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Biofabrication Approaches With Hyaluronic Acid Hydrogels For Cartilage Repair

Abstract

Current therapies to repair damaged articular cartilage fail to consistently or fully restore the
biomechanical function of cartilage. Although cell-based clinical techniques have emerged for the
treatment of focal defects in articulating joints, these approaches typically lead to inferior tissue
formation when compared to native, healthy cartilage. Alternatively, subchondral microfracture is a
surgical procedure that aims to recruit endogenous mesenchymal stromal cells (MSCs) from the
underlying bone marrow to facilitate neocartilage formation in focal defects. Similarly, microfracture
typically results in the formation of repair cartilage incapable of withstanding the loading environment of
the articulating joint over time. New biomaterial-based strategies are therefore in significant demand to
improve cartilage tissue formation and maturation within focal defects.

Hyaluronic acid (HA) is a glycosaminoglycan that is found in native cartilage and that shows promise as a
biomaterial for cartilage tissue engineering due to its innate bioactivity and ability to form hydrogels,
water-swollen polymer networks that may be engineered to mimic the native extracellular matrix (ECM).
Moreover, hydrogels may be employed as materials for biofabrication, which involves the use of
automated additive manufacturing processes such as 3D printing to fabricate living, biological
constructs.

This dissertation describes the design and implementation of HA hydrogels for the biofabrication of
articular cartilage towards improving existing therapies for damaged cartilage. Multiple biofabrication
approaches, including extrusion bioprinting, melt-electrowriting, and digital light processing are
investigated to engineer scaffolds with rationally designed geometries, mechanical properties, porosities,
and biodegradability. Conserved across all these approaches is the use of thiol-ene based photochemistry
to control the formation and resultant material properties of HA hydrogels modified with norbornene
functional groups. Taken together, the employment of these biofabrication approaches for cartilage repair
has significantly informed the design and implementation of future therapies for articular cartilage
damage.
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ABSTRACT
BIOFABRICATION APPROACHES WITH HYALURONIC ACID HYDROGELS FOR
CARTILAGE REPAIR
Jonathan H. Galarraga

Jason A. Burdick

Current therapies to repair damaged articular cartilage fail to consistently or fully
restore the biomechanical function of cartilage. Although cell-based clinical techniques
have emerged for the treatment of focal defects in articulating joints, these approaches
typically lead to inferior tissue formation when compared to native, healthy cartilage.
Alternatively, subchondral microfracture is a surgical procedure that aims to recruit
endogenous mesenchymal stromal cells (MSCs) from the underlying bone marrow to
facilitate neocartilage formation in focal defects. Similarly, microfracture typically results
in the formation of repair cartilage incapable of withstanding the loading environment of
the articulating joint over time. New biomaterial-based strategies are therefore in
significant demand to improve cartilage tissue formation and maturation within focal
defects.

Hyaluronic acid (HA) is a glycosaminoglycan that is found in native cartilage and
that shows promise as a biomaterial for cartilage tissue engineering due to its innate
bioactivity and ability to form hydrogels, water-swollen polymer networks that may be
engineered to mimic the native extracellular matrix (ECM). Moreover, hydrogels may be
employed as materials for biofabrication, which involves the use of automated additive

manufacturing processes such as 3D printing to fabricate living, biological constructs.
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This dissertation describes the design and implementation of HA hydrogels for
the biofabrication of articular cartilage towards improving existing therapies for damaged
cartilage. Multiple biofabrication approaches, including extrusion bioprinting, melt-
electrowriting, and digital light processing are investigated to engineer scaffolds with
rationally designed geometries, mechanical properties, porosities, and biodegradability.
Conserved across all these approaches is the use of thiol-ene based photochemistry to
control the formation and resultant material properties of HA hydrogels modified with
norbornene functional groups. Taken together, the employment of these biofabrication
approaches for cartilage repair has significantly informed the design and implementation

of future therapies for articular cartilage damage.
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CHAPTER 1: INTRODUCTION

1.1. THE BURDEN OF CARTILAGE DAMAGE AND INJURY

Cartilage is a load bearing connective tissue that is found in articulating joints and
permits movement between bones with minimal friction. Cartilage is comprised of four
distinct zones: the superficial zone, middle zone, deep zone, and calcified zone."? The
superficial zone exhibits densely packed collagen Il fibrils, flattened elongated cells
(oriented by tangential shear stresses), relatively high cellularity, and a low compressive
modulus. The middle zone however contains round cells, higher compressive properties
and collagen fibers that are randomly arranged. Finally, the deep zone is characterized by
columns of ellipsoidal cells that are distributed between radially oriented collagen fibers,
while the calcified zone interfaces with underlying subchondral bone. In each of the
respective zones of cartilage, proteoglycans are contained within an entangled collagen
matrix. While the negatively charged sites found on aggrecan molecules result in swelling,
these proteoglycans are aggregated together due to the presence of the collagen matrix.
The repulsive forces between negatively charged proteoglycans and the osmotic swelling
that occurs within the matrix ultimately yield the impressive compressive properties of
cartilage.’® More generally, the stratified anisotropy of collagens in articular cartilage,
taken together with the variable ECM compositions throughout each zone, gives rise to
unique mechanical properties,* such as tension-compression non-linearity,®> which impart

cartilage with its biomechanical function (Figure 1.1).6
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Figure 1.1: Overview of the distinct zones and extracellular matrix of articular cartilage.
A) Articular cartilage is composed of four distinct zones: the superficial, middle, deep, and
calcified zones. From the superficial zone to the deep zone of articular cartilage, the orientation
of both cells and collagen fiber transitions from parallel to the articulating surface to orthogonal.
In addition, relative differences in oxygen content (highest in the superficial zone), collagen
cross-links (i.e., lysylpyridinoline (LP), hydroxylysylpyridinoline (HP)), and compressive
modulus (highest in the deep zone) are observed throughout different zones.” The calcified
zone is marked by the presence of hypertrophic chondrocytes, which undergo endochondral
ossification toward the formation of the underlying subchondral bone. B) The extracellular
matrix of articular cartilage is composed of collagen fibers (predominantly type Il collagen) and
negatively charged proteoglycans (predominantly aggrecan), which are entangled together to
form a viscoelastic network that imparts resistance to compressive loading. Chondrocytes
embedded within the ECM interact with the surrounding environment via interactions between
fibronectin and integrin binding receptors and between hyaluronan (i.e., hyaluronic acid) and
CD44 surface receptors. Schematics adapted from 2.



Articular cartilage degeneration is a pervasive problem that afflicts many people,
inhibiting quality of life and joint mobility in over 20 million Americans.® Focal defects on
the articulating surface of joints typically form in patients due to trauma, sports injuries, or
daily activities associated with joint function.® Unfortunately, native cartilage does not
possess any innate healing capacity,’® such that these defects may lead to the
progression of disease throughout the entire joint if left untreated. Furthermore, it is
understood that these focal defects may evolve towards pain and ultimately
osteoarthritis.™

To this end, a number of clinical approaches have been developed for
reconstructing chondral defects, such as microfracture (MFX), mosaicplasty, and matrix-
assisted chondrocyte implantation (MACI)."? Microfracture is a minimally invasive,
arthroscopic procedure that involves the formation of holes in underlying subchondral
bone via an awl to recruit mesenchymal stromal cells from bone marrow and elicit a
healing response.’® While microfracture may induce some cartilage repair in small defects
(< 2.5 cm?), it often leads to the formation of fibrocartilage,' which exhibits inferior
mechanical properties when compared to native hyaline cartilage.'>' Alternatively,
mosaicplasty may be employed to fill and repair large defects (>4 cm?) via transplantation
of autologous tissue from a non-weight bearing region.’* However, this technique often
results in donor site morbidity and poor transplant integration with adjacent tissue.’® MACI
has been employed clinically to deliver autologous chondrocytes within a collagen matrix
to promote the repair of cartilage, and has shown marked improvement over microfracture
for critical size defects (=3 cm?);'*"” however, this procedure has yielded less than
satisfactory clinical results, as adequate repair in a subset of cartilage defect patients,
possibly due to insufficient matrix properties.'” With all of this considered, there remains

a significant clinical need for the development of new approaches that support the
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formation of functional cartilage and enhance the prospects for strategies such as MACI.
Specifically, approaches that utilize biomaterials and biofabrication techniques may
advance towards the clinical repair of cartilage focal defects, alleviating the burden of pain

and costs associated with cartilage degeneration."”

1.2 DESIGN OF HYDROGELS FOR CARTILAGE TISSUE ENGINEERING

One approach to cartilage repair involves the incorporation of cells within
hydrogels, water swollen polymer networks that mimic the native extracellular matrix, to
elicit neotissue formation.' Although a range of materials have been investigated in this
approach, including natural collagen materials with the clinically-used MACI technique,
the quality of repair tissue formed in these materials is typically inferior to healthy
tissue.® Additionally, it is a challenge to fabricate hydrogels that exhibit the necessary
mechanical properties for stabilization in defects while still supporting the viability and
function of cells.™®

One important class of hydrogels in cartilage tissue engineering are those formed
from hyaluronic acid (HA). HA is a non-sulfated glycosaminoglycan found in native
cartilage that shows promise as a hydrogel for cartilage repair due to its inherent
bioactivity and amenability to facile chemical modification for hydrogel formation.'®
Studies have shown that the presence of distinct physiochemical cues (e.g. network
mechanical properties, mesh size, signaling ligands) can appreciably influence ECM
formation and distribution by encapsulated cells.?*-?> As one specific hydrogel example,
norbornene-modified HA (NorHA) has proven to be very amenable to tuning hydrogel
material properties and has potential in cartilage tissue engineering.

The field of additive manufacturing has also advanced in recent years to improve
techniques for the fabrication of cell-laden hydrogels into user-defined geometries,

including for cartilage tissue engineering.?® To understand the complex challenges and
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design criteria associated with the use of additive manufacturing for cartilage repair, it is
important to first consider recent progress and advancements within the field of
biofabrication for cartilage tissue engineering. The aim of this introduction is to outline
these advances to provide a general background for the new light-based biofabrication

techniques and hyaluronic acid-based scaffolds described in this dissertation.

1.3  STATE OF THE ART IN BIOFABRICATION FOR CARTILAGE REPAIR

Biofabrication generally involves the construction of complex biological products
from elementary units such as living cells, bioactive molecules, and biomaterials,** and
has rapidly emerged as one of the leading technological platforms within the fields of
tissue engineering and regenerative medicine toward the automated manufacturing of
complex, functional tissues and organs.2® To build these structures, biofabrication
techniques require the implementation of multidisciplinary approaches, combining skills in
diverse fields such as cell biology and anatomy, mechanical engineering, and materials
science to assemble cells and engineered biomaterials into functional tissue
constructs?>?* or complex 3D in vitro tissue models for high throughput screening and
disease modeling.?®

Toward recreating complex features within engineered tissues, a range of additive
manufacturing techniques have been adapted or developed in recent years, including
extrusion-based 3D printing, inkjet printing, lithography-based 3D printing (i.e.,
stereolithography (SLA), digital light processing (DLP), computed axial lithography (CAL),
continuous liquid interface printing (CLIP), two-photon printing (2PP)), laser induced
forward transfer (LIFT), and bioassembly.?32-2% Across all of these approaches, the goal
is to organize cells and/or physicochemical cues in 3D to elicit desired cellular behaviors,
which may include cell proliferation, migration, differentiation, and tissue formation.

Bioprinting approaches specifically include instances where cells are directly processed
5



and organized via 3D printing.?° In cartilage applications, typically chondrocytes,
mesenchymal stromal cells, chondroprogenitors, or co-culture of these cells are utilized,
such that chondrogenesis and/or ECM production can be mediated through both the
selected biofabrication method employed and the presentation of signaling cues. The
biofabrication method employed for cartilage tissue engineering often varies, as each
approach possesses their own respective advantages and limitations.

Bioprinting has rapidly evolved as a leading and widely adopted additive
manufacturing approach for the design and production of living cartilage tissue constructs.
By utilizing computer-aided design (CAD), bioprinting permits the automated formation of
living materials with desired architectures in a precise and reproducible manner.?
Specifically, the ability to 3D bioprint cells and materials into defined geometries allows
the fabrication of constructs that recapitulate the complex organization and
structure—function relationships found in native tissues. For example, bioprinting may be
leveraged to mimic the anisotropic mechanical properties and zonally stratified regions

found in native cartilage.®'

1.3.1 Extrusion-Based Bioprinting and Biofabrication

1.3.1.1 Bioink Design and Implementation

Extrusion-based bioprinting methods have been widely employed in recent years
for the fabrication of cell-laden hydrogel constructs through the extrusion and subsequent
stabilization of bioinks. Bioinks are generally any biomaterial that can be processed via
3D printing that also incorporates living cells, cell aggregates/spheroids, organoids, or
microtissues.®® The simplicity, diversity and predictability of this printing technique has led
to its extensive popularity, with many commercial bioprinters now available. In comparison
to other printing approaches such as SLA, DLP, and CAL, extrusion-based bioprinting

functions at lower print speeds and resolutions;?® however, the major advantages of
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extrusion-based bioprinting include the wide range of printable bioinks, the use of
inexpensive equipment, and the minimal loss of the bioink during fabrication. As a result,
extrusion-based bioprinting has been the most common biofabrication approach
leveraged for cartilage tissue engineering to date.

Many researchers have modified conventional commercial 3D printers for
extrusion-based bioprinting or developed custom printing equipment to reduce the costs
required for bioprinting. On the other hand, due to the growing demand and development
of extrusion-based bioprinters, commercial systems have become widely available and
adopted by researchers in academia and industry, which has rapidly enhanced the print
quality and speed, as well as the ability to fabricate constructs with a wider range of
biomaterials.>?

To successfully support conventional extrusion-based bioprinting, bioinks must be

designed with specific properties (Figure 1.2).293
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Figure 1.2: The traditional biofabrication window for extrusion printing of bioinks.
Generally, bioinks and biomaterial inks employed in extrusion printing must possess suitable
rheological properties so that they can readily flow upon application of shear stress, and in
tandem exhibit sufficient mechanical integrity to support the deposition of stable filaments in a
layer-by-layer manner. Viscous materials that yield hydrogels with higher polymer
concentrations, crosslink densities, and stiffness typically meet each of these respective
design criteria for ink printability (blue, upper right corner of schematic). However, hydrogels
with these properties often exhibit poor cytocompatibility, as they do not possess the mesh
sizes needed to support nutrient transport for encapsulated cells. Hydrogels desirable for cell
encapsulation and function typically exhibit lower polymer concentrations and crosslink
densities (yellow, lower left corner of schematic). To this end, conventional extrusion
bioprinting aims to balance ink properties to achieve optimal cellular microenvironments while
conserving ink printability and the shape fidelity of printed constructs (green, center of
diagram). The development of novel extrusion printing approaches (e.g., embedded 3D
printing) is focused on achieving optimal shape fidelity and hydrogel properties for cell culture
in parallel (upper left corner of schematic). Schematic adapted from 38,

For example, the viscosity of the bioink can be very important toward successful
processing with extrusion-based bioprinting.?° Specifically, extrusion printing requires that

biomaterial inks exhibit low enough viscosity so that they can traverse through a print head



without clogging or generating cytotoxic shear forces if cells are included; however, inks
must also possess suitable mechanical integrity so that they can be deposited in a layer-
by-layer manner. Another important consideration is the influence that cells themselves
have on the overall bioink properties. Past studies have demonstrated that the
incorporation of cells at high densities (100x10° cells/mL) within collagen inks resulted in
increased ink viscosities and storage moduli initially, but decreased rates of gelation and
storage moduli post-gelation; however, printability can still be conserved at these high cell
densities.>*

To ensure that encapsulated cells remain functional during the printing process,
strategies have been developed to mitigate the influence of shear stresses on cell viability
during bioink extrusion. Controlling properties such as ink viscosity (e.g. through material
formulation or temperature), printing pressure (or force for screw/piston-based extrusion),
nozzle geometry, and nozzle diameter improve the control over applied shear stresses
during the printing process.**3¢ The development of fluid dynamic-based models have
further improved the ability to tune shear stresses generated during printing towards
ensuring cell viability throughout the printing process.3%%"

To achieve the deposition of stable filaments during the extrusion process, the inks
employed must be rapidly crosslinked. Bioinks used in extrusion-based bioprinting may
be crosslinked with a range of different exogenous triggers including light, temperature,
and/or the presence of ions. For instance, co-axial extrusion setups have been leveraged
to print methacrylated-gelatin (GelMA), methacrylated-HA (MeHA), and chondroitin sulfate
amino ethyl methacrylate (CS-AEMA) as photosensitive inks for cartilage tissue
engineering, with ionically crosslinked alginate added to impart initial printability and
filament stability. Using this approach, constructs were printed with high viability of

embedded MSCs and features on the order ~100um.® Interestingly, bioinks composed of

9



alginate, gelatin, and chondroitin sulfate have also been employed to achieve optimal
ratios of COLII/COL | and COLII/COLX gene expression by encapsulated cells toward the
development of hyaline cartilage; however, ink formulations in the same study with higher
macromer concentrations resulted in more hypertrophic gene expression, likely due to the
increase in hydrogel crosslink density.®® Dual crosslinking of alginate has also been
achieved via modification with thiol and norbornene functional groups, such that the
alginate bioink could be initially crosslinked via ionic crosslinking and subsequently
stabilized via thiol-ene photocrosslinking.*® Additional discussion on the use of light-
mediated crosslinking for extrusion bioprinting is included in Chapter 3.

In addition to the myriad of crosslinking chemistries employed for the stabilization
of bioinks, a range of different bioinks have been utilized and compared for extrusion
bioprinting including both natural biopolymers (e.g., gelatin methacryloyl (GelMA),
allylated gelatin (GelAGE)*', collagen, %2 chondroitin sulfate, 3° gellan gum, # silk fibroin,**
mannan, % fibrinogen,* alginate,*” agarose,*” and hyaluronic acid*®) and synthetic
polymers (e.g., PEGMA, 4’ Pluronic block copolymer,*® allyl-functionalized poly(glycidol)s
(P(AGE-co-G))*). While synthetic materials typically possess well-defined material
properties and tunability, the inherent bioactivity, biodegradability, and biocompatibility of
natural materials make them excellent candidate materials for bioinks. In one
representative example, platelet-rich plasma was combined with photocrosslinkable
GelMA (which interacts with plasma via integrin receptors), to create a patient-specific
bioink that presents growth factors to chondrocytes.

Decellularized ECM has also been leveraged to provide a local microenvironment
to encapsulated cells that is chondroinductive. For example, cartilage ECM particles have
previously been combined with gellan gum and alginate based inks in combination with

TGF-B3 to increase the matrix production of encapsulated cells (Figure 1.3a).%? Similarly,
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alginate bioinks containing MSCs have also been supplemented with decellularized
cartilage extracellular matrix to improve their chondrogenic potential, as evidenced by
increases in chondrogenic gene expression (i.e., SOX9, COLIlI, ACAN) when compared
to alginate alone controls.>® Since these gels also demonstrated differentiation consistent
with an endochondral pathway (marked by RUNX2 and COLX expression, as well as
mineralization), TGF-B3 was included within the ink to improve chondrogenesis toward a
hyaline-like phenotype. dECM is an excellent candidate bioink due to the innate
physicochemical cues retained within the ECM and its cytocompatibility.>* However,
variability in sourced ECM, taken together with the challenges posed by processing dECM,
storing dECM inks, and potentially scaling dECM manufacturing has led to the
implementation of alternative bioinks composed of natural polymers or ECM components.

To improve the overall control over ink properties, hybrid inks composed of both
natural and synthetic materials have been employed. For example, triblock copolymers of
PEG and methacrylated poly [N-(2- hydroxypropyl) methacrylamide mono/dilactate] were
previously utilized as thermally sensitive bioinks, permitting thermal self-assembly of
chondrocyte-laden gels to occur concurrently with photocrosslinking during the printing
process. Methacrylated-chondroitin sulfate and methacrylated-HA were then preferentially
incorporated into these inks to modulate resultant hydrogel mechanical properties and
degradation profiles.*®

Shear-thinning and self-healing materials are commonly employed in extrusion
bioprinting since they exhibit viscous flow upon application of shear (i.e., during extrusion)
while also recovering their mechanical integrity with the removal of shear stress. Typically,
these types of inks incorporate either physically crosslinked polymers, reversible dynamic-
covalent chemistries, or components that can physically interact with each other (e.g.,

Laponite nanosilicates,®® nanocellulose®®") via ionic or intermolecular interactions. For
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instance, alginate-based inks have been supplemented with nanocellulose to permit viable
extrusion printing of chondrocytes.¢-%’

Similarly, nanocomposite bioinks containing nanoparticles (NPs) that exhibit
dynamic covalent or physical bonding with surrounding polymers are also utilized to
improve printability.*+°® In one instance, oxidized alginate along with gellan gum (physical
crosslinking is achieved with cooling post-printing) was mixed with amine presenting NPs,
such that reversible imine bonds could readily form, resulting in interpenetrating networks
(IPNs) composed of covalent alginate-NP networks and physically crosslinked gellan gum
networks. The inclusion of NPs improved the rheological properties for extrusion printing
(e.g., increase of yield stress from 14.5 Pa to 79 Pa with the inclusion of NPs) and
mechanical stability of inks when comparted to ionically crosslinked alginate alone, which
quickly undergoes dissolution. Chondrogenic culture of printed chondrocyte-laden
constructs and implantation in nude mice then led to neotissue formation in vitro and in

vivo, respectively.%®

1.3.1.2 Multi-Material Extrusion-Based Printing

While composite ink formulations may improve overall ink printability or mechanical
properties, they do not always fully capture the range of physiochemical properties
presented within native tissues. Therefore, to further improve the complexity of scaffolds
for cartilage tissue engineering, multi-material printing techniques have been developed.
For example, the controlled deposition of GelMA/gellan gum and fugitive alginate inks
allowed for the formation of complex overhanging geometries that would otherwise not be
readily achieved, improving the ability to recapitulate anatomically relevant features.%°
Similarly, collagen inks have been used to create constructs with gradients of cell
densities, mimicking the relative cellularity of the distinct cartilage zones. Interestingly,

printing of chondrocyte-laden gels with gradients of cell densities led to corresponding
12



gradients in chondrogenic gene expression, as well as the formation of tissue that
exhibited gradients of ECM composition.*? Moreover, microfluidics have been leveraged
as a method to control the temporal deposition of different inks, permitting multi-material
printing.®° To this end, an extrusion printing setup with seven distinct printheads controlled
via pneumatic valves was designed to achieve continuous and rapid deposition of multiple
materials in parallel, such that multiple bioinks could be readily and precisely deposited in
parallel or in series with each other.6' Skylar-Scott and colleagues have also coupled
microfluidics with multiple print nozzles for high-frequency multi-material printing towards
the fabrication of complex, voxelated and heterogeneous structures.®? Generally, the
ability to combine multiple materials and cell populations in these approaches
demonstrates how continued advancements in both printer capabilities and bioink design
are enabling the fabrication of constructs that more faithfully emulate cartilage.

One of the limitations of most hydrogel bioinks is their relatively low mechanical
properties, which are significantly lower than those of native healthy cartilage. In response
to this, multi-material printing has enabled the fabrication of composites of hydrogels and
polycaprolactone (PCL) templates to improve construct mechanical properties (Figure
1.3b).%% Multihead dispensing systems (MHDS) have been employed for co-printing of
PCL and alginate hydrogels encapsulating chondrocytes and TGF-B. Importantly, these
composite systems demonstrated significance promise, with no adverse tissue responses
and the formation of neocartilage observed 4 weeks after subcutaneous implantation in
nude mice.®* Since co-printing PCL scaffolds with cell-laden gels is a common approach
for cartilage tissue engineering,®®°® the influence of PCL molecular weight, scaffold
porosity, filament size, filament spacing, and filament orientation on resultant mechanical

properties has been characterized.®®
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In another study, cell-laden hybrid ECM gels (gelatin, fibrinogen, HA, glycerol)
were co-printed with reinforcing PCL in the presence of sacrificial gels (Pluronic F-127) for
stabilization, and the incorporation of negative internal features (i.e., microchannels)
permitted improved transport toward the fabrication of larger scale constructs (Figure
1.3c). For example, ear-shaped scaffolds with encapsulated chondrocytes were printed
and shown to form neocartilage after 5 weeks of chondrogenic culture in vitro and 2
months after subcutaneous implantation in athymic mice.*® Alginate bioinks for cartilage
bioprinting have similarly been reinforced via the inclusion of submicron polylactide fibers,

which increased hydrogel Young’s modulus three-fold.%®
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Figure 1.3: Extrusion printing for the formation of cartilage. a) Representative examples
of extrusion 3D printing for the fabrication of gellan/alginate/ECM-based scaffolds with
anatomical geometries, including in the shape of (i-iv) a model ear, (vii-x) model menisci, (xi)
a model intervertebral disc, and (xii-xiii) a model nose. Schematics and images adapted from
52b) (i) Schematic overview of co-printing of thermoplastic polymers and hydrogels (ii) to create
complex, multi-material constructs and (iii) to reinforce soft hydrogels. Schematics and images
adapted from 83, c) (i, left) Schematic of the multi-material extrusion printer employed to
fabricate PCL-reinforced hydrogels. A 3-axis stage controller enables the controlled deposition
of filaments onto an underlying stage, while a pneumatic pressure controller regulates the flow
of multiple inks from distinct cartridge modules. The entire system is enclosed within an acrylic
chamber containing a temperature regulator and humidifier to enable the extrusion of
thermoplastic PCL. (ii, right) A representative schematic detailing how PCL may be co-printed
with multiple bioinks (i.e., red and green filaments, containing distinct cell populations “A” and
“B”) to yield heterogeneous constructs. (ii) (From left to right) 3D CAD of a model ear, the print
path employed to deposit cell-laden filaments (red), PCL (green), and fugitive ink (i.e., Pluronic
F-127, blue) to support overhanging geometries, and representative images of the printing
process. (iii) (From left to right) Representative images of the printed ear before and after
removal of Pluronic F-127 via washing, and Safranin O staining of constructs with and without
microchannels after 5 weeks culture in chondrogenic medium in vitro. Schematics and images
adapted from #6. d) (i) Schematic and (ii) representative image of the handheld biopen device,
which permits (iii-iv) intraoperative extrusion bioprinting of cell-laden hydrogels within a focal
articular cartilage defect. Schematic and images adapted from 6 and 7°.

15



In a final representative example of PCL-hydrogel composites, MeHA was added
to thermally sensitive triblock copolymers (i.e., methacrylated poly[N-(2-hydroxypropyl)
methacrylamide mono/dilactate] (pHPMA- lac)/polyethylene glycol (PEG)) toward printing
chondrocyte-laden constructs with defined mechanical properties and internal
architectures. As previously discussed, these hydrogels were also mechanically
reinforced via co-printing with PCL. ECM formation by chondrocytes exhibited a dose-
dependent dependence on HA, with intermediate concentrations resulting in increased
glycosaminoglycan and collagen contents when compared to inks without HA, while too
much HA resulted in tissue more closely resembling fibrocartilage. Importantly, optimal
formulations identified in the performed in vitro studies were combined with PCL to yield
constructs with Young’s moduli similar to native cartilage (3.5-4.6 MPa).®’

Toward translating extrusion printing into the clinic in a feasible manner, new
intraoperative approaches have been developed (Figure 1.3d). The biopen is a handheld
coaxial extrusion device that permits deposition of cultured cells and inks directly into
cartilage defect sites.®®"° When evaluated in a large ovine model of full-thickness cartilage
defects, MeHA/GelMA inks containing adipose-derived MSCs and printed with the biopen
facilitated the formation of repair cartilage. Interestingly, these constructs exhibited
superior gross and histological scoring over other investigated groups (empty defects,
constructs printed a priori, and defects treated with microfracture).®® The biopen has also
demonstrated the ability to fabricate human articular cartilage through the chondrogenesis

of human adipose derived MSCs.""

1.3.2 Incorporation of Fibrous Materials into 3D Printing

In addition to fused-deposition modeling (e.g., Figure 1.3b), PCL has also been

fabricated into microfiber networks via melt electrowriting, a biofabrication approach that
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permits the controlled deposition of micron-scale fibers in a layer-by-layer manner.”2-74
These scaffolds can then be combined with cell-laden hydrogels to reinforce their
mechanical properties.”>’” Moreover, MEW may be readily combined with extrusion
bioprinting of MSCs, which may enable the fabrication of composites with more complex
fiber architectures (i.e., out-of-plane fibers if co-printed with fugitive inks), heterogeneously
patterned cell-laden hydrogels, or additional tissue phases (i.e., bioceramic inks for bone
tissue engineering) toward fabricating osteochondral implants.”®7° It is expected that with
the continued development of numerical and FE models, MEW architectures and
composite properties can be further modulated toward achieving target mechanical
properties that fully recapitulate each of the respective zones of cartilage. 8°-82

Besides MEW, alternative fabrication approaches have been employed to create
nanofibrous scaffolds with architectures that mimic native ECM. For example, 3D printing
of PLLA was combined with thermally-induced phase separation to create filaments with
nanofibrous topography, which improved cell adhesion, protein adsorption, and MSC
chondrogenesis over smooth filament controls.® PCL fiber scaffolds with microscale
features have also been woven into fibrous scaffolds using a custom-built weaving loom
that interlocks layers of fibers oriented in all three planes. These scaffolds were combined
with agarose gels containing encapsulated chondrocytes toward the formation of a cell-
laden implant with anisotropic features and mechanical properties (Ha~0.14-0.2 MPa) that
approach native tissue levels (Ha~0.1-2.0 MPa).?* Dual electrospinning of multiple fiber
populations has been leveraged to create microfiber scaffolds with dispersed nanofibers,
the inclusion of which improved GAG deposition by seeded hMSCs,® while gas foaming
techniques have been employed to convert 2D electrospun fiber mats into 3D fiber

scaffolds suitable for 3D culture of chondrocytes.®® It is expected that combinations of
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fibrous scaffolds or nanofibers with extrusion printing of bioinks may facilitate additional

control over printed cellular behaviors (Figure 1.4).%"
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Figure 1.4: Incorporation of fibrous materials into 3D printing and biofabrication. a) (i)
Representative schematic of the hybrid co-printing approach that involves the incorporation of
melt-extruded PCL filaments within 3D printed bioinks. (ii) Printed lattice structure fabricated
via hybrid co-printing of PCL and ECM/alginate hydrogels. Schematic and image adapted from
53, b) (i) Multiscale bioprinting is achieved via the inclusion of fragmented electrospun
nanofibers within an HA-based bioink. The fiber-laden bioink may be readily processed via
embedded extrusion printing, such that shear forces generated during the extrusion process
align the incorporated fibers. (ii) After 7 days of culture, cells align along the direction of aligned
fibers within bioinks, demonstrating how these composite bioinks may be leveraged to direct
cell behavior. Schematic and image adapted from %”. c¢) (i) Schematic and (ii) representative
images of composite PCL-agarose hydrogel scaffolds fabricated via the 3D weaving of fibrous
PCL scaffolds using a custom-built weaving loom. Hydrogels containing encapsulated porcine
articular chondrocytes (green, calcein AM) were then infilled into PCL scaffolds via vacuum-
assisted infusion, but could be incorporated in future approaches using 3D printing. Schematic
and images adapted from &4. d) (i-iv) Melt electrowriting (MEW) of PCL scaffolds composed of
microscale fibers organized into scaffolds with various mesh geometries. (v-ix) Reinforcement
of soft hydrogels with fibrous PCL meshes of varied geometries and fabricated via MEW.
Images adapted from 76. e) Schematic overview of a co-printing approach that involves
concurrent melt electrowriting and extrusion bioprinting. Representative prints of MEW mesh-
hydrogel composites containing (ii-iv) heterogeneously patterned bioinks and scaffolds with
the requisite porosity for 3D culture of encapsulated cells. Schematic and images adapted
from 78,
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1.3.3 Inkjet Bioprinting and Biofabrication

Inkjet printing involves the controlled deposition of inks of cells and/or materials
onto an underlying substrate in the form of droplets. In contrast to conventional extrusion
printing, continuous inkjet printing involves the continuous flow of droplets out of a
printhead. The inks employed are electrically conductive such that formed droplets can be
deposited in a desired location via application of an electric or magnetic field. Alternatively,
droplet-on demand inkjet printing involves the use of transient pressure pulses to form
droplets from the ink and to deposit them onto the substrate.®® In one approach, PEGDMA
hydrogels with human articular chondrocytes were processed via an inkjet printer, and the
transient presentation of growth factors FGF-2 and TGF-B1 improved both cell
proliferation and chondrogenic differentiation over time within printed gels (Figure 1.5a).%°

One of the significant advantages of inkjet bioprinting is its amenability to multi-
material printing, which can be readily achieved by using varied ink cartridges. For
example, Daly and coworkers leveraged inkjet bioprinting to deposit cocultures of
chondrocytes and MSCs within microarrays of PCL (Figure 1.5b), as cocultures of MSCs
and chondrocytes have been previously shown to improve MSC chondrogenesis when
compared to culture of MSCs alone.®*%' Cell suspensions were patterned within PCL
templates to form spheroids that could then readily fuse and assemble into de novo
cartilage with zonally stratified properties.®’ Importantly, these scaffolds could be
integrated with an underlying printed endochondral bone scaffold for applications in
osteochondral tissue engineering (OCTE). Alternatively, a hybrid inkjet
printing/electrospinning system was previously developed such that PCL fibrous scaffolds

could be fabricated while fibrin-collagen gels containing chondrocytes were deposited in
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an alternating manner, permitting fabrication of 1 mm thick constructs that supported the

formation of neocartilage (Figure 1.5¢).%
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Figure 1.5 Inkjet bioprinting for the formation of articular cartilage. a) (i) Schematic
overview of the inkjet bioprinting of human articular chondrocytes within PEG-based
hydrogels. (ii) Representative image of a printed, chondrocyte-laden hydrogel. (iii) Safranin O
staining of printed constructs treated with the growth factors FGF-2 and TGF-B1 indicated
proteoglycan formation and neocartilage maturation over culture time. Schematic and images
adapted from 8. b) (i) Schematic on inkjet bioprinting process, which involves the deposition
of droplets containing cell suspensions of MSCs and chondrocytes (3:1 ratio coculture of
MSCs:chondrocytes) into pre-printed microchambers composed of PCL. (ii) Overview of
microchamber designs and the employed cell seeding process. After deposition into
microchambers, cell suspensions undergo condensation and spheroid formation. (iii)
Macroscopic images and Alcian Blue staining of constructs fabricated with varied
microchamber spacing (0.8 mm and 1.2 mm) and cell densities (20,000 cells/microchamber
and 40,000 cells/microchamber) after 4 weeks of culture in chondrogenic media. The intense
Alcian Blue staining indicates the presence of sulfated glycosaminoglycans (sGAG) in the
formed tissue. Schematics and images adapted from °'. c) (i) Electrospinning and inkjet
bioprinting were combined to fabricate 5-layered composite constructs composed of PCL and
chondrocyte-laden hydrogels composed of fibrin and collagen. (ii-iv) SEM images demonstrate
the presence of distinct (iii)) PCL and (iv) hydrogel phases. Schematic and images adapted
from 92,

1.3.4 Lithography-Based Bioprinting and Biofabrication

Lithography-based techniques have been previously reported as one of the most

versatile 3D printing methods, providing the highest accuracy and precision to spatially
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pattern 3D constructs.®® This technology is dependent on photocrosslinking, as the
working principle is based on spatial control of light-exposure to solidify a liquid
photocrosslinkable resin. Using either a computer-controlled laser beam (projection
stereolithography, SLA)* or a digital light projector (digital light processing, DLP),% the
liquid resin can be photocrosslinked onto a computer-driven build stage or basement,
which moves stepwise in the z-direction (vertically) to allow fabrication of a 3D construct
in a layer-by-layer fashion.®“’Lithography-based 3D biofabrication technologies allow
significantly greater spatial resolutions to be achieved (25-50 um),*'%5%as well as enable
the fabrication of free-form lattice and patterned structures that cannot be produced with
conventional extrusion-based 3D printing approaches.

SLA has progressed greatly in recent years, with numerous examples where cells
are included within resins (i.e., bioresin).%®* For instance, PEGDA hydrogels were
constructed via SLA with encapsulated adipose-derived stem cells, which retained high
viabilities (>90%) through one week of culture.®” Similarly, methacrylated [poly-D,L-lactic
acid/polyethylene glycol/poly-D,L-lactic acid (PDLLA-PEG)] and MeHA hydrogels were
fabricated via SLA with encapsulated human adipose-derived stem cells, which underwent
chondrogenesis after culture for 28 days in the presence of TGF-B3.'% In another study,
mannan derived from yeast was methacrylated and printed via SLA, with cytocompatibility,
biocompatibility, and neocartilage formation (i.e., histological observation of collagen,
glycosaminoglycans) demonstrated in vivo in nude mice (Figure 1.6a)."”" To this end,
since bioresins typically form improved neocartilage in the presence of growth factors,
composite resins have been developed to enable sustained delivery of factors to
encapsulated cells. Zhu and coworkers showed that GelMA (10%) could be combined with
PEGDA and TGF-B1 embedded nanospheres (fabricated via core-shell elecrtrospraying)

to yield a bioresin suitable for SLA-based 3D printing. Viable MSCs were readily printed
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and increasing PEGDA concentrations improved the attainable print resolution (Figure
1.6b). The inclusion of nanospheres in formulations that supported optimal MSC viability
(10%/5% GelMA/PEGDA) increased chondrogenic gene expression and the formation of
nascent cartilage ECM."2

DLP has similarly supported the fabrication of cell-laden scaffolds through the
employment of natural, synthetic, and hybrid bioresins. In one approach, silk fibroin was
methacrylated via reaction with glycidyl methacrylate and printed via DLP with UV-
mediated photocrosslinking into model ear and trachea scaffolds. Importantly, printed
constructs demonstrated cytocompatibility with chondrocytes and the ability to support
nascent matrix formation after 4 weeks of culture in chondrogenic media.'® Alternatively,
PVA-Ma/Gel-MA bioresins have been processed via DLP with visible light
photocrosslinking to bioprint articular cartilage derived progenitor cells toward the

formation of cartilage.®®
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Figure 1.6: Stereolithography (SLA) and digital light processing (DLP) for the formation
of articular cartilage. a) (i) Representative images of an asterisk symbol composed of
modified-mannan hydrogel that was fabricated via SLA (ii-iii) with viable chondrocytes. (iv-vi)
CAD geometry, (v-vi) geometry slices at the top and bottom, respectively, and (vii, viii)
representative images of the printed asterisk symbol. Images adapted from 1°'. b) Schematic
of the stereolithography (SLA) approach used to 3D print PEG/gelatin-based hydrogels with
incorporated PLGA nanospheres for the delivery of TGF-B1 to encapsulated cells.
cells (green) within fabricated constructs. Schematic and images adapted from 192, ¢)
Schematic overview of how pneumatically controlled microfluidics may be combined with DLP
to achieve multi-material printing of heterogeneous constructs. Briefly, 365 nm light was
reflected by digital micromirror devices (DMDs) and projected through a lens onto a build plate,
which was in contact with a vat of photosensitive bioresin (i.e., PEGDA or GelMA) (ii)
Representative images of printed hydrogels fabricated with complex, heterogenous structures
using this multi-material DLP approach. Schematic and images adapted from .

While ongoing work within the field is focused on the continued development of
bioresins, past studies have demonstrated that DLP of synthetic polymers can be
combined with ECM molecules post-printing for cartilage tissue engineering. For example,
Shie and colleagues developed a slow degrading resin for DLP that is composed of a
water-soluble and photosensitive polyurethane. MSCs were seeded on these scaffolds,
and HA could then be incorporated into the resin to help facilitate MSC chondrogenesis.'*

PCL-gelatin scaffolds have also been developed through an indirect 3D printing technique,
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which involves casting of the blended materials within a fugitive negative mold fabricated
via DLP. Once PCL/gelatin blends are crosslinked via glutaraldehyde, the mold composed
of an alkali-soluble photoresin can be removed via washing with NaOH solution, and the
scaffolds can be seeded with cells.'® It is expected that the ability to achieve multimaterial
printing via DLP through the employment of microfluidics will increase the prevalence of
approaches that leverage composite or hybrid materials (Figure 1.6¢).'%

To increase the overall throughput of lithography-based 3D printing, innovative
printing technologies have been developed. In continuous liquid interphase polymerization
(CLIP), an oxygen permeable window results in the formation of a dead zone in which
oxygen inhibition impedes free radical crosslinking; as a result, a liquid resin interface can
be maintained despite consistent irradiation with light. Thus, monolithic constructs can be
fabricated as the build plate continuously moves up in the z-direction, permitting the
fabrication of constructs at rates of hundreds of millimeters per hour. This is in stark
contrast to conventional SLA or DLP, which requires that resin flow under the build plate
and be replenished in between curing of each successive layer.'” However, one of the
disadvantages of CLIP is that it is limited to materials that undergo free radical
crosslinking; as will be discussed in Chapter 3, a range of other photochemistries are
becoming increasingly prevalent in light-based biofabrication.

In an alternative approach to improve print speed, volumetric bioprinting involves
the curing of photosensitive resins via tomographic light projection through a rotating 3D
volume (i.e., computed axial lithography, CAL)."%1%° Through this novel technique,
complex geometries can be readily fabricated, including free-form and free-floating
architectures that cannot be formed via conventional layer-by-layer approaches. In
addition, volumetric printing permits the formation of centimeter-scale constructs in a rapid

manner (on the order of seconds), vastly improving on the print times associated with
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extrusion printing and SLA/DLP. Volumetric printing of GelMA supported the
encapsulation of viable cells (>85%) and the formation of menisci-shaped constructs that
were cultured for fibrocartilage formation that possessed extensive amounts of

glycosaminoglycans and type | collagen.'®®

1.3.5 Scaffold-Free Biofabrication and Bioassembly

In addition to bioprinting, bioassembly approaches exploit the ability of cell-
containing building units such as cell suspensions, spheroids/aggregates, organoids,
and/or microtissues to self-organize into functional tissue units. These include approaches
that facilitate the automated assembly of cell-containing building blocks such as
micromolding, microfluidics and 3D plotting.?* For example, micromolding via additive
manufacturing techniques such as inkjet printing and selective laser sintering has been
leveraged to scale the formation of spheroids for tissue engineering.'°

Scaffold-free fabrication approaches have also been employed to engineer
cartilage in vitro, including with the kenzan 3D printing method."""-"'3 Briefly, cell spheroids
are deposited onto microneedle arrays in user-configured, three-dimensional shapes via
an automated handling system. Spheroids are then cultured on the microarray until
spheroid fusion and ECM production results in the formation of stable, self-standing tissue
constructs. For example, iPSC derived neural crest cells were formed into spheroids,
bioprinted via the kenzan method, and differentiated into neocartilage (Figure 1.7a,b).
Printed tissue constructs possessed high collagen contents, approaching native tissue
mechanical properties after 5 weeks of culture (0.88 MPa). Moreover, this approach allows
for the formation of large tissue constructs that mimic the articular surface of the femoral

condyles and the trochlea.''?
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Figure 1.7: Scaffold-free fabrication approaches for articular cartilage formation. a) (i)
Schematic of the kenzan bioprinting method and (ii) representative images from the printing
process before (Day 0) and after (Day 1) spheroid fusion. Spheroids are first positioned onto
a microneedle array into a pattern of interest. Spheroids are then cultured within a bioreactor
until spheroid fusion occurs, which results in the formation of a stable, continuous tissue
construct that can be removed from the needle array. Schematic and images adapted from
113, b) (i) MSCs sourced from iPSC-derived neural crest cells (iNCCs) through MSC induction
(INCMSCs) were bioprinted as individual spheroids (initially cultured for 10 days) or as ring
constructs and subsequently cultured for 21 days in chondrogenic media. Representative
images of Safranin O/Fast Green (SOFG), TUNEL, type | collagen, and type Il collagen
staining for ring constructs indicate the elaboration of nascent matrix containing both
proteoglycans and collagens. However, elevated TUNEL staining around the holes created by
Kenzan needles suggests that appreciable cell damage is caused by the fixation of spheroids
on the needle arrays. Scale bars=500 um. (ii) CAD model and design (top) of a minipig distal
femoral condyle and trochlear groove (i.e., articular surface-shaped construct) and gross
images of the printed construct on two kenzan arrays immediately after printing (left) and 3
days after bioreactor culture (right). (iii) Gross image of the bioprinted articular surface-shaped
construct after removal form the kenzan needle array (day 15 of bioreactor culture). Images
adapted from 12, ¢c) Schematic overview detailing the fabrication of bioinks from pre-formed
microtissues. Cell aggregation is promoted via microinjection of cells within fabricated tubular
alginate capsules. Thereafter, tissue strands are extracted and used (ii) for subsequent
processing via extrusion bioprinting. The fusion of individual tissue strands with culture gives
rise to the maturation of fabricated tissue constructs. Schematic and image adapted from 120,
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Spheroids hold promise as a clinical cell-based therapy for articular cartilage
regeneration,'* with ongoing work focused on exploring how MSCs and chondrocytes in
spheroid form can be utilized to improve ACI approaches. Lindberg and colleagues
demonstrated that human MSCs (hMSCs), human articular chondrocytes (hACs), and
mixtures of these cells can be processed as spheroids and precisely patterned within PCL
scaffolds to direct spheroid fusion, either with or without the presence of a biomaterial to
modulate the local microenvironment and presence of signaling factors at early timepoints.
Importantly, this platform system may enhance our ability to study cell-cell interactions
and differentiation capacity across length scales. For example preliminary studies
demonstrated that h(MSCs are more migratory than hACs when processed as spheroids,
and mixed spheroid formulations (i.e., spheroids composed of both hMSCs and hACs)
resulted in improve neocartilage formation over the co-culture of discrete hMSC and hAC
spheroids."®

Several techniques have also been developed to improve the control over cellular
phenotypes during spheroid formation or the culture of cells in pellet form. In one instance,
globlet-shaped microwells were fabricated to improve the dynamic presentation of
signaling factors during spheroid culture toward improving differentiation of stem cells into
chondrocytes.'® Cellular pellets of MSCs can also be employed as modular building units
due to their ability to promote mesenchymal condensation, a process known to be involved
in cartilage development. However, challenges remain with regards to presenting a
homogenous microenvironment to formed pellets, since transport limitations arise in
conventional centrifugation or molding methods. To this end, Lee and coworkers
fabricated a perichondrium-inspired permeable nanofibrous tube (PINaT) via
electrospinning nanofibrous PCL to permit oxygen exchange and growth factor

presentation to pellets, accelerating chondrogenic differentiation of iPSCs toward a
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hyaline-like phenotype. PINaT pellets exhibited improved formation of repair cartilage over
control pellets (formed in conical tubes) when evaluated in an osteochondral defect rat
model (i.e., increased Alcian blue, safranin O, and type Il collagen staining).""”

A range of other building units such as articular cartilage sheets, which are
fabricated via layering of decellularized cartilage matrix,''® and microtissues enable the
assembly of tissue constructs from mature and functional matrix components in lieu of
spheroids or cell pellets. For example, Mekhileri and coworkers developed an automated
bioassembly platform that permits controlled localization of microtissues or chondrocyte-
laden GelMA microspheres within a 3D plotted PEGT/PBT (poly(ethylene glycol)-
terephthalate- poly(butylene terephthalate) block copolymer) scaffold. Microtissues were
generated in 96-well plates, thereafter patterned within scaffolds, and cultured, resulting
in tissue fusion and long-term formation of ECM proteins consistent with hyaline
cartilage.’® In another scaffold-free approach, 8 cm-long tissue strands were
implemented as a bioink, exhibiting rapid fusion with the ability to readily self-assemble
into large tissue constructs. To create the inks, chondrocyte pellets were first formed,
followed by aggregation within alginate tubular capsules to form tissue strands composed
of aggregated cells. These strands were then extruded through a print head and cultured,
such that over time layers of strands fused together (Figure 1.7¢).'°

While these recent advances in bioassembly and scaffold-free biofabrication for
cartilage formation are promising, it is expected that the convergence of these
approaches with previously discussed biofabrication techniques will further improve our
ability to emulate native cartilage. For example, the ability to integrate building units such
as spheroids and microtissues, which may be assembled a priori, with bioprinting
techniques may enable the biomaterial-mediated assembly of tissue constructs

significantly larger than those formed by bioinks (i.e., cell suspensions) alone.

29



1.3.6 Biofabrication for Osteochondral Tissue Engineering

In addition to articular cartilage engineering, the biofabrication approaches herein
discussed have also been leveraged for the fabrication of biphasic scaffolds toward
osteochondral defect repair,'?"2? since scaffolds suitable for repairing both articular
cartilage and subchondral bone are required for osteochondral tissue engineering
(OCTE). For example, microfluidic extrusion print heads can be utilized to bioprint multiple
cell-laden hydrogels with varied populations of cells (i.e., MSCs and or chondrocytes),
biomaterials, and/or signaling factors to direct differential tissue formation throughout
target cartilage and bone zones (Figure 1.8a).'>® Fused deposition modeling has also
been employed to create molds with stratified and graded pore distributions towards
mimicking the differences observed in full thickness osteochondral units.’* However, one
significant advantage of printing biphasic scaffolds for OCTE in lieu of alternative
fabrication approaches such as micromolding is the ability to create gradients of ink
components to recapitulate gradients of different cells or ECM found in the native
osteochondral unit. The inclusion of osteogenic factors such as B-tricalcium phosphate ([3-
TCP) and hydroxyapatite within bioinks has also been exploited to form calcified cartilage
toward engineering the osteochondral interface, an important consideration to achieve
tissue integration in full-thickness cartilage defects.'?5126

In one study the influence of type | collagen and HA on osteoblast and chondrocyte
proliferation, differentiation, and migration were explored, where it was found that each
cell type exhibited improved performance when cultured within gels that better mimicked
their native ECM (i.e., chondrocytes in HA, osteoblasts in type | collagen). PCL structures
were 3D printed with distinct cartilage and bone phases using these defined bioinks to
fabricate an osteochondral unit.'?” Many other studies have adapted this generalizable
approach to incorporate chondrogenic and osteogenic signaling factors or varied cell
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populations within discrete zones of heterogeneous printed scaffold templates.'?®-'3° For
example, Wang and coworkers fabricated biphasic scaffolds composed of a peptide/B-
tricalcium phosphate/poly(lactic-co-glycolic acid) bone phase and a poly(D,L-lactic acid-
co-trimethylene carbonate) cartilage phase via cryogenic 3D printing; the cartilage frame
of composites could then be readily infilled with bMSC-laden collagen | hydrogels to form
nascent cartilage (Figure 1.8b)."*' PCL/PLGA scaffolds have also been fabricated via
extrusion printing for OCTE, with chondroitin sulphate and B-TCP included in the cartilage
and bone phases to induce the chondrogenesis or osteogenesis, respectively, of seeded

adipose-derived MSCs. 32
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Figure 1.8: Biofabrication of biphasic, cell-laden scaffolds for the repair of full-thickness
osteochondral defects. a) (i) Multi-material extrusion bioprinting of human chondrocytes and
mesenchymal stromal cells within ECM-based bioinks was leveraged to fabricated graded
scaffolds. (ii) Distinct hyaline and calcified zones containing co-culture of cells or B-tricalcium
phosphate particles, respectively, were achieved towards engineering osteochondral tissue.
Schematic and images adapted from 123, b) (i) Schematic overview of the extrusion 3D printing
of an osteogenic peptide/B-tricalcium phosphate/poly(lactic-co-glycolic acid) subchondral
phase, a poly(D,L-lactic acid-co-trimethylene carbonate) cartilage frame, and MSC-laden
collagen hydrogel for the formation of biphasic scaffolds. (ii) Representative images of the
fabricated scaffold frames. Schematic and images adapted from '31. ¢) Cell-laden hydrogels
(i.e., HA-SH/P(AGE-co-G)) were casted on top of 3D printed PCL osteochondral scaffolds. To
engineer zonal constructs, the first layer of the scaffold’s chondral phase was seeded with
equine MSCs, while the second layer was seeded with chondroprogenitor cells (ACPCs).
Schematic adapted from 134,

Importantly, a number of biphasic scaffolds fabricated via 3D printing have been
evaluated in large animal models of osteochondral damage.''3313% Critchley and
colleagues investigated a range of fiber-reinforced hydrogel composites for their ability to
support MSC chondrogenesis in vitro and facilitate osteochondral repair in vivo.'® Fat-
pad derived stromal cells were co-cultured with chondrocytes to form neocartilage in the

top phase of biphasic scaffolds (with MSCs retained in the bone phase of the scaffold)
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prior to implantation. Scaffolds supported the formation of endochondral bone with
overlaying cartilage when implanted subcutaneously in rats, as well as the formation of
hyaline-like cartilage after 6 months implantation in caprine osteochondral defects.'*

In a similar approach, PCL bone anchors were 3D printed with protruding,
reinforcing fibers to support a chondral phase composed of HA/poly(glycidol) hybrid
hydrogel (HA-SH/P(AGE-co-G)) and two distinct zones (Figure 1.8c)."* Articular cartilage
progenitor cells (ACPCs) were encapsulated in the top chondral part of the scaffold, while
MSCs were encapsulated below this top phase to mimic the native tidemark (i.e., the
cartilage-bone interface). Significant bone growth into the anchor was observed 6 months
after implantation in an equine model, while only limited cartilage formation occurred in
both zonal constructs and non-zonal controls. Although no differences were observed
histologically, zonal constructs resulted in repair cartilage with higher compressive moduli.
The authors speculate that inappropriate degradation rates and/or early loss of implanted
cells could be responsible for the lack of significant cartilage repair in this system.*

In an alternative approach to OCTE, composite scaffolds containing a PLGA/PLA
cartilage zone and a PLGA/TCP bone zone were fabricated via the TheriForm process to
create osteochondral implants with gradient porosities, mechanical properties, and
composition. Briefly, this microfabrication process selectively binds powder-based
materials together using a liquid binder to form three-dimensional constructs in a layer-by-
layer manner. While chondrocytes preferentially attached to the top phase and formed
neocartilage over 6 weeks of in vitro culture, the bottom phase (E~200 MPa) approached
tensile properties that were comparable to native cancellous bone (E~700-1000 MPa).'®

Selective laser sintering is a similar additive manufacturing technique that involves
the use of a laser to mediate the sintering or compaction of powdered materials in 3D

space to fabricate a construct. Hydroxyapatite and PCL microspheres were previously
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fabricated into multi-layered scaffolds via SLS (with gradients of hydroxyapatite
concentration increasing toward the bone phase) and evaluated in a rabbit model of
osteochondral defects. '3 Implantation of these scaffolds into rabbit defects resulted in the
formation of repair articular cartilage due to the scaffolds ability to induce subchondral
bone regeneration.’® Similarly, SLS has been employed to fabricate PCL scaffolds with
pores of varied shapes and sizes, which could then be readily combined with chondrocyte-

seeded collagen gels.™’

1.4  CONCLUSIONS

Articular cartilage is critical to the healthy function of joints, but when it is damaged
due to an acute or chronic injury, it unfortunately does not undergo self-repair.’® Surgical
interventions are therefore required to mediate the restoration of the damaged articular
surface; otherwise, cartilage defects that are left untreated may lead to the progression of
osteoarthrosis and/or other connective tissue injuries within the joint. While several
strategies are clinically employed to treat focal cartilage defects, including microfracture
and MACI, often these approaches yield repair tissue that does not fully capture the
mechanical properties of healthy cartilage.

To this end, there is a demand for the development of biomaterials that may help
facilitate improved neocartilage formation via the presentation of signaling cues to cells.
HA hydrogels are of special interest for cartilage tissue engineering since HA is involved
in a multitude of biological processes associated with tissue homeostasis, including but
not limited to cell signaling via interactions with cell-surface receptors and ECM molecules,
organization of the ECM, regulation of tissue hydration and solute transport within the
milieu of the ECM, morphogenesis, and wound healing."™® Moreover, the material
properties of HA hydrogels can be readily tuned so that they may be processed via the

additive manufacturing technologies herein discussed. Importantly, this enables the
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creation of advanced tissue engineering scaffolds that better recapitulate important
features of cartilage such as the anisotropic organization of ECM molecule, which
contributes to the impressive mechanical properties of cartilage.

The different biofabrication technologies and representative studies highlighted
throughout this chapter emphasize the general additive manufacturing approaches that
have been employed for the repair of cartilage to date. In addition, the implementation of
hydrogels for different biofabrication techniques is detailed to emphasize the importance
of hydrogel design on the manufacturing process of constructs, as well as their resultant
properties. However, several comprehensive reviews further describe the use of additive
manufacturing technologies for the repair of damaged cartilage. This dissertartion builds
upon these established paradigms through the continued development of new bioprinting
techniques, the rational design of implants for cartilage repair, and the characterization of

novel biomaterial inks.
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