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ABSTRACT: The field of tissue engineering and regenerative medicine has seen great advances in the last two decades. The 
overall implementation of these synthesized structures is still, however, greatly limited. One of the major contributors to this 
stagnation is the lack of functional vasculature within these structures. Given the role that vasculature plays in the distribution of 
oxygen and nutrients within the body, in vitro organs must also have this network of blood vessels to function properly. Herein, 
we review state-of-the-art bioprinting techniques and propose the best viable method amongst them for the creation of vascular 
structures. The three methods we analyzed are extrusion-based, jetting-based, and stereolithography. Information on specific 
bionics and the overall process for each method is provided, sourced from the primary and secondary scientific literature. While 
our findings indicated that extrusion-based bioprinting is the most popular bioprinting method used for printing vasculature, 
accounting for a majority of the papers reviewed it was determined stereolithography bioprinting holds the greatest potential 
in the creation of functional in vitro vasculature. This decision was made given its high resolution, affordable cost, and high cell 
viability percentage. 
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�   Introduction
Within the past decade, the field of regenerative medicine 

has gained recognition as a legitimate option for the regen-
eration of functional tissue and organs. One of the major 
contributors to this improved viability is the development of 
three-dimensional (3D) bioprinting. 3D bioprinting, like 3D 
printing, is an additive manufacturing technique. A solution 
containing cells and support material commonly referred to 
as “bio-ink” is deposited onto a support stage or liquid me-
dium. It is then incubated to form a fully functioning tissue 
via crosslinking. Crosslinking refers to a bond that links a 
multitude of polymers. These bonds can be either covalent 
or ionic bonds. Bioprinting methodologies can be classified 
into one of two methods: Scaffold or scaffold-free. Scaffold 
bioprinting involves the printing of cells with support mate-
rial to support the growth and proliferation of the cells.¹ The 
scaffolds mimic the extracellular matrix (ECM) as in vivo; 
the ECM provides structural support and can promote re-
generation. An added benefit of scaffold bioprinting is the 
ability to support a higher cell density while also creating 
more complex geometries, unimpaired by gravity. Alterna-
tively, scaffold-free bioprinting does not include any support 
material that is printed with the cells. Rather, the cells are 
first clumped together to form aggregates or clusters. From 
there, they secrete ECM for structural stability and can then 
be printed in pellets.¹ With scaffold-free bioprinting, cells are 
given more room for interaction resulting in the development 
of a 3D structure that more closely facilitates the high levels 
of cell communication we see in native tissue.² Bioinks, in this 
process, are limited to just tissue strands and tissue spheroids. 
Finally, an important aspect of bioprinting is the resolution of 
the structure. The print resolution refers to “the lowest mea-

surable unit of printed material in the x and y dimensions” 
(Lee).³ The lower the unit, the higher the resolution.

While bioprinting has had moderate success in the print-
ing of simple tissue structures like skin, bladders, and ears, 
the creation of complex large-scale organs such as hearts and 
kidneys is yet to be seen in vitro. As of now, engineered organs 
are only a fraction of the size of their in vivo counterparts. 
This can be attributed to the lack of movement concerning 
nutrients within large-scale engineered organs. Nutrients en-
ter tissue through a process called diffusion, where a substance 
moves from an area of high concentration to an area of low 
concentration. The rate at which this process occurs is known 
as the diffusion rate. Although important, the diffusion dis-
tance plays an equal, if not larger, role in the usefulness of 
nutrients. The larger an object is, the larger the diffusion dis-
tance. Ultimately, resources for cells could be used up before 
even reaching their destination or crossing a barrier, no matter 
how efficient the diffusion rate is. If a structure is too large 
to where it cannot receive nutrients due to a large diffusion 
distance the cells will die, hence rendering the organ nonfunc-
tional. Instead of this slow and inefficient process, the use of 
vasculature will transport nutrients to where they are required 
in a much timelier manner. For example, instead of relying on 
sugar to diffuse through a multitude of tissues to go from the 
stomach to the muscles, vasculature facilitates the delivery of 
nutrients and oxygen throughout the tissue, preventing mass 
necrosis or cell death throughout the structure. Ultimately, 
this is the main challenge that is preventing the implemen-
tation of synthesized organs. In this review, we examine the 
structure of vasculature, the composition, and properties of 
bioinks, and novel bioprinting methods, assessing which bio-
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printing method has the best chance of achieving the mass 
generation of a functional vasculature.
�   Discussion 
The vascular system:
The vascular system remains one of the important organ 

systems within our bodies. The main function of the system 
is the transportation of nutrients such as sugar, oxygen, blood, 
and hormones towards and away from different tissues and 
organs using different types of blood vessels. An example of 
this is the transport of insulin through the bloodstream. In 
tissue engineering and bioprinting, a functional vascular sys-
tem is of the utmost importance concerning the survival of the 
synthesized tissue.

Blood Vessels Composition and Function:
There are three types of blood vessels: arteries, veins, and 

capillaries. The job of these vessels involves the transpor-
tation of oxygenated and deoxygenated blood to and from 
tissues. There are two systems of blood vessels: the pulmonary 
vessels and the systemic vessels. The pulmonary vessels trans-
port blood from the right ventricle of the heart to the lungs 
and back to the left atrium. In contrast, the systemic vessels 
transport blood from the left ventricle to all the tissue in the 
organism, returning the blood to the right atrium.

Arteries Composition and Function:
Arteries are the blood vessels responsible for carrying 

blood away from the heart and the function is divided into 
pulmonary and systemic arteries. Pulmonary arteries trans-
port deoxygenated blood from the right ventricle to the 
lungs. There, the blood is oxygenated by the lungs. Contrary 
to the pulmonary arteries, the systemic arteries transport ox-
ygenated blood from the left ventricle to all tissue within the 
body. The further the blood is transported from the heart, the 
smaller the arteries become, branching out like a tree. The 
smallest arteries are known as arterioles.

Arteries are composed of three layers of tissue. These layers 
are the tunica adventitia, also known as the tunica externa, the 
tunica media, and the tunica intima as shown in Figure 1. The 
tunica adventitia is the outermost and thickest layer of the 
artery. It is composed of collagen and elastic tissues and the 
vasa vasorum. The vasa vasorum is a network of tiny blood 
vessels that can supply blood to larger blood vessels. They are 
the vessels of vessels. The main function of the tunica adven-
titia is to prevent the vessel from overextending and bursting. 
The middle layer of the artery, the tunica media, is composed 
of smooth muscle cells, elastic tissues, and collagen. In addi-
tion to providing support for the artery, the tunica media is 
also responsible for changing the vessel’s diameter, increasing, 
or decreasing the blood flow and blood pressure within the 
vessels. The tunica intima is the innermost layer of the artery 
and is composed solely of endothelial cells. Endothelial cells 
are a specific type of cell that forms a boundary between a 
vessel and tissue and are responsible for regulating the distri-
bution of substances that enter and exit tissue. Additionally, 
certain signals released by endothelial cells can induce the 
growth of vessels.⁴

Veins Composition and Function:
In contrast to the function of arteries, veins are responsi-

ble for carrying blood back from the tissues toward the heart. 
Most of the veins within the body carry deoxygenated blood 
back to the heart after the exchange of nutrients has occurred 
in tissues. However, there are exceptions to this function such 
as pulmonary veins. Both veins carry oxygenated blood back 
to the heart. Veins are composed of the same three layers of 
tissue as arteries: The tunica externa, tunica media, and tunica 
intima. However, there is less smooth muscle and tissue and 
thus the walls of veins are thinner compared to arteries.⁵ Some 
unique structural features that veins have specifically are valves 
to prevent backflow. During transportation, blood is trans-
ported to the right ventricle to be pumped to the lungs to be 
oxygenated again. With pulmonary veins, oxygenated blood is 
returned from the lungs to the left atrium and is ejected into 
the left ventricle.

Capillaries Composition and Function:
The third type of blood vessel within the vascular system 

is a capillary. While veins and arteries are responsible for 
the movement of blood throughout the body, capillaries are 
responsible for the transfer of oxygen, nutrients, and waste be-
tween tissue and blood. This transfer occurs through passive 
diffusion, where a substance travels down a concentration gra-
dient through a membrane. Additionally, this process can also 
occur through pinocytosis, where vesicles (membrane-bound 
sacs) take in nutrients and merge with the cellular membrane. 
Unlike veins and arteries, capillaries are composed of only two 
layers of tissues. There is an inner layer composed of endothe-
lial cells and an outer layer composed of epithelial cells. 

There are three primary classifications of capillaries: contin-
uous, fenestrated, and sinusoidal. Continuous capillaries are, 
as the name suggests, continuous and uninterrupted, allow-
ing only small molecules to pass. Fenestrated capillaries have 
small pores that allow the passage of slightly large molecules. 
These capillaries are found in areas that frequently experience 
exchanging of blood such as the small intestine and kidneys. 
Sinusoidal capillaries are the most disrupted capillary type as 
the large pores within the capillary allow for the passage of 
large molecules and even cells. Sinusoidal capillaries are found 
in tissues such as the liver, spleen, and bone marrow.

Figure 1: The layers of tissue in an artery are shown. Image referenced from 
National Cancer Institute SEER Training.5
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Growth of Blood Vessels:
The growth of new blood vessels is vital to the function and 

health of an organism. Subsequently, the independent growth 
of vasculature after fabrication will give a synthesized organ 
much higher viability. Two mechanisms form blood vessels: 
vasculogenesis and angiogenesis.

Vasculogenesis is the process of creating blood vessels in the 
embryo. It is the first stage in the development of the circu-
latory system and is often followed by angiogenesis. One key 
aspect that separates vasculogenesis from angiogenesis is that 
vasculogenesis occurs where there are no pre-existing blood 
vessels. Vasculogenesis occurs through the differentiation of 
endothelial precursor cells known as angioblasts and through 
that differentiation, a de novo formation of a vascular network 
is created.⁶

Unlike vasculogenesis, angiogenesis is the formation of new 
blood vessels from pre-existing vessels. The initiation of angio-
genesis is controlled by several growth factors such as vascular 
endothelial growth factor (VEGF), fibroblast growth factor 
(FGF), and tumor necrosis factor (TNF-ɑ).⁷ A growth factor 
is a protein that can instruct a specific cellular response. VEGF 
is responsible for promoting the growth of new proteins and 
forms a part of the mechanism that restores the blood supply 
when there is compromised blood circulation. There are two 
types of angiogenesis: Sprouting angiogenesis and intussus-
ceptive angiogenesis. 

Sprouting angiogenesis (SA) is characterized by the growth 
of endothelial cells and this type of angiogenesis can add blood 
vessels to areas that did not have blood vessels previously. It 
is initiated by the detection of hypoxia or a lack of oxygen. 
In these areas parenchymal cells (functional cells of organs, 
e.g., neurons) secrete VEGF. Subsequently, tip cells travel to-
ward the growth factor, leading to the growth of new capillary 
sprouts. Concurrently, endothelial cells become stalk cells and 
build the blood vessels behind the tip cells.⁸ In simpler terms, 
SA can be thought of as the creation of a deviation from the 
main blood vessel such as an exit lane from the main highway. 
As shown in Figure 2, a new deviation from the main vessel is 
being created as the tip cell leads the development of the new 
vessel.

The discovery of intussusceptive angiogenesis occurred in 
the 1980s and is a novel and relatively unexplored phenom-
enon. Intussusceptive angiogenesis (IA) can be thought of as 
the splitting of a pre-existing blood vessel into two smaller 
copies, somewhat similar to DNA replication. A defining 
characteristic of IA is the formation of intraluminal tissue 
pillars, formed when endothelial walls of the vessel migrate 
towards each other, similar to cytokinesis in mitosis and mei-
osis. As shown in Figure 3 section C, after the initial pillar is 
created, pericytes and myofibroblasts (vascular mural cells in 
the basement membrane),¹⁰ inject an extracellular matrix into 
the pillar and finally, two new vessels are formed.9 IA can only 
occur in a network formed through vasculogenic or SA. Typ-
ically, the initial network is formed through SA and is further 
developed by IA.

Extrusion-based bioprinting:
Given the uses of vasculature within an organism, it has 

been made evident that the need for functional blood vessels 
is dire. Luckily, bioprinting is slowly removing this roadblock, 
opening the door for functional, life-size, and implantable in 
vitro organs.

One of the most common printing methods is extru-
sion-based bioprinting due to its low production cost and 
wide range of printable biomaterials. The printable viscosities 
of biomaterials that can be extruded range from 30 millipascal 
seconds (mPa/s) to more than 6 * 107 mPa/s.¹¹ This covers a 
range of materials that have the viscosity of motor oil up to 
window putty including, honey, lard, and ketchup. In extru-
sion-based bioprinting, a continuous filament of a cell-laden 
ink is extruded out of a nozzle by a pneumatic system or a 
screw. Layers of bioink are serially built on top of one another 
to form a three-dimensional figure following a CAD model. 
After the primary structure is formed via extrusion, ultraviolet 
(UV) light is used to induce crosslinking between polymers, 
forming a durable and viable structure (Figure 4).

Figure 2: The sprouting angiogenesis process is shown. Image referenced 
from Spiegelaere et al.9

Figure 3: The Process of intussusceptive angiogenesis is shown. Image 
referenced from Spiegelaere et al.9

Figure 4: The various phases of Extrusion-Based Bioprinting (EBB) are 
shown. Phase 1: The bio-ink consists of various cells and a hydrogel medium 
for stability and force is applied to force the bio-ink out. Phase 2: The bio-ink 
is extruded in a continuous filament. Phase 3: The bio-ink is deposited in 
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Extrusion Printing Methods:
There are three categories of methods by which bioink can 

be extruded out of the nozzle. These methods are pneumat-
ic, screw-based, and piston-based (Figure 5). In pneumatic 
bioprinting, the bio-ink is forced out of the nozzle using pres-
surized air. Contrary to a pneumatic system a screw-driven 
printer uses a rotating screw, driven by a motor, to extrude the 
bio-ink.¹³ The benefits of using a pneumatic system include 
its simplicity and lack of maintenance needed, yet accuracy 
may differ based on the viscosity of the bio-ink. Screw-driven 
methods provide more direct control over the placement of the 
bio-ink. However, screw-driven extrusion results in a higher 
percentage of cell damage in comparison to pneumatic extru-
sion bioprinting.¹³ This cell damage can be attributed to the 
shear stress that cells experience when being extruded as the 
depth of the screw threads and geometry of the screw may de-
form the cells themselves. Ning et al.¹³ found that screws with a 
smaller pitch distance and higher thread depth are more likely 
to cause cell damage. The use of a piston in extrusion-based bi-
oprinting is very similar to pneumatic-based bioprinting where 
a piston is used instead of pressurized air. 

Bio inks:
The variety of bioinks that can be utilized in extrusion-based 

bioprinting is immense. Several biomaterials are compatible 
with the printing method including hydrogels¹⁴-¹⁸, spher-
oids¹⁹-²⁰, micro-carriers, and the extracellular matrix.²¹ Due to 
the flexibility of nozzle diameters, bioinks of many viscosities 
can be extruded.

Hydrogels:
A hydrogel is a three-dimensional substance that is com-

posed of hydrophilic polymers and can retain large amounts of 
water while maintaining its shape. Hydrogels are often used as 
bioinks as they mimic the extracellular matrix and are biocom-
patible while also having high printability.²² 

There are three categories of hydrogels: natural, synthetic, 
and hybrid. Natural hydrogels can be classified as hydrogels 
whose polymers originate from organic material like collagen, 

and other components of the ECM.²³ As a result, an environ-
ment that enhances cellular proliferation is acquired, but at the 
cost of durability as natural hydrogels have a weak structure 
and the distortion of one layer could subsequently destroy the 
printed tissue.²⁴ Compared to natural hydrogels, synthetic 
hydrogels are created using synthetic polymers such as poly-
amides. Since synthetic hydrogels are, as the word suggests, 
“synthetic” they lack the big interactive capabilities of natural 
hydrogels.²⁵ However, this disadvantage is somewhat offset by 
their mechanical strength and durability. As the name suggests 
hybrid hydrogels are a combination of both synthetic and nat-
ural hydrogels. They are composed of proteins, peptides, and 
can even contain nano/microstructures, and are interconnect-
ed, undergoing chemical modifications.²⁶ Thus, they retain 
the bioactivity seen in natural hydrogels as well as some of 
the mechanical properties visible in synthetic hydrogels. Some 
common properties that all hydrogels share are swelling in 
which they can take in water like a sponge while retaining their 
physical orientation.

Alginate is an example of a natural hydrogel. It is a hydro-
philic polymer that originates from the cell wall of seaweed and 
brown algae. It is composed of d-mannuronic acid and a-L-gu-
luronic acid.²⁷ The carboxylic chains within the structure allow 
for ionic crosslinking that is often induced by a CaCl2.¹⁸ In 
3D bioprinting, alginate remains one of the most widespread 
biomaterials due to its biocompatibility and ability to form po-
rous structures. 

Gelatin is an example of a hybrid hydrogel that is the result 
of structural degradation of collagen and the process of gelation 
occurs when polymer chains either undergo physical or chem-
ical crosslinking. Thermal gelation is one method of gelation 
that forms a gel by heating a solution, inducing cross-link-
ing. The chemical modification of gelation with methacrylic 
anhydride forms a photocrosslinkable natural bioink and the 
Gelatin methacryloyl (GelMA).¹⁷ Hence it can be classified as 
a hybrid hydrogel. GelMA can be categorized into two types, 
one that is produced from acid treatment (Type 1) and the 
other produced from alkali treatment (Type 2). In contrast to 
pure gelatin, which is soluble at body temperature, GelMA can 
maintain its structural form at body temperature.¹⁷ This makes 
GelMA a much more viable bioink as the 3D structure formed 
will not be degraded by the heat of the human body when 
implanted in vivo. Additionally, GelMA is shown to have un-
paralleled scaffold strength, enabling it to support cell viability 
for 14 days.¹⁷ A study conducted by Lee et al.¹⁷ found that both 
Type A and Type B constructs had high cell viability when 
the cell concentration was at 20%, indicating that GelMA is a 
viable bioink for extrusion-based bioprinting.

PluronicF127 is an example of a synthetic hydrogel as it is 
composed of amphiphilic copolymers that contain ethylene ox-
ide and polypropylene oxide.²⁸ While it is a synthetic hydrogel 
it has some natural hydrogel properties such as biocompatibility 
and biodegradability. A unique characteristic of PluronicF127 
is thermosensitivity which can cause a sol-gel phase transition. 
This phase can be defined as the change from a liquid to a gel. 
Due to this phase PluronicF127 can encapsulate cells better 
and be more adhesive.²⁸ PluronicF127 has been applied in the 

layers, forming a three-dimensional structure. Phase 4: Post-extrusion 
modifications are shown, which include the crosslinking of hydrogels. This 
fuses the layers, ensuring mechanical durability. Image referenced from 
Ramesh et al.12

Figure 5: This image has been referenced from Wilson et al.14 The three 
different methods of extrusion-based bioprinting are shown.
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creation of vasculature as Suntornnond et al.¹⁵ used a combina-
tion of PluronicF127 and GelMA for a bioink.

Spheroids:
Recently the use of tissue spheroids as potential bioink has 

gained more popularity as the benefit of using tissue spheroids 
is that instead of having cells attempt to proliferate through 
a hydrogel, the starting number of cells can be relatively high 
which will then cause ECM to be deposited, eventually form-
ing a 3D structure.²⁹ 

Tissue spheroids refer to three-dimensional cell aggregates 
that are in a spherical orientation. Cell aggregates refer to cells 
that have clustered together. To date, the primary usage of 
these spheroids has been in cancer research and the discovery 
of new drugs as the testing of novel drugs can be done in vitro.

Several methods are applicable in the printing of tissue 
spheroids. As always, however, certain restrictions and consid-
erations must be taken care of before printing. The two most 
important requirements concerning tissue spheroids are that 
during the extrusion process, the pressure and shear stress 
placed on the spheroids should not cause major DNA or struc-
tural damage and the ability of fusion is not compromised.¹⁹ 
The process of fusion is shown in Figure 6 and one can see that 
the fusion of the spheroids is integral to the development of a 
smooth and interconnected structure.

To use tissue spheroids as a bio-ink, one must first generate 
the spheroids themselves. Additionally, the spheroids them-
selves must be uniform as their use in organ bioprinting is 
largely dependent on their scalability. In 2011, a novel meth-
od of tissue bio fabrication was developed by Mehesz et al.³⁰ 
Some previous methods that were used were centrifugation, 
gravity-reliant hanging drops, and cultivation within a flask. 
However, all these methods have size and shape parameters 
outside of the experiment's control and thus their scalability 
is unreliable. Mehesez et al. utilized wells that were filled with 
non-adhesive hydrogels. From there, suspended cells would 
form spheroids, with their weight dragging them towards the 
rounded bottom, forming a spherical shape. To dispense the 
suspended cells a pipette system was used. Tissue spheroids 
were seen just 48 hours after being placed in the micro reces-
sions.

In the past decade, success has been found in the printing of 
tissue spheroids in 2019 Aguilar et al.²⁰ and was used to print 
mesenchymal stem cells using a Regenova printer. The target 
diameter for the printer was 500 μm. To generate the spher-
oids, Aguilar et al. used centrifugation and gravity and cultured 
each group for up to 28 days. After printing the viability of all 
cells present excluding a cell group known as trypan blue was 
higher than 85%. Additionally, it was seen that the spheroids 
cultured in an osteogenic medium expressed a higher level of 
osteogenic genes and the DNA content of all cells increased 
each day. These findings give light to the fact that the use of 
tissue spheroids as bioink can increase proliferation and cellu-
lar interactions, and generate a viable 3D structure that truly 
mimics an in vivo organ.

Micro-carriers:
Micro-carriers (MC) are support matrices that help cells 

grow in bioreactors. They are usually spherical with diame-
ters of 150-200 μm.³² Their development in bioprinting has 
stemmed from certain limitations that occur within the use of 
hydrogels in bioprinting. One problem that may occur with 
hydrogels is that no matter the in vivo cellular environment, in 
the bio-ink, the cell is placed in a hydrophilic, or water-loving 
environment and is constrained to a spherical shape.³³ A ben-
efit of using MCs is that they can be embedded in hydrogels 
and can increase the mechanical strength of the hydrogel in 
the process.³³

Decellularized Extracellular matrix components:
While biomaterials such as hydrogels and micro-carriers do 

provide the cells with a safe and durable environment, a major 
flaw that they possess is that they cannot accurately replicate 
the behavior and function of the extracellular matrix (ECM). 
This can be attributed to the fact that many hydrogels are com-
posed of a singular component of the ECM such as collagen, 
instead of the ECM in its entirety. The purpose of the ECM 
is to regulate the cell shape as well as initiate many intracellu-
lar reactions and is a vital component in cell communication. 
Additionally, the ECM contains many growth factors which 
are key to the development of functional tissue. In terms of bi-
oprinting, an environment that has a resemblance to the ECM 
is integral to fabrication as after the primary structure is print-
ed, proliferation and differentiation are needed to mimic an in 
vivo organ or tissue structure. A simple solution to this problem 
is the use of decellularized ECM as a bio-ink. For clarification, 
decellularized ECM (dECM) simply refers to ECM that has 
been isolated from its cellular environment. To create a dECM 
bioink, first, the ECM is removed from cells, and then solu-
bilized, and finally, the pH is adjusted to prevent cell damage 
due to the acidic pH of the ECM.²¹ A study conducted by 
Pati et al. found that the use of dECM bioink resulted in the 
formation of ECM within the 3D printed structure, high cell 
viability, and no stress-induced apoptosis during extrusion.²¹

Disadvantages:
While extrusion-based bioprinting remains one of, if not the 

most, accessible bioprinting methodologies it has several key 
flaws that have spurred on the development of drop-based bi-
oprinting and stereolithography. One particular disadvantage 
that occurs in extrusion-based bioprinting is the tendency for 
cells to be damaged due to shear stress, impacting the func-
tionality and viability of the cells (as low as 40% viability).³⁴ 
This occurs during the extrusion of bio-ink through a nozzle 
of a small diameter and can also occur when the bioink is being

Figure 6: The process of fusion is shown by three samples of tissue 
spheroids over 48 hours. The image is referenced from Kosheleva et al.31
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extruded by a screw-driven process.¹³ In terms of nozzle di-
ameter, a nozzle with a smaller diameter will result in greater 
accuracy but it comes at the cost of cell viability as the smaller 
diameter results in greater stress which will deform the cells 
due to the lack of space. For clarification, shear stress is when 
a force acts parallel to the area of a cross-section, unlike nor-
mal force which acts perpendicular to the area. Examples of 
shear stress include chewing food, applying the brake in a car, 
or running. While the issue of shear stress does play an impact 
on cell viability the scope of the issue has been reduced due 
to the introduction of shear-thinning bioinks such as alginate. 
Shear-thinning refers to how the viscosity of the gel decreases 
with an increase in stress, mitigating the amount of stress that 
affects the ink. This can result in higher cell viability as the 
amount of deformation within the bio-ink will decrease.

Applications 
FRESH Bioprinting:
A common problem that occurs with many bioinks in ex-

trusion-based bioprinting is that they are soft. Unlike plastics 
and metals used for 3D printing, biomaterials such as collagen, 
alginate, decellularized ECM, and many others do not have 
the durability to maintain their geometry after being extruded. 
This phenomenon often occurs when these materials are ex-
truded onto a flat support stage, such as a petri dish. However, 
researchers at Carnegie Mellon University, directed by Pro-
fessor Adam Feinberg have developed a bioprinting method 
that involves the “freeform reversible embedding of suspend-
ed hydrogels”, otherwise known as FRESH The purpose of 
FRESH is to embed the printed hydrogels within a secondary 
hydrogel material composed of gelatin microparticles. How-
ever, one key innovation within the hydrogel bath is that the 
material acts as a high viscous material when exhibiting low 
shear stress but acts as a low viscous material when exhibit-
ing high shear stress.³⁵ In layman's terms, the extrusion needle 
will encounter little resistance when penetrating the hydrogel 
and when exiting, yet when the bioink is extruded it will keep 
its current orientation as the secondary hydrogel will exhibit a 
high viscosity. After the bioink achieves crosslinking, forming 
a viable 3D structure, the support bath can then be melted in 
a non-destructive manner by raising the temperature. Hinton 
et al.³⁵ were able to successfully print a viable femur and heart; 
structures that would otherwise be impossible to print given 
the durability of these soft hydrogels. Thus, using FRESH the 
orientation of bio-inks will no longer be constrained by the 
weight or durability while still in gel form.

Creating Vasculature:
As of today, there has been a multitude of studies that have 

successfully developed perfusable vasculature. Suntornnond 
et al.¹⁵ were able to use a composition of Pluronic F127 and 
GelMA to create a hydrogel and used human umbilical vein 
endothelial cells (HUVEC) to create a vascular structure. Af-
ter printing, the cells were cultured for 7 days and achieved a 
maximum number of 600,000 cells, staying alive until day 10.

 To create their vasculature conduits Zhang et al.³⁶ used hu-
man umbilical vein smooth muscle cells (HUVSMCs) and 
alginate as the bio-ink. A coaxial extrusion system was used to 
create the conduits. The initial viability of the cells was 73±2% 

and on day 7 the cells had maximum viability of 84±1%. Addi-
tionally, the conduits also showed high perfusion with 405±11 
μl per hour. Finally, extracellular matrix development was seen 
on the printed cells, indicating that the cells are communicat-
ing and becoming more like their in vivo counterparts.

Like Zhang et al. Tabriz et al.¹⁸ also used alginate as the sup-
port material for the bio-ink with Human glioma U87-MG 
cells being the cell culture. An interesting procedure conducted 
by Tabriz and Co. was that they partially crosslinked their al-
ginate with CaCl2 and after extrusion, the cell-laden alginate 
was again crosslinked. Finally, after the second crosslinking 
BaCl2 was used to perform one final crosslinking. After print-
ing the cells had a viability of 92.9 ±+0.9% and over 11 days the 
cell viability was always above 82%. 

Another study that was able to create vascular structures was 
Jia et al.³⁷, which used a blend bioink composed of GelMa, 
alginate, and 4 arm polyethylene glycol-tetra-acrylate (PEG-
TA). Like Tabriz et al. they partially crosslinked the bioink to 
form stable constructs. The printing system used multilayered 
coaxial nozzles with HUVECs and human mesenchymal stem 
cells (MSCs) being the cell culture. After printing the bio-ink, 
the constructs were exposed to UV light to induce covalent 
crosslinking. It was found that the cell viability for UV expo-
sure times of 20 seconds and 30 seconds was above 80% after 
7 days of culture.

Extrusion-based bioprinting has great potential in the field 
of tissue engineering and regenerative medicine. This can be 
attributed to the versatility of bio-inks as well as the low cost 
of synthesis. Additionally, there is a great variety in printers 
as the website Aniwaa listed 11 bioprinters.³⁸ Out of those 
11, 6 printers could perform extrusion-based bioprinting, all 
for affordable prices. The highest-priced was the BioScaffold 
Printer BS3.2, priced at $150,000. In stark contrast the low-
est-priced bioprinter, Dr. INVIVO 4D was priced at $20,000. 
Products of extrusion-based bioprinting can be used in tissue 
transplants as well as seeing the effects of certain drugs on cells 
with zero risks to a patient's life. This could result in increased 
development of experimental drugs as well as personalized 
organ transplants, eliminating the need for donor lists. These 
studies do indicate that the development of functional vascula-
ture is plausible using extrusion-based bioprinting.

Figure 7: A visual representation of the FRESH technique can be seen. (A). 
A needle containing a hydrogel-based ink extrudes said ink into a support 
bath at a temperature of 22 degrees Celsius. Layer by layer the figure is built. 
After the figure has been oriented and cross-linked, the temperature is raised 
to 37 degrees Celsius, melting the support material, leaving only the finished 
structure. (B). An example is shown with the letters “CMU” being printed. 
This image was used from Hinton et al.35
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Droplet-Based Bioprinting:
Droplet-based bioprinting is an additive manufacturing 

technique where a cell-laden bioink is extruded out of a nozzle 
in the form of droplets. There are three overarching methods 
of droplet-based bioprinting, each with its sub-methods. These 
three methods are inkjet bioprinting, acoustic droplet ejection, 
and micro-valve bioprinting. Inkjet bioprinting has several 
sub-methods but the two most common methods are drop-
on-demand bioprinting and electrohydrodynamic bioprinting. 
Finally, drop-on-demand has three sub-methods that each in-
volve different actuators, specifically thermal and piezoelectric 
actuators, and electrostatic forces. The general process behind 
droplet-based bioprinting is very similar to extrusion-based bi-
oprinting where droplets are deposited onto a support stage. 
From there the droplets spread, fusing. Finally, a crosslinking 
agent is applied to the layer hardening it. The crosslinking 
agents can vary, consisting of a UV light, a reservoir, mist, or 
other droplets as shown in Figure 8.

Acoustic Droplet Ejection:
One major flaw that occurs within nozzle-based bioprinting 

methods is that the pressure of forcing bioink through a nozzle 
places mechanical stress on cells, causing cell death, thus reduc-
ing the overall viability of the present structure. One method 
that avoids these disadvantages is acoustic droplet ejection 
(ADE). In ADE the bioink is placed in a reservoir and acous-
tic radiation is used to apply force to the bio-ink, generating 
droplets. Then the droplet is attached to a build platform that 
is placed above the bioink reservoir. In ADE the size of the 
droplet is inversely proportional to the frequency of the signal. 
A higher signal will equate to a droplet with a smaller diameter 
and vice versa.⁴⁰ While this method does have the safety of the 
cells placed at the forefront it is still a relatively unexplored 
method, having only been used to create 2D layers and has 
rarely been used for 3D structures.⁴⁰

Micro-valve bioprinting:
Micro-valve is a bioprinting method that uses an electro-

mechanical valve to generate droplets. As seen in Figure 11, 
micro-valve bioprinting involves the use of pneumatic pres-
sure, a solenoid coil, and a valve. Pneumatic pressure is applied 
to the bioink using a gas regulator. A voltage pulse generates 
a magnetic field in a solenoid coil that opens the nozzle and 

the bioink is then deposited.⁴¹ Two unique factors controlling 
the deposition are the pressure generated by the gas regulator 
and the valve opening time.⁴¹ Unlike other inkjet-based meth-
ods, microvalve bioprinters often contain multiple printheads, 
deposit bioinks in synchronization, and print close to 1000 
droplets per second with 1-2 µm material thickness.41 Addi-
tionally, with a concentration of 1 mil cells/ml Ng and Yeong 
et al.⁴² were able to achieve cell viability higher than 95%. 
However, this result should not be taken at face value since the 
purpose of the experiment was to determine the minimal cell 
concentration needed to achieve cell viability above 95%. Rath-
er, in experiments not actively searching for high cell viability, 
it can be expected that the cell viability will be closer to 86%.⁴¹ 

Inkjet Bioprinting and its Sub-Methods:

Inkjet bioprinting uses gravity, atmospheric pressure, and the 
fluid mechanics of the bio-ink such as the viscosity to eject 
droplets.³⁹

Electrohydrodynamic Bioprinting:
Electrohydrodynamic (EHD) bioprinters function by using 

an electric field to pull the bio-ink through a nozzle and EHD 
is a subset of Inkjet Bioprinting. This benefits the cell viabili-
ty as the bioink will not experience abnormally large pressure, 
preventing cell death. As a result of using electricity, the nozzle 
diameter of nozzles used in electrohydrodynamic printing has 
to be minuscule (≤ 100 μm) and the bioinks have to be high-
ly concentrated.³⁹ The process of EHD is that exposure to an 
electric field causes mobile ions within a liquid to accumulate 
at the liquid surface. Eventually, a conical shape known as a 

Figure 8: General droplet-based bioprinting process shown with varying 
crosslinking agents. (A) Bio ink droplets deposited and fused with 
crosslinking droplets. Multiple layers are deposited (B) Layer fused with a 
UV light. (C) Crosslinking mist is applied to layers. (D) Layers are placed in 
a crosslinking solution. Image referenced from Gudapati et al.39

Figure 9: A schematic of the ADE printing process. The transducer 
(cylinder at the bottom) transmits an acoustic signal that travels upwards. 
The force generated from the sound generates a droplet that then travels 
upwards, sticking to the build platform shown at the top of the image. Image 
referenced from Guo et al.41

Figure 10: A schematic of a microvalve printhead is shown. Image 
referenced from Włodarczyk-Biegun et al.43
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Taylor cone is created and after the electric field exceeds its 
critical limit, the stress creates a droplet of bio-ink.⁴⁴

Drop-on-Demand Bioprinting and its Sub-Methods:
Unlike electrohydrodynamic bioprinting, drop-on-de-

mand bioprinting generates droplets of bioink by propelling 
the bio-ink through the nozzle. This is done by one of three 
mechanisms: piezoelectric actuators, thermal actuators, or elec-
trostatic forces. For clarification, an actuator is any component 
that enables movement within a machine. Thermal actuators 
will simply convert thermal energy into motion. Piezoelectric-
ity refers to the electricity that can accumulate within certain 
materials such as crystals, DNA, and proteins that are in re-
sponse to mechanical stress. In simpler terms piezoelectricity 
refers to electricity that is the result of pressure and latent heat. 
Thus, piezoelectric actuators take the electric energy that can 
be generated from the bioink itself and can eject the bio-ink.

Piezoelectric Bioprinting:
Like EHD bioprinting, piezoelectric bioprinting utilizes 

electricity to generate droplets. Unlike EHD, piezoelectric ac-
tuators require crystals such as quartz to conduct electricity. To 
generate an electric current, the crystal is placed between two 
metal plates and once mechanical pressure is applied, a current 
can be forced out of the crystal. In addition to this method, 
electricity can also be applied to the crystal. This deforms the 
structure of the crystal releasing energy in the form of a sound 
wave.⁴⁵ In terms of generating a droplet, once the crystal is 
deformed, the fluid chamber is deformed as well,³⁹ resulting 
in a sudden change of volume. The result is that sound waves 
provide the needed pressure for the bio-ink to overcome the 
surface tension of the nozzle, delivering a droplet.⁴⁶

Thermal Bioprinting:
Thermal bioprinting is somewhat like piezoelectric bio-

printing as both processes require actuators. However, the 
overall process for thermal bioprinting is significantly more 
simple than piezoelectric bioprinting. In short, when voltage 
is applied, the thermal actuator heats the bio-ink. The heating 
of the bioink generates a bubble and once that bubble pops, 
pressure is generated which forces out a droplet of bio-ink. A 
particular concern of thermal inkjet bioprinting is that when 
the bioink is being heated up the heat will denature proteins 
and potentially kill cells. 

Electrostatic Bioprinting:
Electrostatic bioprinters, like piezoelectric bioprinters, gen-

erate droplets by increasing the volume of the fluid chamber. 
Electrostatic forces refer to forces that can pull or push with-
out physical contact. Unlike thermal and piezoelectric printers, 
electrostatic printers can eject highly viscous ink.⁴⁷ This sepa-
rates it from other inkjet methods, which can only print low 
viscosity materials, making it a highly preferred method, given 
its high-resolution results.

Bio inks:
Due to the nature by which the bioink is deposited in drop-

let-based bioprinting the viscosity range of bioinks remains 
quite limited as the use of high viscosity bioinks can result 
in the lack of droplets. The viscosity range for droplet-based 
bioinks is 3.5-12 mPa/s.⁴⁸ Thus, droplet-based bioprinting is 
limited to low viscosity bioinks. Within this range, hydrogels 

remain a popular choice for bioinks. Specific substances include 
alginate,⁴⁹-⁵¹ fibrin,⁵² collagen,⁴⁹ and gelatin.⁴⁷ The reason that 
droplet-based bioprinting requires such low viscosity bioinks 
is that if the bioinks are in high viscosity there is the potential 
hazard of the nozzles becoming clogged.

Disadvantages:
Despite its great advantages such as method variety, non-con-

tact nature, and accessibility, droplet-based bioprinting has 
flaws that prevent it from being a perfect bioprinting meth-
od. One of the more prominent flaws is the restriction that is 
placed on the bioink variety as droplet-based bioprinting has a 
limited selection of only low viscosity bioinks, else the nozzles 
will end up clogging up. One theoretical disadvantage present 
in droplet-based bioprinting and specifically thermal bioprint-
ing is the notion that the high heat (up to 300 degrees Celsius) 
of the nozzle can denature cells, decreasing cell viability during 
the printing process.³⁴ However, Cui et al.⁵³ found this belief 
to be exaggerated. Using Chinese hamster ovary cells, the re-
ported cell viability was 89% and the temperature of the bioink 
only increased between 4 and 10 degrees Celsius. Thus, while 
the limitation of the bioinks can be limiting in the application 
of droplet-based bioprinting there are little to no more disad-
vantages besides the bio-inks, making it a very usable method.

Applications:
Despite the limitations, droplet-based bioprinting has been 

at the forefront of vasculature fabrication. Both Cui and Bo-
land et al.⁵² as well Yao et al.⁴⁹ were able to successfully generate 
vasculature using droplet-based bioprinting. Cui and Boland 
used fibrin as the bioink with human microvascular endothe-
lial cells as the cell culture. Using thermal inkjet bioprinting 
they were able to achieve cell viability of 90%. While pores did 
develop during the deposition of droplets, it was observed that 
these pores were repaired 2 hours after being deposited. Finally, 
the fabricated microvasculature remained stable and retained 
its integrity for 14 days. While also generating microvascu-
lature, Yao et al. used both different cell cultures and bioink. 
Instead of using human microvascular endothelial cells and 
fibrin Yao and Co. use HUVECs and alginate microspheres 
coated in collagen. Additionally, instead of using thermal inkjet 
bioprinting, Yao and Co. used an electrohydrodynamic printer 
to dispense the droplets. The generated vasculature was then 
inserted into mice and the synthetic vascular channels were able 
to fuse with hose vessels, undergoing vasculogenesis. These two 
studies do indicate that droplet-based bioprinting is a viable 
method for generating functional vasculature structures. Final-
ly, droplet-based bioprinting has proven itself to be an easily 
accessible method as according to Bishop et al.³⁴ droplet-based 
bioprinting has the lowest cost between itself, extrusion-based 
bioprinting, and stereolithography. Some printers that can per-
form droplet-based bioprinting are the BIO X printer and the 
3DDiscovery printer, priced at $40,000 and $200,000.

Stereolithography:
Recently, stereolithography apparatus (SLA) has been ac-

knowledged as a bioprinting technique. While extrusion and 
drop-based bioprinting rely on a nozzle to precisely dispense 
droplets of cell-laden bioink, SLA uses a light source to selec-
tively illuminate sections of a liquid bioink. The exposure to 
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the light source induces cross-linking within the vat of bioink, 
creating a 3D structure.⁵⁴

Process and Components:
When generating a structure using SLA there is a certain 

amount of variation that can occur when it comes to the struc-
tural design of the printer. The methodology used in SLA is 
that a concentrated light source will be reflected off a mirror 
into a certain section of photocurable resin, hardening it. How-
ever, the position of this light source and mirror can vary as 
they can either be placed below the resin tank or above (Figure 
11).⁵⁵ When placed above the resin tank, the light will harden 
the very top layer of the resin. From there the build platform 
lowers the completed layers as a recoater blade applies a fresh 
coat of resin to be hardened. This continues until the struc-
ture is completed. In contrast, when the light is underneath 
the vat of resin, the build platform will immerse itself into the 
resin and from there the process occurs but in reverse as the 
build platform will go up as more layers are hardened. When it 
comes to the light source used for the laser the most common 
option is to use ultraviolet (UV) light to harden the bio-ink. 
However, the use of UV light will induce cell damage.⁵⁶ To 
counter this, Wang et al.⁵⁷ were able to use visible light as the 
laser and achieved 85% cell viability for at least 5 days. 

Bio inks:
The bioinks used for SLA are generally derived from bioinks 

used for both extrusion and droplet-based bioprinting. How-
ever, to be applied in SLA these bioinks have to be modified 
with a functional group to allow for photo-crosslinking. A ben-
efit of photopolymerization is that it can control the formation 
and structure of hydrogels spatially and temporally.⁵⁶ While 
UV light is the main method of initiating photopolymerization 
it has been found that when replaced with visible light, the hy-
drogel has higher cell compatibility as well as a more uniform 
structure due to increased penetration depth.⁵⁶

To create a photo ink both Lam et al. and Thomas et al. 
combined GelMA and Hyaluronic acid, both of which can 
be used in extrusion-based bioprinting, and combined with 
Lithium phenyl-2,4,6-trimethylbenzoyl phosphinate (LAP), a 
photoinitiator, within phosphate-buffered saline.⁶⁰,⁶¹ By using 
a photoinitiator and extrusion-based bioinks, a photoink was 
synthesized. As shown by these two studies, a photoinitiator 
is vital to the creation of a photoink. The photoinitiators used 
most extensively in bioprinting can be classified as free radical 

photoinitiators. Free radical photoinitiators produce radicals 
(atom, molecule, or ion with an unpaired valence electron) 
when exposed to radiation (UV or visible light). Two subcat-
egories of free radical photoinitiators are type 1 and type 2. 
Currently, the most common option for type 1 photoinitiators 
is LAP. In contrast, type 2 photoinitiators have a plethora more 
options such as ruthenium pyridine complex, EY, and cam-
phorquinone.⁵⁶

Disadvantages:
While SLA does have many advantages such as great res-

olution and low printing time it does have some inherent 
disadvantages that prevent it from being a perfect bioprint-
ing method. The biggest drawback that SLA faces is the fact 
that it must use a UV laser to harden the bio-ink, forming a 
3D structure. The use of UV light damages the DNA of cells, 
decreasing their viability. However, this disadvantage is quick-
ly losing its significance as visible light is becoming a more 
viable option for SLA as demonstrated by Wang et al.⁵⁷ An-
other disadvantage that comes with SLA is the extremely long 
post-processing time. This stage refers to the time when cells 
are cultured after the initial structure is formed. For example, 
Grigoryan et al. had to culture the hardened cells for up to 15 
days.⁵⁴ Additionally, Thomas et al. cultured their cells for up 
to 28 days.⁶⁰ Thus it can be seen that the high resolution and 
accuracy seen in SLA can only be achieved after many days of 
post-processing. Finally, SLA is not the best method for cre-
ating multicellular structures.⁵⁶ Thus creating complex organs 
like a heart or liver using SLA is not the most efficient and 
viable method.

Applications:
While stereolithography does have its disadvantages, the re-

sults that can be achieved with SLA more than make up for the 
disadvantages. For one, SLA has a high resolution of 50 μm⁵⁶ 
with cell viability anywhere between 85% and 90%.⁶⁰ In terms 
of creating vascular structures, SLA has been able to produce 
viable structures as Thomas et al. were able to produce vascu-
lar channels using HUVEC and used a degradable photo ink 
to achieve maximum cell viability of 90% and the endothelial 
lined channels remained stable for all 28 days they were ex-
amined.⁶⁰ Stereolithography has no limitations on both bioink 
viscosity and cell density.⁴⁸ Finally, the cost for SLA is quite af-
fordable as Bishop et al.³⁴ described it as “medium”. Examples 
of stereolithography bioprinters include the NGB-R bioprint-
er and the BIO X printer, priced at $300,000 and $40,000. 
With all the benefits of stereolithography, there is no doubt 
that this method holds great potential.

Future Perspectives and Current Limitations:
Currently, bioprinting has unlimited potential and a variety 

of applications such as organ transplants, artificial meat, and 
drug testing. However, this subject is still very novel and has 
some challenges that need to be addressed. One of the chal-
lenges that currently exist, according to Zhang et. al is the 
creation of multilayered vascular networks.⁶³ Vascular struc-
tures such as veins and arteries have multiple layers of tissue 
such as the tunica adventitia and the tunica intima and given 
that each of these layers has its distinct functions yet also in-
teracts with one another bioprinting must make further advan

Figure 11: Two variations of stereolithographic printers are shown. (a) A 
printer with a laser beneath the vat. (b) A printer with a laser above the vat. 
Image (a) referenced from “All About Stereolithography 3D Printing”.58 
Image (b) referenced from All3DP et al.39
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cements to where a vascular structure can be generated with 
distinct layers that can also interact with one another. This will 
further mimic how blood vessels operate within a living or-
ganism. One issue with bioprinting that is frequently brought 
up is the lack of materials within bioink. Researchers are often 
only limited to synthetic or natural polymers, each with its ad-
vantages and disadvantages. Yet, as previously stated, this issue 
can be solved with the use of hybrid hydrogels which contain 
the structural integrity of synthetic polymers and the increased 
cell communication of natural polymers. Finally, arguably the 
biggest challenge concerning vascular structures specifically in 
printing resolution. According to Bishop et. al, the diameter of 
a capillary can be as small as 3 μm whereas the highest printing 
resolution of a bioprinter is 20 μm.³⁴ What this means is that 
if a capillary has to be enlarged by nearly 6 times its diameter 
it means that the rest of the organ must also be enlarged to 
compensate, resulting in these engineered organs being unus-
able for human operation. Thus, the priority for bioprinting 
vascular structures is to increase the printing resolution, and 
one optimal way to do this could be by combining printing 
methods, using the high resolution of stereolithography with 
the speed of extrusion-based bioprinting could greatly increase 
efficiency while still delivering a viable product.  

�   Conclusion
Bioprinting vasculature remains one of the major challeng-

es that researchers face today when creating synthetic organs. 
While the fabrication of blood vessels has been successful it 
has been seen that these synthesized vessels are unable to re-
main viable for any period longer than one month. This limits 
their use in vivo long-term as they cannot be relied upon to 
remain functional. Additionally, both veins and arteries are 
not composed of just one layer of cells. Therefore, another 
roadblock to the creation of implementable vasculature is the 

development of multicellular bioprinting, where multiple cell 
cultures can be placed in a bioink and grow both cohesively 
and independently, forming layers. This process is already in 
the works as both multi-material stereolithography and ex-
trusion-based bioprinting have been developed and tested. 
To create these vasculatures, three bioprinting methods were 
discussed: Extrusion-based, droplet-based, and stereolithog-
raphy. As shown in Table 1, while each method does have its 
drawbacks, all three methods have been able to generate vas-
culature. In terms of choosing a method for a study, there are 
multiple factors to consider such as resolution, bio-inks, and 
cell viability. For resolution and viability, stereolithography is 
by far the best method and has an affordable cost. Its lack of 
bio-ink viscosity and cell density only serves to increase its 
benefits. When on a low budget, droplet-based bioprinting 
will serve as the best method as out of the three methods it 
has the lowest cost and has high cell viability at the cost of 
limited bio-inks. While extrusion-based bioprinting is the 
most used method and its bioink variety does make it a ser-
viceable method, the lower cell viability makes it much more 
of a risk to take on. Thus, through our findings, we have found 
that stereolithography shows the most potential in the cre-
ation of functional vasculature.
�   Acknowledgments
I would like to thank my mentor Nikhith Kalkunte, a Ph.D. 

student at the University of Texas at Austin for introducing 
me to the process of academic research and teaching me about 
the core concepts of regenerative medicine.
�   References

1. Ozbolat, I. T. Scaffold-Based or Scaffold-Free Bioprinting: Compe-
ting or Complementing Approaches? J. Nanotechnol. Eng. Med. 
2015, 6 (2), 024701. https://doi.org/10.1115/1.4030414.

2. lghuwainem, A.; Alshareeda, A. T.; Alsowayan, B. Scaffold-Free 
3-D Cell Sheet Technique Bridges the Gap between 2-D Cell Cul
ture and Animal Models. Int. J. Mol. Sci. 2019, 20 (19), 4926. https: 
//doi.org/10.3390/ijms20194926.

3. Lee, J. M.; Ng, W. L.; Yeong, W. Y. Resolution and Shape in Biop-
rinting: Strategizing towards Complex Tissue and Organ Printing. 
Appl. Phys. Rev. 2019, 6 (1), 011307. https://doi.org/10.1063/1.505
3909.

4. lberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. 
Blood Vessels, and Endothelial Cells. Mol. Biol. Cell 4th Ed. 2002.

5. Classification & Structure of Blood Vessels | SEER Training https: 
//training.seer.cancer.gov/anatomy/cardiovascular/blood/ classifica
tion.html (accessed 2021 -08 -29).

6. Wang, Y.; Zhao, S. Vasculogenesis and Angiogenesis of Human 
Placenta; Morgan & Claypool Life Sciences, 2010.

7. Ucuzian, A. A.; Gassman, A. A.; East, A. T.; Greisler, H. P. Molecu-
lar Mediators of Angiogenesis. J. Burn Care Res. Off. Publ. Am. 
Burn Assoc. 2010, 31 (1), 158. https://doi.org/10.1097/BCR.0b013
e3181c7ed82.

8. Santos-Oliveira, P.; Correia, A.; Rodrigues, T.; Ribeiro-Rodrigues, 
T. M.; Matafome, P.; Rodríguez-Manzaneque, J. C.; Seiça, R.; 
Girão, H.; Travasso, R. D. M. The Force at the Tip - Modelling 
Tension and Proliferation in Sprouting Angiogenesis. PLOS 
Comput. Biol. 2015, 11 (8), e1004436. https://doi.org/10.1371/
journal.pcbi.1004436.

9. Spiegelaere, W. D.; Casteleyn, C.; Broeck, W. V. den; Plendl, J.; 
Bahramsoltani, M.; Simoens, P.; Djonov, V.; Cornillie, P. Intus
susceptive Angiogenesis: A Biologically Relevant Form of An

Table 1: A summary of the differences, advantages, and disadvantages of 
each of the three printing methods is shown.

ijhighschoolresearch.org



	 107	 DOI: 10.36838/v4i6.17

giogenesis. J. Vasc. Res. 2012, 49 (5), 390–404. https://doi.
org/10.1159/000338278.

10.Sweeney, M. D.; Ayyadurai, S.; Zlokovic, B. V. Pericytes of the 
Neurovascular Unit: Key Functions and Signaling Pathways. Nat.
Neurosci. 2016, 19 (6), 771–783. https://doi.org/10.1038nn.4288.

11.Tomasina, C.; Bodet, T.; Mota, C.; Moroni, L.; Camarero-Espino-
sa, S. Bioprinting Vasculature: Materials, Cells, and Emergent Tech
niques. Materials 2019, 12 (17), 2701. https://doi.org/10.3390/ma
12172701.

12.Ramesh, S.; Harrysson, O. L. A.; Rao, P. K.; Tamayol, A.; Cormi
er, D. R.; Zhang, Y.; Rivero, I. V. Extrusion Bioprinting: Recent 
Progress, Challenges, and Future Opportunities. Bioprinting 2021, 
21, e00116. https://doi.org/10.1016/j.bprint.2020.e00116.

13.Ning, L.; Yang, B.; Mohabatpour, F.; Betancourt, N.; Sarker, M. D.; 
Papagerakis, P.; Chen, X. Process-Induced Cell Damage: Pneumat
ic versus Screw-Driven Bioprinting. Biofabrication 2020, 12 (2), 
025011. https://doi.org/10.1088/1758-5090/ab5f53.

14.Willson, K.; Ke, D.; Kengla, C.; Atala, A.; Murphy, S. V. Extrusion
-Based Bioprinting: Current Standards and Relevancy for Human
-Sized Tissue Fabrication. In 3D Bioprinting: Principles and Pro-
tocols; Crook, J. M., Ed.; Methods in Molecular Biology; Springer
US: New York, NY, 2020; pp 65–92. https://doi.org/10.1007/978-
1-0716-0520-2_5.

15.Suntornnond, R.; Tan, E. Y. S.; An, J.; Chua, C. K. A Highly Print
able and Biocompatible Hydrogel Composite for Direct Printing of 
Soft and Perfusable Vasculature-like Structures. Sci. Rep. 2017, 7 
(1), 16902. https://doi.org/10.1038/s41598-017-17198-0.

16.Noh, I.; Kim, N.; Tran, H. N.; Lee, J.; Lee, C. 3D Printable Hyalu
ronic Acid-Based Hydrogel for Its Potential Application as a Bio
ink in Tissue Engineering. Biomater. Res. 2019, 23 (1), 3. https://
doi.org/10.1186/s40824-018-0152-8.

17.Lee, B. H.; Lum, N.; Seow, L. Y.; Lim, P. Q.; Tan, L. P. Synthesis 
and Characterization of Types A and B Gelatin Methacryloyl for 
Bioink Applications. Materials 2016, 9 (10), 797. https://doi.org/10
.3390/ma9100797.

18.Tabriz, A. G.; Hermida, M. A.; Leslie, N. R.; Shu, W. Three-Di
mensional Bioprinting of Complex Cell Laden Alginate Hydrogel
Structures. Biofabrication 2015, 7 (4), 045012. https://doi.org/10.
1088/1758-5090/7/4/045012.

19.Mironov, V.; Visconti, R. P.; Kasyanov, V.; Forgacs, G.; Drake, C. 
J.; Markwald, R. R. Organ Printing: Tissue Spheroids as Building
Blocks. Biomaterials 2009, 30 (12), 2164–2174. https://doi. org/10.
1016/j.biomaterials.2008.12.084.

20.Aguilar, I. N.; Olivos, D. J.; Brinker, A.; Alvarez, M. B.; Smith, L. 
J.; Chu, T.-M. G.; Kacena, M. A.; Wagner, D. R. Scaffold-Free 
Bioprinting of Mesenchymal Stem Cells Using the Regenova Prin 
ter: Spheroid Characterization and Osteogenic Differentiation. Bio
printing 2019, 15, e00050. https://doi.org/10.1016/j.bprint.2019.
e00050.

21.Pati, F.; Jang, J.; Ha, D.-H.; Won Kim, S.; Rhie, J.-W.; Shim, J.-H.; 
Kim, D.-H.; Cho, D.-W. Printing Three-Dimensional Tissue An
alogues with Decellularized Extracellular Matrix Bioink. Nat. 
Commun. 2014, 5 (1), 3935. https://doi.org/10.1038/ncomms4935.

22.Catoira, M. C.; Fusaro, L.; Di Francesco, D.; Ramella, M.; Boc
cafoschi, F. Overview of Natural Hydrogels for Regenerative Med
icine Applications. J. Mater. Sci. Mater. Med. 2019, 30 (10), 115. 
https://doi.org/10.1007/s10856-019-6318-7.

23.Yahia, Lh. History and Applications of Hydrogels. J. Biomed. Sci. 
2015, 04 (02). https://doi.org/10.4172/2254-609X.100013.

24.Mancha Sánchez, E.; Gómez-Blanco, J. C.; López Nieto, E.; Casa
do, J. G.; Macías-García, A.; Díaz Díez, M. A.; Carrasco-Amador, 
J. P.; Torrejón Martín, D.; Sánchez-Margallo, F. M.; Pagador, J. B. 
Hydrogels for Bioprinting: A Systematic Review of Hydrogels 

Synthesis, Bioprinting Parameters, and Bioprinted Structures 
Behavior. Front. Bioeng. Biotechnol. 2020, 8, 776. https://doi.
org/10.3389/fbioe.2020.00776.

25.Madduma-Bandarage, U. S. K.; Madihally, S. V. Synthetic Hydro
gels: Synthesis, Novel Trends, and Applications. J. Appl. Polym. Sci. 
2021, 138 (19), 50376. https://doi.org/10.1002/app.50376.

26.Palmese, L. L.; Thapa, R. K.; Sullivan, M. O.; Kiick, K. L. Hybrid 
Hydrogels for Biomedical Applications. Curr. Opin. Chem. Eng. 
2019, 24, 143–157. https://doi.org/10.1016/j.coche.2019.02.010.

27.Gyles, D. A.; Castro, L. D.; Silva, J. O. C.; Ribeiro-Costa, R. M. A. 
Review of the Designs and Prominent Biomedical Advances of Na
tural and Synthetic Hydrogel Formulations. Eur. Polym. J. 2017, 88, 
373–392. https://doi.org/10.1016/j.eurpolymj.2017.01.027.

28.Diniz, I. M. A.; Chen, C.; Xu, X.; Ansari, S.; Zadeh, H. H.; Marqu
es, M. M.; Shi, S.; Moshaverinia, A. Pluronic F-127 Hydrogel as a
Promising Scaffold for Encapsulation of Dental-Derived Mesench
ymal Stem Cells. J. Mater. Sci. Mater. Med. 2015, 26 (3), 153.https: 
//doi.org/10.1007/s10856-015-5493-4.

29.Ozbolat, I. T.; Hospodiuk, M. Current Advances and Future Per
spectives in Extrusion-Based Bioprinting. Biomaterials 2016, 76, 
321–343. https://doi.org/10.1016/j.biomaterials.2015.10.076.

30.Mehesz, A. N.; Brown, J.; Hajdu, Z.; Beaver, W.; da Silva, J.; 
Visconti, R.; Markwald, R.; Mironov, V. Scalable Robotic Biofab
rication of Tissue Spheroids. Biofabrication 2011, 3 (2), 025002. 
https://doi.org/10.1088/1758-5082/3/2/025002.

31.Kosheleva, N. V.; Efremov, Y. M.; Shavkuta, B. S.; Zurina, I. M.; 
Zhang, D.; Zhang, Y.; Minaev, N. V.; Gorkun, A. A.; Wei, S.; 
Shpichka, A. I.; Saburina, I. N.; Timashev, P. S. Cell Spheroid Fusi
on: Beyond Liquid Drops Model. Sci. Rep. 2020, 10 (1), 12614. htt
ps://doi.org/10.1038/s41598-020-69540-8.

32.Yang, J.; Guertin, P.; Jia, G.; Lv, Z.; Yang, H.; Ju, D. Large-Scale 
Microcarrier Culture of HEK293T Cells and Vero Cells in Single
-Use Bioreactors. AMB Express 2019, 9, 70. https://doi. org/10.11
86/s13568-019-0794-5.

33.Levato, R.; Visser, J.; Planell, J. A.; Engel, E.; Malda, J.; Mateos-
Timoneda, M. A. Biofabrication of Tissue Constructs by 3D Bio
printing of Cell-Laden Microcarriers. Biofabrication 2014, 6 (3), 
035020. https://doi.org/10.1088/1758-5082/6/3/035020.

34.Bishop, E. S.; Mostafa, S.; Pakvasa, M.; Luu, H. H.; Lee, M. J.; 
Wolf, J. M.; Ameer, G. A.; He, T.-C.; Reid, R. R. 3-D Bioprinting 
Technologies in Tissue Engineering and Regenerative Medicine: 
Current and Future Trends. Genes Dis. 2017, 4 (4), 185–195. 
https://doi.org/10.1016/j.gendis.2017.10.002.

35.Hinton, T. J.; Jallerat, Q.; Palchesko, R. N.; Park, J. H.; Grodzicki, 
M. S.; Shue, H.-J.; Ramadan, M. H.; Hudson, A. R.; Feinberg, A. 
W. Three-Dimensional Printing of Complex Biological Structures 
by Freeform Reversible Embedding of Suspended Hydrogels. Sci. 
Adv. 2015, 1 (9), e1500758. https://doi.org/10.1126/sciadv.1500758.

36.Zhang, Y.; Yu, Y.; Akkouch, A.; Dababneh, A.; Dolati, F.; T. 
Ozbolat, I. In Vitro Study of Directly Bioprinted Perfusable Vascu
lature Conduits. Biomater. Sci. 2015, 3 (1), 134–143. https://doi.
org/10.1039/C4BM00234B.

37.Jia, W.; Gungor-Ozkerim, P. S.; Zhang, Y. S.; Yue, K.; Zhu, K.; 
Liu, W.; Pi, Q.; Byambaa, B.; Dokmeci, M. R.; Shin, S. R.;Khadem 
hosseini, A. Direct 3D Bioprinting of Perfusable Vascular Constru
cts Using a Blend Bioink. Biomaterials 2016, 106, 58–68. https://
doi.org/10.1016/j.biomaterials.2016.07.038.

38.3D bioprinting 2021: guide and product selection https://www.
aniwaa.com/buyers-guide/3d-printers/3d-bioprinting-3d-bioprint
ers/ (accessed 2021 -08 -29).

39.Gudapati, H.; Dey, M.; Ozbolat, I. A Comprehensive Review on
Droplet-Based Bioprinting: Past, Present and Future. Biomaterials
2016, 102, 20–42. https://doi.org/10.1016/j.biomaterials.2016.06.

	 ijhighschoolresearch.org



	 108	DOI: 10.36838/v4i6.17

012.
40.Jentsch, S.; Nasehi, R.; Kuckelkorn, C.; Gundert, B.; Aveic, S.; 

Fischer, H. Multiscale 3D Bioprinting by Nozzle-Free Acoustic 
Droplet Ejection. Small Methods 2021, 5 (6), 2000971. https://doi.
org/10.1002/smtd.202000971.

41.Guo, Q.; Su, X.; Zhang, X.; Shao, M.; Yu, H.; Li, D. A Review on 
Acoustic Droplet Ejection Technology and System. Soft Matter
2021, 17 (11), 3010–3021. https://doi.org/10.1039/D0SM02193H.

42.Ng, W. L.; Lee, J. M.; Yeong, W. Y.; Naing, M. W. Microvalve-Ba
sed Bioprinting – Process, Bio-Inks and Applications. Biomater. 
Sci. 2017, 5 (4), 632–647. https://doi.org/10.1039/C6BM00861E.

43.Ng, W. L.; Yeong, W. Y. MICROVALVE BIOPRINTING OF 
CELLULAR DROPLETS WITH HIGH RESOLUTION 
AND CONSISTENCY. 7.

44.Włodarczyk-Biegun, M. K.; del Campo, A. 3D Bioprinting of 
Structural Proteins. Biomaterials 2017, 134, 180–201. https://doi.
org/10.1016/j.biomaterials.2017.04.019.

45.Electrohydrodynamic Printing (E-Jet) – Pikul Research Group.
46.How Piezoelectricity Works | EAGLE | Blog https://www.autod

esk.com/products/eagle/blog/piezoelectricity/ (accessed 2021-08- 
12).

47.Gu, Z.; Fu, J.; Lin, H.; He, Y. Development of 3D Bioprinting: 
From Printing Methods to Biomedical Applications. Asian J. 
Pharm. Sci. 2020, 15 (5), 529–557. https://doi.org/10.1016/jajps.
2019.11.003.

48.Umezu, S. Precision Printing of Gelatin Utilizing Electrostatic 
Inkjet. Jpn. J. Appl. Phys. 2014, 53 (5S3), 05HC01. https://doi.org/
10.7567/JJAP.53.05HC01.

49.Donderwinkel, I.; Hest, J. C. M. van; Cameron, N. R. Bio-Inks for 
3D Bioprinting: Recent Advances and Future Prospects. Polym. 
Chem. 2017, 8 (31), 4451–4471. https://doi.org/10.1039/
C7PY00826K.

50.Yao, R.; Alkhawtani, A. Y. F.; Chen, R.; Luan, J.; Xu, M. Rapid 
and Efficient in Vivo Angiogenesis Directed by Electro-Assisted 
Bioprinting of Alginate/Collagen Microspheres with Human Um
bilical Vein Endothelial Cell Coating Layer. Int. J. Bioprinting 
2019, 5 (2.1), 194. https://doi.org/10.18063/ijb.v5i2.1.194.

51.Xu, C.; Zhang, M.; Huang, Y.; Ogale, A.; Fu, J.; Markwald, R. R. 
Study of Droplet Formation Process during Drop-on-Demand 
Inkjetting of Living Cell-Laden Bioink. 2014, 9.

52.Xu, C.; Huang, Y.; Fu, J.; Markwald, R. R. Electric Field-Assisted 
Droplet Formation Using Piezoactuation-Based Drop-on- Dema
nd Inkjet Printing. J Micromech Microeng 2014, 10.

53.Cui, X.; Boland, T. Human Microvasculature Fabrication Using 
Thermal Inkjet Printing Technology. Biomaterials 2009, 30 (31), 
6221–6227. https://doi.org/10.1016/j.biomaterials.2009.07.056.

54.Cui, X.; Dean, D.; Ruggeri, Z. M.; Boland, T. Cell Damage Evalu 
ation of Thermal Inkjet Printed Chinese Hamster Ovary Cells. 
Biotechnol. Bioeng. 2010, 106 (6), 963–969. https://doi.org/10.10
02/bit.22762.

55.Grigoryan, B.; Sazer, D. W.; Avila, A.; Albritton, J. L.; Padhye, 
A.; Ta, A. H.; Greenfield, P. T.; Gibbons, D. L.; Miller, J. S. 
Development, Characterization, and Applications of Multi-Mate
rial Stereolithography Bioprinting. Sci. Rep. 2021, 11 (1), 3171. 
https://doi.org/10.1038/s41598-021-82102-w.

56.SLA vs DLP: The Differences – Simply Explained https://all3dp.
com/2/dlp-vs-sla-3d-printing-technologies-shootout/ (accessed 
2021 -08 -05).

57.Zheng, Z.; Eglin, D.; Alini, M.; Richards, G. R.; Qin, L.; Lai, Y. 
Visible Light-Induced 3D Bioprinting Technologies and Correspo
nding Bioink Materials for Tissue Engineering: A Review. Engine
ering 2020. https://doi.org/10.1016/j.eng.2020.05.021.

58.Wang, Z.; Abdulla, R.; Parker, B.; Samanipour, R.; Ghosh, S.; Kim, 

K. A Simple and High-Resolution Stereolithography-Based 3D Bi 
oprinting System Using Visible Light Crosslinkable Bioinks. Biofa
brication 2015, 7 (4), 045009. https://doi.org/10.1088/1758-5090/
7/4/045009.

59.All About Stereolithography 3D Printing https://www.thomasnet.
com/articles/custom-manufacturing-fabricating/stereolithography
-3d-printing (accessed 2021 -09 -12).

60.Stereolithography / SLA 3D Printing – Simply Explained https://
all3dp.com/2/stereolithography-3d-printing-simply-explained/ 
(accessed 2021 -09 -12).

61.Thomas, A.; Orellano, I.; Lam, T.; Noichl, B.; Geiger, M.-A.; Am
ler, A.-K.; Kreuder, A.-E.; Palmer, C.; Duda, G.; Lauster, R.; Kloke, 
L. Vascular Bioprinting with Enzymatically Degradable Bioinks 
via Multi-Material Projection-Based Stereolithography. Acta Biom
ater. 2020, 117, 121–132. https://doi.org/10.1016/j.actbio.2020.09.
033.

62.Lam, T.; Dehne, T.; Krüger, J. P.; Hondke, S.; Endres, M.; Thomas, 
A.; Lauster, R.; Sittinger, M.; Kloke, L. Photopolymerizable Gela
tin and Hyaluronic Acid for Stereolithographic 3D Bioprinting of 
Tissue-Engineered Cartilage. J. Biomed. Mater. Res. B Appl. Biom 
ater. 2019, 107 (8), 2649–2657. https://doi.org/10.1002/jbm.b.343
54.

63.Zhang, Y.; Kumar, P.; Lv, S.; Xiong, D.; Zhao, H.; Cai, Z.; Zhao, 
X. Recent Advances in 3D Bioprinting of Vascularized Tissues. Ma 
ter. Des. 2021, 199, 109398. https://doi.org/10.1016/j.matdes.2020.
109398.

64.Ng, W. L.; Yeong, W. Y.; Naing, M. W. Polyvinylpyrrolidone-Based 
Bio-Ink Improves Cell Viability and Homogeneity during Drop-
On-Demand Printing. Materials 2017, 10 (2), 190. https://doi.
org/10.3390/ma10020190.

�   Author
Tarun Rao is a senior at Leland High School in San Jose 

California. In college he plans to major in Biomedical En-
gineering. Some activities that he enjoys include playing the 
violin and playing tennis.  

 

ijhighschoolresearch.org




