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RESUMO

Bioimpressao 3D é um método de manufatura aditiva para engenharia de scaffolds usados
como modelos para adesao celular, crescimento celular e subsequente formacao de tecidos.
Nesse método, as “tintas” utilizadas para impressao sao biomateriais que podem ser
formulados e impressos com a adi¢ao de células antes ou ao final do processo. Um dos
biomateriais mais utilizados para biotintas é o hidrogel devido a sua alta composi¢ao
de agua, biocompatibilidade e as suas propriedades adaptaveis que facilitam o processo
de bioimpressao 3D e fornecem ambientes extracelulares favoraveis para varias func¢oes
celulares. A bioimpressao 3D pode ser dividida em técnicas baseadas em extrusao, jato
de tinta ou impressao assistida a laser, cada uma com requerimentos especificos de
propriedades reolégicas para que o processo seja feito de maneira satisfatéria. Um dos
maiores desafios na bioimpressao 3D ¢ sua otimizacao, que depende da complexidade da
estrutura 3D, das propriedades dos materiais e do desenvolvimento da biotinta para a
“janela de bioimpressao”. Este trabalho pretende revisar o estado da arte das classificagoes
e materiais componentes de hidrogéis, a fisica envolvida em técnicas de bioimpressao e as

propriedades que afetam printabilidade e viabilidade celular.

Palavras-chave: Bioimpressao 3D. Biotintas. Hidrogéis. Biomateriais.



ABSTRACT

3D bioprinting is an addictive manufacture method for 3D scaffold engineering used as a
3D template for cell attachment, growth and subsequent tissue formation. In this method,
the “inks” used for printing are made from biomaterials that can be formulated and printed
with cells added before or after the process. One of the most used biomaterials for bioinks
is hydrogel due to its high water composition, biocompatibility and tailorable properties
that facilitate the 3D bioprinting process and provide favorable extracellular environment
for cell functions. The 3D bioprinting techniques are divided into extrusion, inkjet
and laser-assisted printing, each requiring specific rheologic properties for a satisfactory
printing process. One of the biggest challenges in 3D bioprinting is its optimization, which
depends on 3D structural complexity, materials’ properties and bioink development for
the “bioprinting window”. This work aims to review the state of the art of hydrogels” most
common classifications and materials, the physics of each bioprinting technique and the

properties affecting printability and cell viability.

Key-words: 3D Bioprinting. Bioinks. Hydrogels. Biomaterials.
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1 INTRODUCTION

LANGER and VACANTI (1993) have described Tissue Engineering as “an inter-
disciplinary field that applies the principles of engineering and life sciences toward the
development of biological substitutes that restore, maintain, or improve tissue function
or a whole organ”. (LANGER; VACANTI, 1993) Tissue Engineering and Restorative
Medicine aim to study the complete restoration of damaged or degenerated tissues and
organs. This multidisciplinary field has been perfecting countless methods for tissue re-
placement and implementation strategies with a focus on tissue and organ development for
transplants. Among biomaterials development, stem cell separation, growth factors, and
cellular differentiation, one of the biggest challenges in TE is 3D bioprinting’s optimization,
which depends on 3D structural complexity and materials’ mechanical stability. (ZAVAN
et al., 2009)

Two main approaches are utilized to produce tissue. The first uses scaffolding as
a cell support device, which serves as a temporary extracellular matrix (ECM) until the
deposited cells produce the matrix and, finally, neo-tissue replaces the scaffold. (JIN;
DIJKSTRA, 2010) The second approach uses the scaffold as a growth factor/drug delivery
device, combining scaffold and growth factors to recruit cells from the body to the scaffold
site and form tissue throughout the matrices. (HOWARD et al., 2008)

Both approaches require the use of a porous, bioresorbable scaffold serving as a 3D
template for cell attachment and subsequent tissue formation, both in vitro and in vivo.
According to Hutmacher et al.: “a scaffold should have the following characteristics: (i) be
highly porous with an interconnected pore network for cell growth and flow transport of
nutrients and metabolic waste; (ii) be biocompatible and bioresorbable with controllable
degradation and resorption rates to match tissue replacement; (iii) have suitable surface
chemistry for cell attachment, proliferation, and differentiation; and (iv) have mechanical
properties to match those of the tissues at the site of implantation”. (HUTMACHER et
al., 2001)

The engineering of 3D scaffolds involves addictive manufacture called 3D bioprinting,
which has different printing methods. In this method, the “inks” used are biomaterial inks
and bioinks. According to Groll et al., biomaterial inks are defined as “(bio-)materials
that can be printed and subsequently seeded with cells after printing, but not directly
formulated with cells” and bioinks are defined as “a formulation of cells suitable for
processing by an automated biofabrication technology that may also contain biologically
active components and biomaterials”. (GROLL et al., 2019)

To be competent as a bioink, a biomaterial should act as a cell-laden medium /matrix
during the formulation and printing. Bioinks for 3D bioprinting may contain hydrogels,

hydrogel precursors, decellularized matrices, separate cells, cell microcarriers, cell/tissue



spheroids, mini/tissues, organoids, or bioactive molecules. Hydrogels are considered the
most outstanding class of biomaterials for bioinks due to their tailorable properties that
facilitate the 3D bioprinting process and provide a favorable extracellular environment for

various cell functions. (LI et al., 2020)

This work aims to review the state of the art of hydrogels most common clas-
sifications and materials, the physics of each bioprinting technique and the properties
affecting printability and cell viability. For this objective, the research focused on articles
published from 2010 to 2020 using sources such as Google Scholar, Mendeley, SciElo and

ScienceDirect.



2 HYDROGELS

The term hydrogel refers to crosslinked, three-dimensional polymer networks
insoluble in water according to their crosslinking method. (ZAVAN et al., 2009) Hydrogels
are composed of tridimensional polymer networks with significant quantities of water
in their composition. Consequently, they are soft materials, flexible and humid with a
large range of applications. Their high water composition makes them compatible with
live tissues and their viscoelastic properties minimize possible damages to surrounding
tissues during implantation. Additionally, hydrogels’” mechanical properties are similar
to soft tissues’, rendering them ideal for TE. These new bioactive materials are capable
of interacting with original tissues, assisting and facilitating the healing process, and

imitating organs’ functional and morphological characteristics.

Among materials used for applications in Tissue Engineering, the good biocom-
patibility, low interfacial tension and the ability to retain large quantities of water have
guaranteed increasing attention to hydrogels and their properties. (ZAVAN et al., 2009)
Hydrogels have been used as tissue-engineering scaffolds because they can provide a soft
tissue-like environment for cell growth and allow diffusion of nutrients and cellular waste
through the elastic network. The advantages over other types of polymeric scaffolds
are easy control of structural parameters (swelling ratio, volume, molecular weight, and
network mesh size), high water content, and adjustable scaffold architecture. The control
of the hydrogel network structure allows the proper design and characterization of the
degradation of scaffolds, diffusion of bioactive molecules, and migration of cells through

the network.

In order to define the network structure of hydrogels, four swelling parameters have
been used: the swelling ratio (Q), including the mass swelling ratio (equation 2.1) and
the volume swelling ratio (equation 2.2); the polymer volume fraction in the swollen state
(equation 2.3); the average molecular weight between crosslinks (equation 2.4); and the

network mesh size (equation 2.5).

(Wy = Wp)
Qm = W, (2.1)
Vs
Q= = (Qm +1) p2/ ;1 (2.2)
Y% 44
U275 = ‘/g = Qv (23)
M, = Mo (2.4)
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e= (1) = Qi () (2.5)

Where W, is the swollen gel weight in the equilibrium state, W), is the polymer
weight, V), is the polymer volume, V; is the equilibrium swollen gel volume, p; is the
solvent density, ps is the polymer density, M, is the polymer molecular weight, X is the
degree of crosslinking and (rg)l/ ? is the root-mean-square end-to-end distance of network
chains between two adjacent crosslinks in the equilibrium state. The swelling ratio (Q)
and the polymer volume fraction in swollen state (v5.s) can be measured from swelling
experiments, while the average molecular weight between crosslinks (M,.) and the network
mesh size (§) can be calculated by rubber elasticity theories or equilibrium swelling. (ZHU;
MARCHANT, 2011)

2.1 Classification

2.1.1 Preparation method:

Hydrogels can be classified by their polymeric composition. The preparation
techniques can lead to different formations such as homopolymeric, copolymeric and
multipolymeric hydrogels. Homopolymeric hydrogels are referred to polymer networks
derived from a single species of monomer. Copolymeric hydrogels are derived from more
than one type of monomer, and multipolymeric hydrogels are derived from more than
one type of polymer. Another classification is known as interpenetrating polymer (IPN),
which consists in a second polymer network polymerized around and within a first polymer
network with no covalent linkage between the two networks. (GARG et al., 2016; PALEOS,
2012)

2.1.2 Formation and structure maintenance:

The polymer chains of a hydrogel are interconnected (crosslinked). It plays a
major role in modifying the properties of polymer hydrogels in terms of absorption and
mechanical properties. The amount of crosslinking agent influences the crosslinking degree,
absorption capacity, swelling properties, elastic modulus etc. (KUO; MA, 2001; MAITRA;
SHUKLA, 2014; PALEOS, 2012) Crosslinking affects: i) elasticity, in which the increase
of crosslinks decreases the polymer stretching, also decreasing elasticity; ii) viscosity,
in which the increase of crosslinks restricts polymer chain flow and decreases viscosity;
iii) insolubility. The stronger the bonds in crosslinks, the more insoluble the polymer.
Crosslinked materials cannot dissolve in solvents, but can absorb solvents, becoming gels.

There are two types of crosslinking: physical crosslinking and chemical crosslinking.
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2.1.2.1 Physical crosslinking:

Physically crosslinked hydrogels, or reversible gels, are popular due to their relative
ease of production and the advantage of not using crosslinking agents during synthesis,
which affects toxicity and cell viability. Due to difficulties in decoupling variables such as
gelation time, pore size and degradation time, the design flexibility of physically crosslinked
hydrogels is restricted. Despite not being permanent in nature, physical crosslinks are
sufficient to prevent gel dissolution. There are various methods used in order to obtain
physical crosslinks in hydrogels, such as freeze-thawing methods, stereocomplex formation,
ionic interactions, H-bonding and maturation. (HASSAN; PEPPAS, 2000; SLAUGHTER
et al., 2009; TSUJI et al., 1991; ZHANG et al., 2016a; ZHAO et al., 2009)

2.1.2.2 Chemical crosslinking:

Chemically crosslinked hydrogels, or permanent hydrogels, are known for being
formed relatively fast, being stable and having covalent bonds between different polymer
chains. They cannot be dissolved in any solvents unless their covalent crosslink points
are cleaved. Chemical crosslinking results in relatively high mechanical strength and
extended degradation times. Some chemical crosslinking agents can be toxic to cells,
impacting cell viability. There are various methods used in order to obtain chemical
crosslinks in hydrogels, such as chemical crosslinking, grafting, radical polymerization,
enzymatic reactions and high-energy radiation. (ATHAWALE; LELE, 1998; HENNINK;
VAN NOSTRUM, 2002; SLAUGHTER et al., 2009; SPERINDE; GRIFFITH, 1997; ZHAO
et al., 2003)

2.1.3 Environmental response:

Hydrogels with environmental response are called “smart materials” and are classi-

fied according to their sensitivity to temperature, pH, electric, etc.

2.1.3.1 Thermo-sensitivity:

Thermo-sensitive hydrogels are defined by their ability to swell and shrink according

to temperature changes in the surrounding fluid. It can be classified in three categories.

Negative temperature hydrogels behave following a parameter called low critical
solution temperature (LCST). At temperatures lower than LCST, the fluid interacts with
the hydrogel’s hydrophilic part forming hydrogen bonds, which improves dissolution and
swelling. As the temperature increases above LCST, the hydrophobic part will have
stronger interactions while hydrogen bonds will become weaker, causing shrinking and
discharge of the previously absorbed fluid. (QIU; PARK, 2001)



12

Positive temperature hydrogels behave following a parameter called upper critical
solution temperature (UCST). At temperatures lower than UCST, the hydrogel shrinks and
dehydrates due to the formation of complex structure by hydrogen bonds. At temperatures
above UCST, the hydrogen bonds break and the hydrogel suffers swelling. (PEPPAS et
al., 2000)

Thermo-reversible hydrogels have the same structure and contents as negative
and positive temperature hydrogels. The polymer chains, however, are not covalently
crosslinked, and the gel undergoes sol-gel phase transitions instead of swelling-shrinking
transitions. (QIU; PARK, 2001)

2.1.3.2 pH-sensitivity:

pH-sensitive hydrogels respond to pH changes of the surrounding medium, ex-
hibiting swelling or shrinking according to it. The behavior occurs due to changes in the
hydrophobic-hydrophilic nature of chains or due to hydrogen bonds. Anionic hydrogels
undergo swelling when the pKa is higher than the surrounding pH, while cationic hydrogels
undergo swelling when the pKb is higher than the surrounding pH. (LAFTAH et al., 2011;
PEPPAS et al., 2000)



13
3 MATERIALS

In order to enable cells to both get necessary nutrients for growth and metabolic
activity during tissue regeneration, the bioinks used in 3D bioprinting processes must
show important properties and characteristics, such as printability, mechanical properties,
controlled biodegradability, non-toxicity to cells and mechanical properties. (HOSPODIUK
et al., 2017)

Hydrogel materials employed for 3D cell culture can be divided into promoting and
permissive materials. Promoting materials indicate that they present natural binding sites
cells can interact with, generating signaling cascades which in turn promotes cell migration,
differentiation and remodeling of the gel matrix through the secretion of proteases and

enzymes. Permissive materials indicate that their properties allow for basic cell functions,
but do not provide cues to direct cellular interactions. (SALINAS; ANSETH, 2009)

Naturally occurring hydrogel precursors are considered promoting materials since
they allow for complex cell-matrix interactions that are also common for native cell tissues
and, so, do not require further functionalization. As the focus in the design of artificial
ECM hydrogels change towards highly customized cell matrices, fully natural materials
cannot provide selective behavior since material stiffness, cell-matrix interactions and
degradability are often coupled and cannot be individually studied or tuned. (MARKLEIN;
BURDICK, 2010)

Synthetic polymers are considered permissive materials since they usually do not
present natural binding sites for cell to probe their extracellular surroundings. It is
necessary to incorporate integrin ligands in the matrix for cell adhesion and spreading.
(HERN; HUBBELL, 1998) In the absence of such ligands, some cells can excrete their own
ECM to provide adhesion sites, otherwise spreading becomes restricted and eventually
lead to cell death. (FRISCH; FRANCIS, 1994; KOLLMER et al., 2012)

The comparison between polymers obtained as biomaterials from natural resources
or synthetic materials has been the focus of various researches. While natural materials
present advantages related to the biomimicking of ECM composition and structure such
as biocompatibility and biodegradation, synthetic materials provide advantageous prop-
erties such as controllability of mechanical stability, photo-crosslinking ability, pH and
temperature responses, as well as the controllability of molecular weight, degradability and
structures, which directly determine gel formation, crosslinking density and mechanical
properties. (GOPINATHAN; NOH, 2018)
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3.1 Natural Materials

3.1.1 Alginate:

Alginate is a type of anionic polysaccharide mostly present in brown algae. It is
composed of a linear chain with two possible present blocks: G-blocks ((1-4) -guluronate
units) and M-blocks (-D-mannuronate units) with alternate segments of M-G blocks. The
existence of these blocks and their ratio on the main chain varies from each source and
influence the hydrogel’s resulting properties. (MCHUGH, 1987)

Only the G-blocks are believed to participate in intermolecular crosslinking with
divalent cations to form hydrogels. The M/G ratio, sequence, G-block length and molecular
weight are critical factors affecting physical properties of alginate and its resultant hydrogels.
The mechanical properties are typically enhanced by increasing the G-block length and
molecular weight. However, an alginate solution formed from high molecular weight
polymer becomes greatly viscous, which is often undesirable. Cells mixed with an alginate

solution of high viscosity risk damage form the high shear forces generated during mixing
and processing. (LEE; MOONEY, 2012)

Alginate hydrogels have shape-memory capability, biocompatibility, ability of degra-
dation, nun-immunological effects, improved porosity and mechanical strength. (JANG et
al., 2014) The rheological properties of alginate allow a shear-thinning behavior, reducing
viscosity under shear stress. This characteristic is favorable for extrusion printing and cell
survivability during the process. (WANG et al., 1994)

3.1.2  Agarose:

It is a marine polysaccharide obtained from seaweed. It is highly used in the
biomedical field due to its gelation properties, biocompatibility and rheological proper-
ties. (JAKUS et al., 2016) The gelling mechanism of agarose resides in the formation
of intermolecular hydrogen-bonds upon cooling, resulting in the aggregation of double
helices. Though the gelation, mechanical and biocompatibility properties of agarose are
commendable, its ability to support cell growth is limited. (FEDOROVICH et al., 2008)

Its viscoelastic properties strongly depend on the de-sulfation degree and the local
strength of the network is sensitive to the length of the molecules. Depending on its
molar mass and solution concentration, agarose can form physical gels with tunable elastic
moduli ranging from 1kPa to a few thousand kPa, in the stiffness range of natural tissues.
(NORMAND et al., 2000)

In general, its viscous nature does not allow inkjet bioprinting as it can easily clog
the nozzle. It is, however, a promising candidate for laser-based bioprinting due to its
viscoelastic nature and gelation mechanism. It has been deposited using LIFT processes,
fully maintaining high cell viability. (KOCH et al., 2010)
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3.1.3 Collagen:

Collagen is a triple helical biocompatible protein obtained from natural sources
which has been extensively used in bioprinting. It is the main component of ECM and
one of the major components of connective tissues, occupying about 25% of the protein
mass in most mammals. Its conservation cross-species allows for minimal immunological
reactions and thus excellent biocompatible properties. Its matrix facilitates cell adhesion
and enhances cell attachment and growth due to abundant integrin-binding domains.
(FERREIRA et al., 2012)

Despite its uses in bioprinting, collagen has its limitations due to its liquid state
at low temperatures and fibrous structures formed with increased temperature or pH.
Complete collagen gelation can take up to 30 minutes at 37 °C, which marks a slow
gelation rate and makes bioprinting of 3D constructs difficult. Due to its slow gelation,
cells deposited in collagen are not homogeneously distributed, since gravity pulls down
the cells before gelation. (SMITH et al., 2004)

Low mechanical properties and slow gelation issues make it necessary for the
addition of different polymers in various proportions. For example, cartilage tissue

engineering often use a combination of collagen and alginate. (YANG et al., 2018)

Collagen has been utilized alone as bioink in extrusion-based bioprinting. (SMITH
et al., 2004) Droplet-based bioprinting also has an advantageous use in collagen; however,
it needs to be deposited before the crosslinking onset. (DEITCH et al., 2008) Due to its
fibrous structure, the collagen use in inkjet bioprinting is highly limited, with micro-valve
bioprinting being preferred. (SKARDAL et al., 2012)

3.1.4 Hyaluronic acid:

It is one of the major extracellular matrix (ECM) components in a variety of tissues
such as central nervous system, cartilage, synovial and vitreous fluids and connective,
epithelial and cardiovascular tissues. It is involved in several biological functions, such as
regulation of cell adhesion, cell motility, cell differentiation and proliferation, and providing
mechanical properties to tissues. HA is also responsible for providing the viscoelasticity of
some fluids. (KHANSARI et al., 2017)

As a naturally occurring polymer, HA is biocompatible, biodegradable non-adhesive,
non-thrombogenic and non-immunogenic, presenting unique viscoelasticity resulting from
entanglement and self-association of random coils in solution. It can self-associate and also
bind to water molecules, giving it a stiff, viscous quality similar to gelatin. (CAMCI-UNAL
et al., 2013; HEMSHEKHAR et al., 2016)

Like other natural polymers, HA has low mechanical properties and slow gelation

behavior when compared to synthetic hydrogels. HA is also highly soluble at room
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temperature and has a high rate of elimination and turnover depending on its molecular
weight and body location, which could be a barrier for HA scaffold fabrication and
structural integrity. (FAKHARI; BERKLAND, 2013; GOPINATHAN; NOH, 2018)

In order to increase rheological properties of HA, crosslinking methods have been
introduced for tissue engineering applications. Crosslinking extends HA degradation
process in vivo and provides long-term stability, with Photocrosslinked hydrogels used for
cartilage tissue engineering. Chemical crosslinking has been used to combine desirable
biological and mechanical properties for bone tissue engineering, presenting difficulties such
as potential toxicity due to certain crosslinking agents. (ALLISON; GRANDE-ALLEN,
2006; WEBER et al., 2019)

3.1.5 Fibrin:

Fibrin is a naturally occurring protein-based material which has been used as a
sealant and adhesive in surgery, playing a significant role in injure healing, modifications and
fabrications of skin graft, cardiovascular treatments and cartilage engineering. (AHMED
et al., 2008; SKARDAL et al., 2012) It can be produced from the patient’s own blood,
which reduces the potential risk of a foreign body reaction. (JOCKENHOEVEL et al.,
2001)

In comparison to most commonly used scaffolds, fibrin gel combines important
advantages, such as nonimmunogenicity, excellent biocompatibility properties, soft elastic-
ity, self-assembly features under physiological conditions by the activation of fibrinogen,
and naturally present cell binding sites. (DES RIEUX et al., 2009; GOPINATHAN;
NOH, 2018; JANMEY et al., 2009; RAJANGAM; AN, 2013) The fibrin fiber is one of the
most extensible of filamentous biopolymers, resisting stretching more than five times its
resting length without breakage, with even elongational strains greater than 100% being
recoverable when the stress is released. The high degree of deformation tolerated by the
fibrin is in part due to very loose monomers packing and high water content, making
for softness and large compliance essential for its efficiency as a matrix for cells such as
neurons. (JANMEY et al., 2009)

The fibrin hydrogel as a potential scaffold has three major disadvantages: i) gel
shrinkage during the formation of flat sheets; ii) low mechanical stiffness; and iii) fast
degradability before the proper formation of engineered tissues and structures. (JOCKEN-
HOEVEL et al., 2001; MOL et al., 2005; ZHAO et al., 2013)

The first disadvantage can be prevented by incorporating a fixing agent. (JOCK-
ENHOEVEL et al., 2001) Mechanical stability can be improved with numerous strategies:
i) combining fibrin with other scaffold materials to obtain constructs with the desired
mechanical strength (GALLER et al., 2011; MOFFAT et al., 2009; RAHEJA et al., 2011;

WANG et al., 2011), ii) optimizing pH and the concentrations of fibrinogen and calcium
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ion (EYRICH et al., 2007), and iii) using fibrin microbeads (FMB), a highly crosslinked,
dense, and 3D fibrin matrix. (RIVKIN et al., 2007) Fibrin’s fast degradability can be
prevented by reducing cell density. (DIKOVSKY et al., 2006)

3.1.6 Gelatin:

Gelatin is a water soluble and biodegradable polypeptide derivative of collagen
commonly used for pharmaceutical and medical applications. (YOUNG et al., 2005) There
are two types of gelatin: gelatin A, which is prepared by acidic treatment before thermal
denaturation, and gelatin B, which is prepared by alkaline treatment.(LEE; MOONEY,
2001)

Their gelling properties depend on both the hydrolytic treatment methods and the
source origin, such as bones, skin and connective tissues of animals. Mammalian derived
gelatins from swine and bovine sources have similar polypeptide structures with human
beings, while fish derived gelatins have a lower content of polypeptides in their polypeptide
chains, resulting in significantly lower melting point, lower gelling temperature, lower
thermal stability and higher viscosity. (WANG et al., 2017)

Due to the possible differences in origin, pretreatment methods and processing
parameters, the average molecular weight of gelatin varies between 15,000 and 400,000
Daltons, showing gelatin’s molecular heterogeneity as one of its major limitations. (FOOX;
ZILBERMAN, 2015; OLSEN et al., 2003) Much like collagen, gelatin presents poor
mechanical properties, making its viability dependent on the addition of crosslinking
agents. The use of chemical crosslinking agents, such as aldehydes, requires caution due
to their toxicity, which can greatly damage cells. Physical crosslinking, such as addition of
methacrylate or photopolymerization, improves the composite viscosity and its mechanical

properties.

Several features present in gelatin make it a desirable material, such as biocom-
patibility, biodegradability and lower immunogenicity when compared to collagen, as well
as its porous structure which results in solubility and transparency. (KHANSARI et al.,
2017; SU; WANG, 2015)

3.2 Synthetic Materials

While natural polymers offer favorable environments similar to native ECM for
tissue engineering applications, synthetic materials can be adapted according to the
requirements of bioprinting processes. They can be chemically modified with crosslinkable
functional groups, but also with groups capable of enhancing structural and mechanical
properties, enabling one to carefully engineer the polymer design. (HOSPODIUK et al.,
2017)
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3.2.1 Methacrylated gelatin (GelMA):

Methacrylated gelatin, or GelMA, is the denatured form of collagen consisting
of methacrylate groups conjugated to its amine side groups. It has been used for tissue
engineering due to its adjustable mechanical characteristics and favorable biological
properties. (BENTON et al., 2011; NICHOL et al., 2010)

Its advantageous features include relatively high mechanical strength, low swelling
ratio, bioprintability, long-term biocompatibility, low viscosity at room temperature, ma-
nipulatable crosslinking rate by exposure to UV light length. It is also easy to extrude,
is amenable to blending with other biogels and forms a biomimetic and enzymatically
degradable hydrogel when photo-crosslinked. Its major disadvantages are low cell prolifer-
ation and possible cell damage due to its photo-crosslinking necessity. (HOSPODIUK et
al., 2017; HUTSON et al., 2011)

3.2.2  Poly(ethylene glycol) (PEG)

In synthetic polymers, poly(ethylene glycol) (PEG) and Pluronic are the most
commonly used polymers in 3D bioprinting. PEG exhibits high hydrophilicity, greater
mechanical stiffness compared to naturally-derived polymers, water solubility, biocompati-
bility and very minimal immunogenicity, making it an attractive material for 3D scaffold
designs. Its properties can be tuned as per requirements through variation of its chemistry,
crosslinking and combination with polymers such as alginate and collagen. (ABELARDO,
2018; GAO et al., 2015; HONG et al., 2015; RUTZ et al., 2015)

PEG-based hydrogels have been widely used in bioprinting. Poly(ethylene glycol)
diacrylate (PEG-DA) and poly(ethylene glycol) methacrylate (PEG-MA) hydrogels are
specially used in all types of bioprinting: extrusion-based bioprinting (EBB) (BERTAS-
SONI et al., 2014: HOCKADAY et al., 2012; SKARDAL: ZHANG: PRESTWICH, 2010;
WUST; MULLER; HOFMANN, 2015), droplet-based bioprinting (DBB) (CUI et al., 2012)
and laser-based bioprinting (HRIBAR et al., 2014).

Addition of DA and MA can be highly beneficial to PEG mechanical properties;
however, they require photo-crosslinking by UV light exposure for specific lengths of time,
which can reduce cell viability. Another disadvantage is that PEG does not form hydrogel

on its own and needs chemical modification to form cross-linked strands and 3D structure.

(ABELARDO, 2018)

PEG is not degraded naturally, which makes it necessary to incorporate degradable
segments to accelerate degradation, such as poly(lactic acid), poly(glycolic acid) and PCL,
all known to degrade by hydrolysis. (ABELARDO, 2018) As any other synthetic polymer,
PEG-based hydrogels lack the necessary biologic attachments for cellular interaction, which

makes it necessary to tether bioactive molecules to its strand in order to mimic cell-matrix
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adhesions and carry signaling cues. (LUTOLF et al., 2003)

3.2.3 Pluronics:

PEG-poly(propylene oxide) or so called poloxamers are commercially known as
Pluronics. There are 11 types of Pluronic polymers which differ by molar mass, composition,
functionality and crosslinking temperature which can vary from 10°C to 40 °C. (WANG;
LEE; YEONG, 2015)

The advantage of Pluronic is mainly due to is ability to form self-assembling gels
at room temperature. It can flow at 10°C, undergoing reverse gelation, with crosslinking
starting with increasing temperature. (KANG et al., 2016) It can maintain cell viability
for up to 5 days without any additives, with a dramatic decrease thereafter. Its mechanical
strenght increases with enzymatic crosslinking and it does not lose its thermally-reversible

properties. It can be chemically crosslinked in order to increase its thermal degradation
resistance. (MASUTANTI et al., 2014)

In extrusion-based bioprinting, acceptable bioprintability using Pluronic is obtained
above 20 °C as it becomes more viscous and exhibits shear-thinning behavior. Depending
on its concentration, Pluronic requires a heating system around the needle in order to
transition from liquid to gel state and a heated plate to maintain the construct temperature
after deposition. It is more advantageous to maintain it in a semiliquid state in order to
preserve cell viability. In droplet-based bioprinting, its high viscosity and thermosensitive
nature are problematic. Laser-based bioprinting has not been successful as Pluronic is not
viscoelastic, maintains a solid coating on the quartz support and cannot transfer thermal
energy to kinetic energy, which is essential for jet formation. (HOSPODIUK et al., 2017)

Pluronic copolymer structures erode quickly and cannot hold structural integrity
for longer than a few hours. Strategies to increase mechanical strength include crosslinking
using methylacrylate and UV light. However, their mechanical strenght remains poor,
the radiation type and duration can impact cell viability and the concentration of photo-
initiator can affect cell metabolism. (JOHNSON, 2011; MULLER et al., 2015)

3.2.4 Poly(vinyl alcohol) (PVA):

PVA is prepared form the partial hydrolysis of poly(vinyl acetate). It can be
cross-linked into a gel through chemical of physical methods and, as an alternative,
can be photocured to fabricate hydrogels. Its structure has groups that function as
attachment sites for biological molecules that can be enhanced, induce cell orientation and
has properties similar to natural cartilage, making PVA a successful material for avascular
tissue. (MILLON et al., 2012; ZHANG et al., 2015a)

Another advantage of PVA is its tunable properties. By adjusting molecular weight,
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crosslinking points and extent of hydrolysis, it is possible to control degradation time,
swelling rate, hydrophilicity and solubility. (SCHMEDLEN et al., 2002)

Some disadvantages include toxicity and leaching problems of chemical crosslinking
agents, which can impact cell viability. PVA is not degradable in most physiological
situations, making it necessary to apply strategies such as placing degradable groups
between the PVA chain and the crosslinkable group in order to render it biodegradable.
(HOSPODIUK et al., 2017; SCHMEDLEN et al., 2002) PVA can also be copolymerized
with PEG to produce a biodegradable hydrogel with degradation rate faster than PEG
hydrogels and slower than PVA homopolymer hydrogels. (ZHANG et al., 2015a)
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4 3D BIOPRINTING

3D printing is an additive manufacture technique implementing layer-by-layer
production of structures. This was made possible by combining other technologies, such
as computer aided design (CAD), computer aided manufacture (CAM) and computer
numerical control (CNC). Firstly, a 3D model of the desired structure is made through
CAD, saved as a .stl file and processed through the software used for 3D printing. (WONG;
HERNANDEZ, 2012)

The 3D bioprinting systems can be divided in techniques based in extrusion,
inkjet and laser-assisted bioprinting as shown in Figure 1. Each method has its specific

requirements for bioinks’ rheological properties.
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Figure 1 — Biofabrication methods involving bioinks. (MALDA et al., 2013)

4.1 Extrusion Based Bioprinting:

Bioinks used in this method are generally viscous hydrogels, containing cells or not,
forced through a nozzle mechanically or pneumatically (Figure 2). The nozzle is moved
at a specified height over the substrate or preceding layer of material as the bioink is
dispensed. The resulting flow of bioink has a physical form which depends on the hydrogel’s
rheological properties and bioprinting dispensing condition such as nozzle diameter (D),
dispensing height (h), translation speed (F'), volumetric flow rate (@) and adhesion to the

substrate or preceding layer.

The dispensing conditions impact quality of the print, cell viability and total print
time. The nozzle diameter impacts printing resolution and printing speed due to its size.
The dispensing height impacts the height of each layer above the receiving surface and
its alteration impacts the number of layers and cross-sectional shape of the dispensed

material. The translation speed impacts the nozzle speed relative to the substrate.
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Figure 2 — Dispensing methods for extrusion-based bioprinting. (DERAKHSHANFAR et al.,
2018)

Bioinks can vary in physical form depending on hydrogel and cellular components’

concentrations. The goals for extrusion printing are to reach stable, stackable filaments
in a highly repeatable and predictable process and understand the interactions between

bioink properties and extrusion parameters so the designed outcome is reached. (SHAFIEE

et al., 2019)

Extrusion dynamics are usually modeled with hydrogels derived from alginate,
alginate/gelatin and other materials that can produce reliable and repeatable results with
high shape fidelity. (HE et al., 2016) Despite these materials have provided a better
understanding of influencing factors for the bioprinting process, these hydrogels have

specific limitations that do not represent all materials.

The extrusion bioprinting process require important characteristics including dy-
namic viscosity, loss modulus and storage modulus. Cell viability is preserved with the
control of shear stress and applied pressure. For that reason, it is important to understand

the relationships between flow rate, shear stress, applied pressure, moduli and viscosity.

Few materials utilized in bioprinting processes can be classified as Newtonian
fluids, so most bioinks are not modelled following classical relationships. In order to
simplify calculations and estimations, or for materials with properties close to Newtonian,
the equations for Newtonian fluids are useful due to the direct and linear relationship
between an imposed force and the resulting flow, resulting in a constant viscosity at a
given temperature and atmospheric pressure. Non-Newtonian fluids have viscosity as a
function of the imposing force, resulting in a complex relationship between the imposing

force and the resulting fluid flow.

For a Newtonian fluid in laminar flow conditions, the Hagen-Poiseuille equation re-

lates volumetric flow rate (@) to the pressure applied (P) to a nozzle (length L and diameter
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d) and viscosity (1) and can be used to estimate the bioink viscosity: (TRACHTENBERG
et al., 2014)

TAP 7

@= 1281

(4.1)

Successful models can be built to relate the nozzle cross-section area (A), flow
velocity (v) and time (¢) to flow rate (@) by combining the Hagen-Poiseuille equation with
conservation of volume (V'): (OUYANG et al., 2016a)

V=Aut=Qt (4.2)

The shear stress (7) in Newtonian fluid flow is linearly related to the shear rate (¢)

or the velocity gradient by the material viscosity (n):

T=nY (4.3)

The shear rate for Newtonian fluids can be related to the nozzle internal radius
(R) and the average flow velocity (v):
4v

- (4.4)

y =

The shear stress cannot be expressed in terms of constant viscosity (as seen on Eq.

(2.2)) for non-Newtonian fluids as apparent viscosity becomes a function of shear rate.
With the increase of shear rate, viscosity tends to decrease, which is a common behavior
among non-Newtonian fluids and aqueous mixtures of biomaterials called shear thinning.
Therefore, applying the above equations for Newtonian fluids to bioinks with obvious shear

thinning behavior may ensue misleading results.

The Power Law better relates the apparent viscosity (1) and the shear rate (y)
with the viscosity factor (K) and the shear thinning factor (n), representing a simple
model to understand the complex relationship between shear rate and shear stress in
non-Newtonian fluids. (JUNGST et al., 2016)

The Power Law equation also allows the determination of shear stress and velocity
profile across the nozzle radius and average extrusion velocity. (SKARDAL et al., 2012)
Shear stress (7,.) and fluid velocity (v) are functions of the distance (r) along the nozzle

radius (R):
rAP

2L

(4.6)

T, =
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n (AP\"/ n+1 n+l
v n-+1 <2LK’> (R n -7 n ) (4'7)
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v <2LK>(3n+1)R (48)

Many of the necessary properties to evaluate bioink printability are complex
due to the non-Newtonian nature of certain hydrogels and bioinks. Many of the relevant
parameters have ranges within which extrusion is still possible and printability is considered
acceptable, but there isn’t a consensus on what defines ideal printability. One of the
approaches used in order to determine extrusion quality is to evaluate relevant parameters
post bioprinting, such as filaments consistency, filament cross-section, cross-hatch lattice
quality and stacking ability. (HE et al., 2016; OUYANG et al., 2016a, 2016b)

Since material properties are strongly dependent on flow conditions, the evaluation
simply based on material properties to predict printability is a flawed approach. An
alternative to this approach is to relate resulting filament properties to the material’s
rheological dynamic moduli. (GAO et al., 2018) Gao et al. defined viscosity in terms of
loss modulus (G”), storage modulus (G') and the material loss tangent (tand) to determine

a range in which good printability was indicated.

(GIQ + G//Q) %

; (4.9)

’]7:

"

tand = — 4.1
an el (4.10)

In mechanical extrusion, the material flow is caused by volumetric displacement generated
by a piston or screw. Due to mass conservation, the piston velocity can be directly
related to extrusion velocity by the ratio of cross-sectional areas. The required time for
the extruder to generate enough pressure to overcome the bioink yield stress requires

optimization and adjustments for an appropriate extrusion process from the beginning to
the end of a filament. (LIU et al., 2016)

In pneumatical extrusion, the motive force is generated by pressure difference
caused by air introduction into the material reservoir. It is necessary to estimate and
evaluate pressure for adequate flow rates, as low flow rates can negatively impact cell
viability, while high flow rates may cause cell damage due to high shear rates. (NAIR et
al., 2009)

4.2 Inkjet Bioprinting:

There are two methods used in order to generate droplets in inkjet bioprinting:

continuous inkjet (CIJ) and drop-on-demand (DOD) (Figure 3). On the CLJ method,
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a continuous ink jet is issued through a nozzle and is divided in a spherical droplets’
flow through superficial tension forces, which make the cylindrical jet unstable (Plateau-
Rayleigh instability). This instability is controlled through the application of a vibration
on the flow. The droplets are individually electrically charged by induction from an
electrode and are steered in flight by electrostatic forces to the indicated points on the
substrate. The non-charged droplets suffer deviation and go through to a gutter in order to
be recirculated. Due to the (bio-)ink recirculation and the resulting material contamination

risk, the CIJ method is not used in bioprinting. (HUTCHINGS, 2010)

In the DOD method, a single droplet is generated only when required by propagating
a pressure pulse by an actuator in a fluid filled chamber. The generated drop goes through
the nozzle directly onto the substrate for deposition. In this method, two kinds of actuators
can be used: thermal or piezoelectric. In thermal DOD, a microheater near the nozzle
generates heat and vaporizes a small pocket of fluid and drives the generated bubble
through the nozzle. In piezoelectric DOD, the pulse is formed by mechanical actuation
of the chamber, generating pressure waves that eject fluid through the nozzle. (DERBY,
2008)
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Figure 3 — Inkjet bioprinting methods: (1) continuous inkjet (CI1J), (2a) thermal drop-on-demand
(DOD) and (2b) piezoelectric drop-on-demand (DOD). (DERBY, 2010)

The DOD methods, despite their differences in actuators, share parameter, concepts
and equations in common. The bioink-surface interaction after droplet impact is of great
importance, affecting kinematics, spreading, relaxation, wetting and equilibrium phases.
(RIOBOO et al., 2001, 2002) The collision moment between drop and the surface is
governed by kinematic behavior and lasts for < 1ps. (DERBY, 2010) When the droplet
collides with the substrate surface, six possible scenarios are possible: deposition, prompt
splash, corona splash, receding breakup, partial rebound and complete rebound. Among
the possibilities, only the deposition scenario is ideal for inkjet bioprinting. (RIOBOO et
al., 2001)
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After the kinematic phase, the droplet on the surface undergoes spreading, where
it expands as far as its initial kinetic energy permits, with spreading speed increased by
impact speed and droplet size and decreased by higher surface tension or higher viscosity.
After the spreading phase, what follows is the relaxation phase during which the drop
goes through relaxation with an oscillation in its shape on the surface and limited to the
equilibrium contact angle eq. The wettability of the surface is reflected by the largest
droplet diameter after spreading and the relaxation. (DERBY, 2010)

The equilibrium condition is based on the minimum of the surface energy. The
contact angle may vary depending on the substrate surface and ink properties, including
their energy. When the surface energy is too high (hydrophilic surface), the droplet tries
to minimize the energy and spreads to its maximum possible distance, creating a very
low contact angle; when the surface energy is too low (hydrophobic), the liquid does not
spread and the droplet forms spherical shapes. The surface energy (y) between solid (s),

liquid (), vapor (v) and the contact angle (6) are as follow:
Yso = Yst + Yrocost (4.11)

The interfacial energy between liquid and vapor (y,v) is the surface tension of the ink. For
hydrophobic surfaces, the contact angle is such that ys, = vy and for hydrophilic surfaces,
the contact angle is so small that ys, = yg + y. (ISRAELACHVILI, 2011)

The droplet formation mechanisms and fluid properties are critical factors that
demand study and optimization in order to obtain the desired outcomes during inkjet
bioprinting. Many bioinks may satisfy biocompatibility criteria but fail the bioprinting

process because they are not appropriate for inkjet printing methods.

The bioink behavior during printing (droplet size, shape and velocity) depends on
the actuator utilized, therefore it is necessary to optimize it before the bioprinting process.
A droplet can be ejected through the nozzle containing a tail (also known as satellite),
which reduces the deposition quality on the substrate. Obtaining droplets free of satellites
or containing minimum tail lengths is of critical importance in order to optimize actuator
pulse. (TSAI et al., 2008)

Besides droplet shape and velocity, other important parameters must be tested
before printing, such as density, viscosity and superficial tension. As a means to relate
viscosity and superficial tension, the Ohnesorge number is utilized along with characteristic

length (a), density (p), viscosity (1) and superficial tension (y):

Oy, = ”;Ve - (4.12)
e (ypa)
2
w, = =1 (4.13)
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R, = ¢ (4.14)
n
z- L (4.15)
= o ,

Using the condition 1<Z<10 and the Ohnesorge (Oy), Weber (W,) and Reynolds (R,)
numbers, it is possible to evaluate the stability of a droplet obtained from a bioink
and its appropriateness for inkjet bioprinting. This condition presents restrictions to
density, viscosity and surface tension while choosing or fabricating bioinks; for example,
bioinks with low Z values (<1) cannot be printed by inkjet methods because their viscous
dissipation prevents droplet ejection, while bioinks with high Z values (>1) produce a
substantial number of unwanted satellite droplets. (DERBY, 2010)

Besides R., W, and Oy, other numbers can be considered to evaluate printing
quality. The capillary number C, = % relates viscous forces effects to superficial tension
across an interface, whereas the Bond number B, = ”QTLOZ represents gravity effect,
which can be omitted in most cases of small droplets (including inkjet printing). Both
expressions relate a characteristic length (Lg), fluid velocity (v), low-shear viscosity ()
and gravitational constant (g). (JUNG, 2011)

W, and Oy, can be used to characterize spreading dynamics. Since W, indicates the
ratio of inertial to capillary forces, a high W, indicates the influential parameter in droplet
spreading is impact induced inertia, while a low W, indicates capillary forces prevent the
drop from spreading. Oy, is based on fluid properties and can compare viscous forces with
surface tension forces, with a high O, indicating that viscosity is playing a major role in
drop spreading and a low Oy, indicating that surface tension is more dominant in spreading,
which is the case for inkjet printing. (MARTIN et al., 2008)

4.3 Laser-assisted Bioprinting:

The laser-induced forward transfer method (LIFT) consists of a laser beam facing
the rear side of a ribbon (a glass side coated with a laser-absorbing layer generally made
of gold, silver or titanium) coated with cellular material. The laser pulses irradiate the
coating matrix, creating extremely localized heat and generating a vapor bubble that
develops quickly and is expelled onto the substrate, which can be delineated in terms
of the Direct Writing Height (DWH) and the breakup length. If the breakup length is
smaller than or equal to the DWH, the results are droplet-impingement printing. If the
breakup length is larger than the DWH, the results are jet-impingement printing, which is
associated with single or several breakups. (ZHANG et al., 2016b)

The Weber number is determined by calculating the ratio of the liquid inertia-to-

surface tension in the process of impingement. The critical Weber number (W,,) is used to
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Figure 4 — Inkjet bioprinting methods: (1) continuous inkjet (C1J), (2a) thermal drop-on-demand
(DOD) and (2b) piezoelectric drop-on-demand (DOD). (DERBY, 2010)

designate when splashing occurs, the parameter W, is used to designate the threshold for
material transfer, and the parameter W, is used to designate the threshold for material
transfer with plumming, splashing or bulgy shape. The condition for splashing on the

substrate to occur can be expressed as

W, > W., (4.16)
2
W, = piU (4.17)

For a situation in which W, < W, the pressure in the bubble is inadequate to surpass the
surface tensions of the coating and the surrounding pressure; consequently, the ink material
is unable to escape as a jet droplet. For a situation in which W, > W, the pressure on
the bubble is too high; it bursts and either splashes or forms a jet with bulgy shape. For
situations in which W,. < W, < W, the splashing phenomenon becomes relentless. The
optimized printing condition is anticipated to occur when Wy < W, < We.. (ZHANG et
al., 2016b)

In the case of laser bioprinting of alginate, it was shown that most of the laser
input energy is expanded in the form of elastic, surface and kinetic energies to form
the drops. When a droplet is created, it dissipates becomes of the amalgamation of
ambient aerodynamic, capillary, elastic, liquid, inertial and viscous forces. The droplet
may experience four different sorts of breakup processes: atomization, first wind-induced
breakup, second wind-induced breakup, or Rayleigh breakup processes. Most droplet
breakups are extrapolated to either Rayleigh or Plateau-Rayleigh instability.

During the creation of the jet, capillary thinning and breakup of free surface
viscoelastic liquid filament breakup are understood over three time scales: the visco-
capillary time scale t,, the Rayleigh capillary scale t., and A\, where 7 is the zero shear

viscosity, R is the characteristic length considered the laser spot radius, and p symbolizes
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the density in the equations 4.18 and 4.19:

noR
fy= 4.18
: (1.18)
3\ 1/2
t, = (’)R> (4.19)
o

The Ohnesorge number Oy, elasto-capillary number E., and Deborah number D,
in equations 4.20, 4.21 and 4.22 are critical numbers to optimize the printing parameters.
The prediction of droplet formation can be enhanced using the O and E,. numbers. The
E. number alone is inconsequential, but the D, number together with its processing
time is meant for fluids for which viscosity is of paramount importance. Furthermore,
the Weber number is recommended as a process-dynamics figure for the apprehension of
jetting dynamics. The E,. number decreases or the O number increases, and the alginate

concentration also increases, which in turn augments the W, number.(ZHANG et al.,
2015b)

ty
O, = = (poR)M? (4.20)
A A
Bo= == no(;% (4.21)
A 220\ /2
D, = == (pR3> (4.22)

Cell viability in laser bioprinting is related to factors such as laser energy, extra-
cellular matrix film thickness, and the bioink viscosity. On increasing the laser energy,
the viability of cells may be reduced owing to the significant denaturation of DNA by
ultraviolet light; hence, an infrared laser may be preferred to ultraviolet lasers in the
bioprinter framework. The respective cell viabilities can be considerably high if the laser

energy conditions vary per thermal flux intensities.

The phenomenon indicates that (a) the thickness of the heated liquid water during
the course of a laser pulse is only a few micrometers and (b) the complete cell droplet
forms in a very short period of time. The three different conditions causing mechanical
stress in the laser-assisted cell printing could be the hydrodynamic pressure emerging
from the bubble during its budding phase, the unfolding shear stress on the account of jet
velocity during the jetting phase, and the conditions of landing that are consequent to the
initial jet velocity and the thickness of the mattress. Increasing bioink viscosity reduces
jet velocity, minimizing impacts intensity, thus improving cell viability after printing. The
cell viability during laser bioprinting requires the optimization of bioink viscosity, film
thickness and laser energy. (CATROS et al., 2011)
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5 PROPERTIES

5.1 Swelling

The water holding property in a hydrogel is one of its most important characteristic
features. When a dry hydrogel starts soaking water, the initial molecules moving into
the matrix will hydrate the most polar, hydrophilic groups, leading to primary bound
water. As the initial polar groups are hydrated, the network swells and expands, exposing
hydrophobic groups and resulting in secondary bound water (hydrophobically-bound
water). Due to osmotic driving forces of network chains, the network will absorb additional
water tending towards infinite dilution, which is opposed by the physical or covalent
crosslinks, leading to an elastic network retraction force that helps the hydrogel to attain
an equilibrium swelling level. (TSIHLIS et al., 2010)

The additional swelling water imbibed after polar, hydrophobic and ionic groups
become saturated with water is termed free water and fills the spaces between network
chains and /or center of larger pores. As the network swells, depending on the degradability
level, the gel will start to disintegrate and dissolve. (GARG et al., 2016)

Swelling is the property to absorb water and retain it for a relative long time. It
can be estimated by different measurements methods, such as the Japanese Industrial
Standard K8150, which immerses the dry hydrogel in deionized water for 48 hours at room

temperature and then filters it using a stainless steel net, calculating the swelling as:

Wy — Wy
Swelling = ——— 5.1
g 7 (5.1)
Where W indicates the hydrogel weight in swollen state, W, indicates the hydrogel
weight in dry state. Similar measurements have been made under the terms “swelling

ratio”, “equilibrium degree of swelling” and “degree of swelling”. (LIU et al., 2002, 2005;
NAGASAWA et al., 2004; VALLES et al., 2000)

The swelling assessment can be a measure for many gel properties such as crosslink-
ing degree, mechanical properties and degradation rate. This together with the swollen
state stability are easy and cheap ways to differentiate crosslinking statuses and identify a

crosslinked gel or a non-crosslinked original polymer. (GRIFFITH, 2000)

The exact swelling behavior is hard to be predicted due to highly non-ideal ther-
modynamic behavior of polymer networks in electrolyte solutions. Another theory used is
the Flory-Rehner equation, which proposes swelling equilibrium when swelling force and
retractive force induced by network crosslinks are equal. The chemical potential change of

water at constant temperature and pressure can be calculated as:

H1 — Hi0 = Aumz:c + Aﬂ'elastic (52)
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Where g, is the chemical potential of water in the system, ;0 is the chemical
potential of pure swelling water, and Ap,,;, and Apggsie are the mixing and elastic
contributions to the total chemical potential change. The parameters At and Apiegsic

can be determined by:

A,umwc == RTln(l - U2,s) + V2,5 + Xxgvg,s (53)
RTV, 1—-2M, V9 o
Auelastic = ( oM 1) < M ) (U;,/s?) - ; > (54)

Where x4 is the biomedical polymer-water interaction parameter, V; is the water
molar volume, v is the specific volume of the biomedical polymer, v, is the volume
fraction of the swollen gel, M., is the average molecular weight between crosslinks and M,,
is the molecular weight of linear polymer chains without crosslinking. Both equations lead
to the equation of the average molecular weight of biogels crosslinked in the presence of

water:

L2 " {ln (1 —woy) + v+ XU%S} (55)

Moo M () -5 ()]

Where vy, is the polymer volume fraction in the relaxed state and ® is the

crosslinking agent functionality. In order to calculate M., the vy, values can be evaluated
experimentally as they are inversely related to the swelling ratio (), which depends on

crosslinking degree and ionic strength of the medium according to Figure 5.
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Figure 5 — Swelling ratio as a function of ionic strength and crosslinker concentration. (BORZA-
CCHIELLO, 2009)

From the value of M, it is possible to estimate the end-to-end distance of the
solvent free (unperturbed) state:

()" =1(257)

1/

2
Cc/2 (5.6)
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Where [ is the bond length, C), is the polymer characteristic ratio and M, is the
repeating unit molecular weight. From this, the mesh size can be calculated: (BORZAC-
CHIELLO; AMBROSIO, [s.d.]; CANAL; PEPPAS, 1989)

/2 _
e= (1) " wa? (5.7)
5.2 Porosity

The average pore size, the pore size distribution and the pore interconnections are
essential hydrogel factors that are often challenging to compute and are generally included
in a parameter called tortuosity. Pore size distributions are influenced by three factors:
i) concentration of chemical crosslinks of the polymer strands, calculated by the initial
ratio of crosslinker to monomer; ii) concentration of physical entanglements of the polymer
strands, determined by the initial concentration of all polymerizable monomers in the
solution; and iii) net charge of the polyelectrolyte hydrogel, determined by the initial
concentration of the cationic or anionic monomer. These three factors can be calculated

by using the hydrogel composition:

monomer weight + crosslinker weight

%T = (5.8)

total volume

crosslinker weight

%NC =

(5.9)

monomer weitght + crosslinker weight

The pore-size distribution depends on the hydrogel characterization expressed by
equations 5.8 and 5.9 and influences the hydrogel design. Porosity is a morphological
characteristic and can be illustrated ad the presence of void cavity inside the bulk. It is
advantageous to control the porosity for a wide range of applications, such as optimizing
cell migration in hydrogel-based scaffolds or tunable release of macromolecules. It can be

calculated as:

Vore
U pore

Porosity can be estimated by theoretic procedures, such as unit cube analysis, mass
technique, Archimedes method, liquid displacement method, mercury porosimetry, gas
adsorption, liquid extrusion porosity and various microscopy techniques engaged in both
qualitative and quantitative tests. (GARG et al., 2016)

5.3  Oscillatory Shearing Motion

The rheological characterization of complex fluids is carried out using several
controlled methods such as steady shear, stress relaxation, creep, oscillatory shear and

steady extension. The results of each method are quantified using material functions
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such as steady viscosity, relaxation modulus, creep compliance storage and loss moduli,
and extensional viscosity respectively. Oscillatory shear is widely used in characterizing
viscoelastic materials, since relative contributions of viscous and elastic responses can be
measured. (DESHPANDE et al., 2010)

Oscillatory shear can be divided based on amplitude; the nonlinearities existing in
real experiments are either insignificant or too small to measure, which characterizes it
as small amplitude oscillatory shear (SAOS), or they are significant, which characterizes

large amplitude oscillatory shear (LAOS).

While SAOS studies have been widely common, LAOS studies have only become
popularized in the past couple of decades with the development of more sensitive transducers
in commercially available rheometers. It is used in order to obtain information regarding a
material’s nonlinear viscoelasticity and the way it changes in response to the deformations,
involving both intercycle and intracycle measures. LAOS could help differentiate between

suspensions of soft and rigid particles, which would look the same in SAOS experiments.

However, one of the major obstacles in LAOS studies is the lack of consensus in the
approach used to obtain physical interpretations of the experimental data acquired. Many
methods to improve data handling and processing were made using Fourier Transform
and were called F'T rheology, even though there remains no clear physical interpretation
of the measured higher harmonics for an arbitrary material. (WILHELM, 2002)

Other study proposed displaying the results as Lissajous figures, decomposing the
stress into two constructions: elastic and viscous stresses. (CHO et al., 2005) Another
study suggested using Chebyshev polynomials of the first kind to describe the elastic
and viscous stresses, which was related to Fourier analysis. (EWOLDT et al., 2008) Still,
the physical interpretations were shown to not be applied to all LAOS responses, which
limited them even further. (ROGERS; LETTINGA, 2012) This lack of consensus and
physical interpretations indicate a field still in development. (ROGERS, 2018) For SAOS,
there are two types of oscillatory shear tests: oscillatory frequency sweep and oscillatory
amplitude sweet. In the frequency sweep test, the frequency is varied while the amplitude
of the deformation, or the amplitude of the shear stress, is kept constant. In the amplitude
sweep test, the angular frequency remains constant while the strain or stress amplitude

increases as a function of the time. The strain and stress sweeps are defined as follows:

v (t) = ~osin (wt) (5.11)

7 (t) = 70 8in (wt) (5.12)

Where 7 is the strain and 7 is the stress applied, the subscript “0” indicates the

amplitude, w is the angular frequency and t indicates the time. The amplitude sweep test
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helps define the linear viscoelasticity range (LVE), the yield stress (7,) and the flow point

(77)-

Solid-like Liguid-like

. O

Flow point

G, G" Yield point
G'l
Gu

Figure 6 — Stress amplitude sweep plot illustrating linear viscoelasticity range (LVE), the yield
stress (7,) and the flow point (7;). (SANCHEZ, 2018)

The storage modulus (G”) and the loss modulus (G”) exhibit a constant plateau
within the LVE range, which is the region where the material can be tested without
structure damage or changes. The limit value of the LVE range is defined as the yield

stress.

The flow generated under shear conditions during SAOS testing is illustrated by
Figures 7 and 8:

b(t) = hyysin wt
Small-amplitude ®=hvo

oscillatory shear b(t) = }%) sin wt

| o ' =

X5 V = periodic

L.

l |

«<— =~ —>»

X

Figure 7 — Small amplitude oscillatory shear schematic. (MORRISON, 2001)
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Figure 8 — Shear rate (&), strain (y21) and shear stress (721) in SAOS functions. (MORRISON,
2001)

The shear rate is time-dependent and periodic. The kinematic is defined with the

vector velocity as Equations 5.13 and 5.14:

S (t) g
v= 0 (5.13)
0 /2
¢ (t) = Aocos(wt) (5.14)

With ¢ (¢) as the time-dependent shear-rate function, 4o as the constant amplitude
of the shear rate and w the angular frequency. This flow is almost always carried out in a
cone-and-plate or parallel-plate rheometer. The wall motion required to produce SAOS

can be calculated from the strain. Small shear strains can be written as Equation 5.15:

Y21 = 22 (5.15)
The upper plate displacement for small strains b(t) and the gap between the plates
h can be related to small strains as Equation 5.16:
Y21 (0,8) = bét) (5.16)
Using the function for general flow (steady or unsteady), it is possible to calculate

the strain rate in Equations 5.17 and 5.18:

Y21 (0, 1) = /Ot Fo1 () dt’ = Z?sin (wt) = 7o sin (wt) (5.17)
b(t) = hyosin(wt) (5.18)

The strain amplitude is 79 = 4o/w. At low strain amplitudes, the produced shear
stress in a sample will be a sine wave with the same frequency as the input strain wave.
However, the shear stress will usually be out of phase by § with the input strain, thus

written as Equation 5.20:
—To1 () = 7 sin (wt + 0) (5.19)
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—To1 (t) = 7o (Sinwt cosd + sind coswt) = (19 cosd) sinwt + (1psind) coswt  (5.20)

The material functions for SAOS are defined based on the sinusoidal shear-stress
output. Using trigonometric identities, it is possible to observe there is a portion of the
stress wave in phase with the imposed strain (proportional to sinwt ) and a portion in
phase with the imposed strain rate (proportional to coswt ). With Newtonian fluids, the

shear-stress response is proportional to the imposed shear rate in Equation 5.21:
Tor = —[1Y21 (5.21)

With elastic materials, the shear stress response is proportional to the imposed
strain in Equation 5.22:
T21 — —G’}Ql (522)

Comparing the SAOS response to both Newtonian (viscous) and elastic materials, it
is possible to observe that the response contains both a Newtonian-like part (proportional
to 421 ) and an elastic-like part (proportional to o1 ). Therefore, the SAOS experiment is

ideal for viscoelastic materials — materials that show both viscous and elastic properties.

The material functions for SAOS are called storage modulus G'(w) and the loss
modulus G”(w) , obtained through Equations 5.23, 5.24, 5.25 and 5.26:

—To1 (t) = (70 cosd)sinwt + (19 sin d) coswt (5.23)
—T21 (t) v . "
=G (w)sinwt + G" (w) coswt (5.24)
"0

G (w) = 2 coss (5.25)

o
G" (w) = - sind (5.26)

o

The measurement of the phase d provides a method of quantifying the level of
viscoelasticity of a material. As § varies between zero and 7/2 | small values of § represent
predominantly elastic behavior, while large values of § represent predominantly viscous
behavior. Another parameter related to the phase is the loss tangent, which indicates the

ratio of viscous to elastic response calculated by Equation 5.27.

"

tand = — 5.27
mi= & (5.27)

A tangent tending to infinity indicates a primarily elastic response, while a tangent
tending to zero indicates a primarily viscous response. Other than storage and loss moduli,

phase and tangent loss, SAOS tests are useful to determine other parameters, such as

viscosity and compliance. (DESHPANDE et al., 2010; MORRISON, 2001)
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5.4 Viscosity

Viscosity is the fluid resistance to flow upon application of stress, being generally
determined by the polymer concentration and molecular weight. It can be measured
by viscometers and rheometers, with the latter possessing a wider measurement range
and being capable of measuring other properties as well. It directly influences shape
fidelity after deposition, which increases with increasing viscosity, cell viability, which can
negatively affect cells with the increase of the applied shear stress, and surface tension-

driven droplet formation, which is prevented with viscosity increase. (AGUADO et al.,

2012; MALDA et al., 2013; SCHUURMAN et al., 2013)

While cell viability is affected by viscosity in extrusion-based bioprinting, increasing
the bioink viscosity in laser-assisted bioprinting improves viability, since it reduces jet
velocity and minimizes impact during printing. (CATROS et al., 2011) In droplet-
based bioprinting, higher viscosity prevents droplet ejection and lower viscosity produces
unwanted satellite droplets. (DERBY, 2010)

In order to predict printability, viscosity has been defined in terms of loss and
storage moduli in Equation 5.28: (GAO et al., 2018)

(¢ +am)"”
y/

n= (5.28)

During oscillatory shearing tests, the frequency-dependent viscosity, also called

complex viscosity n*, is defined by Equations 5.29 and 5.30:

n=n+in" (5.29)

Il = i+ (5.30)

Where 7' is the real part of the complex viscosity, also known as dynamic viscosity
and related to the loss modulus in Equation 5.31, and n” is the imaginary part of the
complex viscosity, also known as out-of-phase viscosity and related to the storage modulus

in Equation 5.32.

" G//

As hydrogels are usually non-Newtonian fluids, their viscosity is not a fixed value
and varies according to shear rate variation. Due to its dependency on shear rate, the

measured viscosity for non-Newtonian fluids is called the “apparent viscosity”. According
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Figure 9 — Flow curves for Newtonian and non-Newtonian fluids. (KULKARNI; SHAW, 2016)

to the viscosity changes in response to shear rate changes, several types of non-Newtonian

behaviors are possible, as indicated in Figure 9.

The properties associated with material recovery time are referred to as thixotropy,
where the apparent viscosity decreases with time when the material is exposed to conditions
of constant shear rate, and rheopexy, where the apparent viscosity increases with time

when the material is exposed to constant shear rate conditions, shown in Figure 10.

n
A 2

> { > {
(a) (b)

Figure 10 — Time-dependent viscosity indicating (a) thixotropic behavior and (b) rheopectic
behavior. (KAZEMIAN et al., 2010)
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Plastic behavior is characterized by a fluid requiring a certain amount of force
applied to it in order to induce flow. This force is called “yield stress”, as shown in
Figure 11. Once this value is exceeded, flow begins and the fluid may display Newtonian,
pseudoplastic or dilatant flow characteristics. (STRUBLE; JI, 2002)

Shear rate

& Yield stress >

Shear stress

Figure 11 — Flow curve for plastic behavior. (KULKARNI; SHAW, 2016)

Dilatant or shear thickening behavior as shown in Figure 12 is characterized by an
increase in viscosity with the increase in shear rate. It is less common than shear thinning,
being frequently seen in fluids with high levels of deflocculated solids (corn starch/water

mixtures, sand /water mixtures, clay slurries). (MORRISON, 2001; TOWNSEND et al.,
2019)

Viscosity

Shear rate

Figure 12 — Shear thickening or dilatant behavior. (KULKARNI; SHAW, 2016)

Pseudoplastic or shear-thinning behavior as shown in Figure 13 is characterized by a
decrease in viscosity with the increase in shear rate. It is the most common non-Newtonian
behavior, with shear-thinning fluids exhibiting good suspension stability or drip resistance
when at rest and thinning down while being “worked” on. It commonly occurs in polymer
melts, concentrated polymer solutions and in colloidal dispersions. Measuring viscosity

at a single shear rate does not indicate the full behavior picture, so a flow curve across
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a range of shear rates will enable a better study and evaluation of process conditions.

(MORRISON, 2001; TOWNSEND et al., 2019)

Viscosity

Shear rate

Figure 13 — Shear thinning behavior. (KULKARNI; SHAW, 2016)

A plot of log viscosity vs log shear rate represents most non-Newtonian, shear
thinning materials. At low shear rates the entangled molecules have a hard time sliding
past each other, presenting a constant viscosity region known as the “first Newtonian
plateau” or “zero-shear viscosity” (7). As the shear rate increases, the shearing action
disentangles and unravels the molecules, with the disentangled molecules sliding past their
neighbors more easily and leading to a sharp decrease in viscosity, known as the Power
Law region. When the molecules can’t stretch any further, a constant viscosity region is
presented, known as the “second Newtonian plateau” or “infinite-shear viscosity” (7).

The plot is shown in Figure 14 to better visualize both Newtonian plateaus and the Power
Law Region. (KULKARNI; SHAW, 2016; OSSWALD; RUDOLPH, 2015a)

Newtonian Region

Power Law Region

log Viscosity

Newtonian Region

log Shear rate

Figure 14 — Log-log plot of shear thinning behavior. (KULKARNI; SHAW, 2016)
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Several mathematical models are used to analyze the obtained data and help
characterize the fluid behavior. Different flow behavior requires different models to better
fit the viscosity data. A simple model used is the Power Law model proposed by Ostwald
and de Waele. It is used to describe the shear thinning or shear thickening behavior in
materials and neglects yield response and the Newtonian plateau at small strain rates.

The model can be written as:

n=my""! (5.33)

Where 7 is the viscosity, m is referred to as the consistency index, + is the shear
rate and n is the Power Law or flow index. Both Power Law and consistency indexes are
known for common materials. The index n represents different behaviors according to its
value: n = 1 represents Newtonian behavior, n < 1 represents shear thinning behavior and
n > 1 represents shear thickening behavior. (HACKLEY; FERRARIS, 2001; KULKARNT;
SHAW, 2016; OSSWALD; RUDOLPH, 2015a)

The Power Law model has been used due to its simple formula expressing the
relation between shear stress and shear rate. Its major drawback is its accuracy, which
is heavily dependent on shear rate range: most commercial rheological configurations
provide data for a limited shear rate range, making obtaining flow information at both low
(< 1s7!) and high (> 1000s~!) shear rates a challenging situation. A plot of log viscosity
vs log shear rate in Figure 15 helps visualize the accuracy issue between the Power Law

model approximation and the viscosity curve. (OSSWALD; RUDOLPH, 2015b)

A

Log viscosity, log n

\ 4

Log shear rate, log y

Figure 15 — Viscosity curve (solid) and Power Law model approximation (dashed) with Power
Law and consistency indexes. (OSSWALD; RUDOLPH, 2015b)

The Cross-WLF model considers the effects of shear rate and temperature on

the viscosity, describing both Newtonian and shear thinning behavior within a wider
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range of shear rates compared to the Power Law model. It is the most common model
used by injection molding softwares, offering the best fit to viscosity data. (HACKLEY;
FERRARIS, 2001; HIEBER; CHIANG, 1992) The shear thinning part is modeled by:

N— N 1

M= 14+

(5.34)

Where A is a time constant. For n > n. and n < 1y, the Cross model is reduced
to the Power Law model. If the infinite-shear viscosity is negligible, the Cross-WLF model

can be written as:
Mo

)= —F——~= (5.35)

()
The Herschel-Bulkley model is widely used to represent the behavior of viscoplastic
materials exhibiting a yield response and a Power Law relationship between shear stress
and shear rate above the yield stress. It is basically a Power Law model with a yield stress

term:

T =10+ mi" (5.36)

n= 2 fmi! > (5.37)
i

Below the required critical stress 7y, the material sustains stress without flow, but
above it, the material flows like a Power Law fluid. As with the Power Law model, n < 1
represents shear thinning behavior, n > 1 represents shear thickening behavior and n = 1
reduces the model to the Bingham model representing Newtonian flor above the critical

yield stress.

Figure 16 shows that all models discussed can be derived from one base equation
with different assumptions for behavior. The Power Law model, while the simplest, can
be used when there is high shear rate. The Cross-WLF model is the most common
in numerical simulations, fitting the viscosity data of a wide range of materials. The
Herschel-Bulkley model links both the Power Law and Bingham models. (HACKLEY;
FERRARIS, 2001; OSSWALD; RUDOLPH, 2015a)
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Figure 16 — Expressions describing steady shear non-Newtonian flow. (OSSWALD; RUDOLPH,
2015a)
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6 CHALLENGES AND FUTURE TRENDS

Bioprinting is a promising solution for the globally increasing organ shortage for
transplantation, as well as for pharmaceutical tests in animals and its subsequent ethical
discussions. In order to further advance the field to reach a complete and functional
printing of complex tissues and organs, some challenges must be surpassed which generally

fall into one of three categories: technical, commercial or ethical challenges.

Technical challenges involve in vivo integration and printability challenges. The
latter involves development of bioinks and bioprinting methods in order to obtain higher
resolution during and after printing. MIN et al. (MIN et al., 2017) have developed a 3D
bioprinting procedure capable of producing skin tissue with pigmentations, while KIM et al.
(KIM et al., 2017) invented a procedure using extrusion and inkjet modules simultaneously
for human skin engineering possessing 50 times a lower cost and 10 times less medium
consumption when compared to a stereotyped culture. GUO et al. (GUO et al., 2017) have
developed a multifunctional bioprinting method for stretchable tactile sensors fabrication

with capability of detecting and differentiating human movements.

Bioink development has been made aiming to improve printing resolution, structural
and biological performance. A special bioink was developed to provide conductivity
and avoid delayed electrical coupling in cardiac cells and was shown to be printable,
cytocompatible and to enhance functionality in cardiac cells. (ZHU et al., 2017) Bioinks
have been studied for vascularized bioprinted tissues (KOLESKY et al., 2014, 2016), with
strain sensors within structures guiding the self-assembly of cardiac tissue (LIND et al.,
2017), and with self-healing hydrogels used along with shear-thinning hydrogels providing
support for direct printing of 3D constructs (HIGHLEY et al., 2015). Another bioink
development has been the mixture between natural and synthetic materials, providing
semisynthetic hydrogels in order to combine biocompatibility and mechanical stability.
(BEHESHTIZADEH et al., 2020; RUTZ et al., 2015)

In vivo integration is a significant challenge in tissue and organ engineering. Without
proper vascularization, interior cells do not receive adequate nutrition, growth factors
and oxygen, leading to cell death, necrotic tissues, loss of graft function and infection
(BEHESHTIZADEH et al., 2020). The study of ECMs and their composition, distribution
and function has led to the suggestion of artificial vascular systems and fluidic channels.

(DERAKHSHANFAR et al., 2018; KAULLY et al., 2009)

Bioprinting’s potential implementations makes it a promising market estimated
to obtain a $10.8 billion worth in 2021 (ARSLAN-YILDIZ et al., 2016), however it still
presents considerable commercial challenges involving the bioprinting process’ optimization,
which is not currently automated and entails manual operations separated in various steps,

resulting in slow processing speed and increasing the possibility of errors (MANDRYCKY
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et al., 2016). Besides scalable manufacturing, other challenges are present like regulatory

approval, insurance, hospital and medical policies and logistics (JAKUS et al., 2016).

Ethical challenges include the necessity of a new regulatory framework for clinical
evaluation. Due to each patient’s unique genetic makeup, the standardization and person-
alized medical treatments must be regulated and developed for 3D bioprinting. Regulatory
agencies worldwide have found this field challenging since it is a subcategory of 3D printing
but does not follow the same regulation rationale due to the different policy consideration
from the perspective of human health and safety. There may be questionable biomaterial
sources, unhealthy donors, post-transplant issues, patient’s medical access, animal testing
issues among other concerns (LI, 2018). Only South Korea and Japan have provided some
kind of regulatory guidance applicable do 3D bioprinting, however the guidance is broad
and loosely applicable (LETOURNEAU et al., 2015).

Considering the challenges currently being addressed, 3D bioprinting has created an
impact in the tissue analysis field and is being used as a practical tool do produce human
body tissues, specifically bone, cartilage, skin, nerve and kidney tissues (BEHESHTI-
ZADEH et al., 2020; DALY et al., 2018; DERAKHSHANFAR et al., 2018; HERNANDEZ-
GONZALEZ; TELLEZ-JURADO; RODRIGUEZ-LORENZO, 2020; HOMAN et al., 2016;
HUANG; BARTOLO, 2018; JOHNSON et al., 2015; KEBEDE et al., 2018; KESTI et
al., 2015). It is predicted that 3D bioprinting methods will lead to in situ bioprinting
development and to the development of preclinical tumor models in the form of 3D in
vitro cancer models for further studying. (ALBANNA et al., 2019; SINGH et al., 2020)

Another promising trend involves the use of smart materials — time-dependent,
stimuli-responsive, self-evolving materials which are dynamic upon contact with external
stimuli such as pH, temperature, electricity, etc. This technology, initiated and termed in
2013, is known as 4D printing and is reported as the most significant transformation in
existing 3D printing and traditional manufacturability. It can be used to print heart valves
designed as per patient requirement based on data acquired from CT and MRI, skin, liver
and kidney implants. (HALEEM; JAVAID, 2018; ZAFAR; ZHAO, 2020) Although tissue
printing is still in its earlier stages, 4D bioprinting is a promising field that can resolve
many of the challenges currently present in organ printing. The study and development
of new materials, new bioinks and new bioprinting methods are crucial to achieve a fully

functional printed human organ and a solution to organ shortage for transplantation.
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