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Summary

Articular cartilage is a highly specialized tissue in the human body which provides a lubricated
gliding surface in joints and thereby enables low-friction movement. If damaged once, for
example by traumatic injury or natural wear and tear, it has a very low intrinsic healing capacity,
and the formation of osteoarthritis (OA) is highly prevalent. This disease is the main cause of
disability among elderly and there is still no treatment in the clinic which can stop the progression
of OA and restore healthy cartilage tissue. Tissue engineering and especially 3D biofabrication
presents a promising perspective in the field of articular cartilage regeneration. With this
technology, cartilage defects can be filled with healthy cells embedded in bioactive ink materials.
Thereby, the composition of the applied bioink is crucial for defect restoration, as it needs to have
the physical properties for the fabrication process and also suitable chemical cues to provide a
chondro-supportive environment for embedded cells. In the last years, ink compositions with high
polymer contents and crosslink densities were frequently used to provide 3D printability, shape
fidelity and construct stability. However, these dense polymeric networks were often associated
with restricted bioactivity and impaired cell processes like proliferation, migration, differentiation
and the distribution of newly produced extracellular matrix (ECM), which is especially important
in the field of cartilage engineering. Therefore, the aim of this thesis was the development of
hyaluronic acid (HA)-based bioinks with a reduced polymer content which meet the physical
needs for 3D bioprinting and additionally facilitate chondrogenic differentiation of mesenchymal

stromal cells (MSCs) and the homogeneous distribution of newly produced ECM.

Chapter I: In the first part of this thesis, the polymer content of HA-based bioinks was reduced
from 15 % to 3 %. Further addition of 1 % unmodified high molecular weight HA (hmHA)
increased ink viscosity and enabled PCL-supported 3D bioprinting. Due to the newly observed
porogenic effect of hmHA, homogeneous ECM distribution was achieved, which resulted in
significantly increased mechanical properties and an overall improved quality of cartilage

constructs.

Chapter II: In the second part, a novel dual-stage crosslinking mechanism was developed which
enabled stand-alone 3D bioprinting of HA-based bioinks with very low polymer contents (down
to 2 %). By adjusting molecular weights of HA and PEG-crosslinkers, a versatile bioink platform
was generated with different properties for articular cartilage regeneration and prospective

applications also for other tissue engineering approaches.

Chapter III: In the last part of this thesis, the composition of one special bioink from the novel

platform (Chapter II) was adjusted to enable biomimetic functionalization and covalent tethering

of the chondrogenic differentiation factor TGF-B1. A detailed analysis of protein function after
1



3D printing was performed and cartilage constructs with superior properties and promising

clinical perspectives were generated.

Taken together, this thesis presents valuable new developments in the field of HA-based
biomaterials. Starting from not-printable hydrogels with high polymer contents and restricted
bioactivity, distinct stepwise improvements were achieved regarding stand-alone 3D printability
as well as MSC differentiation and homogeneous ECM distribution. Therefore, all newly
developed inks in this thesis made a valuable contribution in the field of cartilage regeneration
and represent promising approaches for potential clinical applications. The underlying
mechanisms and established ink design criteria can further be applied to other biofabricated

tissues, emphasizing their importance also in a more general research setting.



Zusammenfassung

Gelenkknorpel ist ein sehr spezialisiertes Gewebe im menschlichen Korper, das durch seine
gleitfahige Oberflache reibungsarme Bewegungen der Gelenke erméglicht. Ist der Knorpel
jedoch einmal geschadigt, zum Beispiel durch einen Unfall oder graduelle Abnutzung, kann er
sich kaum selbst reparieren und es kommt haufig zur Entstehung von Osteoarthritis (OA) — einer
Krankheit, die besonders bei alten Menschen die Hauptursache von korperlicher Behinderung
darstellt und in der modernen Medizin noch nicht geheilt werden kann. Ein vielversprechender
Ansatz ist die Geweberekonstruktion mittels Tissue Engineering, insbesondere der 3D
Biofabrikation von Knorpeltransplantaten. Mithilfe dieser Technologie kann man Knorpeldefekte
mit gesunden Zellen in bioaktiven Tintenmaterialen fiillen. Hierbei ist die Zusammensetzung der
Tinte besonders wichtig fiir die Funktionsweise des Konstruktes, da sie sowohl die physikalischen
Voraussetzungen fiir den 3D Druck als auch die biologische Unterstiitzung fiir die
Zellkultivierung ~ mitbringen muss. In den letzten Jahren wurden  héufig
Tintenzusammensetzungen mit hohen Polymergehalten und Vernetzungsdichten verwendet, um
3D-Druckbarkeit, Formtreue und Konstruktstabilitit zu gewihrleisten. Diese dichten
Polymernetzwerke verursachten jedoch héufig eine eingeschrinkte Bioaktivitit und die
Beeintrachtigung von Zellprozessen wie Proliferation, Migration, Differenzierung und der
Verteilung der neu gebildeten Extrazelluldarmatrix (ECM), die insbesondere im Knorpel-
Engineering von groer Bedeutung ist. Daher war das Ziel dieser Arbeit Tinten auf Hyaluronsdure
(HA)-Basis mit reduziertem Polymergehalt zu entwickeln, die die physikalischen Anforderungen
fiir den 3D-Biodruck erfillen und zusétzlich die chondrogene Differenzierung von
mesenchymalen Stromazellen (MSCs) unterstiitzen und eine homogene Verteilung der neu

produzierten ECM erméglichen.

Kapitel I: Im ersten Teil der Arbeit wurde der Polymergehalt von HA-basierten Tinten von 15 %
auf 3 % reduziert. Die Zugabe von 1 % unmodifizierter hochmolekularer Hyaluronséure (hmHA)
hat die Viskositdt der Tinten erhdht und den PCL-unterstiitzten 3D Druck ermdéglicht. Der neu
beobachtete porogene Effekt der hmHA trug auBerdem zu einer homogenen ECM-Verteilung bei,
die die mechanischen Eigenschaften und damit die Qualitdt der Konstrukte signifikant verbessert

hat.

Kapitel II: Im zweiten Teil wurde ein zweistufiger Vernetzungsmechanismus entwickelt, der den
freistehenden 3D Druck von Tinten mit sehr geringem Polymergehalt (bis zu 2 %) ermdglichte.
Durch die Einstellung der Molekulargewichte von HA und PEG-Vernetzern konnte eine
Tintenplattform mit unterschiedlichen FEigenschaften generiert werden, die fiir die

Knorpelregeneration, aber auch fiir andere Ansétze im Tissue Engineering vielversprechend ist.
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Kapitel III: Im letzten Teil der Arbeit wurde eine Tinte der neuen Plattform aus Kapitel II
dahingehend verbessert, dass sie eine kovalente Modifikation mit dem Differenzierungsfaktor
TGF-B1 ermdglichte. In dieser Studie wurde die Proteinfunktionalitdt nach dem Druckprozess
ausfiihrlich analysiert und es konnten Knorpelkonstrukte mit vielversprechenden Eigenschaften

fiir eine potenzielle klinische Anwendung hergestellt werden.

Insgesamt stellt diese Arbeit wertvolle neue Entwicklungen auf dem Gebiet der HA-basierten
Biomaterialien vor. Ausgehend von nicht druckbaren Hydrogelen mit hohem Polymergehalt und
eingeschrinkter Bioaktivitit wurde eine deutliche schrittweise Verbesserung hinsichtlich 3D-
Druckbarkeit sowie MSC-Differenzierung und homogener ECM-Verteilung erreicht. Daher
leisten alle hier neu entwickelten Tinten einen wertvollen Beitrag auf dem Gebiet der
Knorpelregeneration mit Potenzial zur klinischen Anwendung. Die zugrunde liegenden
Mechanismen und etablierten Tinten-Designkriterien konnen weiterhin auch auf andere
biofabrizierte Gewebe libertragen werden, was ihre Bedeutung auch fiir ein weiter gefasstes

Forschungsfeld unterstreicht.



1. General Introduction

1.1. Cartilage in the human body

Human cartilage arises from the embryonal mesenchyme and can be classified as elastic, fibrous
or hyaline. Each subgroup has a special composition of extracellular matrix (ECM) and differs in
morphology, collagen composition and elastin content. Elastic cartilage is a flexible non-load
bearing tissue with a high elastin content and can be found for example in the epiglottis, the
external ear and the auditory tube. Fibrous cartilage contains mainly collagen type I and functions
as the transitional tissue between tendons and hyaline cartilage, like the menisci or intervertebral
discs. Hyaline cartilage is the most abundant type of cartilage in the human body. It is responsible
for bone formation in the embryonal development and can be found in costal cartilages, the

respiratory system and in synovial joints in the adult body.!'*

1.1.1. Structure and function of articular cartilage

Articular cartilage is a specialized form of hyaline cartilage and covers the articulating ends of
bones. This aneural, avascular and alymphatic tissue is 2 to 4 mm thick, wear-resistant and has a
high compressive strength. It is located in the synovial joints like hips or knees, where it provides
a lubricated gliding surface and enables low-friction movement. Chondrocytes account only for
1 — 5 % of the total articular cartilage volume and are responsible for ECM maintenance. The
dense ECM is principally composed of water, collagens and proteoglycans.¢! Collagen type II
is predominant in articular cartilage with around 60 % of the dry weight and forms a tight fibrillar
meshwork, stabilized by less abundant collagens (type I, IV, V, VI, IX and XI). Proteoglycans
consist of a protein core with covalently attached glycosaminoglycans (GAG) like chondroitin
sulfate, keratan sulfate or hyaluronic acid. Examples for proteoglycans are aggrecan, decorin,
biglycan and fibromodulin. Aggrecan is the most abundant proteoglycan in articular cartilage and
forms large aggregates with hyaluronic acid via link proteins. Negatively charged GAGs attract
positively charged ions like Ca?* and Na* and are responsible for water absorption. GAGs and
collagens form a tight network and thereby enable load-dependent and viscoelastic deformation.
The tensile strength of collagen fibrils and the compressive strength of GAG aggregates provide
these unique mechanical properties, which are needed to withstand high cyclic loads of articular
cartilage.[* > 7]
At a macroscopic view, articular cartilage has a highly organized structure and is composed of
four zones, which differ in chondrocyte morphology and expression patterns and therefore also
in ECM composition and arrangement:*=! (Figure 1)

1. The superficial (tangential) zone (STZ) makes up 10 — 20 % of thickness and covers

articular cartilage. It is in contact with the synovial fluid, contains a comparably high
5



number of flattened chondrocytes and is responsible for biggest part of tensile and shear
strength, due to the tangential collagen fibril arrangement.

2. The middle (transitional) zone comprises 40 — 60 % and is characterized by randomly
arranged collagen fibrils and a low number of spherical chondrocytes.

3. The deep (radial) zone represents around 30 — 40 % of articular cartilage volume and
shows perpendicular orientation of chondrocytes and large collagen fibrils. It contains the
highest amount of GAGs and the lowest amount of cells and water and has therefore the
greatest resistance to compressive forces.

4. The calcified zone (confined by the tidemark) connects articular cartilage with the
underlying subchondral bone. Chondrocytes in this compartment have a low metabolic

activity and express a hypertrophic phenotype (e.g., collagen type X).

___—Articular surface

® -
1 STZ (10%-20%) _{: =
- Middle zone
® (40%-60%)
o2
2 Deep zone ()
(30%-40%) ,;.‘,'e‘ {1}
Calcified zone o |
Subchondral bone
Chondrocyte Cancellous bone
Tidemark Tidémark

Figure 1: Structure of articular cartilage. Schematic diagram of chondrocyte (left) and collagen
fiber (right) organization in the three main zones of the uncalcified cartilage (superficial, middle
and deep zone) as well as the calcified zone and the subchondral bone. Reprinted by permission
from Wolters Kluwer Health, Inc.: J. Buckwalter, V. Mow and A. Ratcliffe, Journal of the
American Academy of Orthopedic Surgeons, 1994, Volume 2, Issue 4, p 192-201;""" License
number: 5150751337150.

1.1.2. Clinical approaches for the treatment of articular cartilage defects

Focal cartilage defects are mainly caused by traumatic injuries. A direct consequence is severe
pain and the impact on joint function, but the patient is furthermore predisposed to progressive
degenerative changes within the tissue. In healthy cartilage, chondrocytes maintain ECM
homeostasis leading to a functional tissue. But an imbalance of anabolic and catabolic
mechanisms can lead to abnormal tissue remodeling, cartilage thinning and a pathologic state
called osteoarthritis (OA).'' OA is a highly prevalent disorder of the synovial joints and a main
cause of disability among elderly. In 2020, approximately 654 million people of 40 years and
older suffered from OA worldwide and the disease becomes more and more important with regard
to the demographic change.["?! The main risk factors besides age are gender, joint injury, obesity,

genetic predisposition and mechanical factors like malalignment or abnormal joint shape.[!* 4]
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OA is usually graded with a assessment system developed by Collins,!'>!7 which rates cartilage

surface texture, lesion size, bony changes and metabolic activity of chondrocytes in an ascending

severity from grade I to IV. Due to the lacking blood supply, cartilage has a very low intrinsic

self-healing capacity and still, there is no clinical treatment that can prevent or stop the

progression of OA. Small lesions (<0.5—1 cm? gradel and II) are generally treated non

operatively. Conventional therapies like physiotherapy, anti-inflammatory or pain-relieving drugs

and diverse intra-articular joint injections can only relieve trauma or OA symptoms and frequently

require joint replacement in later stages (grade Il and IV).['¥! Therefore, several surgical

techniques are applied in the clinic, which are summarized in the following:!

19-22]

Microfracture is a marrow stimulation technique that can be applied for small
osteochondral lesions (< 2 cm?). Thereby, an arthroscopic awl is used to make multiple
holes in the subchondral bone plate of full-thickness chondral defects to stimulate blood
flow and release of bone marrow including MSCs. It is minimally invasive, fast and of
low costs and therefore represents a frequently used first-line treatment. However, the
formed blood clots mainly produce fibrocartilaginous tissue with reduced mechanical
resistance than hyaline cartilage which likely results in treatment failure beyond 5 years

(19-21, 23, 241 Commerecial transplants like TruFit,?> 2! MaioRegen?”> 21 or

postoperatively.
ChondroMimetic®?! use endogenous stem cells indirectly via bone marrow stimulation.
However, clinical evaluations show mixed results and large-scale clinical trials are
needed to prove safety and effectiveness.[?2 30

Mosaicplasty or osteochondral autograft transfer (OAT) includes removal of an
osteochondral plug from the patient’s healthy cartilage tissue and the transfer to the
damaged joint (< 4 cm?). Several studies report a beneficial medium-term outcome, but
donor site morbidity and long-term failure especially for older patients or defects sizes
greater than 3 ¢cm? are still problematic.[!% 2!-31-33]

Another similar approach for larger defects is osteochondral allograft transfer (OCA),
where allografts from a different human are used for defect filling, but availability and
preservation of fresh grafts, high costs and the risk of disease transmission represent
problems for this technique.!'- 2% 2234 Commercial cylindric allografts are for example
Cartiform®P**! or Chondrofix®.5"!

Particulate articular cartilage implantation (PACI) uses autologous or allogenic cartilage
particles (1 —2 mm) for defect filling. Examples in the clinic and on the market are
CAIS,B” DeNovo NTB3 3% or BioCartilage®.1”! Those methods are used for small
defects (< 3.5 cm?) and are still lacking long-term follow-up data.*?!

Autologous chondrocyte implantation (ACI) is frequently used for larger defects
(> 4 cm?) and requires two consecutive surgeries. Chondrocytes are isolated during a first

arthroscopy from healthy patient tissue and expanded for several weeks in vitro. In a
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second surgery, these chondrocytes are implanted to the defect site and covered with a
periosteal flap (first generation),*"> 4?1 a collagen membrane (second generation)** *4 or
cell-carrying matrices (matrix-induced autologous chondrocyte implantation — MACI;
third generation, also see below).[*] Follow-up studies provided promising results
especially for young patients, but long recovery times, high costs, donor-site morbidities,
the need for two surgeries and the generation of mechanically inferior fibrocartilage are
among the disadvantages.!'”?* 4] A commercial example of ACI is Chondrosphere®

) [47, 48
b

(spherox ! which uses spheroids from autologous chondrocytes. This strategy

provides a natural matrix and prevents chondrocyte loss but requires a long and complex
culturing procedure at high costs.*!

- Cell-scaffold construct strategies are the most commonly used tissue engineering
techniques in the field. Commercial MACI products are for example BioSeed®-C,[*% 5
CaReS®,! NeoCart®P% 331 or NOVOCART® 3D.5* 351 MACT inevitably faces similar
limitations like ACI (see above) and long-term follow-up data of clinical trials are needed
to prove safety and effectiveness of these products. Further possible cell sources besides
chondrocytes are mesenchymal stem cells (MSCs), embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs).??

Cartilage tissue engineering is considered to be the most promising approach to regenerate hyaline
cartilage. However, the optimal solution has been not found yet. Current challenges include safe
and minimal-invasive cell sources, advanced biomimetic scaffold materials, better cell-scaffold

binding methods for example by hydrogel loading and advanced fabrication techniques like 3D

bioprinting.?

1.2. Cartilage tissue engineering

Tissue engineering (TE) evolved in the early 1990s and was defined by Langer and Vacanti in
1993 as “an interdisciplinary field that applies the principles of engineering and the life sciences
toward the development of biological substitutes that restore, maintain, or improve tissue
function.”® It was proposed as a promising new horizon in treatment approaches of articular
cartilage defects, involving three key components: cells, signaling factors and scaffolds. 37
Another, more recent, advancement in the field was 3D biofabrication which generates living
tissue analogues in automated processes and in computer-generated designs. In the last decades,
scientists developed a wide range of cell-material combinations for cartilage regeneration.

Frequently used cell sources, signaling factors and diverse applied biomaterials for TE and 3D

biofabrication with their main benefits and limitations are summarized in the following.



1.2.1. 3D biofabrication of cartilage

3D biofabrication addresses many tissue engineering challenges as it generates complex tissues
with living cells using additive manufacturing techniques.®® *! Bioassembly and bioprinting
represent the main biofabrication techniques to produce defined 2D or 3D architectures.
Bioassembly uses self-assembled preformed cell-containing units, while bioprinting enables
precise patterning and assembly of cells, biomaterials, and biologically active factors to build
defined hierarchical constructs. Thereby, the use of synthetic or natural derived biomaterials like
hydrogels allow for the spatiotemporal modulation of cell-cell and cell-ECM interactions. These
hydrogels, which are processed together with cells and/or biological molecules, are termed

60-621 Commonly applied techniques in the field of biofabrication are for example selective

bioinks.!
laser sintering, stereolithography, fused deposition modelling, solution and melt electrospinning
and 3D printing or plotting.[*!: ¢! Cell-laden hydrogel scaffolds can be produced by laser-based,
droplet-based or extrusion-based bioprinting.>® ¢4 Laser-based bioprinting includes laser-induced
forward transfer or laser-guided direct writing but is rarely used for cartilage TE.!* Droplet-based
bioprinting employs thermal, piezoelectric or electrostatic drop-on-demand technologies to create
precise constructs, which were already applied for in vitro and in vivo cartilage regeneration
approaches.[%% ¢”) The most frequently used bioprinting technique is extrusion-based bioprinting,
as it is comparably easy to conduct, it has a high economic efficiency, and allows for a wide range
of applicable materials.l*® ¢ Thereby, a robotic dispensing system extrudes a bioink filament by
using pneumatic or mechanical (piston or screw) driven ink transfer.[> %] In the last years, many
researchers utilized this technique and generated promising perspectives in the field of cartilage

TE.[69-72]

1.2.2. Cell sources

Autologous chondrocytes were the first cell source explored for cartilage TE as they exhibit the
natural chondrocyte phenotype and no risk of immune rejection or disease transmission. However,
limitations like low cell numbers, dedifferentiation, donor site morbidity or the generation of
fibrocartilage shifted the focus on other possibilities.*> ! Stem cells are a widely used alternative
cell source due to their strong proliferation and differentiation capacity. Most frequently used are
pluripotent mesenchymal stem cells (MSCs)’¥ which can differentiate towards the adipogenic,
osteogenic and chondrogenic lineage. These cells can be isolated from the bone marrow
(BMSCs),[™! adipose tissue (ASCs),’8 peripheral blood (PBMSCs),””! umbilical cord blood
(UCB-MSCs),!" Wharton’s jelly (WJ-MSCs)!”! or synovial tissue/fluid (SMSCs).[%- 81 Although
these cell sources have a great potential and provide hope for cartilage regeneration, there are still
problems to be solved like availability, high variability due to donor age®” and disease status,®’!
donor site morbidity from autologous cells, disease transmission and immune rejection from

allogenic MSCs®! or hypertrophic differentiation.*? ) Embryonic stem cells (ESCs) are
9



totipotent and can differentiate into any kind of cells, which makes them — in theory — the ideal
seed cell for tissue engineering approaches. But ethical controversy, the risk of immune rejection,

86.871 Induced pluripotent

disease transmission and tumorigenicity impede their clinical potential.l
stem cells (iPSCs) can be obtained by reprogramming differentiated adult cells via OCT4, SOX2,
MYC and KLF4.38 This technique allows autologous cell transplantation with beneficial cell
properties and no ethical controversy. Preclinical studies proved their application value for
cartilage regeneration®, but complicated preparation procedures, high costs, varying

reprogramming efficiency and tumorigenicity are among the limitations.” *!!

1.2.3. Biological and environmental factors

Native articular cartilage has a complex three-dimensional (3D) ECM architecture providing cells
a specialized niche to reside, proliferate and differentiate. This 3D environment is crucial
especially for isolated chondrocytes, as they lose their differentiated phenotype in 2D culture.®?
Therefore, 3D cultures like pellet or micromass systems have been used for culturing
chondrocytes or for promoting differentiation of MSCs.* ° Other factors adopted from the
native environment is the reduced oxygen tension and mechanical stimulation of TE constructs.
Both biophysical stimuli were shown to increase cartilaginous ECM production.”> ! Apart from
biophysical stimuli, biochemical stimuli like growth factors play a crucial role for cartilage
engineering, especially for implantation of MSCs. Cartilage formation during embryonal
development involves several growth factors, which can be utilized for chondrogenic
differentiation of stem cells. Most commonly used are members of the transforming growth
factor B (TGF-B) superfamily, TGF-B1 and -B3 or bone morphogenic proteins (BMPs) in
combination with a chondrogenic culture medium containing insulin, transferrin, and selenous

acid (ITS), dexamethasone, ascorbic acid and proline.””- %!

1.2.4. Scaffold materials

Scaffold materials for cartilage TE represent a major challenge in the field with high requirements
regarding chemical and physical properties. They need to support cell migration, proliferation and
differentiation and possess an open porous network to enable distribution of newly produced
ECM. On the other hand, they should provide sufficient mechanical properties, have the potential
to integrate properly with adjacent cartilage and should be biodegradable.”! Scaffolds for
cartilage engineering can be of natural or synthetic origin, or a hybrid of both. Favorable synthetic
polymers are immunological inert, slowly degradable and their mechanical and structural features
are easily adjustable and enable further chemical modification and processing. Widely used
synthetic polymers are for example polyurethane (PU),!%-192 poly(glycolic acid) (PGA),!%3-10]
ply(lactic acid) (PLA),1!%197 poly(ethylene glycol) (PEG)!%11% or poly(e-caprolactone)

(PCL).M1B1 However, synthetic polymers often enable only poor cell adhesion and can release

10



99, 114, 1151 Iy contrast, natural polymers

harmful acidic degradation products at implantation sites.
frequently have excellent biocompatibility, biodegradability, low immunogenicity and favorable
cellular interaction properties and were therefore extensively studied in cartilage TE approaches.
Frequently used natural polymers are for example hyaluronic acid,!''*!8] collagen,!!*-121]
gelatin,'?21241 chondroitin sulfate,!'23-127] chitosan, 28139 alginate, 1311331 silk,[13+136] cellulose!!*"
139 or decellularized ECM (dECM).['*%-1421 However, natural polymers may have pathogen risks
or batch to batch inconsistencies and have limited mechanical properties impeding further
processing methods like 3D printing. Therefore, composite materials are also frequently utilized

for cartilage TE to combine physical and chemical benefits from both sources.!'*!

1.2.4.1. Hyaluronic acid

Most natural polymers used for cartilage TE are not overly specific for this tissue and lack
cartilage-like ECM molecules or binding sites. In contrast, hyaluronic acid is ubiquitously
expressed in all vertebrates and represents a main component of articular cartilage ECM and the
synovial fluid. It is a non-sulfated GAG and a linear polysaccharide containing alternating
N-acetyl-D-glucosamine and D-glucuronic acid linked via P(1-4) and B(1-3) bonds!'**! and
provides two recognition sites for the cell surface receptors CD44 and CD168 (or RHAMM;
receptor for hyaluronan mediated motility).['>: 1] Thereby, natural HA is involved for example
in cell attachment, migration, proliferation, differentiation and cartilage formation. By addition
of HA to inert hydrogels, several studies proved the chondro-supportive properties of this
molecule.'*”- "8 HA has a great biocompatibility, inherent biodegradability and low
immunogenicity, which characterizes this polysaccharide as a beneficial material for biomedical
applications including cartilage TE.!3 141511 Fyrthermore, its structure is easily accessible for
chemical modifications at its functional carboxyl, hydroxyl or N-acetyl groups. Thereby, HA
properties regarding hydrophobicity or biological activity can be altered or chemical crosslinkers
can be introduced for hydrogel network formation with other polymers.!!**'5* HA-based
materials normally have poor mechanical properties, but are frequently used for the regeneration
of tissues with different mechanics like cartilage, bone, skin or brain. To mimic the tough
mechanical properties within stiff tissues like cartilage or bone, several approaches utilized a high
polymer content or crosslink density, 1351571 the supplementation of inorganic materials like
calcium phosphate or hydroxyapatite,!!> 13 or hybrid printing with synthetic polymers like
PCL.[16%-162] Tn the last years, many researchers focused on HA-based materials for cartilage
regeneration and expanded the field of tissue engineering and 3D biofabrication with promising

results.[P1> 153]
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1.2.4.2. Biomimetic functionalization

Although HA-based hydrogels have a great clinical potential as outlined above, they often lack
biomimetic or biochemical functionalities!!®*16°! and effectiveness in practical applications like
adhesiveness!!%-1%% or injectability.!!®-!7?! Especially in the field of cartilage TE, the introduction
of biomimetic peptides was frequently used to further enhance the chondro-supportive potential
of the used HA-based biomaterials.!'>! 17151 Another crucial factor to drive chondrogenic
differentiation of MSCs and maintain normal cartilage homeostasis is the differentiation factor
TGF-B.['! In normal cell culture approaches, this protein is continuously applied with each
medium change, which impedes a transfer to clinical approaches. For this reason, several studies
focused on long-lasting application methods to circumvent the need for constant protein

(177

supplementation.['”” Direct loading, encapsulation, reverse binding or covalent tethering are

among the commonly used techniques to provide and control the release of TGF-f from

U781 Improved MSC differentiation was shown in vitro and in vivo by non-covalent

hydrogels.
TGF-B loading in cast!!”>'81] and printed approaches.[%> 182 1831 Fyrther enhancement of TGF-B
maintenance in not-printable constructs was successfully performed via covalent protein

184-186] Covalent TGF-P tethering to 3D printable bioinks and the examination of

incorporation.|
protein function after applied shear stresses was not described in the literature so far. Therefore,

this topic was analyzed as one goal of this thesis.

1.3. Goals of the thesis

In recent years, a wide range of different therapy approaches were developed for the treatment
and regeneration of damaged articular cartilage. Although many therapies improved the clinical
outcome of patients, several problems like long-term failure or the formation of mechanically
inferior fibrocartilage persisted.”?! Tissue engineering and especially 3D bioprinting represents a
very promising alternative in the field of cartilage regeneration, as it combines living cells with
chondro-supportive bioinks in personalized construct geometries via scalable automated additive
manufacturing. Thereby, a great variety of bioinks may be used for construct generation, which
opened a new field in this research area. Special ink requirements are for example physical
properties like viscoelasticity and shape fidelity for the 3D printing process, biocompatibility and
biodegradability to enable cell proliferation and differentiation, as well as a porous and loose gel
network to support the distribution of newly produced ECM during construct maturation.*®!
Shape fidelity and nice printability has been mainly achieved by using hydrogels with high
polymer contents or high crosslink densities, resulting in limited cell proliferation, migration and
differentiation.!'% 157) In contrast, low-concentrated and soft hydrogels support bioactivity, but

s.' The traditional biofabrication window

are often too liquid for 3D fabrication processe
represents a balance between these properties and exists for medium crosslinked hydrogels, which

compromise both, biological and physical needs.[®®! New strategies and novel bioink approaches
12



are therefore urgently needed to shift the existing biofabrication window towards constructs
obtaining high shape fidelity and advanced biocompatibility.

For this reason, this thesis focused on the development of hyaluronic acid (HA)-based bioinks
which should comprise both, 3D printability and the support of MSC differentiation and ECM
distribution. The following chapters describe the successive improvement of HA-based bioinks,
starting from not-printable hydrogels with very high polymer contents and only pericellular
matrix deposition, and ending with advanced bioinks with very low polymer contents, enabling
stand-alone 3D bioprinting as well as homogeneous ECM distribution and the generation of

superior quality cartilage constructs with a promising potential for clinical applications.

Chapter I: In the first study a pre-existing hydrogel composition of thiol-modified hyaluronic acid
(HA-SH) and allyl-modified poly(glycidol) (P(AGE-co-G)) was refined. The previous not-
printable hydrogel supported MSC differentiation, but the newly produced ECM was deposited

1471 To achieve better diffusivity and

only pericellularly due to its high polymer content of 10 %.
a looser hydrogel network, ink compositions with less polymer content (down to 3 %) were
developed. Furthermore, unmodified high molecular weight HA (hmHA) was added to increase
ink viscosity and enable PCL-supported 3D bioprinting. The printing process itself was also
brought into focus and therefore one major aim in this chapter was the detailed analysis of
potential impacts of shear stresses during printing on viability and chondrogenic differentiation
of embedded MSCs. Therefore, all studies were performed comparatively with cast and printed
constructs. For further material and construct characterizations, ink rheology, construct swelling,
diffusion properties, pore size and hmHA release were investigated in addition to the classical

cartilage readouts like quantitative and qualitative ECM production, chondrogenic gene

expression and mechanical stiffness.

Chapter II: The second study presents a further improvement of the study presented in Chapter I
regarding 3D printability. While HA-SH/P(AGE-co-G) hydrogels were only printable with
PCL-support structures, the here presented HA-based inks all have stand-alone 3D printability in
common. This was achieved by the development of a novel dual-stage crosslinking approach: The
first step is a pH dependent Michael addition between a part of HA-SH thiol-groups and acryl-
modified polyethylene glycol (PEG-diacryl), resulting in a highly viscous and printable ink. After
fabrication, the constructs are UV irradiated and final gelation is conducted between residual
HA-SH thiol-groups and allyl-modified PEG (PEG-diallyl) in the presence of the photoinitiator
Irgacure 12959. The influence of HA-SH and PEG-diacryl molecular weight and concentration
on 3D printability was extensively evaluated and a variable bioink platform with adjustable
properties was generated. The inks were further rheologically characterized and the final
constructs were analyzed regarding their pore size and diffusion properties. As a biological

readout for the different inks, chondrogenic differentiation of embedded MSCs was utilized and
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quantitative and qualitative ECM production, chondrogenic gene expression and mechanical

stiffness was investigated.

Chapter III: Based on the bioink platform developed in Chapter 11, this study improved a specific
ink composition regarding its biological performance towards potential clinical applications.
Chondrogenic differentiation of MSCs in vitro requires continuous supply of the differentiation
factor TGF-f with each medium change. This complicates a transfer to in vivo applications and
inspired the aim of this study to circumvent the need for TGF-B supplementation by covalent
incorporation of the protein into the bioink. This study represents the first covalent tethering
approach in a 3D printable ink with the extensive characterization of potential impacts on protein
function. TGF-B1 was thiol-modified via Traut’s reagent and tethered to 8-arm PEG-acryl before
ink crosslinking. The potential impact of the tethering process on ink properties was analyzed by
rheological measurements and comparative construct swelling studies. The chondrogenic
potential of tethered vs. non-covalently incorporated TGF-f1 was extensively characterized by
investigation of qualitative and quantitative ECM production, Western blot analysis,
chondrogenic gene expression and mechanical measurements. Furthermore, in a comprehensive
comparative analysis of cast and printed bioinks it was evaluated whether the covalently tethered

TGF-B1 maintained its functionality after 3D printing.

2. Methods

All used methods and materials are described in detail in the experimental sections (3.3., 4.3., and

5.3.) of the separate chapters. No other methods were used for the presented studies.
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3. Chapter I — Hyaluronic Acid-based Bioink Composition
Enabling 3D Bioprinting and Improving Quality of

Deposited Cartilaginous Extracellular Matrix
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3D printable constructs for cartilage biofabrication combining sufficient construct stability with
a cell-supportive environment still represent a challenge in the field. Here, hyaluronic acid-based
bioink compositions are used to modulate biological properties of 3D constructs after bioprinting
and chondrogenic differentiation of MSCs, focusing on ECM distribution. The study contributes

to effective bioink development and presents a perspective for cartilage regeneration.
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3.1. Abstract

In 3D bioprinting, bioinks with high concentrations of polymeric materials are frequently used to
enable fabrication of 3D cell-hydrogel constructs with sufficient stability. However, this is often
associated with restricted cell bioactivity and an inhomogeneous distribution of newly produced
extracellular matrix (ECM). Therefore, this study investigates bioink compositions based on
hyaluronic acid (HA), an attractive material for cartilage regeneration, which allow for reduction
of polymer content. Thiolated HA and allyl-modified poly(glycidol) in varying concentrations are
UV-crosslinked. To adapt bioinks to PCL-supported 3D bioprinting, the gels are further
supplemented with 1 wt.% unmodified high molecular weight HA (hmHA) and chondrogenic
differentiation of incorporated human mesenchymal stromal cells is assessed. Strikingly, addition
of hmHA to gels with a low polymer content (3 wt.%) results in distinct increase of construct
quality with a homogeneous ECM distribution throughout the constructs, independent of the
printing process. Improved ECM distribution in those constructs is associated with increased
construct stiffness after chondrogenic differentiation, as compared to higher concentrated
constructs (10 wt.%), which only show pericellular matrix deposition. The study contributes to
effective bioink development, demonstrating dual function of a supplement enabling
PCL-supported bioprinting and at the same time improving biological properties of the resulting

constructs.

3.2. Introduction

The research field of biofabrication has recently emerged as a powerful approach to the generation
of engineered living tissues urgently needed for disease models and regenerative medicine.!®!!
Automated, cell-compatible fabrication methods, such as bioprinting and bioassembly, allow the
precise combination and patterning of cells and biomaterials into three-dimensional (3D)
constructs.l®” In this context, the development of appropriate bioinks consisting of cells and
hydrogel materials for extrusion-based 3D printing is a major focus of research. In order to enable
the fabrication of 3D constructs with sufficient shape fidelity and resulting stability, often high
concentrations of polymeric hydrogel materials in the bioinks are employed.[*®! However, this is
commonly associated with a high network stiffness and density, thereby possibly restricting cell
bioactivity and the homogeneous distribution of newly produced extracellular matrix (ECM).1*8]

Currently, various modified and unmodified biopolymers are used as basis of bioinks which are
utilized in bioprinting processes, including decellularized ECM (dECM), alginate, gelatin and
hyaluronic acid (HA)."!: 7% 18-191 HA represents an attractive material for cartilage regeneration,
as it is a main component in human articular cartilage ECM.U! 1% [t enables attachment and
migration of mesenchymal stromal cells (MSCs) via the cluster of differentiation 44 (CD44) or

other cell surface receptors!'*! and is highly accessible for different chemical modifications
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152, 154, 192

allowing for a stable chemical crosslinking.! I'In previous non-printed tissue engineering

approaches, the effect of limited ECM distribution depending on network density has been shown
for several hydrogel-based constructs, including photo-crosslinked hyaluronic acid.[!3¢ 157 193-195]
Therefore, different strategies to modulate mechanical properties and network density have been
applied, such as modification of the macromer amount or variation of the irradiation time in UV
photo-crosslinked hydrogels.[!3¢ 157 196]

In a recent study, we have established a bioink based on thiolated HA (HA-SH) and allyl-modified
poly(glycidol) [P(AGE-co-G)], which were crosslinked by UV-induced thiol-ene coupling.!'4”)
This formulation with an overall polymer concentration of 10 wt.% was further supplemented
with 1 wt.% of unmodified high molecular weight HA (hmHA) to adapt it to double printing
together with poly(e-caprolactone) (PCL),!""! a biodegradable thermoplastic polymer frequently
used in order to yield mechanically more robust composite hydrogel scaffolds.!'*1®2) While in
principle 3D printability was demonstrated, chondrogenesis of MSCs was only investigated in
non-printed constructs. Encapsulated MSCs showed a robust chondrogenic differentiation within

147, 197

this bioink, in contrast to corresponding pure poly(glycidol) hydrogels.! I However, due to

the relatively high overall polymer content, the deposition of cartilage-specific ECM molecules,

g 1147

unfortunately, was mainly restricted to pericellular region I Thus, homogeneous ECM

distribution desirable for engineered cartilaginous constructs was not achieved and still represents

68. 711 Therefore, in this study we aimed to evaluate

a major challenge for printable bioinks.!
different bioink compositions based on the previously employed hydrogel components, with
regard to chondrogenesis of embedded MSCs and in particular the resulting ECM distribution.
Using equal amounts of HA-SH and P(AGE-co-G), initially hydrogel constructs with overall
polymer concentrations ranging from 3 wt.% to 15 wt.% were analyzed, whereby decreasing
polymer content yielded an improved ECM distribution. In all further experiments, constructs
with 3 wt.% and 10 wt.% overall polymer content were investigated, either without or with
additional unmodified hmHA (1 wt.%). Furthermore, cast and dispensed hydrogels of the same
geometry were compared, employing a dispensing unit mimicking an extrusion-based printing
process. Chondrogenic differentiation of MSC and construct quality was evaluated with regard to
ECM distribution and content, chondrogenic gene expression, and construct stiffness. Hydrogel
constructs with 3 wt.% polymer content yielded distinctly improved ECM distribution and higher
stiffness after chondrogenic differentiation. Interestingly, the addition of unmodified hmHA to
hydrogels with 3 wt.% polymer content led to constructs with highest quality exhibiting evenly
distributed ECM components throughout both cast and printed constructs. Finally, this most
favorable bioink composition was double printed with PCL in two different geometries using an
extrusion-based bioprinter, again yielding homogeneous ECM distribution within the constructs

after 21 days of chondrogenic culture. The study contributes to effective bioink development,
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demonstrating the dual function of a supplement, hmHA, that not only enables PCL-supported

bioprinting, but also improves biological properties of the resulting constructs.

3.3. Experimental section
3.3.1. Materials

Thiol-modified hyaluronic acid HA-SH (molecular weight: My, 35.5 kDa, M, 13.9 kDa, D 2.55,
degree of substitution: DS 39.8 %) and allyl-modified poly(glycidol) (P(AGE-co-G))
My 5.21 kDa, M, 4.72kDa, B 1.10, DS 9.8 %) were kindly provided by PolyVation BV
(Groningen, Netherlands). High molecular weight hyaluronic acid (M, 1,100 kDa, M, 900 kDa,
b 1.22) was purchased form Carbosynth (Compton, UK). All chemicals were purchased from
Sigma Aldrich (St. Louis, USA) if not stated differently. 2-hydroxy-1-[4-(hydroxyethoxy)-
phenyl]-2-methyl-1-propanone (12959; BASF, Ludwigshafen, Germany), 4(dimethylamino)-
benzaldehyde (DAB; Roth, Karlsruhe, Germany), basic fibroblast growth factor (bFGF;
BioLegend, London, UK), DAPI mounting medium ImmunoSelect® (Dako, Hamburg,
Germany), Dulbecco’s Modified Eagle’s Medium high glucose 4.5 g L' (DMEM; Thermo
Scientific, Waltham, USA), Dulbecco's Modified Eagle's Medium/Ham's F-12 (DMEM/F12;
Thermo Scientific, Waltham, USA), ethanol (EtOH; 99 %, TH Geyer, Renningen, Germany),
fetal calf serum (FCS; Thermo Scientific, Waltham, USA), formaldehyde (37%, Roth, Karlsruhe,
Germany), hydrocloric acid (HCl; 37 %, Merck, Darmstadt, Germany), isopropanol (VWR,
Radnor, USA), ITS+ Premix (Corning, NY, USA), L-hydroxyprolin (Merck, Darmstadt,
Germany), Live/Dead Cell Staining Kit (PromoKine, Heidelberg, Germany), papain suspension
(Worthington, Lakewood, USA), penicillin-streptomycin (PS; 100 UmL"! penicillin,
0.1 mg mL" streptomycin; Thermo Scientific, Waltham, USA), perchloric acid (60 %, Merck,
Darmstadt, Germany), phosphate-buffered saline (PBS; Life Technologies, Karlsruhe, Germany),
Proteinase K (Digest-All 4, Life Technologies, Karlsruhe, Germany), Tissue Tek® O.C.T.
(Sakura Finetek, Tokyo, Japan), transforming growth factor B 1 (TGF-f1; BioLegend, London,
UK), trypsin-EDTA (0.25 %, Life Technologies, Karlsruhe, Germany).

Primary antibodies: anti-aggrecan 969D4D11 (Thermo Scientific, Waltham, USA), anti-
collagen I ab34710 (Abcam, Cambridge, UK) and anti-collagen II 1I-4C11 (Acris, Herford,
Germany). Secondary antibodies: goat-anti-mouse Alexa 488 115-545-146 (Jackson
ImmunoResearch, Cambridge, UK), goat-anti-rabbit Alexa 488 111-545-003 (Jackson
ImmunoResearch, Cambridge, UK).

3.3.2. Methods

NMR analysis: "H-NMR measurements were realized at a 300 MHz Bruker Biospin spectrometer

(Bruker, Billerica, MA) using DO as a solvent. The solvent peak was set to 6 =4.79 ppm to
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which all chemical shifts refer. The percentage of thiol groups per repetition unit of HA-SH were
determined by the ratio of the integrals of the thiol carrying modification and the acetyl signal of
the backbone. The percentage of allyl groups were calculated by dividing the sum of integrals of

the allyl group signals by the integrals of the backbone signals.

GPC analysis: GPC analysis were performed on a GPC system from Malvern (Herrenberg,
Germany) with two A6000M mixed-bed columns using a triple detection containing a refractive
index detector, a multi angle light scattering detector and a viscometer. The columns were
calibrated with PEG standards (Malvern, Herrenberg, Germany) and the eluent was made from
deionized water containing 0.2 g L"! NaN; and 8.5 g L' NaNOs. The samples were dissolved over
night at room temperature in the eluent and measured at 35 °C with a flow rate of 0.7 mL min™.
The obtained data was processed with the software OmniSEC 5.12 (Malvern, Herrenberg,

Germany).

Rheological analysis: Shear viscosity of different hydrogel precursors was determined using an
Anton Paar MCR 702 rheometer (Anton Paar, Austria) with a parallel plate geometry (d = 25 mm)
and the gap of 0.5 mm. A solvent trap was used to minimize solvent evaporation during the
experiments. In order to eliminate the environmental noise in data acquisition, the shear rate
sweeps were performed in the range of 1-100s' for low-viscosity samples, while the
experimental range of shear rates was extended to 0.1-100 s for the samples containing high
molecular weight HA as thickener. In order to obtain apparent steady-state shear data, a dynamic
data acquisition method was implemented in which at each data point, the shear rate was kept

constant until the variations in viscosity was smaller than 1 % over the observation period.

MSC isolation and expansion: Bone marrows were recovered, after informed consent, from the
explanted femoral heads of patients undergoing elective hip arthroplasty. The procedure was
approved by the local Ethics Committee of the University of Wiirzburg (186/18). Human bone
marrow-derived mesenchymal stromal cells (MSCs) were isolated as previously described.!'3%
Cells were expanded in DMEM/F12 supplemented with 10 % FCS, 1 % PS and 3 ng mL"' bFGF

in T175 ¢m? flasks (Greiner Bio-One, Frickenhausen, Germany) at 37 °C and 5 % COx.

Hydrogel preparation: HA-SH and P(AGE-co-G) were dissolved in PBS and mixed in an equal
ratio (1.5 wt.%, 2.5 wt.%, 5 wt.% or 7.5 wt.% of each component, resulting in equimolar ratios
of thiol and allyl groups). 0.05 wt.% of the photo initiator Irgacure 12959 and, depending on the
experiment, 1 wt.% of unmodified high molecular hyaluronic acid (hmHA, 1100 kDa) was added.
The hydrogel suspension was neutralized with 5 M NaOH to a final pH of 7.4. MSCs at passage
3 - 4 were suspended in the hydrogel precursor solution (20.0 x 10° cells mL™). For printing
simulation, the cell loaded hydrogel suspension was transferred to a cartridge, dispensed (Vieweg
DC200, Kranzberg, Germany) through a 330 um steel nozzle (Nordson EFD, East Providence,

USA) at 1 bar and collected in a tube. Dispensed as well as cast hydrogel-cell suspensions were
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filled in glass molds (5 mm diameter, 2 mm height with 40 uL per construct) and UV irradiated
(UVL hand lamp with filter, A. Hartenstein, Wiirzburg, Germany) at 365 nm for 10 min. Intensity
of the UV lamp was 1 mW cm> MSC containing hydrogels were cultured for 21 days in
chondrogenic differentiation medium (DMEM high glucose medium supplemented with 1 %
ITS+ premix, 1% PS, 0.1 uM dexamethasone, 50 pg mL"! L-ascorbic acid 2-phosphate
sequimagnesium salt hydrate, 40 ug mL! L-proline and 10 ng mL™' TGF-B1) at 37 °C and 5 %
CO,. Medium was changed every two days.

3D printing of PCL-supported HA-SH/P(AGE-co-G) constructs: For the fabrication of the 3D
(three dimensional) scaffolds, a 3D Discovery robotic dispensing system (RegenHU, Villaz-St-
Pierre, Switzerland) was employed under sterile conditions. The G-code used for the operation of
the printer was generated with the BioCAD software (RegenHU, Villaz-St-Pierre, Switzerland).
To enable the simultaneous double-printing of poly(e-caprolactone) (PCL) and the hydrogel
precursor solution, two printheads were utilized: An extruder-based system with integrated
heating for the printhead and the material reservoir attached to it (HM-300H) with an inner needle
diameter of 250 um was employed for printing of medical grade PCL (Plurasorb PC12, Corbion,
Amsterdam, Netherlands). The second printhead operated via an electromagnetic valve (Cell
friendly CN-300N) with an inner diameter of 450 um and was used for printing the hydrogel-cell
suspension. The hydrogel precursor solution was composed of 3 wt.% polymers (1.5 wt.%
HA-SH and 1.5 wt.% P(AGE-co-QG)), 0.05 wt.% 12959 and 1 wt.% unmodified high molecular
weight HA (hmHA) as a thickener with 20 x 10 MSCs mL-!. The cell-laden hydrogel precursor
solution was transferred into a 3 cc printing cartridge (Nordson EFD, Ohio, USA) and inserted
into the microvalve printhead. Prior to the print, the heating of the extruder-based printhead was
initiated to heat the PCL reservoir to 85 °C and the printhead to 93 °C respectively. In addition, a
custom-made water bath heated collector was employed and set to 32 °C. Printing parameters for
PCL were adjusted to 17.5 revolutions per minute, 3 bar extrusion pressure and a collector speed
of 5 mm s!. For the cell-laden hydrogel precursor solution, the microvalve printhead was set to a
dosing distance of 400 um with valve opening times of 700-900 us and an extrusion pressure of
1 bar. Both printheads operated in the y and z planes while the collector moved along the x axis.
For the fabrication of both types of constructs, the PCL scaffold was printed first, followed by the
print of the hydrogel precursor solution into the designated cavities within the scaffold.
Rectangular scaffolds with straight, 9 mm long trenches along with circular scaffolds with a
diameter of 5 mm and an incorporated lattice structure, featuring an intersection distance of
1.5 mm, were created. While the rectangular scaffold was printed in a continuous movement of
the printhead, the layers for the circular scaffold were alternatively rotated by 90 © every layer to
realize the internal lattice pattern. Layer height for the PCL scaffolds was set to 200 pm and four
layers in total for a final construct height of 800 um. The constructs were printed onto glass
coverslips and consecutively crosslinked for 10 min with a UV light source (UVL hand lamp with
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filter, A. Hartenstein, Wiirzburg, Germany) at 365 nm. The final constructs were transferred into
a 6-well cell culture plate and supplemented with 2 mL of chondrogenic differentiation medium.
Medium was changed every two days. Documentation of overview images was performed using

a stereo microscope (SteREO Discovery.V20, Carl Zeiss, Jena, Germany).

Cell viability assay: Cell viability of hydrogel-encapsulated MSCs was analysed using a
Live/Dead Assay Cell Staining Kit (PromoKine, Heidelberg, Germany) at d1 or d21 after
encapsulation. Constructs were washed twice with PBS before staining solution (4 uM ethidium
homodimer III (EthD-III) and 2 uM calcein acetoxymethylester (calcein-AM) in PBS) was added
and incubated for 45 min at room temperature in the dark. After an additional wash step with
PBS, images of the cross section of hydrogel constructs were taken at a fluorescence microscope
(Olympus BX51/DP71, Olympus, Hamburg, Germany). Stitched overview images of 3D double-
printed constructs were taken with an inverted fluorescence microscope (Axio Observer Z1/7, EC

Plan-Neofluar 10x/0.30 Ph 1, Carl Zeiss Microscopy, Jena, Germany).

Histological and immunohistochemical analysis: MSC-laden hydrogel constructs were harvested
on dl or d21 and fixed in 3.7 % PBS buffered formaldehyde at 4°C over night. The next day,
constructs were transferred to Tissue Tek® O.C.T. (Sakura Finetek, Torrance, USA) and
incubated over night at room temperature in a wet chamber. After shock freezing in liquid
nitrogen, constructs were either stored at -20 °C or directly sliced (8 um per longitudinal section)
using a cryostat (CM 30508, Leica, Wetzlar, Germany) and mounted on SuperFrost® plus glass
slides (R. Langenbrick, Emmendingen, Germany). Cross-sections were obtained throughout the
whole constructs. For histological analysis of glycosaminoglycan (GAG) deposition, sections
were stained with safranin O and fast green. Cells were counterstained with Weigert’s
haematoxylin.[®®! For immunohistochemical analysis, proteinase K digestion for 10 min at room
temperature was used for antigen retrieval. After washing in PBS, sections were blocked with 1 %
BSA in PBS for 1h at room temperature before antibody staining (anti-aggrecan
969D4D11,1:300; anti-collagen I ab34710, 1:500, anti-collagen II II-4C11, 1:500 in 1 % BSA in
PBS) was performed over night at room temperature. After three washing steps in PBS, the
secondary antibody (goat-anti-mouse Alexa488 115-545-146, 1:400; goat-anti-rabbit Alexa488
111-545-003, 1:400 in 1% BSA in PBS) was incubated on the sections for 1 h at room
temperature in the dark before additional washing and mounting with DAPI mounting medium
ImmunoSelect®. Visualization of immunohistochemically stained ECM deposition was
performed by fluorescence microscopy (Olympus BX51/DP71, Olympus, Hamburg, Germany).
Quantification of stained gel areas was conducted with the particle analysis function of NIH
ImagelJ Fiji software (version 1.52p) using a 10 % threshold of the maximal white value for all
binary images.!"”” Values represent an average of four images of each condition taken randomly

throughout the construct cross sections.
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Biochemical analysis: Biochemical assays were performed for quantification of DNA content as
well as GAG and collagen deposition in constructs and the culture supernatant.'3¥ For construct
analysis, hydrogels were harvested on d1 and d21, washed with PBS and homogenized with a
TissueLyser (Quiagen, Hilden, Germany) for 5 min at 25 Hz. Subsequently, the suspension was
digested with papain (3 U mL™") at 60°C over night. For GAG and collagen quantification in the
culture supernatant, medium of three replicates per condition was collected every two days and
stored at -20 °C till the end of the experiment. The same amount of medium from each harvesting
day was pooled within the three replicates and analyzed for GAG and collagen content. DNA
quantification was performed with fluorescent DNA intercalating agent Hoechst 33258 at 340 nm
and 465 nm using a spectrofluorometer (Infinite M200 Pro,Tecan, Crailsheim, Germany) and
salmon sperm DNA as defined DNA standard.*® Collagen content was quantified after acid
hydrolysis with a hydroxyproline assay and L-hydroxyproline as a standard. Thereby chloramine
T oxidizes hydroxyproline to pyrrols, which are visualized by 4(dimethylamino)benzaldehyde
(DAB) at 550 nm (Infinite M200 Pro, Tecan, Crailsheim, Germany).?°! 22l Dimethylmethylene
blue binds to sulphated glycosaminoglycanes (GAG) leading to a shift in the absorption
maximum. This enables GAG quantification at 525 nm (Infinite M200 Pro, Tecan, Crailsheim,

Germany) by using bovine chondroitin sulfate as standard.[2°*

RNA isolation and gene expression analysis: Constructs were harvested on day 3, 7 and 21 and
homogenized in TRIzol Reagent (Thermo Scientific, Waltham, USA) with a TissueLyser
(Quiagen, Hilden, Germany) for 5 min at 25 Hz. Subsequently, RNA was isolated according to
manufacturers instructions and cDNA was transcribed with the ImProm-II™ Reverse
Transcription System (Promega, Madison, USA) after quantification of RNA yield and purity
(NanoDrop, Thermo Scientific, Waltham, USA). qRT-PCR was performed with the QuantStudio
6 Flex Real-Time PCR machine (Thermo Scientific, Waltham, USA) and the corresponding
PowerUp SYBR Green Master Mix (Thermo Scientific, Waltham, USA). Primer pairs were
designed intron spanning. The sequences are listed in Table 1.S1, 3.7. Supporting information.
The expression of all genes was normalized to the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and to gene expression of MSC 2D samples on d0. Relative expression

was calculated with the 2*4¢" method.[?%4

Mechanical analysis: MSC laden constructs were fabricated as described above and analyzed
after d1 and d21 of chondrogenic culture. Mechanical properties of six hydrogels per condition
and time point were measured with a dynamical mechanical testing machine from Bose
(ElectroForce® 5500 test instrument, Bose, Eden Prairie, MN, USA) with a load cell of 250 g.
The constructs were compressed to a final depth of 0.5 mm with a constant cross head
displacement rate of 0.001 mm s™'. Young’s modulus was determined as the slope of the true

stress-strain curve in the linear elastic range.
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Swelling analysis: Swelling and shrinking behavior of hydrogels without embedded MSCs was
analyzed by weight measurements. Four different hydrogel compositions (3 wt.% and 10 wt.%
HA-SH/P(AGE-co-G) gels +/- 1 wt.% hmHA) were produced and crosslinked in small disks
(5 mm diameter, 2 mm height) as described above. Those constructs were weight directly after
preparation (time point 0 h) and incubated in 1 mL PBS for following time intervals: 30 min, 1 h,
2h,4h,6h,8h,24h,2d,4d,7d, 10d and 14 d. For intermediate weight measurements, gels
were removed from the culture plate, carefully drained from excess PBS, weight and subsequently

transferred to PBS again.

Quantitative GPC measurement: To determine the release of high molecular weight thickener
(hmHA) and low molecular weight thiolated hyaluronic (HA-SH) acid from the different
crosslinked hydrogels (3 wt.% and 10 wt.% gels +/-hmHA) the incubation buffer of ten hydrogel
specimens (each 40 uL) was pooled and freeze-dried after different timepoints using a pilot freeze
dryer (Epsilon 2-4 LSCplus, Martin Christ, Osterode/Harz, Germany). The obtained dried powder
was dissolved again in 1 mL of demineralized water and filtered through a syringe filter (0.45 um,
regenerated cellulose). The obtained samples were analyzed using a Shimadzu high performance
liquid chromatography system (Pump (LC-20AT) with autosampler (SIL-20AC) and a
photodiode array detector (SPD-M20A)) at a fixed wavelength A of 202 nm. For separation a GPC
column set was used consisting of two Viscotek A-Columns (A6000M, Malvern) for aqueous
GPC/SEC (300 mm x 8 mm, particle size = 13 pm) and a respective precolumn. A 0.05 M
KH>PO4 buffer at pH = 7.0 was used as eluent at an elution rate of 0.7 mL min™'. The obtained
peaks at high and low molecular weight were quantified with a calibration curve using pure high

molecular weight hyaluronic acid and the thiolated hyaluronic acid used for gel fabrication.

Analysis of FITC-labeled dextran diffusion: 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels
with and without additional 1 wt.% hmHA were prepared as described before (each 40 pL) and
incubated for 5 days in 1 mL PBS at 37 °C to allow the release of hmHA. Afterwards, PBS was
replaced by 1 mL 40 kDa FITC-dextran (1 mgmL™") or 500 kDa FITC-dextran (1 mg mL™")
solution and hydrogels were incubated for 24 h at 37 °C in the dark. Before analysis, the
constructs were washed in PBS and homogenized with a TissueLyser (Quiagen, Hilden,
Germany) for 5 min at 25 Hz. Fluorescence intensity was analyzed with a spectrofluorometer
(Infinite M200 Pro,Tecan, Crailsheim, Germany; Ex/Em 495nm/535nm) and quantification was
performed in relation to a 40 kDa or 500 kDa FITC-dextran standard curve.

Pore size analysis by cryo-SEM: 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels with
additional 1 wt.% hmHA were analyzed for their pore size with a cryo-scanning electron
microscope (cryo-SEM). Samples were rapidly frozen in slushed nitrogen at -210 °C after placing
them between aluminum plates (d = 3 mm) with a 2 mm notch for sample fixation. All following

transfer steps were performed at -140 °C with a EM VCT100 cryo-shuttle (Leica Microsystems).
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To generate a freshly fractured hydrogel surface, one of the aluminum plates was knocked off and
freeze etched for 15 min at -85 °C under high vacuum (< 1 x 10° mbar) in a Sputter Coater
machine (ACE 400, Leica Microsystems). Afterwards, samples were sputtered with 3 nm
platinum and transferred to the SEM chamber (Crossbeam 340, Zeiss). Images of the hydrogel

surface morphology were taken at -140 °C using an acceleration voltage of 2 kV.

Statistical Analysis: Data is represented by mean + standard deviation from three replicates, if not
otherwise mentioned. Statistic evaluation was performed with Graphpad Prism 5 software,
comparing multiple groups using oneway ANOV A with a Tukey post hoc test and multiple groups
at different time points using twoway ANOVA with a Bonferroni post hoc test. Comparison of
two groups was performed with a students t-test. Significant differences are marked as follows:

* (p < 0.05), ** (p < 0.01) and *** (p < 0.001).
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3.4. Results and discussion

3.4.1. Hydrogel formation

For hydrogel formation, thiol-modified hyaluronic acid (HA-SH) was crosslinked with allyl-
functional poly(glycidol) (P(AGE-co-G)) via UV light-initiated radical thiol-ene coupling in the
presence of the photoinitiator 12959, as described previously.!'4” (Figure 1.1a). 'H-NMR and GPC

a) Crosslinking mechanism
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Cast constructs e, | © Physicochemical characterization
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Figure 1.1: Hydrogel formation and work flow of the study. a) Chemical structure and crosslinking
mechanism of HA-SH and P(AGE-co-G). The photoinitiator Irgacure (12959) is activated by UV-light
(365 nm) and induces the covalent bond between the thiol-group of HA-SH (blue) and the allyl-group of
P(AGE-co-G) (red). b) Overall work flow of the study. All 3D constructs were made from hydrogels seeded
with MSCs, and chondrogenic differentiation was investigated after 21 days. At first, constructs made from
a concentration series of HA-SH/P(AGE-co-G) hydrogels (1 — 15 wt.%), which are non-printable as such,
were characterized biologically, mainly to verify the influence of polymer concentration on ECM
distribution. In the main part of the study, HA-SH/P(AGE-co-G) hydrogels were supplemented with high
molecular weight hyaluronic acid (hmHA), which enables PCL-supported 3D bioprinting. Hydrogels with
3 and 10 wt.% polymer concentration, either without or with hmHA (1 wt.%), were either cast or printed.
Here, for printing, a dispensing unit mimicking an extrusion-based printing process was used, which
facilitated the generation of constructs in the same geometry for both printed and cast groups to enable
comparability. Constructs were thoroughly characterized biologically and physicochemically.
Subsequently, as a proof-of-principle, the most favorable HA-SH/P(AGE-co-G) hydrogels (3 wt.%
+hmHA; completely homogeneous ECM distribution, high stiffness) were employed in PCL-supported 3D
bioprinting, and resulting constructs were biologically characterized.
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confirmed the expected degree of functionalization as well as the desired molecular weight of the
used polymers, to confirm an approximate 1:1 ratio of thiol and allyl groups (Figure 1.S1a-d, 3.7.
Supporting information). This hydrogel system was utilized as the basis for all experiments. The

overall work flow of the study is depicted in Figure I.1b.

3.4.2. Effect of polymer concentration in HA-SH/P(AGE-co-G) gels on ECM distribution

In order to examine the impact of polymer concentration in HA-SH/P(AGE-co-G) hydrogels on
chondrogenic differentiation of human bone marrow-derived MSCs, a concentration series was
performed. In a previous study using this hydrogel system, an overall polymer concentration of
10 wt.% was employed resulting in only pericellular ECM distribution.!"*”! Therefore, here we
used just one higher concentration for completeness, but focused on decreasing the total polymer
content. Thus, the investigated concentrations ranged from a total polymer content of 1 wt.% to
15 wt.% using equal amounts of HA-SH and P(AGE-co-G). Compositions below a polymer
content of 3 wt.% HA-SH/P(AGE-co-G) showed incomplete polymerization and were not usable
for long-term tissue culture. For this reason, in the following experiments hydrogels with
concentrations between 3 wt.% and 15 wt.% HA-SH/P(AGE-co-G) were employed, and MSCs
were cultured for 21 days under chondrogenic differentiation conditions within these hydrogels.
Live/dead staining showed good cell survival after hydrogel preparation at day 1 as well as after
21 days in chondrogenic culture with no distinct differences between the conditions (Figure 1.S2a,
3.7. Supporting information). All hydrogel formulations supported the formation of cartilage-
specific ECM by the encapsulated MSCs (Figure 1.2). Glycosaminoglycan (GAG) staining with
safranin O revealed that after 21 days of chondrogenic differentiation the produced GAGs were
located intra- and mainly pericellularly around the cells in 15 wt.% and 10 wt.% gels. In contrast,
with decreasing polymer content an improved GAG distribution was detected (Figure [.2a). In
images at day 1, serving as controls, due to staining of hyaluronic acid itself by safranin O,
increased background staining was observed with increasing polymer content; nevertheless, the
pericellular staining of newly produced GAG could clearly be distinguished. Similar distribution
patterns as found for GAG were also observed in the immunohistochemical (IHC) staining for
aggrecan. In hydrogels with a higher polymer content, aggrecan deposition was restricted to
pericellular regions, while especially in hydrogels with 3 wt.% polymer content, an improved
ECM distribution was observed, although still not completely throughout the hydrogel
(Figure 1.2b). Another important cartilage-specific ECM component, collagen type II, was found
to be located pericellularly irrespective of hydrogel concentration (Figure I.2¢). Control IHC
images at day 1 are shown in Figure 1.S2b and C (3.7. Supporting information). These findings
were in accordance with previous studies with different types of hydrogels, also demonstrating

156, 157]

better ECM distribution in hydrogels with lower polymer content. Biochemical

quantification of DNA, GAG and collagen content are shown in the Supporting information (3.7.,
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Figure 1.S2d-f). DNA quantification showed consistent slight cell proliferation in all approaches
during incubation without significant differences between varying hydrogel concentrations. All
constructs contained a markedly increased GAG and total collagen content at day 21 compared
to day 1, confirming in principle the chondrogenic differentiation observed histologically. At
day 21, the hydrogels with 3 wt.% polymer content had a slightly lower GAG content than the
other formulations, while the hydrogels with higher polymer content showed a comparably lower
total collagen content.

3% 5% 10% 15%
a) — g S— . o

SafraninO  d1

d21

b)

Aggrecan/Dapi

c)

Collagen Il/Dapi

Figure 1.2: Decreasing polymer concentration in HA-SH/P(AGE-co-G) hydrogels improved GAG and
aggrecan distribution. Histological and immunohistochemical staining for deposited ECM components in
3 wt.% - 15 wt.% HA-SH/P(AGE-co-G) hydrogels, seeded with 20.0 x 105 MSCs mL!, after 21 days of
chondrogenic differentiation. a) Longitudinal sections were stained for deposition of GAGs with safranin O
after 21 days. (Please note: In control images at day 1, increased background staining was observed with
increasing polymer content due to staining of hyaluronic acid itself by safranin O; nevertheless, the
pericellular staining of newly produced GAG could clearly be distinguished.) b) Immunohistochemical
staining for aggrecan (green), and c) for collagen type II (green) after 21 days. Nuclei (blue) were
counterstained with DAPI. Scale bars represent 100 um.
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3.4.3. Effect of HA-based bioink composition on the quality of 3D cast and printed

constructs after chondrogenic differentiation

3.4.3.1. Homogeneous ECM distribution in constructs with low polymer content and additional

hmHA

In order to prepare bioinks for PCL-supported 3D bioprinting, inks were supplemented with
unmodified high molecular weight hyaluronic acid (hmHA) as previously described.["*”) hmHA
increases the viscosity of the bioinks already at a relatively low concentration (1 wt.%), as
confirmed in rheological measurements (Figure [.S3, 3.7. Supporting information). In the
following, 3 wt.% gels, which were found to be beneficial for ECM distribution, and 10 wt.%
gels, both with and without additional hmHA, were compared. Extrusion bioprinting may affect

205-208] Therefore, in order to assess

cell viability and function and impair the biological outcome.!
the potential impact of the bioprinting process on chondrogenic differentiation, the different
formulations were cast and printed. For printing, a dispensing unit mimicking an extrusion-based
printing process was used. The bioinks (3 wt.% gels, which were found to be beneficial for ECM
distribution, and 10 wt.% gels, both with and without additional hmHA) were extruded through a
330 um nozzle at 1 bar and collected in a tube. Subsequently, bioinks were pipetted in glass
molds, as it was also done with inks in the casting approaches. Thereby, final gelation was
conducted in the same geometry for both printed and cast groups to enable comparability and
avoid impact of nutrient and oxygen supply in differently shaped constructs.2%% 2%

All approaches showed good cell survival on day 1 as well as after 21 days of chondrogenic
differentiation, irrespective of bioink processing (cast or print) or initial ink viscosity (+/- hmHA)
(Figure 1.S84, 3.7. Supporting information). Chondrogenic differentiation was demonstrated in all
approaches after 21 days by IHC staining of the main cartilage ECM components (Figure 1.3;
controls at day 1 in Figure [.S5, 3.7. Supporting information). Strikingly, IHC staining of
aggrecan and collagen type II revealed that, in strong contrast to all other groups, 3 wt.% gels
with additional 1 wt.% hmHA exhibited completely homogeneous matrix distribution, which was
observed on cross-sections throughout the whole constructs (Figure 1.3a,b and Figure 1.S6, 3.7.
Supporting information). A similar distribution pattern could also be seen for the fibrocartilage
marker collagen typel, although with decreased intensity (Figure [.3c). For 10 wt.%
HA-SH/P(AGE-co-G) hydrogels, either without or with hmHA, IHC staining for aggrecan and
collagen type Il and I again showed intra- and mainly pericellular matrix deposition (Figure I.3a-c
and Figure 1.S6; compare Figure 1.2). As observed before, 3 wt.% HA-SH/P(AGE-co-G)
hydrogels without hmHA showed broader aggrecan distribution, although not completely
throughout the hydrogel (Figurel.3a and Figure 1.S6, 3.7. Supporting information).
Histomorphometric analysis of aggrecan and collagen type II distribution (Figure 1.3d,e) further

underscored the immunohistochemical observations. 96 % of the total area in 3 wt.% +hmHA
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Figure 1.3: Homogeneous ECM distribution in 3D constructs with low polymer content and additional
hmHA. 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or without additional hmHA
(+/- hmHA) and seeded with MSCs, were either cast or printed. a-c) Immunohistochemical staining for
ECM components deposited by incorporated MSCs after 21 days of chondrogenic differentiation;
a) aggrecan, b) collagen type II, and c) collagen type I (all green). Nuclei (blue) were counterstained with
DAPI. Scale bars represent 100 pm. Histomorphometric analysis of d) aggrecan and ¢) collagen type II
distribution. Data are presented as means + standard deviation (n =4). Significant differences between
groups are marked as follows: * (p <0.05), ** (p <0.01) and *** (p <0.001). Stars (***) above bars of
groups with additional hmHA (+) indicate significant differences to the corresponding groups without
hmHA (-).
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gels was stained for aggrecan and 93 % for collagen type II, while the same gel formulation
without additional hmHA only showed ~50 % aggrecan and ~15 % collagen type Il staining.
10 wt.% gels +hmHA enabled only pericellular ECM deposition, resulting in stained area of
~15 % and below for both aggrecan and collagen type II. Notably, the strong differences between
the various hydrogel formulations with regard to ECM distribution were observed irrespective of
bioink processing, i.e. either cast or print. The completely homogeneous matrix distribution
within the bioinks consisting of 3 wt.% HA-SH/P(AGE-co-G) + hmHA was a distinct
improvement compared to previous studies also employing HA-SH/P(AGE-co-G),!'*7- 2!l but
showing only pericellular ECM. In contrast to constructs with only pericellular matrix
distribution, a homogeneous ECM distribution as observed in this study is regarded to likely
improve mechanical characteristics such as stiffness and to favor the development of the

constructs into a coherent tissue.[!47 157]

3.4.3.2. Biochemical quantification and gene expression analysis of ECM components

Biochemical quantification of ECM production and gene expression analysis were performed on
all constructs. These experiments enabled an assessment if the observed strong improvement in
ECM distribution in 3 wt.% +hmHA hydrogels was maybe due to an enhanced biological stimulus
elicited by the additional hmHA. Analysis of DNA content on day 21 showed no significant
differences among the different constructs (Figure 1.4a). Quantitative analysis of GAG and total
collagen content in the constructs confirmed chondrogenic differentiation after 21 days in all
approaches (Figure 1.4b,e) with distinct increase in produced matrix components compared to
day 1 (Figure 1.S7, 3.7. Supporting information). Interestingly, lower amounts of GAGs were
detected in 3 wt.% gels compared to 10 wt.% gels, particularly 3 wt.% +hmHA gels (cast and
printed) had a significantly lower GAG content than the corresponding 10 wt.% gels
(Figure 1.4b). To examine the total GAG production over 21 days, the culture supernatants were
collected at each media change and additionally analyzed. Cumulative GAG contents in the
supernatants were found to be increased in the 3 wt.% gels, as compared to the 10 wt.% gels, with
highest values for the 3 wt.% +hmHA gels (Figure I.4c). Adding GAG content in constructs and
respective supernatants showed no significant differences in total production between groups
(Figure 1.4d). These findings indicated higher GAG diffusion out of low concentrated constructs,
presumably due to the reported increasing pore size with decreasing polymer content.[!36 157
Collagen quantification in constructs as well as in the culture supernatants revealed no significant
differences between the conditions (Figure I.4e,f), with consequently also no differences in total
production (Figure 1.4g). Collagen fibers are larger than glycosaminoglycans (length of collagen:

2121 which were most likely

4-12 pm vs. aggrecan: 0.5-4 pm) and have an average positive charge,!
the reasons for the lower release from the negatively charged HA-based gels. In general,

quantification of the total production of glycosaminoglycans and collagens revealed no
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statistically significant differences between the conditions. Thus, neither gel concentration, the
addition of hmHA nor the bioink processing (cast or print) was observed to influence the total

production of ECM components (Figure 1.4d,g).
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Figure I.4: GAG and collagen production of MSCs cultured in HA-SH/P(AGE-co-G) hydrogels. 3 wt.%
and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either without or with additional hmHA (-/+ hmHA) and
seeded with MSCs, were either cast or printed. Quantitative analysis was performed after 21 days of
chondrogenic differentiation; data are presented as means + standard deviation (n=3). a) DNA in
constructs. b) GAG content in constructs, ¢) cumulative GAG amount in supernatant, d) total GAG
production; i.e., b+c=d. e) Collagen (COL) content in constructs, f) cumulative collagen amount in
supernatant, g) total collagen production; i.e., et+f=g. Significant differences between groups are marked as
follows: * (p < 0.05), ** (p <0.01) and *** (p <0.001).

Gene expression analysis by quantitative real-time PCR (QRT-PCR) was performed on d3, d7 and
d21 of chondrogenic culture and normalized to gene expression of MSCs before seeding into the
different hydrogels. Expression of the transcription factor SOX9, aggrecan (ACAN), collagen
type II (COL2A1), collagen type IX (COL9AL1), collagen type XI (COL11A1) and hyaluronan
and proteoglycan link protein 1 (HAPLN1) confirmed chondrogenic differentiation under all
conditions. In general, 10 wt.% gels had a higher SOX9 expression compared to 3 wt.% gels at
all time points, and a higher aggrecan expression at days 7 and 21, although the differences were
not always significant (Figure I.5a,b). Similarly, increased gene expression in hydrogels with
higher polymer content was also observed at day 21 for collagen type IX, HAPLNI1, and by trend
also for collagen type XI, proteins that contribute to the generation and maintenance of ECM
network stability and integrity (Figure 1.S8a-c, 3.7. Supporting information). Collagen type II
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expression increased strongly over time in all groups, with no clear differences between 3 wt.%
gels and 10 wt.% gels (Figure [.5¢). To analyze a potential ECM modulation or degradation,
which may have contributed to the detected homogeneous matrix distribution, gene expression of
several matrix-modulating enzymes was examined: hyaluronidases 1-3 (HYAL1, HYAL?2,
HYAL3), matrix metalloproteinase 2 (MMP2) and its opponents, the tissue inhibitors of
metalloproteinases 1-2 (TIMP1, TIMP2) (Figure 1.S8d-i. 3.7. Supporting information).

a) SOX9
15+ d3 d7 d21

relative expression

- +|- +[- +|- + hmHA
print|cast [print cast |print|cast | print

10%

cast [print|cast |print  cast
3%

b) ACAN d3 d7 d21
*%
300- —
. *****
c = kKK
S
[7]
2 200
Q.
X
(]
[
2 100-
k|
e

- +|- +|- +|- + hmHA
cast |print | cast | print

10%
c) COL2A1 d3 d7 d21
30000- = =

200004

10000+

relative expression

- +|- +|- +|- + hmHA
cast |print | cast | print

10%

Figure I.5: Chondrogenic gene expression of MSCs in HA-SH/P(AGE-co-G) hydrogels. 3 wt.% and
10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or without additional hmHA (+/- hmHA)) and seeded
with MSCs, were either cast or printed. Gene expression of MSCs was determined by qRT-PCR after 3, 7,
and 2 days of chondrogenic differentiation. Gene expression was normalized to GAPDH; the obtained
values were further normalized to expression of MSCs before seeding into the hydrogels at day 0. Data are
presented as means =+ standard deviation (n = 3). Significant differences between groups are marked as
follows: * (p <0.05), ** (p <0.01) and *** (p < 0.001). (a) Significantly different to corresponding value
of the same group at day 7 (at least p < 0.05), (b) significantly different to corresponding value of the same
group at day 21 (at least p < 0.05).

32



For all analyzed genes, no obvious general differences were observed when comparing respective
groups without or with hmHA, or when comparing corresponding cast or printed samples.
Enhanced gene expression in hydrogels with higher polymer content has been reported previously
for a different series of non-printed hydrogels and several possibly contributing factors have been
discussed.["*"T HA is a main component of the natural cartilage ECM and incorporated MSCs can
bind to HA via cell surface receptors such as CD44, which in turn can promote chondrogenic

differentiation.[?!3-213

I Hydrogels with higher HA content are, in principle, associated with a
greater probability of such receptor-mediated interaction with the material. Furthermore,
microenvironmental stiffness is supposed to influence the differentiation fate of MSCs.[?!®! In the
present study, the initial Young’s modulus after crosslinking of 10 wt.% HA-SH/P(AGE-co-G)
constructs was around 40-fold higher than the Young’s modulus of 3 wt.% HA-SH/P(AGE-co-G)
constructs (Figure 1.6a), which may have favored chondrogenic gene expression. Alternatively,
in high concentrated hydrogels the strong ECM accumulation closely around the cells may
increase cell-ECM interaction sites and may generate a chondrogenesis-supportive
microenvironment.!57)

The observed enhanced expression of chondrogenic genes in hydrogels with higher polymer
concentration (Figure 1.5) did not correlate with the production of the main ECM components,
(Figure 1.4), as also reported previously.[”! With regard to the bioinks with additionally
incorporated hmHA, an improved chondrogenic response may have been assumed due to possibly
enhanced HA receptor-mediated interaction with the material. However, importantly, the
biochemical quantitative assays and qRT-PCR analysis showed neither an enhanced ECM
production (Figure I.4) nor enhanced expression of chondrogenic or ECM-related genes
(Figures 1.5 and 1.S8, 3.7. Supporting information). Thus, they did not provide an explanation for
the strikingly improved ECM distribution in the low concentrated bioinks with additional hmHA

(Figures 1.3 and 1.S6, 3.7. Supporting information).

3.4.3.3. Correlation of ECM distribution with construct stiffness after chondrogenic
differentiation

As an important mechanical feature for engineered cartilage, the Young’s modulus was assessed
after construct preparation as well as after 21 days of chondrogenic differentiation. 3 wt.% gels
appeared very weak after preparation on day 1 (0.30 kPa for 3 wt.% without additional hmHA
and 0.26 kPa for 3 wt.% + 1 wt.% hmHA) compared to 10 wt.% gels, which showed an initial
Young’s modulus of 10.9 kPa. After 21 days of chondrogenic differentiation, both 10 wt.%
systems had a Young’s modulus of around 28 kPa, while the 3 wt.% gels appeared considerably
stiffer with 36.9 kPa for 3 wt.% -hmHA and 45.4 kPa for 3 wt.% +hmHA gels (Figure 1.6a). This

represented an increase in Young’s modulus of ~123-fold for 3 wt.% -hmHA and ~175-fold for
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3 wt.% +hmHA constructs, while 10 wt.% gels only increased their stiffness 2.5-fold during

maturation (Figure 1.6b).
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Figure 1.6: Bioink composition affected construct stiffness after chondrogenic differentiation. Analysis of
Young’s modulus of MSC-laden 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or
without additional hmHA (+/- hmHA). a) Young’s modulus of constructs on day 1 and after 21 days of
chondrogenic differentiation, and b) the fold-change in Young’s modulus over time. Data are presented as
means * standard deviation (n=3). Significant differences are marked as follows: * (p <0.05),
** (p<0.01) and *** (p<0.001). Stars (***) above bars of groups at day 21 indicate significant
differences to the corresponding values of the same group at day 1.

Interestingly, lower GAG and similar collagen amounts were detected for the 3 wt.% gels
(Figure 1.4), however, the Young’s modulus and especially the increase of Young’s modulus after
chondrogenic differentiation was distinctly higher for the 3 wt.% gels, as compared with the
10 wt.% gels (Figure 1.6). Yet, this is no contradiction and very plausible when considering the
distinct differences in ECM distribution between the low and high concentrated gels (Figures 1.3
and 1.S6, 3.7. Supporting information), and further highlights that a homogenecous ECM

(157110 wt.% gels are more

distribution likely is more important for higher construct stiffness.
densely crosslinked networks with a higher initial stiffness, while 3 wt.% gels are more loosely
crosslinked and initially distinctly softer due to their lower polymer content. Upon chondrogenic
differentiation, pericellular ECM distribution in 10 wt.% gels only facilitated a comparably small
increase in Young’s modulus. In contrast, in 3 wt.% gels the more even ECM distribution
throughout the constructs likely contributed to a strong increase in construct stiffness, with the
most pronounced increase in 3 wt.% +hmHA gels, since the produced macromolecules can

interact with and bind to each other throughout the gels, which is far less possible for ECM

deposited mainly pericellularly.

3.4.3.4. Increased release of unbound hmHA from low concentrated hydrogels

The assumed different structure of the hydrogels was confirmed by cryo-scanning electron

microscopy (SEM) showing larger pores in the 3 wt.% + hmHA than in the 10 wt.% +hmHA gels

(Figure 1.S9a, 3.7. Supporting information), likely favoring an increased diffusion throughout the

hydrogels. To further examine hydrogel properties, gel swelling studies were performed with

cylindrical hydrogels without cells over two weeks in PBS (Figure I.S9b, 3.7. Supporting

information). 10 wt.% gels strongly swelled within the first two hours in PBS up to approx. 190 %
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of the initial gel weight and reached a swelling equilibrium after two days at approx. 150 %, with
slightly higher values in the composition with additional hmHA. In contrast, 3 wt.% gels showed
just minor wet weight changes. The gels also reached their maximum weight after two hours at
approx. 125 % and the equilibrium state after two days. Interestingly, 3 wt.% constructs with
additional hmHA nearly reached volume stability with approx. 94 % of the initial gel weight in
the equilibrium state. These results furthermore excluded the possibility that the different pore
sizes detected by cryo-SEM might have been due to a higher swelling of the 3 wt.% gels.

The observed difference in pore size was assumed to influence also the diffusion behavior of
unmodified hmHA. Therefore, 3 wt.% and 10 wt.% gels with and without additional 1 wt.%
hmHA were incubated in PBS over 21 days and the collected supernatant was analyzed by

quantitative gel permeation chromatography (GPC) for hmHA release (Figure 1.7a).
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Figure 1.7: Release of unmodified hmHA was dependent on overall polymer concentration. Analysis of
release of a) unmodified high molecular hyaluronic acid (hmHA) and b) non-crosslinked HA-SH (= sol
fraction) from 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or without additional
hmHA (+/- hmHA). GPC measurements of concentrated gel supernatants were performed in a HPLC
machine to determine hmHA (a) and HA-SH (b) release from gels without cells incubated for 21 days in
PBS. Values are depicted in percent and are related to the total amount of each component per gel.
c) Diffusion in hydrogels after release of hmHA. Analysis of diffusion of FITC-labeled dextrans (40 and
500 kDa) into 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or without additional
hmHA (+/- hmHA). Hydrogels were incubated for 5 days in PBS before adding the FITC-dextran solution
(1 mg ml! each) for 24 h. Data are presented as means + standard deviation (n = 3). Significant differences
are marked as follows: * (p <0.05), ** (p<0.01) and *** (p <0.001). (a) Significantly different to
corresponding value of the same group incubated in 500 kDa FITC-dextran solution (both with p < 0.001).

10 wt.% +hmHA gels allowed a cumulative release of only 4.5 % hmHA of the total quantity of
0.4 mg hmHA per construct over 21 days (i.e. 0.018 mg). In contrast, 3 wt.% +hmHA gels

enabling better diffusion led to a strong burst release within the first two days and a strongly
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increased total release of 39 % of the originally incorporated hmHA (i.e. 0.155 mg). Release of
low molecular HA-SH, which was not covalently bound during gelation, was also analyzed from
the same gel supernatants. Compared to the total amounts of HA-SH in the different gel types
(0.6 mg HA-SH for 3 wt.% gels and 2 mg for 10 wt.% gels), only minor amounts were released
from the gels. The study revealed consistently approx. 6.5% HA-SH release out of constructs with
additional hmHA and approx. 8 % HA-SH release out of those without additional hmHA,
irrespective of the overall gel concentration (Figure 1.7b). These results indicated an equal extent
of crosslinking in both gel concentrations. Furthermore, it could be concluded that the diffusion
and release of small components like the non-crosslinked HA-SH (35.5 kDa) was not influenced
by the different pore sizes. In contrast, the unmodified HA with high molecular weight (hmHA,
1100 kDa) was impaired to be released from densely crosslinked 10 wt.% gels, while 3 wt.% gels
enabled a release of considerable amounts.

To further examine the diffusion through the different hydrogels after the above observed release
of hmHA, fluorescein isothiocyanate (FITC)-labeled dextrans (40 and 500 kDa) were used.
3 wt.% and 10 wt.% hydrogels with and without additional 1 wt.% hmHA were incubated for
5 days in PBS, as this was the necessary time period for hmHA to be released from the low-
concentrated constructs (see Figure 1.7a). Subsequently, the gels were transferred to the different
FITC-labeled dextran solutions (1 mg mL ") and incubated for 24 h before analysis (Figure 1.7¢).
Quantification in the hydrogels revealed an increased amount of FITC-dextrans in the 3 wt.% gels
compared to the corresponding higher concentrated gels, irrespective of dextran molecular
weight. Furthermore, 3 wt.% gels +hmHA allowed for significantly more FITC-dextran
penetration than 3 wt.% gels without hmHA also for both FITC-dextran solutions (Figure 1.7¢).

Taken together, reducing the polymer concentration in HA-SH/P(AGE-co-G) hydrogels
improved GAG and aggrecan distribution within the constructs (Figure 1.2). Most importantly,
completely homogenous ECM distribution was achieved in 3 wt.% HA-SH/P(AGE-co-G)
constructs with the addition of 1 wt.% hmHA (Figure 1.3 and Figure 1.S6, 3.7. Supporting
information). Cryo-SEM images showed distinctly larger pores for 3 wt.% HA-SH/P(AGE-co-G)
+hmHA as compared to corresponding higher concentrated constructs (Figure 1.S9a). The
substantial release of almost 40 % hmHA out of 3 wt.% HA-SH/P(AGE-co-G) gels within 5 days,
as revealed by quantitative GPC measurement (Figure 1.7a), likely created even more space in the
constructs. This hypothesis was further supported by significantly increased FITC-dextran
diffusion (40 kDa and 500 kDa) into the 3 wt.% +hmHA gel compared to the 3 wt.% gel without
additional hmHA (Figure I.7c). Thus, increased porosity in 3 wt.% bioinks +hmHA likely
contributed to the improved distribution of cartilage-specific ECM during chondrogenic

differentiation, as compared to corresponding bioinks without additional hmHA.

36



3.4.4. 3D PCL-supported bioprinting of 3 wt.% HA-SH/P(AGE-co-G) + 1 wt.% hmHA

as a proof of principle

So far, all differentiation studies of cast and printed gels were performed with constructs of the
same cylindrical geometry to uncouple potential effects of the printing process from effects of
altered medium diffusion or different surface-to-volume ratios associated with differently shaped
constructs. These experiments were enabled by the use of a Vieweg DC200 dispenser, which
closely simulated the printing process, and no adverse impact of the printing process on cell
survival, gene expression, ECM production or distribution was detected (Figure 1.3, 1.4 and L.5).
As a next step, in a proof-of-principle experiment, poly(e-caprolactone) (PCL)-supported 3D
constructs in two different geometries were double-printed using a 3D Discovery robotic
dispensing system (RegenHU). The addition of hmHA does not render the bioinks printable into
stand-alone constructs, however, the viscosity increase by hmHA (Figure 1.S3, 3.7. Supporting
information) enables PCL-supported 3D bioprinting, as previously described for high-
concentrated (10 wt.%) bioinks,!'*”) and confirmed here as a proof-of-principle even for low-
concentrated (3 wt.%) bioinks. This well-accepted approach combines beneficial materials for
cartilage biofabrication: the bioactive hydrogel enables chondrogenic differentiation of MSCs,
while PCL strands support hydrogel shape fidelity during 3D printing and additionally can
increase construct stiffness, possibly beneficial for this load-bearing tissue.['47- 161:217:218] Here, the
most favorable bioink consisting of 3 wt.% HA-SH/P(AGE-co-G) + 1 wt.% hmHA and 20 x 10°
MSCs mL"! was prepared and printed in the designated cavities of circular-shaped and
rectangular-shaped PCL scaffolds (Figure 1.8a). Live/dead staining of constructs at day 1 showed
good cell survival after printing (Figure 1.8b). An increase in dead cells observed at some border
regions of the constructs may resulted from partial drying out during the printing process and the
subsequent irradiation time. DNA content increased over 21 days of culture time (Figure 1.8c),
and MSCs were demonstrated to differentiate and deposit substantial amounts of cartilage-
specific matrix components within the constructs (Figure 1.8d,e). Importantly, as observed for the
printed bioinks of the same composition in the cylindrical geometry (Figure 1.3), the produced
ECM after 21 days was again found to be homogeneously distributed throughout the whole
constructs. This was shown for GAG staining with safranin O, and IHC staining for aggrecan,
collagen type II, and, with weaker staining intensity, the fibrocartilage marker collagen type I
(Figure 1.8f-1).

147 and utilized here,

Overall, besides enabling PCL-supported 3D printing as previously shown!
the addition of 1 wt.% unmodified hmHA in 3 wt.% HA-SH/P(AGE-co-G) bioinks was revealed
to facilitate not only substantial MSC differentiation, but strikingly a homogenecous ECM
distribution throughout the constructs (Figure 1.3, 1.8 and 1.S6), likely due to a distinctly enhanced

release of hmHA from the low concentrated hydrogels (Figure 1.7).
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Figure 1.8: Homogeneous ECM distribution in 3D bioprinted PCL-supported constructs after chondrogenic
differentiation of MSCs. a) Overview and b) live/dead staining of circular and rectangular shaped PCL
scaffolds with embedded cell-laden 3 wt.% HA-SH/P(AGE-co-G) + 1 wt.% hmHA bioink. Living cells
were labeled with calcein-AM and appear in green, dead cells were stained red by EthD-III. Scale bars
represent 1000 um. Quantitative analysis of ¢) DNA, d) glycosaminoglycan (GAG) and e) collagen content
at day 1 and day 21 of chondrogenic differentiation. Data are presented as means + standard deviation
(n=3); (values of the rectangular scaffold are depicted but are representative for both structures).
Significant differences between values at day 1 and 21 are marked as follows: * (p < 0.05), ** (p <0.01)
and *** (p <0.001). f) Histological staining for deposition of GAG with safranin O after 21 days.
g) Immunohistochemical staining for aggrecan (green), h) collagen type II, and i) collagen type I (green)
after 21 days. Nuclei (blue) were counterstained with DAPI. Scale bars represent 100 um.

In general, biofabrication studies using higher polymer contents and stiffer hydrogel networks for
3D printing have resulted in limited cell growth, differentiation, and ECM distribution.!®® To

overcome the biological limitations and simultaneously improve mechanical properties for 3D
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2 silica nanoparticles,?”) or other thermoplastic

printing, researchers have used cellulose fibers,!
structures as hydrogel additives.??!! Alternatively, PCL strands have been used as support
structures!'4” 218 2221 facilitating the use of less stiff hydrogels. A similar approach was also
successfully employed in this study. Notably, the favorable outcome associated with the newly
developed bioink (3 wt.% HA-SH/P(AGE-co-G) + 1 wt.% hmHA), including the completely
homogeneous ECM distribution after 21 days of chondrogenic differentiation, could be

demonstrated irrespective of the printing process or construct geometry.

3.5. Conclusion

In summary, this study demonstrated distinct modulation of 3D cell-hydrogel construct quality
by HA-based bioink compositions. The distribution of cartilaginous ECM in
HA-SH/P(AGE-co-G) bioinks with low polymer content was strongly improved by
supplementation with hmHA, a component of the bioinks that was initially added to enable
PCL-supported 3D bioprinting. The development of homogenecous ECM deposited by
chondrogenically differentiated MSCs was demonstrated to be independent of the bioprinting
process. Furthermore, the most favorable hydrogels also led to increased construct stiffness after
chondrogenic culture. Taken together, these constructs combine PCL-supported 3D printability
with homogeneous ECM distribution and increased stiffness after chondrogenic differentiation
and, therefore, represent a promising perspective cartilage regeneration. Using the bioinks
developed here, future strategies should explicitly include the evaluation of the PCL support
structures with regard to further improvement of the mechanical characteristics such as construct
stiffness. Moreover, in future studies the possible dual function of a bioink supplement that both
enables PCL-supported bioprinting and improves the quality of the developing 3D constructs may
be investigated also for other bioinks and additive components. Beyond PCL-supported printing,
this strategy may be further explored also for printable bioinks that do not require mechanical

support structures and utilized in other applications in biofabrication.
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3.7. Supporting information
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Figure 1.S1: Polymer characterization of hydrogel components HA-SH and P(AGE-co-G). a) GPC and
¢) NMR analysis of HA-SH and b) GPC and d) NMR analysis of P(AGE-co-G) was used to confirm the

exact molecular weight as well as the degree of substitution of the used polymers for covalently crosslinked
hydrogels.
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Figure 1.S2: Viability and chondrogenic differentiation of MSC in differently concentrated
HA-SH/P(AGE-co-G) hydrogels. (Complementary to Figure 1.2). a) Viability of MSC was assessed in
3 wt.% - 15 wt.% HA-SH/P(AGE-co-G) hydrogels using a live/dead assay on day 1 and after 21 days of
chondrogenic differentiation. Living cells were labeled with calcein-AM and appear in green, dead cells
were stained red by EthD-III. Scale bars represent 100 pm. Immunohistochemical staining for b) aggrecan
and c) collagen type II at day 1 with negligible ECM deposition served as controls for ECM deposition
after chondrogenic differentiation (see Figure I.1b and ¢ for immunohistochemical staining at day 21).
Nuclei (blue) were counterstained with DAPI. Scale bars represent 100 um. d-f) Quantitative analysis of
DNA, GAG and collagen content was performed on day 1 and after 21 days of chondrogenic
differentiation, data are presented as means =+ standard deviation (n = 3). d) DNA, ¢) GAG, and f) collagen
content in constructs. Significant differences between groups are marked as follows: * (p <0.05),
** (p<0.01) and *** (p<0.001). Stars (***) above bars of groups at day 21 indicate significant
differences to the corresponding values of the same group at day 1.
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Figure 1.S3: Rheological characterization of the used HA-SH/P(AGE-co-G) precursor solutions +/- hmHA
and the hmHA. Addition of 1 wt.% hmHA to the 3 wt.% as well as 10 wt.% precursor solution increased
viscosity significantly and introduced a shear-thinning behavior to allow for PCL-supported bioprinting
with the used printer setup.
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Figure 1.S4: Viability of MSCs in HA-SH/P(AGE-co-G) hydrogels +/- hmHA. 3 wt.% and 10 wt.%
HA-SH/P(AGE-co-G) hydrogels, either without or with additional hmHA (+/- hmHA) and seeded with
MSCs, were either cast or printed. Viability was assessed using a live/dead assay on day 1 and after 21 days
of chondrogenic differentiation. Living cells were labeled with calcein-AM and appear in green, dead cells
were stained red by EthD-III. Scale bars represent 100 pm.
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Figure I.S5: Immunohistochemical staining for ECM components at day 1 in HA-SH/P(AGE-co-G)
hydrogels +/- hmHA. 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or without
additional hmHA (+/- hmHA) and seeded with MSCs, were either cast or printed. Immunohistochemical
staining at day 1 with negligible ECM deposition served as controls (see Figurel.3 for
immunohistochemical staining at day 21). a) aggrecan, b) collagen type II, and c) collagen type I (all
green). Nuclei (blue) were counterstained with DAPI. Scale bars represent 100 pm.
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Figure 1.S6: Homogeneous ECM distribution in 3D constructs with low polymer content and additional
hmHA. 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or without additional 1 wt.%
hmHA (+/- hmHA) and seeded with MSCs, were cast or printed. ECM components a) aggrecan and
b) collagen type II, which were deposited by incorporated MSCs after 21 days of chondrogenic
differentiation, were immunohistochemically stained (green). White arrows exemplarily indicate ECM
intra- and mainly pericellularly distributed around the cells, while red arrows mark ECM distribution within
the gels. Nuclei (blue) were counterstained with DAPI. Scale bars represent 50 pm.
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Figure 1.S7: GAG and collagen content in HA-SH/P(AGE-co-G) hydrogels +/- hmHA. 3 wt.% and 10 wt.%
HA-SH/P(AGE-co-G) hydrogels, either with or without additional hmHA (+/- hmHA) and seeded with
MSCs, were either cast or printed. Quantitative analysis was performed on day 1 and after 21 days of
chondrogenic differentiation, data are presented as means + standard deviation (n=3). a) GAG and
b) collagen content in constructs. (Values at day 21 are also depicted in Figure 1.4b and e). Significant
differences of values at day 21 to values at day 1 are marked as follows: * (p <0.05), ** (p <0.01) and
**% (p <0.001).
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Figure 1.S8. Chondrogenic gene expression of MSCs in HA-SH/P(AGE-co-G) hydrogels +/- hmHA.
(Complementary to Figure I.5). 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) hydrogels, either with or
without additional hmHA (+/- hmHA) and seeded with MSCs, were cast or printed. Gene expression of
MSCs was determined by qRT-PCR after 3, 7, and 21 days of chondrogenic differentiation. Gene
expression was normalized to GAPDH; the obtained values were further normalized to expression of MSCs
before seeding into the hydrogels at day 0. Data are presented as means + standard deviation (n = 3).
Significant differences between groups are marked as follows: * (p <0.05), **(p<0.01) and
*#% (p <0.001). (a) Significantly different to corresponding value of the same group at day 7 (at least
p <0.05), (b) significantly different to corresponding value of the same group at day 21 (at least p < 0.05).
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Figure 1.S9: Pore structure and swelling behavior of HA-SH/P(AGE-co-G) hydrogels. a) Visualization of
pore structure of 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) +1 wt.% hmHA hydrogels by cryo-SEM.
Scale bars represent 1 um. b) Swelling analysis of 3 wt.% and 10 wt.% HA-SH/P(AGE-co-G) +/- 1 wt.%
hmHA hydrogels over 2 weeks. Bars represent deviation from the original wet weight (=100%). Data are
presented as means + standard deviation (n = 3). Significant differences between groups are marked as
follows: * (p < 0.05), ** (p <0.01) and *** (p <0.001). (a) Significantly different to corresponding value
of 10 wt.% hydrogel at the same time point, with p <0.001.
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Table 1.S1: Primer sequences for qRT-PCR.

Primer Sequence
1 | ACAN forward 5’-TACGACGCCATCTGCTACAC-3’
2 | ACAN reverse 5’-GACGGTGATGTCCTCCTCAC-3’
3 | COL2A1 forward 5’-CTGTCCTTCGGTGTCAGGG-3’
4 | COL2AI reverse 5’-CAGACACAGATCCGGCAGG-3’
5 | COL9A1 forward 5’-GCTACATTGCAGGTGGCTTAC-3’
6 | COL9A1 reverse 5’-GCTTCCAGTCATTCGAAACGTC-3’
7 | COL11A1 forward 5’-ACACTGGAAAACCTGCCCC-3°
8 | COL11AI reverse 5’-CACAGTTTTCTTCTCCACGCTG-3’
9 | GAPDH forward 5’-GGAAGGTGAAGGTCGGAGTC-3’
10 | GAPDH reverse 5’-AGTTGAGGTCAATGAAGGGGTC-3’
11 | HAPLNI1 forward 5’-CATCCAAGCAGAAAATGGCCC-3’
12 | HAPLNI reverse 5’-GCAGTGTAACATTGCCACCTC-3’
13 | HYAL1 forward 5’-GTGCTGCCCTATGTCCAGAT-3’
14 | HYALI reverse 5’-GTATTTTCCCAGCTCACCCAGA-3’
15 | HYAL2 forward 5’-CCATGCACTCCCAGTCTACG-3’
16 | HYAL2 reverse 5’-CCAGAGGATGACACCAGCTG-3’
17 | HYALS3 forward 5’-CCTTTGTCCGACATCGCCT-3’
18 | HYALS3 reverse 5’-ACTGCACAAGGTCATCCTGG-3’
19 | MMP2 forward 5’-GAAGGATGGCAAGTACGGCT-3’
20 | MMP2 reverse 5’-GCGGAATGGAAACTTGCAGG-3’
21 | SOX9 forward 5’-GGGCAAGCTCTGGAGACTTC-3’
22 | SOX9 reverse 5’-AATCCGGGTGGTCCTTCTTG-3’
23 | TIMP1 forward 5’-CATCCTGTTGTTGCTGTGGC-3’
24 | TIMP1 reverse 5’-AACTTGGCCCTGATGACGAG-3’
25 | TIMP2 forward 5’-TGGACGTTGGAGGAAAGAAGG-3’
26 | TIMP2 reverse 5’-AGGGCACGATGAAGTCACAG-3’
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4. Chapter II — Bioink Platform Utilizing Dual-stage
Crosslinking of Hyaluronic Acid Tailored for
Chondrogenic Differentiation of Mesenchymal Stromal

Cells
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A versatile bioink platform based on hyaluronic acid is designed for cartilage biofabrication. The
novel dual-stage crosslinking approach allows adjustment of bioink 3D printability and material
properties of the final constructs. Selected bioink compositions are used for long-term cell culture
and support differentiation of human mesenchymal stromal cells (MSCs) and the distribution of

newly produced extracellular matrix (ECM).
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4.1. Abstract

3D bioprinting often involves application of highly concentrated polymeric bioinks to enable
fabrication of stable cell-hydrogel constructs, although poor cell survival, compromised stem cell
differentiation, and an inhomogeneous distribution of newly produced extracellular matrix (ECM)
is frequently observed. Therefore, this study presents a bioink platform utilizing a new versatile
dual-stage crosslinking approach based on thiolated hyaluronic acid (HA-SH), which not only
provides stand-alone 3D printability, but also facilitates effective chondrogenic differentiation of
mesenchymal stromal cells (MSCs). A range of HA-SH with different molecular weights is
synthesized and crosslinked with acrylated (PEG-diacryl) and allylated (PEG-diallyl)
polyethylene glycol in a two-step reaction scheme. The initial Michael addition is used to achieve
ink printability, followed by UV-mediated thiol-ene reaction to stabilize the printed bioink for
long-term cell culture. Bioinks with high molecular weight HA-SH (> 200 kDa) require
comparably low polymer content to facilitate bioprinting. This leads to superior quality of
cartilaginous constructs which possess a coherent ECM and a strongly increased stiffness of
long-term cultured constructs. The dual-stage system may serve as an example to design platforms
utilizing two independent crosslinking reactions at one functional group, which allows to adjust

printability as well as material and biological properties of bioinks.

4.2. Introduction

In recent years, biofabrication evolved as a promising and fast-growing field for applications in
general life sciences as well as in regenerative medicine. Cell-compatible 3D fabrication methods
such as bioprinting are used for precise patterning of bioinks consisting of living cells and
bioactive hydrogel materials. Therefore, a special interest of the field focuses on hydrogels which
combine cell-supportive properties with adequate 3D printability.[%% 2242271 To facilitate the
generation of 3D printed constructs with sufficient shape fidelity, frequently highly concentrated

68, 226 However, the resulting high

polymeric hydrogels are used as cell supportive matrices.!
network density and material stiffness can negatively affect cell bioactivity and the homogeneous
distribution of newly produced extracellular matrix (ECM).[%% 22l Ag an alternative approach to
increased shape fidelity, thermoplastic polymers such as poly(e-caprolactone) may be used as
support structures for very weak hydrogels to achieve mechanically more robust composite
constructs. However, the necessity of integrating these thermoplastic materials reduces the
degrees of freedom in the design of an application and can distinctly impair the development of a

t.2261 Thus, a major challenge of the field is the development

coherent tissue within the construc
of hydrogels that can be applied in low polymer concentrations providing favorable conditions
for the incorporated cells, but can also be adequately 3D printed into constructs without further

support structures.®322¢]
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For biofabrication of cartilage, hyaluronic acid (HA) represents an attractive basis for a suitable
hydrogel since it is one of the major components of the extracellular matrix in human articular
cartilage.[ 1522281 [n previous non-printed approaches of HA hydrogels for cartilage engineering,
ECM deposition with only limited spatial distribution depended mainly on hydrogel network

(156, 157, 194-196] Reduction of the polymer concentration has led to an improved ECM

density.
distribution, 3¢ 157- 1961 byt this has yet to be transferred to printable systems. For 3D bioprinted
constructs, several differently modified HA-based bioinks were utilized that were not stand-alone
printable and needed an additional support structure for construct stabilization.!'4- 188, 229, 230]
However, flexible stand-alone HA hydrogel systems which show a high initial shape stability
after printing as well as favorable conditions with regard to viability of mesenchymal stromal
cells (MSC) and long-term chondrogenic differentiation are still rare. Recent publications
confirmed the general interest in such HA bioinks for MSC culture and demonstrated printability.
However, biological characterization mostly did not exceed visual demonstration of cell

(228, 231, 2321 A promising approach to enable support-free bioprinting appears to be

viability.
dual-stage crosslinking of HA, as it provides an extrudable ink after a first weak or reversible
crosslinking step and terminal construct stability after final crosslinking. Similar approaches have

[233

already been studied also for hydrogels used for wound closure applications.*** In previous

studies attempting dual-stage crosslinking of bioinks, printability has been achieved via thermo

234]

reversible gelation,!>*¥ reversible guest-host assembly,***! or weak enzymatic pre-crosslinking of

1921 each followed by a final crosslinking step via UV or visible light

attached tyrosine units,
irradiation to guarantee the required network stability for cell culture. Again, these approaches
presented printable materials, but lacked extended biological characterizations, as they analyzed
only short-term viability of embedded cells.

Therefore, in this study we aimed to develop a new versatile HA bioink platform based on a
dual-stage crosslinking approach, which provides not only stand-alone 3D printability after the
first crosslinking step, but also favorable conditions after terminal crosslinking for long-term
chondrogenic differentiation of MSCs, with a focus on the distribution of newly produced ECM.
A range of thiolated HA (HA-SH) with different molecular weights was synthesized and
crosslinking was achieved in two stages, utilizing adjustable amounts of polyethylene
glycol-diacrylate (PEG-diacryl) for pre-crosslinking and polyethylene glycol-diallyl carbamate
(PEG-diallyl) for thiol-ene mediated post-crosslinking after 3D printing. In general, a distinctly
lower total polymer content was needed for the more viscous high molecular weight HA-SH
(> 200 kDa), to achieve an optimal 3D printability of the inks, as compared to low molecular
weight HA-SH (ca. 50 kDa). In long-term cell culture over 21 days, MSCs were demonstrated to
differentiate chondrogenically in all bioprinted constructs. Bioinks with 51 kDa HA-SH required
a high polymer content for good printability but resulted in only pericellular ECM distribution

and overall weak mechanical properties of the final constructs after chondrogenic differentiation.
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In contrast, constructs made from 230 kDa and 410 kDa HA-SH, needing only a low polymer
content for 3D printing, exhibited higher GAG and collagen contents, a homogeneous ECM
distribution throughout the constructs and strongly improved stiffness after chondrogenic
differentiation. The study contributes to effective bioink development leading to improved

biological properties of bioprinted constructs.

4.3. Experimental section

4.3.1. Materials

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) if not stated differently.
Acryloyl chloride stabilized with phenothiazine (abcr GmbH, Karlsruhe, Germany),
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide HC1 (EDC, Biosynth CarboSynth, Compton,
UK), 1,4-dithiothreitol (DTT, Biosynth CarboSynth, Compton, UK), 2-hydroxy-1-[4-
(hydroxyethoxy)-phenyl]-2-methyl-1-propanone (I12959; BASF, Ludwigshafen, Germany),
4-(dimethylamino)benzaldehyde (DAB; Carl Roth, Karlsruhe, Germany), basic fibroblast growth
factor (bFGF; BioLegend, London, UK), chloroform-d'! (Eurisotope, St-Aubin Cedex, France),
DAPI mounting medium ImmunoSelect® (Dako, Hamburg, Germany), deuterium oxide (Deutero
GmbH, Kastellaun, Germany), regenerated cellulose dialysis tubes MWCO 3500 Da (Carl Roth,
Karlsruhe, Germany), diethylether (Chemobar University of Wiirzburg, Wiirzburg, Germany),
dimethyl-3,3'-dithiodipropionate (TCI Chemical Industry Co. Ltd., Tokyo, Japan), di-potassium
hydrogen phosphate (Merck KGaA, Darmstadt, Germany), di-sodium hydrogen phosphate
(Merck KGaA, Darmstadt, Germany), Dulbecco’s Modified Eagle’s Medium high glucose
45 gL' (DMEM; Thermo Scientific, Waltham, MA, USA), Dulbecco's Modified Eagle's
Medium/Ham's F-12 (DMEM/F12; Thermo Scientific, Waltham, MA, USA), ethanol (99 %, TH
Geyer, Renningen, Germany), fetal calf serum (FCS; Thermo Scientific, Waltham, MA, USA),
formaldehyde (37 %, Carl Roth, Karlsruhe, Germany), hyaluronic acid sodium salt (Mw
1 -2 MDa; 0.2 - 0.5 MDa; 0.08 - 0.1 MDa; Biosynth CarboSynth, Compton, UK), hydrochloric
acid (HCI; 32 %, 37 %, Merck KGaA, Darmstadt, Germany), isopropanol (VWR, Radnor, PA,
USA), ITS+ premix (Corning, New York, NY, USA), L-hydroxyprolin (Merck KGaA, Darmstadt,
Germany), live/dead cell staining kit (PromoKine, Heidelberg, Germany), methanol (Fisher
Scientific, Schwerte, Germany), N-hydroxysuccinimide (NHS, Biosynth CarboSynth, Compton,
UK), papain (Worthington, Lakewood, CA, USA), penicillin-streptomycin (PS; 100 U mL™!
penicillin, 0.1 mg mL! streptomycin; Thermo Scientific, Waltham, MA, USA), perchloric acid
(60 %, Merck KGaA, Darmstadt, Germany), phosphate-buffered saline (PBS; Life Technologies,
Carlsbad, CA, USA), potassium dihydrogen phosphate (Merck KGaA, Darmstadt, Germany),
Proteinase K (Digest-All 4, Life Technologies, Carlsbad, CA, USA), sodium hydrogen carbonate
(Merck KGaA, Darmstadt, Germany), sodium hydroxide (Merck KGaA, Darmstadt, Germany),
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Tissue Tek® O.C.T. (Sakura Finetek, Tokyo, Japan), toluene (Fisher Scientific, Schwerte,
Germany), transforming growth factor Bl (TGF-B1; BioLegend, London, UK),
tris(carboxyethyl)phosphine HCI (TCEP, Biosynth CarboSynth, Compton, UK), trypsin-EDTA
(0.25 %, Life Technologies, Carlsbad, CA, USA).

4.3.2. Methods

Synthesis of 3,3 -dithiobis(propanoic dihydrazide) (DTPH): The synthesis was performed

1.1236) with slight modifications. Dimethyl-3,3" dithiodipropionate

according to Vercruysse et a
(82 mL, 1 eq.) was dissolved in 1 L methanol at rt. The clear solution was cooled to 0 °C by an
ice bath and an excess of hydrazine monohydrate (8.0 eq.) was added. The clear, yellowish
reaction solution was stirred at 0 °C for 4 h and then stirred overnight at rt to form a shiny,
yellowish suspension. Afterwards, the clear, yellow supernatant was discarded, and the precipitate
was washed with methanol. Remaining methanol was removed by washing the precipitate with

an excess of diethyl ether. The final product was dried in vacuo at rt to give a shiny, white solid.

Synthesis of thiolated hyaluronic acid (HA-SH): The synthesis was performed according to
Stichler et al.l'*” with several modifications. Hyaluronic acid (HA) of different molecular weights
(3 g, 1.0 eq.) (Table I1.S1, Supporting Information) was dissolved in 300 mL deionized water
overnight at 37 °C to give a viscous, clear solution. NHS (4.0 eq.) and DTPH (4.0 eq.) were
dissolved in 300 mL Segrensen buffer (0.2 M, pH 5.5) at rt and mixed with the HA solution. After
the addition of EDC (7.5 eq.) the pH was adjusted to 4.0 with 10 % HCI and the mixture was
incubated for 4 h at 37 °C. The pH of the resulting clear gel was raised to over 8.5 with 2 N NaOH
and DTT (5.0 eq.) was added. The mixture was incubated overnight at 37 °C to form a clear,
brownish solution. Afterwards, the pH was adjusted to 3.0 with 10 % HCI, and the mixture was
dialyzed (MWCO 1 kDa) against K;HPO4/HCI buffer (0.3 mM, pH 5.0) with the addition of
ascorbic acid/TCEP (each 1g/15L) for 3 days, then against K;HPO4/HCI buffer (0.3 mM,
pH 5.0) 2 days without TCEP. The obtained clear solution was freeze-dried to give a white foamy
solid.

Synthesis of polyethylene glycol-diacrylate (PEG-diacryl): The acrylation of PEG was identically
performed for all three linear PEGs (6, 10, 20 kDa) according to Cruise et al.**”! First, PEG
(100 g, 1.0 eq.) was molten at 110 °C and high vacuum was applied for 2 h to remove residual
water. The clear melt was dissolved in 1L of dry toluene under argon atmosphere. Dry
triethylamine (3.0 eq.) was added, followed by a stepwise addition of freshly distilled acryloyl
chloride (3.0 eq.). The turbid, yellow reaction solution was stirred overnight at rt to form an
orange suspension. After centrifugation, the sediment was discarded and the clear, orange

supernatant was cooled to 0 °C. The resulting precipitate was obtained by centrifugation and
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recrystallized in ethanol until discoloration of the solid phase. The purified product was dried in

vacuo at rt and a white solid was obtained.

Synthesis of polyethylene glycol-diamine: The amination of PEG was carried out according to
lijima et al.** with slight modifications. Linear PEG (100 g, 1.0 eq.) was dried under high
vacuum at 110 °C for 2 h, cooled to rt under argon atmosphere, and dissolved in 900 mL dry
dichloromethane. Triethylamine (3.0 eq.) was added, and the clear solution was cooled to 0 °C in
an ice bath. After the stepwise addition of methanesulfonyl chloride (3.0 eq.), the clear, yellow
reaction solution was stirred for 1 h at 0 °C and then 4 h at rt. The solvents were removed with a
rotary evaporator at 50 °C and the orange solid dissolved in 100 mL deionized water. 500 mL of
a 30 % ammonium hydroxide solution were added, and the clear, yellow reaction solution was
stirred 3 d at 0 °C followed by 1 d at rt. Remaining ammonia was evaporated overnight in the
fume hood and the clear solution was alkalified to pH 9 - 10 with 2 N NaOH. The aqueous layer
was washed with diethyl ether (3 x 150 mL) and then extracted with dichloromethane
(6 x 150 mL). The combined organic layer was dried over MgSQOs, concentrated in vacuo, and
precipitated in cold diethyl ether. The sediment was dried in high vacuum to give a yellowish

solid.

Synthesis of polyethylene glycol-diallyl carbamate (PEG-diallyl): Linear PEG diamine (10 g,
1.0 eq.) was dissolved in 100 mL deionized water and 8.67 mL 2 N NaOH (5.0 eq.) were added.
Allyl chloroformate (1.6 eq.) was added, and the resulting two-phase system was stirred
intensively for 4 h at 0 °C. After washing with diethyl ether (2 x 100 mL), the aqueous layer was
extracted with dichloromethane (5 x 75 mL), the organic layers were combined, dried over
MgSO,, and filtered. The yellowish product solution was concentrated, precipitated in cold
diethyl ether, and the sediment dried under high vacuum at rt. The purified product appeared as

white solid.

NMR analysis: '"H-NMR measurements of DTPH were performed at a 400 MHz Bruker
Avance III HD using ds-DMSO and 'H-NMR measurements of all polymers were performed at a
300 MHz Bruker Biospin spectrometer (Bruker, Billerica, MA) using CDCIl; (PEG), and D,O
(HA-SH) as solvents. The solvent peak was set to the chemical shift § =2.50 ppm for DMSO,
7.26 ppm for CDCls, and 4.79 ppm for D>O to which all chemical shifts refer. The percentage of
thiol groups per repetition unit of HA-SH was determined by the ratio of the integrals of the thiol-
carrying modification and an internal reference, the acetyl signal together with the anomeric
protons of the saccharide backbone. The quantitative PEG-modification was verified by the
absence of a change in the spectra after the addition of trifluoroacetic anhydride to the NMR

sample solution.

GPC analysis: A GPC system entirely made from Malvern (Herrenberg, Germany) with a triple

detection containing a refractive index detector (VE 3580), a viscometer (270 dual detector) and
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amulti angle light scattering detector (SEC-MALS 20) was used for the GPC analysis. Depending
on the molecular weight of the sample, different column sets (Malvern, Herrenberg, Germany)
were used. For HA-SH samples, two A6000M mixed-bed columns and for PEG samples, a set of
A2000/A3000 columns were chosen. The eluent was made from deionized water containing
8.5gL! NaNO; and 0.2 gL' NaN; and the columns were calibrated with PEG standards
(Malvern, Herrenberg, Germany) with a range of 150 Da to 660 kDa using a MALS calibration.
All HA-SH samples were dissolved in deionized water with 0.5 g L' TCEP over 6 h at rt and

PEG samples were dissolved in deionized water over 6 h at rt.

Extrudability test: For the extrudability experiments, HA-SH/PEG-diacryl solutions were
prepared in syringes with a 1:1 ratio of the functional groups in different concentrations in the
range of 0.1 - 2.0 %. After 1 h incubation at 37 °C, the syringes were placed in a custom-made
setup inside a Z010 universal testing machine from Zwick Roell (Ulm, Germany) with a 2.5 kN
load cell. By applying a constant crosshead displacement rate of 10 mm min’, the
solutions/hydrogels were extruded through a 250 um steel needle and the required force and the

obtained hydrogel strands were monitored.

Rheological analysis: Rheological properties of different hydrogel formulations were
characterized using an Anton Paar MCR 702 rheometer (Anton Paar, Austria) with a 25 mm
parallel plate geometry at a 0.5 mm gap. A solvent trap was used to minimize evaporation
throughout the experiments. All experiments were performed by loading the freshly prepared
hydrogel precursors on the measurement plate pre-heated at 37 °C. Four categories of experiments
were performed to characterize different aspects of the hydrogels: Time sweep measurements
with 0.5 % strain at 10 rad s angular frequency were conducted to identify the processing
window of the inks. Shear rate sweeps from 1.0 to 100 s™! were performed to evaluate the shear
thinning properties. Frequency sweeps from 100 - 1.0 rad s were performed before and after
exposure to UV light. Photo-crosslinking measurements were performed by exposure to UV light
(bluepoint 4, Dr. Hohnle AG, Grifelfing, Germany) for 60 s after slightly different incubation
times at 37 °C, depending on the rate of Michael reaction progression in different inks

(Table 11.S2, Supporting Information).

MSC isolation and expansion: For isolation of mesenchymal stromal cells (MSCs), bone marrows
were recovered from the explanted femoral heads of patients undergoing elective hip arthroplasty
as previously described.!'*”) The procedure was performed after informed consent of all patients
and with the approval of the local ethics committee of the University of Wiirzburg (186/18). Cells
were expanded at 37 °C and 5 % CO in DMEM/F12 supplemented with 10 % FCS, 1 % PS and
3 ng mL"! bFGF.

Hydrogel preparation, 3D printing, and MSC culture: Thiol-modified hyaluronic acid (HA-SH)

was dissolved in HEPES buffer (154 mM, pH = 7.6) to sustain a suitable pH of 7.4 for Michael
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addition. All other hydrogel components (PEG-diacryl, PEG-diallyl, Irgacure 12959) were
dissolved in PBS and mixed in a range of different concentrations for the establishment of the
necessary ratio of thiol to acryl/allyl groups for pre-/final crosslinking. Printability was assessed
by manual extrusion using a displacement pipette (Gilson, Middleton, WI, USA) or a Cellink+
3D bioprinter (Cellink, Boston, MA, USA). For 3D printing, G-codes for grids and filament fusion
tests were generated with the HeartWare software of the same manufacturer. Strand thickness
measurements were performed with the NIH ImagelJ Fiji software (version 1.52a). The CAD file
of the femoral condyles of a human right leg was obtained from MakerBot Thingiverse (object
5820, created by BME Sundevil) and sliced with the HeartWare software. Hydrogel solutions
were mixed with or without MSCs (passage 3 —4, 20 x 10° cells mL") and transferred to 3 cc
printing cartridges (Nordson EFD, Westlake, OH, USA), pre-crosslinked for 1 h at 37 °C, and
extruded through a 330 um steel nozzle at a printing pressure of 40 - 200 kPa, depending on the
ink formulation. Constructs were finally crosslinked for 10 min at 365 nm (1 mW c¢m™?, UV hand
lamp with filter, A. Hartenstein, Wiirzburg, Germany). MSC-laden constructs prepared with
51 kDa, 230 kDa, and 410 kDa HA-SH bioinks were incubated for 21 days at 37 °C and 5 % CO»
in differentiation medium (DMEM high glucose medium supplemented with 1 % ITS+ premix,
1 % PS, 0.1 x 10 M dexamethasone, 50 ug mL™' L-ascorbic acid 2-phosphate sesquimagnesium
salt hydrate, 40 ug mL™! L-proline and 10 ng mL"! TGF-B1).

Swelling analysis: 51 kDa, 230 kDa and 410 kDa HA-SH gels were prepared in a defined
cylindrical geometry (diameter: 5 mm, volume: 40 pL) and weighed directly after preparation
(d0). Samples were transferred to PBS and incubated for 21 days at 37 °C. Weight measurements
were performed after excessive PBS was removed carefully from the hydrogel surface using a
filter paper. At each time point (1, 3, 5, 7,9, 12, 14 and 21 days), wet weight deviation compared

to the weight directly after preparation was calculated.

Analysis of FITC-labeled dextran diffusion: 51k Da, 230 kDa and 410 kDa HA-SH gels were
prepared in a defined cylindrical geometry (diameter: 5 mm, volume: 40 pL) to ensure
comparable diffusion parameters. All constructs were equilibrated in PBS overnight before
replacing the buffer with FITC-dextran solutions (40 kDa, 500 kDa or 2000 kDa at 1 mg mL™).
Diffusion was performed for 24 h at 37 °C in the dark. Afterwards, constructs were briefly washed
in PBS and homogenized with a TissueLyser (Quiagen, Hilden, Germany) for 5 min at 25 Hz.
Fluorescence intensity was measured with a spectrofluorometer (Infinite M200 Pro, Tecan,
Crailsheim, Germany; Ex/Em 495 nm/535 nm). Quantification was performed using a 40 kDa,
500 kDa, or 2000 kDa FITC-dextran standard curve.

Pore size analysis via cryo-SEM: 51 kDa, 230 kDa and 410 kDa HA-SH gels were prepared as
described above and directly used for cryo-scanning electron microscopy (cryo-SEM) analysis.

Samples were fixed in a sandwich of 3 mm aluminum plates in a 2 mm notch and slushed nitrogen
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at -210 °C was used for rapid freezing. A EM VCTI100 cryo-shuttle (Leica Microsystems)
at -140 °C was utilized for all following transfer steps. One aluminum plate was knocked off to
generate a freshly fractured hydrogel surface and samples were freeze edged in a ACE400 sputter
coater machine (Leica Microsystems) under high vacuum (< 1 x 10* mbar) for 15 min at -85 °C.
Afterwards, samples were sputtered with 2.5 nm platinum before placing them into the SEM
chamber (Crossbeam 340, Zeiss). Imaging was performed at -140 °C at an acceleration voltage

of 8 kV.

Cell viability analysis: 3D constructs with encapsulated MSCs were washed with PBS before
adding the live/dead staining solution (4 x 10°®M ethidium homodimer III (EthD-III) and
2 x 10 M calcein acetoxymethylester (calcein-AM) in PBS; PromoKine, Heidelberg, Germany).
After incubation for 45 min at rt in the dark, constructs were washed again with PBS and images
were taken at a fluorescence microscope (Olympus BX51/DP71, Olympus, Hamburg, Germany).
For quantification, three constructs per condition were imaged and living and dead cells were
counted manually on at least 12 images per condition with the cell counter plugin of the NIH

Imagel Fiji software (version 1.52a).

Histological and immunohistochemical analysis: Histology and immunohistochemistry of MSC
laden 3D constructs were performed as previously described.!'®! In brief, for all histological
methods, sections with 8 um thickness were mounted on SuperFrost plus glass slides
(R. Langenbrick, Emmendingen, Germany). Collagen was stained with picrosirius red (0.1 %
direct red 80 in a saturated solution of picric acid), cells were counterstained with Weigert’s
haematoxylin. For staining of glycosaminoglycans (GAG), 0.1 % safranin O was utilized, and
cells were counterstained with 0.02 % fast green. For immunohistochemistry the following
primary antibodies were used: anti-aggrecan 969D4D11 (1:200; Thermo Scientific, Waltham,
MA, USA); anti-collagen type I ab34710 (1:200; Abcam, Cambridge, UK); anti-collagen type II
clone I11-4C11 (1:1000; Abnova, Taipei, Taiwan); and as a secondary antibody: goat-anti-mouse
Alexa488 111-545-003 (1:400; Jackson ImmunoResearch, Cambridge, UK); all diluted in 1 %
BSA/PBS. Sections were mounted with DAPI mounting medium and analyzed with a
fluorescence microscope. For quantification of the stained gel areas, cross-sections from all areas
of the construct were used. The values represent the average staining area of 10 randomly taken
images of each condition. All microscopic images were transformed to binary images and
analyzed with the particle analysis function of the NIH ImagelJ Fiji software (version 1.52p) using

a 10 % threshold of the maximal white value.[!*]

Biochemical analysis: MSC-laden 3D printed constructs, harvested on day 1 or 21, were
homogenized for 5 min at 25 Hz before digesting the suspension with 3 U mL™! papain for 20 h
at 60 °C. Quantification of DNA,?° GAG!%! and collagen content?°"> 22! was performed after

established protocols, with slight alterations as previously described.!'®8! Additionally, for

59



quantification of total GAG and collagen production, culture supernatants of three replicates per

condition were harvested every two days during culture and analyzed with the same protocols.

RNA isolation and gene expression analysis: RNA was isolated from 3D constructs with
encapsulated MSCs on day 1, 7, and 21 using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Yield and purity of resulting RNA samples
were assessed with a NanoDrop (Thermo Scientific, Waltham, MA, USA) and cDNA was
transcribed with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). For gqRT-PCR, a CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA) and
MESA GREEN gPCR Mastermix Plus for SYBR® Assay (Eurogentec, Li¢ge, Belgium) was
used. Sequences of self-designed primer pairs for SOX9, ACAN, COL1A1, COL2A1, and
GAPDH expression analysis are listed in the Supporting Information (Table I1.S3). Relative
expression was calculated using the 22T method?*¥ and all samples were normalized to the

housekeeping gene GAPDH and to gene expression of MSC 2D samples on d0.

Mechanical analysis: Constructs were prepared in a defined cylindrical geometry (diameter:
5 mm, volume: 40 pL) and six constructs per condition were analyzed at day 1 and 21 of
chondrogenic differentiation with a dynamical mechanical testing machine (ElectroForce 5500
test instrument, Bose, Eden Prairie, MN, USA) with a load cell of 250 g. Compression of the
constructs was performed with a constant crosshead displacement rate of 0.001 mm s™ to a final
depth of 0.5 mm and the Young’s modulus was determined as the slope of the true stress-strain

curve in the linear elastic range.

Statistical analysis: Data is represented as mean =+ standard deviation of at least three replicates
and statistical analysis was performed with GraphPad Prism 5 software. One-way ANOVA with
a Bonferroni posthoc test was performed when comparing multiple groups at one time point. For
comparing multiple groups at different time points, two-way ANOVA with Bonferroni posthoc
test was utilized. Significant differences were marked as follows: * (p < 0.05), ** (p <0.01) and

5% (p < 0.001).
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4.4, Results and discussion

This study presents a new category of hyaluronic acid-based bioinks for 3D printing utilizing a
novel dual-stage crosslinking mechanism (Figure II.1), based on thiol-modified hyaluronic acid
(HA-SH) and the crosslinkers PEG-diacryl and PEG-diallyl. The cells are suspended in the ink
precursor solution containing HA-SH and both crosslinkers. The first crosslinking step
(pre-crosslinking) is a spontaneous Michael addition at pH = 7.4, where HA-SH is partially
crosslinked with PEG-diacryl at 37 °C to a shear thinning and 3D printable ink (Figure I1.1). The
viscoelastic properties of the ink and the shape fidelity of the printed constructs can be adjusted
by altering the molecular weights of HA-SH and PEG-diacryl or by shifting the
HA-SH/PEG-diacryl ratio. Depending on the ink composition, the 3D printing process can be
started after one hour of pre-crosslinking and conducted within a processing window of around
2 h. After printing, the second crosslinking step is induced in presence of the photoinitiator
Irgacure 12959 by using UV light at 365 nm. This initiates the thiol-ene click reaction of
remaining HA-SH thiol groups and PEG-diallyl, resulting in stably crosslinked constructs
(Figure IL.1).

Bioink solution 3D printable Final construct
bioink
E [ NP —-a
0 e —n
S PEG-diacryl PEG-diallyl
c
O RI—SH R1—SH
Q + 7 +
HA-SH " 59
Bioink mixing Michael addition Bioprinting Thiol-ene click  Cell culture
with MSCs pH =7.4 365nm
2 = —
(@) - viscoelasticity
© : —
- . shape fidelity >
2 % i
|
|

low viscosity *_

Figure II.1: Dual-stage crosslinking of the hyaluronic acid-based bioinks. Mechanism: HA-SH (blue) pre-
crosslinks with PEG-diacryl (green) in a spontaneous Michael addition at neutral pH to a 3D printable ink.
Final crosslinking of the printed constructs is performed by UV-induced thiol-ene click chemistry between
the remaining HA-SH thiol groups and PEG-diallyl (red) in the presence of the photoinitiator Irgacure
(I12959). Workflow: All bioink components are mixed with MSCs in a low viscosity suspension. After
appropriate pre-crosslinking, the viscoelastic bioink can be printed with improved shape fidelity. Final
crosslinking is achieved via UV initiated thiol-ene click reaction leading to stable constructs, which
subsequently can be subjected to cell culture.

61



4.4.1. Synthesis and characterization

4.4.1.1. Synthesis of 3,3"-dithiobis(propanoic dihydrazide) (DTPH)

DTPH, required for subsequent modification of hyaluronic acid, could be synthesized in 100 gram
scales according to literature, with only minor changes in the purification steps as described
before.[**) NMR analysis was performed in d,-DMSO and confirmed successful synthesis and

purification (Figure I11.S1b, 4.7. Supporting information).

4.4.1.2. Synthesis of thiolated hyaluronic acid (HA-SH)

Educts used in the literature for HA-SH synthesis are almost exclusively of low molecular weight
nature (< 100 kDa), with a high solubility and low viscosity in concentrations below 1.5 %, and
have mostly resulted in substituted HA-SHs of < 50 kDa.l'4”- 2% To facilitate the generation of
hydrogels with comparably low polymer content, HA-SH of larger molecular weights were
synthesized (Figure I1.S1a and ¢, 4.7. Supporting information). Therefore, transfer of the

147. 2391 to starting materials with up to 1.4 MDa and the associated

published reaction conditions!
very high viscosity of 1 % solutions had to be adapted to yield appropriate thiol modification and
high product quality. Educts and products used in this study are listed in Table II.S1
(4.7. Supporting information). Product quality was substantially improved by addition of
N-hydroxy succinimide (NHS) which prevents formation of an N-acylureate. This byproduct
would inhibit accurate determination of the degree of substitution (DS) via NMR (Figure I11.S1d
and e, 4.7. Supporting information), and has unknown effects on hydrogel formation and cell

biology.!'¥) Constant reaction parameters (pH, temperature, mixing) and thus reproducibility

were achieved by using a Serensen buffer system and a thermostated incubator.

4.4.1.3. Synthesis of polyethylene glycol-diacrylate (PEG-diacryl)

The acrylation of linear PEG and its purification was carried out as described in literaturel**”!

(Figure 11.S2a, 4.7. Supporting information). Complete acrylation was possible, but contrary to
the described purification, precipitation in diethyl ether was ineffective. Instead, recrystallization
in ethanol led to the desired pure product and was suited to remove the organic salts formed during
synthesis. Successful acrylation was demonstrated by the absence of TFA ester signals in
'"H-NMR (Figure 11.S2¢, 4.7. Supporting information). Molecular weights of the obtained
products reflected well the used educts and showed only slight polymerization during

recrystallization (Figure 11.S2b, 4.7. Supporting information).

4.4.1.4. Synthesis of polyethylene glycol-diamine (PEG-NH>)

The conversion of PEG-OH to PEG-NH, was straightforward with respect to the literature?*®
(see Figure 11.S3a-c, 4.7. Supporting information). Higher yields were achieved by omitting the

purification of the mesylate intermediate and by processing under constant cooling.
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4.4.1.5. Synthesis of polyethylene glycol-diallyl carbamate (PEG-diallyl)

For the synthesis of PEG-diallyl derivative, the reaction conditions for the alloc-protection of
amino groups in peptide synthesis were applied to the previously prepared linear PEG-diamine
(Figure 11.S3a, 4.7. Supporting information).**”1 The obtained products exhibited a narrow
molecular weight distribution and high purity due to volatile byproducts (Figure I1.S3b-c,
4.7. Supporting information). Quantitative conversion was demonstrated by 'H-NMR using the

same analysis as for PEG-diacryl (Figure 11.S3d, 4.7. Supporting information).

4.4.2. Ink development

4.4.2.1. Influence of HA-SH and PEG-diacryl properties on 3D printability

As a first step of bioink development, the pre-crosslinking mechanism via Michael addition
(Figure II1.1) was established for HA-SH batches of different molecular weights with 6 kDa
PEG-diacryl. The aim was to get stably printable inks after a cell-compatible crosslinking time.
Therefore, HA-SH and PEG-diacryl were mixed in varying concentrations, and the solutions were
examined for their viscosity over time in handling experiments by pipetting or extrusion at a
bioprinter, revealing an optimal printability when mixing HA-SH and PEG-diacryl in similar
weight percentages. These results were further supported with extrudability experiments at the
7010 universal testing machine. Here, several hydrogel formulations were extruded after 1 h of
pre-crosslinking at a constant feed rate and the required force as well as the obtained strands were
recorded. In the following, all polymer concentrations are labeled as % and indicate weight
percent. For extrudability experiments, the HA-SH (230 kDa) content was kept constant at 0.5 %
and the PEG-diacryl (6 kDa) concentration was varied between 0.1 - 2.0 % (Figure I1.2).
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Figure I1.2: Force-distance-diagram for an extrudability test of 230 kDa HA-SH (0.5 %) hydrogels
formulations with different 6 kDa PEG-diacryl contents after 1 hour of incubation. Pictures indicate
different strand examples for each gelation state.

63



Ink formulations with 0.4 % PEG-diacryl and below showed no increase in viscosity, but 0.5 %
or more resulted in hydrogels with increased viscosity. Thereby, the correlation between acrylate
content and hydrogel viscosity was not of linear nature. Instead, the stiffness increased rapidly
between 0.5 and 1.0 % and then converged towards an upper limit at 2.0 %, which corresponds
to the quantitative saturation of the present thiols. Within the range of hydrogel forming
formulations, only hydrogels with 0.5 and 0.75 % PEG-diacryl were found to be proper-gelled
and thus suitable for printing, whereas the hydrogel formulations with higher acrylate content
were already over-gelled and resulted in strands of visibly sheared microgel particles. Since a
lower polymer content was expected to be more beneficial for the cell performance, the
formulation with a 1:1 ratio (0.5 % HA-SH + 0.5 % PEG-diacryl) was used in further experiments.
This corresponded to a HA-SH thiol saturation of around 30 %. In the following, an extended
series of formulations was investigated with a constant 1:1 ratio but different polymer contents
(0.1 % - 3.25 % each), based on six differently sized HA-SH batches (Mw = 51 kDa — 410 kDa)
and 6 kDa PEG-diacryl, in which the components were mixed, and the viscosity was assessed
over time. Figure I1.3a represents a summarized overview of the investigated formulations with
different HA-SH/PEG-diacryl concentrations and the suitability for 3D printing. Each line of the
graph represents 16 different pre-crosslinking approaches, which were analyzed separately over
5h, and all formulations resulting in sufficient strand formation already after a cell-compatible
pre-crosslinking time of 1 h were defined as printable. An exemplary more detailed analysis table
is presented in the Supporting information, showing the relevant HA-SH/PEG-diacryl
concentrations tested with the 410 kDa HA-SH batch (Figure 11.S4, 4.7. Supporting information).
The dependence of the processing window on the polymer content was also similarly found for
all other tested HA-SH batches. Summarizing Figure I1.3a, a clear trend was observed: With
increasing molecular weight of the HA-SH component (top to bottom), a decreasing total polymer
content was necessary for optimal 3D printability of the inks. HA-SH batches with the lowest
molecular weight (around 50 kDa) required a total polymer content of at least 4.5 % (2.25 %
HA-SH + 2.25 % PEG-diacryl), whereas those with molecular weights over 200 kDa required a
significantly lower total polymer content to be printable after 1 h of pre-crosslinking. This was in
line with observations in the literature in which the effect of the Mw of unmodified hyaluronic
acid on the viscosity in aqueous solutions has been investigated.**!! Interestingly, no further
reduction of polymer content was possible when increasing the M,, from 230 kDa to the highest
achieved My, of 410 kDa.

As a next step, the impact of PEG-diacryl molecular weight on ink printability was assessed.
Therefore, three HA-SH batches (51 kDa, 230 kDa, 410 kDa) were selected. The HA-SH
concentration was fixed while concentrations of 6 kDa, 10 kDa, and 20 kDa PEG-diacryl were
varied. Figure I1.3b shows exemplarily the results for the 410 kDa HA-SH batch. The PEG
content needed for adequate 3D printability increased with the molecular weight of PEG-diacryl.
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The same trend was also observed for the 51 kDa and 230 kDa HA-SH batches (Figure I1.S5,
4.7. Supporting information). These observations can be explained by the fact that PEG-diacryl
with increased molecular weight requires a higher concentration to provide the same amount of
acrylate groups. Accordingly, stoichiometric calculations revealed again around 30 % HA-SH

thiol saturation for all printable formulations.
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Figure I1.3: Processing-windows of different HASH/PEG-diacryl molecular weights and concentrations.
All mixtures resulting in sufficient strand formation after a cell-compatible pre-crosslinking time of 1 h are
defined as printable. The general printability is visualized by a color code (green = printable, red = not
printable (either too liquid, viscous, stiff or too solid) and yellow marks the transition region). The legend
depicts exemplary printed grids for each condition. Scale bars represent 5 mm. a) 6 different HA-SH
batches (MW = 51 kDa — 410 kDa) were tested with PEG-diacryl (6 kDa) in 1:1 ratios (0.1 % - 3.25 %
each) and printability of the resulting polymer solutions was analyzed over 5 h. b) Influence of PEG-diacryl
molecular weight on ink printability. 0.5 % HA-SH (410 kDa) was mixed in different ratios with
PEG-diacryl (6 kDa, 10 kDa and 20 kDa) and printability of the resulting solutions was analyzed over 5 h.

4.4.2.2. Thiol-ene crosslinking of the printed bioink using PEG-diallyl

The final crosslinking of printable ink formulations (Figure II.1, second viscosity increase) was
conducted with 6 kDa PEG-diallyl in the presence of the photoinitiator Irgacure (12959) at
365 nm. The concentrations of PEG-diallyl were determined by stoichiometric calculations to
achieve a complete thiol saturation for the different HA-SH batches. For the following detailed
physicochemical and biological characterizations, three inks with different HA-SH batches
(51 kDa, 230 kDa and 410 kDa) were produced. Each HA-SH was pre-crosslinked with 6 kDa
PEG-diacryl and finally gelated with 6 kDa PEG-diallyl. The exact ink compositions were in
accordance with the printability studies shown in Figure I1.3 and are listed in Table II.1. In the
following, these inks are termed as 51 kDa, 230 kDa, and 410 kDa HA-SH inks. In order to
evaluate potential effects of each crosslinking process, MSC cell viability was analyzed after pre-
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crosslinking as well as after final UV irradiation. Quantification revealed 95 — 98 % cell survival
for both crosslinking steps in all three bioinks without significant differences between the
conditions (Figure I1.S6, 4.7. Supporting information), demonstrating no detrimental influence of

the crosslinking processes.

Table II.1: Compositions of inks used in all further experiments. All values are represented

as % (wt/V).

HA-SH batch c¢(HA-SH) c¢(PEG-diacryl) c(PEG-diallyl) c(Irgacure)

51 kDa 2.5% 2.5% 5.0% 0.05 %
230 kDa 0.5% 0.5% 1.0 % 0.05 %
410 kDa 0.5 % 0.5 % 1.0 % 0.05 %

4.4.2.3. Rheological characterization of the dual-stage crosslinking

Rheological properties of the inks play a significant role in their applicability to extrusion-based
bioprinting. In this context, viscoelastic features of the hydrogels are highly dependent on the
molecular weight as well as polymer content of the ink formulations. Moreover, progression of
crosslinking reactions and kinetics of gel formation depend on chain mobility and availability of
functional groups. A series of rheological experiments was performed to investigate the kinetics
of the gelation in different ink formulations and to evaluate the processing window for application
of such inks (Figure I1.4). Pre-crosslinking via Michael addition at 37 °C for the three different
inks, 51 kDa, 230 kDa, and 410 kDa HA-SH led to increased storage and loss moduli after an
initial induction period (Figure I1.4a). The molecular weight of HA-SH as well as the polymer
content played a significant role in the reaction kinetics. Decreasing the molecular weight at the
same concentration (410 kDa vs. 230 kDa, Table II.1) resulted in slower crosslinking kinetics.
This could be explained by the availability of functional groups per polymer chain, considering
that the degree of substitution in both ink formulations was nearly identical (Table II.S1,
4.7. Supporting information). Thus, decreasing the molecular weight of the polymer caused
smaller number of available thiols per polymer chain for the Michael addition, which in turn
formed less long-range entanglement of chains due to lower probability of network formation. On
the other hand, increasing the concentration, and consequently the number of available functional
groups, resulted in faster kinetics of network formation in 51 kDa HA-SH, despite having a
significantly shorter chain length. In comparison to experimental observations that all inks were
printable after only 1 hour of incubation, obtained time sweeps showed slightly different gelation
points and thus possible printability. This was explained by obvious differences in hydrogel
formation. While rheological studies were performed under almost stationary conditions, in
extrudability experiments the hydrogel formulations were frequently mixed during incubation and

thus, had a higher probability of network formation. For all tested bioinks, a steady slow increase
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in G’ was observed after the initial steep rise, which was attributed to the formation of additional
disulfide bonds from unsaturated thiols. Disulfide formation is a spontaneous process in systems
based on thiol chemistry that is much slower than Michael addition between free thiols and

2421 Furthermore, the growing noise in G” after 3 hours of incubation

acrylates of PEG-diacryl.!
could be related to such disulfide formation resulting in hydrogel shrinkage during the
measurements. Hydrogel precursor solutions showed only very weak dependency of the viscosity
on applied shear, which is a characteristic of diluted polymer solutions (Figure I1.4b). The shear-
thinning indices of pre-gel solutions were 0.88, 0.96, and 0.86 for formulations based on 51 kDa,
230 kDa, and 410 kDa HA-SH, respectively. The shear dependent viscosity behavior of
formulations after the first stage of crosslinking was more evident, as all the formulations showed
strong pseudoplastic behavior with flow indices of 0.33, 0.38, and 0.58 for formulations based on
51 kDa, 230 kDa, and 410 kDa HA-SH, respectively. This behavior confirmed the shear rate
dependency of the viscosity of the bioinks after the first stage of crosslinking, which would

facilitate an appropriate extrusion through a fine nozzle with a sufficient shape fidelity.
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Figure I1.4: Rheological characterization of the different HA-SH bioinks. a) Time sweep measurements to
identify the kinetics of the Michael addition and identification of the processing window of the bioinks.
b) Shear rate dependence of the viscosity of HA-SH formulations before and after pre-crosslinking via
Michael addition. ¢) Frequency sweeps of the different inks before (circle) and after (square) exposure of
UV light. d) Close-up of the change in storage modulus during the 60 s UV exposure period. Dashed region
indicates the initial rapid rise in elastic properties of the formed networks during photo-crosslinking.
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For the second crosslinking stage, involving a thiol-ene click reaction, the network viscoelasticity
before, after, and during the photo-crosslinking by UV light was monitored (Figure I1.4c and d).
The frequency sweeps prior to and after the photo-crosslinking stage showed a distinct increase
of the storage modulus, i.e. an enhancement in viscoelastic properties of inks, through
development of longer interaction ranges, as well as shifting of the relaxation time of the network
to higher frequency values (Figure I1.4c). Two distinguishable regions within the period of UV
light exposure were identified (Figure I1.4d). The increase in storage modulus within the first 15 s
of exposure was higher compared to the remaining exposure period, and the difference was greater
for inks with longer HA-SH chains. The initially differing growth rates for the different inks
converged in the second region, resulting in a steady increase of the storage modulus until the end
of UV exposure. This corresponds to the quantitative thiol saturation via thiol-ene reaction and
thus to the intended terminal plateau of viscoelasticity in the workflow of ink processing
(Figure I1.1). The higher increase rate for G’ of longer polymer chains in Figure I11.4d was
attributed to a higher number of available thiol groups per polymer chain, which resulted in more
efficient polymer immobilization and consequently, entanglement and formation of long-range

interactions.

4.4.3. Printability assessment

In the following, a detailed printability characterization of the platform bioinks was performed.
At first, the strand intersection diagonal of grid constructs printed with a viscous, printable, stiff,
and solid ink composition — corresponding to the color code in Figure 1.3 — was analyzed and
quantified (Figure 11.5a and b). 3D printing of viscous and solid inks was characterized by a large
and inconsistent intersection diagonal, while printable and stiff inks yielded uniform constructs
with an intersection diagonal of around 1.3 mm. The printable compositions of 51 kDa, 230 kDa
and 410 kDa HA-SH inks (see Table II.1) were furthermore printed in a filament fusion test, with
narrowing strand distances of 2, 1.5, 1, 0.75 and 0.5 mm (Figure I1.5¢). Only the smallest distance
of 0.5 mm led to strand fusion. All other distances were well printable using a 330 um nozzle.
The same inks were also printed in grid structures (Figure 11.5d) and the resulting strand thickness
was quantified (Figure I1.5¢). No significant differences between the different inks were detected.
All printed strands yielded an average thickness between 630 and 730 um. Finally, a large
construct with 21 layers was printed with the 410 kDa HA-SH ink as a proof-of-principle

experiment resembling human femoral condyles (Figure I1.5f).
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Figure I1.5: Shape fidelity of 3D printed HA-SH inks. a) 3D printed grids with different HA-SH ink
compositions, leading to viscous, printable, stiff, and solid inks, respectively (images were also used in the
legend of Figure 3). Scale bars represent 5 mm. b) Quantification of the strand intersection diagonal of
printed grids in (a). ¢) G-code and filament fusion tests of 51 kDa, 230 kDa and 410 kDa HA-SH inks.
Scale bars represent 2 mm. Strand distance of the printed filament is indicated next to the G-code. d) G-code
and printed grids of the same inks. Scale bars represent 2 mm. e) Quantification of the strand thickness.
f) CAD model of the human right femur condyles (left) and the real construct exemplarily printed with
410 kDa HA-SH in 21 layers (middle: top view, right: side view). Scale bars represent 5 mm.

4.4.4. Impact of ink formulation on construct stability, pore structure and diffusion

Construct stability of 51 kDa, 230 kDa and 410 kDa HA-SH inks was determined in a swelling
study. Therefore, constructs were prepared as described above and incubated for 21 days in PBS.
Weight measurements were performed, and the wet weight deviation at a specific time point
compared to the weight directly after preparation was calculated (Figure 11.S7, 4.7. Supporting
information). After an initial swelling due to PBS inflow, all constructs decreased in wet weight
again and reached an equilibrium weight at day 3 (~145 % for 51 kDa and ~100 % for 230 kDa
and 410 kDa). In general, all constructs maintained a constant wet weight between 3 and 21 days,
indicating a stable network without degradation. The polymer content and network density can
distinctly impact macromolecular diffusion within hydrogels, which in turn may modulate
nutrient supply and decisively influence the ECM distribution, newly produced by incorporated
cells. 156 137 188] T agsess the pore structure of 51 kDa, 230 kDa and 410 kDa HA-SH inks,
cryo-scanning electron microscopy (cryo-SEM) images were taken directly after gel preparation

(Figure I1.6a). The high concentrated 51 kDa ink has distinctly smaller pores than the low
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concentrated 230 kDa and 410 kDa HA-SH inks. Furthermore, the impact of polymer content on
diffusivity in these inks was analyzed with fluorescein isothiocyanate (FITC)-labeled dextrans of
different sizes (Figure I1.6b). Hydrogel cylinders were incubated in three different FITC-labeled
dextran solutions (40 kDa, on the order of growth factors; 500 kDa and 2000 kDa, on the order
of ECM molecules and aggregates), and diffusion into the constructs was analyzed after 24 h.
Quantification in the constructs revealed unimpaired diffusion of 40 kDa and 500 kDa FITC-
labeled dextrans into the constructs with low polymer content (230 kDa and 410 kDa HA-SH),
while diffusion into the constructs with high polymer content (51 kDa HA-SH) was slightly
reduced for the 40 kDa and strongly impaired for the 500 kDa FITC-labeled dextrans. The
2000 kDa dextran diffusion was reduced in all ink compositions, but again a significantly higher
diffusion into the 230 kDa and 410 kDa HA-SH constructs was detected. These results were well
in agreement with the cryo-SEM images indicating a looser network with increased diffusivity in

constructs with low polymer content (230 kDa and 410 kDa).
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a) Pore structure visualization selected inks by cryo-SEM imaging. Scale bars represent 2 um. b) Analysis
of diffusion of FITC-labeled dextrans (40 kDa, 500 kDa, and 2000 kDa) into the HA-SH constructs. Data
are represented as mean * standard deviation (n = 3). Significant differences are marked as follows:
*(p<0.05), ** (p<0.01), and *** (p <0.001). (a) Significantly different to the corresponding group
incubated in 500 kDa FITC-dextran solution, (b) significantly different to the corresponding group
incubated in 2000 kDa FITC-dextran solution (at least p < 0.05).

4.4.5. Differential chondrogenic differentiation of MSCs in platform bioinks
4.4.5.1. Histological and immunohistochemical analysis

The three selected ink compositions were examined regarding chondrogenic differentiation of

MSC. Constructs made from 51 kDa, 230 kDa, or 410 kDa HA-SH bioinks showed good cell
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survival on day 1 as well as after 21 days of chondrogenic differentiation, with no distinct
differences between the conditions (Figure I1.S8, 4.7. Supporting information). The production
of cartilaginous extracellular matrix (ECM) was supported by all constructs, which was visualized
by histology and immunohistochemistry after 21 days (Figure II.7a-d; compare images at day 1,

Figure I1.S9, 4.7. Supporting information,). Safranin O staining of glycosaminoglycans and
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Figure I1.7: Histological and immunohistochemical (IHC) staining of ECM components produced by
MSCs during 21 days of chondrogenic culture in 3D printed 51 kDa, 230 kDa, and 410 kDa HA-SH
constructs. a) Safranin O staining of total glycosaminoglycans and b) IHC staining of aggrecan.
c) Picrosirius red staining of total collagens and IHC staining of d) collagen type II. Nuclei were
counterstained with DAPI (blue). Scale bars represent 100 um. Histomorphometric analysis of e) aggrecan
and f) collagen type II distribution at day 1 and 21. Data are represented as mean + standard deviation
(n = 10). Significant differences are marked as follows: * (p < 0.05), ** (p <0.01) and *** (p < 0.001).

71



picrosirius red staining of collagens revealed mainly intra- and pericellular ECM deposition in
the 51 kDa HA-SH gels, while the 230 kDa and 410 kDa HA-SH constructs presented a
homogeneous matrix distribution. Immunohistochemistry of the specific ECM components
aggrecan and collagen type Il showed similar results, and immunohistomorphometric
quantification of aggrecan and collagen type Il staining verified the visual observations
(Figure I1.7¢ and f). Only 15 % of the total area was stained for aggrecan in 51 kDa HA-SH
constructs, but homogeneous distribution was observed in 230 kDa and 410 kDa HA-SH gels
(92 % and 95 %). A similar trend was detected for collagen type II, with 12 % distribution in
51 kDa, 67 % in 230 kDa, and 77 % in 410 kDa HA-SH gels. The fibrocartilage marker collagen
type I was also produced, albeit to a low extent (Figure 11.S10, 4.7. Supporting information). In
general, the strongly improved distribution of large ECM components in bioinks with low
polymer content (230 kDa and 410 kDa HA-SH) was well in accordance with the increased
diffusion and the analyzed pore structure of these gels (Figure I1.6), as compared to constructs
with high polymer content (51 kDa HA-SH). The small differences between aggrecan and
collagen type II distribution can be explained by different sizes of the ECM components (length
of collagen: 4-12 pm versus aggrecan: 0.5-4 pm) and the positive charge of collagens,?'?! which

might impact the free diffusion in the negatively charged HA-SH gels.

4.4.5.2. Biochemical quantification and gene expression analysis of ECM components

The main cartilage ECM components were quantified in printed hydrogels in biochemical assays.
Substantial amounts of glycosaminoglycans (GAG) and collagens (COL) were detected in all
constructs after 21 days of chondrogenic culture, but significantly more in the 230 kDa and
410 kDa gels, as compared with the 51 kDa HA-SH gels (Figure 11.8a and ¢). When normalized
to DNA content, also distinctly higher GAG and COL amounts were detected for the 230 kDa
and 410 kDa bioinks (Figure 11.8b and d). Thus, quantification of ECM components well reflected
the histological observations.

Furthermore, gene expression analysis of MSCs in 3D printed 51 kDa, 230 kDa, and 410 kDa
HA-SH gels was performed on days 1, 7 and 21 of chondrogenic culture. The expression of the
transcription factor SOX9, the genes of the main ECM components aggrecan (ACAN) and
collagen type II (COL2A1) as well as the fibrocartilage marker collagen type I (COL1A1) were
assessed by quantitative real-time PCR (qQRT-PCR) and confirmed chondrogenic differentiation
under all conditions (Figure II.8e-h). In general, increased expression over culture time was
detected for all genes and in all constructs, showing the proceeding MSC differentiation.
Comparison of the constructs with low polymer content (230 kDa vs. 410 kDa HA-SH gels)
revealed no significant differences for all analyzed genes. SOX9 and ACAN expression on day 7
and 21, as well as COL1A1 expression on day 7, was higher in the 51 kDa HA-SH gels compared
to the 230 kDa and 410 kDa constructs. This may be attributed to the HA content in the gels, as
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Figure I1.8: Quantification of glycosaminoglycan (GAG) and collagen (COL) production of MSCs cultured
in 3D printed 51 kDa, 230 kDa, and 410 kDa HA-SH constructs at day 1 and after 21 days. GAG content
was quantified a) in the constructs and b) per DNA. Likewise, COL production was quantified c) in the
constructs and d) per DNA. Chondrogenic gene expression of MSCs in the same constructs determined by
qRT-PCR. Samples at day 1, 7 and 21 were analyzed for ) SOX9, f) ACAN, g) COL2A1 and h) COL1Al
gene expression and normalized to the housekeeping gene GAPDH and to gene expression of 2D MSCs at
day 0. (a) indicates significant differences to 230 kDa HA-SH gels at the same day, and (b) indicates
significant differences to 410 kDa HA-SH gels at the same day (at least p < 0.05). Data for both studies are
represented as mean + standard deviation (n=3). Significant differences are marked as follows:
*(p <0.05), ** (p <0.01) and *** (p <0.001).
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51 kDa HA-SH constructs contained 2.5 % hyaluronic acid, while 230 kDa and 410 kDa gels only
contained 0.5 %. MSC can bind to HA, e.g. via CD44 and CD168 receptors, and a higher HA
concentration may increase the probability of receptor binding and thereby may promote

157,214, 215, 243

chondrogenic gene expression.| Initially, the gels with high polymer content (51 kDa

HA-SH) were significantly stiffer than the low concentrated ones (Figure I1.9), which also may

n.[1%6 2161 Nevertheless, increased gene expression in

have an impact on MSC differentiatio
constructs with higher polymer content did not result in increased GAG and collagen production

(Figure 1I.8a-d), which has also been reported previously in other studies for non-printed

[157 [188]

hydrogels!!*” and printed constructs with thermoplastic support structure.

4.4.6. Construct stiffness in the context of ECM distribution

Another important feature of engineered cartilage is the construct stiffness of this load-bearing
tissue. For this reason, the Young’s moduli of printed 51 kDa, 230 kDa, and 410 kDa HA-SH
constructs with embedded MSCs were analyzed on day 1 and 21 of chondrogenic differentiation.
Exemplary stress-strain curves of constructs on day 21 are shown in Figure I1.9a and the
calculated average Young’s moduli on day 1 and 21 in Figure I1.9b. The initial Young’s modulus
of the gels with high polymer content (51 kDa HA-SH) was 5.1 kPa and significantly higher than
that of both gels with low polymer content (0.7 kPa for 230 kDa and 410 kDa HA-SH). However,
after 21 days of chondrogenic culture, the 230 kDa and 410 kDa HA-SH gels exhibited a strong
increase of the Young’s modulus to 52.6 kPa and 54.6 kPa, respectively, while the 51 kDa HA-SH
gels were markedly weaker (4.2 kPa). This corresponded to a 0.8-fold decreased 51 kDa HA-SH
construct stiffness, but a significantly increased constructs stiffness of around 73- and 74-fold

over 21 days of culture time for the 230 kDa and 410 kDa HA-SH gels (Figure 11.9¢).
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Figure I1.9: a) Representative stress-strain curves at day 21 and b) Young’s modulus of 3D printed 51 kDa,
230 kDa, and 410 kDa HA-SH constructs with embedded MSCs on day 1 and after 21 days of
chondrogenic culture. Data are represented as mean + standard deviation (n = 7). Significant differences
are marked as follows: Stars (***) above bars of groups at day 21 indicate significant differences to the
corresponding values of the same group at day 1, (p <0.001). (a) indicates significant differences to
230 kDa HA-SH gels at the same day, and (b) indicates significant differences to 410 kDa HA-SH gels at
the same day (at least p <0.05). c) Fold-change in Young’s modulus during 21 days of chondrogenic
differentiation.
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The initially higher stiffness of the 51 kDa HA-SH gels was attributed to the higher polymer
content (10 %) (Table II.1) and the resulting high crosslink density, whereas the gels with low
polymer content (2 %) with their loosely crosslinked networks appeared softer. Within 21 days
of chondrogenic differentiation, MSCs produced considerable amounts of cartilaginous ECM
under all conditions, but significantly more in 230 kDa and 410 kDa HA-SH gels (Figures I1.7
and I1.8a-d). Even more importantly, a homogeneous ECM distribution was observed in 230 kDa
and 410 kDa HASH gels (Figure I1.7), facilitated by a looser hydrogel network and an enhanced
diffusivity (Figure I1.6). This allowed for increased interaction of the produced macromolecules
which is considered a likely explanation for the strong increase in construct stiffness, as shown

(157 1881 Tn contrast, ECM deposition in 51 kDa HA-SH gels appeared only

previously.
pericellularly (Figure I1.7) due to the high polymer content, which resulted in a tight network and
low diffusivity (Figure I1.6). This prevented the distribution of ECM molecules and an increase
of the Young’s modulus over time. The results underscored the correlation between diffusivity,
distribution of cartilaginous ECM, and construct stiffness, which has also been demonstrated in a
recent study that indicated a homogeneous distribution to be even more important for construct

stiffness than the bare amounts of produced ECM components.['3!

4.5. Conclusion

In this study, we established a flexible platform of hyaluronic acid-based bioinks for 3D printing
of hMSCs which facilitated a distinct modulation of the quality of cartilaginous constructs. The
bioink platform utilizes a novel dual-stage crosslinking mechanism based on a single type of
modified hyaluronic acid (HA-SH) with two independent polymeric PEG crosslinkers for
Michael addition (pre-crosslinking) and thiol-ene click chemistry (final crosslinking). In contrast
to formulations with low molecular weight HA-SH, bioinks prepared with high molecular weight
HA-SH vyielded low concentrated hydrogels with a loose porous network and allowed for
enhanced macromolecular diffusion. This led to a homogeneous distribution of key ECM
components aggrecan and collagen type II throughout the constructs and, thereby, resulted in a
marked increase of Young’s modulus over time. The principle that HA hydrogels with low
polymer content allow for an improved ECM distribution compared to gels with high polymer

sl136- 157 and for constructs printed

content has been previously shown for non-printed hydrogel
with an additional PCL support structure.!'88] The current study transferred this to 3D constructs
that are printable without the requirement of an additional thermoplastic support, which is
regarded as a distinct extension of the biofabrication window. 1% 226!

Taken together, these platform bioinks combine 3D printability with chondrogenic differentiation
of MSC, characterized by homogeneous ECM distribution and distinctly increased construct
stiffness, and therefore represent a promising perspective for cartilage regeneration. Based on the

established bioink platform, future studies may include investigation of the effects of different
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PEG-acryl geometries or other acrylated polymers on 3D printability, and different molecular
weights or geometries (e.g. 4-arm or 8-arm PEG-allyl) or other allylated polymers to fine-tune
the resulting hydrogel stiffness after irradiation. Overall, the developed dual-stage system may
serve as an example to design bioink platforms utilizing two independent crosslinking reactions
at one functional group, which allows to adjust 3D printability as well as material and biological
properties of the printed bioinks in a wide range. Here, the presented platform based on thiolated
HA was tailored for cartilage engineering but may provide a high flexibility also for other

applications in biofabrication.
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Figure I1.S1: a) Reaction scheme of HA-SH synthesis. b) 'H-NMR spectra overlay plot proving
quantitative conversion from DTP-(OMe), to DTPH by the absence of methyl ester signal: (400 MHz,
ds-DMSO) 6 (ppm) = 2.67-2.76 (t, 2 H, -CH,-COOCH3), 2.85-2.95 (t, 2 H, -CH>-S), 3.54-3.65 (s,
3H, -COOCH3) for DTP-(OMe), and (400 MHz, ds-DMSO) & (ppm) = 2.36-2.45 (t,
2 H, -CH»-CONH-NH,), 2.83-2.93 (t, 2 H, -CH>-S-), 4.08-4.34 (s, 2 H, -CONH-NH), 8.99-9.18 (s,
2 H, -CONH-NH,) for DTP, both with water residues around 3.3 ppm. ¢) GPC elugram overlay plot of the
three used HA-SH batches including their molecular weight and dispersity d) 'H-NMR spectra of HA-SH
showing exemplary determination of degree of substitution (DS) by internal references:
(300 MHz, D;0) § (ppm) = 1.82-2.20 (s, 3 H, N-Acetyl), 2.57-3.00 (m, thiol-modification), 3.20-4.20 (m,
10 H, HA-backbone), 4.40-4.70 (s, 2 H, anomeric protons) €) '"H-NMR spectra overlay plot demonstrating
the influence of NHS addition on N-acylurea by-product formation and DS determination. Byproduct
signals are inseparable from those of the thiol-bearing modification of HA-SH. Byproduct signals:
(300 MHz, D,0) & (ppm) = 1.15-1.36 (m, -N(CH»-CH3), 2.72-2.92 (m, -N(CH)3N-), 3.38 (m, -N(CH3)»).
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Figure I1.S3: a) Reaction scheme of PEG-diallyl synthesis via PEG-diamine. b) GPC elugram overlay plot
of the PEG-diamine and PEG-diallyl 6 kDa. c¢) 'H-NMR spectra of PEG-diamine 6 kDa after TFAA
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Figure 11.S4: Printability assessment of HASH/PEG-diacryl concentration series using the 410 kDa HA-SH
batch as an example. Polymers were used in 1:1 ratios (0.4 % — 1 %) and the resulting hydrogel solutions
were analyzed over time (10 min, 20 min, 30 min, 45 min, 1 h, 1.5h,2 h,3 h,4 hand 5 h). 0.5 % and 0.6 %
HA-SH/PEG-diacryl formulation were conveniently printable in the timeframe from 1 h to 3 h after the
start of crosslinking. Decreasing the polymer concentrations (0.4 %) resulted in a delayed printability,
which was regarded unsuitable for cell compatibility. In contrast, increasing the polymer concentrations
(0.75 %, 1.0 %) accelerated the Michael addition dramatically and resulted in shorter processing-windows.
Printability assessment is visualized by a color code: green = printable, red = not printable (liquid, viscous
or solid) and yellow presents the transition phase (viscous/printable or printable/stiff). Syneresis (marked
with *) was seen in all tested approaches after at 3 — 4 h of pre-crosslinking.
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Figure I1.S5: Influence of PEG-diacryl molecular weight on ink printability. a) 0.5 % HA-SH (230 kDa) or
b) 2.5 % HA-SH (51 kDa) were mixed with different concentrations of PEG-diacryl (6 kDa, 10 kDa and
20 kDa) and printability of the resulting solutions was analyzed over 5 h.
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Figure I1.S7: Swelling analysis of 51 kDa, 230 kDa and 410 kDa HA-SH constructs over 21 days. Bars
represent the deviation from the original wet weight (= 100 %, dotted line) and represent the mean +
standard deviation (n = 3). (a) Significantly different to the corresponding time point of 230 kDa HA-SH,
(b) significantly different to the corresponding time points of 410 kDa HA-SH (at least p < 0.05).
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Figure I1.S8: Live/dead staining of MSCs in 3D printed 51 kDa, 230 kDa, and 410 kDa HA-SH constructs
after 1 and 21 days of chondrogenic culture. Living cells were stained with calcein-AM and appear in green,
dead cells were stained in red with EthD-III. Scale bars represent 100 pm.
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Figure I1.S9: Histological and immunohistochemical (IHC) staining of ECM components at day 1 in 3D
printed 51 kDa, 230 kDa, and 410 kDa HA-SH constructs. a) Safranin O staining of glycosaminoglycans.
b) Picrosirius red staining of collagens. IHC staining of ¢) aggrecan and d) collagen type II, both depicted
in green. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um.
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Figure I1.S10: Immunohistochemical staining of the fibrocartilage marker collagen type I (green) after 1
and 21 days of chondrogenic culture of 3D printed 51 kDa, 230 kDa, and 410 kDa HA-SH constructs with
embedded MSCs. Nuclei were counterstained with DAPI (blue). Scale bars represent 100 um.

82



Table I1.S1: Educts and products of the HA-SH syntheses.

Educts Products
Initial HA EDC NHS DTPH DTT HA-SH
Mw weight | weight | weight | weight | weight Mw DS yield

[kDa] [g] [g] [g] [g] [g] [kDa] [70] [g]
1014 410 44 2.7
765 398 40 2.7
389 230 43 2.7
359 3.0 10.7 3.44 7.13 5.77 o 33 X
60.5 54 45 2.4
60.5 51 45 2.4

Table I1.S2: Incubation periods for different bioinks prior frequency sweep, UV exposure and shear rate
sweeps. (FS: frequency sweep)

Ink ?gi?gﬁ?;g?f Before ipitial ex;i)gfrre[g;\)/rior Before shear
diacryl) [%] FS [min] second FS) [min] rate sweep [min]
HA-SH 51 kDa 25+25 40 30 40
HA-SH 230 kDa 0.5+0.5 110 30 110
HA-SH 410 kDa 0.5+0.5 70 30 70
Table I1.S3: Primer sequences for qRT-PCR.
Primer Sequence

1 ACAN forward 5’-TACGACGCCATCTGCTACAC-3’

2 ACAN reverse 5’-GACGGTGATGTCCTCCTCAC-3’

3 COL1A1 forward 5’- TTCAGCTTTGTGGACCTCCG-3’

4 COL1AI1 reverse 5’- TGGGATGTCTTCGTCTTGGC-3’

5 COL2A1 forward 5’-CTGTCCTTCGGTGTCAGGG-3’

6 COL2AI reverse 5’-CAGACACAGATCCGGCAGG-3’

7 GAPDH forward 5’-GGAAGGTGAAGGTCGGAGTC-3’

8 GAPDH reverse 5’-AGTTGAGGTCAATGAAGGGGTC-3’

9 SOX9 forward 5’-GGGCAAGCTCTGGAGACTTC-3’

10 SOX9 reverse 5’-AATCCGGGTGGTCCTTCTTG-3’
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5. Chapter III — Tethered TGF-B1 in a Hyaluronic
Acid-Based Bioink for Bioprinting Cartilaginous Tissues
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5.1. Abstract

In 3D bioprinting for cartilage regeneration, bioinks that support chondrogenic development are
of key importance. Growth factors covalently bound in non-printable hydrogels have been shown
to effectively promote chondrogenesis. However, studies that investigate the functionality of
tethered growth factors within 3D printable bioinks are still lacking. Therefore, in this study, we
established a dual-stage crosslinked hyaluronic acid-based bioink that enabled covalent tethering
of transforming growth factor-beta 1 (TGF-f1). Bone marrow-derived mesenchymal stromal cells
(MSCs) were cultured over three weeks in vitro, and chondrogenic differentiation of MSCs within
bioink constructs with tethered TGF-B1 was markedly enhanced, as compared to constructs with
non-covalently incorporated TGF-B1. This was substantiated with regard to early TGF-B1
signaling, chondrogenic gene expression, qualitative and quantitative ECM deposition and
distribution, and resulting construct stiffness. Furthermore, it was successfully demonstrated, in
a comparative analysis of cast and printed bioinks, that covalently tethered TGF-B1 maintained
its functionality after 3D printing. Taken together, the presented ink composition enabled the
generation of high-quality cartilaginous tissues without the need for continuous exogenous
growth factor supply and, thus, bears great potential for future investigation towards cartilage
regeneration. Furthermore, growth factor tethering within bioinks, potentially leading to superior

tissue development may also be explored for other biofabrication applications.

5.2. Introduction

In recent years, 3D biofabrication including bioprinting has evolved as a fast-growing research

[60, 61,226

field in regenerative medicine and for the development of disease models. 13D bioprinting

enables precise patterning of cells and hydrogel materials, i.e. bioinks, and is investigated as a
promising alternative approach for treatment of cartilage defects in trauma and degenerative

diseases. To obtain functional cartilage transplants, bioinks that support chondrogenic

development are of key importance.[% 62 71721

Hyaluronic acid represents a promising and attractive material for cartilage regeneration, as it is

a main component of the natural cartilage extracellular matrix (ECM), and it enables diverse

chemical modifications for crosslinking reactions with other bioink components.l’!: 152 154, 228]

[245

Frequently applied functionalizations are, for example, thiol,l'*” methacrylate,?*! glycidyl

[246

methacrylate,?*®! tyramine,**”! or norbornene!®*® among several others. Nevertheless, studies that

show flexible hyaluronic acid inks with a high initial shape stability after printing as well as
convincing long-term development of cartilaginous constructs are still rare.!?? 228!

Apart from a suitable ink material, the growth factor TGF-B is crucial for chondrogenic
differentiation of mesenchymal stromal cells (MSCs) and cartilage homeostasis. It stimulates

ECM production and can enhance cartilage repair, while its absence results in osteoarthritis
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(OA)-like changes.***25% However, application of TGF-B to the synovial tissue of the joint, for

251

example via injections, results in a short half-life!>>!! and can induce fibrosis and osteophyte

(252,253 Therefore, a precise local supplementation and dose control

formation in adjacent tissues.
appears desirable. TGF-f immobilization within hydrogel scaffolds could be achieved, e.g., by
direct loading, encapsulation into particulate carriers which are incorporated into the scaffold,
reverse binding, for example via electrostatic interactions, or covalent tethering.[!””- 22! Especially
the covalent approach holds great promise for functional cartilage transplants with respect to

prolonged availability for embedded MSCs and low release rates into the surrounding tissue.!'8+

186] With regard to 3D bioprinting, covalent incorporation into the used bioink may avert the
necessity for repeated injections in vivo, likely enhancing the clinical potential of the inks for
cartilage regeneration. Over the last couple of years, the impact of shear stresses during 3D

205, 254-256

printing on cell survival and differentiation has been extensively studied.! ! Furthermore,

it is known that shear stresses can also strongly impact protein structure and function.!?’- 238!
However, surprisingly, studies that investigate whether the 3D printing process may have an
impact on the functionality of covalently tethered growth factors are still lacking. For this reason,
this study focused on the protein function of soluble and covalently tethered TGF-B1 in a
comparative analysis of cast and printed bioinks.

In a recent study, we established a novel hyaluronic acid-based bioink platform for cartilage 3D
biofabrication.?*’! Within this platform, we identified bioinks which enabled high shape fidelity
during and after printing, but still had a very low polymer content of 2 % and a highly porous
network. This facilitated effective chondrogenic differentiation of MSCs, a homogeneous
distribution of newly produced extracellular matrix (ECM) and thereby a superior quality of
resulting cartilaginous constructs. However, these novel bioinks were not suitable for growth
factor binding and TGF-B1 had to be supplemented with each medium change.

Therefore, in this study, we investigated a new hyaluronic acid-based bioink which maintained
the beneficial properties of the established bioink platform and further enabled covalent TGF-$1
tethering. Specifically, TGF-f1 was thiol-modified with Traut’s reagent and covalently tethered
to a newly integrated crosslinker, polyethylene glycol-octaacrylate (8-arm PEG-acryl), via
Michael addition. In the first step of hydrogel formation, the remaining acryl groups of 8-arm
PEG-acryl reacted via Michael addition with thiol-modified hyaluronic acid (HA-SH), resulting
in a highly viscous and 3D printable ink. After fabrication, a UV-induced thiol-ene click reaction
between polyethylene glycol-diallyl carbamate (2-arm PEG-allyl) and the residual thiol groups of
HA-SH ensured final crosslinking. We characterized the inks with regard to rheological
properties, swelling behavior, and TGF-B1 release. MSC chondrogenesis was assessed in cast
constructs with varying amounts of covalently or non-covalently incorporated TGF-B1, with
distinct advantages achieved by TGF-B1 tethering. Subsequently, constructs with 150 nM

TGF-B1, ecither tethered or non-covalently incorporated, were cast or 3D bioprinted.
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Chondrogenic differentiation of MSCs was extensively evaluated regarding early TGF-p1
signaling, gene expression, qualitative and quantitative ECM deposition and distribution, and
resulting construct stiffness. The presented HA-based bioink with tethered TGF-B1 yielded
superior chondrogenic differentiation, as compared to constructs with non-covalently
incorporated TGF-B1. Furthermore, it was successfully demonstrated in the comparative analysis
of cast and printed bioinks that covalently tethered TGF-B1 maintained its functionality after 3D

printing.
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5.3. Experimental section

5.3.1. Materials

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) if not stated differently.
Acryloyl chloride stabilized with phenothiazine (abcr GmbH, Karlsruhe, Germany), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide HCI (EDC, Biosynth CarboSynth, Compton, UK),
1,4-dithiothreitol (DTT, Biosynth CarboSynth, Compton, UK), 2-hydroxy-1-[4-(hydroxyethoxy)-
phenyl]-2-methyl-1-propanone (12959; BASF, Ludwigshafen, Germany),
4-(dimethylamino)benzaldehyde (DAB; Carl Roth, Karlsruhe, Germany), basic fibroblast growth
factor (bFGF; BioLegend, London, UK), chloroform-d! (Eurisotope, St-Aubin Cedex, France),
DAPI mounting medium ImmunoSelect® (Dako, Hamburg, Germany), deuterium oxide (Deutero
GmbH, Kastellaun, Germany), regenerated cellulose dialysis tubes MWCO 3500 Da (Carl Roth,
Karlsruhe, Germany), diethylether (Chemobar University of Wiirzburg, Wiirzburg, Germany),
dimethyl-3,3'-dithiodipropionate (TCI Chemical Industry Co. Ltd., Tokyo, Japan), di-potassium
hydrogen phosphate (Merck KGaA, Darmstadt, Germany), di-sodium hydrogen phosphate
(Merck KGaA, Darmstadt, Germany), Dulbecco’s Modified Eagle’s Medium high glucose
45 gL' (DMEM; Thermo Scientific, Waltham, MA, USA), Dulbecco's Modified Eagle's
Medium/Ham's F-12 (DMEM/F12; Thermo Scientific, Waltham, MA, USA), ethanol (99 %, TH
Geyer, Renningen, Germany), fetal calf serum (FCS; Thermo Scientific, Waltham, MA, USA),
formaldehyde (37 %, Carl Roth, Karlsruhe, Germany), hyaluronic acid sodium salt (Mw
1 - 2 MDa; Biosynth CarboSynth, Compton, UK), hydrochloric acid (HCI; 32 %, 37 %, Merck
KGaA, Darmstadt, Germany), isopropanol (VWR, Radnor, PA, USA), ITS+ premix (Corning,
New York, NY, USA), L-hydroxyprolin (Merck KGaA, Darmstadt, Germany), live/dead cell
staining kit (PromoKine, Heidelberg, Germany), methanol (Fisher Scientific, Schwerte,
Germany), N-hydroxysuccinimide (NHS, Biosynth CarboSynth, Compton, UK), papain
(Worthington, Lakewood, CA, USA), penicillin-streptomycin (PS; 100 U mL™" penicillin,
0.1 mg mL"! streptomycin; Thermo Scientific, Waltham, MA, USA), perchloric acid (60 %,
Merck KGaA, Darmstadt, Germany), phosphate-buffered saline (PBS; Life Technologies,
Carlsbad, CA, USA), polyethylene glycol (2-arm PEG, 6 kDa: Sigma Aldrich, St. Louis, MO,
USA; 8-arm PEG, 10kDa: JenKem® Technologies USA, Plano, TX, USA), potassium
dihydrogen phosphate (Merck KGaA, Darmstadt, Germany), Proteinase K (Digest-All 4, Life
Technologies, Carlsbad, CA, USA), sodium hydrogen carbonate (Merck KGaA, Darmstadt,
Germany), sodium hydroxide (Merck KGaA, Darmstadt, Germany), Tissue Tek® O.C.T. (Sakura
Finetek, Tokyo, Japan), toluene (Fisher Scientific, Schwerte, Germany), transforming growth
factor B1 (TGF-B1; Novoprotein Inc., CA59, Summit, NJ, USA, purchased from PELOBIOTECH
GmbH, Munich, Germany), tris(carboxyethyl)phosphine HCl1 (TCEP, Biosynth CarboSynth,
Compton, UK), trypsin-EDTA (0.25 %, Life Technologies, Carlsbad, CA, USA).
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5.3.2. Methods

Synthesis of the different bioink components: The synthesis of the different components of the
previously established hyaluronic acid-based bioink (3,3’-dithiobis(propanoic dihydrazide)
(DTPH), thiolated hyaluronic acid (HA-SH), polyethylene glycol-diamine, and polyethylene
glycol-diallyl carbamate (2-arm PEG-allyl)) was performed as previously published.*?!

Synthetical details are given in the Supporting information (5.7.).

Synthesis of polyethylene glycol octaacrylate (8-arm PEG-acryl): The synthesis of the branched
PEG-acrylate necessary for growth factor immobilization was performed using enzyme catalyzed
transesterification.[?*> 26% In brief, 8-arm PEG (5.0 g, 1.0 eq.) was dried in vacuo at 100 °C for
1 h, cooled to 60 °C under argon atmosphere and dissolved in dry toluene (50 mL). Vinyl acrylate
(3.0 eq.) and Novozyme 435 (50.0 mg) were added, the suspension was incubated for 3 days at
50 °C and subsequently filtered. After precipitation and washing with diethyl ether, the product

was dried in vacuo to form a bulky white solid.

NMR analysis: '"H-NMR measurements were performed at a 300 MHz Bruker Biospin
spectrometer (Bruker, Billerica, MA) using CDCl; (PEG), d>-DMSO (DTP) and D>O (HA-SH)
as solvents. The solvent peak was set to § =7.26 ppm for CDCl;, 2.50 ppm for DMSO and
4.79 ppm for D>O to which all chemical shifts refer. The degree of substitution of HA-SH was
determined by the ratio of the integrals of the thiol carrying substituent and the acetyl amide signal
in combination with the anomeric protons of the saccharide backbone. The quantitative PEG-
modification was verified by the absence of alterations in the spectra after the addition of

trifluoroacetic anhydride to the NMR sample solution.

GPC analysis: A GPC system from Malvern (Herrenberg, Germany) with a triple detection
containing a refractive index detector (VE 3580), a viscometer (270 dual detector) and a multi
angle light scattering detector (SEC-MALS 20) was used for GPC analysis. Depending on the
molecular weight, different column sets (Malvern, Herrenberg, Germany) were used. For HA-SH
samples, two A6000M mixed-bed columns and for PEG samples, a set of A2000/A3000 columns
were chosen. The eluent was prepared using deionized water containing 8.5 g L' NaNO; and
0.2 gL' NaN; and the columns were calibrated with PEG standards (Malvern, Herrenberg,
Germany). HA-SH samples were dissolved in deionized water with 0.5 g L' TCEP over 6 h at rt
and PEG samples were dissolved in deionized water over 6 h at rt. The obtained data was

processed with OmniSEC 5.12 (Malvern, Herrenberg, Germany).

Ink preparation, TGF-f1 tethering and 3D printing: Final composition of the used ink is: 0.5 %
HA-SH (465 kDa), 0.5 % 8-arm PEG-acryl (10 kDa), 0.4 % 2-arm PEG-allyl (6 kDa) and 0.05 %
Irgacure (I2959); all concentrations are indicated as (w/V). For ink preparation, HA-SH was

dissolved in HEPES buffer (pH 7.6, 154 mM), all other components were dissolved in PBS. Three
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different experimental conditions were prepared: constructs without TGF-B1, constructs with
non-covalently bound TGF-B1 (10 nM, 50nM, 100nM and 150 nM) and constructs with
covalently tethered TGF-f1 (10 nM, 50 nM, 100 nM and 150 nM). For TGF-f1 tethered hydrogels,
Traut’s reagent was used for thiol-modification of the protein (4:1 molar excess of Traut’s reagent,
1 h incubation at rt). Subsequently, different amounts of thiolated TGF-B1 were tethered to 8-arm
PEG-acryl via Michael addition (1 h at 37 °C). For control constructs with mixed TGF-B1 (no
tethering) the same procedure was performed without the addition of Traut’s reagent. Afterwards,
all ink components were mixed with or without MSCs (20 x 10° cells mL™!, passage 4), transferred
to a 3 cc printing cartridge (Nordson EFD, OH, USA) and incubated for 30 min at 37 °C to
achieve the necessary viscosity for 3D printing via Michael addition. 3D bioprinting as well as
printing simulation was performed with an Inkredible+ 3D bioprinter (Cellink, Boston, MA,
USA) at 50 kPa through a 330 um steel nozzle (Nordson EFD, OH, USA). G-codes for 3D printed
grids and filament fusion tests were generated with the HeartWare software (Cellink, Boston,
MA, USA). The NIH ImageJ Fiji software (version 1.52a) was utilized for strand thickness
measurements. The CAD file source of the human femoral condyles was MakerBot Thingiverse
(object 5820, created by BME sundevil). The CAD file was sliced with the Heartware software
and printed with a BioX 3D bioprinter (Cellink, Boston, MA, USA). For the printing simulation,
bioink was extruded at the same printing conditions used for 3D printing and collected in a tube,
subsequently filled in glass molds (5 mm diameter, 2 mm height, 40 pL volume per construct)
and irradiated for 10 min at 365 nm (UVL hand lamp with white light filter, 1 mW cm,
A. Hartenstein, Wiirzburg, Germany). Control constructs were cast and irradiated in the same
way. MSC-laden constructs were cultured in a chondrogenic differentiation medium (DMEM
high glucose medium supplemented with 1 % ITS+ premix, 1 % PS, 0.1 x 10 M dexamethasone,
50 pg mL! L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate and 40 ug mL"! L-proline)
at 37 °C and 5 % CO,. Only constructs of the “medium” control were cultured in chondrogenic
differentiation medium supplemented with 10 ng mL"! TGF-B1. The medium was changed thrice

per week.

Rheological analysis: Rheological properties of the hydrogel formulations were characterized
using Anton Paar MCR 702 rheometer (Anton Paar, Austria). A parallel plate geometry with a
diameter of 25 mm at a 0.5 mm gap was used. A solvent trap was used to minimize evaporation
during the experiment. All the experiments were performed with freshly prepared ink solutions
in the dark on a pre-heated plate at 37 °C. Time sweep measurements were performed by setting
the oscillatory strain amplitude and angular frequency at 0.3 % and 10 rad s, respectively. The
viscoelastic properties of the formed network were characterized by an oscillatory frequency

sweep between 100 — 1 rad s at 0.3 % strain.
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Swelling analysis: Gel wet weight measurements were performed to analyze the swelling and
shrinking behavior of constructs without MSCs. Therefore, constructs with 150 nM tethered
TGF-B1 or without the growth factor were prepared as described above and incubated in 1 mL
PBS for 21 days. Intermediate weight measurements were performed after 30 min, 1 h, 2 h, 4 h,
6h,12h,1d,2d,3d,5d, 7d, 14d and 21 d and wet weight deviations were calculated in

relation to construct weights directly after preparation (0 h).

TGF-p1 release analysis: 3D constructs with 150 nM mixed or tethered TGF-f1 were prepared
as described above and incubated for 21 days, each in 1 mL 1 % BSA in PBS. 5 pL samples were
taken at 1, 3, 5, 7, 9, 12, 14, 16, 19 and 21 days and subsequently frozen in liquid nitrogen.
Quantification of TGF-B1 concentration was performed with a DuoSet ELISA (DY?240-05, R&D
Systems, Minneapolis, MN, USA).

MSC isolation and expansion: Isolation of human bone-marrow derived mesenchymal stromal

cells (MSCs) was performed as described previously!!4”!

after informed consent of all patients and
with approval of the local ethics committee of the University of Wiirzburg (186/18). Cells were
expanded in DMEM/F12 supplemented with 10 % FCS, 1 % PS and 3 ng mL"! bFGF at 37 °C

and 5 % COa.

Cell viability analysis and quantification: Viability of encapsulated MSCs in 3D printed or cast
constructs was performed with a live/dead assay cell staining kit (PromoKine, Heidelberg,
Germany). Constructs were harvested on d1 or d21, washed in PBS and incubated in the staining
solution (4 uM ethidium homodimer III (EthD-III) and 2 uM calcein acetoxymethylester
(calcein-AM) in PBS) for 45 min at rt in the dark. After an additional washing step in PBS, cross
sections of the constructs were imaged at a fluorescence microscope (Olympus BX51/DP71,
Olympus, Hamburg, Germany). For quantification, high magnification images of three printed
constructs (three pictures per construct) were analyzed with the Cell Counter plugin of the NIH

Image J Fiji Software (version 1.52a), counting green and red cells.

Histological and immunohistochemical analysis: MSC-laden constructs were harvested on d1 and
d21 and fixed in 3.7 % PBS-buffered formaldehyde over night at 4 °C. TissueTek® O.C.T.
(Sakura Finetek, Torrance, USA) was used for embedding and 8 um cryo-sections were
performed at a cryostat (CM 3050S, Leica, Wetzlar, Germany). GAG deposition was visualized
with safranin O (counterstain: Weigert’s hematoxylin and fast green), and collagen deposition

198, 261]

with picrosirius red (counterstain: Weigert’s hematoxylin).! Immunohistochemical

1881 Used antibodies were: anti-aggrecan,

stainings were performed as previously described.!
1:300, 969D4D11, Thermo Scientific, Waltham, MA, USA; anti-collagen I, 1:200, ab34710,
Abcam, Cambridge, UK; anti-collagen II, 1:1000, 1I-4C11, Abnova, Taipei, Taiwan; and goat-

anti-mouse Alexa488, 1:400, 111-545-003, Jackson ImmunoResearch, Cambridge, UK); all in
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1% BSA in PBS. Cells were counterstained with DAPI during mounting (Dako, Hamburg,

Germany).

Biochemical analysis: MSC-laden constructs were homogenized at 25 Hz for 5 min
(TissueLyser II, Quiagen, Hilden, Germany) before digesting the suspension with 3 U mL"!
papain (Worthington, Lakewood, NJ, USA) for 20 h at 60 °C. Quantification of DNA content was
performed with Hoechst 33258 (340 nm and 465 nm) and salmon sperm DNA as standard.!>*")
Dimethylmethyleneblue (DMMB) was used to quantify sulfated glycosaminoglycans (GAG) with
chondroitin sulfate as standard at 525 nm.%! After hydrolysis with hydrochloric acid at 95 °C
for 20 h, hydroxyprolines were visualized with 4-(dimethylamino)benzaldehyde at 550 nm.
Collagen content was quantified with L-hydroxyproline as standard.?°!-2%21 For calculation of total
GAG and collagen content, culture supernatants of MSC-laden constructs were collected at every

medium change and also analyzed with the methods described above.

RNA isolation and gene expression analysis: 3D constructs were homogenized for 5 min at 25 Hz
before isolating RNA with TRIzol reagent (Invitrogen, Waltham, MA, USA) according to
manufacturer’s instructions. cDNA was synthesized with the High-Capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA, USA) and real-time qRT-PCR was
performed with the MESA GREEN qPCR Mastermix Plus for SYBR® Assay (Eurogentec, Liége,
Belgium) in a CFX96 real-time system (Bio-Rad, Hercules, CA, USA). Relative gene expression
of all samples was normalized to the eukaryotic translation initiation factor lal (EEF1A1) and to
gene expression of MSC 2D samples on d0, all analyzed with the 24T method.!**¥ A table with

self-designed primer sequences can be found in the Supporting information (5.7., Table IIL.S1).

Protein separation and Western blot analysis: 3D constructs were homogenized for 5 min at
25Hz in RIPA lysis and extraction buffer (Thermo Scientific, Waltham, MA, USA)
supplemented with Pierce protease and phosphatase inhibitor (Thermo Scientific, Waltham, MA,
USA). Protein isolation was performed by repeated freeze-thaw cycles before protein
concentration was analyzed with the Pierce™ BCA protein assay kit (Thermo Scientific,
Waltham, MA, USA) according to manufacturer’s instructions. Protein separation was performed
at 80 V by tris-glycine SDS-PAGE under reducing conditions using a 10 % polyacrylamide gel.
For Western blotting, proteins were transferred to a Immobilon-FL PVDF membrane (0.45 um,;
Merck KGaA, Darmstadt, Germany) at 100 V for 90 min on ice before blocking with 1 x ROTI®
Block (Carl Roth, Karlsruhe, Germany) in tris-buffered saline supplemented with 0.1 % tween-20
(TBST) for 1 h at rt. Primary antibodies against Smad2/3 (Cell Signaling, 3102, rabbit, 1:1000),
Phospho-Smad3 (Abcam, ab52903, rabbit, 1:1000) and GAPDH (Merck, MAB374, mouse,
1:5000) were diluted in 0.5 x ROTI® Block/TBS and incubated over night at 4 °C under agitation.
After washing in TBST, secondary antibodies (Goat-anti-Rabbit 800CW IRDye, 926-32211,
1:15,000, and Goat-anti-Mouse 680CW IRDye, 925-68070, 1:15,000; LI-COR, Bad Homburg,
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Germany) were incubated for 1 h at rt under agitation in the dark. Subsequently, membranes were
washed in TBST before protein detection was performed at a LI-COR Odyssey® Fc imaging

system.

Mechanical analysis: MSC-laden constructs were analyzed with a load cell of 250 g at a
dynamical mechanical testing machine (ElectroForce 5500, Bose, Eden Prairie, MN, USA) on d1
and d21. A constant cross head displacement rate of 0.001 mm s was used to compress the
constructs to a final depth of 0.5 mm. The Young’s modulus was determined as the slope of the

true stress-strain curve in the linear elastic range.

Statistical analysis: Data is represented as mean =+ standard deviation of at least three replicates
per condition. Significant differences were marked as follows: * (p <0.05), ** (p <0.01) and
*%%* (p <0.001) and were calculated with GraphPad Prism 5 software. For comparison of multiple
groups at one time point, a one-way ANOVA with Bonferroni posthoc test was used. A two-way
ANOVA with Bonferroni posthoc test was performed for comparison of multiple groups at

different time points.
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5.4. Results and discussion

5.4.1. Bioink composition and dual-stage crosslinking

This study presents a novel 3D printable hyaluronic acid-based bioink that allows for
biofunctionalization with tethered TGF-f1 to generate advanced cartilaginous 3D constructs
without the need for an exogenous supply of the differentiation factor during long-term culture.
Previously, TGF-B1 has been bound to hydrogels via Traut’s reagent and other covalent
approaches to induce differentiation and ECM production of embedded MSCs or chondrocytes,
however, only in non-printable hydrogels.!!8+186.262-264] The HA-based ink presented here utilized

[223] with adapted composition in order

a recently established dual-stage crosslinking mechanism,
to facilitate TGF-B1 tethering. Ink components encompassed thiol-modified hyaluronic acid
(HA-SH, 465 kDa), acryl-modified polyethylene glycol (8-arm PEG-acryl, 10 kDa), and
allyl-modified PEG (2-arm PEG-allyl, 6 kDa). Successful synthesis of all ink components was
verified via GPC and 'H-NMR (Figure II1.S1, 5.7. Supporting information). For the newly
established 8-arm PEG-acrylate it could be demonstrated that the acrylation was successful and
quantitative using the enzymatic catalysis and no oligomers were obtained during modification
(Figure II1.S1b, 5.7. Supporting information).

Figure III.1 shows the detailed functionalization and crosslinking mechanism of the used ink
composition. At first, free lysine residues of TGF-f1 were thiol-modified using Traut’s reagent
in a 4:1 molar excess of Traut to TGF-B1, as described previously.!'®186] Subsequently, 8-arm
PEG-acryl was added to react with thiol-modified TGF-B1 in a spontaneous Michael addition at
pH 7.4 (Figure I1L.1a). In the next step of bioink formulation, all other ink components (HA-SH,
2-arm PEG-allyl, 12959) as well as human MSCs (20 x 10 mL") were mixed with the TGF-B1-
functionalized PEG-acryl solution. Within 30 minutes of incubation at 37 °C, free acryl groups
of PEG-acryl reacted in a Michael addition at pH 7.4 with the main fraction of HA-SH thiol
groups to generate a highly viscous and printable bioink (Figure III.1b). After 3D printing,
constructs were UV-irradiated at 365 nm to finally crosslink the residual HA-SH thiol groups
with allyl groups of PEG-allyl via thiol-ene click chemistry in the presence of the photoinitiator
Irgacure 12959 (Figure III.1c). Figure III.1d presents a schematic graphical overview to visualize
the ink composition with its two different crosslinking processes. The used ink had an overall
polymer content of 1.4 % (0.5 % HA-SH, 0.5 % 8-arm PEG-acryl, 0.4 % 2-arm PEG-allyl and
0.05 % 12959; all w/V), and still enabled stand-alone printability. Such low polymer content has

previously been shown to be favorable with regard to diffusion properties and penetrability of

1156, 157 188, 223]

cellularly produced ECM in non-printe I'and printed constructs.
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Figure III.1: Ink crosslinking mechanism and functionalization with TGF-B1. a) Thiol-functionalization of
TGF-B1 with Traut’s reagent and Michael addition with 8-arm PEG-acryl. b) Michael addition of TGF-p1-
modified PEG-acryl with HA-SH (pre-crosslinking), resulting in a 3D printable ink. ¢) UV-induced final
crosslinking of residual HA-SH thiol-groups with 2-arm PEG-allyl in the presence of Irgacure 12959 at
365 nm. d) Graphical overview of the dual-stage crosslinking mechanism and workflow of TGF-B1
tethered construct generation for chondrogenic tissue culture.

5.4.2. 3D printing and ink characterization

We have previously characterized printability of dual-stage crosslinked platform bi-oinks in
detail.?>! In order to prove printability of the adapted ink with the new component 8-arm
PEG-acrylate presented in this study, filament fusion tests and strand thickness evaluations were
performed accordingly (Figure I11.S2a and b, 5.7. Supporting information). Filaments fused at the
smallest distance of 0.5 mm and partially at 0.75 mm, strand thickness measurements yielded the
average strand thickness of 650 pm and a strand intersection diagonal of around 1.1 mm, which
was well in accordance with the previously reported results of the printable platform inks.!**!
Additionally, as a proof-of-principle, a large construct with 21 layers was 3D printed, resembling
human femoral condyles (Figure I11.S2¢, 5.7. Supporting information).

Furthermore, we analyzed biocompatibility of the bioink and possible physical impacts of
TGF-B1 tethering on bioink and construct properties. Therefore, the bioink was prepared as
described above and printed in 2-layered constructs to enable imaging with a low background
signal and quantification of single cells. Figure III.2a shows an overview of the printed grid
structures and survival of MSCs directly after printing. To visualize living and dead cells
separately, the split channels of a representative image with higher magnification is shown in the

second row. Quantification of overall cell survival yielded around 98 % living cells and only 2 %
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dead cells after printing. This proved well-adapted printing conditions and confirmed the bioink
as a suitable cell carrier.

To assess the potential influence of covalent TGF-B1 tethering to 8-arm PEG-acryl on the gelation
and, eventually, viscoelastic properties of the ink, we evaluated the kinetics of the first stage of
crosslinking (i.e., the Michael addition). Rheological characterization of time and frequency
sweeps were performed on samples without the protein or with 150 nM tethered TGF-B1
(Figure II1.2b and c). Time sweep measurements revealed a drastic increase in ink viscosity after
15 minutes and almost complete Michael addition after 30 minutes. This corresponded to
empirically defined pre-crosslinking times of this ink in 3D printing experiments for cell culture.
Furthermore, covalent incorporation of TGF-B1 did not affect the mobility and reactivity of 8-arm
PEG-acryl, and the kinetics of progression of Michael addition was almost identical in both
formulations (i.e., without or with tethered TGF-1). Moreover, the results of frequency sweep
experiments showed that after the same incubation time at 37 °C, the formed covalent bonds
during Michael addition yielded a similar state of long-range interactions between polymer
chains. These results demonstrated that the presence of covalently bound TGF-B1 did not

compromise gelation during the first stage of crosslinking.
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Figure I11.2: 3D printing and ink characterization. a) Overview of 3D printed grids and survival of MSCs
after printing. Living cells are labeled with calcein-AM (green) and dead cells with EthD-III (red). Scale
Bars of overview images represent 2 mm, scale bars of split channel images at higher magnification
represent 200 pm. b) Time sweep and c¢) frequency sweep measurements of the pre-crosslinking reaction
(Michael addition) showing the progression and gelation state of inks with 150 nM tethered TGF-$1 or
without the protein. d) Swelling analysis of constructs without or with 150 nM tethered TGF-$1 over three
weeks. Data are represented as the percentage deviation from the original wet weight (= 100 %) as mean +
standard deviation (n = 3). Significant differences are marked with *** (p <0.001). e) TGF-B1 release
from constructs with 150 nM tethered or mixed TGF-B1 over 3 weeks analyzed by ELISA (n = 3). Tested
conditions are significantly different at all time points with p <0.001.
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For further construct characterization, we examined gel stability after final crosslinking for
constructs without or with 150 nM tethered TGF-B1 (Figure I11.2d). Therefore, ink was prepared
without cells, cast in a defined cylindrical geometry (5 mm diameter, 40 uL. volume), and
incubated in PBS over three weeks. No significant differences between the constructs with or
without tethered TGF-B1 could be detected at all time points (0.5, 1,2,4,6,12h,1,2,3,5,7, 14,
21 d). Both gel systems initially swelled slightly to 110 % within the first two hours and then
started to shrink to around 80 %, reaching their equilibrium state at 12 h after preparation. The
swelling process was due to initial water inflow into the hydrogel system and shrinkage may be
explained by formation of disulfide bonds between unreacted HA-SH thiol groups. Statistically,
all thiol groups should be saturated by PEG-acryl or PEG-allyl crosslinking, but it could not be
excluded that some functional groups were not in close proximity to react with each other and
accordingly thiols remained available for disulfide formation.

In general, no significant impact of TGF-B1 tethering was detected on ink viscosity or the stability
of the crosslinked constructs. Calculations of present equivalents of the reacting compounds
during covalent tethering of 150 nM TGF-B1 to the used bioink revealed that one modified
TGF-B1 molecule was facing 3.3 x 10° PEG-acryl molecules. As the used PEG-acryl crosslinker
has eight functional groups per molecule, this means that only approximately every 400™ acryl
group of the PEG crosslinkers was functionalized with TGF-B1. Accordingly, no impact on ink
crosslinking mechanisms and resulting construct stability was expected, even for the highest
growth factor concentration investigated.

To further characterize protein tethering within the bioink, we analyzed TGF-B1 release from
constructs with 150 nM tethered TGF-B1 (with Traut’s reagent) and non-covalently bound
TGF-B1 (mixed without Traut’s reagent). Therefore, gels without cells were incubated in
1 % BSA/PBS over 21 days and TGF-B1 concentration in the medium was examined via ELISA
(Figure I11.2¢e). A burst release was detected for non-covalently bound TGF-B1 (mixed) within
the first day and a cumulative release of 3.8 x 10* pg mL™! after three weeks. In contrast, only
6.7 x 10° pg mL"! diffused out of the constructs with covalently tethered TGF-B1 within the same
time. This corresponded to 25.6 % (mixed) and 4.5 % (tethered) of initially applied protein,
respectively. Hyaluronic acid contains many hydrophilic groups that can interact via electrostatic
forces with positively charged amino acid residues on growth factors,!'” 265267 which might be
the reason for the relatively low protein release of 25.6 % in the mixed group. However,
significantly lower TGF-B1 release of 4.5 % was observed in the tethered group confirming
effective growth factor thiol-functionalization with Traut’s reagent and PEG-acryl tethering via

Michael addition.
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5.4.3. Impact of TGF-B1 concentration and administration on MSC differentiation

After successful material characterization, we analyzed the chondrogenic potential of the
biofunctionalized ink. To examine the optimal growth factor concentration for chondrogenic
differentiation of human MSCs, constructs were prepared and cast as described above with either
covalently tethered or only mixed TGF-B1, i.e., with or without Traut’s reagent, in different
concentrations (10 nM, 50 nM, 100 nM and 150 nM) and cultured in TGF-B1-free differentiation
medium for 21 days. As a control, constructs without incorporated TGF-B1 were cultured in
differentiation medium supplemented with 10 ng mL"! TGF-B1 at each medium change, or
without the supplementation as negative control. Cell survival was very good under all conditions
after construct preparation on day 1 as well as after 21 days in the respective culture conditions
(Figure I11.S3, 5.7. Supporting information). Glycosaminoglycans (GAG) and collagens, as the
main components of natural cartilage ECM, were analyzed in the MSC-laden constructs after

21 days (Figure 111.3).
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Figure I11.3: Histological staining and quantification of ECM components in cast constructs after 21 days.
a) Staining for GAG (safranin O) and b) collagen (picrosirius red) in constructs with 10, 50, 100 or 150 nM
mixed (- Traut) or tethered (+ Traut) TGF-B1, as well as control groups cultured without (w/o, -) or with
TGF-f1 (med.) as medium supplement. Scale bars represent 100 pm. c) Quantification of
glycosaminoglycan (GAG) content in the constructs and d) normalized to DNA. e) Quantification of
collagen (COL) content in the constructs and f) normalized to DNA. Data are represented as mean +
standard deviation (n=3). Significant differences are marked with * (p <0.05), ** (p <0.01) and
**% (p <0.001).
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Constructs without TGF-B1 supplementation showed no GAG (Figure II1.3a) and collagen
(Figure II1.3b) production, while control constructs in medium supplemented with TGF-$1
showed strong differentiation. In the constructs with incorporated TGF-f1, the production of both
GAG and collagen increased with increasing growth factor concentrations (10 — 150 nM), and
importantly, tethered TGF-B1 induced markedly higher ECM production compared to the
corresponding mixed conditions. These results were observed in histological stainings
(Figure I11.3a and b), and further confirmed by quantification of total GAG and collagen amounts
in the constructs (Figure II[.3c and e) as well as amounts normalized to DNA content
(Figure I11.3d and f). The concentrations of 10 nM and 50 nM TGF-B1 (tethered (+ Traut) and
mixed (- Traut)) were not sufficient to induce adequate chondrogenic differentiation of MSCs.
The concentrations of 100 nM and 150 nM tethered TGF-B1 allowed for high amounts of newly
produced GAG and collagen, while non-tethered (mixed) TGF-B1 at 100 nM and 150 nM resulted
in significantly reduced differentiation capacity.

In general, TGF-B1 concentration of 150 nM exhibited the best results regarding ECM production
and distribution. Therefore, this concentration was used in the following printing studies.
Constructs with 150 nM tethered TGF-B1 and control constructs in medium supplemented with
TGF-B1 demonstrated that a homogeneous ECM distribution was achievable. This was likely due
to the low overall polymer content of the used hydrogel composition (1.4 %) and validated this
ink as a beneficial cell carrier for cartilage biofabrication.[®® 3¢ 157) Concentration dependence of
MSC or chondrocyte differentiation induced by TGF-B1 tethered via Traut’s reagent has been
previously analyzed in not-printable hydrogels.['**13¢] Only one study compared tethered with
mixed TGF-B1 incorporation and detected very similar differences as those found in this study.!84
All presented results clearly indicated the superior effect of covalently tethered TGF-B1 into the
ink compared to non-covalently incorporated growth factor (mixed). This can be partially
explained by the differences in TGF-B1 release profiles between the conditions (Figure I11.2¢). A
further explanation might be that free TGF-f1 can undergo endocytosis and degradation when
bound to the cell surface receptor on MSCs, thus reducing the available protein concentration.?6%
261 In contrast, covalently tethered protein might trigger prolonged signaling without potential

internalization.

5.4.4. Investigation of TGF-B1 functionality after bioprinting

Extrusion based bioprinting enables precise patterning of cells and biomaterials in a desired 3D
structure, but still, incorporated cells and proteins can suffer from shear stresses during the
printing process.[20% 257 258. 270, 2711 Therefore, we examined TGF-B1 functionality in cast and
printed bioinks with 150 nM covalently tethered TGF-B1 as well as non-covalently incorporated
protein (mixed). Chondrogenic differentiation of incorporated MSCs was used as a reliable

readout for protein function. As a control, we used cast and printed constructs fabricated without
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TGF-B1 and subsequently cultured in differentiation medium either without the protein or
supplemented with 10 ng mL"! soluble TGF-B1 at every medium change. To examine the
influence of the printing process, bioinks were either pipetted in disk form (5 mm diameter, 40 pL
volume) (cast) or first extruded at the same printing conditions used for grid printing
(Figure II1.2a) and afterwards pipetted in the same geometry (print). This procedure enabled final
gelation in the same construct geometry to facilitate comparability and avoid the potential impact
of different nutrient and oxygen supply in differently shaped constructs.['88 29 2191 Cell survival
was very good in all conditions on day 1 and after 21 days, without differences between cast and

printed approaches (Figure I11.S4, 5.7. Supporting information).

5.4.4.1. TGF-p1 signaling and chondrogenic gene expression

TGF-B1 induces the canonical Smad-dependent signaling cascade through binding to the cell
surface receptors of MSCs. Upon receptor binding, Smad2/3 is phosphorylated and translocates
to the nucleus where it is involved in chondrogenic target gene expression.?’>?74 To detect the
possible impact of the printing process on TGF-B1 functionality, Smad phosphorylation was

analyzed via Western blotting (Figure I11.4).
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Figure II1.4: Western blot analysis of TGF-B1/Smad signaling in cast and printed constructs. Cast and
printed constructs with 150 nM mixed (- Traut) or tethered (+ Traut) TGF-1 were analyzed for their protein
expression. Constructs cultured without or with TGF-B1 as medium supplement served as controls.
Samples were analyzed directly after fabrication (dO, ctrl) and all test conditions after a) 3 and b) 7 days.
TGF-B1-induced active Smad signaling is shown by staining of phosphorylated Smad3 (P-Smad3) and can
be compared with the unphosphorylated levels of the transcription factor (Smad2/3) (expected Mw 52 kDa).
GAPDH served as loading control (expected Mw 38 kDa). The protein ladder is labeled on the left (protein
Mw 35 —250 kDa).
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As a first response to TGF-p1 binding, Smad2/3 phosphorylation was expected early during
culture. Furthermore, the initial burst release of unbound TGF-B1 was determined during the first
three days (Figure III.2¢). For these reasons, we analyzed cast and printed constructs with 150 nM
covalently tethered or mixed TGF-B1 for activated phospho-Smad3 (P-Smad3) proteins after 3
and 7 days of culture. As a control, constructs without TGF-f1 were harvested directly after
preparation, i.e. before incubation in culture medium (d0). After 3 days, activated P-Smad3 was
found in all constructs which had contact to TGF-B1, independent of application (lanes 2 — 7).
Only the constructs without TGF-B1 (lane 1) lacked P-Smad3. Basal levels of unphosphorylated
Smad2/3 were detected in all constructs, although to a distinctly lesser extent in the conditions
with TGF-B1 (Figure Il1.4a). After 7 days, medium controls (lanes 2 and 3), as well as the
constructs with 150 nM covalently tethered TGF-B1 (lanes 5 and 7) contained high levels of
P-Smad3, while constructs with 150 nM mixed TGF-B1 (lanes 4 and 6) showed distinctly lower
concentrations. Constructs without TGF-1 (lane 1) completely lacked the activated P-Smad3
protein. Unphosphorylated Smad2/3 protein was detected evenly in all conditions (Figure I11.4b).
Importantly, no obvious differences in Smad phosphorylation could be determined between cast
and printed constructs.

As a further step in the signaling cascade, expression of the chondrogenic genes aggrecan and
collagen type II, main components of natural cartilage ECM, was evaluated. Cast and printed
constructs with 150 nM tethered or mixed TGF-p1 were analyzed after 3, 7, 14 and 21 days and
compared to control constructs cultured without or with the protein as medium supplement
(Figure IIL.5). In general, all constructs with MSCs subjected to TGF-f1 showed strongly elevated
expression levels compared to MSCs in constructs cultured without TGF-f1. Aggrecan (ACAN)
and collagen type II (COL2A1) expression during the first week of culture revealed no significant
differences between the TGF-B1 conditions, however, after 14 and 21 days, constructs with
tethered TGF-B1 exhibited increased ACAN and COL2A1 expression, as compared to the
constructs with mixed TGF-B1 (Figure lIl.5a and b). Furthermore, no impact of the printing

process was observed for both genes in all conditions.
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Figure II1.5: Gene expression analysis of cast and printed constructs. qRT-PCR was performed on gene
expression of MSCs in cast and printed constructs with 150 nM mixed (- Traut) or tethered (+ Traut)
TGF-B1. Printed constructs cultured without or with TGF-f1 as medium supplement served as controls.
Expression of a) aggrecan (ACAN) and b) collagen type II (COL2A1) was determined after 3, 7, 14 and
21 days and normalized to EEF1A1 and MSCs in 2D on day 0. Data are presented as mean + standard
deviation (n=3). Significant differences between groups are marked with ** (p <0.01) and
*H% (p <0.001). Legend: (a) Significantly different to corresponding value of the same group at day 7 (at
least p < 0.05), (b) significantly different to corresponding value of the same group at day 14 (at least
p < 0.05), (c) significantly different to corresponding value of the same group at day 21 (at least p <0.05).

5.4.4.2. ECM production and distribution

An important feature of bioinks for cartilage engineering is the support of MSC differentiation
and the necessary porosity for ECM distribution. Figure III.6 shows histological and
immunohistochemical stainings of cartilage-specific ECM components produced by embedded
MSCs during 21 days.

Control images of day 1 are presented in the Supporting information (5.7., Figure II11.S5). MSCs
cultured in constructs without TGF-B1 were not able to differentiate and produced hardly any
ECM components, while constructs in medium supplemented with TGF-f1 showed marked
differentiation (Figure I11.6, left). A concentration of 150 nM tethered TGF-B1 yielded strong
ECM production and a homogeneous distribution comparable to the medium control, while the
same protein concentration without covalent binding (mixed) was distinctly less effective
(Figure II1.6, right). This observation was valid for all stained ECM components, i.e. total GAG
and collagen stained by safranin O and picrosirius red (Figure III.6a and c), and specific IHC
staining of aggrecan and collagen type II (Figure I11.6b and d). The fibrocartilage marker collagen
type I was produced to a low extent in all groups receiving TGF-B1 (Figure I11.S6, 5.7. Supporting
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information). Importantly, no difference between cast and printed constructs were determined in

any condition.
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Figure II1.6: Histological and immunohistochemical (IHC) staining of MSC-derived ECM components in
cast and printed constructs. Cast and printed constructs with 150 nM mixed (- Traut) or tethered (+ Traut)
TGF-B1 were analyzed after 21 days. Constructs cultured without (w/o) or with TGF-Bf1 as medium
supplement (medium) served as controls. GAG production and distribution is depicted by a) safranin O
staining and b) IHC staining of aggrecan. Collagen production and distribution is visualized by
¢) picrosirius red staining and d) IHC staining of collagen type II. Nuclei were counterstained with DAPI.
Scale bars represent 100 pm.
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To further validate the visual observations, we quantified GAG and collagen contents of all cast
and printed constructs after 21 days with biochemical assays (Figure I11.7). The analysis revealed
very low GAG and collagen deposition in constructs cultured without TGF-f1, while constructs
with continuous TGF-B1 medium supplementation produced high ECM amounts (Figure III.7a
and d, blue bars). GAG and collagen contents in constructs with 150 nM tethered TGF-1 were
comparable to the positive control (medium), although no additional growth factor was added
during the three weeks of cell culture. MSCs in constructs with 150 nM mixed TGF-B1 produced
significantly lower amounts of ECM components compared to constructs in which the same
protein concentration was covalently bound (Figure III.7a and d, red bars). The same significant
differences were detected when GAG and collagen contents were normalized to the DNA content
(Figure II1.7b and e) as well as when total production was compared, i.e. the combined ECM
contents in the construct and the supernatant collected during culture time (Figure III.7¢ and f).
All initial values at day 1 as well as the analyzed DNA contents can be found in the Supporting
information (5.7., Figure II1.S7). In general, the quantitative results well confirmed the

histological findings and again, there was no difference detected between cast and printed

approaches.
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Figure III.7: Quantification of MSC-derived ECM components in cast and printed constructs. Cast and
printed constructs with 150 nM mixed (- Traut) or tethered (+ Traut) TGF-B1 were analyzed after 21 days.
Constructs cultured without (-) or with TGF-B1 as medium supplement (med.) served as controls. GAG
content is shown for a) the constructs and b) normalized to DNA. c¢) Total GAG production was quantified
by adding the content of the constructs and the collective culture supernatant. Collagen content is shown
for d) the constructs and e) normalized to DNA. f) Total collagen production was quantified by adding the
content of the constructs and the collective culture supernatant. Data are represented as mean + standard
deviation (n = 3). Significant differences are marked with ** (p < 0.01) and *** (p <0.001).
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5.4.4.3. Correlation of ECM production and construct stiffness

As an important mechanical feature of engineered cartilage, we analyzed the Young’s modulus
of cast and printed constructs with 150 nM tethered or mixed TGF-B1 after construct preparation
at day 1 as well as after 21 days of chondrogenic differentiation. Constructs cultured without
TGF-B1 or with the soluble protein as continuous medium supplementation served as controls
(Figure I11.8). Initially, all constructs appeared very weak and without significant differences
between the conditions (all around 2.5 — 5.0 kPa at day 1). Constructs cultured without TGF-$1
maintained their weak appearance or even decreased in stiffness within 21 days to around 1.6 kPa.
MSC:s in constructs with TGF-B1 addition in the culture medium differentiated well and produced
high amounts of ECM. This correlated with a significant increase in Young’s modulus to 73.2 kPa
for cast and 76.0 kPa for printed constructs (Figure II1.8, blue bars). Covalently tethered TGF-1
also induced a significant increase in stiffness to 105.5 kPa for cast and 112.1 kPa for printed
constructs after 21 days, while the mixed condition only resulted in 35.6 kPa and 38.2 kPa,
respectively (Figure II1.8, red bars).
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Figure I11.8: Mechanical characterization of cast and printed constructs. Young’s modulus of cast and
printed constructs with 150 nM mixed (- Traut) or tethered (+ Traut) TGF-Bl after 1 and 21 days.
Constructs cultured without (-) or with TGF-B1 as medium supplement (med.) served as controls. Data are
presented as mean + standard deviation (n = 6). Significant differences between groups are marked with
*(p <0.05), ** (p <0.01) and *** (p < 0.001). Stars above bars on day 21 indicate significant differences
to the corresponding value of the same group on day 1.

In general, bioinks with high polymer contents result in initially stiffer hydrogel networks with
good 3D printability, but are often associated with limited cell growth, differentiation and ECM
distribution.[*®! In a previous study of our group, we demonstrated that the distribution of newly
produced ECM molecules was significantly improved in bioinks with a low polymer content
which was associated with an increased construct stiffness after chondrogenic differentiation.[88]
This was shown for bioinks with 3 % polymer content which needed PCL-support structures for
3D printability. The dual-stage crosslinked bioink presented here is stand-alone 3D printable and
still allows for an even lower polymer content of 1.4 %. Although it exhibited a comparably weak

network in the beginning, this bioink enabled homogenous ECM distribution and thereby
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significantly increased construct stiffness after three weeks in constructs with strong MSC
differentiation (tethered TGF-f1 and medium control). Compared to constructs with non-
covalently incorporated TGF-B1, MSCs in constructs with tethered TGF-B1 expressed distinctly
higher amounts of cartilaginous ECM with a more homogeneous distribution throughout the
constructs (Figure II1.6 and III.7), which correlated well with a markedly higher construct
stiffness (Figure II1.8). This was again independent of bioink processing, i.e. no differences

between cast and printed constructs were observed.

5.5. Conclusion

In this study, we established a dual-stage crosslinked hyaluronic acid-based bioink which is 3D
printable and enables covalent tethering of TGF-B1. In previous reports, other printable materials
were also described for growth factor administration in chondrogenic or osteogenic regeneration
approaches, however, proteins were only mixed within the bioinks or administered via

65, 182, 2752771 Tn our study, it was shown that both

nanospheres but not covalently tethered.!
processes, tethering and 3D printing, did not affect protein functionality or bioink properties.
Covalent TGF-B1 tethering enabled prolonged availability for embedded MSCs and markedly
enhanced chondrogenic differentiation, as compared to the growth factor non-covalently
incorporated in the ink. Furthermore, the low polymer content of the presented ink composition
facilitated a penetrable network with chondro-supportive properties and allowed for homogenous
ECM distribution and a distinct increase of construct stiffness during chondrogenic differentiation
of embedded MSCs. Taken together, this ink composition enabled the generation of high-quality
cartilaginous tissues without the need for continuous exogenous supply and, thus, bears great
potential for future investigation towards cartilage regeneration. Moreover, the observation that a

tethered growth factor within a printed bioink can lead to superior tissue development may also

be explored in other applications in biofabrication.
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5.7. Supporting information
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Figure I11.S1: Characterization of bioink components. GPC elugrams (left) and '"H-NMR spectra (right) of
a) HA-SH (300-MHz, D,O) 6 (ppm) = 1.82-2.20 (s, 3 H, N-acetyl), 2.57-3.00 (m, thiol-modification),
3.20-4.20 (m, 10 H, HA-backbone), 4.40-4.70 (s, 2 H, anomeric protons); b) 8-arm PEG-acryl (300 MHz,
CDCl3) & (ppm) = 3.33-3.99 (m, PEG-backbone and satellites), 4.18-4.38 (t, 2 H, PEG-O-CH,-CH.-O-
acryl) 5.76-6.50 (d/dd, CH=CH:) after TFAA addition; and c) 2-arm PEG-allyl (300 MHz, CDCls)
S (ppm) = 3.15-4.09 (m, PEG-backbone and satellites), 4.43-4.76 (m, PEG-O-CH,-CH,>-N-), 5.11-6.07
(d/d/m, O-CH,-CH=CH>), 5.38 (s, -NH-C(=0)-0O-) after TFAA addition.
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Figure I11.S2: 3D printability assessment. a) Filament fusion test (strand distance indicated next to the
G-code) and b) 2-layered grid structure used for strand thickness and intersection diagonal measurements.
G-codes are represented in the upper row, printed constructs in the lower row. Scale bars represent 5 mm.
¢) CAD model of human femoral condyles (top) and the corresponding 3D printed 21-layered construct
(bottom).
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Figure I11.S3: Cell survival of MSCs in cast constructs. Survival was analyzed on day 1 and 21 in constructs
with 10, 50, 100 or 150 nM mixed or tethered TGF-B1, as well as control groups cultured without (w/0) or
with TGF-B1 as medium supplement (medium). Living cells are stained with calcein-AM and appear in
green, dead cells are stained with EthD-III and appear red. Scale bars represent 100 um.
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Figure II1.S4: Cell survival of MSCs in cast and printed constructs. Cell survival was analyzed after 1 and
21 days in cast and printed constructs with 150 nM mixed (- Traut) or tethered (+ Traut) TGF-B1.
Constructs cultured without (w/o0) or with TGF-B1 as medium supplement (medium) served as control.
Living cells are stained with calcein-AM and appear in green, dead cells are stained with EthD-III and
appear red. Scale bars represent 100 um.
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Figure II1.S5: Histological and immunohistochemical (IHC) staining of ECM components in cast and
printed constructs after 1 day. Cast and printed constructs were stained for a) GAG (safranin O)
b) aggrecan, c) collagen (picrosirius red) and d) collagen type II. Nuclei were counterstained with DAPI.
Scale bars represent 100 pm.
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Figure I11.S6: Immunohistochemical (IHC) staining of collagen type I in cast and printed constructs.
Collagen type I was stained after 1 and 21 days in cast and printed constructs with 150 nM mixed (- Traut)
or tethered (+ Traut) TGF-B1. Constructs cultured without or with TGF-f1 as medium supplement served
as control. Nuclei were counterstained with DAPI. Scale bars represent 100 pm.
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Figure II1.S7: Quantification of ECM components at day 1 and 21 in cast and printed constructs.
Quantification of a) GAG, b) collagen and ¢) DNA content in constructs with 150 nM mixed (- Traut) or
tethered (+ Traut) TGF-B1. Constructs cultured without (-) or with TGF-B1 as medium supplement (med.)
served as control. Data are represented as mean + standard deviation (n = 3). Significant differences are
marked with * (p < 0.05), ** (p <0.01) and *** (p < 0.001). Stars above bars on day 21 indicate significant
differences to the corresponding value of the same group on day 1.

Table II1.S1: qRT-PCR primer sequences.

Primer Sequence
1 ACAN forward 5’- TACGACGCCATCTGCTACAC-3’
2 ACAN reverse 5’- GACGGTGATGTCCTCCTCAC-3’
3 COL2A1 forward 5’- CTGTCCTTCGGTGTCAGGG-3’
4 COL2AI1 reverse 5’- CAGACACAGATCCGGCAGG-3’
5 EEF1A1 forward 5’- GCCCATGTGTGTTGAGAGC-3’
6 EEF1A1 reverse 5’- CCGCAACTGTCTGTCTCATATC-3’
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Synthesis of the different ink components

Synthesis of 3,3 -dithiobis(propanoic dihydrazide) (DTPH): The synthesis was performed
according to Vercruysse et al.®® with slight modifications. In brief, dimethyl
3,3'-dithiodipropionate (1 eq.) was dissolved in methanol, cooled to 0 °C and an excess of
hydrazine monohydrate (8.0 eq.) was added. The reaction solution was stirred at 0 °C for 4 h
following another 16 h at rt. The supernatant of the resulting suspension was discarded, the
sediment was washed with methanol and subsequently with diethyl ether. The final product was

dried in vacuo to form a white, shiny solid.

Synthesis of thiolated hyaluronic acid (HA-SH): The synthesis was performed according to
Stichler et al.l'*”) with slight modifications. Hyaluronic acid (HA) (3.0 g, 1.0 eq.) was dissolved
in 300 mL MilliQ overnight at 37 °C. NHS (4.0 eq.) and DTPH (4.0 eq.) were dissolved in
300 mL Searensen buffer (0.2 M, pH 5.5) at rt, both solutions were combined and mixed. EDC
(7.5 eq.) was added, the pH was lowered to 4.0 with 10 % HCI and the mixture was incubated for
4 h at 37 °C. After a pH adjustment to over 8.5 with 2 N NaOH, DTT (5.0 eq.) was added, and
the mixture was incubated overnight at 37 °C to form a clear, brownish solution. The pH was set
to 3.0 with 10 % HCI following a dialysis (MWCO 1 kDa, RC) against K,HPO4/HCI buffer
(0.3 mM, pH 5.0) with ascorbic acid/TCEP (each 1g/15L) for 3 days and then against
K>,HPO4/HCI buffer (0.3 mM, pH 5.0) for 2 days. The resulting clear solution was freeze dried to

give a foamy white solid.

Synthesis of polyethylene glycol-diamine: The amination of PEG was carried out according to
lijima et al.!**® with modifications. Linear PEG (100 g, 1.0 eq.) was dried in vacuo at 110 °C for
2 h, cooled to rt under argon atmosphere and dissolved in dry dichloromethane (900 mL).
Triethylamine (3.0 eq.) was added, the mixture cooled to 0 °C and methanesulfonyl chloride
(3.0 eq.) added stepwise. The reaction solution was stirred for 1 h at 0 °C and then 4 h at rt after
which the solvents were removed with a rotary evaporator at 50 °C and the orange solid dissolved
in MilliQ (100 mL). 30 % ammonium hydroxide solution (500 mL) were added, the reaction
solution was stirred for 3 days at rt and the remaining ammonia was allowed to evaporate
overnight in the fume hood. After a pH adjustment to 9 — 10 with 2 N NaOH and washing the
aqueous layer with diethyl ether (3 x 150 mL), the product was extracted with dichloromethane
(6 x 150 mL), concentrated in vacuo, and precipitated in cold diethyl ether. The sediment was

dried in high vacuum to give a bulky yellowish solid.

Synthesis of polyethylene glycol-diallyl carbamate (2-arm PEG-allyl): Linear PEG-diamine
(10 g, 1.0 eq.) was dissolved in MilliQ (100 mL), 2 N NaOH (5.0 eq.) was added and the solution
cooled to 0 °C. After the addition of allyl chloroformate (1.6 eq.), the mixture was stirred for 4 h
at 0 °C and the aqueous layer was washed with diethyl ether (2 x 100 mL). Extraction was
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conducted with dichloromethane (5 x 75 mL), the combined organic layers were dried over
MgSO, and filtered. The obtained product solution was concentrated, precipitated in cold diethyl

ether, and the sediment dried in vacuo at rt to form white solid.
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6. General Discussion and Conclusion

6.1. Summary of the newly developed bioinks

This thesis presents valuable improvements and new developments in the field of HA-based
biomaterials for cartilage biofabrication. The first study (Chapter 1) significantly improved an
already existing bioink composition regarding physical as well as biological properties. The
addition of unmodified high molecular weight HA (hmHA) introduced further shear thinning
properties and increased ink viscosity which enabled PCL-supported 3D bioprinting. Reduction
of the overall polymer content in combination with the addition of a porogen (hmHA) facilitated
homogeneous ECM distribution and superior cartilaginous quality of the maturated constructs.
This work provides new insights into the field of bioink development, as it presents and
extensively characterizes the impact of a natural bioink additive with two beneficial functions.
These findings can be also transferred to other bioinks or other porogenic supplements and
therefore provide desirable design criteria for other approaches in the field of biofabrication.
The second study (Chapter II) aimed for further improvement of HA-based bioinks regarding
stand-alone 3D printability. A novel dual-stage crosslinking mechanism based on HA-SH was
developed, which enabled 3D printability after the first crosslinking step and stable constructs for
long-term tissue culture after the second final gelation. The impact of ink components on 3D
printability, regarding their molecular weights and applied concentrations, was empirically
characterized and the findings contributed to the development of a versatile bioink platform.
These platform bioinks were exemplarily analyzed for their potential in the field of cartilage
biofabrication and very promising results were obtained in inks with high molecular weight
HA-SH (> 200 kDa) and very low polymer content of 2 %. But as the ink properties are freely
adjustable by changing molecular weight, concentration or geometry of the used ink components,
this platform presents also promising ink compositions for biofabrication approaches of other
tissues besides cartilage. The newly developed crosslinking mechanism might be also
transferrable to other polymers and ink components, which further increases the application
potential in the field of biofabrication.

The third study (Chapter III) further modified and improved one platform ink composition via
covalent tethering of the chondrogenic differentiation factor TGF-B1 to increase the biomimetic
potential. This study presented the first detailed comparative analysis of protein function
regarding the impacts of ink processing (tethering and 3D printing). Furthermore, cartilaginous
constructs with superior quality were obtained, which made an exogenous protein supply

redundant and thereby paved the way towards potential clinical applications.
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6.2. Considerations for effective bioink design

The hyaluronic acid-based bioinks for cartilage biofabrication presented in this thesis bear already
a great potential for further investigations and in vivo applications. However, there is still room
for improvement considering the aim to develop transplants with native-like cartilaginous
properties. In this section, several ideas for follow-up studies are discussed regarding physical
and biochemical ink properties as well as advanced 3D models for closer simulation of native

cartilage structure.

6.2.1. Physical properties
6.2.1.1. Shear stress and shear thinning during fabrication

It has been shown before that the extrusion of cells through a fine nozzle can cause membrane
rupture and severe cell damage leading to reduced cell viability. The applied shear stresses can
also affect cell morphology, cytoskeletal organization and gene and protein expression
patterns.[205:207:256.278. 21 Eor this reason, one focus of this thesis was the comparative examination
of cell survival and differentiation in cast versus printed constructs to characterize the newly
developed bioinks for further biological applications (Chapter I and III). MSC cell survival was
very high (> 90 %) in all presented studies, independent of the printing process. Also, no shear-
induced impact on MSC differentiation, the amount or distribution of newly produced ECM, and
gene or protein expression patterns were detected. These favorable results are most likely
explainable by the relatively low printing pressure and the shear thinning behavior of HA.[!88 223
235,280, 2811 When a material passes a thin needle at a constant pressure, an increase in resistance

256

and shear forces is detected, especially at the syringe walls.>**! In contrast, a shear thinning

material decreases its viscosity with increasing shear rates at the nozzle wall, thereby acting as a
lubricating layer which enables smooth extrusion of the residual ink plug in the middle.?%
Therefore, this shear thinning behavior shields cells from mechanical stresses and maintains cell
survival and unaffected behavior after 3D printing.!?*3! This property further validates HA-based

bioinks as suitable and promising material for cartilage biofabrication approaches.

6.2.1.2. Dual-stage crosslinking

Especially dual-stage crosslinked materials are a promising approach to generate stable filaments
for 3D fabrication while protecting the cells within the plug-flow during printing, as outlined
above. Thereby, the first crosslinking step determines the rheological behavior during printing
and the resulting ink facilitates cell viability and distribution without sedimentation. The second
crosslinking step yields stable constructs for long-term tissue culture and determines the final

283

mechanical properties of the constructs.!?®3] Prominent examples in the literature are guest-host

interactions, physical entanglements, peptide-peptide interactions and dynamic or weak covalent
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strategies for the first crosslinking step and UV light-induced crosslinking, pH mediated gelation,
enzymatic crosslinking, thermal gelation, or small molecule covalent crosslinkers for the second

192, 2842901 The newly developed dual-stage crosslinking mechanism in this thesis

final gelation.!
(Chapter II, and further used in Chapter III) utilizes two covalent crosslinking approaches to
achieve suitable properties of HA-based bioinks. The biological performance of MSCs in these
inks was outstanding, especially in the low-concentrated ones (with HA-SH > 200 kDa), while
3D printability and shape fidelity of extruded strands was fine for the presented approach, but still
improvable. To further increase the shear thinning behavior for the fabrication process, a first
reversible physical crosslinking mechanism might be beneficial. But the bigger issue with this
new platform bioinks was strand fusion and thereby the impediment of complex structures in the
z-axis. Hyaluronic acid has the natural function to provide lubricated and slippery surfaces, which
likely contributes to strand fusion and the reduction of construct height compared to the calculated
CAD model. It might be a promising approach to crosslink already during printing or use hybrid
materials, for example, by mixing hyaluronic acid with collagen or gelatin. This might reduce the

HA-intrinsic strand fusion and could further improve the cellular environment by closer

simulation of the natural cartilage ECM and the introduction of further cell adhesive motifs.

6.2.1.3. Physical ink properties after fabrication

Besides physical properties during printing, the ink properties post-fabrication are also of great
importance for embedded cells. It was frequently observed that cells sense the mechanical
properties of their surrounding matrix, which can regulate cell spreading, migration, proliferation,
gene expression and differentiation.[*!** And it was proposed, that bioprinted scaffolds should
resemble the stiffness of the native tissue to avoid mechanical mismatches.?* 2%3! In the here
presented studies, we also detected higher chondrogenic gene expression patterns in MSCs
embedded in stiffer bioinks with a high polymer content (see Chapter I, 3.4.3.2. and Chapter II,
4.4.5.2. for a detailed discussion). But interestingly, the enhanced gene expression did not
correlate with the quantitative and qualitative ECM production. ECM quantification was at a level
comparable to the mechanically weaker ink in the first study (Chapter I) and even significantly
lower in the second study (Chapter II). Taken together with the fact that the mechanically weaker
polymeric networks also facilitated significantly improved ECM distribution and thereby
distinctly enhanced mechanical stiffness and overall quality of the resulting maturated constructs
after differentiation, the initial mechanical bioink properties might at least partially lose their
importance in this context.

Besides stiffness, recent studies evaluated the impact of viscoelastic properties of hydrogels on
cellular behavior. In contrast to purely elastic materials, viscoelastic materials like the
physiological ECM exhibit stress relaxation.!?®3 It has been shown that the cells apply force or

strain by binding the surrounding matrix, which can be actively remodeled by crosslink
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[296

degradation or rearrangement.*®! For example, fast stress relaxation over time was discovered to

297 2981 The developed inks in this thesis likely have

drive osteogenic differentiation of MSCs.!
different physical properties regarding yield stress, shear moduli or viscoelasticity, which may
have contributed to the detected quantitative differences in ECM production between the
presented studies in Chapter I and II. For a better understanding and validation of this hypothesis,
these bioinks should be further characterized regarding their mechanical properties including their
stress relaxation rates. And it might be a promising design criterion to include and tune these

properties for follow-up studies or further ink developments.

6.2.1.4. Biophysical stimuli to improve cartilaginous construct quality

Native cartilage is an avascular tissue, and the supply of oxygen and nutrients is only conducted
via passive diffusion from the synovial fluid. Therefore, this tissue experiences low and varying

[299, 300

oxygen tensions between 1 and 7 %. ! Hypoxia was shown to increase ECM synthesis in

[301

chondrocyte cultures®! and induce chondrogenic differentiation of MSCs.[*°!l Thereby, hypoxia

inducible factors lo and 2a (HIF-lo/-20) are stabilized under hypoxic conditions and

heterodimerize with HIF-1p to initiate the transcription of specific hypoxia responsive genes.*%>

3931 Growth arrest and survival of chondrocytes and maintenance of the human articular

chondrocyte phenotype was demonstrated to depend on the actions of HIF-1a and -2¢.[% 301
Furthermore, hypoxia might prevent the potential calcification of engineered cartilage by
inhibiting the expression of collagen type X, the main hypertrophy marker. 3% 3%

Another major environmental factor in native cartilage is mechanical stimulation via hydrostatic
pressure and compressive or shear forces during movement. The special ECM arrangement
provides thereby the necessary biomechanical properties to withstand tensile and compressive
forces (as discussed in section 1.1.1.).%% 3%l Also in the field of cartilage TE, mechanical
stimulation was shown to be important for maintaining cartilage integrity and varying loads

5.96:391 For this reason, mechanical stimulation

resulted in different structural ECM organization
and specific physicochemical parameters like fluid flow were integrated in bioreactor systems to
improve tissue maturation, %% 310!

In general, these biophysical stimuli were demonstrated to improve MSC differentiation and the
maintenance of a chondrogenic phenotype. For this reason, it might be a promising approach for
future investigations of the here presented newly developed bioinks, to expose the constructs to
varying oxygen tensions and mechanical stimulations. This might further increase the quantitative

and qualitative ECM production and the resulting mechanical construct stiffness after maturation

for potential clinical applications.
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6.2.2. Biochemical properties

The chondrogenic differentiation potential of stem cells can be modified via biochemical
properties of their surrounding biomaterial. Especially synthetic hydrogels have frequently been
modified to increase their adhesiveness or bioactivity, but also natural derived biomaterials with
inherent binding sites can be further optimized regarding their chondrogenic potential.’!!!
Adhesive peptide motifs of fibronectin (RGD), laminin (IKVAV and YIGSR) or N-cadherin
(HAVDI) were used to functionalize hydrogels individually or in combination with other

123171 The decorin-derived collagen

biochemical cues, and enhanced MSC chondrogenesis.
type II binding sequence KLER was shown to direct fibrillogenesis of collagen molecules,
thereby stabilizes and organizes cartilage ECM, and improves matrix deposition of embedded
MSCs.B18 3191 These are only a few examples from the literature which should underline the
potential of biomimetic functionalizations. As shown in Chapter III, utilization of 8-arm
PEG-acryl opens the possibility for ink modifications without impacting the pre-crosslinking
process. One promising approach could be the addition of further biochemical cues like the
mentioned adhesive peptides. For further introduction of modifiable moieties, 8-arm PEG-allyl
could be utilized for final gelation.

Retention and sustained release of growth factors like TGF-P was also extensively studied in

sB32% or nanospheres,'®! as

cartilage TE (also discussed in Chapter III). Thereby loaded nanosheet
well as protein adsorption,?®! direct hydrogel loading!'” or covalent tethering!'®>! have been
frequently applied. Especially covalent TGF-B incorporation significantly enhanced protein
retention and differentiation of embedded MSCs,!'®% which was transferred to printable bioinks
and further validated in this thesis (Chapter III).

Besides incorporation of whole proteins, functional peptide motifs with chondroinductive
properties were successfully applied in vitro and in vivo like the TGF-f mimetic peptides
SPPEPS2! or cytomodulin-2.322) Another possibility of simultaneous and sequential factor
delivery, without the need of whole intact proteins, can be utilized by gene activated bioinks.
Thereby nucleic acids, encoding for key signaling factors, are delivered in the bioinks and induce
transgene expression and enhanced biological activity in neighboring cells. This technique could
contribute to tunable and precisely controllable gradient constructs in the future.[323-327]

As also shown in this thesis, deposition and distribution of newly produced ECM is very important
in the field of cartilage TE. Incorporation of cleavable peptides can further increase hydrogel
biodegradability to create more space for coherent ECM formation. This was for example
analyzed for MSC-derived matrix metalloproteinase 7 (MMP7) and aggrecanase (ADAMTS4)
activities, which correlated with ECM deposition and therefore increased constructs stiffness after

maturation. 3?8
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6.2.3. Advanced 3D structures

The 3D environment is crucial for the behavior and fate of embedded cells (also discussed in
section 1.2.3.). This knowledge yielded several approaches which aimed for a close simulation of
human native cartilage organization. One promising example are zonal or multilayered constructs,

321 This can be achieved by utilizing

which mimic the defined regions of articular cartilage.!
different cell sources and their special ECM expression profiles. Examples in the literature are
combinations of middle-zone and deep-zone chondrocytes,**”) chondrocytes and MSCs,*! or
chondroprogenitor cells (ACPCs) and MSCs.*32 331 With respect to clinical applications, a further
benefit of different cell sources is the minimized need for long in vitro expansions to generate

3341 Another possibility to facilitate zone-specific cartilaginous or

large cell numbers.!
osteochondral tissue formation is to stimulate different ECM expression profiles in one cell source
via biomaterial properties.?33-3%1 Other studies printed cell-free multilayered constructs with
changing mechanical properties, which were afterwards seeded with cells and successfully
applied for in vitro and in vivo applications for cartilage or osteochondral tissue repair.[!83 33% 340]
Aiming for the treatment of OA affecting the entire joint, whole joint resurfacing was also applied
by several studies which printed complex zonal constructs of the femoral head.*!-**] The
anisotropic structure of osteochondral tissue still challenges the field of biofabrication, although
new fabrication techniques and the ongoing development and improvement of biomaterials
present promising future perspectives. Biochemical gradients of implemented proteins (BMP-2
and IGF-1 or BMP-2 and TGF-B1) were shown to direct localized osteogenic and chondrogenic
differentiation of MSCs, and TGF-P gradients can lead to the development of heterogeneous
cartilage tissue.[3?% 3443461 The combination of biochemical and mechanical properties in a zonal
orientation was also successfully applied.?*>347:3%8] Ag a further application advancement of the
TGF-B1 tethered bioink presented in Chapter III of this thesis, preliminary work on TGF-B1
gradient development was conducted. A microfluidic chip was designed to enable gradual mixture
of inks with or without tethered TGF-B1 and first-line cell culture experiments were performed
within the master thesis of Franz Moser, University of Wiirzburg (2021). This work paved the

way for in-depth follow-up studies and opened a perspective in this relatively new field of 3D

biofabrication.

6.3. Conclusion

Bioinks for 3D biofabrication bear a great potential in the field of cartilage tissue engineering and
offer variable and adjustable properties which have been extensively characterized in the last
years. The presented inks in this thesis are a promising example for effective bioink development
for cartilage biofabrication approaches and invite for future follow-up studies with great potential.

These advanced bioinks should support cells in all stages of the fabrication and maturation
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process. Physical properties like the shear thinning behavior protect the cells during printing, and
adjustable mechanical ink properties can guide and promote the fate of embedded cells after
printing. Further lineage commitment can be optimized by incorporation of diverse biochemical
cues, simulation of the spatial layer organization or adjusted culturing techniques during construct
maturation, like oxygen partial pressure or mechanical stimulation. Together, these future
variations of the developed already promising inks can further advance the field on the way to

clinical applications and effective cartilage regeneration.
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