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Abstract
Bioprinting of 3D perfusable structures using an extrusion-based system

By
Prabhuti Kharel
Principal Advisor:
Kunal Mitra, Ph.D.

Bioprinting is a technique of creating 3D cell laden structures by accurately
dispensing biomaterial to form complex synthetic tissue. Bioprinting is a process of
additive manufacturing where the cell functionality and viability is preserved within
the printed structure. Bioprinting is a promising alternative to produce
physiologically relevant 3D structures that mimic the native tissue. However,
fabrication of complex structures with vascularization has been a major challenge in
bioprinting. To overcome this challenge sacrificial printing in combination with
fugitive inks has been explored to create vascularize structures. The objective of this
study is to fabricate hollow channels within the bioprinted structure for
vascularization using sacrificial printing.

The study explores optimization of

alginate-gelatin hydrogel blends of different ratios to investigate the optimal
alginate-gelatin mixture for bioprinting of perfusable constructs. Mechanical
properties of different concentrations of alginate-gelatin blends are examined
iii

through rheology and compression studies. Printability tests are also performed to
identify structural properties and accurate deposition of the alginate-gelatin blend
hydrogels. Furthermore, three different vascular architecture models of varying
complexities are explored to investigate the effect of architecture and surface
geometry on stiffness and cell viability.
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Chapter 1
Introduction:
Background:
The demand of organ transplantation has been growing rapidly over the years.
There has been a short supply of organs for people awaiting organ transplantation. A
computerized review of death certificates and on chart reviews of all deaths in the
service area of the Kentucky Organ Donor Affiliates revealed 173 potential organ
donors in an area with a population of 3.4 million; The study established a rate of
50.8 donors per million population base for a demographic region [1]. The list of
people awaiting an organ transplantation are in short supply of the donor organs as
the demand of organ transplantation far exceeds the supply of donor organs. In the
United States alone, one name is added to the organ transplant waiting list every 15
min and less than one third of the waiting patients can receive matched organs from
donors [2]. This global crisis has led to thousands of lives to be deprived of vital
organs needed for better quality of life or survival. Scientists have been pursuing
alternatives to solve this growing deficit of organs for transplantation by
implementing techniques such as tissue engineering.
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1.1 Tissue Engineering and Bioprinting:
Tissue engineering as the term suggests is the engineering of artificial tissue to mimic
the native tissue. Charles Lindbergh, in the early 1930s, first published a book about
production of organs ex vivo to replace damaged tissues [3]. Ever since then,
engineers have ventured into ways to use tissue engineering to address the deficit of
organ transplantation. Early stages of tissue engineering approaches were mostly
directed towards 2D culture models; however, the advantages 3D models in
comparison to the 2D models are unparalleled. 3D tissue models of human cells can
simulate in vitro conditions that mimics a target tissue enabling a more accurate
prediction of therapeutic and toxic responses [4].
One of the emerging technologies, 3D printing, facilitates bioprinting of tissue
samples that aim to mimic the functionality of the native tissue. Bioprinting was
invented in the early 1980s by Charles Hull [5]. Three-dimensional printing (3D) is
the method of additive manufacturing to model and fabricate three-dimensional
object layer by layer. Bioprinting has been widely used to dispense cells and
biomaterials with precision to form tissues [6][2][7].The critical element during
bioprinting is maintaining cell function and preserving viability within the printed
structure for an extended period of time. Bioprinting utilizes computer aided design
(CAD) as a fabrication technology to successively print layer on top of layer to print
3-dimensional objects. Hence, offering a more precise spatial relationship for
components of the specified tissue [8].
2

Bioprinting primarily consists of three steps. The first step is the processing of a 3D
computer aided design (CAD) model of tissue to be engineered. The second step is
the processing of biomaterial desired to be used, and the last step involves the
maturation of cell-laden constructs to reinforce the development of desired tissue
constructs [9].

1.2 General Approaches to Bioprinting:
3D bioprinting is mostly based on three main approaches. These approaches have
been developed for the fabrication of 3D constructs with biological and mechanical
properties suitable for restoration of a tissue function [10] .

Biomimetic approach:
The first and foremost approach of bioprinting is biomimicry. Biomimicry is the
concept of engineering each individual component of the tissue. However, there are
several challenges in engineering a tissue component by component. Firstly,
mimicking all the components that make up the target tissue is extremely difficult.
Moreover, even for a very simple tissue, cell interactions that occur within the tissue
make the process complex. In addition, environmental factors such as temperature,
mechanical forces, and pressure should also be considered [11]. The biomimetic
approach proposes several ways to minimize these complexities through the use of
bioprinting. Application of 3D printing along with the biomimetic approach aids in
the production of identical cellular and extracellular components of a tissue through
3

a scaffold. One of the most important factor to consider for the biomimetic approach
is the choice of scaffold material [11]. Scaffold choice is vital for structural and
mechanical requirements of the target tissue. Material selection of the scaffold
heavily influences the cellular interactions with the extracellular component.
Bioprinting facilitates production of 3D models; however, maturation time for the
tissue is vital along with the biomimetic approach for the production of an actual
tissue. During maturation, regulation of the environmental parameter is extremely
important. Through the implementation of the biomimetic approach, external forces
are used to regulate and create microenvironment necessary to simulate normal
development of the tissue. One example for this would be a bioreactor. Bioreactors
can regulate a combination of chemical, mechanical and electrical variable [12]. For
many tissue types, the environment does not support tissue development; therefore,
bioreactors facilitate the process by providing dynamic interactions necessary
between cells and the microenvironment.

Self-assembly approach:
The second approach, known as autonomous self-assembly, is an approach of
producing a functional tissue by following embryonic organ development as a guide.
This approach aims to replicate structural and environmental elements of embryonic
development with the objective of achieving correct embryonic anatomy. The
primary strategy of this approach is dependent on the understanding that, with correct
embryonic elements in place, cells and supporting structures will interact to create
4

raw materials needed during the development of the tissue [13]. Therefore, this
approach is also called the scaffold-free approach. Autonomous self-assembly does
not follow seeding cells in a scaffold and relies on the premise that cells and tissues
have inherent mechanisms for development [14]. This is different from the
biomimetic approach where external factors are used to influence the maturation of
tissue at all stages.

Micro tissue approach:
The final approach to 3D bioprinting is the micro tissue approach. This approach
relies on forming the smallest structural and functional unit that can be combined
into a target tissue [15]. Micro tissue is a term used to distinguish developed tissue
from its smaller constituent units. Micro tissue approach is relevant to both the
biomimetic and autonomous self-assembly approach [10]. The first step of the
approach includes incorporation of micro tissues into bioink for bioprinting. The
second step is combining the micro tissue into a macro tissue. There are several
advantages to this approach. Since smaller micro tissues are incorporated into bioink
for bioprinting, the efficiency of bioprinting process is greatly increased [9].
Production of these tissues is also faster due to the size of micro tissue units [14]
Several studies have also reported accelerated tissue maturation using this approach.
In one prominent example, Kelm and coworkers were able to use myofibroblasts and
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endothelial cells to create micro tissues that were later successfully assembled into
mature blood vessels [16].

1.3 Types of Bioprinting Techniques
Currently there are three methods of three dimensional bioprinting that are used for
deposition of the biomaterials: inkjet printing, extrusion printing and laser assisted
printing.

Inkjet bioprinting:
Inkjet bioprinting, which was one of the first methods of bioprinting technologies,
dispenses bioink in droplet form onto a substrate using thermal, piezoelectric, or
electromagnetic forces [15]. In this method, droplets of ink as cells are deposited in
a piece of paper using orifices using a non-contact method [17]. Thermal and
piezoelectric methods in inkjet bioprinting have been adapted in bioprinting to print
on-demand drops of cells and biomaterials [18]. The thermal inkjet system consists
of an ink chamber and a heating element. An ink droplet is generated by applying a
short current pulse to the heating element. This increases the temperature of the
bioink and forces the material out of the nozzle [19]. On the other hand, the
piezoelectric inkjet system utilizes piezo crystals that are located in the back of the
ink chamber. Bioprinting through this technique is conducted by an applying electric
charge to the crystal which results in increased vibrations to forces the cells out of
the nozzle. Studies have shown that the mechanical stress and thermal changes
6

during this process have an adverse effect on cell viability [20][21]. Moreover,
vibrations in piezoelectric based systems may disrupt cell membranes and cause cell
death [22]. While this bioprinting method is advantageous due to its low cost, high
printing speed and low risk of contamination, it is not ideal due to its low precision
[23] . Inkjet 3D bioprinters are also not the best for bioinks with a high cell density.
High cell density results in an increase in the viscosity of bioink, eventually leading
to the clogging of nozzle heads [15][24][10].

Laser-assisted printing:
Laser-assisted printing uses laser energy to excite the cells and form precise patterns
to control the cellular environment. One of the methods used in laser assisted
printing is laser-based direct writing (LDW)[25]. In LDW, a laser pulse is used to
guide the cells to the intended substrate. Cells suspended in solution are then
transferred from a donor slide to a collector slide. The laser pulse induced shock
waves eventually force cells out to transfer from one substrate to another [26]. One
of the advantages of laser assisted printing is that it allows for precise deposition of
cells in small 3D structures [27]. Furthermore, the nozzle free method allows for
printing of biomaterials with high viscosity. However, this technique also has several
limitations. Some of the limitations include prolonged fabrication time, need for
photo-crosslinkable biomaterials, complexity to use, high cost etc. [15] [24] [10].
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Moreover, this method has also been reported to have lower cell viability than inkjet
printing method due to heat generated from the laser pulse [28] [29].

Extrusion based printing:
Extrusion based printing has been one of the most common techniques used to create
3-dimensional constructs with intricate geometries. Extrusion based printing is a
modification of the inkjet method that uses a pneumatic pump or a mechanical screw
plunger to dispense bioinks that are high in viscosity [15][24] The fluid dispensing
system in extrusion-based printing is either piston driven or screw driven. Each
system has its distinct advantages. The piston driven system allows deposition with
direct control over the flow of bioink through the nozzle, whereas screw-driven
deposition allows for a higher spatial control and deposition of biomaterials with
high viscosity [30]. The screw driven exposition system, however, can generate
larger pressure drops in the nozzle that may potentially harm the cells due to the shear
stress induced in the nozzle during deposition [18][31]. The extrusion-based
bioprinting technique utilizes the fluid dispensing system along with an automated
robotic system to extrude bioinks. This method incorporates computer aided design
(CAD) for custom printing of 3D dimensional constructs where the CAD file can be
loaded into the computer to generate a print. Thus, this method is considered the
most convenient technique to produce porous 3D cell-laden structures [32]. The
primary advantage of extrusion-based bioprinting is that it allows for a layer by layer
fabrication of a complex architecture and for relatively less cell damage compared to
8

other techniques. Extrusion-based printers can also print a wide variety of materials
with a wide range of viscosity without any interruption [24][19][33].
The accuracy of ink deposition during printing is heavily dependent on the material
property and printing parameters. Printing parameters should be optimized based on
the material properties of the ink being dispensed. Printing parameters are crucial to
control during the bioprinting process as it directly affects the printability of the 3D
structure [34]. For example, increasing the nozzle diameter during printing, increases
the diameter of the dispensed filaments, which in turn results in better mechanical
stability of the structure, whereas decreasing the nozzle diameter results in
weakening of the mechanical stability of the structure. Similarly, high extrusion
pressure is more favorable for materials with high viscosity [35]. Therefore, the
material choice in addition to controlled printing parameters should be carefully
considered and optimized to ensure mechanical stability of the printed constructs.
1.4 Biomaterials for Bioprinting
Bioprinting methodologies commonly use hydrogels as a cell-laden material as they
are able to come into contact with the cells without damaging their viability [36]
Moreover, hydrogels can readily be mixed with cells while simultaneously allowing
for high cell density and homogenous cell distribution throughout the scaffold [37].
Hydrogels are classified into two groups: naturally derived and synthetically
derived. Some of the examples of naturally-derived polymers that can be used as
hydrogels are collagen, fibrin, gelatin, alginate etc. Examples of synthetically derived
9

hydrogels are polyethylene glycol (PEG), polyvinyl alcohol (PVA), etc. The source
of the hydrogel is an important factor because of varying chemical and mechanical
properties of synthetic and natural polymers [38]. Hydrogels derived naturally from
vertebrates consist of inherent signaling molecules that promote cell adhesion. On
the other hand, hydrogels derived from other organisms such as alginate lack these
binding sites for cell adhesion and attachment [39]. Moreover, hydrogels allow high
cell density distribution and homogenous cell distribution throughout the scaffold.
Natural biomaterials regulate the interactions between the cells and the extracellular
matrix and provides an excellent environment for the cells to grow, differentiate and
proliferate [37][39][38]. Furthermore, gel based biomaterials play a crucial role in
encapsulation of cells and growth factors.

1.5 Alginate gelatin as scaffold materials
Alginate is a natural polysaccharide primarily derived from seaweed and bacteria. It
exhibits excellent biocompatibility and biodegradability properties. Alginate has
been widely used as a hydrogel for bioprinting applications as it can be readily
modified by altering polymer density. It can also be cross-linked easily through ionic
crosslinking procedures [40]. Alginate has been extensively used in biomedical
applications due to their structural similarity to the extracellular matrix in addition to
its biocompatibility, low cost and gelation properties [19].
Gelatin is a denatured type of collagen that has been widely used for surgical
applications, pharmaceuticals etc. Gelatin has also been a popular choice in
10

regenerative medicine due to its unique material properties. Gelatin is a solution at
37ºC but can reversibly form a gel at temperatures below 29ºC. This phenomenon
occurs due to the conformational change from coil to helix that leads to chain
dissociation and the formation of 3-dimensional network [41]. At physiological
temperature, gelatin chains are random coils; however, as the temperature drops,
these coils associate into helices [42].
Although alginate hydrogels have been extensively used in bioprinting applications,
they have several limitations. One of the major drawbacks of alginate gels is that they
are bioinert. Alginate gels do not interact with the cells, and the cells cannot adhere
or remodel in the alginate matrix. The lack of adhesion sites on alginate can result in
cell death of the encapsulated cells [43][44]. Since alginate does not provide binding
sites for the cells, addition of gelatin with alginate can facilitate cell adhesion and
differentiation [45]. To further aid in adhesion of cells and proliferation, cellular
proteins such as collagen, elastin, and fibrinogen, fibronectin can be added to
hydrogels. For example, fibronectin functions as an anchor to the cells. Fibronectin
interacts with basement membrane components, and promotes attachment to cells
[46]. Furthermore, structural proteins mixed with hydrogels display important
properties necessary for cell growth, differentiation and self-organization within the
printed constructs which aim to mimic the native ECM of the tissue [47] [48][49]
[50]. ECM is assembled from components that are deposited outside the cell surface,
which provides structural and functional integrity to connective tissue and organs
11

[51]. ECM is vital for promoting cell adhesion and providing signals for cell
proliferation and differentiation [47].

1.6 Mechanical Requirements of a bioink scaffold
Biomaterials, such as hydrogel mixed with cells and structural proteins to form
bioink, are dispensed during bioprinting. Cells are embedded in the bioink scaffold
during the printing process. Scaffolds support cell growth and attachment within the
3D environment, which results in the formation of an engineered tissue.
There are several crucial requirements that bioink needs to meet for the bioprinting
process. Bioink should exhibit a gel-like structure physically, possess sufficient
strength for structural integrity, and also support cell proliferation and differentiation
[49]. The survival of the cells, structural integrity, and printability relies heavily on
the physicochemical properties of the bionk such as gelation, surface tension,
viscosity, etc.
An ideal bioink should satisfy both biological requirements for cell survival and
mechanical properties required for a proper structure of the printed constructs.
Mechanical requirements includes structural integrity, viscosity, and degradation,
whereas biological requirements include biocompatibility, toxicity, cytocompatibility, etc [52].
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Rheology:
Viscosity is a crucial parameter for the design of bioink as it affects the print fidelity
and cell encapsulation. Sufficient viscosity results in good printability as it helps
overcome the surface tension driven droplet formation and helps the dispensed
strands to maintain the shape while preventing the adjacent strands from merging
together [33]. Studies have reported that controlled crosslinking of the bioink can
greatly improve the viscosity of the solution. However, proper amount and
concentration of crosslinking agent should be selected to avoid material phase
change, and phase segregation or alteration of flow properties of the material [34].
There are two types of crosslinking mechanisms used for bioprinting; physical
crosslinking and chemical crosslinking [53]. Physical crosslinking is a reversible
process where the network formation of a physical hydrogel can be reverted back to
its original form; however, this method is associated with poor mechanical stability
[54]. To overcome this drawback, chemical crosslinking has been introduced to
bioprinting. Chemical crosslinking, improves the mechanical stability of the
hydrogel by creating covalent crosslinks, resulting in an irreversible cross-linked
network [55][56]. Therefore, chemical crosslinking is often used in bioprinting to
improve the stability of the printed structure [26].
Ideally, bioinks with low viscosity are desired to avoid fluid shear stress and jamming
of the nozzle during deposition; however, bioinks with high viscosity are better in
retaining the shape of the printed structure since they are less likely to spread and
13

flow [57]. Therefore, low viscosity materials are often combined with high viscosity
material to achieve both the properties of low and high viscosity bioink. For example,
although gelatin hydrogels are not used by themselves due to their thermoresponsive
properties, gelatin hydrogels can be combined with alginate to enhance the
mechanical properties, as well as cell functionality. Gelatin has a reversible sol-gel
transition, making it difficult to optimize printing temperature and viscosity
[43][58][59].
Both Newtonian and non-Newtonian fluids have been explored for bioprinting
applications. For Newtonian fluids, a printable viscosity has been determined by the
amount of strain rate during bioprinting, which depends on the concentration of the
bioink. Factors such as nozzle shape, size, and temperature also affect the strain rate
during printing [60]. For shear thinning, as shear increases, the viscosity decreases.
Due to this phenomenon, cells are safeguarded, and the resolution of the printed
structure is improved. Shear thinning limits the entanglement of the chains and
allows for smooth extrusion of the bioink through the nozzle [61].
Material properties of the bioink is vital pre and post printing since scaffold
properties are directly correlated to cell behavior. The interplay between cells and
their environment is greatly influenced by the matrix architecture and its mechanical
properties [62]. Therefore, it is important to understand the influence of mechanical
properties on cell fate during the production of an engineered tissue.
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Scaffold Stiffness
Scaffold stiffness is defined as the slope of the portion linear stress-strain curve ( i.e
the young's modulus) and is an important parameter to consider during the
engineering of an artificial tissue [62]. Matrix stiffness has been directly correlated
to cell-cell cohesion, cell-cell and cell-substrate adhesion. Studies performed on
matrices have demonstrated correlation between matrix elasticity and cell behavior.
For example

a study conducted by University of Pennsylvania showed that

polyacrymide (PA) coated collagen gels, which have a stiffness similar to that of a
muscle tissue, can enhance myotubular action/myosin striations [63]. Moreover,
studies have suggested that surface compliance can influence communication of the
neighboring cells. It was found that on the softest gels, cells touched and remained
in contact for the duration of the experiment. In intermediate compliances studied
cells were observed to contact, separate and touch. By contrast, the stiffest gels, cells
contact and migrate away from each other without the repeated contact behavior [64].
Alginate-gelatin blends have widely been used as scaffold material for soft tissue
repair and regeneration [65] [66]. Soft tissues behave anisotropically because of the
fiber alignment. They have a nonlinear stiffening characteristics and the tensile
strength depends on the shear rate. Stress verses strain curve for soft tissues are
generally J shaped as shown in the Figure 1 below [67]. The Young’s modulus of
soft tissue is very low compared to the engineering materials [68], However the
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compressive modulus of 10-40 KPa and ultimate strains ranging from 8%-35% are
accepted within the range of most soft tissue values [69].

Figure 1: Schematic diagram of a typical stress strain curve of a soft tissue.

1.7 Bioprinting of vascular constructs
One of the challenges with bioprinting has been the creation of vascularization
needed [70] for perfusion to provide sufficient nutrients and removal of waste
products [71]. An engineered tissue cannot exceed the thickness of 150-200
micrometers as it will surpass the limitation of oxygen diffusion between the host
and the transplanted tissue [72]. Studies have reported that engineered tissue thicker
than a few hundred micrometers have difficulties in survival and proliferation.
Without these essential channels, the tissues/organs cannot get enough nutrient, gas
16

exchange and waste removal, which are vital for the maturation [28]. Therefore, in
order to produce thick tissues similar to the native tissue present in the body, the
presence of a vascular system is essential [73].
Most bioprinting techniques are based on a layer by layer printing approach and thus
are limited in printing hollow/vascular structures. When voids are introduced in one
layer, material deposited over the void may collapse resulting in inaccurate
geometries [2]. Depending on the material properties of the bioink being dispensed,
the printed construct may result in low mechanical strength and unable to hold the
shape of the structure [29, 30]. Hence, production of highly organized complex tissue
structures with vascularization has been challenging.

Sacrificial printing has been recognized as a possible solution to engineer complex
bioprinted tissues. The use of sacrificial printing with extrusion based printing
techniques combined with fugitive has been a popular choice in the fabrication of
perfusable channels [73][74]. In sacrificial printing, the fugitive ink is embedded
within the bioink, which is later removed to create hollow structures [43]. The soluble
channels are removed through temperature change or chemical solution and then
populated with cells to introduce biological functions [71]. Examples of sacrificial
materials include Pluronic F127, agarose, sugar wax and fatty oils [75]. Pluronic
F127 have widely been used for bioprinting gels due to its low toxicity, reverse
thermal gelation, and ability to gel at relatively low concentrations at physiological
conditions [76]. Pluronic F127 act as a support material that provide the substrate
17

material sufficient mechanical strength to improve shape and geometry of the printed
structure, eventually resulting in more precise, complex structures [77] Pluronic
F127 can be also deposited as sacrificial filaments to form functional channel
networks within a tissue construct, thus resulting in a vascularized tissue construct.
[75][78] [79]. Advancement of 3D bioprinting has provided an excellent in vitro
substitute of tissue models which has major implications in regenerative and
therapeutic medicine [80].

Thesis Objective:
Bioprinting is an emerging technology that allows printing of 3D cell culture models
that provide significant advantages over their 2D counterparts. Bioprinting
techniques have made fabrication of physiologically relevant models possible to
investigate tissue structure/development and function with enhanced feasibility and
precise control. 3D models are physiologically relevant representations of cell
morphology, proliferation gradients, and overall cell behavior. However, one of the
primary challenges with bioprinting has been bioprinting of complex hollow
constructs to support cell viability in terms of nutrients transport. This chapter
investigates the manufacturing of perfusable constructs and aims to generate
structures that mimic the intricate architecture and complexity of native tissues.
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Chapter 2
Materials and Methods:

2.1Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from PromoCell
(Heidelberg, Germany). Cells were cultured at a density of 6,600 cells per 1cm2 in a
T-75 cell culture flask and were allowed to attach and acquire normal morphology in
the incubator that was maintained at 37℃ at 5% CO2 containing 10 ml of endothelial
cell basal medium (ECBM) that was supplemented with endothelial supplement kit
(PromoCell) along with 1% Penicillin Streptomycin (Fisher Scientific). When the
cell confluency of approximately 70-80% was reached, the cells were trypsinized
and centrifuged at 1300 rpm for 5 minutes. The cells were then counted using a
hemocytometer before bioprinting of tissue constructs.

2.2 Bioprinted Sample Preparation
Several different concentrations of alginate gelatin composed hydrogels were
prepared to find the optimal concentration for printing of tissue constructs. After
optimization studies a concentration of 2% alginate and 3% gelatin (w/v %) hydrogel
was chosen for bioprinting of tissue constructs. The hydrogel was loaded in a 3 ml
syringe mixed with fibrinogen from human plasma (Sigma-Aldrich) at a
19

concentration of 2.5 mg/ml. The hydrogel was mixed with the Human Umbilical
Vein endothelial cells (HUVECs) at a cell density of 6.4 x 106 cells/ml to 8 x106
cells/ml with a stopcock for homogenous distribution. 15x15x4 mm bioprinted
constructs were printed and were cross-linked with calcium chloride solution of 0.5
M. For sacrificial printing, Pluronic F127 was used as a sacrificial ink and was
embedded in an alginate-gelatin hydrogel matrix. Pluronic 127 was later dissolved at
4oC and the hollow cell laden matrix was left with complex vascular network, which
was lined with HUVECs. A sample image of the bioprinted tissue construct obtained
through sacrificial printing is shown in Figure 2. The green dye in the picture shows
the perfusion channel created after dissolving Pluronic F127, which is surrounded by
the transparent, alginate-gelatin blend hydrogel.

2.3 Rheological Studies
Rheological analysis of the alginate gelatin blend hydrogels was performed to obtain
the viscosity values using Brookfield DV3T Rheometer (LV-4 spindle). In order to
obtain the relative relationship of the viscosity with the rotational speed of the
spindles, viscosity measurements at four different rotational speeds of the spindle
(30-60 rpm) was evaluated [81].

Analysis of bioink composed of different

concentrations of alginate-gelatin hydrogels with and without cells and before and
after printing was conducted to predict the shear rate experienced during the printing
process. Shear stress was calculated using the following correlation [82]:
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𝒅𝒚𝒏𝒆

𝐌

𝑺𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔 𝒂𝒕 𝒕𝒉𝒆 𝒔𝒑𝒊𝒏𝒅𝒍𝒆 ( 𝒄𝒎𝟐 ) = 𝟐𝝅𝑹𝟐𝑳 ,

(1)

𝒃

Where, M is the torque input of the instrument (670.1 dyne/cm), Rb is the radius of
the spindle (3.2 mm) and Lis the effective length of the spindle (3.396 cm). Shear
rate is was calculated by dividing the shear stress by viscosity, which is a function of
rpm as obtained using Eq. (1).

2.4 Printability Studies
Printability of all concentrations of alginate-gelatin hydrogels was investigated to
understand the accuracy of the print with each concentration. The print parameters
were kept constant as shown in Table 1. The CAD was set to a 15x15x4 print and
print was executed using the four chosen concentration of alginate-gelatin hydrogel
(1% alginate- 4% gelatin, 2% alginate-3% gelatin, 1% gelatin-4% alginate and 5%

alginate). Image J (NIH, USA) software was used to measure the dimensions of the
constructs after print. The printed area (Ai) was compared with the design area (A)
for each concentration using the following equation described elsewhere [83].
Printing accuracy (%) = [1-[Ai-A]/A]*100

2.5 Compression Studies:
Mechanical properties of the printed constructs were analyzed by means of
compression. Five constructs of several different compositions of alginate-gelatin,
each measuring 15 x 15 x 4 mm, were analyzed to compare the differences in
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mechanical properties including Ultimate Compressive Strength (UCS) and
compression modulus. Furthermore, five trials each of three different vascular
models were tested to compare the difference in the stiffness of the relevant models.
Designs of the constructs included ring system model, Y-model, and a two
cylindrical channel model. The constructs were loaded into the Instron ElectroPuls
E3000 for single trial testing using a 10 N load cell to be carried out by applying a
constant strain at 5 mm/s until the samples reaches their point of failure. Bluehill3
software was used in conjunction with the Instron Console to determine extension
(mm), load (N), compressive strain (mm/mm) and compressive strength (MPa) at
each time interval. The maximum compressive load divided by the cross-sectional
area was used to determine the compressive modulus.

2.6 Degradation Studies
Degradation studies of the alginate-gelatin constructs with and without fibrinogen
were evaluated by drenching the constructs in endothelial cell basal media (ECBM)
and compared with samples drenched in 1X PBS for a period of 5 days. The
constructs were initially weighed before incubation in a controlled environment of
37°C, 5% CO2 and 95% humidity. Degradation of the samples were evaluated by the
change in weight each day.
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2.7 Cellular Viability Assay
Cell viability of the bioprinted tissue constructs was evaluated over a period of 1 - 7
days by performing LIVE-DEAD assay. The constructs were stained with the LIVEDEAD cell imaging kit (Fisher Scientific). Live cells were stained with Calcein-AM
(2 μM), and the fluorescence was measured at 494-517 nm and Dead cells were
stained with ethidium homodimer-1 (4 μM) which was measured at 528-617 nm. The
constructs were incubated with LIVE-DEAD stain for 30 minutes, and the samples
were washed with PBS. Imaging was performed using a Nikon C1 Confocal
fluorescence microscope. ImageJ software was used to evaluate the cell viability.
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Chapter 3
Optimization of printing parameters and
Bioink Concentration:
3.1 Bioink Concentrations
The final concentration of the alginate-gelatin composed hydrogels was fixed at 5%
w/v. Different concentrations of alginate-gelatin blend hydrogel ranging from 0-5%
alginate and 0-5% gelatin was chosen for optimization of bioprinted constructs.
Varying ratio of alginate and gelatin was chosen in order to investigate the effect of
each component during bioprinting. The final concentrations of alginate-gelatin
blend gels chosen for testing and characterization was 1% alginate- 4% gelatin, 2%
alginate-3% gelatin, 1% gelatin-4% alginate and 5% alginate.

3.2 Bioprinter and Printing Parameters
Bioprinting System
The self-contained 3D bioprinter as shown in Figure 2 used in this research was an
in-house custom-built low-cost printer, designed to eliminate the need for an external
laminar flow hood. The sterility of the system was ensured by the incorporation of
the laminar flow system (HEPA filter) within the chamber to prevent contamination
during the printing process. This was further aided by the presence of several UV
sources (390 nm wavelength) inside the printing chamber. Ultra-violet LEDs were
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used to sterilize the chamber before printing and carbon dioxide concentration was
controlled at 5% with a solenoid valve to ensure high cell viability. Temperature
control in the printing chamber was obtained using 6 pairs of 40 W ceramic heaters.
The heat distribution in the bioprinter was aided by the use of two 12 cm x 10 cm
heatsinks. The built-in environmental heater inside the chamber regulated the air
temperature to the desired temperature for printing. In addition, a humidity bath
prevented samples from dehydrating during extended duration of prints.
The printing platform consisted of a syringe-based extrusion (SBE) system with
triple extruder heads that can develop sufficient extrusion pressure. A user-friendly
software interface enabled on-demand printing of spatial patterns of the bioink in 3D
at sub accuracy (~0.1 mm of resolution for aqueous materials). A live LCD display
was used to monitor and modify the internal parameters. The printing was performed
by a 3-axis Cartesian based printer using three independently lifting extruders that
allowed printing of upto 3 different bioinks. The three axes and three extruders were
controlled by a separate microcontroller executing G-codes that were generated by
an open source software called Repetier-Host. An automated MATLAB script is then
used to position the correct coordinate system that modifies this g-code.
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Figure 2: Schematic of self-contained bioprinting platform and incorporated
features of the printing system.

The printer parameters were controlled and adjusted using slicer settings in RepetierHost. The settings and parameters used for printing of tissue constructs are presented
in Table 1. As mentioned in the introduction, printing parameters are very crucial
during bioprinting. Parameters such as needle diameter, dispensing speed, and
extrusion rate affect the shear rate in the nozzle of the syringe which eventually
affects the cells embedded in the matrix. High shear rates are known to have adverse
effects on cell survival and viability. Therefore, the parameters shown below have
been strictly followed to ensure low shear rates during the print. The shear rate
calculations of different concentration of alginate-gelatin hydrogels is described
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more elaborately in the rheology section of the study. The parameters are also
optimized for better printability and accuracy of the bioprinted structures.

Table 1: Bioprinting parameters
Parameter

Range of Values

Needle Diameter

20 Gauge

Dispensing Speed

4 mm s-1

Printing Temperature

22oC - 30oC

Layer Height

4 mm

Extrusion Multiplier

1.2

Infill Density

100%

Extrusion Rate

5 mm s-1

3.3 Rheological Studies of Alginate-Gelatin Blend Gels
Rheological studies were performed on all concentrations of alginate-gelatin
hydrogels i.e (1% alginate- 4% gelatin, 2% alginate-3% gelatin, 1% gelatin-4%
alginate and 5% alginate). The viscosity was tested at four different rotational speeds
(10-60 rpm) of the spindle in order to obtain the relative relationship of the viscosity
with the rotational speed of the spindles. However, for the gel concentration of 5%
alginate, the viscosity measurements were taken only from 10-25 rpm. Since the
viscosity of the gel was so very high, after 25 rpm, the rotational speed would exceed
the torque to above 100%, and thus readings above 25 rpm could not be taken (Table
2). The sample composed of 5% alginate had the highest viscosity, whereas the
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samples with higher gelatin ratio (1% alginate- 4% gelatin) had the lowest viscosity
compared to other concentrations (Figure 3). Similarly, the hydrogels were observed
to exhibit a non-Newtonian profile as non-Newtonian fluids experience a decrease in
viscosity with increase in shear stress. For a sample-wise variation in the prepared
hydrogel, we noticed a ±7.28% change in viscosity for the hydrogel of composition
4% alginate 1% gelatin while the viscosity of the 2% alginate-3% gelatin
composition hydrogel varied by ±8.85%. An inverse relationship between the
viscosity and rotations per minute was observed for all tested concentrations. As the
rotation per minute of the spindle increases, a corresponding increase in the shear
force exerted on the hydrogel was noticed. From equation (1), it is observed that the
RPM of the spindle and the shear rate is directly proportional. For all the tested
rotations per minute of the spindle, the viscosity of the hydrogel for all the
concentrations was observed to be significantly lower after extrusion compared to
before extrusion. The hydrogel, being a non-Newtonian shear-thinning fluid,
experiences a decrease in its viscosity due to the shear stress experienced during
extrusion (Figure 3).
The shear stress is caused by the change in geometry due to the tapered needle head.
The shear stress experienced by the hydrogel during the extrusion process was
quantified. For the 4% alginate -1% gelatin blend, an average of 0.074 kPa of shear
stress is predicted to be exerted in the needle head on the hydrogel during the
extrusion process. For 2% alginate -3% gelatin and 4% gelatin -1% alginate blend an
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average of 0.010 kPa and 0.0089 kPa of shear stress is predicted to be exerted in the
needle head on the hydrogel during the extrusion process. Significant differences
between the shear stress values between 4% alginate-1% gelatin and 2% alginate-3%
gelatin, 4% gelatin-1% alginate was observed (Figure 5). The gels with the
concentration of 2% alginate and 3%gelatin had a higher shear stress values
compared to that of 4% alginate and 1%gelatin. As the viscosity of the hydrogel
lowers after printing, the amount of torque required to test the respective hydrogels
are lower compared to before printing. From equation (1), it is evident that the shear
stress at the spindle is directly proportional to the torque applied by the spindle.
Therefore, the shear stress after the extrusion process is lower than before the
extrusion process.
1.8e+5
2%A 3%G Before Extrusion
2%A 3%G After Extrusion
4%A 1%G Before Extrusion
4%A 1%G After Extrusion
4%G 1%A Before extrusion

1.6e+5

Viscocity(cp)

1.4e+5
1.2e+5
1.0e+5
8.0e+4
6.0e+4

Cell Density = 6.7 x 106/ml
4.0e+4
2.0e+4
0.0
0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

Shear Rate (1/s)

Figure 3: Rheological analysis of bioink alginate-gelatin composed hydrogels
before and after extrusion (n=5)
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Figure 4: Effect of cell addition on viscosity of bioink composition of 2% alginate
- 3% gelatin (n=5)

Table 2: Rheological Analysis of 5% alginate composed hydrogel at 10-25 rpm
(n=5)
RPM

Torque (%)

Viscosity(cp)

10

75.7

484500

15

83.5

356300

20

91.7

293400

25

96.3

247800

30

0.12

Shear Stress (Kpa)

0.1
0.08
0.06
0.04
0.02

*

*

2%A 3%G

4%G 1%A

0
4%A 1%G

Figure 5: Shear stress of alginate-gelatin composed hydrogels at 30 rpm (*denotes
p<0.05)

3.4 Printability Studies
Printability test of different concentrations of alginate-gelatin blend was conducted
to investigate the ability of the alginate-gelatin blend concentrations to be accurately
deposited to the desired geometric shape for 3D bioprinting. The design area of the
CAD was set to 15x15x4 mm for all concentrations with the same printing
parameters reported in Table 1. The constructs were printed and the area was
measured in Image J software to calculate the % accuracy of the printed structure to
compare it to the designed area of the CAD model. The % accuracy results for each
concentration is reported in Table 2.Constructs for all alginate-gelatin concentrations
were printed using the printing parameters stated in Table 1 as shown in Figure 6.
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Table 3: Comparison of % print accuracy of different concentrations of alginategelatin blend hydrogels (n=5)
Concentrations A1(mm2) A(mm2)
1% Alginate
238
196
4% Gelatin
2% Alginate
224
196
3% Gelatin
4% Alginate
154
196
1% Gelatin
5% Alginate
98
196

|Ai-A|

%Accuracy Height(mm)

0.21

78.57

3.83

0.14

85.71

3.87

0.21

78.571

6.74

0.5

50

7.31

Figure 6: Bioprinted constructs of different composition of alginate-gelatin
hydrogel with the dimension of 15x15x4 mm (n=5)

The results suggested that the constructs with higher gelatin ratio (4% gelatin-1%
alginate, 2% alginate-3% gelatin) had a higher % print accuracy compared to the
constructs with higher alginate ratio. 2% alginate-3% gelatin had the highest % print
accuracy of 85.71% whereas 5% gelatin had the lowest print accuracy of 50%. The
print accuracy between 4% gelatin-1% alginate and 5% alginate was demonstrated
to be statistically significant. The percent accuracy between the concentrations of 1%
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alginate-4% gelatin and 4% alginate- 1% gelatin had no statistical significance
(p>0.05) since both of them had a percent accuracy of 78.57%. However, the
construct thickness for both concentrations varied. It was noticed that alginategelatin blends with higher alginate concentrations had an increase in thickness after
crosslinking of the constructs. The thickness of the constructs in the CAD model was
set to 4mm however, alginate-gelatin concentrations of 4% alginate 1% gelatin and
5% alginate resulted in the thickness of 6.742 mm and 7.312 mm respectively.
Constructs with higher ratio of gelatin did not have a drastic difference in the
thickness after printing.

3.5 Compression Testing
All concentrations of alginate-gelatin blends were tested for mechanical properties
by means of compression testing to investigate the sample stiffness based on the
stress, strain and Ultimate Compressive Strength (UCS).
The compression test results of the alginate-gelatin blend hydrogels suggested that
at crosslinking time of 10 minutes, the hydrogels with higher alginate concentration
had a higher Young’s modulus than the hydrogels with lower alginate concentration.
The hydrogel with the concentration of five percent alginate had the highest
compressive modulus at (0.31 ± 0.04) MPa, whereas the concentration with less
alginate, such as 1% alginate- 4% gelatin, had the lowest compressive modulus of
0.27 ± 0.02MPa. Hydrogel concentration of 2% alginate -3% gelatin was also tested
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and had compressive moduli of 0.30 ± 0.003 MPa (Figure 7). Analysis of Variance
(ANOVA) model of different alginate-gelatin hydrogel concentrations tested,
suggested that there was a significant difference between the groups with high
alginate concentrations versus those with high gelatin concentrations. A significant
difference was observed between the modulus of 5% alginate hydrogel concentration
compared to the other compositions; however no statistical difference was noted
between the compositions of 2% alginate-3%gelatin and 1%alginate-4%gelatin.
The results of the ultimate compressive strength (UCS) suggested an opposite trend
than that of the compressive modulus. A hydrogel concentration of 5% alginate had
the lowest UCS at (0.31 ± 0.04) MPa, whereas the concentration with less alginate,
such as 1% alginate 4% gelatin, had the highest UCS of (0.35 ± 0.03) MPa (Figure
8). The hydrogel concentration of 2% alginate - 3% gelatin was also tested and had
a UCS of (0.33 ± 0.021) MPa. A significant difference between the UCS of the 5%
alginate hydrogel concentration and both the 2% alginate -3% gelatin and 1%
alginate- 4% gelatin hydrogel concentration was observed. However, no significant
difference was observed between the hydrogel compositions 2%alginate -3%
gelatin and 1% alginate - 4% gelatin hydrogel concentration range.
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0.35
0.3
0.25

*

0.2

*

0.15
0.1
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0

5%A-0%G

Figure 7: Compression testing results of bioprinted constructs composed of
different alginate-gelatin concentrations (A) Young’s modulus and (B) Ultimate
Compressive Strength (n=5, p>0.05) (*denotes p<0.05)
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Discussion and Conclusion
The final concentrations of alginate-gelatin blend gels chosen for characterization
was 1% alginate- 4% gelatin, 2% alginate-3% gelatin, 4% alginate- 1% gelatin and
5% alginate. The properties of alginate-gelatin composed hydrogels were
investigated to find out the optimal alginate-gelatin blend for bioprinting.
The printability results suggested that 2% alginate-3% gelatin had the highest % print
accuracy of 85.71% in comparison to the other alginate-gelatin concentrations. The
second highest %print accuracy was observed in hydrogel composition of 1%
alginate-4% gelatin with a print accuracy of 75%. Due to the effects of chemical
crosslinking, constructs printed with higher alginate, such as 5% alginate were
observed to have increased in height after printing. Sodium alginate binds with the
cross-linker calcium chloride, resulting in an increase in the height of constructs
composed with high ratio of alginate. On the other hand, hydrogels composed of
higher gelatin, such as 1% alginate- 4% gelatin were noticed to be spreading after
printing due the low viscosity of the hydrogel. This was further validated by
rheological analysis of the alginate-gelatin composed hydrogels. Hydrogels
composed of higher gelatin ratio such as 1% alginate-4% gelatin were observed to
have the lowest viscosity whereas hydrogels composed with higher ratio of alginate
such as 5% alginate had the highest viscosity. Ideally, low viscosity gels are
preferred in bioprinting to reduce the shear stress and clogging during the printing
process; however, low viscosity gels are not able to retain their shape after printing
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due to possible spreading. Therefore, hydrogel composed of only gelatin cannot be
used for bioprinting applications even though it has excellent biocompatibility and
adhesion properties. For extrusion based bioprinting applications shear stress values
of less than 5 kPa have been reported to have no effect on the viability of cells [84]
Shear stress calculations of all alginate-gelatin hydrogels tested were observed to be
less than 5 kPa. Therefore, it was concluded that the shear stress values obtained
were small and thus did not affect the cell viability during the printing process.
Compression testing of the hydrogels suggested that hydrogels with a higher ratio
of alginate had a higher Young’s modulus than hydrogels composed of higher ratio
of gelatin. Stiffer scaffolds result in less cell-cell interaction within the scaffold. Soft
gels have been shown to increase more contact between cells in the scaffold. 1%
alginte-4% gelatin had the lowest Young’s modulus; however, rheological analysis
and printability studies of this concentration demonstrated low viscosity and a less
accurate structure after printing compared to 2% alginate-3% gelatin. Therefore,
analysis of factors such as printability, rheological properties, degradation studies
and stiffness of the scaffold suggested that alginate-gelatin concentration of 2%
alginate-3% gelatin was the optimal concentration for bioprinting and was thus
chosen to engineer perfusable constructs through sacrificial printing.
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Chapter 4
Fabrication and Characterization of
Perfusable Constructs:
4.1 Modelling and Bioprinting of Perfusable Constructs
Three different design of physiologically relevant models were chosen to produce
perfusable 3D bioprinted constructs. The models were designed in PTC Creo through
the use of computer aided design (CAD). The CAD drawing of the models are shown
in Figure 8 with their appropriate dimensions in Table 4. The first model selected
was a simple cylindrical channel model to represent simple vasculature design. The
second model, i.e a bifurcated Y-junction, represents both conversion and diversion
in the vasculature design, and lastly the ring structure is the most complicated model
that represents conversion, diversion, and circulation.
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Ring Model

Bifurcated Y Model

Simple Cylinder Model

Figure 8: CAD design of the physiologically relevant models chosen to embed
within the hydrogel matrix

Table 4: Dimensions of the three perfusable model, bioprinted with the fugitive ink
Pluronic F127
Two Cylindrical
channel

Bifurcated Y
channel

Ring

Length (mm)

17

17.66

24

Width (mm)

17

17.27

14.55

Height (mm)

4

4

4

An extrusion based bioprinting system was used to print these models with a fugitive
ink composed of Pluronic F127. Pluronic F127 is a thermos-reversible material
which liquefies at 4ºC and doesn’t solidify below the concentration of 20% w/v.
Therefore, 25% w/v Pluronic was liquefied at 4ºC before printing and then solidified
at room temperature to obtain appropriate viscosity during bioprinting. The models
were then printed with Pluronic F127 and were left at 37ºC for a day to solidify to
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embed within the hydrogel matrix of alginate-gelatin-fibrinogen-growth factor
mixture. The designed models were embedded in the hydrogel matrix concentration
of 2% alginate-3% gelatin. 4 layers of 0.5mm per layer height of the alginate-gelatin
matrix was printed as a base layer after which, the Pluronic molds were then placed
on top of the base layer. Four more layers of the hydrogel matrix were printed on
top of the Pluronic mold to cover the structure. The construct was then cross-linked
in calcium chloride for 10 minutes and was refrigerated at 4ºC to liquefy the Pluronic.
At 4ºC the Pluronic liquefies, and exits the constructs with hollow channels. Pluronic
embedded models within the bioprinted construct are shown below in Figure 9. The
template channel then was coated with fibronectin for 30 min to anchor the cells into
the channels. The dimension of the constructed channel ranged from 2.2-2.4 mm in
width and 4 mm in height. The channels were then seeded with Human Umbilical
Vein Endothelial Cells (HUVECs) for functional characterization at a density of (89x106cells/ml)

Figure 9: Pluronic models embedded in within the hydrogel matrix of alginategelatin-fibrinogen-growth factor mixture to create perfusable channels. (Scale
bar=100 um)
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4.2 Effect of architecture on the stiffness
Three types of perfusable bioprinted constructs, designed as bifurcated Y model, ring
model, and a simple two-channel model, were tested by means of compression
testing to the point of failure to obtain fundamental variables of stress, strain, and
deformation when subjected to a compressive load. A Compression test was
conducted primarily to investigate the effect of matrix architecture on the stiffness
(i.e the Young’s modulus). The stress vs strain curve for all models resulted in a J
shaped curve suggesting that small increases in stress results in large extensions,
whereas at larger extensions the material becomes stiffer. Stress-strain graphs of the
models suggested that the ring model had the highest extension to the applied load
compared to the other two models tested. Analysis of the Young’s modulus results
for the models, suggested that the ring model had the lowest Young’s modulus of
(0.012±0.002) MPa whereas the bifuracted Y model had the highest young’s
modulus of (0.064 ± 0.01) MPa. ANOVA analysis of the Young’s modulus between
the groups resulted in a significant difference of p<0.05. Moreover, a two tailed ttest resulted in a statistical significance between each group. The comparison of
Young’s modulus between the ring vs Y model and ring vs the simple channel model
resulted in t (6) =4.30, p = 0.00009 and t (6) =2.776, p= 0.00001, respectively.
The results obtained for all models suggested that the y model had the highest UCS
of (0.169 ± 0.03) MPa, whereas the ring model had the lowest UCS of (0.04 ± 0.01)
MPa. The two-channel model yielded a UCS of (0.14 ± 0.05) MPa. ANOVA
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analysis of the ultimate compressive strength for the ring model compared to the Y
and simple cylindrical channel model resulted in a significant difference. However,
no significant difference in ultimate compressive strength was obtained between the
two channel model of (0.14 ± 0.03) and Y model of (0.16 ± 0.03) MPa, respectively.
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Compressive Stress (Mpa)
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Figure 10: Compression testing results of bioprinted constructs composed of
different alginate-gelatin concentrations (A) stress Vs strain (B)Young’s modulus
and (C) Ultimate Compressive Strength (n=5, (*denotes p < 0.05, horizontal lines
denotes p< 0.05 between connecting groups).
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4.3 Invitro Degradation study of the Bioink matrix
For the in vitro degradation test, analysis of hydrogel matrix with and without
fibrinogen was investigated by evaluating the weight loss over a period of time.
Analysis of the % weight loss of the constructs suggested that constructs with
fibrinogen had a higher overall weight loss in weight than constructs without
fibrinogen. Weight loss for both subgroups was the highest in the first two days;
however, the constructs without fibrinogen had a 6% higher initial weight loss
compared to constructs with fibrinogen (Figure 6). ANOVA analysis demonstrated
a significant difference in the percent weight loss over time between the constructs
with and without fibrinogen. In vitro degradation results suggested that constructs
without fibrinogen degraded faster, implying better structural stability of alginate
gelatin constructs with fibrinogen.

44

50
With Fibrinogen
Without Fibrinogen

*
Weight Loss (%)

40

30

**

20

10

0

Day 2

Day 5

Figure 11: Comparison of degradation characteristics of bioprinted constructs with
and without fibrinogen over a period of time (*denotes p<0.05, ** denotes p<0.05
between day 2 and day 5

4.4 Analysis of Cell Viability on the Perfusable Models
Optimization of cell attachment in the sacrificial channel:
Experiments were conducted to investigate the properties of fibronectin on the
channels and to optimize the cell attachment in the sacrificial channel on a simple
cylindrical channel model. Channels seeded with HUVECs were perfused with
media after 4 hours and were compared to channels perfused with media after 8
hours. The control for the experiment was the channels seeded with HUVECs that
were submerged in media. Functional characterization of the channels was
performed by assessing the cell number for each condition after Day 1. The results
suggested that the submerged channel had the highest number of cells compared to
45

channels with media after 4 hours and with media after 8 hours (Figure 12). ANOVA
analysis of the two conditions compared to the control suggested a significant
difference between the number of cells in channels submerged with media compared
to channels perfused with media after 4 hours and 8 hours day 1. The number of cells
observed in the channels submerged with media were almost 3 times more than the
channels perfused with media after 4 and 8 hours (Figure 13). However, no
significant difference was observed in cell number between the channels perfused
with media after 4 hours and the channels perfused with media after 8 hours.
Moreover, comparison of channels with media perfusion after 8 hours for Day 1 and
day 3 showed no cells in the channels at day 3.
Due to the lack of objective lens lower than 20x in the confocal microscope, crosssections of the channels had to be merged in Image J software (NIH). The channel
figures, therefore have a scaling factor of 500 um; matching the width of the channels
in comparison to the raw image obtained from the confocal microscope. The raw
image has a scaling factor of 100 um where the scaling is adjusted for the cell size.
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Figure 12: Difference in fluorescent images of the channels between (A).
Submerged in Media Day 1 (B). Media after 4 hours Day 1 (C). Media after 8
hours on Day 1 (D). Media after 8 hours Day 3
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Figure 13: Difference in cell number in the bioprinted constructs with simple
channels between submerged vs media after 4 hours and 8 hours (*denotes p<0.05)

Effect of surface geometry on cells.
The three perfused models with different architectures were characterized to assess
the adhesion and spreading of the seeded HUVECs cells based on the surface
geometry. Analysis of the number of cells/mm2 was calculated based on the three
models for day 1 and day 4. Moreover, a negative control, to assess the efficiency of
the live dead dye was performed. Constructs seeded with cells, without changing
media every 2 days were dyed and analyzed. Red fluorescence images of the cells
were obtained after 2 days, validating the efficiency of the live dead dye (Figure 14
D).
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Live dead images showed that at day 1 both the simple two channel model and the Y
model had similar trends for cell distribution overall as shown in Figure 14 A. It was
noticed that at day 4, cells in both the y model and simple the two channel model had
migrated away from the center, towards the ends of the channel. However, cells in
the ring model at day 1 showed that most of the cells were clustered at the center of
the channel. Similarly on day 4, larger aggregates of cells were seen on the center,
whereas very little cells were observed at the end of the channel (Figure 14 C). The
percent increase of number of cells over a period of time suggested that the ring
model had the highest percent increase of 67%, whereas the y model and simple
cylindrical model had an increase of 55 and 51 % increase, respectively (Figure 15).
ANOVA analysis of the cell number per area suggested a significant difference in
the percent increase of ring model compared to the Y model and the simple two
cylindrical model.

A.

B.

500um

500um

50

C (2)

C (1)

500um

100um

D.

100um

Figure 14: Comparison of Fluorescence images between the three perfusable
models at day 4 (Cell density= 8.7x106cells/ml) (A).Y model (B). Simple
cylindrical channel model. C (1) center cross-section of the ring model. C (2)
Overall view of the Ring Model (D) Negative control staining of the live dead dye
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Figure 15: Comparison of the number of cells per cross-sectional area between the
three perfused models (*denotes p<0.05, **denotes p<0.05 between day 1 and 4)

Discussion and Conclusion
Three perfusable models were engineered through a sacrificial printing technique to
investigate the effect of architecture on mechanical properties and cell behavior.
Analysis of Young’s modulus suggested that the ring model had the lowest Young’s
modulus, whereas no significant difference in modulus was observed for the Y model
and the simple two cylindrical channel model. Results obtained from live dead
imaging suggested a higher percent increase in the number of cells in the ring model
compared to the Y model and the simple two channel model. Similar trend in the
distribution of cells was observed between the Y model and the simple channel
model. Mechanical properties of the scaffold play a vital role in cell-cell, cell-ECM
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interactions. Studies have correlated surface stiffness to cell adhesion, proliferation
and differentiation. In a study examining the cell type specific responses to matrix
stiffness, it was concluded that HUVEC’s cells particularly favored low modulus
hydrogels [85]. This was validated by the experiments performed above.
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Chapter 5
Conclusions and Future Work:
This study investigated the optimal concentration of alginate-gelatin blend
hydrogels. After the assessment of mechanical properties of several different
concentrations of alginate gelatin blend hydrogel through rheology, compression
testing and printability testing, it was concluded that hydrogel composed of 2%
alginate -3% gelatin was more ideal for bioprinting compared to other tested
concentrations. Furthermore, sacrificial printing was implemented to engineer
perfusable constructs using Pluronic F127 ink. Perfused constructs of three different
architectures were investigated for structural and functional characterization.
Mechanical properties of the perfused constructs were tested through means of
compression testing and functional characterization of the construct was performed
through live dead imaging. In this study, matrix stiffness was correlated to
proliferation in HUVECs cells. It was concluded that the perfused construct with the
lowest modulus had a higher % increase in the number of cells over a period of time.

Future Work and Improvements
The live dead images obtained for the different models provide limited information
regarding the cellular activity in the substrate. Additional tests for a longer period of
time should be conducted to investigate the cell-cell interactions and cell-ECM
interactions among the three models. A Cell Adhesion assay, and traction force
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microscopy would help in understanding the effect of mechanics of matrix on cell
spreading, migration and formation of cell-cell contacts. Furthermore, F actin
staining would provide more information on the structure and shape of the cell.
One of the most important parameter for bioprinted hollow channels to support
bioactivity and cellular function is a constant, slow perfusion of media in the
construct. Therefore, a flow chamber and a perfusion system should be developed to
maintain the perfused structure in dynamic flow culture and to maintain the samples
for a longer period time.

55

References:
[1] Garrison, R. Neal, et al. "There is an answer to the shortage of organ
donors." Surg Gynecol Obstet 173.5 (1991): 391-396.
[2] Mandrycky, Christian, et al. "3D bioprinting for engineering complex
tissues." Biotechnology advances 34.4 (2016): 422-434.
[3] Lanza, Robert, Robert Langer, and Joseph P. Vacanti, eds. Principles of tissue
engineering. Academic press, 2011.1-70
[4] Snyder, J. E., et al. "Bioprinting cell-laden matrigel for radioprotection study of
liver by pro-drug conversion in a dual-tissue microfluidic chip." Biofabrication 3.3
(2011): 034112.
[5] Schubert, Carl, Mark C. Van Langeveld, and Larry A. Donoso. "Innovations in
3D printing: a 3D overview from optics to organs." British Journal of
Ophthalmology 98.2 (2014): 159-161.
[6] Gu, Bon Kang, et al. "3D Bioprinting Technologies for Tissue Engineering
Applications." Cutting-Edge Enabling Technologies for Regenerative Medicine.
Springer, Singapore, 2018. 15-28.
[7] Sodupe-Ortega, Enrique, Andres Sanz-Garcia, and Carmen Escobedo-Lucea.
"Accurate

Calibration

in

Multi-Material

Engineering." Materials 11.8 (2018): 1402.

56

3D

Bioprinting

for

Tissue

[8]Derakhshanfar, Soroosh, et al. "3D bioprinting for biomedical devices and tissue
engineering: A review of recent trends and advances." Bioactive materials 3.2
(2018): 144-156.
[9]Zhang, Xiaoying, and Yangde Zhang. "Tissue engineering applications of threedimensional bioprinting." Cell biochemistry and biophysics 72.3 (2015): 777-782.
[10] Murphy, Sean V., and Anthony Atala. "3D bioprinting of tissues and
organs." Nature biotechnology 32.8 (2014): 773.
[11] Muschler, George F., Chizu Nakamoto, and Linda G. Griffith. "Engineering
principles of clinical cell-based tissue engineering." JBJS 86.7 (2004): 1541-1558.
[12]

Grayson,

Warren

L.,

et

al.

"Biomimetic

approach

to

tissue

engineering." Seminars in cell & developmental biology. Vol. 20. No. 6. Academic
Press, 2009.
[13] Steer, Dylan L., and Sanjay K. Nigam. "Developmental approaches to kidney
tissue engineering." American Journal of Physiology-Renal Physiology 286.1
(2004): F1-F7.
[14] Mironov, Vladimir, et al. "Organ printing: tissue spheroids as building
blocks." Biomaterials 30.12 (2009): 2164-2174.
[15] Bishop, Elliot S., et al. "3-D bioprinting technologies in tissue engineering and
regenerative medicine: Current and future trends." Genes & diseases 4.4 (2017):
185-195.

57

[16] Kelm, Jens M., et al. "A novel concept for scaffold-free vessel tissue
engineering:

self-assembly

of

microtissue

building

blocks." Journal

of

biotechnology 148.1 (2010): 46-55.
[17] Wilson Jr, W. Cris, and Thomas Boland. "Cell and organ printing 1: protein
and cell printers." The Anatomical Record Part A: discoveries in molecular, cellular,
and evolutionary biology 272.2 (2003): 491-496.
[18] Boland, Thomas, et al. "Application of inkjet printing to tissue
engineering." Biotechnology Journal: Healthcare Nutrition Technology 1.9 (2006):
910-917.
[19] Lee, Kuen Yong, and David J. Mooney. "Alginate: properties and biomedical
applications." Progress in polymer science37.1 (2012): 106-126.
[20] Xu, Tao, et al. "Inkjet printing of viable mammalian cells." Biomaterials 26.1
(2005): 93-99.
[21] Xu, Tao, et al. "Viability and electrophysiology of neural cell structures
generated by the inkjet printing method." Biomaterials 27.19 (2006): 3580-3588.
[22] Cui, Xiaofeng, et al. "Cell damage evaluation of thermal inkjet printed Chinese
hamster ovary cells." Biotechnology and bioengineering 106.6 (2010): 963-969.
[23] Xu, Tao, et al. "Complex heterogeneous tissue constructs containing multiple
cell types prepared by inkjet printing technology." Biomaterials 34.1 (2013): 130139.

58

[24] Knowlton, Stephanie, et al. "Bioprinting for cancer research." Trends in
biotechnology 33.9 (2015): 504-513.
[25] Wang, Wei, Gang Li, and Yong Huang. "Modeling of bubble expansioninduced cell mechanical profile in laser-assisted cell direct writing." Journal of
Manufacturing Science and Engineering 131.5 (2009): 051013.
[26] Dababneh, Amer B., and Ibrahim T. Ozbolat. "Bioprinting technology: a
current

state-of-the-art

review." Journal

of

Manufacturing

Science

and

Engineering 136.6 (2014): 061016.
[27] Guillotin, Bertrand, et al. "Laser assisted bioprinting of engineered tissue with
high cell density and microscale organization." Biomaterials 31.28 (2010): 72507256.
[28] Ozbolat, Ibrahim T., and Yin Yu. "Bioprinting toward organ fabrication:
challenges and future trends." IEEE Transactions on Biomedical Engineering 60.3
(2013): 691-699.
[29] Gudapati, Hemanth, et al. "Alginate gelation-induced cell death during laserassisted cell printing." Biofabrication 6.3 (2014): 035022.
[30] Mironov, Vladimir. "Printing technology to produce living tissue." (2003): 701704.
[31] Yan, Yongnian, et al. "Fabrication of viable tissue-engineered constructs with
3D cell-assembly technique." Biomaterials26.29 (2005): 5864-5871.

59

[32] Melchels, Ferry PW, et al. "Additive manufacturing of tissues and
organs." Progress in Polymer Science 37.8 (2012): 1079-1104.
[33] You, Fu, B. Frank Eames, and Xiongbiao Chen. "Application of extrusion-based
hydrogel bioprinting for cartilage tissue engineering." International journal of
molecular sciences 18.7 (2017): 1597.
[34] Ning, Liqun, and Xiongbiao Chen. "A brief review of extrusion‐based tissue
scaffold bio‐printing." Biotechnology journal 12.8 (2017): 1600671.
[35] Nishiyama, Yuichi, et al. "Development of a three-dimensional bioprinter:
construction of cell supporting structures using hydrogel and state-of-the-art inkjet
technology." Journal of biomechanical engineering 131.3 (2009): 035001.
[36] Schuurman, Wouter, et al. "Gelatin‐methacrylamide hydrogels as potential
biomaterials

for

fabrication

of

tissue‐engineered

cartilage

constructs." Macromolecular bioscience 13.5 (2013): 551-561.
[37] Ruel-Gariepy, Eve, and Jean-Christophe Leroux. "In situ-forming hydrogels—
review of temperature-sensitive systems." European journal of pharmaceutics and
biopharmaceutics58.2 (2004): 409-426.
[38] Ahmed, Enas M. "Hydrogel: Preparation, characterization, and applications: A
review." Journal of advanced research 6.2 (2015): 105-121.
[39] Gasperini, Luca, Joao F. Mano, and Rui L. Reis. "Natural polymers for the
microencapsulation of cells." Journal of the Royal Society Interface 11.100 (2014):
20140817.
60

[40] Gombotz, Wayne R., and SiowFong Wee. "Protein release from alginate
matrices." Advanced drug delivery reviews 31.3 (1998): 267-285.
[41] Chung, Johnson HY, et al. "Bio-ink properties and printability for extrusion
printing living cells." Biomaterials Science 1.7 (2013): 763-773.
[42] Panouillé, Maud, and Véronique Larreta-Garde. "Gelation behaviour of gelatin
and alginate mixtures." Food hydrocolloids 23.4 (2009): 1074-1080.
[43] Bertassoni, Luiz E., et al. "Hydrogel bioprinted microchannel networks for
vascularization of tissue engineering constructs." Lab on a Chip 14.13 (2014): 22022211.
[44] Hong, Sungmin, et al. "3D printing of highly stretchable and tough hydrogels
into complex, cellularized structures." Advanced materials 27.27 (2015): 4035-4040.
[45] Di Giuseppe, Michael, et al. "Mechanical behaviour of alginate-gelatin
hydrogels for 3D bioprinting." Journal of the mechanical behavior of biomedical
materials 79 (2018): 150-157.
[46] Pierschbacher, Michael D., et al. "The cell attachment domain of fibronectin.
Determination of the primary structure." Journal of Biological Chemistry 257.16
(1982): 9593-9597.
[47] Jockenhoevel, Stefan, et al. "Fibrin gel–advantages of a new scaffold in
cardiovascular

tissue

engineering." European

surgery 19.4 (2001): 424-430.

61

journal

of

cardio-thoracic

[48] Kolesky, David B., et al. "3D bioprinting of vascularized, heterogeneous cell‐
laden tissue constructs." Advanced materials 26.19 (2014): 3124-3130.
[49] Xu, Mingen, et al. "An cell-assembly derived physiological 3D model of the
metabolic

syndrome,

based

on

adipose-derived

stromal

cells

and

a

gelatin/alginate/fibrinogen matrix." Biomaterials 31.14 (2010): 3868-3877.
[50] Nakamura, M., et al. "Biomatrices and biomaterials for future developments of
bioprinting and biofabrication." Biofabrication2.1 (2010): 014110.
[51] Schultz, Gregory S., and Annette Wysocki. "Interactions between extracellular
matrix and growth factors in wound healing." Wound repair and regeneration 17.2
(2009): 153-162.
[52] Ji, Shen, and Murat Guvendiren. "Recent advances in bioink design for 3D
bioprinting of tissues and organs." Frontiers in bioengineering and biotechnology 5
(2017): 23.
[53] Mignon, Arn, et al. "pH-sensitive superabsorbent polymers: a potential
candidate material for self-healing concrete." Journal of materials science 50.2
(2015): 970-979.
[54] Van Vlierberghe, Sandra, Peter Dubruel, and Etienne Schacht. "Biopolymerbased

hydrogels

as

scaffolds

for

tissue

engineering

applications:

a

review." Biomacromolecules 12.5 (2011): 1387-1408.
[55] Ullah, Faheem, et al. "Classification, processing and application of hydrogels:
A review." Materials Science and Engineering: C 57 (2015): 414-433.
62

[56] Van Vlierberghe, Sandra, Etienne Schacht, and Peter Dubruel. "Reversible
gelatin-based hydrogels: finetuning of material properties." European Polymer
Journal 47.5 (2011): 1039-1047.
[57] Chimene, David, et al. "Advanced bioinks for 3D printing: a materials science
perspective." Annals of biomedical engineering 44.6 (2016): 2090-2102.
[58] Hinton, Thomas J., et al. "Three-dimensional printing of complex biological
structures by freeform reversible embedding of suspended hydrogels." Science
advances 1.9 (2015): e1500758.
[59] Hölzl, Katja, et al. "Bioink properties before, during and after 3D
bioprinting." Biofabrication 8.3 (2016): 032002.
[60] Panwar, Amit, and Lay Tan. "Current status of bioinks for micro-extrusionbased 3D bioprinting." Molecules 21.6 (2016): 685.
[61] Highley, Christopher B., Christopher B. Rodell, and Jason A. Burdick. "Direct
3D printing of shear‐thinning hydrogels into self‐healing hydrogels." Advanced
Materials 27.34 (2015): 5075-5079.
[62] Dado, Dekel, and Shulamit Levenberg. "Cell–scaffold mechanical interplay
within engineered tissue." Seminars in cell & developmental biology. Vol. 20. No. 6.
Academic Press, 2009.
[63] Engler, Adam J., et al. "Myotubes differentiate optimally on substrates with
tissue-like stiffness: pathological implications for soft or stiff microenvironments." J
Cell Biol 166.6 (2004): 877-887.
63

[64] Reinhart-King, Cynthia A., Micah Dembo, and Daniel A. Hammer. "Cell-cell
mechanical

communication

through

compliant

substrates." Biophysical

journal 95.12 (2008): 6044-6051.
[65] Silva, Simone S., João F. Mano, and Rui L. Reis. "Potential applications of
natural origin polymer-based systems in soft tissue regeneration." Critical reviews in
biotechnology 30.3 (2010): 200-221.
[66] Shefy-Peleg, Adaya, et al. "Novel antibiotic-eluting gelatin-alginate soft tissue
adhesives for various wound closing applications." International Journal of
Polymeric Materials and Polymeric Biomaterials 63.14 (2014): 699-707.
[67] Holzapfel, Gerhard A. "Biomechanics of soft tissue." The handbook of
materials behavior models 3 (2001): 1049-1063.
[68] Akhtar, Riaz, et al. "Characterizing the elastic properties of tissues." Materials
Today 14.3 (2011): 96-105.
[69] Hollister, Scott J. "Porous scaffold design for tissue engineering." Nature
materials 4.7 (2005): 518.
[70] Novosel, Esther C., Claudia Kleinhans, and Petra J. Kluger. "Vascularization is
the key challenge in tissue engineering." Advanced drug delivery reviews 63.4-5
(2011): 300-311.
[71] Jia, Weitao, et al. "Direct 3D bioprinting of perfusable vascular constructs using
a blend bioink." Biomaterials 106 (2016): 58-68.

64

[72] Ventola, C. Lee. "Medical applications for 3D printing: current and projected
uses." Pharmacy and Therapeutics 39.10 (2014): 704.
[73] Suntornnond, Ratima, et al. "A highly printable and biocompatible hydrogel
composite

for

direct

printing

of

soft

and

perfusable

vasculature-like

structures." Scientific reports7.1 (2017): 16902.
[74] Ji, Shen, Emily Almeida, and Murat Guvendiren. "3D Bioprinting of Complex
Channels within Cell-Laden Hydrogels." Acta biomaterialia (2019).
[75] Gergely, Ryan CR, et al. "Multidimensional vascularized polymers using
degradable sacrificial templates." Advanced Functional Materials 25.7 (2015):
1043-1052.
[76] O’Bryan, Christopher S., et al. "Three-dimensional printing with sacrificial
materials for soft matter manufacturing." MRS bulletin 42.8 (2017): 571-577.
[77] Lewis, Jennifer A., et al. "Method of printing a tissue construct with embedded
vasculature." U.S. Patent Application No. 10/117,968.
[78] Müller, Michael, et al. "Printing thermoresponsive reverse molds for the creation
of patterned two-component hydrogels for 3D cell culture." JoVE (Journal of
Visualized Experiments) 77 (2013): e50632.
hydrogels for 3D cell culture,” jove.com.
[79] Gioffredi, Emilia, et al. "Pluronic F127 hydrogel characterization and
biofabrication

in

cellularized

constructs

applications." Procedia CIRP 49 (2016): 125-132.
65

for

tissue

engineering

[80] Cui, Haitao, et al. "3D bioprinting for organ regeneration." Advanced healthcare
materials 6.1 (2017): 1601118.
[81] Kharel, Prabhuti, Rahmatul Mahmoud, and Kunal Mitra. "Rhelogical analysis
of cell embedded hydrogel bioink for extrusion bioprinting" ASTFE Digital Library.
Begel House Inc., (2018).
[82] Sherman, C. C. "More Solutions to Sticky Problems. Brookfield Viscometer
Guide. Brookfield Engineering Laboratories." Inc. Stoughton, Boston, MA.,
USA (1994): 1-7.
[83] Di Giuseppe, Michael, et al. "Mechanical behaviour of alginate-gelatin
hydrogels for 3D bioprinting." Journal of the mechanical behavior of biomedical
materials 79 (2018): 150-157.
[84] Blaeser, Andreas, et al. "Controlling shear stress in 3D bioprinting is a key factor
to balance printing resolution and stem cell integrity." Advanced healthcare
materials 5.3 (2016): 326-333.
[85] Robinson, Karyn G., et al. "Differential effects of substrate modulus on human
vascular endothelial, smooth muscle, and fibroblastic cells." Journal of biomedical
materials research Part A 100.5 (2012): 1356-1367.

66

