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Abstract—Bioprinting has emerged in recent years as an
attractive method for creating 3-D tissues and organs in the
laboratory, and therefore is a promising technology in a
number of regenerative medicine applications. It has the
potential to (i) create fully functional replacements for
damaged tissues in patients, and (ii) rapidly fabricate small-
sized human-based tissue models, or organoids, for diagnos-
tics, pathology modeling, and drug development. A number
of bioprinting modalities have been explored, including
cellular inkjet printing, extrusion-based technologies, soft
lithography, and laser-induced forward transfer. Despite the
innovation of each of these technologies, successful imple-
mentation of bioprinting relies heavily on integration with
compatible biomaterials that are responsible for supporting
the cellular components during and after biofabrication, and
that are compatible with the bioprinting device requirements.
In this review, we will evaluate a variety of biomaterials, such
as curable synthetic polymers, synthetic gels, and naturally
derived hydrogels. Specifically we will describe how they are
integrated with the bioprinting technologies above to gener-
ate bioprinted constructs with practical application in med-
icine.

Keywords—Bioprinting, Biomaterials, Biocompatibility, Via-
bility, Biofabrication, Stability, Bioink, Cells, Hydrogel.

INTRODUCTION

Bioprinting has emerged as a flexible tool in regen-
erative medicine with potential in a variety of appli-
cations. Bioprinting is a relatively new field within
biotechnology that can be described as robotic additive
biofabrication that has the potential to build or pattern
viable organ-like or tissue structures in 3 dimensions.*
In general, bioprinting uses a computer-controlled 3-D
printing device to accurately deposit cells and bioma-
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terials into precise geometries with the goal being the
creation of anatomically-correct biological structures.
Generally, bioprinting devices have the ability to print
cell aggregates, cells encapsulated in hydrogels or vis-
cous fluids, or cell-seeded microcarriers—all of which
can be referred to as ‘“‘bioink”—as well as cell-free
polymers that provide mechanical structure or act as
placeholders.?'~>* Biologically-inspired, physiologically
relevant computer-assisted designs can be used to de-
sign and guide the placement of specific types of cells
and materials into precise, planned geometries that
mimic the architecture of actual tissue construction,'’
which can subsequently be matured into functional
tissue constructs or organs.”>* One of the most
important features of bioprinting devices is the capa-
bility to reliably and accurately place small volumes of
materials and cells in specific locations repeatedly,
which allows bioprinting to be implemented in a high
throughput fashion. To date, a complete fully func-
tional human-sized organ has not been printed, but it
remains the primary long-term goal of bioprinting
rescarch and development.!” However, small-scale
“organoids” are currently being implemented in a
number of applications, including pathology modeling,
drug development, and toxicology screening.

In order to create either human-sized tissues and
organs for implantation, or large quantities of bio-
printed constructs or organoids for high-throughput
screening drug development, cellularized structures
must be organized into 3-D architectures. However, it
is not a trivial task to do this while also maintaining
viability and function. Maintenance of viability and
function in large constructs has been difficult due to
the need for constant nutrient and oxygen supply.
Diffusion itself cannot supply enough nutrients and
oxygen within constructs more the a few hundred mi-
crons thick, thus necessitating the need for incorpo-
ration of complex vascular architectures or perfusion
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systems, which are difficult to fabricate at the current
level of resolution available in most bioprinting plat-
forms. To effectively provide large numbers of bio-
printed tissues, fabrication (including preparation,
actual deposition rates, and transfer into supportive
post-printing environments) needs to occur rapidly.
Failure to do so may result in deteriorating viability
and function of the resulting constructs, limiting their
effectiveness regardless of their end application. To
better facilitate implementation of bioprinting tech-
niques and application of bioprinted tissues, there are a
number of considerations that need to be understood.
In particular, the choice of biomaterials, which facili-
tates the printing process by integration with the bio-
printing devices and supplies structural and
biochemical support to the cellular components, is
especially important. This review will discuss a number
of commonly implemented biomaterial types, their
characteristics, pros and cons, and applications, as well
as how they are integrated to work with various bio-
printing technologies.

BIOPRINTING MODALITIES

A number of bioprinting approaches have been re-
cently explored, encompassing use of inkjet-like
printers, extrusion devices, laser-assisted bioprinters,
and photocuring-based devices.?” To better understand
the concept and realm of bioprinting technologies and
the biofabrication of viable tissue and organ structures
in 3-D, here we will provide some background specific
to some of the most common printing modalities cur-
rently being employed, of which conceptual illustra-
tions are depicted in Fig. 1.

Inkjet Printing

Inkjet printing, also refereed to as drop-by-drop
bioprinting, is one bioprinting approach that is being
explored for creating 3-D biological structures, which
is closely related to technologies used for cell pattern-
ing.'®”? Where basic cell patterning creates a 2-D
pattern comprised of cells on a surface, by incorpo-
rating a hydrogel or other cell-supportive biomaterial,
with inkjet bioprinting, 3-D cellularized structures can
be fabricated drop by drop.'*?® These types of bio-
printers often use cartridge-based delivery systems
mounted to XYZ plotting devices. The cartridge sys-
tems have often been similar to those used in tradi-
tional inkjet printing, in that cells and biomaterials can
be loaded into individual cartridges and subsequently
deposited under computer control. Examples of this
implementation for tissue construct engineering
include collagen-encapsulated smooth muscle cells that

were printed drop-by-drop to create muscular
patches,” and the use of alginate and fibrin gel drop-
lets for creating structures such as fibers and multi-
layered cell sheets.®* Our laboratory has recently
demonstrated that this approach to bioprinting is also
effective for in situ skin printing to accelerate wound
healing.”® To successfully accomplish 3-D fabrication,
the drop-by-drop approach relies on being able to
quickly polymerize or stabilize the printed material in
place, so that subsequent droplets can be added to the
growing structure. Gelation rates of the printed
materials are a direct product of the various cross-
linking chemistries innate to materials used, and are
essential for inkjet printing to function correctly. This
requirement for a fast-gelling material unfortunately
places a limitation on the types of materials that can be
applied in this manner, and as the printable droplets
are typically small volumes, scaling up to fabricate
large tissue structures can be difficult. On the other
hand, small droplet print volumes support high-reso-
lution printing of intricate structures, like many of the
tissue architectures present in the body.

Extrusion Bioprinting

Extrusion-based deposition, generally from syringe-
like pieces of equipment housed on XYZ-mobile car-
riages, is an additional approach for 3-D bioprinting
that primarily relies on the mechanical and temporal
properties of the polymer materials being printed. In
this modality, the properties of the printed polymer or
hydrogel facilitate extrusion through a syringe tip,
commonly driven by pneumatic pressure or mechani-
cal pistons controlled by the computer. The reliance on
the material properties for printing, means that the
material must be soft or nearly fluid-like enough to
facilitate extrusion through the small diameter tip or
nozzle, but must also support itself mechanically after
deposition. The rheological properties of the material
can be tailored in such a manner that the materials
have a high enough elastic modulus, or the solid
component of its mechanical properties, such that
extrusions maintain their shape. Simultaneously, the
material may maintain a sufficient loss modulus, or the
fluid-like component, such that extrusion is possi-
ble.”®”® Regardless, this method of printing very much
relies on the mechanical properties of the bioink. One
common approach is to employ melt-curable polymers
such as polycaprolactone, which when heated can be
deformed and printed at relatively high resolutions,
but can cool down to a solid material. These materials
can be used to build rather large and intricate struc-
tures, capable of mimicking physiological structures.
However, melt-cure printing cannot be done with cells
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FIGURE 1. Common printing modalities for bioprinting applications. (a) Inkjet droplet printing; (b) extrusion printing; (c) stere-

olithography; and (d) laser-induced forward transfer (LIFT)-based printing. (b-i) A syringe-based extrusion printer; (b-ii) Extruded
cell-hydrogel tubes that (b-iii) mature over time into cellularized ECM-containing tubes.

at this time. Cells must be seeded at a later time, or
other cell-supportive materials can be incorporated,
such as hydrogels, where the cells are encapsulated in
the printing process. Printing with hydrogels via
extrusion techniques can be difficult when working
with materials that rely on time for gelation to occur.
Mistiming the deposition process can result in either a
structure that collapses because crosslinks have not
formed quickly enough, or conversely, clogging of the
bioprinting device due as a result of polymerization
that was too fast. However, numerous studies have
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implemented novel crosslinking chemistries, photopo-
lymerization techniques, and methods to facilitate
spatial and temporal control over material properties
that can contain encapsulated cells for printing 3-D
structures.*®7%7

Another approach to extrusion-based printing is
what has been coined by some as “‘scaffold-free’ bio-
printing, which is based on the principles of tissue
liquidity and tissue fusion of multi-cellular compo-
nents.®® In this approach, aggregates, rods, or tissue
fragments comprised primarily of cells that are bound
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to one another are printed in geometric patterns or
shaped and allowed to fuse over time to form larger
constructs.>® Multiple layers of aggregates or rods can
be printed, and after fusing together during a post-
print maturation period, singular 3-D structures
remain. In this work, an approach was used to build
branched vascular structures,> and more recently
nerve grafts.® Despite the name, it should be noted
that this type of bioprinting often does rely on bio-
materials. In most cases, the cell aggregates or cell rods
are either printed into a cell-free biopolymer substrate
or additively stacked using space-holding biomaterials
to preserve the appropriate structures during the tissue
fusion and maturation processes. These space-holders
are generally removed when the construct is sufficiently
fused and possesses sufficient mechanical properties to
exist without the supporting spaceholders. The
strength of this method lies within its high cell density,
which allows for rapid fusion between discretely prin-
ted pieces. This method has been explored extensively
and is the basis for the current commercial entity Or-
ganovo, one of the first bioprinting-based companies.
Additionally, our laboratory previously explored a
hydrogel-based approach that mimicked this tech-
nique, by printing hydrogel and cell-hydrogel rods that
fused over time to create tubular constructs in vitro,>°
and Bertassoni et al. used this approach to print
HepG?2 liver cells within methacrylated gelatin rods.’

Stereolithography and Projection Patterning

Stereolithography is a long-used solid freeform
fabrication technique that employs a reservoir con-
taining photocurable polymer solution or resin, a laser
with X=Y control, and a stage or fabrication platform
with vertical control. Fabrication occurs at the resin
surface and the stages lowers incrementally, allowing
layers to be polymerized on top of each other, thus
creating 3-D structures in a bottom-up fassion. There
also exists a top-down stereolithography approach,
which is less common, but is employed for some
applications. Resolution can be modulated by the fo-
cus of the laser and the energy of the laser, and has the
capacity for very high resolution. Traditionally stere-
olithography has been used to create cell-free scaffolds,
but with the development of polymers and proteins
with bioactive and cell-adherent properties that can be
photopolymerized on demand, the potential for stere-
olithography to be used for tissue engineering has
dramatically increased. Some examples of biomaterials
that are compatible with this technique are methacry-
lated or acrylated materials such as gelatin-methacry-
late, hyaluronic acid-methacrylate, polyethylene glycol
diacrylate (PEGDA), and polyethylene glycol dimeth-
acrylate (PEGDMA).”**8! Recent developments have

also led to projection stereolithography that uses visi-
ble light as a curing source for cell-laden materials,
thus minimizing potential for cell damage from UV
light sources and lasers.*’ These techniques have also
been multiplexed using digital mirror device, which
allows UV light to be applied to polymer solutions as
projections of millions of individual points or pixels at
once. This facilitates curing of entire layers of the 3-D
at one time, greatly increasing fabrication speed.®® This
approach was recently employed to fabricate PEGDA-
based liver architecture-inspired micro-devices con-
taining nanoparticles that collect pore-forming toxin
molecules for detoxification.

Laser-Induced Forward Transfer (LIFT)

Laser-induced forward transfer (LIFT)-based bio-
printing is a method that has recently been adopted
from other fields of manufacturing by researchers
pursuing bioprinting®® LIFT technology was initially
developed for high resolution patterning of metals for
use in commercial manufacturing areas such as com-
puter chip fabrication. More recently it has been em-
ployed to create micropatterned peptide, DNA, and
cell arrays. LIFT technology is comprised of a laser
beam that is pulsed at desired time durations and a
donor “ribbon” comprised of the printable material.
The ribbon is supported on a transport layer such as
gold or titanium that absorbs the laser energy and
transfers it to the ribbon. When the laser pulse is
transferred to the ribbon, the focused energy generates
an incredibly small, high-pressure bubble that induces
propulsion of a droplet of the donor material onto a
collecting substrate. By moving the substrate stage or
the laser in relation to the ribbon, the material can be
patterned on the collecting substrate.'>!>'® In the case
of LIFT-based bioprinting, the ribbon may be com-
prised of a biopolymer or protein, and can contain cells
within. In this scenario, the laser pulse-driven ribbon
droplets containing cells are deposited in a pattern on
the substrate to create cellular structures and patterns.
As with inkjet printing, this approach can be per-
formed in multiple layers, resulting in 3-D structures.
The lack of a nozzle in LIFT is a departure from other
printing modalities, and does away with clogging is-
sues. This results in increased flexibility in the printing
materials, as long as they can be sufficiently transferred
by the energy supplied by the laser. Studies have shown
little to no negative effects on cell viability*>”*>** and
the ability to print nearly a single cell per droplet,”
positioning LIFT as a bioprinted modality with much
potential in the future. However, there are also some
challenges. The high resolution and subsequently small
printing volume per laser pulse requires fast gelation
kinetics of the printable material and a fast moving
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stage for fabrication. In current LIFT methods, prep-
aration times of the ribbon, especially when containing
cells and thus cell-supportive biomaterials, can be time
consuming. Furthermore, to create structures of size,
multiple ribbons are often employed, requiring
reloading during the printing process.

BIOMATERIALS AS “BIOINKS”

The term biomaterials comprises a vast range of
materials that is constantly evolving. Biomaterials
range from cell supportive soft hydrogels, to stiff metal
or ceramic implants; from nanoparticles and quantum
dots for drug delivery and imaging, to complex func-
tioning medical devices such as left ventricular assist
devices and artificial hearts. As research in materials
chemistry and biological sciences continues to expand,
so will the number classifications of biomaterial
types.**** In the context of bioprinting and biofabri-
cation, biomaterials generally are limited to 2 primary
categories. The first category is that of curable poly-
mers that result in mechanically robust and durable
materials that provide structure and scaffolding to
printed constructs. Many such materials typically re-
quire high temperatures or toxic solvents to facilitate
printing, and therefore are not appropriate for printing
together with cells. Because of this, cells are usually
seeded onto the scaffolds created from these materials
after fabrication, thus avoiding conditions harmful to
the cells. The second category of biomaterials is that of
soft biomaterials such as hydrogels, generally with a
high water content, inside of which cells are capable of
residing. These can be comprised of synthetic or nat-
ural polymers, and do not possess the same levels of
mechanical properties as curable support polymers.
The inherent characteristics of these different printing
materials, including mechanical properties, melting
points, and available chemistries for crosslinking and
functionalization make up the factors responsible for
successful bioprinting.

One of the major problems that the field of bio-
printing currently faces is the lack of biomaterials that
are designed specifically for use in bioprinting. Much
work has focused on adapting more traditional mate-
rials to bioprinting processes and hardware, instead of
using bioprinting parameters as blueprints from which
new materials are developed. In this section, we pro-
vide an overview of some of the traditional materials
used in bioprinting and variations of these materials
that have been developed with bioprinting in mind
(Table 1). Importantly, some of the biomaterial cus-
tomization approaches described below represent
potential strategies for achieving versatile materials to
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support successful of bioprinting of viable and func-
tional living structures.

Melt-Cure Polymers

Three-dimensional bioprinting technology origi-
nally stems from earlier applications requiring fabri-
cation of intricate 3-D structures comprised of
thermoplastics and metals that employ melting and
curing fabrication techniques. Often, techniques asso-
ciated with these kinds of materials involve high tem-
peratures, toxic organic solvents or crosslinking
agents, rendering them incompatible with living cells
and biological materials such as growth factors and
proteins that aid in achieving cellular function. How-
ever, due to the robust mechanical properties associ-
ated with such materials when fully cured, they have
been implemented extensively in the realm of bio-
printing as the structural scaffolding components of
biological constructs, often printed prior to addition of
biological components.

Polycaprolactone (PCL) is an example of a synthetic
polymer material that is commonly employed in bio-
printing as a scaffolding component. PCL is a polyester
based material that due to its ability to be biodegraded
by the body over time and its relatively low melting
temperature of 60 °C is commonly used as a structural
printing component. PCL is well established for long-
term implantable devices and constructs, but other
than non-specific binding of cells to hydrophobic PCL
material, it lacks any natural peptide sequence motifs
that provide specific binding sites for cells, a key factor
that influences tissue integration. Due to this limita-
tion, PCL is often combined with other functionalized
materials or naturally derived materials such as the
hydrogels that do contain these binding motifs to
create more complex hybrid structures. This integra-
tive bioprinting approach, which concurrently prints
high resolution PCL, which cools quickly, and
hydrogels based on gelatin, hyaluronic acid, or fibrin is
currently being implemented in our laboratory to cre-
ate numerous types of tissue constructs and organs of
various sizes.®"*¢ Other melt-curable polymers such as
polystyrene-based materials and resins such as epoxy
can be using in printing applications, however the high
temperatures associated with reaching a flowing melt
state that can be extruded and toxic curing agents has
limited their use in biomedical applications to pri-
marily structural components.

Cell-Supportive Hydrogels

Here we focus specifically on the category of
biomaterials consisting of hydrogels and their imple-
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FIGURE 2. Two-dimensional vs. three-dimensional environments. (a) In traditional cell culture environments, cells sit on a non-
permeable, artificial surface, and experience gravity in a manner unlike that in the body. (b) A representation of a cell niche within a
tissue in the body. Cells are suspended in 3-D by multiple contacts with the surrounding extracellular matrix, decreasing the role of
stress by gravity. (c) A representation of a hydrogel network that acts as a simplified version of the extracellular matrix. The
balance between accurate recapitulation of in vivo conditions and need for simplicity and efficiency for bioprinting is important in

scaling up tissue engineered construct fabrication.

mentation in regenerative medicine applications such
as cell therapy and tissue engineering. To be considered
cell-supportive, these hydrogels must not induce tox-
icity in cells during and should provide cell-binding
motifs to allow for cell adherence, be they innate to the
base materials or through chemical modification steps.
Hydrogels are comprised of polymer or peptide chains,
which can be synthetically synthesized or derived from
natural sources, which are crosslinked to form a
macromolecular network. Normally, the polymers
within are hydrophilic in nature, and as such the
polymer chain network swells with water, hence the
name ‘“‘hydrogel”. With the exception of the stiffest
tissue types such as bone and teeth, hydrogels can
recapitulate a range of elastic modulus (E’) values
through manipulation of chemistry, crosslinking den-
sity, and polymer concentration, thus mimicking the
elastic moduli of most the soft tissues in the body.
Processing techniques to generate crosslinking reac-
tions can be designed to be non-cytotoxic, allowing 3-
D encapsulation of cells within the hydrogel polymer
networks at time of gelation. This is becoming
exceedingly important as there is an increasing move-
ment from 2- to 3-D tissue culture in tissue engineering
and regenerative medicine research and application.®
In particular, within bioprinting applications, nearly
all fabricated constructs are 3-D in nature. Indeed, as
early as 2004 at the First International Workshop on
Bioprinting and Biopatterning, it was determined that
printing of living tissues and organs requires a 3-D
approach.”” Hydrogels that support encapsulation
procedures are significantly more efficient for 3-D uses
than rigid scaffold seeding approaches of the past. It is
important to note that in general, 3-D applications in
tissue engineering provide cellular environments more
like those in the body compared to traditional 2-D
models. Conceptual illustrations of the 2-D vs. 3-D
environments, and the ability of hydrogels to better
mimic 3-D in vivo niches are described in Fig. 2.
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Hydrogel biomaterials fall into one of two major
categories: synthetic hydrogels, which employ poly-
mers that are synthesized in the laboratory, or natu-
rally derived hydrogels, which employ polymers, often
polysaccharides, but can also be comprised of peptides
or proteins, purified from natural sources and are often
further manipulated in the laboratory. Common
examples of synthetic hydrogels include polyethylene
glycol (PEG)-based materials, such as PEG diacrylate
(PEGDA), as well as polyacrylamide (PAAm)-based
gels. Examples of naturally derived materials that are
commonly used in the laboratory include collagen,
hyaluronic acid, alginate, and fibrin. Typically, with
synthetic materials, one can have more control over
molecular weights and molecular weight distributions,
as well as crosslinking densities, allowing for precise
control of specific mechanical properties such as elastic
modulus E’. On the other hand, the polymers em-
ployed within naturally derived hydrogels may be more
difficult to manipulate into specific ranges of physical
properties, but often have an innate bioactivity
through naturally occurring peptide sequences or
conformational motifs that cells can interact with,
aiding with cell and tissue integration and biocom-
patibility. Below, we will discuss the use of some
common synthetic hydrogels, but primarily focus on
naturally derived hydrogel biomaterials, as they are
more efficient at mimicking the biological nature of the
native ECM environment.

Synthetic Polymer Hydrogels

A variety of synthetic materials have been imple-
mented as hydrogels for applications in regenerative
medicine. Synthetic polymers are advantageous for one
primary reason—as indicated above, they allow for
precise control over their chemical and physical prop-
erties. Researchers can maintain precise chemical
control over molecular weight, functional groups, and
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hydrophobicity/hydrophilicity at a monomer level. As
a result, crosslinking rates and mechanical properties
can be precisely controlled. Polyethylene glycol (PEG)
and polyacrylamide are examples of commonly used
synthetic polymers in biomedical applications. PEG,
which is perhaps most common, has long been used as
medical device coatings to control host immune
responses or appended to drug constructs to reduce
degradation in vivo. It can also be manipulated to form
a variety of hydrogels for cell culture and stem cell
differentiation. PEG is often chemically modified with
acrylate groups to create a photopolymerizable poly-
ethylene glycol diacrylate (PEGDA) in which cells can
quickly be encapsulated. The same features that allow
such precise control over the chemical and mechanical
properties also translate into an inherent drawback.
Since synthetic polymer chains typically do not contain
natural attachment sites that can interact with cells, all
biological activity must be artificially preprogrammed
into the material. PEG requires chemical immobiliza-
tion of cell adhesion motifs in order to support cell
adherence. Alternatively, many hydrogels derived from
natural polymers and peptides retain some, if not all,
of their original biological activity.

Collagen

Collagen is arguably the most commonly employed
natural material for cell and tissue culture applications,
since it is the most abundant component of the ECM
in most tissues.>' Isolation and purification processes
are well established, particularly for collagen type I, so
using collagen materials to create surface coatings and
gels as cell culture environments has become a com-
monplace practice industry-wide. Inherent in the
structure of collagen fibers are important arginine-
glycine-aspartic acid (RGD) amino acid sequences,
which form the motifs that allow cells to adhere and
proliferate via integrin-RGD binding. In normal tissue
and ECM, collagen is one of many components, and as
such hybrid materials consisting of collagen and other
ECM components are being explored. Collagen
matrices are indeed useful and have yielded numerous
important biological advances, but matrices comprised
of 100% collagen may not be entirely optimal. The
lack of other common ECM components such as
elastin, glycosaminoglycans (GAGs), fibrinogen, and
laminin, may result in biological signaling that can
induce undesirable cellular changes, perhaps through
higher than normal integrin binding-mediated signal-
ing. Furthermore, collagen fibers and gels primarily
contain hydrophobic peptide motifs. As such, when
used as implants or cell delivery agents, collagen gels
can exclude water and contract, potentially resulting in
decreased function, decreased diffusion of nutrients

and gases, and cell death. Despite this limitation, col-
lagen is still used extensively in tissue culture. However
its future application might be improved with devel-
opment of new hybrid biomaterials consisting of
combinations of collagen and other ECM components
with superior properties.

Hyaluronic Acid

Hyaluronic acid (HA), or hyaluronan, is a hydro-
philic non-sulfated GAG consisting of repeating
disaccharide units that is present in tissues as a major
component of the ECM and has shown great potential
in regenerative medicine applications.>** Unmodified
HA has been used in the clinical for several decades, in
applications such as alleviation therapy for damaged
joints and arthritis.>*”> However, by employing
chemical modification of HA, its usability has been
extended significantly, resulting in a robust biomaterial
that can be crosslinked into a hydrogel or loaded with
other bioactive factors.”

HA hydrogels are commonly formed by modifica-
tion with photocrosslinkable methacrylate groups ap-
pended to the HA chains that can undergo free radical
polymerization when exposed to ultraviolet (UV) light.
These result in soft hydrogels, referred to here as MA-
HA hydrogels. Photocrosslinkable MA-HA hydrogels
have been used in many applications, from cutaneous
and corneal wound healing®® to prototype vessel
structure bioprinting.”” Thiol-modification of HA
yields a material by which hydrogels can be formed
through Michael-type addition crosslinking with
PEGDA crosslinkers. Like the MA-HA variety of HA,
thiol-modified HA, particularly a thiolated carboxy-
methyl HA (CMHA-S), has also been employed in a
number of applications in regenerative medicine,
including wound healing,*' tumor modeling,*® and
bioprinting of cellularized structures.”® Limitations of
HA as a biomaterial for bioprinting encountered by
our laboratory were that HA has typically been used to
form very soft hydrogels that are not structurally ro-
bust, and the crosslinking methods employed did not
facilitate effective extrusion bioprinting. As described
above, this can be a limitation in terms of scalability.
To address these problems, we investigated various
crosslinking techniques using HA-based hydrogels.
First, we discovered that gold nanoparticles (AuNPs)
could serve as thiophilic crosslinking agents when
paired with thiolated HA and gelatin solutions. The
gold-thiol interactions resulted in a hydrogel that gel-
led slowly, increasing in elastic modulus over the
course of 96 h. This slow reaction produced a large
window during which the material was extrudable for
bioprinting (at about 24 h of crosslinking). We printed
cellularized tubular structures that after layer-by-layer
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deposition, fused in culture during the next several
days. After 4 weeks in culture the constructs had
become opaque with proliferating cells and cell-se-
creted ECM as they remodeled the construct. This
crosslinking strategy was also reversible, allowing us to
use cell-free AuNP gels as structural supports and
space holders that could be washed away by inter-
rupting the gold-thiol bonds, resulting a flexible system
for building constructs.”® We also explored the use of
photocrosslinkable methacrylated HA and gelatin for
continuous bioprinting deposition. This crosslinking
strategy allowed an initial partial gelation step which
left the gel in a soft and extrudable, but structurally
sound state during which cellularized tubular con-
structs were fabricated. After layer-by-layer deposi-
tion, the individual segments were fused and stiffened
with a secondary photocrosslinking step. Like the
previous example, these constructs were remodeled as
the cells proliferated and deposited ECM.” More re-
cently we have been further exploring HA hydrogels
mixed with tissue-specific growth factors and ECM
components’’ and multiple crosslinking chemistries to
created flexible bioinks for bioprinting tissue organoids
of varying structural stiffness.

Gelatin

Gelatin is a mixture of peptide sequences derived
from collagen that has undergone partial hydrolysis.
Unlike native collagen, this degraded product can be
dissolved in pH neutral aqueous solutions, while still
maintaining the ability to form simple gels when
solutions are brought to low temperatures through
hydrophobic crosslinking. However, because the melt
temperature of gelatin gels typically lies between 30
and 35 °C, this form of gelatin is limited to applica-
tions that are below physiological temperatures. Due
to this limitation, gelatin often requires additional
chemical modification, alternative crosslinking tech-
niques, or combination with other proteins or poly-
mers for implementation in living systems.

Gelatin—fibrinogen crosslinked with glutaraldehyde
have been used in in vitro studies together with dermal
fibroblasts to develop dermal matrices to be used in
wound repair. These matrices showed characteristics
such as collagen production, cellular infiltration, and
eventual biodegradation, all of which are important in
wound healing treatments.'® Other in vitro studies
explored electrospun gelatin-PCL nanofibers as scaf-
folds for human dermal fibroblasts, keratinocytes, and
mesenchymal stem cells. These scaffolds and gelatin-
only nano-spun scaffolds were then implemented
in vivo, resulting in accelerated wound closure and
epithelialization compared to gauze treatments.”
Gelatin has been combined with its precursor, colla-
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gen, to form a hybrid sponge from which loaded bFGF
could be released sustainably. In a pressure-induced
diabetic ulcer mouse model, these bFGF-loaded scaf-
folds achieved accelerated dermis-like tissue formation,
wound closure, and new blood vessel formation in
comparison to control scaffolds loaded with saline.*’
Gelatin-based materials have also been used for cell
delivery to wounds. In one study, gelatin-polyethylene
glycol matrices were used to encapsulate MSCs
through thiol-ene crosslinking and applied to full
thickness wounds in rats. This combinatorial treatment
decreased the overall immune response, reducing im-
mune cell infiltration and foreign giant cell formation,
while accelerating wound closure, re-epithelialization,
and neovascularization.?’” For use in bioprinting, gel-
atin has been employed in several ways, including the
use of the temperature sensitivity characteristic of
gelatin to facilitate extrusion, and by covalent addition
of functional groups to induce additional crosslinking
approaches. ™!

Alginate

Alginate is a naturally occurring polysaccharide that
is derived from algae or seaweed. It has been widely
used in regenerative medicine applications due to the
ease at which it can form a hydrogel through an almost
instantaneous sodium—calcium ion exchange reaction.
This has made alginate the material of choice for
microencapsulation of cells, in which easily available
and inexpensive sodium alginate, which is unmodified,
is quickly rearranged into calcium alginate hydrogel
microspheres, held together through ionic interac-
tions.”> These constructs have been extensively used
for creating hydrogel capsules containing trapped liver
cells or pancreatic islets.®® However, without chemical
modification, alginate, like PEG, is mostly inert, and
its use for cell and tissue culture is limited without
incorporating cell-adherent motifs. Additionally, the
reagents commonly used for creating -cell-laden
hydrogel microspheres, such as CaCl,, the crosslinking
reagent, as well as sodium citrate and ethylenediami-
netetraacetic acid (EDTA), commonly used chelators,
can have a detrimental effect on cell viability during
the encapsulation process.'* However, due to the ease
with which alginate gels can be formed, it remains a
popular and effective choice as a material in applica-
tions requiring cell encapsulation. If handled correctly,
this same crosslinking mechanism can be employed for
bioprinting purposes.®

Fibrin

Another natural-sourced material for generating
hydrogels is fibrin, which has been implemented for
culture of various tissues types. Fibrin is comprised of
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FIGURE 3. Representations of curing/physical crosslinking, UV photopolymerization crosslinking, and multi-part chemical
crosslinking. Graphics are represented as extrusion printing-based devices, but are generally translatable to other bioprinting

techniques.

fibrinogen monomers that are joined by thrombin-
mediated cleavage crosslinking. In the body, it has an
important role in blood clotting, wound healing and
tumor growth. In a concentrated glue-like form, it has
been used clinically as a hemostatic agent and sealant
in surgery. More recently, less concentrated fibrin gels
have been used as a scaffold for regenerative medicine
due to its quick crosslinking rates and robust
mechanical properties.' In the context of bioprinting,
our laboratory has used a fibrin-collagen blend to
bioprint hydrogels containing stem cells to accelerate
skin regeneration.”® In this work, full thickness
wounds were created surgically in nu/nu mice. In situ
printing of fibrin-collagen gels with amniotic fluid-
derived stem cells induced increased wound closure
rates as well as increased vascularization of the
regenerating tissue.

THE ROLE OF BIOMATERIALS
IN BIOPRINTING INTEGRATION

With the tissue construct building blocks cho-
sen—cells, biomaterials, biochemical signals—for the
given target tissue construct to be fabricated, an
appropriate device is necessary for the physical fabri-
cation steps. Depending on the type of device or
printing modality, as discussed above, specific con-
cerns arise based on deposition methodology and are
often also biomaterial-specific, as printing and fabri-
cation depends on the crosslinking or curing kinetics of
the material and the native or chemically or environ-
mentally-induced material properties of the material.
Some of these general types of curing and crosslinking

approaches are described in Fig. 3. In the end, the
biomaterial needs to have (1) the appropriate
mechanical properties to allow deposition (be it
extrusion through a nozzle as a gel or an inket as a
droplet), (2) the ability to hold its shape as a compo-
nent of a 3-D structure after deposition, (3) the capa-
bility for user control of the 2 prior characteristics, and
(4) a cell friendly and supportive environment at all
phases of the bioprinting procedure. In general,
manipulations of external pressure, shear stress, tem-
perature or the chemical nature of the materials allows
achievement of these requirements (Fig. 4).

Pressure and Shear Stress Influence and Control

The physical driving force behind most bioprinting
modalities is pneumatic pressure or mechanical force
(an exception is stereolithography). Both of these
driving forces result in pressure being translated to the
material being extruded. In the case of melt-curable
polymers, the pressure required to perform efficient
extrusion can be quite high. The interplay between
nozzle size and driving pressure determines the shear
stress that the material experiences. Importantly, when
cells are being printed within biocompatible hydrogels,
they also experience these forces, which can signifi-
cantly impact cell viability. For example, in one study,
the effects of dispensing pressures on cell viability and
death were evaluated. This work demonstrated that
when tissue constructs were printed at 40 psi viability
decreased by nearly 40% in comparison to tissue
constructs printed at 5 psi, due to differences in shear
stress.®® Similarly, shear stress placed on cells as they
move through the printing device—for example,
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(a) Integration with hardware platforms for successful bioprinting requires control parameters such as pressure, shear

stress, temperature, and chemistries that change the material mechanical properties, thereby facilitating material deposition. (b)
Maintenance of hospitable environmental conditions during material preparation, construct biofabrication, and post-printing
maintenance and maturation periods are each significant factors in bioprinting viable and functional constructs.

against the walls of a syringe or syringe needle tip—can
impact cells as well. The same study described above
found that shear stress as an effect of nozzle size had
less of an effect on viability than overall pressure did.®
However, shear stress is related to both the shear rate
experienced when cells and surrounding material move
through the bioprinter as well as the material viscos-
ity.'!! Therefore, one must weigh the value of fast
printing vs. maintenance of cell viability.

Fortunately, materials can be designed to employ
applied pressure or shear stress as a control parameter
that facilitates bioprinting. In general, such materials
are characterized as thixotropic, or in some cases shear
thinning, and exist in a semi-gelled state in the absence
of external forces. Upon applying mechanical force,
the bonds maintaining the gel structure fail. The
material elastic modulus then decreases, and the
material effectively transitions to a viscous fluid. This
phenomenon is incredibly useful for applications

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

employing extrusion through nozzles or syringes. In
one such example, a gel comprised of polypeptide
DNA was used to direct write various 3-D structures.*
To date, this material has not been combined with cells
for true bioprinting, but holds great potential none-
theless. A number of other thixotropic hydrogels have
been developed, but have yet to be employed for 3-D
printing. Rather, these materials have been investi-
gated as delivery vehicles of drugs or cells for in situ
injection.*-67-88

Temperature Influence and Control

Temperature can come into play during bioprinting
in several ways. First and foremost, as described
above, some biomaterials require elevated tempera-
tures in order to be printed. These conditions are
almost always incompatible with printing methodol-
ogies in which cells are to be printed also. Because of
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this, when cells are printed within materials such as
hydrogels, care should be taken to maintain physio-
logical temperature for the duration of the printing.
Alternatively, if temperatures must change, the mag-
nitude and duration of temperature changes should
be minimized. Indeed, in our experience, we observed
that if we bioprinted primary hepatocytes at ambient
room temperature during a 30-60 min protocol, via-
bility was not as high as we had hoped. By incor-
porating environmental controls into the bioprinter
and maintaining the bioprinter stage and cell-bioink
reservoirs at 37 °C, we were able to significantly im-
prove cell viability within the bioprinted tissue con-
structs and increase the functional output of the
constructs.

Temperature can be used as a control parameter
for facilitating the bioprinting process by employing
temperature-sensitive or thermo-reversible materials.
Temperature-sensitive polymers have been used
extensively for preparation of cell sheets, but less so
in the context of bioprinting.”' However, some poly-
mers and proteins possess innate properties allowing
rapid transitions from liquid to solid states, and vice
versa, positioning them as promising bioinks. These
materials can be printed as a liquid or viscous fluid
under one temperature onto a stage or into an envi-
ronment of a different temperature that causes a sol—
gel transition, allowing for smooth extrusion and
fabrication of 3-D structures. For example, an algi-
nate-gelatin blend was printed as a fluid using a he-
ated syringe device onto a cold stage, which initiates
hydrophobic crosslinking of the gelatin component.
After deposition and formation of 3-D structures, the
alginate component could be more permanently
crosslinked by introduction of calcium chloride. This
approach was used to bioprint MSC and hydro-
Xyapatite-containing constructs and may be a prom-
ising technique for biofabrication of bone
constructs.® A similar approach using a N-isopro-
pylamid and poly oxyethylene solution was used to
build intricate structures by deposition through a
cooled nozzle onto a warm stage. Notably, the same
nozzle could be used to reverse the sol-gel transition,
thus removing portions of printed structure, creating
voids.>> By this multi-step method, one can envision
the ability to create customized complex 3-D organ
structures complete with spaces that could be used as
vasculature or other ductile structures. The ability to
create such voids has also been accomplished by
bioprinting thermo-reversible polymers as sacrificial
structures. For example, poloxamer 407 solutions
exist as a fluid at 4 °C and a gel above 20 °C. This
material was printed within agarose and later washed
out to form channels within the 3-D agarose struc-
ture.®

Chemical Reaction-Based Control

In addition to using the driving pressure and tem-
perature sensitivity of biomaterials for integration with
bioprinting devices, often the chemistries employed for
crosslinking are chosen in order to specifically tailor
the biomaterials to the bioprinting process. These
chemistries are broad and include not only covalent
crosslinking techniques, but also chemically or pH in-
duced crosslinking by ionic and physical mechanisms.
Importantly, examples of chemical customization of
materials exist for various printing modalities. For
example, pH-sensitive polyurcthane (PU) solutions
were formulated that are in a fluid state and can be
printed by inkjet devices, but polymerize upon depo-
sition into a basic PU environment, allowing fabrica-
tion of high precision 3-D scaffolds and preventing
inkjet clogging.”® Our laboratory has focused on
developing hydrogel bioinks using thiolated HA and
thiolated gelatin as base materials. In its native form,
the mixture of these materials is crosslinked with
PEGDA, and require 15-30 min to polymerize, which
is unsuitable for the fast deposition and crosslinking
speeds required in applications such as 3-D bioprint-
ing. To overcome that limitation, we have explored
several variations of the gel using different crosslinking
approaches. We developed a 4-arm PEG-based cross-
linker comprised of a symmetrical and compact core
from which 4 functionalized PEG chains extend. Use
of this crosslinker in place of linear PEG crosslinkers
resulted in a stiffer hydrogel, allowing stacking of ex-
truded rods in increased aspect ratios into a tubular
structure.®” We implemented methacrylate-based pho-
topolymerization to employ a 2-step photocrosslinking
protocol allowing extrusion through a syringe or
printing head, and subsequent increases in elastic
modulus to print stable cellular tube structures.”” We
also exploited the thiophilic nature of gold nanopar-
ticles as crosslinkers to make slow-forming gels. This
property allowed extrusion of partially-gelled materials
into 3-D orientations that would later fuse together
into single seamless structures.’® Recently, we observed
that by adding the Irgacure 2959 photoinitiator to a
solution comprised of the aforementioned base mate-
rials (thiolated HA, thiolated gelatin, and PEGDA),
we could use UV irradiation to achieve near instanta-
neous photopolymerization through thiol-ene chemis-
try. This hydrogel was tested against a panel of other
commonly used materials in characteristics such as
gelation times, ease of use, biocompatibility, and
immunogenicity, demonstrating that it was suitable for
use in bioprinting devices,** and subsequently we have
implemented it in both 3-D organoid biofabrication as
well as in situ bioprinting for wound healing (unpub-
lished). Methacrylated gelatin, polymerized by UV
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light, has been used in several bioprinting applications,
including direct write printing and as a bulk material in
which perfusion channels were patterned.”® New
chemistries and novel combinations of common
chemistries will continue to provide alternatives that
can improve bioprinting technology in the future. For
example, in our laboratory, we are currently combin-
ing multiple discrete crosslinking chemistries to allow
control over mechanical properties for effective
extrusion, and additional crosslinking to tailor the
printed construct elastic modulus to that of the target
tissue type being generated.

Cell Support and Construct Maturation

During time period in which the printing process
occurs, the cells that will be printed are often encap-
sulated in a material or are suspended in hydrogel
precursors that will be crosslinked during or after
deposition. During this time, it is important that the
potential requirement of nutrients and oxygen that a
cell may need is considered. The sensitivity of the cells
to stresses and the duration of the printing procedure
are the determining factors here. For example, if the
printing procedure is short and the cell component is
comprised of robust cells lines, cell viability may not be
impacted by the printing. However, if the print time
(including preparation) is long, and the cells in ques-
tion are fragile and sensitive primary cells, then with-
out supplying an extra nutritional component to the
procedure, viability may decrease severely. For exam-
ple, our laboratory has employed the HepG2 hepa-
toma cell line, which has been used extensively as a
liver cell surrogate, in proof-of-concept bioprinting
experiments. These cells are quite hardy, and remain
viable through bioprinting protocols that last several
hours. Conversely, primary human hepatocytes are
much more sensitive to their environment, and as such
are more difficult to maintain viable during bioprinting
protocols. We aim to reduce preparation and bipo-
rinting times to under an hour. In recent work under
these latter conditions we have also observed that by
incorporating both tissue derived growth factors, as
described above, and cell culture media into the bio-
printable materials, we can significantly improve via-
bility of primary cells within bioprinted constructs.

After biofabrication is finalized and a structure
containing viable cells is complete, there often remains
significant work to be done to ensure that the tissue or
organ construct is not only viable for an extended
period of time, but also is able to function as intended.
In this post-fabrication stage, the cells and tissue must
be maintained in such a manner that the cells are able
to form the appropriate connections with one another
for communication, mobilize if necessary, have the
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opportunity to reorganize or secrete their own matrix
components, and in some cases can be conditioned
physically so that they can function as they would in
the body.

Provided that cells are in an appropriate environ-
ment, they possess the ability to use the surrounding
matrix to move around and interact with one another.
Over time cells reach equilibrium states between cell—
matrix adhesions, such as integrins, and cell—cell
adhesions, such as tight junctions and adherens junc-
tions. This equilibrium state is variable depending both
on the cell type or types, as well as the matrix. For
example, in many cases epithelial lineages require cell—
cell adhesions, expressing increased ZO-1 or occludin
(tight junction markers) and increased E-cadherin and
Ep-CAM, in order to form leak-free layers.*** Con-
versely, cells of mesenchymal phenotypes may have an
increased expression level of cell-matrix adhesions vs.
cell—cell adhesions, resulting in a more mobile-capably
phenotype.”* These preferential interactions between
like cells or between certain types of lineages supports
the ability of cell populations to spontaneously reor-
ganize within a 3-D environment, a property known as
tissue liquidity.*®*” This spontaneous self-organization
happens during development in vivo, but has been
recapitulated in numerous in vitro applications. For
example, cell spheroids can be placed into geometric
architectures, which over time fuse together into
seamless structures. This has been performed to make
rings, tubes, and branches of vasculature.”® In a
more complex example, when a cell spheroid com-
prised of mixed smooth muscle and endothelial cell
spheroids is bioprinted into a hydrogel together, the
cells naturally self-organize into a new architecture in
which endothelial cells form a lumen-like structure
inside a smooth muscle-based layer. If multiple unilu-
minal spheroids are then placed adjacently, they can
fuse together, and reorganize into one larger multi-
layered luminal spheroid.”® By manipulating the host
biomaterial environment composition, self-organiza-
tion can be controlled. Migration of cells in 3-D can be
expedited or minimized depending on the ratios of
matrix components such as collagens and glycosami-
noglycans.”® This external manipulation can also be
used to spatially organize uniluminal spheroid and
harness their fusion to create tubular structures, rather
than fusion into one larger spheroid.”®

Cells also have the ability to reorganize their sur-
rounding matrix. In particular, cells of mesenchymal
phenotype, such as fibroblasts, can break up or modify
the matrix material used in the biofabrication stages,
and secrete their own matrix materials during the
maturation process. This will often provide increased
strength to the construct. In fact, we observed this
behavior in several studies. Using different bioprinting
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techniques we fabricated tubular vessel-like prototype
tissue constructs using hydrogels and either 3T3
fibroblasts or HEPG2 cells. In both studies, the bio-
printed constructs were maintained in culture for sev-
eral weeks after which the constructs had transitioned
from translucent to completely opaque; an effect of
both cell growth and cell secretion of additional
extracellular matrix proteins. This secretion activity
was verified by Masson’s trichrome staining, revealing
presence of collagen in the bioprinted constructs.
Furthermore, immunostaining for cytoplasmic pro-
collagen indicated that the cells were actively produc-
ing the internal precursor to collagen fibers.”®"
Supplying a supportive environment that allows the
cellular components of biofabricated constructs to
freely reorganize themselves and their environment is
ultimately important for long-term development of
mature functional tissues.

The phenomena involved in maturation that were
discussed above can sometimes be accelerated using
techniques such as mechanical conditioning. Periodic
stretching, pulsing, or compression of a tissue con-
struct that mimics the physical forces its corresponding
tissue or organ experiences in vivo can increase strength
and flexibility, as well as increase matrix reorganiza-
tion and maturation of the construct.”> This concept
has been explored extensively with biofabricated blood
vessels and skeletal muscle constructs, typically
employing perfusion bioreactors and tensile condi-
tioning bioreactors.”> While mechanical properties can
be modulated through the biomaterial composition,**
often additional conditioning is required. It is well
documented that pulsatile flow through blood vessel
constructs increases production of collagen within the
construct walls. This increases the stiffness of the tis-
sue,”®”! which in turn increases the pressure of flow
that the construct can withstand. In the case of skeletal
muscle, material manipulation such as fiber alignment
can induce muscle cell organization, but to achieve a
functional contracting tissue, cyclic mechanical pre-
conditioning is often required. Applying unidirectional
tensile loading to muscle constructs aids in achieving
cellular alignment, muscle fiber formation, and
increases the force which the constructs can generate
during contraction.'” These improvements in function
due to preconditioning are crucial for applications
where fabricated constructs are implanted in vivo and
are expected to integrate with surrounding tissue and
function appropriately.*” Other examples exist beyond
vascular and muscular structures, and for those con-
structs, the appropriate type of bioreactor (perfusion,
tensile, compression, rotating, air—liquid interface, efc.)
must be chosen based on the particular mechanical
forces that correspond to the type of tissue being ma-
tured.

CONCLUSION

As viability, function, as well as safety concerns are
demonstrated to be sufficient from a regulatory
standpoint, demand for bioprinted tissue constructs as
viable options for transplants in patients and screening
tools for drug candidates will likely increase. To meet
this eventual demand, not only will the supply of tis-
sue-engineered constructs need to be expanded, but so
will the capabilities to maintain and mature the con-
structs, both of which can be aided by implementation
of optimal biomaterials. Biomaterials play an integral
role in many variations of bioprinting technology, as in
some applications, biomaterials act as the “glue”, fig-
uratively and literally, that connect the fabrication
approaches and the biological cellular components.
Currently, few biomaterials exist that both integrate
seamlessly with bioprinting hardware and are opti-
mally compatible with living cells. Instead, a large fo-
cus of biomaterial work for bioprinting applications
has been the adaptation of traditional materials to
printing procedures. Instead, for bioprinting to
become the source from which tissue engineered pro-
ducts are fabricated on a bulk scale, there will need to
be an increased focus on developing novel biomaterials
specifically for use in bioprinting and other biofabri-
cation techniques. Biomaterial development and
implementation will have a substantial impact on the
practical realization of successful applications of viable
and functional tissue engineered constructs and entire
organ structures, in both clinical and research settings.
If successful, this set of tools, which together comprises
bioprinting, can be used to create living structures and
customized environments that have the potential to
change the way medicine is practiced.
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