2018)*

Composition

The NP has high quantities of water (80% of weight), collagen type Il, and glycosaminoglycans
(GAG,; 25% of dry weight). From NP-AF boundary at the inner annulus to the outer AF, water and
GAG content gradually decreases while collagen content increases from about 50% of dry weight
to 66% of dry weight (Figure 1-3B) #1719 The change in GAG composition in the AF contributes
to residual strains that are compressive in the inner AF and tensile in the AF.%.



1.2 Clinical Significance

Chronic knee pain affects approximately 25% of adults in the United States.?! Many of these cases
have been linked to osteoarthritis, a disease characterized by degeneration of articular cartilage
due to age or repeated loads.?>?® In this diseased state, articular cartilage exhibits decreased GAG
content, which impacts its ability to absorb water and dissipate energy from loading. This results
in a stiff, thinner, brittle tissue, increasing contact stresses to the bone and causing severe knee
pain.t3224 A 2019 study that analyzed data from across the United States found increasing
prevalence of age-specific arthritis with increasing age and weight, as well as more severe pain
with decreasing physical activity.?® These factors likely compound each other, as people with
severe pain will have difficulty staying active and becoming overweight, which increases the load
felt by their joints.?

Additionally, osteoarthritis may be exacerbated by damage to other knee components. It has been
well documented that weakness or injury to the surrounding ligaments in the knee affects stability,
increasing the load on the articular cartilage and initiating osteoarthritic symptoms.?”?® The
removal of menisci due to menisectomy (a common treatment for damaged menisci) accelerates
the rate of osteoarthritis,'® but even tears that do not require surgery can increase the likelihood of
cartilage degeneration.?®

Current clinical strategies

The avascular nature of knee tissues, specifically cartilage, makes it difficult for them to regenerate
over time. Therefore, there is no current cure for osteoarthritis. In the early stages, medical
professionals are most likely to recommend non-surgical treatment such as aerobic exercise and
flexibility work to improve mobility and promote weight loss, as well as over the counter pain
medication such as non-steroidal anti-inflammatory drugs.®® If pain persists and the patient is
unable to perform daily tasks, a physician may recommend surgical intervention based on a
multitude of factors, including the stage of the disease, age, sex, and body composition.?>3!

Surgical interventions may include arthroscopy, osteotomy, or a total knee arthoplasty (TKA). An
arthroscopy would involve removing debris from damaged cartilage and bone around the knee,
and maybe even shaving the surface of the articular cartilage to eliminate roughness and restore a
sliding surface, while an osteotomy involves rearranging bone around the knee to redistribute loads
more evenly in the joint.332 Advanced degeneration may call for a TKA, where the tibio-femoral
surfaces are replaced with metal and polymer components. TKA has long been considered the gold
standard, with a proven track record of decreasing pain and improving mobility when compared
to non-surgical procedures in the short term, as well as being able to delay surgical re-intervention
for about 15 years.3!33

However, moduli mismatches between the stiff components (190 GPa for CoCr, 0.9 GPa for
UHMWPE)342% and the surrounding soft-tissue (0.5-2 MPa)*¢-% may cause a phenomenon known
as stress-shielding, leading to bone loss and other long-term damage.*%° With increasing numbers
of younger patients receiving TKA’s, these long-term effects translate into reduced effectiveness
of the procedure and more frequent revision surgeries, which are highly invasive and require
removal of additional native tissues.***3 This has encouraged researchers and clinicians to go
beyond traditional surgical procedures and explore biological strategies to replace or regenerate
osteoarthritic cartilage.



1.3 Tissue Engineering

Tissue engineering describes the practice of repairing or replacing damaged tissues in the body. It
is usually directed at avascular tissues that would not be able to heal themselves due to decreased
drug flow, nutrient diffusion, or a normal immune response.

The term tissue engineering encompasses a host of different strategies to achieve this goal. Intra-
articular repair therapies include injecting materials such as glucocorticoids or hyaluronic acid into
the damaged tissue to promote regeneration, but the efficacy of these treatments has been brought
into question.** More modern repair approaches are cell-based, including autologous implantation
of chondrocytes (ACI) or mesochymal stromal cells (MSCs, more commonly referred to as stem
cells).*+* ACI in particular has shown limited but very promising clinical results over the past five
years, especially when implanted as large spheroids.***® Recent studies documenting 2-year
follow-ups of matrix-induced ACI patients have largely seen successful recovery of load-bearing
movement given sufficient post-opertaive recovery time.®®* However, it is still limited by the
need to cultivate large quantities of chondrocytes from the donor.*® In cases when ACI has failed,
some success has been found using cartilage allografts, but even commercially available devices
see difficulties in cartilage-bone integration.®2>3

A more commonly explored way for repair and replacement strategies has been that of scaffolding,
which consists of introducing tissue-producing cells into a soft material to match native properties
over time. Briefly, cells are isolated from a donor, expanded in 2D cell culture, then implanted into
a 3D scaffold, commonly a gel or a fibrous polymer (Figure 1-4). The artificial “tissue” can then
be implanted back into the donor, replacing damaged tissue and restoring mechanical function over
time (Figure 2).° This approach aims to repair large osteoarthritic areas, and strives to restore
mechanical functionality with biological integration into the surrounding tissues.

Thus, there is a need to develop functional tissue-engineered constructs from materials that will
minimize adverse biological reaction while matching mechanical properties of non-degenerated
native tissues. While fibrous polymers have been extensively used as 3D scaffolds, especially for
tissues such as the intervertebral disc, here we will focus on hydrogel polymers and their
applications in the literature,>4-58
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Figure 1-4: Overview of scaffolding implantation technique. From Asadian et al, 2020°
1.3.1 Hydrogels

Hydrogels are polymers chains that swell in the presence of water. Hydrogels have proven useful
as 3D cell culture environments, as they maintain the morphology of certain cell types, including
chondrocytes, preventing de-differentiation. Some common hydrogels for scaffolding are agarose,
alginate, and reconstituted collagen gels.

1.3.1.1 Agarose

Agarose is a polysaccharide derived from seaweed. It is commercially available as a ground
powder. When mixed with water, hydrogen bonds form a network structure that forms a gel. This
gel has been extensively used to encapsulate cells due to its mild gelation *°. It has been especially
popular in cartilage tissue engineering as a gel scaffold due to its ability to maintain rounded
chondrocyte morphology for long periods of time® which in turn leads to near-near native
production of GAG within the gel ®1-83, Agarose constructs also regularly exhibit stress relaxation
behavior under compression which is similar to that seen in cartilage under similar loading
conditions 5282, It is usually used in low weight over volume compositions (1-5% wi/v) to prevent
issues with nutrient diffusion to the embedded cells.?%* Since low weight over volume agarose
has relatively weak compressive properties (~30kPa linear modulus), this makes the production of
native levels of GAG within the scaffold necessary to replicate native cartilage compressive
properties.55-57

1.3.1.2 Alginate

In addition to being able to form soft hydrogels to promote extra-cellular matrix growth, alginate
gels have been particularly useful because of their ability to be crosslinked through ions.®8%° When
exposing a sodium alginate solution to calcium, connections between polymer chains are formed,
leading to gelation. Since this can be controlled with calcium concentrations, the simple
mechanism gives researchers control over the gelation process and ease of manufacturing gel
scaffolds.®® However, this crosslinking may affect long-term cell-proliferation, limiting the



potential of alginate by itself as a 3D culture medium.”™ This has led researchers to use alginate as
a matrix filler in combination with other hydrogels for tissue engineering applications.537%:72

1.3.1.3 Collagen gels

Collagen type | and type Il gels may serve as stand-alone scaffold. Since collagen is a structural
protein, collagen gels tend to have high bioactivity and thus embedded cells exhibit high
attachment and extra-cellular matrix production.””* However, collagen gels by themselves tend
to be weaker in shear and compression than other hydrogels.

A common practice is to blend hydrogels to combine their most useful characteristics. For
example, agarose-collagen blends have been used to increase cell activity and attachment within
stiffer agarose gels™'®, while agarose-alginate blends alter the shear properties of the gel and allow
for manufacturing techniques such as extrusion 3D printing via direct deposition on a surface or a
sacrificial slurry.””"® These practices have made them popular as structural components in tissue
engineering applications, from scaffolding to injectable cell therapies.”®%?

1.4 Dissertation Objectives and Overview

Given the clinical shift towards more biologically complex tissue repair strategies, this dissertation
will focus on the characterization and optimization of hydrogels used for tissue engineering
scaffolding strategies. We will describe various mechanical characterizations of agarose-based
hydrogels, ranging from flow rheometry to bulk mechanical testing. The studies presented here
make an effort to relate mechanical behavior to composition, highlighting the importance of
understanding the structure-function relationships present in native tissues and the materials we
used to recapitulate native tissue.

Chapter 2 looked at potential of agarose-based hydrogels to be manufactured through 3D printing
strategies, aiming towards patient-specific scaffolds and structural complexity. The study
presented here focuses on the mechanical properties needed for manufacturing scaffolds while
adhering to the constraints presented by the presence of biological material.

Chapter 3 encompasses a series of studies building on the results presented in Chapter 2. Given
the success of a 5% agarose-alginate blend as a suitable scaffold material, we investigated ways to
improve initial mechanical properties through crosslinking, and moreover investigated the
influence of construct dimensions on viscoelastic properties.

Chapter 4 is a short pilot study on biochemical assay methods used to estimate collagen in tissue
engineering samples. Briefly, the study evaluated conversion factors used in the literature to
convert ortho-hydroxiproline content into collagen content and tried to replicate past studies using
pure collagen gels with known collagen content.

Chapter 5 further explores acellular agarose-alginate blends, showing the effect of adding collagen
to their printability and evaluating interfaces created between agarose-alginate-collagen gels. We
also included the influence of rat-tail collagen on compressive properties of these hydrogels to
gain insight into creating gradients of composition in hydrogel scaffolds.
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Chapter 6 isolates the influence of bovine collagen type | on the tissue engineering potential of
agarose hydrogels. Here we looked at the immediate effects of collagen on gel mechanics, as well
as relationships between compressive mechanics and extra-cellular matrix production on agarose-
collagen blends.

Chapter 7 investigates the role of structure in the localized mechanical properties of native
meniscus tissue. The study presented aimed to validate a localized indentation method for soft
materials to broaden the scope of mechanical characterization used in tissues and tissue-engineered
constructs with compositional and structural gradients as opposed to the commonly reported bulk
properties.

Finally, we look at what’s next for hydrogel scaffolds, including scaffolds with inherent interfaces
and composition gradients. Chapter 8 exhibits what is being done in the tissue engineering field
and how researchers are manufacturing, characterizing, and improving hydrogels towards
functional, tissue engineered constructs that might one day be used clinically.



Chapter 2: Agarose-based hydrogels as suitable bioprinting materials for tissue
engineering

Gabriel R. Lopez-Marcial, Anne Y. Zeng, Carlos Osuna, Joseph Dennis
Jeannette M. Garcia, Grace D. O’Connell

This work was submitted as a Journal article to the ACS Biomaterials Science & Engineering.

2.1 Abstract

Hydrogels are useful materials as scaffolds for tissue engineering applications. Using
hydrogels with additive manufacturing techniques has typically required the addition of techniques
such as crosslinking or printing in sacrificial materials that negatively impact tissue growth to
remedy inconsistencies in print fidelity. Thus, there is a need for bioinks that can directly print
cell-laden constructs. In this study, agarose-based hydrogels commonly used for cartilage tissue
engineering were compared to Pluronic, a hydrogel with established printing capabilities.
Moreover, new material mixtures were developed for bioprinting by combining alginate and
agarose. We compared mechanical and rheological properties, including yield stress, storage
modulus, and shear thinning, as well as construct shape fidelity to assess their potential as a bioink
for cell-based tissue engineering. The rheological properties and printability of agarose-alginate
gels were statistically similar to those of Pluronic for all tests (p > 0.05). Alginate-agarose
composites prepared with 5% wi/v (3:2 agarose to alginate ratio) demonstrated excellent cell
viability over a 28-day culture period (>~70% cell survival at day 28), as well matrix production
over the same period. Therefore, agarose-alginate mixtures showed the greatest potential as an
effective bioink for additive manufacturing of biological materials for cartilage tissue engineering.

2.2 Introduction

Osteoarthritis of articular cartilage leads to chronic pain and reduced joint mobility?%. The
gold-standard treatment strategy for osteoarthritis is total-joint arthroplasty, where the native
cartilage and some of the underlying boney tissue are removed and replaced with metal and
polymer components. While successful in reducing joint pain, the mismatch in material stiffness
between native tissues (0.5-1.0 MPa for cartilage®**) and implanted materials (0.9 GPa for ultra-
high molecular weight polyethylene®) causes long-term problems, including increased
degradation of the surrounding healthy tissue®. Alternatively, tissue-engineering strategies aim to
recapitulate the function of healthy cartilage in the laboratory to develop implantable biomaterials
for cartilage repair and replacement.

Hydrogels have become common scaffolds for cartilage tissue engineering, because of
their ability to promote production of extra cellular matrix components in three-dimensional (3D)
culture®*85, Popular hydrogels for matrix production include sodium alginate and agarose. Agarose
has been particularly successful in cultivating engineered cartilage constructs with biochemical
and mechanical properties comparable to native values within eight weeks of culture®8687,
Hydrogel selection is largely based on biocompatibility, nanoporosity, support for matrix
deposition, and material behavior under specific temperature ranges or loading conditions (e.g.,
static vs. dynamic loading)®®.



Casting is the preferred fabrication method for thermoset hydrogels, with individual
constructs being created with diameters that are typically less than 10 mm®:858%0 1mplanting
standard casted constructs will require surface shaping to match the patient’s native curvature.
However, matrix deposition does not occur evenly throughout the construct, with the construct
periphery receiving more nutrients, resulting in greater matrix deposition®. Therefore, resurfacing
an engineered construct during implantation will weakening the implanted material, altering stress
distributions between engineered and native tissues, which may affect long-term durability. Recent
studies have shown that clinical images (i.e., magnetic resonance images or computed
tomography) can be used to develop molds for larger engineered cartilage surfaces with subject-
specific topography3®7°, However, cultivating larger constructs is difficult, due to the increase
in nutrient path-length between nutrients surrounding the construct and cells at the center of the
construct, hindering matrix production and affecting long-term cell viability®*87:92,

Extrusion-based 3D printing represents an attractive alternative to casting because of the
increased versatility in construct design and ability to incorporate macropores throughout the
scaffold design®°. However, 3D printing of hydrogels with high shape fidelity has been difficult
due to issues during extrusion and material spreading after being dispensed from the nozzle. Useful
materials for extrusion-based printing must demonstrate shear thinning behavior (i.e., non-
Newtonian behavior), where viscoelastic properties are shear-rate dependent. That is, these
materials must stop flowing once deposited onto the print platform to minimize spreading and
maintain shape fidelity®°.

Recent work by Mouser et al. demonstrated that yield strength was an important material
property for determining printability, where materials with higher yield strength had better shape
fidelity®*%. Thermoset hydrogels are ideal for this purpose, as material properties are tunable
based on the concentration of solids in the mixture. Previous studies have also printed hydrogels
into a cooling cryogenic liquid (cryoprinting) or into an ion bath to induce crosslinking and
improve print fidelity’2%-%. However, increasing the solid composition and crosslinking affects
nanoporosity, which will alter nutrient diffusion and tissue growth®” %191 Fyrthermore,
cryoprinting may negatively impact long-term cell viability, if temperature gradients are not
carefully controlled throughout the construct®”. Therefore, there is a need to develop bioinks that
are able to maintain high shape fidelity with extrusion-based printing, without compromising their
ability to support de novo matrix growth.

The objective of this study was to identify a suitable non-crosslinked hydrogel for
bioprinting. Specifically, we investigated mechanical properties of various concentrations and
combinations of biocompatible polymers, including agarose (Type VII) and sodium alginate,
which were compared to Pluronic F-127, a gel with known printing capabilities®® (Figure 2-1).
Agarose and sodium alginate have been used extensively for cartilage engineering, because of their
ability to promote cell proliferation and matrix production®’2192-16 pjyronic was used as a
control material for 3D printing; however, it is not considered an ideal bioink for scaffold
formation, due to issues with stability in agueous solutions, and is commonly used for sacrificial
support®90:107-109 ' Gels that printed well were tested for long-term cell viability with chondrocytes
for cartilage tissue engineering applications.
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Figure 2-1: Molecular structure of evaluated materials (Pluronic, agarose, and sodium alginate).

2.3 Materials and Methods
2.3.1 Hydrogel Preparation

Agarose hydrogels were prepared by mixing agarose in 0.15 M phosphate buffered saline
(PBS) for final concentrations of 2%, 3%, or 4% weight by volume (w/v; Type VII powder, Sigma
Aldrich, St. Louis, MO). Alginate-agarose hydrogels were prepared by mixing a 3:2 ratio of
agarose and sodium alginate in 0.15 M PBS (total solid content = 3.75% or 5% wi/v). All agarose-
based hydrogels were mixed and sterilized in a bench-top autoclave (120 °C for 25 minutes).
Pluronic® F-127 hydrogels were prepared at a final concentration of 30% w/v in 0.15 M PBS and
mixed in an ice bath until a homogeneous clear liquid formed. All solutions gelled within 10
minutes at room temperature.

2.3.2 Rheology and Mechanical Testing

Four experiments were performed to evaluate temperature-dependent and strain rate-
dependent mechanical properties (Anton Paar MCR302 rheometer, Ashland, VA). Samples (~0.35
g; n =5 per group) were loaded onto the Peltier plate and a steel plate was lowered to compress
the gel sample (conical plate diameter = 25 mm; trimming gap = 64 pum; final gap = 54 um).
Agarose-based gels were re-melted by increasing the temperature of the Peltier plate to 65 °C, then
allowed to gel at room temperature before each test.

In the first experiment, the temperature of the Peltier plate was increased at a rate of 5
°C/min from 25-70°C under a constant oscillatory stress (1 Pa at 1 Hz). A smoothing function was
used to reduce noise (averaging every 5 points). Storage modulus, loss modulus, and phase angle
were recorded. In the second experiment, shear rate was increased from 0.01 to 10.00 s* and
viscosity was measured (temperature = 37 °C). Shear thinning gels were defined as those that
followed a power law relationship (y = ae®); therefore, exhibiting a linear decrease in viscosity
with temperature when plotted on logarithmic scale. A power law relationship for non-Newtonian
fluids was used to calculate shear rate at the extruder wall (Equation 1)*'°. In Equation 1, R and L
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are the radius and length of the extruder needle, respectively, y,, is the shear rate at the extruder
wall, and AP is the pressure difference between the extruder and the atmosphere. Parameters o and
B are determined by curve-fitting experimental data to Equation 1.
1
Yw = (%)f”1 (1)

The third experiment consisted of applying the calculated shear rate at the
extruder wall (yw) for 1000 s at 37°C. The shear yield point was defined as the maximum shear
stress measured. The fourth experiment consisted of three steps. First, a constant oscillation was
applied at 1 Hz for 100 s. Then, yw Was applied for 800 s to induce yield, followed by a constant
oscillation (1 Hz, 30 minutes, at 37 °C). Storage (G’) and loss (G”) moduli were measured. The
recovery time was defined as the time needed for the storage modulus to be greater than the loss
modulus during the second oscillation.

Compressive modulus was determined under unconfined compression. Gels were cast into
slabs (thickness = 2.27 mm), and a 6 mm biopsy punch was used to create cylindrical samples. A
monotonic ramp test was applied to 90% strain at a rate of 0.3 %/s (n = 10 samples per group;
Instron A620-325, Norwood, MA). The compressive yield strength was defined as the stress at the
end of the linear portion of the stress-strain curve (Figure 2-2).
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Figure 2-2: Representative stress-strain curve for unconfined compressive testing. The
point of non-linearity (red circles) was defined as the yield point.

2.3.3 Acellular and Cell-Based Printing

To evaluate print fidelity, a commercially available 3D printer was used to print simple
lines or honeycomb structures (BioBots, Philadelphia, PA). Two-dimensional geometries were
created using computer-aided design (CAD; AutoCad 2016, Autodesk, San Francisco, CA), which
were converted to 3D stereolithography files (STL, 360 Fusion by Autodesk). STL files were then
converted into g-code for printing (Repetier software, Willich, Germany). Hydrogels were loaded
into a 10 mL syringe and placed into a heated canister to maintain 37 °C during printing. Gels were
extruded through a 30-gauge needle by applying 65-75 psi of pressure with an air compressor.

To quantify shape fidelity, a custom written algorithm was developed that overlaid CAD
models with pictures of printed constructs. Outputs from the software included the amount of (a)
overlap between pixels from the printed gel and the CAD model, (b) gel pixels outside of the model
area, and (c) model pixels not covered by the gel (n > 8; MATLAB, Mathworks, Natick, MA). A
printing parameter, p, was defined as the percentage of correctly placed pixels (overlapping) minus
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Figure 2-3: Example output of overlaid images from MATLAB code. The code separates gel and
model pixels into one of three groups: gel pixels that do not overlap with the model (green), model
pixels that are not covered by the printed gel (magenta), and overlapping pixels (white).

Based on results from acellular prints, agarose-alginate mixtures appeared to be the most
promising gel formulation for maintaining print integrity; therefore, only agarose-alginate gels
were used to evaluate cell viability after printing. Chondrocytes were acquired from juvenile
bovine stifle joints within 24 hours of death. Articular cartilage was digested overnight with Type
4 collagenase (Worthington, Lakewood, NJ). 20 M cells/mL were encapsulated within agarose-
alginate hydrogels for a final concentration of 3.75% (2.25% agarose + 1.5% alginate) and 5% w/v
(3% w/v agarose + 2% w/v alginate) before printing. Constructs were printed as single lines (print
width = 0.5 mm, length = 30 mm), cultured for 28 days with chemically-defined media®®®’. TGFp-
3 10 ng/ml) and vitamin C (1 pg/mL) were added fresh with each media change.

Samples were stained and imaged weekly to assess cell viability (n > 5 per group;
Live/Dead Kit, Life Technologies, Carlsbad, CA). Images were collected as a z-stack (Swept Field
Confocal microscope, Praire Technologies; 10X objective), and a custom written MATLAB
algorithm was used to count the number of living (green channel) and dead (red channel) cells.
The percentage of living cells was calculated as the number of living cells divided by the total
number of cells.

2.3.4 Biochemical assay

On days 7, 21, and 28 samples were collected to measure glycosaminoglycan (GAG)
composition (n > 7 per group). Specimens were lyophilized (Labconco, Kansas City, MO) for 48
hours to determine dry weight and digested overnight at 56°C with Protenaise K (MP Biomedical,
Burlingame, CA). GAG content was determined using the colorimetric dimethyl methylene blue
(DMMB) assay and normalized by wet weight. Data was further normalized to the average GAG
content at day 7 to assess tissue growth over time.
2.3.5 Statistics

A one-way analysis of covariance (ANOVA) was performed on the print fidelity
parameter, mechanical properties, and cell viability. Significance was assumed at p < 0.05. When
significance was found, a Bonferroni post-hoc test was performed to compare each agarose or
alginate-agarose mixture with the control (Pluronic), where possible.

2.4 Results
Storage modulus changed slightly with temperature (Figure 2-4A). At 37°C, the storage
modulus of 2% agarose was significantly lower than Pluronic, while there was no significant
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difference between Pluronic and the other agarose-based gels (Figure 2-4B). The shear yield
strength for 3% agarose was significantly greater than Pluronic (Figure 2-4C). There were no
other significant differences in yield strength in shear, which may be partly due to high variation
in agarose-only gels (3 and 4% agarose). Relaxation experiments showed that recovery after
yielding in shear was instantaneous for all gels (Figure 2-5). Unconfined compression could not
be performed on Pluronic because the hydrogel was too soft to test. Agarose gels with 3% wi/v and
4% wiv had similar compressive yield strengths, which was greater than 2% wi/v agarose and the
agarose-alginate mixtures (p < 0.001; Figure 2-4D).

All gels exhibited shear-thinning behavior, with a logarithmically linear decrease in
viscosity at higher shear rates (Figure 2-6A). The magnitude of the slope (B) was lowest for
Pluronic and increased with solid concentration in agarose-only gels, but not for agarose-alginate
mixtures (Table 2-1). The gel made of 2% agarose had the lowest shear rate at the extruder wall
(Figure 2-6C) and the highest viscosity at the extruder wall (Figure 2-6C). The shear rate and
viscosity for all other gels were statistically similar to Pluronic.
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Figure 2-4: A) Storage Modulus with respect to temperature, B) Storage modulus values at 37°C
and C) Shear yield strength for all gels. *represents significant difference (p < 0.05) when
compared to Pluronic. D) Compressive yield strength for agarose-based gels. *represents
significant difference (p < 0.05) to other groups.

Gel R? o B
Pluronic 0.97 1486 + 203 -0.80 £ 0.06
2% agarose 0.87*% | 428 +518* -1.06 + 0.06
3% agarose 0.90 596 £371% | -1.48 £0.06%
4% agarose 0.94 367 £318* | -1.67* £ 0.30%
759 - + 003
37§A|‘agarose 0.78% 1641 + 605 11 £010
alginate
5% agarose-alginate | 0.80%* 1898 + 500 -1.11 £0.17

Table 2-1: Power fit parameters for viscosity versus shear rate. * represents p < 0.05 when
compared to Pluronic.
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Figure 2-5: Representative curve for recovery after shear experiments. All samples had a storage
modulus that was greater than the loss modulus after shear was removed (orange and blue lines).
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Figure 2-6: Mechanics: A) Viscosity versus shear rate, B) shear rate at the extruder wall, and C)
viscosity at the extruder wall. * represents p < 0.05 when compared to Pluronic.

Most gels showed limited shape fidelity, meaning that the construct was not similar to the
initial model (Figure 2-7A-F). Smooth printed lines were achieved with Pluronic, as expected
(Figure 2-7A). However, printability of agarose-based gels varied significantly depending on the
agarose concentration and whether it was mixed with alginate (Figure 2-7B-F). 2% w/v agarose
and 3.75% w/v agarose-alginate gels tended to spread beyond the specified print area (Figure 2-
7B & 2-7E), while 3% w/v and 4% wi/v agarose were too tough to extrude continuously (Figure
2-7C & 2-7D). The calculated print parameter for 3% and 4% agarose was significantly lower than
Pluronic (p < 0.001; Figure 2-8). Based on the results from printed lines, honeycomb printing was
only performed with Pluronic and agarose-alginate mixtures (Figure 2-7G-H).
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Figure 2-7: 3D printed lines with A) Pluronic, agarose only gels at concentrations of B) 2%, C)
3%, and D) 4% w/v. Agarose-alginate mixtures were printed with final solid concentrations of E)
3.75% and F) 5% w/v. Honeycombs printed with G) Pluronic and H) 5% agarose-alginate. Cell
viability at Day 0 of lines printed with 1) 3.75% agarose-alginate and J) 5% agarose-alginate. K)
Cell viability of a honeycomb printed with 5% agarose-alginate (Day 0). Scale bars = 10 mm.
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Figure 2-8: Printing parameter results. Groups with an asterisks (*) were significantly different
from Pluronic (p < 0.001).

High cell viability of agarose-alginate gels fabricated through 3D printing or more
established casting techniques was maintained over the culture period (Figure 2-71-K, Figure 2-
9A). At day 28, there was a ~20% decrease in cell viability in casted constructs (day 0 = 97.4
0.3%, day 28 = 80.3 £ 14.8%) and a 25% decrease in cell viability for printed constructs (day 0 =
93.3+4.3%, day 28 = 69.6 £ 13.1%; Figure 2-9A). GAG content for casted and printed constructs
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increased with culture time (Figure 2-9B). At day 28, the GAG content in printed constructs was
3X greater than casted constructs at Day 7 (p < 0.001; Figure 2-9B).
’[ A

| _ *

100 L
80 F—'\*'/\*

60
*

40
20

Live Cells (%

B

Cast
—=Prints

Relative GAG/WW
LR N W A~ U o

7 14 21 28
Day

Figure 2-9: A) Cell viability for 5% agarose-alginate (ag-alg) scaffolds. No differences were
observed in cell viability between 3D printed lines and casted constructs (p > 0.2), except at Day
28. B) Glycosaminoglycan (GAG) content by wet weight (WW) normalized to the average GAG
content at Day 7. Error bars represent standard deviations. * represents p < 0.05 between groups.

2.5 Discussion

We evaluated whether hydrogels, that have been successful in developing de novo
cartilage, have ideal properties as unmodified bioinks for extrusion-based 3D printing. Rheological
properties and printability of five agarose-based gels were analyzed and compared to Pluronic, a
gel with known printing capabilities®®. Agarose mixed with alginate demonstrated similar shear-
thinning properties and yield strength to Pluronic. Moreover, agarose-alginate mixtures showed
improved print-shape fidelity when compared to agarose-only gels. 3D printed agarose-alginate
constructs demonstrated excellent cell viability for up to 21 days in culture, as well as improved
GAG production. Based on print integrity and cell viability results, 5% agarose-alginate mixture
was determined to be a suitable material for 3D bioprinting for cartilage tissue engineering.

Many variables affect print integrity, including print pressure, gel temperature, and gel
mechanics. Previous studies highlighted the importance of extrudable materials exhibiting shear-
thinning properties with low yield strength894%.11L112 1 this study, all agarose-based gels
exhibited shear-thinning properties that were similar to Pluronic (Figure 2-6B; Table 2-1), but
only agarose-alginate mixtures had yield strengths similar to Pluronic (Figure 2-4B&C). Previous
literature has reported that printability is generally improved with higher shear yield strengths up
to a certain limit, which has varied depending on the gel used®*%. Our results were consistent with
Smith et al, suggesting that gels with a shear yield strength greater than 5kPa had limited success
during printing (e.g., 3% & 4% agarose). Based on material properties from rheology experiments,
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2% agarose, 3.75% agarose-alginate, and 5% agarose were favorable materials for continuous
extrusion and, therefore, are printable materials.

However, it is important to note that extrusion does not necessarily equate to high print
fidelity, which is difficult to quantify. Kopf et al. printed an agarose-collagen blend around a circle
and defined shape fidelity as the percentage of the circle that remained uncovered’’. Gels that had
less spreading around the circle were defined as being a better print. In a similar vein, we developed
a printing parameter that accounted for overspreading and the total coverage of the initial model.
Parameter results normalized to the control (Pluronic) and showed that 2% agarose, 3.75%
agarose-alginate, and 5% agarose-alginate had statistically similar shape fidelity (Figure 2-6).
However, upon visual inspection it was apparent that 2% agarose and 3.75% agarose-alginate
showed significant spreading outside of the model area (Figure 2-7B & 2-7E). The difference
between visual inspection and the print parameter results suggest that a threshold value may be
more appropriate than a direct comparison with Pluronic.

Previous studies have suggested that bioink print fidelity was improved for gels with a
storage modulus between 150 and 380 Pa using gelatin and alginate hybrids!'2, While all gels
evaluated here had a higher storage modulus than the gels examined by Zhao et al., there may exist
a similar range for agarose-based gels'?. However, it should be noted that 2% agarose had the
lowest storage modulus (4796 + 3250 Pa), while 3.75% agarose-alginate had the highest storage
modulus (37820 £ 17927 Pa; Figure 2-4A). This finding suggests that storage modulus is not a
material property that is predictive of printability or print fidelity.

The 5% agarose-alginate mix demonstrated the best print fidelity, based on visual
inspection and the print parameter. Materials are often combined to influence rheological
properties of hydrogels for extrusion. However, these combinations commonly require additional
manufacturing steps to improve print integrity, such as crosslinking or printing within a sacrificial
material ®86113-116 These methods can negatively affect cell viability and, consequently, matrix
production, which is vital to cartilage tissue engineering applications’®!’. In this study, the
agarose-alginate combination did not require additional crosslinking or photopolymerization and
improved print integrity (print parameter). Moreover, the agarose-alginate mixture maintained
excellent cell viability after printing (>95%; Figure 2-9A), suggesting that the shear stresses at the
nozzle were not high enough to induce cell death, a major concern in bioprinting’>**. Lastly, the
5% agarose-alginate gels demonstrated continuous matrix production throughout the culture
period. GAG deposition rates of the 5% agarose-alginate mixture was comparable to previous
studies that used gels with a lower solid content, suggesting that the increased solid volume in the
mixture did not significantly hinder matrix production®®’. Thus, the findings from this study
suggest that 5% agarose-alginate mixture was a suitable bioink for cartilage engineering
applications.

The work presented here is not without limitations. Rheological properties for all gels were
evaluated at physiological temperature (37°C) instead of a wider range to match the temperature
during cell-based printing. Given that agarose is a thermoset material, it remains plausible that
agarose-only gels can produce constructs with high shape fidelity under different temperature
conditions. While we believe the shape parameter presented here was useful in identifying suitable
printability, it only assessed in-plane print fidelity, and did not account for changes that might
occur with multi-layered prints. The incorporation of more advanced imaging techniques will be
useful in determining how well gels perform during printing of larger, complex, clinically relevant
structures®18, The primary focus of cell-based tests in this study was to evaluate cell viability;
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therefore, overall GAG production in future work will be improved by increasing cell density (i.e.,
greater than 20x10° cells/mL)®>66.87.119,

2.6 Conclusions

In conclusion, the 5% w/v agarose-alginate mixture was ideal for extrusion-based bioprinting of
3D cartilage constructs. The mixture was able to print high shape fidelity structures comparable
to Pluronic, a material known to be ideal for extrusion-based printing, maintained excellent cell
viability, and supported matrix production. Moreover, the agarose-alginate mixture did not
require additional crosslinking steps or a sacrificial material for the printing process’®113.120121
which are techniques that may affect long-term performance’®t’. Therefore, extrusion-based
printing with an agarose-alginate mixture may provide researchers with an easy-to-manufacture
technique for developing complex engineered cartilaginous tissues.
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Chapter 3: Stress-relaxation studies on 5% agarose-alginate gel

Gabriel R. Lopez Marcial, Christian Leycam, Grace D. O’Connell

3.1 Introduction

Hydrogels are a commonly used type of scaffold material. These are generally 3D polymer
networks made from natural materials such as seaweed or ground protein. Agarose hydrogels have
been particularly popular in tissue engineering applications because of their ability to maintain the
rounded chondrocyte-like phenotype, which encourages GAG production in 3D culture.?? Sodium
alginate has also been used in tissue engineering applications because of its simple ionic
crosslinking mechanism, which allows researchers control over the gels mechanical properties.®® .
Sodium alginate is commonly crosslinked ionically with calcium, which creates a networked
structure and gives the gel mechanical stability. When sodium alginate is exposed to a calcium
bath, the Ca* ion replaces the Na* ion in the polymer chain, creating a branched and crosslinked
structure with stiffer mechanical properties (Figure 3-1).

Sodium Alginate Crosslinked Alginate
(w/ r\J
N8 W o~
@ Calcium Chloride (CaCl,, @ @ @\
@ \/\ \
® I
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Figure 3-1: lonic crosslinking of sodium alginate creates branched structure. Calcium replaces

sodium ions and forms two bonds with the negatively charged alginate polysaccharides. Adapted
from https://scienceandfooducla.wordpress.com/2013/06/11/deconstructed-apple-pie/

@

Chapter 3 demonstrated an agarose-alginate gel with suitable characteristics for cartilage tissue
engineering applications.®® The agarose-alginate combination exhibited comparable mechanical
properties to other common agarose hydrogels, as well as the ability to maintain cell viability and
encourage matrix production for multiple weeks. However, mechanical characterization of the gel
was limited to the context of manufacturability, and is not necessarily representative of the long-
term compressive loading scenarios used to evaluate tissue engineered scaffolds.®:% While the
initially weak mechanical properties of hydrogels may prove beneficial to matrix production, it
means that long culture periods are necessary before the material may be functional for
implantation Being able to change mechanical properties by selective methods such as cross-
linking may also allow for ease of manufacturing biomimetic scaffolds with gradient properties to
better match tissue structures.*67:123

Thus, it will be useful to apply common stress-relaxation analysis to the 5% agarose-alginate gels.

While compressive stress-relaxation is popular amongst tissue-engineering researchers, there are
no standardized methods for testing native tissue or engineered constructs. Methods can vary in a

20



many different ways: researchers have reported mechanical properties from confined!24126 or
unconfined compression,®"61%% |oading rates defined by displacement!?’ or strain,®3"1?® and
single’® or multiple!?12° strain holds. Additionally, it is common to see wide ranges in peak
displacements (from 10-40% strain)*2"-1?° and length of strain holds (300-7200 s).3"124130 perhaps
more concerning is the lack of a standard size for engineering specimens. While ASTM (American
Society of Testing Materials) standards for most common engineering materials like metals,
ceramics, and ubiquitous polymers include specimen dimensions, even cylindrical tissue-
engineering constructs may range from 3-10 mm in diameter and height.5:27129.131 \whjle stress
and strain aim to represent material properties by normalizing for geometric variables such as
length and area, materials with high porosity and water content have previously been reported to
demonstrate size-dependence.’®> More recently, geometry measurement techniques in native
tissues have been found to contribute to large discrepancies in mechanical properties.' Therefore
there is a need to investigate if any variation might arise from changes in dimensions under
common loading conditions.

Native and engineered tissues typically exhibit time-dependent stresses and strains, known as
viscoelastic behavior. A relatively simple way to derive relationships between stress and time has
been to represent viscoelastic materials as a combination of springs (purely elastic behavior) and
dashpots (viscous behavior) in series or parallel with each other.:**13% Experimental data can then
be curve-fit into equations stemming from spring-dashpot combinations to obtain parameters such
as modulus (for the spring component) or viscosity (for the dashpot component). More
complicated arrangements of springs and dashpots may improve the data curve-fit, but ultimately
create parameters with increasingly limited physical meaning (i.e., the modulus from one spring
does not represent the modulus from the material). However, these rheological models can give
important information on the behavior of tissues, such as relaxation times and magnitudes, and
have been successfully used to describe creep behavior of the intervertebral disc,*%%3" as well as
stress-relaxation behavior of cartilage and agarose gels.*301%8

This chapter will show a series of characterization studies on 5% agarose-alginate. An unconfined
compression test with a single stress hold was chosen, as it is one of the most common methods in
the literature.®*% First, we will determine the effects of inducing ionic crosslinks into the agarose-
alginate gel on time-dependent mechanics. Then, we will investigate size as a source of variation
in mechanical properties.

3.2 Methods
3.2.1 Sample preparation

Type VII agarose and sodium alginate were mixed into 0.15M Phosphate Buffered Saline (1X
PBS) in a 3:2 ratio to produce a 5% weight over volume (w/v — g/mL) agarose-alginate gels, as
described previously.®® The mixture was heated to 121 °C in an autoclave and casted between glass
slides, then allowed to cool to room temperature for at least 20 minutes. For the crosslinking study,
a 2.3mm spacer was used between glass slides and cylindrical samples were obtained using a 6
mm diameter biopsy punch to obtain samples with dimensions of 2.3 mm in height and 6 mm in
diameter. Samples for the crosslink group (Xlink) were then submerged in a 30 mM CaCl> solution
for 3 hours, then allowed to re-hydrate in PBS for 20 minutes before testing. The 5% agarose-
alginate samples without crosslinks (Control) were only submerged in PBS prior to testing.
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For the size dependence study two different heights were obtained by using a 2.3 mm (Short
height) spacer or two 2.3 mm spacers (4.6 mm, Tall height) between glass slides during casting.
Two different biopsy punches were used to obtain diameters of 4 mm and 6 mm. Full dimensions
for each testing group in each of the two studies can be found in Table 3-1.

Study Group Diameter (mm) Height (mm)
Crosslinking Control 6 2.3
Xlink 6 2.3
Size-dependence Short 4 2.3
6 2.3
Tall 4 4.6
6 4.6

Table 3-1: Construct dimensions for stress relaxation studies.
3.2.2 Mechanical testing

Samples were subjected to stress relaxation under unconfined compression using an Instron
mechanical tester (Model A620-325; Norwood, MA), with samples submerged in 1X PBS. A
monotonic ramp to 10% strain was applied, followed by a 30-minute hold for the crosslinking
study, and a 60-minute hold for the size-dependence study. Young’s modulus was calculated as
the slope of the linear portion of the loading curve during the ramp to 10% strain, while 30-minute
and 60-minute moduli were defined as the average stress of the 50 data-points closest to the 30-
minute and 60-minute time-points (Figure 3-2). Relaxation was defined as the stress after 30
minutes divided by the peak stress at the end of the ramp subtracted from 1.0 and presented a
percentage. Therefore, 0% relaxation represents a fully elastic material, while 100% relaxation
represents a material that has undergone complete relaxation.

10% strain

30/60 min relaxation Input Output
£ o |% relax
E = Acg/Ae Time-point
[ ] / moduli
t

Figure 3-2: Schematic of how mechanical properties from stress-relaxation testing were defined.

3.2.3 Model fit: 5-parameter Maxwell model

To evaluate viscoelastic mechanical properties, stress-strain data was fit to a 5-parameter Maxwell
model using a custom MATLAB script. This model consists of a spring in parallel with two simple
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Maxwell models, which in turn consist of a spring and a dashpot in series (Figure 3-3). Each
spring is assumed to contribute a linear stress-strain response, while each dashpot contributes to
the viscous time-dependent behavior.

n | 77 2 r’ k n n

}

Figure 3-3: Generalized Maxwell model showing parallel arrangements of a spring-dashpot
component in series.

E
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Setting boundary conditions for stress relaxation (strain is constant; % = 0), we can solve for the
stress as a function of time for the generalized form.

LE;

o(t) = €[ Eg+ Y, Eeni] Q)

For the 5-parameter case, Equation (1) is simplified to
_t t

O-(t) = E[EO + Ele 1+ Eze_E (2)
Where t; = % This 7 is referred to as a “time constant”, and represents the time it takes for the
element to relax to 36.8% of its original stress value.***
Parameters Eo, 11, and 12 were reported for curves that were determined to have a good fit.
Goodness of fit was defined as having a mean of residuals lower than 25, where residuals are

defined as the unit distance from the data point given by the model at a certain time point to the
actual experimental value at each time point.

3.2.4 Statistics

A non-parametric t-test (Mann-Whitney U-test) was used to compare between crosslinked and
non-crosslinked groups. In the size dependence study, a two-way ANOVA to compare between
groups of different diameters and different heights because of the absence of a non-parametric
alternative in the statistics software used (GraphPad PRISM). A p-value lower than 0.05 was the
benchmark used to determine statistical significance.
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3.3 Results
3.3.1 lonic crosslinking

Crosslinking agarose-alginate hydrogel with a calcium bath resulted in a 4.7-fold increase in
modulus from 10.4 + 1.8 kPa to 49.3 +12.5 kPa (p < 0.0001; Figure 3-4A). The Xlink group also
exhibited a significantly higher stress at the end of the hold, with a 30-minute modulus (0.8 £ 1.2
kPa) that was 8 times greater than that of the control group (0.1 £ 0.3 kPa; p = 0.03; Figure 3-4B).
However, the percent of relaxation was comparable for both groups (92.6 £ 37.3 % and 82.9 + 20
% for the Control and XLink groups, respectively; p = 0.7; Figure 3-4C).

Model parameters also showed differences in relaxation behavior between Control and Xlink
groups. The average predicted equilibrium modulus for Control group (0.7 £ 12 kPa) was about
half that of the Xlink group (1.5 £ 8.6 kPa; p = 0.002; Figure 3-5A). Time constant t1 for the
control group (55.2 + 12.8 s) was significantly lower (p = 0.001) than that of the Xlink group
(134.1 £ 16.3 s; Figure 3-5B). Time constant 12, however, was significantly higher for the Control
group (2007.6 + 779.0 s) than for the Xlink group (957.7 £ 252.7 s; p = 0.02; Figure 3-5C).
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Figure 3-4: Basic mechanics of 5% agarose-alginate gels (4) Young’s modulus, (B) 30-minute
modulus, and (C) percent relaxation. * and **** represent p < 0.05 and p < 0.0001, respectively.
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Figure 3-5: Stress relaxation parameters for 5% agarose alginate gel (from generalized Maxwell
model) (A) Predicted equilibrium modulus, (B) short-time constant 71, and (C) long-time constant
72.* and *** signify p < 0.05 and p < 0.001, respectively.

3.3.2 Size dependence

Increasing construct height from 2.3 mm to 4.6 mm significantly increased the linear Young’s
modulus of 4 mm diameter samples from 17.3 + 4.1 kPa to 29.7 + 4.1 kPa (p = 0.002; Figure 3-
6A). Modulus after 30 minutes also increased with increasing height for the 4 mm diameter group,
from 1.3 £ 0.4 kPa to 2.4 + 0.5 kPa (p = 0.0007; Figure 3-6B). Interestingly, the height effect in
the 4mm diameter group disappeared after 60 minutes, with no significant differences between the
Short (2.3 mm) and Tall (4.6 mm) height samples with 4mm diameter (0.9 + 0.4 kPaand 1.6 + 1.1
kPa; p = 0.3; Figure 3-6C). Height did not have an effect in the mechanics of the 6mm diameter
samples, as Young’s modulus for the Short group (16.2 + 3.5 kPa) was similar to that of the Tall
group (14.0 + 1.1 kPa; Figure 3-6A). This trend held up over time, as both the modulus at 30
minutes (0.9 + 0.1 kPa for Short; 1.1 + 0.2 kPa for Tall group) and the modulus at 60 minutes (0.7
+ 0.1 kPa for Short, 0.9 + 0.2 kPa for Tall) were statistically similar (p > 0.1; Figures 3-6B&C).

There were differences in Young’s modulus (p < 0.0001) and modulus at 30 minutes (p = 0.0001)
for Tall samples with differing diameters (Figures 3-6A&B). The effect of diameter was not
significant for 2mm Short samples.
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Figure 3-6: Effects of dimensional changes on basic mechanics (A) Linear Young’s modulus, (B)
stress after 30 minutes, and (C) stress after 60 minutes. *** and **** represent p < 0.001 and p

< 0.0001, respectively.

No differences in viscoelastic parameters such as Equilibrium modulus Eo, short time constant 11,
or long time constant t» were observed with changing dimensions (size or diameter; Figure 3-7A-
C).
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Figure 3-7: Stress Relaxation model parameters (A) Equilibrium modulus (B) Short time constant
11 and (C) Long time constant t2 * and **** represent p < 0.05 and p < 0.0001, respectively.
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3.4 Discussion

This chapter consisted of two separate studies on the mechanical properties of 5% agarose-alginate
gel, which our previous work identified as a potential scaffold material for 3D bioprinting cartilage
scaffolds.®® The first study aimed to look at crosslinking of the sodium alginate within the gel
through calcium ions with the intention of improving base mechanical properties. The second
study aimed to gain insight into variation of measured mechanical properties with size, as well-
regulated standards do not exist for biological tissue and different research groups have their own
preferences and techniques.t%

Treatment of the 5% agarose-alginate gel in a calcium bath resulted in stiffer mechanical
properties, both instantly and after a 30-minute strain hold. lonic crosslinks also affected the rate
of relaxation, with stiffer Xlink constructs relaxing less initially (higher t1) but eventually relaxing
to similar percentages of the experienced peak load (Figures 2 & 3), suggesting that the calcium
crosslink affects more than one relaxation mechanism. Zhao et al suggests that crosslinked regions
will relax more quickly, because additional ionic crosslinks will restrict mobility in polymer
chains, while un-crosslinked regions relax due to diffusion of displaced sodium ions in the
matrix.1*% This would be consistent with what is seen here, and would suggest the long-term
relaxation is dominated by the uncrosslinked agarose regions.**® It should be noted that Control
and Xlink samples here were evaluated to only a 30 minute hold, and it has been established that
it is difficult to project long-term viscoelastic behaviors from shirt datasets.!*! This was as
expected, as it is common for sodium alginate to be crosslinked if a solid structure is desired. It
was, however, useful to learn that sodium ions could interpenetrate the porous agarose matrix to
reach the sodium alginate. A previous study that made sodium alginate gels with guluronic acid
instead of water suggested that a mix could slow gelation time enough so that gel crosslinks are
formed more evenly.®® The increase in stiffness could be useful to study the influence of changing
matrix properties on encapsulated cells, as stiffness has been shown to change the differentiation
behavior of stem cells and chondrocytes. 42143

Comparisons between 5% agarose-alginate samples of different sizes and heights yielded
differences in measured mechanical properties, but most of these were confined to the Tall (4.6mm
height) 4mm diameter samples when compared to other groups. It should be noted that this group
had the only aspect (length/diameter) ratio greater than 1. Low aspect ratios have been associated
with higher modulus in tensile testing of fibrous tissues (annulus fibrosus) because of increased
fiber engagement, but there are no inherent fibers in our gel materials.}** The aspect ratio of 1is
also well below the aspect ratio of 3 typically associated with buckling in more traditional
materials, as well as above lower aspect ratios associated with barreling.**® The fact that agarose
itself has a low friction coefficient, and was tested on smooth plates under submersion conditions
also makes barreling unlikely.®8It is possible these differences are a result of small sample size
(n=5 per group), as time-dependent behavior did not change with size and the group presenting
differences (Tall 4mm diameter) had the highest standard deviation on mechanical properties
between samples (Figures 3-6 & 3-7).

Both studies presented used directly measured mechanical properties as well as model parameters
from a stress-time curve-fit to show viscoelastic behavior. It should be noted that there was less
variance (percentage of standard deviation to average values) in model parameters in samples from
the cross-link study than those from the size dependence study. The crosslink study presented high
variance in the measured 30-minute modulus, but time constants from the model were fairly

27



consistent. Conversely, size-dependence samples presented higher variance in time constants and
other parameters from the model while showing fairly consistent (< 30%) results in directly
measured values like Young’s modulus and 30-minute modulus. This speaks to the inherent value
of directly measured mechanical properties, whereas models that rely heavily on assumptions may
have non-unique solutions and present a wider range of results, making statistical analysis difficult.
However, the model parameters here were very useful in highlighting the differences in relaxation
behavior between crosslinked and non-crosslinked agarose-alginate gels. In particular, they were
able to distinguish two very distinct relaxation time-frames, suggesting different relaxation
mechanisms.14°

The studies presented here had a number of limitations. First, the stress-relaxation hold was only
30 minutes, as at the time of experimentation we focused on comparing to existing literature values
versus truly accounting for viscoelastic behavior, which cannot be fully extrapolated from shorter
holds.'*! In the size study, a wider range of geometries would have been ideal to establish trends
between width, height, and linear modulus. Since size-dependence in the literature has been related
to aspect ratio, the study could be improved by having enough aspect ratios below and above 3,
which is the generally accepted limit for compressive testing.'414> Additionally, the rheological
model used was not fully evaluated for uniqueness. While the model performs thousands of
iterations based on best fit starting from initial guesses for model parameters, there exist the
possibility of having a non-unique solution that will fit the model. Because residuals were used as
an evaluation method for fit, sample sizes for model parameter observations are lower than
experimental sample sizes.

Here, we further evaluated the mechanical behavior of 5% agarose-alginate gel and explored how
changes in composition or dimensions may affect measured mechanical properties. The findings
presented in this chapter can be useful in helping tissue-engineering researchers make decisions
on mechanical testing conditions and the continued use of hydrogel blends as promising scaffold
materials.
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Chapter 4: Influence of collagen type I source on gel characterization
Gabriel R. Lopez Marcial, X Sun, Grace D. O’Connell
4.1 Introduction

Collagen is a native structural protein commonly found in soft tissues. Collagen Type Il represents
more than 90% of the collagen found in compressive load-bearing tissues like articular cartilage
and the nucleus pulposus of the intervertebral disc, while collagen Type | represents more than
95% of the collagen found in the meniscus or the annulus fibrosus of the intervertebral disc (Figure
1-2A)%141517 Both forms of collagen strongly contribute to the tissue’s tensile mechanics®,
making it crucial for researchers to understand how collagen can be quantified in native or

engineered constructs.

Tissue engineering researchers often use reconstituted collagen gel as a direct scaffold or as an
additive to a hydrogel such as agarose in search of increased cell-interactions.”®77:8214¢ Collagen
type | gels are commercially available, and typically consist of ground collagen-rich tissue (such
as murine or bovine tails) dissolved in hydrochloric acid. The collagen solution can be gelled by
addition of a base, such as sodium hydroxide, and incubation at 37 °C, which accelerates the
formation of crosslinks.*” Previous literature showed that the collagen source is not a factor for
the fibril failure properties within the gels, but it does affect the fibril structure and sub-failure
properties.!*® More recently, Sorushanova et al observed a species dependence in compressive
modulus of sponges made from porcine or bovine collagen.*® Thus, it is important for researchers
to consider characterization of the collagen source before implementation in hydrogel blends.

A common technique to determine the quantity of collagen inside native or engineered tissues has
been the ortho-hydroxyproline (OHP) assay. OHP content was strongly correlated with collagen
type Il by Hollander et al. and as such, became the chemical most widely used to estimate collagen
content in collagen type Il-rich tissues like articular cartilage and the nucleus pulposus.281%°
However, conversion factors between OHP content and actual collagen are inconsistent between
groups!?15! and have been used for tissues with other predominant collagen types such as Type I,
including tendons, ligaments, meniscus, and the annulus fibrosus.'52*%* Additionally, it is unclear
from the original data if the relationship between OHP and collagen was obtained from a curve
with more than a single sample at each concentration, which would fail to account for variability
within groups. Thus, it would be helpful to highlight how correlations may be affected by using
averages as opposed to fitting individual data points.

This short study aimed to identify variation induced by collagen gels sources on tissue engineering
techniques. More specifically, our objectives were (1) to verify the commonly used OHP to
collagen ratios used in the literature were applicable to type | collagen, (2) to determine if the
collagen source in gels produced variation in compressive mechanics when used in a collagen-
agarose blend, and (3) to determine if the dilution of commercially available gels affect the
measured OHP.

4.2 Methodology

4.2.1 Sample Preparation for OHP assay: Rat-tail (Corning Life Sciences, 354249) and bovine
(FIBRICOL, 5133) collagen type I gels were used either directly (9.33mg/mL, 3.52mg/mL for rat
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tail, 10.4mg/ml for bovine) or diluted. Samples (n > 5 per group) were diluted with either 0.15M
PBS or a 5% weight over volume hydrogel (3:2 agarose to alginate ratio; g/100mL) into a range
of final concentrations (10.40, 9.33, 7.30, 6.22, 5.20, 4.67, 3.52, 2.51, 1.76 mg/ml; Table 4-1). 5%
agarose-alginate (Ag-Alg) was also used as a negative control (0 mg/mL). OHP/Collagen ratio
was compared between groups with different collagen sources (Bovine vs Rat-tail) regardless of
concentration or dilution method. OHP/Collagen ratio was also compared between dilution
methods (PBS vs Ag-Alg) from Rat-tail samples and similar concentrations (4.67 & 1.76 mg/mL).

4.2.2 Assay: Hydroxyproline (OHP) content was obtained by a colorimetric assay. Briefly,
hydrochloric acid was used to break off OHP from polypeptide chains in the sample. The acid was
then evaporated from the sample and the sample was re-suspended in assay buffer. Chloramine-T
and p-dimethylaminobenzaldehyde are used to oxidize free hydroxyproline in the sample and
create a chromophore®®®, which is then measured using a plate reader at a primary wavelength of
540nm, providing an OHP concentration reading (ug/mL) when compared to standards of known
OHP content.

4.2.3 Sample preparation, mechanics: A stock solution of 4% agarose was made by dissolving
agarose in 0.15M PBS and autoclaving at 121°C. The stock solution was diluted down with either
PBS, Rat-tail collagen Type I, or Bovine Collagen Type I to create final solutions with an agarose
concentration of 2% and a collagen concentration of 0 mg/mL (NOCOLL), 2 mg/mL (LO-RAT,
LO-BOV) or 5 mg/mL (HI-RAT, HI-BOV). These were casted between two glass slides and
allowed to cool before being punched into cylindrical samples for mechanical testing (d = 4mm, h
=2.3 mm).

4.2.4 Compressive testing: Cylindrical samples were subjected to unconfined compression while
submerged in PBS. Briefly, a 10% strain ramp (2%/min) was applied and then strain was held for
60 minutes. Linear Young’s modulus was obtained by applying a linear fit to the ramp, while 30-
minute modulus was defined as the stress value average of 50 data points before and after the 30
minute time point.

Table 4-1: Overview of sample groups for OHP assay

Final Concentration Dilution Method Collagen Source Number of samples
(mg/mL)

9.33 none Rat-Tail 15
6.22 PBS Rat-Tail 10
4.67 PBS Rat-Tail 5
4.67 Ag-Alg Rat-Tail 6
3.52 PBS Rat-Tail 5
1.76 PBS Rat-Tail 5
1.76 Ag-Alg Rat-Tail 6
10.40 none Bovine 5
7.3 PBS Bovine 6
5.20 PBS Bovine 5
2.51 PBS Bovine 5

0 Ag-Alg None (control) 5
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4.2.5 Statistics: A non-parametric t-test (Mann Whitney) assuming unequal variances was used to
highlight differences between two groups when appropriate (Bovine vs Rat-tail groups, PBS vs
hydrogel dilution). To obtain the relationships between OHP and collagen content, a simple linear
regression was performed and degree of correlation was used by obtaining Spearman’s correlation
coefficient rs (GraphPad PRISM software). Values of rs greater than 0.3 were considered a strong
correlation, according to suggested guidelines.*® Significance was assumed for p values lesser
than 0.05.

4.3 Results:

4.3.1 Species difference: OHP was measured for known concentrations of both rat-tail and bovine
collagen type I, as well as a negative control. The Collagen to OHP ratio was significantly different
(p < 0.02) between species (Figure 4-1). When OHP vs Collagen data is plotted separately, we see
different linear relationships between rat-tail (Figure 4-2A) and bovine (Figure 4-2B) groups.
Both groups show strong correlations between OHP concentration and the known collagen content
(rs= 0.85, p < 0.0001; rs =0.78, p < 0.0001for rat-tail and bovine collagen, respectively). When
linear correlation and regression are performed for these same datasets as averaged values at each
concentration as opposed to individual samples, both correlation coefficients (from 0.78 to 0.9 and
0.85 to 0.9 for bovine and rat-tail, respectively) and goodness of fit coefficients improve (from R?
values of 0.66 to 0.76 and 0.56 to 0.86 for bovine and rat-tail, respectively). However, we obtain
a much steeper slope for the relationship between OHP and collagen in rat-tail samples (4.14 to
6.27; Figure 4-3A), and a slightly steeper slope for bovine (3.89 to 4.00; Figure 4-3B).
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Figure 4-1: Collagen/OHP ratio by species source. (** signifies p < 0.01, n > 22)
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Figure 4-2: Collagen presents different linear relationships with respect to OHP by species A)
Rat-tail and B) Bovine.
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4.3.2 Dilution methods: We observed no significant difference in measured OHP content due to
dilution methods (p = 0.87, Figure 4-4).
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Collagen Conc (mg/mL)

Figure 4-4: No differences between dilution methods.

4.3.3 Compressive mechanics: Young’s modulus for the LO-RAT group (32.0 £ 5.1 kPa) was
significantly higher than that of LO-BOV (17.0 + 3.0 kPa; p = 0.000001; Figure. 4-5A). This
increased stiffness was also observed in stress values after 30 minutes, where modulus for the LO-
RAT group (1.9 + 0.4 kPa) was significantly higher than that of LO-BOV (1.2 + 0.4 kPa; p =
0.001). This trend did not extend to higher collagen concentration, as there were no differences in
Young’s modulus (35.9 + 8.9 kPa for HI-RAT; 31.9 + 15.8 kPa for HI-BOV) or 30 minute modulus
(2.2 £ 0.9 kPa for HI-RAT; 1.9 + 0.9 kPa for HI-BOV).
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Figure 4-5: Mechanics of agarose-collagen cylinders (A) Young’s Modulus (B) 30 Minute
Modulus. *** indicates p < 0.0001.
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4.4 Discussion

This short study aimed to establish a relationship between measured OHP content from a
traditional OHP assay and collagen type | content in samples containing collagen hydrogels
typically used for tissue engineering. We measured OHP content in rat-tail and bovine collagen
type | gels and looked at differences in collagen to OHP ratio by species and sample preparation,
as well as the actual collagen to OHP ratios to establish a “multiplier” that will allow us to report
collagen content from the OHP assay.

Strong linear correlations (rs > 0.75) were observed between measured OHP content and known
collagen content is observed for collagen type | (Figures 4-2, 4-3). The slopes of these curves
could be interpreted as “conversion” factors for collagen type I, where the actual collagen may be
estimated from the measured OHP content. Previous studies have applied a conversion factor of a
1:7.4 OHP to collagen type II ratio® based on work by Hollander et al., where the authors showed
a strong linear relationship between average OHP and collagen content.'> However, we observe
that there exists high variation within groups, with the average standard deviation for each group
being approximately 30% of the average OHP value measured. We can also observe that the actual
value of the slope changes when fitting to averages as opposed to a pool of individual values,
amplifying differences between measured collagen to OHP ratios between collagen sources
(Figure 4-1). This implies we could be observing what is called an “ecological fallacy”, which
maintains that the behavior of a group is not necessarily an accurate representation of an individual
behavior.t®’

This does not mean that the relationships described here are useless, as relationships are still useful
as estimates in many studies.’® Since OHP to Collagen Type | ratio was observed to vary
significantly across species (Figure 4-1), a quick reference table outlining these relationships is
presented in Table 4-2. The conversion was obtained by plotting the OHP averages for all groups
against known collagen content and extracting the slope with a forced 0 intercept.

Table 4-2: OHP-to-Collagen ratios as conversion factors.

Group Collagen/ | Correlation Reference
OHP Coefficient (rs )
Collagen Type Il 7.40 - Hollander et al 1994%°
Collagen Type | 5.4 0.71 Internal
Bovine Collagen | 5.2 0.90 Internal
Rat-Tail Collagen | | 6.1 0.89 Internal

There are some limitations that must be mentioned. A species difference was determined by
pooling all rat-tail and bovine specimens, but a more apt comparison might have been comparing
rat-tail and bovine samples with the same known collagen content.

Agarose-collagen blends with low collagen content (2 mg/mL) exhibited a species difference, with
LO-BOV samples being less stiff than LO-RAT samples when subjected to compression.
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However, no such difference was observed when collagen content was increased to 5 mg/mL, as
both HI-RAT and HI-BOV samples exhibited similar mechanics. It has previously been reported
that collagen source may influence the size of reconstituted collagen fibers between gels, and that
at such low concentrations thinner fibers may simply not have been engaged enough to contribute
to bulk mechanics, as the LO-BOV group was less stiff than the NOCOLL group as well 148149159
It should also be noted that high variance was observed in higher concentration collagen groups as
opposed to lower concentrations (Figure 4-5). Researchers are advised, however, to keep collagen
source in mind when designing studies based on mechanical findings from different groups, and
are encouraged to replicate results when possible.

In conclusion, a high variation in OHP to collagen ratios was observed for various type I collagen
groups using a traditional OHP assay. As such, caution is advised when reporting collagen content
extrapolated from OHP content in tissue-engineering samples. Additionally, it is apparent that
OHP reading are influenced by different factors (collagen type, species), and it might be useful to
simply report the measured OHP content from native or engineered tissues instead of extrapolating
collagen content, as native and engineered tissues typically contain a range of different collagen

types.
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Chapter 5: Towards engineering a collagen gradient
Gabriel R. Lopez, Keerthana Elango, Grace D. O’Connell

A version of this work was submitted as an abstract and presented as a poster talk at the 2020
Annual Meeting of the Orthopaedic Research Society (ORS) by Keerthana Elango.

5.1 Introduction

Lower back pain due to damaged or degenerated intervertebral discs is a highly prevalent issue in
the United States.'® There is growing interest in developing biological replacement strategies for
the disc.1®161 Engineered discs are commonly created with separate materials for the annulus
fibrosus (AF) and nucleus pulposus (NP), resulting in a distinct interface between materials,>¢162
which does not recapitulate the natural gradient in tissue-composition and mechanics.>® The
intervertebral disc has been shown to experience bulging or damage initiating at tissue interfaces
such as the NP-AF boundary and the boundary between the disc and the vertebral endplate.1®
Work in tissues such as tendon-to-bone insertion has suggested that changes in both composition
(collagen, mineralization content) and structure (collagen fiber orientation) work together to
alleviate mechanical mismatches and transfer loads. 4% However, native tissues are complex and
highly variable across individual organisms, making it difficult to evaluate the individual
contribution of each one of these changes on the bulk mechanics. Thus, there is a need for a tissue-
analog that replicates the NP-AF gradients to better understand mechanisms of intradiscal stress
distribution and, possibly, to ensure long-term success of replacement strategies.

While the manufacturing of such scaffolds has proved to be difficult, advances such as targeted
photocrosslinking and layered casting have been successful in creating linear gradients.*166.167 3D
printing has emerged as a promising alternative, with commercial and custom printers having the
ability to print multiple materials separately or at controlled volume fractions.'®® Chapter 2
identified 5% agarose-alginate gels as suitable materials for 3D printing, as they were able to create
simple structures with similar shape fidelity to commonly used extrusion inks and maintain
viability of encapsulated chondrocytes.

To avoid having bulk mechanical and characterization be dominated by the stiffest part of a
gradient interface, the individual regions or components must first be evaluated separately. Thus,
the objective of this work was to evaluate mechanical behavior between two hydrogels for
developing engineered tissues. For this study, we focused collagen | to investigate one of the
gradient effects present at the NP-AF interface, using alginate-agarose hydrogel as the base, due
to its biocompatibility and 3D printing capabilities.?® We assessed the effect of collagen to
hydrogel mechanics. We hypothesized that adding collagen to an agarose-alginate base would alter
bulk compressive modulus, as well as bulk relaxation behaviors by adding a fibrous component.
Then, we analyzed interface strength between hydrogels to ensure the creation of a soft gel
interface would not weaken the bulk tensile mechanics of the gel constucts. Finally, we assessed
printability of the hydrogel with collagen.
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5.2 Methods
5.2.1 Sample preparation

Agarose-alginate gels were made in 0.15 M PBS as described previously (Chapter 2) ® and served
as the control (5 w/v%,; 3:2 agarose-alginate ratio). Collagen Type | (from Rat-tail, as seen in
Chapter 4) was added to the hydrogel (LoColl = 1 mg/mL and HiColl = 3 mg/mL). Gels were
casted between glass slides using a rubber divider. Compressive samples were made using a
cylindrical biopsy punch (d = 6 mm, h =2.3 mm). Interfaces were created by initially including a
rubber divider in the center of the glass slide and removing it immediately after both gels were
poured, allowing gels to contact each other during gelation (Figure 5-1).

Figure 5-1: Gel interface after casting. A barrier was removed between two casted gels,
allowing them to join. Distinct gels colored yellow and red for visibility.

5.2.2 Compression

Stress-relaxation tests were performed to 10% strain to evaluate compressive Young’s modulus
and time-dependent behavior (10% strain, rate = 2%/min, 60 min hold; diameter = 6 mm, thickness
= 2.3 mm). Data from hold period was curve-fit to a 5-parameter Maxell-Weichert model to
describe the time-dependent response, as described in Chapter 3 (n > 5 per group).

5.2.3 Tension

Gels were cut to create dogbone specimens for tensile testing (n > 7 per group; ASTM D638
dimensions were scaled up by a factor of 1.57 to improve specimen stability during testing; Figure
5-2A). A monotonic ramp was applied to failure (rate = 20 mm/min) and the yield stress was
defined as the point of maximum stress (Figure 5-2B). Tensile testing groups (CTL-no interface,
CTL-CTL, CTL-LoColl, LoColl-LoColl, CTL-HiColl, LoColl-HiColl, HiColl-HiColl) are defined
by the gels at each side of the casting barrier. For example, CTL-LoColl means thata CTL and a
LoColl cast were casted in either side of the rubber divider and allowed to form an interface
(Figure 5-2B).
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Figure 5-2: Tensile testing (A) Schematic of gels without and with an interface. Representative
image of tensile test setup. (B) Representative stress-strain response.

5.2.4 3D Printing

Lines were printed with a commercially available bioprinter (37°C; n > 5; Allevi, Philadelphia,
PA). Photos of completed prints were compared to the CAD model to assess print quality, as seen

. . l i d h [
in Chapter 2.5 Print accuracy was calculated as p = 22219 ZRO7eT22 2PETRTRITY  and
model model gel

material spreading during the print (s) was calculated as the average distance between the gel
boundary and CAD model boundary.

5.2.5 Statistics

A one-way non- parametric ANOVA (Kruskal-Wallis) with a Dunn post-hoc analysis was
performed to compare mechanical properties across hydrogel types for compressive mechanical
properties, stress relaxation model parameters, and tensile mechanical properties. Significance was
assumed at p < 0.05. Spearman’s correlation coefficient rs was calculated between tensile Yield
and Young’s modulus values, as described in Chapter 4.

5.3 Results

Adding collagen type | into the agarose-alginate hydrogel increased both compressive Young’s
modulus, where the compressive Young’s modulus of the HiColl group (18.9 + 5.8 kPa) was 40%
greater than the CTL group (11.8 + 2.9 kPa; p = 0.03). (Figure 5-3). No differences were observed
between modulus the LoColl group (13.7 + 3.2 kPa) and the other two groups.
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Figure 5-3: Compressive Young’s modulus for agarose-alginate-collagen gels. * signifies p <
0.05.

Qualitatively, HiColl gels generally exhibited less relaxation than CTL or LoColl gels (Figure 5-
4A). The initial relaxation rate significantly decreased with the higher concentration of collagen,
as t1 was more than 3 times higher for the HiColl group (168.4 + 44.6 s) than for the CTL group
(54.4 £ 12.6 s; p < 0.002), but no such distinction was present between these groups and the LoColl
group (99.5 + 48.3 s; Figure 5-4B). This effect subsided over time, as there were no differences in
long-term relaxation rates between groups (Figure 5-4C)
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Figure 5-4: Time dependent response of Agarose-alginate-collagen gels. (A) Representative

curves of relaxation response (B) Time constant 11 (B) Time constant t2. ** signifies p < 0.01.

The tensile Young’s modulus of the HiColl-HiColl group (141.9 £ 14.2 kPa; p < 0.05) and the the
CTL-HiColl group (102.7 + 8.6; p = 0.007 ) were significantly higher than the CTL group with no
interface (36.0 + 12.6 kPa) , while the LoColl-LoColl group had a significantly lower modulus
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than the control (77.9 £ 5.7 kPa). The CTL-LoColl group had a tensile modulus (36.1 + 1.4 kPa),
significantly lower than both the CTL-HiColl group (102.7 £ 8.6 kPa; p = 0.02) and the HiColl-
HiColl group (p = 0.003). Uniaxial tensile failure occurred at the mid-substance for all specimens,
and ~50% of specimens with an interface failed at the interface. The yield strength of the interface
followed the same trends, with the groups with higher Young’s modulus withstanding a higher
stress to failure as well (Figure 5-5A). Yield strength and Young;s modulus exhibited a strong
linear correlation, with a correlation coefficient of rs = 0.83 (Figure 5-5B, p < 0.0001).
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Figure 5-5: Tensile testing of hydrogel interfaces (A) Yield strength of all tensile groups (B) Linear
correlation between Yield strength and Young’s modulus. *, ** and *** signify p < 0.05, 0.01,
and 0.001, respectively.

The three hydrogels had no significant differences in print quality (p), but the LoColl group
experienced more spreading during printing (Figure 5-6; Table 5-1)).

Figure 5-6: Representative overlay of printed lines for (A) CTL, (B) LoColl, and (C) HiColl over
model CAD. As outlined in Chapter 2, green shows gel pixels while white and magenta show
covered and uncovered model pixels, respectively.
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Table 5-1: Print and spread parameters for printed lines of agarose-alginate-collagen gels. *
signifies p < 0.05 with respect to control.

Group Print parameter p Spread s (mm)
CTL -0.01+ 0.15 0.48+0.12

LoColl 0.08 +0.04 1.03*+0.1

HiColl -0.01 £ 0.19 0.62* + 0.04

5.4 Discussion

In this study, the acellular mechanical properties of adding collagen type I into a printable agarose-
alginate gel were evaluated with the intention of later using this mixture to fabricate gradient
agarose-alginate-collagen interfaces that might mimic the collagen gradient present on native
tissue. With that end, the strength of interfaces between dissimilar gels were evaluated through
tensile testing as well as the effect on 3D printability caused by the addition of the collagen to the
agarose-alginate matrix.

We observed a dose-dependent increase in agarose-alginate hydrogel stiffness with the addition of
collagen fibers, which may be used to aid in the formation of fibrous materials. Some previous
studies that evaluated the effect of collagen supplementation in an agarose-based hydrogel
observed a decrease in shear stiffness.’”®’” Differences are likely due to a variety of different
factors. First, differences in gel preparation such as varying of both agarose and collagen
concentrations had made it difficult to evaluate collagen content as a single variable’’, whereas
here the initial agarose-matrix weight over volume was calculated such that all groups had the
same final weight over volume concentration. A dose-dependent effect was also observed in
relaxation behavior, with HiColl groups initially relaxing more slowly than CTL or LoColl groups.
It is possible the fibrous concentration of the LoColl group (Img/mL of collagen) was too low for
fibers to be mechanically engaged, or for the fibers to affect bulk properties in a significant way.
Previous studies have suggested that agarose dominates the relaxation behavior by attracting water,
thus making the agarose matrix relax more slowly than collagen due to increased flow into the
porous agarose matrix, which contradicts the behavior seen here.**® However, given the increased
stiffness seen in the ramp, it is reasonable to assume that engaged collagen fibers simply offered
more resistance to compressive deformation initially.

Visually, we observed good integration between materials at the interface. Implementation of the
gel interface did not inherently lower failure strength, even when the interface was between
materials with different mechanical properties (Figure 5-5A). While there is little information
regarding failure properties between the NP and AF, due to a lack of a defined boundary, failure
stress for hydrogels in this study was an order of magnitude lower than AF failure stress in the
radial direction (0.2 + 0.2 MPa).1®® The strong correlation between yield stress and Young’s
modulus suggests that the interface contributed less to overall mechanical integrity than material
elasticity (Figure 5-5B). Collagen fibers contribute to tensile strength in native tissues like the AF,
where this correlation between failure and sub-failure stress has also been observed.’®? The
integration of similar and dissimilar gels is important for bioprinting applications, as the process
inherently creates many interfaces. In conclusion, we found that the addition of collagen to
agarose-alginate gels did not significantly alter bioprinting and can be used to create scaffolds with
initial collagen for developing fiber based engineered tissues. Future work will evaluate matrix
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deposition in multi-material scaffolds to produce engineered tissues that better replicate the
biochemical gradients observed in native tissues, as well as an expanded range of collagen
concentrations.
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Chapter 6: The addition of collagen type I in agarose created a dose-dependent effect on
matrix production in engineered cartilage

Gabriel R. Lépez-Marcial, Keerthana Elango, Grace D. O’Connell

A version of this work was published in Regenerative Materials in 2022.

6.1 Introduction

As explored in Chapter 5, gradients in tissue composition are found throughout the body,
connecting materials with different stiffnesses, in turn, creating gradients in mechanical
properties.’® Mechanical gradients are of particular importance at interfaces of soft and hard
tissues, like tendon or cartilage to bone, where sudden mismatches in stiffness create stress
concentrations that contribute to tissue failure.* Gradients in fiber architecture and tissue
composition can alleviate stress concentrations between materials with mismatched mechanical
properties.’®"1 Replicating tissue and mechanical gradients is important for successful
integration of engineered tissue with surrounding native tissues.

Gradients in tissue stiffness, fiber orientation, and tissue composition exist through the
thickness of articular cartilage (Chapter 1).1* This organization results in increasing compressive
and shear moduli from the superficial to deep zone, while tensile modulus decreases, allowing
energy to be dissipated through the depth of the tissue.*1"2

Hydrogels have been used as tissue-engineering scaffolds because of their ability to
maintain a rounded chondrogenic phenotype, as seen in Chapter 1. Agarose has been specifically
useful in cartilage tissue engineering, as it has been able to stimulate enough GAG production to
approach native values, resulting in compressive mechanical properties that are comparable to
native values.®! Collagen Type I hydrogels mixed with other gels, including agarose, alginate, and
collagen type 11, have resulted in increased cell-matrix interactions and GAG production. 7682146

Studies that used an agarose-collagen mixture have shown an increase in cell bioactivity.
These studies have evaluated gene-expression over multiple weeks. ®77173 However, we have little
insight into whether collagen-agarose blends develop functional engineered cartilage, as gene
expression is an imperfect indicator of protein production.}’*1> Hydrogels by themselves exhibit
relatively weak mechanical properties and are dependent on extracellular matrix deposition to
approach native mechanical properties. While the addition of collagen may result in weaker initial
mechanical properties, due to a disruption in the agarose network ’®, potential increases in protein
production due to greater bioactivity may result in a greater long-term benefit.

Thus, the objective of this work was to characterize the effect of collagen type | on matrix
production of bovine chondrocytes embedded in an agarose scaffold. We hypothesized that the
addition of collagen type | will increase extra-cellular matrix production and mechanical
properties. Furthermore, a low and high dose of collagen was assessed to determine whether there
is a dose-dependent effect on matrix production and mechanical behavior.
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6.2 Materials and Methods
6.2.1 Sample preparation

An agarose gel stock was created by dissolving Type VII agarose powder (Sigma-Aldrich,
St Louis, MO) in 0.15M phosphate-buffered saline at a concentration of 6% weight over volume
by heating to 121°C in an autoclave for approximately 20 minutes. The stock gel was then diluted
with saline and Type I collagen (Bovine, Advanced Biomatrix, CA) to obtain a final concentration
of 2% agarose gels. Collagen was added at concentrations of 0 mg/mL for the control (CTL), 2
mg/mL for the low concentration group (LoColl), or 5 mg/mL for the high collagen group (HiColl).

For cell-based experiments, the stock gel was cooled to ~40 ° C before being mixed with
chondrocytes (final concentration of 30x10° cells/mL) and cast between glass slides before being
allowed to cool to room temperature to obtain cylindrical samples using a biopsy punch. Junior
bovine knee joints were obtained from an abattoir (Green Village Packing, NJ) and chondrocytes
were obtained by digesting cartilage with type 4 collagenase (activity 375 units/mg dry weight;
Worthington Biochemical, Lakewoond, NJ) dissolved in media (DMEM with 5% FBS, 1% non-
essential amino acids, 1% TES, 1% BES, 1% HEPES, 1% sodium bicarbonate, 1% penicillin
streptomycin antimycotic (PS/AM), 2% minimum essential aminoacids) and shaken overnight
inside an incubator (37 ° C, 5% CO2). Cells (1x10° per vial) were frozen in liquid nitrogen with
DMSO until use. Frozen vials were thawed rapidly (< 2 minutes) in a 37 ° C water bath then plated
in a culture flask. Cells were cultured in growth media (DMEM with 10% FBS, 1% PS/AM,
5ng/mL FGF, 10 ng/mL PDGF, 1 ng/mL TGFp-1) until passage 6 until they were seeded into gels.

6.2.2 Rheology

Oscillatory rheology (Anton Paar) was performed on cylindrical, acellular gel samples
(height = 2.3 mm; n = 8) using a sandblasted parallel plate with a diameter of 8 mm and a gap size
of 2mm. Samples were created with a diameter of 8 mm to match the diameter of the testing plate.
A temperature ramp (2°C/ min) was performed from 25-37°C, followed by a 5-minute isothermal
step at 37° C with an oscillatory shear of 1% at 1 Hz. Storage (G’) and Loss (G”) moduli were
defined as the average of all values recorded at the isothermal step (50 data points).

6.2.3 Engineered Cartilage

Cylindrical samples (diameter = 4mm, thickness = 2.3 mm; n=5 per group for each
timepoint for mechanics and biochemical assays) were cultured in serum-free chondrogenic media
(DMEM with 4.5g/L glucose and L-glutamine, 1% ITS+Premix, 1% Penicillin-streptomycin,
100pg/mL Sodium Pyruvate) for four weeks. Media was changed 3 times a week and
supplemented to final concentrations of 50 pg/mL ascorbic acid and 100nM dexamethasone on the
day of feeding. Media was additionally supplemented with 10 ng/mL of TGFp-3 for the first 2
weeks of culture.

Stress-relaxation tests were performed to 10% strain to evaluate compressive Young’s
modulus and time-dependent behavior (10% strain, rate = 2%/min) on cell-laden cylindrical
samples (diameter = 4 mm, thickness = 2.3 mm) at Weeks 0 and 4 under unconfined compression
in a saline bath. Young’s modulus was calculated as the slope of the linear portion of the loading
curve during the ramp to 10% strain. Relaxation was defined as the stress after 30 minutes divided
by the peak stress at the end of the ramp subtracted from 1.0 and presented a percentage. Therefore,
0% relaxation represents a fully elastic material, while 100% relaxation represents a material that
has undergone complete relaxation.
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Samples were stained and imaged at Weeks 1 and 3 to assess cell viability and observe
changes in morphology (n = 3 from each group; Live/Dead kit, Life Technologies, Carlsbad CA).
Z-stack images were collected at 533nm for live cells (green) and 640 nm for dead cells (red) using
a confocal microscope (Praire Technologies; 10X objective). A custom MATLAB program was
used to estimate the number of objects in each channel using a grayscale threshold (grayscale level
> 35,000). Cell viability was measured as the number of live cells divided by the total cell count
in the image stack and reported as a percent.

After mechanical testing, samples were re-hydrated (>20 min), weighed, and collected to
measure DNA, GAG, and collagen contents. Specimens were lyophilized (Labconco, Kansas City,
MO) for 48 hours to determine dry weight and digested overnight at 56°C with Protenaise K (MP
Biomedical, Burlingame, CA). DNA content was determined using the fluorescent PicoGreen
assay, GAG content was determined using the colorimetric dimethyl methylene blue (DMMB)
assay, and collagen content was determined using the hydroxiproline (OHP) assay. Both GAG and
OHP content were normalized by DNA content and the sample wet weight.

6.2.4 Statistics

Due to the relatively small sample size, normality was not assumed. A one-way non-
parametric ANOVA (Kruskal-Wallis) was performed to assess differences among groups.
Comparisons were evaluated for initial and final properties (i.e., at Weeks 0 and 4). A Dunn’s
multiple comparison post-hoc was used to determine specific p-values between groups.
Significance was assumed for p < 0.05. Statistical analyses were performed using GraphPad
PRISM version 9.3 (GraphPad, San Diego, CA).

6.3 Results
Changes in Mechanical Properties:

Acellular mechanical properties were evaluated using a rheometer. The storage modulus
for the control group was G’ = 3.6 = 1.8 kPa and the loss modulus was G” = 0.2 + 0.1 kPa. There
were no significant differences observed in storage or loss modulus with the addition of collagen
to the hydrogel (p = 0.2 for G’; p = 0.06 for G”; Figure 6-1A & B). Variability in measured
mechanical properties increased with the addition of collagen, which impacted the power of the
analysis (B = 0.14). There were significant differences in initial mechanical properties of seeded
scaffolds tested under unconfined compression (p < 0.01; Figure 6-1C — Week 0). Specifically,
the Young’s modulus of the HiColl group was 47.8 £+ 33.0 kPa, which was more than 3X greater
than the CTL group (14.4 + 2.6 kPa) at Week 0 (Figure 6-1C; p = 0.009). All scaffolds experienced
50-60% relaxation during the 30-minute hold, with no significant differences with respect to
collagen supplementation (p = 0.11; Figure 6-1D). Final bulk mechanical properties measured at
Week 4 showed that the Young’s modulus for CTL and LoColl groups were 2.6X stiffer than the
HiColl group (p < 0.01; Figure 6-1C). There were no significant differences in compressive
Young’s modulus between CTL and LoColl groups. At Week 4, the percent of relaxation for the
LoColl group was 21% lower than HiColl (38.9 + 9.8% and 59.7 *+ 16.5%, respectively; p = 0.02;
Figure 6-1D. However, there were no significant differences in percent relaxation with respect to
the CTL group (p =0.35).
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Figure 6-1: (A-B) Rheological properties of acellular hydrogels. (A) Storage modulus and (B) loss
modulus at 37° C. No significant differences were observed between groups (p > 0.2). (C-D) Initial
(WO0) and final (W4) compressive mechanics of engineered cartilage constructs. (C) Linear region
Young’s modulus and (D) percent relaxation measured during the hold period of a stress-
relaxation test. * represents p < 0.05. ** represents p < 0.001
Changes in Matrix Production

The HiColl group presented a larger diameter than the CTL group when normalized by
Week 0 diameter (p = 0.006; Figure 6-2A). This difference was due to a 6% decrease in diameter
for the CTL group and a ~10% increase in diameter for the HiColl group from initial values (i.e.,
Week 0). However, these differences did not translate to significant differences in construct height
or volume at Week 4 (p > 0.05; Figure 6-2B & C).
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Figure 2: Dimensions of engineered cartilage constructs at Week 4 (W4), normalized by
dimensions at Week 0: (A) diameter (d), (B) height (h), and (C) volume (V = n(%)zh). **
represents p < 0.01.

No differences in DNA content were observed between groups at Week 0 or Week 4,
suggesting that cells were seeded evenly, and the added initial collagen did not alter cell
proliferation (Figure 6-3A). At Week 1, all groups had high cell viability (> 90%; p = 0.23; Figure
6-3B), and there were no noticeable differences in cell morphology (Figure 6-3C —top row). After
3 weeks of culture, cell viability was lower for the CTL (75.8 + 13.2%) and LoColl groups (78.6
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+ 2.1%; Figure 6-3B) and cells from all groups showed an elongated phenotype (Figure 6-3C —
bottom row).

>

® CTL - C CTL LOCOLL HICOLL
201 @ LoColl | ' . 3

® HiColl

w1l W3

Figure 6-3: (A) DNA content, (B) percentage of living cells, and (C) live/dead imaging, where
green represents live cells and yellow represents dead cells. Scale bars = 100 um. No statistical
differences were observed for DNA content or percentage of living cells counted at either time
point (p > 0.4).

The addition of collagen resulted in statistically significant differences in the initial
collagen content, as expected (Figure 6-4A & C - Week 0). At Week 4, the LoColl group was
more metabolically active than CTL, based on OHP/DNA (LoColl = 6.7 g/g CTL =4.2 g/g; p =
0.02), but not significantly more active than the HiColl group (5.1 g/g; p = 0.23, Figure 6-4A).
There was also a trend for greater metabolic activity in the LoColl group with respect to GAG
production (Figure 6-4B; p = 0.059). However, these differences in metabolic activity were not
reflected in overall differences in tissue composition when normalized by wet weight, as
commonly performed in the literature (Figure 6-4C & D).
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activity and (C & D) wet weight (WW) to compare to data in the literature. (A & C) * represents
p < 0.05. ** represents p < 0.01.

6.4 Discussion

The objective of this study was to evaluate the effect of incorporating collagen within
agarose to increase matrix synthesis during a month-long 3D culture. GAG growth in CTL and
LoColl groups were similar to previously reported values for agarose-only gels®, resulting in
compressive properties within the range of native values (240-850 kPa).1"® A previous study found
that the addition of collagen type I in the range of 2-4.5 mg/mL increased GAG production from
nucleus pulposus cells embedded in agarose.”® The addition of collagen to the agarose hydrogel in
this study demonstrated a dose-dependent effect on cell bioactivity, where 2 mg/mL of collagen
improved bioactivity but the higher concentration had a negative impact on cell bioactivity.

The addition of collagen to the agarose scaffold only altered elastic mechanical properties
at higher strains. The increase in Young’s modulus of agarose-collagen gels agreed with an
experimental study by Kopf et al.”” The increase in stiffness may be due to greater fiber
engagement as the non-fibrillar agarose matrix experiences deformation.!’” Similarly, insensitivity
of collagen on rheological mechanics agreed with data from Cambria et al., when correcting the
reported p-value for the number of observations (i.e., running a one-way ANOVA rather than
multiple t-tests).”® The discrepancy in findings between testing modalities may be explained by a
decrease in fiber engagement during rheology. That is, unconfined compression testing was
performed at 10% strain, while oscillatory rheology reached maximum strains of 1%, which is not
high enough to detect strain-stiffening behavior in collagen gels.’® The non-linear behavior of
engineered cartilage suggests that greater differences may have been observed at higher strains;'"
however, 10% strain was used in this study to represent moderate physiological loading and
compare to exiting data in the literature.1%312.17 |njtial time-dependent relaxation behavior was
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not altered by collagen, agreeing with previous work that evaluated time-dependent behavior of
agarose-collagen gels with indentation testing.*® Relaxation behavior of the scaffold is thought to
be dominated by the non-fibrillar agarose;*3%1® thus, it was unaffected by the relatively low
quantities of collagen (0.1-0.5% w/v).

A dose-dependent effect was also observed in matrix deposition, with the greatest
GAG/DNA and OHP/DNA content at Week 4 in the LoColl group (Figure 6-4A & B). GAG
content is directly linked to compressive mechanics, which was also observed in this study, where
the HiColl group was initially stiffer than the CTL and LoColl groups (Week 0) but was less stiff
at Week 4 when the GAG content was also lower. The lower GAG content also resulted in a greater
relaxation response when compared to other groups (Figure 6-1D), agreeing with trends of energy
dissipation seen in native articular cartilage.’®® Extra-cellular matrix deposition did not affect
overall construct size between groups, as all groups showed similar values for volume at Week 4
relative to their initial volume (Figure 6-2C). Previous research has shown that collagen gels may
experience a decrease in size over time due to contractile cell forces on fibers,’®8 but this was
not observed in this study. The lack of scaffold contraction was likely due the much higher agarose
concentration and the use of chondrocytes, both of which have been shown to counter the effects
of cell-mediated contraction in collagen gels.173182

While collagen type Il is the predominate type in native cartilage, collagen type | was used
here based on previous in vitro studies.”®”® However, a recent study showed that that blending
both type I and Il collagen had a greater impact on GAG production and gene expression (Sox9,
aggrecan, Coll 1,11,X) when compared to pure collagen | scaffolds, suggesting the mechanical
function of our gels could have been further improved by including both collagen type I and 11.82
Improving collagen production in engineered cartilage has been a significant challenge. Degrading
early production of GAGs with chondroitinaseABC has resulted in greater improvements in
collagen production (75% increase over wet weight when compared to the control) than what was
observed in this study.®

This study is not without limitations. First, collagen is expected to have a greater impact
on tensile properties, which was not assessed here due to challenges of culturing longer specimens
for tensile testing. Second, this study had a low sample size per group. Regardless, our findings
support the notion that collagen supplementation at a lower concentration can increase
chondrocyte bioactivity within an agarose hydrogel, as suggested in the literature. However, the
increase in bioactivity did not greatly increase collagen production outside the range of previously
reported values for engineered cartilage (~1.5%/WW versus native ~10%/ WW). Thus, the overall
impact of using a collagen-agarose blend to increase collagen production in engineered cartilage
is low under static culture conditions.
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Chapter 7: Effect of collagen fiber structure on the localized mechanical properties of
meniscus

Gabriel R. Lépez-Marcial, X Sun, Gabriel Dorlhiac, Sofia Arevalo, Grace O’Connell

7.1 Introduction

Previous chapters (Chapters 5 & 6) highlighted the need to create analog tissue structures to study
the role of gradients on tissue mechanics at the interface between two or more different types of
tissues. In addition to the relationships between bulk mechanics and composition, it is important
for the local or spatial changes in mechanics to be studied as well. Nanoindentation is an important
tool for characterization of local material mechanical behavior that has been widely used for
characterizing hydrogels, despite challenges relating to adhesion and low stiffnesses.'8184 Here,
we aim to validate a nanoindentation setup as a method to detect localized stiffness changes due
to composition and structure in analog tissues by characterizing stiffness in different regions of
native meniscus tissue. We selected meniscus because of its availability, well documented regional
variations in tissue composition, and limited swelling ex vivo.

Meniscus is load-bearing collagenous tissue in the knee joint and contributes to stability, energy
absorption, and decreased contact stresses to surrounding tissues like articular cartilage (Figure 1-
2A).% Each knee has 2 menisci (medial and lateral), and they can be thought of as having a middle,
anterior horn, and a posterior horn (Figure 7-1). Damage to the meniscus often results in increased
risk of osteoarthritis, highlighting its ability to distribute stresses.'®® Damage in need of clinical
intervention often appears as tears, which have been found to occur most often in the posterior
horn of the medial meniscus.'®

The observed change in prevalence would suggest site-dependent differences in loading or
mechanical properties, which are strongly correlated to composition and structure. The bulk
composition and structure of the meniscus was described in Chapter 1. Briefly, the meniscus is 65-
70% water and contains glycoproteins, such as glycosaminoglycans (1-2% of dry weight) and
fibronectin (8% of dry weight), yet the extracellular matrix is dominated by collagen type I fibers
(90% of dry weight). These fibers are organized mainly as large bundles in the circumferential
direction with a network of radial tie-fibers in between.>18 However, the prevalence of radial tie-
fibers has been seen to increase from the anterior to the posterior horn with maturation in bovine
and equine animal models.'®¢18’ There also exists a small superficial layer where fibers are aligned
randomly, creating a “shell” layer structure around the more directionally aligned fiber structures
(Figure 1-2C), with this layer showing a size-dependent effect on stiffness.>1>18:188 Bylk and
localized mechanical testing has confirmed that the meniscus is, like most soft tissue, highly
anisotropic, with collagen fiber orientation affecting measured tensile and compressive
modulus.*8% |n the radial direction, studies by Sanchez et al. found higher GAG content in the
inner regions that contributes to ECM stiffness.’®11% Danso et al. observed greater GAG content
in the center regions of the circumferential plane,'®® reaffirming changes in local mechanical
properties with structure and composition.8°

50



Posterior Horn

-
. y o
{ 72> — J
o . \

L N
‘.,/’, \':,»),.

v \‘.
‘v\/ (f"', i Body
? ) ,> ? ; (Middle)

s Anterior Horn

Figure 7-1: Superior view of the knee joint menisci. From
(https://www.thesteadmanclinic.com/patient-education/knee/meniscus-injuries)

However, the influence of these regional structural and compositional effects on mechanics have
been more widely observed using mechanical characterization techniques at very small (atomic
force microscopy, < Sum) or relatively large (uniaxial tension and compression, > 10mm) length
scales, likely capturing individual components like single collagen fibers (10-50 um in diameter)
or bulk portions of tissue.1%:194-197 Sty dies that used a more intermediate but still localized length
scale failed to observe differences between anterior, middle, and posterior meniscus regions, but
it should be noted that all of their indentation was on the lamellar surface layer, where fibers are
randomly aligned.®®-2% There is also limited literature on the differences between the lamellar
layer and the center region as indented from the same plane, as other studies that have looked at
both regions have generally rotated the sample in between.'8%2%" Thus, there is an opportunity to
expand the literature on localized structure-function relationships of the meniscus while validating
a localized approach that could be used to characterize composition-function changes in gradient
tissues and tissue-analogs discussed in previous chapters (Chapters 5 & 6).

The main objective of this study is to characterize the relationships between structure, function,
and indentation mechanics between the surface layer and the larger center meniscus region in the
circumferential plane. We expect to see a difference in GAG content, collagen organization, and
stiffness between these regions. This will serve to (1) confirm previously observed structure
differences in these regions and (2) validate a characterization method to studying gradient related
mechanics in soft materials.

7.2 Methods

7.2.1 Sample Preparation: Menisci were obtained from juvenile bovine knee joints (3-6 weeks
old, n =9), wrapped in 0.15M PBS-soaked gauze and stored at -20°C until preparation. Since the
knee joints were initially acquired for an unrelated study that harvested the articular cartilage,
neither were the medial and lateral menisci nor the anterior and posterior regions of said menisci
labeled during dissection. Therefore, the anterior and posterior regions horn regions were
identified simply as “horn” regions. A scalpel was used to prepare ~5 mm thick slices from each
1/3 region (two horn regions and the center region; Figure 7-2). A freezing stage microtome was
then used to create a flat surface for indentation testing.
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Figure 7-2: (Left) Diagram of specimen preparation (Right) Center and edge regions for SHG
imaging and nanoindentation.

7.2.2 Imaging: Second Harmonic (SHG) imaging®® was used to image menisci samples in the
circumferential plane. SHG is a label-free technique that has proved particularly useful because of
its ability to obtain high-resolution images (~200nm) and its non-destructive nature?®?, This has
allowed researchers to monitor the growth and directionality of collagen fiber structures over
time?®, Briefly, the edge and center regions of each specimen was excited using an 850 nm or
1450 nm wavelength to obtain a 600 x 600 um image. At the edge, 9 images were stitched together
to create a 3x3 image composite. A larger composite image was created at the center using a 12 x
12 grid (144 images).

To highlight the directionality of the collagen fibers, a custom Python code was used to create a
similar analysis to that used by Li et al.’® The code further segments each image into 12 x 12 pm
window. In each window, the angle of each element (i.e., fibers) was recorded. Features in
windows with a wide distribution of angles (many elements with different angles) were re-colored
with low intensity, while features in windows with a narrow distribution (i.e., most fibers in a
single or similar directions) had higher intensity (Figure 7-3). These windows are then re-stitched
together to make a larger image with high color intensity in regions of high organization, and is
darker in regions of random organization

Wide or narrow distribution

Wide -> low intensity
Narrow -> high intensity

SHG Image Segmentation Vector orientation

Figure 7-3: Overview schematic of image orientation processing.

7.2.3 Nanoindentation: Mechanical testing was performed using a Hysitron Triboscan indenter
with an ESP 301 motor controller (Bruker, Bullerica CA). Samples were laid flat (circumferential
side up) on a petri dish and were surrounded with 10% wi/v saline polyethylene glycol (SPEG)
during mechanical testing. SPEG was used because of its ability to hydrate native tissues with
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minimal swelling, as swelling or dehydration would impact tissue mechanics and disrupt the flat
surface needed for indentation.?®* Care was taken for the fluid line to match the top of the sample,
as preliminary experiments that completely submerged demonstrated difficulties with sample
detection and adhesion that led to noisy or unusable data (Figure 7-4).

A

Load transducer
~_»and tip -

‘ Dish
SPEG Sample

Figure 7-4: Indentation overview (A) Schematic and picture of hydrated indentation setup (B)
Representative force-displacement datasets from indentation.

Noisy/problema
curve

Samples were indented with a conical fluid-cell tip (d=100 um) in six regions (3 edge regions and
3 center regions, Figure 7-2) using a 3x3 pattern of indents spaced 400um. A pre-load of 50 uN
was applied to detect the surface, followed by a 5000nm displacement at a rate of 1um/s, a 5-
second hold at the maximum depth. The sample was then unloaded at a rate of lum/s. Young’s
Modulus, E, was calculated using the method proposed by Oliver & Pharr.?® Briefly, the force-
displacement data from the unloading portion was curve-fit to an exponential function of the form

P=c(h—h)" (1)

Where P is load, h and hf represent current and final displacement, respectively, and o and m are
the curve-fit parameters.?® To clarify, the unloading part of the curve is used while loading is an
elastic-plastic deformation, unloading is purely elastic. The exponential curve-fit parameters are
used to define stiffness, S, defined as the change in force over the change in height, which can be
used to determine the Young’s modulus:

_ar _ 2 205
§=— _ﬁEr\/Z 2)

E = EEr(1-v?)
Er(1-v?)-E;

3)

Where E; is the reduced modulus, E; is the modulus from the indenter, vi is the Poisson’s ratio of
the indenter, and v is the Poisson’s ratio of the material. The reduced modulus is essentially the
measured modulus, which includes the modulus of the indenter as well as that of the sample (think
two springs in series). Since the indenter is much stiffer than the sample, equation (3) may be
simplified to

E =E,.(1—v?) (4).
In this study, Poisson’s ratio was assumed to be 0.4, based on previous experimental data on bovine
meniscus.'?® While nine indents were performed for each region, curves that were unable to be
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evaluated due to clear issues with surface detection or curve-fitting were eliminated (Figure 7-
4B). Regardless, a minimum of three indents per region were averaged to determine the modulus
value for each region, and replicate measurements of each region were averaged to obtain the value
of each sample. In summary, there were two samples (horn and center) from nine different menisci
(n =9), with each of these samples indented in six different regions (three edge, three center for
each) between 3-9 times).

7.2.4 Biochemical content: Tissue punches (diameter = 1 mm) was collected from 3 center and 3
edge regions for one slice from each meniscus (i.e., either horn or middle region). Samples were
weighed to obtain the sample wet weight (ww), lyophilized for 48 hours, and re-weighed to
determine the dry weights (dw). Samples were digested overnight in 2 mg/mL Papain (Spectrum
Chemical; Gardena, CA). Glycosaminoglycan (GAG) content was determined using a dimethyl-
methylene blue (DMMB) colorimetric assay, and the ortho-hydroxiproline (OHP) assay was used
a proxy for collagen content.> OHP was directly reported, however, collagen content is typically
reported in the literature. Therefore, a 5.2:1 collagen to OHP ratio was used to place these results
in context of collagen content, in accordance with our findings and suggestions from Chapter 4.

Water content was calculated as “2~2 x100 and reported as a percentage. To quantify collagen

ww
crosslinking through advanced-glycation end-product (AGE) content, quinine sulfate content was
measured using a fluorescence assay.!?

7.2.5 Statistics: Statistical analyses were performed using GraphPad PRISM version 9.4 for
Windows (San Diego, CA). A non-parametric paired t-test (Wilcoxon test) was used to compare
biochemical (GAG, Collagen, AGE) content and mechanical properties (indentation modulus)
between edge (the superficial layer of the meniscus) and center (the main organizational region).
Overall modulus of horn and middle regions were compared using the Wilcoxon test. Statistical
significance was assumed for p < 0.05.

7.3 Results
7.3.1 Nanoindentation

No statistical differences in Young’s modulus were observed between the center (5.4 + 2.2 MPa)
and edge (4.24 + 1.6 MPa) regions of the menisci when averaging values obtained from middle
and horn region samples (p = 0.12; Figure 7-5A). In the middle meniscus, there were no significant
differences observed between center region (5.3 + 2.8 MPa; p = 0.38) and edge (5.0 £ 2.4 MPa;
Figure 7-5B). However, the horn region did have greater variations in mechanical properties
between the center (5.5 + 3.24 MPa) and edge (3.5 + 2.0 MPa; p = 0.023; Figure 7-5C). No
significant differences (p = 0.65) were observed between averaged center and edge regions of horn
(4.5 + 2.5 MPa) and middle samples (5.1 + 2.1 MPa; Figure 7-5D). A power analysis assuming
normality of the data suggests that we would have seen a difference between these groups (p =
0.2) with a sample size of 12.
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Figure 7-5: Indentation modulus of (A) Averaged horn and middle meniscus samples (B) Middle
samples and (C) Horn samples. (D) Averaged center and edge samples * signifies p < 0.05
between groups.

7.3.2 Biochemical Composition

No differences were observed between center and edge regions in biochemical content. Water
content at the edge (55.1 + 9.5 %) was not statistically different from the center (66.0 + 8.6 %j;
Figure 7-6A; p = 0.054). GAG content was nearly identical for edge (1.5 + 0.7 %/ww or 3.4 + 1.3
%/dw) and center regions (1.4 + 0.8 %/ww or 5.1 + 4.6 %/dw; p = 0.5 for GAG/ww, p = 0.25 for
GAG/dw; Figure 7-6B & 7-6C). OHP content normalized by wet weight (Figure 7-7A) was
identical between regions (7.2 £ 5.5 %/ww; p = 0.57) and presented high standard deviations when
normalized by dry weight (Figure 7-7B; 19.5 + 18.0 %/dw and 27.9 + 26.5 %/dw for edge and
center regions, respectively; p = 0.43). These comparisons hold for collagen content, where OHP
values are multiplied by a conversion factor (Figure 7-7C & 7-7D).

AGE content was similar between all regions. The amount of quinine in the edge regions (0.7 +
0.4 %) and center regions (0.76 + 0.4 %) was nearly identical when normalized by wet weight
(Figure 7-8A; p = 0.43), as when as when normalized by dry weight (Figure 7-8B; p = 0.07;1.6
+ 0.7 % for edge and 2.5 + 1.7 % for center) or by OHP content (Figure 7-8C; p=0.43; 13.3+5.3
% for edge and 11.0 + 5.4 % for center).
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Figure 7-6: Biochemical composition (A) water content (B) GAG over wet weight (C) GAG over
dry weight for edge and center regions
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Figure 7-7: Biochemical composition (A) OHP over wet weight (B) OHP over dry weight (C)
Estimated collagen over wet weight and (D) estimated collagen over dry weight for edge and

center regions
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Figure 7-8: Quinine content (as a proxy for AGE content) normalized by (A) wet weight (B) Dry weight
and (C) OHP content

7.3.3 Fiber Orientation

Orientation analysis from SHG images showed variation in alignment of collagen orientation.
However, not all samples followed the same pattern of higher alignment with increasing distance
from the surface edge. Representative images are shown in Figure 7-8.

SHG Image Orientation

Sample F2-J1-L1

Sample UK-J1-R1

Figure 7-9: Representative images of meniscus collagen orientation. The left column represents
the obtained SHG image, in which higher image intensity is correlated with SHG signal. The right
column shows higher intensity with increased fiber alignment within a 12x 12 um window.
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7.4 Discussion

This study aimed to validate nanoindentation as a method to characterize local changes in
mechanics due to composition and structure in soft materials. Local mechanics of healthy bovine
meniscus were characterized through nanoindentation methods, while structure was evaluated
through qualitative imaging and composition was evaluated through biochemical assays.

The overall modulus values measured for bovine meniscus were 4.8 + 1.7 MPa. These values are
higher than some reported previously for indentation and in unconfined and confined compression
(0.1-1.5 MPa),124190.198.206 bt \within the same order of magnitude. They are also in the same order
of magnitude as values seen for tensile modulus evaluated in a range of orientations (5-150
MPa).3"197 However, previous studies using atomic force microscopy (AFM), which is a more
localized form of nanoindentation given the smaller tip diameters, have reported indentation
moduli to be several orders of magnitude lower (20-200 kPa).189191201 |t should be noted that AFM
studies have typically used tip diameters as small as Sum, which is within the observed range of
collagen fiber diameter observed in other studies.'® These studies also opt for analysis based on
the Hertz contact model, which has been observed to significantly underestimate modulus values
when compared to Oliver-Pharr methods due to viscoelastic effects in the effective area
calculation.?o” ,

Li et al. saw a higher effective indentation modulus when collagen fibers were oriented parallel
to the indentation direction than on the surface, where orientation may be characterized as mostly
perpendicular to the surface.’®® They attributed this difference to lateral constraints, with fibers
being constrained laterally by other fiber bundles in the circumferential direction, while surface
fibers had more space to deform. From the imaging analysis that shows a higher organization in
the center regions, as well as the indentation direction presented here, a similar result was expected
but a difference was only observed in horn samples (Figure 7-5C). A power analysis suggested
that a sample size of 20 would have been able to detect a statistical difference with 80% power
between center and edge moduli for the averaged horn and middle regions. Differences in fiber
orientation between horn and middle regions are uncommon in juvenile meniscus, as radial tie-
fibers become thicker and more tightly organized with maturation, increasing modulus, 201203

OHP content was evaluated as a proxy for collagen. Working with the premise that most of the
collagen found in the meniscus is Type | collagen and that there is a 5.2:1 Collagen to OHP ratio
for bovine specimens(Chapter 5), collagen was measured to be about 37.4% of the wet weight of
the meniscus, which is similar values collected from the literature for junior bovine samples (~33%
of wet weight) and higher than the expected values for human meniscus, which are more
commonly reported (~22% of wet weight).®>1® We also observed collagen content in the 30%
range for other mammals like pigs, which may be more similar to bovine in overall composition
than typically reported human values.?®® GAG content normalized over dry weight was slightly
higher in overall meniscus samples (4.3 + 2.7 %) than values seen in the human literature (~2% of
dry weight), but GAG over wet weight was lower than those reported for juvenile bovine (~3 %
GAG/ww).1>17%209 However, we see from the data that the average overall water content (58.1 +
6.3) was lower than the expected water content for soft tissue such as meniscus (~65-70%).2517° |t
is possible that the raw values reported here were affected by dehydration after a freeze-thaw cycle,
as our water content results are consistent with a previous study that evaluated this effect.?? It has
also been reported that GAG and water fractions may increase with age for bovine menisci.?!! Pig
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menisci have also reported similar collagen and GAG values over wet weight as those observed
here (25-30 % Coll/ww, 1.5-3% GAG/ww).208

There were no detected differences in GAG content from edge to center regions. There are two
possible explanations for this lack of GAG discrepancy. First, regional variability of GAG tends
to be in the radial direction, with the inner avascular “white” zone showing a higher concentration
of proteoglycans than the outer “red” zone of the meniscus.'®® Samples were not taken in this radial
direction, and as such could not be observed. Second, the edge samples taken in this study
encompass a distance of about 1mm from the surface. Moyer et al?!2 previously showed that the
surface is only GAG-deficient for about 600 um in depth, meaning that about 40% of our sample
would have similar GAG content to center regions.

Quinine was quantified as a proxy for AGE content within the menisci. There were no regional
differences in AGE content when normalized by wet weight, dry weight, or OHP content (Figure
7-6). Crosslinking in collagen fibers due to AGE content has been shown to increase stiffness in
soft tissues,'®2 and as such would have been a possible source of variation in local mechanics. AGE
content normalized by dry weight (2.1 + 1.0 %) was an order of magnitude lower than reported
AGE content for juvenile swine meniscus, but in addition to being a different species this particular
study used pyridinoline, not quinine, as a proxy for AGE content.?%® Not all AGE’s necessarily
increase with age or degeneration in the meniscus and thus we cannot conclude that this data
necessarily corresponds with what is expected of juvenile bovine menisci,?'® but it is reported here
with the hope it becomes a reference point for other researchers interested in native menisci
composition.

SHG imaging of menisci samples revealed regional variation, but was not always consistent with
the expected features of high organization in the center of the sample when compared to the surface
(edge) region. By highlighting areas of narrower distributions, we would expect to see orientation
images feature lower intensity in the surface region (approximately 600 um from the edge of the
meniscus image) and much higher intensity near the center, where circumferential and radial fibers
are highly organized in a single direction. Li et al showed similar observations, plotting angle
distributions for surface and circumferential fibers imaged through scanning electron
microscopy.’®® Our analysis showed “rows” of high intensity (Figure 7-8), seemingly more
aligned with the borders of the imaging field of view than with native tissue features. It is possible
that the artificial segments image were broken into (that is, the 12 x 12 um windows in which
orientation distribution was evaluated) affect the quantitative analysis, as organization between
elements of neighboring segments is not taken into account. We also observe some regions of high
organization near the very edge of some images. It should be noted that our analysis is limited by
certain factors. First, this study only collected representative images from two menisci; thus, it is
impossible to draw definitive conclusions beyond demonstrating a proof-of-concept. Second, we
imaged into the circumferential direction, which means many fibers were presumably coming out
of the plane, which may impact the SHG signal. Finally, there is a possibility meniscus sample
preparation (scalpel cuts and microtoming) affected fiber orientation at the surface.

In conclusion, we were able to collect nanoindentation data of healthy bovine meniscus; however,
the current method did not observe localized differences. This may be due to a lack of
compositional differences observed with the biochemical assays. It is possible that age and
diseases that result in greater variations in tissue composition will lead to greater differences in
local mechanics. Regardless, this testing approach may be beneficial for characterizing regional
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differences in engineered tissues that have shown greater matrix production on the construct
periphery.
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Chapter 8: Conclusions and Outlook

The overall goal of this dissertation was to explore how the mechanical properties of hydrogels
can be evaluated and manipulated to support functional tissue engineered constructs. The research
presented looked at relationships between rheological mechanical properties and
manufacturability, relationships between composition and compressive mechanics, and
relationship between composition and ECM production in gel scaffolds. While the work in this
dissertation has focused on basic science as opposed to direct clinical application or evaluation, it
iIs my hope that this information will be useful to tissue engineering researchers looking as they
continue to improve and implement new strategies for the mechanical repair and replacement of
injured tissue, in particular those of the knee joint.

Some specific take-away messages from this dissertation are:

1. Extrusion printing was used to manufacture tissue-engineering scaffolds from agarose-
alginate gels (Chapter 2).
Agarose-alginate co-gels were successfully extruded into basic macro-porous shapes, and
demonstrated similar rheological properties to Pluronic, a control gel known for its
manufacturability but limited by bulk mechanical properties and its water solubility.
Extrusion printing is a useful tool for tissue-engineering researchers looking to improve
nutrient diffusion in their hydrogel scaffolds, as macroporosity lowers the distance
nutrients must travel during 3D cell culture, and allows for more complex geometries than
casting, which would require the manufacture of a mold.

2. Compressive mechanical properties of agarose-alginate gels were influenced by inducing
ionic crosslinks (Chapter 3).
The compressive mechanical properties of a crosslinked agarose-alginate mix were
evaluated. Crosslinking the alginate portion of the gel with a calcium chloride solution
changed the short-term relaxation behavior of the bulk gel, making it relax more slowly at
first, despite eventually reaching a similar overall relaxation as the non-crosslinked gel.
Measured mechanical properties also demonstrated some-size dependence, but not enough
aspect ratios were evaluated to establish a trend.

3. Collagen type I to ortho-hydroxiproline ratios varied depending on collagen gel source
(Chapter 4)
It is important for researchers to consider source when using the OHP assay to evaluate
collagen content in scaffolds with commercial collagen Type | gels. Rat-tail and bovine
collagen | gels demonstrated a species difference with respect to Collagen/OHP ratios,
suggesting there is not a single perfect “multiplier” to obtain collagen from OHP data.
Previous studies in the literature have been inconsistent with how collagen is estimated,
using collagen/OHP relationships established for different types of collagen (collagen Type
I1) or rounding scalar factors to the nearest ten.

4. Gel interfaces did not inherently lower the tensile failure properties of the bulk gel.
(Chapter 5)
When allowing materials with different composition, specifically collagen content, the
interface was not weaker than a bulk continuous material. This is important, because
interfaces between dissimilar materials affect the clinical success of scaffolds that aim to
imitate tissues with distinct regions such as the disc. Combined with the manufacturability
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of hydrogels seen in Chapter 2, this finding encourages the creation of more complex tissue
engineering scaffolds to better imitate the load transmission mechanisms seen in native
tissues that include composition gradients.

5. The effect of collagen type | to improve the tissue engineering properties of agarose gels
was dose-dependent (Chapter 6).
Collagen was observed to increase chondrocyte bioactivity within agarose-collagen
scaffolds, but this effect was slight and only did so at low concentrations. Larger
concentrations of collagen were actually detrimental to matrix deposition and long-term
compressive mechanics within agarose scaffolds, and as such it is not a recommended
method of improving the functionality of tissue-engineered constructs.

6. Micron-scale indentation could not differentiate regional mechanics in the circumferential
plane due to collagen structure in juvenile bovine menisci (Chapter 7).
Indentation is a powerful tool for characterizing local mechanics, but was not effective at
distinguishing differences in a soft tissue such as meniscus under the setup presented in
Chapter 7. While the possibility exists that there were simply no differences to be detected
due to the early developmental stage of the samples, the region-specific collagen structure
of meniscus had been well-documented, which is why the tissue was chosen to validate the
localized indentation technique, with hopes of using it to characterize gel interfaces such
as the ones described in Chapter 5.

The primary contribution of this dissertation is to expand the existing literature on the mechanics
of hydrogels, specifically agarose-based gels and co-gels. Agarose, agarose-alginate, and agarose-
collagen gels were exposed to a series of mechanical characterizations including unconfined
compression, tension, and shear oscillation. These series of experiments provided insight into how
changing composition, either initially through adding an additional gel component or through
biological ECM composition, affected the short and long-term responses to mechanical loading
within agarose-based hydrogel scaffolds under different conditions. As future tissue-engineering
researchers brainstorm ways to improve the mechanical functionality of their three-dimensional
gel scaffolds, they will be able to come back to this work and establish composition-mechanics
relationships.

The work presented here was limited by a number of factors. First, it must be noted that sample
size is a limitation in many of the studies here, particularly in studies that include biological
material such as chondrocytes or native tissues (Chapters 2, 6, & 7). Sample size itself is limited
by availability or long mechanical test durations which make a high sample size capable of
unequivocally proving a hypothesis unfeasible. However, the effort has been made to use different
tools such as appropriate statistical tests and power analyses to gain insight into the relationships
described in this work. Appropriate sample sizes are even more important with native tissues, as
they present high variability depending on differences in age, loading, genetics, and other factors
between donors.

Another limitation is that the mechanical characterization techniques described here are not
necessarily representative of in vivo loading scenarios. Native tissues see dynamic loads, and
experience complex loads beyond uniaxial or pure shear stresses. However, monotonic ramps and
stress relaxation in unconfined compression performed in chapters 2, 3, 4, & 6 still give important
mechanical properties such as linear and equilibrium moduli, and, perhaps more importantly, serve

62



to compare directly with known properties from native tissues in the literature tested under similar
conditions.

In conclusion, this dissertation expands the literature on the mechanical properties of hydrogels
used for tissue engineering, in particular agarose and agarose-blends. These materials have been
widely used towards the development of 3D constructs to mechanically repair damaged tissue, and
the series of studies presented here will continue to give researchers insight into the relationships
between hydrogel composition, mechanical behavior, and matrix deposition when used as tissue
engineered scaffolds.
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