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A B S T R A C T   

Bioinks are formulations of biomaterials and living cells, sometimes with growth factors or other biomolecules, 
while extrusion bioprinting is an emerging technique to apply or deposit these bioinks or biomaterial solutions to 
create three-dimensional (3D) constructs with architectures and mechanical/biological properties that mimic 
those of native human tissue or organs. Printed constructs have found wide applications in tissue engineering for 
repairing or treating tissue/organ injuries, as well as in vitro tissue modelling for testing or validating newly 
developed therapeutics and vaccines prior to their use in humans. Successful printing of constructs and their 
subsequent applications rely on the properties of the formulated bioinks, including the rheological, mechanical, 
and biological properties, as well as the printing process. This article critically reviews the latest developments in 
bioinks and biomaterial solutions for extrusion bioprinting, focusing on bioink synthesis and characterization, as 
well as the influence of bioink properties on the printing process. Key issues and challenges are also discussed 
along with recommendations for future research.   

1. Introduction 

Biomaterial solutions can be synthesized with living cells and/or 
biomolecules (such as growth factors) to form bioinks for the printing of 
functional scaffolds or constructs for tissue engineering and regenerative 
medicine. The printing process deposits the bioinks or biomaterial so
lutions in a predesigned manner to build up three-dimensional (3D) 
structures in a layer-by-layer fashion (Fig. 1) [1–3]. If the printing 
process involves living cells, it is commonly referred to as bioprinting 
and the printed structures are referred to as constructs, while if no living 
cells are involved the process is simply termed printing and the printed 
structures as scaffolds. In this paper, we refer to bioprinting and its 
subsequent constructs unless otherwise specified. Among the bio
printing techniques developed to date, extrusion bioprinting, which 
employs mechanical forces to extrude the bioink or biomaterial solution, 
has been widely used in the fabrication of constructs [1,4]. The me
chanical forces employed in extrusion bioprinting can be classified into 
three categories: pneumatic, piston, and screw-driven (Fig. 2). The 
pneumatic-driven printing process utilizes pressurized air to drive the 
bioink or biomaterial solution out of the needle and, as such, deposition 

of the bioink or biomaterial solution is controlled by regulating the 
pressure of compressed air. Due to the advantages of its simple operation 
and ease of maintenance, pneumatic-driven printing has been widely 
used. In the piston or screw-driven printing process, the bioink or 
biomaterial solution inside the syringe is mechanically extruded by a 
piston or a screw [5]. Both piston- and screw-driven printing can provide 
larger mechanical forces and allow for more direct control over the flow 
of bioink compared to pneumatic-driven printing [5–9]. 

Bioprinted constructs have found wide applications related to 
biomedical engineering, including tissue engineering (TE) and 
combating infectious diseases (CID). In TE, bioprinted constructs are 
cultured in bioreactors and grown into functional ‘artificial’ tissue/ 
organ substitutes, which are then implanted into patients to help repair 
or treat tissue/organ injuries [1,2]. In CID, bioprinted constructs are 
created to mimic human tissue/organs (e.g., human lung), serving as in 
vitro (out of body) tissue or virus-disease models to test/validate newly 
developed therapeutics and vaccines prior to their use in humans 
[9–12]. For these applications, several functional requirements 
including architectural, mechanical, and biological properties have been 
identified as crucial. The architectural properties of a construct refer to 
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its external geometry and internal structure, with the external geometry 
aiming to mimic that of the tissue/organ to be repaired and its internal 
structure requiring a high degree of porosity for cell growth/movement, 
transport of nutrients into the construct, and removal of metabolic 
wastes out of the construct during the healing process. The mechanical 
properties of a construct refer to its mechanical strength and degrada
tion. Notably, the materials of a construct, once implanted, degrade as 
the tissue regenerates within it. As a result, the mechanical properties of 
constructs are dynamic, with the decrease in biomaterial strength 
caused by degradation being combatted by an increase in mechanical 
strength due to tissue regeneration. Eventually, the mechanical prop
erties of the construct should be similar to those of the tissue/organ 
being repaired throughout regeneration. The biological properties of a 
construct refer to its ability to support cell growth/functions (such as cell 
attachment, proliferation, and differentiation) and tissue regeneration, 
with limited or no negative effects (such as inflammation) on the host 
system (i.e., animal or human) in which the tissues/organs are being 
repaired. 

Successful bioprinting of constructs and their subsequent success in 
applications relies on the properties of the formulated bioinks or 
biomaterial solutions, including the rheological, mechanical, and bio
logical properties, as well as the selected bioprinting process. Over the 
last two decades, advances in biomaterials/bioinks and extrusion 
printing techniques has allowed for creation of diverse and complicated 
constructs for a wide range of tissue engineering applications, including 
repair of damaged skin [13,14], cartilage [15–17], bones [18], nerves 
[19,20], teeth [21,22], and spinal cords [23,24], as well as the treatment 
of corneal blindness [25], heart attacks and strokes [26–28]. In this 

paper, we review the recent development of bioinks and biomaterial 
solutions in reference to important properties for extrusion printing, 
with a focus on biomaterial and bioink synthesis, characterization, 
extrusion bioprinting of constructs, and advances in extrusion bio
printing. Key issues and challenges are also discussed along with rec
ommendations for future research. 

2. Biomaterials and bioinks 

2.1. Biomaterials 

Biomaterial solutions and/or bioinks used for bioprinting have been 
synthesized widely from polymers. Polymers are organic biomaterials 
possessing long chains with high water contents, thus being able to 
provide a hydrated tissue-like environment that supports cell functions 
(including cell attachment, proliferation, and differentiation) and tissue 
regeneration [29]. Polymers are either natural or synthetic; natural 
polymers have the intrinsic capability to support cell functions, while 
synthetic polymers are usually biologically inert, but exhibit strong and 
robust mechanical properties. 

2.1.1. Natural polymers 
Alginate, also known as alginic acid, is a water-soluble poly

saccharide primarily derived from brown seaweed. This family of nat
ural polymers is comprised of β-D-mannuronic acid (M) and α-L- 
guluronic acid (G). The monomers can appear in homopolymeric blocks 
of consecutive G-residues (G-blocks), consecutive M-residues (M- 
blocks), or alternating M − and G-residues (MG-blocks). Varying 
amounts of G and M blocks in alginate result in molecular weights that 
can range from 50 to 100,000 kDa. Alginate has been extensively used in 
extrusion bioprinting due to its ease of printing to form 3D structures, 
compatibility with ionic cross-linking, along with its water absorbency 
and low cost [30–32]. Alginate solutions used in bioprinting have 
demonstrated compatibility with many cell types from different tissues, 
such as bone, muscle, cartilage, skin, nerve, and blood vessels, as well as 
functional organs including the heart, liver, kidney, and bladder 
[33–37]. However, alginate possesses the critical disadvantage of poor 
cell adhesion. Lack of adhesion molecules in alginate, or transmembrane 
glycoproteins, significantly reduces the interaction between cells and 
alginate, thus limiting cell functions. The adhesion properties of alginate 
can be improved by adding other biomaterials that have inherent ca
pacities for cell attachment [17,33–43] or modifying with special 
adhesion molecule sequences, such as RGD peptides, that can covalently 
bond to alginate chains [44]. 

Chitosan is a common natural polymer found in crustacean shells 
and fungi cell walls which is derived by alkali deacetylation of chitin It is 
a linear polysaccharide composed of randomly distributed N-acetyl-D- 
glucosamine (acetylated unit) and β-(1–4)-linked D-glucosamine 
(deacetylated unit). Chitosan is readily soluble in dilute acidic medium 
below its pKa (pH = 6.5) while chitin is insoluble in organic and regular 
solvents [45]. Chitosan is well known for being relatively cheap with 
favorable non-toxic, biodegradable, antibacterial, and antifungal prop
erties; as such, it has been used in many medical applications ranging 
from pharmaceuticals to wound dressings [46–48], as well as in bio
printing [17,49]. As an acid environment is not suitable for cell survival, 
bioprinting cell-incorporated scaffolds using typical chitosan solutions 
and living cells is challenging. One way to solve the problem is chemi
cally modifying the properties of chitosan to make it soluble in water, 
with neutral pH after dissolution [50,51]. The utilization of chitosan is 
also often limited by its slow gelation rate and poor mechanical prop
erties for bio-printing [50]. These limitations can be alleviated by add
ing other hydrogels such as gelatin, starch, collagen, pectin and alginate 
to chitosan solutions to enhance the polymerization rate and structural 
strength [52–56]. Chitosan has the ability to form crosslinks with a wide 
range of compounds, including citrates and phosphates like tripoly
phosphate (TPP), through an ionotropic process. With other 

Fig. 1. Constructs printed from bioinks and applications.  

Fig. 2. Schematic of pneumatic-, piston-, and screw-driven printing.  
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polyelectrolytes, particularly polyanions such as alginate or hyaluronic 
acid, chitosan can be effectively crosslinked, thus being suitable for 
3D-bioprinting [57]. 

Agarose is a natural water-soluble polysaccharide that is purified 
from seaweed (red algae) and can be self-crosslinked and de-crosslinked 
using temperature control. Typically, agarose solution can be rapidly 
gelled when the temperature drops to between 26 and 30 ◦C, which 
makes it printable, but some challenges remain. Agarose provides 
limited support of cell growth due to its non-adhesive nature and de
grades over time [58]. Because of its inert nature, agarose is often used 
to form cell aggregates and/or support the differentiation of encapsu
lated cells [58]. Collagen can be mixed into agarose solutions to increase 
support of cellular functions such as biosynthesis of proteins and pro
teoglycans allowing for the incorporation of living cells [59]. Also, 
agarose has been used as a ‘sacrifice biomaterial’ in scaffold vasculari
zation due to its thermosensitivity [60]. In this strategy, agarose fibers 
are printed with a pre-defined pattern, with the functional biomaterials 
and cells then cast over the fibers and crosslinked. Using temperature 
control, the agarose fibers can be easily melted and removed, with the 
patterned channels left behind [60]. 

Hyaluronic acid (HA) is the most prevalent glycosaminoglycan that 
exists in the extracellular matrix (ECM) [61]. It is distributed throughout 
the human body and is predominantly involved in connective, epithelial, 
and neural tissues. HA stimulates limited inflammatory response and has 
antigenic potential allowing for its extensive use in clinics as a dermal 
filler for wound healing while its lubricating properties have allowed for 
its use as synovial fluid in articular joints [2]. HA is water soluble, with 
the resulting solution having a high viscosity and as such, it is often used 
as an assistant material to adjust the viscosity of other biomaterial so
lutions in bioprinting [39,62,63]. Tunable physical and biological 
properties make HA a suitable material for incorporating cells [64,65]. 
HA can gel by covalent crosslinking with hydrazide derivatives, by 
esterification, or by annealing, but all of these processes take a long time 
and can be toxic to encapsulated cells [66]. Additionally, gelled HA has 
poor mechanical properties and is characterized by a rapid degradation 
rate [66]. To address these shortcomings, HA is normally modified with 
UV-curable methacrylate (MA) to become photopolymerizable. The 
HA-MA maintains the crucial biological properties of HA while gaining 
controllable crosslinking properties, which greatly improves cross
linking efficacy and mechanical stability for scaffold bioprinting appli
cations [66]. 

Collagen is an abundant, naturally occurring protein in the body 
that consists of self-aggregating polypeptide chains held together by 
both hydrogen and covalent bonds. It is the most widely used natural 
material for tissue scaffolds due to its natural receptors for cell attach
ment, creating the possibility to directly affect cell adhesion and other 
functions [67,68]. There are a number of different types of collagens 
that have been identified; some collagens are more compatible with 
bioprinting applications than others [69]. The most widely used 
collagen formations in tissue engineering include collagen type I, II, IV, 
and V [70]. Among these, collagen type I has been extensively applied in 
scaffold bioprinting [71,72]. It is dissolvable in faintly acidic aqueous 
solutions and can be polymerized within 60 min at 37 ◦C and neutral pH. 
As such, collagen scaffolds can be printed by controlling the pH and 
temperature. Collagen scaffolds have been used with diverse cell types, 
including adipose, bladder, blood vessel, bone, cartilage, heart, liver, 
nerve, and skin tissues, among many others; however, they face the 
limitation of inherently poor mechanical properties. To make collagen 
more suitable for scaffold bioprinting and tissue engineering applica
tions, covalent bonding and irradiation crosslinking methods have been 
applied along with the thermal polymerization of collagen solutions 
[71]. Additionally, mixing collagen solution with other materials such as 
alginate, gelatin, and HA has also been adopted in scaffold bioprinting to 
improve mechanical properties [71]. For the repair of many hard tissues, 
such as bone and cartilage, scaffolds made from collagen and synthetic 
polymers such as polycaprolactone (PCL) and poly(lactic-co-glycolic 

acid) (PLGA) have often been used, where the synthetic polymers are 
printed first in a designated pattern as a scaffold frame to provide the 
mechanical support for the structures and cells and then collagen and 
cells are subsequently deposited inside the spaces created by the frame 
to realize the biological functions of the scaffold [70]. 

Gelatin derived through partial hydrolysis of collagen has advan
tages such as good biocompatibility, non-immunogenicity, cell-affinity, 
and complete biodegradability in vivo [73]. Gelatin is widely used for 
tissue engineering applications as it possesses a similar composition to 
collagen. Analogous to collagen, gelatin is sensitive to temperature and 
crosslinked at low temperatures [73]. When the temperature increases 
to the physiological range or higher, gelation de-crosslinks and shows 
instability. Therefore, for extrusion-based bioprinting applications, 
chemicals including metal ions, glutaraldehyde, and other printable 
materials have been used to improve the printability and stability of 
gelatin [41–43]. Photo-crosslinkable gelatin hydrogels have been syn
thesized by chemically modifying gelatin with methacrylamide side 
groups. Synthesized gelatin methacrylate composite (GelMA) hydrogels 
have been successfully printed with the help of UV-light and further 
employed to encapsulate various cell types for the fabrication of 
tissue-engineered cardiac valves, cartilage, and vessel-like structures 
[74,75]. The mechanical properties of modified gelatin can be regulated 
by controlling the gelatin concentration, UV light intensity, or exposure 
time [74,75]. 

Fibrin is a fibrous protein that naturally forms in the body during 
blood coagulation and is also a component of natural ECM [76]. It 
contains fibrinogen, which is a protein comprised of two sets of three 
polypeptide chains: Aα, Bβ, and γ chains [77]. Fibrinogen can be gelled 
to form fibrin hydrogels by adding thrombin, a serine protease that 
converts fibrinogen into fibrin. Coagulation factor XIII can covalently 
crosslink with the γ chains in the fibrin polymer to produce a fibrin 
network that is stable and resists protease degradation. During bio
printing, fibrin can be simply achieved via direct deposition of fibrin
ogen solution into a mixture containing thrombin and factor XIII [78, 
79]. Fibrin is a versatile biopolymer with excellent potential in 3D-bio
fabrication [80]. Fibrin-based scaffolds have an inherent cell adhesion 
capacity, which encourages many applications based on mixing cells 
into fibrinogen solutions to build cell-incorporated fibrin constructs that 
enhance the proliferation [76]. However, the utilization of fibrin scaf
folds is limited by their low mechanical stability and rapid degradation 
[81]. Methods to improve their mechanical properties include using 
high concentrations of fibrinogen or thrombin during fibrin formation or 
mixing fibrinogen with other biomaterials that provide better mechan
ical stability [82]. The rapid degradation rate can be moderated by 
adding protease inhibitors such as aprotinin into the fibrinogen solu
tions or culture medium, or by optimizing the printing temperature, 
calcium ion concentration, and cell density. Building fibrin-based scaf
folds by extrusion bioprinting is challenging due to the limited viscosity 
of fibrinogen solution. Pre-mixed fibrinogen and thrombin solutions 
have been applied in fibrin-based scaffold fabrication to improve the 
viscosity of printed solutions [77]. Fibrinogen solutions with a 
pre-determined ratio of fibrinogen and thrombin are normally prepared 
at a low temperature (around 0 ◦C) to moderate the gelation. Other 
methods to improve the printability of fibrin include mixing fibrinogen 
with other biomaterials during solution preparation and crosslinking 
them after with associated crosslinkers for scaffold bioprinting [81,82]. 

Decellularized extracellular matrix (dECM) is a natural biomate
rial obtained through the decellularization of native tissues. Decellula
rization is a process involving the lysis and removal of cellular 
components by the perfusion of anionic (e.g., sodium dodecyl sulfate- 
SDS), nonionic (e.g., Triton-X100) or other mild detergents while pre
serving the ECM of the tissue [83]. By this process, dECM contains 
various, yet bioactive, molecules and proteins such as collagen, gly
cosaminoglycans (GAGs), laminins, elastin, and fibronectin as well as 
growth factors, which facilitate cell growth and functions [84] and as 
such, it is promising for use in developing biomimetic tissues and organs 
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by bioprinting. Recent advances in dECM have allowed for the synthesis 
of new dECM-based biomaterials compatible with various techniques 
(including printing) for tissue engineering and medical regeneration of 
various organs including the heart, kidney, and liver [5]. dECM can be 
digested into an acidic solution (e.g., HCl and acetic acid) and then 
neutralized by NaOH. dECM is crosslinkable after incubation at 37 ◦C 
due to the presence of collagens. Notably, dECM has weak mechanical 
properties, which limits its application in hard tissue (such as bone) 
engineering [85,86]. To address this, other polymers such as PCL are 
normally used as frameworks to enhance the structural stability [87]. 
There are still unknowns about the biochemical and structural nature of 
ECM as well as issues left to be addressed for its processing and appli
cations in bioprinting [84]. Future research studies are urged to develop 
novel methods/techniques/strategies for minimizing damage to dECM, 
stabilizing dECM with improved durability, printing dECM to form 
scaffolds with appropriate architecture and mechanical/biological 
properties, and re-cellularizing dECM or scaffolds with appropriate cell 
types including their subsequent cell culture for the formation of func
tional scaffolds or constructs. 

Peptide-based hydrogels are developed through the synthesis and 
self-assembly of peptides into hydrogels or their structures. To date, a 
variety of hydrogel structures have been formed through noncovalent 
forces including hydrogen bonding, electrostatic, and hydrophobic in
teractions between peptides, or through chemical or enzymatic cross- 
linking [88,89]. Peptides, formed from amino acids, can be differenti
ated into short or long chain peptide hydrogels based on the number of 
–CONH- amide linkages present [88]. These synthesized natural mate
rials are highly bioactive, enabling cell adhesion, proliferation, migra
tion and differentiation, as they are derived from ECM components and 
can be used to direct further cellular activities [89]. The physiochemical 
properties of a peptide bioink, including hydrophilicity/hydrophobicity, 
gelation, release kinetics, and mechanical strength, are dependent on 
both the incorporated peptides, as well as their sequence within the 
chain [88,89]. Further, the mechanical properties of a peptide-based 
hydrogel can be tailored through varying the assembly conditions 
including peptide concentration, charge, pH, and temperature among 
others [89]. Generally, peptide-based hydrogels can be functionalized 
through addition of bio-functional motifs, degradable sequences, ther
apeutic components, or growth factors on side chains or terminal sites 
[89]. For example, addition of matrix metalloproteinase (MMP) and 
MMP cleavable sequences, has been utilized to tune degradation prop
erties of peptides, as MMPs are naturally occurring enzymes capable of 
degrading structural ECM components [89]. Short chain peptides (<21 
peptide linkages) are cost effective and tend to be easier to synthesize in 
comparison to longer chain peptides; however, they often lack me
chanical strength [88,90]. Dipeptide hydrogels require the presence of 
additional aromatic groups within their structure to support gel for
mation and mechanical strength during self-assembly [88]. The print
ability and mechanical stability of modified 
9-fluorenylmethoxycarbonyl (Fmoc) dipeptides have been improved 
through layering the dipeptides with oppositely charged terminal resi
dues to promote electrostatic interactions, forming a stable structure 
without additional cross-linking [90]. Other approaches to increase 
mechanical stability for 3D bioprinting include modifying elastin-like 
poly-peptides to be photosensitive [91]. Multi-domain peptides have 
been further studies for determination of how their chemical function
ality affects the host response, and it was found that negatively charged 
peptides elicited minimal inflammatory response with fast remodeling, 
while positively charged peptides triggered immune infiltration, pro
motion of angiogenesis and collagen deposition [92]. Although 
peptide-based hydrogels are highly promising for application in 3D 
bioprinting, they still face technical challenges including methods of 
sterilization, batch-to-batch reproducibility, and large-scale production 
[89]. 

2.1.2. Synthetic polymers 
While generally incompatible with direct cell incorporation, syn

thetic polymers play a very important role in extrusion-based bio
printing techniques for enhancing the mechanical properties of printed 
structures. Although bioinks are generally not formed directly from 
synthetic polymers due to the process conditions required for their 
printing (elevated temperatures, organic solvents etc.) [93], these 
polymers are commonly used or printed to form a scaffold framework 
with strong mechanical strength; and then cell-incorporating hydrogels 
are bioprinted or impregnated into the space of the frameworks, forming 
hybrid scaffolds [364]. The synthetic polymers commonly employed in 
3D extrusion bioprinting techniques are outlined below. 

Poly(ε-caprolactone) (PCL) is a polyester that can be degraded by 
hydrolysis in physiological conditions (such as in human body fluids) 
and therefore has drawn considerable attention for use as an implant
able biomaterial [94]. PCL has a low melting point (60 ◦C), is hydro
phobic, and degrades slowly making it favorable for numerous 
applications in tissue engineering (e.g., drug delivery, anti-adhesion 
barrier films, bone substitutions) [94]. PCL has been utilized in 3D-print
ing due to its thermoplastic behavior, respectable mechanical strength, 
and hydrolysis-induced biodegradation profile. In its liquid phase, PCL is 
thermally stable and demonstrates flow behavior appropriate for 
printing [94]. When printed onto a low-temperature printing stage, PCL 
can quickly solidify and form mechanically-stable 3D constructs with 
good structural fidelity [6,94]. Notably, the melting temperature of PCL 
is too high to sustain cell viability; therefore, printed PCL scaffolds 
require cell seeding after scaffold fabrication, impregnation, or printing 
with another hydrogel bioink with cells to form a hybrid scaffold 
structure [35–38,95–97]. Generally, the combination of PCL with other 
biocompatible polymers broadens its application to tissue engineering 
including guided bone regeneration membranes, surgical sutures, 
drug-delivery capsules, etc. [98–100]. Coupling PCL with polyethylene 
glycol (PEG) causes amphiphilic thermosensitive behavior meaning the 
mixture is able to undergo rapid and reversible physical gelation by 
controlling the temperature [97]. PCL is commonly used in bone tissue 
engineering due to its ease of manipulation, biocompatibility, stability, 
and U.S. Food and Drug Administration (FDA) approval for use in some 
products [35,39,94,101]. Due to the hydrophobic and non-osteogenic 
nature of PCL, incorporation of active bioceramics, such as hydroxyap
atite, is considered as an effective approach to improve the mechanical 
properties, cell attachment and hydrophilicity [35,40,86,94,102,103]. 

Poly(ethylene)-based polymers (mainly poly(ethylene glycol) 
(PEG) and poly(ethylene oxide) (PEO)) are the most widely used syn
thetic hydrogels in scaffold bioprinting for tissue engineering applica
tions, primarily due to their tailorable properties [104]. They are 
produced by the polymerization of ethylene oxide by condensation and 
can be classified as PEG or PEO based on molecular weight. PEG and 
PEO are able to bind water molecules, thereby increasing intraluminal 
water retention. PEG and PEO, which can be dissolved in water, are 
metabolically inert and biocompatible which reduces the immunoge
nicity after implantation [105]. The solutions can be crosslinked into 
hydrogels via physical, ionic, or covalent bonding methods. PEG and 
PEO hydrogels possess high permeability, facilitating the exchange of 
nutrients and waste materials to support cell metabolism; therefore, they 
are often adopted to encapsulate cells for cell delivery [106,107]. 
However, these hydrogels provide limited support for protein binding 
and cell adhesion due to their synthetic nature. To overcome this limi
tation, PEG/PEO hydrogels are often modified with peptides, such as 
RGD peptide, that have the capacity to enhance cell adhesion [108]. For 
scaffold bio-printing, PEG/PEO solutions are often tailored to be pho
topolymerizable using either acrylates or methacrylates [106,107]. 
These modified solutions can be efficiently crosslinked by UV light to 
achieve improved mechanical stability after extrusion. PEG hydrogels 
can be utilized as scaffold materials for cell encapsulation, and as ve
hicles for vaccine delivery systems [109–111]. Copolymerization with 
other synthetic polymers, such as poly vinyl alcohol (PVA), can also be 
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used to alter the degradation PEG hydrogels [104]. 
Pluronic® is a tri-block copolymer based on poly(ethylene oxide) 

(PEO) and hydrophobic poly(propylene oxide) (PPO), arranged in an A- 
B-A triblock structure (PEO-PPO-PEO) [112]. It is thermosensitive as 
PPO side chains become less soluble above a threshold temperature 
between 22 and 37 ◦C (depending on polymer concentration) and 
gelation occurs. Pluronics have surfactant properties that enable them to 
interact with hydrophobic surfaces and biological membranes due to 
their amphiphilic characteristics (presence of hydrophobic and hydro
philic components) [113]. However, owing to its synthetic nature, 
Pluronic has disadvantages including limited cell adhesion and degra
dation [114]. Previous research also shows it dissolves significantly after 
one week of culture and has questionable cytocompatibility due to po
tential disruption of the cell membrane [114,115]. Pluronic can be used 
as a sacrificial bioink for use in making molds, channels, vessels, or 
vasculature for 3D bioprinting or as a temporary support structure 
[116]. Nonetheless, the advantages of Pluronic, such as high viscosity 
and good printability, still make it attractive for bioprinting constructs 
with good shape fidelity [111]. 

2.1.3. Composite polymers 
The use of composite biomaterials allows for synergistic properties 

and performance. The biocompatibility of natural polymers and me
chanical properties of synthetic polymers make both classes of polymers 
attractive materials for tissue engineering. However, the mechanical/ 
biological properties of a single material are often limited, raising the 
need for composite materials. Additionally, the properties of a single 
material may not always be easily controlled or consistent, thus 
degrading its suitability for certain applications [117]. Generally, there 
are two types of hydrogel composites made from: 1) two or more 
hydrogel-forming polymers and 2) polymer(s) with fillers for reinforced 
or enhanced properties. 

Hydrogel-forming polymers can be combined with two or more 
natural and/or synthetic polymers with synergistic properties. Com
posite hydrogels were synthesized form collagen type I and ECM protein 
with improved mechanical and biological properties as compared to gels 
obtained from one material alone [118]; and also from alginate and 
collagen type I with improved rheological and indentation properties 
[119]. In the context of bioprinting, a number of composites have been 
synthesized from dECM/alginate [33], alginate-hyaluronic acid [63], 
alginate dialdehyde-gelatin [42,43], chitosan-alginate-hydroxyapatite 
[17], alginate-carboxymethyl chitosan [46], and alginate-gelatin 
[120] among many others. 

For the composite hydrogel(s) with fillers, the most widely used 
fillers are inorganic ceramic-like hydroxyapatite and carbon-based ma
terials such as graphene. Inspired by the naturally occurring bioactive 
nanomaterials found in biological systems, researchers are developing 
novel bioactive biomaterials by combining inorganic ceramics with 
natural or synthetic polymers for enhanced mechanical/biological 
properties, as well as printability in the context of bioprinting. A wide 
range of bioactive ceramic nanoparticles, including hydroxyapatite, 
silicate nanoparticles, and calcium phosphate, have been applied to 
synthesize composite hydrogels [40,94,121]. Carbon-based materials 
can also be introduced to enhance conductivity in biomedical engi
neering applications [122], and properties and functions of bioprinted 
or engineered scaffolds [123,124]. Indeed, a number of composite ma
terials with fillers have been developed for bioprinting, with improved 
printability, electroactivity, and biocompatibility [125–128]. 

2.2. Preparation of biomaterial solutions and bioinks 

For bioprinting, biomaterials or polymers are available in the forms 
of gels, powders, and/or particles, and have to be prepared in solution 
form by using water or other solvents. Polymers are either water soluble 
or non-water-soluble. A water-soluble material can be directly dissolved 
into water or water-based solutions. Widely used biomaterials for 

printing, such as alginate and gelatin, are water-soluble materials and 
can take minutes to hours to dissolve. Many materials dissolve slightly in 
water under conditions of neutral pH and room temperature but can be 
easily dissolved at non-neutral pH or elevated temperature. These ma
terials, such as chitosan, collagen, and polyvinyl alcohol (PVA), are also 
classified as water-soluble materials. Non-water-soluble biomaterials 
that are utilized in extrusion-based bioprinting for scaffold fabrication 
must be processed into solution-like phases before application. To ach
ieve this, these non-soluble materials are either dissolved in special 
organic solvents (e.g., chloroform for polycaprolactone (PCL)) or ther
mally melted by controlling the temperature during material extrusion. 
Table 1 summarizes common biomaterials used in scaffold bioprinting, 
along with gelation or crosslinked methods (more discussed in Section 
3.3). 

To fabricate constructs for mimicking native tissues/organs, bioma
terial solutions may need to be prepared with living cells (to form bio
inks) for bioprinting. As such, the prepared solutions must provide an 
aqueous environment that is both favorable for cell survival and suitable 
for printing. Currently, the most widely used biomaterials for cell bio
printing are polymers or gelled polymers or hydrogels, which can pro
vide a mild environment to ensure the vitality of mixed cells in the 
solutions, while the hydrogel formed after solidification contains a large 
amount of water and possesses similar properties to natural tissues. 
Natural hydrogels are popular due to their inherent biocompatibility, 
while synthetic hydrogels have more uniform and predictable proper
ties. The most commonly used hydrogels include alginate, chitosan, 
agarose, hyaluronic acid (HA), collagen, gelatin, fibrin, poly(ethylene 
glycol) (PEG), and poly(ethylene oxide) (PEO). decellularized matrix 
(dECM) components have also been developed as biomaterials for 
scaffold bioprinting with cells (Table 1). 

Notably, one major challenge when creating constructs from natural 
hydrogels is their limited mechanical properties. To address this chal
lenge, some non-water soluble polymers with high mechanical strength 
are often used in extrusion bioprinting in combination with hydrogels to 
develop hybrid scaffolds [2,6]. These materials are normally dissolved 
in solvent or melted inside the bioprinter by temperature control during 
the printing process, then extruded in a layer-by-layer pattern to form 
scaffold frameworks. Because the solvent used or elevated temperature 
environment can lead to serious problems with respect to cell and tissue 
survival, cells cannot be added to or mixed in these materials. The most 
extensively used of such materials in extrusion bioprinting are poly
caprolactone (PCL), polylactic acid (PLA), polyglycolic acid (PGA), and 
their copolymers [101]. 

3. Important properties bioinks for bioprinting 

During the extrusion bioprinting process, the bioink is loaded into 
the printer cartridge and then extruded to form 3D constructs with the 
help of suitable crosslinking reactions or mechanisms. Successful bio
printing of constructs and their successful use in subsequent applications 
relies on the properties of the formulated bioinks, including physical, 
rheological, crosslinking, mechanical, and biological properties. 

3.1. Physical properties 

The surface tension and wettability of a bioink are of important 
physical parameters for extrusion bioprinting. The surface tension of a 
bioink is the internal force exerted on a unit length contour bounding the 
bioink surface and plays a critical role in the formation of bioink fila
ments once printed. On one hand, a large surface tension causes the 
formation of droplets or attachment to the nozzle tip during printing; on 
the other hand, once deposited on the platform, the large surface tension 
can help retain the filament shape or profile. The wettability of a bioink 
is the ability to maintain contact (at a certain contact angle) with solid 
surfaces including the nozzle and print bed. It is an important parameter 
affecting the first layer of bioink deposited on the printing stage. Fig. 3 
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Table 1 
Common biomaterials and their solution preparation/gelation methods, along with their merits/demerits and applications.  

Biomaterials Water 
soluble 
or non- 
soluble 

Typical preparation 
conditions 

Gelation or 
crosslinked 
methods 

Merits Demerits Applications References 

Alginate Water 
soluble 

Dissolves within hours in 
water or water-based 
solutions at room 
temperature [41,129] 

Ionic and pH 
crosslinking [22, 
32,41,130–132]  

• Low price  
• Easy to fabricate 3D 

structures  
• Good 

biocompatibility  
• Easy gelation  
• High 

biodegradability 
and low 
immunological 
stimulation  

• Retains cell 
viability and 
osmolar 
requirements of 
cells  

• A suitable material 
for 3D printing due 
to crosslinkable 
features  

• Shear-thinning 
behavior  

• Bioinert  
• Limited long-term 

stability  
• Rapid loss of 

mechanical 
properties during 
in-vitro culture  

• Limited 3D shape- 
ability  

• Low degradation  

• Bone  
• Cartilage  
• Cardiovascular  
• Liver  
• Muscle  
• Nerve  
• Wound  
• Drug delivery 

[133–142] 

Chitosan Water 
soluble 

Dissolves within hours in 
weak acid at room 
temperature [47] 

Thermal 
crosslinking 
[143]  

• Ingredients 
resemble ECM 
components of 
native tissue  

• Non-toxic by- 
products  

• Induces cell 
adhesion 
proliferation, 
differentiation, and 
viability  

• Antimicrobial  
• Partially 

osteoconductive  

• Slow gelation rate  
• Poor mechanical 

properties  
• Can conflict with 

printing of cells 
and pH-sensitive 
molecules  

• Slow gelation  

• Drug delivery and 
gene therapy  

• Bone  
• Skin  
• Bioadhesives  
• Cartilage  
• Blood vessels  
• Neural  
• Cornea 

[144–149] 

Agarose Water 
soluble 

Easily dissolves in near- 
boiling water or water-based 
solutions [150] 

Thermal and 
chemical 
crosslinking 
[151]  

• Responsive to 
temperature  

• Rapid gelation  
• Gelation at 

physiological 
temperature  

• Mechanically 
robust  

• Poor cell 
attachment  

• Excessive water 
uptake  

• Cartilage  
• Bone  
• Targeted drug 

delivery  
• Spinal cord  
• Pancreas  
• Skin  
• Wound  
• Neural  
• Cardiac 

[152–159] 

Hyaluronic acid 
(HA) 

Water 
soluble 

Dissolves within hours in 
weak acid at room 
temperature [160,161] 

Physical 
crosslinking 
(controlling pH, 
temperature and 
ions) and 
chemical 
crosslinking 
[162]  

• Good 
biocompatibility  

• Non-toxic 
degradation by- 
products  

• Visco-elastic 
properties  

• Highly hydrophilic  
• Anti-microbial 

properties  
• Good shear 

thinning properties  

• Poor mechanical 
strength  

• Fast degradation 
rate  

• Required 
modification for 
stable cross- 
linking  

• Cartilage  
• Drug and gene 

delivery  
• Wound healing  
• Odontology  
• Wound treatment  
• Ophthalmology  
• Urethra 

[158, 
163–169] 

Collagen Water 
soluble 

Dissolves in weak acid at 
room temperature and gels 
at neutral pH at 37 ◦C [170] 

Photo 
crosslinking 
[171]  

• Low 
immunogenicity  

• Good 
biocompatibility  

• Biodegradability  
• Regulates cell 

adhesion and 
differentiation  

• Poor mechanical 
properties  

• Loses shape and 
consistency  

• Low viscosity and 
slow gelation  

• Spinal repair  
• Vascular  
• Dental  
• Cartilage  
• Bone  
• Corneal  
• Oral mucosa  
• Wound healing  
• Heart tissue repair 

[172–176] 

Gelatin Water 
soluble 

Dissolves in water or water- 
based solutions at ≥ 40 ◦C 
and gradually gels as 
temperature drops [177] 

Physical, 
chemical, and 
enzymatic  

• Derivative of 
collagen  

• Accelerates 
gelation time  

• Poor mechanical 
properties  

• High degradation 
rate  

• Cartilage  
• Wound healing  
• Heart tissue repair  
• Cornea 

[180–184] 

(continued on next page) 
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Table 1 (continued ) 

Biomaterials Water 
soluble 
or non- 
soluble 

Typical preparation 
conditions 

Gelation or 
crosslinked 
methods 

Merits Demerits Applications References 

crosslinking 
[178]  

• Capable of 
reversible thermal 
gelation  

• Biocompatible  
• Biodegradable  

• Neovascularization  
• Bone  
• Muscle  
• Ligament [179]  
• Drug delivery 

Fibrin Water 
soluble 

Dissolves within minutes in 
water or water-based 
solutions at room 
temperature [185] 

Enzymatic 
crosslinking 
[186]  

• ECM functional 
protein  

• Highly bioactive  
• High cell adhesion  

• Rapid degradation  
• Poor mechanical 

properties  

• Wound healing  
• Drug and growth 

factor delivery  
• Regeneration of stem 

cells, bone, peripheral 
nerves, and other 
injured tissues  

• Hemostasis 

[78, 
187–191] 

Poly(ethylene 
glycol) (PEG) 

Water 
soluble 

Dissolves in water or water- 
based solutions at room 
temperature and polar 
solvents such as acetone 
[192] 

Physical 
crosslinking 
[193]  

• Chemically well- 
defined  

• Allows for versatile 
chemical 
modifications  

• Highly water- 
soluble  

• High capacity for 
chemical 
modification  

• Poor 
biodegradability  

• Poor cell 
attachment  

• Wound healing  
• Drug delivery  
• Bone  
• Cartilage 

[194–199] 

Poly(ethylene 
oxide) (PEO) 

Water 
soluble 

Dissolves in water or water- 
based solutions at room 
temperature and polar 
solvents such as acetone 
[200] 

Physical 
crosslinking 
[201]  

• Hydrophilic  
• biocompatible and 

biodegradable  
• non-immunogenic  

• Lack of cell 
specific adhesion  

• Poor mechanical 
properties for hard 
tissue engineering  

• Wound healing  
• Bone 

[202–206] 

Polyvinyl alcohol 
(PVA) 

Water 
soluble 

Dissolves within minutes in 
water or water-based 
solutions over 40 ◦C [207] 

Chemical and 
physical 
crosslinking 
[208,209]  

• Good 
biocompatibility  

• Suitable 
mechanical 
strength  

• Highly hydrophilic  

• Inability to 
support cell 
attachment  

• Fast degradation  

• Bone  
• Cartilage  
• Wound dressing  
• Vascular grafts  
• Nervous  
• Corneal  
• Kidney  
• Artificial meniscus  
• Artificial Pancreas 

[210–215] 

Decellularized 
matrix (dECM) 

Water 
soluble 

Dissolves in acetic solutions 
in low temperature [84] 

Chemical and 
physical 
crosslinking [84]  

• Great 
biocompatibility  

• Support cell growth 
and viability  

• Source of bioactive 
molecules 

•

• Poor mechanical 
properties  

• Hard to print 
without 
modification  

• Skin  
• Bone  
• Nerve  
• Heart  
• Lung  
• Liver  
• Kidney  
• Urethra  
• Corneal  
• Muscle 

[83,84, 
213] 

Polycaprolactone 
(PCL) 

Non- 
soluble 

Dissolves in organic solvent 
such as chloroform; melts at 
60 ◦C [216,217] 

Physical 
crosslinking [94]  

• Low cost  
• Tunable 

degradation  
• Excellent 

rheological and 
viscoelastic 
properties upon 
heating  

• high mechanical 
toughness at 
physiological 
temperature  

• Hard tissue 
engineering  

• Long-term 
degradation  

• Lack of 
biofunctional 
groups  

• Adheres poorly to 
cells  

• Bone  
• Cartilage  
• Wound healing  
• Heart 

[218–224] 

Polylactic acid 
(PLA) 

Non- 
soluble 

Dissolves in organic solvents 
such as propanol; melts at 
170 ◦C [225,226] 

Physical 
crosslinking 
[227]  

• Biocompatible  
• Controllable 

degradation rates 
in vivo  

• High elastic 
modulus  

• Low cell adhesion  
• Biological 

inertness  
• Low degradation 

rate  
• Acid degradation 

by-products  

• Bladder  
• Cartilage  
• Liver  
• Adipose  
• Bone  
• drug encapsulation 

and delivery systems  
• Wound healing  
• Vascular grafts 
•

[228–233] 

Polyglycolic acid 
(PGA) 

Non- 
soluble 

Dissolves in solvents such as 
hexafluoroisopropanol; 
melts at 225 ◦C [234,235] 

Physical 
crosslinking 
[236,237]  

• Biodegradable  
• Biocompatible  
• High strength  

• Fast degradation  
• Expensive  

• Drug delivery career  
• Bone  
• Cartilage  
• Tooth 

[238–242] 

(continued on next page) 
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shows two strands formed with different contact angles (the angle be
tween the printed strand profile and the printing stage). A large contact 
angle helps maintain the fidelity of the printed hydrogel structure in the 
vertical dimension, while a small contact angle helps anchor the printed 
construct on the printing stage and avoid undesired movement and 
possible deformation during the layer-by-layer printing process, thus 
helping maintain the structural integrity [39,41,63]. 

3.2. Rheological properties 

The rheological or flow behavior of a bioink, associated with its 
resistance to flow, is typically characterized by the relationship between 
the shear stress and shear rate within the bioink, where the ratio of shear 
stress to shear rate is termed as the apparent viscosity or simply vis
cosity. Bioink flow behavior can be regulated by biomaterial concen
tration, cell density, temperature, as well as the methods to synthesize 
the bioink or biomaterial solutions [31,34,94,243–245], with an 
example of experimental results of an alginate-based bioink illustrated 
in Fig. 4. 

To characterize the flow behavior of a biomaterial solution, there are 
various models available for this purpose. Commonly used models are of 
the power-law model, generalized power-law model, Carreau fluid 
model, Ellis fluid model, and Casson fluid model [3]; and among them 
the generalized power law equation (also called three-parameter Her
schel-Bulkley model) has been widely used in the literature [31,246], 
which is given: 

τ = τ0 + Kγ̇n (1)  

where t and t0 are the shear stress and the yield stress, respectively; the 
fluid exhibits solid properties when t < t0, and for t > t0 exhibits shear 
thinning when n < 1 and shear thickening when n > 1. γ̇ is the shear rate; 
K is the consistency index with a unit of Pa × sn; and n is the flow 
behavior index (dimensionless). For Newtonian behavior, t0 = 0 and n =
1. Physically, K is a measurement of viscosity (i.e., higher K for more 
viscous fluids) and n is a measure of the degree of non-Newtonian 
behavior (i.e., non-Newtonian behavior becomes more pronounced as 
n departs from unity). For a given fluid, the values of n, t0, and K are 
identified and determined from the measured flow behavior. Typically, 
n is identified as a constant while t0 and K are functions of concentration 
and temperature to account for their influence on the flow behavior [31, 
247]. To experimentally measure and characterize the flow behavior of 
biomaterial solutions or bioinks, the commonly used techniques and/or 
equipment, including capillary rheometers, cone-and-plate rheometers, 
parallel plate rheometers, and oscillatory rheometers, as described in 
Ref. [2]. 

Bioink flow behavior can significantly impact the bioprinting pro
cess. On the one hand, higher viscosity can enhance the printability (as 
discussed in Section 5) because a more viscous bioink, once printed, is 
more difficult to flow and spread, thus helping maintain the printed 
filament and 3D structure. Also, bioinks with sufficient viscosity can 
retain the encapsulated cells in position and can prevent inhomogeneous 
cell distribution or sedimentation. On the other hand, higher viscosity 
needs a larger pressure for bioprinting, increasing the process-induced 
forces on the cells and thus degrading the cell viability (as discussed 
in Section 5). Shear-thinning behavior (where viscosity decreases with 
the flow rate) is often desired in bioprinting due to the facts that during 
the printing process, the bioinks become less viscous as the shear rate 
increases. As the shear stress is removed after exiting the printing needle 
or nozzle, the bioink viscosity rapidly recovers, leading to high filament 
fidelity. For characterizing the shear thinning properties of bioinks, the 
above generalized power law model has been widely used, where the 
shear thinning behavior is represented by the power law index with a 
value less than 1 (smaller value, more profound shear thinning 
behavior) [2]. 

Table 1 (continued ) 

Biomaterials Water 
soluble 
or non- 
soluble 

Typical preparation 
conditions 

Gelation or 
crosslinked 
methods 

Merits Demerits Applications References  

• Tunable 
mechanical 
properties  

• Erosion resistant  
• Hydrophil  
• Possibly 

antibacterial  

• Tendon  
• Spinal regeneration  

Fig. 3. The first layer formed in the bioprinting process.  

Fig. 4. Flow behavior of alginate-based bioink changing with alginate concentration (a), cell density (b), and temperature (c) [34].  
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3.3. Crosslinking mechanism 

An important step in the bioprinting process is the transition from a 
biomaterial solution or bioink to a gelled or crosslinked hydrogel. By the 
crosslinking process, polymer chains are joined together by either 
physical methods and/or chemical reactions, thus producing a hydrogel 
with a structurally stable polymeric network. While a variety of methods 
have been available [248], the common ones employed in bioprinting 
mainly include ionic, thermal, photo, and enzyme crosslinking. 

Ionic crosslinking occurs when a water-soluble and charged poly
mer crosslinks with ions of opposite charge. Alginate, for example, is a 
well-known example of a polymer that can be crosslinked by divalent 
metal ions, such as Ca2+, Ba2+, and Zn2+ [30]. Ionic crosslinking is an 
important mechanism in bioprinting as it provides mild and instant 
gelation of the polymer solution. Its drawbacks include limited me
chanical strength, as well as the release of metal ions into the body after 
implantation. For ionic crosslinking, water-soluble calcium salts such as 
calcium chloride (CaCl2), calcium sulfate (CaSO4), and calcium car
bonate (CaCO3) are commonly used for crosslinking. Addition of Ca2+

ions (or other di/trivalent cations) causes rapid gelation of the solution. 
Because this crosslinking happens instantaneously under physiological 
conditions, ionically crosslinked hydrogel have been widely employed 
in bioprinting for tissue engineering applications [32,130]. Thermal 
crosslinking occurs in polymers that are sensitive to temperature, 
where increasing or decreasing temperature can lead to crosslinking or 
gelation. Polymers forming hydrogels through thermal crosslinking, 
such as agarose, gelatin, and collagen, have a gel transition temperature 
below which the solution gels. Typically, gels formed by thermal 
crosslinking are mechanically weak. Photo crosslinking refers to the 
photo-induced formation of a covalent bond between macromolecules to 
form a crosslinked network. Photo-curable polymers can be printed to 
form 3D hydrogels if illuminated by a laser or visible light. Some other 
polymers, such as proteinaceous biopolymers, which contains tyrosine 
residues (such as collagen, fibrin, and gelatin), can be photo-crosslinked 
only if an appropriate photoinitiator is incorporated [249]. Although 
many polymers cannot be directly crosslinked by light, a chemical re
action with an acrylate or methacrylate-based agents makes them 
photo-crosslinkable. These polymers are usually crosslinked by UV light, 
typically, with wavelengths in the 320–365 nm range. Notably, the use 
of UV light has potential biological risks as the UV light may damage 
cells in the printed constructs and may also be harmful to the operators. 
Photo crosslinkable polymer bioprinting has been reported by using 
gelatin-methacrylate, hyaluronan-methacrylate, and dextran- 
methacrylate [124]. Enzyme crosslinking utilizes enzymes as cata
lysts to form the covalent bonds between protein-based polymers. This 
method is promising for use in bioprinting due to the mildness of the 

enzymatic reactions for preserving the cell viability. In bioprinting, 
several enzymes have been used, including microbial transglutaminase 
[250], tyrosinase (Ty) [251], and horseradish peroxidase (HRP) [252, 
253]. Enzyme crosslinking has been commonly employed for forming 
hydrogels from HA, gelatin, fibrinogen, polypeptides (PLys-b-(
PHIS-co-PBLG)-PLys-b-(PHIS-co-PBIG)-b-Plys), and chitosan [254]. The 
limitations of enzyme crosslinking include the difficulty in obtaining the 
enzymes, limited mechanical properties of the hydrogels produced, and 
less active property in the culture media or scaffolds [255,256]. In 
addition, enzyme-catalyzed crosslinking may be sensitive to environ
mental conditions such as temperature and pH, thus affecting and 
degrading the crosslinking or bioprinting process. 

3.4. Mechanical properties 

The mechanical properties of biomaterial or bioink hydrogels play an 
important role in tissue engineering applications. The constructs printed 
from biomaterials or bioinks are typically incubated in bioreactors (in 
vitro) for maturation, and subsequently implanted within living bodies 
(in vivo) where they provide cells with a 3D structure and mechanical 
support for cellular processes such as migration, proliferation, and/or 
differentiation, resulting in the growth of a functional tissue-engineered 
construct or viable tissue. The mechanical properties of bioinks or 
printed constructs are featured by their mechanical strength and 
degradation. As such, the mechanical properties of constructs are dy
namic, with the decrease in biomaterial strength caused by degradation 
being combatted by an increase in mechanical strength due to tissue 
regeneration. Eventually, the mechanical properties of the construct 
should be similar to those of the tissue/organ being repaired throughout 
regeneration. It is generally accepted that the mechanical properties of a 
construct at the initial stage of implantation or of a combined construct 
of scaffold biomaterials and regenerated tissue during the healing pro
cess should be similar to that of the tissue/organ being repaired 
[257–259]. 

In many tissue engineering applications, elasticity and stiffness are of 
important mechanical properties [260–262]. These mechanical prop
erties are typically characterized by the relationship between an applied 
force and the resulting deformation. For characterization, loading con
ditions commonly applied to specimens during mechanical testing are 
tensile/compressive forces, bending moments, and torque; with the 
deformation caused by these forces measured to obtain stress-strain 
curves. From these curves, the elastic moduli and yield stresses are 
typically characterized by bioprinted materials and/or constructs [2, 
263]. The selection of loading conditions depends on the intended ap
plications or biomechanical conditions of the tissue/organ being 
repaired, as well as the biomaterials or hydrogels used. For example, 

Table 2 
Mechanical properties and characterization methods for various hydrogels.  

Hydrogel Mechanical characterization method Properties determined Reference 

Alginate Compression test Compressive modulus and strength [265, 
266] 

Chitosan Tensile and compression test Tensile and compressive strength [267] 
Gelatin Rheological and tensile test Loss and storage modulus, tensile strength [268] 
Agarose Rheological, compression and tensile 

test 
Loss and storage modulus, tensile and compressive strength [269, 

270] 
Collagen Rheological and tensile test Loss and storage modulus, tensile strength, ultimate strain, resilience, toughness [271, 

272] 
Poly(ethylene 

glycol) 
Rheological and confined compression 
test 

Loss and storage modulus, loss tangent, elastic modulus [273] 

Poly(ethylene 
oxide) 

Tensile test Elastic modulus, tensile strength [274] 

Poly vinyl alcohol Tensile test Percentage elongation, elastic modulus, tensile strength, toughness [275, 
276] 

PCL Tensile test Tensile and yield strength, elastic modulus, percentage elongation [277, 
278] 

Polylactic acid Tensile, bending, shear and impact test Yield strength, elastic modulus, percentage elongation, flexural strength and modulus, shear strength, 
impact strength 

[279, 
280]  
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compression testing is often used in bone/cartilage tissue engineering 
[15,16,263,264], whereas tensile testing is often used in tendon/lun
g/heart tissue engineering [11,14,28,227,378]. Also, the selection of 
loading conditions. Table 2 outlines the testing methods and the me
chanical properties of common hydrogels used in tissue engineering 
applications. 

Given that many of soft or stiffer tissues, such as nerves, skin, lung, 
bone, and tendon, exhibit complex time and rate dependent mechanical 
properties [281–283], recent studies also started to look at the visco
elastic characterization for tissue engineering applications. Having both 
fluid and elastic properties, a material or bioink hydrogel may exhibit 
both viscous and elastic characteristics when undergoing deformation. 
For this, viscoelasticity is typically characterized in terms of storage 
modulus and loss modulus. The storage modulus presents the ability of a 
viscoelastic material to store energy in an elastic manner, while the loss 
modulus represents the energy dissipated in the viscous component of 
the material. Notably, for a given material or solution, the storage 
modulus and loss modulus, as characterized by, for example, an oscil
latory rheometer, are typically not constant, but depend on the fre
quency and amplitude of the sinusoidal stain applied. For such cases, 
frequency sweep tests (e.g., from 0.01 to 100 Hz at a constant strain) and 
strain sweep tests (e.g., from 0.01 to 100% at a constant frequency of 1 
Hz) are performed to measure and characterize the storage modulus and 
loss modulus, as well as the loss angle (or the phase angle between the 
stress and strain), as shown in Fig. 5 [43]. The mechanical properties of a 
viscoelastic biomaterial can also be quantified with the help of creep and 
relaxation tests [284]. The creep test is performed to analyze the 
behavior of the material under a constant applied load or stress, whereas 
stress relaxation test is performed under a constant deformation or 
strain. 

3.5. Biological properties 

Biological properties of materials for bioprinting are typically char
acterized by their biocompatibility, biodegradation, and immunoge
nicity. Biocompatibility refers to the ability to support cell growth/ 
functions, such as cell survival, attachment, proliferation, differentia
tion, and tissue regeneration [1–3]. In the bioprinting process, living 
cells are mixed with the hydrogel-forming polymer solution to form a 
bioink and then go through the bioprinting process. During bioprinting, 

cells are exposed to process-induced harsh conditions, such as shear 
stress and/or elevated temperatures, which may cause cell damage. As a 
result, only some cells in the bioink survive the bioprinting process. Cell 
viability refers to the percentage of live cells post-printing to the total 
number of cells incorporated [285]. Cell viability assays are used to 
measure and determine the proportion of healthy cells within samples, 
and various assays have been adopted to examine the cell viability 
within printed constructs. To distinguish damaged cells from normal 
cells, dyes such as azo dye trypan blue or fluorescent dyes calcein-AM 
and propidium iodide have been widely used due to their ability to 
selectively stain live and dead or damaged cells [2]. Notably, cell 
viability of extrusion bioprinting varies widely, depending on the cell 
type [5,43,286–291]. After bioinks have been printed, the formed con
structs play an important role in supporting cell viability, as well as 
other cell functions through cell attachment, proliferation, differentia
tion, and/or tissue regeneration. 

Materials for printing or bioprinting should degrade to monomers 
that are water-soluble, nontoxic, and can be metabolized by the liver 
and/or excreted via the kidney. Also, the degradation mechanisms and 
by-products obtained should not elicit harmful changes that cause 
damage to the regenerating tissue and/or surrounding tissues. Hydro
gels formed in bioprinting can be degraded by water-induced cleavage 
of certain bonds/chains (or hydrolysis) in an aqueous environment and/ 
or by enzymatically-induced cleavage with the presence of specific en
zymes. Biodegradation through hydrolysis usually occurs via bulk and/ 
or surface degradation mechanisms, while in enzymatic degradation, the 
bond/chain cleavage in the hydrogel is caused by the catalytic action of 
enzymes under abiotic conditions, with the rate dependent on both the 
number of cleavage sites and the enzyme concentration. For a given 
hydrogel, the degradation rate can be affected or regulated by several 
factors. The cell/polymer ratio is one of them, where cells are the source 
of matrix remodeling proteases, and thus relatively lower cell densities 
or higher polymer concentrations can decrease the degradation rate, 
thus extending degradation time; however, lowering the cell density can 
also lead to poor tissue regeneration [1–3]. Another way to adjust the 
hydrogel degradation time is controlling the degree of crosslinking 
within the polymeric network. Increasing the polymer concentration, 
crosslinking agent concentration, and exposure time of the crosslinking 
agent are methods to achieve higher crosslinking and thus slower 
degradation rates [32,151,162,251]. Researchers have also modified the 
hydrogel-forming polymers with peptides that are sensitive to enzymatic 
degradation to achieve control over the degradation behavior of 
hydrogels [253,255]. The degradation behavior of hydrogels is mainly 
determined by calculating weight changes with respect to their initial 
condition. 

Immunogenicity of a biomaterial or bioink is its capacity to provoke 
an immune response upon its implantation in vivo. The biomaterials and 
cells in printed constructs are both potential antigenic sources that may 
cause the innate immune system to respond to form a fibrotic capsule to 
isolate the implanted material, or the acquired immune system to 
respond causing an antigen-specific reaction. Naturally derived bio
materials are susceptible to acquired immunity owing to the presence of 
antigens, while synthetic biomaterials are usually susceptible to innate 
immunity [1–3]. The immunogenicity of a biomaterial is important 
because an intense immune response can lead to shorter scaffold 
degradation times, a potential attack on the embedded cells, and a 
higher possibility of fibrosis rather than tissue regeneration. 

4. Extrusion bioprinting of constructs 

Extrusion bioprinting systems are configured to deposit or print 
continuous strands or fibers of bioinks to form 3D structures layer-by- 
layer. An extrusion-based bioprinting system typically resembles the 
configuration schematically shown in Fig. 6, which consists of a printing 
head, a three-axis positioning system, and a printing stage, all controlled 
by a computer. The positioning system is used to move the printing head 

Fig. 5. Measured storage modulus and loss modulus, along with the loss angle, 
of alginate dialdehyde (ADA) – gelatin (Gel) hydrogels of varying concentra
tions (or the ratio of ADA:Gel as 6:2, 3:2, 2:2, 2:3, 2:6, and 3.75:3.75) [43]. 
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relative to the printing stage in the X, Y, and Z directions, while the 
printing head deposits the bioink that is loaded in the syringe onto the 
printing stage. Temperature control is used to regulate the temperature 
of both the bioink and printing stage, typically in a range from 10 to 
200 ◦C. The bioink loaded in the syringe is driven through the needle, 
which typically has either a cylindrical or tapered shape with a diameter 
ranging from 0.1 mm (or 100 μm) to 2 mm. The printed strand diameter 
and resolution are largely determined by the needle diameter, with 
higher resolution strands achievable by means of smaller needles. For 
bioprinting constructs, the flow rate of the biomaterial, design and 
corresponding structure formed, process-induced forces, and cross
linking of biomaterial solutions are all critical. 

4.1. Flow rate in extrusion printing 

During bioprinting, bioinks are printed to form constructs with a 3D 
structure by stacking the printed strands layer-by-layer and, as such, the 
characteristics of the printed strands affect the structure of the printed 
scaffold. The size of the printed strands is proportional to the flow rate of 
the bioink printed, i.e., the volume (or mass) of the bioink forced out of 
the needle per unit time. The flow rate can be affected by such factors as 
the process parameters (e.g., printing forces and temperature), struc
tural parameters (e.g., needle geometry and size), and bioink flow 
behavior. One way to represent the flow rate in bioprinting is to develop 
empirical models from experimental data, but this typically requires 
exhaustive and time-consuming experiments. A more efficient way to 
represent the flow rate of the bioink being printed is based on physical 
laws, resulting in analytical models that form a basis to rigorously 
regulate the flow rate in the bioprinting process [31,246,291,292]. 

For pneumatic-driven bioprinting, pressurized air is used to drive the 
bioink in the syringe through the needle. For bioinks or biomaterial 
solutions with flow behavior described by the generalized power law, i. 
e., Equation (1), the flow rate is given by [293]. 

Q=
πD3

8K1/nτ3
w
(τw − τ0)

(n+1)/n

×

[
n

3n + 1
τ2

w +
2n2

(2n + 1)(3n + 1)
τwτ0 +

2n3

(n + 1)(2n + 1)(3n + 1)
τ2

0

] (2)  

where τw is the shear stress at the needle wall and given by 

τw =
RΔP
2L

(3) 

The above equations illustrate that the flow rate of the bioink de
pends on its flow behavior (via τ0, K, and n), can be regulated by 
changing the printing process parameters (via ΔP), and is affected by the 
structural parameters of the needle (via R and L). If the bioink flow 
behavior and parameter values are known, one can calculate the flow 

rate of the bioink during the printing process. These equations also 
provide a means to determine the printing pressure required for a given 
needle to achieve the desired flow rate for scaffold fabrication. In 
pneumatic-driven bioprinting, needle geometry is another factor 
affecting the bioink flow rate; under the same printing pressure, the flow 
rate using a tapered needle is much higher than when using a cylindrical 
needle [291]. Associated with the flow rate, extrudability in bioprinting 
refers to the capability to extrude or print the bioink through a needle to 
form a continuous and controllable filament [285]. 

Both screw-driven and piston-driven systems allow for more direct 
control over the flow rate of the bioink compared to pneumatic-driven 
systems. It has been shown that the flow rate in screw-driven systems 
involves two components [5,6]. One component is the rate of drag flow 
due to the screw rotation, proportional to the screw speed and the other 
component is the rate of pressure-driven flow, proportional to the 
pressure drop. As such, the flow rate of the bioink in screw-driven bio
printing is affected and/or regulated by the screw speed and/or printing 
pressure applied to the bioink reservoir, as well as the screw geometry 
and flow behavior. In piston-driven systems, under the assumption that 
the bioink is incompressible, the flow rate of the bioink is only depen
dent on the piston movement and is independent of the properties of the 
bioink being printed [7]. As such, piston-driven bioprinting can provide 
the best control over the flow rate compared to pneumatic- and 
screw-driven bioprinting. 

4.2. Profile and structure of printed constructs 

During the bioprinting process, bioink is deposited or printed on the 
printing stage. However, the bioink, once printed on the stage, is still in a 
solution or semi-solution form. Due to the effect of gravity, the bioink 
can flow or spread, thus mixing or fusing at the intersection of strands or 
deforming where upper strands span the gap between lower strands or 
hang over at their ends. As a result, the strand profile and scaffold 
structure become different from that designed, as shown in Fig. 7, where 
the top view (a) illustrates the variations in strand cross-section with 
different locations and the cross-sectional view (b) illustrates the 
deflection of strand and pore size in the vertical direction as well as the 
reduced height of the whole construct. 

During the bioprinting of scaffolds, bioink is extruded from the 
needle as it is controlled to move in the horizonal plane according to the 
scaffold design. The speed the needle moves in the horizonal plane is 
important with respect to the cross-sectional size or profile of the strand 
formed on the printing stage. If the swelling of a strand exiting the 
needle is ignored, the bioink, once extruded, forms a cylindrical filament 
with a diameter (D) governed by the flow rate (Q) of bioink extruded 
from the nozzle and nozzle moving speed (V) [246], i.e., 

D=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4Q/(πV)

√
(4) 

Fig. 6. Schematic of a typical extrusion-based bioprinting system.  
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Fig. 7. Difference in strand profile between designed and printed scaffold structures: (a) top view and (b) cross-sectional view.  

Fig. 8. Effect of needle speed on the printed stands, where the SF speed is around 40 mm/s [6,246].  
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The above equation shows that, for a given flow rate, the strand 
diameter is determined by the needle speed. Note that the use of a 
particular needle speed will ensure the diameter of the printed strand is 
equal to the internal diameter of the bioprinting needle if swelling of the 
material is neglected; such a speed is termed the stress-free (SF) speed as 
there is no stress induced within the strand. If the selected needle speed 
is faster than the SF speed, the printed strand will stretch to induce a 
tensile stress within the strand, resulting in a strand diameter smaller 
than the needle; the converse also holds. Fig. 8 shows the dependance of 
printed strands on the needle speed, where the SF speed is about 40 mm/ 
s [246]. If the selected needle speed is too high, the continuity of the 
strand may not be maintained due to the tensile stress induced within 
the stand, causing the strand to break. On the other hand, lowering the 
needle speed below the SF speed induces compressive stress within the 
strand, leading to irregular stand orientation and increased strand 
diameter. If the needle speed becomes too low, printing a straight strand 
becomes difficult due to the induced compression. 

4.3. Process-induced forces and cell damage 

During the bioprinting process, cells are subjected to sustained 
process-induced forces, such as pressure, shear stress, and extensional 
stress, which cause the deformation and breach of cell membranes. 
Although cells have the elastic capability to resist a certain level of 
mechanical force, cell membranes may lose their integrity if the applied 
force exceeds a certain threshold; as a result, cells may be damaged and 
even lose their functionality and viability [103,106]. A compressive 
force on cells is generated due to hydrostatic pressure when cells are 
suspended in solution (Fig. 9a). During bioprinting, the compressed air 
creates forces on the cell suspension loaded in the syringe, with the 
corresponding hydrostatic pressure approximately equaling the bio
printing pressure (if the pressure drop in the syringe can be ignored). 
Hydrostatic pressure is also present in the needle, the magnitude of 
which is dependent on the location of cells inside the needle, as given by 
[287]. 

Pn(l)=
(

1 −
l

Ln

)

ΔP (5)  

where ΔP is the pressure drop along the needle, Ln is the needle length, 
and l is the distance from the needle entrance to the location of cells 
inside the needle (0 < l < Ln). 

Shear stress is a mechanical force that introduces cell damage during 
bioprinting. Considering the diameter of the syringe is much greater 
than the needle tip diameter, the bioink flow inside the syringe can be 
neglected and therefore the bioprinting process-induced shear stress is 
predominantly distributed inside the narrow needle tip as the cell sus
pension is forced to flow through (Fig. 9b, where we consider the yield 
stress is zero for simplicity so no plug flow region of velocity is involved) 
and given by 

τ=
(r

2

)(ΔP
L

)

(6)  

where r is the radial distance from the tip center to the location where 
the shear stress is measured (0 ≤ r ≤ R, where R is the needle radius). 
The above equation shows that shear stress in the needle tip is depen
dent on the pressure drop and the needle length, and shear stress is 
linearly distributed along the radial direction inside the needle consid
ering a fully developed flow and no slip at the needle wall. For a given 
pressure and needle length, the shear stress reaches a maximum value at 
the needle wall and decreases to zero at the center of the needle. 

Another mechanical force to which cells are subjected is extensional 
stress, which is a tensile stress generated due to the extensional flow 
field. Extensional flow is induced at the region of abrupt contraction of 
the needle, where the solution velocity difference before and after the 
contractive region is large (Fig. 9c). There are several ways to express 
the extensional stress in the contractive region, such as by measuring the 
extensional velocities [294] or detecting the pressure drop in the 
contractive region [295]. Detecting the pressure drop is an easier 
approach to perform which assumes the pressure drop in the 
coni-cylindrical entrance are resulted from shear flow and extensional 
flow and these terms are additive [295]. Based on this assumption, the 
fluid would adopt a contractive profile to minimize the total pressure 
drop, with the fluid having an extensional viscosity independent of the 
extensional rate while the shear viscosity is a power-law function of the 
shear rate. Thus, the expression for the extensional stress is 

τe =
3
8
(n+ 1)Pen (7)  

where τe is the extensional stress, Pen is the pressure drop at the 
contractive region, and n is the power-law index for shear flow. This 
expression is only applicable in situations in which the entrance angle of 
the entrance region is sufficiently large so as to not interfere with the 
flow pattern. This can be only guaranteed for large angles that approach 
an abrupt or flat entry with an entrance angle of 90◦. Also, the resulting 
extensional stress is an average value that cannot capture features of the 
flow from different streamlines in the region. 

It would be noted that, due to the complexity of bioprinting, it is 
difficult, or even impossible, to represent the process-induced forces and 
thus resulted in cell damage. Nowadays, machine learning comes into 
action for predicting cell viability [286,296] and optimizing printing 
parameters to improve the cell viability [297]. It is expected that ma
chine learning, with the help of real-time monitoring and/or feedback, 
will allow for adjusting the printing parameters such as printing speed, 
pressure, and temperature as to preserve the cell viability or minimize 
cell damage. 

4.4. Crosslinking in bioprinting 

To create hydrogel-based 3D scaffolds with integrated structures, the 
hydrogel solution must be solidified or crosslinked to enhance the 

Fig. 9. Mechanical forces to which cells are subjected during bioprinting: (a) hydrostatic pressure; (b) shear stress (for simplicity, yield stress τ 0 = 0); and (c) 
extensional stress. 
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mechanical strength and stability. Crosslinking can be initiated by 
means of physical stimuli or chemically induced via a crosslinking agent 
or enzymatic reaction. Among such methods, the most commonly used 
for bioprinting are ionic, thermal, and photo crosslinking, as discussed 
in Section 3.3. Depending on hydrogel properties, various crosslinking 
methods with associated configurations have been developed for bio
printing, as shown in Fig. 10, along with their merits and demerits listed 
in Table 3. 

By manipulating the temperature of thermo-sensitive bioinks, such 
as those based on agarose, gelatin, or collagen, before and after printing, 
thermal crosslinking of the bioink can take place in the bioprinting 
process. Fig. 10a shows a configuration where the temperature of the 
bioink in the syringe is controlled above the melting temperature of the 
bioink to retain its solution form and the temperature of the printing 

stage is set to below the gelation temperature so that the bioink, once 
printed, gels on the stage. As such, the crosslinking process requires a 
temperature-regulation controller installed in the bioprinting system. 
Ionic crosslinking is reversible and has been extensively applied for 
hydrogels such as alginate and chitosan. Gelation occurs upon the for
mation of ionic bonds after the polymer molecules encounter the 
crosslinking agent. Chemical crosslinking is similar to ionic crosslinking, 
where hydrogel solutions and crosslinking agents must come into con
tact. The formation of hydrogels is triggered by the crosslinker, which 
connects hydrogel molecules via covalent chemical bonds. One 
approach developed to introduce crosslinking agents is to atomize and 
then spray them onto the extruded hydrogel solution (Fig. 10b). Chal
lenges related to this method include the control of atomized agents to 
allow homogeneous distribution on extruded solutions to form strands 

Fig. 10. Methods and configurations for hydrogel scaffold crosslinking. (a) crosslinking under temperature control; (b) crosslinking under spray; (c) crosslinking in 
medium bath; (d) pre-crosslinking; and (e) crosslinking under a UV light. 

Table 3 
Crosslinking techniques in bioprinting.  

Crosslinking 
techniques 

Processes Merits Demerits Ref. 

Thermal 
crosslinking 

The polymerization of bioinks is 
control via heating and cooling 

Simple; can be controlled sustainably 
during the whole bioprinting process. 

Longer crosslinking time; the degree of crosslinking is hard 
to be precisely tuned; may adversely affects the function of 
cells. 

[298–300] 

Atomized 
crosslinking 

The crosslinking agents are atomized 
and sprayed onto the bioprinted 
element/structure 

Rapid crosslinking reaction in contact; 
simple setup. 

The control to allow homogeneous distribution of the 
atomized agent is challenging; relatively slow gelation and 
incomplete crosslinking; not easy to maintain structural 
fidelity and stability for bioinks with weak mechanical 
properties 

[301–304] 

Bioplotting Bioinks are deposited directly into the 
crosslinking bath 

Provides sufficient crosslinking agents; 
trigger homogeneous gelation in a bath; 
rapid solidification; high printing fidelity. 

Requires the careful adjustment of crosslinking agents to 
balance buoyancy of the crosslinking medium, as well as 
the gelation rate by tailoring the concentration of 
crosslinking agent to ensure the formation of printouts 
with high structural accuracy. 

[305–307] 

Pre- 
crosslinking 

Introducing gelled particles via either 
thermal, ionic or covalent crosslinking 
in bioinks before deposition. 

Increases the viscosity of a bioink and 
therefore the deposition quality; the 
structural stability of can then be easily 
achieved. 

Increased printing pressure which may adversely affect 
cells; lead to an uneven distribution of formed hydrogel 
particles, thus discontinuities and nonuniformities in 
printed filaments. 

[308–311] 

UV crosslinking The polymerization of bioinks is 
initiated by external UV light in 
bioprinting 

Increases printing fidelity when using low 
viscosity bioinks. 

Harmful for cells; transparency and fragile printing nozzle 
is needed. 

[312–314]  
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with uniform diameter, as well as relatively slow gelation and incom
plete crosslinking due to the limited effectiveness of the atomized 
crosslinking agent. Thus, maintaining structural fidelity and stability 
becomes difficult, especially when hydrogel precursors with poor me
chanical properties such as low viscosities are utilized. To address these 
issues, hydrogel solutions can be deposited into a bath containing 
crosslinking medium (Fig. 10c). As sufficient crosslinking agents are 
homogeneously provided in the bath, the surface of the deposited so
lution that contacts the crosslinkers is rapidly solidified, limiting the 
spread of the hydrogel solution and thus supporting the fidelity of 
printed strands. This method is also known as 3D bioplotting and re
quires the careful adjustment of crosslinking agents because the buoy
ancy of the crosslinking medium may lead to the failure of scaffold 
stacking if an inappropriate crosslinking solution is utilized. An exces
sive gelation rate introduced by a high concentration of crosslinking 
agent would result in rapid stiffening of the strand surface, which may 
reduce the connection between adjacent layers and lead to poor scaffold 
stability. On the other hand, slow gelation speeds caused by a low 
concentration of crosslinker will result in poor fidelity of the printed 
strands due to solution spreading as well as poor mechanical properties 
and even failure to support the printed structure [63]. Pre-crosslinking, 
by adding and mixing low concentrations of crosslinking agent into the 
hydrogel solution, can also be applied for hydrogel-based bioprinting 
(Fig. 10d). The pre-crosslinking method introduces hydrogel particles in 
the hydrogel solution, which increases its viscosity and therefore the 
deposition quality. The structural stability of printed scaffolds can then 
be easily achieved by exposing the printed scaffold to a high concen
tration of crosslinker solution. The mechanical properties of 
pre-crosslinked scaffolds are good, but the printing pressure required 
during bioprinting increases relative to the viscosity of the 
pre-crosslinked hydrogel. In addition, pre-crosslinking introduces an 
uneven distribution of hydrogel particles in the hydrogel solution, 
leading to discontinuities and nonuniformities during extrusion. A UV 
light beam can be used in bioprinting to initiate hydrogel photo
polymerization (Fig. 10e). A hydrogel can be photopolymerized in the 
presence of photoinitiators under lights. When the light source is used, 
the interaction of the light source and light-sensitive compounds (pho
toinitiators) initiates polymerization. For example, gelatin is an inex
pensive, denatured collagen that retains an abundance of 
integrin-binding motifs and matrix metalloproteinase-sensitive groups 
that promote adhesion of cells. By adding methacrylate and meth
acrylamide groups to the amine-containing side groups, gelatin becomes 
gelatin methacryloyl (GelMA), a photopolymerizable material. GelMA 
maintains the thermo-sensitive properties of gelatin and can be gelled 
under temperature control, but can also be permanently polymerized 
upon exposure to UV light. As such, extrusion-based bioprinting in 
combination with a UV light source can be used to produce a 
GelMA-based scaffold. 

5. Key issues and future advances in extrusion bioprinting 

5.1. Key issues in extrusion bioprinting 

Printability is one of key issues in extrusion bioprinting. Notably, 
during the bioprinting process, bioinks, once printed, are still in solution 
or semi-solution form, which can flow or spread on the print bed; as a 
result, the printed structure may become different from its design 
(Fig. 7); the degree of such a difference is used to characterize one 
perspective of bioprinting performance, termed printability [285,286, 
315]. Standardized methods to quantify printability have yet to be 
defined; however, common methods combine examination of print
ability in terms of extrudability, filament fidelity, and structural integ
rity [285,316,317]. Extrudability refers to the ability to extrude the 
bioink through a needle to form a continuous filament in a controlled 
manner (Fig. 8) under appropriate printing conditions or parameters 
[316]. This is often determined through testing various combinations of 

printing parameters including needle diameter, print speed, and pres
sure, and then analyzing the dimensions and consistency of the printed 
strands [316]. Filament fidelity refers to the difference in the 
cross-section between filaments formed on the printing stage and the 
printing needle cross-section [6,246,287]. As shown in Fig. 7, the 
cross-sectional profile of the filament formed may vary significantly 
depending on the layer and location leading to strands having a 
maximum and minimum diameter, and differing heights. The difference 
between these two dimensions provides a quantitative measure of 
printability based on filament fidelity [94]. Structural integrity defines 
the capability to maintain the 3D structure post-printing with di
mensions like that of the design [316]. Structural integrity is degraded 
as the printed filaments become fused at strand intersections or 
deformed by hanging-over the adjacent layers below, which results in a 
difference from the designed structure in terms of the thickness of each 
individual layer, height of the whole construct, and/or pore size in all 
directions. 

Printability can be affected by many factors, including the properties 
of the formulated bioinks, and parameters of the selected printing pa
rameters. Surface tension and wettability are two other important 
physical parameters that affect the printability as they influence the 
formation of first layer, as shown in Fig. 3. Notably, most printing stages, 
composed of glass or plastic, have large contact angles with the printed 
hydrogel and, as such, establishing an anchor between the printed 
structure and printing surface is difficult. This issue can be overcome by 
either printing hydrogels in a hydrophobic high-density media, such as 
perfluorotributylamine, to decrease the contact angle when printing, or 
coating the printing surface with a thin layer of chemicals [41,63,318], 
such as 3-(trimethoxysilyl) propyl methacrylate or polyethyleneimine, 
to modify the printing surface properties for a decreased contact angle. 
Notably, although deemed significant in the formation of the fluid 
profile, the effect of surface tension and contact angle of bioinks on 
printability have not been investigated and elucidated [247]. Research 
has shown that the rheological behavior of a bioink has a significant 
effect on its printability [285,315]. On one hand, the more viscous the 
bioink solution, the better the printability as a high viscosity tends to 
reduce bioink flow/spreading. On the other hand, encapsulated cells 
survive better in less viscous bioink solutions and less viscous bioinks 
require relatively small mechanical forces for bioprinting, thus reducing 
process-induced forces and preserving cell viability. In addition, the 
bioink viscosities vary with the shear rate, termed as the 
shear-thinning/thixotropic behaviors. Shear-thinning behavior is often 
desired in bioprinting since, during the printing process, bioinks with 
shear-thinning behavior become less viscous as the shear rate increases 
[319]. As the shear stress is removed after exiting the nozzle, the bioink 
viscosity rapidly recovers, leading to high filament fidelity. Research has 
also illustrated that the crosslinking mechanism used and the mechan
ical properties of the bioink once crosslinked have significant effects on 
both cell viability and printability [320]. Rapid crosslinking of the 
bioink is desired for optimal printability; therefore, immediate cross
linking of the bioink upon printing is a common to maintain printed 
structures. Insufficiently crosslinked or mechanically weak hydrogel 
structures will undergo structural change and may collapse. In the 
context of bioprinting, the loss angle of the bioink (or tanδ) is known to 
directly impact printability [43,321]. 

Cell viability is another key issue of extrusion bioprinting. During 
the bioprinting process, cells are subjected to sustained process-induced 
forces, such as pressure, shear stress, and extensional stress, which cause 
the deformation and breach of cell membranes. Although cells have the 
elastic capability to resist a certain level of mechanical force, cell 
membranes may lose their integrity if the applied force exceeds a certain 
threshold; as a result, cells may be damaged and even lose their func
tionality and viability [287,290]. As previously discussed, an optimal 
bioink for a specific application must support cell adherence, migration, 
and proliferation, direct and/or control cellular differentiation, 
demonstrate limited immunogenicity, and have mechanical properties 
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similar to those of the tissue being mimicked, all while degrading at a 
rate compatible with cellular in-growth and ECM deposition [322,323]. 
All these traits must also be balanced with the printability of the bioink 
to allow for formation of high-resolution constructs with repeatable 
designs that support nutrient and waste transport [323]. As such, bioink 
development, cell incorporation, vascularization, and printing resolu
tion are all highly interconnected; a number of issues or challenges re
mains to be addressed in the field of extrusion bioprinting. 

Bioinks aim to mimic native tissues as closely as possible in order to 
support tissue function; however, native tissues consist of a complex 
network of various components including bioactive proteins and mole
cules (collagen, GAGs, laminin etc.), and growth factors [322]. While 
use of composite polymers is commonplace in developing bioinks with 
comparable mechanical properties to those of native tissues, these bio
inks still lack many of the bioactive molecules found in native tissues. 
While researchers have been developing more complex bioinks with 
multiple components, this is often limited by the expense of the indi
vidual components, as well as the need to maintain printability [324]. 
The addition of dECM, which contains this complex network of bioactive 
components, is a promising strategy to increase the biological 
complexity of developed inks; however, use of dECM has its own chal
lenges [322,325]. In many forms dECM lack printability, and while 
removal of all cellular and genetic material is one of the main goals of 
decellularization, balancing this complete removal while limiting 
damage to the ECM matrix is difficult [325]. Klak et al. recently devel
oped a pancreatic dECM/gelatin methacrylate bioink and tested its 
mechanical properties, thermal stability and cytotoxicity before 3D 
extrusion printing pancreatic islets [326]. The printed scaffolds were 
then implanted in mice and their functionality was analyzed. It was 
found that the dECM containing bioink demonstrated three times 
greater functionality in terms of insulin secretion than the non-dECM 
containing material. As the likelihood of using extrusion bioprinting in 
clinical applications increases, ethical and safety concerns have also 
been raised about some biomaterial and cell culture conditions [324]. 
For example, Matrigel, which has been used widely across the field of 
tissue engineering, is sourced from the basement membrane of murine 
tumors [327,328]. Do to this, there is wide bath-to-batch variation and 
safety concerns with clinical translation [328]. Similar safety and ethical 
concerns have also been raised about the use of fetal calf serum (FCS) in 
cell culture [329]. Although FCS often allows for maintenance and 
active growth of various cell types for longer periods of time, the 
sourcing of FCS from unborn calves at the slaughterhouse has raised 
ethical concerns, as well as safety concerns due to a lack of reproduc
ibility due to batch-to-batch variation [329]. 

Once a suitable biomaterial has been developed, researchers then 
face the challenge of cell selection. As a large number of cells are often 
required for incorporation into a bioink, cell lines are often used as they 
are relatively cheap and easily accessible; however, cell lines often lack 
functionality [323,330]. In order to overcome this, many researchers 
have moved to using primary cells or stem cells [331]. In these cases, 
researchers are reliant on cell donations to source cells, and control over 
cellular differentiation becomes a challenge based on culture conditions, 
bioink components, and external stimuli [331–333]. Co-culture of 
various cell types including epithelial, mesenchymal, immune, and 
endothelial cells has also been used to increase biological complexity 
[12]. Joshi et al. demonstrated the ability to use alginate-silk-based 
biomaterials to control the differentiation of human mesenchymal 
stem cells into two different lineages, chondrogenic and osteogenic, 
within the same scaffold through use of different bioinks [332]. It was 
demonstrated that increased phosphorylation of alginate increased 
osteogenic differentiation, while the addition of silk to the ink enhanced 
chondrogenic differentiation. Once cells have been incorporated into a 
bioprinted construct, their on-going growth and proliferation must be 
supported. The vascularization of 3D extrusion bioprinted constructs to 
support the required waste and nutrient transport is another on-going 
challenge. In the human body, each cell must sit within 200 μm of the 

nearest capillary in order to allow for waste and nutrient exchange and 
transport [334]. Within 3D printed constructs, this transport is 
commonly supported by the design and fabrication of interconnected 
porous networks that allow for cell media to permeate into the construct; 
however, printing resolution is limited, and these porous networks are a 
poor biomimetic substitute for the vasculature of native systems [335, 
336]. To overcome this, one method is to utilize multi-material bio
printing to form constructs, along with thermosensitive hydrogel that is 
then removed from the construct to form a vascular network with the 
help of endothelial cells [337]. 

While the technological capacity for higher printing resolution has 
been increasing rapidly, there are still many challenges in reaching cell- 
level printing resolution using extrusion based technologies, which may 
be necessary to recapitulate certain biological features such as capil
laries or the air-blood barrier in the lungs [338]. The printing resolution 
of extrusion printing is tied to multiple factors including control over 
extrusion pressure/volume, needle size, and the rheological properties 
of the bioink. As discussed above, the printability of a biomaterial is 
related to its rheological properties, with more viscous bioinks generally 
demonstrating a higher degree of printability due to lesser spreading on 
the print bed. However, the higher pressure required to extrude viscous 
inks imposes larger process-induced forces, reducing cell viability. Due 
to this, the technological capacity to print very small resolution features, 
may not match up with the resolution of bioprinting [338]. Generally, a 
resolution of ~100 μm is considered to be the finest resolution extrusion 
bioprinting is capable of while still being a cell-friendly process [339]. 
Optimization of printing parameters for balancing printing resolution 
and cell viability is being carried out through experimental methods, 
modelling and numerical simulations. Phenomenological models have 
also been used to describe the degree of cell damage as a function of the 
needle employed and dispensing pressure, where the models fit the 
degree of cell damage with experimentally identified model coefficients 
for given cell types and printing conditions [315,340]. However, eval
uating cell damage and viability corresponding to needle diameters and 
air pressure fails to capture the direct mechanism of mechanical stresses 
on cells. For improvement, one promising method is to quantify cell 
viability in the bioprinting process based on the cell damage laws. This 
method involves three steps [2,288]: (1) developing empirical models 
for cell damage or cell damage laws, which relate the percent cell 
damage to the mechanical force of hydrostatic pressure or shear/
extensive stress that cells experience (similar to Newton’s second law 
that relates an object’s motion to the mechanical force applied), (2) 
evaluating the mechanical forces that cells experience in every cell path 
in which they flow in the bioprinting process, and (3) determining the 
percent cell damage in all cell paths based on the results from the above 
steps, and then integrating them to obtain the overall percent cell 
damage in the bioprinting process and thereby the cell viability. 
Importantly, the resulting models can be used not only to describe the 
relationship between cell damage and bioprinting parameters, but also 
to form a basis to develop strategies to preserve the cell viability in 
bioprinting. Other advancements in 3D printing technologies and pro
cedures including freeform reversible embedding are also being inves
tigated for their ability to increase printing resolution [341]. 

5.2. Future advances in extrusion bioprinting 

Biomimicry of native tissues that normally contain multiple cell 
types, extracellular matrix components, and other bioactive molecules, 
that are organized in complex structures to perform specific functions, is 
the main goal of extrusion bioprinting. For tissue regeneration, printed 
constructs are expected to mimic the complex structures or composition 
of targeted tissues and facilitate the recovery of functions [1,9,10,15,16, 
303,342–349]. To meet this goal, many techniques are under develop
ment that utilize multiple biomaterials, enhance printability, aid in 
vascularization, and help direct and control cellular growth. These 
recent developments and successes indicate directions of further 
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advancement of extrusion bioprinting as outlined below. 
Multiple-biomaterial printing refers to the development of novel 

methods/tools for extrusion of multiple bioinks. These multi-material 
techniques will help overcome some of the limitations of standard 
extrusion printing by allowing for the printing of constructs with 
increased complexity that recapitulate native systems to a higher degree 
[350]. Different methods of multiple-biomaterial printing are being 
developed including utilization of multiple print heads, co-axial print
ing, and chaotic bioprinting. 

Pre-mixing or blending various cell types in different bioinks and 
then utilizing multiple printing heads, with each printing one bioink, is 
one method for incorporation of multiple biomaterials [350]. Through 
control over the deposition of the individually loaded print heads, 
multiple bioinks can be printed at different locations and organized to 
form complex scaffolds [337]. Hybrid scaffolds, comprised of 3D 
structural frames that impart mechanical strength and a hydrogel 
network that incorporates living cells, are a common application of 
multi-material bioprinting. Tubular scaffolds for spinal cord repair were 
developed in this way, utilizing a 3D printed macroporous PCL and 
pre-linked alginate, as shown in Fig. 11 [351]. In another study, PCL 
beads were loaded into a high-temperature printing head and melted at 
a temperature of 65–80 ◦C, while a dissolved alginate-chondrocyte 
suspension was loaded into a low-temperature printing head main
tained at 10 ◦C [352]. Each material was printed in an alternating 
pattern, forming a PCL-alginate-based hybrid scaffold with good struc
tural stability owing to the strong support provided by the PCL, and high 
biocompatibility as the hydrogel was able to support cell functions 
including cell viability, proliferation, and cartilage differentiation. 

While multi-material bioprinting is often done on standard extrusion 
printers, where the printer exchanges print heads between layers, other 
researchers have developed dual-arm systems to allows for concurrent 
printing with multiple print heads, as well as single print heads that 
allow for the loading of multiple bioinks into different chambers [337, 
350,353]. 

To mimic the heterogeneous structures of native tissues/organs, 
novel methods/tools to bioprint fibers with structures in which the 
distribution of biomaterials/cells can be controlled longitudinally and/ 
or circumferentially are being developed. For this, an emerging tech
nique is coaxial printing, in which a series of coaxial tubular channels for 
printing bioinks are constructed or assembled by inserting small- 
diameter needle(s) into large-diameter needle(s) [354]. The fibers pro
duced by coaxial printing are composed of a series of coaxial tubular 
layers, with each layer made from a bioink or sacrificial material. 
Co-axial printing has facilitated the fabrication of scaffolds with 
advanced structures, such as those with vessel-like channels [347,355]. 
Due to this, co-axial printing has become very popular for fabrication of 
tubular structures such as vasculature, intestinal villi, hair follicles, and 

vascularized bone [355–357]. Investigation into the difference between 
creating homogeneous structures versus core shell structures for 
regenerating vascularized bone demonstrated that the core-shell struc
ture, with a core of vascular cells and a shell of osteoblasts led to a 
significant increase in osteogenic and angiogenic factors, demonstrating 
the importance of cellular positioning and interactions for increased 
functionality [354]. 

Chaotic bioprinting is another promising technique for increasing 
print complexities and subsequent biological similarities [358]. In this 
technique, multiple materials, often a bioink and a sacrificial material 
are blended using chaotic advection, before being co-extruded through 
the same nozzle, as shown in Fig. 12 [358,359]. 

This results in a strand that has a mix of two materials, with a highly 
aligned microstructure, and in the case of a sacrificial material, micro
channels can then be formed within a printed strand [359]. This tech
nique has been adapted by researchers in the field of skeletal muscles 
due to the similitude of the formed structure to the native architecture of 
muscle, as well as the ability to promote vascularization [358,359]. 
Other promising methods include rapid continuous multi-material 
extrusion bioprinting, embedded multi-material bioprinting, and 
pre-set multiple material bioprinting [352,360–362]. 

Embedded bioprinting is a class of advanced bioprinting tech
niques that utilize extrusion printing of bioinks directly into a medium 
containing bath, as shown in Fig. 13 [363]. Freeform reversible 
embedding (FRE) and FRE of a suspended hydrogel (FRESH) are 
emerging techniques that fall into this category [363,364]. Unlike bio
plotting (as show in Fig. 10c, where the bath media causes 
cross-linking), the main function of the medium bath utilized in 
embedded bioprinting is for supporting the bioink once printed. While 
standard extrusion printing techniques often lack printability due to the 
need to balance viscosity with post-printing cell viability, embedded 
printing helps to overcome this challenge, allowing for extreme over
hangs and more complex designs to be fabricated from less viscous 
bioinks [313,365,366]. In this way, embedded bioprinting can signifi
cantly enlarge the pool of bioinks that can be printed [367,368]. One 
challenge of embedded bioprinting is the one associated with the 
properties of the supportive medium. In addition to being non-toxic, 
biocompatible, non-permeable to the bioink and its components to 
minimize diffusion, the supporting medium must also possess the 
appropriate rheological properties, as characterized by yield stress and 
viscosity, to allow for the movement of the needle through the medium 
during printing while also being strong enough to support the printed 
construct without movement after printing [364,369]. In some cases, 
the support medium may also support the cross-linking of the construct 
[367]. Common supporting medias include Carbopol, hyaluronic acid, 
alginate/xanthan gum, gelatin/agarose/GelMA, and laponite [370]. For 
reversible forms of embedded bioprinting (FRE, FRESH) the supporting 

Fig. 11. An experimental example of multiple-biomaterial (i.e., PCL and alginate) printing with multiple printing heads [351].  
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medium must also be easily removable to extract the printed construct 
[363]. Depending on the support medium properties, methods of 
removal include elevating the temperature to melt the medium, enzy
matic cleavage, and simple washing or dilution. FRESH has been used in 
peripheral nerve regenerative engineering, as collagen is one of the 
primary bioinks of choice; however, collagen bioinks tend to exhibit 
very poor mechanical properties and structural fidelity [367]. 

Researchers successfully demonstrated the use of calcium ion incorpo
rating gelatin as support medium for the printing of alginate/collagen 
bioinks incorporating human Schwann cells for peripheral nerve 
regeneration. 

Hybrid bioprinting is a combinatorial method for scaffold fabrica
tion that integrates extrusion-based bioprinting with other printing 
techniques. Such hybrid bioprinting capitalizes on the advantages of 

Fig. 12. Chaotic bioprinting. (A) Schematics of the chaotic bioprinting setup, (B) Extruded chaotical filament (alginate and C2C12-GalMA-Alg), (C) cross-sectional 
and (D) axial view of printed constructs with several viable C2C12 cells, (E) schematics of a printhead containing three Kenics static mixer (KSM) elements, and (F) 
the cross-section of the multilayered structure developed by each KSM element [358]. 

Fig. 13. Schematic of embedded bioprinting, (A) the bioink is printed into a supporting medium to form a complex 3D construct, (B) side view and (C) cross-sectional 
view of the printed heart model [371]. 
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extrusion-based bioprinting as well as other techniques to create scaf
folds that could not be created by means of one bioprinting technique 
alone [264,372,373]. Integration of extrusion-based bioprinting with 
electrospinning provides enhanced capacity to produce complex scaf
folds with varying scales of strands or fibers [372]. While the resolution 
of extrusion bioprinted strands is limited, electrospinning allows for the 
fabrication of fine fibers down to the nanometer scale (>200 nm) from 
polymer solutions or melts [374,375]. Using a system integrating these 
techniques, nano- or micro-scale fibers can be produced to create scaf
folds with varying structures and environments. Such scaffolds may 
enhance the biological function, for example, by providing more 
cell-binding sites via nano-scale fibers that facilitate cell adhesion [374, 
375]. Scaffolds can also be fabricated with a zonal structure, where each 
zone is created by one technique with distinct structures and environ
ments [376]. In development of nerve guided conduits, researchers used 
PLCL and PLGA scaffolds that consisted of a 3D extrusion printed outer 
wall, with an electrospun mesh on the inner wall, before being coated 
with polypyrrole, as shown in Fig. 14 [377]. Aortic arch vascular grafts 
have also been developed using hybrid techniques, with an original 3D 
framework being printed based on medical imaging, followed by an 
electrospinning of fibers over the graft framework [378]. The developed 
graft demonstrated functionality at physiological pressures and allowed 
infiltration of cells throughout the thickness of the graft. 

Controlled release of biomolecules within printed constructs is 
of great importance for regulating the induction of biological activities, 
including cellular adhesion, proliferation, differentiation, and migration 
[379,380]. In tissue engineering, cells from patients or other sources are 
incorporated into printed scaffolds with the addition of bioactive mol
ecules (or biomolecules), such as GFs, to trigger/promote cellular 
growth and/or functions. The scaffolds, once implanted into the 
damaged tissue/organ site, aid in cellular regeneration and recovery of 
tissue/organ function, with cell attachment, proliferation, and differ
entiation being key to successful tissue regeneration. GFs and other 
biomolecules activate sequential intracellular signaling pathways and 
control cellular gene expression [379,381]. As such, the dose, type, 
release rate, and timing of biomolecule availability affects the cellular 
response and function and thus must be appropriately regulated to 
promote regeneration of the desired tissue [379]. For this, various 
methods, or systems to incorporate or load the selected biomolecules 
into printed scaffolds have been developed. One promising method is to 
employ micro/nanoparticle delivery systems that protect the incorpo
rated GFs and modulate their release profiles [382–389]. The particles 
employed can be structurally classified as micelles, dendrimers, lipo
somes, solid-lipid nanoparticles, and polymeric nanoparticles [383,386, 
390]. The size range of particles used in controlled release varies be
tween 20 and 1000 nm and impacts the release kinetics of the loaded 

bioactive molecule. Among these systems, polymeric nanoparticles have 
several advantages including high stability, biodegradability, and flex
ibility in regulating the release rate of the GFs. Studies have begun to 
employ polymeric microparticles incorporating GFs to improve angio
genesis as well as the performance of target delivery systems [386–389]. 
The commonality in these studies is the use of micro-particles of 
single-layer polymers to encapsulate GFs, a technique that is severely 
undermined by the limited improvement in control over the release 
profile. By means of nano-technology, bi-layer nanoparticles were 
developed with the results demonstrating that sequential GF release (i. 
e., co-delivery of VEGF/bFGF followed by the release of PDGF) is 
feasible and controllable [388]. Achievements allowing for sequential 
GF release would represent a significant advance in the controlled 
release of GFs in tissue engineering. Further developing novel methods 
to achieve spatiotemporal release of GFs for promoting angiogenesis 
within printed constructs appears essential but to date remains 
unachievable [386,391]. 

Printing vascular networks within constructs is essential to 
maintain the viability and biological function of large cell populations 
within constructs. In vivo, well distributed vascular capillaries are seen 
in different tissues at every ~100–200 μm. Similarly, tissue regeneration 
with the aid of scaffolds or constructs, particularly large and thick 
scaffolds, requires the incorporation of an interconnected vascular 
network to facilitate mass transfer of nutrients, signaling molecules, 
oxygen, growth factors, metabolic waste, etc. between the cells in 
scaffolds and the culture medium [391–394]. To fabricate vascularized 
scaffolds, direct and indirect approaches based on bioprinting have been 
developed to create capillary-like structures or macro blood vessels 
[393,394]. Previously discussed techniques including co-axial nozzles, 
and chaotic bioprinting have garnered interest for their ability to 
directly form these vascular networks through the biofabrication of 
lumen-containing strands within scaffolds, analogous to native vessels 
[359,395]. In these approaches, cell/hydrogel mixtures are used as a 
bioink, while growth factors are often added to enhance the 
bio-functionality of the bioink [396,397]. In other indirect approaches, 
vascular networks are generated within the scaffold by removing 
sacrificial strands that are created by bioprinting or other additive 
manufacturing techniques [398]. To date, impressive progress in 
printing vascular scaffolds or constructs has been achieved; however, 
many issues still need to be addressed, in terms of biomaterial selection, 
cell viability and differentiation, and inclusion of growth factors, as well 
as methods to integrate these elements to form scaffolds or constructs 
with functional vascular networks. 

Machine learning is a promising research direction for improving in 
extrusion bioprinting in many ways. Machine learning can be used to 
predict the properties of bioinks/scaffolds and optimize the printing 

Fig. 14. Schematic diagram of a hybrid bioprinting technique for 3D/E/PPy scaffold fabrication: (A) scaffolds prepared by extrusion printing, (B) nanofiber covering 
on 3D printed scaffolds by electrospinning, and (c) deposition of PPy onto 3D/E scaffolds [377]. 
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parameters, such as pressure, speed, and temperature, and to evaluate 
the printability and functionality of the bioinks [399–401]. M. One 
example of machine learning in extrusion bioprinting is the use of 
Bayesian optimization (BO) to optimize the bioprinting performance, 
such as the printability [402], based on prior knowledge and feedback. 
While it is true that many machine learning algorithms, especially for 
deep learning algorithms, require large amounts of data to be effective, 
recent advances in algorithms and computing capacity have made it 
possible to develop models based on smaller sample sizes. For example, 
task-specific models that are trained on a limited set of data can still 
yield accurate predictions or optimizations. Additionally, transfer 
learning techniques can be used to leverage knowledge from related 
domains to improve the performance of models even with limited data. 
Therefore, while data availability remains a challenge, the potential 
benefits of applying machine learning to extrusion bioprinting are sig
nificant and warrant further exploration. 

6. Conclusions 

Formulated from biomaterials and living cells, bioinks have been 
widely used in bioprinting to create 3D cell-incorporating constructs for 
biomedical engineering applications. Bioinks have been formulated or 
synthesized widely from polymers. Polymers are organic biomaterials 
possessing long chains with high water content, thus being able to 
provide a hydrated tissue-like environment that supports cell functions 
(including cell attachment, proliferation and differentiation) and tissue 
regeneration. Polymers are either natural or synthetic; natural polymers 
(e.g., alginate and collagen) have the intrinsic capability to support cell 
functions, while synthetic polymers (e.g., polycaprolactone (PCL) and 
polylactic acid (PLA)) are usually biologically inert but exhibit strong 
and robust mechanical properties [2]. While material science continues 
in developing and synthesizing new polymer bioinks with more appro
priate properties for bioprinting, research has also begun to use two or 
more polymers or composite polymers to formulate bioinks. Also, 
composites with the incorporation of inorganic fillers for improved 
mechanical properties, electrical properties, and biological properties, 
have been drawing considerable attention for future advances. 

For bioprinting, the flow rate of the printed biomaterial, strand 
profile and structure formed, process-induced forces, and crosslinking of 
the biomaterial solution, are all factors of importance that must be 
designed and regulated via the bioink flow properties, structural pa
rameters (needle shape and size), and printing parameters (printing 
forces and needle movement). Notably, during the bioprinting process, 
cells are subjected to sustained process-induced forces, such as pressure, 
shear stress, and extensional stress, which cause the deformation and 
breach of cell membranes. Although cells have the elastic capability to 
resist a certain level of mechanical force, cell membranes may lose their 
integrity if the applied force exceeds a certain threshold; as a result, cells 
may be damaged and even lose their functionality and viability. Mean
while, during the bioprinting process, bioinks, once printed, are still in 
solution or semi-solution form, which can flow or spread on the print 
bed. As a result, the printed structure may become different from its 
design. Printability is used to characterize the degree of such a 
difference. 

Bioink properties and printing parameters are critical to bioprinting 
performance in terms of cell viability and printability. Research has 
shown that the rheological behavior of a bioink has a significant effect 
on its printability. The more viscous the bioink solution, the better 
printability it has as high viscosity tends to reduce the bioink flow/ 
spreading. On the other hand, encapsulated cells survive better in less 
viscous bioink solutions and less viscous bioinks require relatively small 
mechanical forces for bioprinting, thus reducing process-induced forces, 
further preserving cell viability. Research has also illustrated that the 
bioink crosslinking mechanism used and the mechanical properties once 
crosslinked, have significant effects on both cell viability and print
ability. Rapid crosslinking of a bioink is desired to maintain printability. 

As the printed constructs provide cells with a biomechanical environ
ment that supports cell functions and tissue regeneration, the degrada
tion of the scaffold and subsequent decrease in mechanical strength 
must be balanced with the concurrent increase in mechanical strength 
caused by cell growth and tissue regeneration within the construct. It is 
generally accepted that the mechanical strength of a construct should be 
similar to that of the tissue/organ being repaired for best support of cell 
viability and other function, as well as tissue regeneration. 

Bioprinting scaffolds with multiple materials and cells has attracted 
considerable attention related to efforts to mimic native tissue compo
nents. Various extrusion-based bioprinting techniques have been 
developed and advanced, such as embedded bioprinting, multi-head 
bioprinting, co-axial bioprinting, and hybrid bioprinting. More 
advanced extrusion-based bioprinting techniques are expected to be 
developed in the future for tissue-like scaffold fabrication. 
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