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Available online2020-12-12 inks” used for printing are made from biomateridlsat can be formulated and printed with

cells added before or after the process. One ofntlest used biomaterials for bioinks is
palavras-chave hydrogel due to its high water composition, biocatiiplity and tailorable properties that
Bioimpress&o 3D facilitate the 3D bioprinting process and providedrable extracellular environment for cell
ﬁ'igtr'géaé‘?s functions. The 3D bioprinting techniques are didideto extrusion, inkjet and laser-assisted
Biomateriais printing, each requiring specific rheologic propies for a satisfactory printing process. One

of the biggest challenges in 3D bioprinting isdfgimization, which depends on 3D structural
keywords complexity, materials’ properties and bioink deyetent for the “bioprinting window”. This
3D Bioprinting work aims to review the state of the art of hyditegemost common classifications and
E'}?&’:';Sels materials, the physics of each bioprinting techeigund the properties affecting printability
Biomaterials and cell viability.

RESUMO

Bioimpressao 3D € um método de manufatura aditara pngenharia de scaffolds usados
como modelos para adesao celular, crescimento aetibubsequente formacao de tecidos.
Nesse método, as “tintas” utilizadas para impresssfo biomateriais que podem ser
formulados e impressos com a adicao de célulassamteao final do processo. Um dos
biomateriais mais utilizados para biotintas é oroigel devido a sua alta composi¢céo de agua,
biocompatibilidade e as suas propriedades adaptavgiie facilitam o processo de
bioimpressdo 3D e fornecem ambientes extracelulda@sraveis para varias funcdes
celulares. A biocimpressédo 3D pode ser dividida éomicas baseadas em extruséo, jato de
tinta ou impresséo assistida a laser, cada uma @@erimentos especificos de propriedades
reolégicas para que o processo seja feito de marsatisfatéria. Um dos maiores desafios
na bioimpressao 3D é sua otimizacdo, que dependmulexidade da estrutura 3D, das
propriedades dos materiais e do desenvolvimento bid#inta para a ‘“janela de
bioimpressédo”. Este trabalho pretende revisar adstda arte das classificacdes e materiais
componentes de hidrogéis, a fisica envolvida emidas de bioimpressao e as propriedades
que afetam printabilidade e viabilidade celular.




1. INTRODUCTION This work aims to review the state of the art aditogels
most common classifications and materials, the iphysf each
. . bioprinting technique and the properties affectprgtability
Enai LA_NGER a{’d VACA(;\.ITI.(}Q%) T}“ﬁ diSCI’Il;ed T;]SSU nd cell viability. For this objective, the resdafocused on

hgineering as "an interdisciplinary field that aep the - jqq published from 2010 to 2020 using soursesh as

principles  of engineering and life sciences towalte Gq4g1e Scholar, Mendeley, SciElo and ScienceDirect.
development of biological substitutes that restamajntain, or

improve tissue function or a whole organ”. (LANGERZ. HYDROGELS
VACANTI, 1993) Tissue Engineering and Restorative
Medicine aim to study the complete restoration afndged or The term hydrogel refers to crosslinked, three-

degenerated tissues and organs. This multidiseipfifield has gimensional polymer networks insoluble in watercading to
been perfecting countless methods for tissue replaat and their crosslinking method. (ZAVAN et al., 2009) Hypgels are
implementation strategies with a focus on tissud argan composed of tridimensional polymer networks witingicant
development for transplants. Among biomaterialsetiiyment, guantities of water in their composition. Consedlyethey are
stem cell separation, growth factors, and cellditfierentiation, gqft materials, flexible and humid with a large ganof
one of the biggest challenges in TE is 3D biopng spplications. Their high water composition makesnth
optimization, which depends on 3D structural comipfeand  compatible with live tissues and their viscoelagtioperties
materials’ mechanical stability. (ZAVAN et al., 280 minimize possible damages to surrounding tissuesngiu
Two main approaches are utilized to produce tisgbe. implaptgtion. Addit_ionally, hydrogels’ mechanicatoperties
first uses scaffolding as a cell support deviceictviserves as a areé similar to soft tissues’, rendering them idealTE. These
temporary extracellular matrix (ECM) until the dejted cells NeWw bioactive materials are capable of interactiity original
produce the matrix and, finally, neo-tissue repatbe scaffold. tissues, assisting and facilitating the healingcpss, and
(JIN; DIJKSTRA, 2010) The second approach uses¢agfold imitating organs’ functional and morphological cheteristics.
as a growth factor/drug delivery device, combingegffold and Among materials used for applications in Tissue
growth factors to recruit cells from the body te staffold site  Engineering, the good biocompatibility, low intesi@l tension
and form tissue throughout the matrices. (HOWARDaEL and the ability to retain large quantities of watave guaranteed
2008) increasing attention to hydrogels and their propsr{ZAVAN
Both approaches require the use of a poro, al., 2009) Hydrogels have been us_ed as tissgiaegring .
bioresorbable scaffold serving as a 3D template dei Scaffolds because they can provide a soft tissue-i
attachment and subsequent tissue formation, batirinand in  €nvironment for cell growth and.allow diffusionmitrients and
vivo. According to Hutmacher et al.: “a scaffolcbsitd have the Cellular waste through the elastic network. Thezaages over
following characteristics: (i) be highly porous itan other types of polymerlc s.caffolds are easy corufcsltru_ctural
interconnected pore network for cell growth anavilbansport Parameters (swelling ratio, volume, molecular wgigand
of nutrients and metabolic waste; (i) be biocoritgatand Network mesh size), high water content, and adpstcaffold
bioresorbable with controllable degradation andmetion rates architecture. The control of the hydrogel netwotkucture
to match tissue replacement; (jii) have suitablafage allows the proper Qe5|gn qnd charactenzauon@ﬁ&grgdatlon
chemistry for cell attachment, proliferation, ariffetentiation; Of scaffolds, diffusion of bioactive molecules, amdyration of
and (iv) have mechanical properties to match tiobsiee tissues Cells through the network.
at the site of implantation”. (HUTMACHER et al., @D) In order to define the network structure of hydiegtur

The engineering of 3D scaffolds involves addictiv@Welling parameters have been used: the swellitig (@),
manufacture called 3D bioprinting, which has diéferprinting including the mass swelling ratio (equation 1) anel volume
methods. In this method, the “inks” used are bi@mat inks SWelling ratio (equation 2); the polymer volumectian in the
and bioinks. According to Groll et al., biomateriaks are Swollen state (equation 3); the average moleculaight
defined as “(bio-)materials that can be printed sulssequently between crosslinks (equation 4); and the networlshmsize
seeded with cells after printing, but not dire¢tymulated with (€quation 5).
cells” and bioinks are defined as “a formulatiorcefis suitable

f . . . _ (wg-wp)

or processing by an automated biofabrication tetdgy that @ = e 1)

may also contain biologically active components and P

biomaterials”. (GROLL et al., 2019) Q, = Z_g = (Q + 1) py/ps @)
To be competent as a bioink, a biomaterial shoclca

a cell-laden medium/matrix during the formulatioraorinting. Uy = Yo _ Q;! 3)

Bioinks for 3D bioprinting may contain hydrogelsydnogel Yg

precursors, decellularized matrices, separate ,cedsll Mo

microcarriers, cell/tissue spheroids, mini/tissumganoids, or "¢ = 2x )

bioactive molecules. Hydrogels are considered thestm “1/3, 2v1/2 13, 2012

outstanding class of biomaterials for bioinks dwe their § = Vzs' (79)"* = @, (15) (5)

tailorable properties that facilitate the 3D bioping process
and provide a favorable extracellular environmemt\farious
cell functions. (LI et al., 2020)

Where Wg is the swollen gel weight in the equiliioni
state, Wp is the polymer weight, Vp is the polymelume, Vg
is the equilibrium swollen gel volumgl is the solvent density,
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p2 is the polymer density, Ms the polymer molecular weight,There are various methods used in order to obtagmeéal
X is the degree of crosslinking afic¢)?/? is the root-mean- crosslinks in hydrogels, such as chemical crossimlgrafting,

square end-to-end distance of network chains betwe®
adjacent crosslinks in the equilibrium state. TtvelBng ratio
(Q) and the polymer volume fraction in swollen st@R.s) can
be measured from swelling experiments, while theraye
molecular weight between crosslinks (Mc) and théwoek

mesh size§) can be calculated by rubber elasticity theories

equilibrium swelling. (ZHU; MARCHANT, 2011)
2.1 Classification

2.1.1 Preparation method: Hydrogels can be classify
their polymeric composition. The preparation teqlueis can
lead
copolymeric and multipolymeric hydrogels. Homopognin
hydrogels are referred to polymer networks derifienin a
single species of monomer. Copolymeric hydrogedsdarived

from more than one type of monomer, and multipolgimne

hydrogels are derived from more than one type dfmer.
Another classification is known as interpenetratimgymer

radical polymerization, enzymatic reactions andhkegergy
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
@nvironmental response are called “smart materiaisd are
classified according to their sensitivity to tenwtere, pH,
electric, etc.

2.1.3.1 Thermo-sensitivity: Thermo-sensitive hyaiisg
are defined by their ability to swell and shrinkcading to

to different formations such as homopolymeritgmperature changes in the surrounding fluid.ntlmaclassified

in three categories.

Negative temperature hydrogels behave following a

parameter called low critical solution temperat(lEST). At
temperatures lower than LCST, the fluid interacithwhe
hydrogel’'s hydrophilic part forming hydrogen bondghich

with

(IPN), which consists in a second polymer netwalymerized improves dissolution and swelling. As the tempeffatucreases

around and within a first polymer network with novalent @°0ve LCST, the hydrophobic part will have stronger

linkage between the two networks. (GARG et al., @o1interactions while hydrogen bonds will become weakausing

PALEOS, 2012) shrinking and discharge of the previously absorhéd. (QIU;
PARK, 2001)

2.1.2 Formation and structure maintenance: Thenpety N _
chains of a hydrogel are interconnected (crosstinkeé plays a Positive temperature hydrogels behave following a

major role in modifying the properties of polymearmogels in parameter called upper critical solution tempea{UWCST). At
terms of absorption and mechanical properties. dheunt of temperatures lower than UCST, the hydrogel shriaksl
crosslinking agent influences the crosslinking degr dehydrates due to the formation of complex strigctby
absorption capacity, swelling properties, elastisdoius etc. hydrogen bonds. At temperatures above UCST, tloeoggn
(KUO; MA, 2001; MAITRA; SHUKLA, 2014; PALEOS, 2012) bonds break and the hydrogel suffers swelling. (P=Pet al.,

Crosslinking affects: i) elasticity, in which the&crease of
crosslinks decreases the polymer stretching, aésmredsing
elasticity; ii) viscosity, in which the increase ofosslinks
restricts polymer chain flow and decreases visgpsit)

insolubility. The stronger the bonds in crosslinkise more
insoluble the polymer. Crosslinked materials cartisgolve in
solvents, but can absorb solvents, becoming gélksteTare two
types of crosslinking: physical crosslinking andeutical
crosslinking.

2.1.2.1 Physical crosslinking: Physically crosstidk
hydrogels, or reversible gels, are popular duenhéir trelative
ease of production and the advantage of not usiogskinking
agents during synthesis, which affects toxicity aall viability.
Due to difficulties in decoupling variables suctgatation time,
pore size and degradation time, the design flaxbibf
physically crosslinked hydrogels is restricted. fii&snot being
permanent in nature, physical crosslinks are gdaffido prevent
gel dissolution. There are various methods usedrdter to
obtain physical crosslinks in hydrogels, such as#e-thawing
methods, stereocomplex formation, ionic interactjorH-
bonding and maturation. (HASSAN; PEPPAS,
SLAUGHTER et al., 2009; TSUJI et al., 1991; ZHANGa,
2016a; ZHAO et al., 2009)

2.1.2.2 Chemical crosslinking: Chemically crosstidk
hydrogels, or permanent hydrogels, are known forgoformed
relatively fast, being stable and having covaleids between
different polymer chains. They cannot be dissoliedany
solvents unless their covalent crosslink points eeaved.
Chemical crosslinking results in relatively high chanical

2000)

Thermo-reversible hydrogels have the same struanade
contents as negative and positive temperature ggtsoThe
polymer chains, however, are not covalently crogskl, and
the gel undergoes sol-gel phase transitions instéadelling-
shrinking transitions. (QIU; PARK, 2001)

2.1.3.1 pH-sensitivity: pH-sensitive hydrogels @sgpto

pH changes of the surrounding medium, exhibitinglbag or

shrinking according to it. The behavior occurs ttuehanges in
the hydrophobic-hydrophilic nature of chains or ttlubydrogen
bonds. Anionic hydrogels undergo swelling when pi& is

higher than the surrounding pH, while cationic loghls

undergo swelling when the pKb is higher than thecsaunding

pH. (LAFTAH et al., 2011; PEPPAS et al., 2000)

3. MATERIALS

In order to enable cells to both get necessaryemig for

200@rowth and metabolic activity during tissue regatien, the

bioinks used in 3D bioprinting processes must shoportant
properties and characteristics, such as printgbiitechanical
properties, controlled biodegradability, non-toidio cells and
mechanical properties. (HOSPODIUK et al., 2017)

Hydrogel materials employed for 3D cell culture dan
divided into promoting and permissive materialsorRoting
materials indicate that they present natural bigdites cells can
interact with, generating signaling cascades whichturn

strength and extended degradation times. Some CBEMYomotes cell migration, differentiation and remiaute of the

crosslinking agents can be toxic to cells, impartell viability.



gel matrix through the secretion of proteases amryrees. al., 2014) The rheological properties of algindtevaa shear-
Permissive materials indicate that their properdlew for thinning behavior, reducing viscosity under shdaess. This
basic cell functions, but do not provide cues tedi cellular characteristic is favorable for extrusion printirand cell
interactions. (SALINAS; ANSETH, 2009) survivability during the process. (WANG et al., 299

Naturally occurring hydrogel precursors are congide 3.1.2 Agarose: It is a marine polysaccharide olethin
promoting materials since they allow for compleX-ogatrix from seaweed. It is highly used in the biomedigdtfdue to its
interactions that are also common for native ¢gdues and, so, gelation properties, biocompatibility and rheoladiproperties.
do not require further functionalization. As theciis in the (JAKUS etal., 2016) The gelling mechanism of aganesides
design of artificial extracellular matrix (ECM), @isogels in the formation of intermolecular hydrogen-bongsmw cooling,
change towards highly customized cell matricedy fohtural resulting in the aggregation of double helices. ugto the
materials cannot provide selective behavior sincatenmal gelation, mechanical and biocompatibility propertié agarose
stiffness, cell-matrix interactions and degradabilire often are commendable, its ability to support cell grovgHimited.
coupled and cannot be individually studied or tune(FEDOROVICH et al., 2008)

(MARKLEIN; BURDICK, 2010) Its viscoelastic properties strongly depend on die

Synthetic polymers are considered permissive naserisulfation degree and the local strength of the ngtis sensitive
since they usually do not present natural binditeg gor cell to to the length of the molecules. Depending on ittammass and
probe their extracellular surroundings. It is neeeg to solution concentration, agarose can form physi@s$ gvith
incorporate integrin ligands in the matrix for catlhesion and tunable elastic moduli ranging from ~1kPa to a thwusand
spreading. (HERN; HUBBELL, 1998) In the absencesoéh kPa, in the stiffness range of natural tissues.RNIAND et al.,
ligands, some cells can excrete their own ECM tovigle 2000)
adhesion sites, otherwise spreading becomes testrignd
eventually lead to cell death. (FRISCH; FRANCIS,949
KOLLMER et al., 2012)

The comparison between polymers obtained
biomaterials from natural resources or syntheti¢ens has
been the focus of various researches. While natuedkrials
present advantages related to the biomimicking @ME
composition and structure such as biocompatibilapd
biodegradation, synthetic materials provide advgenas
properties such as controllability of mechanicabdity, photo-
crosslinking ability, pH and temperature responssswell as

In general, its viscous nature does not allow inkje
bioprinting as it can easily clog the nozzle. It i®mwever, a
promising candidate for laser-based bioprinting duoeits
ascoelastic nature and gelation mechanism. It bagn
deposited using LIFT processes, fully maintainirighhcell
viability. (KOCH et al., 2010)

3.1.3 Collagen: Collagen is a triple helical bioguatible
protein obtained from natural sources which hasnbee
extensively used in bioprinting. It is the main qmwnent of
ECM and one of the major components of connecissuegs,

the controllability of molecular weight, degradalyil and
structures, which directly determine gel formatiorgsslinking

occupying about 25% of the protein mass in most mais. Its
conservation cross-species allows for minimal imatogical

density and mechanical properties. (GOPINATHAN; NOHeactions and thus excellent biocompatible propertis matrix

2018)
3.1 Natural Materials
3.1.1 Alginate:

Alginate is a

a linear chain with two possible present blockdblGeks ((1-4)

a-guluronate units) and M-blockB-O-mannuronate units) with
alternate segments of M-G blocks. The existentkexfe blocks
and their ratio on the main chain varies from esgtrce and

influence the hydrogel’s resulting properties. (M@GH, 1987)

Only the G-blocks are believed to participate
intermolecular crosslinking with divalent cations form
hydrogels. The M/G ratio, sequence, G-block lengtid
molecular weight are critical factors affecting ploal
properties of alginate and its resultant hydrogelhe
mechanical properties are typically enhanced byeaging the
G-block length and molecular weight. However, agiralte
solution formed from high molecular weight polyntexcomes
greatly viscous, which is often undesirable. Celized with an
alginate solution of high viscosity risk damagenir¢he high
shear forces generated during mixing and procesgLligE;
MOONEY, 2012)

Alginate hydrogels have shape-memory capabilit

biocompatibility, ability of degradation, nun-immoiongical
effects, improved porosity and mechanical strenGtANG et

type of anionic
polysaccharide mostly present in brown algae.dbimposed of

facilitates cell adhesion and enhances cell attactinand
growth due to abundant integrin-binding domainERREIRA
et al., 2012)

Despite its uses in bioprinting,
limitations due to its liquid state at low temperats and fibrous
structures formed with increased temperature or@bimplete
collagen gelation can take up to 30 minutes at@7vfhich

marks a slow gelation rate and makes bioprinting 36f

constructs difficult. Due to its slow gelation, Isefleposited in
collagen are not homogeneously distributed, simagity pulls

idown the cells before gelation. (SMITH et al., 2p04

Low mechanical properties and slow gelation issues

make it necessary for the addition of differentypoérs in
various proportions. For example, cartilage tissngineering
often use a combination of collagen and algina&NG et al.,
2018)

Collagen has been utilized alone as bioink in eskbmr
based bioprinting. (SMITH et al., 2004) Droplet-bds
bioprinting also has an advantageous use in coildgawever,
it needs to be deposited before the crosslinkirsggbfDEITCH
et al., 2008) Due to its fibrous structure, thelaggn use in
inkjet bioprinting is highly limited, with micro-\rae bioprinting
%’eing preferred. (SKARDAL et al., 2012)

3.1.4 Hyaluronic acid: It is one of the major exrbular

collagen has its
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matrix (ECM) components in a variety of tissueshsas central flat sheets; i) low mechanical stiffness; and iifast
nervous system, cartilage, synovial and vitreousd$§l and degradability before the proper formation of engimel tissues
connective, epithelial and cardiovascular tisslieis. involved and structures. (JOCKENHOEVEL et al., 2001; MOLakt

in several biological functions, such as regulatioh cell
adhesion, cell motility, cell differentiation ancbfiferation, and
providing mechanical properties to tissues. HA
responsible for providing the viscoelasticity ofnso fluids.
(KHANSARI et al., 2017)

As a naturally occurring polymer, HA is biocompétib
biodegradable non-adhesive,
immunogenic, presenting unique viscoelasticity tésy from
entanglement and self-association of random co#®lution. It
can self-associate and also bind to water molecglemg it a
stiff, viscous quality similar to gelatin. (CAMCINAL et al.,
2013; HEMSHEKHAR et al., 2016)

Like other natural polymers, HA has low mechanical

ilsoa

2005; ZHAO et al., 2013)

The first disadvantage can be prevented by incatpay
a fixing agent. (JOCKENHOEVEL et al., 2001) Mectcahi
stability can be improved with numerous strategi@s:
combining fibrin with other scaffold materials tobtain
constructs with the desired mechanical strengthl((GZR et al.,

non-thrombogenic and- n@011; MOFFAT et al., 2009; RAHEJA et al., 2011; WBN:t

al., 2011), ii) optimizing pH and the concentraai fibrinogen
and calcium ion (EYRICH et al., 2007), and iii) ngifibrin
microbeads (FMB), a highly crosslinked, dense, 3Ddfibrin
matrix. (RIVKIN et al., 2007) Fibrin’s fast degraulity can be
prevented by reducing cell density. (DIKOVSKY et 2006)

3.1.6  Gelatin: Gelatin is a water

properties and slow gelation behavior when compaied biodegradable polypeptide derivative of collagemtmmomnly

synthetic hydrogels. HA is also highly soluble atom
temperature and has a high rate of elimination tmdover
depending on its molecular weight and body locatiwhich
could be a barrier for HA scaffold fabrication asuluctural
integrity. (FAKHARI; BERKLAND, 2013; GOPINATHAN;
NOH, 2018)

used for pharmaceutical and medical application®@UNG et
al., 2005) There are two types of gelatin: gela@inwhich is
prepared by acidic treatment before thermal deatitur, and
gelatin B, which is prepared by alkaline treatm@mE;
MOONEY, 2001)

Their gelling properties depend on both the hydroly

In order to increase rheological properties of HAreatment methods and the source origin, suchmeshskin and

crosslinking methods have been

introduced for ¢isstonnective tissues of animals. Mammalian derivéatipes from

soluble and

engineering applications. Crosslinking extends Hradation swine and bovine sources have similar polypeptidecsires
process in vivo and provides long-term stability, withwith human beings, while fish derived gelatins havéower
Photocrosslinked  hydrogels used for cartilage @ssHontent of polypeptides in their polypeptide chaiesulting in
engineering. Chemical crosslinking has been usembiobine sjgnificantly lower melting point, lower gelling reperature,
desirable biological and mechanical propertiesbione tissue |gwer thermal stability and higher viscosity. (WANG al.,

engineering, presenting difficulties such as pa#taxicity due
to certain crosslinking agents. (ALLISON; GRANDE-REN,
2006; WEBER et al., 2019)

3.1.5 Fibrin: Fibrin is a naturally occurring pristdbased
material which has been used as a sealant and ieelhias
surgery, playing a significant role in injure heali
modifications and fabrications of skin graft, candiscular
treatments and cartilage engineering. (AHMED et 2008;
SKARDAL et al., 2012) It can be produced from thaignt's
own blood, which reduces the potential risk of eefgn body
reaction. (JOCKENHOEVEL et al., 2001)

2017)

Due to the possible differences in origin, pretmeait
methods and processing parameters, the averagecutmle
weight of gelatin varies between 15,000 and 400/Dafons,
showing gelatin’s molecular heterogeneity as onésofmajor
limitations. (FOOX; ZILBERMAN, 2015; OLSEN et aR003)
Much like collagen, gelatin presents poor mechdipicgerties,
making its viability dependent on the addition ofsslinking
agents. The use of chemical crosslinking agentsh sas
aldehydes, requires caution due to their toxicityich can
greatly damage cells. Physical crosslinking, suchddition of

In comparison to most commonly used scaffoldsjrfibrmethacrylate or photopolymerization, improves tbhenposite

gel combines important advantages, such
nonimmunogenicity, excellent biocompatibility profies, soft
elasticity, self-assembly features under physia@algionditions
by the activation of fibrinogen, and naturally pes cell
binding sites. (DES RIEUX et al., 2009; GOPINATHANQH,

2018; JANMEY et al., 2009; RAJANGAM; AN, 2013) The

fibrin fiber is one of the most extensible of filantous
biopolymers, resisting stretching more than fiveds its resting
length without breakage, with even elongationaist greater
than 100% being recoverable when the stress iagete The
high degree of deformation tolerated by the fibisim part due
to very loose monomers packing and high water canteaking
for softness and large compliance essential foeffisiency as
a matrix for cells such as neurons. (JANMEY et2009)

wiscosity and its mechanical properties.

Several features present in gelatin make it a aelsr
material, such as biocompatibility, biodegradapibind lower
immunogenicity when compared to collagen, as wellita
porous structure which results in solubility andnsparency.
(KHANSARI et al., 2017; SU; WANG, 2015)

3.2 Synthetic Materials

While natural polymers offer favorable environments
similar to native ECM for tissue engineering apgiions,
synthetic materials can be adapted according teetpgrements
of bioprinting processes. They can be chemicallgified with
crosslinkable functional groups, but also with gregapable of
enhancing structural and mechanical propertied)lempone to

The fibrin hydrogel as a potential scaffold haseenr carefully engineer the polymer design. (HOSPODIUKaE,

major disadvantages: i) gel shrinkage during then&tion of

2017)



3.2.1 Methacrylated gelatin (GelMA): Methacrylated

gelatin, or GelMA, is the denatured form of collagmnsisting
of methacrylate groups conjugated to its amine gideps. It
has been used for tissue engineering due to itsstatjle
mechanical characteristics and favorable biologizaperties.
(BENTON et al., 2011; NICHOL et al., 2010)

Its advantageous features include relatively hiqﬁI

mechanical strength, low swelling ratio, biopririli#p long-

term biocompatibility, low viscosity at room temparre,
manipulatable crosslinking rate by exposure to ig¥itllength.
It is also easy to extrude, is amenable to blendiithy other
biogels and forms a biomimetic and enzymaticallgrddable
hydrogel when photo-crosslinked. Its major disadzges are
low cell proliferation and possible cell damage tlués photo-
crosslinking necessity. (HOSPODIUK et al., 2017; F8ON et
al., 2011)

3.2.2 Poly(ethylene glycol) (PEG): In syntheticyookrs,

poly(ethylene glycol) (PEG) and Pluronic are the smo

commonly used polymers in 3D bioprinting. PEG eihihigh
hydrophilicity, greater mechanical stiffness congohrto
naturally-derived polymers, water solubility, bioepatibility
and very minimal immunogenicity, making it an attiee
material for 3D scaffold designs. Its properties ba tuned as
per requirements through variation of its chemijstrgsslinking
and combination with polymers such as alginate @oithgen.
(ABELARDO, 2018; GAO et al., 2015; HONG et al., 201
RUTZ et al., 2015)

PEG-based hydrogels have been widely used
bioprinting. Poly(ethylene glycol) diacrylate (PHI) and
poly(ethylene glycol) methacrylate (PEG-MA) hydriyare
specially used in all types of bioprinting: extasibased
bioprinting (EBB) (BERTASSONI et al., 2014; HOCKADA

The advantage of Pluronic is mainly due to is &biid
form self-assembling gels at room temperatureait flow at
10 °C, undergoing reverse gelation, with crosstigkstarting
with increasing temperature. (KANG et al., 2016) clin
maintain cell viability for up to 5 days without amadditives,
with a dramatic decrease thereafter. Its mecharstranght
creases with enzymatic crosslinking and it doeslose its
ermally-reversible properties. It can be chenhjoadosslinked
in order to increase its thermal degradation rascst.
(MASUTAN!I et al., 2014)

In extrusion-based bioprinting, acceptable biogptiiitty
using Pluronic is obtained above 20 °C as it becomere
viscous and exhibits shear-thinning behavior. Ddpenon its
concentration, Pluronic requires a heating systeoura the
needle in order to transition from liquid to gedtstand a heated
plate to maintain the construct temperature akodition. It is
more advantageous to maintain it in a semiliquédesin order
to preserve cell viability. In droplet-based biapirg, its high
viscosity and thermosensitive nature are problemataser-
based bioprinting has not been successful as Rtuismot
viscoelastic, maintains a solid coating on the gusupport and
cannot transfer thermal energy to kinetic energhictv is
essential for jet formation. (HOSPODIUK et al., 21

Pluronic copolymer structures erode quickly andncan
hold structural integrity for longer than a few heuStrategies
to increase mechanical strength include crosslmkirsing
methylacrylate and UV light. However, their meclcahi
str%enght remains poor, the radiation type and duratan
impact cell viability and the concentration of phxnitiator can
affect cell metabolism. (JOHNSON, 2011; MULLER ét, a
2015)

3.2.4 Poly(vinyl alcohol) (PVA): PVA is preparedn

et al, 2012; SKARDAL; ZHANG; PRESTWICH, 2010;the partial hydrolysis of poly(vinyl acetate). larc be cross-

WUST; MULLER; HOFMANN, 2015),
bioprinting (DBB) (CUI et al., 2012) and laser-bd$goprinting
(HRIBAR et al., 2014).

Addition of DA and MA can be highly beneficial t&EB
mechanical properties; however, they require
crosslinking by UV light exposure for specific l¢hg of time,
which can reduce cell viability. Another disadvaygas that
PEG does not form hydrogel on its own and needsnidad
modification to form cross-linked strands and 3Rusiure.
(ABELARDO, 2018)

PEG is not degraded naturally, which makes it resrgs
to incorporate degradable segments to acceleraeadiation,

pho

droplet-basedlinked into a gel through chemical of physical noeth and, as

an alternative, can be photocured to fabricate dyels. Its
structure has groups that function as attachmeset dor
biological molecules that can be enhanced, indue# c
(())r_ientation and has properties similar to naturattiage,
making PVA a successful material for avascular utiss
(MILLON et al., 2012; ZHANG et al., 2015a)

Another advantage of PVA is its tunable properti#s.
adjusting molecular weight, crosslinking points aadent of
hydrolysis, it is possible to control degradatiomd, swelling
rate, hydrophilicity and solubility. (SCHMEDLEN at., 2002)

Some disadvantages include toxicity and leaching

such as poly(lactic acid), poly(glycolic acid) @@L, all known problems of chemical crosslinking agents, whichiogpact cell

to degrade by hydrolysis. (ABELARDO, 2018) As artper viability. PVA is not degradable in most physiologii situations,
synthetic polymer, PEG-based hydrogels lack theesgary making it necessary to apply strategies such asinga
biologic attachments for cellular interaction, whimakes it degradable groups between the PVA chain and thsslimkable
necessary to tether bioactive molecules to itsdtia order to group in order to render it biodegradable. (HOSPQIDEt al.,
mimic cell-matrix adhesions and carry signaling ue2017; SCHMEDLEN et al, 2002) PVA can also be
(LUTOLF et al., 2003) copolymerized with PEG to produce a biodegradaitirdgel

3.2.3 Pluronics: PEG-poly(propylene oxide) or stiec with degradation rate faster than PEG hydrogelsstowler than

poloxamers are commercially known as Pluronicsrdlage 11 PVA homopolymer hydrogels. (ZHANG etal., 2015a)

types of Pluronic polymers which differ by molar sea 4, 3D BIOPRINTING
composition, functionality and crosslinking tempera which
can vary from 10 °C to 40 °C. (WANG,; LEE; YEONG,1%)

3D printing is an additive manufacture technique
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implementing layer-by-layer production of structur&his was

interactions between bioink properties and extrugiarameters

made possible by combining other technologies, sash so the designed outcome is reached. (SHAFIEE ,&2@19)

computer aided design (CAD), computer aided marurfac
(CAM) and computer numerical control (CNC). Firstly 3D

model of the desired structure is made through C#dved as
a .stl file and processed through the software used3D

printing. (WONG; HERNANDEZ, 2012)

The 3D bioprinting systems can be divided in teghas
based in extrusion, inkjet and laser-assisted bitpg as
shown in Figure 1. Each method has its specifiziregqnents
for bioinks’ rheological properties.

Laser-induced forward Inkjet printing Robotic dispensing
transfer
thermal piezoelectric pneumatic piston screw
l l &) inlet
rbing I = = s
[enersy absorbing layer N AN = I | | ; T
[ _ laser pulse e f P - | 1 . \'J
| { | I | I 4
|, donorsiice | [ | | ’ | 4
ﬁ, { Lo piezoelectric | y | y §F
— actuator y ¥ 4 -y L 4
A vapor | A ) {31
bubbie ™ ! vl |45 ) ™
- - I ‘
— /
—
~ N ~

Figure 1 - Biofabrication methods involving bioinks
(MALDA et al., 2013)

4.1 Extrusion Based Bioprinting

Extrusion dynamics are usually modeled with hydtege
derived from alginate, alginate/gelatin and othetterials that
can produce reliable and repeatable results with shape
fidelity. (HE et al., 2016) Despite these matertadse provided
a better understanding of influencing factors far bioprinting
process, these hydrogels have specific limitatitras do not
represent all materials.

The extrusion bioprinting process require important
characteristics including dynamic viscosity, lossdulus and
storage modulus. Cell viability is preserved witle tontrol of
shear stress and applied pressure. For that reiagmportant
to understand the relationships between flow gltear stress,
applied pressure, moduli and viscosity.

Few materials utilized in bioprinting processes &&n
classified as Newtonian fluids, so most bioinksravemodelled
following classical relationships. In order to siifip
calculations and estimations, or for materials witloperties
close to Newtonian, the equations for Newtoniaridfuare
useful due to the direct and linear relationshigween an
imposed force and the resulting flow, resultingairconstant
viscosity at a given temperature and atmospheessure. Non-
Newtonian fluids have viscosity as a function of fmposing

Bioinks used in this method are generally viscoysrce, resulting in a complex relationship betwéemimposing

hydrogels, containing cells or not, forced throughnozzle
mechanically or pneumatically (Figure 2). The neaglmoved
at a specified height over the substrate or precetiiyer of
material as the bioink is dispensed. The resuftmg of bioink

has a physical form which depends on the hydroge#slogical
properties and bioprinting dispensing conditionhsas nozzle
diameter (D), dispensing height (h), translatioreesp (F),
volumetric flow rate (Q) and adhesion to the sudistror
preceding layer.

I

@ Rest and flow initiation

Pneumatic Piston

Figure 2 Dispensing methods for
bioprinting. (DERAKHSHANFAR et al., 2018)

jw @ High shear rate in the nozzle tip walls

|| Continuous filament
3D printed object | = (iil) Viscosity recovery
;

The dispensing conditions impact quality of thenpri
cell viability and total print time. The nozzle diater impacts
printing resolution and printing speed due to iges The
dispensing height impacts the height of each lammve the
receiving surface and its alteration impacts thalner of layers
and cross-sectional shape of the dispensed matérfe
translation speed impacts the nozzle speed relativehe
substrate.

Bioinks can vary in physical form depending on log#l
and cellular components’ concentrations. The gofis
extrusion printing are to reach stable, stackaltdenents in a
highly repeatable and predictable process and stadat the

extrusion-based

force and the resulting fluid flow.

For a Newtonian fluid in laminar flow conditiond)et
Hagen-Poiseuille equation relates volumetric flater(Q) to
the pressure applied (P) to a nozzle (length L dintheter d)
and viscosity i) and can be used to estimate the bioink
viscosity: (TRACHTENBERG et al., 2014)

Q _ AP 4
128Ln

(6)

Successful models can be built to relate the naznlss-
section area (A), flow velocity (v) and time (t) flow rate (Q)
by combining the Hagen-Poiseuille equation withssymation
of volume (V): (OUYANG et al., 2016a)

V = Avt = Qt @)

The shear stress)(in Newtonian fluid flow is linearly
related to the shear ratg)(or the velocity gradient by the
material viscosity«):

T=7ny (8)
The shear rate for Newtonian fluids can be rel&etie
nozzle internal radius (R) and the average flovoeky (v):

4y

y= = 9)

The shear stress cannot be expressed in termsstac
viscosity (as seen on Eq. (2)) for non-Newtoniandf as
apparent viscosity becomes a function of shear k&ith the
increase of shear rate, viscosity tends to decredsieh is a
common behavior among non-Newtonian fluids and agse
mixtures of biomaterials called shear thinning. rEffiere,
applying the above equations for Newtonian fluidsbioinks
with obvious shear thinning behavior may ensue eaiing
results.



The Power Law better relates the apparent visc@g)ty jet is issued through a nozzle and is divided ispaerical
and the shear ratg)(with the viscosity factor (K) and the sheadroplets’ flow through superficial tension forceghich make
thinning factor (n), representing a simple modetutmlerstand the cylindrical jet unstable (Plateau-Rayleigh adity). This
the complex relationship between shear rate anar fteess in instability is controlled through the applicatiohaovibration on

non-Newtonian fluids. (JUNGST et al., 2016)

T =Ky" (10)

the flow. The droplets are individually electrigattharged by
induction from an electrode and are steered inhflipy
electrostatic forces to the indicated points ondhigstrate. The

The Power Law equation also allows the determinatioon-charged droplets suffer deviation and go thindoga gutter
of shear stress and velocity profile across theleoadius and in order to be recirculated. Due to the (bio-)iekirculation and

average extrusion velocity. (SKARDAL et al., 2013hear
stress §;) and fluid velocity (v) are functions of the distz (r)
along the nozzle radius (R):

o= (12)
l

v= s Ge) (RE = r20) (12)

v= () Gan) R a3

Many of the necessary properties to evaluate bioi

printability are complex due to the non-Newtoniaatune of

certain hydrogels and bioinks. Many of the releyzamameters

have ranges within which extrusion is still possibhnd

printability is considered acceptable, but therétia consensus
on what defines ideal printability. One of the aggarhes used in

order to determine extrusion quality is to evaluetéevant
parameters post bioprinting, such as filaments istery,
filament cross-section, cross-hatch lattice quadityl stacking
ability. (HE et al., 2016; OUYANG et al., 2016a,18b)

Since material properties are strongly dependefiban
conditions, the evaluation simply based on matqnaperties
to predict printability is a flawed approach. Ateahative to this
approach is to relate resulting filament properties the
material’s rheological dynamic moduli. (GAO et &018) Gao
et al defined viscosity in terms of loss modulus (Gforage
modulus (G’) and the material loss tangent @ato determine
a range in which good printability was indicated.

6% 462
n= —( v )
&

G/

1/2

(14)

tgd = (15)

In mechanical extrusion, the material flow is caliby
volumetric displacement generated by a piston m@vecDue to
mass conservation, the piston velocity can be tyreelated to
extrusion velocity by the ratio of cross-sectiomaéas. The

the resulting material contamination risk, the @iBthod is not
used in bioprinting. (HUTCHINGS, 2010)

In the DOD method, a single droplet is generatelg on

when required by propagating a pressure pulse actrator in

a fluid filled chamber. The generated drop goesubh the
nozzle directly onto the substrate for depositlarthis method,
two kinds of actuators can be used: thermal orgaikleztric. In
thermal DOD, a microheater near the nozzle genefratat and
v%porizes a small pocket of fluid and drives theeyated bubble
ﬂwough the nozzle. In piezoelectric DOD, the pusséormed
by mechanical actuation of the chamber, genergtiegsure
waves that eject fluid through the nozzle. (DERBWY0S8)

Vapor bubble {l i
] )

Piezoelectric
actuator

JT ‘ |‘M‘D,":‘ .

Gutter [|
collects |
=

Drops positioned on substrate

Figure 3 — Inkjet bioprinting methods: (1) continuaus inkjet
(C1J), (2a) thermal drop-on-demand (DOD) and (2b)
piezoelectric drop-on-demand (DOD). DERBY, 2010

The DOD methods, despite their differences in dotga
share parameter, concepts and equations in comifio®.
bioink-surface interaction after droplet impact o great
importance, affecting kinematics, spreading, rdiaxawetting
and equilibrium phases. (RIOBOO et al., 2001, 2008
collision moment between drop and the surface i&egwed by
kinematic behavior and lasts for < 1us. (DERBY, @0When
the droplet collides with the substrate surface, Ebssible
scenarios are possible: deposition, prompt sptasbna splash,
receding breakup, partial rebound and complete umdbo

required time for the extruder to generate enougisqure to Among the possibilities, only the deposition scénarideal for

overcome the bioink yield stress requires optinidratand
adjustments for an appropriate extrusion procees fthe
beginning to the end of a filament. (LIU et al. 18]

In pneumatical extrusion, the motive force is gates
by pressure difference caused by air introductioto ithe
material reservoir. It is necessary to estimate ewdluate
pressure for adequate flow rates, as low flow rates

inkjet bioprinting. (RIOBOO et al., 2001)

After the kinematic phase, the droplet on the s@fa
undergoes spreading, where it expands as far iadigs$ kinetic
energy permits, with spreading speed increasethpgét speed
and droplet size and decreased by higher surfatsote or
higher viscosity. After the spreading phase, wbHoWs is the
relaxation phase during which the drop goes throeggxation

negatively impact cell viability, while high flovates may cause with an oscillation in its shape on the surface méted to the

cell damage due to high shear rates. (NAIR eR8D9)
4.2 Inkjet Bioprinting

There are two methods used in order to generatgeiso
in inkjet bioprinting: continuous inkjet (CIJ) androp-on-
demand (DOD) (Figure 3). On the CIJ method, a ooiatiis ink

equilibrium contact angl@eq The wettability of the surface is
reflected by the largest droplet diameter afteeaging and the
relaxation. (DERBY, 2010)

The equilibrium condition is based on the minimufm o

the surface energy. The contact angle may varyrikpg on
the substrate surface and ink properties, incluttieqr energy.
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When the surface energy is too high (hydrophilidesze), the
droplet tries to minimize the energy and spreadits tmaximum
possible distance, creating a very low contactgnghen the
surface energy is too low (hydrophobic), the ligaides not
spread and the droplet forms spherical shapes. slinkace
energy Y) between solid (s), liquid (1), vapor (v) and tentact
angle ) are as follow:

Ysov = Y1 + Yipyc0osO (16)

The interfacial energy between liquid and vapa) (g
the surface tension of the ink. For hydrophobidames, the
contact angle is such thgt, = y,; and for hydrophilic surfaces
the contact angle is so small that, = yg + y;.
(ISRAELACHYVILI, 2011)

The droplet formation mechanisms and fluid progsrti
are critical factors that demand study and optitiomain order
to obtain the desired outcomes during inkjet biajimg. Many
bioinks may satisfy biocompatibility criteria butiff the
bioprinting process because they are not apprepfaatinkjet
printing methods.

The bioink behavior during printing (droplet sizbape
and velocity) depends on the actuator utilizedrefoege it is
necessary to optimize it before the bioprintinggess. A droplet
can be ejected through the nozzle containing gakb known
as satellite), which reduces the deposition quatity the
substrate. Obtaining droplets free of satellitescontaining
minimum tail lengths is of critical importance irrder to
optimize actuator pulse. (TSAI et al., 2008)

Besides droplet shape and velocity, other importe

parameters must be tested before printing, suckeasity,
viscosity and superficial tension. As a means kateeviscosity
and superficial tension, the Ohnesorge numbeiiligzad along
with characteristic length (a), densitp),( viscosity {)) and
superficial tension (y):

_ VWe _ n
On= "% = Gowrirz (7
2
W, = == (18)
R = == (19)
-1
7= (20)

Using the conditiorl < Z < 10 and the Ohnesorge {0
Weber (W) and Reynolds (§ numbers, it is possible to
evaluate the stability of a droplet obtained frotmi@nk and its
appropriateness for inkjet bioprinting. This cofatit presents
restrictions to density, viscosity and surface i@mswhile
choosing or fabricating bioinks; for example, bla@nwith low
Z values (<1) cannot be printed by inkjet methoelsawse their
viscous dissipation prevents droplet ejection, &hibinks with
high Z values (>1) produce a substantial numbeanmvfanted
satellite droplets. (DERBY, 2010)

(no) and gravitational constant (g). (JUNG, 2011)

We and @ can be used to characterize spreading
dynamics. Since Windicates the ratio of inertial to capillary
forces, a high Windicates the influential parameter in droplet
spreading is impact induced inertia, while a low Mdicates
capillary forces prevent the drop from spreadingisbased on
fluid properties and can compare viscous forceé wiirface
tension forces, with a highn@hdicating that viscosity is playing
a major role in drop spreading and a low i@dicating that
surface tension is more dominant in spreading, visithe 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 sideritfo@n (a glass
side coated with a laser-absorbing layer genenadlgde of gold,
silver or titanium) coated with cellular materi@he laser pulses
irradiate the coating matrix, creating extremelgdiized heat
and generating a vapor bubble that develops quiakig is
expelled onto the substrate, which can be delideatéerms of
the Direct Writing Height (DWH) and the breakupdgin If the
breakup length is smaller than or equal to the D\ttid,results
are droplet-impingement printing. If the breakupgth is larger
than the DWH, the results are jet-impingement prntwhich
is associated with single or several breakups. (KBAet al.,
2016b)

Laser pulse Ablated
layer
ra
Transparent | I
holder | | ’ ‘ ‘ \ /
B o
Absorbing layer Liquid Expanding \_
(ablator) Film Vapor vapor ??Ct?:
(water, hydrogel) pocket e
Figure 4 — Laser-induced forward transfer (LIFT)

bioprinting schematic. (SHAFIEE et al., 2019)

The Weber number is determined by calculating dfie r
of the liquid inertia-to-surface tension in the qaes of
impingement. The critical Weber number {)Vis used to
designate when splashing occurs, the parameter M/atkd to
designate the threshold for material transfer, taedparameter
Weris used to designate the threshold for matemailstfier with
plumming, splashing or bulgy shape. The conditimr f
splashing on the substrate to occur can be exptesse

We = Wec (21)

PRU?
T
For a situation in which W< Wy, the pressure in the
bubble is inadequate to surpass the surface tensibrthe
coating and the surrounding pressure; consequettty,ink
material is unable to escape as a jet droplet.aFsituation in

W, = (22)

Besides B We and G, other numbers can be CO”Sidvere\thch We > Werp, the pressure on the bubble is too high; it bursts

to evaluate printing quality. The capillary numigr= 12%
relates viscous forces effects to superficial @msacross™ an
interface, whereas the Bond numbgr= £9Lko” represents
gravity effect, which can be omitted in most caséssmall
droplets (including inkjet printing). Both expresss relate a
characteristic length @), fluid velocity (v), low-shear viscosity

and either splashes or forms a jet with bulgy shdpar
situations in which At < We < Werp, the splashing phenomenon
becomes relentless. The optimized printing condlitis
anticipated to occur when W< We < Wee. (ZHANG et al.,
2016b)

In the case of laser bioprinting of alginate, itsvgnown



that most of the laser input energy is expandetthénform of The cell viability during laser bioprinting requirethe
elastic, surface and kinetic energies to form ttapsl When a optimization of bioink viscosity, film thickness éitaser energy.
droplet is created, it dissipates becomes of thelgamation of (CATROS et al., 2011)

ambient aerodynamic, capillary, elastic, liquidgerital and

viscous forces. The droplet may experience fouerdiht sorts 5. PROPERTIES
of breakup processes: atomization, first wind-iretlbreakup,
second wind-induced breakup, or Rayleigh breakoggsses. 5.1 Swelling
Most droplet breakups are extrapolated to eitheyld®gh or
Plateau-Rayleigh instability.

The water holding property in a hydrogel is oneitsf
most important characteristic features. When a hirgirogel

During the creation of the jet, capillary thinnimgnd —starts soaking water, the initial molecules movirtg the matrix
breakup of free surface viscoelastic liquid filarbreakup are will hydrate the most polar, hydrophilic groupsading to
understood over three time scales: the visco-eapitime scale primary bound water. As the initial polar groups aydrated,
t,, the Rayleigh capillary scate, and, wherer, is the zero the network swells and expands, exposing hydroghgtziups
shear viscosity, R is the characteristic lengtrsimered the laser and resulting in secondary bound water (hydroprailyidound
spot radius, and symbolizes the density in the equations 23 at¢ter). Due to osmotic driving forces of networkaits, the

24: network will absorb additional water tending towardfinite
dilution, which is opposed by the physical or cevelcrosslinks,
= 1% 23 i i i
ty - (23) leading to an elastic network retraction force thatps the
s 1/2 hydrogel to attain an equilibrium swelling levalSIHLIS et al.,
= (2 (24) 2010)

The Ohnesorge numbe,, elasto-capillary numbeg,, The additional swelling water imbibed after polar,

and Deborah number.Dn equations (25), (26) and (27) ardydrophobic and ionic groups become saturated wi:lter_ is
critical numbers to optimize the printing parametefhe termed free water and fills the spaces betweenark&tahains

prediction of droplet formation can be enhancesgishe G and/or center of larger pores. As the network sweépending

and E numbers. The Enumber alone is inconsequential, but thidn the degradability level, the gel will start tisidtegrate and
De number together with its processing time is méanfluids  dissolve. (GARG et al., 2016)

for which viscosity is of paramount importance. thermore, Swelling is the property to absorb water and reitafior
the Weber number is recommended as a process-dyhiami relative long time. It can be estimated by défer
figure for the apprehension of jetting dynamicse Banumber measurements methods, such as the Japanese laldustri
decreases or the nOnumber increases, and the alginatstandard K8150, which immerses the dry hydrogekionized
concentration also increases, which in turn augmém W  water for 48 hours at room temperature and theersilit using

number.(ZHANG et al., 2015b) a stainless steel net, calculating the swelling as:
ty _

O = 2= no(paR)"/? (25)  Swelling = =24 (28)
¢ d

E.= ti = ’1—‘; (26) Where W indicates the hydrogel weight in swollen state,
v e Wy indicates the hydrogel weight in dry state. Simila

D= *_ (,12_0)1/2 @7) measurements have been made under the terms ‘fayvedtio”,

€0 g PR3 “equilibrium degree of swelling” and “degree of dlvey”. (LIU

Cell viability in laser bioprinting is related tadtors such €t &l 2002, 2005; NAGASAWA et al., 2004; VALLES 4.,

as laser energy, extracellular matrix film thickneand the 2000)

bioink viscosity. On increasing the laser energg, tiability of The swelling assessment can be a measure for n&ny g
cells may be reduced owing to the significant deradion of properties such as crosslinking degree, mechapicglerties
DNA by ultraviolet light; hence, an infrared laseray be and degradation rate. This together with the swiokitate
preferred to ultraviolet lasers in the bioprintearhework. The stability are easy and cheap ways to differentiatesslinking
respective cell viabilities can be considerablyhhijthe laser statuses and identify a crosslinked gel or a nosstinked
energy conditions vary per thermal flux intensities original polymer. (GRIFFITH, 2000)

The phenomenon is correlated with the numericaletsd The exact swelling behavior is hard to be predictee
indicating that (a) the thickness of the heateditiqvater during tg highly non-ideal thermodynamic behavior of pogm
the course of a laser pulse is only a few microrseiad (b) the networks in electrolyte solutions. Another theorsed is the
complete cell droplet forms in a very short peraddime. The Flory-Rehner equation, which proposes swelling kgyitim
three different conditions causing mechanical stieshe laser- \when swelling force and retractive force inducedriggwork
assisted cell printing could be the hydrodynamiespure crosslinks are equal. The chemical potential charigeater at

emerging from the bubble during its budding phates constant temperature and pressure can be calcasted
unfolding shear stress on the account of jet vatatiring the

jetting phase, and the conditions of landing thatansequent #1 = H10 = Attmiz + Betastic (29)

to the initial jet velocity and the thickness ofetimattress. Where [ is the chemical potential of water in the system,
Increasing bioink viscosity reduces jet velocityinimizing Hio is the chemical potential of pure swelling waseTd Apmic
impacts intensity, thus improving cell viabilitytef printing. - and Apesic are the mixing and elastic contributions to thalto
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chemical potential change. The parametgugix and Apeastic
can be determined by:

Apimix = RTIN(1 — v,5) + vy + XxgVas (30)
e = () (5) (722 = 57) @

often challenging to compute and are generallyuithet! in a
parameter called tortuosity. Pore size distribigioare
influenced by three factors: i) concentration ofertical
crosslinks of the polymer strands, calculated lyitiitial ratio
of crosslinker to monomer; ii) concentration of plogl
entanglements of the polymer strands, determinetthédoynitial
concentration of all polymerizable monomers in fodution;
and iii) net charge of the polyelectrolyte hydrogigtermined

Wherey,, is the biomedical polymer-water interactiofhy the initial concentration of the cationic or @mic monomer.

parameterV; is the water molar volume; is the specific

These three factors can be calculated by usinghyfueogel

volume of the biomedical polymer;; is the volume fraction composition:

of the swollen gelM, is the average molecular weight between
crosslinks andv,, is the molecular weight of linear polymeraoT =

chains without crosslinking. Both equations leatheequation
of the average molecular weight of biogels crogsithin the
presence of water:

1 2

V—vl[ln(l—liz,s)‘*'vz,s"'xvg,s]

M My V2,5 1/3 P(v2,s

(32)

monomer weight+crosslinker weight

(39)

total volume

crosslinker weight

%C =

- - , (36)
monomer weight+crosslinker weight

The pore-size distribution depends on the hydrogel
characterization expressed by equations 35 and 13 a
influences the hydrogel design.

Wherev, ,. is the polymer volume fraction in the relaxed

state andp is the crosslinking agent functionality. In order

Porosity is a morphological characteristic and tan

calculateM,, thev, , values can be evaluated experimentally d8/strated as the presence of void cavity inside bulk. It is
they are inversely related to the swelling ratioM@ich depends advantageous to control the porosity for a widegearf

on crosslinking degree and ionic strength of thedioma
according to Figure 5.

A

crosslinking
density

/

/

¥

Swelling ratio
(g of solution / g of dry polymer)

>
Ionic strength (mol/l)

Figure 5 — Swelling ratio as a function of ionic
strength and crosslinker concentration (BORZACCHIELLO,
2009)

From the value oM, it is possible to estimate the end

to-end distance of the solvent free (unperturbtates

_ M¢ 1/2 1/2
@ =1(255) G (33)

Where [ is the bond length(C, is the polymer

characteristic ratio and/, is the repeating unit molecular
From this, the mesh size can be calculated"

weight.

(BORZACCHIELLO; AMBROSIO, [s.d.]; CANAL; PEPPAS,

1989)
£= )V v? (34)

5.2 Porosity

The average pore size, the pore size distributimhthe
pore interconnections are essential hydrogel factbat are

applications, such as optimizing cell migration Hgdrogel-
based scaffolds or tunable release of macromolsclilean be
calculated as:

Vpore

Porosity (%) = " x100 (37)

bulk+Vpore

Porosity can be estimated by theoretic procedstesh
as unit cube analysis, mass technique, Archimedethaod,
liquid displacement method, mercury porosimetry,s ga
adsorption, liquid extrusion porosity and variougnmscopy
techniques engaged in both qualitative and quainttdests.
(GARG et al., 2016)

5.3 Oscillatory Shearing Motion

The rheological characterization of complex fluids
carried out using several controlled methods suxtstaady
shear, stress relaxation, creep, oscillatory sleeat steady
extension. The results of each method are quadhtifising
material functions such as steady viscosity, re¢lamanodulus,
creep compliance storage and loss moduli, and sixteal
viscosity respectively. Oscillatory shear is widelged in
characterizing  viscoelastic  materials, since redati
contributions of viscous and elastic responsesbeameasured.
(DESHPANDE et al., 2010)

Oscillatory shear can be divided based on amplittroe
nonlinearities existing in real experiments are hait
insignificant or too small to measure, which chéedees it as
all amplitude oscillatory shear (SAOS), or theye a
significant, which characterizes large amplitudeciltzory
shear (LAOS).

While SAOS studies have been widely common, LAOS
studies have only become popularized in the paspleoof
decades with the development of more sensitivestharers in
commercially available rheometers. It is used eoito obtain
information regarding a material’'s nonlinear vidasécity and
the way it changes in response to the deformations)ving
both intercycle and intracycle measures. LAOS colddp



differentiate between suspensions of soft and rjgadicles, The flow generated under shear conditions durin®@SA
which would look the same in SAOS experiments. testing is illustrated by Figures 7 and 8:

However, one of the major obstacles in LAOS stuiies
the lack of consensus in the approach used toroptajsical Small-amplitude
interpretations of the experimental data acquikéahy methods ~ oscillatory shear
to improve data handling and processing were maiegu

b(1) = hygsin wt

b(1) = IETV” sin wt

Fourier Transform and were called FT rheology, etherugh [ - | “
there remains no clear physical interpretationhef measured . V = periodic
higher harmonics for an arbitrary material. (WILH#L.2002) h o

Other study proposed displaying the results asajdss figures, i I

decomposing the stress into two constructions:tieleend — X

[ !

viscous stresses. (CHO et al., 2005) Another stidygested
using Chebyshev polynomials of the first kind tsctébe the Figure 7 — Small amplitude oscillatory shear schenti.
elastic and viscous stresses, which was relatedratarier QMORRISON 2001)

analysis. (EWOLDT et al, 2008) Still, the physica

interpretations were shown to not be applied tolalOS

responses, which limited them even further. (ROGER”™ - Y2100

LETTINGA, 2012) This lack of consensus and physic ssos £ cos o £y i o e ot
interpretations indicate a field still in developme(ROGERS, - \/{/\/ - -
2018) BEAN

Figure 8 — Shear rate §), strain (y,1) and shear stresst,,)

For SACS, there are two types of oscillatory shesis: in SAOS functions. MORRISON 2001)

oscillatory frequency sweep and oscillatory amgitisweet. In
the frequency sweep test, the frequency is variadewthe

amplitude of the deformation, or the amplitude loé tshear
stress, is kept constant. In the amplitude swespttee angular
frequency remains constant while the strain oissteamplitude

The shear rate is time-dependent and periodic. The
kinematic is defined with the vector velocity asugtions 40

increases as a function of the time. The strainstre$s sweeps and 41:
are defined as follows: é(®)x,
' v=1 0 (40)
y(t) = yosin(wt) (38) 0 o
(6 = Yocos (wb) (41)

7(t) = 74 sin(wt) (39)
. . . . With ¢ (t) as the time-dependent shear-rate functign,
Wherey is the strain and is the stress applied, the,q e constant amplitude of the shear ratecatite angular

fSUbSC“pt "O"d !n((jj[cates Lhe _ampl'tﬁde"’ ISI' tk:je angular goquency. This flow is almost always carried auaicone-and-
requency and indicates the time. The amplitude sweep teﬁfate or parallel-plate rheometer. The wall motiequired to

helps definedthr:a Ililnear v_iscoelasticity range (LVEje yield produce SAOS can be calculated from the strain.lISshaar
stress ¢,) and the flow pointi). strains can be written as Equation 42:

= Au
Solid-like | Liquid-like Va1 = oo (42)
G, G" Yield point__ !

G
G"

Y The upper plate displacement for small strai(§ and
| _-Flow point the gap between the plategan be related to small strains as
& Equation 43:

b(t)

¥V21(0,8) = —= (43)

. Using the function for general flow (steady or @asty),
Wemngs: ! it is possible to calculate the strain rate in Hiumes 44 and 45:

Ty T T ¥21(0,6) = [y 721(t)dt’ = Lsin(wt) = yosin(wt)  (44)

Figure 6 — Stress amplitude sweep plot illustratindinear
viscoelasticity range (LVE), the yield stresst(,) and the flow _
point (7). (SANCHEZ, 2018) b(t) = hyosin (wt) (45)
The strain amplitude iy, = y,/w . At low strain
amplitudes, the produced shear stress in a sanlplleeva sine
The storage modulus (G’) and the loss modulus (Gyave with the same frequency as the input strairewdowever,

exhibit a constant plateau within the LVE rangejaolifis the the shear stress will usually be out of phasé tjth the input
region where the material can be tested withoulicire strain, thus written as Equation 47:

damage or changes. The limit value of the LVE rasgkefined _
as the yield stress. —T21(t) = 7 sin(wt + §) (46)
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et al., 2013)
—T,1(t) = t(sin wt cos § + sin b cos wt) =

(o c0s 8) sin wt + (g sin &) cos wt While cell viability is affected by viscosity in #usion-
0 0

(“47) based bioprinting, increasing the bioink viscosity laser-
The material functions for SAOS are defined based assisted bioprinting improves viability, since #duces jet

the sinusoidal shear-stress output. Using trigorinoidentities, velocity and minimizes impact during printing. (CRDS et al.,

it is possible to observe there is a portion ofgtress wave in 2011) In droplet-based bioprinting, higher viscpgitrevents

phase with the imposed strain (proportionakitowt) and a droplet ejection and lower viscosity produces unedrsatellite

portion in phase with the imposed strain rate (prtpnal to droplets. (DERBY, 2010)

cos wt). With Newtonian fluids, the shear-stress respaosse

proportional to the imposed shear rate in Equat@in In order to predict printability, viscosity has bedefined

in terms of loss and storage moduli in Equation(&#0 et al.,

T = —HYV21 (48) 2018)

With elastic materials, the shear stress resposse i (Gr2+G.,z)1/2
proportional to the imposed strain in Equation 49: n=—— (55)
71 = —GYyz (49) During oscillatory shearing tests, the frequency-

Comparing the SAOS response to both Newtonigﬁpe”dem viscosity, also called complex viscagitys defined
(viscous) and elastic materials, it is possibletiserve that the Py Equations 56 and 57

response contains both a Newtonian-like part (pitigral to N =1n'+in" (56)
¥,1) and an elastic-like part (proportionahtg ). Therefore, the
SAOS experiment is ideal for viscoelastic materiatsaterials ||7°|l = vn'* + n’? (57)

that show both viscous and elastic properties. Wheren' is the real part of the complex viscosity, also

The material functions for SAOS are called storad@own as dynamic viscosity and related to the fosslulus in
modulusG’(w) and the loss modulu®’(w), obtained through Equation 58, and)”” is the imaginary part of the complex
Equations 50, 51, 52 and 53 viscosity, also known as out-of-phase viscosity agldted to
the storage modulus in Equation 59.

—7,1(t) = (14 cos ) sin wt + (7, sin §) cos wt (50)
%1@ = (' (w) sinwt + G" (w) cos wt (51) n' = & (58)
0 w
! =l "no_ G_”
G'(w) = _Lcos 8 (52) p" = » (59)
172 _ To:
G"(w) =- sin§ (53) As hydrogels are usually non-Newtonian fluids, thei

viscosity is not a fixed value and varies accordimghear rate
variation. Due to its dependency on shear rate,nbasured
viscosity for non-Newtonian fluids is called thepfmrent
viscosity”. According to the viscosity changes @sponse to
shear rate changes, several types of non-Newtdrghaviors
are possible, as indicated in Figure 9.

The measurement of the phas@rovides a method of
quantifying the level of viscoelasticity of a maakrAsd varies
between zero andr/2 , small values ofd& represent
predominantly elastic behavior, while large valoE$represent
predominantly viscous behavior. Another paramettated to
the phase is the loss tangent, which indicatesdtiie of viscous
to elastic response calculated by Equation 54.

tand = < (54)

G Pseudoplastic with
A tangent tending to infinity indicates a primaréiastic el stress
response, while a tangent tending to zero indicatpemarily
viscous response. Other than storage and loss mphase and
tangent loss, SAOS tests are useful to determireerotz
parameters, such as viscosity and compliance. (FAHNDE

et al., 2010; MORRISON, 2001) Dilatant fluid
5.4 Viscosity /

Viscosity is the fluid resistance to flow upon &pgtion Shear rate
of stress, being generally determined by the potymfeigure 9 — Flow curves for Newtonian and non-Newtaan
concentration and molecular weight. It can be meabsy fluids. (KULKARNI; SHAW, 2016)
viscometers and rheometers, with the latter posgpsswider
measurement range and being capable of measurlmgy ot
properties as well. It directly influences shapeelity after The properties associated with material recovenyg tare
deposition, which increases with increasing vidgoscell referred to as thixotropy, where the apparent @iggalecreases
viability, which can negatively affect cells withe increase of with time when the material is exposed to condg&iohconstant
the applied shear stress, and surface tensionrdrireplet shear rate, and rheopexy, where the apparent itisoosreases
formation, which is prevented with viscosity incsea Wwith time when the material is exposed to constigar rate
(AGUADO et al., 2012; MALDA et al., 2013; SCHUURMAN conditions, shown in Figure 10.

Bingham plastic fluid

ar stress

Pseudoplastic fluid

Newtonian fluid




behavior, with shear-thinning fluids exhibiting gbsuspension
stability or drip resistance when at rest and timgrdown while
being “worked” on. It commonly occurs in polymer ltse
concentrated polymer solutions and in colloidalpdisions.
Measuring viscosity at a single shear rate doesmulitate the
full behavior picture, so a flow curve across agewf shear
rates will enable a better study and evaluationpafcess
conditions. (MORRISON, 2001; TOWNSEND et al., 2019)

t t
(a) (b)

Figure 10 - Time-dependent viscosity indicating (a)
thixotropic behavior and (b) rheopectic behavior.
(KAZEMIAN et al., 2010)

-
Plastic behavior is characterized by a fluid reiggira E
certain amount of force applied to it in orderrtduce flow. This =
force is called “yield stress”, as shown in Figfe Once this
value is exceeded, flow begins and the fluid magpldy
Newtonian, pseudoplastic or dilatant flow chardstis.
(STRUBLE; JlI, 2002)
Shear rate
Figure 13 — Shear thinning behavior (KULKARNI; SHAW,
g 2016)
E
E A plot of log viscosity vs log shear rate represeanbst
& non-Newtonian, shear thinning materials. At lowasthmates the
entangled molecules have a hard time sliding pash ®ther,
presenting a constant viscosity region known as “fivet
€ Yield stress - Newtonian plateau” or “zero-shear viscosity, ). As the shear
Shear stress rate increases, the shearing action disentangtearaavels the
. . _ molecules, with the disentangled molecules slidiagt their
;'S%/?/ 1210_1;'0\’\’ curve for plastic behavior (KULKARNL; neighbors more easily and leading to a sharp dseréa
' viscosity, known as the Power Law region. Whennttodecules

can't stretch any further, a constant viscosityargs presented,
Dilatant or shear thickening behavior as shownigufe known as the “second Newtonian plateau” or “inBrshear
12 is characterized by an increase in viscosith Wit increase viscosity” (7, ). The plot is shown in Figure 14 to better
in shear rate. It is less common than shear thinnbeing visualize both Newtonian plateaus and the Power Ragion.
frequently seen in fluids with high levels of deftulated solids (KULKARNI; SHAW, 2016; OSSWALD; RUDOLPH, 2015a)
(corn starch/water mixtures, sand/water mixturkss; slurries).
(MORRISON, 2001; TOWNSEND et al., 2019) Newtonian Region

Z
E Power Law Region
> =
E 2
E-‘-"m'— Newtonian Region
log Shear rate
Figure 14 — Log-log plot of shear thinning behavior
(KULKARNI; SHAW, 2016)
Shear rate
Figure 12 — Shear thickening or dilatant behavior Several mathematical models are used to analyze the
(KULKARNI; SHAW, 2016) obtained data and help characterize the fluid behabifferent

flow behavior requires different models to betiettfe viscosity

Pseudoplastic or shear-thinning behavior as showndata. A simple model used is the Power Law modsppsed by
Figure 13 is characterized by a decrease in viscedgth the Ostwald and de Waele. It is used to describe tearstninning
increase in shear rate. It is the most common newibhian or shear thickening behavior in materials and retglgield



jCEC - ISSN 2527-1075.

response and the Newtonian plateau at small stea@s. The rate above the yield stress. It is basically a Rdvesv model
model can be written as: with a yield stress term:

n—1

n=my (63)

(64)

T=1+my"

(60) o
n= 7 + ‘)’Tl]./n_1

T>Tg
Where 5 is the viscosity,m is referred to as the
consistency index; is the shear rate amds the Power Law or Below the required critical stresg, the material sustains
flow index. Both Power Law and consistency indes@sknown stress without flow, but above it, the materiahffolike a Power
for common materials. The inder represents different Law fluid. As with the Power Law modet < 1 represents
behaviors according to its value:= 1 represents Newtonianshear thinning behaviom > 1 represents shear thickening
behaviorn < 1 represents shear thinning behavior and 1 behavior andh = 1 reduces the model to the Bingham model
represents shear thickening behavior. (HACKLEY; RARIS, representing Newtonian flor above the critical ¢fistress.
2001; KULKARNI; SHAW, 2016; OSSWALD; RUDOLPH, Figure 16 shows that all models discussed can hieedeefrom

20152) one base equation with different assumptions fbab®r. The

The Power Law model has been used due to its simpRwer Law model, while the simplest, can be usednthere
formula expressing the relation between shearssaied shear IS high shear rate. The Cross-WLF model is the restmon
rate. Its major drawback is its accuracy, whichhiavily N numerical simulations, fitting the viscosity daof a wide
dependent on shear rate range: most commercialogieal 'an9€ of materials. The Herschel-Bulkley model ditdoth the
configurations provide data for a limited sheareraange, POWer Law and Bingham models. (HACKLEY; FERRARIS,

making obtaining flow information at both low (<%sand high 2001; OSSWALD; RUDOLPH, 2015a)

(> 1000 shear rates a challenging situation. A plot af Ic Power Law Cross-WLF Bingham
viscosity vs log shear rate in Figure 15 helps alige the - !
accuracy issue between the Power Law model appeiidm ... .o zvion PR iz
and the viscosity curve. (OSSWALD: RUDOLPH, 2015b) [y’ |
t =T . =0, n=1,,
SRR :: »:U"" a=1, < My,
= ~ o _Th K=r1,
= E ek k= T n=0
i K=m
§ L pit ff=— g = Ty
.g Model n=my" s M =My +]T
g S
=l
Figure 16 — Expressions describing steady shear non
Newtonian flow. (OSSWALD; RUDOLPH, 2015a)

Log shear rate, log 7

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

6. CHALLENGES AND FUTURE TRENDS

Bioprinting is a promising solution for the globall
increasing organ shortage for transplantation, al as for

The Cross-WLF model considers the effects of stear pharmaceutical tests in animals and its subseqeéhital
and temperature on the viscosity, describing bothwidnian discussions. In order to further advance the fieldeach a
and shear thinning behavior within a wider rangsladar rates complete and functional printing of complex tissaas organs,
compared to the Power Law model. It is the mostmom some challenges must be surpassed which geneakliytb one
model used by injection molding softwares, offerithg best fit of three categories: technical, commercial or ethiballenges.
to viscosity data. (HACKLEY; FERRARIS, 2001; HIEBER

CHIANG, 1992) The shear thinning part is modeled by Technical challenges involvin vivo integration and

printability challenges. The latter involves deymitent of

N—MNo __ 1

Mo—Me  1+@APIT (61)

WhereA is a time constant. Fer> n,, andn < n,, the
Cross model is reduced to the Power Law modehdfinfinite-
shear viscosity is negligible, the Cross-WLF modeh be
written as:

Mo
w(12)

The Herschel-Bulkley model is widely used to repres
the behavior of viscoplastic materials exhibitingeld response
and a Power Law relationship between shear stredsslaear

n@) = (62)

1-n

bioinks and bioprinting methods in order to obtdigher
resolution during and after printing. MIKEt al. (MIN et al.,
2017) have developed a 3D bioprinting procedurealkgpof
producing skin tissue with pigmentations, while Kid al.
(KIM et al., 2017) invented a procedure using esitya and
inkjet modules simultaneously for human skin engiirg
possessing 50 times a lower cost and 10 timesneExium
consumption when compared to a stereotyped culGi et

al. (GUO et al., 2017) have developed a multifunctiona

bioprinting method for stretchable tactile sensfaigrication
with capability of detecting and differentiating rhan
movements.



Bioink development has been made aiming to improsgéu bioprinting development and to the developmeit

printing resolution, structural and biological perhance. A
special bioink was developed to provide condugtigitd avoid
delayed electrical coupling in cardiac cells and sfaown to be
printable, cytocompatible and to enhance functityain
cardiac cells. (ZHU et al., 2017) Bioinks have bstrdied for
vascularized bioprinted tissues (KOLESKY et al.1202016),
with strain sensors within structures guiding te#-assembly
of cardiac tissue (LIND et al., 2017), and withfdedaling
hydrogels used along with shear-thinning hydrogets/iding
support for direct printing of 3D constructs (HIGBY et al.,
2015). Another bioink development has been the uméxt
between natural and synthetic materials, providi
semisynthetic hydrogels in order to combine biocatitylity
and mechanical stability. (BEHESHTIZADEH et al., 220
RUTZ et al., 2015)

In vivointegration is a significant challenge in tissud a
organ engineering. Without proper vascularizatiotgrior cells
do not receive adequate nutrition, growth factard axygen,
leading to cell death, necrotic tissues, loss aftgunction and
infection (BEHESHTIZADEH et al., 2020). The study®CMs
and their composition, distribution and functiorsHed to the
suggestion of artificial vascular systems and ftuichannels.
(DERAKHSHANFAR et al., 2018; KAULLY et al., 2009)

Bioprinting’s potential implementations makes it
promising market estimated to obtain a $10.8 Imilworth in
2021 (ARSLAN-YILDIZ et al., 2016), however it stiiresents
considerable commercial challenges involving thepbinting
process’ optimization, which is not currently autded and
entails manual operations separated in various stepulting in
slow processing speed and increasing the posgibiierrors
(MANDRYCKY et al., 2016). Besides scalable manutiaicty,
other challenges are present like regulatory aggravsurance,
hospital and medical policies and logistics (JAK&t&l., 2016).

preclinical tumor models in the form of 3D in vitmancer
models for further studying. (ALBANNA et al., 2018JNGH
et al., 2020)

Another promising trend involves the use of smart
materials — time-dependent, stimuli-responsivef-esablving
materials which are dynamic upon contact with exdestimuli
such as pH, temperature, electricity, etc. Thishretogy,
initiated and termed in 2013, is known as 4D pnigtand is
reported as the most significant transformatiomxisting 3D
printing and traditional manufacturability. It cha used to print
r?eart valves designed as per patient requiremessidban data
a%quired from CT and MRI, skin, liver and kidneypiants.
(HALEEM; JAVAID, 2018; ZAFAR; ZHAO, 2020) Although
tissue printing is still in its earlier stages, #idprinting is a
promising field that can resolve many of the chrajles currently
present in organ printing. The study and develognoémew
materials, new bioinks and new bioprinting methadscrucial
to achieve a fully functional printed human orgad a solution
to organ shortage for transplantation.
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