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ABSTRACT

DEVELOPMENT OF EMBEDDED MULTIMATERIAL BIOPRINTING
PLATFORM FOR THE BIOFABRICATION OF VASCULAR TISSUES

CANER DIKYOL

MATERIALS SCIENCE AND NANO ENGINEERING MSc. THESIS,
SEPTEMBER 2020

Thesis Supervisor: Prof. Bahattin Kog

Keywords: Multimaterial bioprinting, 3D bioprinting, tissue engineering, biofabrication,

vascular tissues, blood vessel

Cardiovascular diseases are one of the major causes of mortality throughout the world.
Availability and suitability issues of the currently available autologous vessel and
synthetic graft transplantations have created an immense need for the development of
tissue engineered vascular tissue substitutes that could be benefited not only for
therapeutic replacements of diseased blood vessels but also for fabrication of thick
vascularized tissues and in vitro vascular disease modelling. The advent of bioprinting
technology into the tissue engineering field has permitted the attainment of complex-
shaped tissue constructs with spatiotemporal control, unprecedented degree of precision
and reproducibility when compared with conventional methodologies. However, most of
the bioprinted vascular tissue substitutes still lack either the zonally stratified
multimaterial composition or hierarchical complexity of native blood vessels which have
been residing as major challenges in vascular tissue engineering domain and are crucial
on the biofabrication of anatomically and functionally correct vascular tissue analogs.
Multimaterial bioprinting is a promising technology integrating multimaterial setups into
bioprinting platforms for the fabrication of multicellular, heterogeneous and functional
tissue constructs. In this thesis work, a multimaterial bioprinting platform incorporating
multiple-channel microfluidic multimaterial printhead was combined with the embedded
bioprinting technique for the fabrication of vascular-like constructs mimicking spatial
heterogeneity, multicellular and multimaterial composition and hierarchical
microarchitecture of native blood vessels. Three different bioink formulations were
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sequentially extruded from the developed microfluidic multimaterial printhead into the
prepared hydrogel-nanoclay support bath in a controlled manner, which allowed the
generation of complex-shaped tubular constructs with three distinct concentric layers
resembling the intimal, medial and adventitial layers of the natural vascular tissues.



OZET

VASKULER DOKULARIN BiYOFABRIKASYONU iCIN GOMULU COK
MALZEMELI BiYOBASIM PLATFORMUNUN GELISTIRILMESI

CANER DIKYOL

MALZEME BiLiMiI VE NANO MUHENDISLIK YUKSEK LISANS TEZI,
EYLUL 2020

Tez Danismani: Prof. Dr. Bahattin Kog

Anahtar Kelimeler: Cok malzemeli biyobasim, 3B biyobasim, doku miihendisligi,

biyofabrikasyon, vaskiiler dokular, kan damari

Kardiyovaskiiler hastaliklar, diinyada meydana gelen 6liimlerin baslica sebeplerindendir.
Halihazirda uygulanmakta olan otolog damar ve sentetik greft transplantasyonlarinda
yasanan mevcudiyet ve uygunluk sorunlari, doku miihendisligi vasitasiyla iiretilmis
vaskiiler doku ikamelerinin gelistirilmesi i¢in biiylik bir ihtiya¢ yaratmistir ve
gelistirilecek vaskiiler doku ikameleri sadece hastalikli kan damarlarinin tedavi amaclh
degisimi i¢in degil, ayn1 zamanda kalin vaskiilarize dokularin tiretimi ve in vitro hastalik
modellerinin gelistirilmesi i¢in de yararlanilabilecektir. Biyobasim teknolojisinin doku
mihendisligi alanma gelisi, kompleks geometride dokularin, geleneksel iiretim
yontemleriyle kiyasla uzamsal-zamansal kontrolll, emsalsiz bir hassasiyette ve
tekrarlanabilirlikte tiretilmesine olanak saglamistir. Ancak, biyobasimla tiretilen vaskiiler
doku ikamelerinin ¢ogu, vaskiiler doku miihendisligi alaninda biiylik zorluklar olarak
bulunan ve anatomik ve fonksiyonel vaskiiler doku analoglarinin biyofabrikasyonu igin
kritik 6neme sahip olan, kan damarlarinin bolgesel olarak tabakalandirilmis ok
malzemeli bilesimden veya hiyerarsik karmasikligindan yoksundur. Cok malzemeli
biyobasim, ¢ok hiicreli, heterojen ve fonksiyonel dokularin biyofabrikasyonu ic¢in ¢ok
malzemeli donanimlarin biyobasim platformlarina entegrasyonunu barindiran ve umut
vadeden bir teknolojidir. Bu tez ¢alismasinda, kan damarinin konumsal heterojenligini,
cok malzemeli kompozisyonunu ve hiyerarsik mikro-mimarisini taklit edebilen vaskler-
benzeri yapilarin biyofabrikasyonu i¢in; ¢ok kanalli mikroakiskan bir bashiga sahip ¢ok
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malzemeli biyobasim platformu ile gémiilii biyobasim teknigi birlestirilmistir. Ug farkli
biyomiirekkep formiilasyonu, gelistirilen ¢ok malzemeli mikroakiskan yazici basligindan
hidrojel-nanokil bazli destek banyosuna kontrollii bir sekilde ekstriide edilmis ve bu
sayede kan damarinin intimal, medial ve adventif katmanlarina benzer esmerkezli {i¢
katmana sahip ve karmasik sekilli tiibiiler yapilar iiretilmistir.
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1. INTRODUCTION

Cardiovascular diseases are one of the major causes of mortality throughout the world
(Nemeno-Guanzon et al. 2012). Diseased and malfunctional vascular tissues are mostly
treated through the transplantation of autologous vessels and synthetic grafts, however
availability and suitability issues of them hinder the treatment of vascular diseases
(Pashneh-Tala, MacNeil, and Claeyssens 2016). Besides therapeutic transplantation for
diseased blood vessels, reconstruction of functional vascular networks within the created
constructs also has a crucial role for the engineering of physiologically-relevant artificial
tissues and organs (Hasan et al. 2015). Tissue engineering approaches alleviate these
limitations and emerge as a promising strategy for the generation of living and

physiologically appealing vascular tissue analogs.

Introduction of additive manufacturing technologies into tissue engineering field has
permitted the attainment of tissue constructs with unprecedented degree of precision and
reproducibility when compared with conventional methodologies (M. Singh and
Jonnalagadda 2020). Among different technologies, bioprinting has gained considerable
attention as living cells and biological materials are directly utilized as building blocks to
pattern into complex-shaped constructs within spatiotemporal control. However, native

tissues are intrinsically complex compositions, comprised of multiple types of cells,
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various extracellular matrix (ECM) components and, with few exemptions, infiltrated
vasculature in a hierarchical organization (Stock and Vacanti 2001; Rose and De Laporte
2018). Deposition of single bioink formulation from the single nozzle of traditional
bioprinters cannot allow to reach the heterogeneous and complex structures of native
tissues. In this regard, different multimaterial bioprinting technologies have been
developed, which carried bioprinting applications a step forward on the engineering of
functional, mechanically stable and anatomically-correct biological constructs by
enabling the patterning of multiple materials and cell types simultaneously or sequentially
with high precision (Figure 1.1). Especially, multimaterial bioprinting technology holds
a great potential for addressing the major challenge in the field by the reconstruction of
perfusable vascular networks within large engineered tissues necessary to obtain
functional tissues and their transition into clinical applications (Miri et al. 2019; Holland
et al. 2018; Tomasina et al. 2018). Multimaterial bioprinting approaches have showed
great advancements with the feasible results for the biofabrication of vascular and

vascularized tissues.

In this thesis work, microfluidic-based multimaterial bioprinting platform combined with
embedded bioprinting technique was developed for the biofabrication of vascular tissues
recapitulating both multimaterial and multilayered hierarchical arrangement and complex

geometrical shape of native vascular tissues.

1.1. Bioprinting

Bioprinting is a cluster of additive manufacturing technologies focusing on the
biofabrication of living tissues and organs by spatially patterning cells and other
biomaterials in a layer-by-layer approach (Mota et al. 2020). A systematic workflow for
bioprinting mostly starts with the data acquisition (e.g., magnetic resonance imaging,
computerized tomography) and computer-aided modelling of the targeted tissue/organ,
which continues through selection, preparation and controlled deposition of the bioinks
and then post-bioprinting processes (Mandrycky et al. 2016). Depending on their working
principles, bioprinting modalities are categorized into three: extrusion-based bioprinting
(EBB), droplet-based bioprinting (DBB) and laser-based bioprinting (LBB).



Figure 1.1 An illustration of multimaterial bioprinting platform with multi-head,
microfluidic and coaxial dispensing units (from left to right). Development and
implementations of different multimaterial bioprinting approaches have achieved
several milestones on the biofabrication of vascular and vascularized tissues by
patterning various types of material formulations in a spatially-controlled manner.
Multimaterial bioprinting approaches demonstrates a potential for the reconstruction of
vascular networks within the thick tissues and also generation of vascular tissues with
zonally stratified, multicellular and concentric arrangement (Gantry model of the
illustrated multimaterial bioprinting platform was obtained and modified from 3D

ContentCentral service (https://www.3dcontentcentral.com/parts/supplier/Aerotech-

Inc.aspx) with permission from Aerotech Inc. Digital models of human heart and brain
were obtained and adapted from the BodyParts3D database
(http://lifesciencedb.jp/bp3d/) (Mitsuhashi et al. 2008))

EBB is the most widespread bioprinting modality, in which a cell-laden bioink is
continuously extruded from the nozzle in a layer-by-layer manner to biomanufacture a
pre-designed three-dimensional (3D) construct. Extrusion of the continuous cell-laden
cylindrical filaments is driven by pneumatic or mechanical (piston-based or screw-based)

dispensing systems (Murphy and Atala 2014).
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Natural and synthetic hydrogels have been utilized for the preparation of bioinks.
Together with resembling the ECM of encapsulated cells, they also provide a supporting
milieu for the cells throughout the bioprinting and cultivation processes (Hoélzl et al.
2016). Hydrogels exhibiting shear-thinning behavior are preferred for EBB applications.
These kind of bioinks maintain their rheological stability in the hydrogel reservoir
throughout the bioprinting process. During extrusion, exerted external shear stress
reduces the viscosity of the biopolymer and the material exhibits fluid-like behavior.
Following the extrusion from the nozzle, bioink quickly recovers to its initial state
(Leijten et al. 2017). For the maintenance of shape fidelity of the 3D construct, gelation

is performed right after extrusion through physical or chemical crosslinking.

DBB, which is also named as inkjet bioprinting or drop-on-demand technique, generates
droplets from bioinks via thermal, electrostatic or piezoelectric actuators and precisely
deposits by employing non-contact bioprinting approach (Gudupati, Dey, and Ozbolat
2016). Droplet volume and density of cells per droplet are specified by adjusting
parameters such as pressure, feeding rate and valve aperture time. Even though this
bioprinting modality enables patterning in higher-resolution compared to EBB modality,

biomanufacturing of large-scale 3D constructs is challenging.

LBB modality can be sub-categorized into two different technologies: cell-transfer
technologies involving laser-induced forward transfer (LIFT) technology and photo-
polymerization technologies involving stereolithography (SLA). In LIFT technology,
laser energy is directed to a donor slide (also called as target or ribbon) which has an
energy-absorbing layer on the top and a bioink distributed layer on the bottom. Through
focusing a laser pulse to a small region between energy-absorbing layer and bioink layer,
formation of high-pressure bubble occurs, which cause detachment of bioink droplets
from the donor slide and ejection to a receiving layer in non-contact mode (Duocastella
et al. 2008). SLA technology relies on the photopolymerization principle. Through the
scanning of pre-programmed path via ultra-fast laser beam, photosensitive bioink is

selectively cured in a layer-by-layer manner (H. Kumar and Kim 2020).



1.1.1. Bioprinting Inside Support Bath: Embedded Bioprinting

3D bioprinting provides controlled deposition of hydrogels, biological matters or
biomaterials to fabricate complex cell-laden structures in a layer-by-layer manner for
various tissue engineering applications. Natural or synthetic biocompatible and
biodegradable cell-laden hydrogels are commonly used to construct 3D environment with
the ability to turn into gel at physiological conditions without impairing cell integrity and
cell-to-cell interaction. Extrusion based bioprinting is one of the most common method
to deposit cell-laden hydrogels in desired geometry with precise control in micrometer
scale. The process requires gelation of liquid hydrogel either by physical, thermal or
chemical crosslinking before, during, or after bioprinting. However, physical phase
transition of hydrogels during extrusion might clog the nozzle and could disrupt the
viability of the encapsulated cells (Guillotin et al. 2010; Ozbolat and Hospodiuk 2016).
In addition, due to low mechanical strength, the printed hydrogels may not be strong
enough to hold overhanging structures. Integration of the subsequent layers is another
challenge which needs proper adjustment of hydrogel gelation time with the printing
process (H. W. Kang et al. 2016; Jin et al. 2017). The level of humidity strongly affects
cellular viability, which is not often preserved during in-air hydrogel extrusion
bioprinting (Matsuzaki et al. 2019; McCormack et al. 2020). These limitations can arise
due to both hydrogel properties such as viscosity and gelation time, and the printing
parameters such as fabrication time, extrusion pressure and nozzle size. Among them,
viscosity of the hydrogel has a pivotal role. Viscosity can be fine-tuned with increasing
the concentration, which increases the hydrogel stiffness and subsequently might have an
adverse effect on cell migration and functioning. A sacrificial secondary hydrogel with
different gelation property, or a viscosity modifying biomaterial is generally introduced
within the primary hydrogel to obtain a qualified structure during the extrusion based
bioprinting process (Datta, Ayan, and Ozbolat 2017; C. J. Wu et al. 2011; Topuz et al.
2018; Peak et al. 2018).

Direct free form writing of hydrogels in a fugitive and sacrificial support-bath has
addressed aforementioned limitations. A support-bath with the Bingham plastic flow
behavior can provide a rigid supporting matrix and at the same time, instantaneous
yielding and rapid recovery during and after passage of the extruding nozzle, respectively
(Mezger 2006; Jeon et al. 2019; Howard A. Barnes 2000; Ding and Chang 2018;

5



McCormack et al. 2020). In addition to the adequate flow behavior, the support-bath
should quickly provide the necessary gelation to control the spreading of the extruded
viscous bioink and let the printed layers to be integrated, and concurrently avoiding
nozzle clogging. This approach has been demonstrated by depositing liquid hydrogel
precursors within self-healing support materials such as Carbopol, Laponite, gelatin,
gellan, fumed silica particles, Pluronic and alginate (Bhattacharjee et al. 2015; Hinton et
al. 2015; Duarte Campos et al. 2013; Jin et al. 2016; Jin, Chai, and Huang 2017; Hinton
et al. 2016; Grosskopf et al. 2018; Compaan, Song, and Huang 2019). However, the
functionality of the support-bath materials is influenced by several parameters. In
addition, the compatibility of the support-bath with the printed hydrogel has also a crucial
role for a successful bioprinting (Highley, Rodell, and Burdick 2015; Jin et al. 2016;
Hinton et al. 2015; Duarte Campos et al. 2013). For example, hydrophobic
perfluorotributylamine fluid was employed for the bioprinting of agarose hydrogel due to
its high buoyant density (Duarte Campos et al. 2013). Since the approach of supporting
is based on buoyancy, viscosity of the printed hydrogel might affect the structural
resolution which limits the applicability of this support material in different types of
hydrogels. In another study, two different types of hyaluronic acid which were modified
with adamantane or B-cyclodextrin, respectively, were utilized as self-healing support
material, by using their reverse assembly capability as host-guest interactions (Highley,
Rodell, and Burdick 2015). Although methacrylated gels were successfully printed, the
possible reaction of adamantane or 3-cyclodextrin ends would limit the utilization of this
technique to be used with different materials. Due to their stress-yielding properties,
Carbopol microgels and gelatin microparticles have also been studied (Bhattacharjee et
al. 2015; Hinton et al. 2015). However, ionic sensitivity of the Carbopol and, thermal
instability and microparticle size-dependency of the gelatin slurry limit their use.
Therefore, to address limitations and general requirements for bioprinting of hydrogels

with various properties, new formulations of support-bath systems are needed.

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (Pluronic F127; PF) is
one of the support-bath material candidates possessing concentration dependent-
thermoreversible gelation property. It is in gel form at around body temperature
(concentrations >18%) and turns into liquid below 10 °C (Jiang et al. 2008). Hence, it
was implemented as support-bath or sacrificial fugitive ink at room temperature within

the range of 25-40% concentrations (Kolesky et al. 2014; Rocca et al. 2018). However,

6



viscoelastic modulus of the material was not strong enough for micrometer scale
resolution in a long time printing processes due to mechanical weakness and tendency of
quick dissolving in physiological conditions (Rocca et al. 2018) (Jiang et al. 2008). Sol-
gel transition concentration of PF was modified by addition of Laponite (C. J. Wu and
Schmidt 2009; C. J. Wu et al. 2011). Laponite is a layered synthetic nanoclay with
chemical formula of SisMgs.45Li0.4024Nao.7 Similar to hectorite. It exists as a 2D disc-like
structure, 25 nm in diameter and 1 nm in thickness with negative charges distributed
on the faces (OH") and positive charges on the edges (Na*). Due to its biocompatibility,
low cost, availability, thermal stability, processability, ionic insensitivity, and
anisotropic behavior, Laponite can be considered as a promising rheology-modifier, or
used as mechanical reinforcing component and crosslinker with several hydrogel
systems (Haraguchi et al. 2003; Chang et al. 2010; Boucenna et al. 2010). It was utilized
in different applications of tissue engineering from composite hydrogel printing to
support-bath material (Tomas, Alves, and Rodrigues 2018; Nadernezhad et al. 2019;
Gaharwar et al. 2019; Davila and D’Avila 2017; Ding and Chang 2018). The gel-
forming ability of Laponite involves a multi-step mechanism. When particles react with
hydroxide ions in the water, phosphate ions dissolve. After the ion dissolution, the
nanoclay particles start to interact with each other while the sodium ions diffuse towards
the surfaces within the galleries, resulting in expanded thixotropic gel structure (Au et al.
2015; Jatav and Joshi 2014; Castelletto, Ansari, and Hamley 2003). Laponite RDS, a
category of Laponite family, possesses an extra peptizing agent of sodium
pyrophosphate (NasP20O7) at the edges which ionically stabilizes the structures and
prevent the face-edge bond formation between particles (Pek-Ing and Yee-Kwong
2015).The pyrophosphates give a thixotropic behavior to the structure (Pek-Ing and Yee-
Kwong 2015). These properties of Laponite would make it a suitable support-bath
material, but the printed hydrogels have high viscosity with stiff network which is a
disadvantage for cellular activities like cell adhesion, migration and proliferation
(Ehrbar et al. 2011; Krishnamoorthy, Noorani, and Xu 2019; Ahearne 2014). In
addition, the removal procedure of the supporting gel is complicated, often resulting
in damage to the printed structure due to being strongly adherent nanoclay particles
(Compaan, Song, and Huang 2019).

A composite support-bath based on the mixture of PF and Laponite (PF-RDS) in the

presence of calcium ions was developed, to be used in freeform bioprinting of complex
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cell-laden hydrogel structures (Afghah et al. 2020) and utilized throughout the thesis
work. Although both materials show unique properties and have been individually
employed as sacrificial support gels, they showed limited capacities in bioprinting of low
viscosity inks at low concentrations and also the ease and efficiency of removal procedure
(Ding and Chang 2018; Jin et al. 2017). By combining two components as a composite
support-bath, it would be possible to employ the distinct characteristics of each, namely
the thermoresponsive gelation of PF and the thixotropic behavior of Laponite. Different
formulations with varying concentrations of PF-RDS and calcium chloride (CaCl) were
also analyzed to achieve optimum rheological properties. Sodium alginate was utilized as
a precursor solution to evaluate printability of complex and hollow structures by in situ
crosslinking within the support-bath. Finally, cell-laden hydrogel structures were
bioprinted in the support-bath and the cytocompability of the bioprinting process was

analyzed by monitoring the viability after printing process.

1.2. Anatomy of Vascular Tissue

The functionality of body tissues and organs depends on the fulfillment of their needs.
Circulatory system of the body is the responsible from this and synchronously functions
to supply the demands. Blood vessels have a crucial role in the system by controlling the
delivery of oxygen and nutrients to the tissues and organs throughout the body and
removal of their waste metabolites. Blood vessels are categorized into three types
including arteries, veins and capillaries. Arteries (~25 mm in diameter) transport the
oxygen and nutrient-rich blood from the heart to the tissues and organs throughout the
body by passing through the smaller artery branches (10-0.1 mm in diameter) and, the
capillaries (5-10 um diameter). In the capillaries, nutrients and oxygen are exchanged
with metabolic wastes, which return back to the heart by passing through venules (smaller
vein branches) and vein. Arteries and veins are comprised of three distinct layers: tunica
intima, tunica media and tunica externa, whereas capillaries only have tunica intima layer.
The relatively different compositions of the layers attain different functionalities to the
arteries and veins. Arteries are round shaped tubular structures. They have relatively thick
elastic walls with smaller lumen, which allow withstanding the high blood pressure

pumped from the heart. On the other hand, veins have irregular-shaped thin walls. Veins



are subjected to the relatively low blood pressure and contain valves working against
gravity to provide one-way flow towards to heart.

Tunica intima is the innermost layer of artery or vein, which directly interact with the
blood flow and pressure. Basically, endothelial cells align in a single-layer on the
basement membrane composed of laminin, collagen IV and proteoglycans (Pugsley and
Tabrizchi 2000). The tunica intima layer shows some differences in the arteries and veins.
A wavy-like appearance in the tunica intima layer of arteries is seen due to the constriction
of smooth muscles. In addition, an internal elastic membrane between tunica intima and
tunica media is found only in larger size arteries, which permits stretching of the vessel.
Tunica media is the middle layer characterized by a thicker structure compared to other
layers, and much thicker in arteries compared to veins (Halper 2018). Vascular smooth
muscle cells (SMCs) are arranged in circular sheets in the connective tissue matrix formed
mostly by elastin fibers in this layer. The SMCs are seen in longitudinal morphology
towards the tunica externa. Circular SMCs are responsible for the contraction
(vasoconstriction) and relaxation (vasodilation) behavior, which determine blood
pressure and flow by causing decrease or increase in the diameter of the vessel lumen.
The outermost layer of the vessels is called tunica externa composed of fibroblast and
myofibroblast cells in a collagenous-fiber rich connective matrix (Coen et al. 2011). This
layer stabilizes and keeps the vessel in relative position. A bunch of smooth muscle fibers
in the tunica externa distinguishes veins from arteries. In addition, this layer in veins is
thicker than arteries. There are also other critical components like small blood vessels
(vasa vasorum), unmyelinated nerve fibers and lymphatic vessels at tunica externa of
larger vessels to provide demands of the cells and regulate vasoconstriction and
vasodilation (Halper 2018).The capillaries consist of a line of endothelial cells surrounded
by basement membrane. Arteries and veins are connected by the capillaries that help the

exchange of oxygen, nutrient and waste materials between blood and tissues.

The impairment in the structure of the blood vessels like hardening, enlarging, and
narrowing trigger severe health problems such as atherosclerosis, coronary artery heart
disease, cardiovascular disease, peripheral artery disease. Unless the development of
effective treatment approaches, cardiovascular disease related annual mortalities will
dramatically increase in worldwide (Jeong et al. 2020; Carrabba and Madeddu 2018;

Nemeno-Guanzon et al. 2012). The insertion of stents, surgical bypass grafting, and
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angioplasty are currently used clinical strategies to repair vascularization. There are
commercialized grafts, such as polytetrafluoroethylene (PTFE), gore-tex, and dacron,
which were found as clinically effective when replacing large-diameter vessels (=6 mm).
However, it can cause thrombosis with the closing of the lumen and the lack of long-term
patency as well as intimal hyperplasia when employed for smaller-diameter (<6 mm)
vessels. Other vascular graft candidates with biological origin have been successfully
prepared using various tissue engineering approaches (Syedain et al. 2011; Schutte et al.
2010; L’heureux et al. 1998; V. A. Kumar et al. 2013; Othman et al. 2015; Ghanizadeh
Tabriz et al. 2017; Wilkens et al. 2016; Seifarth et al. 2017; Saeidi, Sander, and Ruberti
2009), yet lack of anatomical complexity with heterogeneous organization limits their
functionality (Holland et al. 2018). The integration of 3D printing technology to tissue
engineering approaches has shown promising results with the fabrication of natural like
tissue engineered vascular grafts (TEVG). In particular, clinical applications of the TEVG
have addressed limitations and overcome the essential problems such as anti-thrombosis
and long-term patency. Several interesting studies have been reported to date to generate

tubular structures with capability of physiological remodeling (Jeong et al. 2020).

Generation of vascular networks embedded structures also has vital role in the generation
of sophisticated and functional artificial tissue and organ structures and their clinical
transition. Requirement of vascularized tissue and organs at clinically-relevant sizes has
been investigated to be addressed by variety of tissue engineering approaches but still
resides as a grand challenge.

In the following section, different multimaterial bioprinting approaches are introduced
thoroughly together with their superior and inferior aspects to demonstrate their

implementations in the biofabrication of vascular and vascularized tissues.

1.3. Multimaterial Bioprinting

Human tissues are inherently complex structures composed of multiple types of cells
hierarchically arranged within an extra-cellular environment. 3D printing technology has

enabled the biofabrication of complex-shaped tissue structures through spatial patterning
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of biological materials in a controlled manner yet, there are still many challenges that
needs to be addressed to reach the bio-mimicry of the sophisticated nature of the living

tissues and organs.

Multimaterial bioprinting approaches have achieved several milestones within this scope
thanks to its capability to recapitulate multiscale microarchitecture of living tissues and
organs including multiple cell types and ECM components. It has become possible
through the simultaneous or sequentially deposition of several categories of biomaterials
including cell-laden or pure ECM components, sacrificial materials and scaffolding
polymers. While patterning of multiple hydrogel compositions loaded with different cell
types has provided the biomanufacturing of tissue mass in a compositionally controlled
manner, extrusion of sacrificial materials has enabled the formation of open lumens inside
the tissue model. Printing of scaffolding polymers together with other biomaterials such

as hydrogels have been utilized for contributing mechanical stability.

Conventional bioprinters allow deposition of multicomponent bioinks from a single
nozzle. In this regard, different combinations of multicellular and multimaterial bioinks
have been developed for different purposes. While many types of cells have been mixed
in the same bioink and simultaneously co-extruded together, various biomaterials have
also been blended and co-extruded for several reasons including viscosity modification,
mechanical reinforcement and drug release. Even though patterning of multicellular and
multicomponent single bioinks fulfill the biological complexity by enabling the
interaction between different cell types and extracellular cues, it does not provide control
over spatial heterogeneity like in living tissues. Replication of heterocellular and
hierarchical composition of living tissues and organs requires more advanced

multimaterial bioprinting tools and techniques.

In multimaterial bioprinting, different materials delivered from separate reservoirs or
cartridges are simultaneously or alternatively deposited. Depending on their printhead
system and working mechanism, multimaterial bioprinting approaches would be
classified into four divisions: Multi-head multimaterial bioprinting, coaxial multimaterial
bioprinting, microfluidic multimaterial bioprinting and laser-based multimaterial
bioprinting. Each multimaterial bioprinting technique exhibits unique principles of

material patterning for the bioengineering of physiologically relevant tissues.
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1.3.1. Multi-Head Multimaterial Bioprinting

The principle of multi-head multimaterial bioprinting approach relies on the swapping of
bioink dispensing systems in a controlled manner for the biomanufacturing of
heterogeneous constructs with numerous bioinks. Separated and distinct multiple
printheads sequentially deposit individual materials to recapitulate multimaterial

architecture of native tissues.

Merceron et al. provided comprehensive demonstration of this multimaterial bioprinting
technology through developing integrated tissue-organ printing (ITOP) system for
biofabrication of heterogeneous tissue interface (Figure 1.2(a)) (Merceron et al. 2015; H.-
W. Kang et al. 2016). Their bioprinting platform included four separate extrusion-based
printheads, which were loaded with two different synthetic thermoplastic polymers and
two different cell-encapsulated hydrogels to obtain biomechanically strong and
biologically functional integrated structure composed of two distinct muscle-tendon unit.
The system was automated to print different categories of polymers with different
rheological properties sequentially. The scaffold designed for muscle unit was composed
of C2C12 cell-laden bioink reinforced with polyurethane (PU) while tendon unit was
comprised of NIH/3T3 cell-laden bioink reinforced with polycaprolactone (PCL). Beside
representing tensile features of skeletal muscle and tendon tissues in a single scaffold, the
construct exhibited upregulated expression of genes associated with muscle-tendon
junction. Absence of these zone-specific markers in solely muscle bioprinted constructs
indicates that this multimaterial bioprinting approach possesses the potential of
biofabrication of anatomically and functionally correct tissues. The same multimaterial
bioprinting platform, ITOP system, was also employed for the development of contractile
cardiac tissues with multifaceted functionalities, ranging from molecular level to system
level (Z. Wang et al. 2018). For the bioengineering of heart tissue, Das et al. also utilized
co-printing of designed bioink with a thermoplastic polymer, poly (ethylene/vinyl
acetate) (PEVA), to provide supportive framework and anchoring regions (Das et al.
2019). However, dispensing biocompatible thermoplastic polymers from an extrusion-
based printhead and dispensing cell-laden bioinks from another extrusion-based printhead
have especially gained considerable attention for the biofabrication of tissues exposed to
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high mechanical loads (Khani et al. 2017; Ruiz-Cantu et al. 2020; Yun et al. 2019; Antich
et al. 2020; Y. Sun et al. 2019; J. L. Song et al. 2020).

In addition to advantages of multimaterial bioprinting approaches for bioengineering of
tissues and organs, they have also been utilized to understand the effects of drugs and
progress of diseases through developing miniaturized tissues and organ-on-a-chip
platforms (Levato et al. 2020; Dreher and Starly 2015). Heinrich et al. biofabricated a
miniaturized brain model to understand cellular interaction of glioblastoma-associated
macrophages (GAMs) with glioblastoma cells and to assess emerging therapeutics which
target to inhibit this cellular interaction (Heinrich et al. 2019). First of all, brain model
with an empty cavity was bioprinted with macrophage-laden bioink, and then empty
cavity was filled by bioprinting with glioblastoma-laden bioink extruded from second
nozzle. Lee et al. introduced one-step production of an organ-on-a-chip by multimaterial
bioprinting of various cell types and ECM components (H. Lee and Cho 2016). In their
study, a housing with an empty cavity was printed with PCL and cell-laden gelatin-based
and/or collagen-based bioinks were bioprinted into the empty cavity for biofabrication of
different organ-on-a-chip platforms. Besides providing spatially heterogeneity, the
developed organ-on-a-chip fabrication approach showed its potential to overcome the
issues of current organ-on-a-chip fabrication methods such as protein absorption. Further,
Skardal et al. employed multimaterial bioprinting technology in the development of three-
tissue organ-on-a-chip platform for investigating intertissue interactions (Skardal et al.
2017).

Multimaterial bioprinting strategies usually employ EBB modality. But it is noteworthy
to mention that DBB modality also enables multimaterial bioprinting through the
deposition of different materials from multiple nozzles. Early attempts of this technique
include the ejection of cell-laden precursor solution from one nozzle and subsequent
ejection of crosslinker from another nozzle for rapid gelation (Faulkner-Jones et al. 2015;
C. Li et al. 2015). Through the improvements in this technique, different types of
hydrogels with or without cells have been inkjet bioprinted from separate nozzles
(Zimmermann et al. 2019; Negro, Cherbuin, and Lutolf 2018; Sakai et al. 2018).

Each of the bioprinting modalities have demonstrated their potential for the

manufacturing of tissues in a spatially and compositionally controlled manner. However,
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biofabrication of biologically and physiologically-complex fully functional tissues and
organs might require co-working of different bioprinting modalities within the same
process. In this context, multiple printheads working through different bioprinting
modalities have been combined in various studies, such as using extrusion-based and
droplet-based printheads for biofabrication of articular cartilage substitutes (Campos et
al. 2019) or using digital light processing (DLP) and extrusion-based system for
bioengineering of corneal substitutes (B. Zhang et al. 2019). Kim et al. provided extensive
representation of this multimaterial bioprinting technology through manufacturing of
human skin model in vitro via developed hybrid printing platform which accommodates
extrusion-based and inkjet-based dispensers (B. S. Kim et al. 2017, 2018).

Recently, multi-head multimaterial bioprinting approach was combined with embedded
bioprinting technique. Lee et al. recruited extrusion from multiple printheads for
replication of human left ventricle model through extrusion of collagen ink and cell-laden
bioink inside thermoreversible support bath made up of microgranular gelatin slurry
(Figure 1.2(b)) (A. Lee et al. 2019). In this study, fabricated left ventricle model included
two compartments: ellipsoidal core region including patterned human embryonic stem
cell-derived cardiomyocytes and inner and outer walls created by extruding collagen ink
for structural integrity and shape fidelity. Beside accurate replication of the desired
model, printed ventricle demonstrated synchronized contraction with directional wave

propagation and wall thickening functionalities.

Major limitation of multi-head multimaterial bioprinting is the feasibility of printing only
one material at a time, which considerably slows down the fabrication process. Even
though there is no limit for the number of printheads for dispensing many types of cells
and biomaterials within one construct, printing process takes more time with increasing
the number of printheads. Moreover, multiplication of printheads introduces alignment
problem. Nozzles should be aligned and bioink flow should be started and stopped
carefully in each swapping of dispensing systems to achieve a smooth interface between
material changes. These challenges have been addressed in different multimaterial

bioprinting techniques.
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1.3.2. Coaxial Multimaterial Bioprinting

Coaxial bioprinting approach allows simultaneous extrusion of several concentric layers
of materials by utilizing co-axially fashioned distinct nozzles. The approach is inherently
a multimaterial bioprinting approach as the printhead system contains at least two
compartments in its nature. This direct extrusion strategy is adapted to bioprinting from
microfluidic-based wet spinning technique (B. R. Lee et al. 2011; Onoe et al. 2013; E.
Kang et al. 2012), in which cell-laden or acellular microfibers are formed by flowing
precursor hydrogel solution and crosslinker solution inside microfluidic device with core-
sheath microchannels. In coaxial bioprinting, also called as core-shell bioprinting, solid
or hollow filaments can be fabricated. When precursor solution is dispensed from inner
channel and crosslinking agent is dispended from outer channel, solid microfibres are
manufactured. Reverse arrangement of precursor solution and crosslinker inside the
channels enable the formation of microfibers with lumen inside. Following the flow of
precursor solution and crosslinker from separate channels, precursor solution should be
crosslinked rapidly when they contact with each other to sustain shape fidelity. Owing to
its fast gelation mechanism, alginate-based systems were utilized and crosslinked with
CaCl2 broadly. However, it should be noticed that different coaxial bioprinting techniques
were also developed such as incorporation of different crosslinking mechanism (Duchi et
al. 2017) or delivery of crosslinker in a different way (Yeo et al. 2016). For example, Yeo
et al. performed crosslinking of core/shell bioprinted cell-laden collagen/alginate
construct by treating the extruded filament with aerosol CaCl. (Figure 1.2(c)) (Yeo et al.
2016).

Coaxial printing has been utilized for enhancing mechanical stability and robustness of
soft hydrogels by surrounding low concentration ones with another supportive shell
hydrogel (Akkineni et al. 2016). Liu et al. performed coaxial multimaterial bioprinting by
delivering cell-laden gelatin methacrylate (GelMA) pre-hydrogel containing CaCl, from
inner channel and delivering alginate from outer channel (W. Liu et al. 2018). In this
study, core-shell bioprinting was utilized for the extrusion of very low viscosity cell-laden
GelMA hydrogel without any structural deformation with the assistance of alginate
template. Following the extrusion of inks from core-shell nozzle and patterning into pre-
designed 3D shape, hydrogel structure was stabilized and formed through photo-

crosslinking mechanism.
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Coaxial bioprinting facilitates precise spatial distribution of multiple cell types in a
controlled manner. Moreover, heterogeneity and complexity of the multicellular
structures can be expanded by increasing the number of concentric nozzles to three or
more (J. He et al. 2018; Dai et al. 2017). For this reason, this multimaterial bioprinting
approach was employed in various tissue engineering applications by extruding multiple
cell types encapsulated within different hydrogels from inner and outer channels. One
example includes utilization of this bioprinting approach for pancreatic islet
transplantation, a promising treatment strategy for Type | diabetes (X. Liu et al. 2019). In
that work, cells were encapsulated within alginate-GelMA blend and while pancreatic
islet cells were extruded from inner tube, islet-related cells were extruded from outer tube
to improve revascularization and immunosuppression. Islet cells preserved its viability
following the bioprinting process. Another example would be from application of coaxial
bioprinting for in vitro tissue model fabrication to mimic tumor microenvironment. Wang
et al. fabricated in vitro glioma model through co-axially extruding glioma cells from

inner tube and glioma stem cells from outer tube (X. Wang et al. 2018).

Coaxial extrusion technique was also combined with other bioprinting strategies for
hybrid biofabrication of complex constructs (Zhu et al. 2018; Ozbolat, Chen, and Yu
2014). Ozbolat et al. established a multi-arm bioprinter system, enabling simultaneous
multimaterial patterning from different nozzles (Figure 1.2(d)) (Ozbolat, Chen, and Yu
2014). Unlike other multi-head multimaterial bioprinters, printheads are able to move at
the same time with independent tool paths as they are actuated independently. In that
study, coaxial printhead dispensed alginate and CaCl, from inner and outer tubes,
respectively into 0-90° oriented filaments and another extrusion-based printhead
deposited cell spheroids concurrently into gaps between the filaments. Duchi et al.
developed a handheld printer for in situ biofabrication of cartilage tissue (O’Connell et
al. 2016) and further improved the handheld device by incorporating coaxial
multimaterial bioprinting technology (Figure 1.2(e)) (Duchi et al. 2017). Both of the inner
and outer tubes included GelMA-Hyaluronic acid methacrylate (HAMA) blend hydrogel
but adipose stem cells and photoinitiator material were additionally mixed with bioinks
in the inner and outer tubes, respectively. Bioprinted structure exhibited high mechanical

strength and cell viability.
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Figure 1.2 Different biofabrication platforms employing multi-head and coaxial
multimaterial bioprinting approaches: a) ITOP system, which is a multi-head
multimaterial bioprinting platform with the capability of dispensing multiple types of
thermoplastic polymers and bioink formulations (left) and illustration, photograph and
fluorescent image of a construct fabricated by ITOP system (right). Reproduced/adapted
with permission from Ref. (H.-W. Kang et al. 2016). Copyright 2016, Nature America.
b) Combination of multi-head multimaterial bioprinting approach with embedded
bioprinting technique for the fabrication of cardiac ventricle model.
Reproduced/adapted with permission from Ref. (A. Lee et al. 2019). Copyright 2019,
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AAAS. c) Coaxial printheads enable the simultaneous extrusion of several concentric
layers of materials and the developed printheads may be integrated with different
crosslinking techniques such as aerosol delivery. Reproduced/adapted with permission
from Ref. (Yeo et al. 2016). Copyright 2016, American Chemical Society. d) Multi-arm
bioprinter system incorporating coaxial printhead and cell spheroid depositing
secondary printhead for multimaterial patterning. Reproduced/adapted with permission
from Ref. (Ozbolat, Chen, and Yu 2014). Copyright 2013, Elsevier. €) Handheld printer
for in situ biofabrication of cartilage tissue by coaxial deposition of GelMA-HAMA
hydrogels. Reproduced/adapted with permission from Ref. (Duchi et al. 2017).
Copyright 2017, Springer Nature

1.3.3. Microfluidic Multimaterial Bioprinting

Microfluidics technology enables manipulation of various fluidic functions at micro-
scale. Recently, this technology was transferred from microfluidic devices to additive
manufacturing platforms as microfluidic techniques allow spatiotemporal coding of
heterogeneous materials with high precision, which is an insertion of additional control
and capabilities to printing systems. Hardin et al. performed multimaterial printing of
viscoelastic polydimethylsiloxane (PDMS) inks by developing a microfluidic printhead
with rapid switching capability and also analyzed the relationship between printing
parameters, ink rheology and dispensed filament composition by mathematical models
(Hardin et al. 2015). In another study, the same group assembled a rotating impeller into
the microfluidic printhead to provide active mixing of viscoelastic inks at pre-determined
ratios (Ober, Foresti, and Lewis 2015). Moreover, Serex et al. implemented various
microfluidic functions performed in lab-on-a-chip devices into 3D printing system by

integrating a microfluidic printhead (Serex, Bertsch, and Renaud 2018).

Microfluidics technology also demonstrated great advancements in the field of tissue
engineering through the controlled manipulation of different types of cells, biomolecules,
ECM components and other biological materials in precise configuration. By this means,
several organ-on-a-chip platforms and tissue engineering techniques were developed for
the generation of constructs mimicking biological functions of the native tissues in small

scales (Zheng et al. 2016; Pi et al. 2018). Together with the integration of microfluidic
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printheads with various 3D bioprinting platforms, another type of multimaterial
bioprinting approach, microfluidic multimaterial bioprinting, has emerged for the
biofabrication of anatomically-correct, multimaterial and heterocellular constructs
mimicking the complex organization of native tissues and organs. This approach
addressed scaling up issues observed in the microfluidic systems and also improved the
printing resolution of the bioprinting platforms (J. Ma, Wang, and Liu 2018). In
microfluidic multimaterial bioprinting, each of the bioinks coming from different
reservoirs are connected to the inlets of the microfluidic printheads and bioinks flowing
through the microchannels are simultaneously or alternatively dispensed from the single
nozzle. Depending on the both arrangement of microchannels in the microfluidic system
design and actuation adjustments of the pumps, distinct bioinks can be extruded

separately or mixed together.

Beyer et al. developed a microfluidic chip printhead with coaxial flow focusing feature
for 3D printing hydrogel constructs (S. T. Beyer et al. 2013). In the study, alginate stream
was coaxially focused with CaCl, solution delivered from the two side flows and then
deposited as a gelled microfiber with decreased diameter. Beyer et al. further improved
the designed printhead for multimaterial printing of heterogenous hydrogel constructs by
incorporating pneumatic valves that enable switching in between the different materials
(Simon Travis Beyer, Mohamed, and Walus 2013). Recent studies also demonstrated the
applicability of the microfluidic chip-based printheads with coaxial flow focusing and
multimaterial switching capabilities for different bioprinting applications (Figure 1.3(a))
(Dickman et al. 2020; Sharma et al. 2020).

Combination of coaxial needles with microfluidic chips constitutes another microfluidic
multimaterial bioprinting approach that enable switching between multiple bioinks or
dispensing in combination. In this approach, alginate containing different bioink
formulations are flown through the microchannels of the microfluidic chip with Y-
junction (two inlets and one outlet) and then in situ crosslinked by calcium containing
solution delivered from the coaxial nozzle at the tip of the microfluidic chip (Costantini
et al. 2017; Colosi et al. 2016). Maiullari presents the flexibility of this multimaterial
bioprinting approach on the biofabrication of multimaterial and heterocellular constructs
with different geometries, where the bioinks with different cell types are deposited

individually in each layer or dispensed together (Figure 1.3(b)) (Maiullari et al. 2018).
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Idaszek et al. further improved the technique by incorporating passive mixing unit into
the microfluidic chip design, which enabled the deposition of bioinks as continuous
gradient (Idaszek et al. 2019). Moreover, Feng et al. increased the inlets of microfluidic
chip to three and also added rotating motor to substrate for dispensing heterogenous

filaments in different printing path directions (Feng et al. 2019).

Liu et al. developed capillary-based microfluidic printhead for the multimaterial
bioprinting of tissue constructs, which holds major differences than microfluidic chip-
based printheads (W. Liu et al. 2017). In this system, each of the bioink reservoirs are
connected to the distinct capillaries bundled together and bioinks are individually or
simultaneously ejected from different capillaries in a continuous manner (Figure 1.3(c))
(W. Liu et al. 2017; Zhou et al. 2018). There is no contact in between the bioinks till the
end of single printhead with multiple capillaries which avoids intermixing of bioinks.
Rocca et al. further optimized the developed capillary-based microfluidic printhead for

embedded multimaterial bioprinting (Rocca et al. 2018).

1.3.4. Laser-Based Multimaterial Bioprinting

In conventional SLA-based bioprinting technique, UV light cures a photosensitive bioink
in a layer-by-layer approach by tracing the two-dimensional (2D) cross-sections of the
3D construct in each layer. This was improved by pattern projection technique in which
UV light was projected through masks enabling the polymerization of whole 2D cross-
section in one exposure for each layer. Pattern projection was further advanced by
employing digital micro-mirror device (DMD) chip made up of millions of mechanically
adjustable micro-mirrors as a dynamic photo-mask (Y. Lu et al. 2006; Han et al. 2010;
Soman et al. 2013). Digital light processing (DLP) technology employs DMD chips for
bioprinting. Both SLA-based and DMD-based bioprinting techniques enable
multimaterial and multicellular patterning of heterogenous constructs (Chan et al. 2010;
Zhu et al. 2015; X. Maet al. 2016). Multimaterial bioprinting is achieved by sequentially
delivering input bioinks into the platform and photo-crosslinking layer-by-layer with the
directed UV light. Ma et al. provided a comprehensive demonstration of this type of
multimaterial bioprinting through employing DMD-based 3D bioprinting platform for the
fabrication of in vitro triculture hepatic model (X. Ma et al. 2016). In their work,
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hexagonal liver lobule architecture with multiple cell types was fabricated by sequential
patterning of two bioink formulations encapsulated with human induced pluripotent stem
cell (hiPSC)-derived hepatic cells and supporting endothelial and mesenchymal cells.
Further, Miri et al. developed a stereolithographic multimaterial bioprinting platform by
incorporating bioink switching capability to DMD-based bioprinters (Figure 1.3(d)) (Miri
et al. 2018). In their bioprinting platform, bioinks with multiple cell types were flowed
through a microfluidic chip with pneumatic valves for material switching and then

patterned via layer-by-layer photo-crosslinking.

LIFT technology enables patterning of small volume of materials with high resolution
and speed by focusing laser pulse to ribbon to eject material droplets onto receiving
substrate (Antoshin et al. 2019). Barron et al. developed a LIFT-based bioprinting system
for the deposition of biological materials and also proposed that multicellular patterning
could be achieved in this technique by designing a donor slide with multiple-wells or with
separated areas for different cell types (Barron et al. 2004). In their work, multiple cell
types were deposited in the immediate vicinity to each other by employing a donor slide
with multiple-wells. Initial attempts on LIFT-based bioprinting technique relied on the
deposition of single type of cells in 3D (Barron et al. 2004; Othon et al. 2008) or
patterning of multiple cell types in 2D (Guillotin et al. 2010; Koch et al. 2009), however
multimaterial and multicellular 3D heterogeneous constructs have also been generated
with further developments in the bioprinting technique (Figure 1.3(e)) (Gruene et al.
2011; Koch et al. 2012; Sorkio et al. 2018).

1.1.Multimaterial Bioprinting of Vascular Tissues

In this section of the thesis, the implementation of multimaterial bioprinting approaches
explained above were elaborated on the fabrication of hollow vascular constructs. These
multimaterial bioprinting applications overwhelm the inadequacies of current tissue
engineering techniques from different perspectives by enabling construction of

anatomically-correct, multi-layered and multicellular vascular tissues.
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multimaterial bioprinting approaches: a) Microfluidic printhead with on-the-fly
multimaterial switching capability. Reproduced/adapted with permission from Ref.
(Dickman et al. 2020). Copyright 2019, FASEB. b) Combination of coaxial needles
with microfluidic chips, where bioink solutions are delivered from the microfluidic
printhead and then crosslinked by CaCl> supplied from the coaxial needle.
Reproduced/adapted with permission from Ref. (Maiullari et al. 2018). Copyright 2018,
Springer Nature. ¢) Capillary-based microfluidic printhead, in which bioinks are flowed
through separate capillaries without any contact with each other till the end of the
nozzle. Reproduced/adapted with permission from Ref. (Zhou et al. 2018). Copyright
2018, American Chemical Society. d) Setup of DMD-based, microfluidics-enabled
multimaterial bioprinting platform (up) and a skeletal muscle model fabricated with this
platform (bottom). Reproduced/adapted with permission from Ref. (Miri et al. 2018).
Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e) LIFT setups
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also include multimaterial bioprinting capability. Reproduced/adapted with permission
from Ref. (Koch et al. 2012). Copyright 2012, Wiley Periodicals

Multimaterial bioprinting oriented vascular tissue fabrication strategies are categorized
into scaffold-based and scaffold-free multimaterial bioprinting approaches. The basis of
scaffold-based multimaterial bioprinting depends on the use of supporting biodegradable
polymers or hydrogels resembling the biological and mechanical characteristics of target
tissue until cells get mature. Whereas in scaffold-free approaches, neo-tissues are formed

from the cells and then bioprinted without any exogenous material (Bakirci et al. 2017).

1.1.1. Scaffold-Based Multimaterial Bioprinting Approaches

Various scaffold-based multimaterial bioprinting techniques have been administered for
the recapitulation of zonally stratified, multicellular and concentric arrangement of
natural blood vessels. Tan et al. achieved fabrication of concentric and self-supporting
tubular structure via multi-head multimaterial bioprinting strategy based on EBB in both
printheads (E. Y. S. Tan and Yeong 2015). In the study, first printhead was used to extrude
alginate-xanthan gum hydrogel blend in circular pattern and secondary printhead was
programmed to extrude crosslinker solution into inner-side of the printed circular pattern
to provide mechanical stability and to optimize tube wall properties. Study of Campbell
et al. further integrated a single printhead equipped with selector valve to switch between
separate syringe pumps of multi-head multimaterial bioprinting platform (Campbell et al.
2015). By this modification, various hydrogels were extruded sequentially within a
controlled manner, which could allow multilayered and heterocellular arrangement of
multiple types of materials and cells in a vascular tube complexity. Viscous, pre-
crosslinked alginate-collagen blends loaded with different cells were prepared as bioink
and extruded from the printhead sequentially. A ring of endothelial cell laden bioink was

deposited, which was further surrounded by a ring of smooth muscle cell laden bioink.

Coaxial multimaterial bioprinting techniques have been broadly utilized for the
biofabrication of vascular constructs as the design of the bioprinting system perfectly
complies with the concentric layer arrangement of blood vessels. Ozbolat and colleagues
demonstrated the first application of coaxial bioprinting for the manufacture of vessel-
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like tubular microchannels (Yu et al. 2013b) and further implemented the technique for
the fabrication of vascular tissue (Y. Zhang et al. 2015). They followed a vascular design
by co-axial extrusion where human umbilical vein smooth muscle cells (HUVSMCs)
encapsulated alginate was flowed through outer channel of the coaxial nozzle, while
crosslinker solution was dispensed from inner channel. Together with providing structural
integrity, the engineered vascular conduit also enabled fluid transport through the lumen
(Y. Zhang et al. 2015). In another study, Dolati et al. included carbon nanotubes into
bioink dispensed from outer channel for the mechanical reinforcement of fabricated
vascular conduit (Dolati et al. 2014). Further, in addition to the delivery of the crosslinker
from inner channel, Jia et al. enrolled crosslinker spraying from outer side to enhance
temporal stability of the construct during the manufacturing process (Jia et al. 2016). In
their work, a blend bioink encapsulated with human umbilical vein endothelial cells
(HUVECs) and human mesenchymal stem cells (MSCs) were ionically crosslinked from
both inner and outer surfaces during bioprinting and photo-crosslinked after printing

procedure.

Coaxial multimaterial bioprinting technique requires immediate gelation of the bioink
after extrusion for the maintenance of shape fidelity, which makes alginate a typically
employed hydrogel due to its quick ionic crosslinking. However, lack of binding sites in
alginate for the attachment and migration of cells hinders the biofunctionality of
engineered vascular tissues. In this regard, various biomaterials have been employed as a
bioink or combined with alginate, including GelMA (Jia et al. 2016; Pi et al. 2018),
tyramine-modified gelatin (Hong et al. 2019), collagen (J. He et al. 2018) and
decellularized extracellular matrices (dECM) (G. Gao et al. 2017). Gao et al. combined
vascular-tissue-derived dECM with alginate as a bioink and further loaded with
endothelial progenitor cells (EPCs) and proangiogenic drug to engineer blood vessels that
can treat the ischemic injuries (G. Gao et al. 2017). In the study, while an alginate-based
hybrid bioink was flowed through outer tube, CaCl, containing Pluronic F127 (CPF127)
was dispensed from inner tube for establishing the gelation via Ca®* release of CaCl, and
for supporting the lumen of tubular structure via Pluronic F127, which could be removed
after providing enough mechanical strength. In a similar work, Gao et al. further utilized
the designed dECM-based bioink for in vitro modeling of blood vessel (G. Gao et al.
2018). In their work, perfusable and biofunctional vascular model was generated by

coaxial bioprinting of HUVEC-laden bioink and fugitive CPF127 onto a perfusion
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platform, which was previously 3D printed by another printhead. In their following study,
they mimicked multilayered and concentric arrangement of native vascular tissue by
modifying a triple-coaxial bioprinting (Figure 1.4(a)) (G. Gao et al. 2019). The
constructed vascular structure was functional enough that endothelial cells-laden layer of
the engineered vascular graft inhibited thrombosis, smooth muscle cells-laden outer layer
exhibited contraction for withstanding blood pressure.

Coaxial multimaterial bioprinting technique was further advanced by dispensing co-
axially extruded bioinks onto a rotating rod. Quing Gao et al. provided comprehensive
demonstration of this multimaterial bioprinting technique for biomanufacturing of
vascular constructs with macro- and micro-channels (Q. Gao et al. 2017). In the study,
smooth muscle cells and fibroblasts encapsulated within alginate were sequentially
dispensed from outer channels of two separate coaxial printheads along the rotating rod
(Figure 1.4(b)). Upon the fusion of nearby hollow filaments, a macrochannel formed in
the middle after removing the rod and two microfilaments formed due to dispensing
bioinks from coaxial printheads. After obtaining two-layered tubular structure, collagen
was injected into the macrochannel for supporting the adhesion of endothelial cells,
HUVECs were seeded onto collagen. Tubular structure printed with this technique
exhibited more consistent geometry compared to the tubular structure fabricated through
dispensing of hollow filaments in circular pattern along the vertical direction (Q. Gao et
al. 2015). Biofabricated vessel-like structure also demonstrated sufficient mechanical
strength and cellular viability. Jang et al. also performed similar studies in which bioinks
were dispensed onto rotating rod either in cross-striped form or in helical form for
biofabrication of artificial blood vessels (K. W. Lee et al. 2018; Jang et al. 2020). While
biodegradable PCL was deposited into first and third layer, cell-laden alginate was
dispensed as second layer from another nozzle. It should be noted that even though
techniques employing rotating rod enable biofabrication of multi-layered and self-
supporting tubular structures, geometry and arrangement of printed structure depend on

the shape of rotating rod.

Microfluidic multimaterial bioprinting techniques have also been utilized for the
biofabrication of vascular constructs (R Attalla, Ling, and Selvaganapathy 2016; Rana
Attalla et al. 2018). Attalla et al. engineered tubular constructs with hierarchical

architecture by depositing various viscous hydrogels from a microfluidic multi-axial
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printhead (Rana Attalla et al. 2018). In the study, cell-laden bioinks and the crosslinker
solution were flowed from the needles with different gauges inside the microfluidic chip
and dispensed from the nozzle in a concentric arrangement. Further, Zhou et al. bioprinted
a vessel-like tubular construct by employing capillary-based microfluidic printhead
(Zhou et al. 2018). Cell-laden alginate was delivered from six outer channels of the multi-
barrel capillary nozzle and CaCl, was delivered from the central channel to crosslink the
bioink solution and to create a lumen. It is also noteworthy to mention the study of Feng
et al. as the developed multicomponent bioprinting system holds great potential for the
biofabrication of artificial vessels (Feng et al. 2019). In their work, two alginate-based
bioinks encapsulated with HUVECs and embryonic rat cardiomyocytes were extruded
from the coaxial microfluidic printhead onto rotating substrate which enabled the layer-

by-layer fabrication of concentric ring structure.

Schoneberg et al. revealed the potential of DBB for the biofabrication of stratified,
heterocellular and functional vascular channels (Figure 1.4(c)) (Schéneberg et al. 2018).
In their approach, first of all, sacrificial rod made up of endothelial cell-laden gelatin was
printed from the first printhead. Next, thrombin crosslinker solution from the second
printhead and SMCs-laden fibrinogen from the third printhead were sequentially
deposited onto the sacrificial rod until fully covering the rod surface. Further, fibroblast-
laden collagen and fibrinogen blend was casted onto the printed structure. Following the
dissolution of sacrificial rod, hollow vascular structure consisting of a single endothelial
layer mimicking the tunica intima, SMCs deposited layer mimicking the tunica media and
a fibroblast casted layer mimicking the tunica adventitia was fabricated. The engineered

perfusable vascular model reproduced the physiological functions of the native tissue.

Even though laser-based platforms possess highest resolution and highest cell viability
compared to other bioprinting modalities, current applications on vascular tissue
fabrication are generally limited with the deposition of single type of hydrogel
encapsulated with single type of cell, which is not adequate to recapitulate multilayered
and multicellular structure of native vessels. A limited number of works has exploited
printing capabilities of laser-based bioprinting modalities for multimaterial bioprinting of
vascular constructs. Wu et al. designed a branched vascular architecture by depositing
HUVECs from a laser-based bioprinter onto hydrogel surface (P. K. Wu and Ringeisen
2010). Deposited endothelial cells formed interconnections with each other, however
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branched architecture exhibited poor stability. For this reason, HUVSMCs were deposited
onto the HUVEC layer. Guillotin et al. also demonstrated the potential of laser-based
platforms for the biofabrication of stratified and heterocellular constructs (Guillotin et al.
2010).
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Figure 1.4 Scaffold-based multimaterial bioprinting approaches enable the fabrication
of multilayered and concentric vascular tissue analogs with functionality by depositing
cells within exogenous materials. a) Coaxial multimaterial bioprinting of vascular
construct with endothelial and muscular layers by dispensing Pluronic F127 from inner
channel (core), endothelial cell-laden bioink from middle channel and SMC-laden
bioink from outer channel of triple coaxial nozzle. Following the in vitro remodeling
process that include incubation, and static culture and pulsatile conditioning, fabricated
vascular construct exhibited (i) intact monolayer formation in endothelial cell layer and

(ii) circumferentially-oriented SMCs at muscular layer at day 18. Reproduced/adapted
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with permission from Ref. (G. Gao et al. 2019). Copyright 2019, AIP Publishing. b)
Biofabrication of vascular construct with micro- and macro-channels by co-axially
extruding SMC-laden and fibroblast-laden bioinks onto a rotating rod, followed by the
delivery of endothelial cells into the lumen. (i) Longitudinal section of the fabricated
construct clearly demonstrates the presence of multi-level channels. (ii) Confocal
imaging showed distribution of three different cell types and presence of apparent
micro-channels within the vessel-like construct. Reproduced/adapted with permission
from Ref. (Q. Gao et al. 2017). Copyright 2017, American Chemical Society. c)
Multimaterial bioprinting of a multilayered vascular model by employing droplet-based
printheads. Cell-laden gelatin was deposited to manufacture sacrificial rod, which was
followed by deposition of SMC-laden fibrinogen and thrombin solutions from two
droplet-based printheads onto the fabricated sacrificial rod. Further, a fibrinogen loaded
bioink formulation was casted onto the printed structure. (i) Schematic cross section of
the vascular model illustrating single layer of endothelial cells and a SMC layer. (ii)
Fluorescence microscopy image after seven days dynamic cultivation, demonstrating
the combination of endothelial layer and the muscular layer, where SMCs distributed
close to the lumen. (iii) Cross-sectional fluorescence micrograph of multilayered
vascular model after 4 days dynamic culture, exhibiting the localization of endothelial
cells in the inner wall that was encircled by SMCs and fibroblasts. Reproduced/adapted

with permission from Ref. (Schéneberg et al. 2018). Copyright 2018, Springer Nature

1.1.2. Scaffold-Free Multimaterial Bioprinting Approaches

Exogenous scaffolds have been broadly utilized in many tissue engineering strategies
since the beginning of the tissue engineering field as they provide temporary support for
the growth of the cells and even further deliver biological and mechanical cues for guiding
the growth. However, scaffold-based tissue engineering approaches also face with
challenges originating from the scaffolds such as undesirable host reactions, necrosis due
to limited diffusion of oxygen and nutrients, mechanical mismatch between the
biomaterial and the native tissue. For this reason, scaffold-free approaches have been
implemented for the engineering of vascular constructs. Scaffold-free bioprinting
applications have also been performed and further equipped with multimaterial
bioprinting tools (Ozler et al. 2017).
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Forgacs and colleagues provide a comprehensive demonstration of scaffold-free
multimaterial bioprinting for the biofabrication of multilayered and multicellular vascular
tubes (Figure 1.5(a)) (Norotte et al. 2009). In the study, both multicellular spheroids and
multicellular cylinders were utilized as building blocks. For the bioprinting of vascular
tubes, one of the printheads deposited agarose rods to be used as molding template and
the other printhead extruded either multicellular spheroid or cylinder in a pre-
programmed pattern. Deposition of molding template together with building blocks
enabled the fabrication of vascular constructs with accurate dimension and geometries.
Following the fusion of multicellular building blocks, supporting agarose rods were
removed. Various vascular tubes were fabricated in linear and bifurcated geometries.
Further, double-layered vascular tissue with inner layer (composed of HUVSMCs
cylinders) and outer layer (composed of human dermal fibroblast (HDF) cylinders) was
fabricated which replicates structural arrangement of tunica media and tunica adventitia

of native blood vessels.

Tan et al. developed another scaffold-free biofabrication technology to promote fusion of
tissue or cell spheroids by printing alginate mold (Y. Tan et al. 2014). In their work,
alginate micro-droplets were deposited onto the calcium-containing gelatin substrate
layer-by-layer to print alginate mold, which was followed by robotically dispensing tissue
spheroids made up of smooth muscle cells and endothelial cells into the ring-shaped
alginate mold. Together with showing the possibility of the developed technology, results
also revealed the role of cell-secreted collagen type | on cell-to-cell adhesion and tissue

maturation.

Kucukgul et al. proposed an algorithmic model for the generation of biomimetic and self-
supporting macrovascular constructs (Figure 1.5(b)) (Kucukgul et al. 2015). In the study,
scaffold-free bioprinting of aortic tissue constructs was conducted based on medical
images of real human aorta and by the capillary-based extrusion of mouse embryonic
fibroblast (MEF) aggregates and agarose support structures from two separate printheads
according to the developed toolpath planning.
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Figure 1.5 Scaffold-free multimaterial bioprinting approaches allow fabrication of
vascular constructs by dispensing cells without encapsulating them within any
exogenous material. a) Step-by-step illustration of scaffold-free multimaterial
bioprinting, where agarose rods and multicellular aggregates extruded from different
printheads are deposited layer-by-layer (up). Fabrication of multilayered vascular
construct by assembling HUVSMC and HSF multicellular cylinders in pre-determined
pattern. While HUVSMC cylinders form inner layer, HSF cylinders form outer layer of
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vascular construct which may also be identified in histological examinations (bottom).
Reproduced/adapted with permission from Ref. (Norotte et al. 2009). Copyright 2009,
Elsevier. b) Roadmap for scaffold-free multimaterial bioprinting of biomimetic and
self-supporting macrovascular constructs by employing algorithmic model developed
by Kucukgul et al. Reproduced/adapted with permission from Ref. (Kucukgul et al.
2015). Copyright 2014, Wiley Periodicals

1.2. Multimaterial Bioprinting of Vascularized Tissues

3D printing technology allows the fabrication of architecturally and biologically relevant
tissue structures, but the main concern arises afterwards to maintain survival, maturation
and development of the fabricated structures over a prolonged time and to make them
eligible for in vivo transplantation. Delivery of necessary nutrients especially oxygen has
an essential role for the maintenance. However, the diffusion of nutrients and oxygen
through the tissues is limited to approximately 200 um distance, thus microchannels are
introduced to the structures to be located in close proximity to the cells and biological
factors to provide better diffusion of oxygen, nutrients and removal of wastes in
conventional tissue engineering strategies. The fabrication of vascularized tissue
structures resembling native tissues is now possible by employing multimaterial
bioprinting technologies. Deposition of sacrificial materials is one of the commonly
preferred strategies to obtain vascular channels. The sacrificial materials have reversible
gelation property like alginate, gelatin and Pluronic F127, which can be removed for the
formation of open lumens (V. K. Lee, Lanzi, et al. 2014; V. K. Lee, Kim, et al. 2014; S.
Yang et al. 2020; N. K. Singh et al. 2020). The generated microchannels are decorated
with the endothelium by perfusion of endothelial cells or by encapsulation of endothelial

cells within the sacrificial bioink.

The attempts for the fabrication of vascularized heterogeneous structures have been
demonstrated by using various multimaterial bioprinting approaches incorporate
microfluidic and coaxial bioprinting, multi-head 3D bioprinting systems or dual printing
platforms. Among them, coaxial multimaterial bioprinting is practical and commonly

employed to manufacture the constructs containing stacked perfusable tubular networks.
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The lumen is commonly supported with sacrificial fugitive bioink to provide physical
support during bioprinting until sufficient crosslinking is provided to the inner wall of the
vessel, then which is washed out (V. K. Lee, Lanzi, et al. 2014; V. K. Lee, Kim, et al.
2014; Cui et al. 2019; D. Kang et al. 2020; Qin et al. 2020). The sacrificial fugitive ink
can be supplemented with the crosslinker to increase mechanical strength of the inner
wall of vascular structure (D. Kang et al. 2020; Qin et al. 2020). In addition, endothelial
cells can be encapsulated into these sacrificial materials to mature an endothelial layer at
the inner wall (Cui et al. 2019). The development of all-in-one coaxial nozzle or
microfluidic coupled systems have enabled fabrication of vascularized heterogeneous
structures by using a single nozzle system (Colosi et al. 2016; Shao et al. 2020; N. K.
Singh et al. 2020). For example, Shao et al. designed a two-in-one coaxial bioprinting
system (Shao et al. 2020). Gelatin was utilized as the sacrificial material extruded from
the inner channel of the coaxial nozzle while cell-laden GelMA was separately and
simultaneously printed from the outer channel of the coaxial nozzle and irreversibly
photocrosslinked. Afterwards gelatin was dissolved, and endothelial cells encapsulated
within the gelatin were released and adhered to the inner wall of the vascular structure. A
heterogeneous structure with two different components was successfully constructed by
sequentially switching the different bioinks. Depending on the encapsulated cell-types in
GelMA, this approach was suggested to be used for the construction of different

vascularized tissue models larger than one cm scale.

A triple coaxial nozzle bioprinting system was used for the construction of perfusable
renal tubular tissue in another study (N. K. Singh et al. 2020). Functional hybrid hydrogel
composed of kidney dECM and alginate was used to encapsulate either renal proximal
tubular epithelial cells or ECs and simultaneously extruded to the outer or inner layer of
the tubular structure, respectively. Pluronic F127 containing CaCl2 was used as fugitive
sacrificial material extruded to support the lumen and to provide adequate crosslinking
for alginate. The continuous hollow tubular structures were bioprinted in mono- or bi-
layered-wall structures by using on/off tunable feature of the coaxial nozzle system
(Figure 1.6) and then the Pluronic F127 was washed out from the lumen. Due to the
capability of bioprinting monolayer and bilayer structures with desired intervals, a
realistic renal proximal tube structure could be constructed which was revealed by the

expression of functional marker proteins, and successful integration with the host tissues
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in vivo. These results have demonstrated the capability of fabricated perfusable renal

tubular tissue to be used in regenerative medicine.
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Figure 1.6 Vascularized tissue biofabrication through coaxial multimaterial bioprinting.

a) Schematic diagram of microfluidic co-axial nozzle system for monolayer (M),

bilayer (B) and complex hollow tube bioprinting and representative views. b) Confocal

images of bilayered hollow tube, ¢) complex hollow tube with monolayer and bilayer

structures and d) their transitional region. Inner and outer shells were demonstrated with

red and green fluorescent beads embedded in the ink, respectively. Copyright 2019,

with permission from Elsevier. Readapted from Ref. (N. K. Singh et al. 2020)

There are other biological designs for coaxial nozzle extrusion systems without utilizing

a sacrificial material. A vascularized muscle construct was fabricated by simultaneously

printing muscle cells encapsulated by skeletal muscle dECM from the inner core of the

coaxial nozzle while endothelial cells-laden vascular dECM were extruded to the outer
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shell (Y.-J. Choi et al. 2019). The design allowed the formation of pre-vascularized
muscle structures, and showed functional recovery with integration within the host tissue
and muscle regeneration. In another study, the complex anatomical structure of an
intestinal villi model with blood capillaries was established by simultaneous extrusion of
HUVEC cells from the core region of coaxial nozzle and Caco-2 human colon epithelial
cells from the shell region in a collagen matrix (W. Kim and Kim 2018). To mimic
biological and physical properties of the villus structure, the design of first two layers
before coaxial bioprinting was as follows: HUVEC containing bioink was bioprinted in a
flat mesh structure in the first layer and Caco-2 containing bioink was deposited to the
second layer. In the complete bioprinted construct, Caco-2 cells were differentiated and
enhanced the barrier function, which would be suggested as promising platform for the

organ-on-a-chip systems or human intestine regeneration.

Multi-head multimaterial bioprinting platforms have also been systematically used to
manufacture vascularized, perfusable and heterogeneous tissue constructs at clinically
relevant volumes. First studies were based on rapid prototyping with double-nozzle
assembling printing technique (S. Li et al. 2009). The control over printing parameters
allowed  fabrication of adipose-derived stromal cells (ADSC) laden
gelatin/alginate/fibrinogen bioink in a vascular-like network which was surrounded by
hepatocyte laden gelatin/alginate/chitosan bioink in a mesh-like structure. The process
was followed by layer-by-layer deposition, where the nozzles were switched at each layer.
The bioprinting parameters did not affect the cellular viability and functionality of
hepatocytes, and ADSCs were successfully differentiated to endothelial-like structure.
The development of liver like construct was achieved, which was suggested as a

promising technology for drug screening systems.

ECs are commonly used for the endothelialization of larger perfusable channels or for the
formation of capillaries in the bioprinted constructs, but it is difficult to maintain their
viability in hypoxic conditions (V. K. Lee, Lanzi, etal. 2014; V. K. Lee, Kim, et al. 2014;
W. Liu et al. 2017). Embedded microchannels are commonly built by the inclusion of
sacrificial fibrous structures between the layers of bioprinted structure, which can be
evacuated after the structure is strengthened enough while ECs can be introduced into the
bioinks to form capillaries that would grow toward larger vessels. However, ECs cannot

maintain their viability in larger structures and mostly undergo apoptotic or necrotic cell
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death. It was reported that the presence of MSCs in close proximity supported and
stabilized ECs for neovasculature (Gaebel, Furlani, et al. 2011). LIFT-based
multimaterial bioprinting technique was utilized to deposit ECs and MSCs on a Polyester
urethane urea (PEUU) cardiac patch to enhance angiogenesis and cardiac regeneration
(Gaebel, Ma, et al. 2011). ECs were patterned in a mesh-like structure, subsequently
where MSCs were printed with 150 pm gap-distance in a square shape within ECs mesh
structure. The design and strategy for the biofabrication resulted in the formation of pre-
vascularized patches, which showed enhanced angiogenesis and improvement at the

infracted hearts after in vivo transplantation.

Some approaches do not need a sacrificial material to build perfusable channels based on
the computational design and the control over the printing technology. For example, DLP
technology was employed to construct vascularized network in a shorter time (Zhu et al.
2017). As previously mentioned, this technology utilizes a micromirror array device to
project the dictated the pattern on the digital mask to the fabrication state. A mixture of
photopolymerizable glycidal methacrylate-hyaluronic acid and GelMA encapsulating
ECs and fibroblast cells solution was used to fabricate designed microchannels while
GelMA was used to fabricate base layer. UV light was reflected with a pre-designed
pattern while unpolymerized parts are washed away. This technology promises the
fabrication of vascularized large tissue constructs in a high resolution with easy
modification of bioink compositions with various multi-materials without influencing cell

viability.

Lewis’ group is the first that developed a custom-made 3D bioprinter with more than two
independently controllable printheads to construct wholly functional, scalable and
vascularized tissue structures (Kolesky et al. 2014). Since then, several multi-head
multimaterial bioprinting systems have been implemented for the construction of various
functional and vascularized tissue structures such as bone, cartilage, skeletal muscle and
proximal tubule of kidney, within a particular architectural design (Kolesky et al. 2014;
H.-W. Kang et al. 2016; Kolesky et al. 2016; Yi et al. 2019). These systems have enabled
the extrusion of different types of inks such as hydrogels, fugitives and elastomers. For
example, PDMS, Pluronic F127 and two different GelMA bioinks were separately loaded
to the four separate printheads for the following purposes: PDMS was used to print the

borders to surround the printed construct; Pluronic F127 was used as a fugitive sacrificial
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material for the formation of embedded microchannels; GelMA was used to encapsulate
the green or red fluorescence expressing fibroblast cells and to provide ECM like
microenvironment. GelMA and Pluronic F127 were co-printed in multilayers at 20-22 °C
while pure GelMA was used to encapsulate the bioprinted cell laden-GelMA and Pluronic
F127. After photopolymerization of GelMA, the temperature was decreased to liquefy
and evacuate the Pluronic F127 from the microchannels of the construct. Then, ECs were
injected through the microchannels under mild shaking conditions for endothelization.
The processes yielded in the fabrication of vascularized heterogeneous tissue constructs
with high resolution and shape fidelity, and cell viability. In their other study, a
vascularized bone structure was fabricated by using multiple bioinks composed of hMSC,
HUVEC and human neonatal dermal fibroblasts (HNDF) encapsulated separately within
gelatin—fibrinogen hydrogel and by using PDMS to construct a 3D perfusion chip
(Kolesky et al. 2016). After fabrication of the perfusion chip, cell-laden bioinks and
Pluronic F127 as sacrificial material were printed onto the chip and encapsulated with
ECM via casting. The biofabrication workflow was as follows: The hMSCs were
bioprinted in a special geometry intervening in- and out-of-plane of fugitive ink.
HUVEC-laden bioink was bioprinted in a line for ultimate branched vascular network
formation. The HNDF cells laden ECM bioink was casted in the interstitial space in order
to support the hMSC and HUVEC. The bioink was crosslinked enzymatically with
thrombin and transglutaminase (TG) and fugitive ink was evacuated with the same
procedure indicated in their previous study. Perfusion of osteogenic differentiation factors
through the vascular network induced osteogenic tissue formation (determined by
alkaline phosphatase expression and mineral deposition) after 30 days. It was reported
that fibroblasts were used as model cells that surrounded the heterogeneously patterned
stem cells and vascular network which can be replaced with other cell types like support
cells (e.g., immune cells or pericytes) or tissue-specific cells (e.g., hepatocytes, neurons,

or islets) in future studies.

With the understanding of the multimaterial bioprinting principle, investigations proceed
with the development of constructs in different areas. Li et al. developed a microfluidic-
based chip for glioblastoma (GBM) cancer model using multi-head bioprinting system
with a similar approach (Yi et al. 2019). Three individual printheads were loaded with
silicone, brain-derived decellularized ECM (BdECM) bioinks separately laden with
HUVECs and GBM cells. After printing of a silicone chamber, HUVEC-laden bioink was
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printed in a ring shape followed by the deposition of GBM-laden bioink that filling inside
the ring shape. The gelation of the bioink was provided by incubating in humidified cell
culture incubator, and culture medium was perfused through the silicon chamber. It was
found that GBM cancer model exhibited pathological features and showed high
sensitivity against potential drugs when tested in the chips constructed with the dECM
from different patients. The presented personalized GBM cancer model would help to
identify patient specific drugs for the efficient treatment. In another study, a personalized
thick, vascularized and perfusable cardiac patch was constructed by using multi-head
extrusion based 3D bioprinting platform (Noor et al. 2019). By using the patient’s own
cells, it was aimed to develop a personalized treatment by eliminating the immunological
response. The ECM-based bioink was prepared by decellularization of human omental
tissues, which was used to encapsulate induced pluripotent stem cells (iPSCs)-derived
cardiomyocytes (CMs) and ECs to demonstrate the ability to reprogram the patient’s own
cells. Like a sandwich model, a crisscross geometry was used to print two lower layers of
patch using CMs laden bioink. After printing the third layer with omentum hydrogel, ECs
were deposited within sacrificial gelatin bioink to provide a vascular network. The
extrusion of CMs laden omentum bioink was followed with the continuous two layers in
crisscross model. A support medium (gelatin slurry) was used to show the printability of
the complex and volumetric anatomical structures (Figure 1.7). A small-scale human
heart structure with major blood vessels was bioprinted using two distinct bioinks laden
with Cy5-prestained CMs or RFP-expressing ECs. After removal of support medium, an
integrated heart structure with robust and mechanically stable perfusable vessels was

obtained.

Figure 1.7 Printability of multiple materials in a support medium using multi-
printheads. a) computer-aided design (CAD) model for human heart, b) printed heart

within a support bath, c) after removal of support medium and d) after perfusion of red
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and blue dyes. Copyright 2019, The Authors. Published by WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. Reused from Ref. (Noor et al. 2019)

Dual 3D printing systems incorporating multiple bioprinting strategies are also used to
construct scalable vascularized structures (Cui et al. 2016; B. S. Kim et al. 2019; S. Yang
et al. 2020; Cui et al. 2019). For example, Cui et al utilized a 3D dual-printing system
involving extrusion-based and SLA-based platforms and applied an integrated bio-
architectural design to construct vascularized bone construct by alternatingly patterning
PLA fibers and cell-laden GelMA bioink (Cui et al. 2016). PLA fibers were printed in a
honeycombed pore structure modified with bone morphological protein (BMP2) and then
ECs and hMSCs loaded, VEGF modified GelMA was deposited to promote regional
osteogenesis and angiogenesis. Spatial localization of the biofactors and physical porous
structure in a controlled manner and the followed four weeks perfusion of the structure
facilitated the formation of interconnected vascularized channels in bone construct. In a
similar study, PCL and cell-laden PEGDA bioink was printed alternatively layer-by-layer
to construct an integrated soft to hard multi-phasic hybrid construct with a vascular
conduit using melt mediated extrusion (MME) and SLA techniques (Shanjani et al. 2015).
The MME at high temperature did not affect the viability of cells encapsulated within
PEGDA bioink and provided mechanical support to the construct. The conduit provided
enough diffusion of media to the cells, which help to sustain their viability. In another
study, a full-thickness vascularized skin tissue model was constructed layer-by-layer by
employing multiple printing strategies including extrusion, and inkjet bioprinting (B. S.
Kim et al. 2019). The biofabrication process is schematically illustrated in Figure 1.8.
First, a PCL porous transwell system was fabricated using extrusion printing. The pores
of the transwell were filled with sacrificial gelatin hydrogel to prevent their blockage with
the diffusion of the subsequently printed bioink in the following layer. A PCL mesh
structure with 100 pum pores was printed on top of the transwell, which was followed with
the extrusion bioprinting of the bioink composed of fibrinogen and adipose-derived
dECM that was encapsulated with human adipocytes and pre-adipocytes to mimic
hypodermis layer. Since vascularization occurs between dermis and hypodermis layers of
skin tissue, in the next layer, endothelial cells encapsulated within thrombin containing
gelatin in a cylindrical shape. Thrombin was employed to irreversibly crosslink the
fibrinogen while endothelialized vascular channels formation was targeted with thermal

assisted evacuation of gelatin from the hypodermis layer. In the following layer, fibroblast
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cells were extruded in skin-dECM and fibrinogen containing bioink. Meanwhile,
thrombin solution was sprayed and temperature was increased to 30°C to provide enough
crosslinking of fibrinogen and collagen, respectively, and to integrate hypodermis and
dermis layers. The construct was matured for 7-day incubation facilitated with the
incubation with multiple culture medium. After maturation, keratinocytes were placed to
the last layer by the aid of inkjet bioprinter. The formation of vascularized channels
between dermis and hypodermis layers helped to the maturation of epidermis layer with

almost human skin-like structure.
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Figure 1.8 Dual bioprinting platform. Schematic diagram exhibiting step-by-step
fabrication process using EBB and inkjet bioprinting technologies to generate full-
thickness skin model. Copright 2018, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Reused from Ref. (B. S. Kim et al. 2019)

A vasculature was sandwiched into a thick tissue by a dual bioprinting platform
employing coaxial extrusion and stereolithography by Cui et al (Cui et al. 2019). First, a
thick vascular construct was bioprinted by extrusion of human coronary artery smooth
muscle cells-laden catechol modified GeIMA (GelMA/C) bioink from the outer channel
of coaxial nozzle while HUVECSs laden Pluronic F127 sacrificial ink was simultaneously

extruded from the inner channel in a grid pattern. Sodium periodate was also included in
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the Pluronic F127 to crosslink the inner layer of GeIMA/C. Pluronic F127 was removed
by using their thermoreversible characteristic and released HUVEC adhered to the inner
surface of the channels. SLA bioprinter was used to deposit MSC-laden GelMA for
covering printed vasculature structure. The bioprinted vascular construct showed
biomimetic properties with the biomechanics, perfusability and permeability to the

surroundings.

As different than other approaches, Byambaa et al. utilized a capillary-based extrusion
bioprinting approach to manufacture the vascularized bone structure by sequentially
aspirating and depositing bioink with different multimaterial components (Byambaa et al.
2017). A gradient structure with perfusable microchannel was constructed within a
hollow architectural design using distinct bioink compositions including GelMA and
VEGF modified GelMA encapsulating HUVEC and MSCs (Figure 1.9(a)). In another
study, a pre-set cartilage system was used to construct vascularized hepatic lobule (D.
Kang et al. 2020). The cartridge was designed with three separate channels for extrusion
of hepatocyte-laden bioink, EC laden bioink and sacrificial biomaterial such that the final
structure resembled complex human hepatic lobule structure (D. Kang et al. 2018). A
precursor cartridge was prepared as follows: Alginate was used as sacrificial material to
build a microchannel at central vein of hepatic lobule while a high density of ECs laden
bioink was positioned at the lumen or exterior surface with an interconnection to mimic
the sinusoid network (Figure 1.9(b)). The gap between exterior surface and lumen was
filled with the bioink including high density of hepatic cells for the formation of liver
cords. The alginate was washed out, and the final structural outcome was preserved
structural integrity with a lumen. The larger size vascularized hepatic lobe structures were
generated by layer-by-layer deposition of the multiple precursor cartridges. The

constructs showed hepatic cell functions by secretion of albumin and urea at higher levels.
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Figure 1.9 Capillary based and preset extrusion-based multimaterial bioprinting systems
for vascularized tissue biofabrication. a) Capillary (Copyright 2017, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. Reused from Ref. (Byambaa et al. 2017)) and
b) preset extrusion (Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim. Reused from Ref. (D. Kang et al. 2020)) based multimaterial bioprinting to
generate vascularized tissues.
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2. EXPERIMENTAL

2.1. Design and Development of Embedded Multimaterial Bioprinting
Platform

2.1.1. A General Overview on the Embedded Multimaterial Bioprinting Platform

For the biofabrication of zonally stratified vascular constructs, microfluidic multimaterial
bioprinting approach incorporating a multiple-channel microfluidic printhead was
combined with the embedded bioprinting technique which includes deposition of bioinks

into a support bath.

Within this framework, backbone of the multimaterial printhead was fabricated, which
was further equipped with three hydrogels reservoirs, connection parts and pulled multi-
barrel microcapillary nozzle. Each of the bioinks coming from different reservoirs are
connected to the separate solenoid valves that enable flowing of the bioinks through the
microcapillaries and simultaneously or alternatively deposition from the single nozzle.
Depending on the both arrangement of microchannels in the microfluidic system design
and actuation adjustments of the pumps, distinct bioinks can be extruded separately or
mixed together. Motion of three axis and open/close commanding of solenoid valves were
controlled through the G-code and M-code. Tool path generation was specifically
conducted for the fabrication of vascular-like constructs incorporating multiple layers
with varying compositions. Simultaneously or alternatively extruded bioinks were
deposited into hydrogel-nanoclay based support bath which enabled the
biomanufacturing of geometrically complex constructs that is not possible through in-air

bioprinting of precursor solutions.
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2.1.2. Development of Multiple-Channel Microfluidic Multimaterial Printhead

2.1.2.1. CAD modelling and fabrication of multimaterial printhead backbone

Recapitulation of multilayered and multicellular organization of native tissues requires
the biofabrication of tissue substitutes with different layers exhibiting distinct
characteristics. Starting from this point of view, a multimaterial printhead harboring three
hydrogel reservoirs was designed. Figure 2.1 illustrates both CAD modelling of the
backbone of the multimaterial printhead and fabricated end product. Multimaterial
printhead backbone was made up of three parts: main part which enables mounting of the
multimaterial printhead onto the gantry system, support part which was included for
increasing the stability of the main part and sliding part which allows positioning and

immobilization of the connection in between flexible needle and microcapillary nozzle.

Backbone of the multimaterial printhead was designed and realized in a way that three
hydrogels reservoirs will be located onto the backbone. While upper and lower parts of
the multimaterial printhead backbone immobilizes the hydrogel reservoirs, screws
positioned to the sides of each of the hydrogel reservoirs further fastened the reservoirs
from slippage. Connection in between each of the hydrogel reservoirs and microchannels
of the pulled multi-barrel capillaries was provided by flexible needles. While one side of
the flexible needle assembles to the hydrogel reservoir through Luer lock system, other
side of the flexible needle was fixed with the puller capillary by the designed slider part.
Slider part was designed with the aim of holding connection section of the flexible needles
to the pulled microcapillaries tight and also for the positioning of this connection section
at the desired position. Slider part was mounted to the main part of the backbone through

two screws.

CAD model of the multimaterial printhead backbone was developed in Rhinoceros 6
(Robert McNeel &Associates, USA) and then converted into stereolithography file. The
exported file was sectioned and transformed into G-code in Ultimaker Cura (Ultimaker,
Cambridge, MA, US). The designed and sliced multimaterial printhead backbone model
was manufactured from Ultimaker-2 (Ultimaker, Cambridge, MA, US) 3D printer.
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Figure 2.1 Top, front, right and perspective views of the modelled (left) and fabricated
(right) multimaterial printhead backbone from top to bottom, respectively. Main part,
supporting part and sliding part of the multimaterial printhead backbone were

respectively illustrated in light gray, orange and blue colors in the designed CAD model.
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2.1.2.2. Multi-barrel microcapillary pulling

To enable the extrusion of three different bioinks simultaneously or alternatively for the
fabrication of zonally stratified vascular-like constructs, a multiple channel multimaterial
nozzle was designed and fabricated by employing multi-barrel microcapillaries. The
nozzle was fabricated by pulling three-barrel microcapillaries in Sutter P-97 Pipette Puller
and then scoring the pulled microcapillaries from the desired point. Figure 2.2 illustrates
the pulling procedure of a multi-barrel microcapillary within pipette puller and the
inverted microscope image of the pulled microcapillary. Pulled three-barrel
microcapillaries were scored in a way that inner diameters of each of the three channels
are in compliance with the layer thickness of the targeted vascular construct. For instance,
for the biofabrication of vascular construct that has layer thicknesses which are the
multiples of 200um, then multi-barrel capillary was scored such that inner diameter of
each capillary will have 200um. Each three channels of the pulled and scored
microcapillary were fitted with three different flexible needles which provide connection

in between the hydrogel reservoirs and the microcapillary nozzle.

Figure 2.2 Multi-barrel microcapillary pulling for the fabrication of multiple channel
microfluidic nozzle. Microcapillary pulling device (left) and 4X magnified inverted
microscope image of the pulled multi-barrel microcapillary (right)
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2.1.2.3. Construction of Multiple-Channel Microfluidic Multimaterial Printhead
And Assembly of Multimaterial Bioprinting Platform Components

A custom-design three axes 3D bioprinter controlled by a motion controller software was
modified for multimaterial bioprinting purposes. Solenoid valve control units were
included into motion controller panel and multimaterial printhead setup was mounted

onto the z-axes of the custom-design gantry system.

Three different bioink solutions were loaded into separate 10 mL material reservoirs
which were positioned within the previously described multimaterial printhead backbone.
These three separate hydrogel reservoirs were equipped with the three-channeled
microcapillary nozzle by having connection through distinct flexible needles (Silkann

filling cannula, 22G 70mm).

Material extrusion from the multiple-channel microfluidic multimaterial printhead
(Figure 2.3) was provided through three pneumatic dispensing units (Nordson EFD
Performus V). Three separate solenoid valves were assembled in between the material
reservoirs and the pneumatic dispensing units for controlling open/close states of the
pneumatic driving forces. Addition of solenoid valves into the multimaterial bioprinting
platform and control of them through the developed M-codes have enabled the
simultaneous or alternatively delivery of the different bioink formulations. By this means,
multimaterial bioprinting of any multimaterial and multicellular structures having

complex geometries might be conducted.
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Figure 2.3 Embedded multimaterial bioprinting platform (left) and microfluidic

multiple-channel multimaterial printhead (middle and right).

2.2. Preparation and Characterization of Nanoclay-Hydrogel Composite
Support-Bath

2.2.1. Preparation of PF-RDS Support-Bath and Characterization

PF-RDS support-bath was prepared by slowly adding equal volume of PF-CaCl, (Sigma
Aldrich) solution into Laponite RDS (BYK Additives & Instruments) suspension. Briefly,
PF solutions with 15%, 20% and 25% concentrations were prepared by dissolving in 0.5,
1 or 2% (w/v) CaCl solution at cold room (4°C) under continuous stirring. A 6%
Laponite-RDS solution was prepared by suspending appropriate amount of dry Laponite-
RDS powder in deionized (DI) water and vigorously stirring for minimum one hour at
room temperature to allow fully exfoliation and dispersion of nanoclay particles with a
transparent appearance(Jin et al. 2017; Nelson and Cosgrove 2004). Then, PF solution
was added slowly into Laponite-RDS solution under continuous stirring at 4 °C to obtain
final concentrations of 7.5, 10 and 12.5% for PF and 0.25, 0.5 and 1% of CaCl. with
constant Laponite concentration of 3%. The mixture was further stirred for minimum one
hour at 4 °C. The composite material was centrifuged at 4000 rpm for 3 min prior to
incubation at 37 °C to remove the bubbles. It is worth to mention that final 2% of Laponite

was also prepared and examined but the electrical repulsive forces were not enough to
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make an ordered array of particles. Hence, the matrix storage and recovery was not
appropriate for printing(Sakairi, Kobayashi, and Adachi 2005; Gaharwar et al. 2019;
Sheikhi et al. 2018) and it was omitted from further experiments (data not shown). The
composite material was stable and could be stored at 4 °C for a long time with no changes
in its properties(K. Sun and Raghavan 2010). Based on rheological data, 3 % of Laponite-
RDS, 10 % of PF, and 0.5% of CaCl, concentrations were selected for the support bath

formulation.

2.2.2. Rheological Measurements

All rheological characterizations were performed on a MCR302 (Anton Paar, Austria)
equipped with a Peltier plate for temperature control. A stainless steel parallel plate of 25
mm diameter with a gap distance of 0.5 mm was utilized for all the experiments. A low
viscosity silicon oil was used as the solvent trap during the measurements. Rotational and
oscillatory measurements were performed to investigate the flow and viscoelastic
behavior of the support-baths. Gel yield stresses and linear viscoelastic (LVE) regions
were measured by strain sweep from 0.01-100% at a constant angular frequency of 10
rad/s. Oscillatory angular frequency sweeps were carried out within the LVE range (0.6%
strain and angular frequency of 0.1-100 rad/s) to monitor the dynamic rheological
behavior. Temperature sweep experiments were conducted from 4-37 °C with 5 °C/min
ramp to observe gelation temperature and evolution of the structure’s moduli. To
investigate the recovery behavior of the support-bath during hydrogel extrusion, cyclic
strain test at low and high oscillatory strains of 0.6 and 50% at constant angular frequency
of 10 rad/s and 10 s duration per cycle was performed. Shear rate sweeps were conducted
to monitor the shear thinning behavior and viscosity changes of the formulations between
0.01-100 1/s.

Samples were incubated at 37 °C for 2 h with a pre-shear rate of 1/s prior to each run.
Three measurements were taken for each sample and mean values were reported. The
effect of different compositions of PF and CaCl> on flow behavior of the support material
was investigated. Control groups were selected as CaCl,-PF named as Control 1 and
CaClz-Laponite RDS named as Control 2 with different concentrations of CaCl». Control
1 contained 10 and 1% for PF and CaCl,, respectively to observe the effect of Laponite
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on rheological properties. Control 2 were included constant Laponite-RDS of 3% and
0.125, 0.25, 0.5, and 1% of CaCl..

2.2.3. CAD Design of Complex Structures and 3D Printing Inside Support-Bath

A customized three axes 3D bioprinter controlled by MACH3 software (Newfangled
Solutions) was used to print different structures. Hydrogel solution was loaded into a 10
mL material reservoir equipped with a double thread screwed plastic nozzle (Musashi
Engineering, Japan) and material extrusion from the printing head was provided through
a pneumatic dispensing unit (Nordson EFD Performus V). CAD models of the constructs
were developed in Rhinoceros 6 (Robert McNeel &Associates, USA) and tool paths were

generated and transformed into G-codes.

Star shape, grid pattern and branched vascular-like, and a nose shape structure in different
scales were printed using 3% (w/v) sodium alginate (Sigma Aldrich) solution prepared in
in DI water. Star and grid-pattern structures were printed with a 25 Gauge nozzle and
vascular-like and nose shape were fabricated via a 23 Gauge nozzle. For star shape
printing, 15 layers of hydrogels were deposited by setting parameters as 140 mm/min
print speed and 0.7 bar feeding pressure. The structure was formed by depositing two
concentric contours without any gap in between them. The grid shape of 0-90° zig-zag 10
x 10 mm? deposition pattern including 9 stripes with 750 um gap in between was extruded
in each layer with 140 mm/min print speed and 0.7 bar feeding pressure. Branched
vascular-like construct was printed at 150 mm/min print speed and 0.6 bar feeding
pressure. Nose shape structure was printed with 2.7 cm length and 1.7 cm width using a
25 Gauge nozzle at 130 mm/min print speed and 0.5 bar feeding pressure by three

offsetted counters.

Prior to support-bath removal, the structures were post-crosslinked in a 2% CaCl, solution
for 10 min. Then, residual support-bath materials were removed from the beakers by
pipetting 1% cold NaCl solution. To show the presence of lumen inside the structure and
impermeability and its interconnectivity, diffusion test was performed by delivering blue

food dye solution from one end of the branched vascular structure.
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2.2.4. Bioprinting of Cell-Laden Alginate in PF-RDS Support-Bath

All components of support-bath and alginate were sterilized by autoclaving. Dry powder
of PF was sterilized at 105 °C for 30 min as suggested in the previous study to prevent
rheological property changes (Burak et al. 2018). CaCl, and Laponite-RDS were also
autoclaved in their powder forms. Then, the support-bath was prepared as explained
above. Alginate solution was prepared in 3% (w/v) concentration in 1xPBS and
autoclaved at 121°C for 15 min before encapsulating the cells.

NIH-3T3 cells (ATCC) were grown in Dulbecco’s Modified Eagle Medium (DMEM,
Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% penicillin-
streptomycin (Gibco) at humidified atmosphere containing 5% CO- at 37 °C. The cells
with a 1x10° cells/mL density were prepared by suspension in 3% alginate solution at
room temperature. A 0.5 bar pressure was applied to extrude cell-laden hydrogel from a
30 Gauge nozzle with 150 mm/min print speed. After printing, the alginate structures
were washed with 1% ice-cold NaCl solution and DMEM. They were placed into 12 well-
plate with fresh DMEM and incubated at the incubator.

2.2.5. Evaluation of In-Gel Bioprinting Biocompatibility

The viability of 3T3 cells-encapsulated in the alginate was evaluated on Day 1, Day 3,
and Day 7 after bioprinting. At the end of incubation points, the samples were transferred
into glass bottom Petri dishes and washed with 1xPBS. Calcein AM/PI1 staining was used
to evaluate live/dead cells. Briefly, cells were first stained with 1 uM Calcein-AM
(Invitrogen, green fluorescence) for 30 min and then, with 0.75 uM propidium iodide
(Invitrogen, red fluorescence) for 5 min in 1xPBS at 37 °C, followed by washing in
1xPBS for three times. The viable cells were monitored with maximum
excitation/emission wavelengths of 488/515 nm, respectively while the dead cells were
monitored at maximum excitation/emission wavelengths of 561/625 nm, respectively,

using inverted confocal microscope (Carl Zeiss LSM 710). 3D images were obtained
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using tiled z stacks with 5.00 um intervals and 2.77 um pixel size. The live/dead cells
were analyzed quantitatively by using ImageJ 1.48v software.

2.2.6. Statistical Analysis

All values for cell viability and rheological assessments are presented as the mean + SD
(n=3). P Students t-test was used to analyze the significant difference. P values <0.05 and
<0.01 are considered statistically significant.

2.3. Preparation and Characterization of Alginate-GelMA Blend Bioink

Alginate has been frequently employed as a bioink solution in variety of bioprinting
applications due to its biocompatibility, fast ionic crosslinking kinetics and affordability.
However, lack of binding sites in alginate for the attachment and migration of cells
hinders the biofunctionality of engineered vascular tissues. In this regard, various
biomaterials have been employed as a bioink or combined with alginate, including
GelMA (Jia et al. 2016; Pi et al. 2018), tyramine-modified gelatin (Hong et al. 2019),
collagen (J. He et al. 2018) and decellularized extracellular matrices (dECM) (G. Gao et
al. 2017).

Among different hydrogels, GelMA has distinctive properties. Biological motifs,
especially arginine-glycine-aspartic acid (RGD) peptide sequence, present within the
GelMA hydrogel promote attachment and proliferation of almost all types of cells. RGD
peptide sequence allows the attachment of cells to the GelMA network and further
maintenance of the biological processes. Hydrogels that will be utilized as bioink solution
should also bear biodegradability for promoting healing process of the body. Matrix
metalloproteinase (MMP) regions within the GelMA are recognized by the cells as
enzymatic degradation sites. Following the encapsulation of cells within the native cells
inside GelMA hydrogels, cells start synthesizing their own ECM and degrade GelMA
network. Another characteristic that highlights GelMA among other hydrogel candidates

51



is the adjustability of viscosity and mechanical properties of the bioink solution by
changing the degree of functionalization (DoF).

Together with functioning as a thermoreversible polymer, GeIMA also behaves as a
thermoset polymer following the covalent crosslinking. Another property of GelMA
comes from the heterogeneity of the gelatin in molecular level. Due to its heterogeneity
in molecular level, seeding different types of cells within GelMA turns this hydrogel into
a single structure harboring various cellular micro-environments. By this way, GeIMA
becomes an ideal material that has different strength and ductility degrees which can
mimic in vivo conditions in a better way compared to other hydrogels. Another reason
which makes GelMA as a typically utilized bioink material is the ability to fabricate
constructs with complex shapes. Integration of GelMA hydrogel into additive
manufacturing has enabled the biomanufacturing of intricate 3D structures which can also
promote development of cells inside.

2.3.1. Methacrylated Gelatin Synthesis

GelMA is a semi-synthetic polymer which is obtained by modifying natural polymer
gelatin with methacrylate groups. GelIMA is synthesized through the reaction of amine
groups of lysine amino acids within the gelatin with the methacrylic anhydrite inside
phosphate buffered saline (PBS) at 50°C (Van Den Bulcke et al. 2000). Figure 2.4

demonstrates the schematic illustration of GelMA synthesis.

Gelatin GelMA

Figure 2.4 Synthesis of GelMA by the addition of methacrylate groups to the gelatin.

Reproduced under the terms of the Creative Commons CC-BY 4.0 License
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(https://creativecommons.org/licenses/by/4.0/) from Ref. (Yoon et al. 2016). Copyright
2016, Yoon et al.

Synthesis of methacrylated gelatin was performed according to the protocol previously
explained in elsewhere (Loessner et al. 2016). Briefly, 10% (w/v) gelatin solution was
prepared by dissolving gelatin type A (Sigma Aldrich) within PBS at 60°C and stirring
until the solution becomes completely transparent. Following the preparation of gelatin-
PBS solution, methacrylic anhydrite (MA, Sigma Aldrich) was added into solution drop
by drop under hood. To be able to obtain high methacrylation degree, 0.6g of MA was
added per 1g of gelatin. Without having a contact with air, the prepared solution was
stirred for three hours to continue the modification reaction. After three hours of stirring,
the solution homogeneously turned into opaque. As an alternative to mass ratio between
gelatin and MA, stirring time can also be increased to increase the methacrylation degree
of the modification reaction. Following the stirring of the solution, centrifugation at 3500
rpm was performed for 3 minutes to remove MA that did not react with the gelatin. To
terminate the modification reaction, supernatant solution was diluted by adding PBS
twice volume of supernatant solution at 40°C. Following the termination of the
modification reaction, the solution was transferred into 12-14 kDa dialysis membranes
(Sigma Aldrich) and dialyzed within distilled water for one week. GeIMA solution’s pH
value was set to 7.4 by adding 1M sodium bicarbonate (Sigma Aldrich) for the elimination
of materials that may cause impurity. As a last step of synthesis, GeIMA solution was
lyophilized. In this regard, GelMA solution was transferred into 50mL falcon tubes and
stored at -80°C for one day. Following the storage of GelMA solutions at refrigerator,
lyophilization was performed for three days at freeze-dryer. Dried GelMA samples were
stored at -20°C until use (Loessner et al. 2016).

2.3.2. Characterization of Synthesized Methacrylated Gelatin and Determination
of Degree of Functionalization

Modification of GelMA and its degree of functionalization was investigated by proton
nuclear magnetic resonance (*H NMR) spectroscopy. Before measurement, gelatin and
lyophilized GelMA was dissolved inside deuterium oxide, D20 (30 mg / ml) at 40°C. *H
NMR measurements were performed at 40 °C by using 500 MHz Varian Inova (Varian
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Inc., Palo Alto, CA, USA) spectrometer. Degree of methacrylation of GelMA was
determined by utilizing MestreNova NMR analysis software (version 6.0.2, Mestrelabs

Research).

2.3.3. Preparation of Alginate-GelMA Blend Bioink

As previously mentioned, alginate has been utilized as a commonly used bioink due to
several reasons and was also selected as the precursor solution for the experiments
performed for investigating the printability of complex constructs inside the developed
support bath. To reinforce biological functionality of bioink solution that was employed
for the vascular tissue bioprinting studies, synthesized GeIMA was included into the

bioink formulation.

While hydrogel formation of alginate involves physical crosslinking through ionic
interaction in between sodium alginate and calcium ions, formation of hydrophilic and
water-insoluble networks from GelMA incorporates chemical crosslinking through free-
radical photopolymerization. Alginate, a seaweed derived natural polysaccharide, is made
up of a-d-mannuronic acid and B-I-guluronic acid and polymer chains are formed through
ionic crosslinking of the carboxylate groups of the guluronate groups in the presence of
divalent cations such as Ca*™ and Mg*? (Burdick and Stevens 2005). As illustrated in
Figure 2.5, GelMA hydrogel was yielded by chemical crosslinking through exposure to
365nm UV light in the presence of photoinitiator. In all of the experiments incorporating
GelMA, 2-hydroxy-1-[4 (hydroxyethoxy)phenyl]-2-methyl-I-propanone photoinitiator
solution (Irgacure 2959, Sigma Aldrich) was employed as a photoinitiator. Absorption of
incident UV light photons by the Irgacure 2959 causes the cleavage of the photoinitiator
which results in the formation of free radicals. Through the propagation of these reactive
species along the vinyl groups of the methacrylated pre-polymer backbone, chemical
crosslinks are created between polymer chains and further free radicals are generated
(Pereira and Bartolo 2015; J. R. Choi et al. 2019). As procedure advances, number of
covalent crosslinks rises and strongly crosslinked polymer networks form via chain-

growth mechanism.
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Figure 2.5 Crosslinking of synthesized GelMA into hydrogel through exposure to UV
light in the presence of Irgacure 2959. Reproduced under the terms of the Creative
Commons CC-BY 4.0 License (https://creativecommons.org/licenses/by/4.0/) from Ref.
(Yoon et al. 2016). Copyright 2016, Yoon et al.

The designed bioink solution was made up of 3% sodium alginate, 4% GelMA and 0.5%
Irgacure2959. For the synthesis of designed bioink, lyophilized GelMA was dissolved
within distilled water at 40°C and stirred until it gets completely transparent. Then,
sodium alginate was included into the solution. Finally, Irgacure2959 was added into the
suspension as it is required for the crosslinking of GelMA. While alginate was physically
crosslinked inside the support bath following the deposition from the printhead, GeIMA
was covalently crosslinked through exposing the printed complex structure into UV light.
For increasing the visualization of the printed structures, fluorescent dyes with three

different colors were included to the prepared hydrogel precursor solution.

2.4. CAD Modelling and Tool Path Planning for the Generation of
Multilayered Vascular-Like Constructs

CAD models of the complex-shaped structures and vascular constructs were developed
in Rhinoceros 6 (Robert McNeel &Associates, USA) and tool paths were generated and
transformed into G-codes by using the same software’s Rhinoscript extension.
Biomimetic biomodelling of aortic constructs were initiated in Mimics software for

segmentation of the patient-specific data and then converted to Rhinoceros 6 software.
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2.4.1. Biomodelling of Vascular Constructs

Aorta was chosen as the native vascular tissue and its spatial heterogeneity, multicellular
and multimaterial composition and hierarchical microarchitecture were aimed to be
recapitulated. For the biofabrication of vascular constructs with anatomically-correct
geometry, geometrical data of the aorta was obtained from the medical image and then
converted into CAD model rather than modelling in CAD software directly which lacks

significant anatomical considerations.

Geometry of the targeted tissue was obtained through imaging and segmentation of the
patient-specific computed tomography data in Mimics (Medical Image Segmentation for
Engineering on Anatomy) software (Figure 2.6). In the software, Thresholding was
applied to the medical image with a minimum limit of 280 Hounsfield Unit (HU) and a
maximum of 3071. Thresholding reduces the interaction of the targeted section of the
overall scan with the surrounding tissues. Software’s “edit masks” tool was utilized for
masking vascular part of the image from the other parts of the scan. Lastly, segmented
human abdominal aorta was captured by employing “region growing” tool of the
software. Segmented abdominal aorta was exported in the Stereolithography (STL)

format.

However, STL files tessellate the surface of the model with triangles, which causes the
generation of 3D models not having smooth surfaces. For tool path planning of vascular
tissue biofabrication, Mimics software output (mesh model made up of triangular facets)
were converted into smooth parametric surfaces in Rhinoceros 6 software. Conversion of
mesh model into non-uniform rational basis spline (NURBS) was obtained through
“MeshtoNURB” command. To obtain abdominal aorta model with smooth surface,
parametric polysurface was sectioned through the intersection of many planes with
abdominal aorta model. These intersection curves were transitioned into smooth

abdominal aorta model surface by “Loft” command.
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Figure 2.6 Biomodelling of an aortic construct from a medical image. (a) Coronal, (b)
axial, (c) sagittal and (d) 3D rendered views of the aorta segmentations. (e) Surface

improvement on the segmented model.

Holzapfel et al. have comprehensively demonstrated the thicknesses of different layers of
the abdominal aorta and their findings were employed as thickness parameters on the
CAD modelling of the aorta. According to their findings, thickness ratios of adventitia:
media: intima were determined 33:48:19 in axial direction (Holzapfel et al. 2007). In their
previous studies performed on iliac arteries, average ratio of intima: media: adventitia
was documented as 13: 56: 31, which shows similarity (Schulze-Bauer, Morth, and
Holzapfel 2003). Total thickness of the abdominal aorta was reported as 1.64 + 0.44 mm
right after the preparation of the axial strip and as 1.60 + 0.46 after 16 hours. Following
the six hours of equilibrium, thicknesses of adventitia, media and intima layers were
recorded as 0.40 £ 0.08, 0.57 £ 0.16 and 0.23 = 0.06, respectively (Holzapfel et al. 2007).

Measurements on the circumferential directions have also demonstrated similar results.
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In the light of these findings, macro-vascular tissue model with three layers having the
thicknesses of 400, 600um and 200pm was modelled, where three layers represent

adventitia, media and intima layers of the native vascular tissues, respectively.

2.4.2. Tool Path Planning for Multimaterial Bioprinting

In this thesis, a microfluidic and multimaterial printhead was developed with the main
concentration on the biofabrication of vascular tissue analogs. Both the development of
multimaterial bioprinting platform and recapitulation of hierarchically organized
microarchitecture of native vascular tissues necessitate the development of a novel tool
path algorithm (Algorithm 1). Moreover, continuous layer-by-layer deposition of bioinks
with no or minimum hopping is crucial for bioprinting process and movement disruption
might affect the printed construct quality. With this regard, a continuous tool path

generation was performed (Figure 2.7).

Tool path algorithm was initiated through providing parameters of vascular construct
CAD model, layer thickness, number of layers, offset number, gap thickness, resolution
and feed rate into the script as an input, which were represented as Cvascular, tiayer, Niayer,
Noffset, tgap, R @nd F in the Algorithm 1, respectively. Vascular construct model was sliced
based on the layer thickness and then cross-sectional contours (Cintersec') Were obtained
through intersecting vascular construct model with plane (p) generated by the bounding
box parameters of the vascular construct in each layer. Layer-by-layer movement of
multimaterial printhead was developed in a way that, while the printhead moves towards
the center of the cross-sectional contour in one layer, printhead moves from center to the
border of the contour in the consecutive upper layer. Movement direction of the printhead
in each layer was determined by assigning if conditional that changes in each two layers
depending on the value of evenoddvariable (s) in particular layer. Then, in each layer,
cross-sectional contour was offsetted several times depending on the nofsset input of the
user. By this way, biofabrication complex-shaped constructs having varying features in
different layers was made possible as the number of curves that will be generated in each
layer may be specified through few modifications in the algorithm. In the algorithm, each
of the curves obtained through offsetting the cross-sectional contour in each layer were
divided into equal distances depending on the resolution of the 3D bioprinter and dividing
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points (Pintersec) Were obtained. Coordinates of each of these points (PCccode) Were stored

in an array represented with {Tecode}c-0.....c In the algorithm. Point coordinate and feed

rate information stored within the array were utilized for the generation of G-code file, a
3D printer readable format. Deposition of multiple materials simultaneously or
alternatively from the printhead was controlled through sending M-code commands to
the solenoid valves. M-code commands were also incorporated into G-code for the studies

where multimaterial bioprinting was performed.

In accordance with the CAD modelling of the aortic vascular construct, needle diameter
was determined as 200 pm for tool path generation. As the designed vascular construct
has adventitial layer with 400um thickness, two consecutive and concentric curves were
be patterned, which was followed by patterning three consecutive and concentric curves
as medial layer has 600um thickness. Then, one circle was patterned as innermost layer
resembling intimal layer with 200pum thickness. Solenoid valves were commanded for

opening/closing before and after deposition of each vascular tissue layers.

Algorithm 1: Tool path planning algorithm for the generation of multilayered and

concentric vascular-like constructs

INPUT: Cuvascular, tiayer, Niayer, Noffset, tgap, R, F
OUTPUT: {Tccode}e=0.....c
START

1. C<—O;S<—0;TGcode<—{}

2. I =tiayer 12 ; trota = (nlayer - 1) * Tlayer

3. B = BoundingBox (Cvascular)

4. p =Plane (B(0), B(1), B(3))

5. For (i = 0 to trota Step tiayer) {

6. Cinterseci = Intersect (Cvascular, p')

7. If (s(mod2) =0) Then {

8. For (x = 1 to Nofrset Step 1) {

9. If (x=1) Then {

10. Pintersec = DivideCurve (Cintersec', R)
11. For (m = 0 to UBound(Pintersec)-2 Step 1) {
12. n=m+1

13. Pccode = Pintersec(n)

14, PCaccode = PointCoordinate (Pacode)
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15. Tceode(C) = PCogeode ; C=C+1

16. } /*End of 3 For-loop*/

17. Else

18. } [*End of 2" If statement*/

19. Pcentroid = AreaCentroid (Cinterseci)

20. doffset = tgap * X

21. Coffset = OffsetCurve (Cinterseci, Pcentroid, doffset)

22. Pintersec = DivideCurve (Coffset, R)

23. For (m =0 to UBound(Pintersec)-2 step 1) {

24. n=m+1

25. PGcode = Pintersec(n)

26. PCoacode = PointCoordinate (Pacode)

217. Tceode(C) = PCoeode ; C=C+ 1

28. } /*End of 4" For-loop*/

29. } /*End of 2" For-loop*/

30. Else

31. For (X = 1 to notfset Step 1) {

32. Pcentroid = AreaCentroid (Cinterseci)

33. If (X = Noftset) Then {

34. Nrevoffset = 0.01

35. Else

36. Nrevoffset = Noffset — X

37. } [*End of 3" If statement*/

38. doffset = tgap * Nrevoffset

39. Coftset = OffsetCurve (Cinterseci, Pcentroid, doﬁset)

40. Pintersec = DivideCurve (Coffset, R)

41. For (m = 0 to UBound(Pintersec)-2 step 1) {

42. n=m+1

43. PGcode = Pintersec(N)

44, PCoacode = PointCoordinate (Pacode)

45. TGeode(C) = PCoeode ; C=C+ 1

46. } *End of 6™ For-loop*/

47. } /*End of 5" For-loop*/

48. } /*End of 1% If statement™/

49. s=s+l

50. } /*End of 1% For-loop*/
END
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Figure 2.7 Main steps of tool path planning for the generation of multilayered and
concentric vascular-like constructs: (a) generation of BoundingBox, (b) intersection of
plane with aorta model, (c) generation of first layer by offsetting through the center, (d)
generation of second layer by offsetting through the wall, (e) repeating offsetting
through inside and outside for the generation of a structure with a specified layer

number. White arrows represent offsetting direction in the specified layer.

2.5. Embedded Multimaterial Printing of Complex-Shaped Structures

Multimaterial printing of complex structures were performed by employing the developed
embedded multimaterial bioprinting platform incorporating multiple-channel
microfluidic printhead, which was demonstrated previously in Section 2.1. Single or
multiple hydrogel precursor solutions were loaded into 10 ml hydrogel reservoirs that are
connected to the multi-barrel glass capillary needle through tubing junctions. Hydrogels
used for embedded multimaterial printing studies were colored by mixing precursor
solutions with fluorescent dyes in 1:30 ratio. Before mixing with precursor solutions,
blue, green and red fluorescent dyes were diluted in the distilled water with 1:10 ratio
which were further sonicated two hours and then filtered from filter paper after dilution.
Hydrogels were extruded from the microfluidic multimaterial printhead through three
separate pneumatic dispensing units. On-off switching of these pneumatic dispensing
units were enabled by solenoid valves that are controlled through M-codes written in the

developed tool path algorithm. Extruded hydrogels were patterned inside support bath
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according to the desired models that transformed into G-codes via generated tool path
algorithm.

For the optimization of printing parameters, nine stripes with different feeding pressure
and printing speed combinations were deposited into support bath. Hydrogels extruded
through 0.1, 0.2 and 0.3 bar feeding pressures were patterned inside support bath with 1,

2 and 3 mm/sec printing speeds.

Printability of structures having multiple concentric contours in each layer was
demonstrated through printing four layered cylinder with 2 cm diameter. The structure
was formed by depositing six concentric contours with 200 um gap in between them for
increasing the visibility of each six contours. For the demonstration of smooth
interchangeability in between valves which enables the sequential extrusion of different
hydrogel solutions, single layer star shape with 60 mm diameter was patterned with 5
concentric contours having 2.5 mm gap thickness in between them. Hydrogels were either
sequentially or simultaneously deposited from the microfluidic multimaterial printhead
through switching the states of solenoid valves at the beginning of each concentric
contours. Moreover, six stripes with 40 mm length were deposited inside the support bath
for investigating transition from one hydrogel channel to another hydrogel channel. While
one of the solenoid valves was closed at the middle of the stripe, another solenoid valve
was opened. To demonstrate fabrication of complex-shaped structures including at least
two different material compositions, initial letters of Sabanci University and a cylinder
with 6 concentric contours were printed. Initial letters with 2.2 cm length were printed as
a four layered construct having four concentric contours in each layer. While red
fluorescent included hydrogel solution was deposited in outer two contours of Letter S
and blue fluorescent included hydrogel solution was deposited in inner two contours of
the same letter, deposition order was reversed for Letter U. By this means, continuous
deposition of complex structures with two material compositions was confirmed. Before
performing multimaterial bioprinting of aortic construct having six concentric contours
patterned with one of the three bioink formulations, multimaterial printing of the same
structure was conducted through three fluorescent dyed hydrogels. While two outermost
contours of the structure were patterned with blue hydrogel solution, three middle
contours were patterned with red hydrogel solution and single innermost contour was

deposited with green fluorescent hydrogel solution.
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Following the completion of multimaterial printing process, complex-shaped structures
were recovered from the support bath by treating them with ice-cold CaCl, and NaCl
solutions. After transferring the samples into glass bottom petri dish and exposing to UV
light from 10 cm distance for 60 sec, 3D images were obtained using tiled z-stacks with
10.00 pm intervals.

2.6. Embedded Multimaterial Bioprinting of Vascular Constructs

2.6.1. Cell culture

For embedded multimaterial bioprinting of vascular constructs with three distinct
concentric layers, three different cell types, which are human primary umbilical vein
endothelial cells (HUVEC, ATCC), human aortic smooth muscle cells (HASMC, ATCC)
and human dermal fibroblast (HDF, ATCC) were cultured. Vascular cell basal medium
(ATCC) supplemented with endothelial cell growth kit (ATCC), vascular cell basal
medium supplemented with vascular smooth muscle cell growth kit (ATCC) and Eagle’s
minimum essential medium (EMEM, ATCC) supplemented with 10% fetal bovine serum
(FBS, Sigma) and 1% penicillin-streptomycin (Gibco) were employed as growth media
for the culture of HUVECs, HASMCs and HDFs, respectively.

Cells received from liquid nitrogen tank were thawed at 37°C inside water bath. 1mL
cryovial content was transferred into 15 mL falcon tube and 5 mL growth media was
added drop-by-drop. Following the centrifugation of falcon tube at 1100 for 5 minutes,
supernatant containing dimethyl sulfoxide (DMSO) was removed. Cell pellet remaining
at the bottom of the falcon tube was resuspended in 3 mL of growth media and transferred
into T75 flask which was previously filled with 7 mL growth media. Cells were
maintained in humidified atmosphere containing 5% CO at 37 °C and subcultured when
they reach ~80% confluency. For subculturing of the confluent cells, consumed growth
media was discarded, and cell surface was washed with 5 mL Dulbecco’s phosphate-
buffered saline (DPBS), which was followed by covering surface of cell monolayer with
1.5-2 mL 0.25% trypsin-EDTA solution. Cells incubated at 37 °C for 4 minutes were
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observed under microscope for checking detachment of the cells from the surface of the
flask. Fresh growth media with double volume of trypsin-EDTA was added into the flask
for neutralizing proteolytic activity of trypsin and then all of the suspension was
transferred into 15 mL falcon tube which was centrifugated at 1100 rpm for 5 minutes.
Following this step, cell pellet obtained after the removal of the supernatant was either
transferred into another flask for subculturing purposes or used for bioink preparation.

2.6.2. Preparation of Bioinks Encapsulated with Different Cells

Three bioink solutions including different type of cells were prepared for the
biofabrication of vascular constructs with three distinct layers. 6% alginate dissolved
within 1X DPBS was autoclaved. On the other hand, 8% GelMA and 1% Irgacure 2959
were dispersed within the three different growth medias belonging to each three cell types
and then filtered. Trypsinized and growth media added cell suspension was counted in
hemocytometer and then centrifuged. The cells with a 2 x 10° cells/mL density were
prepared by resuspending cell pellet within GelMA and Irgacure 2959 containing solution
at room temperature. Then, equal volume of 6% alginate and cell-loaded 8% GelMA and
1% Irgacure 2959 solutions were mixed. At final volume, three different bioinks
including 3% alginate, 4% GelMA and 0.5% Irgacure 2959 encapsulated with cells
having 1 x 10° cells/mL density were obtained.

2.6.3. Multimaterial Bioprinting Inside Support Bath

Support bath ingredients were autoclaved in their powder forms and then support bath
was prepared as previously mentioned in Section 2.2. However, all of the preparation
steps were held in biosafety cabinet except stirring the materials at 4°C. Three bioink
solutions including either HUVECs, HAMSCs or HDFs were loaded into hydrogel
reservoirs and then positioned within multimaterial printhead. Respectively, two outer,
three middle and one inner concentric contours resembling adventitial, medial and intimal
layers of the native vascular tissue were patterned inside support bath by extruding

corresponding bioink solutions at 0.1 bar and with 3 mm/sec feed rate. Three-layered
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aortic constructs having six concentric contours were biofabricated and prior to removal
from support-bath, they were post-crosslinked in a 2% CaCl; solution for 10 min. Then,
residual support-bath materials were removed from the beakers by pipetting 1% ice-cold
NaCl solution. Bioprinted aortic constructs were transferred into 6-well plates containing
growth media blend and incubated at 37°C. Growth media blend was prepared mixing
equal volumes of growth medias of each three cell types. Before addition of growth media
into the six well plates, bioprinted constructs were exposed to low intensity UV light (3
W/cm?) from 10 cm distance for 60 sec which enabled secondary crosslinking of the

bioinks.

2.7. Investigation of Bioprinted Vascular Constructs

2.7.1. Live/Dead Assay

The viability of three different cell types encapsulated within alginate-GelMA blend
bioink was investigated through live-dead fluorescence assay on Day 1, Day 4 and Day 7
following the multimaterial bioprinting process. Calcein was employed for the indication
of living cells within the bioprinted constructs and was prepared through dilution of 1
mg/ml stock solution in 1x PBS with calcium and magnesium in 1:500 ratio. In the same
way, 1 mg/ml propidium iodide stock solution was diluted in 1x PBS with calcium and

magnesium in 1:1500 ratio for the indication of dead cells.

Following the termination of each incubation points, the bioprinted aortic constructs were
transferred into glass bottom petri dishes. After washing each sample with 1x PBS, 5 mL
calcein staining solution (0.8 pl calcein /1 ml 1x PBS) was transferred into each well and
incubated for 30 min. Then, calcein staining solution was aspirated and 5 ml propidium
iodide staining solution (0.5 pl propidium iodide /1 ml 1x PBS) was transferred into wells
and incubated for 5 min. At the end of incubation period, bioprinted aortic constructs

were washed with 1x PBS three times.

The viable cells were monitored with maximum excitation/emission wavelengths of

488/515 nm, respectively while dead cells were monitored at maximum
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excitation/emission wavelengths of 561/625 nm, respectively, using inverted confocal
microscope (Carl Zeiss LSM 710). 3D images were obtained using tiled z stacks with
5.00 um intervals in 2.77 um pixel size. Live/dead cells were analyzed quantitatively by

using ImageJ 1.48 v software.

2.7.2. Cellular Labelling

Zonally stratified arrangement of the bioprinted vascular constructs was evaluated
through staining the cells present in distinct vascular layers with two different dyes: SP-
DilC18 (Molecular Probes) emitting red fluorescence and SP-DiOC18 (Molecular
Probes) emitting green fluorescence. While HUVECs and HSFs were stained with green
membrane-intercalating fluorescent stain, HASMCs were stained with red membrane-
intercalating fluorescent stain. These carbocyanine-based dyes were dissolved within 1x
DPBS with 1.5 pg/ml concentration. Growth media was discarded, and prepared dye
solutions were transferred into cell culture flasks. Following the 30 minutes incubation
period, cells were trypsinized and then prepared for the bioprinting in a similar order as
explained above. Biofabricated vascular constructs were observed under the inverted

confocal microscope after 1 day incubation period.
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3. RESULTS AND DISCUSSIONS

3.1. Preparation and Characterization of Nanoclay-Hydrogel Composite
Support-Bath

3.1.1. Rheological Characterization of the Support Bath

The weak interactions of the support-bath components play a critical role in the formation
of network and its stability and hence the preservation of the printed hydrogel structures
in over-hanged and complex geometries (Mezger 2006; Jeon et al. 2019; Howard A.
Barnes 2000). In this work, thermoresponsive behavior of PF was combined with the
thixotropic behavior of the Laponite to obtain yielding and easily removable support-bath
structure. Laponite RDS is selected due to formation of a stable polymer-nanoclay
complex with the presence of Ca?* and possession of a neutral isoelectric point providing
a biocompatible environment (Castelletto, Ansari, and Hamley 2003; Pek-Ing and Yee-
Kwong 2015).

Thermoresponsive gelation behavior of the PF-RDS support-bath with different
formulations was characterized through a typical temperature sweep test from 4 to 37 °C
with a final dwelling time of 2 h by the evolution of storage (G’) and loss (G") moduli
(Figure 3.1). By increasing temperature, G’ and G” moduli raised as a result of both liquid
crystalline phase transition of PF in ionic media and the presence of Laponite particles
(Castelletto, Ansari, and Hamley 2003; C. J. Wu and Schmidt 2009; Topuz et al. 2018).
Then, G" and G" reached a steady state by further incubation at 37 °C.
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Figure 3.1 Time sweep measurement of the support-bath showing storage and loss
moduli over time for different concentrations of PF. Laponite and CaCl, concentrations
were set to 3% and 1%, respectively. Storage (G’) modulus (filled symbols) and loss

(G") modulus (open symbols).

Effect of PF _concentration. Figure 3.2 represents rheological characterization of

different concentrations of PF in the presence of Laponite-RDS and CaCl2 at constant
concentration. Dynamic moduli of composites containing 7.5, 10, and 12.5% of PF, and
3% Laponite RDS, and 1% CaCl2 are plotted during the strain amplitude (Figure 3.2(a))
and angular frequency sweeps (Figure 3.2(b)). Strain amplitude graphs demonstrate the
flow point of the materials at which a transition between elastic gel state (G' > G") to
viscous liquid-like state (G” > G') is observed (K. Yang et al. 2018; Davila and D’Avila
2017). At very low strain amplitudes, G’ and G” values show the linear viscoelastic
behavior (Q. He et al. 2012). Increasing the concentration of PF from 7.5% to 10% in the
composite resulted in an apparent increase in both moduli during constant strain
amplitude loading, however further increase to 12.5% induced a significant decrease
(Figure 3.2(a)). The value of storage moduli of 7.5 and 12.5% PF containing composites
were observed to be almost the same while the corresponding value for 10% PF one was
1.5-fold higher. The interactions of PF and RDS are considered to be very complex and

have not been completely known, however it is assumed that electrostatic interactions as
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well as hydrogen bonding are the dominant players in the final structural configuration
(Gaharwar et al. 2011, 2019).

The observed developments in both G’ and G” by increasing the PF concentration can be
attributed to the bridging effect of PF micelles and chains with their vicinal nanoclay
particles which results in stabilization of the composite (K. Sun and Raghavan 2010;
Gaharwar et al. 2019). In this way, it is speculated that there would be a threshold for
such interactions, which could be translated to the surface capacity of the Laponite-RDS
in such a system. A viscoelastic gel structure could be formed by increasing the PF
concentration up to a certain value above which, the faces of the Laponite-RDS nanoclays
would be already saturated by the adsorbed polymer. Further increase in the polymer
concentration will not necessarily contribute in establishment of long-range elastic
interactions between the two components of the system (Nelson and Cosgrove 2005; C.
J. Wu and Schmidt 2009). The mixtures of PF and CaCl, (Control 1) and Laponite-RDS
and CaCl; (Control 2) were selected as control groups to identify the contribution of each
individual component of the composite in development of the viscoelastic properties. It
should be noted that the exclusion of CaCl, from the mixture of PF-Laponite RDS resulted
in formation liquid-like composite, failing to form a viscoelastic gel network (Castelletto,
Ansari, and Hamley 2003; Pek-Ing and Yee-Kwong 2015). Hence, this composition was
not included in the set of experiments. Control 1 failed to show a detectable linear
viscoelastic limit within the range of strain values 10~ to 10° (%). This can be explained
by formation of clusters consisting of polymer chains at low concentration of PF as
reported elsewhere (P. J. Lu et al. 2006). Control 2 showed a linear viscoelastic range
during strain amplitude sweeps, however the storage modulus values were much lower
than the corresponding region in PF-RDS composites containing PF at the same CaCl»
concentration (Sheikhi et al. 2018). Both control groups showed less elastic moduli, since
Laponite-RDS acts as a physical cross-linker to PF polymer chains in the presence of
CaCl2 which is in agreement with previous study of Wu et. al (C. J. Wu et al. 2011).
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Figure 3.2 Dynamic rheological characterization of the support-bath representing the
effect of PF concentration on flow behavior and recoverability of the structure at 37 °C
(Laponite-RDS and CaCl» concentrations were constant at 3 and 1%, respectively
except for control samples). Control 1 and control 2 included 10% PF, and 3%RDS,
respectively at constant 1% CaCl, (a) Strain amplitude sweep profiles of supporting
mediums, (b) frequency sweep profiles within the linear viscoelastic range, (c) viscosity
vs. shear rate plots revealing the shear thinning behavior of the support material, (d)
cyclic strain measurements at high (50%) and low (0.6%) strains showing storage (G')
moduli of the samples in 4 cycles. Storage (G') modulus (filled symbols) and loss (G")
modulus (open symbols).

The dynamic viscoelastic properties of the formed networks of PF in the presence of
Laponite-RDS and CaClowere also probed by frequency sweep analysis (Figure 3.2(b)).
The elastic features of the matrix were dominant throughout the whole measured
frequencies, characterized by G’ values higher than G” values (K. Yang et al. 2018). The

elastic modulus value at 7.5% PF was considerably lower than the other two
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concentrations. By increasing the PF concentration to 10%, the interactions between PF
and Laponite-RDS evolves from a viscoelastic-dominant gel state to a glassy state
colloidal network, in which the elastic modulus is almost independent from the frequency
of deformation. Further increase in PF concentration to 12.5% resulted in weakening of
the elastic response of the system at low frequencies, an indication of the increased
contribution of excess PF chains which are speculated to have no direct interactions with
Laponite nanoparticles. The results demonstrate that concentration dependent interactions
between polymer and clay nanoparticles allow the formation of suitable and stable
network for support-bath (Jin et al. 2018; K. Sun and Raghavan 2010; Sheikhi et al. 2018).
Control 1 showed a strong dependency of both elastic and loss moduli to frequency
values. It could be due to testing parameters which was not in a viscoelastic region.
Control 2 showed glassy gel-like behavior with almost constant elastic modulus values at
all frequencies, revealing the effect of calcium ions in the formation of House of Cards-
like structure which was utilized as support-bath material in previous studies (Ding and
Chang 2018). However, the value of storage modulus was much lower compared to the
composite with PF which needs more viscous bioink to be able to provide enough

mechanical strength to hold the structure during bioprinting process.

Shear thinning behavior and yield stress values of the composite support-bath materials
were investigated by a shear rate sweep test (Figure 3.2(c)). As the graph implies, all the
tested concentrations showed the same trend of viscosity drop but the sample with 7.5%
PF had the highest decrease in its viscosity while the sample with 10% of PF had the

lowest change.

Figure 3.2(d) shows recoverability of the composite throughout cyclic deformation. Due
to the thixotropic characteristics, the disturbed matrix result in rebuilding of the
interactions by forming the matrix network over time (Davila and D’Avila 2017; Jin et
al. 2017). The so-called self-recovery property represents an essential feature of the
composite matrix to be utilized as a support-bath material. Dynamic strain tests were
performed at high (50%) and low (0.6%) strains. The strain cycles were repeated in 10
seconds intervals to monitor how fast the composite material could recover itself.
Thixotropic behavior was monitored within 16 cycles (data was clipped to 4 cycles to
enhance the legibility) and the recovery time and the extent of drop in storage moduli

after 3" cycle of deformation were almost constant. As shown in the graph, even in a
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short time of 10 seconds the structures with 10 and 12.5% of PF could almost reach to
their initial storage moduli. The composite with 7.5% of PF showed lower recovery in
storage modulus compared with the starting point. This could be due to lower amount of
polymer-chains which could not enhance the composite matrix stiffness (K. Sun and
Raghavan 2010)as the amount of PF was not enough to resist the high shear strain values
to rapidly recover the physically crosslinked polymer chains attaching on the Laponite

nanodiscs charged surfaces (K. Yang et al. 2018; Laxton and Berg 2006).

Effect of CaCl2 concentration. The contribution of ionic content in the formulation to

viscoelastic properties of the composite was systematically assessed by varying the CaCl»
concentration with constant PF and Laponite-RDS which were set to 10 and 3%,
respectively. We evaluated three different concentrations of 1, 0.5, and 0.25% for CaCl,
in the formulation to provide a moderate crosslinking for dispensed liquid form of alginate
and to obtain an integrated structure without diffusion into the support-bath (S. J. Song et
al. 2011; Au et al. 2015; Sheikhi et al. 2018). It should be mentioned that the lowest
concentration of Ca?* were above the threshold of “gel” formation below which a “glass-

colloid” would be formed as explained in the previous study (Nelson and Cosgrove 2004).

It is noteworthy to mention that low concentrations of CaCl, showed promising behavior
to be used as an electrolyte together with Laponite nanoclay. In this study, we selected
0.5% CaClz since it was not only a structural modifier for Laponite, but also a cross-linker
for alginate. Our aim was to utilize a low concentration cell-laden hydrogel (3% alginate)
to provide a cell-friendly bioprinting process with the utilization of a relatively low
pressure for extrusion of bioink in a moderate CaCl> concentration to obtain sufficient

cross-linking density for structural integrity among the subsequently printed layers.

3.1.2. Printability of Overhanging and Complex Structures in PF-RDS Support-
Bath

The challenges of overhanging and tubular complex structure printing have been
addressed with different approaches in the literature (Luo, Lode, and Gelinsky 2013; Yu
et al. 2013a; Distler et al. 2019; Ruther et al. 2019; Dubbin, Tabet, and Heilshorn 2017;

G. Gao et al. 2019). The principle of the printing mechanism of those tubular structures
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are based on one-step extrusion of hydrogel in air, which is cross-linked by the inclusion
of cross-linker through a coaxial nozzle system. These techniques are capable of printing
hollow vascular-like structures in small dimensions by employing different formulations
of bioinks, whereas construction of complex shapes in a layer-by-layer manner may not

be applicable for integration of the extruded subsequent layers.

Printing in support-bath has been an emerging approach utilized by extrusion of hydrogels
in a liquid form to have an appropriate shape fidelity, as well as to provide a more cell-
friendly process compared to in-air extrusion bioprinting (Dubbin, Tabet, and Heilshorn
2017). Laponite support-bath was demonstrated as support bath for fabrication of
overhanging and complex branched tubular structures for various hydrogel types with
different crosslinking mechanism (Jin, Chai, and Huang 2018; Ding and Chang 2018).
Although Laponite support bath was investigated individually with many aspects for
printing, the extruded hydrogel concentration was very high which could affect living cell
functionality (Ding and Chang 2018). The use of high concentration of hydrogel is
expected due to the slow crosslinking kinetics of alginate in the presence of low
concentration of CaClz, which has a strong negative effect on viscoelastic properties of
Laponite as it is demonstrated above.

Rheological characterization suggested that all the tested PF-RDS composites could be
used as a support-bath for hydrogel printing. Three percent of alginate was used for
printing inside the support-bath that has lower concentration compared to previous studies
(Y. Wang et al. 2019; Ding and Chang 2018; Jin et al. 2017). Among PF concentrations,
10% showed better viscoelastic behavior in terms of storage modulus and self-recovery.
Printability of alginate into the support-bath containing various CaCl, concentrations
were investigated. In the previous report, concentration of CaCl» for the Laponite support-
bath was 0.125% (Jin et al. 2017). However, our initial experiments showed that even the
CaCl> concentration of 0.25% was not enough to efficiently cross-link 3% of alginate
hydrogel during printing. This concentration was much lower than the hydrogel that was
used in the mentioned study (8% alginate). On the other hand, increasing the
concentration of CaCl, to 1% resulted in fabrication of structures with non-integrated
fibers and occurrence of staircase effect (Ding and Chang 2018). Hence, the support-bath
with composition of 10% PF and 0.5% CaCl. was used. Moreover, Ding et al. increased

CaClz concentration to 0.5% in a 4% Laponite support bath, while they used a
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concentrated and more viscous hydrogel blend as the extruded bioink (3% alginate+10%
gelatin) (Ding and Chang 2018). This could be correlated to the decreased self-recovery
properties of Laponite support-bath in the presence of high CaCl, concentrations. It is
worth mentioning that increasing the concentration of CaCl, above 0.125% causes the
deterioration of the House of Cards-like structure and shear-thinning property of only
Laponite support-bath. Formulation of the Laponite support bath with PF resulted in
increased tolerance over the CaCl> content and allowed to dispense less viscous hydrogel
with higher shape fidelity at low extrusion pressure, which would be a more cell friendly

process.

A detailed overview of 3D printed overhanging hollow structures with different angular
configurations before and after recovery from PF-RDS support-bath are demonstrated in
Figure 3.3. Support-bathes were incubated at 37 °C in a humidified environment for two
hours prior printing based on the rheological data explained above. Integrated and bended
tubular structures perpendicular to the surface (90°) and with 60° and 45° angles and a
conical structure with 60° angle were printed in 20 layers. The front views of the tubular
structures in support-bath are presented in Figure 3.3(a, b, ¢, d). It is clearly seen that the
angles of printed structures were the same as designed models. The front and top views
of the printed structures after harvesting from support-bath demonstrated that structures
were well-crosslinked with integrated layers and preserved angular configurations due to
optimized concentration of CaCl> in the PF-RDS bath. The heights of the printed
structures were measured as 7.58 mm + 0.9, 4.54 mm % 0.08, and 3.88 mm * 0.25 for
tubular structures of 90°, 60°, and 45° angles, respectively. Based on computer-aided
design (CAD) models, all the printed structures should have the same height. During
printing of the tubular structure with 90° angle, the nozzle moved through the same x-y
coordinates for 20 times. In contrast, the movement patterns of the nozzle for the other
angled structures were not as repetitive in the same coordinates. As a result, diffusion of
the hydrogel ink during printing of the structure with 90° angle was more and the final
structure had higher height. Angles of the bended structures after removing from support-
bath were measured as follows: 85.9° + 1.40, 59.4° + 2.33, and 47.8° £+ 5.34, which
indicates a high printing resolution for the overhanging CAD models in the PF-RDS bath.
The printed structures of alginate with 3% concentration demonstrated that the support-

bath had proper viscoelastic characteristics which allowed printing of liquid-like
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hydrogels with relative low viscosity in a defined geometry and in situ cross-linking while
the shape fidelity of overhanging hollow structures was preserved.

Figure 3.3 Characterization of PF-RDS support-bath for printability of tubular structures
in various angular configurations. Digital images of the printed tubular alginate
structures using 25 gauge nozzle in the support-bath angled at (a) 90°, (b) 60° and (c)
45°, and (d) a conical structure with 60° angle with respect to the surface. Digital
images of front and top views of (al, a2) 90°, (b1, b2) 60° and (c1, c2) 45° bended
tubular structures and (d1, d2) conical structure after removal from support-bath. Scale

bars indicate 5 mm.

Three different complex structures including star shape, grid and branched vascular
structure were used to demonstrate printing capability of complex geometries with
different scales inside the PF-RDS support-bath. Figure 3.4 shows the CAD models, top
views of the printed structures before and after removal of the support-bath. Compared to
reported Laponite support bath at which the sample was incubated for 6 h to obtain proper
gelation (Jin et al. 2017), we could easily remove the printed constructs from the PF-RDS

support bath just after printing. Increased concentration of CaCl> in support bath provided
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enough crosslinking density and ice-cold NaCl solution facilitated the removal of PF
coated RDS. A star shape with an outer diameter of 2 cm was selected to demonstrate the
precise deposition of extruded filaments with sharp corners (Fig. 3.4(al)). Shape fidelity
and its high resolution after the support-bath removal are demonstrated in Figure 3.4(a2).
A small square grid structure with one cm length was chosen to explore the recoverability
of the support medium in a repetitive pattern. CAD model of grid structure is depicted in
Figure 3.4(b). Despite the structural integrity and shape fidelity concerns for grid structure
printing, the support-bath presented here allowed its fabrication (Figure 3.4(bl)). The
structure was harvested without disturbing shape fidelity during removal from the PF-
RDS as shown in Figure 3.4(b2).

A vascular structure plays an important role for living tissues in oxygen and nutrients
transportation, and metabolic removal. Fabrication of the vascular network is essential
for the functional structures. A CAD model for a branched vascular structure with an
overall length of ~ 3 cm and a width of ~ 2 cm was designed (Figure 3.4(c)). The vascular
structure with a wall thickness of ~ 0.95 mm and 6 mm height was printed by three
offsetted contours in each layer. Figure 3.4(cl) shows the printed branched structure
inside the support-bath that was printed in 50 min. After gently removal of the support
material from the lumen, interconnectivity of the hollow vascular structure was monitored
by passing a food dye through it. The diffusion test demonstrated no leakage from the

walls.

To demonstrate the capability of our support-bath for printing of anatomically relevant
and 3D complex structures, a nose shape with an overall 2.7 cm length and 1.7 cm width
was printed using 25 Gauge nozzle (Figure 3.4(d)). It is to be noted that the printing path
strongly affects the final structure as it was demonstrated before (Z. Zhang et al. 2018).
When printing path started from the tip of nose inside the support-bath, we could obtain
a smooth surface on the nose with apparent nostrils as represented in Figure 3.4(d3). This
result also verifies the applicability of our support-bath for bioprinting of liquid hydrogels

in various complex and large-scale structures.

The printed constructs demonstrated the feasibility of the support-bath for continuous and
repeated retracing of the print-head. As stress-yielding phenomena happened around the

local area where nozzle moves, overall rheological characteristics of the support bath did
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not change and did not cause any disruption of the complex shapes, highlighting the
stability of the support-bath for long-lasting printing procedures. Although printing speed
is considered as a key parameter affecting the yielding properties of the support bath
(Grosskopf et al. 2018; Ding and Chang 2018), the support-bath revealed a consistent
recovery in different print speeds. In addition, shape fidelity preservation after structure
removal from the support-bath has demonstrated the sufficient integration between the

consecutive layers.
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Figure 3.4 Fabrication of 3D complex constructs. CAD models of (a) star shape, (b) O-

90° grid pattern, (c) branched vascular structure, and (d) nose shape. Digital images of
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the fabricated structures (al, b1, c1, d1) before and (a2, b2, c2, d2) after recovery from
PF-RDS support-bath. Scale bars indicate 5 mm.

3.1.3. Bioprinting of Cell-Laden Alginate Hydrogel in Support-Bath

Cell-laden hydrogels dispensed from a nozzle are being exposed to a shear stress, and
followed by an invasive effect of cross-linking mechanism (Suzanne and Steller 2013;
Dubbin, Tabet, and Heilshorn 2017). Therefore, fabrication process of cell-laden
hydrogels inside the support-bath might affect the cellular integrity. Since the nozzle size
and feeding pressure for the extrusion of cell-laden hydrogel have an inverse relation, the
use of small needle size might have more negatively effect on cell viability. We selected
a small nozzle (30-Gauge) to investigate the effect of bioprinting process in support-bath
in intense conditions. Compatibility of the bioprinting process was evaluated by
monitoring cell viability after bioprinting. Alginate used to encapsulate the cells in this
study is commonly employed in 3D bioprinting applications due to the biocompatibility
and fast crosslinking in the presence of Ca?* ions despite its bio-inert nature and limited
biodegradability. It is also used as a thickening hydrogel to enhance the bioprintability of
the other, more bioactive hydrogels (Jin et al. 2017; Ding and Chang 2018). NIH-3T3
mouse fibroblast cells in a density of 1x10° cells/mL were encapsulated in 3% of alginate
and bioprinted by feeding pressure of 0.5 bar and print speed of 150 mm/min. Well
defined 3D hollow structure with a 5 mm diameter and average height of 0.6 mm was
obtained by the integration of deposited four concentric fibers of cell-laden alginate.
Figure 3.5 shows (a) bright field image of harvested bioprinted structure from the support-
bath and (b) Calcein AM (green) and P1 (red) stained, live and dead cells, respectively, in
a complete bioprinted structure. The results demonstrated the structural integrity of the
proposed structure for bioprinting and their efficient recovery from support-bath with
high percentage of viable cells (Jin et al. 2017; Compaan, Song, and Huang 2019; Ding
and Chang 2018). Live and dead cell numbers showed that 82.7 + 6.5% cells in alginate
hydrogel were viable after one day (Day 1) of incubation (Figure 3.5(c)). The percentage
of viable cells did not change on Day 3 while the cell viability increased to 94.3 + 4.6%
at Day 7. The results indicated that extrusion pressure did not affect the cell viability

significantly and the cells almost recovered at Day 7.
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These results demonstrate that the bioprinting process in PF-RDS support-bath does not

cause significant damage to the cells encapsulated within the hydrogel. Further long-term

cell viability evaluations are necessary for bioactivity investigation of different hydrogels
(Suzanne and Steller 2013; Dubbin, Tabet, and Heilshorn 2017).

Day 1 Day 3 Day 7

Incubation period

Figure 3.5 Fabrication of cell-laden alginate constructs using PF-RDS support-bath. (a)
Image of harvested bioprinted tubular structure from support bath. (b) Confocal
microscopy image of live/dead cells encapsulated in the alginate hydrogel in a complete
3D bioprinted hollow structure at Day 3 and the zoomed images of cells obtained on
Day 1, Day 3 and Day 7. (c) Quantitative viability analysis of cells for Day 1, 3 and 7
after bioprinting. Two tail Students t-test was used to analyze the significant change in
the cell-viability after bioprinting process. P-values *< 0.05 were considered as

significant. Scale bars indicate 1 mm for (a) and (b) and 0.5 mm for the zoomed images.

3.2. Characterization of Synthesized GelMA for the Preparation of Alginate-
GelMA Blend Bioink

Figure 3.6 shows the NMR spectrums of gelatin and GelMA. Following the modification
of gelatin, peaks that are present in the NMR spectrum at the 5.5-6 ppm range and at the
3.2 ppm are the indicators of methacrylate groups and amine groups, respectively.
Together with these two peaks, phenylalanine peak appearing at 7.5 ppm in both of the

gelatin and GelMA NMR spectrums was used as reference peak for the normalization of
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the graphs. In the other words, for the comparison of peaks belonging to methacrylate

groups and amine groups, phenylalanine peaks of the two graphs were equalized.
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Figure 3.6 NMR spectrums of gelatin and synthesized GelMA with different DoF

percentages
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Degree of functionalization (DoF) is defined as the ratio of the number of methacrylate
groups present in the structure of synthesized GelIMA to the number of un-reacted amine
groups (lysine, hydroxylysine) present in the structure of gelatin (Hoch et al. 2012). For
the calculation of DoF, first of all, NMR spectrums were normalized according to the
phenylalanine signals (6.9-7.5 ppm) as they do not participate to the modification
reaction. Then, integral areas of the methyl lysine signals (2.8-2.95 ppm) for gelatin and
GelMA specturms were determined. Degree of methacrylation was calculated according

to the Equation 1.

Area of lysine peak (GelMa)
Area of lysine peak (Gelatin)

% DoF = [1— | x100 Equation (1)

Attenuation of lysine signal (including amine groups) intensities and formation of
methacylate peaks following the methacrylate modification process prove successful
GelMA synthesis. Throughout the experiments, GelMA with 92% degree of
methacrylation was employed. DoF difference shown in Figure 3.6 was obtained through

altering the stirring time of the modification reaction.

3.3. Embedded Multimaterial Printing of Complex-Shaped Structures

3.3.1. Printing of Single-Material Multilayered Structures Inside Support Bath

Before proceeding to the multimaterial extrusion processes for multimaterial printing of
complex-shaped structures and for multimaterial bioprinting of aortic constructs, the
initial experiments were performed for the optimization of the printing parameters and
then deposition of single type of hydrogel precursor solution from one channel of the

microfluidic multimaterial printhead.

Feeding pressure which provides extrusion of the hydrogels from the printhead and
printing speed defining how fast the printhead will move from one position to another

position were optimized by patterning an array of nine stripes where feeding pressure and
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printing speed vary in each stripe. While 0.1, 0.2 and 0.3 bar were investigated for the
identification of optimal feeding pressure, 1, 2 and 3 mm/sec were employed as printing
speed parameters. Diameter of the printed stripe increased as pressure applied to extrude
hydrogel increases. For this reason, smallest available feeding pressure, which is 0.1 bar
was selected for the rest of the experiments. On the other hand, leakage of the hydrogel
inside the support bath was observed during patterning in low printing speeds. Even
though higher printing speeds would lower the manufacturing process and enable
generation of stripes with lower diameters, self-recovery of the support bath would be
drastically affected. Printing speed that was utilized for the rest experiments was selected
as 3 mm/sec, which is the parameter that structures were printable without damaging self-

recovery of the support bath.

Subsequently, a four layered cylindrical model having six concentric contours in each
layer was printed by extruding single-material from one of the channels of the
multimaterial printhead (Figure 3.7). By this means, optimized parameters were
investigated on the printing of structures with increasing geometrical complexity. Printed
structures were visualized and photographed by exposing to UV light as fluorescent dye
was included to the alginate-GelMA blend hydrogel solution. Addition of fluorescent dye
rather than food dye significantly prevented the diffusion of the dye from hydrogel
solution to the support bath. Following the extrusion of the fluorescent dyed precursor
solution into support bath, the structure was removed from the support bath and patterned
stripes were observed under confocal microscope. During the tool path planning of the
targeted model, gap thickness in between in each concentric contours was defined as 300
um for increasing the visibility of each contours. Confocal microscope image of the
multilayered cylindrical construct clearly demonstrated the pattering of stripes with 200

pum diameter having 300 um gap thickness in between them (Figure 3.7(d)).

82



Figure 3.7 Embedded printing of a multilayered structure by microcapillary-based
printhead. (a) CAD modelling of the multilayered structure with six concentric contours
in each layer. Photographs of the four-layered structure (b) inside support bath and (c)

after removal from the support bath. (d) Confocal image of one part of the structure.

3.3.2. Investigation of Valve Interchangeability for Multimaterial Extrusion

After optimizing printing parameters through single-material printing of cylindrical
structure with geometrical complexity, transitions in between the pressure-driven valves
were also investigated before passing to multimaterial extrusion studies. For this purpose,
first of all, transitions in between the pressure-driven valves during simultaneous or

sequential patterning of hydrogel solutions were investigated (Figure 3.8). Alginate-
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GelMA blend hydrogel solutions were separately mixed with blue, red or green
fluorescent dyes and then transferred to hydrogel reservoirs which are connected to
distinct channels of the microcapillary tip. Fluorescent dyes in three colors were

employed to distinguish hydrogels extruded from different channels in each transition.

A one-layered star shape with 60 mm outer diameter was patterned within the support
bath with 0.1 bar feeding pressure and 3 mm/sec printing speed. On-off switching was
performed at the beginning of each contour. Following the deposition of blue dyed
hydrogel at the first contour (first valve is on), blue dyed hydrogel was simultaneously
extruded with the red dyed hydrogel at the second contour by opening the second valve.
Then, first valve was turned off and red dyed hydrogel was extruded individually at third
contour. At the fourth contour, third valve was opened while first valve was off, and
second valve was still on. At the innermost contour, all of the pressure-driven valves were
opened, and three hydrogels were synchronously extruded from the distinct channels.
Photographs taken has proven the successful on-off switching of the valves without

encountering any delay or disruption (Figure 3.8(c)).
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sl Color: valve open
Blank: valve closed

Figure 3.8 Investigation of valve interchangeability between different valves. (a)
Schematic of a code including transitions in between pressure-driven valves for
simultaneous and sequential extrusion. (b) Tool path planning of the single layered
construct where valve transition occurs in between each contour. (c) Photograph of a

multimaterial structure with valve transitions inside support bath.

Upon the investigation of valve transition in each contours for sequential or simultaneous
extrusion of hydrogels from different separate channels, the study was elaborated on the
investigation of transition regions. An array of six stripes with 40 mm length was
patterned, where on-off switching takes place at the middle of each stripe (Figure 3.9).
Following the multimaterial extrusion process, the stripes were harvested from the
support bath and observed under confocal microscope. It was observed that a continuous
switching in between the different hydrogels would be achieved within a few hundred
micrometers. The length of transition region would be further lowered through decreasing
the feeding pressure or increasing the printing speed. It is noteworthy to mention that the

bioink formulation was kept constant for all the hydrogels that were delivered from
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different channels to isolate issues that may arise during optimization process. However,
the spatial resolution would change in case of the extrusion of materials with different

compositions.

.l Color: valve open

Blank: valve closed

Figure 3.9 Investigation of transition regions. (a) Schematic of a code including
transitions in between pressure-driven valves to evaluate hydrogel diffusion during
transition. (b) Tool path planning of the continuous single stripe where transitions occur
at 6 points. (c) Photograph of the continuous stripe that includes alternating extrusion of
three different hydrogel solutions. (d) Confocal images of three parts of the continuous

stripe where transitions occur between different fluorescent colors.
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3.3.3. Multimaterial Printing of Complex-Shaped Structures Inside Support Bath

Following the optimization of extrusion parameters and investigation of pressure-driven
valve transitions, embedded multimaterial printing studies were performed to evaluate

printability of complex-shaped constructs with different material compositions.

Primarily, the initial letters of Sabanci University, letter S and letter U, were patterned
inside the support bath (Figure 3.10). For the printing of these complex-shaped structures
which include sharp turns and rapid position changes, blue and red fluorescent dyed
hydrogels were extruded from the two channels of the microfluidic multimaterial
printhead separately. While red fluorescent included hydrogel solution was deposited in
outer two contours and blue fluorescent included hydrogel solution was deposited in inner
two contours of the Letter S, deposition order was reversed for Letter U. Confocal
microscope image clearly demonstrated the sequential deposition of the hydrogel

solutions.

Figure 3.10 Embedded multimaterial printing of the initial letters of Sabanci University.

(a) Tool path planning of the code which provides printing of structures with two
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different material combinations. Photography of the printed structures (b) inside support
bath and (c) after removal from the support bath. (d) Confocal image of the one part of
the Letter S.

Following the successful printing of complex-shaped structures having two material
compositions, embedded multimaterial printing with three fluorescently dyed hydrogel
solutions was performed to prove capability of complex-shaped structures also with three
material compositions (Figure 3.11). Tool path algorithm was planned in a way that six
concentric contours of the four-layered cylindrical construct were patterned through the
deposition of blue, red and green fluorescent dyed hydrogels in two outermost, three
middle and one innermost contours, respectively. The same tool path planning was also
employed for the biofabrication of aortic constructs. Printing the same structure
previously without including the complexity of working with the living organisms
ensured printing capability of the developed embedded multimaterial bioprinting
platform for recapitulating the geometrical complexity of the native aortic tissues. In each
of the four layers, six contours were patterned with three different hydrogels without

encountering any valve transition issues.

3.1.Embedded Multimaterial Bioprinting of Vascular Constructs

This thesis work aims to recapitulate spatial heterogeneity, multicellular and
multimaterial composition and hierarchical microarchitecture of native vascular tissues
by developing an embedded multimaterial bioprinting platform for the biofabrication of
vascular tissue substitutes. Sequential or simultaneous extrusion of multiple material
combinations through the programmatic valve switching and patterning of complex-
shaped structures with overhanging angles through the deposition into nanoclay-hydrogel
support bath have enabled the fabrication of constructs with spatial heterogeneity and
hierarchical microarchitecture. Capability of the developed embedded multimaterial
bioprinting platform on this have been demonstrated through different optimization, valve
interchangeability and embedded multimaterial printing experiments. Especially,
multimaterial printing of a multi-layered cylindrical construct with six concentric
contours in each layer evidenced the ability of the developed platform on mimicking

hierarchical microarchitecture of native blood vessels.
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Figure 3.11 Embedded multimaterial printing of the four layered circular construct
which includes three different material compositions. (a) Tool path planning of the code
which provides printing of structures with three material combinations in different
contours of each layer. Photography of the printed structures (b) inside support bath and
(c) after removal from the support bath. (d) Confocal images of the two parts of the

circular and concentric multilayered structure.

Extrusion of multiple type of cells existing in the native vascular tissues with a
spatiotemporal control and continuation of their cellular viability are other parameters
which needs to be investigated to demonstrate capability of the developed embedded
multimaterial bioprinting platform on vascular tissue biofabrication. Even though their
presence and thickness may vary depending on the type of vascular tissue, generally,

blood vessels include three different type of layers: tunica intima comprised of endothelial
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cells, tunica media comprised of smooth muscle cells and tunica adventitia which involve
fibroblastic cells. These three different layers of the blood vessels bring different
functionalities to the vascular tissue. In this regard, for mimicking multicellular and
multimaterial composition of vascular tissues together with spatiotemporal heterogeneity,
three different types of cells were sequentially extruded from three different channels of
the developed microfluidic multimaterial printhead into the novel support bath (Figure
3.12). Viability of the cells encapsulated within the extruded bioinks were evaluated at
Day 1, 4 and 7. All types of cells retained their viability throughout the seven days period

and their overall viability was above 95% at all three time-points.
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Figure 3.12 Embedded multimaterial bioprinting of three layers of the aortic construct

incorporating six contours with bioink transitions in each layer. (a) Cross-sectional view
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of the artery. (b) Top view of the aortic construct CAD model which includes concentric
six contours: one contour, three contours and two contours resembling tunica intima,
tunica media and tunica adventitia of the native aorta, respectively. Three different cell
types were encapsulated within distinct bioink solutions. Photography of the bioprinted
aortic constructs (c) inside support bath and (d) after removal from the support bath. (e)
Confocal microscopy image of live and dead cells encapsulated within the
biomanufactured aortic construct at Day 4. (f) Quantitative viability analysis of cells for

Day 1, 4 and 7 after bioprinting.
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Figure 3.13 Demonstration of zonally stratified arrangement of the multimaterial
bioprinted vascular constructs (a) Tool path planning of the aortic construct where
HUVECs and HSFs were stained with green fluorescent tracker and HASMCs were
stained with red fluorescent tracker. (b) Image of the bioprinted aortic construct together

with confocal microscopy images of several regions
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Following the investigation of biocompatibility of the developed embedded multimaterial
bioprinting platform, zonally stratified arrangement of the biofabricated aortic constructs
was also evaluated by incorporating green and red fluorescent dyes (Figure 3.13).
Confocal images clearly demonstrate the arrangement of HUVECs in the innermost
contour, HASMCs in the following three contours, and HSFs in the outermost two
concentric contours which respectively mimics the arrangement of intimal, medial and
adventitial layers of native vascular tissues. Diffusion was not observed in between the

bioink solutions.

Multi-nozzle bioprinting platforms have been widely used for the biofabrication of
constructs harboring multiple material combinations. However, these bioprinting
platforms cause time delays due to printhead changeovers. The developed embedded
multimaterial bioprinting platform, which possess multiple-channel microfluidic
printhead, enables programmatic switching among different bioink formulations without
encountering any time delays due to nozzle changeovers. Difference in the biofabrication
time would be expressed through a multimaterial bioprinting scenario.
A four-layered, 15 mm diameter cylindrical construct having six concentric contours in
each layer is bioprinted within approximately 400 sec in the generated embedded
multimaterial bioprinting platform. If the bioprinting platform was having a three-nozzles
for extrusion, then 66 sec would be needed per each nozzle changeover, which makes 994
sec in total for that multimaterial construct. Together with reducing time delays
happening as a result of printhead changeovers, the developed platform also prevents
discontinuities and disruptions in the printing process. Sequentially or simultaneously

extruded biological materials would be patterned continuously.
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4. CONCLUSIONS AND FUTURE WORK

Bioprinting technology has demonstrated its potential for the biofabrication of artificial
tissues and organs as it enables the generation of vascular or complex-shaped vascularized
constructs in a spatially controlled manner. Recently developed multimaterial bioprinting
approaches have further advanced the bioprinting technology over the course of
fabricating anatomically correct, structurally and mechanically relevant and biologically
functional structures, thanks to its capability to recapitulate multiscale microarchitecture
of living tissues and organs including multiple cell types and ECM components.
Multimaterial bioprinting approaches have incorporated spatial heterogeneity,
multicellular and multimaterial composition and hierarchical microarchitecture into these
structures by employing different strategies. Initially, multi-head multimaterial
bioprinting approach was introduced, in which heterogeneous materials are dispensed
from multiple printheads. Although this multimaterial bioprinting approach increased the
degree of complexity in the fabricated tissue substitutes, the alignment of printheads
affects precise patterning of bioinks and fabrication times increase, which led to the
emergence of other multimaterial bioprinting approaches. Laser-based multimaterial
bioprinting approaches have also been developed with capability of deposition in high
resolutions, however scaling up and biocompatibility problems of the process needs to be
resolved to be effectively used in tissue engineering. Coaxial multimaterial bioprinting
and microfluidic multimaterial bioprinting approaches were developed as alternatives.
While coaxial multimaterial bioprinting has been greatly welcomed for the biofabrication
of tubular structures, incorporation of microfluidics technology into the multimaterial
bioprinting has enhanced the control over the manipulation of the deposited fluidics with
micron-level resolution. Moreover, in microfluidic multimaterial bioprinting, unlimited
number of bioinks may be deposited with fast and smooth switching without any time

delay.
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Various multimaterial bioprinting approaches have been administered for approximating
to the zonally stratified, heterocellular and hierarchically organized nature of vascular
tissues. Among these approaches, coaxial multimaterial bioprinting has been extensively
incorporated for the engineering of tubular constructs with distinct intimal, medial and
adventitial layers as the core-shell arrangement of the printhead closely resembles the
concentric structure of the blood vessels. Despite its capability for extruding meter-long
vascular-like constructs, this approach exhibits limitations in the recapitulation of
branched vascular tissues. However, microfluidic multimaterial bioprinting approaches,
especially the ones that are combined with coaxial nozzles possess the capability of fully
resembling the native vascular tissues and more study should be performed harboring
microfluidic printheads. Further, integration of the approach with embedded bioprinting

technique would also support the creation of freeform, multiscale vascular constructs.

In this thesis work, microfluidic-based multimaterial bioprinting platform combined with
embedded bioprinting technique was developed, which have demonstrated its potential
for the biofabrication of wvascular tissues recapitulating both multicellular and
multilayered hierarchical arrangement and complex geometrical shape of native vascular
tissues. Multiple-channel microfluidic printhead designed in this work enabled the
deposition of three different bioink formulations sequentially or simultaneously in a fully-
automated and controlled manner. Bioink solutions were not mixed before deposition as
they were delivered from and flowed through distinct microcapillary channels. Due to
low mechanical strength, the printed hydrogels may not be strong enough to hold
overhanging structures. In this context, extruded bioink formulations were patterned into
a novel hydrogel-nanoclay support bath. Following the development of embedded
multimaterial bioprinting platform incorporating the combination of microfluidic
multimaterial printhead and in-gel printing technologies, CAD modeling and tool path
planning of complex-shaped structures and vascular constructs were performed. Human
abdominal aorta was biomodelled and then transformed into G-code through the
generated tool path algorithm. Embedded multimaterial printing studies have
demonstrated the capabilities of the developed platform on precise and controlled
deposition of multiple materials with smooth valve transitions and on the generation of
complex-shaped structures with high accuracy. Embedded multimaterial bioprinting

studies has demonstrated the biofabrication of aortic vascular constructs with zonally
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stratified, multicellular and concentric arrangement without damaging the viability of the

various types of cells.

On the way of engineering of anatomically correct, structurally and mechanically relevant
and biologically functional vascular constructs, the developed embedded multimaterial
bioprinting platform would be improved in different aspects. In this study, alginate-
GelMA blend bioink was employed in the biofabrication of all three different layers of
vascular construct; however, different bioink formulations meeting the biological and
mechanical needs of each vascular layers would be employed and loaded into hydrogel
reservoirs. As hydrogel reservoirs are connected to separate dispensing pressure units,
different feeding pressures required for the extrusion of different types of materials would
be supplied. Printing speed would also be changed according to the type of biological
material that will be extruded. Moreover, improvements would also be held on
biomodelling and tool path planning of 3D bioprinting process. Most of the vascular
constructs have branched and multi-scaled anatomies where presence and thickness of
each vascular layers change spatiotemporally. Even though the multimaterial printing
studies have confirmed the capabilities of embedded multimaterial bioprinting platform
on the manufacturing of complex-shaped structures in different scales and geometries,
bioprinting of branched and multi-scaled vascular-like constructs needs to be
investigated. Another improvement on the biofabrication of vascular tissues would be
realized through the integration of bioreactors into the biofabrication process to mimic
dynamic conditions of the human body. Dynamic culture would promote viability and

functionality of the cells encapsulated within the bioinks.

Building functional vascular networks within the created constructs has an enormous
vitality for the engineering of physiologically-relevant artificial tissues and organs as
vascular networks supply nutrients and oxygens to the cells, which is not achievable
through diffusion into the engineered thick constructs above 150-200 um distance. In this
regard, various tissue engineering techniques have been employed but the generation of
fully-functional vascularized tissues has remained as a grand challenge. Incorporation of
multimaterial bioprinting has brought a different dimension and significantly advanced
the field, however reconstruction of fully functional, multilayered and multiscale vascular
networks within the engineered tissues have not been demonstrated yet and requires

extensive research. The embedded multimaterial bioprinting platform developed in this
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thesis may be employed for the biofabrication of vascularized tissues. Number of
microchannels present in the multimaterial printhead would be increased and one or two
types of bioinks would be extruded through the microchannels, while other microchannels
are reserved for the delivery of targeted tissue-specific bioink formulations. By this
means, vascularized tissue substitutes harboring multiple types of cells and ECM cues

would be biofabricated.
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